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Abstract

The development of high efficiency solar cells is critical for the expansion of solar power

capacity across the world. A major limitation to achieving high efficiency is the recombination

of electrons and holes at the silicon surface. A common method to reduce recombination is to

deposit a dielectric thin film, such as SiO2 or SiNx, upon the silicon surface. This serves to

chemically passivate the surface, while the dielectric’s intrinsic charge provides a surface

electric field to control the charge carrier population. The passivation performance of such

dielectrics can be further improved by extrinsic methods that modify the film properties after

deposition. This thesis explores how the intrinsic properties of dielectrics can be supplemented

by extrinsic methods to provide enhanced surface passivation.

Dielectric thin films are a fundamental part of solid-state devices providing the means for

advanced structures and enhanced operation. Ion-charged dielectrics are a particular kind of

thin film in which ions are embedded to create a static electric field. Such charge can add

functionality and improve the performance of electronic devices. To date, the electric field has

been primarily demonstrated using embedded potassium and sodium cations. While the field

effect provided by such ions have shown promising results in surface passivation, it is possible

that alternative ions can provide greater long-term durability while enabling fine tailoring of

the electric fields. Alongside potassium ions, this work demonstrates the migration kinetics,

passivation performance, and stability of two new alkali ions, rubidium and caesium, inside of

a SiO2 thin film. A comprehensive model of ion injection and transport has been developed,

and a detailed investigation of the kinetics of potassium, rubidium and caesium ions is

presented. It is shown that the concentration of charged ions within the film can be tuned by

controlling the embedding process, leading to charge densities between 0.1-10 x 1012 q cm-2.

Through the use of ion-charged SiO2, this thesis demonstrates that the effective surface

recombination velocities can be reduced from ∼100 cm s-1 to as a low as 2.23 cm s-1 on 1 Ω

cm n-type FZ silicon. The role of dielectric charge in producing high efficiency solar cells is
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demonstrated through Sentaurus TCAD modelling of PERC, IBC, TOPCon cell architectures.

It is shown that by optimising the charge concentration within the dielectric, the recombination

activity at defect-heavy interfaces can be successfully mitigated by field effect passivation.

The exploitation of dielectric charge is predicted to achieve efficiencies >24% in PERC and

TOPCon cells, and >25 % in IBC cells.

Additionally, this thesis demonstrates that surface electric fields can influence the chemical

passivation provided by a SiO2 + SiNx dielectric stack. It is shown that an electric field present

within a dielectric not only modifies the charge carrier concentrations at the silicon surface,

but also induces a chemical change in the interface properties upon annealing. By tailoring

the surface electric field in the dielectric stack prior to annealing, it is shown that the capture

rates at the Si-SiO2 interface can be modified depending on the field polarity and magnitude.

Understanding the effect of surface electric fields on chemical passivation can lead to novel and

unexplored methods of surface passivation.
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1 | INTRODUCTION

1.1 Climate Change and Renewable Energy

The threat of climate change is considered unequivocal and imminent. The dangers of

climate change are already observable as extreme weather patterns become increasingly

frequent [1]. Climate change is reported to be strongly linked to the increasing global

production of greenhouse gases generated from burning fossil fuels [2, 3]. Due to

continuously growing energy demands, half of the cumulative greenhouse gas emissions

produced between the years 1750 and 2010 occurred in the last 40 years [2]. As a result

of these emissions, the global mean temperature has been rising steadily. Figure 1.1

shows how the global mean temperature has changed between the years 1880 and 2020,

relative to the global mean temperature of the 20th century [4]. According to these

historical records, the global mean temperature has increased at a rate of 0.18 ◦C per

decade since 1981. As temperatures continue to rise, the likelihood of extreme weather

increases. Events such as floods, droughts and wildfires pose a substantial risk to health,

transportation, water, and power supplies [2, 5]. To mitigate the impact of climate

change, dependency on fossil fuels as an energy source must reduce.

Figure 1.1: Changes in global mean temperature between 1880 and 2020 relative to the global
mean for the 20th century. Source: National Centers for Environmental Information [4].
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Renewable energy sources are being researched as an alternative to fossil fuels [2, 6–9].

Figure 1.2 tracks the expansion of nuclear, wind and solar energy technology across 67

countries from 1965 to 2016 [6]. Nuclear energy has plateaued at 40 % over the last two

decades. The interest in nuclear energy has stagnated due to concerns over public safety

and the high expense of building nuclear power plants. In contrast, wind and solar energy

have continued to grow, with solar exhibiting the most rapid rate of expansion. Currently,

renewable energy sources make up almost 30 % of global electricity generation and 18.1

% of total energy consumption [10, 11]. Global renewable energy capacity is predicted

to expand by 50 % between 2019 and 2024, and is anticipated to be predominantly led by

solar energy [8]. To meet these predictions, continued research is crucial to advance the

current understanding of renewable technologies.

Figure 1.2: Expansion of nuclear, wind and solar technologies from 1965 to 2016. Source: British
Petroleum [6].

Solar powered photovoltaics (PV) are a fast-developing renewable technology. Figure

1.3 depicts the predicted global cumulative installed solar capacity up to the year 2050.

Between 2000 and 2018 there was a compound annual growth rate of 43 %. Such rapid

2



I. Al-Dhahir Chapter 1. Introduction

increase in capacity has been made possible by extensive research into PV technology

to improve manufacturing processes [9, 12, 13]. By 2030, the capacity is predicted to

increase sixfold relative to the historical values of 2018 [9]. To expedite the expansion

of renewable technologies, it is essential that renewable energy sources generate power

at low costs equal to or cheaper than the price of power provided by the electricity grid

- an objective known as "grid parity". Whilst widespread grid parity has not yet been

achieved, renewable energy sources are fast approaching it. Figure 1.4 shows the rapid

reduction in costs per kW for residential solar panels between 2010 and 2018 across eight

nations, during which time costs dropped by an average of 76% [9]. Within the very near

future, there is potential for solar technology to become economically competitive with

conventional energy sources like fossil fuels.

Figure 1.3: Historical and projected global installed solar PV capacity. Source: IRENA [9].

Silicon is the leading raw material for manufacture of commercial solar cell technology.

In 2019, silicon PV accounted for 95% of all fabricated solar modules [7]. This is

because solar cells made of silicon exhibit high efficiency and longevity, and can be
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Figure 1.4: The average installed cost of residential solar PV systems by country. Source: IRENA
[9].

manufactured at low cost. As a consequence of improvements in silicon technology, the

energy payback time of installed PV modules has decreased over the years. Recently, the

lowest reported energy payback times of installed multi crystalline and mono crystalline

silicon modules are 1.5 and 1.3 years, respectively [14]. This translates into net clean

electricity for approximately 94% of a projected module lifespan of 25 years. In view of

the projections for PV capacity, silicon technology is a crucial area of research to

continue increasing module efficiencies, reducing installation costs, and improving

manufacturing processes.

1.2 Silicon Photovoltaics

1.2.1 Fundamentals of Solar Cells

A solar cell converts light into an electrical current via the photovoltaic effect. This

conversion takes place within a semiconductor material. When light is absorbed by the

semiconductor, its energy is transferred to electrons, which are freed from their
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molecular orbitals. These electrons are termed "excited" and can move freely around the

semiconductor thus generating a current. When an electron is excited, it makes the

transition from the valence band of the semiconductor to the conduction band. The

difference between these two energy bands is called the band gap.

The band gap is an important characteristic that determines the semiconductor’s

electrical conductivity. A large band gap means excited charge carriers have more

energy, which produces a greater cell voltage. However, a large band gap also means a

smaller percentage of incident photons will have the enough energy to be absorbed.

Therefore, fewer electrons will be excited to the conduction band. The ideal

semiconductor band gap for a solar cell is ∼1.32 eV, calculated to give the maximum

theoretical efficiency of 33.7% following the Shockley-Queisser limit [15, 16]. Silicon

possesses a band gap of 1.14 eV and therefore makes for a nearly ideal semiconductor

[17, 18]. Since sunlight is composed of photons of varying energies corresponding to

different wavelengths of the solar spectrum, only photons with energy equal to or greater

than the band gap will be able to free a bound electron and excite it to the conduction

band.

When an electron is excited to the conduction band, it leaves behind a positively charged

counterpart called a hole in the valence band. Similarly to free electrons, holes are able

to move around the lattice. To contribute to the output power of the cell, the electron and

hole currents must be separated and collected at their respective metal contacts. The

separation of electrons and holes within silicon is achieved through the use of a p-n

junction. Through the introduction of dopant atoms, such as phosphorus or boron,

silicon can be made n-type (electron rich) or p-type (hole rich). Creating a junction

between these two types generates an in-built electric field that aids carrier separation.

The region where the electric field exists is referred to as the depletion region, and it

exhibits a variation in the available energies of electrons known as band bending. The

operation of a p-n junction is shown in Figure 1.5. Electrons and holes can be generated

in any region of the silicon, however, the minority charge carrier in each type must be
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drifted across the junction where it becomes a majority carrier, and subsequently can be

extracted from the cell.

When an excited electron loses its energy, it drops to a lower energy band where its charge

is neutralised by a hole. The elimination of both charge carriers is called recombination,

and results in the unwanted loss of electrical energy. The theory and different mechanisms

by which an electron and hole can recombine are explained next.

Figure 1.5: Schematic depicting the energy band bending of a p-n junction and the migration of
electrons and holes across the junction. EC is the conduction band, EV is the valence band and EF
is the Fermi level. The arrow represents an incoming photon.

1.2.2 Recombination Theory

In a semiconductor, generation defines the process by which a bound electron in the

valence band gains enough energy to be excited to the conduction band. Recombination

describes the process where an excited electron loses its energy and re-occupies the

energy state of a hole. When a semiconductor is at thermal equilibrium, charge carriers

within a semiconductor have a generation rate (G) equal to their recombination rate (R),

such that the net recombination rate (U ) equals 0. Under this condition, the law of mass
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action states that the concentration of majority and minority carriers is constant, such

that

n0p0 = n2
i (1.1)

where n0 and p0 are respectively the electron and hole carrier concentration at thermal

equilibrium. The intrinsic carrier concentration (ni) is the number of electrons in the

conduction band, and is a fundamental property of an undoped semiconductor. In the

case of an extrinsic (doped) semiconductor, there can be a difference of several orders of

magnitude between n0 and p0 if the concentration of dopants greatly exceeds ni. Under

the assumption that all dopant atoms are ionised at thermal equilibrium, n0 and p0 can be

calculated in n-type and p-type silicon as:

n0 = ND, p0 =
n2
i

n0

(n-type)

p0 = NA, n0 =
n2
i

p0

(p-type)
(1.2)

where ND is the concentration of donor dopant atoms, and NA is the concentration of

acceptor dopant atoms. Upon illumination the system is no longer in thermal equilibrium.

Excess carriers are created such that the total carrier concentration is defined as n =

n0+∆n and p = p0+∆p. Here n and p represent the total electron and hole concentrations

in steady state. Relative to the majority carriers, the minority carrier concentration at

thermal equilibrium is often negligible. Thus, under illumination the minority carrier

concentration is approximately equal to the excess carrier concentration.

Each absorbed photon is assumed to create one electron-hole pair such that ∆n = ∆p.

Once the illumination is turned off, ∆n and ∆p will decay with time due to either

recombination, or to the extraction of carriers at metal-semiconductor contacts. In the
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absence of such contacts, equilibrium is restored only once all excess carriers have

recombined. The average time taken for the excess carriers to recombine is known as the

carrier lifetime (τ), defined in Equation 1.3 for an n-type semiconductor. In an extrinsic

semiconductor, the lifetime of minority carriers is used to evaluate the net recombination

since they are the limiting factor due to their smaller concentration.

τ =
∆p

U
(1.3)

The minority carrier lifetime at the surface of the semiconductor is typically different to

that within the bulk due to different recombination losses within each region. An effective

minority carrier lifetime (τeff ) can be calculated from both the bulk lifetime (τB) and the

surface lifetime (τS) as:

1

τeff
=

1

τB
+

1

τS
(1.4)

The different types of recombination mechanisms within the semiconductor bulk and at

the surface are now discussed.

1.2.3 Bulk Recombination

Recombination within the bulk occurs due to a combination of intrinsic and extrinsic

processes. Intrinsic recombination processes are inherent to the semiconductor and are

therefore inevitable. Extrinsic processes require the presence of defects such as

impurities, crystallographic imperfections, and surface damage. These are created during

silicon casting and processing methods.

The total bulk lifetime consists of three recombination processes: radiative, Auger, and

defect-assisted (also known as Shockley-Read-Hall). The mechanism by which an

electron and hole recombine in each process is depicted in Figure 1.6. Radiative and

8
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Auger recombination are intrinsic processes through which an electron’s energy can

either be emitted as a photon or transferred to another charge carrier. Defect-assisted

recombination is an extrinsic process that occurs due to the presence of energy states

within the band gap by lattice imperfections and impurities. The total bulk lifetime is the

sum of the three independent recombination rates and can therefore be expressed as:

1

τB
=

1

τrad
+

1

τAug
+

1

τSRH
(1.5)

Figure 1.6: Schematic diagram of the three different types of recombination; radiative where
a photon is released, non-radiative through defect level at energy ET, and Auger. EC is the
conduction band and EV is the valence band. Red circles represent electrons and yellow circles
represent holes.

1.2.3.1 Radiative Recombination

Radiative recombination occurs when an electron recombines with a hole in the valence

band to release energy in the form of a photon. The net radiative recombination rate is

given as [16]:
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Urad = B(np− n2
i ) (1.6)

where B is the radiative recombination probability and is specific to the semiconductor.

The lifetime of a minority carrier before it is lost through radiative recombination is given

by:

τrad =
1

B(n0 + p0 + ∆p)
(1.7)

In indirect band gap semiconductors, like silicon, radiative recombination is the least

dominant of the three mechanisms [16, 18]. This is because electrons in the conduction

band have a momentum different to that of holes in the valence band. For radiative

recombination to take place in an indirect semiconductor, a phonon with momentum

equal to the difference in momentum between the electron and hole is required for the

electron to make the transition. As the number of elements required for radiative

recombination increases, the likelihood of occurrence decreases [18]. In crystalline

silicon at 300 K, the probability B has a value of 10-14 cm3s-1 [19].

1.2.3.2 Auger Recombination

During Auger recombination, an electron recombines with a hole and, instead of releasing

its excess energy as a photon, it transmits its energy to either an electron in the conduction

band or a hole in the valence band. This third carrier thermalises back to the band edge

shortly after excitation and releases its own excess energy as phonons. If the third carrier

is an electron, the process is labelled eeh and if it is a hole the process is labelled ehh. The

recombination rate for each process is proportional to the carrier densities, and is given

by:

10



I. Al-Dhahir Chapter 1. Introduction

Reeh = Cn(n2p− n2
0p0)

Rehh = Cp(np
2 − n0p

2
0)

(1.8)

where Cn and Cp are respectively the Auger capture probability coefficients for eeh and

ehh processes. The net Auger recombination rate (UAug) is expressed in Equation 1.9 as

the sum of the two rates.

UAug = Cn(n2p− n2
0p0) + Cp(np

2 − n0p
2
0) (1.9)

The Auger recombination rate is proportional to the product of electrons and holes, and

as a result depends strongly upon the carrier density. The Auger lifetime therefore

decreases with increasing doping concentration (injection level). At doping

concentrations above 1017 cm-3, Auger recombination is hence reported to be the

dominant recombination mechanism in mono-crystalline silicon [18].

The coefficients, Cn and Cp, were originally calculated for only high injection and high

doping conditions [20]. Experimental results showed that under low injection and low

doping conditions Auger lifetimes were significantly lower than predicted [21, 22]. The

reason was that the traditional Auger theory used to attain Equation 1.9 assumed

non-interacting charge carriers. Hangleiter and Häcker explained the discrepancy in

experimental and predicted recombination rates by considering Coulombic interactions

between charge carriers at low injection levels [23]. In low injection conditions, the

electron density increases in the proximity of a hole and, as a result, the Auger

recombination rate also increases. To take these interactions into account, the Auger

coefficients are multiplied by Coulombic interaction enhancement factors geeh and gehh

so that the net recombination rate becomes
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UAug,LLI = geehCn(n2p− n2
0p0) + gehhCp(np

2 − n0p
2
0) (1.10)

where LLI denotes low injection conditions. Enhancement factors geeh and gehh are

calculated as functions of electron and hole densities as shown in Figure 1.7, as per

Altermatt’s parametrisations [24]. As the doping level increases to approximately 1018

cm-3 the enhancement factors approach 1, at which point the traditional Auger theory of

non-interacting carriers becomes valid [21]. At such high doping densities, the large

number of majority carriers screens any electron-hole interactions. The most complete

and widely accepted model of Auger recombination today is that by Richter et al [25],

which includes Altermatt’s parametrisation of the enhancement factors. It calculates the

Auger lifetime as

τAug =
∆p

(np− n2
ieff )(2.5× 10−31geehn0 + 8.5× 10−32gehhp0 + 3× 10−29∆p0.92)

(1.11)

where

geeh = 1 + 13

{
1− tanh

[
(
n0

N0,eeh

)0.66

]}

gehh = 1 + 7.5

{
1− tanh

[
(

p0

N0,ehh

)0.63

]}
N0,eeh = 3.3× 1017cm−3 and N0,ehh = 7× 1017cm−3

(1.12)

1.2.3.3 Defect-Assisted Recombination

Defect-assisted recombination refers to a two-step process where an electron from the

conduction band passes through a trap state in the band gap before recombining with a
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Figure 1.7: Low injection enhancement factors, geeh and gehh, at 300 K as a function of electron
and hole carrier densities respectively, after [21].

hole in the valence band. Such trap states are called recombination centres and originate

from extrinsic defects that occur during material processing. Figure 1.8 depicts the four

possible defect-assisted transitions. Depending on the occupation of the trap state, it

can be neutral, positively charged or negatively charged. Based on the four types of

possible transitions, a statistical model for the rate of defect-assisted recombination was

first calculated by Shockley and Read [26], and further developed by Hall [27]. Hence this

process is also frequently known as Shockley-Read-Hall (SRH) recombination. Equation

1.13 defines the net SRH recombination rate as a function of recombination centre density

(Nt), the capture cross section of electrons and holes (σn,p), and the energy level of a

single recombination centre (ET ).

USRH =
np− n2

i
p+p1

NT σnνth
+ n+n1

NT σpνth

(1.13)
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Figure 1.8: The four types of transitions between trap states and the conduction and valence bands.
Red circles represent electrons, yellow circles represent holes and blank circles represent neutral
trap states.

The capture cross section is defined as the area surrounding a defect that a carrier must

pass through to be trapped. Here νth is the thermal velocity, and p1 and n1 are the SRH

trap occupancy factors [28] expressed as:

p1 = p0e
(ET−EF )/kBT

n1 = n0e
(EF−ET )/kBT

(1.14)

Substituting Equation 1.13 into Equation 1.3 yields the SRH lifetime as:

τSRH =
τp0(n0 + n1 + ∆p) + τn0(p0 + p1 + ∆p)

p0 + n0 + ∆p
(1.15)

where τn0 and τp0 are respectively the capture rates of electrons and holes, defined as:

τn0 = (Ntσnνth)
−1

τp0 = (Ntσpνth)
−1

(1.16)
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The uniform periodicity of the semiconductor lattice can be disrupted by the presence of

dislocations, vacancies, grain boundaries, and impurities. As a result, the likelihood of

defect-assisted recombination is dependent upon the material quality. For example, the

formation of oxygen precipitates is highly detrimental to solar cell performance, and has

been reported to be responsible for decreasing solar cell efficiency from 17.5 % to 12.7

% [29–31]. Oxygen precipitates can be dissolved by thermal processing, or passivated by

hydrogen [30, 32]. Another prevalent defect in boron doped silicon is the boron-oxygen

defect. These arise from the interaction of boron dopant atoms with oxygen impurities.

The recombination activity of boron-oxygen defects can be reduced by high temperature

annealing and hydrogen passivation [33, 34].

1.2.4 Surface Recombination

The sudden termination of the crystal periodicity at the silicon surface results in many

unsaturated bonds, termed dangling bonds [35, 36]. These dangling bonds create surface

states of varying energy levels throughout the band gap. Owing to these surface states the

predominant recombination mechanism at the surface is defect-assisted and follows SRH

theory. Equation 1.13 can therefore be rewritten for surface recombination as:

US =
nsps − n2

i
ps+p1

Nstσnνth
+ ns+n1

Nstσpνth

(1.17)

where ns and ps are the electron and hole concentrations at the surface. Nst is the density

of surface states per unit area (cm-2), as opposed to unit volume (cm-3) in bulk

recombination. The resulting units of USurf are cm-2s-1. At a real surface there is a

continuous distribution of energy states. Therefore, the density of surface states is often

referred to as Dit, and is a function of energy. The net surface recombination must be

integrated across the entirety of the band gap. The resulting SRH surface recombination

rate for a real surface is defined as:
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US =

ˆ Ec

Ev

nsps − n2
i

ps+p1

Ditσnνth
+ ns+n1

Ditσpνth

dE (1.18)

Here, the terms Ditσnνth and Ditσpνth are velocities as opposed to time constants. These

are labelled the electron and hole capture velocities, respectively, and are denoted as Sn0

and Sp0. The surface recombination velocity (SRV) is a measure of the total

recombination activity at the surface due to the capture of both carriers; the lower the

SRV, the lower the recombination. It is defined as:

SRV =
Us
∆p

(1.19)

The SRV calculated above is applicable to charge neutral surfaces, where the

concentration of carriers is the same across the depth of the semiconductor, and the

energy bands are hence flat from bulk to surface. In reality, at the surface of the

semiconductor there exists an area called the space charge region (SCR) where the

energy bands bend due to the accumulation of electrical charges at the surface [18]. A

schematic illustration of the SCR at the semiconductor surface is given in Figure 1.9. A

modified concentration of charge carriers exists within this region since they drift away

due to the surface potential (Ψs) generated by the surface charges. The length of the SCR

is defined as the distance into the silicon until the bands are flat. Recombination that

takes place within this region is also included in the surface recombination. Therefore an

effective SRV (Seff ) must be defined that accounts not only for the recombination

velocity at the immediate silicon surface, but also the contribution due to the SCR [18].

The effective surface recombination velocity cannot be measured directly, and it is

therefore calculated from τeff , as explained next.
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Figure 1.9: Schematic representation of the SCR at the semiconductor surface in the presence of
a positive surface electric field. The vertical dotted line indicates the end of the SCR, and the
horizontal lines represent defects at the semiconductor surface. Filled circles represent electrons
and blank circles represent holes.

1.2.5 Obtaining the Effective Surface Recombination Velocity

In this section, it will be explained how τeff is calculated in order to determine Seff . For

an explanation of the experimental measurement of τeff , please refer to Section 2.8.1.

τeff is given by the sum of the bulk and surface components as expressed in Equation

1.4. The semiconductor bulk lifetime (τB) is calculated from the radiative lifetime,

Richter’s parametrisation for Auger recombination, and the SRH lifetime given in

Equations 1.7,1.11, and 1.15, respectively. The calculation of the surface lifetime then

follows a formalism proposed by Luke and Cheng that considers the distribution of

excess charge carriers as a function of time and spatial depth [37]. Here, τeff is

calculated as a function of the sum of all the exponential decay terms. Each decay term n

has its own decay constant (λn) given by:

λn =
1

τB
+ αn

2D (1.20)

where the second term on the right represents surface recombination as a function of the
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absorption coefficient (α) and the diffusivity (D). The first decay term is dominant, and

subsequent decay terms considered negligible. Therefore, the decay can be represented

by a single exponential term, λ1. Here, the absorption coefficient can be found by solving

Equation 1.21 [18, 37]:

tan
(αW

2

)
=
Seff
αD

(1.21)

Inserting the solution for α from Equation 1.20 into Equation 1.21 results in:

Seff =

√
D
( 1

τeff
− 1

τB

)
tan

[
W

2

√
1

Dit

( 1

τeff
− 1

τB

)]
(1.22)

where W is the wafer thickness.

If the value of Seff is low, the tan function in Equation 1.21 can be approximated as a

linear function such that tan
(
αW

2

)
→ αW

2
[18, 38]. Solving again for α and inserting into

Equation 1.20 results a simple and commonly used expression for the effective lifetime:

1

τeff
=

1

τB
+

2Seff
W

(1.23)

Sproul calculated that this simplified approximation has an accuracy of within 4 % under

the condition that recombination is equal at both surfaces of the silicon, and SeffW

D
< 0.25

[38]. The parameter Seff was reported by McIntosh and Black to be dependent upon

injection level [39]. Therefore Seff should always be quoted alongside an indication of

the doping concentration.

Surface recombination is often further characterised by the surface saturation current

density, J0s. Where an emitter is present at the front of the solar cell, this term is

synonymous with the emitter saturation current density (J0e), and it includes both

surface and emitter recombination. This parameter is defined as the current produced due
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to the flow of carriers recombining at thermal equilibrium within the SCR, or emitter,

and represents the sum of all the recombination mechanisms therein. Following

reference [39], it is calculated as:

J0s =
qn2

iSeff
Nd

(1.24)

Over a large range of surface charge conditions, as specified in reference [39], J0s is

independent of injection level. For this reason, J0s is sometimes considered preferable to

Seff when comparing surface passivation results. For the specimens used in this thesis,

injection-independent J0s conditions hold true.

The saturation current density is related to the cumulative flow of charge carriers

recombining at the surface (Jrec) under forward bias by the traditional diode equation:

Jrec = J0s[e
Vs
Vt − 1] (1.25)

where Vt is the thermal potential.

1.3 Silicon Surface Passivation

Modifications to a silicon surface to reduce the recombination rate are called surface

passivation. Figure 1.10 illustrates how the passivation of the silicon surface can be

improved. At a bare surface, as depicted in Figure 1.10a, there is a high density of

defects due to the abrupt discontinuity of the silicon structure. As a result, SRH

recombination dominates at the silicon surface. Since SRH recombination requires the

presence of three elements - an electron, a hole, and a defect state - recombination can be

reduced by minimising the presence of either the charge carrier or the defect. There exist

two methods to accomplish this. The first, as shown in Figure 1.10b, is to reduce the

concentration of defects through chemical passivation. This is achieved by depositing a
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(a) (b) (c)

Figure 1.10: Schematic diagram of n-type silicon depicting (a) a bare silicon surface (b) effect of
chemical passivation on interface states and (c) the combined effect of chemical and field effect
passivation. Filled circles represent electrons and hollow circles represent holes. Black horizontal
lines represent surface states.

dielectric layer onto the surface to bind to the non-co-ordinated silicon bonds [17, 35,

40]. This method can be further improved via thermal processing of the dielectric layers

to drive hydrogen atoms towards the silicon-dielectric interface to further passivate

remaining silicon dangling bonds [41]. The second method is shown in Figure 1.10c.

Here, an electric field is imposed at the silicon surface to modulate the SCR, control the

surface carrier concentrations, and limit the availability of one type of charge carrier.

This is called field effect passivation (FEP). The accumulation of one type of charge

carrier in response to the polarity of the electric field creates an SCR that bends the

energy bands. If the accumulated charge consists primarily of majority carriers, the

surface of the silicon is termed an accumulation layer. If enough minority carriers are

attracted to the surface to exceed the concentration of majority carriers, this region is

called an inversion layer. The following sections discuss methods of surface passivation

through the use of surface doping, dielectric film deposition, and extrinsic dielectric

charging.
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1.3.1 Surface Doping

The conductivity of the silicon surface can be modified by the introduction of dopant

atoms to create electron-rich or hole-rich regions. The resulting internal electric field

repels one type of charge carrier from the surface. This technique is ubiquitously exploited

in commercial cell architectures to reduce surface recombination [42–44]. When applied

to the front of a cell, the doping region is termed front surface field (FSF), and when

applied to the rear of the cell it is termed back surface field (BSF). There are various

reported methods of creating these surface fields. For example, an Al-BSF is created by

depositing aluminium on p-type silicon, and driving aluminium atoms into the silicon

under high temperatures of ∼800 - 900 ◦C [45, 46]. This process creates a p+p junction

with low surface recombination. Alternative methods of creating p+ regions involve the

in-diffusion of boron atoms, typically performed by exposing silicon to BBr3 gas in a

tube furnace [47, 48]. An n+ region at the silicon surface can be produced through the

in-diffusion of phosphorus atoms. Here, the silicon wafer is exposed to high temperatures

of ∼800 - 900 ◦C in the presence of POCl3 gas within a tube furnace [42, 49].

The depth variation in dopant concentration within these regions is known as a dopant

profile. Control of the dopant profile is important to produce the optimal surface field.

As explained in Section 1.2.3.2, Auger recombination increases at heavily doped surfaces

leading to low lifetimes [18, 50]. If such doped regions are additionally too deep, the

photo-generated electrons and holes will recombine before being separated by the p-n

junction. Due to increased recombination activity, heavily doped FSFs tend to decrease

the conversion efficiency of blue light energy, which is primarily absorbed near the front

surface of the silicon wafer due to its shorter wavelength.

1.3.2 Dielectric Films

Methods of improving the surface passivation of silicon using dielectric films are

discussed here. While numerous different dielectrics exist, this section will focus on
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silicon oxide (SiO2) and silicon nitride (SiNx) as these feature extensively in this thesis.

For completeness, a brief discussion of aluminium oxide (AlOx) is also presented due to

its relevance in PV manufacturing. All three dielectrics are widespread within the solar

industry due to the passivation properties that are presented in this section [35, 51–53].

1.3.2.1 Thermal Silicon Oxide

Thermal silicon oxide is one of the most employed dielectrics due to its well-established

performance in producing the lowest Dit at the silicon surface out of all passivation

techniques [18, 40]. Dit values at the (100) plane of the Si-SiO2 interface can be on the

order of 1010 cm-2 eV-1 or less [54–56]. A thermal SiO2 film grows by consuming the

surface of the silicon during oxidation such that the final interface is displaced to a

cleaner and more organised region of the semiconductor. This provides superior

passivation at the thermal Si-SiO2 interface [18].

Thermal SiO2 can be grown via dry or wet oxidation and follows the chemical reactions

provided in Equations 1.26a and 1.26b:

Si + O2 → SiO2 (dry oxidation) (1.26a)

Si + 2H2O→ SiO2 + 2H2 (wet oxidation) (1.26b)

The growth rate of wet oxidation is much faster than that of dry oxidation and as a result is

often the more practical technique for growing thick oxides [18]. As a frame of reference,

where 100 nm dry oxide would take over an hour, wet oxidation would take a matter of

minutes [18, 57]. However, wet oxidation produces lower density films that leave more

silicon dangling bonds unsatisfied. Furthermore, due to the presence of water vapour, wet

oxides have a lower dielectric strength and are more pervious to impurities [58]. High

quality SiO2 films are therefore typically grown using the dry approach.

Figure 1.11 exhibits an energy band diagram of a typical Si-SiO2 interface. An inherent
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fixed positive charge (Qf ) exists within the oxide. These charges arise from interfacial

dangling silicon bonds located within 2 nm of the Si-SiO2 interface [18]. These dangling

bonds produce donor states that lie in the upper half of the oxide band gap, above the

conduction band of the silicon [17]. Electrons do not interact with these donor states

as electrons are more likely to fall down to the valence band than be excited above the

conduction band. The density of Qf does not depend upon oxide thickness, but upon

oxidation and annealing conditions, and is typically between 5 x 1010 and 2 x 1011 q cm-2

[18, 59]. The charge due to the interface states within the band gap (Qit) is accounted for

separately, and is strongly dependent upon the position of the Fermi level; donor states are

neutral when occupied by an electron, and acceptor states are neutral when unoccupied

[18]. Typically, in the case of well-passivated interfaces, Qit is much smaller than Qf ,

and for this reason is often considered negligible.

Figure 1.11: Schematic energy diagram of the Si-SiO2 interface under zero electric field. After
[18].

The passivation of the Si-SiO2 interface can be improved by the presence of hydrogen.
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One of the most effective methods of introducing hydrogen to the dielectric is through a

process known as the alneal [60–62]. Here, a layer of aluminium is deposited onto the

surface of the SiO2 film, and annealed in a forming gas (5 % H2, 95 % N2) atmosphere at

∼400 ◦C. It is postulated that during the alneal, hydrogen enters the dielectric via a

reaction between aluminium and water, or hydroxyl ions, adsorbed to the SiO2 surface

[60, 61, 63]. Following the alneal, Dit values as low as 1010 cm-2eV-1 have been reported

[64]. Photo conductance decay measurements performed by Kerr and Cuevas

demonstrated τeff of 6 ms on 1.5 Ω cm n-type silicon, equivalent to Seff of 2.40 cm s-1

[40, 65]. This is in comparison to typical Seff of 50 – 150 cm s-1 reported after oxidation

of low resistivity n-type silicon [66, 67]. Recently, the enhanced alneal method by

Collett et al. demonstrated that the passivation of the silicon surface can be further

improved by the inclusion of extrinsic charges within SiO2. Here, potassium ions are

deposited on the surface of SiO2 prior to aluminium deposition [68]. The ions are

introduced to the oxide film during the subsequent anneal to combine the hydrogen

passivation of the standard alneal with field effect. This method has produced an Seff <

0.4 cm s-1 on 1 Ω cm n-type silicon [68].

1.3.2.2 Silicon Nitride

Silicon nitride is a frequently used dielectric in industrial solar cell manufacturing [43,

69]. Due to its tuneable refractive index, it is often deposited on the surface of other

dielectrics to serve an anti-reflective coating [35, 41, 70]. The chemical and optical

properies of SiNx strongly depend upon the deposition methods [18, 41, 70, 71]. The

film is typically deposited via plasma enhanced chemical vapour deposition (PECVD)

where ammonia and silane serve as the precursor gases [18, 72, 73]. This technique uses

relatively low temperatures of ∼350 °C to grow SiNx films in a matter of minutes. By

controlling the ratio of gases supplied during deposition, non-stoichiometric films of

varying refractive indices can be produced. The optimal refractive index is a compromise

between minimising reflectivity and preventing light absorption by the dielectric itself.
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For example, higher refractive index (silicon-rich) films have increased blue light

absorption [71]. A study by Soppe et al. found that the transmittance of SiNx was

maximised at refractive indices between 2.1 and 2.2 [71].

In addition to its anti-reflective properties, SiNx is also reported to provide effective

surface passivation [18, 69–71, 74]. During PECVD deposition, a substantial

concentration of hydrogen is incorporated due to the use of hydrogen-containing

precursor gases. The hydrogen atoms are reported to migrate to the silicon surface and

passivate interfacial dangling bonds [18, 69, 71, 74]. In addition, SiNx films have a

positive Qf on the order of 1012 q cm-2 that contributes to FEP on n-type silicon. Fixed

positive charges arise in SiNx from what are known as K-centres [18, 75]. K-centres are

dangling silicon bonds back-bonded to 3 nitrogen atoms. Silicon-rich films typically

have a lower Qf due to increased Si-Si bond co-ordination [18, 76].

The passivation performance of SiNx is well reported. An Seff as low as 1.6 cm s-1 was

reported for SiNx deposited directly on 1 Ω cm n-type silicon [25]. The exploitation of

a double layer SiO2 + SiNx stack is expected to further improve surface passivation. An

Seff < 2.4 cm s-1 and < 3.5 cm s-1 has been reported for such double layer stacks on 2.5

and 1 Ω cm n-type silicon, respectively. In this thesis, all SiNx films are deposited upon

SiO2 to maximise the surface passivation.

1.3.2.3 Aluminium Oxide

Aluminium oxide (AlOx) is unique amongst dielectrics as it contains a high

concentration of negative charges as opposed to positive. The charge is reported to be on

the scale of ∼-3 x 1012 q cm-2 [75, 77, 78]. The origin of the negative charge is still

under debate. Previously, it has been suggested that it arises from negatively charged

vacancies and interstitials present in non-stoichiometric AlOx films [75, 79]. More recent

reports postulate that the negative charge arises from point defects located at the

interface between AlOx and the ultra-thin SiO2 layer than grows on the silicon surface as

a by product during deposition [80–82]. Owing to its’ negative charge, AlOx is
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particularly useful in passivating p-type silicon [75]. The negative charge minimises the

concentration of electrons at the surface via FEP. However, the charge density is also

sufficient to passivate n-type emitters through the creation of an inversion layer [25].

Aluminium oxide can be deposited via numerous methods; thermal atomic layer

deposition (ALD), plasma ALD, atmospheric pressure chemical vapour deposition

(APCVD), sputtering and PECVD. Advantageously, AlOx deposition requires relatively

low temperatures between 250 ◦C and 400 ◦C [83–85]. Irrespective of deposition

method, the passivation effect of AlOx is reported to be maximised after a moderate

temperature anneal at ∼400 ◦C [83, 85–87]. Additionally, all deposition methods are

reported to introduce hydrogen to the dielectric due to the use of hydrogen-containing

precursors such as trimethylaluminium (TMA) and triethyldialuminium

tri-(sec-butoxide) (TEDA-TSB) [40, 83, 85–88]. The hydrogen within the dielectric is

reported to contribute significantly towards chemical passivation [25, 40, 83, 85–87].

Very low effective surface recombination velocities < 5 cm s-1 have been reported for AlOx

films on low resistivity p-type and n-type silicon [40, 83, 86]. Richter et al. reported Seff

< 1.3 and < 4.0 cm s-1 on 1 Ω cm n-type and p-type silicon, respectively, using plasma

ALD [25]. Using PECVD, Dingemans et al. demonstrated Seff < 1 cm s-1 on 3.5 Ω cm

n-type silicon [89]. To the author’s knowledge, other work by Dingemans demonstrated

the record lowest Seff < 0.8 cm s-1 on the same silicon type using plasma ALD [86].

1.3.3 Extrinsic Field Effect Passivation

The dielectric films discussed in Section 1.3.2 have been shown to possess an intrinsic

concentration of fixed charge (Qf ), which is incorporated during synthesis [41, 51, 77,

90–92]. Typically, the intrinsic Qf is not large enough to contribute significantly to FEP,

and is limited by the synthesis process [18, 59, 76]. The intrinsic Qf can be

supplemented by the addition of extrinsic charge after deposition [66, 67, 93, 94]. The

ability to add charge extrinsically to dielectric films means that the film properties do not
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have to be compromised in order to achieve high charge concentrations during synthesis.

This section discusses the use of corona charging and ion-charged dielectrics to provide

extrinsic FEP.

1.3.3.1 Corona Charging

Corona discharge is a method used to cover the surface of the dielectric layer in positive

or negative charges, thus allowing to tailor the field effect passivation mechanism. Figure

1.12 illustrates a typical corona discharge set-up. Corona charges are generated by

applying a high voltage, >10 kV, to a pin-like electrode placed at a distance above a

grounded plane electrode where the sample sits. The strong electric field formed near the

sharp electrode ionises surrounding air molecules that come into contact with it,

producing positively charged molecular ions and free electrons [95]. Through a process

known as electron avalanche, the free electrons energised by the electrode’s electric field

ionise more air molecules producing more free electrons, and so on. Outside of a certain

distance of the electrode, the electric field is too weak to maintain this electron avalanche

and no further ions are produced. When a positive voltage is applied to the electrode the

electrons are attracted towards the source and the positive ions repelled towards the

sample. Negative charging results in the positive ions being attracted to the source

electrode whilst the free electrons collide with ambient air molecules and create negative

ions that are repelled towards the sample [96, 97]. Mass spectroscopic studies have

shown that positive charging mostly comprises of hydrated hydrogen atoms ((H2O)nH+),

whilst negative charging results in primarily CO3
- ions [98, 99].

Corona charging has been well-reported to provide extrinsic FEP [66, 95, 100–103].

Exceptionally high levels of passivation are reported in references [101] and [102] on 1

Ω cm n-type Si. An Seff < 0.65 cm s-1 and < 0.15 cm s-1 was reported for

corona-charged SiO2 and SiO2 + SiNx dielectric coatings, respectively. Nevertheless,

corona charges are unstable over time due to the absorption of water molecules, which

increases lateral surface conductivity [101, 104]. Corona-charged samples are often
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Figure 1.12: Schematic diagram of a corona discharge set-up.

treated with hexamethyldisilazane (HMDS) to provide a hydrophobic protective coating.

The stability provided by HMDS is reported to last ∼3 years, which is not durable

enough for industrial application. Furthermore, the resistance of HMDS to the elements

under harsh environmental conditions such as humidity and high temperature is

unreported [101]. Another method of utilising corona charge is to perform a rapid

thermal anneal (RTA) to drive the corona charges into the dielectric and embed them

within [66, 105]. This technique has been used to embed a charge of 5 x 1012 q cm-2 in

SiO2, resulting in SRV < 20 cm s-1 on 1 Ω cm n-type Si [66].

More recently, Kho et al. demonstrated the outstanding potential a surface electric field

has on surface passivation via corona charging [94]. Figure 1.13 shows the J0e that is

produced for different SiO2 + SiNx + SiOx (ONO) stacks, when the refractive index is

varied, on 100 Ω cm n-type silicon with either boron or phosphorus front diffusions. The

effective interface charge concentration (Qeff ) of the dielectric stack is reported here to

be dependent upon the sample’s refractive index (n) and front diffusion type. Here it is

demonstrated that in the case of a boron emitter, prior to corona charging (blank circles),

J0e reduces from ∼600 to ∼40 fA cm-2 with increasing refractive index, and reduced

dielectric charge. The surface passivation improvement at low dielectric charge is due

to minimising electron density in the hole-rich emitter. Upon negative corona charging
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Figure 1.13: Effect of positive and negative corona fields on recombination currents of boron and
phosphorus diffused silicon passivated by ONO stacks. After [94].

(filled circles), J0e is reduced to ∼8 fA cm-2, irrespective of n. Following Equation 1.24,

this is equivalent to an Seff ∼0.02 cm s-1. For a phosphorus emitter, prior to corona

charging (blank squares), there is a lower dependency of J0e on the dielectric properties.

Here, J0e remains ∼3 fA cm-2 for n between 1.9 and 2.2. Applying positive corona

charge (filled squares) results in J0e ∼2fA cm-2. This is equivalent to Seff ∼0.006 cm

s-1, and is consistent for 1.9 < n < 2.2. Such high levels of passivation are required to last

approximately 30 years, as this is the lifespan of a solar panel. Since corona discharge

has been widely reported to be an unstable method of producing the surface electric field

[101, 102, 104], other methods of providing a fixed concentration of charge inside of a

dielectric should be explored. These are discussed in the following section.
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1.3.3.2 Ion-Charged Dielectrics

Ion-charged dielectrics are a class of thin film dielectric materials that hold a quasi

permanent charge [106]. The charge storage capability of such materials makes them

effective for a wide range of applications. From telecommunications to air filters and

biomedical instruments, charged dielectrics are useful for a variety of devices where high

charge density films with stable polarisation are required [106–109]. In this thesis, ion

charged dielectrics are applied to silicon surface passivation.

Methods of incorporating ions into dielectrics include ion implantation and in situ delivery

during oxidation [110–112]. Recently, a novel method of introducing ions to dielectrics

after deposition was proposed by Bonilla [113]. Here, aqueous potassium salt precursors

were thermally evaporated onto the SiO2 surface followed by high temperature annealing

to drive the ions to the Si-SiO2 interface [93, 113]. This was adapted from a technique

used in a study by Eldridge and Kerr to study the drift of sodium (Na+) ions through

phosphosilicate glass [114]. Relying on pure diffusion kinetics, Bonilla found that the

transport time of K+ ions across SiO2 varied from several minutes at 500 ◦C to over an

hour at 400 ◦C. Later work by Collett evaluated the transport time of K+ ions in the

presence of a surface electric field generated by corona discharge [67, 115]. It was found

that at 450 ◦C, K+ ions arrived at the Si-SiO2 interface within just a few seconds. In this

thesis, the deposition and delivery methods of K+, Rb+ and Cs+ ions into SiO2 have been

adapted from Bonilla and Collett.

Surface passivation studies of SiO2 dielectrics embedded with K+ ions on 1 Ω cm n-

type silicon have demonstrated Seff < 3.3 cm s-1 can be achieved compared with Seff

∼100 cm s-1 of SiO2 alone [67]. For such high performance passivation to be practical in

commercial manufacturing it must be durable for ∼30 years under operational conditions

[7, 101]. Recent work has shown that K+ ions remain quenched at the Si-SiO2 interface

for up to 8 years held at a temperature of 65 ◦C [112]. Ageing studies conducted on K+

embedded dielectrics have so far only concentrated on laboratory conditions and have
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shown that 63 % of the initial passivation performance is retained after a projected 45

years [93].

1.3.4 State of the Art in Surface Passivation

Numerous different methods of surface passivation have been researched in recent years.

A selection of methods most relevant to this thesis have been discussed in Section 1.3.

Of these methods, Table 1.1 provides a summary of the best passivation performances on

low resistivity n-type silicon. Techniques such as the alneal and the enhanced alneal

demonstrate outstanding surface passivation results. However, at present these

techniques are not compatible with scalable industrial production due to the requirement

for the deposition and subsequent removal of a metal contact to passivate the surface.

Techniques focused on exploiting the chemical passivation and charge storage

capabilities of dielectrics are expected to be more compatible with industry production.

Bonilla et al [102] demonstrated an exceptionally low Seff < 0.15 cm s-1 by combining

the intrinsic properties of a SiO2 + SiNx dielectric stack with an extrinsic electric surface

field provided by corona charging. This is in comparison to an Seff ∼3.5 cm s-1 for a

SiO2 + SiNx stack alone [102]. Given the instability of corona charges, it is necessary to

find alternative methods to maintain such low surface recombination for many years.

This thesis explores the use of ion-charged dielectrics to provide long-term effective

passivation.
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PASSIVATION METHOD DIELECTRIC SILICON TYPE Seff (cm s-1)

Standard Alneal SiO2 1.5 Ωcm 2.4
Kerr & Cuevas [65] 285 µm

Enhanced Alneal SiO2 1 Ωcm 0.4
Collett [68] 200 µm

Extrinsic FEP (corona charging) SiO2 1 Ωcm 0.65
Bonilla et al. [101] 200 µm

Extrinsic FEP (corona charging) SiO2 + SiNx 1 Ωcm 0.15
Bonilla et al. [102] 200 µm

Extrinsic FEP (K+ ion SiO2) SiO2 1 Ωcm 3.3
Collett et al. [67] 200 µm

PECVD SiNx SiNx 1 Ωcm 1.6
Richter et al. [25] 200 µm

PECVD SiNx SiO2 + SiNx 1 Ωcm 3.5
Bonilla et al. [102] 200 µm

PECVD SiNx SiO2 + SiNx 2.5 Ωcm 2.4
Larionova et al. [116] 155 µm

Plasma ALD AlOx AlOx 1 Ωcm 1.3
Richter et al. [25] 200 µm

Plasma ALD AlOx AlOx 3.5 Ωcm 0.8
Dingemans et al. [86] 275 µm

PECVD AlOx AlOx 3.5 Ωcm 1.0
Dingemans et al. [89] 275 µm

Table 1.1: Summary of best passivation methods on low resistivity n-type silicon at the time of
writing.
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1.4 Role of Surface Passivation in Solar Cell

Architectures

A complete solar cell architecture comprises the silicon wafer, its dielectric coatings and

selective metal contacts to extract the holes and electrons. The design of a solar cell is

crucial to maximise the photo-conversion efficiency. An overview of the three most

relevant cell architectures and their performance is presented in this section. In this

thesis, cell efficiencies of these three architectures are modelled based on the novel

surface passivation techniques that are explored in this work.

One of the most common cell architectures is the passivated emitter and rear cell

(PERC). A typical bifacial PERC design is depicted in Figure 1.14a. In a typical PERC

structure, p-type silicon is used as the base material. The rear of the cell is passivated by

an AlOx + SiNx stack. In addition to chemical passivation, the negative charge within the

AlOx film creates an accumulation layer at the rear surface. The SiNx capping layer

enhances the hydrogen passivation provided by AlOx alone, and minimises rear side

reflectivity [117, 118]. It is common for the rear contacts to have localised p++ regions to

reduce resistance losses between the silicon and the metal. The front surface of the

PERC is doped with phosphorus to create an n+ emitter region that leads to the

accumulation of electrons. Lightly doped emitters are often favoured to maximise the

absorption of short wavelengths at the front surface. Therefore, some PERC designs use

localised n++ regions directly under the metal contacts to reduce contact resistance,

analogously to the rear. Passivation of the contact interface is very important for

maximising light absorption. Well-passivated contacts allow for greater carrier

extraction, and therefore the width and number of them can be reduced in order to

increase light exposure. To the author’s knowledge, the highest recorded efficiency of an

industrial PERC is 24.06 % [LONGI Solar, 2019]. The record effiency was demonstrated

on a mono-crystalline p-type bifacial cell of commercial size [119]. At research scale,
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the highest performing PERC was produced by UNSW in 1999, reaching an efficiency

of 25 % [120, 121].

Figure 1.14b depicts the architecture of a contending cell design called interdigitated back

contact (IBC). The IBC design places all the contacts on the rear of the cell so that the

surface is maximally exposed to light. The base silicon is typically n-type. Despite higher

associated processing costs [43], there are numerous advantages to n-type silicon, such

as the avoidance of boron-oxygen defects and a lower susceptibility to metal impurities

compared to p-type silicon [122, 123]. For these reasons, n-type silicon is gaining more

attention in new commercial cell designs. A further discussion of p-type versus n-type

silicon is provided in Section 2.1. To reduce recombination at contact interfaces, rear

p++ and n++ localised diffusions are used. The silicon surface is typically passivated by a

SiO2 layer to provide chemical passivation, and a SiNx capping layer to provide hydrogen

passivation and to maximise light absorption. At the time of writing, the IBC cell holds

the record efficiency for any solar cell at 26.7 % [124, 125]. This record cell uses a very

thin amorphous silicon layer to create exceptionally well-passivated contacts. Despite

such high performance, mass production of IBC cells has been slow to take off. This

is due to the complexity of creating a consecutive series of dopant profiles of opposing

polarities and selective contacts on the rear side [43].

The last cell architecture to be discussed here is the tunnelling oxide and passivated

contact (TOPCon). Despite being a very recent technology, it has achieved a record

industrial efficiency of 25.25 % [Jinko Solar, 2021], and a research efficiency of 26.0 %

[126]. As depicted in Figure 1.14c, the TOPCon architecture uses n-type base silicon

that is passivated at the rear by an ultra-thin SiOx layer of ∼2 nm. The SiOx layer is thin

enough for the electrons to tunnel through. The combination with a phosphorus doped

poly-silicon capping layer leads to well-passivated electron-selective contacts at the rear.

At the surface of the cell, a p+ emitter is formed by boron diffusion [127]. The emitter is

further passivated by an AlOx + SiNx double layer. The TOPCon cell architecture is

considered to be more attractive to industry than the IBC cell given its simpler design
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and closer similarity to the already existing PERC production line [43].

(a)

(b)

(c)

Figure 1.14: Schematic illustration of a standard (a) PERC (b) IBC and (c) TOPCon architecture.
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1.5 Aim of this Thesis

The exploitation of dielectrics for surface passivation is ubiquitous in the solar cell

industry. In order to optimise the optical, chemical, and field effect properties of the

dielectrics, it is common to employ double or triple layer stacks. In particular, it is

becoming increasingly common to deposit a thin oxide layer on the silicon surface to

provide effective chemical passivation, while benefitting from the intrinsic charge of the

capping layers to provide FEP. As will be discussed further in Section 4.1, extrinsic

methods of supplementing the intrinsic charge have not become widespread due to the

lack of long-term stability or industrial compatibility. This thesis aims to address both of

these problems by proposing the use of ion-embedded oxide films. As will be

demonstrated, these films can be created rapidly and uniformly using versatile

techniques. The passivation performance and stability of three different ions –

potassium, rubidium, and caesium – is explored and compared. Contrary to literature

expectations, this thesis provides evidence for the first time that rubidium and caesium

can be introduced to an oxide film through a kinetic approach. Additionally, this work

aims to further the understanding of ion kinetics within dielectrics by proposing a model

that simulates the injection of ions into the thin film and the transport to the Si-SiO2

interface in the presence of a variable electric field and at elevated temperatures. The

dependence of solar cell efficiency on dielectric charge concentration is subsequently

studied for PERC, IBC, and TOPCon structures via finite element modelling.

Lastly, this thesis explores the relationship between surface electric fields and the

chemical passivation provided by a SiO2+SiNx dielectric stack. Here, the dependency of

the fundamental Si-SiO2 interface properties on surface electric field strength and

polarity is studied. The ability to tailor the chemical passivation through the use of

surface electric fields could present new approaches to enhance extrinsic surface

passivation.
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1.6 Structure of this Thesis

The chapters of this thesis are as follows:

• Chapter 2: A detailed description of the experimental and characterisation

methods used in this work is presented.

• Chapter 3: This chapter demonstrates that, contrary to findings in the literature,

alkali ions larger than potassium are able to be migrated across a SiO2 thin film. It

is shown that the concentration of K+, Rb+, and Cs+ charge at a Si-SiO2 interface

can be finely tuned by controlling the ion embedding process. A comprehensive

model of the kinetics of potassium, rubidium, and caesium ions within a SiO2 thin

film is presented here.

• Chapter 4: The use of ionic aqueous precursors and deposition techniques is

discussed here. The versatility and dependability of various deposition methods

such as thermal evaporation, spin coating and in situ delivery of ions during

oxidation is explored. SIMS evidence of the incorporation of rubidium and

caesium ions is presented.

• Chapter 5: Substantial improvements in the surface passivation of oxidised silicon

is demonstrated following the embedding of K+, Rb+, and Cs+ ions at the Si-SiO2

interface. The durability of the passivation performance and the physical resistance

of alkali ions to harsh conditions, such as heat, UV radiation, and bias stress is

evaluated.

• Chapter 6: It is demonstrated here that surface electric fields do not only influence

the surface carrier concentration, but also affect the chemical passivation of the Si-

SiO2 interface. To explain this observation, this chapter explores the connection

between surface electric fields, dielectric film properties, and hydrogenation.

• Chapter 7: The impact of the extrinsic surface passivation methods presented in
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this work are examined in the context of producing high efficiency solar cells. Using

Sentaurus TCAD finite element modelling, cell efficiency as a function of dielectric

charge is simulated for three types of cell architectures; PERC, IBC, and TOPCon.

• Chapter 8: The important findings of this thesis are reviewed and a discussion of

future research directions is presented.
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2 | EXPERIMENTAL METHODS

2.1 Base Silicon

In industry, p-type silicon has been the base silicon substrate of choice [43]. This is due

to two primary reasons. The first is that p-type silicon is cheaper to manufacture [43,

122, 123]. The second is because the minority carrier generated within the bulk has to

travel the furthest distance to reach the p-n junction towards the silicon surface. The

mobility of electrons is reported to be three times higher than that of electrons in p-type

silicon [128]. Excited electrons have a greater mobility than holes since they are not

subject to atomic forces in the same way holes are in the valence band. Therefore, for

the same τeff , electrons have a longer diffusion length. Despite this, n-type silicon has

been gaining attention in industry in recent years. N-type silicon has been demonstrated

to show better resistance to impurities, metal contaminants and dislocations, particularly

within the bulk [122, 129]. Additionally, given that silicon wafers are becoming so thin

that the diffusion length equals or exceeds the thickness, minority carrier mobility is less

of a compromising factor [129]. As surface passivation is the emphasis of this thesis,

only mono-crystalline n-type silicon wafers are used so that the τeff is primarily limited

by surface recombination.

There are two methods to grow mono-crystalline silicon: Czochralski (CZ) and Float

Zone (FZ). A description of the CZ growth method can be found in reference [130], and

the FZ method in references [131] and [132]. The majority of mono-crystalline wafers

are grown via the CZ method due to its lower cost and faster throughput of production.

Additionally, CZ silicon is reported to have a greater resistance to thermal stress [133].

The primary disadvantage of this method is that a substantial concentration of oxygen

(∼1018 cm-3) and carbon (∼1017 cm-3) is introduced to the silicon [134, 135]. The

presence of these impurities lowers the carrier lifetimes due to the generation of defects.
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FZ silicon is of superior purity and for this reason is typically used to produce very high

efficiency solar cells. However, thus far the higher production costs per wafer has

prevented FZ silicon from becoming commonplace in commercial manufacture [131,

132]. Both CZ and FZ wafers are used in this work, a summary of which is provided in

the next section.

2.1.1 Wafer Substrates

Table 2.1 provides a summary of the wafers used in this thesis. All substrates were n-type

silicon wafers as-received with thermal SiO2 grown on both sides. A subset of wafers

received from Trina Solar also had SiNx deposited on both sides, on top of the oxide.

Wafers received from Fraunhofer ISE and MEMC were 4 inch wafers, and those from

Trina Solar were full size 6 inch wafers. Throughout this thesis, the type of silicon used

will be denoted by Set A, Set B, and Set C, with a description of the subsequent processing

described in the relevant sections.

IDENTIFIER TYPE RESISTIVITY THICKNESS SURFACE SOURCE
(Ωcm) (µm)

Set A n-type FZ Si 1 200 Planar Fraunhofer ISE
Set B n-type CZ Si 30-60 675 Planar MEMC
Set C n-type CZ Si 5-10 135 Textured Trina Solar

Table 2.1: Summary of the silicon wafers used in this work.

2.1.2 Planar and Textured Finish

Texturing of the silicon surface is conventional in industrial manufacture. Compared to a

smooth planar finish, rough surfaces benefit from increased light trapping due to the

pyramidal arrangement that causes reflected photons to rebound back onto the surface.

Texturing of samples used in this work was carried out at the source facility using a

potassium hydroxide (KOH) and isopropanol (IPA) etch. The pyramidal surface

structure is produced because of the faster etching rate of the (100) plane compared to
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the (111) plane of the silicon [136]. The IPA solvent increases the wettability of the

silicon surface to increase uniformity of the etchant [137]. Additionally, IPA is often

used as an additive to reduce the etching rate of KOH to create well defined pyramid

peaks [138–141]. Although textured wafers have the advantage of increased light

absorption, they suffer from increased surface recombination due to both increased

surface area and a higher density of defect states on the (111) face exposed by the

alkaline etch.

In this thesis, only Set C wafers had pyramidal texturing. Texturing was carried out at

Trina Solar using an undisclosed process. The majority of analysis was implemented

on planar wafers as they are more compatible with characterisation techniques. Data

pertaining to textured wafers were collected where possible to demonstrate the potential

in industrial application.

2.2 Dielectrics

2.2.1 Thermal Oxide Growth

Set A wafers were thermally oxidised at Fraunhofer ISE. A dry thermal SiO2 was grown at

1050 °C in an oxygen and dichloroethylene atmosphere. Dichloroethylene is used in small

concentrations to serve as a chlorine source, which helps to remove metal contaminants.

Set B wafers received from MEMC were oxidised in the Begbroke clean room at the

University of Oxford. A 100 nm thermal SiO2 was grown at 950 ◦C in a dry oxygen

atmosphere for 4 hours. It is essential that oxidation is carried out in a clean environment

to minimise the concentration of impurities entering the oxide film. Oxidation performed

at Trina Solar on Set C wafers was carried out at 900 ◦C for 15 minutes following a

proprietary process.
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2.2.2 Chemical Vapour Deposition

SiNx films were deposited via PECVD either at the Begbroke cleanroom in Oxford using

an Oxford Instruments PlasmaLab 80+ system, or at Trina Solar’s facilities using a tube

processed PECVD. All SiNx films were deposited on the surface of SiO2 to create double

layer stacks. The depositions carried out at the Begbroke cleanroom were performed at

350 °C. The parameters listed in Table 2.2 were used to deposit films of∼65 nm thickness

with a refractive index of 1.9, as measured on a FilmSense FS1 ellipsometer.

DEPOSITION PARAMETERS

Power W 20
Plate Temperature °C 350
Chamber Pressure mTorr 650
Ammmonia sccm 20
Nitrogen sccm 600
5% Silane / 95% Nitrogen sccm 400

Table 2.2: Parameters for the silicon nitride recipe performed at Begbroke cleanroom, Oxford.

Silicon nitride deposition at Trina Solar was carried out at 450 ◦C. A subset of samples

had a double layer deposited where the first layer on the oxide surface was 5 nm with a

refractive index of 2.2, and the second layer was 60 nm with a refractive index of 1.95.

Another subset of wafers had single layer films of 60 nm thickness deposited on the oxide

surface. The refractive index of these films was tuned to 1.95, 2.1 and 2.4. The parameters

for SiNx deposition at Trina Solar are not disclosed.

2.3 Ellipsometry

Ellipsometry is an optical technique used to characterise dielectric properties such as

thickness, refractive index, and optical constants by means of reflected light rays. In this

work, an FS-1 Film Sense ellipsometer is used. Figure 2.1 illustrates the typical set-up of

an ellipsometry measurement. When a source beam of non-polarised light enters the
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Figure 2.1: Experimental set-up of an ellipsometry measurement.

polariser, it becomes linearly polarised such that the incident electric field wave vector

(Ein) is decomposed into two orthogonal components that oscillate in phase with each

other. The component parallel to the plane of incidence is termed p-polarisation, and the

component perpendicular is termed s-polarisation. The polarised light is directed at the

sample surface at an angle of incidence θ. Upon reflection off the dielectric surface, the

phase, amplitude, and polarisation of the light are altered such that the reflected wave

vector (Eout) moves in an ellipse. The shape and orientation of the ellipse are dependent

upon the polarisation of the incident light, the angle of incidence, and the dielectric

properties. The ellipsometer does not measure the film properties directly, but measures

the parameters Ψ and ∆, which describe the form of the reflected electromagnetic wave’s

ellipse. These parameters are related to the complex ratio of the reflection coefficients, rs

and rp, of the s and p components, respectively, as given in Equation 2.1.

rp
rs

= tan (Ψ)ei∆ (2.1)

where tan(Ψ) is the magnitude of the amplitude ratio of the two components, and ∆ is

the phase difference between the parallel and perpendicular components. To compute

the film properties, Ψ and ∆ are first simulated based on known optical properties of the

sample film and substrate. The simulated Ψ and ∆ are subsequently fit to the values that

were experimentally acquired. The dielectric properties can be varied in the model as
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adjustable parameters to minimise the difference between the experimental and simulated

Ψ and ∆. There are numerous existing models to compute the film properties for a given

sample structure. In this thesis, the Sellmeier model was used to calculate the thickness

of the dielectrics, and the Cauchy model is used to calculate the refractive index. The

models are simplified by the FS1 software, which inputs pre-derived optical constants

from Jellison and Palik [142, 143]. A detailed explanation of these models is beyond the

scope of this thesis, however, a summary of these models can be found in references [144]

and [145].

2.4 Ion Deposition

The deposition of ionic charges is a central component of this thesis. Ionic charges have

been shown to be successfully introduced to a dielectric via thermal evaporation, spin

coating and spray coating, followed by post-deposition processing [67, 93, 115, 146].

In this work, K+, Rb+ and Cs+ ions were deposited directly onto the SiO2 surface by

either spin coating or thermal evaporation. All ionic precursors are deposited as aqueous

solutions, as described in the following sections.

2.4.1 Spin Coating

Spin coating is well known technique to both rapidly and uniformly deposit thin films.

Here, a solution is pipetted onto the surface of a substrate while it rotates at a high angular

velocity. The centrifugal force produces an even distribution of the solution across the

surface area of the substrate. In this work, all ionic precursors were deposited in the

form of chloride salts dissolved in a mixture of 25% deionised (DI) water and 75% IPA.

While all these salts used present excellent solubility in water, IPA is added as it improves

the wettability of the dielectric surface and evaporates quickly at room temperature. The

chuck of the spin coater was programmed to rotate at 2000 rpm for 30 seconds. During

the first 15 to 20 seconds, 2 mL ± 0.1 mL of ionic solution was deposited incrementally
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via pipette. The remaining spinning time was used to allow the solution to dry.

In general, the film thickness is proportional to the inverse of the spin speed squared.

The exact film thickness depends upon a combination of factors such as solvent viscosity,

solute concentration, temperature, and humidity. Numerous models exist to approximate

the film thickness [147–149]. In this work, sub monolayer concentrations were deposited

on the dielectric surface. It was deemed unnecessary to estimate the film thickness as

the ionic surface concentration per unit area after spin coating is of greater significance.

This value was determined by depleting the surface of ions during the migration process

described in Section 2.6, and measuring the resulting charge within the dielectric.

2.4.2 Thermal Evaporation

During thermal evaporation, a source material is subjected to high temperature within

a vacuum to make it evaporate. Placed directly above the source material is a target

substrate held at a cooler temperature to allow the source material to condense on the

surface. This technique is used frequently in the semiconductor industry [150, 151]. In

this thesis, only KCl solution was deposited using thermal evaporation to avoid cross

contamination of different ionic species within the evaporating chamber. Depositions

were carried out using the thermal evaporator in the Begbroke cleanroom in Oxford. The

precursor was prepared by dissolving the KCl salt in 100 % DI water. 50 µL of KCl

solution was dropped via pipette into a tungsten boat. The boat was placed directly into

the evaporator and a current of 30 amps was applied for 1 minute, by which point the

deposition was complete and the current was turned off.

The molarity of the 50 µL droplet was determined by the mass of KCl required to deposit

an ionic surface charge concentration of∼1013 ions cm-2. Here the mass of the salt (Msalt)

is calculated as:

Msalt =
Vsol
Vboat

ρsalt
NAV G

Σ (2.2)
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where Vsol is the total volume of the prepared solution, Vboat is the amount placed in

the tungsten boat, ρsalt is the density of the salt and NAV G is Avogadro’s constant. The

number of molecules, Σ, is related to the desired ionic surface concentration, σ:

Σ = σ(2πr2) (2.3)

where r is the distance from the tungsten boat to the flat substrate held directly above,

here 15 cm. Similarly to spin coated samples, the deposited ionic surface concentration

was verified by depleting the surface of ions and measuring the dielectric charge.

2.5 Corona Discharge

Corona discharge is used to create a surface electric field without the need of a metal

contact. Corona discharge consists of ionised air molecules that are drifted down to the

surface of the target substrate. A description of the corona discharge mechanism is

provided in Section 1.3.3.1. Figure 2.2 provides a schematic of the experimental set-up

used in this work. This set-up is called "tip to plane" where the substrate is placed on the

grounded platform at a distance d directly under the electrode. Charge uniformity across

the specimen is essential for producing a uniform distribution of charge at the interface.

The current density (j) of the deposited corona charge can be used as measure of

uniformity. In traditional tip-to-plane setups, j can be defined at any point on the plane

by Warburg’s law as [152, 153]:

j = j0cos
5θ

j0 ≈ I/2d2
(2.4)

where j0 is the peak current density, I is the total corona current, d is the distance from
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the tip to the plane and θ is the angle relative to the normal as shown in Figure 2.2.

Therefore, increasing d reduces the displacement in θ and increases the uniformity of

corona current across the plane. The plane current drops with increased height so a higher

source electrode current would need to be applied to compensate this loss.

In this work the centre of a standard 4 x 4 cm sample was placed 20 cm below the tip of

the source electrode held at ±30 kV. Following Warburg’s law, this distance is expected

to give charge uniformity with a variation of less than 1% [102, 154].

Figure 2.2: Schematic diagram of a tip-to-plane corona discharge, after [152].

47



I. Al-Dhahir Chapter 2. Experimental Methods

2.6 Ion Migration

Set A wafers (n-type 1 Ωcm FZ) were exclusively used for ion migration studies. These

had 100 nm thermal SiO2 grown on both surfaces at Fraunhofer ISE. A flow chart of the

subsequent processing sequence is shown in Figure 2.3. Ionic precursors were deposited

directly on the front and rear oxide surfaces by either spin coating or thermal evaporation,

as described in Section 2.4.1 and 2.4.2. Both faces were subsequently corona charged

for varying amounts of time, and immediately placed on a hotplate and annealed at a

temperature between 250 - 600 ◦C. Annealing is required to provide enough energy to

overcome the barrier for ion injection while the positive surface electric field drifts the

ions across the oxide film. To prevent contamination from the hotplate surface, a dummy

wafer was placed underneath the specimen. Separate dummy wafers were used for each

ion. The hotplates in the laboratory were able to reach a maximum temperature of 500 ◦C.

In order to raise the hotplate temperature further to 600 ◦C, a clean glass lid was placed on

the surface of the hotplate. The temperature of the surface underneath the lid was verified

using an RS PRO Type K thermocouple. Using a heat-proof glove, the lid was raised for 3-

4 seconds to slide the specimen onto the dummy wafer. The lid was immediately replaced.

Removal of the specimen from the hotplate after annealing required approximately 10-12

seconds. Here, the lid was removed once again with heat-proof gloves. Given the lack of

dexterity, the gloves were first taken off before removing the specimen from the hotplate

with metal tweezers.
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Figure 2.3: Flow chart of the ion migration procedure used in this work.
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2.7 Ultraviolet Radiation

Ultraviolet (UV) radiation was used to perform accelerated ageing experiments on

specimens passivated by ion-charged oxides. An in-house UV exposure chamber was

constructed using four Osram UVA lamps to achieve a total optical irradiance of ∼5 mW

cm-2 with the spectrum and configuration shown in Figure 2.4. Within the chamber, only

one side of the specimen could be exposed to UV radiation.

Figure 2.4: Ultraviolet spectral irradiance and configuration.

2.8 Electrical Characterisation

2.8.1 Photoconductance Decay

The effective lifetime of minority carriers was evaluated by measuring the

photoconductance decay on a Sinton WCT-120 Lifetime Tester. Figure 2.5 depicts the

set-up of the Sinton tester. Within the stage there is an inductive coil that creates a

magnetic field within the specimen sitting above. A high intensity flash of light

generates electron-hole pairs within the silicon. The impedance of the inductive coil

changes, which is used to measure the change in conductivity of the specimen as the
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Figure 2.5: Schematic of the Sinton Lifetime Tester.

flash decays. The change in conductivity of a specimen, ∆σ, is directly related to the

minority carrier concentration, ∆p, in n-type Si, as:

∆σ = q∆p(µn + µp) (2.5)

where q is the electron charge and µn and µp are electron and hole mobilities, respectively.

Solving for ∆p, τeff can be calculated as a function of time:

τeff =
∆p

G− d∆p
dt

(2.6)

where G is the rate of electron-hole pair generation.

Two types of measurements exist depending on the lifetime of the sample; transient and

quasi steady state (QSS). The transient measurement is used on wafers with lifetimes of

100 µs or longer. Under transient conditions, the sample is illuminated by a short pulse of

light that excites charge carriers. The actual measurement begins once the flash has ended

during which the decay of excited carriers is measured over time. Since the measurement

begins after the pulse of light has ended, G is not calculated. Therefore under transient
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conditions, τeff is expressed as:

τeff = − ∆p
d∆P
dt

(2.7)

QSS mode is used when wafers have a lifetime below 100 µs. The sample is illuminated

for approximately 10 times longer than its lifetime so that steady state conditions are

created. Since carriers are continually generated at a constant rate, the term d∆p/dt =

0. The lifetime under QSS conditions is expressed in equation 2.8. G is calculated by

measuring the incident number of photons per cm2 per second and correcting for the Si

absorption coefficient and wafer thickness.

τeff =
∆p

G
(2.8)

2.8.2 Transparent Gate Electrode

To estimate the fundamental interface recombination parameters, surface recombination

at the Si-SiO2 interface was varied by regulating the carrier density using a biased

transparent gate. The method recently developed by Bonilla [155] was used to record

effective lifetime as a function of gate bias. In this procedure, a semi-transparent gate

electrode is produced on top of the dielectric to simultaneously control surface potential

and measure effective lifetime on the Sinton Lifetime Tester. Undiluted

poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) was coated over

both sides of all finished samples with a standard paintbrush to form a nearly transparent

thin film. After coating, the film was annealed for 20 seconds at 120 °C in air to

evaporate the solvent to allow the polymer to bind, and increase the conductivity [156,

157]. The PEDOT:PSS solution was 3.0 - 4.0 wt. % in H2O from Sigma Aldrich.

In the experimental set-up shown in Figure 2.6, the coated specimen is placed on the

Sinton Lifetime Tester. Two spring loaded probes connect a source meter to the front and
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Figure 2.6: Schematic diagram of the electrically connected transparent electrode upon the Sinton
Lifetime Tester.

rear gates. Another set of probes is positioned laterally across the specimen from the first

set and is connected to a multimeter to ensure the applied voltage from the source meter

is constant across the polymer. As the gate voltage is incrementally changed, lifetime

measurements can be recorded to construct a plot of τeff vs gate voltage.

This technique can only be used on planar wafers as the valleys and peaks of textured

wafers make it difficult to apply a smooth and continuous layer of PEDOT:PSS across

the dielectric. Therefore, for textured specimens incremental additions of corona charge

served as the gate electrode where the concentration of corona charge was quantified using

Kelvin Probe. The Kelvin Probe technique will be explained in Section 2.8.4.

2.8.3 Capacitance-Voltage Measurements

Capacitance-voltage (CV) measurements were used to calculate the effective

concentration of charge at the dielectric-silicon interface. CV was performed on

metal-insulator-semiconductor (MIS) structures using a Keysight 4980A LCR meter.

MIS structures were prepared in two ways. In the first, the rear dielectric was etched

with hydrofluoric acid to remove the dielectric on one side of the substrate prior to

thermally evaporating ∼100 nm of aluminium in an Edwards 306 evaporator. Front

contacts 1 mm in diameter were made by evaporating aluminium through a shadow

contact mask directly onto the dielectric. The second method is known as mercury probe
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CV. Here, a temporary front contact is made with mercury, as shown in Figure 2.7. The

rear contact is made by manually etching the dielectric and painting gallium indium

eutectic followed by silver DAG directly onto the silicon. As the more rapid technique,

mercury probe CV was used when many samples needed to be tested in succession.

Figure 2.7: Schematic diagram of mercury probe CV, after [100].

During a CV measurement, the capacitance is recorded as the gate bias is varied. The

change in gate bias influences the carrier concentration at the silicon surface and

modifies the band bending as shown in Figure 2.8. Biasing the gate more positively or

negatively results respectively in accumulation and inversion of majority carriers at the

silicon surface. The flat band voltage is where the semiconductor surface transitions

from accumulation to depletion. At this voltage the electric field in the silicon, and

therefore the charge, is zero.

The combination of three sources make up the total capacitance of the MIS structure.

Within the semiconductor, the capacitance of the space charge region (CSCR) is in parallel

to that of the interface traps (Cit). Together these are in series with the capacitance of the

dielectric (Ci). The equivalent measured capacitance is therefore given as:

Cmeas =
(CSCR + Cit)Ci
CSCR + Cit + Ci

(2.9)

The capacitance of the dielectric at strong accumulation is calculated as:
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Ci =
εrA

d
(2.10)

where εr is the relative permittivity. The insulator thickness, d, is the thickness of the

oxide layer or the effective oxide thickness where a second dielectric is deposited. A is

the area of the metal contact on the MIS device. As the area of the contact is often difficult

to measure precisely, it is common to assume that Ci is equal to Cmeas in accumulation.

Origin of Charges

An ideal MIS capacitor assumes no charge in the insulator. In reality, charges are

introduced during the various stages of processing. Charges arise from three separate

sources; mobile ions, interface traps and fixed charges. Mobile charge, Qm, is

predominantly composed of sodium contaminants and heavy metals, and possibly H+

atoms [158–160]. Interface trapped charge, Qit, can be positive or negative and arises

from structural defects and broken bonds. Interface traps respond to the DC gate voltage

during a CV measurement and can become charged or uncharged depending on the

surface potential. Qit can be reduced via annealing and in the case of a well passivated

thermal Si-SiO2 interface it is usually very low in the range of 109-1010 cm-2eV-1

[161–163]. Fixed positive charges, Qf , are also located close to the interface. Unlike

interface trapped charges, Qf does not respond to changes in gate voltage. Figure 2.8

depicts the changes in charge within the MIS structure under accumulation, flat band,

depletion and inversion conditions.

The total concentration of charge can be calculated from the flat band characteristics of

the capacitor. Under ideal conditions, the flat band voltage (VFB) is calculated simply as

the difference between the work function of the metal, Φm, and the work function of the

silicon, ΦSi. The presence of Qf causes a shift in VFB as a more negative gate bias is

required to flatten the energy bands in the silicon. The effect of charge is shown in Figure

2.9a and b. VFB for non-ideal conditions is then calculated as:
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Figure 2.8: Energy and charge diagrams for non-ideal n-type MIS devices in accumulation, at flat
band, in depletion, and in inversion.

VFB =
Φm − ΦSi

q
− Qitd

εr
− 1

εr

ˆ d

0

xρi(x) dx (2.11)

where ρi(x) is the volumetric charge distribution within the insulator, and d is the length

of the dielectric. Since it is not possible to know the exact distribution of charge within the

dielectric film, it is simpler to represent it as an effective sheet of charge with its centroid

xc at position x = d [161]. This is termed the effective interface charge concentration

Qeff . Therefore, ρx can be expressed as a delta Dirac function ρx = Qeffδ(x− [d− xc]).

VFB can then be expressed as:

VFB =
Φm − ΦSi

q
− Qitd

εr
− Qeff (d− xc)

εr
(2.12)

Once VFB has been calculated from the CV measurement, Qeff can be determined as:

Qeff =
εr

d− xc
(
Φm − ΦSi

q
− VFB −

Qitd

εr
) (2.13)

From Equation 2.13, it is clear that the closer the position of the charge to the Si-SiO2
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Figure 2.9: Capacitance-voltage curves for a) an ideal n-type capacitor b) the effect of charge in
the insulator and c) the stretching effect due to interface states.

interface, the more sensitive the CV measurement.

Density of Interface States

The density of interface states (Dit) is often used as a quantitative measure of the

chemical passivation of the interface. As the voltage is varied during a CV measurement,

the position of the donor and acceptor states changes relative to the Fermi level. Starting

from inversion, as the voltage becomes more positive the Fermi level rises relative to the

mid-gap and more acceptor states become negatively charged. This increases the

capacitance at any given voltage. The "stretching" effect of Dit on a CV curve of an

n-type semiconductor is shown in Figure 2.9c. Qit is therefore a function of the Fermi

energy expressed as:

Qit = q

ˆ EC

EV

Dit dE (2.14)

In this thesis, Dit is obtained from experimental data using a model adapted from the

Terman method [164]. Here, the total capacitance is measured at high frequencies of 1

MHz. Interface traps are slow to charge or discharge at high AC perturbation frequencies

and so at 1 MHz they do not respond to the AC signal [165]. This ensures that the interface

traps only respond to the position of the Fermi level as the DC voltage is swept. The Dit
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can be related to the capacitance that arises from the interface traps:

Cit =
dQit

dΨs

= q2Dit (2.15)

where Ψs is the semiconductor surface potential. The ratio of Ψs to the applied gate

potential, Vg, is a measure of the stretching effect and is given by:

dΨs

dVg
=

Ci
Ci + Cit + CSCR

(2.16)

Substituting equation 2.15 into 2.16 and solving for Dit gives the following:

Dit =
Ci
q2

[(dΨs

dVg

)−1 − 1

]
− CSCR

q2
(2.17)

The stretching effect, dΨs
dVg

, is quantified by comparing the experimental curve to an ideal

theoretical CV curve. As Dit depends upon the energy level in the band gap [18], it

is the norm to quote Dit at the mid-gap where the deepest and therefore most effective

recombination traps lie.

2.8.4 Kelvin Probe Measurements

Kelvin Probe (KP) characterisation is a non-contact technique to measure the difference

in surface potential between a metal probe and the dielectric surface. During a KP

measurement the metal probe with a known work function (Φm) is contacted to the

silicon wafer, and brought to close proximity of the dielectric surface. Figure 2.10a

shows the relative differences in energy of the probe and silicon before they are

connected. When the two materials are electrically connected, as shown in Figure 2.10b,

a capacitor is created where the silicon wafer and metal probe act as electrodes. As the

electrons travel from the lower work function material to the higher, the Fermi levels

equalise and a contact potential difference, equal to the work function difference, is

58



I. Al-Dhahir Chapter 2. Experimental Methods

created between the two surfaces.

The metal probe is oscillated up and down directly above the sample surface. The

oscillation varies the capacitance and generates an AC backing current, ib:

ib =
dC

dt
V (2.18)

Baikie’s method is used to determine the work function difference [166]. Here a counter

potential, also known as a backing potential (Vb), is applied to the probe (Figure 2.10c)

and ib is recorded. Vb is slowly increased until there is no oscillating current. The voltage

at which Vb nullifies the contact potential difference occurs when the current equals 0.

In this thesis, the KP technique is used to calculate the surface charge concentration of the

dielectric (Qsurf ). The backing potential is required to counterbalance both the potential

of the pin and the dielectric-silicon system. Vb is therefore calculated as

Vb = −

[
Φm − Φs

q
− VSCR − Vi

]
(2.19)

where VSCR is the voltage of the space charge region and Vi is the voltage across the

dielectric. The precise calculation of VSCR is a laborious task that follows an iterative

algorithm by Girish et al [167]. Previous work in reference [113] has determined that the

contribution from the space charge region is < 0.25 V where the surface charge density

is below 1013 q cm-2. Given that the contribution from VSCR is expected to be negligible,

it can be omitted from equation 2.19. Vi is calculated assuming a uniform charge density

(ρi) across the length of the dielectric and is expressed as the integral

Vi =
1

εr

ˆ d

0

xρi(x) dx (2.20)

Therefore, omitting VSCR and substituting equation 2.20 into equation 2.19, we arrive at
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(a)

(b)

(c)

Figure 2.10: Energy diagrams of (a) two unconnected surfaces (b) the band alignment when metal
probe and silicon surface are connected and in proximity and (c) the effect of applying a counter
potential.
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the same equation for calculating VFB in equation 2.11.

Vb =
Φm − Φs

q
− 1

εr

ˆ d

0

xρi(x) dx (2.21)

Similarly to a CV measurement, ρi can be assumed to reside as a plane of charge at a

distance xd from the dielectric-silicon interface. The relationship can be expressed as

ρi = Qfδ(x− xd). Vb is then calculated as:

Vb =
Φm − Φs

q
− xdQf

εr
(2.22)

Rearranging, the effective surface charge is then calculated as:

Qsurf =
εr
xd

(
Φm − Φs

q
− Vb

)
(2.23)

In this work, KP is used to measure Qsurf at the very surface of the dielectric, ie. the

air-dielectric interface, and so xd equals the dielectric thickness in all cases.

2.9 Secondary Ion Mass Spectrometry

Secondary Ion Mass Spectrometry (SIMS) is a technique used to determine elemental,

isotopic, and molecular composition of solids. It is one of the most sensitive surface

analysis techniques available. Here, under vacuum the surface of the specimen is

sputtered using a focused ion beam under vacuum. The ejected secondary ions are

transferred to a mass spectrometer under a strong electric field. The mass to charge ratio

of these collected ions is used to identify the elemental or molecular composition.

In this work, SIMS characterisation was used to confirm the presence of K+, Rb+ and

Cs+ ions within SiO2. A Thermo Scientific Helios G4 Plasma FIB DualBeam (PFIB)

system combined with a Hiden Analytical EQS quadrupole SIMS detector was used. In
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preparation, samples were contacted to a metal stub and had 15 nm of platinum deposited

on the surface to prevent charging of the insulating dielectric. During the measurement,

an area of 50 µm x 50 µm (100 x 100 pixels) was scanned using a focused beam of Xe+

at 5 kV and 100 pA. Selected secondary ions were collected by the quadrupole detector.

This scanning process was repeated throughout the depth of the oxide film to create stacks

of images showing the distribution of each element. The Hiden SIMS Mapper was then

used to create elemental depth profiles.

Due to access restrictions in the electron microscopy facility, all SIMS measurements

were performed by Junliang Liu at the University of Oxford.
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3 | ELECTROSTATIC TUNING OF IONIC

CHARGE IN SILICON DIOXIDE

The incorporation of solid-state ions within dielectric films is a key method to generate

permanent electric fields in electronic devices. Potassium ion-charged dielectrics, for

example, have been used in a range of applications. Recently, they have been reported in

vibrational energy harvesters, pressure sensors, and actuators, as well as in silicon surface

passivation [67, 93, 111, 112, 168]. To the authors knowledge, no reports exist on Rb+

charged dielectrics. However, research dating from the 1980s studied the use of Cs+ ions

in creating inversion layers in p-type silicon [78, 169–173]. In these reports, ions were

introduced to the silicon-dielectric interface either by dipping bare silicon in an ionic

solution before dielectric deposition, or via ion implantation directly within the dielectric

[78, 169–173]. It has long been presumed that owing to their large ionic radius these

ions were immobile within SiO2 [174, 175]. In the last 30 years since these reports, little

research has been conducted to examine further the use of ions larger than K+.

In this chapter it is demonstrated that all three alkali ions are mobile within SiO2. It is

demonstrated that the measuredQeff of K+, Rb+, and Cs+ ions within SiO2 can be acutely

controlled by regulating the surface electric field strength as well as the temperature and

duration of the anneal during migration. Following the methodology described in Section

2.6, the ions were driven to the Si-SiO2 interface during a high temperature anneal assisted

by a variable corona-induced surface electric field. By employing this methodology, acute

control over Qeff ranging from 0.5 x 1011 q cm-2 to 1 x 1013 q cm-2 is demonstrated

here. The ability to tune the embedded charge is beneficial not just to the field of surface

passivation, but to a variety of applications where the performance of dielectric-based

devices is strongly dependent upon the charge concentration. For example, in the field

of electrostatic energy harvesters, the power output is proportional to the square of the

charge concentration within the dielectric [176, 177]. Dielectric devices with substantial
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in-built electric fields eliminate the need for DC biasing, thus benefitting from low voltage

and reduced power consumption [178, 179].

Following a review of previously reported work on K+ ion kinetics in SiO2, this chapter

presents a novel and comprehensive model of the migration process. The model explores

the dependency of K+, Rb+, and Cs+ ion kinetics within SiO2 on temperature and surface

electric field. It describes the first complete model that accounts for the injection of ions

at the air-SiO2 interface, the transport of ions under a temporary surface electric field

provided by corona charging, and the trapping of ions at the Si-SiO2 interface.

3.1 Literature Review of K+ Ion Kinetics

To the author’s knowledge, the first study on the kinetics of ions within dielectrics was the

work of Yamin in 1965 [180]. Yamin examined the diffusion of ions across SiO2 in metal-

oxide-semiconductor (MOS) structures and their response to a surface bias at elevated

temperatures. These ions were found to be Na+ contaminants and were determined to

be a key source of instability in silicon devices due to their high mobility even at low

temperatures [114, 181]. In further studies, the larger K+ ion was also shown to respond

to a surface bias, however, with stronger charge trapping at the Si-SiO2 interface. As a

result, K+ exhibited greater stability than Na+. Nauta and Hillen explained the behavioural

difference between the two ions by studying their activation energies [182]. They showed

that under a bias of +2.5 V and temperature ranging between 50 - 350 ◦C, the activation

energy of Na+ and K+ ions at an Al-SiO2 interface is 1.10 eV and 1.65 eV, respectively.

Under the same thermal stress and equivalent reverse bias, the activation energy of the

ions trapped at the Si-SiO2 interface was reported to be 1.01 eV and 1.65 eV, respectively

[182]. The higher activation energy of K+ ions at both interfaces in comparison to that

of Na+ ions lowers the probability of de-trapping from the interface, which improves the

stability of the ions inside of the thin film.

The mobility of K+ ions within SiO2 has also been previously reported [174, 183, 184].

64



I. Al-Dhahir Chapter 3. Electrostatic Tuning of Ionic Charge in Silicon Oxide

Mobility values have been determined on MOS structures by measuring the transit times

of K+ ions from the metal-SiO2 interface to the Si-SiO2 interface at a range of

temperatures. From the relationship between mobility and temperature, the activation

energy of diffusion can be determined. Within the literature, there is close agreement

that the activation energy of diffusion lies between 1.01 eV and 1.09 eV [174, 183, 184].

Traditional methods of drifting charge through the oxide film require the deposition of a

metal contact to apply a surface bias. This technique is not adaptable to solar cell

production, and limits further characterisation such as photoconductance decay

measurements. The recent method reported by Bonilla addresses this problem by using

corona charge to serve as a temporary and transparent electrode [93]. It was found that

by applying corona charge prior to annealing, a substantial concentration of K+ ions >2 x

1012 q cm-2 can be migrated to the Si-SiO2 interface within 2 minutes at temperatures of

400 - 450 ◦C. This is in comparison to a transit time of 15 - 90 minutes relying on

diffusion alone, without electric field enhancement, at elevated temperatures [93, 113].

A model of K+ ion diffusion dynamics in the absence of a metal contact is reported in

reference [93]. This simplified model does not consider the effect of surface electric

field, nor the electric field arising from the ions within the oxide itself. An updated

model that takes into account all electric field components, including the time and

temperature dependent decay of corona charge is presented next.

3.2 Physical Model of Ion Injection, Transport and

Trapping

A model of ion injection at the surface and transport through the dielectric has been

developed and is described in this section. Due to its relevance and ubiquity in electronic

devices, the model has been optimised for the case of alkali ionic charge in a SiO2 thin

film. Contrary to prior work, this model accounts fully for both injection and migration

processes, while also considering the electrostatic interaction of ions in the presence of a
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variable electric field. The kinetics of K+, Rb+, and Cs+ ions in SiO2 are studied

experimentally and used to find the kinetic parameters via the proposed model.

The model uses finite element analysis to simulate ion migration into and across the

dielectric. Here, the SiO2 film of thickness d is discretised into n number of equal

elements. As SiO2 is known to possess a small native concentration of positive charge, a

concentration of 8 x 1015 q cm-3 was assumed to exist uniformly within each element

prior to the introduction of extrinsic charge [18]. This is equivalent to Qeff = 4 x 1010 q

cm-2, which has been corroborated using capacitance-voltage (CV) measurements.

A schematic diagram of the air-oxide-silicon system is depicted in Figure 3.1. On the

surface of the dielectric, the ions are bound to Cl- since a chloride salt is used as a

precursor. In the bound state, the alkali ions face a considerable energy barrier to enter

the SiO2. The energy required to overcome the barrier at the air-SiO2 interface is referred

to as the activation energy of injection (∆Eao). The distribution of activation energies

has previously been approximated most typically using either a single energy value

[185], or Gaussian distributions [158, 182, 186, 187]. In this work, a single activation

energy is used for simplicity. Ions are thermally excited over the injection barrier during

high temperature anneals. Upon injection into the SiO2, the ions exist in a free state and

contribute to the positive charge within the SiO2. As the concentration of ions within the

SiO2 increases, negative mirror charge accumulates at the silicon surface resulting in an

electric field. This field can be further augmented by the presence of positive corona

charges on the SiO2 surface. The field provided by corona charges is not stable

throughout the anneal and decays with time and increasing temperature [93, 103]. The

effect of the corona charge concentration over various annealing times and temperatures

is investigated in this work. The ions arriving at the Si-SiO2 interface are assumed to be

similarly trapped at a single energy level, ∆Eos. The accumulation of ions at the Si-SiO2

interface generates a field that reduces the corona-induced field, and thus limits further

ionic migration. Each kinetic process in this system is described next.
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(a) (b)

Figure 3.1: Schematic illustration of the ion kinetics in the dielectric thin film system (a) shortly
after inital ion injection and (b) after the electric field of the ions compensates the corona-induced
field.

3.2.1 Ion Injection at the Air-SiO2 and Trapping at the Si-SiO2

Interfaces

The rate determining step of ion migration is the de-trapping and trapping of ions at

the air-oxide and oxide-silicon interfaces, respectively [185, 187]. Since these rates are

directly proportional to the concentration of ions, either trapped at interfaces or de-trapped

in the oxide bulk, a first-order kinetic approach is used to model ion injection at the air-

oxide interface and ion trapping at the oxide-silicon interface. Firstly, the concentration

of ions trapped at the SiO2 surface (Cao) is calculated using Equation 3.1 [93]:

dCao
dt

= C1 × (Ntrap(E, t)Rtrap(E))− Cao(E, t)× s× e
−∆Eao
kT (3.1)

where the first term represents increases in ion concentration due to trapping and the

second term represents decreases in concentration due to injection into the SiO2, mediated

by a barrier with energy ∆Eao. As ions are released into the SiO2, the number of trap
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states (Ntrap) available at the air-oxide interface increases. The total number of trap states

is set to 1013 cm-2 following references [158] and [188], and the capture rate (Rtrap) set

to 1011 cm-2s-1 [93]. The ion concentration within the first segment of the oxide film (C1)

has a re-trapping probability at the SiO2 surface equal toNtrap(E, t)Rtrap(E). The escape

frequency (s) defines the dynamics of ion release. Following reference [158], a value well

within physical constraints of 5 x 1011 s-1 was used for s, while the activation energy at

the air-oxide interface (∆Eao) was left as a fitting parameter.

Ion trapping/de-trapping at the Si-SiO2 interface is expressed similarly in Equation 3.2.

Here, Cn is the concentration of ions in the last element of the SiO2, and ∆Eos is the

activation energy at the Si-SiO2 interface. Ntrap, Rtrap, and s are the same as previous. It

is assumed that there is no trapped charge at the interface at time t = 0.

dCos
dt

= Cn × (Ntrap(E, t)Rtrap(E))− Cos(E, t)× s× e
−∆Eos
kT (3.2)

The effective interface charge concentration (Qeff ) at the Si-SiO2 interface at time t is

calculated as a function of the ionic concentration Cx at position x, following Equation

3.3.

Qeff = qeΣ
x=d
0 Cx ×

x

d
(3.3)

Qeff represents the measurable ionic charge when using, for example, capacitance voltage

technique [100], and assuming that the charge centroid lies at the Si-SiO2 interface such

that x = d. This is chosen due to the use of CV characterisation as described in Section

2.8.3.
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3.2.2 Ion Transport Through SiO2

The SiO2 matrix allows ions to diffuse through large interstitial sites created by the

continuous interconnected network of tetrahedral SiO4 molecules [189, 190]. The energy

required to allow ion transport through the dielectric is called the diffusion activation

energy (∆Ed). The Anderson-Stuart model of diffusion defines ∆Ed as the sum of the

electrostatic binding energy of the ion and the strain energy required to dilate the oxide

structure to permit movement of the ion [191]. The model delivers a parabolic

dependence of activation energy on ionic radius. Despite inducing minimal distortion of

the oxide, ions of a smaller ionic radius than Na+ have a high ∆Ed due to their greater

binding force to O2- ions of the oxide. On the other hand, ions larger than Na+ possess a

smaller binding force but have increasingly higher ∆Ed caused by greater network strain

energy. The mobility (µ) of the ions through the dielectric as a function of temperature is

defined as [174, 183, 184]:

µ = µ0e
−∆Ed
kT (3.4)

Table 3.1 lists a range of mobility pre-factors (µ0) that have been reported in the

literature for K+ ions within SiO2. These values differ by up to 1 order of magnitude.

Previously reported mobility data are plotted as a function of temperature in Figure 3.2.

Stagg’s results were determined from thermally stimulated ionic conductance (TSIC)

measurements performed on MOS structures between 227 - 297 ◦C [183]. Hillen et al.

used triangular voltage sweep (TVS) measurements between the temperature range 300 -

450 ◦C, and found very close correspondance to Stagg’s data [184]. Hillen et al.

additionally determined an expression for µ0 as a function of temperature (provided in

Table 3.1) and found that within the temperature range studied, µ0 has negligible

influence. Greeuw and Verwey similarly used TVS measurements, however, their results

do no correlate well with the other authors’ [174]. No explanation is given for the

discrepancy in results, however, it is reported that µ0 could vary depending on oxidation
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conditions and temperature [174, 184]. Despite the discrepancy in µ0, the corresponding

values of ∆Ed are in excellent agreement with each other. Given such uncertainty in µ0,

the pre-factor was adjusted in this work as a parameter to ensure the value of ∆Ed is in

good agreement with the literature. Here, µ0 was set to 0.05 cm-2V-1s-1, which is within

the range calculated by Stagg, and just outside the range calculated by Hillen et al. It is

noted that their calculations of mobility include both the de-trapping and migration of K+

ions across the oxide, so these values could be altered when obtained by a more fitting

experiment. To the author’s knowledge, no mobility data exist for Rb+ and Cs+ ions.

Therefore this pre-factor was kept constant for all three ions.

Figure 3.2: K+ ion mobility as a function of temperature as reported in the literature.

AUTHORS µ0 (cm-2V-1s-1) ∆Ed (eV)

Stagg, 1977 [183] 0.026 1.09 ±0.06
(within a factor of 4)

Hillen et al, 1979, [184] 0.016 1.04 ±0.03
(within a factor of 2.5)

Hillen et al, 1979 (T dependent) [184] 17.46
T 1.09

Greeuw and Verwey, 1984 [174] 0.0025 1.04 ±0.10
(within a factor of 8)

Table 3.1: Summary of K+ mobility pre-factors and activation energies of diffusion from the
literature.

70



I. Al-Dhahir Chapter 3. Electrostatic Tuning of Ionic Charge in Silicon Oxide

Following the Einstein relation, the diffusivity (D) can be calculated as:

D =
kTµ

q
(3.5)

The migration of ions across the dielectric is governed by Fick’s laws of diffusion. At

elevated temperatures, alkali ions injected into the SiO2 are driven across the film with

the driving force provided by the concentration gradient. The concentration gradient is

supplemented by an external surface bias and the Coulombic attraction between the ions

and the mirror charges that appear at the Si surface. The total flux within the system is

therefore the sum of the diffusive and drift flux. Following Fick’s first law, the diffusive

flux is given as:

Jdiff = −DdC
dx

(3.6)

where C is the ionic concentration per unit volume. The flux arising from drift is expressed

as:

Jdrift = µEC (3.7)

where E is the electric field present within each element.

There are three sources of electric field. The first is the field from surface corona charges

(Ecorona), purposefully applied to enhance migration. This electric field source is not

constant as the instability of corona charge increases with temperature. Experimental

data recording the decay of surface charge over time was taken in 50 °C increments

between 200 °C and 500 °C to parametrise this field. The field from the corona charge

experienced in every element of the SiO2 is reduced by the amount of injected ionic

charge as Cl- anions left behind after K+ injection effectively neutralise the corona

surface charge. Consequently, the field experienced within each element as a function of
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time is calculated from Gauss’ Law as:

Ecorona =
qCcorona(t)− qΣx=d

0 C(x, t)

εr
(3.8)

where Ccorona is the surface concentration of corona charge per unit area.

The second contribution to the electric field arises from the ionic charge within each

element (Eions). The electric field is the sum of all the ion contributions at position x, with

greater contribution the closer to the Si-SiO2 interface, as described by the calculation for

the effective interface charge concentration in Equation 2.13. Therefore, the field within

each element is calculated at time t by performing a cumulative integration at time t with

respect to position x, following Gauss’ Law, as:

Eions =

ˆ x=d

0

qCions(x, t)

εr
dx (3.9)

The third contribution is from ions that are re-trapped at the SiO2 surface, which is to say

ions that are ejected to the air-oxide interface. Before injection, ions are assumed to be

bound to Cl- and therefore not contribute to the electric field. After injection into the SiO2,

the alkali ions are free ions that contribute to the electric field. Re-trapped ions therefore

contribute to the electric field similar to any remaining corona ions, as follows:

Eretrapped,ao =
qCretrapped

εr
(3.10)

3.2.3 Stability of the Model

The model of ion kinetics follows the iterative sequence illustrated in Figure 3.3. The

model is divided into the three segments: ion injection at the SiO2 surface, transport

across the film, and trapping at the Si-SiO2 interface. A fixed amount of time is allowed

for each segment to complete. As ion kinetics are limited by the rate of release from
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trap sites [93, 181, 182, 185], a longer amount of time is required for surface injection

and interface trapping than for diffusion across the SiO2. Here, 10 ms was allocated for

segments 1 and 3, and 2 ms was allocated for segment 2. Reducing these time increments

to simulate a more continuous process resulted in no further change to the results.

Figure 3.3: Flow chart of code execution.

The finite difference method was used to simulate the transport of ions within segment 2.

The oxide film of thickness d = 100 nm was discretised into n number of equal elements,

each of thickness dx. During segment 2, the change in ionic charge concentration (dC)

within each element is updated every time step (dt). Therefore the new charge

concentration is calculated as:

C(t+ dt) = C(t) + dC (3.11)

Where following Fick’s second law of diffusion, dC is given as:
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dC =
dJtot
dx

dt (3.12)

This iterative sequence is known as the Forward Euler Method [192]. Provided dt is

kept small, the approximation of the new charge concentration is expected to be very

accurate. The time step is therefore important to ensure the model runs stably. Following

an initial time step of 1 ns for the first iteration within segment 2, the model self-regulates

by placing a limit of 0.01 % on the maximum allowable change in ionic concentration

within each element. If dC exceeds this limit, the step is retracted and the previous

concentrations re-instated. The time step is subsequently reduced by 5 % until dC is

within 0.01 %. A maximum tolerated time step is determined following the Von Neumann

Stability Analysis and is expressed in Equation 3.13. The derivation can be found in

reference [193]. If the variable time step is below dtmax, the time step is increased by

15 %. The stability section of the code was largely based on previous work by a Part II

student, Rachel Kealy.

dtmax =
dx2

2D
(3.13)

3.2.4 Simulating Corona Charge Decay

Corona charge decay data was taken experimentally to account for the time and

temperature dependent electric field induced by corona charges. Kelvin Probe surface

charge measurements were taken immediately following corona charging and

subsequently every 15 seconds of annealing, with the first 3 measurements taken every 5

seconds. A range of initial charge concentrations between 1012 – 1013 q cm-2 were

deposited and the decay of each was recorded at 300 °C, 450 °C and 500 °C. The same

charge decay data taken at 500 °C was also used for 600 °C as the time taken to remove

the sample from the hotplate at 600 °C increases the error in time significantly.

Additionally, the charge decay at 500 °C is so rapid that it is unlikely the data at 600 °C
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(a) (b) (c)

Figure 3.4: Corona charge decay data at (a) 300 °C (b) 450°C and (c) 500 °C. The data taken at
500 °C was also used to simulate charge decay at 600 °C. Each coloured line represents a different
starting concentration of corona charge varying from 1 x 1012 q cm-2 to 1.2 x 1013 q cm-2.

would differ significantly. The experimental data are shown in Figure 3.4. At 300 °C, the

a more gradual charge decay was observed compared to the higher temperatures of 450

°C and 500 °C. At 450 °C and 500 °C, the charge decays to negligible values of ∼5 x

1010 q cm-2 within the first 100 seconds of annealing. This is equivalent to the surface

charge of an untreated SiO2, and therefore indicates that all corona charge is lost. To

incorporate these measurements into the simulation, the experimental data were

smoothed and subsequently fitted to a 2D function using MATLAB Curve Fitting

Toolbox. This function was used to extract the remaining corona surface charge at any

given time at a specified temperature, and was required to calculate Equation 3.8. This

function was used to model the dependency of Qeff on initial corona charge charge

concentration observed in Figure 3.8.

Charge decay measurements were also recorded between 250°C and 500 °C in 50 °C

increments to monitor how a fixed surface charge concentration of 2 x 1012 q cm-2 decays

at each temperature. The experimental data are shown in Figure 3.5. The charge decay

measurements show that at up to a temperature of 200 ◦C, the corona charge is very stable.

As the temperature is increased, the rate of corona charge decay becomes faster. At 500
◦C, almost all the corona charge is lost within the first 5 seconds of annealing. A 2D fit
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Figure 3.5: Charge decay measurements after an initial corona charge deposition of 2 x 1012 q
cm-2 and subsequently annealed between 200 °C and 500 °C. The data taken at 500 °C was also
used to simulate charge decay at 600 °C. The tip was held at a voltage of +30 kV for 30 s.

function was produced from the smoothed data and was used to model the results of Qeff

as a function of annealing time observed in Figure 3.6.

3.3 Alkali Ion Dynamics in SiO2

In this chapter, Set A wafers (n-type 1 Ω cm FZ) were exclusively used. These had

100 nm thermal oxide grown on both sides at Fraunhofer ISE. Initial experiments were

carried out to evaluate the kinetic response of the K+, Rb+, and Cs+ ions deposited on

the dielectric surface to both electric field strength and annealing temperature. First, the

effect of annealing time and temperature was studied on all three ions separately. Samples

were spin coated with either KCl, RbCl, or CsCl solution. Since many samples were to

be tested, the spin coated specimens were cut into small pieces of approximately 2 cm x

1 cm. A corona discharge time of 30 s, equivalent to ∼2 x 1012 q cm-2, was applied to

the surface of all samples to ensure the same initial surface electric field strength prior

to annealing. As shown in Figure 3.6, Qeff of all three ions was measured at intervals
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over the course of 6 minutes annealing at a range of temperatures. The results for K+ ions

are shown in Figure 3.6a. K+ ions were migrated at 250 °C, 300 °C and 350 °C. At 250

°C, a gradual increase in Qeff with time was recorded. A maximum value of 0.8 x 1012

q cm-2 was obtained within 6 minutes of annealing. At 300 °C and 350 °C the K+ ions

saturated at the same Qeff of 1.8 x 1012 q cm-2 irrespective of temperature within just 60

s of annealing. In the case of Rb+ ions, a minimum temperature of 375 ◦C was required

to detect any migration across the oxide, as shown in Figure 3.6b. The effective interface

charge gradually reaches saturation at ∼1.3 x 10-2 q cm-2 after 4 minutes at 450 ◦C. The

results for the largest of the 3 ions, Cs+, are shown in Figure 3.6c. A minimum of 500 °C

was required to detect a small amount of charge migration. After 6 minutes of annealing,

Qeff increased from ∼4 x 1010 q cm-2 to ∼2 x 1011 q cm-2. A higher temperature of 600

°C showed a more substantial increase as Qeff saturates at ∼1012 q cm-2 within 60 s of

annealing.

The model described in Section 3.2 was used to simulate Qeff as a function of time,

temperature and corona charge decay for all three ions. The modelling results are

represented as solid curves in Figure 3.6, and the parameters are provided in Table 3.2. A

value of 1.0 eV and 1.34 eV was chosen as ∆Ed for K+ and Rb+, respectively. These

values are in very good agreement with those proposed by Anderson, Stagg, Hillen and

Greeuw [174, 183, 184, 191]. For Cs+, a value of 1.65 eV was determined as ∆Ed. This

value is lower than the predicted value of 1.83 eV by the Anderson-Stuart model, and

significantly lower than the value of 2.9 eV proposed by Fishbein et al. [194].

The injection of K+ ions at the SiO2 surface has predominantly been studied on MOS

structures and values of ∼1.65 eV have been determined as the activation barrier at the

metal-SiO2 interface [93, 158, 174, 182, 183, 195]. In this work, ions are trapped at an air-

SiO2 interface. Previous work showed that there is a significant difference in activation

energy at the oxide surface depending on the presence of a metal contact [93, 146]. If

K+ ions are trapped at an Al-SiO2 interface they behave differently than at an air-SiO2

interface. A possible reason for this difference could be due to the difference in interface
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(a)

(b)

(c)

Figure 3.6: The influence of annealing time and temperature on migrated (a) K+ (b) Rb+ and (c)
Cs+ ions at the Si-SiO2 interface. Solid lines are model fittings using the parameters in Table 3.2.
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K+ Rb+ Cs+

Cao(t=0) (x1012 q cm-2) 4 a) 4 10
10 b)

Cos(t=0) (x1012 q cm-2) 0 0 0

∆Eao (eV) 1.44 1.57 1.80
∆Ed (eV) 1.00 1.34 1.65
∆Eos (eV) 1.90 2.10 2.25

a)spin coated b)evaporated

Table 3.2: Modelling parameters for the results in Figure 3.6.

trap concentration at a metal-SiO2 and air-SiO2 interface. Here, the parameter ∆Eao was

varied empirically to establish an accurate fitting. In the case of K+, a value of 1.44 eV

was determined. For Rb+ and Cs+ ions, activation energies of 1.57 eV and 1.80 eV were

found. The parameter ∆Eos was similarly varied and a value of 1.90 eV, 2.10 eV, and

2.25 eV were determined for K+, Rb+ and Cs+, respectively. The depth of the energy well

at the Si-SiO2 interface was chosen as to prevent de-trapping. A more precise value of

∆Eos should be determined in future work by analysing the de-trapping and migration of

ions at the Si-SiO2 interface under reverse bias. To the author’s knowledge, no reported

values of ∆Eao and ∆Eos exist in the literature for alkali ions larger than K+.

Figure 3.7 depicts the modelled volumetric distribution of K+, Rb+, and Cs+ ions

throughout the depth of the 100 nm SiO2 film after six minutes of annealing, using the

same experimental and modelling parameters as in Figure 3.6. The results for K+ are

shown in Figure 3.7a. For all three temperatures, the K+ ions accumulate in the final

element of the oxide film, within 0.5 nm of the Si-SiO2 interface. Depending on the

anneal temperature, the peak interface concentration is 3 to 7 orders of magnitude greater

than the bulk concentration. This indicates that the experimental Qeff measured is

approximately equivalent to the interface charge. This is in good agreement with SIMS

results presented in the literature that show the the peak concentration of K+ ions located

within a few nanometres from the Si-SiO2 interface is at least 1-2 orders of magnitude

greater than the concentration within the bulk [111, 115, 178, 196]. The results for Rb+
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(a)

(b)

(c)

Figure 3.7: Simulated volumetric distribution of (a) K+ (b) Rb+ and (c) Cs+ ions throughout the
depth of the SiO2 film after 6 minutes of annealing.
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ions are shown in Figure 3.7b. Similarly to K+, the peak concentration of Rb+ ions

migrated at temperatures ≥ 375 ◦C is located within the final element of the SiO2, at its

interface with silicon. With increased temperature, the Rb+ concentration at the air-SiO2

interface increases. This is due to the faster decay of corona charge at high temperatures,

which results in negligible surface electric field. The untrapped Rb+ ions within the

oxide film are drifted back towards the air-SiO2 under the field generated by the trapped

charge at the Si-SiO2 interface. The distribution of Cs+ ions is exhibited in Figure 3.7c

The peak concentration of Cs+ is greater at the air-SiO2 interface than the Si-SiO2

interface after annealing at both 500 ◦C and 600 ◦C. This can similarly be explained by

the reverse drift of untrapped Cs+ ions due to the accumulated interface charge, once the

corona charge has fully decayed.

Figure 3.8 explores the relationship between the concentration of corona charge

deposited on the oxide surface prior to annealing, and the saturated Qeff after annealing.

The relationship for K+ ions is shown in Figure 3.8a. Specimens had KCl solution either

spin coated or evaporated onto the oxide surface. As before, specimens were cut into 2

cm x 1 cm pieces. Different amounts of corona charge were deposited onto the surface

of the specimens. The surface charge concentration was verified used Kelvin Probe

before the specimen was annealed for 3 minutes at 300 ◦C to ensure a maximum Qeff . A

linear correlation between the corona-induced surface bias and final interface charge is

evident, where the ratio of ionic charge to corona charge observed at 300 ◦C is nearly

1:1. For spin coated samples where the initial ionic concentration is less, Qeff saturates

at ∼4 x 1012 q cm-2, at which point the surface is presumably depleted of K+ ions. Until

this saturation point is reached, the difference in ionic surface concentration does not

affect the relationship observed. The relationship for Rb+ ions is shown in Figure 3.8b.

Specimens were prepared by spin coating RbCl solution before apply varying amounts

of corona charge and annealing at 450 ◦C for 5 minutes. On average, a Rb+ ionic charge

to corona charge ratio of 1:2 is observed. In the case of the larger Cs+ ion, specimens

were corona charged and annealed at 600 °C for 60 s. From the results in Figure 3.6c, it
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was determined that the ratio of Cs+ interface ions to corona charges is 2:5. These

observations show that the larger the ion, the smaller the rate of injection and migration

to the Si-SiO2 interface, as supported by the modelling parameters obtained in Table 3.2.

It has been previously suggested in the literature that an applied electric field may lower

the energy barrier for ionic conduction through an oxide thin film [93, 187, 197, 198]. To

determine if ∆Eao does have a dependency on surface fields, the data in Figure 3.8 were

modelled. Here it was determined that a single value of ∆Eao could be used to model the

results irrespective of surface charge concentration. Values of 1.34 eV, 1.56 eV and 1.85

eV were chosen as ∆Eao for K+, Rb+, and Cs+ ions, respectively. The other parameters

were the same as in Table 3.2. The rate of release of ions at the air-SiO2 interface is thus

unaffected by surface field strength, and the changes in the kinetics are purely given by

the electrostatic components considered in the model. The weaker response of Rb+ and

Cs+ to surface fields than K+ is explained by the lower injection rate and limited drift

velocity of larger ions. The values of ∆Eao used to model the results in Figure 3.6 differ

by 0.1 eV, 0.01 eV, 0.05 eV from the values for K+, Rb+, and Cs+ ions given in Table 3.2.

These values are in close agreement with each other, and may provide an indication of the

range of activation energies for each ion at the air-SiO2 interface.

3.4 Discussion

Section 3.2 presented a comprehensive model of ion injection and migration through a

SiO2 thin film. Corona discharge was used to provide a surface electric field without the

need to deposit a destructive metal contact. Figure 3.1 illustrated the physical system

being modelled. Initially, the ions are injected into the oxide film and drifted across to

the Si-SiO2 interface at elevated temperatures under the corona-induced field. Once the

corona charge has decayed to negligible concentrations, the drift velocity of the ions

becomes significantly smaller. It is therefore imperative that the desired concentration of

ions arrive at the Si-SiO2 interface and are trapped before the corona charge has
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(a)

(b)

(c)

Figure 3.8: The influence of surface charge concentration pre-anneal on the migrated charge
concentration of (a) K+ (b) Rb+, and (c) Cs+ ions. Solid lines are model fittings using a single
value for ∆Eao of 1.34 eV, 1.56 eV and 1.85 for K+, Rb+, and Cs+, respectively.
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significantly decayed.

Figure 3.6 demonstrated the kinetic response of each ion to the same initial corona

charge concentration after annealing at a variety of temperatures. K+ ions were found to

have the greatest mobility owing to their smaller ionic radius. The effective interface

charge saturated at ∼2 x 1012 q cm-2 within 60 seconds of annealing at temperatures

≥300 ◦C. To migrate comparable amounts of Rb+ charge, a 5 minute anneal at a

temperature of 450 ◦C was required. Cs+ ion samples required a minimum of 1 minute

annealing at 600 ◦C to reach Qeff ∼1 x 1012 q cm-2. The saturation point for all three

ions is reached due to the decay of surface corona charge during annealing. The trapped

ionic concentration remains constant after the corona-induced field has decayed due to

the depth of the energy well. The electric field generated by the trapped ions at the

Si-SiO2 interface limits further migration, and drifts untrapped ions within the bulk back

towards the air-SiO2 interface. The fit of the model is close to the experimentally

acquired data for temperatures below 375 ◦C. At higher temperatures, the maximum

predicted Qeff is below that determined experimentally. This is most likely due to

inaccuracies in recording the rapid decay of corona charge at elevated temperatures,

which may result in underestimates of the surface electric field in the simulation. This

results in a faster reduction of the calculated ionic drift velocity, and the prevention of

further charge accumulating due to the compensation of the surface field by the reverse

field generated by the trapped ions at the Si-SiO2 interface.

Figure 3.7 demonstrated the simulated distribution of ions within the SiO2 film after 6

minutes of annealing at temperatures between 250 ◦C and 600 ◦C. It can be seen that as

the annealing temperature increases, the greater the accumulation at the air-SiO2 interface

due to the increased mobility at high temperature, and the faster decay rate of the surface

electric field. The measuredQeff is not noticeably influenced by the distribution of charge

within the bulk. This is due to the significantly greater concentration of ions trapped at

the Si-SiO2 interface relative to the bulk, and because the sensitivity of Qeff decreases

with distance away from the interface, as explained in Section 2.8.3.
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Given the limit imposed on ion migration by the rate of surface field decay, greater

concentrations of corona charge are required to produce high charge density dielectrics.

Figure 3.8 demonstrated a dependable linear relationship between the concentration of

corona charge concentration deposited prior to annealing and the saturated Qeff after

annealing. This is the first time that surface electric fields have been demonstrated to

finely tune the ionic interface charge. These findings are relevant to a variety of

applications that depend upon charged dielectrics. As will be discussed in Chapter 5,

precise control over the ionic interface charge is critical in optimising surface

passivation. The capability to tailor dielectric charge is also applicable to the field of

electrostatic energy harvesters, where the force factor strongly depends upon dielectric

charge [199]. Force factors on the order of 10-5 C m-1 are considered optimal to produce

highly efficient energy harvesters [199]. In previous work, the use of K+ ion-charged

dielectrics produced force factors on the order of 10-4 to 10-5 C m-1 by incorporating

∼1018 ions cm-3 within the oxide film [199, 200]. Owing to such high force factors,

power conversion efficiencies of 80.7 % have been achieved [200].

The longevity and endurance of ion-charged dielectrics is a crucial factor for industrial

compatibility. The values of ∆Eao, ∆Eos, and ∆Ed presented in this chapter are

indicative of the stability of each ion. Due to their greater energy barriers compared to

that of K+, higher temperatures are required to inject the larger alkali ions, Rb+ and Cs+,

into the SiO2 film. Higher temperatures and stronger electric fields are also required to

increase the flux of ions within the film. Sugiyama reported that the built-in potential of

K+ charged oxides decreased by 13 % after just one month in ambient conditions. It is

expected that the larger alkali ions trapped at the Si-SiO2 interface will present greater

stability than K+ ions, particularly in response to elevated temperatures and reverse

electric fields. The use of Rb+ or Cs+ ion-charged dielectrics could allow for the

field-effect of high charge density dielectrics to be exploited for long-term use.
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3.5 Summary

In this chapter, a comprehensive model of ion migration through SiO2 has been

developed. This model demonstrates for the first time the dependency of ion kinetics on

both temperature and surface electric fields. It was determined that surface electric fields

affect ionic conduction through a SiO2 thin film, however, they do not influence the

activation energy of injection. As such, a single value of ∆Eao could be used to model

the experimental data, irrespective of surface electric field strength. It was found that the

value of ∆Eao, ∆Eos, and ∆Ed increases with ionic radius. Owing to the deeper energy

wells at the air-SiO2 interface and throughout the oxide film, greater thermal stress and

stronger electric fields are required to migrate substantial concentrations of the larger

alkali ions, Rb+ and Cs+. Larger alkali ions trapped at the Si-SiO2 interface are expected

to present greater durability in comparison to K+ ions due to the substantial energy

barrier, ∆Eos. The comparative stability of all three ions is explored further in Chapter 5.

The annealing parameters used in the subsequent chapters of this thesis are based on the

results demonstrated here. A summary of these parameters is provided in Table 3.3, and

were chosen to ensure that for a given initial corona charge concentration, sufficient heat

and time are allowed to saturate the Si-SiO2 interface with ions. The annealing time was

chosen carefully to prevent the transit of ions back towards to the SiO2 surface at high

temperatures after the corona charge has decayed.

K+ Rb+ Cs+

Annealing Temperature (◦C) 300 450 600

Annealing Time (s) 180 300 60

Corona Charge Concentration Variable

Table 3.3: Summary of processing parameters used in the following chapters of this thesis.
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Versatile techniques of incorporating alkali ions into SiO2 have been presented in this

chapter. Through thermal evaporation or spin coating, ions can be deposited directly onto

the dielectric surface. By modulating the surface electric field strength prior to annealing,

and the annealing temperature and time, the ionic interface charge can be finely tuned.

The exploitation of corona discharge as a non-destructive technique to impose a temporary

electric field can be used in a range of applications.
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4 | ENGINEERING IONIC PRECURSORS

AND DELIVERY METHODS

This chapter discusses the development and optimisation of ionic precursors and delivery

methods. Here, both research scale techniques, such as thermal evaporation, and

industrially compatible techniques, such as spin coating, can be used to deposit ionic

precursors with negligible contamination. Ionic contaminants are prevalent in the

environment and can be found on most surfaces, including metal contacts. It is essential

for device performance that the ionic precursor delivery methods minimise such

contamination. Studies dating back to the 1960s researched methods to remove ions

from dielectric films [188, 201, 202]. Contaminants such as Na+, and to a lesser extent

K+, are detrimental to device performance owing to their instability within the dielectric

at operational voltages and raised temperatures [181, 182, 203]. Additionally, Na+ ions

have been reported to migrate into stacking faults at the silicon surface and generate new

defects [176, 204, 205]. In contrast to Na+, the stability of larger alkali ions can be

harnessed to provide durable electric fields [67, 93, 111, 112].

Industry requires fast, scalable, and reproducible production of solar cells. In Chapter 3,

it was shown that within less that a minute at elevated temperatures, substantial ionic

charge could be built into a Si-SiO2 interface. Such rapid migration makes the proposed

methodology compatible with industry requirements that demand a high average

throughput of at least 1 wafer processed every half a second [43]. Furthermore, the use

of spin coating, corona discharge, and annealing is well reported within the

semiconductor field, and are suitable for batch and in-line processing [18, 100, 103].

In addition to high throughput, industrial solar cell production requires longevity.

Therefore, this thesis explores the use of larger and potentially more stable alkali ions -

rubidium and caesium. Other authors have asserted in the past that alkali ions with a

88



I. Al-Dhahir Chapter 4. Engineering Ionic Precursors and Delivery Methods

larger ionic radius than K+ are too big to be mobile within SiO2 [174, 175]. In

experimental studies, Deal reported zero drift of Cs+ ions in MOS structures under

applied fields up to temperatures of 300 °C [175]. To the author’s knowledge, the

migration of Rb+ ions within SiO2 has been reported once [115]. However, the presence

of the ionic species was assumed, not proven. In this chapter, it is proven that Rb+ and

Cs+ ions are indeed mobile within SiO2, and can be drifted through the oxide matrix. To

confirm this, SIMS depth profiling was used to detect the presence of all three ions

within the SiO2 thin film.

This chapter first provides an overview of previously reported methods to embed

extrinsic charge within dielectrics, and their relevance and practicality within industry.

Subsequently, the development and optimisation of aqueous K+, Rb+, and Cs+ ionic

precursors is discussed. To demonstrate the industrial compatibility of both the

deposition and the migration procedure for all three ions, the spatial uniformity and

reproducibility of Qeff is demonstrated across multiple specimens. This chapter also

demonstrates for the first time the in situ incorporation of Cs+ ions during oxidation.

4.1 Review of Extrinsic Charging and Delivery Methods

Previously reported methods of incorporating extrinsic charge within dielectric thin films

include electron beam injection [206], x-ray charging [109, 207], ion implantation [110,

208], and corona charging [66, 103, 107]. While little data exist for the stability provided

by x-ray charging, charge incorporated within SiO2 by electron beam and corona

charging is reported to be stable for only a few weeks at most under operational

conditions [209, 210]. The stability of ion implantation depends on the species. For

example, implanted phosphorus and boron atoms are reported to be stable within SiO2

for 5 months and 1.5 years, respectively [110]. This technique has also been reported to

embed Cs+ ions within SiO2 [172, 173, 194]. Caesium ions are first implanted into the

silicon wafer at energies varying from 20 - 145 keV to produce charge concentrations of
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1013 - 5 x 1014 q cm-2 [172, 173, 194]. The ions are embedded as fixed charges within the

SiO2 film during oxidation as the implanted silicon region is consumed. Ion implantation

is energy intensive, and the interface charge control depends strongly upon the oxide

depth [172, 173, 194]. Additionally, while ion implantation is a doping technique

common to semiconductor manufacturing, it is rarely used within the PV industry where

the traditional diffusion technique is more prevalent to create doped regions [211–213].

In recent years, an alternative method of incorporating ions in situ during oxidation has

been developed by Sugiyama [111]. Here, potassium hydroxide (KOH) is heated within

a bubbler. The vapour produced is transported by a carrier gas into the oxidation furnace

where the ions become embedded within the SiO2 film as it grows. This technique has

been reported to result in very high ionic charge concentrations on the order of 1017 -

1018 ions cm-3 [111, 112]. This technique of embedding ions in situ during oxidation is

particularly suited to industry since it reduces the number of additional processing steps

required to incorporate extrinsic dielectric charge. Additionally, it relies upon

conventional equipment used for oxidation, and as such can be readily implemented into

a production line. To the author’s knowledge only K+ ions have been introduced during

dielectric synthesis using this method [111, 112, 179, 196, 199, 200]. Section 4.5

demonstrates for the first time that Cs+ ions can also be incorporated in situ during

oxidation.

It has also been demonstrated that K+ ions deposited on an oxide surface can be injected

into the dielectric and migrated towards the Si-SiO2 interface at temperatures >300 ◦C

[67, 93]. Early reports of this technique used thermal evaporation to deposit K+ ions on

the oxide surface [93, 113]. KCl salt dissolved in pure DI water served as the aqueous

precursor for deposition [93, 113]. Later work by Collett demonstrated the versatility of

such precursors by showing that K+ ions could also be deposited on the oxide surface

using spin coating and spray coating techniques [67, 115]. These techniques may be

preferable to thermal evaporation owing to their speed and lower energy consumption

[151]. Spin coating and spray coating were used in the creation of uniformly ion-charged
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oxides [67, 115]. To improve the wettability of the oxide surface and reduce the drying

time, KCl salt was dissolved in a mixture of DI water and IPA [67]. For evaporation, spin

coating, and spray coating, control of the precursor molarity and the volume deposited

allowed for sub-monolayer concentrations of K+ ions to be uniformly delivered to the

SiO2 surface [93, 113, 115]. The ions are presumed to remain bound to the chloride

counterpart upon the surface, and are dissociated upon thermal activation. Due to the

sparsity of the ions deposited on the oxide surface, salt crystals do not nucleate through

aggregation. Excess ionic concentrations have been reported to result in clustering of

crystallised salt, which impedes injection into the dielectric [115].

4.2 Ionic Precursors for K+, Rb+ and Cs+ ions

In Chapter 3, both thermal evaporation and spin coating were used to deposit KCl

solution onto the oxide surfaces of Set A (n-type 1 Ω cm FZ) wafers. For thermal

evaporation, the precursor was prepared by dissolving KCl salt in pure DI water,

following the work of Bonilla and Collett [67, 93, 113]. In this thesis, a calibrated

pipette was used to deposit 50 µL of 1 mM KCl solution into a clean tungsten boat prior

to evaporation. This was estimated to deliver a surface ionic concentration of ∼1013 ions

cm-2. This estimate was made based the maximum amount of ions that could be

migrated to the interface in the presence of excess corona charge. Figure 4.1 shows that

the K+ Qeff plateaus at ∼1013 q cm-2 after a corona deposition time of 160 s, equivalent

to a Qsurf ∼1013 q cm-2. Since further corona charging does not migrate any more ionic

charge, it is assumed that the oxide surface has been depleted of ions. The x axis is

provided in terms of corona deposition time since the Kelvin Probe has a maximum

detection limit of 1013 q cm-2, and as such greater corona charge concentrations could

not be quantified.

For spin coating, the same molarity KCl solution was used. Following reference [115],

a mixture of 75 % IPA and 25 % DI water was used to increase the wettability of the
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Figure 4.1: Effect of corona deposition time on K+ ion Qeff for evaporated specimens. Corona
charge was deposited at a tip voltage of +30 kV.

spinning substrate and to accelarate the solvent evaporation. This ratio of IPA to DI water

was optimal as the oxide surface was found to be completely dry upon removal from the

spin coater. Increasing the percentage of DI water to 40 % resulted in the remainder of

droplets visible to the naked eye. The droplets evaporated shortly after removal within

10 to 15 seconds. The avoidance of droplets is important to prevent localised areas of

variable ionic concentration, or slow drying leading to crystal nucleation. The aqueous

precursors for Rb+ and Cs+ were prepared similarly to produce 1 mM solutions. Figure

4.2, shows the dependency of the Qeff on corona deposition time for K+, Rb+, and Cs+

charged oxides. Oxidised wafers were spin coated with either 1mM KCl, 1 mM RbCl,

or 1 mM CsCl solution. Since many specimens were to be tested, the substrates were

cleaved into small pieces of approximately 2 cm x 1 cm. Following corona charging, the

specimens were annealed at 300 ◦C, 450 ◦C and 600 ◦C for K+, Rb+, and Cs+, respectively.

It was determined that the maximumQeff for both K+ and Rb+ ions saturated at a 4 x 1012

q cm-2 after 50 s and 120 s of corona charging, respectively. Given that depositing excess

corona charge does not migrate any more ions, it can be presumed that theQeff saturation
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Figure 4.2: Effect of corona deposition time on K+, Rb+, and Cs+ ion Qeff for spin coated
specimens. Corona charge was deposited at a tip voltage of +30 kV.

point is equivalent to the ionic surface concentration after deposition. It can be seen that

Cs+ migration is significantly lower in comparison to K+ and Rb+, and additionally the

data shows irregular dependency on corona charge.

To test if a stronger molarity CsCl solution would introduce more ions to the interface, a

2.5 mM solution was prepared. Samples spin coated with 2.5 mM CsCl solution were

similarly corona charged and annealed at 600 ◦C. The results are also shown in Figure

4.2. The 2.5 mM CsCl solution resulted in greater ion migration and a similar

dependency on corona charge as Rb+ ions. Unexpectedly, the concentration of Cs+ ions

saturated at ∼3.5 x 1012 q cm-2, despite the greater ionic surface charge concentration.

The saturation occurred at ∼150 s of corona deposition, which is equivalent to ∼1013 q

cm-2. One possibility could be that at such high temperatures of 600 ◦C, the corona

decays so quickly that once a substantial concentration of trapped charge accumulates at

the Si-SiO2 interface, further migration is limited by coulombic repulsion. Another

possibility could be that the SiO2 film cannot sustain surface electric fields beyond the

limit of 1013 q cm-2 due to the dielectric breakdown strength. To test these hypotheses,
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spin coated specimens 5 cm x 5 cm in size had the cycle of corona charging and

annealing performed between 1-7 times. For each cycle, 30 s of corona charge was

deposited. This is equivalent to ∼2 x 1012 q cm-2, which is well below the suspected

dielectric breakdown limit. Corona charging was followed immediately by a 60 second

anneal at 600 ◦C. After the final cycle, MOS structures were created, and Qeff was

recorded at 10 locations per specimen, hence the use of larger substrates. The results are

shown in Figure 4.3. It can be seen that the mean Qeff increases from 1.63 x 1012 q cm-2

after 1 cycle to 3.75 x 1012 q cm-2 after 5 cycles. Performing more than 5 cycles resulted

in a reduction in the mean Qeff . Since the applied corona concentration was equivalent

to ∼2 x 1012 q cm-2, it is likely that the higher trapped charge concentration at the

Si-SiO2 interface counteracts the rapidly decaying surface electric field. Thus, the

reverse field drifts untrapped ions near the interface back towards the oxide surface,

lowering the measured Qeff . From the data in Figure 4.3 it can also be seen that Qeff

can be increased following numerous cycles, however, the distribution of charge is

highly variable in specimens that were subjected to more than 1 cycle. Therefore this

method of increasing the interface charge is not advised to produce uniformly charged

dielectrics. Further analysis of the ionic charge uniformity is presented next.

4.3 Ionic Interface Charge Uniformity

To provide effective surface passivation, a uniform electric field is required to be

distributed laterally across the whole silicon surface. Firstly, the lateral uniformity was

evaluated for K+ ion-charged oxides that had been prepared using thermal evaporation

and spin coating deposition techniques. Three 5 cm x 5 cm specimens had 1 mM KCl

solution either evaporated or spin coated on the SiO2 surface. The samples were corona

charged for 30 seconds and annealed at 300 ◦C for 3 minutes to produce Qeff ∼2 x 1012

q cm-2. To evaluate the lateral uniformity of charge within each specimen, MOS

structures were created, and Qeff was measured at 10 locations per specimen using CV.
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Figure 4.3: Distribution of Cs+ ion Qeff after multiple cycles of corona charging and annealing.
Qeff was recorded at 10 locations per specimen.

Figure 4.4 shows the variation in K+ ion Qeff for both evaporated and spin coated

samples. For the evaporated specimens, all measured values of Qeff fall within 5-7 % of

each specimen’s mean. For the spin coated specimens, the measured values fall within

10-17 % of each specimen’s mean. A summary of the mean and standard deviation of

each specimen is provided in Table 4.1. These results show that thermal evaporation

produces a more uniform distribution of Qeff in comparison to spin coating. The poorer

uniformity in spin coated specimens could be due to the introduction of impurities,

which would explain the slightly higher mean Qeff of all three spin coated specimens

compared to those that were evaporated. Since thermal evaporation took place within a

clean room environment, and under vacuum, the presence of impurities is minimised.

Spin coating was performed under normal laboratory conditions. Charge fluctuations

within the dielectric can affect device performance by modifying the surface passivation

provided by the dielectric’s built-in potential. It has been reported that at charge

concentrations between 1011 q cm-2 and 2 x 1012 q cm-2, such fluctuations can result in

efficiency losses of ∼1 % [214].
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Figure 4.4: Distribution of K+ ion Qeff of 3 specimens that had KCl evaporated and 3 specimens
that were spin coated prior to migration. Qeff was recorded at 10 locations per specimen.

SPECIMEN MEAN (Q CM-2) STANDARD DEVIATION (Q CM-2)

1 1.52 x 1012 4.74 x 1010

2 1.85 x 1012 5.90 x 1010

3 1.93 x 1012 4.50 x 1010

4 1.98 x 1012 1.15 x 1011

5 2.10 x 1012 1.77 x 1011

6 2.05 x 1012 2.17 x 1011

Table 4.1: Summary of charge uniformity data in Figure 4.4.

Figure 4.5 shows the variation in Qeff for three samples that had 1 mM RbCl or 2.5

mM CsCl solution spin coated, followed by corona charging and annealing. Due to the

difference in the two ions’ dynamics, different corona charging and annealing conditions

were used. Rb+ samples were corona charged for 120 s and annealed at 450 ◦C. Cs+
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samples were corona charged for 30 s and annealed at 600 ◦C. MOS structures were

created after ion migration, and Qeff was measured at 10 locations on each specimen’s

surface. A summary of the plotted results is provided in Table 4.2. Here it was found

that all Cs+ samples exhibited better charge uniformity than Rb+ samples. The standard

deviation of the mean for Cs+ samples is comparable to that of spin coated K+ samples in

Table 4.1. Both K+ and Cs+ samples had a mean Qeff of 1.5 - 2 x 1012 q cm-2, while the

mean Qeff of Rb+ samples was ∼3.2 x 1012 q cm-2. It is widely reported in the literature

that the charge distribution varies more as Qeff increases [103, 162, 214]. Empirical

data in reference [115] demonstrated that increasing K+ ion Qeff results in greater charge

fluctuation within the dielectric. It has been reported that charge fluctuations of 5 x 1011

q cm-2 have a negligible effect on solar cell efficiency where the dielectric charge is >2 x

1012 [214]. The meanQeff and fluctuations in Rb+ and Cs+ charge presented in Figure 4.5

are within a similar range, and are therefore not expected to be detrimental to the surface

passivation quality.

Figure 4.5: Distribution of Qeff within 3 specimens that had RbCl spin coated and 3 specimens
that had CsCl spin coated. Qeff was recorded at 10 locations per specimen.
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SPECIMEN MEAN (Q CM-2) STANDARD DEVIATION (Q CM-2)

1 3.33 x 1012 2.03 x 1011

2 3.24 x 1012 5.20 x 1010

3 3.18 x 1012 4.32 x 1010

4 1.45 x 1012 2.34 x 1011

5 1.63 x 1012 2.19 x 1011

6 1.41 x 1012 2.80 x 1011

Table 4.2: Summary of charge uniformity data in Figure 4.5.

4.4 SIMS Profiling of Alkali Ions Within SiO2

Secondary ion mass spectroscopy was used to confirm the presence of K+, Rb+, and Cs+

ions following ion injection and migration. 1 mM KCl was thermally evaporated onto

the oxide surface of Set A wafers. On separate samples, 1 mM RbCl and 2.5 mM CsCl

solution were spin coated. Following this, all samples were corona charged and annealed

to drift the ions to the interface. Before being loaded into the PFIB-SIMS, all samples

were coated with 15 nm of platinum to avoid charging from the insulating oxide film.

The results are shown in Figure 4.6. The cycle number is an indicator of the depth into

the SiO2, from where atoms are being ablated. The location of the surface of the

underlying Si wafer is marked by the abrupt drop in the Si+ signal due to the well-known

dramatic change in ion ablation yield for Si+ ions at the Si-SiO2 interface due to the

abrupt reduction in oxygen concentration [215, 216]. To ensure Qeff can be

predominantly attributed to each of these ions, common contaminants such as Na+ and,

for the Rb+ and Cs+ samples, K+ ions were also profiled. In the KCl sample, Figure 4.6a

confirms the majority presence of K+ ions in the SiO2 layer. A negligible signal intensity

denotes a trace contamination by Na+ ions. Figure 4.6b shows results from two samples

where Rb+ ions were introduced to the oxide by corona charging for 30 s and 180 s,
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respectively, followed by 5 minutes of annealing at 450 °C. The sample with the longer

charging time, and therefore stronger surface electric field, shows deeper penetration of

Rb+ ions into the oxide layer, and increased accumulation at the Si-SiO2 interface.

Similar to Figure 4.6a, a negligible concentration of Na+ and K+ ions was recorded in the

sample with the shorter charging time, thus demonstrating that the methodology of ion

introduction used in this work is a very clean process. Figure 4.6c demonstrates the

successful incorporation of Cs+ ions into SiO2, which is the largest of the three ions

studied. The profile shows that Cs+ ions have not only been introduced into the oxide

surface but have also been able to migrate through the film towards the Si-SiO2 interface.

4.5 In Situ Delivery During Oxidation

It is highly desirable to deliver ions to the dielectric film during synthesis. In situ

delivery eliminates the need for additional processing steps to embed the ionic charge,

which is advantageous for high throughput manufacturing of ion-charged dielectrics. In

this section, it is demonstrated for the first time this method can be used to embed Cs+

ions in situ during oxidation. For this experiment, Set B wafers (n-type 30 - 60 Ω cm

CZ) were used. These were oxidised to 100 nm thickness at the Begbroke clean room at

the University of Oxford using the procedure described in Section 2.2.1. The substrates

were cut into 2 x 1 cm samples, and the existing SiO2 film was etched off with

hydrofluoric acid to reveal bare silicon. This was followed by an RCA clean to remove

organic residues and metal contaminants. The details of RCA clean can be found in

Appendix A.1. Immediately following the RCA clean, the substrate was placed into a

quartz tube and positioned in the middle of the furnace. Figure 4.7a provides an

illustrative schematic of the experimental set-up. The end of the glass tube was closed

off and argon (Ar) gas was used to flush out air as the furnace was heated to 950 ◦C. At

the same time a bubbler containing 300 mL of 5 wt. % CsOH in DI water was gradually

heated to ∼80 ◦C. Once the target temperature of the furnace was reached, the Ar gas
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(a)

(b)

(c)

Figure 4.6: SIMS depth profiling through SiO2 for (a) K+ ions (b) Rb+ ions annealed under 30 s
and 180 s corona charge exposure at +30 kV and (c) Cs+ ions.
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valve was closed and O2 gas was allowed to flow directly into the tube at a rate of 1 L

min-1. After 30 minutes of dry oxidation, the Ar valve was re-opened and the flow was

directed to the bubbler at a rate of 0.2 L min-1. The inert Ar served as a carrier gas to

transport the water vapour containing Cs+ into the tube furnace as the oxide forms. Both

O2 and Ar were allowed to flow for another 60 minutes. At the end of a total oxidation

time of 90 minutes, the furnace was turned off and the gases stopped. The specimen was

extracted at 600 ◦C. Figure 4.7b provides a summary of the oxidation timeline.

(a)

(b)

Figure 4.7: (a) Schematic of the experimental set up to deliver Cs+ ions during oxidation (b)
Summary of the oxidation timeline. Oxidation was performed at a temperature of 950 ◦C.
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Two types of control specimens were produced in addition to the experimental specimen.

The first control underwent the same procedure described above, however, only pure DI

water was added to the bubbler. To avoid cross-contamination, a separate clean bubbler

was used from the one that contained CsOH solution. The second control was oxidised

for the full 90 minutes without the introduction of any vapour to produce a dry oxide

film. Following the creation of all three sample types, the oxide thickness was measured

at five locations per specimen using an ellipsometer. Figure 4.8a plots the recorded oxide

thicknesses. The dry oxide had a thickness of 95.5 ± 0.66 nm. This is higher than the

predicted value of ∼60 nm by the well-established Deal-Grove model for dry oxidation

under similar conditions [217]. It is plausible that the ambient humidity in the laboratory

increased the oxidation rate. It is advisable for future work to flood the oxidation tube

with nitrogen for a longer duration to produce a dryer environment. The thickness of the

wet oxide produced after bubbling pure DI water during oxidation was 131.8 ± 1.4 nm.

A film thickness of 190.4 ± 4.7 nm was recorded on the wafer exposed to CsOH vapour.

The large difference in film thickness between the two wet oxides is due to a lack of

control of the vapour pressure leaving the bubbler. Both wet oxides are also considerably

thicker than the predicted value of 100 nm by the Deal-Grove model for wet oxidation

[217].

Subsequently, MOS structures were created on all three specimens, as described in

Section 2.8.3. CV measurements were taken at 5 locations on each to determine the Qeff

after the three different oxidation processes. The results are shown in Figure 4.8b. The

dry oxide film had Qeff of 3.22 ± 0.33 x 1012 q cm-2. This value is significantly higher

than industrial standards of ∼1010 q cm-2, and is due to residual contamination at the

silicon surface. Such a high concentration of impurities can be explained given the

simple set up, relatively low gas pressures, and the fact the procedure did not take place

in a clean room. The measured Qeff increased slightly to 3.63 ± 0.26 x 1012 q cm-2 after

bubbling pure DI water. The small increase implies that the DI water is very clean and

does not introduce a significant amount of impurities. Following the exposure to CsOH
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vapour, the third sample showed the largest Qeff of 6.00 ± 0.21 x 1012 q cm-2.

(a) (b)

Figure 4.8: (a) Oxide thickness measured at 5 locations per sample (b) Uniformity of Qeff
measured at 5 locations per sample.

Secondary ion mass spectroscopy was used to confirm the presence of Cs+ within the

dielectric. Here, in addition to Cs+ ions, the expected major contaminants Na+ and K+

were also profiled. The MOS structure suspected to contain Cs+ ions was placed on a

hotplate at 450 ◦C. A strong forward bias was applied to the aluminium dot to drive all

the ionic charge to the Si-SiO2 interface so that its detectability within SIMS would be

enhanced. While on the hotplate, an arbitrarily strong electric field of 7.5 x 105 V cm-1 was

chosen, equivalent to a bias of 14.25 V, and held for 20 minutes at a constant temperature.

The sample was subsequently coated with 15 nm of platinum before being loaded into the

PFIB-SIMS. The SIMS depth profiles of Na+, K+, and Cs+ ions are shown in Figure 4.9.

As described in Section 4.4, the Si+ signal is an indicator of the depth of the oxide film,

where the drop in the signal intensity indicates the interface with the silicon wafer. Here,

a small signal intensity confirms the presence of Cs+ ions located close to the Si-SiO2

interface. Stronger signals were recorded for Na+ and K+ ions at a similar depth within

the dielectric. The relative intensities indicate that a high concentration of contaminants

were present during oxidation, as expected from the lack of clean room conditions. The

contaminants most likely settle on the bare silicon during exposure of the surface after
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RCA cleaning.

Figure 4.9: SIMS depth profiles of Na+, K+, and Cs+ within SiO2 after in situ oxidation in the
presence of CsOH vapour.

4.6 Discussion

In this chapter, the development of ionic precursors and delivery methods was explored.

The versatility of ionic deposition was demonstrated through the use of both thermal

evaporation and spin coating. Both methods are well-established within the

semiconductor and electronics industries [151, 218, 219]. Spin coating was the preferred

technique in this thesis since different ions could be deposited in this way without

cross-contamination. As discussed in depth in reference [115], thermal evaporation of

K+ ions results in permanent contamination of the evaporation chamber. Additionally,

due to the high energy consumption of thermal evaporation, solution based processing

such as a spin coating, or spray coating, are more attractive techniques [151]. Spray

coating was not studied in this work as a deposition technique due to lack of equipment

on-site, however, in previous work by Collett, spray coating was demonstrated to

successfully deliver a uniform concentration of K+ ions [67, 115].
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The results for K+ ions in Figure 4.1 and Figure 4.2 demonstrated that the deposition

technique strongly influences the amount of ions deposited on the dielectric surface. For

the same 1 mM KCl solution, an estimated ionic surface concentration of 1013 ions cm-2

was produced after thermal evaporation in comparison to 4 x 1012 ions cm-2 after spin

coating. It was also demonstrated in Figure 4.4 that the resulting uniformity in Qeff was

influenced by the deposition technique. All samples that were spin coated prior to ion

migration had greater spatial fluctuations in charge compared to those that were

evaporated. These results indicate that thermal evaporation may be the more suitable

technique where uniform charge densities are required along the interfacial plane. This is

particularly important for devices that are sensitive to changes in capacitance, such as

electret microphones and actuators [111, 179, 220, 221]. Charge uniformity is also

reported to be highly desirable in the design of air filters due to the coulombic attraction

between the dielectric and particulate matter [222]. As will be demonstrated in Chapter

5, uniform surface electric fields are necessary to create stable accumulation layers for

well passivated silicon surfaces. Although greater fluctuation was recorded in spin

coated specimens, it was observed that the reproducibility of the mean was better. The

difference between inter-sample reproducibilty of the mean for spin coated and

evaporated specimens is small, and may not be of statistical significance given the small

sample size. Additionally, small variation in the resulting mean could depend upon other

factors such as the precise concentration of corona charge and the small fluctuations in

the temperature of the hotplate during annealing.

Figure 4.2 demonstrated that for Cs+ ions the concentration of ions deposited via spin

coating influenced the amount of charge migrated to the Si-SiO2 interface. The use of a 1

mM solution resulted in < 1012 q cm-2 after 150 s of corona charging, and annealing at

the maximum temperature of 600 ◦C. The 2.5 mM solution resulted in both better charge

control and a greater concentration of ions at the interface under the same migration

parameters. For this reason, the 2.5 mM solution was used throughout this thesis. As

demonstrated in Section 3.3, different ionic surface concentrations of K+ ions did not
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noticeably influence the kinetic response of the ions. For the larger Cs+ ion, which faces

a greater energy barrier of injection and diffusion, the probability of overcoming the

barrier is significantly smaller, and for this reason the dynamics are more sensitive to the

ionic surface concentration. This leads to the possibility of tuning the final ion

concentration by both the migration process and the molarity of the precursor.

Figure 4.6 demonstrated SIMS measurements of oxide films containing K+, Rb+, and

Cs+. This is the first time that conclusive evidence of the presence of Rb+ and Cs+ ions

has been presented, indicating that these ions are mobile inside of SiO2 films when

provided with enough driving force. The significantly stronger signal intensity arising

from each ion relative to the contaminant concentration indicates that the vast majority

of Qeff recorded experimentally can confidently be attributed to the purposefully

introduced species. The negligible intensity produced by the contaminants shows that

spin coating and thermal evaporation are clean processes that introduce few unwanted

impurities. The distribution of charge throughout the depth of the oxide confirms that the

ions accumulate close to the Si-SiO2 interface. These findings confirm that the measured

Qeff is predominantly influenced by the peak charge concentration at the interface, and

that the kinetic parameters used in Chapter 3 to model ion migration towards the

interface are accurate. The ability to embed alkali ions larger than K+ within a dielectric

may open up new avenues of exploration for electronic devices that rely upon

permanently charged dielectrics.

The SIMS measurement technique was also used to confirm the presence of Cs+ ions

within the SiO2 film after in situ delivery of CsOH vapour during oxidation. The results in

Figure 4.9 showed that of the three alkali ions profiled, K+ and Na+ ions had the strongest

signal intensities. A relatively low intensity was recorded for Cs+ ions, which shows that

although only a small concentration of Cs+ ions was incorporated, the in situ delivery was

successful. In work by Sugiyama, a solution of 40 wt. % KOH solution was reported to

embed a concentration ∼1017 K+ ions cm-3 within the bulk of the oxide, and a substantial

concentration of 1019 cm-3 at the Si-SiO2 interface [111]. In this thesis, only 5 wt. %
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CsOH solution was used due to the poor resistance of the plastic tubing to strong alkaline

vapour. It is therefore expected that by increasing the weight percent of the CsOH solution

inside the bubbler, a greater concentration of ions can be introduced during oxidation.

This should certainly be explored in future work.

4.7 Summary

This chapter discussed the use of thermal evaporation and spin coating to deposit

aqueous alkali chloride precursors, serving as a source of cations. Molarities of 1 mM

were prepared to deliver K+ and Rb+ ions. A greater concentration of 2.5 mM CsCl

solution was required to increase the amount of ions injected into the SiO2 film.

Evidence of the incorporation and migration of all three ions within SiO2 was

demonstrated through SIMS measurements. It was observed that a negligible

concentration of contaminants exist within the dielectric, which indicates that the

methodology is clean, and that the recorded Qeff can safely be attributed to each ionic

species. This is the first time a direct demonstration has been provided of their existence

within the dielectric in response to thermal and bias stress, thus confirming the mobility

of all three ions within SiO2.

This chapter also provided direct evidence through SIMS measurements that Cs+ ions

can be introduced to the SiO2 film during oxidation. To the author’s knowledge, this

is the first time that the in situ delivery method has been used to incorporate Cs+ ions.

The process used in this chapter can be improved by carrying it out under clean room

conditions to minimise the presence of contaminants during the RCA clean and within

the oxidation set-up. Additionally, increasing the weight percent of the CsOH solution

is expected to deliver a more substantial concentration of ionic charge. In situ delivery

allows for oxidation and ion-charging to be performed simultaneously, thus enabling high

throughput production that is highly desirable in solar cell manufacturing. The dielectric

film can be polarised at a later stage to manipulate the distribution of ions located within.
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This process is therefore well-suited to rapid and scalable industry processes.
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5 | ALKALI ION PASSIVATION ON

THERMAL SILICON DIOXIDE

This chapter explores the role of ion-charged dielectrics in silicon surface passivation. The

incorporation of extrinsic positive charge within the dielectric is expected to generate an

accumulation layer within n-type silicon that effectively minimises the recombination of

electrons and holes. The field effect passivation (FEP) provided by K+ ion-charged oxides

has been previously reported in references [67, 68, 93, 115]. However, little data exist on

stability and methods of charge control to optimise FEP. It is plausible that larger alkali

ions may permit similarly high charge density dielectrics with improved durability due to

their increased size within the amorphous oxide matrix. It was demonstrated in Chapter 3

that the effective interface charge concentration of K+, Rb+, and Cs+ ions within SiO2 can

be finely tuned by varying the strength of the surface electric field prior to annealing, and

the annealing temperature. The ability to introduce ions to the dielectric with precision is

important since the over-saturation at the Si-SiO2 interface generates defects, as will be

shown in this chapter.

This chapter begins by presenting an analysis of the surface passivation performance of

K+, Rb+, and Cs+ charged oxide films on Set A (n-type 1 Ωcm FZ) wafers. An optimal

Qeff of∼1.5 x 1012 q cm-2 was found to produce the highest τeff for all three ions. It was

found that the maximum τeff is influenced by the concentration of ionic charge within the

dielectric, and is limited due to the creation of interface states. Additionally, this chapter

evaluates the longevity of the passivation performance provided by ion-charged oxide

films exposed to elevated temperatures and under UV radiation. The physical stability

and endurance of the ions at the Si-SiO2 interface is also studied in response to heat, UV

radiation and reverse bias stress.
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5.1 Passivation Performance of Ion-Charged Oxides

In this chapter, the passivation performance of ion-charged oxides on Set A (n-type 1

Ωcm FZ) wafers is studied. These wafers were thermally oxidised to 100 nm thickness

on both sides at Fraunhofer ISE. Ions were introduced to the oxide and migrated towards

the Si-SiO2 interface using the methodology outlined in Section 2.6. The different

migration parameters chosen for each ion were determined from the results in Chapter 3,

summarised in Table 3.3.

Figure 5.1a shows the dependence of τeff on the K+ Qeff for specimens that used the

evaporation technique to deposit KCl solution. As τeff represents the recombination

within the silicon wafer including its surfaces, both sides of the specimen need to be

equally passivated. KCl solution was evaporated onto both oxide faces of 5 cm x 5 cm

specimens followed by corona charging. The samples were subsequently annealed at

300 ◦C for 180 s. The interface charge concentration was controlled by varying the

concentration of corona charge (Qsurf ) deposited on the oxide surfaces prior to the

anneal. The green bars represent τeff of the as-received oxidised wafers prior to any

treatment, approximately 0.1 ms. The blue bars represent τeff after the ions have been

migrated to the Si-SiO2 interface. The red bars represent the τeff after a further 30 s of

corona charge, equivalent to Qsurf ∼2 x 1012 q cm-2, was deposited to evaluate if the

passivation has been maximised by ions alone. These results are displayed in

comparison to an oxidised wafer that had 60 s of corona charge deposited on both faces -

equivalent to Qsurf ∼4 x 1012 q cm-2. The measured τeff of the corona charged control

was 3.75 ms (Seff < 1.39 cm s-1). The passivation performance of the corona-charged

control was consistently superior to that of the K+ ion-charged specimens. However, the

field provided by corona charging is not permanent. K+ ion-charged specimens

demonstrated a maximum τeff of 2.40 ms at Qeff = 1.5 x 1012 q cm-2. This is achieved

by a corona discharge time of 30 s, equivalent to Qsurf ∼2 x 1012 q cm-2, prior to the

anneal. Increasing Qeff beyond 1.5 x 1012 q cm-2 results in a gradual decrease in τeff to
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a low of 1.33 ms at 1 x 1013 q cm-2. For specimens with Qeff > 5 x 1012, additional

corona charging does not improve the lifetime further. This indicates that FEP has been

maximised.

(a)

(b)

Figure 5.1: The dependence of effective lifetime on K+ interface charge concentration for (a)
thermally evaporated samples and (b) spin coated samples. The corona control represents the
effective lifetime of an as-received oxidised wafer after 60 s corona charge deposition. Corona
charge was deposited at a tip voltage of +30 kV.
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Figure 5.1b shows the same experiment performed on specimens that had KCl solution

spin coated on the surface. Here an almost identical maximum τeff of 2.42 ms is

achieved at a very similar interface charge of 1.7 x 1012 q cm-2, thus showing that the two

deposition methods result in highly comparable data. Similarly to the evaporated

samples, the optimal Qeff was achieved by depositing 30 s of corona prior to the anneal.

The maximum τeff observed in both the evaporated and spin coated samples are

equivalent to Seff < 2.80 cm s-1.

Similar experiments were carried out to demonstrate how τeff is influenced by Rb+ and

Cs+ ion Qeff . The resulting dependency is shown in Figure 5.2. The results for Rb+

are given in Figure 5.2a. Both sides of the oxidised wafers were spin coated with RbCl

solution. Following corona charging on both surfaces, the samples were annealed for

a duration of 5 minutes at 450 ◦C. As before, the interface charge was controlled by

varying the concentration of corona charge deposited prior to the anneal. Following Rb+

migration, a maximum τeff of 2.81 ms was recorded at Qeff = 1.4 x 1012 q cm-2. This is

equivalent to Seff < 2.23 cm s-1. Such a high level of surface passivation was achieved

using a corona discharge time of 50 s, equivalent to a ∼3.5 x 1012 q cm-2, prior to the

anneal. Increasing Qeff beyond 1.4 x 1012 q cm-2 results in a gradual decrease in τeff

to a low of 0.63 ms at 5.2 x 1012 q cm-2. Figure 5.2b shows the results for Cs+ charged

specimens. Samples were spin coated with 2.5 mM CsCl solution prior to corona charging

on both sides. The specimens were annealed for 60 s at 600 ◦C. Here a maximum τeff of

1.86 ms (Seff < 4.02 cm s-1) was recorded atQeff of 1.4 x 1012 q cm-2. This was achieved

using a corona discharge time of 30 s. Migrating more Cs+ ions to the interface results in

a decrease in τeff to a low of 0.55 ms at Qeff = 3.75 x 1012 q cm-2.
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(a)

(b)

Figure 5.2: The dependence of effective lifetime on (a) Rb+ and (b) Cs+ interface charge
concentration. The corona control represents the effective lifetime of an as-received oxidised
wafer after 60 s corona charge deposition. Corona charge was deposited at a tip voltage of +30
kV.
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The maximum τeff of ion-charged specimens after annealing (prior to additional corona

charging) is plotted in Figure 5.3a as a function of excess carrier concentration (∆n).

This is shown in comparison to the carrier-dependent lifetimes of a standard untreated

oxidised control, an oxidised control after corona charging, and the intrinsic lifetime of

the specimen. For the corona-charged and ion-charged specimens, at low injection

conditions, τeff is maximised as surface SRH recombination is minimised through field

effect. At high injection conditions, τeff reduces as Auger recombination dominates.

Figure 5.3b shows the equivalent Seff of the ion-charged specimens and corona-charged

control. Across all injection conditions, the passivation performance of the

corona-charged control outperforms that of the ion-charged specimens. It is possible that

the maximum τeff (minimum Seff ) of ion-charged specimens is limited due to the

generation of defects by excess ions at the Si-SiO2 interface. The lower maximum τeff ,

and higher Seff , of Cs+ charged specimens may also be explained by the generation of

defects in response to lattice strain. This is discussed in Section 5.2.

Figure 5.4 demonstrates the reproducibility of the maximum achievable τeff for films

charged with K+, Rb+, and Cs+ ions. Figure 5.4a compares the reproducibility of the

maximum τeff for samples that had KCl solution evaporated onto the oxide surface and

samples that had KCl solution spin coated prior to ion migration. Five 5 cm x 5 cm

oxidised wafers had KCl thermally evaporated on both surfaces, and another five wafers

had KCl spin coated on both sides. Subsequently, all specimens followed the same

procedure of corona charging for 30 seconds on both faces, and annealing at 300 ◦C for 3

minutes to provide the optimal Qeff ∼1.5 x 1012 q cm-2 determined from Figure 5.1. Of

the five samples that had KCl evaporated, the mean maximum τeff was 2.30 ms with a

standard deviation of 0.09 ms. The lowest recorded value was 2.21 ms and the highest

was 2.40 ms. For spin coated specimens, the mean maximum τeff was 2.18 ms with a

standard deviation of 0.22 ms. The lowest value was 1.86 ms and the highest was 2.42

ms. Despite the very similar means, the evaporated samples had better reproducibility in

comparison to those that were spin coated. Figure 4.4 in Chapter 4 demonstrated that
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(a)

(b)

Figure 5.3: Plotted as a function of excess carrier concentration (a) maximum effective lifetimes
of ion-charged specimens in comparison to an oxidised untreated control and an oxidised corona
charged control (b) effective surface recombination velocity of the highest lifetime ion-charged
specimens and corona-charged control.

evaporated samples had better charge uniformity at the Si-SiO2 interface, possibly due to

the minimisation of contaminants within the clean room and vacuum environment.

Given the smaller fluctuations in dielectric charge within evaporated specimen, it follows

that the passivation performance is more reliable. Nonetheless, both techniques
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demonstrate excellent reproducibility. The standard deviation in maximum τeff of spin

coated specimens falls within 10 % of the mean, and as such spin coating is a suitable

and compatible technique.

Figure 5.4b demonstrates the reproducibility of the maximum τeff for Rb+ and Cs+

charged oxides across 5 samples. Rb+ samples had 50 seconds of corona charge

deposited on both oxide faces followed by annealing at 450 ◦C for 5 minutes. Cs+

samples were corona charged for 30 s on both sides followed by a 60 s anneal at 600 ◦C.

The maximum τeff for Rb+ charged specimens ranged between 1.88 ms and 2.81, with a

mean of 2.19 ms and a standard deviation of 0.37 ms. Although Rb+ charged specimens

demonstrated the highest overall maximum τeff , the mean value is very similar to that of

K+ charged specimens. The mean maximum τeff for Cs+ charged specimens was 1.51

ms with a standard deviation of 0.21 ms. The lowest value was 1.34 ms and the highest

was 1.86 ms.

Out of the specimens that were spin coated, it was observed that the Rb+ samples had

lowest reproducibility. Figure 4.5 in Chapter 4 showed that the fluctuation inQeff within a

sample is greater for Rb+ charged specimens than Cs+, which explains the greater variation

in maximum τeff . It is possible that the migration parameters for Rb+ ions have not yet

been fully optimised, and that if Rb+ specimens were annealed at temperatures above

450 ◦C, the greater injection probability at the air-oxide interface would lead to greater

uniformity in both Qeff and τeff . A study of Rb+ ion migration at temperatures >450 ◦C

was not performed in this thesis, and should be studied in future work.

5.2 Electrical Properties of the Si-SiO2 Interface in the

Presence of Alkali Ions

In the previous section, it was demonstrated that the best surface passivation produced

by ion-charged oxides occurs at Qeff ∼1.5 x 1012 q cm-2. For all three ions, increasing
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(a)

(b)

Figure 5.4: Reproducibility of maximum τeff across 5 samples for (a) evaporated and spin coated
K+ specimens and (b) spin coated Rb+ and Cs+ specimens.

the ionic charge beyond this optimal concentration results in a lower τeff . This is most

likely due to the creation of interface defects arising from distortion and strain of the

oxide matrix by excess charge [17, 191, 223]. Additionally, it was demonstrated that at

the optimal Qeff , the maximum τeff of Cs+ charged specimens was lower than that of

K+ and Rb+ charged specimens. Given that Cs+ has the largest radius of the three ions, it

is plausible that that the matrix distortion is amplified. To confirm these hypotheses, an
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investigation into the interface properties of ion-charged oxides is presented here.

Figure 5.5 plots measured CV curves after migrating different concentrations of ionic

charge. The experimental CV data was fit using the Terman method, as described in

Section 2.8.3. Dit is used as a parameter to find the best fit between experimental and

theoretical relations to determine the influence of K+, Rb+, and Cs+ interface charge on

defect density. Multiple specimens were created by migrating different amounts of ionic

charge to the Si-SiO2 interface. Additionally, a control specimen (blue curves) was

produced that had no ions introduced but was corona charged for 60 s. Aluminium

contacts were deposited on the front and rear of the samples and high frequency (1 MHz)

CV measurements were taken. The results for K+ ion-charged specimens are shown in

Figure 5.5a. The annealed control was found to have a Dit of 2 x 1011 cm-2 eV-1.

Introducing 2 x 1012 q cm-2 of K+ ions to the interface did not demonstrate an increase in

Dit. At Qeff = 5.9 x 1012 q cm-2 the Dit increases slightly to 3 x 1011 cm-2 eV-1. The

addition of more ionic charge further degrades the interface as the Dit increases to 8 x

1011 cm-2 eV-1 in the presence of 1013 q cm-2. These results show that the passivation of

K+ ion-charged oxides is limited by defect generation at Qeff > 2 x 1012 q cm-2.

A similar trend exists in Figure 5.5b for Rb+ ion-charged specimens. The introduction

of 1.6 x 1012 q cm-2 increases the Dit from 2 x 1011 cm-2 eV-1 to 3 x 1011 cm-2 eV-1.

Increasing Qeff further to 4.1 x 1012 q cm-2 results in a greater Dit of 6 x 1011 cm-2

eV-1. The Dit was found to increase to 1012 cm-2 eV-1 at the greatest Qeff of 6.1 x

1012 q cm-2. The results for Cs+ ion specimens are shown in Figure 5.5c. Similar to K+

and Rb+ ions, more defects are created as more charge is migrated to the interface. The

passivation is limited by defect generation from Qeff > 1 x 1012 q cm-2. At the maximum

Qeff of 4.1 x 1012 q cm-2, it was found that the Dit increased to 2 x 1012 q cm-2. The

generation of interface defects by Cs+ ions is significantly greater than for K+ and Rb+

charged specimens at similar values of Qeff . These results confirm that the ionic radius

plays an important role in the interface properties. The correlation between Qeff and Dit

observed in Figures 5.5a, 5.5b, and 5.5c confirms that excess ionic charge leads to the
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creation of interface states, which explains the decrease in τeff beyond the optimal Qeff .

The relationship between Qeff and Dit for each ion is summarised in Figure 5.6.

(a)

(b)

(c)

Figure 5.5: CV measurements demonstrating the influence of increasing amounts of (a) K+ (b)
Rb+ and (c) Cs+ ion interface charge on Dit. Solid lines are model fittings. Blue curves on the far
right represent the control.
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Figure 5.6: Summary of the ion-dependent relationship between Qeff and Dit.

5.2.1 Discussion

Section 5.1 and 5.2 explored the use of K+, Rb+, and Cs+ ion-charged dielectrics in

silicon surface passivation. From Figure 5.1, a maximum τeff of 2.40 ms and 2.42 ms

was determined for K+ ion-charged dielectrics, where thermal evaporation and spin

coating deposition was used respectively. Both these values are equivalent to Seff < 2.80

cm s-1. This is superior to the previously reported work on K+ ion-charged dielectrics

that demonstrated Seff < 3.3 cm s-1 on the same type silicon [67]. In this thesis, the

maximum lifetime was achieved at Qeff of 1.5 - 1.7 x 1012 q cm-2. This optimal Qeff is

consistent with findings by Collett et al. that the incorporation of 1-2 x 1012 q cm-2 of K+

ions provides superior passivation during alnealing [68]. Nevertheless, the best recorded

τeff was 1.32 ms lower than the maximum τeff achieved by the corona-charged control.

Compensating the electric field with a greater concentration of K+ ions, instead of

additional corona charge, resulted in a degradation of the passivation quality as

evidenced by the reduction in τeff . As shown in Figure 5.2, a similar trend was observed

in Rb+ and Cs+ charged specimens. A maximum τeff of 2.81 ms and 1.86 ms was
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recorded for Rb+ and Cs+ specimens, respectively. Similarly to K+ charged specimens,

the optimal Qeff occurred at 1.4 x 1012 q cm-2. The relatively low concentration of ions

required for maximum passivation means that a low concentration of corona charge is

required to produce the necessary surface field. This is beneficial considering reports that

excessive corona charges absorbed into the dielectric can generate defects at the interface

with silicon [66, 224, 225].

The mean τeff of Cs+ charged specimens was 1.51 ms. This is 0.68 - 0.79 ms lower than

the mean maximum τeff of both K+ and Rb+ specimens. It was demonstrated in Figure

5.6 that for a given interface charge concentration, the defect density increases as the ionic

radius increases. Additionally, it was shown that for all three ions, the incorporation of

ionic charge beyond the optimal value of Qeff resulted in greater defect creation. The

generation of defect states is attributed to the distortion and strain of the SiO2 matrix

in response to both the excess ionic interface charge and ionic size [17, 191, 223]. As

shown by the corona-charged control, a maximum τeff of 3.75 ms can be produced by a

non-invasive field effect. Therefore, a possible method to improve the passivation of ion-

charged oxides is to control the proximity of the ions to the interface so as to avoid damage

to the silicon surface. Recently reported simulations of PERC structures demonstrated

that the efficiency is maximised where the dielectric charge is greater than 2 x 1012 q

cm-2 [214]. This study did not account for defect generation at the Si-SiO2 interface,

and provides an indication of the superior performance that can be achieved if defect

generation is mitigated. One method of defect mitigation is the deposition of a SiNx

capping layer. It has previously been postulated that the presence of hydrogen in SiNx

films can passivate interface defects, including those generated by ions [18, 75, 226].

This is expected to result in a significant increase in the maximum attainable τeff of

ion-charged specimens. Nitride deposition was not available in this work, however, this

should certainly be explored in the future.
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5.3 Passivation Stability of Ion-Charged Oxides

Electronic devices often function at elevated temperatures and under operational voltages

[112, 176, 227]. Ion-charged dielectrics are therefore susceptible to heat and bias stress

conditions [112, 176, 227]. Additionally, PV modules are exposed to UV radiation due to

their placement outdoors. Accelerated ageing experiments were carried out to determine

how K+, Rb+, and Cs+ ions at the Si-SiO2 interface respond to such conditions, and how

the passivation performance provided by ion-charged oxides is affected.

Firstly, the stability of the passivation performance was studied. Figure 5.7 demonstrates

how τeff of ion-charged specimens is affected by elevated temperatures and UV radiation.

Here, in separate specimens, the optimal concentration of K+, Rb+, and Cs+ ions were

migrated to the interface to produce approximately the highest τeff . Three specimens,

each containing either K+, Rb+, or Cs+ ions were placed in a box furnace at 120 ◦C for

500 hours. Another three specimens were placed in a UV radiation chamber at room

temperature for the same amount of time. The UV illumination intensity was 5 mW cm-2.

It should be noted that for all specimens, ions were migrated to the Si-SiO2 interface

at both the front and rear of the substrate, however, within the chamber only one face

could be exposed to the UV radiation. The exposed face was kept constant throughout.

At intervals, the specimens were removed from the box furnace and the UV radiation

chamber to measure τeff on the Sinton Lifetime Tester. Figure 5.7a demonstrates the

changes in τeff as a result of elevated temperature. Within the first 24 hours at 120 ◦C,

τeff decreased by 0.14 ms, 0.42 ms, and 0.2 ms for K+, Rb+, and Cs+ ion specimens,

respectively. A slower rate of decline was recorded in subsequent measurements. By 500

hours, the initial τeff of each specimen had dropped by 0.72 ms, 0.91 ms, and 0.50 ms.

Figure 5.7b shows the results for the three specimens exposed to UV radiation. Within the

first 24 hours, there was a decrease in τeff by 1.15 ms, 0.66 ms, and 0.42 ms for K+, Rb+,

and Cs+ ion specimens, respectively. The passivation continued to deteriorate for all three

ions. For the Cs+ charged specimen, the τeff remained at∼0.8 ms between 120 hours and
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250 hours. This temporary plateau is most likely due to shading of the specimen within

the chamber. By 500 hours, the initial τeff had dropped by 1.81 ms, 1.28 ms, and 0.94

ms.

(a) (b)

Figure 5.7: Influence of (a) 120 ◦C heat and (b) UV radiation on τeff of K+, Rb+, and Cs+ charged
specimens over the course of 500 hours. Dashed lines are a guide to the eye.

It was hypothesised that the decline in surface passivation may be due to the migration of

ionic charge away from the interface, or due to the creation of interface defects in

response to heat and UV radiation. To determine the cause, fresh specimens were

prepared. Additionally, two control specimens were prepared by spin coating pure DI

water and IPA solvents on the SiO2 surface prior to corona charging and annealing at 300
◦C. MOS structures were created out of the specimens so that CV measurements could

be performed to evaluate changes in Qeff and Dit. Three of the MOS structures

embedded with either K+, Rb+, or Cs+ ions along with one control specimen were placed

in the box furnace at 120 ◦C for 500 hours. Another three ion-charged MOS structures

and the second control were placed in the UV radiation chamber.

Figure 5.8a shows the charge stability of K+, Rb+, and Cs+ ions at the Si-SiO2 interface

over the course of 500 hours at 120 ◦C. The prepared MOS structures allowed for

intermittent CV measurements to determine the stability of the interface charge
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concentration over time. An average of 5 randomly selected locations demonstrated a

charge retention of >98 % after 120 hours for all three ions. The charge retention

remained >98 % after 500 hours for K+ and Rb+ ions, whist Cs+ ions demonstrated 96 %

charge retention. The control sample lost an average of 55 % after 120 hours. After 500

hours, there was an increase in the average Qeff of the control sample as well as an

increase in the fluctuation in charge. This can be attributed to the high mobility of

contaminants such as Na+ that respond to internal concentration gradients at low

temperatures giving rise to variable charge distributions within the oxide. Given the

negligible Na+ Qeff ≤ 1011 q cm-2, these fluctuations do not have a significant impact on

the measured Qeff of the ion-charged specimens.

Figure 5.8b demonstrates the charge stability of all three ions under UV radiation over

500 hours. As UV radiation cannot pass through the aluminium dots on the surface, each

time the samples were removed for testing, new dots were thermally evaporated next to

the previous ones. After 120 hours, an average of 94 % and 87 % charge retention was

found for K+ and Rb+ ions respectively. Of the three ions, Cs+ ions demonstrated the best

charge retention of 100 %. After 500 hours, the charge retention of K+ and Rb+ samples

lowered to 90 % and 84 %, respectively. Cs+ showed the highest charge retention of 95 %

after 500 hours. Given the requirement for creating a new MOS structure before each CV

measurement, it is possible that the decrease in measured charge after each time interval

is due to small variation of ionic charge across the SiO2 film.

As shown in Figure 5.9, the CV curves of MOS structures before and after heat ageing

were subsequently modelled according to the Terman method to evaluate changes in Dit.

Figure 5.9a plots the results for the K+ charged specimen and the control. From the fitted

curve of the K+ specimens, a small increase in Dit from 2 x 1011 cm-2 eV-1 to 3 x 1011

cm-2 eV-1 was determined. The control specimen showed the same absolute increase of 1

x 1011 q cm-2 after 500 hours, thus indicating that the increase in Dit may not be related

to the ionic charge but is thermally generated. Figure 5.9b shows the changes in Dit for

Rb+ and Cs+ charged specimens. After 500 hours, the Dit of the Rb+ charged specimen
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(a) (b)

Figure 5.8: Stability of K+, Rb+ and Cs+ ions at the Si-SiO2 interface over the course of 500 hours
at (a) 120 ◦C and (b) under UV radiation.

increased from 8 x 1011 cm-2 eV-1 to 9 x 1011 cm-2 eV-1. The Cs+ specimen exhibited the

same absolute increase inDit from 3 x 1011 cm-2 eV-1 to 4 x 1011 cm-2 eV-1. The results in

Figure 5.9 confirm that at elevated temperatures, a small amount of defects are generated

in response to heat, which affects all specimens equally.

A similar study was carried out on the MOS structures before and after 500 hours of

exposure to to UV radiation. The results are shown in Figure 5.10. As before, due to

the lack of UV transmittance through aluminium, CV measurements were performed on

fresh MOS samples. Figure 5.10a shows the results for the K+ charged specimen and the

control. For the K+ specimen, theDit was found to increase from 2 x 1011 cm-2 eV-1 to 5 x

1011 cm-2 eV-1. For the control, there was a smaller increase from 1 x 1011 cm-2 eV-1 to 2

x 1011 cm-2 eV-1. Figure 5.10b shows the results for the Rb+ and Cs+ charged specimens.

Here an increase in Dit from 7 x 1011 cm-2 eV-1 to 1.5 x 1012 cm-2 eV-1 was determined

for the Rb+ specimen. For the Cs+ specimen, the Dit increased from 5 x 1011 q cm-2 to 6

x 1011 cm-2 eV-1.

Further tests were carried out to determine how K+, Rb+, and Cs+ ions at the Si-SiO2

interface respond to reverse biases at elevated temperatures. Ions were migrated to the
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(a)

(b)

Figure 5.9: CV measurements demonstrating the change in Dit after 500 hours at 120 ◦C for (a)
control and K+ charged specimens (b) Rb+ and Cs+ charged specimens.

Si-SiO2 interface following corona charging and annealing. MOS structures were

subsequently produced and the samples heated to 200 ◦C. A reverse bias of -1 V, -5 V

and -10 V was applied separately to three samples for a total of 60 minutes. As shown in

Figure 5.11, CV measurements were taken every 10 minutes over the course of 1 hour to

record changes in Qeff . Figure 5.11a compares the charge retention of all three ions held

at a reverse bias of -1 V, equivalent to a field of -105 V cm-1. Rb+ and Cs+ ions show
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(a)

(b)

Figure 5.10: CV measurements demonstrating the change in Dit after 500 hours under UV
radiation (a) control and K+ charged specimens (b) Rb+ and Cs+ charged specimens.

negligible change over the course of 60 minutes. On the other hand, K+ ions show a 13

% loss in Qeff after the first 10 minutes and 42 % loss after 60 minutes. In Figure 5.11b,

a stronger reverse bias of -5 V, equivalent to a field of -5 x 105 V cm-1, was applied.

Approximately 75 % of K+ charge is lost after the first 10 minutes, followed by ∼90 %

depletion after 60 minutes. The Rb+ ion concentration falls by 12 % in the first 10

minutes and by 29 % after 60 minutes. Cs+ ions demonstrate excellent stability, losing
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(a) (b) (c)

Figure 5.11: Stability of K+, Rb+, and Cs+ ions at the Si-SiO2 interface under a reverse bias of (a)
-1 V (b) -5 V and (c) -10 V at 200 °C over 60 minutes. Dashed lines are a guide to the eye.

just ∼5 % of its initial Qeff after a total of 60 minutes. The results after applying a bias

of -10 V, equivalent to a field of -106 V cm-1, are shown in Figure 5.11c. The decline of

K+ charge at the interface follows a similar to trend to the results in Figure 5.11b. The

final value of 7.8 x 1011 q cm-2 is comparable to the control’s interface charge of 3.2 x

1011 q cm-2. This indicates that the Si-SiO2 interface is almost entirely depleted of ions.

The Rb+ sample lost 41 % of its Qeff within the first 10 minutes and a further 20 % by

the end of 60 minutes. The Cs+ sample showed the most gradual degradation, losing 12

% of its initial Qeff after 60 minutes.

5.3.1 Discussion

This section demonstrated the influence of heat and UV radiation on passivation

performance through accelerated ageing experiments. The endurance of ionic charge is

critical in the operation of charged dielectric devices. The reported endurance of K+

ion-charged oxide films under vacuum at room temperature is 400 years, however, at a

temperature of 65 ◦C under vacuum the lifespan drops to 8 years [112]. It is expected

that under harsh atmospheric conditions, this lifespan would be even lower. Studies of

the longevity of the surface passivation provided by K+ ions under indoor ambient

conditions demonstrated that after an initial drop in τeff of 10 % within the first 10 days,
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the passivation is stable for up to 4 years [93].

Figure 5.7 demonstrated the reduction in τeff for K+, Rb+, and Cs+ charged specimens

during exposure to a temperature of 120 ◦C and, separately, UV radiation. It was

determined that after 500 hours at 120 ◦C, the initial τeff had fallen by 0.72 ms, 0.91 ms,

and 0.50 ms for K+, Rb+, and Cs+ charged specimens, respectively. An examination of

the interface properties was carried out to determine the predominant mechanism for the

loss in passivation following exposure to elevated temperature. CV measurements in

Figure 5.8a demonstrated that K+, Rb+, and Cs+ ions all have excellent physical stability

at the interface at 120 ◦C. A charge retention >96 % was determined for all three ions

after 500 hours. The exposure to elevated temperature produced a small increase in Dit

of 1 x 1011 q cm-2 for all three ions. The same difference in Dit was recorded for the

control specimen after 500 hours at 120 ◦C. Therefore the generation of defects is

attributed to thermal activation, and not to the presence of ionic charge. This explains

why the relative loss in τeff was similar for K+ and Cs+ charged specimens. The Rb+

specimen demonstrated a slightly greater loss in passivation. Although the specimens

were individually wrapped in aluminium foil before being placed in the box furnace to

prevent damage or dust settling on the surface, the Rb+ specimen may nonetheless have

been mishandled, thus resulting in faster lifetime decay.

The ion-charged specimens exposed to UV radiation on one side demonstrated a more

significant loss in τeff . After 500 hours, initial τeff fell by 1.81 ms, 1.28 ms, an 0.94

ms for K+, Rb+, and Cs+ charged specimens, respectively. It is assumed that if both faces

were exposed equally to UV radiation, the lifetimes would have been reduced even further.

Tests conducted to determine the charge stability of the ions at the Si-SiO2 interface under

UV radiation demonstrated 84 - 95 % charge retention after 500 hours. Following reports

that UV radiation can produce defects within the oxide film at the interface and within the

oxide bulk itself, it is possible that the trapped electron density partially shields the electric

field produced by the ions, thus limiting the FEP and recorded Qeff [226, 228]. Given the

relatively high Qeff detected by CV, it is not possible to attribute such severe reduction in
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τeff to either a significant physical loss of ionic charge at the interface nor shielding of the

electric field. Changes in the chemical passivation of the interface were therefore studied.

In this work, it was found that the increase in Dit after 500 hours was 3 x 1011 cm-2 eV-1

and 4.5 x 1011 cm-2 eV-1 for K+ and Rb+ charged specimens, respectively. The Dit of the

Cs+ charged specimen and the control both only increased by 1 x 1011 cm-2 eV-1. The

latter results are supported by prior work by Hezel et al. that showed that the presence of

Cs+ ions at the Si-SiO2 interface did not influence the Dit generation under UV radiation

[78, 226]. It is not clear why K+ and Rb+ charged specimens produce a greater defect

density under UV radiation. Although defect generation is certainly a contributor to the

deterioration in surface passivation, it is unlikely to be the sole cause, especially for Cs+

specimens that demonstrated little change in Dit. Further work is required to understand

the various mechanisms of UV degradation, and their weighted contributions. Despite the

lower maximum τeff , Cs+ charged specimens show better resistance to defect formation,

which may make them the more practical choice for long-term passivation.

Figure 5.11 demonstrated the reduction in Qeff of all three ions in response to a reverse

bias of -1 V, -5 V, and -10 V at 200 ◦C. Of the three ions, K+ ions demonstrated the

poorest endurance. Cs+ ions demonstrated the best endurance; at the strongest bias of

-10 V, equivalent to an electric field of -106 V cm-1, the Qeff of Cs+ ions only lowered by

12.4 % after a total of 60 minutes. Resistance to reverse bias is important in the

long-term operation of PV modules. The short circuit current (Jsc) of solar cells

connected in series within a module is limited by the lowest current produced by an

individual cell. Under ideal uniform illumination, all cells are expected to produce an

equal Jsc. In reality, there may exist a mismatch in Jsc between individual cells due to

shading as a result of cloud cover, trees, debris, or other environmental obstacles.

Shaded cells tend to produce a smaller Jsc in comparison to the fully illuminated cells.

Instead of passing through an external load, the surplus current produced by illuminated

cells is dissipated within the shaded cell [229–231]. The shaded cell as a result operates

under reverse bias, which could affect the stability of ionic charge at the interface.

130



I. Al-Dhahir Chapter 5. Alkali Ion Passivation on Thermal Silicon Oxide

Additionally, the power produced under reverse bias can lead to excessive heat

dissipation, which is reported to be detrimental to cell performance [229–231]. Although

K+ ions demonstrated excellent surface passivation, their stability at the Si-SiO2 interface

under bias stress conditions was poor. It is possible that under operational voltages and

elevated temperatures, K+ ion dielectrics may not be suitable for commercial purpose.

Rb+ and Cs+ charged oxides may therefore present a more stable alternative.

It is expected that the use of a SiNx capping layer will improve the passivation stability of

the ion-charged oxides. It has been reported that SiNx acts as a highly effective protective

layer against UV radiation damage at the Si-SiO2 [226, 232]. By optimising the SiNx film

deposition parameters, Lauinger et al. reported no detrimental influence of UV radiation

on oxidised interfaces, leading to stable cell efficiencies exceeding 10 years [232]. It is

postulated in this work that the presence of fixed positive charge in SiNx could also help

stabilise the alkali ions at the Si-SiO2 interface through electrostatic force. This may result

in improved endurance of all three ions under reverse bias conditions. As SiNx deposition

was not available for much of this thesis, such experiments could not be performed. The

exploitation of SiNx as a protective layer should be explored in future work.

5.4 Summary

A maximum τeff of 2.42 ms, 2.81 ms and 1.86 ms was determined for K+, Rb+, and Cs+

charged specimens, respectively. The optimal Qeff for all three ions was found to be

∼1.5 x 1012 q cm-2. Further improvements in FEP were found to be limited by the

generation of interface defects due to over-saturation of ions at the interface, resulting in

distortion of the oxide matrix. Excellent reproducibility of the maximum τeff was

demonstrated for both evaporated and spin coated K+ specimens, and for Rb+ and Cs+

specimens. Accelerated ageing experiments at elevated temperature and UV radiation

demonstrated that the all three ions are physically very stable within the SiO2 film.

Nevertheless, the exposure to such conditions resulted in a decrease in surface
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passivation quality as demonstrated by the loss in τeff over time and the generation of

interface defects. Under reverse bias, the larger alkali ions demonstrated significantly

better stability than K+ ions. Rb+ ions were observed to withstand an electric field of

-105 V cm-1 whilst Cs+ ions presented excellent stability up to a field strength of -106 V

cm-1 at 200 °C. Overall, these results demonstrate the advantages of ion-charged

dielectrics as a promising material for surface passivation. The versatility of ion-charged

dielectrics allows for exploitation in numerous applications, and opens possibilities for

new device architectures where field effect can be used successfully.
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PASSIVATION OF THE SI-SIO2

INTERFACE

The growth of dry thermal SiO2 on silicon is reported to provide the best chemical

interface passivation amongst dielectrics, with Dit as low as 109 - 1010 cm-2 eV-1

reported after growth and post-processing [18, 233–235]. The deposition of an additional

SiNx capping layer is often used to enhance the chemical passivation of the Si-SiO2

interface further through hydrogenation of interface defects [18, 236]. The

hydrogenation of the interface typically takes places during a high temperature anneal,

relying on the diffusion of hydrogen desorbed from SiNx to migrate towards the silicon

surface [18, 236, 237]. Hydrogen has also been reported to migrate across the

silicon-dielectric interface and into the silicon bulk. Within the bulk, hydrogen can also

passivate defects [30, 238], and is considered critical in the regeneration of light-induced

defects in both n and p-type silicon as reported in references [239–241]. However, it is

also responsible for the unwanted electrical de-activation of dopant atoms, which can

result in a significant increase in resistivity [242, 243]. Similarly, at the Si-SiO2

interface, hydrogen can re-activate previously passivated defects [244, 245]. Therefore,

the ability to carefully control hydrogen within the dielectric-silicon system would be

advantageous to better exploit its passivation properties, and minimise its harmful

effects. Hydrogen-containing dielectrics have been utilised to produce record breaking

solar cells with >26 % efficiency [124, 246]. The earlier chapters of this thesis

demonstrated that embedding alkali ions at the Si-SiO2 interface can provide

long-lasting field effect passivation. By maximising the chemical passivation through

controlled hydrogenation, and profiting from the superior FEP of ion-charged dielectrics,

it may be possible for higher efficiency solar cells to be produced.
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In this chapter, surface electric fields during a post-deposition anneal are used to tailor

the chemical passivation provided by SiO2 + SiNx dielectric stacks. It is demonstrated

here that an electric field present in the dielectric not only modifies the surface carrier

concentration via field effect, but can also induce a chemical change in the interface

properties upon annealing. By tailoring the surface electric field in the dielectric stack

prior to annealing, it is shown that the capture rates and density of interface states at the

Si-SiO2 interface can be modified depending on the field polarity and magnitude. It is

hypothesised that the observed changes in the chemical properties of the interface are

due to the response that charged hydrogen atoms can have depending on the surface

electric fields. Different Si-SiO2-SiNx sample structures are tested here. It is shown that

the changes in chemical passivation depend strongly upon the dielectric properties and

silicon type, with factors such as SiNx refractive index and SiO2 properties playing a role

in the observations. This chapter discusses the various mechanisms by which these

field-dependent changes in chemical passivation can be explained.

6.1 Literature Review of Hydrogen Dynamics at the Si-

SiO2 Interface

Section 1.3.2 described how hydrogen can be introduced to dielectric films during

synthesis for beneficial passivation effects. Hydrogen desorbed from the dielectric can

exist as dimers (H2), or atomic form. Furthermore, atomic hydrogen is reported to be

amphoteric, meaning it can exist in the positive (H+), negative (H-), or neutral (H0)

charge state [239, 247, 248]. The predominance of one charge state over the other

depends upon the position of the Fermi level of the dielectric or semiconductor relative

to the acceptor and donor levels of atomic hydrogen [247]. Numerous reports exist

concerning the role of hydrogen in silicon surface passivation, however, the mechanism

by which hydrogen passivates interface defects is still under debate [41, 239, 249–251].

The general observations in the field indicate that dangling bonds at the Si-SiO2 interface
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can be passivated by both molecular and atomic forms of hydrogen [224, 252–254].

Atomic hydrogen is reported to passivate dangling bonds (D) following the reaction in

Equation 6.1a [252, 255]. Conversely, atomic hydrogen can also be responsible for the

de-passivation of dangling bonds, following the reaction in Equation 6.1b.

D + H→ D–H (6.1a)

D–H + H→ D + H2 (6.1b)

The passivation and de-passivation mechanisms above are reported to occur

spontaneously with a very small non-zero energy barrier [255]. Although the energy

barrier has not been quantified, Stathis reports that there is a greater probability of the

passivation mechanism occurring compared to the de-passivaton mechanism [255].

It is widely reported that H+ is the predominant charge state within SiO2 [245, 252, 256,

257]. It has been proposed that H+ is generated within the oxide though a reaction

between holes and hydrogen [245, 252, 257]. The positive charge state is highly stable

owing to the considerably higher energy level of H+ compared to the conduction band of

silicon, which minimises the probability of neutralisation by electron injection [245, 252,

256]. In addition to H+, neutral H0 has also been reported to remain stable and passivate

defects at the Si-SiO2 interface [255, 258]. Experimental studies in the literature show

that dimers can also passivate silicon dangling bonds at the Si-SiO2 interface via the

reaction in Equation 6.2a [249, 253, 254, 259, 260]. At temperatures >500 ◦C,

hydrogenated dangling bonds can be thermally dissociated according to Equation 6.2b,

thus de-passivating the defect [249, 260]. The defect can also be de-passivated by atomic

hydrogen as described by Equation 6.1b.
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D + H2→ D–H + H (6.2a)

D–H→ D + H (6.2b)

The activation energies associated with the passivation and de-passivation mechanisms

above are reported to have little dependency on interface orientation [254, 261]. In the

case of a textured (111) Si-SiO2 interface, passivation by H2 can be defined by a single

activation energy of 1.66 eV [249, 254, 261]. At a planar (100) face, the passivation

activation energy is reported to range between 1.51 eV and 1.6 eV [254, 262, 263]. The

activation energy of the de-passivation mechanism is ∼2.6 eV for both (111) and (100)

orientations [255, 264]. Therefore the behaviour of hydrogen is not expected to

significantly depend upon the interface orientation. The primary difference between the

two orientations is the density of electrically active defects present and the intrinsic

positive interface charge. At the (100) Si-SiO2 interface, there are significantly fewer

defects created than at the (111) interface [234, 265], resulting in a lower concentration

of trapped positive charge composed of holes [234]. In a study by Reed et al. [234], it

was determined that the annealing of traps by hydrogen was slower at the (111) Si-SiO2

interface compared to the (100) interface due to the greater accumulation of trapped

positive interface charge electrostatically limiting the migration of H+ towards the

interface.

Within SiNx, the desorption of hydrogen is due to the dissociation of N–H and Si–H

bonds [266, 267]. The amount of desorbed hydrogen is dependent upon the density of

the film, and the primary binding site of hydrogen. Studies have shown that in response

to the same thermal stress, greater hydrogen desorption is measured in lower density,

silicon-rich films [266, 267]. In low density films, where the refractive index (n) is

approximately 2.1 or above, hydrogen has been reported to be released from

temperatures as low as 400 ◦C with maximum desorption occurring ≥600 ◦C [236]. In

high density films (n < 2.1), maximum desorption occurs at temperatures >800 ◦C,
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reportedly due to the greater dissociation energy of N–H bonds (∼4.1 eV) in comparison

to S–H bonds (∼3.1 eV) [236]. High density films have a greater tendency to release

atomic hydrogen while in low density films, the hydrogen released tends to form dimers

[72, 159, 236]. The interaction of dimers with defects is yet not well-established. While

there are numerous studies that demonstrate that H2 is capable of passivating defects at

the silicon interface [248, 249, 261, 264, 268], it is also reported that H2 generated in

SiNx evaporates from the dielectric, and therefore should not be considered to play a

significant role in surface passivation [72, 268]. Although still under debate, it has been

proposed that charged hydrogen atoms within dielectrics may respond to surface electric

fields [257, 269]. A study on SiO2 films subjected to a forming gas anneal (FGA)

showed, via CV measurements of Qeff , that suspected H+ could be cycled back and

forth from the Si-SiO2 interface in response to an electric field [269]. A computational

study by Pantelides et al. based on density functional theory proposed that excess H+

atoms that do not interact with the Si-SiO2 interface can be drifted into the silicon bulk,

and subsequently withdrawn under a reverse field [256]. Experimental and theoretical

studies show that many mechanisms are in play during hydrogen release and passivation,

most of which are still being studied. Conclusions drawn in relation to hydrogen are

therefore carefully considered here.

6.2 Interface Passivation Quality after Firing in the

Presence of Surface Electric Fields

In this chapter, both planar Set A (n-type 1 Ωcm FZ) and textured Set C (n-type 5-10 Ωcm

CZ) wafers were used to investigate the effects of surface fields on chemical passivation.

Set A wafers had 100 nm thermal SiO2 grown on both sides, followed by a forming gas

anneal (FGA) in a tube furnace at 425 ◦C for 30 minutes. Both oxidation and FGA were

carried out at Fraunhofer ISE. At the Begbroke clean room, University of the Oxford, a

single layer of 65 nm SiNx was deposited on both oxide surfaces via PECVD using the
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parameters listed in Table 2.2 in Chapter 2. The refractive index of the SiNx film was 1.9,

as confirmed by ellipsometry. These substrates are referred to as Type A. Prior to further

processing the full size 4 inch substrates were cleaved into quarters so that each Type A

specimen was approximately 5 cm x 5 cm in size. Set C wafers had 5 nm thermal SiO2

grown on both sides at Trina Solar facilities. Oxidised wafers with no further processing

are identified as Type C–Ox. On a subset of oxidised samples, referred to here as Type

C–Ox–Ni1, 65 nm SiNx was deposited on both oxide surfaces. The deposition parameters

were varied to produce films with a refractive index of 1.95, 2.1, or 2.4. This was intended

to vary the native concentration of H in the film, as reported in the literature [159]. On

another subset of oxidised Set C wafers, a double layer SiNx was deposited. These are

referred to as Type C–Ox–Ni2. The first SiNx layer was 5 nm in thickness with a refractive

index of 2.2, and the second layer was 60 nm in thickness with a refractive index of 1.95.

For all Type C specimens, both oxidation and nitride deposition were performed at Trina

Solar facilities under a proprietary process. Further processing and testing were carried

out on full size 6 inch substrates. A summary of the four types of substrates used in this

chapter is provided in Table 6.1.

IDENTIFIER SILICON SIO2 SINX REFRACTIVE
TYPE THICKNESS THICKNESS INDEX

Type A
planar

100 nm 65 nm 1.9
1 Ωcm FZ

Type C–Ox
textured

5 nm - -
5-10 Ωcm CZ

Type C–Ox–Ni1
textured

5 nm 60 nm 1.95, 2.1, 2.4
5-10 Ωcm CZ

Type C–Ox–Ni2
textured

5 nm
5 nm a) 2.2 a)

5-10 Ωcm CZ 60 nm b) 1.95 b)

a)first SiNx layer b)second SiNx layer

Table 6.1: Summary of substrates used in Chapter 6.
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Firstly, the effective lifetime was monitored on Type A specimens subjected to an

annealing process under the presence of a positive or negative surface field. The electric

surface field was applied by depositing a controlled concentration of corona discharge.

The charge concentration was monitored via Kelvin Probe to ensure that it remains on

the surface during the time that it takes to measure the specimens, or transport them

across different steps. The results are shown in Figure 6.1. The blue bars represent the

τeff of the substrates following oxidation and nitride deposition, at approximately 0.35

ms. The red bars represent τeff after 10 - 40 seconds of positive or negative corona

discharge was applied to both surfaces of the SiO2 + SiNx dielectric stack, immediately

followed by annealing at 450 ◦C for 20 seconds. The yellow bars represent τeff after a

second identical corona-anneal was performed to evaluate the maximum passivation that

can be achieved by annealing in the presence of a surface field. It can be seen in Figure

6.1a that all samples treated with positive charge demonstrated improvements in τeff . A

maximum τeff of 6.4 ms was recorded, which is equivalent to an Seff < 0.24 cm s-1. In

contrast, the results in Figure 6.1b demonstrate that applying negative corona charge to

the dielectric surfaces prior to annealing resulted in τeff of ∼0.3 ms, well below that

obtained by a positive corona anneal.

Since surface passivation can be both chemical and field effect in origin, the results in

Figure 6.1 could imply that the hydrogen, which is suspected to exist in the dielectric in

H+ form, is drifted towards the interface under a positive surface electric field. Once at

the interface, H+ may chemically passivate interface defects. Following this hypothesis,

negative surface electric fields would retract existing H+ from the interface, thus

de-passivating defects and increasing the interface recombination. Alternatively, any

charge remaining after the anneal, as a product of corona ions or charged states, can vary

the dielectric charge concentration, which for positive (negative) charge would lead to

lower (higher) recombination. The exact mechanism behind the change in τeff is

explored in more detail in Section 6.3.
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(a) (b)

Figure 6.1: Effective lifetimes of Type A specimens before and after corona annealing using
increasing concentrations of (a) positive and (b) negative corona charge. The additional corona
anneal performed on each specimen was identical to the first. The corona charge was deposited at
a tip voltage of ±30 kV.

A similar experiment was performed on Type C–Ox–Ni2 samples. The changes in τeff

after both corona charging and annealing are presented in Figure 6.2. Here 30 or 60

seconds of positive or negative corona charge applied to both surfaces followed by a 2

minute anneal at 450 ◦C. In Figure 6.2a, it can be seen that annealing in the presence of a

positive surface field results in only a small improvement in τeff compared to that of the

untreated dielectric stack. Unexpectedly, annealing in the presence of a negative surface

field also resulted in a small improvement in τeff . The effective lifetime increased from

2.69 ms to 3.21 ms after depositing 30 s of negative corona charge, equivalent to Qsurf ∼

-1.6 x 1012 q cm-2, followed by annealing. It is clear from the different results in Figure

6.1 and Figure 6.2 that the surface polarisation during an anneal produces different results

depending on the type of silicon in addition to the oxide and nitride synthesis methods.

To determine how the surface electric field influences surface passivation, a study of the

interface electrical characterisation was performed, as discussed next.
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(a) (b)

Figure 6.2: Effective lifetimes of Type C–Ox–Ni2 specimens before and after corona annealing
using increasing concentrations of (a) positive and (b) negative corona charge. The corona charge
was deposited at a tip voltage of ±30 kV.

6.3 Interface Recombination Parameters after Firing in

the Presence of Surface Electric Fields

To determine the interface recombination parameters for Type A and Type C–Ox–Ni2

specimens after corona charging and annealing, surface recombination at the Si-SiO2

interface was varied by regulating the surface carrier densities, ns and ps. As described

in Section 2.8.2, a thin layer of PEDOT:PSS was applied to the dielectric surfaces of

planar (Type A) specimens to serve as a transparent gate electrode. The use of a

transparent gate allowed for the temporary and controllable biasing of the dielectric,

while simultaneously permitting the photo-generation of charge carriers. By taking

effective lifetime measurements on the Sinton tester, the carrier-dependent surface

recombination can be determined as a function of surface bias. As PEDOT:PSS does not

apply well to the textured surface of Type C–Ox–Ni2 specimens, increasing amounts of
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corona charge were deposited to bias the dielectric surface, and regulate the surface

carrier densities.

An analytical model was used to fit the experimental data, and to quantify the interface

recombination parameters. The model was adapted from Girisch and Aberle’s iterative

formalism to calculate the density of carriers at the surface [167, 233]. Once ns and ps

are known, the effective surface recombination velocity (Seff ) can be calculated from the

surface recombination rate (Us), as defined by Equations 1.18 and 1.19 in Section 1.2.4.

This formalism is described in detail in Appendix A.2. Following reference [214], this

thesis takes into account the influence of fluctuations in dielectric charge on the surface

recombination by introducing a Gaussian distribution of fluctuations with standard

deviation, σq. The surface recombination velocity can therefore be calculated as [214]:

S =

ˆ ∞
−∞

S(Dit, σn, σp, Qf ,Ψs) ∗
1

σq
√

2π
exp
(

(Qf −Qf0)2

2σ2
q

)
dQf (6.3)

The results for Type A specimens are presented in Figure 6.3. Four types of samples

were produced. The control had no processing performed after deposition of SiO2 and

SiNx. A separate control specimen was produced that was annealed for 20 seconds at

450 ◦C after dielectric deposition. A third sample was created that had 30 s of positive

corona charge applied to both surfaces followed by the same 20 s anneal at 450 ◦C. The

fourth sample had 30 seconds of negative corona charge applied to both surface followed

by the same anneal. After the application of PEDOT:PSS to the dielectric surface of all

four samples, the gate bias was varied between +4 V and -8 V to control the silicon

surface from deep accumulation to deep inversion, while τeff was measured throughout.

Maximum recombination occurs when nsσn = psσp. This state occurs approximately

when the dielectric charge is compensated by an equal but opposite bias gate voltage.

Therefore, the x-axis co-ordinate of the minimum point of each plotted curve is an

indicative measure of Qf .

The differences in the minimum τeff observed for each of the four specimens allows a

142



I. Al-Dhahir Chapter 6. Field Induced Chemical Passivation of the Si-SiO2 Interface

comparison of the chemical interface passivation quality when the field effect component

is nullified by the counter-bias applied on the dielectric surface. Under zero field effect,

surface recombination is wholly attributable to the chemical properties of the Si-SiO2

interface of each specimen, as given by the electron and holes capture velocities, Sn0

and Sp0, in Equation 1.18. The lowest minimum τeff of 0.07 ms was recorded for the

specimen annealed in the presence of a negative surface field. The sample annealed in the

presence of a positive surface field had a higher minimum τeff of 0.33 ms, thus indicating

that the polarity of the surface field prior to the anneal influences the chemical passivation.

The solid lines in Figure 6.3 indicate the model used to explain the observed behaviour.

The values for the fitting parameters are given in Table 6.2. It was found that for Type A

specimens, annealing under a positive electric field only increased the built-in charge (Qf )

and its inhomogeneity (σq) in the dielectric stack. No substantial reduction in Sn0 and

Sp0 could be attributed in comparison to the two control specimens. On the other hand,

applying a negative field on the surface was seen to have a strong effect on the passivation

quality after annealing, with a 1 order of magnitude increase in Dit from 1010 to 1011

cm-2 eV-1 and an increase in Sn0 and Sp0 by two and fourfold, respectively. These results

on Type A specimens confirm that the surface electric field does influence the chemical

passivation of the interface. Given the hypothesis that these field dependent changes are

related to hydrogen, these results support recent findings that atomic hydrogen exists in

the positive charge state at the Si-SiO2 interface [245], and would be in agreement with

the originally stated hypothesis.
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Figure 6.3: Effective lifetime as a function of gate bias as measured on planar Type A specimens
using a PEDOT:PSS transparent gate.

CONTROL
ANNEALED POSITIVE NEGATIVE
CONTROL FIELD FIELD

τeff Richter’s Parametrisation [25]

EOT (nm) 137.3

Qf (1011 q cm-2) 2.4 2.4 5.6 1.6

σq (1011 q cm-2) 1.4 1.2 2 1.3

Sn0 (cm s-1) 305 172 293 607

Sp0 (cm s-1) 34 17 29 137

Dit,mg (1010 cm-2eV-1) 1 1 1 10

Dit,V B , Dit,CB (1015 cm-2eV-1) 1, 3 1, 1 1, 3 2.5, 8

Table 6.2: Summary of modelling parameters used to fit effective lifetime as a function of gate
bias in Figure 6.3. EOT is the equivalent oxide thickness.

144



I. Al-Dhahir Chapter 6. Field Induced Chemical Passivation of the Si-SiO2 Interface

To determine if similar trends are observed in other Si-SiO2-SiNx structures, a similar

experiment was performed on Type C–Ox–Ni2 substrates. It should be noted that due to

specimen and equipment availability, these experiments were performed on a different

silicon surface and on a dielectric stack with different properties. Here corona discharge

was used to regulate ns and ps since these specimens had a textured surface. The results

are shown in Figure 6.4. The same four types of specimens were produced as above. An

additional specimen was created that had 60 s of negative corona charge applied to both

surfaces followed by annealing at 450 ◦C. This specimen is labelled as "stronger

negative field". After processing of each specimen was completed, both dielectric

surfaces of each specimen were biased with incremental additions of negative corona

charge while τeff was recorded on the Sinton tester. Although the Kelvin Probe can be

used to measure the surface charge on a full size 6 inch substrate, the dimensions of the

instrument make it difficult to fit it under the probe. To prevent damage to the sample,

one Kelvin Probe measurement was taken prior to depositing negative charge to

determine the initial surface charge. A calibration was used to calculate the incremental

increases in charge after each corona deposition. Corona charge was only added in 5 s

and 10 s increments. As described in Appendix A.3, calibration samples were produced

to determine the charge deposition rate. Effective lifetime measurements were taken

immediately following corona deposition. The cycle of corona charging and Sinton

testing was performed continuously to prevent the dissipation of corona charge. The

whole experiment was completed within 90 minutes.
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Figure 6.4: Effective lifetime as a function of charge on textured Type C–Ox–Ni2 specimens using
increasing concentrations corona charge to bias the dielectric surface, following a corona-anneal
process. The corona charge was deposited at a tip voltage of -30 kV.

The fitting parameters for Type C–Ox–Ni2 specimens are provided in Table 6.3.

Annealing the SiO2 + SiNx stack without the presence of an extrinsic field resulted in

degradation of the chemical passivation. Relative to the control, Dit increased from 2 x

1010 to 8 x 1010 cm-2 eV-1, and the Sn0 and Sp0 values increased by approximately four

times. Annealing the dielectric stack in the presence of an extrinsic positive field resulted

in similarly poor levels of chemical passivation. However, applying negative surface

fields resulted in high levels of interface passivation similar to the SiO2 + SiNx control.

Strengthening the negative field pre-anneal resulted in the best quality interface out of all

5 specimen types. Relative to the control, the Dit decreased from 2 x 1010 to 1 x 1010

cm-2 eV-1, and Sn0 lowered by 50 %.
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CONTROL
ANNEALED POSITIVE NEGATIVE STRONGER
CONTROL FIELD FIELD NEGATIVE FIELD

τeff Richter’s Parametrisation [25]

EOT (nm) 38.8

Qf (1011 q cm-2) 13 31 5 23 16

σq (1011 q cm-2) 4.1 4.3 3.6 2.8 3.0

Sn0 (cm s-1) 687 2565 3664 779 343

Sp0 (cm s-1) 60 366 275 124 69

Dit,mg (1010 cm-2eV-1) 2 8 8 2 1

Dit,V B , Dit,CB (1015 cm-2eV-1) 8, 7 8, 2.5 8, 2 6, 2 6, 0.9

Table 6.3: Summary of modelling parameters used to fit effective lifetime as a function of charge
in Figure 6.4. EOT is the equivalent oxide thickness.

Bredemeier et al. reported that the in-diffusion and out-diffusion of hydrogen at the

silicon interface is predominantly influenced the SiNx film properties closest to the

interface [159]. Therefore the behaviour of hydrogen within Type C–Ox–Ni2 specimens

is primarily influenced by the first SiNx layer of refractive index 2.2. High refractive

index (low density) films have a greater tendency to release dimers rather than atomic

hydrogen [72, 159]. Therefore, Type C–Ox–Ni2 substrates were polarised and annealed

at a higher temperature of 600 ◦C to increase the likelihood that atomic hydrogen is

desorbed. Additionally, to determine the dependency of the observations on surface

electric field strength, both sides of the dielectric stack were subjected to positive or

negative corona discharge for 30 s, 60 s, or 120 s prior to the anneal. The results of the

surface biased lifetime experiment are shown in Figure 6.5. The fitting parameters used

to model the interface properties are provided in Table 6.4. Figure 6.5a compares the

results of the as-received control and a control annealed at 600 ◦C with no extrinsic

electric present. Similarly to results performed at 450 ◦C, the chemical passivation

worsened following the anneal under no added corona charge, with Sn0 and Sp0
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(a) (b) (c)

Figure 6.5: Effective lifetime as a function of charge as measured on textured Type C–Ox–Ni2
specimens annealed at 600 ◦C (a) control specimens (b) specimens annealed with a positive surface
field (c) specimens annealed with a negative surface field. The corona charge was deposited at a
tip voltage of -30 kV.

increasing by 47 % and 83 %, respectively. Figure 6.5b compares the specimens that

were positively corona charged prior to annealing. Compared to the control, the sample

annealed in the presence of a low positive surface electric field did not demonstrate an

increase in Dit. However, Sn0 and Sp0 increased by approximately double. Annealing in

the presence of a medium field strength, resulted in an increase in Dit of 1 x 1010 cm-2

eV-1, and Sn0 and Sp0 increased by approximately two and fourfold, respectively. In the

case of strong positive fields, the Dit remained unchanged compared to the control, and

Sn0 increased by 33 % and Sp0 by 300 %. Figure 6.5c shows the results for specimens

annealed in the presence of negative surface electric fields. A clear trend was observed

where the chemical passivation improved with increasing negative field strength. Under

a strong negative field, Dit decreased from 2 x 1010 cm-2 eV-1 to 1 x 1010 cm-2 eV-1, and

Sn0 decreased by 37 %, relative to the control.

The results of Type A and Type C–Ox–Ni2 both demonstrate that the surface electric

field influences the chemical passivation of the interface. However, the mechanisms by

which the interface properties are changed in Type–C–Ox–Ni2 specimens appear to be

different than in Type A specimens. In Type A, the negative electric field during annealing

degrades the interface passivation. In contrast, for Type C–Ox–Ni2 specimens, negative
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Table 6.4: Summary of modelling parameters used to fit effective lifetime as a function of gate
charge in Figure 6.5. EOT is the equivalent oxide thickness.
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surface fields during annealing showed improvements in the chemical passivation of the

interface. A key difference between the two types of specimens is the properties of the

SiNx dielectric. The refractive index, and therefore the density, of the SiNx film influences

the desorption of hydrogen and its mobility [72, 159, 236]. To determine whether the

nitride properties explain the difference in the observations made between the Type A

and Type C–Ox–Ni2, the effect of surface electric fields on the chemical properties was

studied on films with three different refractive indices.

For the following experiments, Type C–Ox–Ni1 substrates were used. The density of the

single layer SiNx film was varied to produce refractive indices of 1.95, 2.1, and 2.4. The

refractive index is known to vary due to stoichiometry, and increases with greater silicon

density [270]. As described in Section 1.3.2.2, the intrinsic charge concentration also

depends upon film composition, and increases with increased nitrogen content due to the

formation of K-centres. For each refractive index, 3 types of specimens were produced:

a control with no further processing, a substrate that was annealed at 600 ◦C in the

presence of a positive surface field, and a substrate that was annealed at 600 ◦C in the

presence of a negative surface field. The results of the surface biased lifetime experiment

are shown in Figure 6.6. The interface recombination modelling parameters are given in

Table 6.5. Figure 6.6a compares the results for the three specimen types where the SiNx

refractive index was 1.95. Annealing in the presence of a positive surface field resulted

in a significant reduction in chemical passivation, as the Dit increased from 2 x 1010 cm-2

eV-1 to 5.5 x 1010 cm-2 eV-1, and the Sn0 and Sp0 values increased by approximately

three to fourfold. In contrast, annealing in the presence of a negative surface field

resulted in an improvement to the interface. Relative to the control the Dit lowered from

2 x 1010 cm-2 eV-1 to 1 x 1010 cm-2, and Sn0 and Sp0 were reduced by 54 % and 73 %

respectively. Figure 6.6b shows the results for a refractive index of 2.1. A similar pattern

was observed as in Figure 6.6a, however, here the degradation due to positive surface

fields was less stark. The positively charged sample showed a smaller increase in Dit

from 2 x 1010 cm-2 eV-1 to 3 x 1010 cm-2 eV-1. The value of Sp0 increased by twofold
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while Sn0 remained constant. Annealing in the presence of a negative surface field

showed a reduction in Dit from 2 x 1010 cm-2 to 1 x 1010 cm-2 eV-1. Sn0 and Sp0 reduced

by 60 % and 44 %, respectively. Figure 6.6c shows the results for the highest refractive

index of 2.4. Here the Dit and the electron and hole capture rates did not vary

substantially for the positively charged sample, compared to the control. The sample that

was negatively charged again showed an improvement in the chemical passivation. The

Dit lowered from 3.5 x 1010 cm-2 eV-1 to 1 x 1010 cm-2 eV-1, and Sn0 and Sp0 lowered by

77 % and 75%, respectively.

(a) (b) (c)

Figure 6.6: The influence of refractive index on the relationship between effective lifetime and
charge on Type C–Ox–Ni1 specimens for (a) n = 1.95 (b) n = 2.1 and (c) n = 2.45. All specimens
were annealed at 600 ◦C, excluding the controls. The corona charge was deposited at a tip voltage
of -30 kV.

These results show that the refractive index affects the mechanism by which surface

polarisation changes the chemical interface properties. This is particularly evident for

samples annealed in the presence of a positive surface field. The detrimental effect of the

positive polarisation is minimised as the refractive index increases. In all cases,

annealing in the presence of a negative surface field improves the interface passivation.

The results in Figure 6.6 do not provide an explanation of the contrasting observations

on Type A specimens where the refractive index of the SiNx film was 1.9. It is therefore

hypothesised that the passivation/depassivation mechanism is not solely related to the
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dielectric density. A discussion of various possible passivation mechanisms is presented

next.

6.4 Explaining Changes in Interface Properties through

Hydrogen Passivation

Previous work by Jin et al. used a comparable experimental approach and revealed

analogous surface biased lifetime dependencies of hydrogenated Si-SiO2 structures

[271]. They reported interface degradation under both low positive and negative surface

field conditions, which they attributed to both the depassivation of silicon dangling

bonds, and the generation of new defects by atomic hydrogen [271]. Contrary to the

observations of Jin et al., there is no evidence of interface degradation for positive

surface fields on Type A specimens. Additionally, it was found that the passivation

performance is improved in the case of Type C–Ox–Ni1 and Type C–Ox–Ni2 specimens

when they are negatively charged before annealing. It is conjectured in this work that

hydrogen is likely to be responsible for the observed changes in chemical passivation.

In the case of Type A specimens, a relatively low Dit of 1010 cm-2 eV-1 exists at the

as-deposited Si-SiO2 interface due to the low defect density in (100) surface.

Additionally, the oxide film was subjected to a forming gas anneal, which is

well-reported to introduce significant quantities of hydrogen [40, 64, 272]. It is proposed

that the Si-SiO2 interface was very well passivated by the hydrogen introduced during

the FGA. The hypothesised mechanism under positive surface fields is illustrated in

Figure 6.7a. Here it is proposed that H+ is drifted towards the interface under positive

fields. Neutral atomic and molecular forms may also diffuse under high temperature

towards the interface. However, due to the excellent pre-existing passivation the

hydrogen doesn’t make a further impact on passivation. The accumulated H+ at the

interface may contribute to the increased Qf determined after annealing under positive

fields. The hypothesised mechanism under negative surface electric fields is shown in
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Table 6.5: Summary of modelling parameters used to fit effective lifetime as a function of gate
charge in Figure 6.6. EOT is the equivalent oxide thickness.
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Figure 6.7b. After annealing under negative surface electric fields, it is possible that the

pre-existing hydrogen is thermally dissociated from the defect sites, and retracted as H+

from the interface by coulombic attraction. Upon retraction from the interface, the

passivation is lost. This proposed mechanism may explain the changes in Dit and carrier

capture rates following annealing of the polarised dielectric surface of Type A

specimens.

(a) (b)

Figure 6.7: Proposed mechanism for the observed changes in interface passivation of Type A
specimens annealed under (a) positive surface electric fields and (b) negative surface electric fields.
Filled red squares represent passivated interface defects, and blank squares represent de-passivated
defects.

In Type C–Ox–Ni2 specimens, a contradictory trend was observed. At annealing

temperatures of both 450 ◦C and 600 ◦C, positive surface fields resulted in degradation

of the chemical properties, and negative surface fields resulted in improvements. It is

evident that surface electric fields influence the chemical passivation properties of the

interface, however, the mechanism is clearly different to that observed in Type A

specimens. The hypothesis for the de-passivaion of the interface under positive surface

fields is schematically represented in Figure 6.8a, and can be described by a three step

process. Firstly, under positive electric fields, the hydrogen is drifted to the interface.

However, the drift is limited by the significant fixed positive interface charge arising
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from trapped holes that is reported to exist at the (111) Si-SiO2 interface [234].

Therefore, H0 or H2, which are decoupled from the electric field, may reach the interface

first and passivate defects. Secondly, under the strength of the positive field, electrons are

injected from the silicon into the SiO2. The third step is the depassivation of weakly

bonded Si–H bonds by hot electrons, thus re-activating defects. The role of electron

injection in de-hydrogenation of the interface is reported in references [244, 245, 273,

274]. Additionally, studies have shown that neutral hydrogen forms weaker bonds at the

interface compared to H+ [258]. This may explain why hot electron injection was not

observed to cause degradation in Type A specimens where H+ was presumed to be the

primary agent.

Figure 6.8b exhibits the proposed mechanism under negative surface electric fields.

Here, H+ generated within SiNx would be attracted towards the negatively charged

dielectric surface. However, as before, H0 or H2 could still diffuse towards the silicon

surface and passivate defects. In the absence of electron accumulation at the silicon

surface, the detrimental effect of hot electron injection does not occur, thus

de-passivation is minimised. Electrons within the dielectric drifted by the negative

corona charge can release the holes trapped at the (111) Si-SiO2 interface [275]. The

greater the negative field strength, the greater the hole de-trapping, which was observed

in this work to result in a reduced dielectric positive charge. Once de-trapped, the holes

may react with bound hydrogen within the oxide to release substantial concentrations of

atomic hydrogen, as reported in [276]. The released atomic hydrogen is in close

proximity to the interface and is expected to readily passivate defects.

To consolidate the proposed mechanisms, an additional experiment was performed.

Here, a fresh Type C–Ox–Ni2 specimen had 60 s of negative corona charge deposited on

the dielectric surfaces followed by annealing at 600 ◦C for 2 minutes. Immediately after,

the same specimen had 60 s positive corona charge applied followed by the same anneal.

The results of the subsequent surface-biased lifetime experiment are shown in Figure

6.9. The purple and blue curves are reproduced from Figure 6.5, and represent
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(a)

(b)

Figure 6.8: Proposed mechanism for the observed changes in interface passivation of Type C–Ox–
Ni2 specimens annealed under (a) positive surface electric fields and (b) negative surface electric
fields. Filled red squares represent passivated interface defects, and blank squares represent de-
passivated defects.

specimens that separately had 60 s of positive or negative corona charge deposited before

annealing at 600 ◦C for 2 minutes. The τeff of the specimen that was annealed twice

under opposing polarities has a similar dependency on charge as the sample that was
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Figure 6.9: Surface biased lifetime experiment of Type C–Ox–Ni2 specimen that underwent a
negative corona anneal followed by a positive corona anneal. The corona charge was deposited at
a tip voltage of ±30 kV. The blue and purple curves are reproduced from Figure 6.5.

annealed once under a positive surface field. Firstly, these results demonstrate that the

field-induced mechanism is reversible. Secondly, they provide a substantiation of the

proposed mechanisms. The Si-SiO2 interface passivation is well passivated by hydrogen

under negative surface electric fields. When the same specimen is annealed under

positive surface fields, electron injection from the silicon into the SiO2 de-passivates the

hydrogenated defects.

Type C–Ox–Ni1 specimens demonstrated a clear trend based on the refractive index of

the SiNx film. Here it was demonstrated that with increasing refractive index, the

detrimental effect of positive surface fields during annealing was minimised. At the

highest refractive index of 2.4, there was negligible difference between the chemical

passivation of the interface for the control specimen and the positively charged specimen.

It is well-reported that hydrogen content within SiNx increases with increasing refractive

index [159, 236]. Bredemeier et al. report that the maximum hydrogen concentration is

desorbed in films where n = 2.4 [159]. It is hypothesised here that under positive surface
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electric fields, hydrogen is either drifted or diffused to the silicon surface where it

passivates dangling bonds. For the Type C–Ox-Ni1 specimens with the lowest n of 1.95,

hydrogen-terminated dangling bonds are de-passivated by electron injection, similarly to

the mechanism presented in Figure 6.8a. With increasing refractive index, the

substantially higher concentration of available hydrogen is able to swiftly passivate

previously de-passivated dangling bonds, thus overriding the de-passivation mechanism

by electron injection. This effect is most evident in specimens with refractive index of

2.4, which are believed to have the greatest hydrogen concentration.

It was shown that irrespective of film density, annealing Type C–Ox–Ni1 specimens in the

presence of negative surface fields provided improvements in chemical passivation. It is

hypothesised that the mechanism is similar to that presented in Figure 6.8b. Hydrogen is

generated within the oxide due to hole de-trapping at the (111) Si-SiO2 interface, which

is not dependent upon the properties of the SiNx film. As before, since electrons are

prevented from accumulating at the silicon surface under negative electric fields, the de-

passivation effects are not observed. Therefore the density of the SiNx film is mainly of

consequence when annealing under positive surface electric fields.

In this work, it has been hypothesised that hydrogen is introduced to the Si-SiO2

interface following desorption from the SiNx layer. To confirm that the SiNx film is

necessary for the observed changes in interface passivation, a test was conducted on

Type C–Ox substrates that had only a 5 nm SiO2 dielectric on both surfaces following

the same experimental procedure. The oxide surfaces were positively or negatively

charged followed by annealing at 450 ◦C for 2 minutes. The results of the subsequent

surface biased lifetime experiment on these samples are provided in Figure 6.10a. The

interface recombination parameters used to fit the data to a theoretical model are given in

Table 6.6. The as-oxidised interface of the control is highly recombination active. The

modelled Sn0 and Sp0 were 26.3 x 103 cm s-1 and 9.16 x 103 cm s-1, respectively.

Annealing a control specimen without any extrinsic electric field present did not

significantly alter the interface properties. Annealing the control in the presence of a
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positive surface electric field resulted in an unexpected improvement to the interface

properties as the Dit lowered by 60 %, and Sn0 and Sp0 by 36 % and 63 %, respectively.

Additionally, a small increase in the dielectric’s positive charge was detected. Annealing

in the presence of negative surface electric fields also demonstrated improvements in the

chemical passivation. The Dit decreased by 40 %, and Sn0 and Sp0 by 35 % and 55 %,

respectively. Another unexpected finding was a sixfold increase in positive charge within

the oxide film when it had been annealed after negative corona deposition. To ensure

these results are reproducible and indicative of a trend, fresh specimens were produced

that underwent identical positive and negative surface charging prior to annealing. The

repeated surface biased lifetime results are plotted in Figure 6.10b. Similar dependencies

on surface charge were demonstrated for both specimens, thus proving these findings are

dependable and accurate. Here, the negatively charged sample had a greater positive

oxide charge, as evidenced by the greater shift along the negative x axis. The results in

Figure 6.10 lead to two key questions. Firstly, why is there is a difference in the interface

properties upon annealing in the presence of positive and negative surface electric fields?

And secondly, why does annealing the oxide in the presence of a negative surface lead to

increases in positive dielectric charge?
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(a) (b)

Figure 6.10: (a) Effective lifetime as a function of charge as measured on textured Type C–Ox
specimens annealed at 450 ◦C under positive and negative surface electric fields (b) repeated
results for specimens annealed under positive and negative electric fields. The corona charge
was deposited at a tip voltage of ±30 kV.

CONTROL
ANNEALED POSITIVE NEGATIVE
CONTROL FIELD FIELD

τeff Richter’s Parametrisation [25]

SiO2 Thickness (nm) 5

Qf (1011 q cm-2) 10 11 21 58

σq (1011 q cm-2) 8 7 11 4.5

Sn0 (cm s-1) 26334 22900 16946 17175

Sp0 (cm s-1) 9160 7327 3389 4122

Dit,mg (1010 cm-2eV-1) 100 100 40 60

Dit,V B , Dit,CB (1015 cm-2eV-1) 8, 20 8, 20 10, 20 5, 20

Table 6.6: Summary of modelling parameters used to fit effective lifetime as a function of gate
bias in Figure 6.10a.
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With regards to the first question, it is known that hydrogen can be introduced to SiO2 by

water molecules present within the film [64, 277], and also through ions generated by

corona discharge [271]. It is therefore not possible to assume zero presence of hydrogen

within the system by eliminating the SiNx capping layer. It is possible that the hydrogen

content within Type C–Ox samples responds to surface electric fields. However, the

mechanism by which hydrogen passivates the interface is clearly different in Type C–Ox

specimens compared to Type C–Ox–Ni specimens, and therefore the inclusion of a SiNx

layer is critical to the observations. It is assumed that without the SiNx layer, the

hydrogen content generated in the SiO2 layer by corona charges and residual water

molecules is much lower. The lack of hydrogen explains the high defect density at the

Si-SiO2 interface of Type C–Ox specimens. The observed improvements in chemical

passivation under positive electric fields can be explained by the capturing of the residual

hydrogen by defects. The small improvement in chemical passivation observed under

negative surface electric fields could be related to the diffusion of neutral hydrogen

species to the Si-SiO2 at elevated temperature.

Concerning the second question, the accumulation of positive dielectric charge after

depositing negative corona charge on SiO2 has been previously reported in [278–280]. It

is believed that the positive charge arises from hole trapping at the interface [278–280].

Hole traps are neutral when empty and positively charged when occupied by a hole.

These traps are reported to exist in high concentrations at the Si-SiO2 interface, and are

predominantly attributed to strained interfacial bonds [281, 282]. Hole trapping can

occur through three primary mechanisms. The first mechanism, portrayed in Figure

6.11a, is through the emission of an electron from a neutral state to the conduction band

of SiO2, which leaves behind a hole [279]. Electron emission from such traps is reported

to be the predominant mechanism of creating trapped holes [154]. The second

mechanism, shown in Figure 6.11b, is via hot hole injection from the silicon to the SiO2

[283, 284]. This mechanism becomes more likely with increasing negative field strength

to overcome the valence band offset between silicon and SiO2. The last mechanism,
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shown in Figure 6.11c is the direct tunnelling of an electron from a neutral centre to the

conduction band of silicon, which leaves behind a positively charged hole trap [279].

This mechanism is dependent upon the alignment of the energy levels, and is restricted

to trap centres in very close proximity to the interface [279]. The hole trap generation is

reversed once the electric field is removed, and for this reason is discounted as a viable

mechanism since the positive dielectric charge exists after the negative corona charge has

decayed after annealing.

(a) (b) (c)

Figure 6.11: Reported mechanisms by which hole traps are generated within SiO2 under negative
surface electric fields (a) electron emission leaving behind a hole trap (b) hole tunelling into SiO2
following impact ionisation and (c) electron tunneling into the silicon conduction band leaving
behind a hole trap.

6.5 Discussion

This chapter demonstrated that the chemical passivation of the Si-SiO2 interface can be

strongly influenced by the polarisation of the dielectric prior to annealing. These findings

are of consequence to the processing of industrial solar cells. The ability to modulate not

only the surface carrier concentration but the chemical properties of the interface through

extrinsic dielectric biasing opens the door to new methods of interface passivation. The

unexpected demonstration that surface electric fields can impact the chemical passivation
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of an oxide film, without the presence of SiNx, is also of key importance. These results

indicate that any extrinsic charging method must take into account the effect on the

interface chemical properties, irrespective of the dielectric in question.

While tailoring the field induced chemical passivation of the Si-SiO2 interface, it is

important to ensure that FEP is not compromised. For Type C–Ox–Ni specimens,

annealing under negative surface fields showed clear improvements in the chemical

passivation, however, the dielectric charge density decreased. Thus the FEP provided by

SiNx is diminished. Therefore, to maximise both the chemical and field effect

passivation, it may be advisable to anneal the SiO2 surface in the presence of positive

surface fields prior to the deposition of SiNx. Corona charging has been demonstrated in

this work to provide a metal-free method of imposing a temporary surface field. As

reported in the literature, corona charging cannot be considered a non-invasive technique

due to the absorption of corona-generated hydrogenated ions by the dielectric [228, 271].

It is therefore important to clarify in future studies the impact of corona charging on the

interface passivation, and whether it can serve as a dependable technique to provide not

just charge, but also hydrogen into surface dielectrics.

The use of both single and double layer SiNx films was also explored in this work.

Double layer SiNx films are widely reported to provide superior passivation by allowing

the best optical and chemical properties to be exploited without compromising the

synthesis parameters [270, 285–287]. It is reported that high refractive index films

provide better chemical passivation due to the greater hydrogen content [159, 270, 288].

Therefore the first layer deposited on the oxide surface is typically silicon-rich [270].

The optical properties of the topmost layer can be optimised independently to produce a

highly effective anti-reflective coating [270, 285, 286]. It has been reported in the

literature that double layer nitride coatings contain a greater concentration of hydrogen

owing to the prevention of out-diffusion by the topmost layer [285, 286]. As a result,

more hydrogen is retained close to the silicon surface, and may also diffuse into the

silicon bulk [285]. The in-diffusion of hydrogen from SiO2 into silicon has been reported
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to be highly dependent on SiO2 thickness, where greater hydrogen flux is observed at the

interface with thinner oxides [289]. In the case of Type A specimens that had 100 nm

thermal oxide capped by a single layer SiNx film of refractive index 1.9, it is thought that

the hydrogen is limited to the Si-SiO2 interface and does not enter the silicon. As a

result, hydrogen effectively passivates silicon dangling bonds under positive surface

electric fields [270, 285]. In comparison, a subset of Type C–Ox–Ni1 substrates had a 5

nm SiO2 film capped by a single layer SiNx film of refractive index 1.95. Despite the

similar SiNx refractive indices of Type A and Type C–Ox–Ni1, the latter specimens

showed degradation in response to positive surface electric fields. Further to the

hypothesis that electron injection de-passivates Si–H bonds, it is possible that the oxide

properties assist the migration of free hydrogen into bulk under positive surface fields,

leaving less hydrogen available to passivate interface defects. Further work is required to

understand the dependency of the observed changes in interface passivation on SiNx and

SiO2 film properties, and silicon surface orientation.

6.6 Summary

This chapter demonstrated that a surface electric field can induce changes in the interface

properties of SiO2 + SiNx dielectric stack, and that such changes could be related to the

hydrogen content of the films. Additionally, it was demonstrated that the observed

changes in interface passivation under surface electric fields differ depending on the

dielectric properties. The results show that for Type A specimens the presence of

positive surface fields during annealing does not affect the density of interface states nor

their capture velocities. It only increases the film charge density, at the cost of

inhomogeneity. Upon negative corona annealing, the hole capture rates increased

fourfold, and the Dit by one order of magnitude. For Type C–Ox–Ni2 specimens, the

opposite trend was observed where negative surface electric fields resulted in

improvements to the chemical passivation of the interface upon annealing, and positive
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surface electric fields resulted in degradation. In the case of Type C–Ox–Ni1 specimens,

it was observed that the detrimental effect of positive surface fields is minimised in

higher refractive (lower density) films, possibly due to greater hydrogen content.

It was also demonstrated that on Si-SiO2 structures without any SiNx-related

hydrogenation process, the chemical passivation of the interface was also influenced by

surface electric fields. It is hypothesised that this is due to the response of hydrogen

generated by residual water molecules and corona charges. Further work on this topic

should be pursued to provide clarity on the passivation mechanisms at play at the

Si-SiO2 interface, as well the optimal processing of oxidised silicon for the creation of

well-passivated interfaces.

It is postulated that the silicon surface orientation and the dielectric film properties could

play an important role in the dynamics of hydrogen at the Si-SiO2 interface. The ability

to control hydrogenation has become a key requirement in improving the passivation

quality of silicon interfaces, and silicon bulk defects. Here it has been shown that it may

be possible to use surface electric fields as a means of regulating hydrogen migration, yet

careful attention must be put on the combination of surface orientation, passivating

coatings, and charge conditions.
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7 | DEVICE SIMULATIONS FOR

INTEGRATING EXTRINSIC SURFACE

PASSIVATION

The prevalent silicon solar cell architecture in today’s market is the passivated emitter

and rear cell (PERC), with just over 50 % of the global market share [290]. The PERC

has been extensively studied, and variations in the structure have been proposed to

increase efficiency, including the bifacial cell design to increase light trapping, and the

use of a selective emitter to reduce contact resistance [291, 292]. Nevertheless, the

record efficiency of the PERC has not exceeded 25 % since 1999 [120, 121]. In light of

the apparent plateau in PERC efficiency, novel contending architectures, such as

interdigitated back contact (IBC) and tunneling oxide passivated contact (TOPCon), are

gaining traction [290]. Despite the relatively recent advent of these technologies, record

efficiencies ≥26 % have already exceeded that of the PERC [124, 126]. Such high

efficiencies have been produced under laboratory conditions that use techniques that are

too expensive or time-consuming to be compatible with industry. As a result,

commercial cell efficiencies are reported to be ∼22 % for all three cell designs

[293–297]. To increase the efficiency of mass-produced solar cells, low cost, rapid, and

reproducible manufacturing techniques are required.

This thesis has demonstrated that outstanding improvements in surface passivation can

be made following the embedding of ionic charge at the Si-SiO2 interface. Due to the

reduced recombination at the silicon surface, as evidenced by the marked reduction in

Seff , ion-charged dielectrics are expected to be advantageous to the development of high

efficiency solar cells. The techniques used, such as spin coating, corona discharge, and

annealing, are all commonplace within industry, and therefore ion-charged dielectrics

can be readily integrated into a production line. Furthermore these techniques do not
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require vacuum, plasmas, or temperatures above 600 ◦C. To consolidate the findings of

this thesis and demonstrate their applicability, the effects of dielectric charge and

interface state density on the performance of PERC, IBC, and TOPCon cells are

quantified using the finite element simulation tool, Sentaurus TCAD. Sentaurus

determines the electrostatic potential within the silicon from the Poisson equation, and

the charge transfer of electrons and holes from the continuity equations [298]. The

metrics most commonly used to evaluate the performance of a solar cell are efficiency

(η), open circuit voltage (Voc), and short circuit current (Jsc). Providing these metrics on

their own does not indicate the limiting process or region of the cell. It is therefore

important to provide context to demonstrate how improvements in η, Voc, and Jsc are

related to specific changes in cell design. This chapter studies the change in these

metrics as a result of modulating the dielectric charge concentration, or changing the

interface properties. In this way, improvements in cell performance can be directly

attributed to the influence of field effect passivation of the silicon surface.

7.1 Passivation in Standard PERC Architectures

Studies have shown that it is critical to address the front surface losses within PERC in

order to improve the efficiency [294, 299, 300]. Previous work, both experimental and

theoretical, has focused on the optimisation of intrinsic dielectric properties and the fine

tuning of emitter doping profiles to improve the surface passivation [236, 294, 301]. Via

simulations in Sentaurus TCAD, Min et al. showed that the integration of a selective

phosphorus emitter can increase solar cell efficiency by 0.71 % [294]. This is supported

by experimental results that demonstrate 0.4 % - 0.7 % efficiency gain through the use of

a lightly doped emitter with localised heavier doping under the front contacts [302, 303].

By tailoring the properties of the dielectrics at the front surface, the cell performance can

be improved further. The use of a SiO2 + SiNx stack is essential for efficiencies >24 %,

and is becoming more common in industry [53, 214, 294]. The second most
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recombination active region is the rear of the cell [300]. The rear silicon surface in a

standard PERC is p-type, and is hence passivated by an AlOx + SiNx stack that provides

excellent chemical passivation through defect hydrogenation, as well as FEP due to the

intrinsic negative charge within the AlOx film [18, 80–82]. The properties of AlOx are

reported to be optimised by using PECVD, with a 0.5 % gain in efficiency reported

compared to ALD [87]. To reduce resistivity at the metallised silicon surface, a local p++

aluminium back surface field is created to minimise the concentration of electrons [18,

294]. Optimisation of the BSF is reported to increase Voc signficantly by 20 mV due to

reduced reduced recombination at the metallised interface [294].

In this section, a detailed examination of how charge at the front and rear silicon surfaces

influences device performance is presented. The effect of dielectric charge concentration

on efficiency is studied for the front and rear interfaces with a range of defect densities.

Figure 7.1 features the standard p-type PERC design and the unit domain modelled in

this work. The simulation parameters are provided in Table 7.1, alongside supporting

references. The full front finger width was set to 20 µm following recent reports showing

that laser doping and electroplating can now produce such narrow fingers [304, 305]. The

full rear finger width was set to 60 µm as is standard in the literature [294, 306]. Based on

a typical front contact pitch of 1000 µm [294], the simulated domain was set to 500 µm.

Figure 7.2 shows the modelled distribution of Dit within the band gap. Dit at the valence

and conduction band was set to 1014 cm-2 eV-1 [307], and Dit at the mid-gap was varied

between 1010 cm-2 eV-2 and 1012 cm-1 eV-1.

Based on the given parameters, two PERC structures, termed PERC-1 and PERC-2,

were modelled using different diffusion profiles. The set of profiles used in PERC-1

simulations are given in Figure 7.3. The phosphorus profiles used in the formation of the

selective emitter are plotted in Figure 7.3a. The lightly doped emitter has a sheet

resistance of 380 Ω/sq, and the more heavily doped diffusion under the front contact has

a sheet resistance of 74 Ω/sq. At the rear contacts, a local heavily doped aluminium BSF

was used, with a sheet resistance of 14 Ω/sq. The aluminium BSF is plotted in Figure
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Figure 7.1: Simulation domain and modelled regions of the PERC.

Wafer Thickness 170 µm -

Bulk Resistivity 2 Ω cm, p-type [294, 306, 308]

Front Finger Half Width 10 µm [304, 305]

Rear Finger Half Width 30 µm [294, 306]

Domain Width 500 µm [294]

Bulk Lifetime 2 ms [294]

Front Contact Series Resistance 2 mΩ cm-2 [294, 306]

Rear Contact Series Resistance 2.5 mΩ cm-2 [294, 306]

Table 7.1: Parameters used in Sentaurus TCAD modelling of PERC solar cells, and supporting
references.

7.3b. The three doping profiles were reported in reference [294] to contribute to a

simulated PERC efficiency of 24.2 %. Such a high efficiency was attained by using

optimised experimental data based on state-of-the-art technologies [294]. The sheet

resistance of the phosphorus emitter is considerably higher than the average of ∼150

Ω/sq [309]. High sheet resistances are preferred to minimise Auger recombination. The

BSF profile was developed from aluminium co-alloyed with <1 wt.% boron. Co-doping
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is reported to reduce recombination in the contact region due to lower resistivity [310],

but is not a widely used technique.

Figure 7.2: Density of interface states distribution at the Si-SiO2 interface used in PERC
simulations.

For the PERC-2 simulation, the rear contact BSF was kept the same, and only the

phosphorus diffusions used in the emitter and front contact regions were changed. The

diffusion profiles were chosen from the literature to represent those more typically seen

within industry to compare the effect of dielectric charge on differently doped emitters.

The phosphorus profiles are shown in Figure 7.4. The lightly doped emitter has a sheet

resistance of 185 Ω/sq, which is considerately lower than that used in PERC-1

simulations, and closer to the industry average. The heavily doped contact diffusion has

a sheet resistance of 70 Ω/sq. Both profiles are reproduced from reference [311], in

which they contributed to an experimental cell efficiency of 22.12 %. The lightly-doped

phosphorus emitter was produced through a selective etch-back process, which, despite

its high cost, is gaining interest due to the absence of surface damage created by the

more common laser-doping technique [311–313].
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(a) (b)

Figure 7.3: Profiles used in PERC-1 simulation (a) phosphorus emitter and front contact diffusion
and (b) rear contact aluminium diffusion. Reproduced from [294].

Figure 7.4: Profiles of the phosphorus emitter and front contact diffusion used in the PERC-2
simulation, reproduced from [311].

171



I. Al-Dhahir Chapter 7. Device Simulations for Integrating Extrinsic Surface Passivation

Figure 7.5 demonstrates the simulated performance of the PERC-1 structure as a

function of front dielectric charge. The dielectric charge (Qf ) is positive to create a

strong accumulation layer at the interface between SiO2 and the lightly-doped

phosphorus emitter. The rear dielectric has a fixed negative Qf of -3 x 1012 q cm-2, as

representative of the typical charge within AlOx [87, 314], and a standard Dit of 1011

cm-2 eV-1 [18, 87, 314]. Figure 7.5a demonstrates the simulated cell efficiency. It is

shown that for a front surface with excellent chemical passivation (Dit = 1010 cm-2 eV-1),

the contribution from field effect is negligible. At higher defect densities, the

requirement for dielectric charge becomes increasingly essential to produce high

efficiencies. At the highest Dit of 1012 cm-2 eV-1, the reduction in Qf to 109 q cm-2 is

responsible for a 0.7 % absolute loss in efficiency. When Qf is maximised at 1013 q

cm-2, an efficiency exceeding 24.1 % is calculated for all values of Dit, with the highest

efficiency of 24.20 % at Dit of 1010 q cm-2. Such small variation in maximum efficiency

demonstrates that the dielectric charge is highly effective at mitigating the recombination

activity at interfaces with poor chemical passivation. Figure 7.5b and 7.5c plots the

dependency of Voc and Jsc. At Dit ≤ 1011 cm-2 eV-1, the influence of dielectric charge is

negligible. At the highest defect density, a maximum drop in Voc of 11 mV is calculated

when Qf is minimised. Jsc is largely unaffected by the front defect density and changes

in Qf . A maximum drop of 0.02 mA cm-2 was calculated at Dit = 1012 cm-2 eV-1.

Figure 7.6 plots the performance of the PERC-1 as a function of rear dielectric charge

when both the chemical and field effect passivation at the front surface is maximised:

Dit = 1010 cm-2 eV-1, Qf = 1013 q cm-2. Here, the rear charge is negative to create an

accumulation layer at the interface between AlOx and the p-type silicon surface. The

simulated results for η, Voc, and Jsc are plotted Figure 7.6a, 7.6b, and 7.6c, respectively.

It can be seen that the performance metrics are more sensitive to changes in Qf and Dit

at the rear of the cell than at the front. This indicates that in the absence of FEP, the

recombination activity at the rear is higher. This is due to the lack of full coverage BSF,

which results in little intrinsic FEP at the rear surface when Qf is small. A maximum η,
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(a) (b)

(c)

Figure 7.5: Simulated dependency (a) η (b) Voc and (c) Jsc as a function of front positive dielectric
charge and interface defect density for PERC-1.

Voc, and Jsc of 24.25 %, 713 mV and 40.9 mA cm-2 were calculated when both chemical

and field effect passivation are maximised. For Dit ≥5 x 1011 q cm-2, a drop in η, Voc,

and Jsc of 6.5 %, 114 mV, and 4 mA cm-2 occurs when Qf is reduced to -109 q cm-2. A

minimum Qf ∼-1011 q cm-2 is required before the passivation provided by the electric

field is able to counteract the recombination activity at the rear surface. Considering

that AlOx has an intrinsic Qf of ∼-3 x 1012 q cm-2 [87, 314], the rear interface should
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not suffer from substantial recombination losses as the device operates within the high

efficiency regime >24 %. Supplementing the charge extrinsically to produce Qf = -1013

q cm-1 results in a gain in η and Voc of 0.35 % and 7 mV absolute when Dit = 1012 cm-2

eV-1. At Qf ≥ −2 x 1012 q cm-2, Jsc is saturated at ∼40.9 mA cm-2, irrespective of Dit.

(a) (b)

(c)

Figure 7.6: Simulated dependency of (a) η (b) Voc and (c) Jsc as a function of rear negative
dielectric charge and interface defect density for PERC-1.
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The performance of the PERC-2 structure was similarly simulated. Figure 7.7 plots η,

Voc, and Jsc as function of positive front dielectric charge, and defect density. As before,

the simulation accounted for a standard negative rear Qf of -3 x 1012 q cm-2 and Dit of

1011 cm-2 eV-1. Figure 7.7a plots the dependency of η. When the field effect is optimised

at 1013 q cm-2, cell efficiencies >24.2 % are achieved irrespective of Dit, with a maximum

of 24.27 % when chemical passivation is also optimised. At the highest Dit of 1012 cm-2

eV-1, a maximum absolute loss in η of 2.2 % was calculated as the Qf was reduced to

109 q cm-2. At the lowest Dit, η has a much smaller dependency on Qf , as it decreased

by a maximum of just 0.05 %. Figure 7.7b and 7.7c plot the dependency of Voc and

Jsc, respectively. For all values of Dit, a maximum of ∼710 mV and ∼40.9 mA cm-2 is

predicted when Qf = 1013 q cm-2. As Dit becomes greater, the reduction in Voc and Jsc

becomes more significant as Qf is reduced. At the highest Dit of 1012 cm-2 eV-1, the Voc

drops by 47 mV when Qf is minimised. At the same defect density, Jsc falls by 0.4 mA

cm-2.

Figure 7.8 shows the performance of the PERC-2 as a function of rear negative dielectric

charge. The passivation of the front surface is fully optimised (Dit = 1010 cm-2 eV-1, Qf

= 1013 q cm-2) and the Dit at the rear Si-AlOx interface is varied between 1010 cm-2 eV-1

and 1012 cm-2 eV-1. Figure 7.8a plots the dependency of η of negative Qf . When both

the front and rear charge are maximised, the highest efficiency was 24.31 %. Similarly

to what was observed in PERC-1 simulations, η is more sensitive to changes in Qf at

the rear interface compared to the front. At Dit ≥ 5 x 1011 cm-2 eV-1, a significant drop

in η of 6.4 % absolute occurs when Qf is reduced from -1013 q cm-2 to ∼ -1011 q cm-2.

Decreasing the charge further results in little change. The dependency of η on Qf reduces

as the chemical passivation improves and, at the lowest Dit, η falls by a maximum of

1.4 % absolute. The dependency of Voc and Jsc is shown in Figures 7.8b and 7.8c. A

maximum of 710 mV and 40.9 mA cm-2 were calculated irrespective of Dit. At Dit ≥5 x

1011 cm-2 eV-1, Voc and Jsc fall sharply by 114 mV and 4.0 mA cm-2 when Qf is reduced

from -1013 q cm-2 to ∼ -1011 q cm-2.
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(a) (b)

(c)

Figure 7.7: Simulated dependency of (a) η (b) Voc and (c) Jsc as a function of front positive
dielectric charge and interface defect density for PERC-2.
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(a) (b)

(c)

Figure 7.8: Simulated dependency of (a) η (b) Voc and (c) Jsc as a function of rear negative
dielectric charge and interface defect density for PERC-2.
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7.1.1 Discussion

In this section, it was shown that the recombination activity of the front and rear surfaces

can be largely mitigated by optimising the electric field within the dielectric. Two

different PERC devices were simulated, which differed solely by the diffusion profiles

used at the front surface. The profiles integrated into the PERC-1 simulation were

state-of-the-art, and are not representative of current industry practice, but of potential

future improvements. Such profiles were used to show the improvements that extrinsic

FEP can make on surfaces that are already very well passivated. The peak concentration

of the lightly doped emitter is 1 to 2 orders or magnitude lower than that of typical

profiles published in the literature [301, 311, 315, 316]. The lower dopant density is

ideal as it minimises Auger recombination [18, 50], and reduces the risk of an

electrically inactive "dead layer" forming due to excess phosphorus, within which SRH

recombination dominates [317, 318]. The incorporation of positive dielectric charge in

the front dielectric removes the need for a highly doped emitter to create a strong

accumulation region, and as such less recombination takes place within the emitter not

only due to the modulation of charge carriers but also the absence of dopant-related

defects.

The simulation of the PERC-2 used diffusion profiles that are typical within industry [301,

311, 315, 316]. The greater recombination activity within the emitter of the PERC-2 is

clear by the lower Voc of 663 mV whenQf is minimised atDit = 1012 cm-2 eV-1, compared

to 698 mV in the PERC-1. Additionally, Jsc of the PERC-2 showed considerably greater

sensitivity to the front Qf compared to the PERC-1. At the maximum defect density, Jsc

of PERC-1 drops by only 0.02 mA cm-2 when Qf was minimised. For the PERC-1, Jsc

drops by 0.44 mA cm-2. The greater loss in Jsc indicates that, in the absence of FEP, there

is reduced conversion efficiency of blue light, which is primarily absorbed by the front of

the wafer due to its short wavelength. The emitter peak concentration in the PERC-2 is∼6

times higher than that of the emitter used in the PERC-1 simulation. The greater loss in
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cell performance of the PERC-2, as a result of decreasing frontQf , indicates that the more

heavily doped emitter does not deliver as effective surface passivation as the more lightly

doped emitter due to Auger and SRH recombination as well as optical losses. However,

when the field effect is optimised, both PERC-1 and PERC-2 have very similar maximum

cell efficiencies of 24.2 % and 24.3 %, respectively. These results show that extrinsic FEP

is able to significantly reduce recombination within the emitter such that a more highly

doped emitter can be used to produce high performance solar cells. The difference in 0.1

% efficiency between the two PERC devices can be explained by the finger spacing. Here

a standard spacing of 1000 µm was used for both devices. Since the conductivity in the

lightly doped emitter of the PERC-1 device is lower than industry standard, a narrower

finger spacing may be required to improve the efficiency.

When the front surface passivation is optimised, and a standard Qf = -3 x 1012 q cm-2

and Dit = 1011 cm-2 eV-1 exist at the rear Si-AlOx interface [18, 87, 314], the maximum

efficiency of PERC-1 and PERC-2 devices is 24.20 % and 24.27 %, respectively.

Improving the chemical and field effect passivation at the rear beyond such conditions,

does not result in a large increase in efficiency. When both the front and rear passivation

is optimised, there is a gain of 0.05 % and 0.04 % for PERC-1 and PERC-2, respectively.

These results indicate that the standard condition of the Si-AlOx interface already

provides excellent passivation, and that recombination at the front surface is the limiting

factor in cell performance.

In Chapter 5, it was demonstrated that embedding ionic charge within a SiO2 film

significantly improved the surface passivation. The ideal charge concentration was

determined to be ∼2 x 1012 q cm-2 since increasing concentration further resulted in an

increase in Dit and a reduction in τeff . The results in this section show that even when

the defect density at the Si-SiO2 interface is as high as 1012 cm-2 eV-1, the presence of

dielectric charge is still advantageous to mitigate recombination at chemical defects. In

all cases, an optimal Qf of 1013 q cm-2 produces the best cell performance metrics.

Rapid and low-cost experimental methods of achieving such high charge concentrations
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were discussed in Chapters 3 and 4. This section has shown the potential improvements

that can result from the incorporation of ionic charge in producing high efficiency PERC

devices.

These results also demonstrate the requirement for negative extrinsic charging of the AlOx

film at the rear surface. This is an unexplored area and, to the author’s knowledge, no

reports exist concerning the extrinsic charging of AlOx. On other dielectrics, namely

SiO2 and SiNx, plasma charge injection has been used to embed negative charge in the

form of electrons [319, 320]. Using this technique, concentrations of -1013 q cm-2 have

been incorporated. However, it is reported that the passivation provided by a negatively

charged SiO2 + SiNx stack is not as effective as an intrinsic AlOx layer [320]. Based on

the findings in this chapter, the exploration of extrinsic charging of AlOx could present

new passivation techniques and improved cell performances.

For both PERC-1 and PERC-2 simulations, it can be seen that when the chemical

passivation is optimised, the dependency of the performance metrics on front and rear

Qf decreases. Chapter 6 demonstrated that the chemical passivation could be varied by

surface electric fields, and it was hypothesised that these changes are due to the response

of hydrogen in dielectric layers. Exploiting the intrinsic properties of hydrogenated

dielectrics in this way could present new and industrially compatible techniques of

reducing Dit to 1010 cm-2 eV-1. It is particularly evident at the rear surface that, when the

chemical passivation is maximised, a lower Qf is required to attain top efficiencies. For

example, in the case of the PERC-2 structure, for Dit = 1010 cm-2 eV-1 at the rear a

minimum Qf of -3 x 1011 q cm-2 is required for η > 24.2 %. At Dit = 1012 cm-2 eV-1, the

efficiency only exceeds 24.2 % when Qf = -1013 q cm-2. The response of hydrogen to

surface electric fields at the Si-AlOx interface should be explored in future work to

optimise both chemical and field effect passivation.
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7.2 Front Surface Passivation of IBC Solar Cells

The IBC cell design presents several advantages. Due to the placement of both electron

and hole contacts at the rear of the cell, the front surface is fully exposed to incident

light. This is reported to result in greater photo-generation, which improves Jsc and the

output power [321, 322]. Long minority carrier diffusion lengths are essential and, as

a result, n-type silicon is typically the base material of choice since it is intrinsically

higher performing than p-type, and shows better resistance to impurities and temperature

degradation [122, 129, 323, 324].

A standard IBC solar cell was simulated in Sentaurus TCAD to quantify the

improvements made by optimising the electric field within the front dielectric.

Minimising recombination at the front silicon surface is crucial since it is where the

largest portion of minority carriers are generated. Excellent front surface passivation is

required to maximise the minority carrier lifetimes for efficient collection at the rear

contacts. Figure 7.9 illustrates the IBC design and simulated domain. The simulation

parameters are listed in Table 7.2. A typical resistivity of 2 Ω cm was applied to the base

silicon [325, 326]. The pitch was set to 600 µm. This is smaller than typically reported

pitch sizes of ∼1000 µm [327]. Recent studies have shown that decreasing the pitch size

leads to improved cell performance [325, 326, 328, 329]. Yang et al. demonstrated

experimentally that Jsc can be improved by ∼21 % by decreasing the pitch size from

1000 µm to 100 µm. Such small pitch sizes of 100 µm can be made under laboratory

conditions, however, to be implemented in industry pitch sizes ∼600 µm or above are

more practical [328]. The widths of the phosphorus BSF and boron emitter were varied

in the simulation to maximise the efficiency. An optimal full width of 100 µm and 250

µm was found for the BSF and emitter, respectively. A spacing of 125 µm was placed

between the two doped regions. Typically, a smaller spacing between the BSF and

emitter is desirable to minimise recombination when there is a high defect density at the

rear interface. In this work, the rear silicon surface is optimised such that the Dit was
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1010 cm-2 eV-1, as has been reported for high quality passivation of SiO2 + SiNx

dielectric stacks [18, 330].

Figure 7.9: Simulation domain and modelled regions of the IBC cell.

Figure 7.10 plots the diffusion profiles used in the simulation of the IBC cell. The

phosphorus diffusion used at the front and rear of the cell are shown in Figure 7.10a. A

very shallow and lightly doped diffusion with a sheet resistance of 550 Ω/sq, reproduced

from [337], was used as the front surface field. Due to the lack of series resistance in the

absence of front metal contacts, a homogeneous lightly doped FSF is beneficial to

provide good electrical conductivity, and low Auger and SRH recombination. A more

concentrated phosphorus diffusion with a sheet resistance of 25 Ω/sq, reproduced from

[334], was used as the BSF of the rear electron contact. The boron emitter profile, shown

in Figure 7.10b, was reproduced from [338]. This diffusion produced a sheet resistance

of 57 Ω/sq.

The distribution of Dit at the front Si-SiO2 interface was the same as within the PERC

simulation, shown in Figure 7.2. The rear surface passivation was optimised to have a

Dit of 1010 cm-2 eV-1, and Qf of 1012 q cm-2, as is typical in SiNx films [18, 336]. By

optimising the rear, the maximum efficiency of the cell could be calculated when the

electrical losses at the front surface are minimal. Figure 7.11 plots the performance
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Wafer Thickness 170 µm -

Bulk Resistivity 2 Ω cm, n-type [325, 326]

Electron/Hole Contact Half Width 15 µm [326, 331, 332]

Domain Width 300 µm [325, 328]

Bulk Lifetime 5 ms [332, 333]

Electron Contact Series Resistance 2 mΩ cm-2 [334]

Hole Contact Series Resistance 1 mΩ cm-2 [334]

Rear BSF Half Width 50 µm [335]

Rear Emitter Half Width 125 µm [335]

SiNx Charge Concentration 1012 q cm-2 [18]

Density of Interface States
1010 cm-2 eV-1 [18, 336]

at Rear Si-SiO2 Interface

Table 7.2: Parameters used in Sentaurus TCAD modelling of an IBC solar cell, and supporting
references.

metrics of the IBC cell as a function of positive charge within the front dielectric. The

dependency of η is shown in Figure 7.11a. A maximum η of 25.24 % is achieved at Dit

= 1010 cm-2 eV-1. At such high levels of chemical passivation, reducing Qf negligibly

influences η. At higher defect densities, the dependency of η on Qf increases. A

maximum loss of 2.53 % absolute is calculated when the charge is minimised at the

highest Dit. When the field effect is maximised, the increase in Dit from 1010 cm-2 eV-1

to 1012 cm-2 eV-1 results in only a 0.06 % drop in efficiency. This demonstrates the

outstanding effect Qf can have on mitigating the recombination activity at defect-heavy

interfaces. The dependency on Voc and Jsc is shown in Figure 7.11b and 7.11c,

respectively. When Qf is optimised, a maximum of 715 V and 41.6 mA cm-2 is

calculated for Voc and Jsc, respectively. The maximum Voc and Jsc drops by only 0.9 mV
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(a) (b)

Figure 7.10: Doping profiles of (a) phosphorus front surface field, reproduced from [337], and
the phosphorus back surface field, reproduced from [334] and (b) boron emitter, reproduced from
[338].

and 0.03 mA cm-2 when Dit is increased by two orders of magnitude. Such high values

are indicative of very low recombination at the front surface in the presence of a strong

positive electric field.

Figure 7.12 compares the cell performance as a function of dielectric charge with and

without the presence of a front surface field when the chemical passivation is fully

optimised. The dependency of η is shown in Figure 7.12a. When Qf is maximised, a

very similar maximum efficiency of 25.24 % and 25.25 % is achieved with and without

the FSF, respectively. When Qf is minimised, the efficiency drops by 1.54 % absolute in

the absence of the FSF. In contrast, when the FSF is present, a decrease is η of just 0.02

% is calculated. The dependency of Voc and Jsc are shown in Figures 7.12b and 7.12c,

respectively. When the FSF is present, Voc is maintained at ∼714 mV regardless of Qf ,

and Jsc remains constant at 41.6 mA cm-2. Without the FSF, Voc drops by 8 mV, and Jsc

by 1 mA cm-2 in the absence of strong FEP. These results show that when the dielectric

charge is optimised, both devices operate with the high efficiency regime >25.2 %. The

incorporation of extrinsic charge could therefore eliminate the requirement for an FSF.
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(a) (b)

(c)

Figure 7.11: Simulated dependency of (a) η (b) Voc and (c) Jsc as a function of front positive
dielectric charge and interface defect density in the IBC cell.

7.2.1 Discussion

The development of IBC cells is currently disadvantaged by their high manufacturing

cost, predominantly due to the use of n-type silicon and the multiple photolithography

steps required to produce the rear geometry [123, 326]. Therefore new low-cost initiatives

to improve the performance of IBC cells are required. Previous experimental work has

shown the benefits of applying an extrinsic electric field on the front surface of IBC cells
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(a) (b)

(c)

Figure 7.12: Comparison of (a) η (b) Voc and (c) Jsc for IBC cells with and without a front surface
field, for Dit = 1010 cm-2 eV-1.

by depositing corona charge [94, 100]. Kho et al. demonstrated surface recombination

currents as low as 2 fA cm-2 when a phosphorus FSF is used in combination with positive

corona charging of the front dielectric [94]. Corona charging is unlikely to be integrated

into commercial production lines due to instability [43, 101, 104]. Embedding ionic

charge within the dielectric to provide a durable electric field could be an effective and

practical alternative. The methods presented in this thesis of introducing K+, Rb+ and Cs+
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ions used low-cost, industrially compatible techniques, and as such could be exploited to

produce high charge density dielectrics.

One of the most effective and low-cost improvements made to the standard IBC cell

design is the integration of a heterojunction at the rear [44, 124]. The heterojunction is

formed by a thin hydrogenated amorphous silicon layer, which provides very good

passivation of the silicon surface. Additionally, the phosphorus and boron localised

diffusions are replaced by segmented p-doped and n-doped amorphous silicon. The

manufacturing of the heterojunction is highly compatible with pre-existing industry

practices and uses relatively low processing temperatures of 200 ◦C, which is

significantly lower than typical temperatures of ∼850 ◦C used to create traditional

diffusions [44, 45, 47, 311, 328]. Due to reduced rear recombination, this cell design has

led to the record efficiency of 26.7 %, and a Voc and Jsc of 738 mV and 42.7 mA cm-2

[124, 125]. The simulation in this section did not incorporate a heterojunction, and

therefore leads to lower top efficiencies. A maximum η, Voc, and Jsc of ∼25.2 %, ∼714

mV, and ∼41.6 mA cm-2, respectively, were predicted irrespective of interface defect

density for the IBC cell simulated in this work. Combining the excellent passivation

provided by the heterojunction rear with the extrinsic FEP of the front surface could lead

to further improvements in efficiency. This should be explored in future work.

Compared to PERC-1 and PERC-2 devices, the performance of the IBC cell is superior.

The maximum efficiency when chemical and field effect passivation are fully optimised

is ∼1 % higher. The maximum Voc of the IBC surpasses that of the PERC simulations by

less that 4 mV. This indicates that the there is only small contribution to carrier collection

in IBC cells when the passivation is optimised. The improved cell efficiency can be mostly

attributed to the gain in maximum Jsc of 0.7 mA cm-2. The higher Jsc of the IBC cell is

due to the increase in photo-generated carriers in the absence of front contacts [321, 322,

339]. These results indicate that the improved performance of IBC cells is primarily due

to the greater light exposure. The short circuit current of the IBC cell shows a greater

dependency on front Qf compared to PERC-1 and PERC-2. At the maximum defect
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density, Jsc drops by 1.7 mA cm-2 compared to 0.02 mA cm s-2 for PERC-1 and 0.44

mA cm-2 for PERC-2. The greater loss in Jsc of IBC cells is due to the greater distance

that charge carriers have to travel to arrive at the metal contacts, which means that the

performance is more sensitive to carrier lifetimes.

It was shown that extrinsic FEP can serve very effectively as a replacement for the FSF.

When Qf is optimised, a very similar cell performance is predicted. As there are no

metal contacts on the front surface, lateral conductivity at the front surface is not

required. The accumulation layer provided by extrinsic charge is sufficient to minimise

recombination at the front surface through modulation of the charge carrier

concentrations. These results are particularly consequential to low-cost manufacturing.

The replacement of a high temperature phosphorus diffusion with the lower temperature,

rapid introduction of ionic charge could be highly desirable.

7.3 Front Surface Passivation of TOPCon Solar Cells

The TOPCon cell architecture is predicted to become a strong competitor to the

mainstream PERC design in the upcoming years [43, 297, 340]. Similarly to IBC cells,

the standard TOPCon design uses n-type base silicon. As of 2018, n-type silicon solar

cells make up only 5 % of the PV market share, however, by 2030 the n-type share is

forecast to be >40 % [309, 324]. The International Technology Roadmap for

Photovoltaic (ITPRV) report predicts that this 40 % share will be dominated by TOPCon

technology [309]. Due to the increasing use of n-type silicon, and the similarity to the

PERC design, the TOPCon cell is well-suited to existing production lines.

The dominant loss in TOPCon cell performance is reported to occur in the emitter

[341–343]. Simulation studies have shown that if recombination can be suppressed in

the emitter, a gain in efficiency of 0.6 % can be achieved [341]. Extensive experimental

studies of various boron diffusions within the emitter region have demonstrated that the

Voc is maximised for lightly doped diffusions with a deep junction depth ≥1 µm [342].
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In this section, recombination within the emitter is reduced by incorporating negative

charge within the front dielectric layer to create a hole-rich accumulation layer.

Figure 7.13 exhibits the TOPCon design and simulated domain. The simulation

parameters and supporting references from the literature are given in Table 7.3. Due to

the simulation set-up and the lack of data concerning the distribution of Dit at the rear

interface, the capture velocity of electrons and holes (Sn0 and Sp0) was used instead as

the variable parameter to define the passivation quality. At the front surface, Sn0 was

varied between 102 cm s-1 and 105 cm s-1. The value of Sp0 was varied with Sn0 at a

factor of 10 difference [18]. At the rear Si-SiOx interface, Sn0 and Sp0 were fixed at 7 x

103 cm s-2 and 7 x 102 cm s-2, respectively, following [344, 345]. The charge in the rear

dielectric was kept fixed at 1012 q cm-2, as is typical in SiNx films [18].

Figure 7.13: Simulation domain and modelled regions of the TOPCon cell.

The full rear surface is passivated by a 1 nm ultra-thin SiOx layer. It is well-reported that

electrons are able to tunnel through thin oxides ∼1 nm thick [350, 352, 353]. Tunnelling

oxides have a low resistance to electrons due to the lower injection barrier of 3.1 eV

compared to that of 4.5 eV for holes [351, 352, 354]. The transport of holes is further

impeded by the highly conductive phosphorous doped poly-silicon layer on top of the
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Wafer Thickness 170 µm -

Bulk Resistivity 2 Ω cm, n-type [346]

Front Finger Half Width 10 µm [304, 305]

Rear Finger Half Width 30 µm [294, 306]

Domain Width 400 µm [347]

Bulk Lifetime 5 ms [348]

Front Contact Series Resistance 1 mΩ cm2 [342, 346]

Rear Contact Series Resistance 2 mΩ cm2 [346]

Ultra-thin SiOx Thickness 1 nm [349, 350]

n-poly Si Thickness 30 nm [349]

Electron/Hole Tunnelling Mass 0.5 [351]

Sn0 Si-SiOx Interface 7 x 103 cm s-1 [344]

Sp0 Si-SiOx Interface 7 x 102 cm s-1 [344, 345]

SiNx Charge Concentration 1012 q cm-2 [18]

Table 7.3: Parameters used in Sentaurus TCAD modelling of a TOPCon cell, and supporting
references.

oxide. The doping profile of the n-poly silicon layer is shown in Figure 7.14a. The layer

is 30 nm thick with a doping of 4.54 x 1020 cm-3 and a sheet resistance ∼170 Ω/sq. This

profile was reported to produce a surface saturation current density (J0s) of 6 fA cm-2

[349]. As is typically observed after high temperature doping, the phosphorus diffuses

a small distance into the crystalline silicon wafer [349, 352]. The high concentration

and sharp drop in doping results in strong band bending in very close proximity to the

rear silicon surface. It has been calculated that such a high doping concentration >1019

cm-3 within the n-poly silicon layer is equivalent to a charge concentration >1012 q cm-2
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[351]. The strong electric field generated by the n-poly silicon layer is therefore highly

effective at minimising carrier recombination at the rear through FEP. A selective emitter

is applied at the front surface. Figure 7.14b plots the lightly doped boron diffusion used

as the emitter, and the more heavily doped boron diffusion under the front contact. The

lighter diffusion has a sheet resistance of 180 Ω/sq, and is reproduced from [346]. It was

reported to produce an emitter saturation current density (J0e) of ∼12 fA cm-2 [346]. The

heavier doped contact diffusion has a sheet resistance of ∼72 Ω/sq, and is reproduced

from [342]. This was reported to produce a J0e in the metallised region of ∼40 fA cm-2

[342].

(a) (b)

Figure 7.14: Profiles of (a) phosphorus diffusion extending from the n-poly silicon layer into the
rear silicon bulk, reproduced from [349] and (b) boron emitter and local front contact diffusions,
reproduced from [346] and [342], respectively.

Figure 7.15 plots the simulated cell performance metrics as a function of negative charge

concentration within the front dielectric, where Sn0 is varied between 102 cm s-1 and 105

cm s-1. The dependency of η, Voc, and Jsc are shown in Figures 7.15a, 7.15b, and 7.15c,

respectively. It can be seen that the best performance is achieved when Qf = -1013 q cm-2.

A maximum η, Voc, and Jsc of 24.62 %, 723 mV and 40.0 mA are calculated when Sn0 is

minimised. At such low values of 102 cm s-1, varying Qf has negligible effect due to low
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recombination at chemical defects. As Sn0 increases, the requirement for FEP becomes

more essential to produce high performance. Provided that Sn0 ≤ 104 cm s-1, maximising

Qf leads to high cell efficiencies exceeding 24.1 %. At the highest Sn0 of 105 cm s-1, a

significant reduction in cell performance occurs even when the electric field is maximised.

For such conditions, the highest η, Voc, and Jsc are 22.5 %, 681 mV, and 39.6 mA cm-2,

respectively. When Qf is reduced to -109 q cm-2, a minimum of 18.9 %, 629 mV, and

36.5 mA cm-2 are calculated.

(a) (b)

(c)

Figure 7.15: Simulated dependency of (a) η (b) Voc and (c) Jsc as a function of front negative
dielectric charge and interface defect density for the TOPCon cell.
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7.3.1 Discussion

The industrial mass manufacturing of TOPcon cells has recently taken off [297]. Since

2019, the highest reported industrial efficiency has increased rapidly from 23.6 % to

25.25 % [297, 355]. A direct comparison between the results in this work and those

within industry is not possible as data are often undisclosed. However, the simulated

efficiencies >24 % in this work appear to be within the industrial-grade range. Within

industry there is a strong incentive to improve the surface passivation through the use of

lowly doped emitters [309, 342, 356]. Lowly doped emitters benefit from low Auger and

SRH recombination but, due to the lower majority carrier concentration, the intrinsic

FEP at the silicon surface is reduced. Currently, the average sheet resistance of a boron

emitter is ∼100 Ω/sq [309]. Following predictions in [309], the sheet resistance is

expected to increase over the coming years as selective emitters become more common

and advances in metallisation techniques improve the contact formation [357]. This

work used an emitter with a sheet resistance of 180 Ω/sq [346]. The results in this

section demonstrate the need for extrinsic FEP to compensate the reduction in doping

concentration that is projected in the future. In the absence of dielectric charge, the

performance of the TOPCon cell is limited by the low intrinsic field effect of the boron

emitter as the efficiency falls between 0.7 % and 3.5 % absolute for Sn0 between 103 cm

s-1 and 105 cm s-1.

Typical capture velocities for AlOx passivated boron emitters are reported to be on the

order of 103 cm s-1 [345, 358–361]. Considering that AlOx has an intrinsic Qf ∼-3 x

1012 q cm-2, when Qf is supplemented extrinsically to reach the optimal -1013 q cm-2, an

absolute gain in η of 0.1 % is predicted when Sn0 = 103 cm s-1. It is likely that industrial

techniques will use lower quality passivation techniques for mass production, and as a

result Sn0 will be greater than 103 cm s-1. In such a case, supplementing the intrinsic

charge can improve η by 0.8 % and 1.6 % absolute when Sn0 is 104 cm s-1 and 105 cm

s-1, respectively. This translates to an increase in Voc of 16 mV and 28 mV. Similarly to
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the discussion in Section 7.1.1, these predictions require the exploration of negative

extrinsic charging techniques of dielectric films. As currently extrinsic charging

techniques of AlOx films have not been developed, control of the chemical passivation

may present a more suitable method to improve performance. The use of surface electric

fields to influence the chemical passivation of the front Si-AlOx interface should be

studied in further work, and could lead to new methods to control the effects of

hydrogen. If the minority capture velocity can be sufficiently controlled, research-grade

chemical passivation could become standard in industry practice.

7.4 Summary

This chapter explored the influence of dielectric charge on improving the performance of

standard PERC, IBC, and TOPCon cells. For all cell architectures, it was demonstrated

that the optimal performance is achieved when Qf = ±1013 q cm-2. A maximum

efficiency of 24.31 %, 25.24 %, and 24.62 % was achieved for PERC, IBC, and TOPCon

cells, with maximum Voc and Jsc exceeding 710 mV and 40 mA cm-2. In the case of

PERC and IBC cells, the incorporation of such concentrations was sufficient to offset the

recombination at front and rear surfaces with poor chemical passivation, with little

change in maximum efficiency between Dit of 1010 cm-2 eV-1 and 1012 cm-2 eV-1 when

field effect was optimised. The TOPCon results demonstrated greater sensitivity to the

chemical passivation as the maximum efficiencies varied between 0.06 % and 2.2 %,

depending on the minority capture velocity, Sn0.

Extrinsic charging has thus far been neglected in industry due to the inability to stabilise

the charge. The work in this thesis on extrinsic FEP demonstrated the significant

improvement that ion-charged dielectrics can have on minority carrier lifetimes, as well

as the industrial compatibility of the incorporation techniques. The simulation studies

performed in this chapter consolidate this work by showing the advantageous impact that

both positive and negative extrinsic charge can have on solar cell performance. The role
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of extrinsic FEP is also increasingly relevant as emitter diffusions become lighter in the

next few years, resulting in weaker accumulation regions at the silicon surface. Future

work is necessary to deliver controllable and industrially feasible techniques of

incorporating negative charge within dielectrics.
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DIRECTIONS

8.1 Determining Alkali Ion Dynamics in SiO2

In line with industrial initiatives, a low-cost, rapid, and versatile method of incorporating

alkali ions into SiO2 was used in this thesis. Following the deposition of ionic precursors,

the ions on the SiO2 surface were migrated during high temperature anneals to the Si-SiO2

interface under a positive electric field provided by corona charge. Experimental results

showed that the concentration of ions at the interface could be controlled by varying the

strength of the corona-induced electric field, or the annealing duration and temperature.

This work demonstrated for the first time that alkali ions larger than K+ are mobile within

SiO2, and respond to such stimuli. A novel and comprehensive model was presented that

accurately predicted the experimental findings by simulating the injection of ions at the

air-SiO2 interface, and their subsequent drift under a variable electric field. From this

model, the activation energies of injection and diffusion for K+, Rb+, and Cs+ ions could

be determined. This is the first time that the activation energy of these ions has been

modelled at a metal-free (air-SiO2) interface, and the first time the activation energies of

Rb+ and Cs+ ions have determined experimentally. It was concluded that the rate of ion

injection is independent of the electric field strength, and that the variation in ion kinetics

is due to the electrostatics governing the drift velocity.

The ability to control the charge concentration within a dielectric presents new avenues

of exploration across the semiconductor industry. The built-in electric field of

ion-charged dielectrics can be beneficial to the development of low power consumption

devices that typically rely upon DC biasing to attain the same electrical conditions. As

was demonstrated in this thesis, the electric field generated by ion-charged dielectrics
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can be used to modulate the concentration of charge carriers at the silicon surface, and

effectively prevent electron-hole recombination. The passivation performance of

ion-charged dielectrics on silicon surfaces is summarised next.

8.2 The Importance of Extrinsic FEP in Surface

Passivation

It was demonstrated that ion-charged dielectrics can provide very high quality surface

passivation at the silicon surface. A maximum τeff of 2.42 ms, 2.81 ms, and 1.86 ms

was recorded on silicon wafers passivated by K+, Rb+, and Cs+ ion-charged oxide films,

respectively. These lifetimes are equivalent to Seff as low as 2.80 cm s-1, 2.23 cm s-1,

and 4.02 cm s-1. The optimal concentration of ions within the dielectric was determined

to be ∼1.5 x 1012 q cm-2. It was found that the passivation is limited by the generation

of interface defects that are generated as a consequence of the ions themselves. A study

of the defect density at the Si-SiO2 interface in the presence of increasing ionic charge

confirmed that the higher the concentration and the larger the ionic radius, the greater the

generation of defects. It was postulated that defects are induced by strain and distortion

of the interfacial oxide matrix in response to excess ions, and to ionic size.

In addition to high performance, an important metric for any passivation technique is

durability. It was confirmed via CV measurements that the physical presence of K+, Rb+,

and Cs+ ions at the Si-SiO2 interface was undisturbed by exposure to elevated

temperatures and UV radiation. However, the passivation performance declined, as

evidenced by a loss in τeff and an increase in interface defect density. In view of reports

that SiNx provides a highly effective barrier against radiation-induced defects, it is

possible that the deposition of SiNx may serve as a protective layer that helps to maintain

the initial passivation. Due to equipment constraints, this could not be studied in this

work, but should certainly be explored in the future.
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A clear advantage of the use of larger alkali ions was demonstrated following the reverse

biasing of ion-charged oxides at elevated temperatures. Of the three ions, K+

demonstrated the poorest resistance, and was unable to withstand an electric field of -105

V cm-1. Rb+ ions were able to withstand a stronger electric field of -5 x 105 V cm-1 for a

minimum of 60 minutes at 200 ◦C. Cs+ ions demonstrated superior endurance by

withstanding the strongest electric field of -106 V cm-1 at 200 ◦C. These findings indicate

that despite the very high passivation provided by K+ ion-charged dielectrics, they may

not be suitable for solar cells under operational and field conditions. Rb+ and Cs+ ions

may serve as a more suitable alternative to provide durable field effect passivation.

The importance of extrinsic charge in producing high efficiency solar cells was studied

through simulations using Sentautus TCAD. It was demonstrated that charge

concentrations of 1013 q cm-2 are optimal to maximise the efficiency of the PERC, IBC,

and TOPCon cells. It was shown that at such high charge concentrations, the

recombination activity at defect heavy interfaces is significantly reduced, and almost

equivalent in cell performance to surfaces with Dit and Sn0 as low as 1010 cm-2 eV-1 and

102 cm s-1. The necessity for extrinsic FEP is likely to become more essential in order to

supplement the loss in the intrinsic electric field as the average sheet resistance of

emitters increases, as predicted, over the next few years. Additionally, in IBC cells, it

was demonstrated that extrinsic FEP could serve as an effective replacement of the front

surface field, which would minimise dopant-related recombination. The use of ionic

charge to provide the necessary surface electric field could potentially serve as an

industrially attractive technique to minimise cost and power-consumption relative to high

temperature diffusions.
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8.3 Influence of Surface Electric Fields on the Chemical

Passivation of Si-SiO2 Interfaces

The Si-SiO2 interface is commonly improved via hydrogen passivation following the

deposition of dielectrics such as SiNx and AlOx. It is also well-reported that hydrogen

can induce defects at the silicon surface and within the bulk. Therefore, the ability to

control hydrogen within the dielectric–silicon system would be advantageous to better

exploit its passivation performance. In this work, it was demonstrated that the chemical

passivation of the interface could be modulated depending on the polarity and strength of

the bias applied to the dielectric surface during annealing. Due to ability of hydrogen to

assume different charge states, it is hypothesised that the changes in chemical

passivation are due to the response of charged hydrogen to the surface electric field.

Different Si-SiO2-SiNx sample structures were tested where characteristics such as

surface orientation and dielectric properties were changed. It was determined that

observed changes in chemical passivation depend strongly on the specific structure. In

planar (100) structures, positively polarising the dielectric surface during the anneal

resulted in no change in chemical passivation, however, following negative polarisation,

a significant increase in defect density and capture velocities was observed. In textured

(111) structures, the opposite trend was seen where negative surface fields resulted in

improvements to the chemical passivation, and positive fields resulted in degradation. A

study of the dielectric film properties revealed that the refractive index of the SiNx film is

a significant factor to consider. It was observed that the harmful effects of positive

charging were minimised in films with higher refractive indices. It is postulated that this

may be due to the variation in hydrogen content that is reported to depend on the film’s

chemical composition.

An interesting and unexpected finding of this work was that in the absence of a

hydrogenated dielectric, the chemical passivation of a Si-SiO2 interface could still be
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impacted by surface electric fields. It is hypothesised that this may be due to the

response of residual hydrogen within the oxide film as well as hydrogen generated by

corona charges. It was observed that the changes in chemical passivation due to the

surface field differed depending on whether the same specimen was capped with a SiNx

layer or not. Further work should be carried out to clarify the source of hydrogen within

dry thermal oxides, as well as the passivation mechanisms under electric fields. These

findings may present new avenues of surface passivation, and may be indicative of the

optimal processing procedure to fully exploit the benefits of extrinsic charging.

8.4 Future Work

This thesis has shown that high quality surface passivation can be achieved through the

use of ion-charged dielectrics. Due to the demonstrated durability of ions at the Si-SiO2

interface and the use of industrially prevalent techniques, ion-charged dielectrics are

expected to be highly compatible with existing solar cell production lines. Additionally,

this thesis explored how extrinsic charge can influence the chemical passivation of the

Si-SiO2 interface. The optimisation of both chemical and field effect passivation of the

silicon surface could lead to further improvements in solar cell performance. Based on

the findings presented in this work, nine key areas for future research are identified:

1. The model of alkali ion dynamics presented in the work demonstrated very good

reproducibility of experimental results. Due to the lack of data available, the

reported mobility of K+ ions with SiO2 was used for Rb+, Cs+ ions. To further

improve the accuracy of the model, experimental values of mobility for ions larger

than K+ should be determined.

2. K+, Rb+, and Cs+ ions showed excellent physical endurance at the Si-SiO2

interface under elevated temperatures and UV radiation. Additionally, the larger

ions demonstrated resistance to strong reverse biases. However, the passivation

performance was not stable during accelerated ageing due to the generation of
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defects. It is expected that SiNx would serve effectively as a protective layer

against the harmful effects of operational and field conditions. The passivation

performance and durability of ion-charged oxides capped by SiNx should be

explored in further work.

3. Ionic precursors were delivered to the SiO2 surface using thermal evaporation and

spin coating techniques. Although thermal evaporation is common within the

semiconductor industry at large, it is rarely used within the PV industry. Spin

coating and spray coating are more prevalent. Due to the lack of available

equipment, spray coating could not be performed. In the future, spray coating

should be studied as an alternative deposition technique to determine if uniform

ion-charged oxides can be produced with dependable passivation. Versatility is key

for industry production, and the ability to deposit precursors using a range of

techniques is advantageous.

4. The in situ delivery of Cs+ ions during oxidation was shown to work successfully.

Further optimisation of the precursor solution and process conditions is required

to introduce controlled concentrations of ionic charge. Additionally, the high level

of contamination is crucial to address before the surface passivation performance

can be studied. It is strongly recommended that oxidation is performed under clean

room conditions to minimise contamination.

5. Various hypothesised mechanisms were presented to explain the field-induced

chemical passivisation changes observed in this work. It was demonstrated that

both the dielectric properties and the surface orientation of the silicon surface

influenced the chemical passivation. Due to equipment constraints, limited work

could be performed on planar (100) specimens. To understand further the

importance of surface orientation, parallel experiments should be performed on

both planar and textured specimens to clarify how the different orientations

combined with variations in the dielectric properties can influence the suspected
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hydrogen behaviour.

6. Simulation studies of PERC and IBC cells showed that the cell performance is

maximised when n-type silicon is passivated by a dielectric containing a charge of

+1013 q cm-2. This thesis demonstrated that such concentrations can be achieved

within SiO2 by varying the corona charge concentration and annealing conditions,

however, the generation of defects due to excess ions > 2 x 1012 cm-2 limited the

surface passivation performance. It is therefore necessary for future research to

focus on methods to mitigate defect generation. It is possible that capping ion-

charged oxides with SiNx may provide effective hydrogen passivation to de-activate

defects. The combination of ion-charged dielectrics and hydrogenation should be

explored in further work.

7. Simulations of PERC and TOPCon cells demonstrated that increasing the negative

charge within surface dielectrics to concentrations of -1013 q cm-2 could lead to

improvements in cell performance. Very little research has been conducted on

extrinsic negative charging, and as such novel explorations of this concept would

be of great interest to the PV industry.

8. To maximise the passivation of both p-type and n-type surfaces, the response of

hydrogen within AlOx films should be explored. The typical reported values of

Dit at the Si-AlOx interface are ∼1011 cm-2 eV-1. Controlling the hydrogenation of

the interface through surface fields could reduce the Dit further. Simulated PERC

and TOPCon cells showed that when the chemical passivation is optimised, the

efficiency is predicted to exceed 24.5 %, and that requirement for FEP is less critical

to obtain such high performance.

9. It was demonstrated through simulation studies of IBC cells that the electric field

provided by extrinsic charging of the front dielectric could serve as a highly

effective replacement for the phosphorus doped front surface field. Methods of ion

introduction are expected to be lower in cost and and energy consumption

202



I. Al-Dhahir Chapter 8. Summary and Future Directions

compared to high temperature diffusions, and as such could be very attractive to

industry production. The use of extrinsic FEP as an alternative to a front surface

field should be explored in future work.
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A.1 RCA Cleaning

RCA cleaning is a technique used within the electronics industry to remove contaminants

from the surface of silicon [362–364]. In this work, RCA cleaning was performed on Set

B wafers before in situ Cs+ ion delivery during oxidation discussed in Chapter 4. The

RCA clean was performed on site at the University of Oxford. The procedure can be

broken down into two steps: RCA 1 to remove organic impurities, and RCA 2 to remove

metal and ionic contaminants. During the RCA 1 process, a solution of 7 parts DI water

and 1 part hydrogen peroxide (30 %) is prepared and heated to 50 ◦C, at which point 1

part ammonia (30 %) is added. The alkaline solution is subsequently heated to 75 ◦C.

When the target temperature is reached, the bare silicon wafer is immersed in the solution

for 10 minutes. During this process the hydrogen peroxide oxidises the silicon surface

thus consuming the organic impurities lying within. The ammonia works to dissolve the

oxide and remove the impurities. These competing processes work together [363, 365].

Upon removal from the solution, a thin native oxide ∼1 nm thick remains on the silicon

surface [362]. The wafer is rinsed thoroughly in pure DI water and the residual oxide

is then etched off with hydrofluoric acid to reveal bare silicon. The RCA 2 process is

performed immediately afterwards. Here, a fresh solution of 7 parts DI water and 1 part

hydrogen peroxide (30 %) is heated to 50 ◦C before 1 part hydrochloric acid (32 %) is

added. The acidic solution is heated to 75 ◦C, at which point the wafer is placed inside for

10 minutes. Analogous to the RCA 1 process, a continuous oxidation/dissolution process

works to remove metal contaminants. At the end of 10 minutes, the wafer is extracted

from the solution and the residual oxide once again removed with hydrofluoric acid.
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A.2 Girisch and Aberle’s Formulism

The Girisch and Aberle formulism is used in Chapter 5 to model the recombination rates

at the Si-SiO2 interface under non-equilibrium conditions [167, 233]. Figure A.1

provides a flowchart of the iterative algorithm. Following Equation A.1, the first step is

the calculation of the carrier densities, n and p, located beyond the edge of the space

charge region within the bulk of the silicon. The equilibrium carrier concentrations are

known from the doping concentration of the wafer.

n = n0 + ∆n (A.1a)

p = p0 + ∆p (A.1b)

The equilibrium carrier concentrations, n0 and p0, are known from the doping

concentration of the wafer. Once n and p are known, the quasi Fermi levels (EF,n, EF,p)

at the edge of the SCR can be calculated from Equation A.2. The formulism assumes

that the quasi Fermi levels are constant throughout the SCR, and that there is negligible

generation or recombination occurring within this region [167, 233].

E(F,n) = −kT
q
ln

(
n

ni

)
(A.2a)

E(F,p) = +
kT

q
ln

(
p

ni

)
(A.2b)

Given that the Fermi levels are assumed to lie flat, charge neutrality of the system must

hold true. Therefore, charge within the silicon (QSi), the gate charge (Qg), the dielectric

charge (Qf ), and the interface trapped charge Qit must all balance such that QSi + Qg +

Qf + Qit = 0. The dielectric charge, Qf , can be determined experimentally from CV

measurements. The other three charges are described by the following set of equations
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[18, 167, 233]:

QSi = ±

√
2kTniεr

q2
eβ(EF,p−Ψs) − eβEF,p + eβ(Ψs−EF,n) − eβEF,n + βΨs

(NA −ND)

ni
(A.3a)

Qg = −1

d

(
Qfdf

2
+
εr
q

(Ψs − Vg)
)

(A.3b)

Qit = −
ˆ Ec

Ev

Dit,a(E)fa(E) dE +

ˆ Ec

Ev

Dit,d(E)fd(E) dE (A.3c)

fa(E) =
σn(E)n+ σp(E)p1

σn(E)(n+ n1(E)) + σp(E)(p+ p1(E))
(A.3d)

fd(E) =
σn(E)n1 + σp(E)p

σn(E)(n+ n1(E)) + σp(E)(p+ p1(E))
(A.3e)

where d is the oxide thickness, df is the distance away from the interface Qf is located.

Dit,a and Dit,d are the density of acceptor and donor interface states, respectively, and

β = kT
q

.

The concentration of electrons and holes at the surface, ns and ps, are defined as:

ns = neβΨs (A.4a)

ps = peβΨs (A.4b)

In order to calculate ns and ps, the silicon surface potential, Ψs must be solved for

numerically. Here, Ψs is iteratively varied until charge neutrality is achieved in the

system. Once a solution to Ψs is found, the values of ns and ps can be inserted into the

equation to calculate the SRH recombination rate, (Us), and the surface recombination

velocity (SRV) as given by Equations 1.18 and 1.19 in Chapter 1.
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Figure A.1: Iterative algorithm used to determine the surface recombination parameters under the
conditions of charge neutrality.
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A.3 Corona Charge Calibration for Type C Specimens

Set C (n-type 5-10 Ωcm CZ) wafers were used to produce Type C–Ox–Ni1 and Type

C–Ox–Ni2 specimens used in Chapter 6. Owing to their 6 inch dimension, great care

had to be used to place them into the Kelvin Probe instrument. To prevent breakage or

damage to the specimen, a calibration was produced to determine the surface charge

concentration for positive and negative corona charge deposited in 5 s and 10 s

increments. Different calibrations were required for each polarity since the drift of

negative ions is faster than positive ions. Additionally, separate calibrations were

required for each time interval since the concentration deposited is not linear with time

within the first 3-4 seconds of discharge, as the voltage ramps up to ±30 kV. One full

size 6 inch Type C–Ox–Ni2 substrate was cleaved into quarters. One quarter had 5 s of

negative corona charge deposited 3 times consecutively. The absolute difference in

charge between each deposition was averaged and used as the estimated concentration

deposited per 5 s of negative discharge. A similar process was carried out on the

remaining 3 pieces to produce calibrations for both polarities and discharge times. The

calibrated values are provided in Table A.1.

5 S AVERAGE 10 S AVERAGE
CONCENTRATION (Q CM-2) CONCENTRATION (Q CM-2)

Positive 1.30 x 1011 3.92 x 1011

Negative -1.60 x 1011 -4.60 x 1011

Table A.1: Calibrated charge values for 5 s and 10 s of positive and negative corona discharge.

To test the accuracy of this calibration, another quarter piece of a Type C–Ox–Ni2

substrate had real measurements taken within the Kelvin Probe. This test sample

underwent identical charging to the full size experimental wafer that was used for

lifetime testing. The charge on the test wafer was verified after every deposition using

Kelvin Probe. Figure A.2 shows the comparison between the measured and estimated
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charge concentrations. It can be seen that there is excellent agreement between the two,

particularly at the location of the minimum point, which is the region of greatest interest

for the determination of the interface recombination parameters. Such a comparison was

only performed once given the small quantity of substrates received from Trina Solar.

Figure A.2: Comparison of estimated corona charge concentration using a calibration and
measured concentration.
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