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Abstract

This thesis studies the production and performance of p-type inversion layer (IL) Si solar
cells. IL cells use an electric field to induce an inversion layer and create a pn junction.
Compared with the mainstream diffused pn junctions, the advantages of field-induced
junctions include lower fabrication costs and less carrier recombination. IL cells have been
studied since the 1970s. In previous work, intrinsic charge in dielectric materials has been
used to induce the inversion layer. However, the charge density was not high enough to
induce a sufficiently conductive junction emitter (n-type surface layer). In this thesis, a field
and temperature-assisted ion migration method was used to incorporate a controllable

amount of positive ionic charge into dielectric thin films and fully exploit IL cells.

The ion migration method was first used to induce an electron accumulation layer on n-type
substrates. The lowest accumulation layer sheet resistance (Rsn) obtained is 950 Q/sq, which
is the lowest reported in the literature. A model was developed in Sentaurus TCAD to study
the formation and properties of field-induced layers. The simulation results suggested that
the Rgqh is determined by charge density, band-tail interface state density, and illumination.
With optimised charge density and interface parameters, the lowest IL Rg, that can be
achieved in the dark is 1.1 kQ/sq. Although such R is ~7 times higher than that of typical
n-type phosphorous-diffused emitters (150 €)/sq), the cell performance evaluated by device
simulations is not limited by the high Rsh. The simulation model comprises a field-induced
emitter and a PERC-like structure at the rear. The best simulated IL cell shows an efficiency
of 24.8%, comparable to the best predicted for PERC. This indicates that field-induced

emitters can perform as well as P-diffused emitters.

Proof-of-concept IL cells were fabricated via laser doping, annealing, ion migration, and
light-assisted electroplating. The formation and uniformity of the field-induced emitter were
confirmed by taking a photocurrent map of the IL cell. The champion cell presents an
efficiency of 10.8%, demonstrating that IL cells can be fabricated using the ion migration
method. Although the efficiency is low, simulation results suggest that an efficiency of as
high as 24.8% can be achieved with optimised processing. With low fabrication costs and
high potential cell efficiencies, field-induced emitters can become competitive alternatives
to P-diffused emitters in commercial applications.
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Chapter 1 Introduction

1.1 Climate Change

Climate change refers to the shift in temperatures and weather patterns in the world which
due to its consequences has become a major concern for humanity to address within this
century. Figure 1-1 shows the global mean temperature since 1880 relative to the global
mean for the 20" century [1]. The figure shows that the mean temperature has increased at
a steady rate of about 1.4 °C per year from 1920 to 2022. The global temperature rise has
led to an increased frequency of extreme weather patterns, such as droughts, floods, and
wildfires [2]. These events have had a harmful effect on biodiversity on both land and ocean,
and pose a threat to the survival of human beings [3]. The temperature rise is primarily
caused by the emission of greenhouse gases, which trap infrared radiation and prevent it
from escaping the Earth, resulting in heating. Fossil fuel-related carbon dioxide (CO»)
emissions are recognised as the major cause of global warming. The future temperature rise
is expected to depend strongly on the cumulative CO; released [4]. Therefore, it is necessary
for a transition from fossil fuels towards a sustainable energy system to limit further global

warming.
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Figure 1-1 Changes in global mean temperature since 1880 relative to the global mean for
the 20™ century [1].

1.2 Renewable Energy

Solar, wind, hydro and biomass are considered clean energy sources since the amount of
CO; emitted per kWh of electricity generated is minimal compared to fossil fuel counterparts.
Large-scale deployments of such renewables are imperative for a transition towards an eco-
friendly energy system. One pre-requisite of such transition is the cost competitiveness of
electricity generation by renewables compared to that by fossil fuels. Figure 1-2 shows the
cost of electricity generation in Germany in 2021 [5]. The figure shows that although solar
energy and wind energy cannot be utilised throughout the year, the cost of electricity
generation is the lowest for these two energy sources. It was also reported by IRENA that
renewables are the lowest-cost power generation technologies across the globe in 2022 [6].
Figure 1-3 presents a comparison of the cost of electricity by solar and by wind from 2010
to 2020 [7]. The figure shows that both technologies have evidenced a decrease in electricity
cost in this period, in which solar photovoltaics (PV) has seen a dramatic drop by ~84%.
Hence, solar and wind energy are projected to be the primary sources of power generation

in the future. Bogdanov et al. described a pathway to a global renewable electricity system



by 2050 in [8]. A roadmap of power capacities and generations towards such sustainable
energy system is shown in Figure 1-4. In this study, it is projected that onshore wind turbines
will be installed the most in the near future due to their low cost. Solar PV will take a larger
share at a later stage following (i) further reductions in cost, and (ii) the reduction in the
most efficient wind generation sites. The same study projected that in 2050 the global
generation capacities will exceed 28 TW, of which ~70% will be solar PV and ~18% will
be wind turbines [8]. The advancements in solar and wind technologies will enable a further
decline in electricity costs, accelerate the deployment of renewables, lubricate the transition

towards a sustainable energy system, and ultimately mitigate global warming.
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Figure 1-2 Cost of electricity generation in Germany in 2021 [5].
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1.3 Silicon Photovoltaics

The solar PV market is dominated by three cell technologies: mono-crystalline silicon,

multicrystalline silicon, and thin film [9]. Mono-crystalline silicon holds the largest market



share at 92% among these technologies [9], primarily due to its high efficiency, longevity,
and relatively low cost. Further research is to be carried out for cost reduction, performance
improvement, and resolving sustainability issues to guarantee large-scale deployments of
mono-crystalline silicon modules. In this section, pathways for cost reduction and

performance improvement will be introduced.

1.3.1 Reduction of Silicon PV Cost

Figure 1-5 shows the learning curve of module price as a function of cumulative PV module
shipments [10]. The figure shows that the cost of solar modules has reduced significantly
since 1979. The last 16 years has witnessed a more dramatic reduction in module price. It is
noticed that the reduction occurred as a function of modules shipped, such that the more the
modules fabricated, the lower the production cost. The continuous cost reduction has been
realised by advancements in cell technology, module technology and fabrication processes.
The learning curve will be projected into the future only by continued implementation of
cost reduction measures and cell improvements. The trend in module price indicates that
eventually the cost of electricity generation will be less dependent on module price and more
dependent on the cost of the balance of a complete system, which encompasses wiring,
inverters, mounting and batteries. At such low module cost, the margin for further reducing
the cost will be small. In this case, the levelised cost of electricity (LCOE) will be more
effectively reduced by improving the performance of solar panels than reducing the cost of

modules since increases in efficiency impact the cost of the entire electricity supply chain

[11].
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1.3.2 Cell Efficiency Improvement

1.3.2.1 Fundamentals of Silicon Solar Cells

Solar cells convert energy from light into electricity. In crystalline silicon, electrons in the
valence band absorb energy from light and get excited into the conduction band, leaving
behind holes in the valence band. Both excited electrons and holes can move freely in the
lattice. Silicon can be doped into n-type or p-type by introducing dopant atoms. P-type
silicon contains excess holes and can be realised by introducing acceptor atoms like boron
or gallium. N-type silicon contains excess electrons and can be realised by introducing donor
atoms like phosphorus. A pn junction is formed at the interface between n-type and p-type
silicon to introduce an asymmetry in the semiconductor device. Electrons will diffuse from
n-type silicon into p-type silicon at the interface. The charge from the dopant atoms left
behind forms an electric field in what is known as a depletion region. Figure 1-6 shows the

band diagram of a pn junction in the dark and under illumination. The population of



electrons is described by the Fermi level (Er), which is constant across the pn junction in the
dark. Under illumination, the free carriers are redistributed due to the introduction of photo-
generated carriers. The Fermi level splits into quasi-Fermi energies, Ern and Erp, which
describe the population of carriers in the conduction band and the valence band separately.
The photo-generated electron-hole pairs are separated at the pn junction thanks to the electric
field and form a photocurrent. The difference between Er. and Erp is the voltage available
to the external circuit, which is termed open-circuit voltage (Voc) in a current-voltage curve
for solar cells. The generation of photocurrent together with the voltage transforms the

energy from irradiation into electrical power.
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Figure 1-6 Band diagram of a pn junction in crystalline silicon in the dark and under
illumination depicting the formation and migration of photo-generated carriers.

1.3.2.2 Carrier Losses in Silicon Solar Cells

Photo-generated carriers must travel within silicon before being separated at the pn junction
and collected at metal contacts. During this process, the excited electrons in the conduction
band can lose their energy and re-occupy the states in the valence band. This process is
termed recombination and is the primary source of power losses in silicon solar cells.
Recombination can occur via several mechanisms: radiative recombination, Auger

recombination, and defect-assisted recombination (also known as Shockley-Read-Hall or



SRH recombination). Figure 1-7 shows schematic diagrams of the three recombination
mechanisms. For radiative recombination, an electron recombines with a hole and releases
the energy by emitting a photon. This process requires the presence of one electron and one
hole. For Auger recombination, three particles are involved (either two electrons and one
hole, or two holes and one electron). The energy released from the recombination is
transmitted to the third particle. The third particle then thermalises quickly and transmits the
energy to the silicon lattice as phonons. The SRH recombination mechanism involves a
defect level within the bandgap. The recombination requires the defect state to capture an
electron and a hole. These states are named recombination centres and originate from
impurities, crystallographic imperfections and material interfaces. Recombination causes
loss in photocurrent and hence performance of a solar cell, and therefore should be

minimised as much as possible.
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Figure 1-7 Schematic diagrams of different recombination mechanisms: radiative, Auger,
and defect-assisted recombination.

In bulk silicon, the carrier losses can be attributed to all three recombination mechanisms.
Radiative recombination and Auger recombination are intrinsic properties of silicon and
cannot be avoided. Since silicon has an indirect bandgap, in silicon solar cells radiative
recombination contributes little to total recombination losses and does not limit cell

performance. Auger recombination is a three-particle process. The Auger recombination rate

8



is thus proportional to carrier density. Auger recombination can be reduced by lowering the
doping level in bulk silicon. For defect-assisted recombination, impurities and defects in the
bulk can be reduced by further advancing the material processing technology. In addition,
atomic hydrogen has been used to passivate the recombination centres for reduced SRH
recombination, for example, boron-oxygen complexes, commonly found in boron-doped p-
type silicon [12], [13]. In summary, the carrier recombination in the bulk can be minimised

by reducing dopant density, defects and impurities in the bulk, and H passivation.

In terms of surface recombination, unsaturated bonds at the silicon surface can act as
recombination centres. They create continuum energy states within the bandgap. The origin
and characteristics of energy states within the bandgap will be reviewed in Section 1.3.2.3.
Surface recombination can be reduced in two ways: chemical passivation and field-effect
passivation. Figure 1-8 shows the band diagram of silicon with the two surface passivation
mechanisms. Chemical passivation reduces the density of recombination centres. It can be
achieved by (i) depositing dielectric layers on the surface, and (ii) introducing atomic
hydrogen to saturate the dangling bonds. For field-effect passivation, the surface charge is
used to provide a static electric field near the surface. The electric field will lead to the
accumulation of majority carriers near the surface and change the local carrier concentration.
Figure 1-8.c shows the band diagram of n-type silicon in the presence of positive surface
charge. The accumulation of electrons and depletion of holes near the surface leads to a
downward band bending. This results in a low probability for the defect states to capture
holes and thus reduced surface recombination. Both high-quality bulk material and well-
passivated surfaces are necessary for minimum carrier recombination and maximum solar

cell efficiency.
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Figure 1-8 Band diagram at the surface of n-type silicon (i) in an un-passivated state, (ii)
passivated chemically, and (iii) passivated via field-effect.

Minority carrier lifetime (t) is defined as the average time it takes for a minority carrier to
recombine and is used as a metric to describe recombination and quality of passivation.
Since recombination mechanisms differ in different regions, the carrier lifetime is typically
different near the surface and in the bulk. An effective lifetime parameter (terr) is used to

integrate the recombination at the interface and in the bulk following Eq (1-1),

1 1 1
=— 4+ — Eq (1-1)
Tefr T Ts

where ts represents the surface lifetime and ts represents the bulk lifetime. The bulk lifetime
can be separated into radiative lifetime (trad), Auger lifetime (tauger) and SRH lifetime (tsru)
following Eq (1-2):

1 1 1 1
— = + + Eq (1-2)
Tp Trad TAuger TSrRH

It is noted from Eq (1-1) and Eq (1-2) that the recombination mechanism with the lowest
lifetime limits the overall effective lifetime. Strategies have been adopted in the evolution
of cell architectures to maximise the effective lifetime, which will be introduced in Section
1.3.2.4.
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1.3.2.3 Energy States at Silicon-Dielectric Interfaces

The interface defect state density is a critical property of semiconductor-dielectric interfaces.
Since these states have their energy levels in the bandgap, they can act as strong
recombination centres or store large concentrations of charge, both of which may be
detrimental to photovoltaic devices [14]. The origin and characteristics of interface states at
silicon-dielectric interfaces are reviewed in this section. Fundamentally, these states are
formed as a result of the interruption of translational symmetry when the two bulk materials
are brought together to form an interface. However, the precise origin of these states and
their role in device physics have been the subject of study for many decades (see Ref. [15]
for a review). The states can be classified broadly as either intrinsic or extrinsic [16]. The
extrinsic states come from forming defects such as vacancies, interstitials, impurities and
especially silicon dangling bonds in the case of the surface. Dangling bonds are unsaturated
silicon atoms with one or more unpaired valence electrons. They introduce energy states
within the bandgap and provide sites for carrier recombination. These dangling bonds can
be saturated by bonding with other atoms, for example, oxygen from a SiO; layer, and
hydrogen. The energy level of these defect states is determined by the atomic configuration
and orientation of the silicon substrate [17]. Here SiO»-passivated silicon surfaces are used
as an example. Py centres are formed on (111) surfaces. Pyo and Py centres are formed on
(100) surfaces. Py and Pyo centres are on silicon atoms that are back-bonded with three other
silicon atoms. For Py centres, the silicon atoms are back-bonded with two silicon atoms and
one oxygen atom. All three types of dangling bonds have been shown to introduce defect
states within the bandgap [18]-[20]. Figure 1-9 shows a schematic of the Pyo and Py
densities of states [20]. The DOS for both Py and Py centres contain two peaks. This is due

to the amphoteric nature of dangling bonds. The defect centres can lose the unpaired electron
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and become positively charged or capture an electron and become negatively charged
depending on the Fermi level. The dangling bonds can be either donor-like or acceptor-like,
resulting in the two-peak feature in Figure 1-9. The energy level of the defect states appears
to lie towards the middle of the bandgap and is hence detrimental [21]. In terms of device
performance, these deep levels act as traps for carriers, greatly increasing the probability of

recombination and decreasing the excess carrier density.

Acceptor (0/-)

Donor (+/0)

Donor
(+/0) Acceptor

0 055 1
Silicon Bandgap Energy (eV)

Figure 1-9 A schematic illustration of the Pyo and Py densities of states [20].

In the intrinsic case, terminating the periodicity of bulk material leads to a continuum of
exponentially decaying states whose energies lie in the bandgap of the bulk material. These
states were first introduced in the context of metal-semiconductor junctions [22]. As
indicated by the name, they are an intrinsic and fundamental property of the material. They
can be understood as Bloch states of the bulk semiconductor with complex wave vector [23]
and can be viewed as having valence or conduction band character depending on their
energies. Often the large density of these states at the interface provides an effective
mechanism to pin the Fermi level and explain the energy-level alignment at semiconductor
interfaces [23]. The effect of intrinsic states on the energy levels at the interface,
conveniently characterised through the density of states, is more continuous in nature. As an

illustration, consider the first-principles density-functional theory calculations of layer-
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resolved density-of-states for a defect-free Fe/GaAs interface as reported in [24]. They show
how the interface broadens the GaAs band edges such that they form tails which decay
exponentially with energy towards the middle of the gap. A more pertinent example is
calculations on model Si/SiO; interfaces which demonstrate the evolution of the band

structure as one moves between the Si and SiO; regions [25], [26].

Altogether, the interface states have a distribution of energy at different sections of the
bandgap [27], which affects interface properties in different ways. For example, there is an
asymmetry in probability for capturing an electron or hole, quantified as the cross-section
of electron or hole capture, oy and o), respectively, in units of cm? Near mid-gap, the
Coulomb interaction of charged defect states usually dominates the recombination activity
in covalently bonded semiconductors like silicon. Near the band edges, on the other hand,
the shape of the atomic orbitals often plays a significant role. Whether a defect state acts as
an effective recombination centre does not only depend on its o, and G, but also on the SRH
statistics [28], [29]. Both an electron and a hole must be captured for recombination to
happen, and the less likely carrier limits the recombination rate. In the shallow defects at the
band tails, the re-emission probability of one carrier is large, making these states often
inefficient for recombination except at very high dopant density, very high injection density,
or substantial band bending [28], [29]. Therefore, interface states at mid-gap are the primary
concern for achieving high surface passivation. Such mid-gap Di: continues to be intensively

studied and is nowadays widely used as a metric for surface passivation [30]—-[32].

The fundamental properties of band-tail states, on the other hand, were only studied
experimentally in the 1980s and 1990s [27], [33]-[39]. An exponential increase in density
towards the conduction/valence band edge was observed in such works, in agreement with

theoretical calculations. A consolidation of known Si/SiO: interface state densities in the
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literature, including band tails, is shown in Figure 1-10. It is demonstrated that processing
conditions can largely affect the interface properties and that much less data exists for the
true densities in the tails. Due to the relatively low recombination rate in such band-tail states,
they have not been as prominently studied as the mid-gap strong recombination states.
Despite the lack of attention, state density at the band tails can be several orders of
magnitudes higher than that at mid-gap. These states can trap large concentrations of charge
carriers when the Fermi level reaches the band tails. The trapped charge at the interface can
alter the carrier distribution near the interface and may affect the performance of the final

device.
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Figure 1-10 Density of states distribution of various Si/SiO: interfaces, redrawn from [27],
[33], [36], [38]-[40]. PMA: post-metallisation anneal; FGA: forming gas anneal; FG:
forming gas; Alneal: a method to introduce atomic hydrogen to Si/SiO» interfaces [41].

This section reviews the origin and characteristics of interface states within the bandgap.
Silicon dangling bonds introduce deep energy levels within the bandgap which are strong
recombination centres. These defect states can be passivated by saturating the dangling

bonds by, for example, depositing dielectric material and introducing atomic hydrogen.
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Band-tail interface states are intrinsic properties of the surface of bulk silicon and have been
shown to increase exponentially in concentration towards the conduction/valence band
edges. These states lie near the band edges and do not often lead to a high recombination
rate, but the high density of the band-tail states can trap charge carriers at the interface which
may in turn affect the carrier distribution near the interface and therefore the performance
of the final device. Carrier recombination at the interface has been a major source of power
losses in Si-based solar cells. Passivation techniques have been developed to minimise such

carrier recombination.

1.3.2.4 Evolutions of Cell Architecture

Continuous improvements in solar PV technologies have been achieved by processing and
device architectures that reduce charge carrier losses [42]-[44]. Figure 1-11 shows the
structure of four types of silicon solar cells, named aluminium back surface field (Al-BSF)
cell, passivated emitter and rear cell (PERC), tunnelling oxide/poly-Si passivated contact
(TOPCon) cell and c-Si/a-Si heterojunction (SHJ) cell. For AI-BSF, PERC and TOPCon
cells, the pn junction is formed by diffusing phosphorus atoms into p-type silicon substrates,
or boron atoms into n-type silicon substrates. The diffused region is commonly termed an
emitter due to the nomenclature followed for bipolar transistors [45]. Figure 1-11.a shows
the structure of an Al-BSF cell. The front surface is passivated by a Si02/SiNx stack and is
contacted by localised metal fingers. The SiO,/SiNx stack provides both chemical
passivation and field-effect passivation. The dangling bonds are saturated by SiO> and
atomic hydrogen from the SiNx layer. The hydrogen is introduced during the deposition of
the SiNy layer using plasma-enhanced chemical vapour deposition (PECVD). The SiNx layer
is known to carry positive charge, typically of a magnitude of 10'> cm [46], which can

provide field-effect passivation on the n-type side. The rear of the cell has a full-area screen-

15



printed aluminium paste for hole-extracting contact. An anneal afterwards will allow the in-
diffusion of Al atoms into bulk silicon, forming an electric field for reduced recombination
at the rear contact. The maximum efficiency of Al-BSF cells is about 20.5% [47]. Heavy
carrier recombination has been found at silicon-metal contacts [48]. To minimise such losses,
cell architectures with reduced silicon-metal contact areas were implemented. The current
mainstream that replaced Al-BSF is PERC technology. Its structure is shown in Figure
1-11.b. PERC has become the industrial standard thanks to the developed AlO/SixNy
passivating stack, which in combination with a reduced metal-silicon contact area has led to
lower recombination losses at the rear surface. Additionally, its fabrication compatibility
with Al-BSF ensured a smooth transition to PERC with minimal processing additions or
changes [49]-[51]. Despite these advantages, the classical PERC design and its unavoidable
contact losses limit the commercial efficiency to just above 24% [52], [47]. The strongest
contenders to supersede PERC are designs using passivating contacts to minimise silicon-
metal contact losses and enhance the silicon/dielectric interface passivation. Out of several
passivating contacts recently proposed, the TOPCon [53], [54], as well as the SHJ structure
[55], have gained the most attention since they allow for both excellent contact passivation
and low contact resistance. The TOPCon structure is shown in Figure 1-11.c. Although the
carrier recombination is reduced, the TOPCon design requires more processing steps than
PERC cells, lacks a passivating contact at the front, and is limited by Auger recombination
in the boron-diffused emitter. Figure 1-11.d shows the structure of a SHJ cell. SHJ cells
perform well because they have passivating contacts at both the front and the rear surface.
However, their performance is limited by parasitic absorption in the front a-Si layer. For
both TOPCon and SHI cells, the efficiency is limited to ~26% [47]. Figure 1-12.a shows the

average cell efficiency of current silicon PV technologies and potential future technological
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developments based on historical efficiency increases (0.5-0.6% absolute per year) [47]. In
the figure, the transition of the cell architecture from Al-BSF to PERC, and then to the
designs with passivating contacts has enabled the increase in cell efficiency since 2014.
While passivating contacts will reach their limit through advancements in fabrication
processes, the improvement in efficiency is expected to be continued by developing silicon-
based tandem cells. Silicon-based tandem cells involve the addition of a semi-transparent
solar cell on top of silicon cells with a larger bandgap. In tandem cells, each sub-cell is
optimised for harvesting the photon energy in each section of the spectrum, such that a
higher overall cell efficiency can be reached. Figure 1-12.b provides estimations of market
shares for different technologies. It is predicted that Al-BSF cells will fade out from the
market by 2024, accompanied by a continuous increase of SHJ cells and silicon-based
tandem cells. PERC and its variants (PERL, PERT) together with TOPCon will remain
mainstream until 2032. It is noted that diffused emitters are used in the mainstream cell
technologies. The fabrication process and recombination losses in diffused emitters will be

reviewed in the next section.
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Figure 1-11 Schematic illustration of different single junction silicon cell architectures.
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Figure 1-12 (a) Potential further technological development in silicon PV based on historical
efficiency increases (0.5-0.6% absolute per year) and the current silicon PV technologies
being investigated [47]. (b) Predicted market shares for different cell technologies from 2021
to 2032 [10].

1.4 Diffused Emitters

N-type emitters are formed by diffusing phosphorus atoms into p-type substrates (P-diffused
emitter). P-type emitters are often formed by diffusing boron atoms into n-type substrates
(B-diffused emitters). The diffusion process will lead to high dopant densities and high

carrier concentrations in diffused emitters. A high dopant density indicates a high density of
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defects, resulting in increased SRH recombination. A high carrier concentration suggests
large carrier losses via Auger recombination. Emitter sheet resistance has been used as an
indicator of the carrier concentration in emitters. In terms of fabrication, a high thermal
budget is required to form diffused emitters. This section reviews the fabrication procedure

and recombination losses in diffused emitters.

1.4.1 Fabrication of Diffused Emitters

P-diffused emitters can be fabricated in two steps: pre-deposition and drive-in [56]. The pre-
deposition step involves exposing silicon wafers to POCl; and O> gas at 800-900 °C to form
phosphosilicate glass (PSG) on the surface. The phosphorus dopant density is at its solubility
limit (approximately 3 x 102° ¢cm™) in silicon at the surface. POCls gas is stopped during the
drive-in process. A subsequent ~60 min at 800-900 °C allows phosphorus atoms to diffuse
into bulk silicon from the PSG layer. B-diffused emitters are formed in a similar way. Silicon
wafers are exposed to BCI3 or BBr3, and O2 gas at 850 °C for 30 min to form a borosilicate
glass (BSQG) layer, followed by a drive-in step at 850-970 °C for more than 60 min [57].
Figure 1-13 shows a phosphorus doping profile in a P-diffused emitter of a PERC cell and
a boron doping profile in a B-diffused emitter of a TOPCon cell measured by
electrochemical capacitance-voltage (ECV) [58]. The corresponding sheet resistance is
155 Q/sq for the P-diffused emitter and 95 Q/sq for the B-diffused emitter. The
recombination losses in the diffused emitters and limitations in fabrication will be

introduced in the following sections.
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Figure 1-13 Typical doping profiles in diffused emitters in the industry, measured by ECV
[58].

1.4.2 Intrinsic Recombination

Section 1.3.2.1 showed that Auger recombination scales with carrier density, which in turn
is determined by the active doping concentration. The high dopant density in diffused
emitters will lead to increased Auger recombination. Figure 1-14 shows the minority carrier
lifetime in B-doped bulk silicon and calculated lifetimes by each recombination mechanism
[59]. Itis evident in the figure that Auger recombination increases with doping concentration
and will dominate the recombination at doping levels above 10'® cm™. In a typical B-
diffused emitter, as shown in Figure 1-13, the active boron dopant density is kept above 10!
cm? for ~1.2 um from the surface, indicating heavy Auger recombination. Figure 1-15
shows the simulated recombination current density at the maximum power point of an n-
type silicon solar cell with an industrial B-diffused emitter [60]. It is shown that with
improved rear passivation, Auger recombination together with bulk SRH recombination will
dominate the total losses. Adjusting doping profiles for reduced Auger recombination
therefore gains more importance in advanced cell technologies where all losses must be
minimised.
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For cell designs with direct metal-silicon contacts, a high doping level is required underneath
the metal contact for low contact resistivity, while a relatively low dopant density is
favourable for reduced Auger recombination. For P-diffused emitters, a selective emitter
geometry has been developed to maintain low contact resistivity, low Auger recombination,
improved carrier selectivity, and reduced carrier recombination at the interface [61], [62].
The geometry has the region underneath the metal contact heavily doped while keeping a
relatively low doping density in the rest of the area. The selective emitter can be achieved
by implementing doped silicon inks, an oxide mask layer, ion implantation, an etch-back
process or laser doping [61]. Laser doping has been the most commonly utilised for mass
production in the industry [62]. Figure 1-16 shows the estimation of sheet resistance of
diffused emitters by 2032 [10]. For P-diffused emitters, an increase in emitter sheet
resistance is expected for both homogeneous emitters and lowly-doped regions in the
selective emitter geometry. For B-diffused emitters, the realisation of the geometry is more
complicated and requires more costly processing procedures [63]-[65]. It has been reported
that laser doping has been used in 10% of p-type emitters in mass production and is expected
to dominate by 2027 [9]. Figure 1-16.b shows that similar to P-diffused emitters, the sheet
resistance of B-diffused emitters is also expected to increase in the coming years [10].
Screen print paste manufacturers are constantly developing new pastes to contact more
lightly doped emitters. The trend is therefore expected to continue. The increase in emitter
sheet resistance will lead to reduced Auger recombination in the final PV devices.
Geometries and fabrication methods that can further increase the emitter sheet resistance

while maintaining low contact resistance are to be explored.
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Figure 1-16 (a) Expected trend for emitter sheet resistance of P-diffused emitters for p-type
cells. The selective emitter sheet resistance refers to the lower doped region. (b) Expected
trend for emitter sheet resistance of B-diffused emitters for n-type cells. [10]

1.4.3 SRH Recombination

A high doping density will lead to an increased concentration of recombination sites in the
bulk and at the interface via three mechanisms. Firstly, the high concentration of dopant
atoms will strain the silicon lattice and lead to the formation of defects. The strain near the

surface can extend into the bulk and cause further reduction in carrier lifetime. Secondly,
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there will be electrically inactive phosphorus atoms in the emitter. This is due to the reduced
solubility limit of phosphorus inside of bulk silicon when the temperature drops from above
800 °C to room temperature during cooling. The electrically inactive phosphorus atoms may
exist in the form of interstitials, clusters and silicon phosphate precipitates, which can act as
recombination centres [66], [67]. Most of the inactive phosphorus atoms have been found
near the interface [66]. Carrier recombination at the phosphorus precipitates used to
dominate the total recombination in some industrial emitters [67]. This effect has been
alleviated by adjusting the diffusion process so that there are fewer inactive dopants [56]. In
addition to increased recombination sites in the bulk, heavy doping will also lead to a high
density of defect states at the interface, and thus increased interface recombination [68], [69].
The increased recombination sites due to heavy doping will lead to carrier losses and

detrimentally impact the cell performance.

A similar effect has been observed in B-diffused emitters. Reference [57] showed that a
boron-rich layer is formed beneath the BSG. The boron-rich region contains SiBs. The
thermal expansion coefficients of SiBe and silicon are different, and the mechanical stress
produced during the cool-down process will lead to the formation of defects. In addition, the
size misfit between boron atoms and the Si lattice in the heavily doped region will cause
tension in the lattice and lead to the formation of dislocations. These defects formed near
the surface can diffuse past the pn junction into the bulk and cause degradation in the bulk.
It has been observed that the formation and thickness of the boron-rich layer are correlated
with bulk lifetime and that a boron-rich layer of >10 nm thickness is detrimental to the bulk
lifetime [57]. Therefore, BSG thickness and drive-in temperature need to be well-adjusted
to ensure sufficient boron doping while maintaining minimum lifetime degradation. This

leaves a narrow processing window to fabricate B-diffused emitters [57].
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Overall, it is shown that the high doping density in both boron- and phosphorus-diffused

emitters will cause an increase in SRH recombination in the bulk and at the interface. This

effect can be alleviated by lowering the doping concentration, which is expected to happen

in coming years [10].

1.4.4 Difficulties in Fabrication of Boron-Diffused Emitters

P-type emitters are needed in solar cell architectures developed on n-type silicon substrates.

These cells typically benefit from the higher bulk lifetime of n-type silicon substrates and

are thus attractive in the industry [70], [71]. B-diffused emitters have been used in TOPCon

cells for example. However, compared with P-diffused emitters, their fabrication is not

favourable due to the following reasons:

(1)

(ii)

(iii)

(iv)

A high thermal budget is required to form B-diffused emitters (850-970 °C for
more than 90 min [57]).

Silicon wafers are exposed to a mixture of BBr3 and O> gas at a high temperature
to form a layer of B2Os. Liquid B20s condenses on both the silicon wafers and
furnace walls. The thermal expansion coefficient mismatch between the B2O;
layer and the furnace wall can cause potential danger during the heating and
cooling process. Periodical cleaning and replacement of the furnace tubes are
necessary, which are costly and unfavourable in the industry.

The thickness of the BSG layer is inhomogeneous across the wafer surface,
which causes inhomogeneity in the boron-rich layer and finally dopant density
in the emitter [57].

The narrow processing window in the fabrication of B-diffused emitters

mentioned above.
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(v) It is difficult and costly to form a selective emitter geometry for reduced Auger

and SRH recombination.

1.4.5 Summary

It is expected that the silicon PV market will be dominated by PERC and TOPCon cells in
the following 10 years [10]. The major difference between these cell architectures is the
passivation, while both cell architectures use either a phosphorus- or a boron-diffused
emitter. The high dopant density in the emitters leads to an increase in both Auger
recombination and SRH recombination. The extent of the increased recombination is
correlated with dopant concentration and emitter thickness, which can be represented by
emitter sheet resistance. Emitter sheet resistance is expected to increase for both phosphorus-
and boron-diffused emitters in the following 10 years [10], such that the recombination
losses will be mitigated. A selective emitter geometry has been designed to reduce the area
with high recombination and has been widely utilised in P-diffused emitters in the industry.
However, this geometry has not been integrated into the fabrication of B-diffused emitters
due to technical difficulties and high costs. Additionally, as explained in Section 1.4.4, the
fabrication of B-diffused emitters is not favourable in the industry. One other approach to
reduce the recombination in the emitter is to replace the diffused emitter altogether. A field-
induced inversion layer can be produced where no dopant atoms are introduced into bulk

silicon and thus avoid extra recombination. This concept is explored next.

1.5 Inversion Layer Cells

Inversion layer cells utilise a special device architecture in which surface charge is used to
create an accumulation of minority carriers near the surface, often termed an inversion layer.

This inversion layer serves as an emitter to aid charge separation. For example, in p-type IL
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cells, the pn junction is formed by introducing positive charge into the front dielectric layer,
such that mirror electrons will accumulate near the silicon-dielectric interface. In the case
where the electron density (minority carrier in p-type substrates) near the interface exceeds
the hole density, the region is inverted from p- into n-type, creating a pn junction. Figure
1-17 shows the band diagram of an n-type inversion layer. Unlike diffused emitters, no
dopant atoms are introduced to produce the field-induced inversion layer and therefore do
not lead to increased SRH recombination. The sheet resistance of a field-induced inversion
layer is typically lower than that of diffused emitters [72], [73]. This can result from a
combination of lower majority carrier concentration and a thinner emitter depth, which leads
to less Auger recombination. In addition, no high-temperature diffusion procedure is
required in the fabrication of an inversion layer, which gives reduced cleanliness
requirements, fewer material degradation issues, and a large reduction in production costs.
With no high-temperature diffusion process required, no dopant atoms introduced, and less
Auger recombination, field-induced emitters have the potential to replace diffused emitters

in solar cell architectures.
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n-type inversion layer

Figure 1-17 Band diagram of an n-type inversion layer.

IL cells have been studied for two decades, yet they did not progress to successful
commercialisation. In IL cells, a high charge density is required to induce a sufficiently
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conductive emitter. In previous works [72]-[76], fixed charge in titanium oxide, silicon
oxide, tantalum oxide and aluminium oxide thin films was used to induce the inversion layer.
Silicon nitride was first introduced in IL cells in the 1980s and has since been widely studied
due to its high charge density and good charge stability [75]. Introducing caesium before
nitride deposition has been found to boost the charge density up to 1.1 x 10" cm™ [77].
However, this concentration was not high enough to induce a sufficiently conductive emitter
to compete with diffused emitters at the time. With high emitter sheet resistance, metal
fingers must be separated by a small distance so that the average distance charge carriers
must travel to reach the metal fingers is small to reduce resistive losses. However, a narrow
finger spacing leads to a large total surface area that is covered by metal fingers. The fingers
block light injection into the cell. The consequent loss in photocurrent is referred to as
shading loss. Therefore, it is crucial to produce high charge densities in the dielectric layer,

which has been limiting the efficiency of the IL cells [73], [78]-[81].

1.6 Aims and Objectives

It has been recently demonstrated that a high charge density in dielectric thin films is
possible via a field and temperature-assisted ion injection technique [82]. The technique
embeds permanent charge into a dielectric layer in the form of solid-state ions. This
technique was originally developed for field-effect passivation in Bonilla et al.’s work [41],
[83], [84] since it enables control of charge inside passivating dielectrics. Their work has
demonstrated charge densities of above 5 x 10'2 cm™. The details of this technique will be
reviewed in Section 2.2. In this thesis, this technique was leveraged and applied to IL cells
to maximise charge density and minimise the sheet resistance of field-induced emitters. The

conditions required for the technique include an application of ion precursor, a strong
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electric field across the dielectric, and an anneal at a temperature below 500 °C. Considering
the low cost and the high compatibility of the process with the mainstream technology, the

field-induced emitter can be a viable replacement for the diffused emitter.

This work aims to develop an IL cell with a field-induced emitter comparable in
performance to a P-diffused emitter while maintaining simpler and lower temperature (hence

lower-cost) manufacturing processes. The objectives include:

(i) Obtain maximal charge density in the dielectric layer of the order of 103 cm™,

(i1) Obtain a sufficiently conductive inversion layer exploiting the ion injection
technique.

(iii)  Develop a prototype inversion layer cell.

(iv)  Investigate the performance potential of inversion layer cells based on this new

processing route.

1.7 Structure of this Thesis

To begin, Chapter 2 reviews previous studies on IL cells and points to limiting factors
preventing the commercialisation of IL cells. Chapter 3 includes a detailed description of
the experimental and characterisation methods used in this work. The results presented in
this thesis comprise four main parts (Chapter 4-Chapter 7). Chapter 4 studies the formation
of field-induced inversion layers. Novel results are shown on how the ion injection technique
was used to induce an electron accumulation layer. A model was developed in Sentaurus
TCAD to explore the lowest inversion layer sheet resistance possible and pathways to
achieve it. Chapter 5 demonstrates the impact of interface defect states on the formation of
field-induced layers and introduces a method to characterise them. Chapter 6 comprises the

efforts in the fabrication and characterisation of proof-of-concept IL cells. Chapter 7
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explores the efficiency potential of IL cells and points to ways to improve the cell
architecture. Chapter 8 summarises the major findings in this thesis and provides an outlook

of future research directions on this topic.
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Chapter 2 History and Design of Inversion

Layer Cells

2.1 Previous Research on Inversion Layer Cells

The emitter of an inversion layer cell is formed by the accumulation of charge carriers that
are induced by an external electric field. For a p-type inversion layer cell, the electric field
attracts electrons to the surface so that the local electron density exceeds the hole density in
the substrate and forms an n-type inversion layer. The opposite is the case for an n-type
inversion layer cell. The electric field can be accomplished by (i) a voltage, (ii) a work
function difference between silicon and metal, and (iii) fixed surface charge often contained
inside dielectric coatings. Voltage application is used in metal-oxide-semiconductor field-
effect transistors (MOSFET) to manipulate the conductivity of the device. The need for a
voltage source limits its application in PV devices. Schottky barrier solar cells utilise the
work function difference between metal and semiconductor to form an emitter [85]. In
inversion layer cells, the electric field is provided by fixed charge in dielectric layers [72]—

[76]. Previous work and cell designs of inversion layer cells are reviewed in this section.

2.1.1 Low-Work Function Metal to Induce an Inversion Layer

Figure 2-1 depicts the structure of a Schottky barrier solar cell developed by Andersen et al.

[85]. In their work, the inversion layer was induced on a 2 QQ-cm p-type silicon substrate by
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full-area coverage of low-work function semi-transparent metal, in this case, 4.4 nm of
chromium. Copper fingers of 5.8 nm in thickness were deposited for improved conductivity.
A silicon oxide layer of 69 nm in thickness was deposited in between fingers as an
antireflection coating. This structure resulted in an efficiency of 8%. The factors limiting
the cell performance include (i) low light transmittance due to full-area semi-transparent
metal coverage, (ii) high lateral resistance in the thin metal layer, and (iii) low Voc as Voc
is limited by the work function difference between metal and silicon substrate. These
limitations indicate that a cell architecture with full-area semi-transparent metal coverage at

the front is not ideal for harvesting solar power.
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FIG. 1. Structure of a layered Schottky-barrier solar cell.

Figure 2-1 Structure of a layered Schottky barrier solar cell by Andersen et al. [85].

2.1.2 Fixed Dielectric Charge to Induce an Inversion Layer

Fixed charge in dielectric material can be used to induce the inversion layer while
maintaining low parasitic absorption. In addition, the thickness and refractive index of the
dielectric layer can be engineered to allow maximum light transmittance. It was reported in
1978 [74] that intrinsic charge in silicon oxide thin films grown by chemical vapour
deposition (CVD) has been used to induce the IL. Later on, in 1980, Thomas et al. applied
spin-on tantalum oxide layers containing silicon oxide onto a silicon substrate and achieved

a charge density of 1-3 x 10'2 cm™ [72]. They proposed that there are trapped ions at the
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interface due to the presence of unsaturated tantalum bonds and that these trapped ions are
responsible for the charge. This has led to the formation of IL emitters with a sheet resistance
of 7-15 kQ/sq being induced on 8-10 Q-cm p-type silicon substrates. Hezel et al. reported
silicon nitride grown by CVD as a stable source of positive charge in 1981 [75]. In their
work, a charge density of 7 x 10'> ¢cm™ has been confirmed. In the same work, they
demonstrated that by applying an external bias, the charge density can be boosted to 1.4 x
103 cm. However, the extra charge has been proved unstable at elevated temperatures. The
same group has later observed that the addition of caesium before depositing silicon nitride
can provide a charge density of 1.1 x 10'3 cm™ [77], [86]. In the literature reviewed thus far,
the positive charge has been used to induce n-type emitters on p-type substrates. With
negatively charged dielectrics p-type emitters can be formed on n-type substrates. The work
by Werner et al. [73] in 2014 has demonstrated that aluminium oxide deposited by plasma-
assisted atomic layer deposition (ALD) can provide negative charge with a density of -4 x
102 cm™. In this work, they proposed that the negative charge originates from oxygen-
related point defects at the Si/AlOx interface. In the same study, they have demonstrated that
the aluminium oxide layer can induce a p-type inversion layer with the sheet resistance of
15-18 kQ/sq on 1.5-1.6 Q-cm n-type silicon substrates in the dark, and < 4 kQ/sq under
typical solar cell operating conditions. Later in the same year, the same group reported in
[87] that by applying an external bias, the net negative charge in aluminium oxide can be
boosted to -10'3 cm™. However, the extra charge is a result of charge carriers trapped at the
interface or in the dielectric material and is unstable. The boosted charge has been observed
to decay at elevated temperatures (300-350 °C) and is not compatible with commercial PV
devices. Table 2-1 shows a summary of dielectric materials used to induce inversion layers

in previous studies. The table shows that sheet resistance reported for field-induced emitters
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(7-18 k€¥/sq) is significantly higher than that of typical diffused emitters (90-160 /sq [10]).
This will lead to higher resistive losses in field-induced emitters compared to diffused
emitters. Narrow finger spacings of 100-500 pm have been used in cell designs to
compensate for the high resistive losses, while finger spacings of 0.7-1.6 mm [88] are used
for P-diffused emitters in mainstream PERC devices. The narrow finger spacing will lead to
a large metallisation area, which indicates (i) high shading losses for IL cells with a front-
emitter design, and (ii) high recombination losses due to the large metal-silicon contact area.
Previous works on IL cells indicate that the charge densities are not high enough to induce
a sufficiently conductive emitter to compete with diffused emitters. The first challenge in
developing IL cells is therefore to produce higher charge densities in the dielectric layer,

reduce lateral resistive losses and relax the need for narrow finger spacings [73], [78]-[81].

Table 2-1 Summary of dielectric materials used to form induced IL emitters in previous
studies.

Dielectric Charge Charge Emitter R Base Finger Efficiency  Citation
material polarity density (kQ/sq) resistivity ~ spacing
(102 cm?) (Q-cm) (pm)
SiOx 2.5-12 100 12% [74]
TaxOy/Si0x + 1-3 7-15 8-10 254 16% [72]
SiNx + 7 0.5 150 12.4% [75]
SiNx + 14 [75]
SiNx with Cs + >10 [86]
SiNx with Cs + 11 1-2 14.5% [77]
AlOx - 4 15-18indark  1.5-1.6 [73]
<4 under
illumination
AlOx - 4 5 500 18.1% [73]
AlOx - 10 [87]
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2.1.3 Metallisation Design in Inversion Layer Cells

Metallisation that connects to the inversion layer is necessary so that carriers separated at
the pn junction can transport to the external circuit. For cell designs with localised
metallisation, the formation of the inversion layer underneath the metals may be interrupted
since there is no charged dielectric material or low-work-function metal in such contact
regions. Therefore, measures are required to ensure that the inversion layer is effectively

connected to the carrier-extracting metal electrodes.

One geometry that enables both metallisation and formation of the inversion layer is a metal-
insulator-semiconductor (MIS) structure. Schottky barrier solar cells use an MIS geometry
at the front [79], [85]. The full-area metal coverage can both induce an inversion layer and
collect separated carriers. The insulating silicon oxide layer is typically 1-2 nm thick [79],
which allows carriers to tunnel through while keeping the surface well passivated. Figure
2-2.a shows the band diagram of an MIS structure [85]. Despite the limitations of Schottky
barrier solar cells, the MIS structure can be utilised locally for metallisation while dielectric
material with fixed charge can be deposited elsewhere to induce the inversion layer. Figure
2-2.b depicts the structure of an MIS-IL cell [74]. In this design, the fixed charge in the
dielectric layer and the low-work function metal (aluminium in this case) ensures a complete
n-type inversion layer, so that carriers generated across the cell can transport to the metal
fingers. In Schottky barrier cells, the metal layer is 4-5 nm thick because of the trade-off
between electrical resistance and optical transmittance [79], [85]. In the MIS-IL design, the
dielectric material in most of the surface area allows high transmittance. The requirement
for a thin metal layer is thus relaxed, such that the metal fingers are thicker in MIS-IL cells.

The MIS-IL geometry has been utilised in IL cells reported in [74], [72], [75], [77],
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demonstrating a complete electrical path for separated carriers to reach the external circuit.

However, the limitations in fabricating the MIS-IL structure include the following [78]:

(1) The process requires thermal evaporation of aluminium that needs a vacuum and
is therefore a low-throughput and costly process.

(i1) The process is not compatible with high-temperature procedures. The contact
will be damaged at temperatures above 400 °C as the tunnel oxide will be
reduced by the overlying aluminium. This indicates that high-temperature
procedures are to be avoided after the formation of the MIS structure. This

requirement can lead to a complicated fabrication procedure.
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Figure 2-2 (a) Energy band diagram of an MIS structure [85]. (b) Schematic of an MIS-IL
cell structure [74]

Another strategy to ensure a complete n-type emitter layer is via laser doping. Laser doping
is a fast and cost-effective way to ensure local doping underneath metallisation. This process

requires the presence of a dopant precursor. Upon laser beam scanning, the dielectric
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material will be ablated while the silicon underneath will melt, allowing dopant atoms to
diffuse in and the region to be counter-doped. This technique is compatible with current
commercial technologies and has been commercialised in the solar cell industry for various
applications. For example, it has been used to ablate dielectric material for localised contacts
[89] and selectively introduce additional dopant atoms in P-diffused emitters [62]. It has
also been used for contact formation in IL cells [73]. Figure 2-3 shows the schematic of an
IL cell reported by Werner et al. [73]. The IL cell has a rear-emitter design. The AlOx layer
at the rear has been used (i) to provide fixed negative charge to induce an emitter, and (ii)
as an aluminium dopant precursor so that the region underneath can be counter-doped into
p-type. After laser doping, they deposited full-area aluminium paste at the rear for electrical
contact. The rear-emitter design removed the difficulty of having a high area fraction being
used for metallisation since the metal is now at the rear where no light is shining. The AlOx«
dielectric layer together with laser doping and the rear-emitter design has demonstrated a
proof-of-concept IL cell with an efficiency of 18.1%. In the same work, they suggested that
with optimised processing, an efficiency of 26.3% can be achieved. Apart from full-area
metallisation, laser doping is also compatible with electroplating, which allows the
fabrication of self-aligned metal fingers without the use of high-temperature steps or
photolithography. An electroplated Ni/Cu/Ag stack has been developed and has been shown
promising for implementation in industry [90], [91]. A thin nickel layer serves as a seed
layer as well as a diffusion barrier that prevents copper from contaminating bulk silicon.
Copper is cheap, abundant, with a high conductivity comparable to silver. It is used in the
stack to ensure low grid resistance. A thin silver layer on top protects the copper from
oxidation and from reacting with EVA encapsulants [90]. With recent progress in

electroplating, a finger width of 12 um has been demonstrated in [91]. The research
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reviewed above indicates that laser doping together with electroplating allows fast and low-
cost self-aligned metallisation and is therefore promising to be used for metallisation of IL

cells.

SiN, n* (P-diffused) Al

Al,O; or laser doped Al-p*
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Figure 2-3 Schematic of an n-type inversion layer cell with a rear-emitter design [73].

2.1.4 Discussion and Summary

To form a field-induced emitter, the accumulation of charge carriers near the surface can be
achieved by work function difference between metal and silicon substrate and/or by fixed
charge in dielectric thin films. For Schottky barrier solar cells, the inversion layer is induced
by a full-area deposition of a low-work function metal. The metal layer needs to be thin for
maximum light transmittance, which inherently leads to high lateral resistance. The work
function difference between the metal layer and silicon substrate determines the maximum
Voc possible for the cell. The trade-off between transmittance and resistive losses together

with the low-work function difference limits the performance of Schottky barrier solar cells.

In IL cells where emitters are induced by fixed dielectric charge, the thickness of each layer
in the dielectric stack can be adjusted for maximum light transmittance. SiOx, TaxOy, SiNx,
SiNx with the inclusion of Cs, and AlOx have been used to induce inversion layers [72]-[75],
[77], [86], [87]. Using such charged dielectrics, an emitter sheet resistance in the order of

several kQ/sq has been achieved, while the corresponding finger spacing lies in the range of
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100-500 um. For typical diffused emitters, the sheet resistance is 90-160 €)/sq [10], and the
finger spacing is 0.7-1.6 mm [88]. In comparison with diffused emitters, the field-induced
emitters are much more resistive. This indicates narrower finger spacings necessary and
therefore unavoidable larger metallisation area. This will lead to large shading losses and
carrier recombination at the metal-silicon contact. The efficiency of the IL cells has therefore
been limited by the high emitter sheet resistance. The maximum stable charge density that
has been achieved in the literature is 1.1 x 10'* ¢cm™ [77]. Higher charge densities may be

necessary to obtain more conductive emitters and higher IL cell efficiencies.

For IL cells with the emitter induced by charged dielectrics and localised metallisation, the
formation of the inversion layer may be interrupted under metallisation due to the absence
of charged dielectric material. Therefore, local doping underneath the contact is necessary
to ensure electrical connection from the metal to the inversion layer. Despite the limitations
of Schottky barrier cells, the MIS structure has been used for metallisation in IL cells where
charged dielectrics are used to induce the inversion layer in the rest of the area [74], [72],
[75], [77]. The efficiencies of such designs are in the range of 12-16%. Although the
requirement for a thin metal layer in the MIS structure has been relaxed, the MIS-IL structure
is limited by (i) the requirement of a vacuum for thermal evaporation and (ii) that the MIS
structure is not compatible with high-temperature procedures. Laser doping in combination
with electroplating is a fast and cost-effective method for self-aligned metallisation. Laser
doping is a developed technology and has been commercialised in the solar cell industry for
various applications. Recent progress in electroplating has shown promising results with a
finger width of 12 um [91]. Since this technique fulfils the requirements of both local doping

and metallisation, it can be integrated into the fabrication of IL cells.
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2.2 Ton-Charged Oxides for Inversion Layer Cells

Intrinsic charge in dielectric materials or at the silicon-dielectric interface has been used to
induce the emitter in IL cells [72]-[75], [77], [86], [87]. The efficiency of those IL cells has
been limited by their high emitter sheet resistance, which is due to the low charge density in
the dielectric thin films. An ion injection method has shown the potential to reach high
charge densities on a silicon-silicon oxide system [82]. This method may be able to reach
higher charge densities so that the emitter sheet resistance can be brought down. This method
was developed by Bonilla and Wilshaw in 2014 [82] to provide a high dielectric charge
density for field-effect passivation. The method involves the incorporation of a controllable
concentration of positive alkali ions into silicon oxide thin films. In their work [82], [83], a
sub-monolayer concentration of alkali salt, such as potassium chloride, was delivered onto
the surface of an oxide-silicon structure to avoid crystallisation. The method then utilises a
combined drift and diffusion mechanism at an elevated temperature to migrate positive
alkali ions through silicon oxide and reach the oxide-silicon interface. They explained the
kinetics of the ion migration process with the help of simulations in [83]. Figure 2-4 shows
the energy diagram of ion traps in the air-silicon oxide-silicon system and the effect of an
external electric field. Their simulation results revealed that the positive alkali ions at the
air-oxide interface will de-trap at a high temperature, diffuse into the oxide, and eventually
reach the low-energy states at the oxide-silicon interface. Collett et al. have demonstrated
that the migration can be finished in under 2 s at 450 °C and that the ions will then freeze at
the oxide-silicon interface upon cooling down to room temperature [92]. The same group
reported in [83] that a charge density of 5 x 10'> cm™ has been achieved. This implies that
with more ion precursors, it is possible to obtain higher charge densities. In the same work,
the passivation quality was monitored over 1500 days in laboratory conditions and has been
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tested stable. It has been demonstrated that the ion injection method provides a fast and cost-

effective way to incorporate high concentrations of positive alkaline ions into the dielectric

thin film. The high charge density with good stability suggests the promising application of

the ion injection method in the fabrication of IL cells.
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Figure 2-4 Energy diagram of ion traps in the air-silicon oxide-silicon system and the effect

of an external electric field [83].
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Chapter 3 Experimental Methods

3.1 Silicon Substrate Material

Silicon substrates can be fabricated into n-type or p-type depending on the dopant atoms.
Both types are used to fabricate single crystalline silicon solar cells in industry. The current
mainstream PERC technology uses p-type silicon substrates [93]. The emerging
technologies with passivating contact designs, TOPCon and SHJ, are moving towards n-
type silicon substrates thanks to their higher carrier lifetimes [93], [47]. The advantages of
p-type substrates include: (i) lower fabrication cost [94], [95], and (ii) higher minority carrier
(electrons) mobility [96] so that carriers generated farther from the pn junction can
contribute to the photocurrent. It has been noticed that silicon substrates have been
fabricated thinner [10] and that the thicknesses are equal to or lower than the diffusion length
[97]. Therefore, the diffusion length does not limit the cell performance anymore. For n-
type substrates, although the fabrication cost is higher [94], [95], they are inherently more
tolerant to metal impurities because the capture cross-section is higher for electrons than for
holes [70]. In this work, boron-doped p-type substrates were used to demonstrate the
properties of the field-induced electron layer as an emitter. Although gallium doping is
dominating in p-type wafers in industry [9], boron doping was the mainstream at the
beginning of this project. For simplicity in characterisation, the field-induced electron layer

was induced on n-type substrates as an accumulation layer.
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Silicon substrates can also be categorised by fabrication method. The majority of silicon
substrates used in the industry are produced using Czochralski (CZ) method due to its low
production cost and high throughput [98]. However, silicon ingots produced using this
method contain high concentrations of oxygen impurities (5-11 x 10!7 ¢m™), leading to
electrically active defects [99]. Additionally, the electrical resistivity has been shown to be
inhomogeneous both azimuthally and radially in the ingot to the extent of 1-3% [100]. Purer
silicon wafers with better doping homogeneity can be fabricated using the float zone (FZ)
method. FZ silicon substrates have not been used in mass production due to their high
production cost [101], [102]. A review of the CZ and FZ methods can be found in references
[98] and [101]. Silicon substrates fabricated using both CZ and FZ methods were used in
this thesis. Details of the silicon substrates and their surface finish are described in the

following subsections.

3.1.1 Silicon Wafers
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Table 3-1 shows a summary of silicon substrates used. The FZ silicon wafers are 200 um
thick, 1 Q-cm doped with either boron or phosphorus atoms. The surface was chemically
polished on both sides, exposing (100) planes. They were received from Fraunhofer ISE
with thermal silicon oxide grown on both sides, as described in Section 3.2. The CZ wafers
are 180 pum thick, 1 Q-cm doped with boron atoms. They were received from the University
of New South Wales (UNSW). These wafers have a pyramid-textured surface, thermal
silicon oxide grown on both sides, and rear metallisation. The FZ wafers were labelled as

Set A. The CZ wafers were labelled as Set B.
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Table 3-1 Summary of silicon substrate materials used in this thesis.

Resistivity Thickness (um) Sample Surface Source
size

n-type FZ Si 1 Q-cm 200 Circular Polished  Fraunhofer ISE
wafers 200
mm
diameter

p-type FZ Si 1 Q-cm 200 Circular Polished  Fraunhofer ISE
wafers 200
mm
diameter

p-type Cz Si 1 Q-cm 180 4x4cm?>  Textured UNSW

3.1.2 Surface Finish

The surface morphology of silicon substrates is important in terms of the optical properties
of'silicon solar cells. Pyramid-textured surfaces are commonly used in the PV industry since
light reflected from a textured surface is more likely to be redirected to other surface regions
compared with polished planar surfaces. This leads to more photons absorbed by the silicon
substrate and increased cell efficiency. The texturing of Set B specimens was carried out by
submerging bare silicon wafers into an anisotropic etching mixture of KOH and IPA
(isopropyl alcohol). (100) planes are etched preferentially in such solutions [103], leaving
only (111) planes exposed at the surface. Due to the crystalline structure of silicon, pyramid-
like features were formed across the surface, termed random pyramid texture. Although this
textured surface improves light absorption, it leads to an increase in surface area. In addition,
(111) planes are known to have a higher density of interface states than (100) planes [104].
These factors combined will result in more carrier recombination at the surface/interface.
This work investigates field-induced charge layers near the surface. The impact of surface

texture and (100)/(111) planes on the field-induced charge layers needs to be considered.
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Since the current path within the charge layers is less complicated for substrates with planar
surfaces, Set A specimens with planar surfaces were used to study the properties of the
charge layers. Set B specimens with the random pyramid texture were used in the fabrication

of prototype inversion layer cells for improved light trapping.

3.2 Silicon Oxide Growth

Silicon surface dangling bonds introduce energy states deep in the bandgap that act as strong
recombination centres. Saturating the dangling bonds reduces the density of these energy
states and can in turn improve the minority carrier lifetime. These energy states can be
passivated chemically using dielectric materials. A silicon oxide layer is commonly used for
this purpose. Both Set A and Set B samples have silicon oxide thermally grown on both
sides. This process requires a high temperature and an oxygen-rich atmosphere. For Set A
samples, the wafers were heated to 950/1050 °C in an atmosphere of oxygen and
dichloroethylene to form a silicon oxide layer of 10/100 nm thick, respectively. For Set B
samples, 20/100 nm thermal oxide was formed on the surface in a dry oxygen atmosphere
at a temperature of 890/1000 °C for 25 min, respectively. The labelling of the subsets will

be introduced in Section 3.4.

3.3 Extrinsic Chemical Passivation

The passivation of silicon dangling bonds can be enhanced by introducing hydrogen.
Hydrogen atoms are small and can diffuse within dielectric materials to the interface and
saturate the remaining dangling bonds. Hydrogen was introduced by annealing the samples

in a 5% H2/95% N> gas atmosphere at 425 °C for 30 min. This process is termed forming
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gas anneal (FGA). Some Set A samples underwent this process, creating additional sample

subsets.

3.4 Sample Labelling

Set A and Set B specimens were processed differently regarding surface finish, oxidation,
and hydrogenation. Each sample geometry was assigned a label. After surface finish and
oxidation, metallisation was formed on the rear of Set B samples. This process will be

described in Section 3.7.1. Table 3-2 shows a list of all sample sets used in this work.

Table 3-2 Summary of sample sets used in this thesis.

Sample Silicon n/p-type (?xide Oxidation Hydrogenation
label substrate thickness temperature
Al FZ, planar n-type 100 nm 1050 °C FGA
A2 FZ, planar n-type 100 nm 1050 °C None
A3 FZ, planar n-type 10 nm 950 °C FGA
A4 FZ, planar p-type 100 nm 1050 °C None
Bl CZ, textured p-type 20 nm 890 °C None
B2 CZ, textured p-type 100 nm 1000 °C None

3.5 Field and Temperature-Assisted Ion Migration Method

The aim of this thesis is to obtain a high dielectric charge density for improved conductivity
of field-induced emitters in IL cells. The approach is to incorporate a high concentration of
positive K ions into oxide thin films using a field and temperature-assisted ion migration
method. Figure 3-1 shows a schematic of the procedure. This method requires (i) the
presence of an ion precursor at the dielectric surface for which I used a KCI salt, (ii) an
electric field that drives the positive K ions into the oxide, and (iii) an anneal step that
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provides energy for K* ions to migrate through the silicon oxide thin film and reach the

Si/Si0; interface. The subsections below will introduce these steps in detail.
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Figure 3-1 Processing method of field and temperature-assisted migration of K* ions into
surface dielectrics: delivery of ion precursor, applying a polarisation electric field, and
annealing.

3.5.1 Introducing Ion Precursor

The ion precursor can be delivered via spin coating, spray coating or thermal evaporation
[92]. All three methods have been proved efficient [92]. Spin coating was used in this work
for simplicity. Potassium chloride salt was dissolved into a mixture of 30% deionised (DI)
water and 70% IPA. The solution was spin-coated onto the sample surface. [IPA was added
to the solvent to improve the wettability of the solution to the dielectric surface and allow
faster evaporation of the solvent at room temperature. The solution was pipetted onto the
sample surface and distributed by a two-step spin process. The spin coater was first kept at

a low spin speed of 500 rpm for 6.5 s so that the entire surface was covered by the solution.
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The spin speed was then increased to 3000 rpm to reach the desired film thickness. The spin
speed of 3000 rpm was maintained for 30 s for the solvent to evaporate. The spin coating
process was developed by S. Du [105]. The ion precursor solution should be prepared such
that the concentration is sufficiently low to avoid crystallisation while providing enough ion
atoms for charge embedding. The ion density of a monolayer in the KCl lattice is calculated

as follows:

a

5 Eq (3-1)

Ion density (KCl) = 2 x % X Ny X

where M is the molar mass of KC1(74.55 g/mol), p is the density of KClI crystal (1.98 g/cm?),
Na is the Avogadro constant, and a is the lattice constant of the face-centred cubic crystal
structure of KCI (6.36 A). As a result, the ion density in a monolayer is 1.02 x 10'° ions/cm?,
which can be used as a reference to prepare the KCl solution. For the spin speed of 3000
rpm, the approximate thickness of the film is 4 um [105]. KCI solutions with two different
concentrations were prepared in this work: 10~ mol/L (Concentration A) and 5 x 103 mol/L
(Concentration B), corresponding to an ion density of 4.8 x 10'* ions/cm? and 2.4 x
10%5 ions/cm? on the sample surface, respectively. Concentration B is just above the limit
for sub-monolayer distribution. This may lead to KCI crystallisation at the sample surface
and inhomogeneity in the distribution of K charge in the dielectric. This should be avoided
in future experiments. However, the concentration is not excessively higher than the limit
and should still provide a large concentration of potassium atoms for ion migration. With
multiple ion migration processes, Concentration A demonstrated the gradual formation of
the field-induced electron layer. Concentration B allows a higher density of positive K* ions
to be incorporated into the oxide thin film after each spin coating and was used for faster ion

incorporation.
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3.5.2 Corona Discharge

Corona discharge was used to provide an electric field across the dielectric material and
drive the migration of the positive K* ions. Figure 3-2.a shows a schematic of the corona
discharge rig. A voltage was applied between two electrodes. One is a sharp stainless-steel
pin (discharge electrode). The other is a grounded metal plate. The discharge electrode was
kept 20 cm above the grounded electrode. During corona discharge, a high voltage (30 kV)
was applied between the two electrodes, generating an electric field in between, as illustrated
in Figure 3-2.a. The electric field is strong around the sharp discharge electrode, which
ionises surrounding air molecules [106]. The electric field will then drive the charged
molecules towards the grounded electrode. Corona ions in both charge polarities can be
generated. Previous reports showed that the positive corona ions are mostly (H-O),H", and
the negative corona ions are CO3™ [107], [108]. The samples in this work were placed on the
grounded electrode. Upon corona discharge, positive/negative corona ions will be deposited

onto the dielectric surface, providing an electric field across the thin oxide film.

The uniformity of the corona ion deposition can be represented by variations in current
density across the area where samples were placed. The current density (J) was estimated

using Warburg’s law [109], [110]:
] = Jocos®(0) Eq (3-2)

where Jo is the peak current density, 0 is the angle relative to the plate normal. The geometry
is illustrated in Figure 3-2.b. For a given radial distance from the point electrode, 6 will
decrease with increased pin-to-plate distance. This will lead to a more uniform deposition

of corona ions on the sample. For the 20 cm pin-to-plate distance in the rig, the variation in
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corona ion density is less than 1% across a 4 x 4 cm? area, which is the size of the largest

sample used in this work. The corona charge density is thus considered homogeneous.

The density of corona ions was altered by adjusting the corona discharge time. The relation
was calibrated using the Kelvin Probe technique, introduced in Section 3.6.1. The calibration
will be shown in Section 3.6.2. The corona ions deposited onto the dielectric surface are
known to be unstable in the uncontrolled laboratory atmosphere. It has been reported that
the adsorption of water molecules will increase the lateral conductivity at the dielectric
surface, which can accelerate the dissipation of the corona charge [111], [112]. Here the
samples were annealed immediately after corona discharge to allow ion migration without

corona leakage effects.
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Figure 3-2 (a) Schematic of the corona discharge rig. (b) Schematic of the pin-to-plate
geometry.

3.5.3 Ion Migration

With the ion precursor delivered to the dielectric surface and corona ions providing an
electric field across the oxide thin film, the samples were annealed at 430 °C for 10 s on a
hot plate. The anneal provides the K* ions with sufficient energy to de-trap from the air-
oxide interface, migrate through the oxide layer in a combined drift and diffusion

mechanism, and reach the low-energy states at the oxide-silicon interface [83]. The positive

51



K* ions induce mirror electrons in bulk silicon, forming a field-induced
inversion/accumulation layer. Corona discharge and anneal cycles were repeated multiple
times to allow migration of as much K" ions as possible delivered to the dielectric surface
towards the oxide-silicon interface. Higher charge densities can be obtained by further
replenishment of the KCl ion precursor by spin coating, and subsequent corona discharge-

anneal cycles after each spin coating.

3.6 Electrical Characterisation
3.6.1 Kelvin Probe Measurements

Kelvin Probe (KP) was used to measure the density of corona ions deposited on the dielectric
surface. KP is a non-contact method that detects the difference in work function between
two surfaces. In the Kelvin Probe (KP020JS by KPTechnology) tool used in this work, the
work function difference between a gold probe with known work function (@) and the
dielectric/silicon structure was measured. Figure 3-3 shows a schematic of the metal probe-
air-dielectric-silicon structure and its band diagram. The gold probe was electrically
connected to the silicon substrate and was brought close to the dielectric surface. The gold
probe forms a capacitor with the dielectric/silicon structure. Due to the difference in the
work function of the two electrodes, the capacitor will be charged when no external bias is

applied, following the equation:
Q=CxV Eq (3-3)

where Q represents the charge stored in the capacitor, C is the capacitance, and V is the

contact potential difference. The metal probe oscillated above the dielectric/silicon structure,
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leading to an alternating change in the distance between the probe and the sample, and hence

the capacitance and the charge. This will result in a detected current (Iy) in the circuit:

dQ dcC
- - Eq (3-4)
by dt ~ dt 4

The current was monitored during the measurement. A bias, termed backing potential (Vy),
was applied to the silicon substrate. When the applied Vi, cancels the contact potential
difference, I, in equation Eq (3-4) will be zero. Baikie’s method [113] was used to find the
backing potential that nullifies Iv. In Baikie’s method, a range of Vy, values are applied to
the sample. Vy and the recorded Iy are then plotted and extrapolated to find the Vy that
nullifies the current. The Vy found is the contact potential difference between the two

electrodes and is labelled Vkp.
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Figure 3-3 Schematic of the metal probe-air-dielectric-silicon structure in a Kelvin probe
setup and the band diagram of the structure with an external bias applied to the silicon
substrate so that the Kelvin probe current is nullified. Redrawn from [114].

The contact potential difference can also be represented as:
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O
VKP = + ¢scr + Vi Eq (3'5)

where @n; is the work function difference between metal (gold) and silicon, q is the electron
elementary charge, dscr is the surface potential due to the space charge region, and Vi is the
potential difference across the insulating dielectric layer. The work function of gold is
5.1 eV [115]. The work function of silicon is a function of dopant type and dopant density
and has been well understood [116]. ¢ser can be calculated following Girish’s algorithm
[117]. Previous work in [118] has proved that |¢pse| is below 0.25 V for surface charge
densities below 10!3 cm? when the charge is located far from the silicon surface, for example,
at the surface of a 100 nm SiO> film. The ¢sr term can thus be neglected. In Eq (3-5), with
measured Vip and known @, Vi can be obtained to work out the density of corona ions

deposited. Assuming no charge in the air gap, Vi can be calculated as:

1 t
= . Eq (3-6
V; Ke foxpl(x)dx q(3-6)

where K is the relative permittivity of the dielectric material, g is the vacuum permittivity,
x is the distance from the silicon-dielectric interface, pi(x) is the local density of charge in
the dielectric material, and ¢ is the thickness of the dielectric layer. Here all charge in the
dielectric layer was assumed to be at a plane of distance x. from the silicon-dielectric

interface. A Dirac function was hence used to describe this surface charge distribution:

p; = QX 8(x—x.) Eq (3-7)
Vkp can then be represented as:
Dps Q- xc
Vip = Eq (3-8
KP + K.z, q(3-8)
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In this work, the Kelvin Probe technique was used to measure the density of corona ions
deposited at the dielectric surface. The distance of the charge plane to the silicon-dielectric
interface is thus given by the thickness of the dielectric layer. The corona charge density can

then be worked out using Eq (3-8).

3.6.2 Calibration of Corona Discharge Rate

In this work, corona ions in both polarities were deposited on the sample surface by corona
discharge at a voltage of +30 kV. The density of corona ions deposited was controlled by
the time under corona discharge. The corresponding charge density was calibrated on A2
specimens. The surface charge concentration for corona ions in both polarities was measured
using the Kelvin Probe technique after every 10 s of corona discharge for up to 180 s. Figure
3-4.a shows the recorded contact potential difference. Figure 3-4.b shows the linear fits to
work out the rate of charge deposition. The deposition rate is 5.46 x 10! cm™ per 10 s for

positive corona ions and -6.56 x 10! cm™ per 10 s for negative corona ions.
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Figure 3-4 (a) Contact potential difference and (b) surface charge density measured after
every 10 s of corona discharge at a voltage of £30 kV for both polarities.
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3.6.3 Sheet Resistance Measurements

Two methods were used to characterise the sheet resistance of silicon substrates that contain
field-induced charge layers: the Van der Pauw (VdP) method and inductively coupled
measurements. These two methods are different in terms of sample preparation and regions
where free carriers contribute to measured conductance. This will lead to the methods

applicable to different sample geometries.

3.6.3.1 Van der Pauw Method

Van der Pauw developed a resistance measurement method in 1958 [119]. The method is
able to measure the resistivity of flat samples of arbitrary shapes. The measurement requires
four infinitesimally small contacts at the perimeter of the sample. Figure 3-5.a shows a
schematic of such sample. Van der Pauw proved that the following equation holds for this

sample geometry:

TRaB.cpd TRpc,pAd )
e P +e P =1 Eqa (3-9)

where p is the resistivity of the material, d is the thickness of the sample. Ragcp is defined

as:

Vv, —V, Eq
(3-10)

RAB,CD = i
AB

where Vp — V¢ is the potential difference between contact C and contact D while a current
I is passed through contact A and contact B. The definition is similar for Rgc,pa. To isolate

the resistivity in Eq (3-9), the equation is rewritten in the form:

d Rapcp + Rpcpa . Rapco
_ , - ' Eq (3-11
P=m2 2 J( ) 961D

RBC,DA
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£ RaB,.cD
Rpcpa

where f is a function o and can be expressed as:

Rag.cp — Rpcpa —f- arccosh{eXp (In2/f)

Rupcp + Rpepa 2

) Eq (3-12)

It has been demonstrated that f approaches 1 when 2‘“’%@ approaches 1 [119]. Eq (3-11) can
BC,DA

thus be simplified by implementing symmetrical sample geometries. For example, Figure
3-5.b shows a square sample geometry where Rag,cp is approximately equivalent to Rec,pa.

Eq (3-11) is then simplified as:

d VDC

- . Eq (3-13
In2 Ig 1 )

p

Due to practical difficulties in making contacts, i.e., the contacts are not often infinitesimally
small, the contact size may vary, and the contact may not be at the perimeter of the sample,
the accuracy of the measurement may be compromised. To eliminate the impact of contact
size on the measurement, Chwang et al. calibrated the correction factor for contacts with
selected shapes and a range of sizes on square samples [120]. Figure 3-5.c shows the
correction factor for square and triangular contacts [120]. In this work, the square sample
geometry and the triangular contacts were used for sample preparation. The resistivity can
be obtained by measuring the sample thickness, taking two resistance measurements, and

including a correction factor as per [120].

Figure 3-6 shows the sample geometry used in this work. Silicon wafers from group A were
diced into 1 x 1 ¢cm? squares. The surface dielectric at the corners was removed using a
diamond scriber. Aluminium contacts 100 nm thick were deposited at the corners by masked

thermal evaporation. As illustrated in Figure 3-6, the ratio of contact size to sample size
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along the sample edge is 0.25, corresponding to a correction factor of 1.033 in Figure 3-5.c.

The sample sheet resistance can be obtained following:

P T Rapcp + Rpepa
Ry, =5=1.033-—" Eq (3-14)
d n2 2
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Figure 3-5 (a) Schematic of a flat sample of arbitrary shape with four contacts at arbitrary
places on the perimeter of the sample. (b) A square sample geometry where four contacts
are at the four vertices. (c) Correction factors for finite contact effect on resistivity
measurements using the Van der Pauw method [120].
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Figure 3-6 Sample structure designed for Van der Pauw measurements.
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In this thesis, the Van der Pauw method was only used to measure the sheet resistance of the
specimens in the accumulation regime. The reasons for this will be explained in Chapter 4.
Figure 3-7 shows the schematic of the sample with/without the presence of positive surface
charge. An approximation was performed using the following calculations to extract the

sheet resistance of the accumulation layer. The accumulation layer sheet resistance is given

by:

1 1
Rsh-acc = [o(4) dtzfo' (A+ B)dt — [o(B)dt

Eq (3-15)

where ¢ is conductivity, t is thickness. Region A and B are labelled in Figure 3-7.
Ren(Ag+ By) = [0(Ag + By)dt™ and Ry, (A+B)=[o(A+B)dt ! are the
measurable sheet resistances of the whole wafer, prior to and after surface charge deposition.
Since the accumulation of mirror electrons is supposed to lead to a significant increase in
local conductivity, [ o (Ag)dt < [ o (A)dt is assumed. Considering that the accumulation
only occurs near the interface, for region B/By away from the interface, [ o (B)dt ~
[ 0(By) dt was also assumed. The accumulation layer sheet resistance can then be

calculated from the two measurable quantities as follows:

1
R, _ ~
Sh=acc ™ [6(A+ B)dt — [ 0 (Ay + By)dt

Eq (3-16)
_ 1
B Rsh(A + B)_l - Rsh(AO + BO)_1

All accumulation layer sheet resistance measured experimentally presented in this thesis
used this approximation. Sentaurus simulations were conducted for this sample geometry to
evaluate the error of these approximations. The model used will be described in Chapter 4.
The approximation was compared with sheet resistance calculated using Eq (3-15). The

depth of the accumulation layer was defined as where the change in electron density per pm
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in depth is below 5 x 10> ¢cm™, which is the dopant density of 1 Q-cm n-type silicon
substrates. The simulations indicate that, for surface charge densities above 2 x 10'* ¢m™2,
the approximation produced an error below 2.3%. The details of such simulations are

included in an Appendix.
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Figure 3-7 Schematic of sample structure prior to and after surface charge deposition.

3.6.3.2 Inductively Coupled Measurements

Conductance of silicon wafers can be obtained by inductively coupled measurements. A
Sinton WCT-120 photo-conductance lifetime tester was used for the measurements. Figure
3-8 shows a schematic of the conductance measurement stage of the instrument. The sample
is placed near the coil. The sample size needs to be larger than the coil to minimise the edge
effects. An alternating current is passed through the coil, which generates an alternating
magnetic field. The alternating magnetic field will induce an eddy current inside the wafer.
The eddy current is opposite to the current in the coil and generates a magnetic field opposite
to the original magnetic field. The eddy current and hence the overall magnetic field depend
on the sheet conductance of the silicon wafer, which is determined by the sample thickness,
carrier density and carrier mobility inside the silicon wafer. The change in the overall
magnetic field is detected and used to work out the sheet conductance of the silicon sample.
This is a non-contact characterisation tool. It was used in this thesis to monitor the sheet

conductance of silicon samples in the presence of positive/negative surface charge.
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Figure 3-8 Schematic of the conductance measurement stage of a Sinton WCT-120 photo-
conductance lifetime tester. Adapted from [121].

3.6.4 Recombination Characterisation

Carrier recombination at the dielectric-silicon interface is one major source of performance
losses in solar cells. This work explores a novel method of forming an emitter. Crucial
differences between the field-induced emitter and the mainstream diffused emitter include
(1) the carrier distribution in the emitter, (ii) the presence of a high concentration of K ions
at the interface, and (iii) the lack of a high density of dopant atoms in the emitter. These can
lead to a difference in carrier recombination at the interface. To evaluate the effect of
incorporating K* ions on interface recombination, the minority carrier lifetime of specimens
with/without K* ions incorporated was measured as a function of surface charge. This can

reflect the interface recombination in flat-band, inversion and accumulation regimes.

3.6.4.1 Minority Carrier Lifetime

A Sinton WCT-120 photo-conductance lifetime tester was used to measure the effective
minority carrier lifetime. Figure 3-9 shows a schematic of the instrument, which comprises
a lamp and a conductance measurement stage. The stage detects conductance via inductively
coupled measurements as introduced in Section 3.6.3.2. Upon a high-intensity flash,

electron-hole pairs will be generated inside the silicon substrate. The sample size needs to
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be larger than the coil to minimise the impact of carrier recombination at the edge. While
the conductance of the silicon sample is constantly monitored by the stage, the conductance
decay after the flash is used for lifetime analysis. The change in conductance is directly
related to the concentration of photo-generated carriers (Ap). The relation can be expressed

as:
Ao=qAp(pn + 1) Eq (3-17)

where p, and pp are the electron and hole mobility, respectively. The change in excess carrier
concentration over time can be calculated using the carrier generation rate (G) and carrier

recombination rate (R):
dAp=(G — R)dt Eq (3-18)
The recombination rate can be represented as:

Ap
Terr

R:

Eq (3-19)

Combine Eq (3-17) to Eq (3-19), the effective minority carrier lifetime can be written as:

Ao
terr™ dAo Eq (3-20)
Gq(ﬂn + ﬂp) - W

Two analysis modes can be used to work out the minority carrier lifetime: transient mode
and quasi-steady state (QSS) mode. Transient mode is used for samples with a lifetime >
100 ps and QSS mode is used for lifetimes < 100 us. In transient mode, the conductance
decay is recorded after a short flash where no excess electron-hole pairs are generated and
thus G = 0. In QSS mode, a longer light pulse is used. The conductance is measured during
the flash, where the excess carriers in the silicon substrate are in steady state condition and

dAc/dt is zero. The intensity of the flash is measured by a sensor near the sample on the
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stage [122]. Generation is calculated based on the optics of the dielectric layer on the sample,

the absorption coefficient, and the thickness of the silicon substrate.

Set A samples were used to investigate the impact of ion incorporation on interface
properties. The interface recombination is dependent on both chemical passivation and field-
effect passivation. Since the positive ionic charge will contribute additional field-effect
passivation, no direct comparison can be made on chemical passivation. Therefore, the
surface potential of the silicon samples was adjusted to eliminate this effect. This technique

will be explained next.
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Figure 3-9 Schematic of a Sinton WCT-120 photo-conductance lifetime tester.
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3.6.4.2 Lifetime as a Function of Surface Potential for Interface Characterisation

Bonilla developed a method to monitor the effective minority carrier lifetime while adjusting
the surface potential of silicon substrates [123]. This will generate a lifetime curve as a
function of surface potential, which can reflect the carrier recombination in flat-band,
inversion and accumulation regimes. This technique can be used to evaluate the quality of
surface passivation and dielectric charge density [46]. The characterisation comprises two

steps: (1) obtaining the effective lifetime of the sample while regulating the surface potential,
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and (i1) fitting the experimental data using an analytical model so that the interface
parameters can be extracted [46]. The experimental setup to obtain the lifetime curve is
illustrated in Figure 3-10. A Sinton WCT-120 photo-conductance lifetime tester was used
to acquire the effective lifetime. A 3.0-4.0 wt. % poly(3,4-ethylenedioxythiophene)
polystyrene sulfonate (PEDOT:PSS) solution in water was coated on both sides of the
sample as a transparent gate electrode. The films were annealed at 120 °C for 20 s on a hot
plate to allow the solvent to evaporate and to increase the film conductivity [124], [125].
The silicon substrate was contacted by removing the dielectric material using a diamond
scriber and application of Gallium-Indium eutectic and silver paint. A voltage was applied
between the silicon substrate and both the front and the rear gate electrode to adjust the
surface potential. The effective lifetime was recorded while the gate voltage was
incrementally changed. An analytical model was used to fit the experimental data [46]. The
model used Girisch and Aberle’s iterative algorithm [46], [47] to work out the carrier density
at the interface, n; and p;. With known ng and pg, the surface recombination velocity (SRV)

can be worked out following the SRH theory [28], [29]:

1 Fe (nsps - nlz)

=— dE

K= fE ns +ny(E) _ ps +ps(E) Eq(3-21)
vthDit(E)Up Vep Dyt (E) 0y,

where vy, is the thermal velocity, 0, and g, are the carrier capture cross-sections, 14 (E)
and p, (E) are the trap occupancy factors, which are expressed as:

E-Ep

p1(E) = poe 8T Fa(3-22)

Ep—E

n,(E) = nye ksT Eq (3-23)
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The model considers fluctuations of fixed charge Q¢ by introducing a Gaussian distribution

of fluctuations with standard deviation g, [46]:

+00
.wvzf SRV (Dyt, Oy, 0, Qp, W)

Eq (3-24)
1 (Qf — Qf0)?
* ex d
O_qm p ( 20_(; ) Qf
The analytical lifetime curve can then be calculated using:
1 1 1 1
=—+—=—+SRV Eq (3-25)

Tefr B g Ts 1B
Perfect bulk lifetime was assumed in the model, not considering the processing impurities
and carrier recombination at the edge. This will lead to a larger error in the regions with
strong field-effect passivation where the bulk lifetime term is more prominent in Eq (1-1).
With a proper assumption of the capture cross sections a,, and oy, the Dit profile, Qf, and

04 can be extracted from the fit of the experimental data.
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Figure 3-10 Schematic of the experimental setup to obtain the effective lifetime of silicon
wafers as a function of surface potential. Redrawn from [127].
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3.7 Device Fabrication Techniques

Set B samples have pyramid-textured surfaces and were used in this thesis to fabricate proof-
of-concept inversion layer cells. The procedure includes rear metallisation, formation of the
field-induced emitter, laser doping and electroplating for front metallisation. The ion
incorporation process has been introduced in Section 3.5. The rest of the procedure will be
described in the following subsections. It is important to note that the processing sequence
used here is limited to the fabrication tools available in the Oxford laboratory and the

geometry of samples received from collaborators.

3.7.1 Rear Contact

Rear openings were produced using a laser scriber prior to rear screen-printing of full-area
aluminium paste. The wafers were baked for the solvents to evaporate and were then fired
at ~825 °C set temperature for 3 s in a SCHMID (previously Sierratherm) belt furnace to

form local Al-BSF. The rear metallisation was processed at UNSW.

3.7.2 Laser Doping

For inversion layer cells, local doping underneath the metal contact is necessary for the
electrical connection of the field-induced emitter to the external circuit. In this thesis, laser
doping was used for this purpose. For silicon substrates passivated by dielectric layers, laser
doping brings in the additional benefit of exposing bare Si in the laser-doped region, which
facilitates self-aligned metallisation by electroplating in a subsequent step. Figure 3-11
shows a schematic of the laser doping process. An 85% phosphoric acid solution was used
as a dopant precursor and was spin-coated onto the sample surface. A laser beam was

focused on the sample surface to both ablate the dielectric and melt the silicon underneath.
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This allows the diffusion of phosphorus atoms into the molten region. The region will then
recrystallise upon cooling and become counter-doped into n-type.
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Figure 3-11 Schematic of the laser doping process.

Two different lasers were used in this work for laser doping. The first is a 355 nm
nanosecond pulsed laser. The second is a 532 nm continuous wave, 20 W laser. The 532 nm
laser was used to laser dope B2 samples, which were processed by partners at UNSW. An
85% phosphoric acid solution was spin-coated at a spin speed of 8000 rpm for 50 s. The
laser was scanned across the same region twice at a speed of 2 m/s to ensure sufficient
incorporation of dopants. The 355 nm laser became available later in Oxford and allowed
for further experimentation and tuning of parameters. The 355 nm laser was used on Bl
samples. An 85% phosphoric acid solution was spin-coated onto the sample surface at a spin

speed of 12000 rpm for 50 s. The laser scan speed was set to 400 mm/s. The laser pulse
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frequency was set to 60 kHz. The pulse length was 0.13 ps. The laser-doped B1 samples

were used to fabricate prototype IL cells.

3.7.3 Light-Assisted Electroplating

Light-assisted electroplating was used for the front metallisation of Set B samples to
fabricate inversion layer cells. After laser doping, bare silicon was exposed in the laser-
doped regions. Positive K* ions were then incorporated into the dielectric layer using the ion
migration method described in Section 3.5. With the field-induced emitter, photocurrent
generated under illumination can contribute to the plating current and allow faster plating.
Since high-temperature steps are involved in the laser doping and the ion migration process,
there will be a thin oxide layer formed on the laser-doped region. A 1% HF solution was
used to treat the front surface for 30 s to remove the oxide. The samples were then ready for
electroplating. Figure 3-12 shows a schematic of the experimental setup. The sample was
mounted onto a polytetrafluoroethylene (PTFE) rig with an opening and an O ring at the
bottom and was secured by bolting a stainless-steel plate to the rig. An aluminium foil sheet
was placed in between the sample and the stainless-steel plate to allow an electrical
connection to the sample. Commercial NB SEMIPLATE NI 100 nickel sulfamate from NB
Technologies was used as the electrolyte. A 99.98% pure, 0.5 mm diameter nickel wire was
used as the anode. The rig was placed on a hot plate to heat the electrolyte to 48-52 °C. A
white LED lamp (6 W) was used for illumination. A voltage of 1.1 V was applied between
the nickel wire and the sample for 4 min to form nickel fingers on the laser-doped regions.
Here nickel fingers were electroplated for front metallisation on proof-of-concept inversion
layer cells for simplicity. Section 2.1.3 reviewed the previous literature showing that
electroplated Ni/Cu/Ag contacts are a promising alternative for the industrial production of

silicon solar cells [90], [91].
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Figure 3-12 Schematic of light-assisted nickel electroplating.

3.8 Solar Cell Device Characterisation

Proof-of-concept inversion layer cells were fabricated in this thesis. The performance of the
cells was monitored throughout the fabrication procedure using Suns-Voc, light beam-

induced current and current-voltage characteristics.

3.8.1 Suns-Voc Measurements

A Suns-Voc instrument has been widely used to characterise cells/cell precursors with a pn
junction. This technique was used in this thesis to (i) confirm the formation of the field-
induced emitter, and (ii) assess the material quality and passivation quality of precursor cells.
A Sinton Suns-Voc MX tester was used for these measurements. Figure 3-13 shows a
schematic of the tester. The sample is placed on the stage, and the rear of the sample is
contacted by a conductive metal plate on the stage. The front of the sample is contacted
using a metal probe. During measurements, the sample is illuminated by a high-intensity
flash. The light intensity decays gradually afterwards. The photovoltage generated by the pn

junction is recorded at open-circuit conditions as a function of light intensity. The
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characterisation is also known as illumination Voc. With assumed Jsc, a pseudo IV curve
can be calculated with no impact from the series resistance. The pseudo IV curve shows the
highest potential performance of the material. The technique can therefore be used to assess
the material quality and passivation quality after junction formation, allowing optimisation
of each processing step afterwards. In this thesis, inversion layer cell precursors fabricated
on Set B samples were characterised using this method. For the front side, the laser-doped
n-type region was exposed and contacted by a spring-loaded tungsten or gold probe. For
these measurements, Suns-Voc at 1-sun illumination was recorded throughout the various

processing steps.
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Figure 3-13 Schematic of a Sinton Suns-Voc MX tester.

3.8.2 Light Beam-Induced Current

The light beam-induced current (LBIC) technique was used to confirm the formation and
assess the uniformity of the field-induced emitter. This technique measures the photocurrent
collected by the sample while a laser beam is scanned across the sample surface. Figure 3-14
shows a schematic of the experimental setup [128]. A 405 nm wavelength blue laser with

sub-micron spot size was used as the localised light source. Further details of this setup can
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be found in [128]. A map of the LBIC current was constructed after the scan. The contrast
in the current signal comes from variations in the collection efficiency of the sample. This

suggests that the map can be used to detect local structural defects with sub-micron

resolution.
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Figure 3-14 Schematic of the light beam-induced current measurement setup [128].

3.8.3 Current-Voltage Characteristics

The performance of the proof-of-concept inversion layer cells was evaluated by current-
voltage (IV) characterisation. An LOT-QuantumDesign sun simulator was used to provide
I-sun illumination. The sun simulator comprises a high-pressure Xe arc lamp filtered to
match the air mass 1.5 global (AM 1.5G) spectrum. The spectrum represents the distribution
of sunlight's energy across different wavelengths as it passes through the Earth's atmosphere
at an average air mass of 1.5 according to standard ASTM G-173 spectra [129]. A 1 x 1 cm?
aperture was mounted on top of the cell to control the area under illumination. The sample

was placed on an aluminium sheet to contact the rear metallisation. The front metallisation
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was contacted using a spring-loaded gold probe. The IV curve was traced using a Keysight

B2901A source measure unit.

3.9 Stability Tests

Ultraviolet (UV) irradiation is known to break bonds at the interface and result in an increase
in interface defect state density [76]. At an elevated temperature, potential degradations such
as loss of positive K* ions or degradations that would lead to an increase in interface state
density are expected to occur at a higher rate and will hence have a higher possibility to be
observed. In this thesis, the stability of sheet resistance of field-induced charge layers and
Voc of inversion layer precursor cells were tested against UV irradiation and an elevated

temperature for two months.

3.9.1 UV Irradiance

An in-house UV exposure chamber was used for the stability test. Figure 3-15.a shows a
schematic of the setup. Four Osram DULUX UVA lamps were implemented for UV
irradiation, providing a total optical irradiance of ~5 mWem™. The spectrum of the lamp is
shown in Figure 3-15.b [130]. The chamber allows single-sided UV exposure. For the
samples tested, the side with positive K* ions incorporated was exposed to UV irradiation.
The samples were kept inside the UV chamber for two months except for periodic sheet

resistance and Suns-Voc measurements.
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Figure 3-15 (a) Schematic of the experimental setup of an in-house UV exposure chamber.
(b) Ultraviolet spectral irradiance [130].

3.9.2 Box Furnace

A Carbolite CSF 1200 box furnace was set to 120 °C for the stability test. The atmosphere
in the chamber was not controlled. The samples were kept in the furnace chamber in the

dark for two months and were only taken out for sheet resistance and Suns-Voc

measurements during the two-month period.
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Chapter 4 Field-Induced Charge Layers

Chapters 1 and 2 showed that the performance of IL cells is limited by low emitter sheet
conductance [73], [78]-[81]. The sheet conductance of a field-induced inversion layer is
dependent on the charge density in the dielectric thin film. The optimal design of an IL cell,
therefore, requires a high charge density to achieve high emitter sheet conductance. So far,
only the intrinsic charge of dielectric thin films has been used to induce the inversion layer
[72]-[77], with the highest charge density being 1.1 x 10'* ¢m™ [77]. Dielectric materials
that can provide higher charge densities are required to improve the emitter sheet
conductance. This work approaches this hurdle by using an ion-charged oxide thin film,
which allows the incorporation of controllable amounts of ionic charge and has
demonstrated charge densities above 5 x 10'2 cm™ [83]. This chapter explores the potential
of obtaining higher charge densities in ion-charged oxide thin films such that the limitation
of current dielectrics can be overcome. The maximum sheet conductance in the field-

induced inversion layer and pathways to achieve it are investigated.

4.1 Field-Induced Electron Accumulation Layer

A practical way of maximising the dielectric charge density is by incorporation of ionic
charge. This work begins with the development of a method for introducing a high density
of positive alkali ions into an oxide thin film, which in turn induces an electron-rich layer
near the semiconductor surface. The Van der Pauw method was used to monitor the sheet

resistance of field-induced layers in this thesis. However, the electron inversion layer cannot
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be measured directly because the measurement requires direct contact with the inversion
layer, and the formation of the inversion layer will be interrupted underneath the aluminium
contacts. Figure 4-1.a shows a schematic of the sample structure for VdP measurements with
an electron inversion layer formed on a p-type silicon substrate. No inversion layer is formed
underneath the aluminium contacts due to the absence of ion-charged dielectric material.
The p-type regions underneath the aluminium contacts form a pn junction with the n-type
inversion layer. This will lead to nearly zero charge flowing through the inversion layer. So
the inversion layer sheet resistance cannot be measured in this sample geometry, and local
doping is necessary to ensure electrical contact with the inversion layer. Due to the
experimental difficulty in measuring the sheet resistance of an inversion layer, in this section,
an electron accumulation layer was induced on an n-type silicon substrate instead. Figure
4-1.b shows a VdP sample structure with an electron accumulation layer formed on an n-
type substrate where it is evident that charge can flow from high to low n-type doped regions,

allowing efficient measurements.
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Figure 4-1 Schematic of a field-induced electron layer on (a) a p-type and (b) an n-type Van
der Pauw sample structure.

An ion-injection method (Section 3.5) was used to incorporate positive K* ions into silicon
oxide thin films on n-type Al samples to induce electron accumulation layers. The sheet

resistance of the electron accumulation layers was characterised to demonstrate the
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capability of the ion injection method. The ion precursor was delivered to the sample surface
by spin coating of a KCI solution of 10 mol/L, in a DI water:IPA 30:70 solvent (KCI
concentration A), at 3000 rpm for 30 s. Corona ions were deposited on the dielectric surface
by corona discharge at a voltage of 30 kV for 30 s to provide an electric field across the
oxide thin film. The samples were then annealed at 430 °C for 10 s on a hotplate in the non-
controlled laboratory atmosphere. The anneal provides the K* ions with sufficient kinetic
energy to migrate through the oxide thin film, reach the Si/SiO; interface, and induce a
mirror electron accumulation layer. Each deposition of corona ions followed by an anneal
is considered one cycle of ion migration. Multiple corona discharge-anneal cycles were
carried out to allow migration of most of the K™ ions delivered to the dielectric surface. After
that, the ion precursor was replenished by further KCI spin coating which was followed by
additional corona discharge-anneal cycles to provide higher ionic charge density. The sheet
resistance was recorded by VAP measurements after each corona discharge-anneal cycle.
The KCI spin coating, followed by the subsequent corona discharge-anneal cycles, was
repeated until the sheet resistance plateaued. Figure 4-2 shows the accumulation layer sheet
resistance of two A1 samples. Each data point represents a measurement taken after a corona
discharge-anneal cycle. Each change of colour represents a replenishment of the KCI ion
precursor. The figures show a reduction of accumulation layer sheet resistance as more
positive K ions were introduced into the SiO; film and migrated to the interface. The lowest
accumulation layer sheet resistance values of the two samples are 1.19 kQ)/sq and 1.12 kQ/sq,
respectively. However, these same samples were measured 30 days later and were found to
have reduced to 0.99 kQ/sq and 1.03 kQ/sq. When measured after a short anneal (430 °C,
20 s) the resistance values were found to have further reduced to 0.95 kQ/sq and 0.96 k<)/sq.

The lower sheet resistance measured 30 days after processing implies a higher density of
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electrons in the accumulation layer than that produced immediately after processing. The
density of the ionic charge embedded cannot be measured using regular characterisation
methods like capacitance-voltage measurements. This is because the voltage required to
reach the flat-band condition is out of range for the equipment available in the Oxford
Materials laboratories. The charge density will instead be estimated in Section 4.5 with the
help of simulations. These results demonstrate the effective formation of an electron
accumulation layer from an ion-charged dielectric. The lowest accumulation layer sheet
resistance obtained is 0.95 kQ/sq, which is the lowest reported in the literature as can be
seen when compared to data in Table 2-1 for previous works. This implies that the highest

density of charge, ionic in this case, has been achieved inside the oxide thin film.
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Figure 4-2 Recorded accumulation layer sheet resistance for two A1 samples (a), (b), where
positive K" ions induce the electron accumulation layer by the supply of the ion precursor
(KCl), electrostatic charging (30 kV, 30 s), and annealing (430 °C, 10 s). Each point was
taken after a corona-anneal cycle, and each change of colour represents a replenishment of
KCL

It is noted in Figure 4-2 that abrupt increases in sheet resistance appear after replenishment
of the KCl ion precursor and when the samples were kept in laboratory conditions for hours

or 1 month. The sheet resistance measured immediately after each spin coating of the KCl
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solution was found to be higher than the previously recorded one. This increase can be
explained by the unintentional adsorption of negatively charged molecules at the sample
surface during spin coating. The negative charge partially compensates for the positive ionic
charge embedded in the dielectrics. The sheet resistance thus appears higher than that
measured before the spin coating. The negative charge was driven off the sample surface
during the following corona discharge-anneal cycles, leaving the net charge only originating
from the positive K* ions inside the oxide thin film. Another aspect worth noticing is the
unexpected reduction in sheet resistance observed 30 days after processing, with even lower
values recorded after a short anneal (430 °C, 20 s). A hypothesis is that a change in charge
distribution near the Si/Si0- interface took place. Figure 4-3 shows a schematic of the carrier
distribution hypothesised. Apart from the positive K* ions, the corona ions deposited on the
dielectric surface will lead to more electrons accumulated near the interface and thus a
stronger band bending. The subsequent anneal provides the electrons with extra energy so
that they can overcome a potential barrier and be trapped at the interface or inside the oxide
thin film. This is often referred to as hot electron injection [131]. These electrons will
partially compensate for the positive K" ionic charge and lead to an increase in accumulation
layer sheet resistance. These electrons will decay to ground states gradually afterwards and
bring the net charge concentration back up, and thus the sheet resistance down. The
reduction in sheet resistance observed at the points labelled ‘overnight” and ‘1 hour later’ in
Figure 4-2 can be explained by the same effect. Since the specimens were kept in a non-
controlled laboratory atmosphere, the further reduction in accumulation layer sheet
resistance after a short anneal can be explained by the drive-off of negative molecules
adsorbed on the dielectric surface. These results suggest that the carrier distribution near the

interface is of great importance for the final carrier density in the accumulation layer and
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hence its sheet resistance. The effect of the adsorption of charged molecules at the surface

and hot carrier injection needs to be considered while taking sheet resistance measurements.
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Figure 4-3 Schematic of possible carrier distribution near the interface upon corona
discharge and annealing.

In this section, the ion migration method was used to incorporate a high density of positive
K™ ions into the oxide thin film and induce an electron accumulation layer on an n-type
silicon substrate. An accumulation layer sheet resistance as low as 950 /sq was obtained,
which is the lowest reported in the literature, suggesting a high charge density in the ion-
charged dielectric. It was observed that the adsorption of charged molecules at the surface
and the effect of hot carrier injection will impact carrier distribution near the interface and
hence the measured accumulation layer sheet resistance. The adsorbed molecules were
driven off by annealing. The impact of hot carriers was minimised by taking the

measurement after most of the injected carriers have decayed back to the ground states.

4.2 Simulation and Understanding of Field-Induced Charge

Layers

A low emitter sheet resistance is required for the best operation in IL cells. While a low

accumulation layer sheet resistance of 950 Q/sq was obtained in Section 4.1, it is still
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significantly higher than that of typical mainstream P-diffused emitters (120-150 €)/sq). In
this section, a numerical model was developed and used to explore the lowest IL sheet

resistance possible and the pathways to achieve it.

4.2.1 Model Development

A finite element model was developed in Sentaurus TCAD [132]. The model reflects the
characteristics of Al samples. The model comprises a 200 um thick, 1 Q-cm p-type Si
substrate, with a symmetrical oxide passivating layer on both sides. The dielectric fixed
charge was defined at the front Si/SiO> interface. Figure 4-4.a shows a schematic of the
model. The interface was defined following the parametrisation reported in [133], with
interface state densities at mid-gap and band tails as primary parameters. These parameters
will be defined in Section 4.2.1.1. More information on the presence and nature of interface
states is included in Section 1.3.2.3. The carrier mobility is affected by phonon scattering,
impurity scattering, carrier-carrier scattering, surface scattering and Coulomb scattering
[134]. The mobility hence varies with factors such as dopant concentration and distance
from the interface. Choosing an appropriate mobility model is critical to develop a model
that correctly represents the experimental data and that remains physically possible. The
Lombardi model [135], [136] was used for charge carrier mobility throughout the sample
bulk and in the space charge layer. The choice of the mobility model will be covered in
Section 4.2.1.3. A modified local-density approximation (MLDA) quantum-mechanical
model was used to account for the confined carrier distributions occurring near
semiconductor-insulator interfaces [137]. Since the interface states are able to trap field-
induced carriers [14], their impact on carrier density in the field-induced charge layer needs
to be considered. This has not been considered in most work in the literature. Figure 4-4.b
shows a band diagram of a p-type silicon substrate near the interface. As illustrated in the
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figure, in the presence of positive charge, the electric field will lead to the accumulation of
electrons near the interface, so that the bands bend downwards and the Fermi level (Er)
appears close to the conduction band edge at the interface. This leads to most acceptor-like
interface states below the Fermi energy being occupied by trapped immobile electrons.
These immobile electrons will compensate for the positive dielectric charge, resulting in a
lower electron density being induced in the inversion layer. The carrier density in the
inversion layer is thus determined by both the dielectric charge density and the density of
interface states that can accommodate immobile electrons. To develop a model for a better
understanding of the formation of an inversion layer, it is necessary to calibrate the interface

states in the model.
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Figure 4-4 (a) Schematic of the model developed in Sentaurus TCAD. (b) Band diagram of
a p-type Si substrate near Si/SiO: interface in the presence of positive surface charge.

In the following, the interface parameters used to describe the interface states will be
introduced and defined. After that, the interface parameters were adjusted to calibrate the
model with experimental data. The model was then ready for investigation of the formation
of field-induced charge layers. Lastly, field-induced layers were simulated using different

carrier mobility models to demonstrate the importance of the choice of the mobility model.
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4.2.1.1 Interface Parameters

Interface parameters that are used to describe the interface states within the bandgap are as
follows. The interface state density (Dj) profile was defined by a superposition of three
components. Figure 4-5 shows a profile of the three components. The first is a constant Dj;—
midgap defined across the bandgap to represent the energy states introduced by silicon
dangling bonds at the interface. The interface states above E; were defined as acceptor-like
and those below E; were defined as donor-like. The presence of both acceptor- and donor-
like states is due to the amphoteric nature of dangling bonds [138]. The distribution and
energy level of these states are different for different types of dangling bonds on (111) and
(100) surfaces [138], [20]. In this work, the density of these interface states is assumed
constant near the middle of the bandgap, and thus, in average, the transition from acceptor-
to donor-like states is set to occur at E;. For the interface states near the band tails, the density
of acceptor/donor-like states increases exponentially towards the conduction/valence band
edge [27], [33]-[39]. The band-tail interface state density is described by the following

equations:

(Eg—E) E
- q(4-1)
Dit—acc(E) =Dj_cg Xe Eoca

E

Dit—don(E) = Dit—VB X e_EOrVB Eq (4'2)

where Ditacc and Ditdon represent the density of acceptor- and donor-like interface states
across the bandgap. Di.ce and Di.vs are the maximum interface state densities at the
conduction and valence band edge. E; is the bandgap of crystalline Si (1.12 eV). E is the
energy from the valence band edge in eV. Eo, cg and Eo, vg determine the slope of Dj; near
the conduction and valence band edge. Here Eo, cg and Eo, vg were set to 0.028 eV and

0.024 eV, respectively, to reflect average values extracted from experimental and simulated
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results in previous work [27], [33], [36]. The Dj profile across the bandgap can then be

described using three key parameters: Ditmidgap, Dit-cB and Dic.va.
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Figure 4-5 Profiles of interface state density in three components across the bandgap with
Dit-midgap S€t to 5 x 10'% eV-lem™, Di.c set to 10'* eV-'em™ and Dirvs setto 5 x 10!% eV-lem
2

4.2.1.2 Calibration of Interface Parameters

The sheet resistance of field-induced charge layers is determined by both the dielectric
charge density and the density of interface states. Since the sheet resistance can be simulated
and is measurable experimentally, its response to charge density was used as a metric to
calibrate the interface parameters. To extract the sheet resistance from simulations, the
equilibrium state was simulated and the carrier density and mobility in bulk silicon were
extracted as a function of distance from the Si/SiO; interface. As an example, Figure 4-6
shows profiles of the extracted carrier density and mobility inside an n-type Si substrate
when a positive charge density of 9 x 10'2 cm™ was defined at the Si/SiO» interface. The
product of the carrier density and mobility was integrated over the entire sample thickness

to calculate the sheet resistance as follows:
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1
RSh = fthickness Eq (4'3)

) (nqun + pauy,) dt

where n and p are electron and hole densities, p,, and p,, are electron and hole mobilities,

and q is the elementary charge. The accumulation layer sheet resistance was calculated
using the approximation introduced in Section 3.6.3.1, which requires an additional
simulation with no dielectric charge specified. To obtain the response of sheet resistance to
charge density experimentally, corona ions were deposited on the dielectric surface of Al
samples, while the VdP method was used to record the sheet resistance. The corona charge
density was monitored using KP. The experimental data are plotted in symbols in Figure
4-7. The corona charge density is up to 8 x 10'> cm™, which approaches the practical limit
of gate breakdown field in most thin film materials [139], [140]. For the interface parameters
in the model, Dit-midgap Was set to 5 x 10'° eV-'em™, Dir.cg and Dir.vs were set to 10'* and 5
x 1013 eV-lem™2, respectively. The choice of these values will be justified in Chapter 5.
Figure 4-7 shows the simulated response of wafer sheet resistance (Figure 4-7.a) and
accumulation layer sheet resistance (Figure 4-7.b) to surface charge density in dashed lines.
The simulated curves show good agreement with the experimental data. This indicates that
the model can represent the real specimen in terms of carrier density and mobility for charge

densities up to 8 x 102 cm™.
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extracted from a 1 Q-cm, n-type Si model with a positive charge density of 9 x 10!2 cm
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Figure 4-7 Simulated (dashed lines) and experimental (symbols) response of (a) wafer sheet
resistance and (b) accumulation layer sheet resistance from a 1 Q-cm, n-type Si model to
surface charge density.
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To test the reliability of the model for charge densities above 8 x 10!2 cm, positive K* ions
were introduced into the oxide thin film of A2 samples. This was done by 4 repeated spin
coatings of the KClI solution (concentration B: 5 x 10~ mol/L, 3000 rpm, 30 s) with each
followed by 8 corona discharge (30 kV, 30 s)-anneal (430 °C, 10 s) cycles. The ionic charge
density after one spin coating of the KCl solution and the subsequent corona discharge-
anneal cycles was characterised using the method introduced in Section 3.6.4.2. The lifetime
was recorded as a function of surface potential. The resulting ionic charge density is 9.6 x
10'2 cm™. The results will be elaborated in detail in Section 4.3. It was assumed here that
the repetition of the ion migration process leads to an equivalent increase in charge density
with each iteration. Figure 4-8 shows the wafer sheet conductance recorded after multiple
ion migration procedures. Data points in different colours represent sheet conductance
measured from a group of identical samples. It is noted that the wafer sheet conductance
scatters by ~5% across samples. This may result from that the samples were cut from
different wafers. The dashed line is the simulated sheet conductance as a function of charge
density up to 4 x 10!3 cm. The simulated curve agrees well with the experimental data,
indicating that the model is reliable for charge densities up to 4 x 103 cm. It is noted that
repeating the spin coating by 4 times may not result in 4 times the charge density achieved
by one single spin coating. This is because the positive charge at the interface may counteract
the electric field in the dielectric. However, in Figure 4-8, the increase in sheet conductance
is minor when more than 2 spin coatings were carried out. This suggests that the quality of
the fit may persist even if the precision of the assumption is compromised for the points
taken after 2/3/4 spin coatings. The parameters used in the simulations are summarised in

Table 4-1. Since the model was calibrated to the experimental data for charge densities up
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to 4 x 103 cm™, it was then ready to be used to investigate the properties of field-induced

charge layers.
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Figure 4-8 Wafer sheet conductance of an A2 sample with positive K™ ions embedded in the
oxide layer on one side after the 1, 2", 3" and 4" spin coating of the KCI ion precursor.

Table 4-1 Summary of parameters used for simulation of field-induced layers in Sentaurus
TCAD.

Parameter Value
Wafer thickness 200 pm
Bulk base resistivity n-type, ~1 Qcm
SRH bulk lifetime T =0.371 ms, 1p=3.71 ms
Dielectric charge density 0-4 x 10" cm™

Dit-midgap 5x 109 eV-icm?

Dircs 10" eV-iem?
DitvB 5% 108 eViem?

4.2.1.3 Mobility Model

The model developed above shows good agreement with experimental data. The Lombardi
mobility model [135], [136] was used in the model to describe the carrier mobility inside
field-induced layers. Here, simulations using different mobility models were compared to
point out the importance of the choice of a good mobility model. Figure 4-9 illustrates the

simulated carrier mobility profiles in bulk Si with the charge density set to 10'3 cm™ at the
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Si/Si0; interface using different mobility models. Klaassen’s mobility model (PhuMob)
considers the impact of phonon scattering, impurity scattering, and carrier-carrier scattering
[141]. Based on Klaassen’s model, IALMob model [135], [142] and the Lombardi model
[135], [136] include the effect of acoustic surface phonons and surface roughness. However,
these two models predict a significant difference in carrier mobility near the interface. The
last model shown in the figure includes the effect of Coulomb scattering by interface charge,
referred to as the interface charge model here. For the interface charge model, the mobilities
reduce to nearly 0 within 0.025 pm from the interface. In my attempt of calibrating the
interface parameters as described in Section 4.2.1.2, no fit was obtained for the IALMob
and the interface charge model. IALMob has been mainly tested in MOSFETs that use base
dopant densities of the order of > 10'® cm™ [135], [142], while a typical dopant density in
this work is below 5 x 105 cm™. The interface charge model appears to underestimate the
mobility near the interface and leads to unrealistic sheet resistance-charge density curves.
Lombardi’s model is the only model explored in this work that can explain the experimental
data for charge densities up to 4 x 103 cm™2. Therefore, the Lombardi model was used in all

simulations in this thesis.
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Figure 4-9 Simulated carrier mobility profiles near the Si/SiO; interface using various
mobility models.
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4.2.2 Field-Induced Inversion Layers by Simulation

In this subsection, the model developed above is used to study the formation of a field-
induced inversion layer and factors that may affect its sheet resistance. An inversion layer
is formed by applying positive charge on the surface dielectric so that mirrored electrons
accumulate near the surface and invert the p-type base into an n-type layer. The inversion
layer sheet resistance is determined by both the dielectric charge density and the interface
state density. In the following, the impact of charge density and interface state density on
the inversion layer will be studied. The lowest sheet resistance possible and the requirements
to achieve that will be investigated. Since the p-type region will be depleted before being
inverted into n-type, the initial carrier density and therefore the substrate resistivity may
affect the final carrier density in the inversion layer. The significance of this effect will also
be evaluated. Lastly, illumination will introduce photo-generated carriers in the emitter. The

extent of the increase in emitter sheet conductance upon illumination will be investigated.

4.2.2.1 The Effect of Charge Density

The inversion layer was simulated with varied charge densities defined at the Si/SiO»
interface. In the model, Dit-midgap, Dit-cB, and Dii.vs were set to 5 x 10'°, 10 and 5 x 10!3 eV~
lem2, respectively. The thickness of an inversion layer was defined as the distance from the
Si/Si10: interface at which the hole density exceeds the electron density. The inversion layer
sheet resistance was calculated using Eq (4-3), where the thickness is that of the inversion
layer. Figure 4-10.a shows the simulated inversion layer sheet resistance and its reciprocal,
sheet conductance, as a function of charge density. It is shown that the inversion layer sheet
conductance increases with charge density and plateaus at charge densities above 2 x
103 ¢m. The minimum inversion layer sheet resistance shown is 1.1-1.2 kQ/sq on 1 Q-cm

p-type Si substrates. Since sheet conductance is dependent on both carrier mobility and
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carrier density, the plateau can be attributed to two factors. The first is that at high charge
densities, the Fermi level at the interface will reach the band-tail near the conduction band
edge. This may lead to most electrons induced by the dielectric charge above the density of
2 x 10! ¢m™ being trapped at the interface, and thus Fermi level pinning [116]. These
electrons are immobile and will not contribute to the conductivity, resulting in a reduced
slope in the sheet conductance curve at high charge densities. The other factor is the
increased surface scattering and thus reduced carrier mobility with increased charge density.
In an n-type inversion layer, the majority carriers are electrons, which dominate the sheet
conductance. Figure 4-10 shows profiles of electron density, electron mobility and the
product of electron density and electron mobility near the interface with varied charge
densities. In Figure 4-10.b it is observed that electron density increases with an increased
charge density. Figure 4-10.c shows that electron mobility decreases significantly with an
increased charge density within 4 nm of the surface. The product of electron density and
electron mobility is plotted in Figure 4-10.d. The simulation results demonstrate that the
inversion layer sheet conductance at high charge densities is mostly limited by the reduced
carrier mobility due to increased surface scattering. The lowest inversion layer sheet
resistance achievable is ~1.1 kQ/sq. The extent of the impact of interface states will be

investigated next.
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Figure 4-10 (a) Simulated inversion layer sheet resistance (left axis) and sheet conductance
(right axis) on a 1 Q-cm p-type Si substrate as a function of positive charge density. (b)
Electron density, (c) electron mobility, and (d) electron density x mobility profiles near the
interface on a 1 Q-cm, p-type Si substrate in the presence of varied positive charge densities.

4.2.2.2 Interface Defect State Density

Interface states can trap field-induced charge carriers and may therefore affect the inversion
layer sheet resistance. The interface parameters in the simulations above were calibrated to
Al samples and may vary for different silicon/dielectric interfaces. For mid-gap interface
states, Dit-midgap 1S below 10!2 eV-lcm™ for most passivated interfaces [14], [143]. Compared
with the dielectric charge density discussed in this work, mid-gap interface states provide
few sites to trap field-induced electrons. Their impact on the inversion layer is thus neglected.
Dji.c is commonly orders of magnitudes higher than Ditmidgap [27], [33]-[39]. The impact

of Ditcg is therefore of most interest and was investigated in this section. Figure 4-11.a
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shows the inversion layer sheet conductance as a function of charge density with varied Dit.
cB. A significant increase in sheet conductance can be observed by reducing Dic.cg from 10'°
to 10'4, and further to 10" eV-lem™. The trend is more evident in Figure 4-11.b, which
shows the sheet conductance as a function of Dj.cg with varied charge densities. These
results indicate that passivating the band-tail interface states is effective in improving the
inversion layer sheet conductance. However, the sheet conductance plateaus for Dj..cs below
10 eV-lem™. This is because the number of electrons trapped at acceptor interface states
for Divcs below 10'* eV-lem™ is small compared with the density of the field-induced
electrons in the conduction band. These results demonstrate the extent to which passivating

the band-tail interface states is necessary to obtain high inversion layer sheet conductance.
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Figure 4-11 (a) Calculated inversion layer sheet conductance on a p-type Si substrate as a
function of interface charge density with varied Di.cs. (b) Calculated inversion layer sheet
conductance on a p-type Si substrate as a function of Dj.cg with varied interface charge
densities.

4.2.2.3 Substrate Resistivity

The impact of base resistivity on an inversion layer was investigated here. Figure 4-12 shows
the simulated inversion layer sheet conductance as a function of charge density with varied
Dit.cs values and base resistivities. Except for Di.cs of 103 eV-'cm™, the sheet conductance

at different base resistivities converges at charge densities above 10! cm™. These results
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suggest that the substrate resistivity has a minor effect on inversion layers provided well-

passivated surfaces and high charge densities.
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Figure 4-12 Calculated inversion layer sheet conductance on a p-type Si substrate as a
function of interface charge density with varied Di..cg and base resistivities.

4.2.2.4 Illumination

Photo-generated carriers under illumination will lead to an increase in carrier density and
thus an increase in emitter sheet conductance. The lowest inversion layer sheet resistance
achievable in the dark (~1.1 k€)/sq) is about 7 times higher than that of typical P-diffused
emitters (150 Q/sq) [10]. The inversion layer sheet resistance should therefore see a more
significant increase upon illumination than that of P-diffused emitters. The impact of

illumination on a field-induced emitter and a P-diffused emitter are compared here.

Thermal equilibrium of a field-induced emitter and a P-diffused emitter with no illumination
was simulated on 1 Q-cm, p-type Si substrates. In the models developed for both emitters,
Dit-midgap Was set to 5 x 10'° eV-lem™, Dit.cg and Die.vs were set to 10'* and 5 x 10" eV-lem
2, respectively. For the P-diffused emitter, a charge density of 10'2 cm™ was defined at the
Si/Si0; interface, which is the typical charge density of a SiNx layer used for solar cell

passivation [144]. An active phosphorus doping profile measured from a P-diffused emitter
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of a commercial PERC cell was used in the model [58]. Figure 4-13.a shows the doping
profile. Figure 4-13.b-d show the electron density, electron mobility, electron density X
electron mobility profiles of the P-diffused emitter and those of the field-induced emitter
with varied charge densities. For field-induced emitters, it is observed that electron density
drops rapidly with distance from the interface. For the P-diffused emitter, electron density
depends on the doping profile and is kept above 10?° cm™ for a significantly deeper region
(> 8 nm). It is also noted that electron mobility in the P-diffused emitter is evidently lower
than that in field-induced emitters. As a result, compared with field-induced emitters, the P-

diffused emitter is thicker and more conductive in the dark.
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Figure 4-13 (a) Active phosphorus doping profile in a typical P-diffused emitter [58]. (b)
Electron density, (c) electron mobility, and (d) electron density X mobility profiles of a field-
induced inversion layer with varied charge densities and a P-diffused emitter on a 1 Q-cm,
p-type Si substrate in the dark.
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A generation profile was used to simulate the distribution of photo-generated carriers under
illumination. The generation profile was obtained from ray tracing using Sunrays and altered
to mimic a pyramid-textured surface with 0.1 pm height under 1-sun illumination [145].
Figure 4-14 shows the generation profile. Figure 4-15 shows the carrier density profiles of
a field-induced emitter with the charge density set to 2 x 103 cm™? and that of the P-diffused
emitter in the dark and under illumination. Under illumination, both the majority and the
minority carrier densities increase, leading to an increase in local conductivity. It is also
noted that the depth of the pn junction is altered upon light injection. For the P-diffused
emitter, the junction shifts from 375 nm to 340 nm from the interface, corresponding to a
10% reduction in thickness. For the field-induced emitter, the junction shifts from 100 nm
to 60 nm from the interface, presenting a 40% reduction in thickness. As a result of the
increased carrier density and reduced emitter thickness collectively, the sheet resistance of
the P-diffused emitter drops from 196.6 to 195.1 Q/sq upon illumination, corresponding to
a 0.8% increase in sheet conductance. While for the field-induced emitter, the sheet
resistance drops from 1.30 to 1.21 kQ/sq, corresponding to a 7.4% increase in sheet
conductance. These results show a more significant change in sheet conductance for the
more resistive field-induced emitter. Additionally, the field-induced emitter is thinner than
the P-diffused emitter, which means that the region with a high carrier density is smaller. It
is noted from Figure 4-13 that for the P-diffused emitter, the doping concentration remains
above 10'"® cm™ until a depth of 200 nm, while for the field-induced emitter, the electron
density falls below the same value within a depth of 10 nm (Figure 4-15). These indicate
overall lower Auger recombination in field-induced emitters compared with P-diffused

emitters.
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In summary, compared with P-diffused emitters, field-induced emitters appear to be thinner,
more resistive, more sensitive to light injection, and may result in less Auger recombination.
An increase in inversion layer sheet conductance by 7.4% upon illumination means lower
resistive losses in an IL cell. It is noted that in these simulations a high charge density of 2
x 1013 cm2 was used to induce the inversion layer. For lower charge densities, for example,
-4 x 102 cm as is the typical charge density of an AlOy layer, Werner et al. [73] reported

a reduction in emitter sheet resistance from 15-18 k€)/sq in the dark to 4 k€/sq on 1.5-

1.6 Q-cm n-type substrates under illumination. The effect of photo-generated carriers needs

to be considered while evaluating the resistive losses in IL cells.
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Figure 4-14 Generation profile used for simulations with illumination.
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Figure 4-15 Simulated carrier density profiles of (a) a field-induced inversion layer with a
positive charge density of 2 x 10" ¢m™, and (b) a P-diffused emitter near the interface in
the dark and under illumination.
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4.2.3 Summary

In this section, a model representing the characteristics of Al samples was developed in
Sentaurus TCAD. The interface parameters were calibrated to A1 samples using the sheet
resistance response to charge density as a reference experiment. The model was
demonstrated to be reliable for charge densities up to 4 x 10" cm, and was used to study
the properties of field-induced inversion layers. It was observed that the sheet conductance
increases with charge density. However, due to the increased surface scattering and thus
reduced carrier mobility, the sheet conductance plateaus for charge densities above 2 x
10" ¢cm™, Passivating band-tail interface states was shown to be important in obtaining high
sheet conductance, while reducing Dit.cs to below 10'* eV-'cm™ was proved less effective
in improving the sheet conductance. As a result, the lowest inversion layer sheet resistance
achievable is ~1.1 kQ/sq, which is 7 times higher than that of typical P-diffused emitters
[10]. The impact of substrate resistivity on inversion layers was found to be minor for Dit.cs
below 10 eV-lem? and charge densities above 10'* ¢cm™. The inversion layer sheet
resistance is thus determined by dielectric charge density and band-tail interface state
density. The density of ionic charge introduced using the ion migration method and band-
tail interface state densities will be evaluated in Section 4.5 and Chapter 5, respectively, to
estimate their impact on field-induced charge layers. Upon illumination, the inversion layer
sheet conductance can be boosted by 7.4%. This needs to be considered while determining
the optimum sheet resistance and finger spacing for IL cells. This section investigated the
impact of charge density, band-tail interface state density, substrate resistivity and
illumination on inversion layer sheet resistance. Their significance on IL cells will be
evaluated by using this understanding as input for complete solar cell device simulations in

Chapter 7.
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4.3 Impact of Ion Embedding on Surface Passivation

In solar cells, mid-gap interface states are often efficient recombination centres according to
SRH statistics. A low Di.c is necessary to ensure low sheet resistance in field-induced
emitters. Both Ditmiagap and Di..cp are important to the performance of IL cells. This section
investigates the impact of ionic charge inside the oxide thin film on the surface passivation

of the interface as given by the mid-gap and band-tail interface state densities.

The interface of one pristine A2 sample and that of one ion-charged A2 sample were
characterised and compared to determine the damage caused during the ion injection process.
Positive K* ions were incorporated by one spin coating of the KCIl solution (KCl
concentration B: 5 x 10~ mol/L, 3000 rpm, 30 s) and 8 subsequent corona discharge (30 kV,
30 s)-anneal (430 °C, 10 s) cycles. The ion embedding was processed symmetrically on both
sides of the sample. The lifetime was measured as a function of surface potential to extract
the interface parameters (Section 3.6.4.2). Figure 4-16 shows the lifetime data recorded for
the two samples. The dashed lines are the corresponding lifetime curves generated using the

analytical model. The extracted interface parameters are listed in
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Table 4-2. In Figure 4-16, the shift of the valley from 0 V to -45 V upon ion injection
corresponds to an increase in charge density from 10'' ¢m™? to 9.7 x 10'> ¢m™2. The
broadening of the valley results from the inhomogeneity of charge density across the
specimen, evidenced by an increase in g, from 5 x 10'° to 10'* cm™. Upon incorporating
the ionic charge, Diemidgap increases by one order of magnitude from 2.8 x 10'° to 3.6 x 10!
eV-lem2, demonstrating the damage to surface passivation. The hypothesis is that the
accumulation of K* ions at the interface causes strain that generates defects and leads to an
increase in Ditmidgap. This effect has been observed in prior work [127]. The Si substrates
used in this experiment were passivated solely by 100 nm thermal oxide without
hydrogenation steps. A subsequent experiment is the addition of a hydrogenation step, which
can be achieved by the deposition of a SiNx or AlOx layer and an activation anneal for
improved surface passivation. Such methods should be explored in future work but were not
applied here due to the lack of available deposition equipment. As explained in Section
3.6.4.2, the model assumes a perfect bulk lifetime. This will lead to a large error in the
regions with a strong field effect, which is where Dj..cg and Dj..vs were extracted. In addition,
the measurement may be limited by the breakdown strength of the oxide at large potentials,
where the current going through the dielectric may be high. Therefore, the accuracy of D
c and Di.vs extracted using this method is compromised. These results demonstrate that
surface passivation is degraded during the ion migration process. Methods to re-passivate

the defect states or to reduce the damage should be explored in future work.
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Figure 4-16 Experimental data (dotted line) and its analytical fitting (dashed line) of the
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incorporated by one spin coating and the subsequent drive-in.
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Table 4-2 Interface parameters used in the analytical model to fit the experimental data of
one sample with no ionic charge and one sample with K* ions incorporated.

Control K" ions introduced
Dit-midgap (€Vlem™?) 2.8 x 1010 3.6 x 10!
Ditcs (eV'em™) 9x 108 7.5 x 10
Diwve (eViem™) 5% 10" 3.5x 10"
Qr(cm?) 10! 9.7 x 102
04 (cm?) 5x 1010 102

Despite the surface passivation being degraded, little bias is applied in the working condition
of a solar cell. Therefore, surface recombination with no external bias applied should be
considered. Figure 4-17.a shows the calculated effective surface recombination velocity (Sesr)
of a 200 um, n-type silicon substrate at an injection level of 10!> cm™ as a function of charge
density. The charge density and interface parameters from the fit of the pristine sample were
used in this calculation. Due to field-effect passivation, Sesr decreases with charge density
and plateaus at high charge densities. Figure 4-17.b shows a comparison of Sefr of (i) the
pristine sample, (ii) the ionically charged sample and (iii) an ionically charged sample
assuming no damage occurred to the chemical surface passivation. The third model assumed
a charge density 0f 9.6 x 10'2 cm™ and used the interface parameters of the pristine sample.
When there is no external charge in the dielectric, both models with ionic charge (blue and
yellow) show less recombination than that of the pristine sample (red). These results indicate
that although the surface passivation is degraded during the ion injection process, the IL cell
design compensates for some of this damage thanks to the strong field-effect passivation.
The stronger the electric field the better the tolerance to chemical interface degradation.
Despite this tolerance, it is noted that the best device efficiencies require both highly charged

dielectrics and high-quality chemical interfaces.
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Figure 4-17 Calculated Sefr as a function of external charge density (a) with interface
parameters extracted from the fit of the pristine A2 sample, and (b) a comparison of that
with/without K* ions incorporated.

4.4 Stability of Field-Induced Electron Accumulation Layer

The stability of accumulation layer sheet resistance was tested against elevated temperature
and UV irradiation. Figure 4-18 shows the average accumulation layer sheet resistance
measured from four identical samples after the ion migration process. This is done by
repeating 4 times the spin coating of the KCI solution (concentration B: 5 x 10~ mol/L,
3000 rpm, 30 s) with each followed by the 8 subsequent corona discharge (30 kV, 30 s)-
anneal (430 °C, 10 s) cycles. The samples were stored at room temperature in the dark until
the sheet resistance stabilised. In equilibrium, the sheet resistance is determined by charge
density and band-tail interface state density. However, the recorded sheet resistance shows
a reduction within 25 days after processing. This can be explained by the effect of hot carrier
injection, which was also observed in the results presented in Section 4.1. The stability of
the sheet resistance was then tested against an elevated temperature (120 °C) and UV
irradiation (5 mWecm?) separately for 2 months. During the 2-month period, no increase was

observed for the samples kept at the elevated temperature nor for the ones kept under UV
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irradiation, demonstrating promising stability of sheet resistance of the field-induced

electron accumulation layers.
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Figure 4-18 Accumulation layer sheet resistance on A2 samples upon drive-in of K ions
delivered by spin coating of the KCl solution by 4 times and kept (a) under UV irradiation,
(b) at 120 °C for 2 months.

4.5 Discussion

An accumulation layer sheet resistance of 950 €)/sq was achieved experimentally using the
ion injection method. To my knowledge this is the lowest value achieved in the research
field of IL cells [72], [73]. The charge density was not measurable since it was out of range
for most regular characterisation methods. The accumulation layer sheet resistance was

simulated here to estimate the corresponding ionic charge density. The results are plotted in
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Figure 4-19. The accumulation layer sheet resistance is expected to fall into the range of 1-
1.2 kQ/sq at a charge density of 2-4 x 103 cm™. This suggests that the charge density
obtained experimentally for the 950 /sq sheet resistance is in the order of 10!* cm™. The
fact that the measured sheet resistance of 950 €)/sq is lower than the lowest simulated sheet
resistance can be explained by the following reasons: (i) the actual charge density introduced
is unknown and may exceed 4 x 10'3 cm, (ii) the model deviates from the physical sample
and does not provide precise predictions of the accumulation layer at such high charge
densities, especially with regard to the exact carrier mobility, and (iii) possible error in the
measurements. Nonetheless, these results indicate that charge densities in the order of 103
cm can be obtained using the ion migration method. This is the highest charge density
achieved in the literature (Table 2-1). According to the simulation results, for well-
passivated surfaces, inversion layer sheet resistance plateaus for charge densities above 2 x
103 cm™. This suggests that the ion injection method may be capable of achieving the

highest IL cell efficiency if implemented in the IL cell fabrication procedure.
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Figure 4-19 Simulated accumulation layer sheet resistance (left axis) and sheet conductance
(right axis) on a 1 Q-cm, n-type Si substrate as a function of positive charge density.
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The simulation results showed that both a high charge density and a low band-tail interface
state density are critical in obtaining high inversion layer sheet conductance. The impact of
interface states on the formation of a charge-induced emitter has not been discussed in most
work in the literature. The highest charge density has been demonstrated using the ion
injection method. In terms of the band-tail interface states, they originate from the
termination of the periodicity of bulk silicon. Methods to reduce the density of the states
need to be explored. A characterisation methodology to detect the tail states was developed
and will be introduced in Chapter 5. This method can be used to evaluate the effectiveness

of any passivation methods.

The inversion layer sheet resistance can reach ~1.1 kQ/sq on 1 Q-cm, p-type silicon
substrates in the dark. Although it is high compared with that of P-diffused emitters
(150 Q/sq), the optimum emitter sheet resistance is still under debate. Ref [10] shows a
tendency for diffused emitters to move to higher sheet resistance for less carrier
recombination. Whether the 1.1 k€Q/sq sheet resistance limits the IL cell performance will
be evaluated by device simulations in Chapter 7. In addition, photo-generated carriers will
be introduced under illumination and will also contribute to emitter sheet conductance. This
effect should be considered while determining the resistive losses in the emitter. The
simulation results have shown a higher dependence of emitter sheet conductance on
illumination for IL emitters than for diffused emitters. This can be explained by the
difference in carrier density in the dark. The inversion layer simulated on a 1 Q-cm substrate
with a charge density of 2 x 10!} cm showed a reduction in sheet resistance from 1.30 to
1.21 kQ/sq upon 1-sun illumination. Werner et al. [73] reported that for an inversion layer
induced by a negative charge density of -4 x 10'2 cm™ on 1.5-1.6 Q-cm n-type substrates,

the sheet resistance reduced from 15-18 k€)/sq to 4 k€)/sq upon illumination. This different
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extent of sheet conductance increase can be explained by the difference in the dielectric
charge density and thus the carrier density in the IL emitter. The density of photo-generated
carriers under illumination is dependent on the minority carrier lifetime in the emitter.
Therefore, carrier recombination should be minimised to obtain high IL emitter sheet
conductance. Further studies on the impact of carrier recombination on emitter sheet

resistance under illumination and IL cell performance should be carried out in the future.

The accumulation of K ions near the interface has been shown to damage surface
passivation. This will lead to a trade-off between a high charge density for low emitter sheet
resistance and a low charge density for reduced damage to surface passivation. Methods to
re-passivate the states or to reduce the damage, for example, by hydrogenation through

depositing a SiNy or AlOx layer, should be tested in the future.

4.6 Summary

An ion injection method was used to incorporate positive alkali ions into a silicon oxide thin
film. An electron accumulation layer sheet resistance as low as 950 )/sq was achieved using
the method. The 950 Q)/sq is the lowest value achieved in the research field of IL cells [72],
[73]. A model was developed to study the formation and characteristics of field-induced
charge layers. The simulation results showed that both a high charge density and a low band-
tail interface state density are necessary to obtain low inversion layer sheet resistance. With
optimised charge density and Dic.cB, inversion layer sheet resistance is limited to ~1.1 kQ/sq
in the dark. For an inversion layer induced by a charge density of 2 x 103 cm?ona 1 Q-cm,
p-type Si substrate, an increase in inversion layer sheet conductance by 7.4% was
demonstrated under 1-sun illumination. It was confirmed that the surface passivation is

damaged during the ion migration process, resulting in an increase in Ditmidgap. However,
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while no bias is applied, the SRV of the ion-charged sample is lower than that of the pristine
sample due to strong field-effect passivation. The stability of accumulation layer sheet
resistance was tested against an elevated temperature and UV irradiation. No evident
degradation was observed during the 2-month period, demonstrating promising stability of

the field-induced electron layer.
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Chapter 5 Characterisation of Defect

States at Dielectric-Silicon Interfaces

The interface state density at the band tails has been shown several orders of magnitudes
higher than that at the mid-gap. Therefore, in the case of inversion layers on p-type silicon
substrates, high electron populations at the surface cause the Fermi level to approach the
edge of the conduction band where the band-tail interface states can trap a large portion of
these electrons. The band-tail interface states can hence strongly influence the carrier
distribution near the interface. Chapter 4 has shown how this dependence requires that a low
Di..cis achieved to obtain a high sheet conductance in the field-induced electron layer. It is
therefore important to explore methods to characterise and passivate the band-tail interface
states. Here I present a characterisation method I developed to best understand band-tail

interface states at semiconductor-dielectric interfaces with the help of simulations.

5.1 Impact of Interface States on Field-Induced Layers

Field-induced charge carriers can be trapped at the interface. The amount of trapping can
hence be used to infer the interface state density. In this section, the impact of trapped
carriers on the resistance of field-induced layers will be explained. After that, the feasibility
of using the resistance dependence of charge density as a reference to determine band-tail

interface state density will be tested via simulations.
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5.1.1 Carrier Trapping at Interface States

Figure 5-1 illustrates the band diagram of an n-type Si substrate near a silicon-dielectric
interface with (a) no surface charge specified, (b) in the presence of positive and (c) negative
surface charge. The acceptor- and donor-like interface states, as explained in Chapter 1, are
also shown in the figure. At the interface, electrons will be trapped at the acceptor-like states
below the Fermi level, and holes will be trapped at the donor-like states above the Fermi
level. In Figure 5-1.a, for an n-type silicon substrate with no surface charge specified, the
net charge of the carriers trapped in the interface states is negative, leading to a depletion of
electrons near the interface and hence an upward band bending. In the presence of positive
surface charge, in Figure 5-1.b, the electric field will lead to an accumulation of mirrored
electrons near the interface and thus a downward band bending. With sufficiently high
positive charge density, the Fermi level will approach the conduction band edge so that more
electrons will be trapped at the acceptor-like band-tail interface states. In the presence of
negative surface charge, the reverse is the case, where the region near the interface will first
deplete and then be inverted into p-type providing a sufficiently high charge density. With
negative surface charge, the Fermi level will lie close to the valence band edge and allow
the band-tail donor-like interface states to trap holes. In both scenarios, the band-tail
interface state density is several orders of magnitudes higher than the mid-gap interface state
density. Therefore, in heavy accumulation/inversion regimes, the trapped carriers at the
interface will lead to a significant reduction in the concentration of free charge carriers
induced in the accumulation/inversion layer. This will lead to a reduction in the sheet
conductance of the field-induced charge layers. Since the conductivity is determined by both
the surface charge density and the interface states, this dependence can be used as a reference

to characterise the interface states. Its practicability will be evaluated next.
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Figure 5-1 Schematic energy diagram near a silicon-dielectric interface (a) with no surface
charge specified, in the presence of (b) positive, and (c) negative dielectric charge. Redrawn
from [46].

5.1.2 The Dependence of Resistance on Surface Charge and its Link to

Band-Tail Interface States

This subsection investigates the impact of interface states on the sheet resistance of field-
induced charge layers. The relation between inversion/accumulation layer sheet resistance
and surface charge density was simulated with varied Ditmidgap, Dit-cB, and Dj..ve. The model
developed in Chapter 4 was used for the simulations. The sheet resistance of the entire wafer
is measurable experimentally. For simplicity, wafer sheet resistance instead of
inversion/accumulation layer sheet resistance was simulated. In the model, the dependence

of band-tail interface state density on energy (E) was defined as follows:

(Eg—E) E
“Eocs q(5-1)
Dit—acc(E) =Dj_cg Xe Eoca

E

Dit—don(E) = Dj_yp X e_EO,VB Eq (5-2)
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following the same variable definition stated in Section 4.2.1.1. E is the energy from the
valence band edge in eV. Since Eocs, Eovs, Ditce, and Di.vg may vary at different
silicon/dielectric interfaces [146], the band-tail interface state density was integrated into

single metrics Nitacc and Nit-don:

Eg
Nit—acc = f Dit—acc(E)dE Eq (5_3)
0

Eg
Nit—gon = f Dit—gon(E)AE Eq (5-4)
0

Nit-ace and Nicdon describe the total concentration of band-tail interface states available for
occupation. In this thesis, Eocs and Eo.vs were set to 0.028 eV and 0.024 eV, respectively,
to reflect average values extracted from previous work [27], [33], [36]. With fixed Eo vs, N

don can be worked out as:

Eg __E
— E
Nit—don - f Dit—CB X e FovBdE
0

0 __E E
=F X Dir rm X EovBd | —
0VB it—CB f B, e < EO,VB) Eq (5-5)

EovB

_112eV
= 0.024 eV X Dj;_cp X (€° — e 0.024¢v)

~ 0.024 eV X Djy_cp

Similarly, Nitacc can be represented as:
Nit—gee = 0.028 eV X Djp_cp Eq (5-6)

Using the above definitions for band-tail interface states, the sheet resistance of a 200 pm
thick, 1 Q-cm n-type silicon substrate was simulated as a function of positive/negative

surface charge density and is plotted in Figure 5-2. Di.cs was set to 104 eV-'em? and Diw.vs
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was set to 5 x 103 eV-'em in this section unless specified otherwise, corresponding to Ni.
ace and Nidon 0 2.8 x 10'? and 1.2 x 10'? cm™, respectively. In Figure 5-2.a and Figure 5-2.b,
Dit-midgap Was varied while Nit.acc and Niidon Were set constant. It is evident that Dis.midgap has
a minor effect on wafer sheet resistance for Ditmidgap below 10'? eV-'ecm2, which is the case
for most passivated surfaces [14], [147]. Therefore, the impact of charge carriers trapped at
the mid-gap interface states on the field-induced charge layers is negligible. In Figure 5-2.c
and Figure 5-2.d, Dit-midgap Was set to 5 x 10'° eV-'cm and Nj; was varied. In previous work,
Nit has been reported of the order of 10'2 cm™ [146], [148]. To account for the possible
variations in Nj due to different surface treatments, a range of Nj; from 10! cm™ to 10" cm
2 was used in the simulations. In Figure 5-2.c and Figure 5-2.d, significant changes are
observed in both the total wafer sheet resistance and its dependence on charge density. It is
noted that the reduction in wafer sheet resistance is larger in the case of positive surface
charge than negative surface charge. This is due to the higher electron mobility than hole
mobility, as it is known in the field from parametrisations in the work of [132]. Figure 5-3
shows the simulation results on p-type silicon substrates, where similar trends are observed:
large dependence of resistance on the density of tail states, and marginal dependence on
mid-gap states. The simulation results suggest that in both the accumulation and inversion
scenarios, the resistance dependence on surface charge density can be used for the
determination of the band-tail interface state density. The simulated resistance will be

correlated with experimental data in the next section.
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Figure 5-2 Simulated wafer sheet resistance as a function of charge density in both polarities
of a 200 um thick, 1 Q-cm n-type Si substrate with varied (a), (b) Dit-midgap, (¢) Nit-acc and (d)
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Figure 5-3 Simulated wafer sheet resistance as a function of charge density in both polarities
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5.2 Characterising Band-Tail Interface States

5.2.1 The Method

The method uses an experimentally obtained resistance-surface charge density relation as a
reference and reproduces the observed trend via simulations. Figure 5-4 shows the process
sequence of the method. Firstly, a sheet resistance (Rsn)-charge density (Q) relation is
obtained experimentally by recording the wafer sheet resistance while introducing
controlled amounts of corona charge to the sample surface. Rs:-Q curves are then generated
via simulations with wafer resistivity and band-tail interface state density adjusted to fit the
experimental data. The quality of the fit can be evaluated using the mean squared error.
Finally, the interface parameters in the best fit are extracted to describe the silicon-dielectric

interface.

Experimental Rg,-Q curve

¥

R¢-Q curve by simulation
(guess initial Dy.cg/ Di.yg, base resistivity)

¥

Compare with experimental data | — Regenerate Rg,-Q curve

N°—> Adjust D, cg/ Dy.yg and base resistivity

¥ Yes

Di..cg/ Di..vg, base resistivity

Figure 5-4 Process sequence of the band-tail interface state density characterisation method.

5.2.2 Reliability of the Method

First I evaluate the reliability of the method in practical applications. The range of Ny
applicable and the impact of variations in base resistivity were investigated. The method

uses resistance-surface charge density relation as a reference. For simplicity, a new metric,
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ARgn(wafer), is used here to evaluate the method’s sensitivity. ARsw(wafer) is defined as the
difference in wafer sheet resistance between the surface charge density being set to £8 x

102 cm™ and when no surface charge is specified:
ARgp(wafer) = Rgp(wafer)g=o — Rsn(wafer)g_igxioz cm-2  EQ(5-7)

A higher ARgy(wafer) indicates that the change in resistance can be more easily detected
experimentally. In addition, for Nitacc or Nitdon to be distinguished, they should lead to
observable changes in ARsy(wafer). ARsw(wafer) was simulated as a function of Nj; on a 200
um thick, 1 -cm n-Si substrate. Figure 5-5 shows the simulation results. In Figure 5-5.a, it
is evident that a significant drop in ARsn(wafer) occurs in the range from Nit.acc = 10'2 to 4 X
103 ¢cm™, indicating that this method is most sensitive to Ni.acc within this range. For Nit-ace
below 10'? cm™, the contribution of tail states approaches the contribution from that of mid-
gap states and it becomes difficult to differentiate them. For Nitacc above 4 x 10'% cm™2, the
concentration of charge-induced free carriers in the silicon near surface does not change
substantially, resulting in a reduced change in ARsw(wafer). This will lead to Nit.acc above 4
x 1013 cm being difficult to differentiate. In Figure 5-5.b, similar trends can be observed
for Nit.don. However, ARgn(wafer) for Niidon 1S one order of magnitude lower than that of Nj.
acc, suggesting that Nic.qon 1s more difficult to detect. To conclude, in terms of variations in
ARgn(wafer) against Nj, this characterisation method is most sensitive for Nj in the range of
102 to 4 x 10" ¢cm™. Another point to note is that ARsw(wafer) must be high enough to be
detected experimentally. For Nj; that produces low ARgn(wafer), the error of the resistance
measurement technique must be considered to determine if such changes can be detected

above the error threshold.
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Figure 5-5 Simulated ARsn(wafer) as a function of (a) Nitacec and (b) Nit-don 0n @ 200 pm thick,
1 Q-cm n-Si substrate with varied base resistivities.

Variations in base resistivity can cause a shift in wafer sheet resistance. Since base resistivity
in commercial CZ silicon wafers can scatter by 1-3% [100], it was varied in the model to
simulate its impact on the characterisation. Figure 5-5 includes the simulation results where
the base resistivity was varied by £0.04 Q-cm. The results indicate that the variation will
cause an evident change in ARsw(wafer), especially in the regions with low Nj.. This means
that the accuracy of Nj; obtained using this method depends strongly on the accuracy of the
input wafer resistivity. The base resistivity will thus be adjusted in the fits of the Rsn(wafer)-
Q relations. Nj can then be determined using this method with no evident artefacts

originating from wafer resistivity variations.

5.3 Band-Tail Interface States at a Si-SiO: Interface

In this section, the characterisation method was applied to four sample sets with their
surfaces treated differently to demonstrate the capability of this technique. Experimental
Rsn-Q data was obtained by recording Rsn while controlled amounts of corona ions were
deposited onto the dielectric surface. The density of corona ions was controlled by the
corona discharge time. A calibration of the deposition rate was included in Section 3.6.2.
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The wafer sheet resistance was recorded after every 10 s of corona discharge. The resistance
was monitored by the Van der Pauw method or the inductively coupled measurements, as
described in Section 3.6.3. Examples using both resistance measurement techniques are

shown next.

5.3.1 Sheet Resistance Measurements by Van der Pauw Method

Nit-acc Of three sets of n-type specimens (A1, A2, and A3) were characterised. The samples
were diced into 1 x 1 cm? squares. As described in Chapter 3, the dielectric layer at the
corners was removed using a diamond scriber. An aluminium layer of 100 nm was deposited
onto the corners for electrical contact. Positive corona ions were deposited onto the sample
surface to induce an electron accumulation layer. During Van der Pauw measurements, the
current can take the path via either the electron accumulation layer or the n-type base
(Section 4.1). Hence the Van der Pauw method measures the sheet resistance of the entire
sample. Figure 5-6 shows the recorded wafer sheet resistance as a function of surface charge
density. The uniformity of the corona charge density was tested in reference [149] by
constructing a 3 x 3 ¢cm? map of surface potential using Kelvin Probe measurements,
showing a standard deviation of 3.5%. An error bar is included in charge density in Figure
5-6 to account for this variation. The resistance measurement was carried out on an Al
sample for 40 times with each taken after an anneal at 430 °C for 10 s. The resistance
stabilised after the first 9 measurements. The last 31 points showed an error of 0.12%. An
error bar of 0.12% is included in the wafer sheet resistance in Figure 5-6. In the numerical
model, wafer resistivity and Nj.acc Were adjusted to obtain the best fit for each data set. The
simulated curves are plotted in dashed lines in Figure 5-6. The corresponding parameters

extracted from the fits are listed in
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Table 5-1. No evident drop in Nj.acc is observed for the Si/SiO; (100 nm) samples after an

FGA, indicating that the enhanced chemical passivation by FGA is not evident at the band

tail. For the two sets with FGA, the set with 10 nm of oxide presents lower Nit.acc values than

the one with 100 nm of oxide, which may originate from the difference in oxidation

temperature (1050 °C for 100 nm oxide vs. 950 °C for 10 nm oxide). However, for all three

sample sets, Nitace is within a narrow range of 3-6 x 10'> cm. The trends presented are

extracted from only two samples in each sample set. A larger group of data would be

required to draw a conclusion.
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Figure 5-6 Experimental (symbols) and simulated (dashed lines) wafer sheet resistance-

charge density relations.
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Table 5-1 Summary of parameters extracted from the fits of the experimental wafer sheet
resistance-charge density relations for A1, A2, and A3 specimens.

10 nm oxide, 100 nm oxide,

100 nm oxide

FGA FGA
Specimens A3-1 A3-2 A2-1 A2-2 Al-1 Al-2
Wafer
resistivity 1.054 1.056 1.033 1.048  1.0145 1.02
(Q-cm)
Dit.cB
1.2 1.5 2 1.2 1.1 1.4
(10 eV-lem™?)
Nivsee 3.36 4.2 5.6 3.36 3.08 3.92
(102 om?) . . . . . .
Mean Squared
Error (10?) 1.7 1.5 0.54 0.40 0.46 2.6

Negative corona charge is required to characterise Nit.don for n-type specimens. This will
result in the formation of a p-type inversion layer. As explained in Section 4.1, an inversion
layer cannot be directly contacted using the same sample structure shown in Figure 3-6. An
additional p-type local doping underneath the aluminium patches is necessary to ensure a
complete electrical path through the inversion layer, so that the sheet resistance of only the
inversion layer, instead of the entire wafer, can be measured. Due to the lack of p-type local
doping tools in our laboratory, extracting Nit.don from an inversion layer using this method
was not demonstrated in this thesis. Instead, the potential of the method was evaluated
assuming that p-type doping under the contacts is possible via appropriate local doping
techniques. Figure 5-7 shows the simulated inversion layer sheet resistance as a function of
negative charge density. The thickness of the inversion layer was determined by the depth
at which the electron density exceeds the hole density. The sheet resistance is plotted on a
log scale. It is observed that Ni.qon has a significant impact on the inversion layer sheet

resistance, allowing the determination of Nit.qon With the aid of numerical simulations. Based
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on the analysis above, Van der Pauw measurements in combination with device simulations

are shown to be a suitable method to characterise band-tail interface states near both band

edges.
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Figure 5-7 Simulated inversion layer sheet resistance as a function of negative charge
density on a 200 pm thick, 1 2-cm n-Si substrate with varied Nitacc.

5.3.2 Sheet Resistance Measurements Inductively Coupled

by

Measurements

In this subsection, a Sinton lifetime tester was used to monitor the wafer sheet resistance via
inductively coupled measurements (ICM) as described in Section 3.6.3.2. In ICM free
carriers in both the field-induced charge layer and the substrate contribute to the measured
conductance. Compared with the Van der Pauw method, the advantages of this method
include (i) simple sample preparation since no metal contacts are required, and (ii) wafer
sheet resistance in both the accumulation and inversion scenarios can be measured, allowing
characterisation of Nijtacc and Nit.don On a same sample set with no additional processing. n-
type A2 specimens and p-type A4 specimens were characterised to demonstrate the method.

The sheet resistance of the specimens was recorded while positive or negative corona ions
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were deposited onto the dielectric surface. The sheet resistance as a function of surface
charge density is plotted in symbols in Figure 5-8. As described in Section 5.3.1, an error
bar of 3.5% is included in charge density in Figure 5-8 to account for the variation in corona
charge density [149]. Figure 5-9 shows the sheet resistance of an A2 sample measured 25
times upon corona discharge for up to 160 s in both polarities, corresponding to charge
densities ranging from -1.1 x 10'3 to 8.7 x 10'> cm™. Each data point was taken after a re-
positioning of the sample to take into account the error introduced by sample handling. The
standard deviation was calculated from the last 20 points to eliminate the transient effects
that arise from the application of an eddy current to the sample causing a change in defect
occupation [150]. This resulted in an error of 0.02-0.05%. An error bar of 0.05% is included
in the wafer sheet resistance in Figure 5-8. In the numerical model, wafer resistivity and N
were varied so that the simulated curves (solid lines in Figure 5-8) fit the experimental data.
Since Dit-midgap has been shown to have a minor effect on the resistance, Ditmidgap Was set to
3 x 10'° eV-'em? in all simulations in this subsection. This value was obtained from the
characterisation in Section 4.3 on A2 specimens. The parameters extracted from the fits are
summarised in Table 5-2. The resulting interface state density profiles are plotted in Figure
5-8.e for A2 specimens and Figure 5-8.f for A4 specimens. The extracted Nj for n-type A2
specimens is 2.94 x 10'2 cm near the conduction band edge and 1.2 x 10'2 cm™ near the
valence band edge. The extracted Nj for p-type A4 specimens is 2.24 x10'2 cm™ near the
conduction band edge and 1.2 x 10!2 cm™ near the valence band edge. It is noted that no
significant difference is observed in Nj near both band edges between the n-type and the p-
type sample sets. Another point to note is that for both sample sets, Nitacc is larger than Nj.
don. The dashed lines in Figure 5-8 were simulated as a reference to show the accuracy of the

method, including curves with a deviation of +8.4 x 10'! cm for Njacc and £7.2 x 10! cm
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2 for Niw-don. Such deviation in Nj; represents an increase in the mean squared error of the fits
by 1.2-2.1-fold, suggesting that the quoted values of Nj extracted from the solid lines are of

sufficient accuracy.

Table 5-2 Summary of parameters extracted from the fits of the experimental wafer sheet
resistance-charge density relations for A2 and A4 specimens.

n-Si n-Si p-Si p-Si
Figure 5-8.a Figure 5-8.c Figure 5-8.b Figure 5-8.d
Base
Resistivity 1.021 1.0172 0.855 0.846
(Q-cm)
Dit-c
1.05 0.8
(10 eV-lem™?)
Nicace 2.94 2.24
(10" cm?) ' '
Dit.vs
0.5 0.5
(10 eV-lem™?)
Ni -don
v 1.2 1.2
(10" cm?)
Mean Squared
Error (10%) 6.7 1.6 8.5 0.6
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Figure 5-8 Simulated (lines) and experimental (symbols) wafer sheet resistance as a function
of corona charge density of an (a), (c) n-type A2 specimen, and a (b), (d), p-type A4
specimen. Extracted Dy profile across the Si bandgap of (e) n-type A2 specimens, and (f) p-
type A4 specimens.
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Figure 5-9 Sheet resistance of an A2 n-type specimen measured multiple times upon
deposition of corona ions on a single side for up to 160 s in both polarities.

5.3.3 Summary

In this section, the characterisation method was tested on four sample sets. The Van der
Pauw method and inductively coupled measurements were used to monitor the resistance.
Both methods are effective for sheet resistance measurements. For the Van der Pauw method,
metal contacts are required. With the sample geometry used in this thesis, only Nitacc Was
characterised in the accumulation regime. The characterisation of Nij.q4on in the inversion
regime has been shown to be possible, provided additional local doping is conducted. For
the inductively coupled measurements, the sample preparation is simple with no metal
contact required. The conductivity in both the field-induced inversion/accumulation layer
and the substrate contribute to the measured conductance, allowing Nj; near both band edges
to be characterised. Base resistivity, Di.cs, and Di..vs were adjusted in the numerical model
to enable accurate characterisation of Ni.. In terms of the interface states, the results suggest
that (i) the difference in oxide thickness, oxidation temperature, and FGA anneal does not

lead to a significant change in band-tail interface state density, (ii) Nitacc appears to be larger
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than Nit.don, and (iii) the dopant type in the substrate does not result in an evident difference

n Nit.

5.4 Significance of the Method in Predicting Performance of

PERC

Chapter 4 showed that a low band-tail interface state density is required to obtain a low
emitter sheet resistance in IL cells. Apart from IL cells, there are other devices and
techniques where surface carrier concentration plays an important role [151]-[156]. In this
section, the performance of PERC was simulated as an example to demonstrate the benefit
of passivating the band-tail interface states. Figure 5-10.a shows a schematic of a model of
PERC developed in Sentaurus TCAD. The parameters of the model are listed in Table 5-3.
An equal density of positive/negative charge (5 x 10> cm2) was defined at the front/rear
surface of the cell, respectively, to account for field-effect passivation provided by surface
dielectrics. The charge can lead to a reduced minority carrier concentration near the interface
and thus less carrier recombination. With lower band-tail interface state density, there will
be fewer majority carriers trapped at the interface and thus lower minority carrier density
due to the mass-action law. Passivating the band-tail interface states should therefore
enhance field-effect passivation and lead to less interface recombination. Figure 5-10.b
shows the simulated IV curves with Nj varied by two orders of magnitude, which presents
a difference in efficiency by 0.1% absolute. Methods to passivate the band-tail interface
states are to be investigated to achieve this level of improvement, which requires the aid of

interface characterisation tools such as the method demonstrated in this chapter.
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Figure 5-10 (a) Schematic of a model of PERC. (b) Simulated IV curves of PERC with 5 X
102 ¢m? of positive/negative charge defined at the front/rear surface for field-effect
passivation at different levels of band-tail interface state density.

Table 5-3 Summary of parameters used for simulations of PERC in Sentaurus TCAD.

Parameter Value
Cell thickness 170 um
Bulk base resistivity p-type, 2 Q-cm
SRH bulk lifetime =2 ms, Tp =20 ms
Finger width 25 um
Finger spacing 1.4 mm
Dit-midgap 10" eV-'cm™
Ditcs (red) 5x 10 eV-iem™?
Dit.cs (blue) 5x 108 eV-'lem™?

Grid resistance
Contact resistance (front)
Contact resistance (rear)

0Q
2 x 1023 Q-cm?
5% 103 Q-cm?

5.5 Discussion

Chapter 4 concluded that a low band-tail interface state density is essential in achieving a

low sheet resistance in field-induced layers. Methods to passivate the band-tail interface

states should hence be investigated in the future. The characterisation tool developed in this

chapter can be used to determine the effectiveness of any passivation method. Apart from

IL cells, this method can lead to a deeper insight into the interfacial properties of various
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optoelectronic devices, especially in techniques where manipulating surface carrier
concentration is important. This includes the use of field-effect passivation to minimise
recombination in commercial PERC devices [152]-[154]. In the TOPCon structure, it is
demonstrated that heavy doping in the poly-silicon layer can enhance conductivity and
reduce recombination at the passivating contact [155], [156]. Recent work has also shown
that in the TOPCon structure, further field-effect passivation can be attained via charge in
the tunnelling oxide [151]. The detection of band-tail interface state density is necessary for
understanding and manipulating carrier distribution at the interface. It can point to new

directions for the improvement of devices involving field effect.

In terms of interface characterisation tools, capacitive (CV) techniques are reliable for the
detection of state density at the mid-gap while lacking sensitivity on the states at the band
tails [34], [157]. Surface photovoltage (SPV) can be used to acquire state density across the
whole bandgap but with compromised accuracy at the band tails where the state density
varies significantly in terms of energy [34]. Electron paramagnetic resonance (EPR)
spectroscopy is capable of detecting the states that are paramagnetic, for example, silicon
dangling bonds at the Si/SiO interface [17] and the Si/SiNy interface [158]. These
correspond to the states at mid-gap rather than at the band tails [33]. No technique has yet
been developed that can quantify the band-tail interface states with high sensitivity. The

method developed in this chapter fills this gap in interface characterisation tools.

The method I developed uses the resistance dependence of silicon substrates on surface
charge density as a reference. It extracts the interface parameters from numerical simulations.
Two resistance measurement techniques were used in this thesis: the Van der Pauw method
and inductively coupled measurements. The ICM is a non-contact technique and measures

the conductivity in both the field-induced layer and the substrate. This leads to simple
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sample preparation and the capability of characterising both Nitacc and Nit.don On the same
sample set. Although the Van der Pauw method requires metal contact and additional local
doping to measure the inversion layer, this method applies to complicated multi-layer
structures. For the Van der Pauw method, free carriers only within the contacted layer
contribute to the conductivity, while in ICM conductivity from all layers on the sample

structure contribute to the measured sheet conductance.

In this method, the final Ni is determined by adjusting the base resistivity and interface
parameters in the computer model. This indicates that the accuracy of Nj; obtained from this
method depends heavily on the model used. Therefore, the parameterisation of the interface
states should be chosen carefully for the interface studied. A tested model to describe the
carrier mobility and carrier density in field-induced layers for dopant densities commonly
used in PV devices is also necessary. Additionally, it is noted that this method is only
applicable to specimens with a planar surface. For samples with a textured surface, the
current path within the field-induced layer and thus the calculation of resistance is more
complicated due to the additional surface area. The correlation between surface charge
density, interface parameters, and resistance is to be studied to develop a model for

specimens with a textured surface.

Figure 5-11 shows a comparison between band-tail interface state densities of silicon-
thermal oxide interfaces measured in this work and those reported in the literature [27], [33],
[36], [38]-[40]. In the figure, Nit.acc and Nit.don €xtracted from this work are lower than that
reported in the literature. The silicon substrates, oxidation process, hydrogenation process
and interface characterisation techniques used in this work and the literature are listed in
Table 5-4. Band-tail interface states are known to be consequences of stretched Si-Si bonds

in the silicon lattice near the surface [36]. The discrepancy in Nj; obtained may result from

128



the difference between (100) and (111) surfaces, errors in the characterisation techniques

used, and differences in surface treatments, such as oxidation temperature, annealing, and

hydrogenation. Further characterisation on the same sample sets should be carried out to

compare SPV, CV, and the technique developed in this work.
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Figure 5-11 Comparison between band-tail interface state densities of Si-SiO; interfaces
measured in this work and those reported in the literature [27], [33], [36], [38]-[40].

Table 5-4 Silicon substrates, oxidation process, hydrogenation process, and techniques used
for characterising Si-SiO; interfaces in this work and the literature.

Silicon Surface Silicon oxide Hydrogen  Characterisati Citation
substrate ation on
FZ,1 Q-cm, (100) Thermal oxide, ICM + This work
n/p-Si 1050 °C, 100 nm simulations
FZ,4.6-5.4 (100) Thermal oxide, FGA Cv Mclntosh [39]
Q-cm, n-Si 950 °C, 20 nm +
70 nm TiO2
10 Q-cm, n- (111) Thermal oxide, FGA SPV Fiissel [36]
Si 1180 °C
n/p-Si (111) Thermal oxide, FGA Flietner [33]
1150 °C, 100 nm
n/p-Si (111) Thermal oxide, Alneal Flietner [33]
1150 °C, 100 nm
10 Q-cm, n- (100) Thermal oxide (O\Y4 Flietner [27]
Si
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It has been concluded that a low band-tail interface state density benefits the conductivity
of field-induced emitters in IL cells. The Si-SiO; interface characterised from Al to A4
specimens shows that the difference in oxidation temperature and enhanced chemical
passivation does not lead to a significant change in band-tail interface states. This suggests
that the nature of these states must be better understood to explore methods to passivate

them.

5.6 Summary

An easy and accurate method to characterise band-tail interface states was developed. It was
demonstrated by simulations that mid-gap interface states have a minor impact on the sheet
resistance of field-induced charge layers. Band-tail interface states were found to have a
significant effect on both the resistance of the field-induced layers and its dependence on
surface charge density. The response of the resistance to surface charge density was used as
a reference to characterise the band-tail interface states. The characterisation requires (i) a
method to introduce a controlled amount of surface charge, (ii) accurate monitoring of the
sheet resistance, and (iii) a model that reflects the physics of carrier density and mobility in
silicon. A corona discharge rig with calibrated deposition rate was used to introduce the
surface charge. Both the Van der Pauw method and ICM were used to monitor the resistance.
The Sentaurus model developed in Chapter 4 was used to generate simulated Rs,-Q relations
to fit the experimental data. The method was tested on both n-type and p-type samples with
their surfaces passivated differently. The characterisation technique has been shown to allow
sensitive detection of band-tail interface states, which complements existing interface

characterisation techniques to provide a more detailed analysis of the interface.
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Chapter 6 Development of Inversion Layer

Cells

It was demonstrated in Chapter 4 that dielectric charge densities in the order of 103 ¢cm™

have been achieved using the ion migration method. This is the highest dielectric charge
density reported in the literature [72], [73], [75], [77], [86], [87] in the research field of
inversion layer cells. The simulation results in Chapter 4 showed that for well-passivated
surfaces, the emitter sheet conductance plateaus for charge densities above 2 x 103 ¢m™,
This suggests that with optimised processing, the ion-migration method may be able to
provide the highest sheet conductance possible in a field-induced emitter. In this chapter,
the ion migration method was used to incorporate positive K* ions into oxide thin films to
produce field-induced emitters. Proof-of-concept inversion layer cells were fabricated on
Set B samples via laser doping, ion migration, and light-assisted electroplating. The
performance of the cells was characterised and evaluated. The difficulties in the fabrication

procedure and future strategies to resolve them are also included in this chapter.

6.1 Inversion Layer Cells Fabrication

The proof-of-concept inversion layer cells were fabricated on Set B samples, which
comprise 180 pm thick, 1 Q-cm p-type boron-doped silicon substrates. These substrates

have pyramid-textured surfaces for light trapping. The surface was passivated by 20 or
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100 nm thermal silicon oxide. The effective lifetime of the specimens is ~50 ps. The rear
metallisation was established by laser opening and full-area screen printing of aluminium
paste followed by firing. Figure 6-1 shows a schematic of the procedure that Set B samples
underwent to fabricate IL cells. It includes laser doping, ion migration, and light-assisted
electroplating. As explained in Section 4.1, local doping underneath the metal contact is
necessary to ensure the electrical connection of the field-induced emitter to the external
circuit. Laser doping was used to both ablate the silicon oxide and counter-dope the region
underneath the contacts to n-type. After that, positive K* ions were incorporated into the
oxide thin film using the ion migration method to induce the emitter. Finally, light-assisted
electroplating was used to deposit a nickel grid onto the laser-doped region for front
metallisation. The details of each fabrication step and the sample characterisation will be

described in the following sections.

SiO,
Laser
doping
_—
Introduce
K* ions Metal finger

K* ions

\
Metallisation
—_—

Figure 6-1 Fabrication procedure for a proof-of-concept inversion layer cell.
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6.2 Laser Doping

Laser doping comprises two steps: (i) delivery of a dopant precursor onto the sample surface,
and (ii) lasing the sample surface to ablate the dielectric material and dope the region
underneath. An 85% phosphoric acid solution was spin-coated onto the sample surface as
the dopant precursor. One 355 nm nanosecond pulsed laser and one continuous wave,
532 nm, 20 W laser were used for laser doping. Two difficulties were encountered in the
laser doping process with both lasers used in this work. The first is that a wider region in the
oxide thin film was ablated, which I termed parasitic ablation in this thesis. The second is
that the oxide adjacent to the laser-doped region was found to be damaged such that no
inversion layer was formed in the region underneath. This will cause an interruption in the
n-type emitter layer. The laser-induced damage, the hypothesises to explain the cause, and

methods to mitigate the damage are introduced in this section.

6.2.1 Parasitic Ablation

The 355 nm laser was used for laser doping on B1 samples. The 355 nm laser is a pulsed
laser. Each pulse leads to ablation and melting in a circular region, termed laser spot here.
Firstly, the laser parameters were adjusted on a B1 sample with no phosphoric acid coating.
The pulse length was adjusted to achieve the smallest laser spots possible while maintaining
the homogeneity of the spot size. The frequency and speed of the laser were adjusted so that
the laser spots overlap and form a continuous line. The optimal operation was given by a
scan speed of 400 mm/s with the frequency set to 60 kHz and the pulse length set to 0.13 ps.
The working distance between the laser and the sample was subsequently adjusted so that
the width of the laser-ablated line was the thinnest when the laser was completely in focus

at the sample surface. Figure 6-2.a shows an optical micrograph of the laser-ablated line

133



with the lowest line width, which is about 20 pm. No value of working distance is reported
since it was adjusted empirically using a z-axis micro-translator. The same laser parameters
and working distance were used for laser doping. An 85% phosphoric acid solution was
spin-coated onto the sample surface at 8000 rpm for 50 s prior to lasing. Figure 6-2.b shows
an image of the laser-doped line. It is evident that apart from the 20 um wide laser-doped
line, the oxide thin film of 100 pm on each side of the region was removed or ablated. The
hypothesis is that the focal point of the laser beam was shifted downwards by the phosphoric
acid coating (refractive index = 1.43). This leads to the sample surface being out of focus
and thus an enlarged spot size. Figure 6-2.c shows a schematic of the light path. The laser
doping and simultaneous side damage can be explained by the widened laser beam at the
surface and the overlapping of laser spots. An example of the overlapping is illustrated in
Figure 6-2.d. During the laser doping process, for the samples with phosphoric acid coating,
the laser beam will be shifted and result in the oxide being removed in a large area. The
phosphoric acid coating will be removed during this process and hence will not affect the
light path of the laser in the subsequent pulses. The subsequent pulses will generate the

20 um feature. This effect is termed parasitic ablation in this thesis.
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Figure 6-2 Optical micrographs of laser-ablated lines on B1 specimens (a) without and (b)

with phosphoric acid coating. Schematic of (c) light path for laser doping and (d)
overlapping of laser spots by multiple laser pulses.

Two strategies were adopted to minimise parasitic ablation. The first is to adjust the working
distance, such that the spot size in the two scenarios with and without the presence of the
phosphoric acid coating coincides, or the fluence in one scenario is sufficiently low and
damage to the dielectric layer is negligible. Figure 6-3.a-g shows optical micrographs of the
laser-doped lines with varied working distances. Evident parasitic ablation can be observed
in Figure 6-3.a-c, while the extent of the damage is alleviated with increased working
distance. No parasitic ablation is observed in Figure 6-3.d-g. However, at large working

distances, intermittent regions appear where the laser fluence was insufficient to ablate the
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dielectric material. This may result from the instability of the laser power. The laser-doped
line in Figure 6-3.d shows no evident parasitic ablation while maintaining continuous
ablation and melting. The working distance used in Figure 6-3.d is the optimised value for

the sample and the ion precursor used. The width of the laser-doped line is 36 um.

(a) (d)
PR T
Laser-doped hon e Jia
region
(e)
Regions with low
(b)
laser fluence
)
Parasitic
ablation — |
(9)
(c)

Figure 6-3 Optical micrographs of laser-doped lines with varied working distances. The
working distance increases from a to g.

The second strategy is to reduce the thickness of the phosphoric acid coating, such that the
difference in the spot size in the two scenarios with and without the phosphoric acid coating
is less prominent. This is accomplished by increasing the speed during spin coating. Figure
6-4 shows optical micrographs of the laser-doped lines with varied spin speeds. The working
distance was adjusted for minimum parasitic ablation for each spin speed. In Figure 6-4,
multiple laser-doped lines were overlapped with a line distance of 30 um to form a wide
laser-doped region as a busbar. In the figure, more prominent parasitic ablation is observed
in the marked red boxes beside the busbars than beside the single laser-doped lines. The

hypothesis is that the laser beam in one of the two scenarios with or without the phosphoric
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acid coating is de-focused and the fluence is not sufficient to cause parasitic ablation in a
single laser pass. However, while multiple laser-doped lines were overlapped to form a
busbar, the marked region beside the busbar was exposed to the de-focused laser beam
multiple times. The accumulated laser fluence led to the removal of the oxide. The region
beside the busbar can thus be used to determine the effectiveness of thinning down the
phosphoric acid coating. Figure 6-4 shows that the extent of parasitic ablation is mitigated
with increased spin speed. No evident parasitic ablation is observed for the spin speed of
12000 rpm. The 12000-rpm spin speed and the working distance optimised for it were used
for later experiments. Although no parasitic ablation is observed under the optical
microscope, the de-focused laser beam may affect the surface passivation and compromise
the final cell efficiency. Further optimisation of the laser doping process should be carried

out in future work to minimise laser-induced damage to the passivating dielectric.

8000 rpm 10000 rpm 12000 rpm

yed

Figure 6-4 Optical micrographs of laser-doped lines with varied spin speeds.

6.2.2 Interruption of Inversion Layer
The second difficulty encountered is the interruption of the inversion layer. The laser doping
process has been previously found to damage the dielectric material adjacent to the laser-

doped region [73]. Figure 6-5 shows a schematic of this effect. The damage prevents the

formation of the inversion region underneath the dielectric adjacent to the contacts, resulting
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in an interruption of the n-type emitter layer. This effect was confirmed in this thesis by
taking IV measurements between two adjacent laser-doped lines while depositing positive
corona ions onto the dielectric surface. B2 samples were used in this experiment. An 85%
phosphoric acid solution was spin-coated onto the sample surface at 8000 rpm for 50 s. The
532 nm laser was used for laser doping at the speed of 2 m/s with two laser passes. Positive
corona ions (30 kV) were deposited onto the sample surface to induce an inversion layer.
With no inversion layer formed, the IV curve between two adjacent laser-doped lines should
show the features of an npn junction, i.e., high emitter-collector resistance. Upon the
formation of the inversion layer, a complete n-type emitter layer should lead to a change in
IV curve and a reduction in resistance. Figure 6-6.a shows the IV curves measured while
positive corona ions were deposited onto the sample surface incrementally for up to 120 s
of corona discharge time. The IV curves present the feature of an npn junction, and the
resistance remains unchanged throughout the experiment, indicating the interruption of the
n-type emitter layer. Several damage mechanisms can be involved, including (i) the damage
to surface passivation during heating and cooling in the laser doping process due to the
thermal mismatch between silicon and silicon oxide, (ii) the formation of amorphous silicon
after the laser-melted region recrystallises, and (iii) the change in phosphorus doping
efficiency through the amorphous-crystalline interface. In this work, the samples were
annealed after laser doping to improve the doping efficiency at the edge of the laser-doped
region, and to allow bond regeneration at the Si-SiO> interface. Figure 6-6.b shows the IV
curves of a specimen annealed at 400 °C for 30 min. A decrease in resistance was observed
from the IV curves after 10 s of corona discharge, indicating the formation of a complete n-
type emitter layer. These results confirm the impact of the laser-induced damage and that

the damage can be partially recovered upon annealing.
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Figure 6-5 Schematic of an inversion layer cell in which the n-type inversion layer is
interrupted due to laser-induced damage.
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Figure 6-6 IV curves between two adjacent laser-doped lines on B2 specimens with varying
amounts of corona charge deposited onto the sample surface (a) after laser doping, and (b)
after annealing at 400 °C for 30 min.

The thermal budget required to recover the laser-induced damage was tested for both the
532 nm laser on B2 samples and the 355 nm laser on B1 samples. Suns-Voc was measured
at the laser-doped region as a function of annealing time and was used to demonstrate the
recovery of the damage. Since no ionic charge was incorporated into the dielectric in these
samples, no IL emitter was induced, and the voltage measured originated only from the pn
junction formed between the n-type laser-doped region and the p-type substrate. The
increase in Suns-Voc upon annealing may result from (i) the formation of an oxide layer at

the surface of the laser-doped region, (ii) the regeneration of bonds at the Si-SiO; interface
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in the laser-damaged region, and (iii) enhanced doping efficiency. Although the increase in
Suns-Voc does not exclusively come from the recovery of the damage, the condition where
Suns-Voc plateaus with annealing time represents the largest extent of recovery that can be
obtained using this method. Figure 6-7.a and Figure 6-7.b show the laser doping patterns
used for the two sample sets. The recorded Suns-Voc is plotted in Figure 6-7.c and Figure
6-7.d. For B2 samples laser-doped using the 532 nm laser, Suns-Voc plateaus at 30 min with
an annealing temperature of 430 °C. For B1 samples laser-doped using the 355 nm laser, a
higher thermal budget is required (560 °C for 1 hour) for Suns-Voc to plateau. Possible
explanations for this distinction in damage are related to the laser-Si interaction. The 532 nm
laser is continuous wave while the 355 nm laser has a pulsed beam. The absorption
coefficient of the 355 nm laser in crystalline silicon is higher than that of the 532 nm laser.
Therefore, the ablation, melting, and recrystallisation should happen at a shallower region
for the 355 nm laser. The difference in the thermal budget required to recover the damage
for the two lasers may result from the difference between a continuous wave laser and a
pulsed laser, and the location of the induced damage. Another point to note is the difference
in the maximum Suns-Voc obtained, which is 580 mV for B2 samples and 525 mV for Bl
samples. This may result from the different extents of laser-induced damage and recovery.
In the fabrication of inversion layer cells in this work, to ensure complete n-type emitter
layers, prior to ion migration, samples laser-doped using the 532 nm laser were annealed at
430 °C for 30 min and samples laser-doped using the 355 nm laser were annealed at 560 °C

for 1 hour.
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Figure 6-7 Laser doping patterns for (a) B2 specimens using the 532 nm laser, and (b) Bl
specimens using the 355 nm laser. Recorded Suns-Voc of (c) B2 specimens annealed at
430 °C, and (d) B1 specimens annealed at 430 °C, 510 °C, and 560 °C after laser doping.

6.2.3 Summary

Two difficulties were encountered in the laser doping process: parasitic ablation and
interruption of the inversion layer. The parasitic ablation is caused by the shift of the focal
point by the phosphoric acid coating. It can be alleviated by adjusting the working distance
and reducing the thickness of the coating. The laser doping process was also shown to
damage the dielectric material adjacent to the laser-doped line. This results in the
interruption of the inversion layer underneath and thus poor contact between the laser-doped

region and the field-induced emitter. Annealing has been demonstrated to be capable of
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partially recovering the laser-induced damage and ensuring complete n-type emitter layers.
The laser parameters and annealing conditions corresponding to the least parasitic ablation
and the highest Suns-Voc were found and used to fabricate inversion layer cells as explored

in the following sections.

6.3 Unmetallised Inversion Layer Precursor Cell

After laser doping and annealing, positive K* ions were incorporated into the oxide thin film
to fabricate inversion layer precursor cells on set B samples. The 5 x 10-* mol/L KCl solution
(concentration B) was spin-coated onto the sample surface at 3000 rpm for 30 s. The K* ions
were driven into the oxide thin film by 8 corona discharge (30 kV, 30 s)-anneal (430 °C,
10 s) cycles. The ionic charge density obtained after one spin coating was characterised in
Section 4.3 to a value of approximately 9.6 x 10!2 cm. The spin coating and the subsequent
corona discharge-anneal cycles were repeated 4 times to ensure a sufficiently high dielectric
charge density. Assuming that the repetition of the ion migration process would lead to an
equivalent increase of the charge density each time, the final charge density will be ~3.8 x
103 em. Tt is noted that this is unlikely to be the case as the interface concentration could
saturate and prevent the migration of further K ions. According to the simulation results in
Chapter 4, charge densities in the order of 103 cm™ are sufficient for the emitter sheet
conductance to plateau. The formation and uniformity of the field-induced emitter were

monitored using Suns-Voc and LBIC.

The laser doping pattern shown in Figure 6-7.a was used for B2 samples. The samples were
annealed at 430 °C for 30 min for the laser-induced damage to recover. Both the annealing
and the ion migration process were monitored using Suns-Voc. Figure 6-8 shows the

recorded Suns-Voc of two B2 samples. During the first 30 min of annealing, Suns-Voc
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increased by 150-160 mV from 420 mV to 570-580 mV and plateaued. The subsequent data
points reflect the formation of the IL emitter. Each colour change represents a replenishment
of the ion precursor by spin coating of the KCl solution. Each data point was obtained after
two corona-anneal cycles. Multiple points plotted were measured by placing the probe at
different positions on the busbar. The variability is reflected by the error bars in the plots.
Suns-Voc was boosted by 10-20 mV at the first point taken during the ion migration process,
indicating the appearance of the field-induced emitter and the complete electrical path from
the inversion layer to the busbar. Suns-Voc plateaus after the drive-in of the K" ions
delivered by the first spin coating. Little increase is observed while more K* ions were
incorporated into the oxide thin film. This indicates that the carrier collection at the pn
junction is not limited by dielectric charge density. In Figure 6-8.b, the final Suns-Voc
obtained is ~604 mV. Taking into account the dimension and the geometry of the cell, and
the lack of gettering or hydrogenation in the bulk, 604 mV is considered high. Figure 6-8.b
also shows that the Suns-Voc measured 4 months after processing is higher, with a further
increase detected after a short anneal. This agrees with the findings reported in Chapter 4
where the accumulation layer sheet resistance was found to reduce 1 month after ion
migration. This effect can be explained by the decay of hot carriers as per the explanation
introduced in Chapter 4. Figure 6-9 shows LBIC images of one inversion layer precursor
cell and one control sample with no ionic charge incorporated. In Figure 6-9.a, the regions
with low photocurrent represent the laser-doped fingers. The high photocurrent between the
fingers indicates the uniform formation of the field-induced emitter. This also demonstrates
that the electrical path from the field-induced emitter to the laser-doped busbar, which is
where the probe is placed, is not interrupted by the laser-induced damage. Figure 6-9.b

shows the LBIC image around a laser-doped finger in higher magnification. The reduced
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photocurrent within ~10 um from the laser-doped line illustrates that carrier collection is
affected by laser damage adjacent to the laser-doped fingers. Figure 6-9.c shows the LBIC
image of the control sample with no ionic charge incorporated. The large blue area with low
photocurrent between the fingers indicates the absence of an emitter. The photocurrent
generated in the red area near the laser-doped lines comes from the pn junction formed
between the n-type laser-doped region and the p-type silicon substrate. Although the pn
junction also exists at the laser-doped lines, low photocurrent is observed in these regions.
This can be explained by the high density of recombination sites in the laser-doped region
after recrystallisation and un-passivated surfaces. The Suns-Voc and LBIC results
demonstrate the uniform formation of a field-induced emitter and its uninterrupted electrical

path to the laser-doped fingers.
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Figure 6-8 Recorded Suns-Voc of two B2 specimens, which were annealed at 430 °C,
followed by spin coating of the KCl solution and corona-anneal cycles to incorporate
positive K* ions into the oxide thin film.
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Figure 6-9 Map of LBIC current collected from (a) an inversion layer precursor cell, (b) the
precursor cell in higher magnification, and (c) a control sample with no ionic charge
incorporated.

For B1 samples, the 355 nm laser was used for laser doping. Figure 6-10 shows the optical
micrographs of laser-doped lines with single and double laser passes. The line width is less
homogeneous for the laser-doped line with a single laser pass. This may be due to the
irregularity in laser power. This effect can be compensated by running the laser over the
same region by multiple times. The laser-doped line with double laser passes shows
improved homogeneity in line width. The laser doping pattern is shown in Figure 6-7.b. The
samples were annealed at 560 °C for 1 hour for the laser-induced damage to recover. Suns-
Voc of the precursor cells with both single and double laser passes was recorded and is
plotted in Figure 6-11. Similar to Figure 6-8, Suns-Voc in both cases was boosted upon
formation of the field-induced emitter and shows a minor change with further incorporation

of K* ions. The results show that specimens with double laser passes present higher Suns-
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Voc than those with a single laser pass. The difference may come from the absence of under-

doped inhomogeneous regions shown in Figure 6-10, and a change in the phosphorus doping

profile by an additional laser pass. These results demonstrated the formation of IL emitters

and their electrical connection to the laser-doped lines for B1 samples. B1 precursor cells

were used in the following experiments to fabricate proof-of-concept inversion layer cells.

Single laser pass

Figure 6-10 Optical micrographs of laser-doped lines with single and double laser passes.

Suns-Voc (mV)

600

580

560

540

520

T T T T T T

.é@%?éﬁéq

=]
Single laser pass |
Double laser passes
Anneal KCI-1 KCI-2 KCI-3 KCI-4

Figure 6-11 Recorded Suns-Voc of B1 specimens, which were annealed at 560 °C for 1 hour,
followed by spin coating of the KCl solution and corona-anneal cycles to incorporate
positive K* ions into the oxide thin film.
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6.4 Light-Assisted Electroplating

During laser doping, the dielectric material was ablated off so that bare silicon was exposed
in the laser-doped regions. This allows self-aligned metallisation via electroplating. In this
work, a processing sequence was developed to achieve light-induced electroplating of nickel
fingers on B1 precursor cells for front metallisation. Electroplating was performed after
junction formation such that photo-generated carriers collected by the emitter can contribute
to the plating current. Before electroplating, silicon oxide in the laser-doped regions formed
during laser doping and annealing was removed by applying a 1% HF solution to the front
surface for 30 s. The samples were then mounted onto an electroplating rig as described in
Chapter 3. A ready-for-use commercial nickel sulfamate solution was used as the electrolyte.
A nickel wire was used as the anode. The sample and the electrolyte were heated to ~52 °C.
A voltage of 1.1 V was applied between the anode and the precursor cell for 4 min to form
the nickel grid. Figure 6-12 shows the optical micrographs of the sample prior to and after
electroplating. The laser-doped line is 25 pm-wide, while the nickel finger is 50 pm-wide.
The excessive finger width will lead to high shading losses. Figure 6-13 shows the SEM
images of the cross-section of the nickel finger. The fingers are 2-6 um thick. The low aspect
ratio will lead to high grid resistance. The excessive finger width and low aspect ratio are a
result of the not optimised electroplating process. Further optimisation is required for

reduced shading losses and resistive losses.
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Figure 6-12 Optical micrographs of (a) a laser-doped line and (b) a nickel finger after light-
assisted electroplating.

Figure 6-13 SEM images of the cross-section of electroplated nickel fingers.

6.5 Performance of Proof-of-Concept Inversion Layer Cells

Proof-of-concept inversion layer cells were fabricated on B1 specimens. Their performance
was assessed using LBIC and IV characteristics. Figure 6-14.a shows an LBIC image of a
500 x 500 um?area of the cell. The blue low-photocurrent region (3-5 pA) in the middle
represents the nickel finger, which is ~80 pm in width. The variation of the finger width
from what is shown in Figure 6-12 is due to the inhomogeneity of the electroplated nickel
fingers. The large area with a high photocurrent (13-14 pA) represents the field-induced
emitter. The reduced photocurrent (11-13 pA) in the regions adjacent to the nickel finger is
due to the recombination sites introduced by the laser-induced damage. In addition to the

features also observed in the precursor cell shown in Figure 6-9, discrete dots with a
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relatively low photocurrent of 10-12 pA can be seen in the emitter region. This feature
comes from the electroplating process, during which the voltage applied may cause a
breakdown of the dielectric layer and plating at unwanted areas. I term this phenomenon
parasitic plating. This suggests the necessity of optimising the passivating layer stack and
the metallisation process. Figure 6-14.b shows the IV curve of the champion cell. The inset
in Figure 6-14.b is the laser doping pattern. Instead of using a wide busbar as illustrated in
Figure 6-7.b, the fingers are connected by single laser-doped lines, so that the laser-induced
damage and the metal-silicon contact area with high recombination are reduced. The IV
curve shows a Voc of 559 mV, a Jsc 0of 33.9 mA/cm?, and an efficiency of 10.8%. Although
the efficiency of 10.8% is low, the results demonstrate that the inversion layer cells can be
fabricated using the ion migration method. It is also noted that this is the first silicon solar
cell fully produced in the Oxford Materials laboratories. All prior work had only investigated
the formation of ion-charged oxide layers, but this work takes a step forward by exploiting

such layers to realise a complete device architecture.
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Figure 6-14 (a) LBIC photocurrent map of an inversion layer cell. (b) IV curve of the
champion inversion layer cell with a 10.8% efficiency.
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Table 6-1 shows a summary of the fabrication procedure of the proof-of-concept inversion
layer cells. Several aspects of the fabrication procedure can be improved for better cell
performance. Voc can be improved by reducing carrier recombination via (i) optimising the
laser doping process for minimum laser-induced damage, (ii) introducing atomic hydrogen
for enhanced chemical passivation on both the front and the rear surfaces, (iii) using high-
resistivity silicon substrates with ms-level lifetimes, (iv) replacing the rear PERC-like
structure with passivating contacts, and (v) utilisation of large wafers for reduced impact of
edge recombination. Jsc can be improved by (i) addition of a SiNy layer for anti-reflection
coating, (i) optimising the electroplating process for thinner metal fingers and lower shading
losses, and (ii1) optimising texturing and rear reflector for reduced optical losses. To obtain
a higher fill factor, the aspect ratio of the metal fingers needs to be improved for reduced
grid resistance. The Ni-Si contact can be annealed to form a nickel silicide alloy for reduced
contact resistance. Furthermore, a Ni/Cu/Ag structure can be used for metallisation for both
high grid conductance and to prevent the grid from oxidation. These are existing
technologies that are well-studied and already implemented in the industry [89], [91], [159]—
[162], which implies immediate improvements in cell performance are possible. Although a
low efficiency of only 10.8% was obtained for the proof-of-concept inversion layer cell, the
efficiency potential of such cell design will be evaluated via device simulations in Chapter

7.
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Table 6-1 Summary of the fabrication procedure of proof-of-concept inversion layer cells.

Process

Parameters

Starting material

Spin coating

Laser doping

Anneal

Ion migration

Remove oxide in laser-
doped area

Light-assisted
electroplating

B1 specimens

85% phosphoric acid solution
spin-coated at 12000 rpm for 50 s

355 nm laser, 400 mm/s scan speed,
0.17 ps pulse width, 60 kHz frequency

560 °C, 1 hour

4 spin coating of a 5 x 10-3 mol/L KCI solution at 3000 rpm
for 30 s with each followed by 8 corona discharge (30 kV,
30 s)-anneal (430 °C, 10 s) cycles

1% HF, 30 s

1.1 V,4min, 52 °C

6.6 Stability Test

The stability of B1 precursor cells was monitored against an elevated temperature and UV

irradiation for 2 months. For B1 precursor cells, double laser passes were used for laser

doping. The laser doping pattern is shown in Figure 6-7.b. The cell performance was

monitored by taking Suns-Voc measurements throughout the 2-month period. Figure 6-15

shows the recorded Suns-Voc of three sample sets. After the drive-in of the K* ions, one

sample set was kept in a box furnace at 120 °C, one sample set was kept under UV irradiation,

and a control sample set was kept in the dark at room temperature for comparison. In all

three sample sets, it is observed that Suns-Voc decreased with the amount of K ions

incorporated into the oxide thin film. This agrees with the finding reported in Chapter 4

where surface passivation is shown to be damaged upon accumulation of K* ions near the

interface. Methods to introduce atomic hydrogen are to be tested for improved surface
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passivation. Upon keeping the samples at 120 °C, under UV irradiation, and at the control
condition, a reduction in Suns-Voc ranging from 3 to 8 mV is observed for all three sample
sets within 7 days. The variations afterwards are not significant enough to show any further
degradation. Since similar trends are observed in all three sample sets in Figure 6-15, it is
concluded that the degradation in Suns-Voc triggered, or accelerated at an elevated

temperature or under UV irradiation is minor in the 2-month period.
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Figure 6-15 Recorded Suns-Voc of inversion layer precursor cells kept (a) at 120 °C, (b)
under UV irradiance, and (c) at room temperature in the dark for 2 months.
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6.7 Discussion

In this chapter, the formation and uniformity of the field-induced emitters were confirmed.
Chapter 1 introduced the advantages of field-induced emitters over diffused emitters,
including less carrier recombination and lower fabrication cost. Table 6-2 lists the time and
temperature of each processing step used to fabricate the proof-of-concept inversion layer
cells in this thesis. Apart from the anneal at 560 °C for 1 hour, all other steps can be
accomplished within minutes or seconds at temperatures below 500 °C. It has been
demonstrated in Section 6.3 that for the 532 nm laser, an anneal at 430 °C for 30 min is
sufficient for the laser-induced damage to recover. The thermal budget can be further
reduced by optimising the laser doping process so that the damage is mitigated. Compared
with the thermal budget required to fabricate P-diffused emitters (800-900 °C for ~60 min
[56]), the fast and low-temperature processes to fabricate field-induced emitters can lead to
lower fabrication costs. With potentially lower LCOE and minor performance degradation
observed for the proof-of-concept inversion layer cells in this thesis, field-induced emitters

can become competitive in commercial applications.

Proof-of-concept inversion layer cells were fabricated on B1 specimens with a procedure of
laser doping, annealing, ion migration, and light-assisted electroplating. While the intrinsic
charge in dielectric materials was used to induce the inversion layer in the literature [72]—
[75], [77], [86], [87], Chapter 4 showed that ionic charge densities in the order of 10'3 ¢cm™
have been achieved using the ion migration method. This is the highest demonstrated in the
field of inversion layer cells [1]-[6] and should result in an improvement in cell efficiency.
However, the champion inversion layer cell fabricated in this work presented a low
efficiency of 10.8%. Apart from the already-mentioned improvements to be carried out in

the fabrication procedure, the laser doping pattern and the ionic charge density can be further
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optimised. For a set finger width, increasing the finger spacing will lead to an increase in
resistive losses in the emitter and reduced shading losses. The optimum finger spacing can
be determined with the aid of simulations. In terms of the ionic charge density, it was shown
in Chapter 4 that the accumulation of K" ions at the interface damages the surface
passivation, while a high charge density is required to obtain a high emitter sheet
conductance. This trade-off should be considered while determining the optimum ionic
charge density. The fabrication procedure designed in this work is limited by the specimens
and fabrication tools available. The efficiency potential of inversion layer cells will be

evaluated via device simulations in Chapter 7.

Table 6-2 Time and temperature of each processing step used to fabricate proof-of-concept
inversion layer cells.

Corona discharge

Short anneal

30 s for each cycle

10 s for each cycle

Process Time Temperature
Spin coating of phosphoric 1 min Room temperature
acid
Lasing <1 min Room temperature
Anneal 1 hour 560 °C
Spin coating of KCl <1 min Room temperature
solution

Room temperature
430 °C

Remove oxide in laser- 30s Room temperature
doped area
Light-assisted nickel <5 min 40-56 °C
electroplating

A phosphoric acid coating (1.7-3.3 um [105]) was used as a dopant precursor for laser
doping. The focal point of the laser beam was shifted by the coating, which caused parasitic
ablation. The extent of the shift is determined by the thickness and the refractive index of

the coating. In this work, the parasitic ablation was mitigated by adjusting the working
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distance and increasing the spin speed for thinner coatings. The damage can be further
reduced by implementing ultra-thin n-type dopant precursors. For example, in the
fabrication of the selective emitter geometry for P-diffused emitters [61], a ~20 nm PSG
layer [163] was used as the source of P atoms. Werner et al. fabricated p-type inversion
layers on n-type substrates [73]. In their work, a 20 nm AlOx layer was used to both induce
the inversion layer and as a source of Al atoms. Thin and homogeneous n-type dopant

sources are required to avoid severe parasitic ablation.

6.8 Summary

Proof-of-concept inversion layer cells were fabricated on Set B specimens via laser doping,
ion migration, and light-assisted electroplating. Two difficulties were encountered for laser
doping: parasitic ablation and interruption of the inversion layer. Strategies were adopted to
mitigate or recover the damage. Upon incorporating the positive K ions, the formation and
uniformity of the field-induced emitter, and its electrical connection to the external circuit
were confirmed. Proof-of-concept inversion layer cells were fabricated after front
metallisation, with the champion cell presenting a 10.8% efficiency. The characteristics
demonstrated that the field-induced emitter can be fabricated using the ion migration method.
Although the efficiency is low, it can be significantly improved if the already-developed
technologies in surface passivation, laser doping, and metallisation can be integrated into
the fabrication procedure. The stability of B1 precursor cells was tested against an elevated
temperature and UV irradiation, with minor degradation observed in the 2-month period.
This suggests promising applications of the field-induced inversion layer in commercial

photovoltaic devices.
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Chapter 7 Device Simulations of Inversion

Layer Cells

The low emitter sheet conductance has been considered one of the major concerns for IL
cells. Chapter 4 demonstrated that the sheet resistance of field-induced emitters is dependent
on charge density and band-tail interface state density. It was concluded that with optimised
surface passivation and charge density, the emitter sheet resistance could reach values as
low as ~1.1 kQ/sq in the dark. Although the 1.1 kQ/sq sheet resistance is about 7 times
higher than the sheet resistance of a typical P-diffused emitter (150 €)/sq) [10], whether such
emitter still limits the IL cell performance must be evaluated by full device simulations. A
proof-of-concept inversion layer cell with an efficiency of 10.8% was fabricated in Chapter
6. The low efficiency is expected since each processing step is yet to be optimised. This

chapter studies the highest efficiency possible for IL cells and the pathways to achieve it.

7.1 Model Development

The simulations used a full device model in Sentaurus TCAD [132]. The model was
developed based on the inversion layer model introduced in Chapter 4. Figure 7-1 shows a
schematic of the model. The model comprises a 170 um thick, boron-doped silicon substrate
with both surfaces passivated by a dielectric layer. The base resistivity was varied from 1 to

10 Q-cm to reflect its influence on the cell performance. The corresponding bulk lifetime
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was set to 7p = 10 X 7, = 3.7 ms for 1 Q-cm, as may be reached in Ga-doped wafers if the
Fe concentration is sufficiently low, 7, = 10 X 7, = 15 ms for 5 Q-cm, and 7, = 131 ms, 7, =
1.14 ms for 10 Q-cm as referred from [52], [162], [164]. For the interface, Ditmidgap Was set
to 5 x 10'% eV-lem™, which is typical for high-quality Si-SiO, interfaces on (100) surfaces
[46]. For the band-tail interface states, Nitacc and Nit.don Were introduced in Chapter 5 to
account for the variations in both Eo,cs/Eo vs and Dij..ce/Dit.vs. In this chapter, Eo,cg and Eo,vs
were set constant. Di.cs and Di.vs are the parameters adjusted in the model and are thus
used here to describe the band-tail interface states. The band-tail interface state densities
characterised from A2 and A4 specimens in Chapter 5 were used here, which are 10'* eV-
lem? and 5 x 10" eV-'em™ for Di..cs and Di.vs, respectively. The dielectric charge was
defined at the silicon-dielectric interface. Positive charge was defined at the front interface
to induce the inversion layer. A negative charge density of -5 x 10'? cm™ was defined at the
rear interface for enhanced field-effect passivation, which is typical for a SiO»/AlOx
passivating stack [165]. Finger spacing was set the same for the front and the rear
metallisation. The finger width was set to 25 um for front contact since recent progress in
metallisation technologies shows that such thin metal fingers are possible using screen
printing, or a combination of laser doping and electroplating [160], [161]. The rear finger
width was set to 67 um, which is a typical value used in PERC cells. A local phosphorus
doping was implemented underneath the front metal contact so that the n-type inversion
layer is electrically connected to the external circuit. A local aluminium doping was
implemented underneath the rear contact to resemble Al-BSF for reduced contact resistivity
and surface recombination. The phosphorus and aluminium dopant profiles were taken from
those measured in commercial cells and are plotted in Figure 7-2 [58]. While a flat surface

was defined in the model, the generation profile was acquired from ray tracing using Sunrays
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[145] and altered to mimic a pyramid-textured surface with 0.1 um height under 1-sun
illumination. Despite the potential of developing a bifacial cell, in this work, only light
injection from the front surface was considered for simplicity. The parameters used in the

model are summarised in Table 7-1.

Table 7-1 Summary of parameters used for inversion layer cell simulations in Sentaurus
TCAD.

Parameter Value
Cell thickness 170 pm
Bulk base resistivity p-type, 1/5/10 Q-cm
SRH bulk lifetime 1 Q-cm: 1, =0.371 ms, 1, = 3.71 ms

5Q-cm: th=1.5ms, 1, =15 ms

10 Q-cm: 1, = 1.14 ms, 1p = 131 ms

Rear dielectric charge density -5 % 102 cm™
Front finger width 25 um
Rear finger width 67 um
Finger spacing 0.8-1.8 mm
SRV at front contacts Sn =107 cm/s, Sp = 107 cm/s
SRV at rear contacts Sn=4 x 10* cm/s, Sp = 107 cm/s
Front contact resistivity 2 mQ-cm?
Rear contact resistivity 5 mQ-cm?
Dit-midgap 5x101-10" eV-lem™
Dit.cs 1013-101 eV-lem™
Dii-vs 1013-5 x 10 eV-lem™
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Figure 7-1 Schematic of the inversion layer cell model (not to scale).
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Figure 7-2 Phosphorus and aluminium doping profiles in the local doping region beneath
the front and the rear metallisation, respectively [58].

7.2 Efficiency Potential of Inversion Layer Cells

In this section, the performance of IL cells was simulated. The impact of charge density,
band-tail interface state density, base resistivity, finger spacing and finger width on the IL
cell performance was investigated. The results can guide the fabrication of IL cells and point

to directions for further optimisation of the cell design.

Figure 7-3 shows the simulated IL cell efficiency as a function of charge density and finger

spacing. The substrate resistivity was set to 1/5/10 Q-cm. The simulation results show that
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(1) cells with higher base resistivities present higher efficiencies, (ii) the efficiency peak
shifts from < 0.8 mm finger spacing for 1 Q-cm substrates to 1.4-1.6 mm for 5 and 10 Q-cm
substrates, and (iii) the efficiency increase with charge density is significant for 1 Q-cm
substrates but is less evident for 5 and 10 Q-cm substrates. These can be explained by the
difference in substrate resistivity and higher bulk lifetimes defined in the model for more
resistive substrates. For 5 and 10 Q2-cm substrates with higher bulk lifetimes, there will be
less carrier recombination in the device, resulting in higher cell efficiencies. The peak in the
efficiency vs. finger spacing curves occurs when the performance gain due to reduced
shading losses is outweighed by the increased resistive losses in the IL emitter for larger
finger spacings. The efficiency peak shifting from < 0.8 mm for the 1 (2-cm substrates to
1.4-1.6 mm for the 5/10 Q2-cm substrates indicates the formation of a more conductive
emitter, which implies lower resistive losses. One possible explanation for the increased
emitter sheet conductance is that the initial hole density is low for high-resistivity substrates.
The concentration of field-induced electrons required to compensate and eventually invert
the region into n-type for high-resistivity substrates is low, leaving a high proportion of free
electrons contributing to the emitter sheet conductance. However, the simulation results in
Section 4.2.2 showed that the dark emitter sheet conductance for 1/5/10 Q-cm substrates
coincides at charge densities above 10'* cm™, suggesting that the difference in base
resistivity is not the main cause. Another explanation is the difference in bulk lifetime. The
bulk lifetime of 5/10 Q-cm substrates is higher than that of 1 Q-cm substrates. With a higher
bulk lifetime, upon illumination, the density of photo-generated carriers will be higher,
which will lead to a higher emitter sheet conductance. Low emitter sheet conductance has
been considered one of the major concerns for IL cells. For the 5/10 Q2-cm substrates, the
efficiency peak is expected to appear at finger spacings of 1.4-1.6 mm. Considering that 0.7
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- 1.6 mm [88] is used in the industry for the mainstream PERC, emitter sheet resistance does
not appear to be the limiting factor in the efficiency potential for IL cells, provided high-
resistivity substrates are used. These simulation results indicate (i) the necessity of moving
to high-resistivity substrates with high lifetimes; and (ii) that an efficiency of 24.8% can be

obtained with optimised processing.
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Figure 7-3 Simulated inversion layer cell efficiency with wafer resistivity set to 1/5/10 Q-cm
at charge densities in the range of 5 x 10!2 cm™ to 4 x 10'3 cm™ and various finger spacings.
Dit-midgap, Dit-cB, and Dit.vs were set to 5 x 101°, 10, and 5 x 103 eV-lem™, respectively.

Chapter 4 showed the importance of maintaining a low Dit.c in obtaining high emitter sheet
conductance. In Figure 7-3, Ditcs was set to 10'* eV-'cm™. In real devices, the surface
conditions and passivating dielectrics may vary. These may result in variations in Dit.cs/Nit
ace- In Figure 7-4, Dic.cp in the range of 103 eV-'cm™ to 10'° eV-'cm™ was simulated to show
the impact of such variations. The charge density in standard dielectric layers is 1-5 X
10'2 cm™ (Table 2-1), while charge densities in the order of 10!* c¢m? have been
demonstrated in Chapter 4. In these simulations, charge densities were set to 5 x 102 cm™

and 2 x 10'* cm™ to show the benefits of implementing higher charge densities in IL devices.
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In the figure, a significant increase in efficiency is observed by reducing Di.cg from 10' to
10'* eV-lem™2, while the improvement is less evident by further decreasing Dit.cs to 10'3 eV-
lem. This agrees with the conclusion drawn in Chapter 4 that for charge densities above
1013 cm?, the emitter sheet conductance will reach its maximum at Di..cg of 104 eV-'cm™
and shows no evident improvement while Dit.c is further reduced. Additionally, reducing
Dit.cs from 10'° to 10'%/10'3 eV-lem™?, the efficiency peak shifts from 1.2 mm to 1.4-1.6 mm
in finger spacing, indicating an increase in emitter sheet conductance as expected. For the
simulations with Di..cs set to 10'* eV-lem™, an efficiency increase by 0.05-0.1% absolute is
observed as the charge density is increased from 5 x 102 cm™ to 2 x 10" cm™. The
simulation results demonstrate the necessity of maintaining a low Di..cs and obtaining high

charge densities.
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Figure 7-4 Simulated inversion layer cell efficiency with wafer resistivity set to 5/10 Q-cm
at charge densities of 5 x 10'2 cm™? and 2 x 10'* cm™, with varied finger spacings and band-
tail interface state densities.

A negative charge density of -5 x 102 cm™ was defined in the model at the rear interface
for field-effect passivation. However, higher negative charge densities of above -10'3 cm™

have been achieved at c-Si/AlOx interfaces [87] and in c-Si/SiO2/AlOx stacks [166]. In

163



addition, it is projected that the finger width by screen printing will reduce to 18 um in the
industry by 2032 [10]. Narrower fingers down to 12 um have been demonstrated by Cu
plating [91]. Two sets of simulations were carried out to show the improvement in cell
performance by implementing higher rear negative charge densities and narrower front
fingers. The first set has a negative charge density of -5 x 10'? cm and a finger width of
25 um. The second set has the rear negative charge densities as high as the front positive
charge densities and a finger width of 15 um. Di.cs was kept at 103 eV-lem™ in these
simulations. Figure 7-5 shows the simulation results. The 15 um finger width leads to a shift
of the efficiency peaks from 1.4-1.6 mm to 1.2 mm in finger spacing, which can be explained
by the reduced shading losses. The higher negative charge densities and narrower finger
width lead to an increase in cell efficiency by 0.11-0.15% absolute, with the highest cell
efficiency being 24.84%. These results emphasise the importance of improving the rear

surface passivation and advancing the metallisation technology.
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Figure 7-5 Simulated inversion layer cell efficiency with wafer resistivity set to 5/10 Q-cm
at charge densities in the range of 5 x 10!2 cm™ to 4 x 10'3 cm™ and various finger spacings.
The density of negative charge at the rear dielectric was varied. Ditmidgap, Dit-cB, and Di.-vs
were setto 5 x 101, 103, and 10" eV-lem™?, respectively.
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In the simulation results shown in Figure 7-3, Ditmidgap Was set to 5 x 10'° eV-'em™, Diw.cs
and Di.vs were set to 10" and 5 x 10" eV-lem™, respectively. These parameters were
characterised from Si-SiO: interfaces of specimens with FZ silicon substrates and planar
(100) surfaces. These are some of the best-passivated surfaces in the field [30]. Pyramid-
textured surfaces are most commonly used in commercial solar cells for light trapping. Since
the surface area is larger for the pyramid-textured surfaces and the (111) facets exposed
correspond to a higher interface state density [104], the surface passivation will be reduced.
Simulations where Ditmideap, Dit-c, and Di..vg were increased to 10'!, 10'°, and 5 x 10'* eV~
lem2, respectively, were conducted and the results are plotted in Figure 7-6. The simulations
show a significant increase in efficiency by increasing the front charge density from 2 x
1013 ecm™? to 4 x 10! cm2, and by increasing the rear charge density for stronger field-effect
passivation. This again suggests the importance of chemical passivation and maintaining

high charge densities at both the front and the rear surface.
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Figure 7-6 Simulated inversion layer cell efficiency with wafer resistivity set to 5/10 Q-cm
at charge densities of 2 x 103 cm™ and 4 x 10!} cm™. The finger spacing and negative rear
charge density were varied. Diwmidgap, Dit-cB, and Di.vs were set to 10!, 105, and 5 x 10
eV-lem?, respectively.
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7.3 Loss Analysis

The model used in this chapter has a field-induced emitter and a PERC-like rear structure.
A loss analysis was carried out on the simulation presenting the highest efficiency in Section
7.2 to identify the limiting problems of the current cell design. Figure 7-7 shows the IV
curve of the best-simulated cell. The model comprises a 170 um, 10 Q-cm p-type Si
substrate. Both the front and rear surfaces were assumed to be well-passivated (Dit-midgap = 5
x 10 eV-lem2, Diw.cg = Dir.ve = 10! eV-'cm2). The fingers were set 15 pm wide and were
kept 1.2 mm apart. A positive charge density of 4 x 10'* ¢cm™ was defined at the front
interface to induce the emitter, while a negative charge density of -4 x 103 cm was defined
at the rear interface for field-effect passivation. The simulation shows an efficiency of
24.84%, a fill factor of 82.16%, a Voc 0f 719.39 mV, and a Jsc of 42.03 mA/cm?. This result
is close to the best efficiency predicted for PERC [52], [47]. Additionally, Section 7.2
showed that the optimum finger spacing for IL cells is similar to that used for PERC. It is
concluded that with optimised surface passivation and charge density, the induced emitter

can perform as well as a diffused emitter.
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Figure 7-7 IV curve of the best simulated IL cell with an efficiency of 24.84%.
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A loss analysis was performed on the cell with 24.84% efficiency. Figure 7-8 shows the
recombination current density extracted from different loss mechanisms. The recombination
current density by each loss mechanism at the maximum power point is listed in Table 7-2
and indicated by the dashed vertical yellow line in Figure 7-8. It can be observed that
recombination at top and bottom surfaces does not appear in the scale, indicating that it is
orders of magnitude lower than the losses shown in the figure, while half of the
recombination current results from the rear contact. This is because the model has a PERC-
like rear structure where direct silicon-metal contact leads to a high recombination velocity
[48]. The focus of this work is the properties and potential of the field-induced emitter. The
direct silicon-metal contact at the rear can be replaced by passivating contact geometries for
reduced carrier recombination. The second and the third largest recombination sources are
intrinsic and bulk SRH recombination in the emitter, and Auger recombination in the
absorber, accounting for 19% and 11% of the total recombination current, respectively.
These can be reduced by improving the bulk material and switching to thinner silicon wafers
while maintaining efficient light management to avoid losses in Jsc. The loss analysis
presented in this section focuses on the loss of excess carriers. A detailed analysis on

resistive losses should be carried out in future work.
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Figure 7-8 Recombination current density assigned to different loss mechanisms.

Table 7-2 Recombination current density by different loss mechanisms at the maximum
power point.

mA/cm? % of total

Intrinsic and bulk SRH
in the emitter 2.36 x 10! 19%
Front contact 5.74 x 1072 5%
Front surface 1.45 x 10°¢ 0%
SRH in absorber 5.34 x 102 4%
Auger in absorber 1.33 x 10! 11%
Radiative in absorber 7.22 x 102 6%
BSF 5.16 x 107 4%
Rear contact 6.34 x 10! 51%
Rear surface 8.54 x 1022 0%
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7.4 Discussion

In this chapter, the performance of field-induced emitters was evaluated by performing full-
device simulations. The model comprises a field-induced emitter at the front and a PERC-
like structure at the rear. In the literature, the performance of IL cells has been limited by
their high emitter sheet resistance [73], [78]-[81]. In this chapter, the simulation results
showed that with optimised processing, efficiencies as high as 24.8% can be achieved,
around the highest efficiency predicted for PERC [52], [47]. This suggests that (i) the high
emitter sheet resistance is not limiting the IL cell performance, and (ii) field-induced
emitters can perform as well as diffused emitters. Despite field-induced emitters presenting
higher sheet resistance than diffused emitters, they have several operational and fabrication
advantages, including: (i) they are cheaper to fabricate due to a lower thermal budget
required, (ii) less Auger recombination, (iii) lower surface recombination velocity due to
reduced dopant density, and (iv) higher bulk lifetime due to reduced concentration of
inactive dopants. These can result in potentially higher cell performance while maintaining
lower fabrication costs than diffused emitters. The simulation results have shown that the
model with a field-induced emitter can present equivalent cell performance as PERC. With
lower fabrication costs, field-induced emitters can become competitive alternatives to

diffused emitters in future solar modules.

The highest efficiency shown in the simulation results is 24.84%. The loss analysis shows
that half of the recombination occurs at the rear contact. A PERC-like structure was used for
rear contact in the model which has known contact losses. Higher efficiencies can be

obtained by adjusting the cell design in the following ways:
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(ii)

(iii)

Replace the PERC-like rear structure with passivating contacts, both front and
rear.

Induce p-type inversion layers on n-type silicon substrates. Such design can
benefit from the inherently higher bulk lifetime and reduced degradation for n-
type silicon substrates [70], [71]. Additionally, the results in Chapter 5 have
shown that for A2 and A4 specimens, Nitacc 15 ~2 times higher than Ni.don. The
sheet resistance of the p-type inversion layer may benefit from the reduced
carriers that are trapped at the band-tail interface states.

Implementing a rear-emitter design providing a high bulk lifetime and well-
passivated surfaces. For a field-induced emitter with a high sheet resistance, a
narrow finger spacing is required to limit the resistive losses. In the case of a
rear-emitter design, metallisation to the field-induced emitter is at the rear and
does not block light injection, such that the requirement for high emitter sheet
conductance is relieved. In the simulation results reported by Werner et al., an

efficiency of 26.3% can be achieved using such rear-emitter design [73].

The second and the third largest sources of recombination are intrinsic and bulk SRH
recombination in the emitter, and Auger recombination in the absorber. The simulation
results have demonstrated the necessity of switching to high-resistivity silicon substrates
with high bulk lifetimes. This will reduce the bulk SRH recombination in the emitter and
Auger recombination in the absorber. Auger recombination in the absorber can also be
alleviated by implementing thinner silicon wafers. It was projected in ITRPV [10] that the
p-type wafer thickness will reduce to 140-145 um by 2032. The effectiveness of

implementing such strategies can be evaluated via simulations.
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For IL cells with well-passivated surfaces (Dixmidggap = 5 % 10! eV-lem™2, Dicg = 101 eV-
lem2, and Di.vs =5 x 1013 eV-'em?) and 5/10 Q-cm silicon substrates, the simulation results
showed that the variation in cell performance is within 0.2% absolute for charge densities in
the range of 5 x 10!2 cm™ to 4 x 10'* cm2. For the simulation results with 1 -cm substrates
and a low bulk lifetime, the emitter appears to be more resistive and the variation in cell
efficiency is 0.9% absolute for the same charge density range. Chapter 4 has shown that, in
the dark, the emitter sheet conductance for 1/5/10 Q-cm substrates coincides for charge
densities above 10'3 cm. Under illumination, the higher bulk lifetimes defined in the model
for 5/10 Q-cm substrates lead to a higher density of photo-generated carriers in the emitter,
and therefore higher emitter sheet conductance. These results suggest that carrier injection
must be accounted for when considering the emitter resistance in IL cells, and thus carrier
recombination in the emitter should be minimised to obtain high emitter sheet conductance
under illumination. The emitter sheet conductance under illumination is therefore
determined collectively by the charge density, band-tail interface state densities, irradiance,
and the minority carrier lifetime in the emitter. The results also indicate a strong dependence
of emitter sheet conductance and hence the IL cell performance on illumination, which
should be considered while evaluating the performance of solar modules on the ground

depending on the operation conditions.

7.5 Summary

This chapter explored the efficiency potential of a hybrid cell with a field-induced emitter
and a PERC-like rear structure. The simulation results demonstrated the benefit of moving
to silicon substrates with high base resistivities (5/10 QQ-cm) due to the improved bulk

lifetime. Similar to the conclusion drawn in Chapter 4, low band-tail interface state densities
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and high charge densities are required to obtain high efficiencies for IL cells. Additionally,
for 5/10 Q-cm silicon substrates, the efficiency peaks appear at the finger spacing of 1.4-
1.6 mm, which is in the same range as used for commercial PERC cells. This indicates that
although the dark emitter sheet resistance remains above 1 k()/sq, it does not limit the IL
cell efficiency. The simulation results have also emphasised the importance of improving
rear surface passivation and advancing metallisation technologies. With optimised
processing and a finger width of 15 pum, the IL cell efficiency can reach beyond 24.8%. This
is close to the best efficiency predicted for PERC [52], [47]. This suggests that the field-
induced emitter can perform as well as a diffused emitter. The model used in this chapter
has a PERC-like rear structure, which accounts for half of the carrier recombination in the
best-simulated cell. While the field-induced emitter has been demonstrated to perform well,
it can be integrated with other cell designs for better performance, for example, a rear-

emitter design, passivating contacts, and the use of n-type silicon substrates.
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Chapter 8 Conclusions and Further Work

8.1 Conclusions

Inversion layer cells have been studied since the 1970s [72]-[76]. However, this cell type
has not been widely exploited or adopted in the industry. This is because the cell
performance has been limited by the high emitter sheet resistance [73], [78]-[81]. In
previous work, intrinsic charge in dielectric materials has been used to induce the inversion
layer [72]-[76], [77]. The highest charge density reported is 1.1 x 10'* cm™ [77]. In this
thesis, a field and temperature-assisted ion migration method was used to incorporate a
controllable amount of positive ionic charge into dielectric thin films. An accumulation layer
sheet resistance as low as 950 QO/sq was demonstrated, which is the lowest reported in the
literature [72], [73]. A model was developed in Sentaurus TCAD [132] to achieve deep
insights into the formation and properties of field-induced charge layers. The simulation
results showed that the resistance is determined collectively by charge density, band-tail

interface state density, illumination and carrier recombination:

Charge density: The emitter sheet conductance increases with charge density.
However, due to reduced carrier mobilities at strong interface electric fields, the
emitter sheet conductance plateaus at high charge densities. For well-passivated
surfaces, the emitter sheet conductance plateaus at ~1.1 k€3/sq in the dark for charge

densities above 2 x 1013 cm™.
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Band-tail interface states: A low band-tail interface state density was shown
necessary to obtain a high emitter sheet conductance. However, reducing band-tail
interface state densities below 10'* eV-'cm has been shown ineffective in further
increasing the emitter sheet conductance.

INlumination: Photo-generated carriers were shown to lead to an increase in the
carrier density in bulk silicon and hence (i) a change in emitter thickness and (ii) an
increase in emitter sheet conductance. As an example, the simulation results showed
that for an inversion layer induced on a 1 Q-cm p-type Si substrate by a charge
density of 2 x 103 ¢m™, under 1-sun illumination, the junction will shift from
~100 nm to 60 nm from the interface and the emitter sheet conductance will increase

by 7.4%.

According to the simulation results, the accumulation layer sheet resistance of 950 QO/sq
obtained experimentally corresponds to a dielectric charge density greater than 103 ¢cm™.
This is on par with or higher than the highest achieved in the literature [72]-[76], [77]. This
suggests that inversion layer cells fabricated using the ion migration method should lead to
a significant improvement in efficiency. Since a low band-tail interface state density is
important in obtaining a high emitter sheet conductance, methods to minimise the state
density should be explored in the future. A characterisation method was developed in this
thesis for the sensitive detection of band-tail interface states near both band edges with the
help of simulations. This method can be used to determine the effectiveness of any
passivation methods on the band-tails. The dependence of field-induced emitters on
illumination was shown to be stronger than that of P-diffused emitters. The impact of

1llumination should be considered to determine the resistive losses in field-induced emitters.
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A high dielectric charge density and a low band-tail interface state density are necessary to

achieve the highest sheet conductance for field-induced emitters.

Compared with the mainstream P-diffused emitters, the advantages of field-induced emitters
include lower fabrication costs and less carrier recombination. The simulation results
showed that the field-induced emitters are thinner than P-diffused emitters. This will lead to
less Auger recombination. Additionally, due to the absence of dopant atoms in field-induced
emitters, there will be less SRH recombination both in the bulk and at the interface [66]—
[69]. In terms of the fabrication cost, a lower thermal budget is required in fabricating field-
induced emitters, with most of the processing steps accomplished within minutes at
temperatures below 500 °C. Previously, the drawback of field-induced emitters was thought
to be the high emitter sheet resistance. Simulation results showed that with optimised surface
passivation and charge density, the lowest dark emitter sheet resistance that can be reached
is 1.1 kQ/sq. For emitters with a high sheet resistance, narrow finger spacings are necessary
to limit resistive losses. This will lead to high shading losses. Although the 1.1 k€)/sq emitter
sheet resistance is about 7 times higher than that of typical P-diffused emitters (150 €)/sq)
[10], the optimum emitter sheet resistance is still under debate. It was predicted in [10] that
the sheet resistance of P-diffused emitters will increase to 200 €3/sq by 2032. Whether the
1.1 kQ/sq sheet resistance will be limiting the inversion layer cell efficiency was evaluated
by device simulations. The model comprises a field-induced emitter and a PERC-like
structure at the rear. The highest cell efficiency appeared at a finger spacing of 1.2 - 1.6 mm,
which is in the range of the finger spacing used for P-diffused emitters [88]. This suggests
that despite the high emitter sheet resistance, the performance of inversion layer cells is not
limited by the resistive losses in the emitter or shading losses. The highest inversion layer
cell efficiency simulated is 24.84%, which is comparable to the best predicted for PERC
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[52], [47]. This indicates that field-induced emitters can perform as well as P-diffused
emitters. A loss analysis was performed on the champion inversion layer cell, showing that
half of the carrier recombination occurs at the PERC-like rear structure. Since the field-
induced emitter is the focus of this project, it can be integrated with passivating contacts to
achieve better cell performance. With low fabrication costs and high potential cell
efficiencies, field-induced emitters can become competitive alternatives to P-diffused

emitters in commercial applications.

Proof-of-concept inversion layer cells were fabricated in this thesis. Laser doping was used
to both ablate the silicon oxide and counter-dope the region underneath into n-type. The
samples were annealed to recover the laser-induced damage and to ensure a complete n-type
emitter layer. Positive K™ ions were incorporated into the oxide thin film to induce the
emitter. An electroplated nickel grid was used for front metallisation. The formation and
uniformity of the field-induced emitter were confirmed using Suns-Voc and LBIC. The
champion cell presented an efficiency of 10.8%, demonstrating that inversion layer cells can
be fabricated using the ion migration method. Although the cell efficiency is low, simulation
results have shown that with optimised processing, an efficiency of as high as 24.8% can be
achieved. The performance of the proof-of-concept cells was limited by the specimens and
fabrication tools available. The techniques for laser ablation, oxide removal, electroplating,
firing, and hydrogenation have been well-studied and implemented in the industry.
Therefore, cell performance can be immediately improved if those techniques can be
integrated into the fabrication procedure. The performance of inversion layer precursor cells
has been demonstrated stable against an elevated temperature at 120 °C and UV irradiation

for 2 months. In this thesis, [ have demonstrated the fabrication of inversion layer cells based
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on a novel ion-charged oxide thin film. Further optimisation of each processing step should

be carried out to improve cell efficiency.

8.2 Further work

This thesis demonstrated that the sheet resistance of field-induced emitters is determined by

charge density, band-tail interface state density, illumination and carrier recombination.

With optimised surface passivation and charge density, an emitter sheet resistance of

1.1 kQ/sq can be achieved. To ensure a low emitter sheet resistance in practical applications

and to understand the properties of field-induced charge layers better, the following

challenges should be addressed:

Low band-tail interface state densities have been demonstrated important in
obtaining a high emitter sheet conductance. The properties of band-tail interface
states and methods to reduce them should be investigated in the future with the aid
of the characterisation tool developed in this thesis.

The accumulation of positive K" ions near the interface has been shown detrimental
to surface passivation. Methods to reduce the damage or to chemically re-passivate
the interface states should be investigated.

In this thesis, field-induced charge layers were studied on specimens with a flat (100)
surface. The interface parameters used in the Sentaurus model were characterised
from samples with a flat (100) surface. For commercial applications, silicon
substrates with pyramid-textured (111) surfaces are used for light trapping. The
current path within field-induced emitters will be more complicated with such
surfaces. Therefore, interface parameters of (111) surfaces and inversion layers
induced on pyramid-textured surfaces should be studied in the future.
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e The sheet resistance of field-induced charge layers obtained from simulations is
heavily dependent on the model used to describe the carrier density and carrier
mobility in bulk silicon. The Lombardi mobility model [135], [136] was the only one
that can be used to explain the experimental results in this work. Further calibration
of carrier mobilities at extremely high interface electric fields is required for accurate
predictions of properties of field-induced charge layers.

e Photo-generated carriers under illumination contribute to the emitter sheet
conductance. The concentration of photo-generated carriers in the emitter is
dependent on irradiance and carrier recombination. The impact of mid-gap interface
state density and bulk lifetime on emitter sheet conductance and the IL cell efficiency

should be investigated in future work.

Proof-of-concept inversion layer cells were fabricated in this thesis, with the champion cell
presenting an efficiency of 10.8%. The low cell efficiency obtained is due to the lack of

optimisation in the processing steps. The performance can be improved if:

A silicon substrate with a millisecond-level lifetime and a higher base resistivity is
used as the starting material.

e A large silicon substrate is used for reduced impact of edge recombination.

e A SiNx layer is added for hydrogenation and anti-reflection.

e The texturing and rear reflector is optimised for reduced optical losses.

e The laser doping process is optimised for reduced laser damage.

e The electroplating process is improved to achieve a higher aspect ratio for the metal
fingers.

e The Ni-Si contact is annealed to form NiSi alloy for reduced contact resistance.
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The model used for device simulations comprises a field-induced emitter and a PERC-like

rear structure. The simulation results showed that an efficiency of 24.8% can be achieved,

provided it is possible to optimise all processing steps. The cell performance can be

enhanced if the cell structure is modified in the following ways:

For the inversion layer cell model used in this work, the loss analysis showed that
the rear contact is responsible for 51% of carrier recombination. The possibility of
integrating the field-induced emitter with passivating contacts on both the front and
the rear surface should be explored in future work.

A rear-emitter design can be used to avoid extra shading losses for highly resistive
emitters that require narrow finger spacings. The feasibility and potential of such cell
design should be evaluated in future work.

A negative dielectric charge, for example, intrinsic charge in AlOx layers, can be
used to induce p-type inversion layers on n-type silicon substrates. This cell design
can benefit from the intrinsically high bulk lifetime of the n-type substrates [70].
Additionally, the results in this thesis have shown that the band-tail interface state
density near the conduction band edge is twice as high as that near the valence band
edge. For p-type inversion layers induced on n-type silicon substrates, there will be
fewer field-induced carriers trapped at the interface. However, the sheet resistance
of the p-type layer can be limited by the intrinsically lower hole mobility than
electron mobility. The potential of a field-induced p-type inversion layer should be

investigated in future work.

The loss analysis of the best simulated cell focuses on the loss of excess carriers. A detailed

power loss analysis should be carried out in future work to better understand the limitations

of cells with a field-induced emitter.
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Appendix

An approximation was performed to calculate the sheet resistance of field-induced
accumulation layers in this thesis (Eq (3-16)). The error of the approximation was evaluated
by conducting simulations in Sentaurus TCAD. The model developed in Chapter 4 was used
for the simulations. The model comprises a 200 um thick, 1 Q-cm n-type silicon substrate
with both surfaces passivated by 100 nm SiO;. The charge density is defined at the front
Si/Si0> interface. The approximation was compared with accumulation layer sheet
resistance calculated using Eq (3-15). The depth of the accumulation layer was defined as
where the change in electron density per um in depth is below 5 x 10'> cm™, which is the
dopant density of 1 Q-cm n-type silicon substrates. Table A-1 shows the comparison of
accumulation layer sheet resistance calculated using the two methods. The sheet resistance
calculated using the approximation is labelled Rsi-acc A. The sheet resistance calculated
using the other method is labelled Rsn-acc B. The results show that for charge densities above

2 x 10" cm2, the approximation produced an error of less than 2.3%.
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Table A-1 Accumulation layer sheet resistance calculated using two methods by simulations.

Charge density Rsn-wafer Rsn-acc A Rsn-acc B Error (%)
(102 cm™) (Q/sq) (Q/sq) (Q/sq)

1 48.82 11728 9749 20.30%
2 48.70 7361 6502 13.22%
4 48.47 4286 3980 7.69%
6 48.17 2754 2624 4.94%
8 47.88 2055 1982 3.69%
10 47.67 1725 1673 3.09%
12 47.51 1540 1498 2.76%
14 47.39 1422 1387 2.55%
16 47.30 1342 1311 2.41%
18 47.22 1284 1255 2.30%
20 47.16 1240 1213 2.22%
22 47.11 1206 1181 2.16%
24 47.07 1179 1154 2.11%
26 47.03 1156 1133 2.07%
28 47.00 1138 1115 2.04%
30 46.97 1122 1100 2.01%
32 46.95 1108 1087 1.99%
34 46.93 1096 1075 1.97%
36 46.91 1086 1065 1.95%
38 46.89 1077 1057 1.93%
40 46.88 1069 1049 1.92%
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