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1 Introduction 

1.1 Climate change 

Numerous reports have demonstrated evidence of climate change particularly in the 

last half century [1]–[3]. The reason is the greenhouse effect caused not only by carbon 

dioxide (CO2) mainly emitted by fossil fuel usage [1], [4] but also by other gases such 

as methane, nitrous oxide and ozone. Fig. 1-1 shows the annual global temperature 

anomaly. Although there are slight variations year to year, all the five institutes show 

temperature rise in a good agreement with each other. It is clear that rapid temperature 

rise has been occurring for the last few decades. 

Fig. 1-2 shows northern-hemisphere temperature of every month since 1880 as 

reported by NASA, which could be a representative indicator of climate change since 

nearly 90% of the human population is in the northern-hemisphere. It shows the monthly 

temperature difference above or below the annual mean temperature between 1980 and 

2015. The figure also shows that the temperature has been rising for the last few decades 

by almost 2 °C. Climate change has been shown to cause abnormal weather such as 

drought and floods, which also threatens the extinction of species [5]. 

In addition to global warming blamed on fossil fuel usage, we have to cope with 

increasing global energy consumption at the same time. We have to manage both 

reducing conventional fossil fuel usage and increasing energy demands. Therefore, we 

need alternative types of energy generation which are clean, efficient and applicable for 

a large amount of energy generation. There are several alternative energies to fossil fuels. 

Nuclear energy is one of the most commonly-mentioned energy types. However, nuclear 

plants have been an issue due to their safety concerns. 
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Fig. 1-1. Temperature anomalies from 1880 to 2018 with respect to the mean temperature 

between 1951 and 1980 (Source: https://svs.gsfc.nasa.gov/13142). 

 

Fig. 1-2. Seasonal cycle in northern-hemisphere temperature anomalies of every month since 

1880 (Source: https://svs.gsfc.nasa.gov/13142) 

The concerns have increased especially after tragic accidents such as the Fukushima 

nuclear accident in Japan in 2011. Even when plants are managed to run safely, the waste 

disposal, human health concerns, the limited supply of uranium, and their cost are 

inherent problem of the nuclear energy. It cannot be a long-term solution to increasing 

energy consumption. 

Therefore, renewable energies such as solar energy, wind energy and biomass energy 

have been receiving attention. Fortunately, the necessity of renewable energy has been 

acknowledged by almost all of the countries in the world according to the Paris 

Agreement in 2015 (although the USA withdrew from the Paris Agreement in 2017). 

These countries have been putting their efforts to reduce greenhouse gas emission and 

https://svs.gsfc.nasa.gov/13142
https://svs.gsfc.nasa.gov/13142
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transforming the energy generating paradigm forward to renewable energies. The cost 

of renewable energy was once a barrier to large-scale uptake, but the costs have been 

decreasing significantly for the last decade. As of January 2018 global average 

photovoltaic (PV) schemes cost USD 0.10 per kWh which is a comparable cost to fossil 

fuels (which range from USD 0.05 to 0.14 per kWh [6]). Amongst the various types of 

renewable energies, solar energy is commonly considered as the most powerful 

technology mainly due to almost infinite amount of energy from the sun. The energy 

earth receives from the sun each hour is more than the entire global energy consumption 

for a whole year [7]. Increasing the use of solar energy will slow down climate change 

and deal with increasing energy demands. 

To make clean solar energy a more commonly used energy source, there have been 

three major ongoing efforts on the following aspects: (1) increasing the solar cell energy 

conversion efficiency, (2) enhancing the long-term stability (minimising degradation) 

and (3) reducing the manufacturing cost. Amongst these three topics this thesis focuses 

on the first two approaches. The detail of the two motivations are presented in the 

following section. 

1.2 Thesis objectives 

The objectives of this thesis are (1) to increase crystalline silicon (c-Si) solar cells 

energy conversion efficiency and (2) to minimise the degradation of c-Si solar cells 

amongst the mentioned three major aspects of efforts in solar energy. 

With regard to the increasing the c-Si solar cell efficiency, improving the surface 

passivation quality of the c-Si solar cell is the first major objective. In detail, as wafer 

thickness decreases, the influence of the recombination losses (a detailed discussion 

regarding recombination is presented in Section 2.2) at the Si surface on the solar cell 

efficiency significantly increases [8]. More importantly, we have reached the efficiency 

limit of what can be done with the p-type Si solar cell with aluminium back surface field 

(Al-BSF: applied on the rear side surface the solar cell) given the same Si wafer 

thickness. 

Therefore, improving the surface passivation quality becomes more important. The 

passivated emitter and rear cell (PERC) structure is an example for a solar cell design 

with improved rear surface passivation by aluminium oxide (commonly written as Al2O3 

or AlOx) [9]. The improved efficiency has made PERC a dominant industrial Si solar 

cell in the last few years [9]. It has been regularly predicted that PERC will continue to 
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be the dominant Si solar cell technology for at least the next decade [10]–[13]. As most 

of the major PV manufacturers produce PERC, AlOx
1 has become a key dielectric layer 

[9]. Despite its wide use in PV manufacturing, there are still significant knowledge gaps 

regarding this material. In particular, the investigation of AlOx layers deposited by 

industrial-type plasma-enhanced chemical vapor deposition (PECVD) systems has 

become more necessary, as the majority of the studies so far have been based on Al2O3 

layers deposited by atomic layer deposition (ALD) systems [14]–[17]. Therefore, the 

first objective of this thesis is to investigate the properties of the AlOx layer deposited 

by an industrial PECVD system and to investigate the interface between the c-Si and the 

AlOx layer, where the surface recombination occurs. 

Reducing the degradation of the solar cell efficiency is also important. Moreover, a 

recent report by the US Department of Energy indicates that reducing the degradation 

of PV systems is a very promising method of lowering the price of PV energy [18], 

especially considering that increasing the efficiency is becoming more difficult as the 

fundamental limit [19] is approached. Therefore, improving the reliability of PV systems 

is a key requirement for making PV energy cheaper. Although degradation of AlOx 

surface passivation under illumination and at elevated temperatures has been previously 

reported [20], [21], the mechanism and root cause are not yet known. Therefore, the 

second objective of this thesis is to investigate the possible root cause of this degradation 

which in turn can serve as the foundation for resolving this degradation issue. 

1.3 Thesis outline 

This thesis consists of two main parts; the first (Chapters 4 and 5) studies properties of 

various compositions of industrial type PECVD AlOx layers and the c-Si/AlOx interface 

whereas the second part (Chapter 6) investigates the degradation mechanisms of the c-

Si using different types of surface passivation layers. 

Chapter 2 reviews the different types of recombination mechanisms in Si solar cells. 

The recombination mechanisms and the concept of the effective lifetime are discussed. 

A detailed study of the surface passivation quality evaluation methods is also presented. 

A summary of the previous studies regarding AlOx and Al2O3 as surface passivation 

layers is presented. Knowledge gaps regarding the AlOx properties are identified. Other 

 
1 Hereafter I use the term ‘AlOx’ because almost all PV manufacturers use plasma enhanced 

chemical vapor deposition (PECVD) due to its high throughput whereas ‘Al2O3’ is the term for 

stoichiometric deposition techniques such as atomic layer deposition (ALD). 
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dielectric layers such as silicon nitride (SiNx) and silicon oxide (SiOx) which are used in 

this thesis are also briefly introduced. 

Chapter 3 describes the experimental methods used in this thesis. It reviews the 

sample preparation and the characterisation techniques, as well as the PECVD system 

used for this project. The chapter also discusses the procedures from design of the 

experiments to the evaluation and the analysis of the experiments. 

Chapter 4 studies the impact of the main deposition conditions on the electrical and 

chemical properties of the AlOx layers. Comparison of the AlOx surface passivation 

efficacy on the p-type and n-type c-Si surfaces is also investigated. The conclusions of 

this chapter may be particularly useful for PV manufacturers since it clearly correlates 

the deposition conditions with the surface passivation performance. 

Chapter 5 focuses on the sub-nano scale of the c-Si/AlOx interface. It studies the key 

mechanisms of the surface passivation (chemical passivation and field-effect passivation) 

in depth. The spatially-resolved chemical configuration of the c-Si/AlOx interface and 

AlOx layer is presented to determine the origin of the surface passivation efficacy. 

Chapter 6 investigates the degradation of the c-Si bulk and the c-Si/AlOx interface. It 

focuses on the degradation at elevated temperature in the dark to eliminate any possible 

influences of illumination on the process. Possible degradation mechanisms of both the 

bulk and the c-Si/AlOx interface are suggested. 

Chapter 7 summarises and emphasises the key findings and important results of this 

thesis. 
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2 Review: Surface passivation 

Electrons and holes, the charge carriers in semiconductors, are generated when energy 

is provided to the semiconductor in excess of the forbidden band gap. The energy can 

be provided either by absorption of light or by thermal processes. However, generated 

electrons (situated at the energy level of the conduction band) will eventually lose energy 

and stabilise back to the energy level of the valence band by recombining with holes. 

When the electrons and holes recombine, photons or phonons may be emitted [22]. This 

recombination process limits solar cell performance. Although it is not possible to 

eliminate it completely, it is desirable to minimise recombination. 

Recombination processes are generally classified as intrinsic or extrinsic processes 

[23]. Intrinsic recombination processes include radiative recombination [24], [25] and 

Auger recombination [26], [27]. They are therefore not avoidable since they are inherent 

processes [28]. On the other hand, extrinsic recombination is caused by the defect levels 

within the bandgap which behave as recombination paths for minority carriers. Extrinsic 

recombination processes involve processing-related defects and can be reduced by 

proper treatment such as hydrogenation and annealing [29], [30]. Since crystalline 

silicon (c-Si) is an indirect semiconductor, the losses from the recombination process 

occur mainly via defect levels [23]. These defects are present both within the volume 

(‘bulk’) and at the surface of the Si material (bulk defects and surface defects, 

respectively). The main focus of this thesis is to investigate methods to minimise surface 

defects although correlated influence on the bulk is also studied. Methods to reduce 

surface recombination are discussed hereafter throughout this thesis. 

2.1 Recombination theory 

It is important to study radiative recombination and Auger recombination to understand 

surface recombination theory. For all of the recombination types, it is possible to define 

the recombination lifetime accordingly. The recombination lifetime is also called the 

minority carrier lifetime as it is limited and hence determined by the average time 

elapsed between the generation and subsequent recombination of minority carriers [31]. 

The minority carrier lifetime for p-type wafers can be expressed as: 

𝝉 ≡  
∆𝒏

𝑼
    Equation 2–1 
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where τ is the carrier lifetime, Δn is the excess minority carrier concentration (in a p-

type wafer) and U is the net recombination rate. Under real operation conditions of the 

solar cell, the different types of mentioned recombination occur in parallel and the 

effective minority carrier lifetime can be expressed as [32]: 

𝟏

𝝉𝒆𝒇𝒇
= ∑

𝟏

𝝉𝒊
𝒊     Equation 2–2 

2.1.1 Radiative recombination 

Radiative recombination is the reverse process of light absorption [33], [34]. When an 

electron in the conduction band falls to the valence band, there is a probability that its 

excess energy will be lost by the emission of a photon [22]. For direct-bandgap 

semiconductors, radiative recombination is the dominant recombination process, which 

is the base mechanism of lasers and light emitting diodes (LEDs) [31]. However, in 

indirect-bandgap materials such as Si, radiative recombination is suppressed due to 

involvement of an additional particle (a phonon). The net recombination rate for 

radiative recombination can be defined as [33], [34]: 

𝑼𝒓𝒂𝒅 = 𝑩(𝒏𝒑 − 𝒏𝒊
𝟐)   Equation 2–3 

where B is the radiative recombination coefficient [35], [36] for the semiconductor 

material, n and p are the electron and hole concentrations, respectively, and ni is the 

intrinsic carrier concentration of Si [35], [36]. The carrier lifetime for radiative 

recombination is also given by [31]: 

𝝉𝒓𝒂𝒅  =  
𝟏

𝑩(𝒏𝟎 + 𝒑𝟎 + ∆𝒏)
   Equation 2–4 

where n0 and p0 are the electron and hole thermal equilibrium concentrations, 

respectively. 

2.1.2 Auger recombination 

Auger recombination occurs when an electron combines with a hole and a third carrier 

is given the excess energy. When the excited third carrier returns to the initial state, it 

emits phonons [26], [27], [32]. Auger recombination is more common in heavily doped 

material or under higher injection conditions [31]. It can be considered as two different 

processes depending on the third carrier. The net recombination rates for the two 

processes can be expressed as: 
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𝑼𝒆𝒆𝒉 = 𝑪𝒏(𝒏𝟐𝒑 − 𝒏𝟎
𝟐𝒑𝟎) and 

 𝑼𝒆𝒉𝒉 = 𝑪𝒑(𝒏𝒑𝟐 − 𝒏𝟎𝒑𝟎
𝟐)   Equation 2–5 

where Cn and Cp are the Auger coefficients [26], [27], [32]. The carrier lifetime of Auger 

recombination for p-type Si can be expressed by combining Eq. 2-1 and Eq. 2-5: 

𝝉𝑨𝒖𝒈𝒆𝒓 =
𝟏

(𝑪𝒏𝒏𝟐+𝑪𝒑𝒏∆𝒏)
    Equation 2–6 

2.1.3 Recombination via defect levels 

As mentioned above, some defects manifest as discrete energy levels within the 

bandgap. These defects include crystallographic defects such as dislocations, grain 

boundaries and non-saturated (dangling) bonds [23]; metallic impurities [37] can also 

cause defects. The presence of these discrete energy levels leads to a two-step 

recombination process via the defect level within the bandgap. In this case, an electron 

from the conduction band relaxes to the defect level before it recombines with a hole in 

the valence band [23], [37]. The physical mechanism of this process was developed by 

Shockley and Read [38] using statistical modelling and by Hall [39] empirically. 

Therefore, it is commonly called Shockley-Read-Hall recombination (SRH 

recombination) and can be expressed as: 

𝑼𝑺𝑹𝑯 =  
𝒏𝒑− 𝒏𝒊

𝟐

𝝉𝒑𝟎(𝒏+ 𝒏𝟏)+ 𝝉𝒏𝟎(𝒑+ 𝒑𝟏)
    Equation 2–7 

where τp0 and τn0 are the capture time constants and n1 and p1 are SRH densities. The 

capture time constants are related to the capture cross sections σp and σn, thermal velocity 

(Vth) of the carriers and the defect concentration Nt. The capture time constants are given 

by: 

𝝉𝒑𝟎 ≡
𝟏

𝝈𝒑𝑽𝒕𝒉𝑵𝒕
  and  𝝉𝒏𝟎  ≡  

𝟏

𝝈𝒏𝑽𝒕𝒉𝑵𝒕
   Equation 2–8 

and n1 and p1 are defined as: 

𝒏𝟏 ≡ 𝑵𝒄𝒆𝒙𝒑 (−
𝑬𝒄−𝑬𝒕

𝒌𝑻
)  and  𝒑𝟏 ≡ 𝑵𝒗𝒆𝒙𝒑 (−

𝑬𝒕−𝑬𝒗

𝒌𝑻
)  Equation 2–9 
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where Nc and Nv are the effective densities of states in the conduction and valance bands, 

Et is the energy level of the defect centre, and Ec and Ev are the energies of the conduction 

and the valance bands, k is the Boltzmann constant, T is the temperature in Kelvin. The 

corresponding carrier lifetime is given by [38]: 

𝝉𝑺𝑹𝑯 =  𝝉𝒏𝟎
𝒑𝟎+ 𝒑𝟏+ ∆𝒏

𝒏𝟎+ 𝒑𝟎+ ∆𝒏
+ 𝝉𝒑𝟎

𝒏𝟎+ 𝒏𝟏+ ∆𝒏

𝒏𝟎+ 𝒑𝟎+ ∆𝒏
   Equation 2–10 

Therefore the effective recombination centres depend on the capture cross section and 

they lie near the middle of the forbidden bandgap (also called mid-gap) [31]. 

2.2 Surface recombination theory and passivation 

In this section, the aspects of the surface of a material (c-Si in this thesis) are discussed. 

The surface is the exposed plane due to the discontinuity of the crystallinity of a material 

[23], [40]. The surface inherently includes an increased density of defects due to the 

discontinuity of the crystal. Partially bonded Si atoms, so called dangling bonds and Si 

atoms bonded to other atoms are the most common defect types at the c-Si surface [41], 

[42]. The recombination at the surface via these defects can be described by the SRH 

theory mentioned in Section 2.1.3. 

However, a modification needs to be made since the recombination at the surface is 

the process per unit area, whereas the recombination in the bulk is the one per unit 

volume. Using Eq. 2-7, the surface recombination rate (via a single defect) can be 

expressed as: 

𝑼𝑺 =
𝒏𝒔𝒑𝒔−𝒏𝒊

𝟐

(𝒏𝒔+𝒏𝟏)

𝑺𝒑𝟎
+

(𝒑𝒔+𝒑𝟏)

𝑺𝒏𝟎

    Equation 2–11 

where ns and ps are the electron and hole concentrations at the surface and Sn0 and Sp0 

are the surface recombination velocity parameters (SRV parameters, unit: cm/s). The Sn0 

and Sp0 are given as: 

𝑺𝒑𝟎  ≡  𝝈𝒑𝒗𝒕𝒉𝑵𝒔𝒕   𝑺𝒏𝟎 ≡ 𝝈𝒏𝒗𝒕𝒉𝑵𝒔𝒕  Equation 2–12 

where Nst is a surface defect concentration, more commonly called surface state density. 

In reality, however, other aspects need to be considered. The different defects are 

distributed across the Si bandgap, which means the interface defect parameters such as 
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σp, σn, p1, n1 and Nst are not constant. Therefore, they need to be integrated over the 

continuum of the energy levels (from valence band to conduction band). In this case, Eq. 

2-11 can be expressed as [43]: 

𝑼𝒔 = 𝒗𝒕𝒉 ∫
𝒏𝒔𝒑𝒔−𝒏𝒊

𝟐

(𝒏𝒔+𝒏𝟏)

𝝈𝒑(𝑬)
+

(𝒑𝒔+𝒑𝟏)

𝝈𝒏(𝑬)

𝑫𝒊𝒕(𝑬)𝒅𝑬
𝑬𝒄

𝑬𝒗
  Equation 2–13 

where Dit ≡ Nst/dE which is the interface trap density at a certain energy level. 

In a real wafer, however, there is a bending of the energy band towards the surface due 

to electrical charges at the silicon surface (that is, flat band conditions no longer obtain) 

[44], [45]. Therefore, it needs to be noted that the Us depends not only on the surface 

states (i.e. energy level via n1 and p1, σn, σp), but also on the injection level at the surface 

(Δns) as already shown in Eq. 2-11. Furthermore, it seems this dependence becomes 

larger in the case of a non-diffused silicon surface since a small surface charge increment 

could make this dependency larger [46]. Therefore, to evaluate the surface passivation 

quality, the surface recombination rate must be calculated using Eq. 2-13 with the 

surface carrier concentrations ns and ps. Then the concept of effective SRV (Seff) is can 

be defined as [47], [48]: 

𝑺𝒆𝒇𝒇 =  
𝑼𝒔

∆𝒏(𝒙=𝒅)
     Equation 2–14 

at a virtual surface within the wafer (d is the distance from the edge of the space charge 

region) at the edge. 

2.3 Evaluation of surface recombination 

To evaluate surface recombination, it is not possible to measure Seff directly. However 

it is possible to measure τeff  — using, for example, the well-known photoconductance 

(PC) method [49], [50] — as a function of Δn. The measured PC takes recombination 

both in the c-Si bulk (τbulk) and at the c-Si surface (τsurface) of both sides into account for 

the calculation [51], [52]. If one side of the surface can be perfectly passivated, the 

surface recombination can be assumed to be due to the other side. However, the most 

commonly used method is to passivate both surfaces symmetrically and to include both 

sides for the calculation. The important assumption for this calculation is that both 

surfaces have the same surface recombination velocity. This assumption is widely 

accepted, as far as the same surface treatment is applied during the sample 
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preparation/fabrication, although a concern can be raised for the second surface in case 

where the two surfaces are not passivated simultaneously. 

In this thesis, I adopt this assumption, as does most of the reported work for Si surface 

passivation. Therefore, τeff for the symmetrically-structured sample can be expressed as: 

𝟏

𝝉𝒆𝒇𝒇
=

𝟏

𝝉𝒃𝒖𝒍𝒌
+

𝟐

𝝉𝒔𝒖𝒓𝒇𝒂𝒄𝒆
    Equation 2–15 

where τbulk is given by: 

𝟏

𝝉𝒃𝒖𝒍𝒌
 =  

𝟏

𝝉𝒓𝒂𝒅
 +  

𝟏

𝝉𝑨𝒖𝒈𝒆𝒓
 +  

𝟏

𝝉𝑺𝑹𝑯
   Equation 2–16 

In addition, τsurface can be acquired from the equation in a transient PC measurement: 

𝟏

𝝉𝒔𝒖𝒓𝒇𝒂𝒄𝒆
=  𝜶𝟏

𝟐𝑫     Equation 2–17 

where D (in the unit of cm2/s) is the minority carrier diffusion constant under low 

injection and the ambipolar diffusion constant under high injection level [53] and α1 is 

the solution of the transcendental equation: 

𝒕𝒂𝒏 (
𝜶𝟏𝑾

𝟐
) =  

𝑺𝒆𝒇𝒇

𝜶𝟏𝑫
    Equation 2–18 

where W (in the unit of cm) is the wafer thickness. Inserting α1 from Eq. 2-17 into the 

Eq. 2-18, Seff can be expressed as: 

𝑆𝑒𝑓𝑓 =  √𝐷 (
1

𝜏𝑒𝑓𝑓
−  

1

𝜏𝑏𝑢𝑙𝑘
) 𝑡𝑎 𝑛 (

𝑊

2
√

1

𝐷
(

1

𝜏𝑒𝑓𝑓
− 

1

𝜏𝑏𝑢𝑙𝑘
) )  Equation 2–19 

In the case of a well-passivated sample, where Seff < D/(4W) [32], [54], which is the case 

for the samples used in this thesis, τeff is independent of D and is determined only by the 

recombination in the bulk and at the surfaces (both sides). Assuming both surfaces are 

passivated symmetrically, Seff can be expressed as: 

𝑺𝒆𝒇𝒇 =
𝑾

𝟐
(

𝟏

𝝉𝒆𝒇𝒇
−

𝟏

𝝉𝒃𝒖𝒍𝒌
)    Equation 2–20 
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The accuracy of Eq. 2-20 is discussed by Sproul [32], [54]. For sufficiently low values 

of S (Sfront = Srear = Seff < D/4W), the accuracy of the equation is high (the relative 

deviation is below 4%). However, when the surface passivation quality is poor, the 

surface lifetime is limited by the diffusion of minority carriers. In this case, Eq. 2-19 

needs to be used. 

For cases in which D is large or τeff is high (that is, 1/τeff is very small), high-quality-

bulk material such as float-zone (FZ) Si has been commonly chosen to study surface 

passivation although recent study reports its material-related defects [55]–[57]. In this 

case, the total recombination losses are assumed to be dominated by surface 

recombination, which means τbulk can be assumed to be infinite. Then, the surface 

recombination velocity is assumed to take the maximum value it can have, Seff,max: 

𝑺𝒆𝒇𝒇,𝒎𝒂𝒙 =  
𝑾

𝟐𝝉𝒆𝒇𝒇
    Equation 2–21 

On the one hand the surface recombination can also be evaluated by the surface 

saturation current density (J0s; where ‘s’ stands for ‘surface’). The key importance of J0s 

is its capability to separate the surface lifetime from the overall lifetime, which accounts 

for both the recombination mechanisms at the surface and in the bulk. This term has 

been more widely used as Joe (where ‘e’ stands for ‘emitter’) for a surface with a heavily 

diffused region. It is important to reduce the saturation current density, as otherwise it 

limits the device open-circuit voltage and hence its efficiency. A slope-based method 

for extracting J0e was introduced by Kane and Swanson [58]. Their method (the ‘slope 

method’) is based on the dependence of the surface lifetime on ∆n [59]: 

𝟏

𝝉𝒆𝒇𝒇
=  

𝟏

𝝉𝒓𝒂𝒅𝒊𝒂𝒕𝒊𝒗𝒆
 +  

𝟏

𝝉𝑨𝒖𝒈𝒆𝒓
+ 

𝟏

𝝉𝑺𝑹𝑯
 +  

𝟐

𝝉𝒆𝒎𝒊𝒕𝒕𝒆𝒓
      

       ≅  
𝟏

𝝉𝑨𝒖𝒈𝒆𝒓
+ 

𝟏

𝝉𝑺𝑹𝑯
+ 𝑱𝟎𝒆

𝟐(𝑵𝒅+ ∆𝒏)

𝒒𝑾𝒏𝒊
𝟐

   Equation 2–22 

𝟏

𝝉𝒆𝒇𝒇
−

𝟏

𝝉𝑨𝒖𝒈𝒆𝒓
=

𝟏

𝝉𝑺𝑹𝑯
+ 𝑱𝟎𝒆

𝟐(𝑵𝒅+∆𝒏)

𝒒𝑾𝒏𝒊
𝟐

   Equation 2–23 

where Nd is the base doping concentration of the Si wafer bulk. In these equations, 

radiative recombination has negligible influence on the τeff in Si. Also, in the case of 

∆n >> Nd (by at least one order of magnitude: so-called high-injection conditions), the 

term (Nd + ∆n) can be simplified to be ∆n. Therefore, when 1/τeff - 1/τAuger is presented 
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as a function of ∆n and the slope is linear, Joe can be acquired from the linear slope. This 

method also allows the extraction of τSRH from the intercept of the acquired graph. Note 

that the PC signal within the heavily doped regions can be neglected because they are 

very thin (< 0.5 µm) compared to the wafer thickness (between 170 µm and 190 µm for 

the wafers used in the experiment for this thesis). Moreover, the Si surface studied in 

this thesis is non-diffused (without an emitter) and the measurement was done at high 

injection with a symmetrically-structured sample [51], [60]. Therefore, the surface 

saturation current density is expressed as J0s hereafter instead of Joe. However, its use 

requires several assumptions to be made: 

(1) Auger recombination does not impact the measurement 

(2) ni is constant across the injection range of investigation 

(3) The SRH recombination is constant for the lifetime data analysed 

(4) ∆n is uniform for the whole depth of the wafer 

 

Fig. 2–1. Contours show where the given assumption represents a 10% error in the calculation 

of surface dopant concentration in low injection for c-Si at 300 K; valid for either p-type or n-

type c-Si [46]. 
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It is worth noting that I use J0s instead of Seff according to the intensive study by 

McIntosh [46], [61]. The reason is that J0s is the suitable parameter to evaluate the 

surface passivation for non-diffused wafers passivated with high-charge dielectric, 

mainly due to the independence of this parameter on the surface doping of the wafers, 

which is the exact case of the samples I use in this thesis as shown in Fig 2–1 (Case 3 

for accumulation and Case 4 in inversion condition). To minimise the uncertainty 

generated by the 4 assumptions mentioned above of the measurement and the slope 

method, I also use Quokka 2 modelling [62], [63] and assess the accuracy of the acquired 

J0s. A detailed discussion of the measurement and the accuracy of the fit of the slope 

method will be discussed in Section 3.4.1. 

2.4 Aluminium oxide for surface passivation 

As interest grows in reducing the thickness of the c-Si wafer in order to reduce the cost 

of solar cell manufacturing, the surface-to-volume ratio of the wafer increases, further 

highlighting the importance of surface passivation. A large number of studies have 

focused on the minimisation of surface recombination; Two fundamental approaches for 

reducing the recombination losses at the surfaces have been reported [23], [64]–[66]. 

The first is based on the reduction of the interface defect density (Dit), which is directly 

proportional to the recombination rate (as discussed in Eq. 2-13). Dit can be reduced 

significantly by passivating the crystallographically unstable defects such as dangling 

bonds (undercoordinated atoms), which is commonly called chemical passivation. 

Atomic hydrogen, thin dielectric layers or amorphous semiconductor film can be used 

for this purpose. The second method is to reduce either the electron or hole concentration 

at the semiconductor interface by integrating a fixed electric field, an approach called 

field effect passivation. The electric field can be built either by forming a doped layer 

below the interface or by applying a dielectric layer containing a fixed electric charge or 

often even the combination of both. 

Among the various methods used to achieve these goals, aluminium oxide (AlOx) was 

intensively studied for p-type silicon surfaces by Agostinelli in the mid-2000’s [15], [67]. 

AlOx films naturally contain hydrogen, and, more importantly, they have a large amount 

of negative charge near the interface [15]. This induces an accumulation layer close to 

the interface of non-diffused p-type wafers, which results in an efficient field-effect 

passivation [15], [67]. The surface passivation obtained by AlOx, the main topic of this 

thesis, is reviewed in the following sections. 
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2.4.1 Aluminium oxide for PV applications 

Most of the study on AlOx layers was done in the microelectronics industry [68]–[70]. 

AlOx layers were found to have superior capability to reduce leakage current and drew 

attention as an alternative high-k gate dielectric layer to silicon dioxide (SiO2) [68]–[70]. 

AlOx as a surface passivation layer for PV was first introduced by Jaeger [71] and Hezel 

[72] using atmospheric pressure chemical vapour deposition (APCVD) in the 1980s. 

Attention to the layer for PV applications was increased in the mid-2000’s as the need 

for passivation of p-type surfaces grew, particularly for the rear side passivation of p-

type passivated emitter and rear cell (PERC) [11]–[13], [73]. The early PV-related 

studies on Al2O3 used ALD systems. Agostinelli initiated the study for applications for 

Si solar cells [15], [67]. In the work sufficient negative charge in the range between 

−1012 cm-3 and −1013 cm-3 was achieved using an ALD system. The τeff was shown to 

reach about 1 ms using a p-type Cz wafer without a diffused layer, proving that Al2O3 

is a promising candidate for p-type Si surface passivation. An intensive study was 

subsequently carried out by Hoex, also using ALD. His study emphasised the benefit of 

a subsequent annealing process, which was shown to significantly increase the total 

negative charge (Qtot) by one order of magnitude up to −9 × 1012 cm-3. It also identified 

the presence of an interfacial oxide layer (SiOx) by high resolution transmission electron 

microscopy (HR-TEM) and discussed the possible origin of the negative charge. It is 

suggested that the presence of the interfacial layer causes the tetrahedral coordination of 

the aluminium (Al) and oxygen (O) bond and results in an Al vacancy which generates 

negative charge. After this work the interest in Al2O3 layers increased and various types 

of deposition systems for PV application were explored [14], [74]. In the following 

sections the advantages and disadvantages of different deposition systems are reviewed. 

2.4.2 ALD-deposited Al2O3 and PECVD-deposited AlOx layers 

Various types of deposition systems have been used to form AlOx layers: the list 

includes the above-mentioned APCVD [71], [72], [75], [76] and ALD [15], [67], [77]–

[86]; it also includes remote plasma chemical vapour deposition (RPCVD) [70], 

chemical vapour deposition (CVD) [87] and PECVD [14], [68]–[72], [88], [89]. Most 

of the early studies on AlOx in PV were done on ALD Al2O3 layers [15], [67], [77]–[86], 

[90]. After the promising results for ALD Al2O3 layers were reported, studies using 

PECVD-deposited AlOx layers became increasingly common due to its higher 

throughput.  
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Given that ALD materials are deposited one atomic monolayer at a time, the chemical 

composition of the layers is inherently stoichiometric (Al:O = 2:3). Hence, the 

compound is written as Al2O3 instead of AlOx. The ALD process is preferred for 

research due to the ability to finely control the chemical composition the of resulting 

layer, especially for the initial growth at the Si surface. The precursors for Al2O3 are 

usually trimethyl aluminium (TMA) as an aluminium source and vaporised water (H2O) 

or gaseous oxygen (O2) as an oxygen (O) source. The method also demonstrates superior 

thickness control and film uniformity. 

However, the throughput of ALD is very low, particularly when compared to a method 

such as in-line PECVD. The advantage of the latter system is that its throughput can be 

increased by simply adding a plasma source in conjunction with precursor gases, which 

enables the transport speed to be increased [91]. A detailed description of such a system 

is presented in Section 3.3. Although the throughput of ALD is inferior to in-line PECVD 

due to their inherently different deposition mechanisms, spatial ALD has improved the 

throughput such that ALD can now be considered for industrial applications [17]. 

However, a majority of the AlOx deposition systems in PV manufacturing are still in-

line PECVD, a trend that is predicted to continue [91], [92].  

As the PERC solar cell becomes the commercially-dominant Si solar cell structure 

[10]–[12], the need for a high-throughput deposition process increases. This inspires the 

study of PECVD-deposited AlOx, which is written as such due to its non-stoichiometric 

chemical composition. In particular, it is important to note that almost all solar cell 

manufacturers use PECVD systems for AlOx layer deposition in PERC production lines 

since: (1) they already use such tools for front-side anti-reflection coating layer 

disposition [91] and (2) the throughput of PECVD is one to two orders of magnitude 

greater than ALD [89]. The PERC solar cell is anticipated to dominate the Si solar cell 

market for the next decade [11]–[13] and, therefore, PECVD for AlOx deposition has 

been a topic of intensive study since about 2010 [88], [89], [93]–[102]. AlOx deposited 

by in-line PECVD is now widespread, having been estimated at 2.5 GW of capacity in 

August 2014 [9]. This thesis therefore focuses on AlOx layers deposited by in-line 

PECVD, given the results can be considered for direct application to industry for 

commercial PV products. 
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2.4.3 Thermal annealing and stability of the surface passivation 

Regardless which of the deposition systems mentioned in Section 2.4.2 is used, the 

excellence of the surface passivation quality of the AlOx layer is particularly observed 

after subsequent thermal processes. Common processes include thermal annealing in 

nitrogen ambient (N2), forming gas annealing (FGA) with diluted (5 − 10%) hydrogen 

(H2) in N2 and industrial type metallisation firing under either N2 or clean dry air (CDA) 

ambient [88], [89], [91], [98]–[101], [103], [104]. Most of the ALD-deposited Al2O3 

layers are found to have a thermal optimum between 400 °C and 450 °C. The thermal 

annealing process has been shown to be critical for decreasing interface defect density 

(Dit) from 1 – 3 × 1012 cm-2 eV-1 to about 1 × 1011 cm-2 eV-1. Thermal annealing also 

increases negative Qtot, from 3 – 20 × 1011 cm-2 to about 5 – 8 × 1012 cm-2 [88], [89], 

[97]–[101]. 

Compatible thermal annealing for ALD Al2O3 is processed at rather low temperature 

(between 400 °C and 450 °C as mentioned above) whereas the PECVD AlOx generally 

considered for manufacturing must undergo a much higher-temperature firing (between 

700 °C and 850 °C) [95]. The industrial fast-firing process is the most common thermal 

treatment process for PECVD [89], [97], [98], [100], [101], [104], [105] since it is 

necessary for the metallisation of screen-printed solar cells (the typical industrial method 

for Si solar cell metallisation). 

In some cases, degradation of surface passivation quality has been reported due to the 

PECVD firing process [106]. It is observed that the hydroxides, which are essential for 

Si surface passivation, out-diffuse from the c-Si/AlOx interface. It has been suggested 

that the loss of hydroxides from the c-Si/AlOx interface may be avoided by reducing the 

duration of the firing process. Given the importance of the thermal annealing process, 

this thesis also investigates how to increase the surface passivation stability. The main 

focus for thermally stable AlOx in this thesis is to find deposition process conditions that 

ensure an AlOx without surface passivation degradation due to thermal processing. 

In addition, the firing process has been reported to cause blistering when the AlOx layer 

contains excessive hydrogen. Although the concentration of the hydrogen may be 

adjusted by optimising deposition process conditions, a simple method to avoid the 

blistering is to keep the AlOx layer thin (<30 nm) [96], [98]. However, it is also noted 

that the minimum required thickness to guarantee reasonable surface passivation quality 
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is 10 nm for ALD [17] or 15 nm for PECVD [96]. Therefore, the AlOx layer thickness 

used for all experiments in this thesis is targeted between 20 and 25 nm. 

2.4.4 Properties of PECVD AlOx layers 

Various properties such as optical, electrical and chemical properties of PECVD AlOx 

layers have been reported. The refractive index (RI) of AlOx is almost constant (ranging 

from 1.60 to about 1.66 in the spectral region between 250 nm and 1000 nm), regardless 

of the deposition system and deposition conditions [89], [91], [97], [107]. Given its use 

as the rear side passivation of Si solar cells, only light with an incident angle lower than 

26° can transmit through it [97]. Therefore, it is confirmed that AlOx is well suited for 

the application on the rear side of Si solar cells, although its optical properties have not 

been as thoroughly studied as those of SiNx or SiOxNy. 

In contrast, the electrical properties of AlOx have been thoroughly investigated. In 

particular, Qtot and Dit at the c-Si/AlOx interface have been reported since these two 

factors are critical indicators to evaluate the surface passivation quality [88], [89], [91], 

[96], [97], [99], [102], [106], [108]. The Qtot (negative charge) contained in the layer 

when deposited on p-type c-Si has been reported to be around 1-5 × 1011 cm-2 before the 

firing process and increases by about one order of magnitude to be in the range of 1-

5 × 1012 cm-2 through fast firing (800 – 850 °C) [88], [89], [91], [96], [97], [99], [102], 

[106], [108]. In the same way, it is observed that Dit decreases by one order of magnitude 

through the same thermal processes to around 1-2 × 1011 eV-1cm-2. The correlation 

between Qtot, Dit and Seff has been intensively studied by Saint-Cast et al [96], who 

presented a set of equations linking the three parameters. The study demonstrates a linear 

relationship between Seff and Dit (chemical passivation) whereas Seff has an inversely 

quadratic relationship with Qtot (field effect passivation) [96]. 

Most of the studies use boron-doped high-quality FZ Si wafers (1-2 Ω cm) with the 

assumption of infinite wafer τbulk such that Seff,max is commonly reported. While these 

studies focus on p-type surfaces, Duttagupta et al. compared the surface passivation 

quality on p-type to n-type (both with diffused surfaces) [109]. The quality of the surface 

passivation by PECVD AlOx results in Seff,max values of around 10 cm/s and J0e values 

of 10 fA/cm2. It is interesting to note that the J0e for the n+ emitter and p+ emitter show 

similarly excellent surface passivation with values of 12 fA/cm2 and 8 fA/cm2, 

respectively. This is different from surface passivation by ALD-deposited Al2O3 layers 

[110] but the underlying mechanism of this difference is not yet understood.  
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Although not yet reported in the literature, it would be valuable to compare the surface 

passivation quality of non-diffused p-type and n-type Si passivated by PECVD AlOx. In 

particular, investigating which of Qtot and Dit has a stronger impact on J0s will be of 

interest since it would help explain the mechanism of surface passivation dependence 

on doping polarity. This is one of the main topics of this thesis.  

The chemical properties of PECVD AlOx have also been reported, with a similar focus 

on the mechanism of low Dit [89], [96], [104], [106]. Of interest are the chemical 

composition of the AlOx layer itself and the interfacial layer at the c-Si/AlOx interface. 

The most common characterisation method used to investigate chemical bonding in 

AlOx is Fourier transform infrared spectroscopy (FTIR) [111]–[113], which is capable 

of revealing changes in the Al-O bond [Al-O] and whether the interfacial layer consists 

primarily of Si-O bonds [Si-O] or Al-O-Si bonds [Al-O-Si] through thermal processes 

[96], [97], [99], [100], [106], [107]. It has been observed that thermal processes enhance 

the growth of a silica (SiO2) layer at the c-Si/AlOx interface, which results in a decrease 

of Dit. The presence of the interfacial layer can be observed by high resolution 

transmission electron microscopy (HR-TEM) [100]. The mechanism to form the 

interfacial layer is believed to be related to the change of the chemical configuration in 

[Al-O] bonds [98]–[100], [106]. Although nano-scale study on the interfacial layer and 

the chemical configuration of the Al2O3 layer has been undertaken for ALD-deposited 

Al2O3 layers [77], a similar level of understanding has not yet been achieved for PECVD 

AlOx. Therefore, this thesis aims to investigate the PECVD AlOx interfacial layer at the 

nano-scale. It will be more valuable since the PECVD AlOx layers result in more 

variation in terms of the chemical compositions than ALD Al2O3 layers. 

It is also important to determine the hydrogen concentration in the AlOx layer as it is 

believed to reduce Dit by passivating dangling bonds at the Si surface. However, no 

study has identified the hydrogen atomic concentration in AlOx. Elastic recoil detection 

analysis (ERDA) or nuclear resonance reaction analysis (NRA) can calculate the 

hydrogen concentration in atomic percentage [114]. The correlation of the chemical 

configuration with the resulting Qtot and Dit, which can reveal the origin of the negative 

fixed charge and a critical factor for reducing Dit on different stoichiometries of AlOx 

layers, has also not yet been reported for PECVD AlOx. Therefore, it is investigated in 

this thesis for various AlOx layers with different film properties. 
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Mechanical properties such as the stress contained in PECVD AlOx layers have also 

been also reported [91], [107]. PECVD AlOx is revealed to have a tensile stress for both 

as-deposited and thermally-treated (fast-firing) layers. Given that an AlOx layer requires 

a capping layer for thermal stability, SiNx and SiOxNy layers have also been studied to 

check the compatibility with AlOx. The PECVD SiNx layer also shows tensile stress 

whereas the SiOxNy layer shows compressive stress which cannot be compatible with 

AlOx due to the possibility of cracking or poor adhesion [91]. 

Recently a number of studies have reported on the degradation of the PERC solar cell 

under illumination and at elevated temperature [115]–[121]. The mechanism of this 

degradation is still not fully understood, but for further progress in this field it will be 

necessary to know: (1) whether this degradation is dominated by the surface of the 

silicon bulk and (2) whether the degradation can occur without light (that is, whether it 

is actually thermally- or optically-activated degradation). This thesis investigates the 

origin of the degradation and it is hypothesised that the degradation is caused by 

transport of hydrogen. Different structures of samples with different surface states such 

as inversion or accumulation layers are prepared and investigated regarding degradation 

of the τeff. 

2.5 Other dielectric layers for surface passivation 

It is worth understanding the behaviour of other dielectric layers, especially SiNx since 

it is used as the capping layer of AlOx and typically serves as the solar cell front-side 

anti-reflection coating (ARC) layer. It is also important to understand the characteristics 

of SiOx since it is believed to be present at the c-Si/AlOx interface and is key to lowering 

Dit there. 

2.5.1 Silicon nitride (SiNx) 

In this thesis, SiNx is mainly used as a capping layer on top of the AlOx. Although there 

are more applications of SiNx in standard solar cell design, I present here only a brief 

literature review on SiNx for its use as (1) a hydrogen source and (2) a capping layer for 

AlOx. 

Silicon nitride was developed in the 1970s and it began to be used in the 

microelectronics industry in the 1980s. Hezel et al. [122] introduced the use of SiNx for 

PV devices in the 1980s. In the long history of the study of SiNx, the hydrogen 

concentration of SiNx (also commonly written as SiNx:H) has been highlighted due to 
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its beneficial passivation effect for both Si bulk and surfaces [122]–[133]. The hydrogen 

contained in the SiNx layer is known to passivate dangling bonds at the Si surface and 

at crystallographic defects such as grain boundaries [124], [129], [132], [134]–[138]. 

The resulting SiNx layer includes three types of bonds: [Si-N], [Si-H] and [N-H] [133], 

[139]. In general the hydrogen concentration (H-conc.) in the SiNx layer is reported to 

be between 10 and 20% [123], [140], [141]. It has also been reported that the hydrogen 

concentration at the interface, as measured by NRA, and the Qtot and Dit are correlated 

with τeff and sample preparation [142]. Although SiNx is used as a capping layer in this 

thesis, the hydrogen in the SiNx layer can migrate to the c-Si/AlOx interface during 

thermal processes. It has also been reported that the amount of hydrogen released and 

the penetrability are highly dependent on the thermal treatment temperature and the film 

synthesis method [136], [143]. A number of reports attest to the benefits of SiNx as a 

capping layer [21], [90], [98], [103], [144]. SiNx is also used as an ARC layer on the 

front side of the solar cell. The RI of SiNx is tuneable by varying PECVD deposition 

parameters such as the gas ratio between SiH4 and NH3 [82], [125], [138], [145]. 

Therefore, SiNx offers the ability to optimise the RI of the ARC layer of the silicon solar 

cell. 

The benefit of SiNx use as a capping layer of AlOx has also been studied by Saint-Cast 

et al. [98] and Niewelt [144]. It has been reported that the as-deposited AlOx/SiNx stack 

performs just as well as AlOx-only surface passivation annealed at 450°C and fired at 

870°C [98]. This may be due to an increased hydrogen concentration added by the SiNx 

layer. A more stable surface passivation has been also observed when the AlOx is capped 

by a SiNx layer [144]. The SiNx behaves as a protecting layer which prevents AlOx layer 

from absorbing moisture and also as an additional hydrogen source which results in more 

hydrogen concentration in AlOx layer [83], [98]. Therefore, I use an AlOx/SiNx stack for 

superior surface passivation quality and stability. 

2.5.2 Silicon oxide (SiOx) 

Silicon oxide has been used as a surface passivation layer for decades [22], [44], [146], 

[147]. Early SiOx fabricated for research was mostly thermally grown [65]. The 

widespread application of SiOx in the microelectronics industry can be attributed to the 

high electrical quality of the Si/SiOx interface [146], [147]. Optimised surface 

passivation by SiOx results in Dit values on the order of 109 eV-1cm-2 [43], [148], [149]. 

Although the high fabrication temperatures (800 °C – 1100 °C) required may result in 
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detrimental influence on commercial Cz Si wafers, the resulting high-quality surface 

passivation has been utilised for decades. This adverse impact of thermal SiOx has 

inspired other types of SiOx such as PECVD-deposited SiOx [65]. 

However, thermally-grown SiOx is used in this thesis as a surface passivation layer 

since a hydrogen-poor material is necessary to prove the hypothesis: the observed 

degradation in surface passivation quality originates from the migration of hydrogen as 

discussed in Section 2.4.4. The motivation of the study on non-hydrogenated SiOx layers 

is that all reported LeTID of surface passivation occurs with dielectric layers that contain 

hydrogen. Therefore PECVD-deposited SiOx cannot be used since hydrogen is included 

in the precursor gas SiH4. In addition, wet oxidation cannot be used due to possible 

hydrogen involvement from the H2O ambient during the process. Therefore, dry 

oxidation which only uses O2 gas is a good candidate for this thesis due to the absence 

of hydrogen in the layer. 

2.6 Chapter summary 

With the increasing attention on the importance of surface passivation for silicon solar 

cells, different dielectric layers such as AlOx, SiNx and SiO2 have been studied as surface 

passivation layers. The literature covers the properties of the layers and various 

deposition techniques. 

However, none of these studies adequately explores the process window of the 

deposition parameters, which have an impact on the resulting layer. In order for PERC 

solar cell manufacturers to continue to decrease production costs, it is important to 

understand the impact of the deposition process parameters on the properties of the 

resulting layers. A detailed understanding of the impacts of the deposition process 

parameters on the surface passivation quality and the layer properties can allow one to 

decide how much the process parameters can be adjusted (for example, reducing the use 

of the expensive process gases without sacrificing the surface passivation quality). 

Therefore, in this thesis, I focus on the impact of the deposition conditions on the surface 

passivation quality using an industrial in-line PECVD system much like that utilised by 

many solar cell manufacturers. The substrate for the investigation is non-diffused p-type 

crystalline Si wafers which is the rear side of the PERC solar cell.  
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3 Experimental methods 

In this chapter the entire procedure from the designing of the experiments to the 

analysis methods used in this thesis is presented. A statistical software package is 

employed to design experiments and analyse results systematically. Detailed sample 

preparation procedures for different assessments are also described. In the last part of 

this chapter characterisation methods to evaluate electrical and chemical properties of 

AlOx layers are discussed. 

3.1 Design of experiments and statistical analysis 

The design of experiments (DoE) in this thesis was systematically planned using the 

statistical software package STATISTICA [150], [151]. Microwave power (MWP), total 

gas flow rate (TGFR), temperature, pressure and gas flow rate ratio (GFRR) of nitrous 

oxide (N2O) to TMA [Al(CH3)3] were selected as the variables of interest. After the 

samples were processed as dictated by the DoE, their electrical and material properties 

were characterised. When the measurements were completed, the values were fed back 

to STATISTICA (as observed values) to create statistical models for the electrical and 

material properties. Correlation between STATISTICA-modelled (predicted) values and 

measured (observed) values was assessed to confirm the reliability of the statistical 

model. 

Using STATISTICA, an experiment (such as Chapter 4 and Apendix 3). can be 

designed in several different ways. Two models are used in this thesis: 

1. The central composite design [152], [153], which analyses two factors using 

nine conditions and ten runs (two centre points). 

2. The Box-Behnken design [153], [154], which analyses three factors in 

conjunction with three levels with 13 conditions and 15 runs (three centre 

points). 

The advantage of the central composite design lies in its speed and efficiency in terms 

of time and the resource required. The main advantage of the Box-Behnken design is 

that it is able to assess the process window almost like the full factorial design. If the 

R2 value is sufficiently high (>0.98 for the purposes of this thesis), it is possible to 

determine whether the effect is linear or quadratic; this is possible only for the 3-level 

design since the 2-level assessment is not able to reveal a possible vertex. The impact 
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of process parameters on the measured values (electrical and chemical properties) was 

assessed by the ‘p-value test’ [155]. A p-value below 0.05 indicates a significant 

impact of the parameter on the property. 

3.2 Sample preparation 

3.2.1 Sample structure 

In this thesis two different sample structures are used: 

(1) Symmetrical samples passivated on both sides by an AlOx/SiNx stack were 

prepared for studying electrical properties. The SiNx capping is used to prevent 

the AlOx layer from absorbing moisture. The SiNx is also used as an additional 

hydrogen source. To avoid any possible influence by the SiNx on the different 

AlOx layers, I used the same SiNx for all the different AlOx layers. For the same 

reason I chose the SiNx deposition temperature to be the same as the lowest 

temperature used in the AlOx deposition (350 °C). As discussed in Section 2.3, 

the symmetrical-structured samples are for determining τeff and J0s. With this 

structure, the saturation current density of one surface can be easily acquired 

by halving the acquired J0s value. In addition, the symmetric structure can be 

used for the capacitance-voltage (C-V) measurement which will be discussed 

in detail in Section 3.4.2. Planarised (saw damage etched; 30% NaOH etches 

of 10 μm on each side) wafers were used such that the surface is similar to the 

rear side of a PERC structure. 

(2) Single-side AlOx on a mirror-like double-side-polished (DSP) silicon wafer is 

used for investigating chemical and physical properties. The polished surfaces 

are useful when the measurement requires a transmission or a reflectance mode 

to avoid scattering of the light source during the measurement. For example, 

for Fourier transform infrared (FTIR) measurements to identify chemical bonds 

in the AlOx and ellipsometry measurements to determine the layer’s thickness. 

Details of these characterisation methods are presented in Section 0. 

3.2.2 Sample preparation 

Commercially available (156 mm × 156 mm) planarised Czochralski (Cz) wafers were 

used (final thickness was 175±10 μm). Both polarities are used to study the comparative 

efficacy of surface passivation. The p-type (boron-doped) and n-type (phosphorus-

doped) wafers have a resistivity of 1.6±1.0 Ω.cm and 6.0±1.0 Ω.cm, respectively. All 
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the p-type and n-type wafers underwent Radio Corporation of America (RCA) cleaning 

[156] and were dipped in hydrofluoric acid (HF) solution (mass fraction 5%) in the same 

batch before the AlOx deposition. The double side polished (DSP) samples (2-inch 

diameter) were also processed in the same batch in the RCA cleaning and HF finish to 

achieve the same hydrophobic surface before deposition. All samples were then stored 

in an N2-flushed desiccator to keep the surface hydrophobic until the AlOx deposition. 

An industrial in-line PECVD system (MAiA XS, Meyer Burger) was used for the 

deposition of AlOx with a thickness of 25±5 nm. The AlOx was then capped with SiNx 

(75 nm thick with a refractive index of 2.08 at 633 nm) deposited at 350 °C. High-

temperature processing was performed to activate the analysed samples [101] using an 

industrial metallisation furnace (7K9-70C69-5LIR, Schmid) in a clean dry air (CDA) 

ambient. The set firing temperature was adjusted to maintain a fixed wafer temperature 

of 740±5 °C (the standard firing temperature in our facilities) for all the wafers and the 

duration at the peak temperature was about 0.6 seconds. The wafer temperature during 

the firing process was measured using thermocouple and data logger (Q18, DATAPAQ). 

Three points were measured on the 156 mm × 156 mm size wafer as shown in Fig. 3-1. 

 

Fig. 3-1. (a) Wafer temperature profile during the firing process and (b) positions of the three 

measurement points on the 156 mm × 156 mm wafer. 

3.3 Deposition systems 

As discussed in Section 2.4.2, there are various deposition systems for AlOx. The 

deposition system I use in this thesis is an industrial-type in-line microwave (MW) 

PECVD system from Meyer Burger (MAiA) [91]. All the dielectric layers (both AlOx 

and capping SiNx) are deposited using the system. 
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3.3.1 Overview of the deposition system 

The MAiA system used in this thesis has been widely used in PV manufacturing 

facilities. All the chambers are made of stainless and acid-proof steel. A schematic side-

view image of the MAiA system is presented in Fig. 3-2. The main body consists of a 

loading chamber (LC), process chamber 1 (PC1), transfer chamber (TC), process 

chamber 2 (PC2) and unloading chamber (ULC). Samples are loaded on a sample carrier 

to the LC and are moved through the system by means of transportation rollers. The 

samples receive depositions as they pass through the process chambers: SiNx layer 

deposition in PC1 and AlOx in PC2. 

In the LC and TC, the samples are heated by infrared (IR) heating lamps, while the 

PCs are equipped with resistive heaters to maintain the temperature of the samples 

during the deposition process. In the PCs, the two MW generators (frequency of 2.45 

GHz) comprise one linear plasma source (PS). A MW antenna is located in the centre of 

a quartz tube and transfers the MW power (MWP) from one side to the other side. It is 

important to set the MWP to adjust since the excessive power from one side can be 

reflected from the other side of the MW generator. The reflected power creates either 

constructively or destructively-interfering wave to the forward power from both sides of 

the MW generator. If these forward and reflected powers are tuned imperfectly, standing 

waves can be created and cause non-uniformity across the wafer carrier width.  

Therefore, the adjustment of the MW power should be fine-tuned and well-chosen. 

 
Fig. 3-2. Schematic side view of the MAiA system and the dimension of each chamber. 
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3.3.2 Design of shower head 

A schematic of the plasma source is presented in Fig. 3-3 in detail, showing the SiNx 

process. The AlOx process uses the same plasma source and the same shower head 

design but the only difference is the different use of precursor gases: instead of silane 

and ammonia (‘B’ and ‘G’ in Fig. 3-3, respectively), the AlOx process uses TMA instead 

of silane and N2O instead of ammonia. Alongside the quartz tube, two rows of magnets 

are employed. The magnets help to spatially stabilise the plasma by forcing electrons to 

follow particular contours, making as dense a plasma as possible. 

3.3.3 Deposition mechanism 

 

Fig. 3-3. Cross-sectional view and principal mode of function of the plasma source for example 

silicon nitride process [157]. 
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During the deposition the sample carrier is positioned underneath the quartz tube, about 

12 cm below the PS. All the chambers stay under vacuum throughout the whole 

experiment, which minimises any possible contamination or unexpected influences from 

the ambient, such as moisture. It is also necessary to check the uniformity of the 

experimental deposition conditions. Therefore, I tested uniformity across the carrier and 

the results follow in the next section (Section 3.3.4). 

3.3.4 Uniformity 

The uniformity of the deposition system was tested before the DoE since the non-

uniformity may influence the resulting layer property. Fig. 3-4 shows the schematic 

dimension of the deposition chamber, carrier and the process gas shower with the 

position of shower holes. The mechanical design of the system seems to provide uniform 

deposition across the carrier (left to right) since the shower head gas holes cover the 

whole width of the carrier. The uniformity test is done using SiNx since it is easier to 

notice thickness differences due to its refractive index (RI). 

Fig. 3-5, presents thickness and RI of the SiNx over across the carrier left to right 

(perpendicular to the transport direction). As can be seen, the thickness and RI toward 

the edges of the carrier are not uniform. The gas shower holes are designed to cover an 

area wider than the carrier width and the possible reason is the difference in the actual 

wafer temperature during the deposition. The uniformity across the middle wafer is in 

the range of 4.5% for thickness and 0.4% for RI, which is within the acceptable range 

by the industry. To allow comparison between wafers and to avoid non-uniformity 

problems, all the wafers deposited for this thesis have been deposited using only the 

middle position of the carrier. 
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Fig. 3-4. Schematic drawing of the top-view of the PC1 which shows carrier and gas shower 

heads. The quartz tube is just below the NH3 gas shower head. 
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Fig. 3-5. Uniformity test on (a) thickness and (b) RI across the three wafers from the left to right 

of the carrier. The blue and red rectangles represent the ranges of actual wafer widths. 

3.3.5 Temperature profile 

Due to the non-uniformity observed in Section 3.3.4, actual wafer temperature 

measurement during the deposition process is conducted. It is known that the deposition 

temperature influences properties of resulting layers such as deposition rate, density, 

hydrogen concentration, initial growth at the interface of substrate and layer. It is 

therefore important to determine the actual temperature of the wafers during the 

deposition process. It is necessary to measure the wafer’s temperature profile across the 

carrier such that the experimental results can be corrected, if needed, to the position of 

the wafer. 

Fig. 3-6 shows the image of the setup used to measure the wafer’s temperature using 

thermocouples (labelled as #1 to #6 in Fig. 3-6) and a six-channel Datapaq Q18 (Fluke 

Process Instruments). Based on the length of each chamber and the different transport 

speed through each chamber, the time duration in each chamber was calculated, and is 
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shown in Fig. 3-7. It is observed that the actual wafer temperatures of wafers loaded at 

the middle column are similar (in the range of 2-3%) and lower than the set temperature 

by ~50 °C when the wafer pass under the plasma source. Temperatures of the left and 

right column are slightly lower than the middle column wafers and the far edge point of 

the left column wafer results in a significantly lower temperature than the middle column 

wafers (by 75 °C). It may be because the transport roller which is mechanically 

connected to the stainless-steel chamber wall and the chamber wall stays cooled by 

cooling water below 40 °C. Therefore, the side parts (left and right) of the carrier which 

sit on the transport roller for moving are cooler than the middle part. This result 

influences my decision to use only the middle column for all the experiments in this 

thesis. 

 

Fig. 3-6. Images of wafer carrier with attached thermocouples: (a) top view and (b) bottom view. 

3.4 Characterisation methods 

The characterisation methods for electrical properties and chemical properties are 

presented in this section since they are used in all the following main chapters. However, 

a method which was used only one chapter is included in the specific chapter accordingly. 

3.4.1 Photoconductance measurements 

In Section 2.3 the theoretical background of τeff and J0s was studied. As discussed, 

knowledge regarding these values, in particular J0s, is critical for the evaluation of the 

surface passivation quality. This section reviews one of the most widely used methods 

to measure τeff and J0s. 
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3.4.1.1 Transient decay method 

In the transient decay method, excess carriers are generated by a laser or a flash lamp. 

The decay of the carrier density after the excitation is then measured. The decay of the 

carrier density is due to recombination. Using Eq. 2-1, the τeff can be expressed as: 

 

Fig. 3-7. Measured wafer temperature trend for the AlOx process in each chamber for (a) 350 °C 

and (b) 400 °C deposition. The dashed line is a guide to the eyes. 

−
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  and then  𝜏𝑒𝑓𝑓 =  −

∆𝑛
𝑑(∆𝑛)

𝑑𝑡

  Equation 3-1 

The first application of this method was the PC decay (PCD) measurement in 1955 

[158]. The conductivity of the sample is sensed by an electrical circuit and converted to 

∆n using: 

𝜎 = 𝑞(𝜇𝑛𝑛 + 𝜇𝑝𝑝)  and then  ∆𝜎 = 𝑞∆𝑛(𝜇𝑛 + 𝜇𝑝)  Equation 3-2 
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where µn and µp are the electron and hole mobility, respectively. ∆n is extracted by Eq. 

3-2 and then τeff can be acquired by Eq. 3-1. The main benefit of this method is that it 

requires determination of the generation rate and therefore is not impacted by uncertainty 

associated with this parameter. Only the relative change of ∆n is required in the 

measurement. However, this method requires a sharp decay of the optical excitation and 

fast enough electronics to detect the decay of the ∆n. Therefore, it is most suitable for 

samples with lifetime higher than 100 µs [159]. 

3.4.1.2 Steady state method 

In this method the generation rate G is steady and known. Given that the rates of 

recombination and generation of the excess carriers are balanced under equilibrium 

conditions, the effective lifetime can be expressed as: 

𝑈 = 𝐺 =  
∆𝑛

𝜏𝑒𝑓𝑓
   and then   𝜏𝑒𝑓𝑓 =  

∆𝑛

𝐺
   Equation 3-3 

This equation assumes that G and ∆n are both uniform across the sample, which is an 

accurate assumption when the carrier diffusion length is larger than the wafer thickness. 

In the steady-state method, both G and ∆n must be measured. Although the advantage 

of this method is that effective lifetime is measured under the condition where solar 

cell operates, it is not simple to measure τeff as a function of ∆n. Instability in the light 

source and variable temperature during the measurement due to heating from the light 

source make an accurate measurement challenging [160]. 

3.4.1.3 Quasi steady-state method 

The light source used for the quasi steady-state (QSS) method has a slower decay time 

(a few milliseconds) than the transient method (tens to a hundred microseconds). As 

long as the decay time is longer than the effective lifetime of a sample, the QSS condition 

is maintained. However, it is recommended to measure under QSS conditions when the 

effective lifetime of a sample is one order of magnitude shorter than the decay time [159]. 

The QSS-PC measurement was first proposed by Sinton et al. using a flash lamp with 

an adjustable decay time [49], [51]. The τeff can be measured over a wide range of ∆n. 

The benefit of this method is the quick measurement time which is able to avoid 

unintended heating of the sample. Like the steady-state method, QSS-PC also requires 

the measurement of generation rate. Results from  the QSS-PC and transient methods 

have been shown to agree [161]. 
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The generalised analysis method to calculate τeff was proposed by Nagel et al. [50]. It 

can be expressed as: 

𝜏𝑒𝑓𝑓 =  
∆𝑛

𝐺− 
𝑑(∆𝑛)

𝑑𝑡

     Equation 3-4 

Note that the transient condition is when G=0 which is Eq. 3-1 and the steady-state 

condition is when [d(∆n)/dt = 0] which is Eq. 3-3. With this generalised method samples 

with a wide range of effective lifetime values can be measured [50]. 

3.4.1.4 QSS-PC and PCD measurement 

In this thesis two lifetime tester, the WCT-120 and the WCT-120TS (both from Sinton 

Instruments), are used for τeff and J0s measurement under QSS and transient conditions. 

The systems are based on a radio-frequency (RF) circuit with a coil [162] inductively 

coupled to the sample which is placed above it. When the coil emits electromagnetic 

radiation from the RF generator, it induces an electromagnetic field across the sample. 

The electromagnetic field is almost constant across the sample since the sample 

thickness is relatively thin (170–180 µm in this thesis). The system needs to measure the 

background conductance of the sample before each measurement (before flash ignition). 

When the flash lamp illuminates the sample, the conductivity of the sample increases 

due to the generated carriers (Δn). The G is determined using a calibrated detector (such 

as a silicon solar cell, also called a reference cell). For the calculation of the G of the 

measured sample, a factor called the optical constant needs to be input. An optical 

constant value lower than one means the absorption of the sample is lower than that of 

the calibrated detector; a value higher than one is used in the case of a well-textured 

sample with greater absorption than the detector. 

All the measurements of τeff and J0s in this thesis are done using both generalised [50] 

and transient modes [158]. In all cases, good agreements between the two methods have 

been shown. As discussed in Chapter 2, based on the study of McIntosh and Black [46], 

J0s is used as a figure of merit to evaluate surface passivation quality. In their study, it 

was concluded that J0s is a more suitable parameter to evaluate the surface passivation 

for non-diffused wafers, particularly for wafers passivated by dielectrics that contain a 

large amount of charge, such as in this study. 

It is important to note that the value of J0s is extracted using two methods: the Kane-

Swanson method (also known as the slope-based method) and Quokka simulation. In 
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the Kane-Swanson method, bandgap narrowing is taken into account for the calculation 

of the intrinsic carrier concentration ni using Schenk’s model [163], while the model of 

Richter et al. is used to determine the intrinsic lifetime [110]. The value of J0s is extracted 

at Δn of 1016 cm-3 using a linear fit in the range between 7×1015 cm-3 and 1.3×1016 cm-3. 

The J0s is acquired at high injection level (Δn of 1016 cm-3) and all the slopes of “inverse 

lifetime as a function of minority carrier density” is then checked if they are linear at 

this injection range. The linearity of the graph shows that τeff is not dominated by τSRH of 

the bulk. The slope method assumes a uniform Δn profile across the wafer thickness. 

This assumption can be invalid in the case of industrial Cz wafers or in the case of 

moderate surface passivation [164]. Therefore the obtained values are confirmed using 

a detailed analysis using Quokka version 2.5 [63]. Quokka simulates the depth profile 

of Δn, hence, the extraction of J0s via curve fitting does not require any assumption [164]. 

All the J0s values used in this thesis are acquired by Quokka simulation which has a good 

agreement with the extracted J0s (with 0.91 < R2 < 0.98). 

3.4.2 Contactless capacitance-voltage (CV) measurements 

It is known that the surface passivation quality is significantly influenced by the fixed 

charge density within the dielectric (Qf) and the density of interface traps (Dit), also 

called the interface defect density [22], [38], [39], [44], [165]. The Qf is present in an 

overlaying dielectric layer or at the interface of c-Si and the dielectric layer induces a 

compensating net charge in the c-Si and more accurately near the surface [166]. This 

induced “space-charge-region” forms an accumulation layer, inversion layer or 

depletion layer depending on the polarity and the density of the net charge [167]. The 

detail of the different components of charge in different regions was studied by Pawlik 

et al. [167]–[169]. It was also defined where Qs (charge in the space-charge region), Qit 

(charge trapped in interface) and Qf actually exist [167]. 

Due to the fact that the semiconductor is in a quasi-neutral state, the net charge in the 

space-charge region (Qs) must balance the total net charge (Qtot) such that Qs + Qtot = 0 

[166]. In the general case of a semiconductor, Qtot is the sum of Qf, Qit and Qg (charge 

in a gate contact). Qg is absent in lifetime test structures used in this thesis, leading to 

the equation: Qtot = Qf + Qit. When the surface is well-passivated, Qit is negligible and 

Qtot is dominated by Qf [166]. Therefore, Qtot is used as an indicator of total net charge 

in this thesis. 
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The Qtot and Dit are measured using a contactless capacitance-voltage (C-V) 

measurement system, the photovoltaic (PV) metrology system from Semilab (PV-2000) 

[170], [171]. The measurement setup is presented in Fig. 3-8. The contact potential 

difference (Vcpd) between the wafer and the reference electrode is measured by vibrating 

non-contact Kelvin probe [172], [173]. Corona charge is then deposited on the dielectric 

layer in the air and the change of the electrostatic potential in the dielectric and the 

semiconductor is measured by the non-contact Kelvin probe [172], [173] based on the 

Vcpd. The reference electrode vibrates above the wafer, which modulates the wafer-

electrode capacitance C. The bias VB is applied in series with Vcpd, which induces an 

electric charge on the capacitor Q(t) = (VCPD + VB) C(t). Then, a bias feedback loop 

automatically searches for J = 0 and VCPD = −VB. Qtot is directly measured by the system 

from the difference between the initial charge state and the flat band condition [170], 

[171]. In addition, light pulse is generated to measure Vcpd,light and Vcpd,dark to measure the 

capacitance difference between the two condition. Then, the surface barrier voltage (Vsb) 

is calculated by Vcpd,dark − Vcpd,light. The Dit is measured at the minimum of the ‘U-shape’ 

Dit spectrum as a function of surface barrier voltage (Vsb), which is typically located near 

the Si mid-gap [170], [171]. It is generally relatively flat near the mid-gap and increases 

very rapidly toward the band edges [174]. 

 

Fig. 3-8. Conceptual drawing of the contactless C-V measurement system [175]. J(t) = (VCPD + 

VB)∆C/∆t and the bias feedback loop automatically searches for J = 0; then VCPD = -VB. 

All the measured C-V raw data used in this thesis were monitored to check whether 

there was any charge leakage in the AlOx layer. A typical charge leakage is shown in 

Fig. 3-9. Vcpd does not increase linearly above certain level with increase of corona 
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charge since the layer cannot hold the applied charge due to the leakage. Any measured 

data which show this behaviour are abandoned in this thesis. 

 
Fig. 3-9. Typical behaviour of Vcpd as a function of Qc (corona charge) when there exist charge 

leakage for (a) p-type sample and (b) n-type sample. 

3.4.3 Fourier transform infrared (FTIR) spectroscopy 

In addition to the electrical properties, the surface passivation quality is closely related 

to the chemical composition and bonding structures at the c-Si/AlOx interface and in the 

AlOx layer. It has been shown that the c-Si/AlOx interface is correlated to the chemical 

compositions of the AlOx layer [166]. To identify the chemical properties, Fourier 

transform infrared (FTIR) spectroscopy is widely used [70], [81], [104], [107], [111], 

[166], [176]. In this thesis, the transmission spectra are measured using a Nicolet 5700 

(Thermo Scientific). The IR light transmits through the sample (I) and a detector on the 

other side of the sample analyses the reduced light signal due to the absorption by the 

AlOx layer. The absorption by the AlOx layer itself is acquired by subtracting the light 

transmitted through the Si substrate (I0) in accordance with the Lambert-Beer law [177]: 

Absorption spectrum A(ν) = −𝑙𝑜𝑔
𝐼

𝐼0
   Equation 3-5 

Various molecular bonds such as [Al-O], [O-H] and [C-H] are observed after the signal 

is processed by the provided software (OMNIC; Thermo Scientific [111]). For the 

measurement, it is also important to know the difference between FTIR spectra with and 

without a p-polariser in place. We used the polariser, which has capability to observe 

transverse optical (TO) and longitudinal optical (LO) modes for the AlOx [113]. In 

addition, the Brewester’s angle holder is used to eliminate IR interference within the Si 

wafer by using an incidence angle which minimises the internal reflection (74° in case 

of silicon), reducing the reflection of the p-polariser light to zero [113]. 

The data acquired from the measurement requires a few steps to calculate absorption. 

For the background subtraction the same bare Si wafer in the same air ambient as the 
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sample substrate is measured. Then the background signal is inserted as I0 for calculation 

of absorption in Equation 3-5. In addition, the Savitzky-Golay method is used to smooth 

the acquired measurement signal [178]. It is necessary to process with care since the 

signal to noise ratio is sometimes not sufficient in this high frequency signal. The 

smoothing level must not sacrifice real peak and comparison two signals before and after 

the smoothing is essential to check none of the real signal peak is disappeared. 

The wavenumber range is from 4000 cm-1 to 400 cm-1 and it is broad enough to detect 

the chemical bonds mentioned above ([Al-O], [O-H] and [C-H]). However, [O-H] and 

[C-H] bonds overlap from 2200 cm-1 to 3400 cm-1 with multiple peaks, which makes the 

hydrogen concentration calculation difficult. That is the reason why there has been no 

report to present hydrogen concentration in the AlOx layer using FTIR measurement. As 

an alternative way to identify hydrogen concentration in the AlOx layer, ERDA can be 

an option as discussed in Section 2.4.4 and it is also a focus of this thesis. 

3.5 Chapter summary 

The procedures of the experiment carried out in this thesis is presented. The systematic 

experimental design and the analysis of the result are carried out using a statistical 

package STATISTICA. Two different test structures are prepared: a symmetrical 

structure with AlOx/SiNx stack and single-side AlOx only for electrical and chemical 

properties respectively. 

The inline PECVD deposition system used in this thesis is reviewed in detail. The 

uniformity of the resulting film is assessed and the uniform region is identified to 

minimise unwanted variation of the resulting samples. The actual wafer temperature is 

also investigated during the deposition such that the influence of the deposition 

temperature is under control. All the samples in this thesis are processed in the uniform 

region and the sample to sample variation is negligible. 

The main characterisation methods are also assessed in this chapter. The methods to 

measure and acquire τeff and J0s are reviewed to evaluate surface passivation quality. In 

addition, the C-V measurement to identify Qtot and Dit are studied, which are the major 

parameters to assess the c-Si/AlOx interface properties. To identify chemical bonds, the 

AlOx layer is analysed by FTIR which can be correlated to the electrical properties such 

as J0s, Qtot and Dit. A few additional analysis methods will be briefly presented in the 

following main chapters. 
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The study and the analysis presented in the following Chapter 4, 5 and 6 are based on 

the experimental detail reviewed in this chapter. 
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4 Investigation of PECVD AlOx layer on 

c-Si surface passivation2 

In this chapter various characteristics of the AlOx layer deposited using an industrial 

in-line PECVD system are studied. The electrical, chemical and physical properties of 

the AlOx layer are discussed. The properties of the AlOx layer are investigated on both 

non-diffused p-type c-Si surface and non-diffused n-type c-Si surface passivation. The 

comparison of the characteristics of the two c-Si doping types reveals the importance of 

the field effect passivation and the chemical passivation. 

4.1 Introduction 

Improving solar cell efficiency is essential to reducing the cost of electricity generated 

by PV. The PERC has been proven to yield higher efficiency in industrial production 

lines and its production capacity is expanding rapidly [11]–[13]. The PERC structure is 

based on high quality rear-side surface passivation [9], [14], [15], [17], [67], [73], [179]. 

Amongst the various options, AlOx seems to be the preferred option, particularly for p-

type Si solar cells [14], [15], [17], [67], [180]. In general, AlOx films have a large amount 

of negative charge [15] and therefore induce an accumulation layer near the interface of 

non-diffused p-type wafers. This results in an efficient field-effect passivation [15], [67]. 

As reviewed in Chapter 2, ALD systems are known as a common method to deposit 

AlOx layers (Al2O3 in this case), particularly for research purpose. As a result, most of 

the AlOx studies have been done using this type of system [74], [83], [90], [180]–[185]. 

A major drawback of ALD systems for industrial applications is the low deposition rates, 

especially when compared to in-line PECVD systems [91]. This has raised a number of 

studies on PECVD-based AlOx [88], [89], [95]–[100], [102]. These studies focused on 

the impact of the firing stability [95], the AlOx thickness [96], the presence of interfacial 

layers [99] and the subsequent thermal processes [100]. However, these studies 

performed using PECVD systems did not adequately explore the process window of the 

deposition parameters, which have an impact on the resulting layer. In this chapter, the 

focus is on the impact of the deposition conditions on the surface passivation quality for 

 
2  This chapter is summarised and published in the Journal of Solar Energy 

(DOI: doi.org/10.1016/j.solener.2019.04.091). 

https://doi.org/10.1016/j.solener.2019.04.091
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both non-diffused p-type and n-type crystalline Si wafers using an industrial in-line 

PECVD system. 

I investigate the impact of the five most critical PECVD process parameters on the 

obtained surface passivation quality provided by both as-deposited and fired AlOx. 

These parameters include MWP, TGFR, temperature, pressure and GFRR of the N2O to 

TMA. Experiments are designed to study the impact of the five deposition process 

parameters on the electrical and chemical properties using statistical software. It is worth 

noting that ALD Al2O3 layers are inherently stoichiometric, which means that the 

resulting layers have the same atomic concentrations of Al and O regardless of the 

precursor gas mixtures. Therefore, variation in the ALD Al2O3 layer properties is limited. 

This is a fundamental difference between ALD Al2O3 and PECVD AlOx layers since 

PECVD relies on an inherently different deposition mechanism. Although the 

temperature and pressure have an impact on the properties of the ALD Al2O3 layers, a 

PECVD-based process has a larger number of critical process parameters which 

influence the growing film. This enables process parameters to have wide range of 

process windows such that the properties of the resulting AlOx layer can be flexible 

depending on various purposes. To date, however, not many studies have been done to 

correlate deposition conditions and the obtained passivation quality of PECVD AlOx. 

The study is carried out for the non-diffused p-type wafer first and the comparison to 

the result for the non-diffused n-type wafer. It is interesting to study whether the similar 

excellent surface passivation can be demonstrated for n-type Si. If the PECVD AlOx has 

the capability to provide high-quality surface passivation for both p-type and n-type Si, 

it can be used for advanced solar cell structures that require simultaneous surface 

passivation for both dopant types (p- and n-doped), such as interdigitated back contact 

(IBC) solar cells [186] and n-type inversion layer solar cell [187], which has the benefit 

of avoiding a boron diffusion process in the fabrication. 

For ALD Al2O3 films, the dependency of the surface passivation efficacy on different 

types of dopant polarities is reported [188]. The passivation of a heavily-doped n+ Si 

surface by Al2O3 shows lower performance compared to a p+ Si surface [188], [189]. 

This is due to a less efficient field effect in the case of n-type surface since the minority 

carriers are not effectively repelled effectively from the surface. Interestingly, it has been 

reported that PECVD AlOx provides excellent passivation for both p+- and n+-type 
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surfaces [109]. However, the efficacy of surface passivation by PECVD on non-diffused 

n-type surfaces has not yet been studied. 

4.2 Experiments 

4.2.1 Design of experiment 

The experiment is designed using the statistical software package STATISTICA [150], 

[151]. As discussed in Section 3.1 the critical process parameters such as MWP, TGFR, 

temperature, pressure and GFRR of N2O/TMA were selected as variables. The impact 

of MWP and TGFR on the surface passivation is studied in the first experiment (Exp. 

#1). The rest of the parameters (temperature, pressure and GFRR) are investigated in the 

second experiment (Exp. #2) using the optimum MWP and TGFR as determined by Exp. 

#1. 

Exp. #1 is designed using a central composite design [152], [153], which analyses two 

factors using nine conditions and ten runs (the centre point is tested twice). In Exp. #2, 

three factors (deposition temperature, deposition pressure and GFRR) are analysed at 

three levels using the Box-Behnken design [153], [154] with 13 conditions and 15 runs 

(the centre point is tested three times). The process conditions of both experiments are 

listed in the Table 4-1 and Table 4-2. The correlation is evaluated using the R-squared 

(R2) value; only STATISTICA models that have R2 values higher than 0.98 are 

considered in this chapter. 

Table 4-1. Deposition conditions for Experiment #1 (temperature is 400 °C, pressure is 

0.095 mbar and GFRR is 10) 

Recipe 

ID 

TMA 

[sccm] 

Ar 

[sccm] 

N2O 

[sccm] 

Total gas Flow  

[sccm] 

Microwave power  

[W] 

1 523 225 52 800 1000 

2 654 281 65 1000 1000 

3 523 225 52 800 2000 

4 654 281 65 1000 2000 

5 (C) 588 253 59 900 1500 

6 588 253 59 900 800 

7 588 253 59 900 2200 

8 497 214 50 760 1500 

9 680 292 68 1040 1500 

10 (C) 588 253 59 900 1500 
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Table 4-2. Deposition conditions for Experiment #2 (total gas flow rate is 1000 sccm and 

microwave power is 2000 W) 

Recipe 

ID 

TMA 

[sccm] 

N2O 

[sccm] 
GFRR 

Temperature  

[°C] 

Pressure  

[mbar] 

1 485 97 5 350 0.095 

2 586 78 7.5 350 0.080 

3 586 78 7.5 350 0.110 

4 654 65 10 350 0.095 

5 485 97 5 375 0.080 

6 485 97 5 375 0.110 

7 (C) 586 78 7.5 375 0.095 

8 (C) 586 78 7.5 375 0.095 

9 (C) 586 78 7.5 375 0.095 

10 654 65 10 375 0.080 

11 654 65 10 375 0.110 

12 485 97 5 400 0.095 

13 586 78 7.5 400 0.080 

14 586 78 7.5 400 0.110 

15 654 65 10 400 0.095 

4.2.2 Sample Preparation 

As discussed in Section 3.2, commercially available 156 mm × 156 mm planarised 

Czochralski (Cz) wafers were used (final thickness was 175±10 μm). The Cz wafers 

used in the thesis were supplied by one of the major PERC manufacturers [190]. Both 

polarities are used to study the comparative efficacy of surface passivation. The p-type 

(boron-doped) and n-type (phosphorus-doped) wafers have a resistivity of 1.6±1.0 Ω.cm 

and 6.0±1.0 Ω.cm, respectively. To study the chemical properties, DSP 50 mm-diameter 

p-type wafers (1-10 Ω.cm, 175±10 μm thick) are used for FTIR. All the wafers were 

RCA cleaned [156] and dipped in HF solution (mass fraction 5%) before the AlOx 

deposition. An industrial in-line PECVD system (MAiA XS, Meyer Burger) was used 

for the deposition of AlOx with a thickness of 25±5 nm. The AlOx was then capped with 

silicon nitride (75 nm thick with a refractive index of 2.08 at 633 nm) deposited at 

350 °C. High temperature processing was performed to activate the passivation [101] 

using an industrial metallization furnace (7K9-70C69-5LIR, Schmid) in a clean dry air 
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(CDA) ambient. The set firing temperature was adjusted to maintain a fixed wafer 

temperature of 740±5 °C (the standard firing temperature in our facilities) for all the 

wafers. The duration at the peak temperature was about 0.6 seconds. 

4.2.3 Characterisation 

Contactless C-V measurements were performed using a PV metrology system from 

Semilab (PV-2000), see Section 3.4.2. Qtot is directly measured by the system from the 

difference between the initial charge state and the flat band condition, while Dit is 

measured at the minimum of the ‘U-shape’ Dit spectrum which is typically located near 

mid-gap for c-Si [170], [171]. 

An FTIR spectrometer (Nicolet 5700 from Thermo Fisher) is used in order to 

investigate the chemical bond configuration. I mainly focus on the aluminium-oxygen 

bonds ([Al-O]) and the hydrogen-related bonds ([O-H] and [C-H]) in the layers (see 

Section 3.4.3). 

For more accurate analysis regarding the hydrogen concentration in the AlOx layer and 

its depth profile, elastic recoil detection analysis (ERDA) was applied for selected 

samples. The technique is especially for depth profiling of light elements. The sensitivity 

for light elements is enhanced by detecting the recoiled particles, which helps in 

background free detection of the light elements. Therefore ERDA is able to identify the 

content of hydrogen in thin films [114]. The analysis was performed with an acceleration 

of 2.8 MeV He+ ions (0.5 mm × 0.5 mm size), using a scattering angle of 25 and with 

the detector placed at an exit angle of 10° from the surface of the sample. A 12 µm mylar 

stopping foil was placed in front of the detector to block forward scattered He+ ions and 

allow recoiled hydrogen to be detected. The accelerator used for the measurements was 

a National Electrostatics Corporation (NEC) 5SDH-1 1.7 MV tandem accelerator with 

a radio frequency (RF) charge exchange ion-source. 

Furthermore, the concentrations of atoms, such as Al and O, throughout the depth of 

the layer were investigated by X-ray photoelectron spectroscopy (XPS; 

ESCALAB250Xi, Thermo Scientific). A monochromated 144.72-W Al K-α (energy 

1486.68 eV) beam with a spot size of 500 µm × 500 µm was used as a source. An argon 

ion beam was used to etch the layer (etched area of 2.5 mm × 2.5 mm. The measurements 

were analysed using the Advantage software package [191]. 

A JEOL ARM200F scanning transmission electron microscope (STEM) fitted with a 

cold field emission gun electron source was used to carry out the sub-nanoscale 
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investigation of the c-Si/AlOx interface. For the analysis, the wafers were sputter-coated 

with 29 nm gold layer and milled using a FEIxT Nova Nanolab 200 Dual-beam 

workstation. The specimens were then placed on a standard copper gridded carbon film 

using an ex-situ lift-out method.  

4.3 Result and discussion 

4.3.1 Thermal stability 

The firing of metal contacts is a critical process in the fabrication of Si solar cells. 

Improvement of the passivation provided by the AlOx layer caused by the firing process 

are often reported and attributed to the reduction of Dit and to the increase in the absolute 

value of Qtot [98], [102], [180]. Previous studies on the thermal and long-term stability 

of PECVD layers indicate that the deposition temperature and stoichiometry of the layer 

are critical parameters to prevent degradation of the passivation [17], [88], [95], [98], 

[100]. To my knowledge, no study has investigated the impact of the MWP and TGFR 

on the thermal stability of AlOx surface passivation quality, although these parameters 

were found to be important in the investigation of the stability of other films such as 

SiNx and SiOx [192]. 

In this experiment (Exp. #1) the temperature, pressure, and GFRR were fixed at 400 °C, 

0.095 mbar and 10, respectively, whereas MWP and TGFR were varied. The changes in 

both τeff and J0s were monitored after the standard firing process. Fig. 4-1 presents the 

relative change in both parameters as a function of MWP and TGFR. Note that τeff and 

J0s show similar trend, probably as the surface degradation dominates the τeff. It shows 

that the ratio of MWP to TGFR is a critical factor for the thermal stability of the PECVD 

AlOx layer. The firing process degrades the passivation quality for MWP/TGFR values 

lower than 1.67. Similar results were obtained for other firing temperatures above 600 °C 

and for a different combination of temperature, pressure and GFRR. I believe that the 

reason for the degradation is the non-ionized state of the elements when the MWP is not 

sufficient. It may cause imperfect ionization of the TMA which leads to possible 

involvement of CH3 radicals in Al-O bonds ([Al-O]). Then, the resulting layer may have 

an imperfect molecular structure in terms of the layer density and stability. This 

discovery can provide an acceptable process window for process optimization based on 

MWP or TGFR. 
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Fig. 4-1. Relative change of (a) τeff and (b) J0s after firing as a function of MWP and TGFR. 

4.3.2 Electrical properties 

Considering the results of Exp. #1, the next experiment (Exp. #2) was designed while 

keeping the MWP/TGFR ratio at two in order to investigate the impact of the deposition 

conditions on the electrical and chemical properties of as-deposited and fired PECVD 

AlOx. Firstly, the impact on J0s using STATISTICA-based models is studied. J0s was 

obtained using two methods (slope-based and Quokka). The extracted values show good 

agreement for the 15 runs (R2 is 0.98 for as-deposited and 0.91 for fired wafers). As 

mentioned previously, all the J0s values presented in this study are extracted from the 

Quokka simulation to avoid underestimation of J0s. 

The quality of the obtained STATISTICA-based model is assessed by the correlation 

between the predicted and the observed values. Fig. 4-2 (a) and (c) present this 

correlation for the as-deposited and fired cases. The good agreement (R2 > 0.98) 

indicates the reliability of the obtained models. The models are presented using a contour 

plot [see Fig. 4-2 (b) and (d)]. The open dots indicate nine of the 13 experimental points 

as required by the Box-Behnken design of experiment. As discussed previously (see 

Section 3.1), the p-value is used to evaluate the significance of the experimental 

parameters on the output (J0s in this case). 

The lower GFRRs result in better passivation for as deposited layers. J0s below 

10 fA/cm2 was achieved for GFRR of five. These are very low values for as-deposited 

AlOx. Examining the p-values indicates that all three deposition parameters have a 

strong impact on the as-deposited J0s (p < 0.034 for all of them) with GFRR being the 

most significant parameter (p < 0.006). As for the effect of firing, it results in a reduction 

of J0s for most cases; the reduction is more significant for higher GFRR. Extremely low 

J0s (~4 fA/cm2) is achieved for GFRR of ten. For the fired films, both GFRR (p < 0.008) 

and temperature (p < 0.039) have significant impacts on J0s, however, no strong impact 
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was found from the deposition pressure. The strong impact of the GFRR on J0s is 

supposed to be due to the different chemical bonding configurations of the resulting 

AlOx layer and interface. This impacts both Qtot and Dit [76], [77], [193]. Investigations 

on the interface between crystalline Si and AlOx (c-Si/AlOx) are reported on a 

nanometer-scale in references [76], [77], [193] and will be discussed in Chapter 5. The 

dependence of J0s on the GFRR in conjunction with the analysis on Qtot and Dit is 

presented below in Section 4.3.2. 

 

Fig. 4-2. (a) Correlation between predicted and observed J0s values, (b) STATISTICA models 

for as-deposited J0s, (c) correlation between predicted and observed J0s values and (d) 

STATISTICA model for fired J0s. 

The Auger-corrected inverse lifetime curves of the central point condition film (Run 

#8 in Table 4-2) in Exp. #2 and the values extracted from Quokka-based modelling are 

presented in Fig. 4-3. The Quokka fitting covers the entire range from 10 µs to 6000 µs. 

This wide range should be sufficient for both p-type and n-type samples. Despite the 

slight difference between the obtained values, both methods (slope-based and Quokka) 

indicate that high quality passivation has been achieved after firing.  
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Fig. 4-3. Representative example of a central point sample: (a) Auger-corrected inverse lifetime 

curves of as-deposited and fired wafers and Quokka simulation result of (b) as-deposited wafer 

and (c) fired wafer. Green open dots in (b) and (c) are the actual points used for curve fitting. 
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Fig. 4-4 presents contour plots of τeff for (a) as-deposited and (b) fired wafers for p-

type wafers. It is interesting to note that the model for the as-deposited τeff [Fig. 4-4 (a)] 

is different from the model obtained for as-deposited J0s [Fig. 4-2 (b)]. Assuming the 

used wafers have a similar initial bulk quality, it can be expected that τeff would follow 

the changes in the surface passivation. However, the difference between J0s and τeff in 

the resulting model indicates a modification of the bulk quality which occurs during the 

low temperature (350 °C) deposition process, as also reported in [194]. 

 

Fig. 4-4. Effective lifetime contour plots of (a) as-deposited and (b) fired wafers for p-type 

wafers. 

The impact of the deposition parameters on J0s for n-type wafers is presented using a 

contour plot in Fig. 4-5. The p-value is used to evaluate the significance of the 

experimental parameters on J0s and τeff. As discussed, the J0s values presented in this 

chapter are the ones extracted from the Quokka simulation to avoid underestimation of 

J0s, as discussed above. It is observed that GFRR has the most significant impact 

(p < 0.005) on J0s for both as-deposited and fired wafers; similar to p-type surfaces [Fig. 

4-2 (b) and (d)]. The deposition temperature (p < 0.010) and the deposition pressure 

(p < 0.041) also influence the as-deposited and fired J0s values. Lower GFRRs result in 

better surface passivation, where GFRR of 5 achieves J0s below 10 fA/cm2; these are 

very low values for as-deposited AlOx. Firing is found to lead to a reduction in J0s for 

most cases, except for samples deposited with GFRR of 5 (similar to the results for p-

type samples; see Fig. 4-2). Larger improvement of the surface passivation (reduction 

of J0s) is observed for higher GFRR. Extremely low J0s (~4 fA/cm2) is achieved for 

GFRR of 10, similar to the p-type samples [Fig. 4-2 (c) and (d)]. The possible reason for 

the strong impact of the GFRR on J0s is discussed in the chemical properties (see Section 

4.3.3).  
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Fig. 4-5. STATISTICA model contour plot of n-type wafers for (a) as-deposited J0s and (b) fired 

J0s. 

For a better understanding of the c-Si/AlOx interface, corona-charge contactless C-V 

measurements [170], [171] were used to extract Qtot and Dit. As it is discussed in section 

3.4.2, Qtot is dominated by Qf when the surface is well-passivated (surface-limited) since 

Qit is negligible [166]. Therefore, the comparison using Qtot is reasonable especially for 

comparing between samples. Example (Run ID #8) C-V measurements of p-type and n-

type wafers are shown in Fig. 4-6. The contact potential difference (Vcpd) as a function 

of the deposited charge is presented in Fig. 4-6 (a) and (d). The initial state of the sample 

is marked as larger circles. It is clear that the initial state (indicated as a large circle) of 

the p-type and n-type samples creates an accumulation and inversion layer, respectively. 

Firstly, the Vcpd between the wafer and the vibrating reference electrode is determined. 

The surface barrier, sometimes called the surface barrier voltage (Vsb) that is created by 

the negative charge of the AlOx layer is shown in Fig. 4-6 (b) and (e) for both as-

deposited and fired samples. It is defined as the difference between Vcpd measurements 

done in the dark and under illumination. Under accumulation for n-type wafers 

(sufficient positive ions [(H2O)nH
+] are applied on the sample), the Vcpd measurements 

under in the dark and the light are similar, resulting in Vsb ≈ 0. The Dit is measured at the 

minimum of the ‘U-shape’ Dit spectrum as a function of surface barrier voltage (Vsb), 

which is typically located near the Si mid-gap [170], [171]. It is generally relatively flat 

near the mid-gap and increases very rapidly toward the band edges [174]. 

The STATISTICA-based models for both parameters before and after firing are 

presented in Fig. 4-7. The validity of the models was confirmed with very high R2 values 

(> 0.98) for all the predicted versus measured graphs. 
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Fig. 4-6. Example of the C-V measurement for p-type and n-type samples for both as-deposited 

and fired samples. (a) The difference in Vcpd, (b) the change of Vsb and (c) Dit along the positive 

corona charge for p-type samples. (d) The difference in Vcpd, (e) the change of Vsb and (f) Dit 

along the positive corona charge for n-type samples. The larges circle indicates the initial state 

of the samples before charging any ions on the sample surface. 



52 

 

 

Fig. 4-7. Contour plot of p-type (a) Qtot, (b) Dit of as-deposited wafers and (c) Qtot, (d) Dit of fired 

wafers. 

For as-deposited layers, GFRR has been found to have the most significant impact on 

both Qtot and Dit. Lower GFRR results in both lower Qtot and lower Dit. Hence, the 

reduction of J0s for as-deposited layers achieved with lower GFRR [Fig. 4-2 (b)] is 

attributed mainly to the reduction of Dit. It seems that Dit has such a strong impact on J0s 

that it overcomes the simultaneous reduction in Qtot. For fired layers, again GFRR is the 

most significant factor for both Qtot and Dit. Pressure also has an impact on both 

parameters, whereas temperature has an impact only on Qtot. For fired layers, higher 

GFRR reduces Dit and increases Qtot, which coincides with the effect of GFRR on J0s, 

as observed in Fig. 4-2 (d). As mentioned previously, the difference in GFRR plays a 

dominant role, which causes different chemical bonding configurations in the resulting 

layer (i.e. the ratio of tetrahedral aluminium to octahedral aluminium) and it leads to a 

difference in the Qtot [76], [77], [193]. With regard to the change of Dit through firing, 

Zhang et al. reported that the thermal process (firing in this case) has a significant impact 

on the layer’s chemical composition near the interface [76], [77], [193]. Chapter 5 will 

present a detailed sub-nanoscale investigation regarding the impact of GFRR on both 

Qtot and Dit. 
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STATISTICA-based models of Qtot and Dit for both as-deposited and fired n-type 

samples are also presented in Fig. 4-8. The validity of the models was confirmed with 

very high R2 values (> 0.98) for all the predicted-versus-measured graphs. For as-

deposited layers, all the three parameters (temperature, pressure and GFRR) have 

significant impact on both Qtot and Dit, while GFRR has the most significant impact 

(p < 0.001). Lower GFRR results both in a lower Dit and in a lower Qtot, which does not 

contribute to lowering J0s. Hence, the lower J0s for as-deposited layers with lower GFRR 

[Fig. 4-5 (a)] can be attributed mainly to the reduction of Dit. It is the same result as that 

observed for p-type surfaces (Fig. 4-7). It seems that again Dit has a strong enough 

impact on J0s to overcome the simultaneous reduction in Qtot. 

For fired samples, GFRR also shows the most significant impact (p < 0.001) on both 

Qtot and Dit. Pressure also has an impact on both parameters, whereas temperature has 

an impact only on Qtot. Note that the largest amount of negative charge is acquired with 

GFRR of 7.5 [Fig. 4-8 (c)], whereas the lowest Dit is achieved with GFRR of 10. Given 

that the lowest J0s is achieved with GFRR of 10, it seems that Dit contributes more 

dominantly to the J0s for the fired samples as well. The lower Dit in the higher GFRR 

samples may owe to the slightly higher oxygen concentration in the layer as discussed. 

This oxygen may be attributed to form an interfacial SiO2 layer which is known to reduce 

the Dit [76], [77]. 

Fig. 4-9 presents Qtot and Dit for both as-deposited and fired p-type wafers. Similar to 

previous studies [74], [85], [98], [102], [104], [106], in most cases, the absolute Qtot 

increases after firing. Interestingly, Dit increases for most of the conditions as well 

(except for the wafers with GFRR of ten). This is different from previous investigations 

where reduction of Dit is commonly observed [74], [85], [98], [102], [104], [106]. The 

reduction of Dit is, in general, attributed to the increase of the silicate (SiO2) layer 

thickness and the involvement of hydrogen at the c-Si/AlOx interface through a thermal 

process. However, Kühnhold et al. reported degradation of surface passivation with an 

increase of Dit through a similar firing process to what was done here [106]. It was found 

that the Dit increase is attributed to the loss of hydrogen-related bonds, particularly for 

[O-H]. A detailed discussion related to these chemical bonds is presented in Section 

4.3.3. 
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Fig. 4-8. Contour plot based on a STATISTICA model of (a) Qtot, (b) Dit of as-deposited n-

type samples and (c) Qtot, (d) Dit of fired n-type samples. 

 

Fig. 4-9. (a) Qtot of both as-deposited and fired wafers and (b) Dit of both as-deposited and fired 

wafers for p-type wafers. 

To investigate the impact of the firing process, Qtot and Dit are presented in Fig. 4-10, 

before and after firing for n-type wafers. Similar to previous studies [74], [85], [98], 

[102], [104], [106], the negative Qtot increases after firing in most cases. However, Dit 

increases for most of the conditions as well (except for the wafers with GFRR of 10). 

These observations regarding Qtot and Dit are exactly the same as what is observed in p-

type samples [Fig. 4-9 (a)]. Although the firing process increases the amount of negative 

charge, lower GFRR causes a large increase in Dit. This leads to an increase in J0s as 
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observed in Fig. 4-5 (a) and (b) and confirms that Dit plays a dominant role in J0s at lower 

GFRR. 

 

Fig. 4-10. (a) Qtot of both as-deposited and fired wafers and (b) Dit of both as-deposited and fired 

wafers for n-type wafers. 

I also investigate the correlation of J0s with Dit and Qtot. The relation of Jos to Dit and 

Qtot can be explained by Eq. 4-1 in terms of the SRH recombination as discussed by 

McIntosh et al. [46]. For the range of base doping and the amount of negative Qtot of 

this study, a strong accumulation (in the case of p-type wafers) or strong inversion (in 

case of n-type wafers) layer is formed. Then Jos can be expressed as below: 

𝑱𝟎𝒔 = 𝒒𝑺𝒏𝟎
𝟐𝒌𝑻𝝐𝑺𝒊

𝑸𝒕𝒐𝒕
𝟐 𝒏𝒊

𝟐 =  𝒒𝑽𝒕𝒉𝑫𝒊𝒕𝝈𝒏
𝟐𝒌𝑻𝝐𝑺𝒊

𝑸𝒕𝒐𝒕
𝟐 𝒏𝒊

𝟐    

 Equation 4-1 

where Sn0 is the surface recombination velocity of electrons (Sn0 = Vth Dit σn) and εSi is 

the permittivity of the semiconductor (Si). Hence, Eqs. 4-1 indicates that J0s is linearly 

proportional to Dit and inversely proportional to Qtot
2. 

It is previously noted that Dit seems to dominate J0s for as-deposited films [compare 

Fig. 4-2 (b) and Fig. 4-7 (b)] and both Dit and Qtot impact J0s in case of fired wafers 

[compare Fig. 4-2 (d) and Fig. 4-7 (c) and (d)]. Further investigation on the correlation 

using Eq. 4-1 and Eq. 4-2, is presented in Fig. 4-11. For as-deposited films, it is observed 

that J0s has a linear trend to Dit, with no significant impact by Qtot. More interestingly, it 

seems that proportionality between J0s and Dit exhibits a dependence on the deposition 

temperature. The films deposited at 350 °C have higher proportionality than the films 

deposited at 375 °C and 400 °C, as shown in Fig. 4-11 (a). It may be related to Qtot which 

is slightly lower for films deposited at 350 °C than for films deposited at 375 °C and 

400 °C, as shown in Fig. 4-7 (a). Regarding the fired wafers, J0s shows the expected 

gradual increase as Dit/Qtot
2 value increases. The slight spreading of the measurements 
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is probably due to other parameters contributing to J0s, (except for Dit or Qtot), such as a 

space charge barrier as reported in [195] and uncertainties related to both lifetime and 

C-V measurements. 

 

Fig. 4-11. Correlation between (a) J0s and Dit for as-deposited wafers with dependence on 

deposition temperature and (b) J0s and Dit/Qtot
2 for fired wafers. The solid lines only serve as 

guides to the eyes. 

The differences in surface passivation quality between the p-type and n-type samples 

will now be discussed in depth. The comparison between J0s obtained for p-type and n-

type are presented in Fig. 4-12. The p-type and n-type are cleaned (RCA clean) and 

deposited (PECVD) at the same time to avoid any possible variation. For the as-

deposited samples, the surface passivation efficacy between p-type and n-type the same 

regardless of the polarity of the Si wafer [Fig. 4-12 (a)]. As discussed, it seems that in 

this study, the J0s value of the as-deposited samples is dominated by Dit rather than Qtot. 

This indicates that the impact of the chemical passivation is more critical than the field 

effect passivation on J0s for the as-deposited wafers. 

However, for fired samples a difference in the surface passivation quality between the 

p-type and n-type samples can be observed [Fig. 4-12 (b)]. It seems that J0s values of n-
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type samples are higher than those of p-type for certain samples. This different effect of 

surface passivation depending on the different types of base-doping can be explained by 

the field effect passivation. For fired samples, increased negative charges form stronger 

accumulation layer which repels minority carriers (electrons) in p-type samples. 

However, on the other hand, stronger inversion layer is created by the increased negative 

charges in n-type samples. Therefore, field effect is less efficient, and the surface 

passivation may rely more on the chemical passivation. 

It is also interesting that the J0s ratio of n-type to p-type becomes lower as deposition 

temperature goes higher for fired wafers, whereas the J0s ratio becomes lower with 

increasing temperature for as-deposited wafers, as shown in Fig. 4-13. This indicates the 

efficacy of the improvement in J0s through firing has dependence on the deposition 

temperature. It seems that the increased Dit may dominantly contribute to the increase 

of J0s, since Dit shows the same dependency as J0s (on the deposition temperature). 

As discussed in Eq. 4-1 [46], J0s depends on Sn0/Qtot
2 (n-type) or Sp0/Qtot

2 (p-type). The 

Sn0 and Sp0 are σnVthNst and σpVthNst, respectively, as discussed in Eq. 2-12. Note that Vth 

is constant and Nst of n-type wafers are smaller than p-type wafers but by less than one 

order of magnitude for the wafers used in this thesis (see and compare Fig. 4-7 and Fig. 

4-8). However, σn is higher than σp by about two to three orders of magnitude for PECVD 

AlOx according to literature [196] and empirical measurement by Saint-Cast [96]. Hence, 

J0s values tend to be higher for n-type than for p-type surfaces; the ratio between the 

electron and the hole capture cross sections is more dominant than the other parameters 

such as Qtot and Dit. 

 

Fig. 4-12. Comparison of J0s between p-type and n-type for (a) as-deposited and (b) fired 

samples. Both the p-type and n-type samples are processed at the same time using the same Run 

ID. 
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Fig. 4-13. J0s ratio of n-type to p-type for as-deposited and fired samples. 

For further consideration of the data presented in Fig. 4-12 (b) and Fig. 4-13, direct 

comparisons between J0s for p-type and n-type wafers are presented in Fig. 4-14 as a 

function of deposition parameters, GFRR and deposition temperature. It seems that the 

samples, which are deposited at low temperature (350 °C) show the biggest difference 

between p-type and n-type samples. This temperature dependence seems to be larger 

than the impact of GFRR. Note that the GFRR impact is larger for the low temperature 

samples and becomes smaller for 375 °C samples and disappears at 400 °C samples. 

Further investigation is needed to determine the mechanism of this deposition 

temperature effect. It may be related to the chemical composition or effective thickness 

of the interfacial layer between Si and AlOx layer. A sub-nanoscale study of the 

interfacial layer is presented in Chapter 5. 

 
Fig. 4-14. J0s of fired samples for both p-type and n-type as a function of deposition temperature 

and GFRR. 
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4.3.3 Chemical Properties 

Chemical bonding configurations of the AlOx layers were investigated using FTIR 

spectroscopy. The strongest absorption is observed in the 850–1000 cm-1 range, which 

correlates to the Al-O bond ([Al-O]) [70], [81], [104], [107], [166], [176]. The hydrogen-

related bonds ([C-H] and [O-H]) are observed in the range 2300–3500 cm-1 [70], [81], 

[104], [107], [166], [176]. Representative FTIR spectra, including identified absorption 

peaks, are shown in Fig. 4-15. 

 

Fig. 4-15. FTIR absorbance of a representative sample (Run 12) 

Similar to other AlOx related studies [70], [81], [104], [107], [166], [176], I have used 

the amplitude of the absorbance and not the bond concentration (as used for SiNx [125]) 

to evaluate the bond concentration since it is difficult to determine hydrogen 

concentrations in AlOx layers with FTIR. This is because both [O-H] and [C-H] have a 

broad spectrum of absorption over a similar range of wavenumbers and they overlap as 

shown in Fig. 4-15. Fig. 4-16 presents contour plots of the FTIR absorption amplitude 

of [Al-O] and the sum of amplitudes of the hydrogen-related bonds ([C-H] + [O-H]), for 

as-deposited and fired layers. To compare the bond density, the absorbance has been 

normalized by the thickness of each layer. All the chemical bonds were found to be 

strongly impacted by GFRR (with p < 0.03 for both as-deposited and fired). Furthermore, 

pressure also has an impact on forming [Al-O] for as-deposited layers, whereas 

temperature influences the hydrogen-related bonds of fired layers. It seems that more 

[Al-O] is detected at lower deposition pressure [see Fig. 4-16 (a)], similar to reports by 

several studies that indicate that lower deposition pressure causes a lower deposition rate 



60 

 

and results in higher concentration of [Al-O] which means a denser film [192], [197], 

[198]. Although there is no significant impact of the deposition temperature on the 

hydrogen concentration (p = 0.09), the concentration of hydrogen-related bonds is 

reduced by firing. This reduction is less pronounced for layers deposited at higher 

temperatures and higher GFRR [Fig. 4-16 (d)]. 

 

Fig. 4-16. Absorbance corresponding to (a) Al-O bonds, (b) H-related bonds of as-deposited 

wafers, (c) Al-O bonds and (d) H-related bonds of fired wafers. 

As presented in the Fig. 4-17, it is observed that the increase of [Al-O] through the 

firing process is more obvious for the layers deposited at higher GFRR [Fig. 4-17 (a)]. 

It is also observed that the decrease of hydrogen-related bonds is more severe in films 

that were deposited at lower temperatures [Fig. 4-17 (b)]. These changes in the amount 

of bonds through the firing process is mainly due to the diffusion of oxygen and 

hydrogen as reported by Kühnhold et al. [106] and Levin et al. [199]. The involvement 

of the additional oxygen results in an increased number of [Al-O] and decreased [O-H] 

for the same reason. The decreased [O-H] is also attributed to the hydrogen release from 

the film to the Si bulk, which caused a decrease of [C-H] in the same way [200]. The 

decrease of hydrogen in the layer also densifies the film. 
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Fig. 4-17. Relative changes of (a) [Al-O] bonds and (b) H-related bonds through firing. 

Hydrogen has a critical impact on the passivation of the interface and reduction of Dit 

[64], [72], [122], [201], [202]. Kühnhold et al. reported a correlation between changes 

in the density of [O-H] and Dit, although [C-H] was excluded from their analysis [106]. 

Here I investigate the correlation between all the H-related bonds (sum of [O-H] and [C-

H]) and Dit. Fig. 4-18 presents the correlation between the relative changes of Dit and 

hydrogen-related bonds linked to the firing process. It is observed that the linear relation 

between the reduction of H-related bonds and the increase of Dit is stronger for lower 

GFRR films, as also reported in [106]. It seems that H-related bonds are not a dominant 

contributing factor to Dit for higher GFRR, in particularly for GFRR of 10. This may be 

due to a higher concentration of oxygen which possibly forms a SiOx layer at the 

interface. This could also explain the low Dit for samples of GFRR of 10, as shown in 

Fig. 4-9 (b). Furthermore, three interesting observations can be noticed: 

(1) Lower GFRR films result in higher Dit that increases through firing. 

(2) Lower GFRR films generally lose more hydrogen through firing. 

(3) The linearity (slope) between Dit increase and hydrogen release is stronger for 

lower GFRR. 

It is believed that the hydrogen release occurs either from the AlOx layer or from the c-

Si/AlOx interface [106]. Part of the released hydrogen from the AlOx layer can migrate 

towards the Si/AlOx interface to form [O-H] bonds and [Si-H] bonds [106]. Therefore, 

the relative decrease of hydrogen can be taken as the sum of hydrogen release (from the 

AlOx layer and the interface) and the newly bonded hydrogen at the c-Si/AlOx interface. 

Conclusively, the higher Dit and the steeper slope of low GFRR (= 5) indicates that 

hydrogen effusing out is more effective than forming [O-H] bonds at the interface. 
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Fig. 4-18. Relative increase of Dit as a function of the relative decrease of H-related bonds ([O-

H] + [C-H]). The solid lines only serve as guides to the eyes. 

4.3.4 Hydrogen in the layer 

To further investigate the change of hydrogen concentration and migration of the 

released hydrogen, ERDA measurements are carried out. I chose two representative 

samples for these measurements [low GFRR (= 5)  Fig. 4-19 (a) and high GFRR (= 10) 

 Fig. 4-19 (b)]. The deposition conditions for the two layers are listed in Table 4-2 as 

Recipe #12 and #15, respectively. Fig. 4-19 presents hydrogen atomic concentration 

along the depth of the AlOx layer. 

Firstly, the ERDA measurements confirm the FTIR results regarding the reduction in 

hydrogen concentration due to firing. For both GFRRs, the hydrogen concentration in 
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the AlOx layer decreases. As concluded previously, a sample that was deposited using 

lower GFRR loses a larger amount of hydrogen. More interestingly, the low GFRR as-

deposited sample has a higher hydrogen concentration towards the atmosphere, as 

shown by the depth profile in Fig. 4-19 (a). This may indicate that the AlOx layer near 

the atmosphere contains hydrogen originating from ambient moisture. The hydrogen 

absorbed from the ambient is believed to be released more easily by the firing process 

and cause increased effusion from the AlOx layer. This agrees with the stronger 

reduction of hydrogen-related bonds and higher Dit increase for the low GFRR wafers 

as discussed in Fig. 4-18. 

 

Fig. 4-19. ERDA measurements of as-deposited and fired films deposited with (a) GFRR of 5 

and (b) GFRR of 10. 

4.3.5 Chemical composition 

With the dominant impact of GFRR on most of the investigated electrical and chemical 

properties, it is interesting to determine the stoichiometry level of AlOx films deposited 

with different GFRRs. The two films used previously for the ERDA measurements were 

also analyzed using XPS. Fig. 4-20 presents the atomic percentage of aluminium and 

oxygen throughout the as-deposited AlOx layer. Surprisingly, both samples show near-

stoichiometric composition, regardless of the large gas ratio difference (GFRR 5 and 10). 

In detail, the ratio of O to Al seems to be slightly higher for the high GFRR sample. 

Given that aluminium vacancies (VAl) and interstitial oxygen (Oi) can be negatively 

charged [176], [203], the samples with low GFRR may have a lower probability to create 

a negative fixed charge than those with higher GFRR [77], [180], [193]. This result can 

partly explain why lower Qtot was observed for the low GFRR (−1.55×1011 cm-3) wafers 

than high GFRR wafers (−1.40×1012 cm-3) as seen in Fig. 4-7 (a). 

Note that drop of the Al profile and the corresponding rise of Si profile for high GFRR 

[Fig. 4-20 (b)] at the AlOx/c-Si interface is more gradual than for the low GFRR (= 5) 
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sample. It may indicate that an interfacial layer composed of Al, Si and O (i.e. alumino-

silicate glass) is thicker in high GFRR samples. It may also suggest that the high GFRR 

film is slightly denser. A detailed analysis of the interfacial layer is necessary to properly 

understand this. The follow-up study involving transmission electron microscopy (TEM) 

in conjunction with electron energy loss spectroscopy (EELS) will reveal more details 

about the nano-structural features of the interfacial layer. It is presented in Chapter 5. 

 

Fig. 4-20. XPS measurements of films deposited with (a) GFRR of 5 and (b) GFRR of 10. 

It is still questionable whether there are other properties which cause the different 

electrical properties of the AlOx layer. According to previous studies, the alumino-

silicate glass layer has a significant impact on the interface properties [23], [76], [98], 

[188]. More precisely, the presence of SiOx within the interfacial layer provides 

excellent surface passivation [23], [76], [98], [188]. Therefore, the interface of the c-

Si/AlOx is investigated using STEM. Two fired specimens [low GFRR (=5) Fig. 4-21 

(a) and high GFRR (=10)  Fig. 4-21 (b)] were chosen for this analysis. Both samples 

show interfacial layers, however, their brightness is not the same. According to previous 

studies, SiOx is shown as bright layer in bright field image of STEM [23], [76], [98], 

[188]. Using EELS it was confirmed that this interfacial layer mainly consists of SiOx 

with various stoichiometry [76], [77]. A slightly higher portion of the oxygen for the 

high GFRR sample may contribute to the formation of the SiO2 layer at the interface. It 

will be interesting if the more obvious presence of the SiOx layer in the high GFRR 

sample can explain the lower J0s obtained under this condition. Further investigation on 

the chemical configuration of the interfacial layers and in AlOx films are presented in 

the following chapter (Chapter 5). 
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Fig. 4-21. STEM bright field image near the c-Si/AlOx interface of a fired sample for (a) 

GFRR=5 and (b) GFRR=10. 

4.4 Summary 

The electrical and chemical properties of the AlOx layer on non-diffused p-type and 

non-diffused n-type c-Si surface deposited by an industrial type in-line PECVD system 

are investigated. MWP to TGFR ratio is found to be a critical factor for the thermal 

stability of the deposited AlOx layer. Furthermore, it is found that GFRR has the most 

significant impact on both the electrical and chemical properties of as-deposited and 

fired layers. Higher GFRR is preferred for fired samples, whereas lower GFRR is ideal 

for non-fired samples for promising surface passivation. Further analysis reveals that a 

decrease in Dit has a critical impact on lowering the surface recombination of as-

deposited samples. However, after firing, with a sufficient amount of Qtot, both Dit and 

Qtot have an impact on surface recombination. 

Regarding the comparison between the p-type and n-type, the difference between the 

two different base-doping wafers is not significant for as-deposited samples. However, 

the difference increases for fired samples with higher J0s value in n-type. This is believed 

to be attributed to the capture cross section ratio of an electron and hole (σn and σp). It is 

also observed that there exists an impact by the interaction between the GFRR and the 

temperature on the fired n-type surface passivation. It is also found that GFRR has the 

most significant impact on J0s, Qtot and Dit for n-type samples as well, which is the same 

result as for p-type samples. Higher GFRR is preferred for fired samples, whereas lower 

GFRR is better for non-fired samples to achieve lower surface recombination. In 

addition, as already demonstrated for p-type, a decrease in Dit has a critical impact on 
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lowering the surface recombination of as-deposited samples. However, after firing, with 

adequate Qtot, both Dit and Qtot contribute to suppressed surface recombination, which 

results in low J0s of 4 fA/cm2 as well for both p-type and n-type wafers. 

The firing process increases [Al-O] bonds more effectively for higher GFRR samples 

whereas more hydrogen is released for lower temperature samples. These two 

observations are found to be related to the increase of Qtot and Dit, respectively. The 

slightly reduced Al and increased O concentrations show good agreement with the 

resulting higher negative fixed charge in the layer, which results in low J0s of 4 fA/cm2. 

ERDA reveals the difference in hydrogen depth profile within the AlOx layer of low 

GFRR and high GFRR samples. It is also observed that release of hydrogen is more 

significant near the airside of the layer than silicon side. 

In addition to the electrical and chemical properties of AlOx layer. The STEM of the 

c-Si/AlOx interface reveals the presence of different interfacial layer (much more clear 

for the fired high-GFRR (=10) sample). This raises the necessity of further study on the 

interface since the different properties of different AlOx layers may be originated not 

only from the layer itself but also from the interface. It is believed to include a thin SiO2 

layer and further investigation on the nano-scale is presented in the following chapter. 
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5 Interface study of c-Si/AlOx
3 

5.1 Introduction 

In Chapter 4 various properties of PECVD AlOx film as a surface passivation layer for 

c-Si were studied. The excellent surface passivation of the AlOx layer on p-type c-Si 

surfaces is mainly attributed to field effect passivation, due to its relatively large negative 

Qtot as well as the relatively low Dit [14], [83], [89], [101], [108], [204]. In particular for 

p-type wafers, the field effect passivation is a result of an accumulation layer formed by 

the negative charge at the interface between the c-Si and the AlOx layer that minimises 

minority carrier recombination [76], [205]–[208]. 

Although various characterisation and analysis methods reveal the electrical and 

chemical properties of the AlOx layer, the sub-nanometer scale understanding of the film 

remains unclear. As mentioned at the end of Chapter 4, further investigation on the 

c-S/AlOx interface seems to be necessary for a deeper understanding of the interface. In 

this chapter, the origin of the negative Qtot and Dit is examined at the sub-nanometer 

scale level. 

The origin of the negative charge has been investigated by several studies [15], [17], 

[74], [193], [209], however, it seems that there are still significant gaps in understanding 

the AlOx deposited by PECVD. Hoex et al. investigated the origin of negative charge 

within ALD-deposited Al2O3 layers on n-type c-Si wafers on the nanometer scale by 

scanning transmission electron microscopy (STEM) and electron energy loss 

spectroscopy (EELS) [77]. Although Qtot was not measured, the impact of the thermal 

process on the bonding configuration of Al and O was discussed. It was suggested that 

the change of the bonding configuration may be correlated with the expected change in 

Qtot after a thermal treatment. A more recent investigation was carried out by Zhang et 

al. [76]. They studied the correlation between Qtot, Dit and the surface passivation quality 

provided by AlOx deposited by atmospheric pressure chemical vapor deposition 

(APCVD). The two subsequent thermal processes were found to differently influence 

both Qtot and Dit. 

In this chapter, the c-Si/AlOx interface with different AlOx layers is investigated. The 

AlOx layers are chosen based on the result from Chapter 4. As discussed in Section 4.2 

 
3 This chapter is summarised and under revision in ACS Applied Nano Materials as of 

August 2019. 
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the deposition conditions which shows large difference in Qtot and Dit are studied to 

enable different chemical configurations, using an industrial-type PECVD system. I 

focus on both Qtot and Dit and correlate these properties with the sub-nanometer scale 

bond configuration. I also correlate the interfacial silicon oxide SiOx layer thickness 

(formed between the c-Si and the AlOx) with the measured surface passivation quality. 

5.2 Experiments 

The same commercially available (156 mm × 156 mm) p-type boron-doped Cz 

planarised wafers with a resistivity of 1.8±0.1 Ω.cm and a final thickness of 175±10 μm, 

are used in this study. As in previous chapters, all the wafers are RCA cleaned [156] and 

dipped in HF(mass fraction 5%) solution before the AlOx depositions. Two different 

deposition systems were used for comparison; an industrial in-line PECVD system 

(MAiA XS, Meyer Burger) and a thermal ALD system (SoLayTec, InPassionLAB). The 

MAiA was used to deposit 20±5 nm AlOx, with N2O and TMA precursor gases. The 

AlOx was then capped with silicon nitride (75 nm thick with a refractive index of 2.08 

at 633 nm) deposited at 350 °C [19]. A high-temperature process (“firing”) was 

performed to activate the surface passivation [101] for the PECVD AlOx wafers using 

an industrial metallisation furnace (7K9-70C69-5LIR, Schmid) in a clean dry air CDA 

ambient. The set firing temperature was adjusted to maintain a fixed wafer temperature 

of 740±5 °C, the standard firing temperature in our facilities. The duration at the peak 

temperature was about 0.6 seconds for all the wafers. 

Based on my previous work [210], I selected three sets of deposition parameters (see 

Table 5-1) for the PECVD AlOx samples. The first set leads to a maximum change of 

the absolute Qtot after firing; the wafers deposited using this set of parameters are 

labelled with ‘Q’ (see table below). The second set of parameters leads to a maximum 

change of Dit after firing; while this behaviour is not commonly observed, it has been 

reported by others [98], [106]. The wafers included in this set are labelled with ‘D’. The 

last set of parameters provides the highest quality of surface passivation with the lowest 

surface saturation current (J0s) [210]; these wafers are labelled with ‘J’. Two wafers were 

deposited at each condition. At the end of the fabrication process, the wafers were 

analysed by PL imaging (BT Imaging LIS-R1) [211] to identify representative uniform 

regions for contactless C-V and EELS measurements. Fig. 5-1 presents a characteristic 

PL image of one of the wafers, together with the selected regions for the measurements. 
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Contactless C-V measurements are performed using a PV metrology system from 

Semilab (PV-2000). As presented in Section 3.4.2, corona charge is deposited on the 

dielectric layer and the change of the electrostatic potential in the dielectric and the 

semiconductor is measured by a non-contact Kelvin probe [172]. Qtot is directly measured 

by the system from the difference between the initial charge state and the flat band 

condition, while Dit is measured at the minimum of the ‘U-shape’ Dit spectrum, which 

is typically located near the Si mid-gap [171]. 

For STEM/EELS, the wafers were sputtered with 29 nm gold and milled using a FEIxT 

Nova Nanolab 200 Dual-beam workstation. The specimens were then placed on a 

standard copper gridded carbon film using an ex-situ lift-out method. A JEOL 

ARM200F microscope fitted with a cold field emission gun electron source, which 

provides a very narrow energy spread to the beam, was used for EELS measurements 

with an energy resolution down to 0.4 eV [with appropriate de-excitation of the gun 

extraction voltage (A1)]. 

Table 5-1. Electrical properties of the selected samples for STEM/EELS 

Sample ID Qtot (cm-2) 
Dit 

(cm-2 eV-1) 
GFRR Note 

Q-A -1.18 × 1012 1.33 × 1012 7.5 

Qtot change study specimen 

(Recipe ID 3 in Table 4.2) 

As-deposited 

Q-F -2.09 × 1012 4.48 × 1012 7.5 

Qtot change study specimen 

(Recipe ID 3 in Table 4.2) 

Fired 

D-A -1.71 × 1011 1.84 × 1011 5 

Dit change study specimen: 

(Recipe ID 5 in Table 4.2) 

As-deposited 

D-F -1.84 × 1011 5.40 × 1012 5 

Dit change study specimen: 

(Recipe ID 5 in Table 4.2) 

Fired 

J-A -1.40 × 1012 2.52 × 1012 10 

The lowest J0s study specimen: 

(Recipe ID 8 in Table 4.2) 

As-deposited; 7 fA/cm2 

J-F -1.82 × 1012 1.50 × 1012 10 

The lowest J0s study specimen: 

(Recipe ID 8 in Table 4.2) 

Fired; 4 fA/cm2 
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Probe currents in the range of 10-30 pA were used. EELS spectra were recorded using 

a Gatan imaging filter (GIF, model 963), fitted with a 2k × 2k Ultrascan charge-coupled 

device (CCD) camera. Spectra were acquired at various dispersions, with 0.05 eV and 

0.1 eV per channel being the most commonly used. The microscope was operated in a 

STEM mode, using a 40 μm condenser aperture, a GIF entrance aperture of 2.5 mm and 

a camera length of 4 cm. This yielded beam convergence and collection angles of 24.9 

and 20.4 mrads, respectively. 

Spectrum imaging was used to acquire an EELS spectrum at each pixel over the region 

of interest, with a neighbouring region of the specimen used for periodic drift corrections. 

Sub-pixel scanning (within each pixel) was used to ensure the probe moves continuously 

during spectrum acquisition and that the effects of beam damage are minimised. 

Specimen damage and the effefcts of any superficial hydrocarbon contamination were 

further reduced by cooling the specimen to liquid nitrogen temperature. Spectra were 

acquired and processed using the DigitalMicrograph© software (Gatan Inc.) by the 

SITools [212]. 

Two specimens per condition were prepared, one of the specimens is used as a control 

sample to monitor possible modification on the interface characteristic due to radiation 

or bombardment. Fast STEM images were taken before and after each EELS acquisition. 

When a darkening was observed in the STEM image after the EELS measurement (due 

to thinning of the film), the EELS data were discarded. 

5.3 Results and discussion 

A representative PL image of one of the wafers is shown in Fig. 5-1, together with a 

STEM image of the selected region (Wafer J-F). As discussed, the STEM/EELS analysis 

area [marked with ‘□’ in Fig. 5-1 (a)] was selected based on the PL image such that it 

precisely represents the CV measurement point [marked with ‘○’ in Fig. 5-1 (a)]. The 

inset graph in Fig. 5-1 (a) shows that the deviation of the PL intensities across both 

regions is less than 1%. The presence of an interfacial layer can be easily observed in 

the STEM dark field (DF) image and the pixel intensity across the specimen 

distinguishes the c-Si/AlOx interface from the c-Si and AlOx layer [Fig. 5-1 (b)]. I focus 

on this interfacial layer and on the AlOx layer in the vicinity of this layer in the following 

discussion. 
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Fig. 5-1. (a) PL image of the wafer J-F showing the CV measurement point (marked as ‘○’) and 

STEM/EELS analysis area (marked as ‘□’) with inset graph showing the image pixel intensities 

of the two regions and (b) TEM dark field image near the c-Si/AlOx interface with the image 

pixel intensity across the TEM image (inset). 

The analysis method of the EELS spectra using STEM is shown in Fig. 5-2. The first 

step is to select the vertical length across the layer of interest and then the horizontal 

width of the layer such that the selected area becomes two-dimensional (2D), as shown 

using the green-highlighted box (height × width is 19.15 nm × 9.74 nm) in Fig. 5-2 (a). 

The advantage of a 2D scan is a higher signal-to-noise ratio because the sampling is over 

a relatively large area. Fig. 5-2 (b) shows the spectrum image of the selected 2D scanning 

area. The size of each pixel in the image is determined by the resolution of the EELS 

analysis. The size of the pixels in Fig. 5-2 (b) is 0.32 nm × 0.32 nm and the scanned area 

has 30 pixels horizontally, meaning the EELS analysis considers the average of 30 EELS 

spectra for a certain depth. It is also important to make sure the specimen is not damaged 

during the measurement by the e-beam. The red oval in Fig. 5-2 (b) shows e-beam 

damage during the measurement. When the beam-induced damage is observed, the 

average of the spectra is taken only with non-damaged region in the spectrum image and 

the data from the damaged region is rejected. 
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Fig. 5-2. Example of (a) STEM image for EELS spectrum with the specific area (outlined as 

green box) and (b) the EELS spectrum image zoomed-in with region of interest for analysis. 

Each pixel size is 0.32 nm × 0.32 nm. 

Fig. 5-3 shows the example of EELS spectra for the region of interest (ROI) chosen in 

Fig. 5-2 (b). The actual signal (energy loss) of the specimen can be acquired by 

subtracting the background signal (red line) from the measured signal (emerald-filled 

graph). For better accuracy, the background signal subtraction should be carefully taken 

from a region adjacent to the energy level of interest. The background signal which 

decays exponentially as increase of energy is subtracted by the DigitalMicrograph© 

software. For example, the background signal range is assigned from 70 eV to 75 eV, 

since the peaks of interest start to be observed from around 78 eV. Considering the width 

of the peak, I do not assign the background signal too close to the peak of interest. The 

EELS peak information which correspond to chemical configurations are referred by 

previous studies [76], [77], [193], [209], [213], [214]. 
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Fig. 5-3. Example of EELS spectra (filled emerald-color region), the background signal (red 

exponentially decreasing line) and the actual energy loss signal of the specimen (green line). 

Firstly, the acquired EELS spectra of Al-L2,3 and Si-L2,3 for the samples that showed 

the largest increase in Qtot [Q-A and Q-F; Fig. 5-4 (a) and (b)] and the ones with the 

largest increase in Dit [D-A and D-F; Fig. 5-4 (c) and (d)] through the firing process are 

analysed. Note that the L-edge corresponds to the principal quantum number of 2, where 

core electrons are excited for Al and Si. This excitation is detected as an absorption of 

energy which can be used as a fingerprint of each element. Fig. 5-4 presents both the as-

deposited [Fig. 5-4 (a) and (c)] and fired specimens [Fig. 5-4 (b) and (d)]. I focus on the 

interfacial layer (red-colored spectra) which consists of Si, aluminium and silicates. 

According to previous studies, the change in Qtot is caused by the change of the chemical 

configurations [76], [77]. In the case of AlOx, the peak intensity ratio of the tetrahedrally 

coordinated aluminium (T-Al: peak at ~ 78.0 eV; labeled ‘T’) to octahedrally 

coordinated aluminium (O-Al: peak at ~80.5 eV; labeled ‘O’) is a key indicator to 

identify a change in the chemical configurations, which leads to a change in the amount 

of negative charge [76], [77]. Previous studies suggested that the ratio of T-Al intensity 

to O-Al intensity (T/O ratio) is a useful indicator to identify the chemical configuration 

of AlOx [76], [208]. 
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Fig. 5-4. EELS spectra of the Al-L2,3 and Si-L2,3 edges for the samples that show the largest 

increase in negative fixed charge for the (a) as-deposited sample, (b) fired sample and the largest 

increase in Dit for the (c) as-deposited sample and (d) fired sample. 

For the specimens that show the biggest increase in Qtot through firing [Q-A and Q-F], 

it is observed that the T-Al peak intensity is stronger (higher T/O ratio) for the fired 

specimen than the as-deposited specimen, particularly towards the interfacial layer. The 

formation of T-Al is often attributed to the effusion of oxygen from the AlOx layer 

through firing which leads to rearrangement of atoms and bonds in the interfacial layer 

and within the AlOx layer [17], [98], [106], [203], [215]. During the thermal process 

(firing in this study), both migration of cations (Al in this case) and the effusion of 

oxygen occur, resulting in aluminium vacancies (VAl) and oxygen interstitials (Oi), 

respectively [199]. A correlation between the T-Al to O-Al ratio (T/O ratio) and Qtot was 

suggested by previous studies [76], [208], where a higher ratio indicates larger Qtot. A 

decrease of the interfacial layer thickness can be observed after firing (from about 4 nm 

to 2-3 nm) as shown as red spectra in Fig. 5-4 (a) and (b). However, it seems that the 



75 

 

chemical composition of the interfacial layer has not been changed. I will discuss this 

point as part of the discussion regarding Fig. 5-8. 

Fig. 5-4 (c) and (d) show the spectra of the samples that demonstrate a significant 

increase in Dit after firing. Comparing the measurements before and after firing leads to 

five main observations:  

(1) The interfacial layer thickness decreases from 3-4 nm to 2 nm after firing.  

(2) The silicate peak (SiO2 at ~ 107 eV) almost disappears after firing.  

(3) The T-Al peak intensity is significantly reduced.  

(4) The peak position of both T-Al and O-Al shifts towards higher and lower energies, 

respectively. 

(5) An additional peak can be identified at about 84.5 eV which could be either γ-, θ- 

or η-alumina [216]. 

Observations (1) and (2) are closely related to the increase of Dit according to previous 

studies [76], [208] due to lack of SiO2 passivation effect. Especially Observation (1) is 

in good agreement with the study which showed that about 2.7 nm is a threshold 

thickness for higher τeff (for samples passivated by SiO2) [217]. Observations (3)–(5) 

indicate modification of the chemical configuration of the alumina to different reported 

types of alumina transitions [216], [218]–[221]. It was reported that the transition type 

depends on the initial chemical composition of the amorphous alumina, as well as the 

subsequent thermal process [216], [218]–[221]. The critical impact of the GFRR 

between N2O and TMA on both the electrical and chemical properties of the resulting 

AlOx layer has been previously identified in Chapter 4. The different alumina transitions 

between Q-A and Q-F and between D-A and D-F are therefore due to the diverse 

chemical composition of the as-deposited layers originating from the variation of GFRR 

[218]. This explains why the D-A and D-F show significantly lower T/O ratio at the c-

Si/AlOx interface (will be discussed in Fig. 5-6), compared to that of Q-A and Q-F. 

Further discussion regarding Qtot and Dit of D-A and D-F will follow in the next sections. 

I now analyse the ratio of the T-Al to O-Al peak intensity as a function of depth based 

on the method shown in Fig. 5-5. I calculate the area of each peak to evaluate the peak 

intensity. In general, the analysis of peak area after deconvolution is more accurate 

[222]. However, it was found that integration over the peak width of 1.2 eV (±0.6 eV) 
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did not coincide with any shoulder of neighbouring peaks. Therefore, the analysis was 

considered sufficiently accurate without using deconvolution. Hoex et al. [77], [208] did 

the integration of the peaks using a fixed width of 2.0 eV (±1.0 eV). In the latter case—

in which only one process condition was considered for Al2O3 samples—integration 

with that width seems to present no issue. However, in my case, there are six different 

properties of AlOx with different chemical configurations. I noticed that integrating 

across 2.0 eV could include the shoulder of the neighboring peak for some samples, as 

shown in Fig. 5-5 (a). It is more obvious for the sample D-F which shows that the T-Al 

and O-Al peaks shift towards each other. I confirm that the integration of the peak across 

1.2 eV does not include any overlap of the neighboring peak [Fig. 5-5 (b)] and it is also 

close to the full width at half maximum (FWHM) of the two peaks. 

 

Fig. 5-5. Integration method comparison with different fixed widths: (a) width of 2.0 eV and (b) 

width of 1.2 eV. The dotted circle in (a) highlights the interference of the shoulder of the O-Al 

peak on the T-Al peak. 

The ratio of T-Al to O-Al peak intensity as a function of depth is shown in Fig. 5-6. 

For the Q-A and Q-F specimens [Fig. 5-6 (a)], it is interesting to note that the T/O ratio 

is almost constant throughout the AlOx layer (average from 5 nm to 20 nm is 0.59 and 

0.60 for Q-A and Q-F, respectively). The difference between the samples is only 

observed near the interface (within about 2 nm from the interface). At the interface, the 
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T/O ratio for Q-F (fired) is about 0.82, whereas the ratio for Q-A (as-deposited) is only 

about 0.57 [highlighted as filled circles in Fig. 5-6 (a)]. This observation (higher T/O 

ratio corresponds to higher Qtot) is in good agreement with previous studies on both ALD 

Al2O3 [77] and APCVD AlOx [76]. The low T/O ratio at the interface for both the D-A 

specimen (0.34) and D-F specimen (0.45) may be due to the impact of the deposition 

parameters on the chemical bonding of the as-deposited layer and the resulting transition 

of alumina [216], [218]–[221]. It is also interesting to note that across most of the six 

PECVD AlOx layers the T/O ratio stays within a range between 0.58 and 0.60, whilst 

the ratio for plasma-assisted ALD (PA-ALD) layers is about 0.45 and 0.50 for as-

deposited and annealed, respectively [77]. The difference between the PECVD and ALD 

film is probably a result of the different surface growth mechanisms which gives rise to 

a difference in stoichiometry [17]. For PECVD AlOx, it seems that the near-interface 

T/O ratio is a clearer indicator for the resulting Qtot than the T/O ratio across the layer. 

 

Fig. 5-6. Ratio of T-Al to O-Al peak area for the samples that show (a) the largest increase of 

Qtot and (b) the largest increase of Dit through firing. 

The correlation between Qtot and the T/O ratio at the interface for all the six studied 

specimens is shown in Fig. 5-7; it includes the two additional specimens (J-A and J-F in 

Table 5-1). It is interesting to note that a linear relationship between Qtot and the T/O 

ratio is found. Although previous studies [76], [208] identify higher Qtot is correlated to 

higher T/O ratio between two samples (before/after annealing), the linear relation 

amongst six different properties of samples is firstly observed in this thesis. It seems that 

this correlation can be applied regardless of the deposition conditions and, hence, 

regardless of the chemical properties of the layer. This indicates that T-Al is the key 
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chemical coordination of aluminium, having the strongest impact on the negative fixed 

charge in the layer. 

 

Fig. 5-7. Qtot as a function of the T-Al to O-Al ratio at the interface. 

With regard to Dit, previous studies have highlighted the critical impact of the presence 

of an interfacial SiO2 layer (at the c-Si/AlOx interface) and its thickness on the obtained 

Dit [76], [193], [223]. Thicker SiO2 at the c-Si/AlOx interface is typically correlated with 

lower Dit. The presence of SiO2 at the interfacial layer—although T-Al exists 

simultaneously—is a sign of a decrease in Dit [76], [208]. Based on these findings, I 

investigate the ratio of SiO2 to T-Al peak intensity as a function of the distance from the 

interface as presented in Fig. 5-8. The SiO2/T-Al ratio may be a useful parameter to 

study the interfacial layer since T-Al, Si and SiO2 are present at the same time (often 

called alumino-silicate glass) [76]. It seems that for all the samples the ratio is quite 

constant for distances greater than 5 nm (2.47 and 2.41 for the Q-A and Q-F samples 

and 2.54 and 2.22 for the D-A and D-F samples, respectively). Instead, a distinct change 

in the ratio occurs in the interfacial layer (less than 5 nm from the c-Si/AlOx interface) 

where differences between the samples can be clearly observed. 

As mentioned above, the material containing aluminium oxide and silicon oxide is 

often called aluminium silicate. It is observed especially when some of the Si4+ ions in 

silicates are replaced by Al3+ ions and for each Si4+ ion replaced by an Al3+, the charge 

must be balanced by having other positive ions [224]. The change of chemical 

configuration in the samples may be caused by this mechanism: The Al3+ ions seem to 

replace Si4+ ions in the chains of corner shared tetrahedra of SiO4 groups. Therefore, the 

bonding between Al and Si can be restructured. For example, in the case that the majority 



79 

 

is Si and not the SiO2 of the interfacial layer, Al3+ has a greater chance of bonding 

oxygen; this results in a higher concentration of octahedrally-coordinated Al. On the 

other hand when SiO2 is the majority, the tetrahedrally-coordinated Al is more likely to 

be observed than octahedrally-coordinated Al [224]. 

 

Fig. 5-8. Ratio of SiO2 to tetrahedral-Al peak area for the samples which show (a) the largest 

increase of Qtot and (b) the largest increase of Dit through firing. 

Interestingly, the firing process significantly decreases the SiO2/T-Al ratio (from 14.6 

to 6.7) for the specimens that show a substantial increase in Dit [D-A and D-F; Fig. 5-8 

(b)], whereas no notable difference is observed in Q-A and Q-F [Fig. 5-8 (a)]. The 

decrease of the ratio indicates a lower percentage of SiO2 in the interfacial layer. In 

addition, a reduction of the interfacial layer thickness is also observed (from 3-4 nm to 

2 nm), which also explains the increase of Dit [76], [208], [217], [225]. The relationship 

between the interfacial layer thickness and Dit can be explained by study done by 

Naumann et al. [182]. It is reported that a thicker interfacial layer is formed by the OH 

group which is served as a source of excessive oxygen. An increase in the Si-O 

coordination is assigned to the oxidation of Si when H is released during a thermal 

process (firing process in this case) [182]. Therefore, the more release of H can be 

eventually related to the increase Si-O coordination and also the decrease of Dit by 

chemical passivation. 

Regarding the increase of Dit after firing Saint-Cast et al. [98] and Kühnhold et al. [106] 

also observed such behaviour after a firing process although it is not a general 

phenomenon. It was suggested that loss of both oxygen and hydrogen through the 

effusion that occurs during the thermal process is the reason for this change [98], [106]. 

The disappearance of T-Al near the interface in conjunction with the increase of O-Al 

in D-F means more oxygen becomes bonded to aluminium after firing. This may indicate 
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a lesser chance of oxygen forming the silicate, which explains the decrease of the 

interfacial layer thickness and the SiO2/T-Al ratio at the interface. Therefore, these 

results may suggest that the SiO2/T-Al ratio has an impact on Dit, although the change 

of Dit might also be partially attributed to dehydrogenation. For samples Q-A and Q-F, 

the SiO2/T-Al ratio at the interface slightly increases after firing. However, the 

interfacial layer thickness decreases through the firing process from about 5 nm to 2-

3 nm. In this case, it seems that the impact of the decrease in thickness (< 2 nm) 

dominates the change in Dit, rather than the SiO2/T-Al ratio, since the impact of 

dehydrogenation on the Dit for the samples (higher GFRR) is negligible based the result 

of Section 4.3.4.  

The correlation between Dit and the SiO2/T-Al ratio for all the studied specimens is 

investigated in Fig. 5-9. Although the correlation is not as strong as the one between Qtot 

and the T/O ratio, it seems that there is an inverse relationship between Dit and the 

SiO2/T-Al ratio. It also seems that there is an impact of the layer thickness on the 

obtained correlation as mentioned above. The two samples (Q-F and D-F) with the very 

thin interfacial layer (< 2 nm) seem to have a shifted trend as compared to the other four 

samples with interfacial layer > 2nm. Nevertheless, it seems that the SiO2/T-Al ratio at 

the interface can be used as an indicator of Dit when the interfacial layer thickness is 

comparable. 

 

Fig. 5-9. Correlation between Dit and the SiO2/T-Al ratio at the interface for the studied samples. 
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The EELS spectra of samples J-A and J-F are also presented in Fig. 5-10. The changes 

in Qtot and Dit of these samples are not outstanding. However, as shown in Table 5-1, 

these samples show both increase in Qtot and reduction in Dit through firing. These are 

one of the few samples (samples with GFRR of 10) which show reduction in Dit through 

firing as mentioned in Section 4.3.2. It was discussed that the unwanted Dit increase is 

loss of [O-H] bonds in Section 4.3.2. Therefore, not only the T-Al/O-Al ratio but more 

importantly the SiO2/T-Al ratio are investigated for these samples. Both the T-Al/O-Al 

ratio and the SiO2/T-Al ratio are presented in Fig. 5-11. As expected from the small 

change in Qtot in Table 5-1, the T-Al/O-Al ratio of these samples (0.71) does not show 

difference through firing. However, the SiO2/T-Al ratio increases from 6.17 to 7.71. The 

increase of the SiO2/T-Al ratio indicates more oxygen-involvement to form the 

interfacial layer. This may also generate a source of [O-H] bonds which in turn behave 

as hydrogen passivation at the c-Si/AlOx inferface. The increaseed involvement of 

oxygen is explained by higher GFRR, which originated from more N2O. 

 

Fig. 5-10. EELS spectra of the Al-L2,3 and Si-L2,3 edges for the PECVD AlOx samples that show 

the lowest J0s after firing for (a) as-deposited sample, (b) fired sample. 
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Fig. 5-11. Ratio of T-Al to O-Al peak area (a) and ratio of SiO2 to tetrahedral-Al peak area (b) 

for the samples for both as-deposited and fired samples that show the lowest J0s after firing. 

5.4 Chapter summary 

The origin of the change in the negative Qtot in the AlOx layer and the Dit at the c-

Si/AlOx interface is studied by STEM/EELS. It is observed that the increase of T-Al 

configuration leads to increase of negative Qtot. It is because that higher T/O ratio 

indicates more aluminium vacancies and oxygen interstitials which cause PECVD AlOx 

layers to be negatively charged by the effusion of oxygen. This can be identified by the 

increased proportion of tetrahedrally-coordinated aluminium as observed by EELS 

measurements. Moreover, it was found that the ratio of T-Al/O-Al at the c-Si/AlOx 

interface plays a more dominant role than that within the AlOx layer. In addition, it is 

found that the T-Al/O-Al ratio has a linear correlation to the amount of negative Qtot in 

the PECVD AlOx layer. This linear trend is confirmed by six different AlOx layer 

regardless of AlOx properties. 

The condition for lower Dit at the c-Si/AlOx interface is also studied. The lower Dit is 

achieved by thicker (> 2 nm) interfacial layer or by higher SiO2/T-Al ratio or even both 

of the two at the c-Si/AlOx interface. The SiO2/T-Al ratio is suggested to be an indicator 

of Dit at the interface for comparable thickness of the interfacial layer.  

It is also found that the SiO2/T-Al ratio of the interfacial layer shows an inversely linear 

relationship to Dit; this is much clearer for thicker interfacial layers (> 2 nm). On the 

other hand, a change in the interfacial layer thickness can significantly influence Dit for 

example, in the case of an interfacial layer < 2 nm thick. 
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6 Degradation of surface passivation and 

bulk in p-type c-Si wafers at elevated 

temperature4 

6.1 Motivation: Degradation in silicon solar cells 

In Chapter 4 the electrical and chemical properties of PECVD AlOx as a surface 

passivation layer were studied. In Chapter 5, a nano-scale investigation revealed 

structural features and chemical configurations of the c-Si/AlOx interface. These studies 

were done for both as-deposited and fired samples. It was shown that the firing process 

improves the surface passivation quality, demonstrating the stability of the PECVD 

AlOx layer under the high temperature firing process. 

Recently, the degradation of AlOx surface passivation under illumination and at 

elevated temperatures has been reported [20], [21]. At this stage the mechanism and root 

cause have not been identified. With the PERC structure gaining significant attention 

and market share within the PV industry [11]–[13], there is increasing interest in 

understanding the degradation of the c-Si/AlOx/SiNx structure [116], [119], [226]. 

Moreover, a recent report by the US Department of Energy indicates that reducing the 

degradation of PV systems is a very promising method of lowering the cost of PV energy 

[18], especially considering that increasing the efficiency is becoming more difficult as 

the fundamental limit is approached. Therefore, improving the reliability of PV systems 

is a key requirement for making PV energy cheaper. 

In the past decades, a number of studies have been done to identify and investigate 

various degradation mechanisms in Si solar cells [227]–[241]. One example is the 

formation of metastable boron-oxygen (BO) related defects in boron-doped p-type Cz 

wafers after exposure to light [227], [228], [231], [232]. Recently, a similar degradation 

behaviour was identified in multicrystalline silicon (mc-Si) wafers [233]–[235], [241]. 

This degradation, which is known as either light and elevated temperature-induced 

degradation (LeTID; [229], [230], [236], [238]) or carrier-induced degradation (CID; 

[233], [239], [242]), is found to significantly decrease the efficiency of PERC cells 

fabricated using mc-Si wafers [241]. More recently, it has been reported that LeTID also 

 
4  This chapter is summarised and published in IEEE Journal of Photovoltaics 

(DOI: 10.1109/JPHOTOV.2018.2878791). 

https://doi.org/10.1109/JPHOTOV.2018.2878791
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occurs in Cz wafers [73], [243]. It has been demonstrated that the same defect can be 

formed by purely thermal process in both Cz and mc-Si wafers; hence, light is not 

required for LeTID [243]. A few studies have suggested involvement of hydrogen in the 

degradation and regeneration processes [118], [229], [243]–[249]. However, it seems 

that more work needs to be done in order to fully understand the role of hydrogen in 

LeTID. 

In order to differentiate the impact of the LeTID on the surface passivation and the 

bulk quality, Sperber et al. [116], [119], [226] investigated the stability of the surface 

passivation under light and elevated temperature. They use the slope-based method [58] 

with improved parameterisation to extract J0s from the injection-dependent τeff 

measurements [250]. Degradation of the surface passivation (with various dielectrics) 

has been observed in FZ, Cz and mc-Si wafers [119]. 

In this chapter, I aim to assess the impact of hydrogen on both the τSRH and the J0s. Both 

hydrogen-rich dielectrics and dielectrics that are believed to be hydrogen-free are used 

for this assessment. Both as-deposited and fired wafers are investigated. Unlike the work 

of Sperber et al. [116], [119], [226], purely thermal-based degradation and regeneration 

processes are investigated by monitoring samples during dark annealing (DA) at wafer 

temperatures of 175±2 °C. 

6.2 Experiments 

Commercially-available (156-mm × 156-mm) boron-doped p-type Cz wafers, with 

resistivity of 1.7±0.2 Ω.cm (bulk doping concentration of 8.5±1.2×1015 cm-3) and final 

thickness of 190±10 μm are used in this chapter. Four different lifetime test structures 

were fabricated, as shown in Fig. 6-1. Note that the reliability of initial surface passivation 

quality was better with n+ layer for the SiO2 than without it. Therefore, the n+ layer was applied 

for the structure in Fig. 6-1 (d). 

All the wafers were processed together until the surface passivation stage. They were 

textured (random upright pyramid) and RCA cleaned [156] before a POCl3 diffusion to 

form an electron collector layer (commonly called the diffused layer [251]) with a sheet 

resistivity of 100 Ω/□ on both sides (process temperatures between 795 °C and 885 °C 

[252]). Then, the phosphosilicate glass (PSG) was removed before thermal oxidation at 

930 °C for 15 min to grow a 50-nm-thick SiO2 layer [253]. The final sheet resistivity 

after the oxidation process is 110 Ω/□. For Structures A, B and C [Fig. 6-1 (a)-(c)], the 

oxide was removed using an HF solution. A sodium hydroxide solution (mass fraction 



85 

 

30%) was then used to etch the diffused layer (~1 μm) from both sides of Structures A 

and B at temperature of 85 °C. 

An industrial in-line PECVD system (MAiA, Meyer Burger) was used for the 

deposition of both SiNx and AlOx at 400 °C. A standard SiNx anti-reflection coating 

(75 nm thick with a refractive index of 2.08 at 633 nm) was used for Structures A and C 

[125], while a 16 – 17 nm-thick AlOx layer with a refractive index of 1.59 was used for 

Structure B (the recipe ID 15 in the Table 4-2 in Section 4.2.1). The AlOx was then 

capped with SiNx deposited at 350 °C to minimise possible modification of both the bulk 

and the existing AlOx as mentioned in Section 3.2.1. 

 

Fig. 6-1. Four different lifetime test structures (a) SiNx, (b) AlOx/SiNx, (c) n+/SiNx, (d) n+/SiO2. 

Each wafer was then laser cleaved into 16 tokens (39 mm × 39 mm). After cleaving, 

half of the tokens remained as-deposited (hereafter non-fired), while the other half 

underwent a fast firing process in an industrial metallisation furnace (7K9-70C69-5LIR, 

Schmid) within a clean dry air (CDA) ambient. The set firing temperature was adjusted 

to maintain a fixed wafer temperature of 740±5 °C for duration of about 0.5 seconds for 

all the wafers. 

Samples were dark annealed at 175±2 °C. In-situ PC lifetime measurements were made 

using a lifetime tester (WCT-120TS from Sinton Instruments). The samples were kept 

in the dark for the entire time (during measurements and between measurements). It can 
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therefore be assumed that there is no external influence of BO defects on the obtained 

results, especially considering the DA temperature [228]. 

To determine τeff at elevated temperature, the Dorkel-Leturcq mobility model [254] is 

used. The surface passivation quality is assessed by extraction of J0s from the Auger-

corrected τeff measurements using the Kane-Swanson method [58] and the intrinsic 

carrier concentration model that is implemented in the system [255]. Since the Auger 

lifetime remains almost constant from room temperature up to 200 °C [256] and 

following Sinton Instruments’ recommendation [257], the Auger model of Richter et al. 

is used in this study [258]. The value of J0s is extracted at an excess minority carrier 

concentration (Δn) of 1016 cm-3 using a linear fit in the range between 7×1015 cm-3 and 

1.3×1016 cm-3. The intercept of the linear fit with the y-axis provides an estimation of 

τSRH at high injection. 

To validate the extracted J0s and τSRH, Quokka 2 [63] is also used to fit representative 

τeff measurements (at the end of each stage) as discussed in Section 4.1.4. From the highly 

accurate Quokka-based fits (R2 > 0.99), J0s and τSRH are extracted without any 

assumption regarding the uniformity of the Δn profile [164] and the injection 

dependence of τSRH. Despite the expected slight differences in the absolute values (due 

to the limitations of the slope-based methods [259]), the two methods are in good 

agreement regarding the trend of the values, which is the key information for this study. 

More information regarding the Quokka models is provided in Section 6.3.5. 

While recombination at the edges can influence lifetime measurements of small 

samples [260], [261], Chan et al. confirm that the edge recombination does not have an 

impact on lifetime measurements at high injection (Δn > 1015 cm-3) [262]. It also shows 

both non-diffused and diffused samples and concluded that the edge does not impact the 

measurement at ∆n > 1013 cm-3. Since the analysis in this study is carried out at 

Δn > 7×1015 cm-3, it can be assumed that the measurements are unaffected by edge 

recombination. This was also supported by PL images at various intensities, which 

indicate that the edge-impacted regions extend less than 1 mm from the edges. The PL 

images also confirm that all samples used are free from scratches that could otherwise 

impact measurements. Additionally, the sensed area in the WCT-120TS is smaller than 

the sensed area of the standard WCT-120, which ensures even smaller impact of the 

edges. Note that in the following sections τeff and τSRH at 175 °C are presented; the values 

at this temperature are, of course, different from those at room temperature. 
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6.3 Different effects of various surface passivation layers 

6.3.1 c-Si/SiNx structure 

Fig. 6-2 presents τeff [(a) and (d); at Δn = 1015 cm-3 and Δn = 1016 cm-3], the extracted 

J0s [(b) and (e); at Δn = 1016 cm-3] and τSRH [(c) and (f); at Δn = 1016 cm-3] as a function 

of DA duration. Results for both non-fired and fired SiNx samples are presented. For the 

non-fired case [(a)-(c)], there is very little change in the parameters (J0s is degraded by 

about 5%, τSRH by about 8%, and τeff by about 7%) during the entire 110 hours of 

measurement. 

The behaviour of the fired sample [Fig. 6-2 (d)-(f)], however, is very different. Firstly, 

as expected, the firing process improves both the surface passivation quality (J0s 

decreases from 63 fA/cm2 to 22 fA/cm2) and the bulk (τSRH increases from 280 μs to 

770 μs). This improvement can be attributed to hydrogen release from the SiNx layer 

[200] which passivates both dangling bonds at the surface [23], [201] and bulk defects 

[72], [122]. Interestingly, τSRH starts to degrade after 0.3 hours of the DA process. At this 

stage (Stage I in Fig. 6-2), no change in J0s is observed. The decrease in τeff (at Δn = 

1015 cm-3) can be therefore correlated solely with the degradation of the bulk quality. 

Stage I lasts for five hours. After five hours (Stage II), τSRH plateaus, while the surface 

passivation starts to degrade (J0s increases). 

In Stage III (between 20 and 110 hours), both the surface and the bulk degrade, again 

resulting in a degradation of τeff. Note that during Stages I and III, changes in τeff cannot 

be used to attribute the degradation to the bulk or the surface alone. At the most degraded 

state (after 110 hours of DA), the surface quality is lower than the level of the non-fired 

sample, whereas the bulk quality is about the same. As discussed below, this may be due 

to the different impact of hydrogen on the surface and the bulk. 

Interestingly, significant improvement of both J0s and τSRH is observed after 110 hours 

(Stage IV). The improvement (or regeneration) is much slower than the degradation and 

τeff does not fully recover to its initial value, even after 500 hours. It is also interesting 

that, although the degradation of the surface and the bulk start at different times, their 

recovery seems to start at the same time. Despite the higher temperature in this study 

(175 °C in the dark) and the lack of illumination, these observations are similar to the 

results reported by Sperber et al. (150 °C at about 1-sun illumination) [119]. The main 

difference is that here a plateau in τeff during Stage II was observed instead of an increase. 
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Fig. 6-2. Evolution of (a) τeff, (b) J0s, (c) τSRH for non-fired SiNx sample and (d) τeff, (e) J0s, (f) 

τSRH for fired SiNx sample during DA. 

Fig. 6-3 depicts the injection-dependent lifetime of the fired SiNx wafers. The 

presented measurements were chosen from the end of each stage. Because it is preferable 

to extract J0s at high injection [263], measurements were done using high intensity 

illumination. Hence, the low-injection region of τeff was not collected. This limits the 

ability to fit the curves in order to extract the defect parameters, particularly for the bulk. 

It does appear, however, that the τeff of the degraded sample has only weak injection 

dependence. 



89 

 

 

Fig. 6-3. Injection-dependent effective lifetime curves of a fired SiNx sample at the end of each 

stage. 

6.3.2 c-Si/AlOx/SiNx structure 

In this section, the stability of samples with an AlOx/SiNx stack passivation layer is 

studied. Fig. 6-4 presents the evolution of τeff [(a) and (d); at Δn = 1015 cm-3 and Δn = 

1016 cm-3], the extracted J0s [(b) and (e); at Δn = 1016 cm-3] and τSRH [(c) and (f); at Δn = 

1016 cm-3] as a function of DA duration annealing before and after firing. 

I first examine the behaviour of the non-fired sample. All the parameters are constant 

during the first five hours of DA. After this time, both the surface and the bulk start to 

degrade at a relatively slow rate. No recovery of these parameters is observed during the 

320 hours of measurement. A possible reason for the different behaviour of this structure, 

when compared to the non-fired SiNx sample, could be the release of hydrogen from the 

AlOx during the deposition of the SiNx capping layer. It is possible that some hydrogen 

may have been released into the bulk during deposition, even without a deliberate firing 

process. The significantly higher initial τSRH of the non-fired AlOx/SiNx sample 

compared to the non-fired SiNx sample (580 μs versus 280 μs) supports this explanation. 

To confirm the improvement of τSRH, the non-fired AlOx/SiNx layer was etched from one 

of the wafers. The wafer was then cleaned and re-passivated with SiNx (identical to the 

one used in Section 6.3.1). The obtained τeff was found to be higher than that of the wafers 

directly passivated with the same SiNx. 
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Fig. 6-4. Evolution of (a) τeff, (b) J0s, (c) τSRH for non-fired AlOx/SiNx sample and (d) τeff, (e) J0s, 

(f) τSRH for fired AlOx/SiNx sample during DA. 

To test whether this assumed release of hydrogen during the capping process has any 

impact on subsequent degradation, I investigated the thermal impact of the SiNx capping 

process on a SiNx sample. A non-fired SiNx sample was used to mimic the SiNx capping 

layer deposition by passing the sample through the PECVD system but without 

precursor gases or activation of plasma. Fig. 6-5 presents the evolution of τeff, J0s and 

τSRH of the untreated and the thermally treated SiNx wafers during DA. The τSRH of the 

untreated sample degraded by about 8% whereas the treated sample degraded by about 

12% and a second thermal treatment (not shown) enhanced the degradation even further. 

With regards to J0s, the untreated sample degraded by about 5% while the treated sample 

degraded by about 14%. Hence, it seems that the thermal treatment enhances the 

degradation of both J0s and τSRH (and as result, of τeff,). It may indicate that hydrogen is 

released during the thermal treatment. This increased degradation following the thermal 

treatment can explain the different degradation between the non-fired SiNx and 
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AlOx/SiNx samples, although the significance of the degradation is much stronger in the 

case of AlOx/SiNx. It is believed that AlOx releases more hydrogen at lower temperature 

(< 500 °C) than SiNx which requires a higher temperature (> 600 °C) to release a 

significant amount of hydrogen [136], [143], [180], [264]. 

 

Fig. 6-5. (a) τeff, (b) J0s, (c) τSRH of non-thermally treated and thermally-treated SiNx samples 

during DA. 
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Fig. 6-6. Injection-dependent effective lifetime curves of a fired AlOx/SiNx sample at the end of 

each stage. 

Now I examine the fired AlOx/SiNx sample [Fig. 6-4 (d)-(f)]. Significant improvement 

is observed both in the surface passivation quality (J0s is reduced) and the bulk (τSRH of 

1,500 μs). Due to the very low J0s, τeff is primarily impacted by τSRH. 

In general, the response of this wafer to the DA is comparable to that of the fired SiNx 

sample, however, with a few differences. In Stage I (1-5 hours), only the bulk degrades, 

while J0s seems to be fixed. Note that this stage starts later than for the SiNx case. The 

surface passivation starts to degrade in Stage II (5-20 hours); interestingly in this case a 

bulk improvement is observed (compared to a constant τSRH in the SiNx case). However, 

τSRH starts to degrade again with continued degradation of the surface in Stage III (20-

50 hours). After 50 hours (Stage IV), J0s starts to decrease (earlier than in the SiNx case) 

and recovers almost to its initial value. In contrast with the SiNx case, no recovery of the 

bulk is observed during this stage; τSRH continues to degrade for the rest of the 

measurement (until 150 hours). Stage V is an additional stage which has not been 

observed for the SiNx sample. In this stage the surface passivation degrades again, while 

τSRH maintains almost a constant value. These results are similar to those reported for FZ 

wafers passivated with AlOx/SiNx [119]. However, in my study, it seems that the 

processes are faster. This may indicate a strong impact of the temperature (175 °C here, 

compared to 80 °C in [119]) on the process and a difference between light (about 1-sun) 

and temperature. It may also indicate a greater hydrogen concentration in the samples of 

this study. 
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Injection-dependent lifetime curves for the fired AlOx/SiNx sample at the end of each 

stage are shown in Fig. 6-6. It is observed that the injection level dependence varies for 

the different stages. It appears that the degraded τeff has only weak injection dependence, 

similar to what is observed for the fired SiNx sample. 

6.3.3 n+/SiNx structure 

To investigate the impact of DA on the front side of a typical solar cell, the n+/SiNx 

structure [see Fig. 6-1 (c)] is now studied. With regards to the non-fired diffused sample 

[Fig. 6-7 (a)-(c)], the behaviour is very similar to the non-diffused sample [Fig. 6-2 (a)-

(c)], where no significant change is observed in any of the parameters. 

 

Fig. 6-7. Evolution of (a) τeff, (b) J0s, (c) τSRH for non-fired n+/SiNx sample and (d) τeff, (e) J0s, (f) 

τSRH for fired n+/SiNx sample during DA. 

No significant improvement was observed in J0s and τSRH due to firing. Although τeff is 

quite low. possible causes such as B-O defects are not activated under this dark 

annealing. The response to DA is quite different to that observed for the SiNx wafer 
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without the diffused layer [Fig. 6-2 (d)-(f)]. During Stage I (2-6 hours) τSRH starts to 

degrade after two hours of DA and reaches a minimum after six hours, whereas J0s 

remains almost constant during this period. 

In comparison to the SiNx sample (Section 6.3.1), the degradation starts later and the 

maximum degradation is much less in this case. Between 6 and 36 hours (Stage II), τSRH 

shows recovery. It is notable that the recovery of τSRH slightly exceeds its initial value 

by about 12% on average during Stage III (from 36 hours to 124 hours). However, this 

is not reflected in τeff as it is dominated by the surface. Note that the behaviour of τeff at 

1015 cm-3 is very similar to that reported for CID of mc-Si [265], however, on a different 

time scale. This suggests that the degradation and recovery shown here using Cz may 

have the same root cause as that reported by Chen et al. [243]. 

 

Fig. 6-8. Injection-dependent effective lifetime curves of a fired n+/SiNx sample at the end of 

each stage. 

Injection-dependent lifetime curves of the fired n+/SiNx sample at the end of each stage 

are presented in Fig. 6-8. Substantial variation is seen in low to medium injection, but 

there is nearly no change at high injection. The lifetime curve at the end of Stage III is 

almost identical to the initial value. 
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Fig. 6-9. Evolution of (a) τeff, (b) J0s, (c) τSRH for non-fired n+/SiO2 sample and (d) τeff, (e) J0s, (f) 

τSRH for fired n+/SiO2 sample during DA. 

6.3.4 n+/SiO2 structure 

Fig. 6-9 presents the results for the thermally grown SiO2 sample (Structure D in Fig. 

6-1). No significant changes are noted in any of the parameters during the DA process 

for both fired and non-fired wafers (less than 6%). This is very different from all the 

other layers studied in this work. The noticed low τeff is not due to B-O defects as they 

are not been activated under this dark annealing. Therefore, a direct comparison can be 

made between these results and the results presented in the previous section (6.3.3). The 

wafers were processed together and have the same diffused n+ layer; the only difference 

is the surface passivation layer. Therefore the different behaviours of the fired wafers 

[Fig. 6-7 (d)-(f) and Fig. 6-9 (d)-(f)] may indicate involvement of hydrogen in the 

degradation and recovery processes. I assume that the hydrogen concentration in the 

SiO2 is very low, if not zero. This may also support numerous studies [118], [243], 

[247]–[249] that suggested hydrogen involvement in CID. In a recent study, we 
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observed a correlation between released hydrogen fraction and the degradation extent in 

mc-Si wafers [233]. 

6.3.5 Lifetime fitting using Quokka 2 

 

Fig. 6-10. Quokka 2 modelling results for each stage of the fired AlOx/SiNx sample. 

 
Fig. 6-11. Comparison between the values extracted by the slope method and Quokka fitting for 

(a) J0s and (b) τSRH. 

As discussed in Section 4.1.4, the advanced physical models in Quokka 2 [63] were used 

to fit the lifetime measurements. Two approaches were tested: (1) fitting using an 

injection-dependent τSRH and a constant J0s, and (2) fitting using a constant τSRH (at high 

injection) and a constant J0s. Since the measurements were performed at high injection, 

I have not observed any advantage of using injection-dependent τSRH: The fit quality and 

the extracted values were similar to the second approach. Therefore, constant τSRH (at 

high injection) and a constant J0s are used for the fit. To investigate the uniqueness of 

the fit and the associated uncertainty, J0s was fixed at 10% and 20% lower and higher 

values than the optimum value and τSRH was re-fitted. I have noticed that a 10% variation 

in J0s is sufficient to reduce the quality of the fit, indicating that the extracted values 

form unique parameter pairs. J0s and τSRH were extracted from the excellent fits 

(R2 > 0.99) at the end of each stage for all the cases. I have also noted that at ∆n = 1016 
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cm-3, J0s is sensitive to the injection level and 10 % difference is sufficient to assess the 

fit. Fig. 6-10 presents representative Quokka-based fits, while Fig. 6-11 shows a 

comparison between values obtained by the two methods. Although the slope-based 

method results in higher J0s values, the trends obtained by the two methods agree very 

well, which is the key information of this study. Similar results are obtained for τSRH. 

6.4 Proposed hydrogen-based models 

In this section, possible root causes of degradation/regeneration and how they may be 

explained with regard to the behaviour of hydrogen in the samples are discussed. Main 

observations are: 

(a) There is a significant difference between fired and non-fired samples [Fig. 6-2, 

Fig. 6-4 and Fig. 6-7]. 

(b) The bulk degrades earlier than the surface for the fired samples [Fig. 6-2 (d)-(f) 

and Fig. 6-4 (d)-(f)]. 

(c) The starting point for surface degradation appears to be very close to the point 

at which the initial bulk degradation reaches saturation [Fig. 6-2 (d)-(f)] and 

starts to “regenerate” [Fig. 6-4 (d)-(f)]. 

(d) None of the observations above [(a)-(c)] occur in the sample passivated with 

SiO2 which is believed not to contain hydrogen. 

Observations (a) and (d) can be explained by assuming that the bulk defects formed in 

Stage I are related to the hydrogen concentration in the Si bulk. This is supported by a 

range of studies in the literature [230], [233], [265]. Therefore, the initial decay of the 

bulk lifetime [Observation (b)] can be explained as the formation of hydrogen-related 

bulk defects. According to Voronkov et al., the timescale of the degradation is 

determined by the release rate of hydrogen from recombination inactive states (so called 

hydrogen dimers or similar [266]) throughout the bulk. In the case of non-fired SiNx, 

much less hydrogen is released from the dielectric layer, and hence this initial bulk 

degradation is not observed. 

It may still be asked what the cause of the subsequent “regeneration” is and whether it 

can be related to an increase in surface recombination [Observation (c)]. There are at 

least three plausible hydrogen-related explanations according to Hamer et al. [264]: 

a) Firstly, when additional hydrogen becomes available, it passivates the 

hydrogen-related defects and reduces their recombination activity. Studies 
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investigating the interaction of hydrogen with several interstitial metals can 

support this [267]–[272].  

b) Secondly, hydrogen de-bonds from the hydrogen-related defect over time and 

forms more stable, recombination-inactive forms.  

c) Thirdly, in a special case of the second explanation, hydrogen de-bonds from 

the defects and migrates from the Si bulk towards the surface. This has been 

simulated at elevated temperatures in the presence of an emitter [264]; however, 

the results of Bredemeier et al. [273] support the view that it is also possible 

where no emitter is present.  

Among the three explanations only the third one can be linked to recombination at the 

surface based on the results discussed in this chapter. In order to account for the results 

presented in this study, the migration of hydrogen to the surface must have different 

effects for different passivation layers and doping profiles. 

In the case of non-fired SiNx, the surface degradation is significantly less; again, much 

less hydrogen is released from the dielectric layer in that case. In the case of a SiNx-

passivated p-type Si surface, it is expected that an inversion layer is present at the surface 

because SiNx is positively charged [201], [274], [275]. Examining the changes in Fig. 

6-2 (e) and (f) during Stages III and IV indicates that the changes in J0s and τSRH are 

almost exactly correlated. This could be a result of the formation and subsequent 

dissolution of hydrogen-related defects within the inversion layer, as previously 

observed and modelled by Steingrube et al. [276]. The hydrogen that forms these defects 

comes from the Si bulk rather than the surface and can explain why the surface 

degradation continues until the bulk degrades completely (Stages  II and III). 

In contrast, the surface of a p-type wafer passivated by a fired AlOx/SiNx stack is 

expected to be in accumulation [17], [89]. Not only is the formation of hydrogen-related 

defects likely to be different under these conditions, but the effect of these defects (if 

present) on the total effective lifetime will be reduced. This is in reasonable agreement 

with the modest changes in J0s observed in Fig. 6-4 (e). It should also be noted that the 

electric field in the accumulation condition due to negative fixed charge in the AlOx 

layer will drive H+—the dominant form of interstitial hydrogen in p-type Si [277], 

[278]—further towards the surface and may result in more significant effusion of 

hydrogen from the Si surface. More H+ effusion towards surface in accumulation 

condition means that there is less degradation of chemical passivation. This means that 



99 

 

loss of negative fixed charge is more dominant factor which contribute surface 

degradation, which is a good agreement with the observation reported by the Sperber et 

al. [279]. 

In the case where the surface is heavily doped [Fig. 6-7 (d)-(f)], migrating hydrogen is 

likely to be trapped in the heavily phosphorus-doped region as modelled by Hamer et al. 

[264]. Given the high availability of ionised dopant ions that act as effective traps for 

hydrogen [280], the formation of hydrogen-related defects is likely suppressed; hence, 

no significant change in J0s is observed. 

Although this model [264] explains most of the results, it still leaves two observations 

unexplained. The first is the two-stage degradation in bulk lifetime observed in fired 

samples passivated with AlOx/SiNx [Fig. 6-4 (f)]. The second is the correlated increase 

in surface and bulk degradation observed in unfired samples passivated with AlOx/SiNx 

[Fig. 6-4 (b) and (c)]. 

At this stage, my best explanation for the second degradation in bulk lifetime is a 

dissociation of hydrogen from previously passivated bulk defects. If effusion of 

hydrogen from the p-type bulk is indeed enhanced by the presence of an accumulation 

region, as compared to an inversion region, it is possible that the bulk of the wafer 

becomes so denuded that previously passivated defects cannot be re-passivated once 

hydrogen has dissociated from them. While this explanation requires much more 

rigorous investigation, it can be supported by the observation that the lifetime decays to 

a similar level as a non-fired SiNx sample that is presumed to contain minimal hydrogen. 

It is also possible that a second source of hydrogen with a different activation energy for 

slower release exists in the bulk that causes the second degradation, as reported in 

previous studies [117], [281]. 

The behaviour of the non-fired AlOx/SiNx sample, which contains hydrogen released 

from the AlOx layer during the SiNx deposition, is also difficult to explain. Since the 

hydrogen diffuses into the bulk at temperatures of about 350 °C (which is about the same 

as the wafer’s temperature during the SiNx deposition process), there is likely to be a 

significant concentration gradient from the surface to the bulk. With subsequent 

annealing at 175 °C this hydrogen may diffuse further into the sample forming 

recombination-active defects as seen in other samples. 
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6.5 Chapter summary 

Stability of surface passivation and Si bulk passivation at elevated temperature in the 

dark was studied. It was confirmed that different surface passivation layers demonstrate 

different behaviours in terms of the surface passivation and the Si bulk quality. By 

investigating the separated components of the surface and the bulk, it was possible to 

identify that their degradations have different kinetics and severity. For the same surface 

passivation layer, it is the firing process that activates the degradation. It was also found 

that even the deposition temperature can activate the degradation. 

Changes in J0s and τSRH were detected only in cases where hydrogen is assumed to be 

released into the wafer from the dielectric (AlOx/SiNx stack and fired SiNx layer). No 

degradation has been observed in wafers passivated by thermally grown SiO2, which is 

assumed to contain no hydrogen. It was also shown that the presence of a heavily doped 

n+ region has significant impact on the modulation of both surface and bulk passivation. 

The results were explained based on possible involvement of hydrogen in both the 

degradation and the recovery processes. Further investigation is required to enable 

greater certainty around this explanation and its implications for other types of 

degradation in crystalline Si solar cells. 
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7 Conclusions 

The first part of this thesis (Chapters 4 and 5) were focused on improving the surface 

passivation quality of the c-Si surface by AlOx using an industrial PECVD system. The 

impact of the deposition parameters on the surface passivation quality was studied in 

depth. In addition, the electrical and chemical properties of the AlOx layer were 

investigated in conjunction with the deposition parameters. The findings can be directly 

used by PV manufacturers. The second part of the thesis (Chapter 6) studies the 

degradation mechanism of the c-Si surface and bulk by applying different types of 

surface passivation layers. 

7.1 Main conclusions and original contributions 

In Chapter 4, both electrical and chemical properties of the AlOx layer as a surface 

passivation layer were studied. The investigations were carried out for both non-diffused 

p-type c-Si and non-diffused n-type c-Si surfaces to evaluate the surface passivation 

efficacy. The main conclusions from this chapter are: 

Deposition conditions: 

1) The impact of the five deposition parameters (MWP, TGFR, Temperature, 

Pressure, N2O/TMA flow rate ratio) of a widely-used industrial type inline 

PECVD system on the c-Si surface passivation quality was intensively studied. 

The MWP-to-TGFR ratio was found to be a critical factor for the thermal 

stability of the deposited AlOx layer. The significant of this parameter has not 

been identified before this research.  

2) GFRR was found to have the most significant impact on both the electrical and 

chemical properties of as-deposited and fired layers. The higher GFRR is 

preferred for fired samples, whereas lower GFRR is ideal for non-fired samples 

for promising surface passivation. This finding is the same for both p-type and 

n-type surfaces. 

3) The higher GFRR was found to achieve better surface passivation. This finding 

can reduce production cost by less use of expensive TMA yet without 

sacrificing the surface passivation quality. 
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4) It was shown that GFRR has a critical impact on the hydrogen depth profile 

within the AlOx layer and on the hydrogen release behaviour through the firing 

process. 

Electrical properties: 

1) The impact of Dit and Qtot on the surface passivation is different for as-

deposited and fired wafers. For better surface passivation, a reduction of Dit is 

critical for as-deposited samples, whereas both lower Dit and higher Qtot play 

an important role for fired samples. These findings are the same for both p-type 

and n-type surfaces. 

2) Similar quality of surface passivation was found for p-type and n-type wafers 

for both as-deposited and fired wafers. However, the n-type wafers deposited 

at low temperature (350 °C) did not improve much through firing. 

Chemical composition: 

1) Correlation between the Al to O ratio and Qtot was identified. Slightly more Al 

and less O than the stoichiometric ratio results in higher Qtot, which reduces J0s 

to 4 fA/cm2. 

2) The studied PECVD AlOx layers are almost stoichiometric regardless of the 

wide range of deposition conditions. However, STEM image of the c-Si/AlOx 

interface reveals a difference in the interfacial layer for different conditions. 

In Chapter 5, a sub-nanoscale investigation on the c-Si/AlOx interface was presented. 

The open questions issued in Chapter 4 such as the origin of the difference in Qtot and 

the Dit were investigated in this chapter. The main conclusions from this chapter are: 

1) It is found that different interfacial layer is formed at the c-Si/AlOx interface 

for the samples with different GFRR. This indicates that the different surface 

passivation quality is originated dominantly from the property of the interface. 

2) Aluminium vacancies and oxygen interstitials in PECVD AlOx layers can be 

negatively charged by the effusion of oxygen. 

3) The ratio of T-Al/O-Al at the c-Si/AlOx interface, and not within the AlOx layer, 

has strong correlation with the amount of Qtot in the PECVD AlOx layer. A 

linear correlation between Qtot and the T-Al/O-Al was found. 
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4) The SiO2/T-Al ratio of the interfacial layer shows an inversely linear 

relationship to Dit. This is much clearer for thicker interfacial layers (greater 

than 2 nm thick). 

In Chapter 6, the stability of surface passivation and bulk passivation was studied. 

The AlOx passivation was compared with other dielectric layers such as SiNx and SiOx 

to identify the root cause of the degradation. The main conclusions from this chapter are: 

1) Different surface passivation layers demonstrate different behaviours in terms 

of the surface passivation and the Si bulk quality. By investigating the separate 

components of the surface and the bulk, the degradations that occur in the two 

different components are found to have different kinetics and severity. 

2) The firing process activates both the passivation and the degradation. It was 

also found that even the deposition temperature of the SiNx can activate the 

degradation. 

3) Changes in J0s and τSRH are detected only in cases where hydrogen is assumed 

to be released into the wafer from the dielectric (AlOx/SiNx stack and fired SiNx 

layer). No degradation has been observed in wafers passivated by thermally 

grown SiO2, which is assumed to contain no hydrogen. Possible involvement 

of hydrogen, in both the degradation and the recovery processes, was therefore 

suggested. 

7.2 Future works 

During the works for this thesis a number of topics have been identified for the future 

work: 

1) Deep-level transient spectroscopy (DLTS) of the c-Si/AlOx interface to identify 

capture cross-section of electrons and holes is required to reveal more detail 

regarding the interface. 

2) Combining AlOx and the capping SiNx layer as one layer such as aluminium 

nitride (AlNx) can create an interesting material, as far as the AlNx layer can 

provide a similarly good level of surface passivation to AlOx. If the AlNx layer 

can achieve high RI in the range of 2.00 to 2.10 (at 633 nm wavelength) it can 

be also applied for diffused boron emitters on the front side for n-type solar cells. 
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3) A residual gas analyser in conjunction with optical emission spectroscopy (OES; 

see Appendix 5) may be able to lead to an optimum process gas usage. This may 

be useful for PV manufacturers to optimise the AlOx process while minimising 

process gas consumption and yet maintaining the surface passivation quality. 
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Appendix 2: List of acronyms 

Acronym Description 

AlOx 

CDA 

C-V 

Cz 

FZ 

GFRR 

MWP 

PC 

PECVD 

PERC 

PV 

Si 

SiNx 

SiOx 

TGFR 

TMA 

Aluminium Oxide 

Clean Dry Air 

Capacitance-Voltage 

Czochralski 

Float-Zone 

Gas Flow Rate Ratio 

Micro Wave Power 

Photoconductance 

Plasma Enhanced Chemical Vapor Deposition 

Passivated Emitter and Rear Cell 

Photovoltaic 

Silicon 

Silicon Nitride 

Silicon Oxide 

Total Gas Flow Rate 

Trimethyl Aluminium 
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Appendix 3: Plasma diagnostics for 

remote PECVD process5 

Introduction 

The AlOx layer has become increasingly important in photovoltaics (PV) 

manufacturing due to its outstanding capability to passivate the surfaces of silicon (Si) 

solar cells, in particular for p-type and p+ surfaces [9], [17], [89], [101], [179], [282]. 

The material provides both excellent field effect passivation - due to a high density of 

negative charge within the film - and chemical passivation, due to its high concentration 

of hydrogen atoms [9], [17], [89], [101], [179], [282]. 

Plasma-enhanced chemical vapor deposition (PECVD), which is widely used for the 

formation of dielectric films in both the nano-electronics [283]–[301] and PV 

manufacturing industries [89], [97], [101], [102], [104], [108], [109], is typically used 

to deposit AlOx layers. Optimisation of the deposition process is a key requirement to 

ensure optimised device performance. Common characterisation methods used in the 

PV community include excess carrier lifetime measurements to assess the surface 

passivation quality of the obtained film [50], [58], [110], [128], [302]–[306] and Fourier 

transform infrared spectroscopy (FTIR) to determine the chemical bonding 

configuration of the deposited film [17], [70], [104], [106], [307]–[311]. 

However, these characterisation methods can be used only after the deposition process, 

in separate systems. Development of in-situ monitoring methods can be valuable since 

process information and possible errors can be detected in real time during 

manufacturing. Optical emission spectroscopy (OES) is one of the most widely used 

methods for in-situ process monitoring in the nano-electronics industry [283]–[301]. 

However, it is not commonly used in the PV industry [312]. In this study, an OES-based 

method to monitor PECVD AlOx is investigated; then an attempt is made to correlate 

the detected radicals with the chemical properties of the film and interface passivation 

quality. 

 
5  This chapter is summarised and published in Surface & Coatings Technology 

(DOI: https://doi.org/10.1016/j.surfcoat.2017.08.034). 

https://doi.org/10.1016/j.surfcoat.2017.08.034
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As critical process parameters, the gas flow rate ratio (GFRR) between nitrous oxide 

(N2O) and tri-methyl aluminium (TMA), the deposition pressure, and the deposition 

temperature were varied. These parameters are known to have a major impact on the 

film properties [313], [314]. Total gas flow rate and microwave power are also important 

parameters; however, they were fixed at 900 sccm and 1500 W (32% duty cycle) in this 

study, to allow for a detailed study of the other three parameters. The density of 

aluminium (Al*), oxygen (O*), and hydrogen (Hα* and Hβ*) radicals in the plasma were 

monitored by spectrophotometry as the intensity of the emitted light from the electronic 

transitions. Hα* and Hβ* are spectral lines in the Balmer series which are detected when 

a hydrogen electron falls from the third (Hα*) and fourth (Hβ*) lowest energy levels to 

the second lowest energy level. The impact of these parameters on the density of 

different radicals are analysed using a statistical software package (STATISTICA) [150], 

[151]. Although no strong correlation between the density of the forming radicals (Al* 

and O*) in the plasma and the surface passivation quality has been noted, the PECVD 

condition to achieve an optimum surface passivation layer is determined. However, this 

study highlights the limited knowledge that currently exists within the PV community 

regarding plasma characterisation and the relationship between the plasma species and 

surface recombination behaviour. 

Experimental methods 

The OES was installed in an industrial PECVD system (MAiA, Meyer Burger). The 

schematic diagram of the modified system is shown in Fig. A- 1. Light emission from 

an electronic transition of the radicals in the microwave plasma is transferred by an 

optical fibre which is mounted at view-port of the process chamber. The transferred light 

is analysed by a miniature spectrometer (Ocean Optics USB 2000+) with a detectable 

wavelength range of 340–1020 nm. The density of the plasma radical is represented as 

the magnitude of the associated emission peak. Fig. A- 2 shows the peak information of 

the OES signal during a typical deposition process. The Al*, Hα*, Hβ*, N* and O* 

related peaks are detected at the wavelengths 391.9 nm, 656.6 nm, 486.9 nm, 762.9 nm 

and 777.8 nm, respectively [292], [315]. It is noted that the N* peak is observed since 

N2O gas was used as an oxygen source and it can be also a source of nitrogen at the same 

time. The detection of N can be unique for PECVD process but not for ALD process. It 

is because the nitrogen peak will not be observed for thermal ALD due to both absence 

of nitrogen in oxygen precursor and inherent difference in deposition mechanism. 
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Two groups of wafers were used in this study. The first group consists of 60 p-type, 

Czochralski (Cz), random-upright-pyramid textured wafers (resistivity of ~1.8 Ω.cm, 

thickness of 190±10 μm and size of 45×45 mm2). The second group consists of 15 2” 

double-side-polished (DSP) p-type Cz wafers (resistivity 10 Ω.cm and thickness 175±10 

μm). The first group (Cz wafers) were used for electrical property measurements (excess 

carrier lifetime), while the second group (DSP wafers) was used for chemical property 

measurements (FTIR). The wafers went through an RCA (Radio Corporation of 

America) clean [156] and hydrofluoric acid (HF) dip before depositing AlOx and the 

silicon nitride (SiNx) capping layer. 

 
Fig. A- 1. Schematic diagram of OES set-up and the deposition system 

For AlOx deposition, N2O and TMA were used as process gases with argon (Ar) as a 

carrier gas for TMA. Silane (SiH4) and ammonia (NH3) were used for the SiNx 

deposition. The same SiNx capping layer was used for all the Cz samples. Although the 

SiNx was not deposited onto the DSP wafers, they received the same thermal treatment 

by passing through the PECVD system with the plasma sources switched off, while 

keeping the same setting for the heaters and for the transport. The AlOx layer thickness 

was targeted at 25 nm to avoid thickness dependence of the surface passivation 

performance. In this work, FTIR and lifetime results are limited to as-deposited samples 

to avoid any possible modification of the film property by the subsequent thermal 

process. 

With regard to characterisation of the resulting film, effective surface recombination 

velocity (Seff) was extracted from photoconductance-based effective lifetime 

measurements (using a WCT-120 from Sinton Instruments). For extracting Seff, I used 

the following equation: 
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𝑺𝒆𝒇𝒇  =
𝑾

𝟐
 (

𝟏

𝝉𝒆𝒇𝒇
− 

𝟏

𝝉𝒊𝒏𝒕
)    Equation A-1 

where 𝜏𝑖𝑛𝑡  is the intrinsic (Auger and radiative) lifetime. Here I assume that 𝜏𝑆𝑅𝐻
−1 

(infinite bulk lifetime) equals zero since the quality of the bulk is low due to inherent B-

O and iron in Cz wafers. In this case, the calculated Seff is at its upper limit. 

Each wafer was measured in quasi-steady-state mode [50]. An FTIR spectrometer 

(Nicolet 5700 from Thermo) was used to measure the infra-red absorption by various 

chemical bonds in the AlOx films. 

 
Fig. A- 2. A representative example of an OES signal as a function of wavelength; the peaks of 

Al*, Hβ*, Hα*, N* and O* are marked. 

Analysis of the data was done using STATISTICA. The experiment was designed as a 

Box-Behnken (3 factors/1 block/15 runs with 3 levels) with the three independent factors 

chosen to be GFRR of N2O to TMA, the deposition pressure, and the deposition 

temperature. Using STATISTICA, a model to predict the intensity of the OES signal as 

a function of the three process parameters was developed. Peak heights were calculated 

after subtracting the baseline to quantify the OES signal intensity; in this study the 

baseline is defined where there is no emission (from 950 nm to 1020 nm). Regarding the 

FTIR analysis, peak heights were calculated after subtracting the baseline that was 

defined where there is zero absorption (from 1900 cm-1 to 2400 cm-1). For both OES and 
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FTIR raw data, the Savitzky-Golay method was used for smoothing to optimise the 

signal-to-noise ratio [178]. 

The accuracy of the model was determined by comparison of the measured and the 

predicted values and by examination of the R-squared value of the fit. The statistical 

significance of the independent factors on the tested parameters was assessed by the ‘p-

Test’ value. A p-value below 0.05 indicates a significant effect of the independent factor 

on the tested parameter. 

Results and discussion 

Fig. A- 3 shows a contour plot, based on the STATISTICA model, of the OES 

intensities of observed radicals in the plasma as a function of the deposition parameters. 

The R-squared values of all the models are higher than 0.99. The dots in the contour map 

indicate the actual deposition conditions, as designed by STATISTICA. Fig. A- 3 (a) 

shows that Al* in the OES spectrum is significantly impacted by both GFRR (p < 0.004) 

and the pressure (p < 0.037). With regard to O*, both the GFRR (p < 0.0002) and the 

pressure (p < 0.023) have a significant effect on its generation, as shown in Fig. A- 3 (b). 

 
Fig. A- 3. Intensity of emitted light during electronic transition in the plasma by (a) Al*, (b) O*, 

(c) Hβ*, and (d) Hα* 
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It was found that GFRR has the strongest impact on Hβ* with (p < 0.001), as shown in 

Fig. A- 3 (c) and on Hα* with (p < 0.0007) [Fig. A- 3 (d)]. Temperature and pressure 

have only a minimal effect on both hydrogen radicals. For all the four observed radicals 

(Al*, O*, Hα* and Hβ*), it was found that GFRR has a significant linear impact. It is 

clear that GFRR is a meaningful index, since its numerator (N2O) is the only source of 

oxygen while its denominator (TMA) is the only source of aluminium; these two 

elements form the AlOx layer. In addition, hydrogen can be dissociated from TMA and 

the GFRR clearly shows that it has an inversely linear relationship with the H-related 

radicals. 

Contour plots based on the STATISTICA model for the FTIR measurements are studied 

to determine the chemical properties of the resulting AlOx films. I focus on the Al-O, 

O-H and C-H bonds, denoted [Al-O], [O-H] and [C-H], respectively. Fig. A- 4 (a), (b), 

and (c) presents absorption of chemical bonds as measured by FTIR as a function of the 

deposition parameters. GFRR has the most significant impact, not only on the density 

of [Al-O] with p-value < 0.0106, but also on the density of [O-H] with p < 0.0282 and 

[C-H] with p < 0.0119. Temperature shows only a small impact on [C-H], while pressure 

does not have any significant impact. For all the three detected chemical bonds densities 

([Al-O], [O-H], and [C-H]), GFRR has a significant quadratic impact. 
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Fig. A- 4. FTIR absorption of chemical bond configurations in the AlOx layer: (a) Al-O bond, 

(b) O-H bond, (c) C-H bond, and (d) Seff. 

Surface saturation current density was also investigated as an electrical property of the 

resulting film. Fig. A- 4 (d) shows a contour plot of Seff at an excess carrier concentration 

of 1015 cm-3. The R-squared value of the model is higher than 0.99. Temperature (p < 

0.009) is the most significant factor on Seff followed by GFRR (p < 0.013). 

I also investigated the correlation between the OES measurements and the resulting film 

properties (chemical bonds as measured by FTIR and Seff) using the statistical software 

package JMP which has powerful functions to identify correlations between sets of data 

and a strong graph-building capability. 

Firstly, I studied a correlation related to layer-forming atoms (aluminium and oxygen). 

Fig. A- 5 (a) shows the correlation between Seff acquired from the measured lifetime and 

the ratio of Al* to O* (Al*/O*) determined by OES. The ratio Al*/O* in OES is assumed 

to be more meaningful than either Al* or O* radicals, as [Al-O] is supposed to exist as 

a certain ratio of Al* and O* [107]. Individual data points are coloured according to the 

three different GFRR values as it is an independent factor which has the strongest impact 

on all the characterisation results, as discussed above. It is interesting to note the weak 

impact of Al*/O* on Seff. A wide range of Seff was obtained for similar Al*/O*. In Fig. 

A- 5 (b), the correlation between Al*/O* and the [Al-O] absorption peak is presented. It 

seems that the concentration of [Al-O] bonds saturates for Al*/O*  2. No correlation 

was found between Seff and [Al-O] absorption, although lower Seff was extracted for high 

[Al-O] as shown in Fig. A- 5. 

Further investigation on the correlations OES to FTIR and Seff is shown in Fig. A- 7. I 

investigated the impact of the independent Al* and O*, and the sum of Al* and O*; 

however, none of them demonstrates a strong correlation by itself. 
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Fig. A- 5. Correlation between (a) Seff and Al*/O* (OES), (b) [Al-O] (FTIR) and Al*/O* (OES), 

and (c) Seff and [Al-O]. The lines only serve as guides to the eyes. 

I then studied the correlations related to hydrogen atoms. Fig. A- 6 (a) shows the 

correlation between OES intensity (sum of Hα* and Hβ*) and density of hydrogen-

related bonds obtained from the absorption peaks of the FTIR measurements (sum of 

[O-H] and [C-H]). It is observed that the density of hydrogen-related bonds increases 

with a higher density of hydrogen radicals (sum of Hα* and Hβ*) until a certain value 

(sum of Hα* and Hβ* = ~70). However, less [O-H] and [C-H] are detected in the resulting 

layer as the sum of Hα* and Hβ* increases above that value. It seems that excessive 

hydrogen radicals in the plasma decreases the mean free path of radicals and leads to 

fewer [O-H] and [C-H] bonds in the resulting AlOx layer. Fig. A- 6 (b) indicates that the 

best surface passivation is achieved when more Hα* and Hβ* are generated in the plasma, 

although this condition also resulted in minimum [O-H] and [C-H] bonds. Fig. A- 6 (c) 

indicates that there is no strong correlation between Seff and the density of hydrogen-

related bonds. However, high quality surface passivation is achieved with the lowest 

density of [O-H] and [C-H] bonds. A possible explanation is that the majority of 

generated species within the plasma are exhausted out of the chamber and only a small 

amount is engaged to form the film and react with the surface of the substrate. Therefore, 

additional plasma diagnostic methods such as quadrupole mass spectrometry (QMS) 
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should be employed to reveal the uncertainty of the plasma [316]. Further investigations 

regarding the correlations between OES and FTIR and between OES and Seff are shown 

in Fig. A- 8. 

 

Fig. A- 6. Correlation between (a) ([O-H] + [C-H]) from FTIR and (Hβ* + Hα*) and (b) Seff and 

(Hβ* + Hα*) from OES, and (c) Seff and ([O-H] + [C-H]). The lines only serve as guides to the 

eyes. 
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Additional information 

 
Fig. A- 7. Correlation between [Al-O] (FTIR) and (a) Al* (OES), (b) O* (OES) and correlation 

between Seff and (c) Al* (OES), (d) O* (OES). The lines only serve as guides to the eyes. 

 
Fig. A- 8. Correlation between sum of ([O-H] + [C-H]) from FTIR and (a) Hβ* (OES), (b) Hα* 

(OES). Correlation between Seff and (c) Hβ* (OES), and (d) Hα* (OES). The lines only serve as 

guides to the eyes. 
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Conclusion 

I investigated the impact of the PECVD process conditions on the density of radicals 

generated by the plasma using OES. I tried to correlate the radical densities with the 

chemical and electrical properties of the obtained film. I found that GFRR has the most 

significant impact on the density of all the detected radicals (Al*, O*, Hα* and Hβ*). 

GFRR also has a significant impact on both the chemical and electrical properties of the 

film. However, no strong correlations between the radicals and the film properties have 

been identified. It is found that the optimum surface passivation is achieved with a 

certain ratio between Al* and O*; interestingly, it is not directly reflected in the density 

of [Al-O] in the layer. It was also observed that the surface passivation quality is higher 

with higher density of hydrogen radicals in the plasma. This study highlights the need 

for further investigations of the plasma characteristics during PECVD processes for PV 

applications. 
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