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Abstract 

The continuing push for higher energy conversion efficiencies and reduced cost-per-watt 

of photovoltaic solar cells results in the need for improved characterisation methods. 

Generally, the characterisation of photovoltaic devices is conducted under standard test 

conditions of 25 °C at an irradiance of 1000 W·m-2. However, photovoltaic device 

operating temperature and irradiance deviate significantly from the standard test 

conditions. This results in a considerable knowledge gap regarding their performance 

under realistic operating conditions, along with the challenge related to the lack of 

suitable characterisation methods. Therefore, this thesis aims to develop innovative 

characterisation methods to expand the knowledge about the electrical properties of 

silicon wafers and cells under different operating conditions. 

The temperature coefficient is an important figure of merit for quantifying the impact 

of operating temperatures on the photovoltaic devices’ performance. In this thesis, a 

method for measuring the spatially resolved temperature coefficient of silicon wafers and 

cells is developed. Using this method, broad studies on the local temperature-dependent 

behaviours of regions with varying electrical quality are carried out. The local 

temperature coefficient is compared at different ingot positions, between different 

materials, as well as after implementing different solar cell fabrication processes. As a 

result, a wealth of temperature coefficient information is generated –– information that 

was previously unavailable through conventional global measurements –– and thus, 

allows more accurate modelling of photovoltaic energy yield. 

Charge carrier lifetime is an essential parameter of photovoltaic devices as it 

empirically quantifies various recombination processes occurring simultaneously in the 

devices. It directly relates to the performance of photovoltaic devices. In this thesis, an 

advanced photoluminescence imaging method using non-uniform excitation is developed 

to accurately determine the carrier lifetime images of silicon samples with spatially 

inhomogeneous electrical properties at different operating conditions. A contactless 

approach for quantifying surface recombination and extracting interface defect 
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parameters from temperature- and injection-dependent lifetime measurements is also 

developed. This approach is successfully applied to investigate the silicon-silicon dioxide 

interface at various temperatures and injection levels. The associated interface defect 

parameters and the temperature dependence of the capture cross-sections are determined. 

The methods developed in this thesis combine to promote targeted improvements to 

photovoltaic device characterisation — and thus, photovoltaic device design and 

efficiency — by enabling detailed individual assessment of surface and bulk electrical 

properties under different operating conditions that typically occur in the field. 
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Chapter 1  
Introduction 

We are living in a critical time period that is characterised by an unprecedentedly 

increasing level of atmospheric carbon dioxide (CO2). Today, the CO2 level in the 

atmosphere is about 49% higher than its level during the pre-industrial era [1, 2]. This 

poses a widespread and long-lasting crisis to our world –– climate change –– with a series 

of associated devastating consequences, such as increasing global temperature, frequent 

extreme weather conditions, accelerated glacier retreats, sea-level rise, species extinctions, 

and more. It is indisputable that immediate decarbonisation measures must be taken to 

stop the exacerbation of climate change. Given that the primary contributor to CO2 

emission is burning fossil fuels [3], a significant transition towards renewable energy 

sources is imperative. 

Among all the renewable energy resources, solar energy has the largest reserve, far 

exceeding the sum of the remaining renewable energy resources by orders of magnitude 

[4]. Indeed, each hour, the amount of solar energy reaching our planet is sufficient to fulfil 

our energy demand for a year, considering the global energy consumption of ~ 20 TWy 

today and ~ 30 TWy by 2050 [5]. Its abundance, ubiquity, and sustainability position 

solar energy as the primary energy source for the zero-carbon future. Due to the huge 

global electricity demand with an ever-growing rate [6], a large proportion of solar energy 

is utilised for electricity generation via photovoltaics (PV). By directly converting solar 

energy into electricity, PV is expected to play a central role in electricity generation in 

our green future [7, 8]. 

Over the past decades, tremendous progress has been made in PV, resulting in a rapid 

cost reduction and a remarkable growth of the installed capacity [9]. In the last 12 years, 

there has been a ~ 20 times reduction in average PV module price from 4.12 USD/W in 

2008 to 0.21 USD/W in 2020 [9, 10]. In most countries, the levelised cost of energy 

(LCOE) of PV is already lower than the LCOE of coal [9, 11]. Hence, PV is a viable 

alternative to conventional fossil fuels for electricity generation. With the global 
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cumulative capacity of installed PV at 756 GW by the end of 2020 [9] and 70 TW 

predicted by 2050 [7, 12], it is evident that PV is on its way to dominating the worldwide 

energy source. 

1.1 Thesis Motivation and Objectives 

Crystalline silicon (Si)-based PV technologies are the workhorses of the global PV market 

[9]. Their rapid development has increased module efficiency and power, enabling a rapid 

reduction in module prices, and thus significantly decreasing the contribution of the 

modules to the overall PV system cost [9, 13]. Therefore, other costs, especially the 

installation are becoming more important [13]. Driven by the need to optimise different 

expenditures of the PV systems, it is critical to further improve the module efficiency and 

reliability to reduce LCOE [13]. 

Characterisation plays a critical role in improving the efficiency and reliability of PV 

devices. They are greatly utilised in the development and optimisation of PV materials, 

processes, and device structures, as well as in the reliability assessment of PV devices. 

Usually, the characterisation techniques are designed to assess PV devices’ properties 

under “standard test conditions” (STC): a standard solar spectrum AM1.5G, an irradiance 

of 1000 W·m-2, and a temperature of 25 °C (~ 298 K) [14]. This common measurement 

environment is chosen to allow a universal comparison of the electrical quality of wafers, 

cells, and modules. However, PV modules are installed all over the world and therefore 

work at different operating temperatures and irradiance depending on the location, season, 

and time of the day. For instance, solar cell operating temperature varies yearly 

from -10 °C to 55 °C (average of 19 °C) in Norway while -5 °C to 70 °C (average of 

37 °C) in the USA [15]. STC cannot represent the standard operating conditions of the 

majority of PV devices. Since the temperature and irradiance have a significant impact 

on the PV devices’ performance [15, 16], it is essential to develop characterisation 

methods under realistic operating conditions. Furthermore, many new PV devices have 

localised features, such as selectively diffused regions and local contacts. Some of them 

also suffer from non-uniformly distributed defects. Therefore, spatially resolved 

characterisation techniques are preferred for such devices in order to comprehend their 

inhomogeneous performance distribution. 

Characterisation of the temperature- and injection-dependent electrical properties of 

PV devices in a spatially resolved manner is crucial for: (a) a better understanding of the 
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defects and the degradation mechanisms in PV devices, enabling the evaluation of their 

impacts on device efficiency and consequently devising the elimination strategies for 

efficiency and reliability enhancement, (b) helping future innovation of specialised PV 

devices with efficiency optimised for different operating conditions, and (c) accurately 

modelling PV energy yield in the real world conditions which are vital for designing and 

investing PV projects. From the above aspects, the need for a better understanding of 

temperature- and injection-dependent electrical properties of Si wafers and cells has 

emerged, along with challenges related to the lack of suitable characterisation methods. 

Therefore, this thesis aims to develop advanced characterisation methods and use these 

methods to further the understanding of the electrical properties of Si wafers and solar 

cells, with attention to: 

• Develop a temperature-dependent spatially resolved characterisation system to 

probe the temperature coefficient (TC) maps of Si wafers and cells; 

• Investigate the spatially resolved TC of multi-crystalline silicon (mc-Si) wafers 

and cells from different ingot heights; 

• Assess the impacts of different solar cell fabrication steps on the spatially resolved 

TC of cast-mono Si wafers; 

• Develop an advanced carrier lifetime imaging technique for accurate quantification 

and investigation of local recombination activities of non-uniformly distributed 

defects within Si; 

• Develop an accurate method to examine the interface recombination and its 

temperature and injection dependence; 

• Apply the above method to investigate carrier recombination at the Si-SiO2 

(silicon-silicon dioxide) interface, considering a wide range of variables including 

dielectric charge, temperature, and injection levels. 

1.2 Thesis Outline 

Chapter 2 reviews the basic concepts of different recombination mechanisms and carrier 

lifetime which is essential for understanding the work in the following chapters. 

Moreover, the commonly used characterisation techniques for quantifying carrier 

recombination are introduced. 

https://www.sciencedirect.com/topics/chemistry/dielectric-material
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Chapter 3 presents the temperature- and injection-dependent photoluminescence (PL) 

imaging system developed during this thesis, which allows resolving the electrical 

properties of Si wafers and cells spatially under different operating conditions. Its 

advantages are demonstrated by investigating the TC of various regions across mc-Si 

wafers and cells from different ingot heights. The proposed method unveils valuable 

information that cannot be easily accessed by the common global characterisation 

techniques. 

Chapter 4 further extends the application of the temperature-dependent PL imaging 

method proposed in Chapter 3 to explore the spatially resolved temperature sensitivity of 

cast-mono Si wafers and cells. Their local temperature-dependent behaviours are 

compared at different ingot positions as well as after implementing different solar cell 

fabrication processes, thus, providing a wealth of information that has not been reported 

previously. 

Chapter 5 elaborates an advanced PL imaging method that overcomes the limitations 

of the conventional PL imaging systems with uniform illumination, including (a) lateral 

carrier flows caused by the non-uniformities of the measured samples, which affect the 

acquired images and result in inaccurate lifetime analysis and image blurring, (b) locally 

different injection levels at which samples’ spatial non-uniformities are measured. The 

feasibility and advantages of the proposed method are demonstrated using both non-

diffused and diffused Si wafers. This approach presents a significant improvement in 

spatial lifetime accuracy and image sharpness compared to the conventional PL imaging 

techniques. 

Chapter 6 introduces a method to quantify surface recombination under different 

operating conditions which allows individual assessment of surface and bulk quality. This 

proposed method is employed to investigate the recombination at the Si-SiO2 interface 

by varying the temperature, illumination intensity, and dielectric charge. Most 

importantly, using this method, the defect parameters associated with this interface are 

extracted, together with the temperature dependence of the capture-cross sections. 

Chapter 7 summarises the main findings of this thesis. Future outlooks for improving 

the proposed methods and expanding their applications are also outlined in this chapter. 

 

https://www.sciencedirect.com/topics/chemistry/dielectric-material
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Chapter 2  
Review: Theoretical Background and Literature 

To assist the readers to understand the innovative work in this thesis, this chapter 

describes the theoretical background that is relevant to the entire thesis and reviews the 

conventional characterisation techniques and their associated limitations. Specifically, 

Section 2.1 provides a summary regarding different recombination mechanisms and 

carrier lifetime. Following that, Section 2.2 introduces the characterisation techniques 

that are commonly used to probe the carrier recombination in Si PV devices. Section 2.3 

provides the temperature-dependent intrinsic properties of Si. 

It should be noted that in each of the following chapters, a more detailed literature 

review related to the content of each chapter is provided. 

2.1 Recombination and Carrier Lifetime 

The electricity generation of Si solar cells relies on creating electron-hole pairs, which 

usually is accomplished by the absorption of photons with energy greater than the 

bandgap of Si [17]. The inverse process of generation is known as recombination whereby 

electron-hole pairs are annihilated and their released energy can be emitted via photons, 

phonons or both [17]. Since recombination leads to a loss of photo-generated carriers, it 

limits the performance of solar cells. 

Generally, recombination is classified as intrinsic or extrinsic recombination [17]. 

Intrinsic recombination is an unavoidable process that occurs even in a perfect Si crystal 

[17, 18]. Extrinsic recombination is a defect-mediated process that occurs via defect 

levels within the bandgap, induced by impurities, lattice imperfections or surface 

dangling bonds [17, 18]. Often, recombination is empirically parameterised by carrier 

lifetime (τ), which is defined as the average time that a photo-generated carrier can exist 

before being annihilated by recombination with the opposite charge carrier. It is expressed 

as the ratio between the excess carrier density (Δn) and the recombination rate (U) [19]: 
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 𝜏𝜏 =
Δ𝑛𝑛
𝑈𝑈

 2.1 

Experimentally, the carrier lifetime measured is the effective lifetime (τeff), resulting from 

different recombination processes occurring simultaneously within the Si bulk and at the 

surfaces. 

As the main topic of this thesis is the characterisation of the electrical properties of Si 

wafers and cells which highly depends on carrier recombination, the following sections 

provide a detailed explanation of the different recombination mechanisms and their 

associated carrier lifetimes. 

2.1.1 Intrinsic Recombination 

Intrinsic recombination in Si is categorised as radiative recombination [20] and Auger 

recombination [21]. Radiative recombination is the reverse process of the optical 

generation of solar cells. It involves the transition of a free electron from the conduction 

band to an unoccupied state in the valence band, and releasing its excess energy in the 

form of a photon [20]. Therefore, the radiative recombination rate (Urad) is proportional 

to the concentrations of free holes and free electrons, which is given by [17]: 

 𝑈𝑈rad = 𝐵𝐵rad(𝑛𝑛𝑛𝑛 − 𝑛𝑛i2) 2.2 

where 𝑛𝑛 and 𝑛𝑛 are the electron and hole concentrations, respectively. ni is the intrinsic 

carrier concentration. 𝐵𝐵rad is the radiative recombination coefficient, which is known to 

be enhanced by Coulomb attraction and affected by charge carrier density and 

temperature [20, 22-27]. Bradni
2 represents the radiative recombination of thermally 

generated carriers, which is often ignored, as the photo-generated carrier concentration is 

more dominant. 

Photon emission via radiative recombination under illumination is known as 

photoluminescence –– the basis of PL-based characterisation techniques –– which will be 

described in Sections 2.2.3 and 2.2.4. 

Auger recombination [21, 28-30] is a three-carrier interaction process. An electron 

recombines with a hole while its excess energy is transferred to a third electron or hole, 

which is later released to the crystal as phonons [31]. The rate of Auger recombination 

depends on the product of the density of each particle involved and is defined as [18]: 
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 𝑈𝑈Auger = 𝐶𝐶n(𝑛𝑛2𝑛𝑛 − 𝑛𝑛02𝑛𝑛0) + 𝐶𝐶p(𝑛𝑛𝑛𝑛2 − 𝑛𝑛0𝑛𝑛02) 2.3 

where n0 and p0 represent electron and hole density under thermal equilibrium. Cn and Cp 

are Auger coefficients for eeh (two electrons and one hole) process and ehh (two holes 

and one electron) process. 

It should be noted that Coulombic interaction between electrons and holes [32] affects 

Auger recombination. This interaction was used to explain the deviation from the ideal 

relationship between doping concentration and Auger lifetime [33]. To account for this 

Coulombic interaction, the enhancement factors geeh and gehh were introduced and the new 

expression of UAuger is given by [34]: 

 𝑈𝑈Auger = 𝐶𝐶n𝑔𝑔𝑒𝑒𝑒𝑒ℎ(𝑛𝑛2𝑛𝑛 − 𝑛𝑛02𝑛𝑛0) + 𝐶𝐶p𝑔𝑔𝑒𝑒ℎℎ(𝑛𝑛𝑛𝑛2 − 𝑛𝑛0𝑛𝑛02) 2.4 

Besides Coulomb-enhancement, Auger recombination can be affected by other factors 

[35-37], such as phonon participation [36], presence of particular defects to assist Auger 

recombination [35]. The temperature impact on Auger recombination has been 

experimentally accessed by Wang and Macdonald [38], where a reducing Auger 

coefficient has been reported between 243 K and 303 K. However, their simple model 

has not been confirmed on samples with different doping densities and did not consider 

Coulomb-enhancement. Unfortunately, all the other existing empirical parameterisations 

of Auger recombination [34, 39-42] do not account for the temperature dependence of the 

Auger coefficients. 

2.1.2 Defects and Extrinsic Recombination 

There are several types of defects appearing in Si: point defects (e.g., vacancies, self-

interstitials, interstitial and substitutional impurities), line defects (e.g., dislocations), area 

defects (e.g., grain boundaries), and volume defects (e.g., precipitates) [43]. As 

previously mentioned, the presence of defects can create energy states within the Si 

bandgap, and subsequently facilitate extrinsic recombination. Since defects can appear in 

the Si bulk, and also at the surfaces, extrinsic recombination can be further categorised 

into bulk and surface recombination [19]. 

In 1952, a formula was proposed by Shockley and Read [44] and Hall [45] (SRH) from 

statistical considerations to describe recombination through the bulk defect with a single 

defect level, USRHbulk: 
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 𝑈𝑈SRH bulk =
𝑛𝑛𝑛𝑛 − 𝑛𝑛i2

𝜏𝜏p0(𝑛𝑛 + 𝑛𝑛1) + 𝜏𝜏n0(𝑛𝑛 + 𝑛𝑛1) 2.5 

where τn0 and τp0 are capture time constants of electrons and holes which are related to 

the capture cross-sections (σn and σp), defect density (Nt) and thermal velocities (vthn and 

vthp): 

 𝜏𝜏n0 =
1

𝜎𝜎n𝑣𝑣thn𝑁𝑁t
, 𝜏𝜏p0 =

1
𝜎𝜎p𝑣𝑣thp𝑁𝑁t

 2.6 

SRH densities n1 and p1 are given by: 

 𝑛𝑛1 = 𝑛𝑛i𝑒𝑒
�𝐸𝐸t−𝐸𝐸i𝑘𝑘𝐵𝐵𝑇𝑇

�, 𝑛𝑛1 = 𝑛𝑛i𝑒𝑒
�𝐸𝐸i−𝐸𝐸t𝑘𝑘B𝑇𝑇

�  2.7 

where kB is the Boltzmann constant, T is the temperature, Ei is the intrinsic Fermi level, 

and Et is the defect’s energy level. 

It should be noted that there are a few requirements for using Equation 2.5 [46, 47]. 

Firstly, it is restricted to defects with a single energy level and only two charge states, i.e. 

the defect cannot be a multivalent defect [48]. Secondly, Equation 2.5 is valid only if the 

geometry of the defect does not affect the carrier distribution near the defect and thus its 

recombination, such as point defects. Thirdly, when extracting carrier lifetime of defects 

with a strong trapping-behaviour, the asymmetric excess electron and hole concentrations 

need to be considered [49]. If the above requirements are satisfied, the correlation 

between defects’ electrical properties and carrier lifetime follows the SRH equation. 

Therefore, it can be used to extract defect parameters from measured carrier lifetime, 

which is known as injection-dependent lifetime spectroscopy (IDLS) or temperature- and 

injection-dependent lifetime spectroscopy (TIDLS). A more detailed explanation of 

lifetime spectroscopy is given in [46, 47, 50]. 

Surface recombination is usually analysed by the extended SRH equation. The surface 

recombination rate per unit surface area for a single level is given by [18]: 

 𝑈𝑈s =
(𝑛𝑛s𝑛𝑛s − 𝑛𝑛i2)

(𝑛𝑛s + 𝑛𝑛1)
𝑆𝑆p0

+ (𝑛𝑛s + 𝑛𝑛1)
𝑆𝑆n0

 2.8 
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where ns and ps are the carrier concentrations at the surface. Sn0 and Sp0 are surface 

recombination velocities of electrons and holes which are related to the surface states for 

a specific energy level (Nst) and capture cross-sections (σns and σps), 

 𝑆𝑆n0 = 𝜎𝜎ns𝑣𝑣thn𝑁𝑁st, 𝑆𝑆p0 = 𝜎𝜎ps𝑣𝑣thp𝑁𝑁st 2.9 

It should be noted that the Si surface features abrupt discontinuation in the crystal 

lattice structure. This results in a large density of states and numerous defect levels being 

present within the bandgap [18]. Therefore, instead of using Nst for a particular energy 

level, surface recombination rate should be calculated by using surface state density at 

each energy [Dit(E)] and integrating over all the energy levels [18], see Equation 6.2 in 

Chapter 6. 

Surface recombination velocity (S) is often used to quantify the recombination at 

surfaces, and it is defined as [18]: 

 𝑆𝑆 =
𝑈𝑈s
∆𝑛𝑛s

 2.10 

where Δns is the excess carrier concentration at the surface. 

The undesirable surface recombination is reduced by surface passivation [51]. This is 

commonly achieved by the combination of two approaches, referred to as “chemical 

passivation” and “field-effect passivation”. As pointed out by Cuevas et al. [52, 53], the 

term “field-effect passivation” is misleading, as the electric field cannot repel excess 

minority carriers away from the surface, and instead modifies the surface carrier 

concentration to reduce recombination rates. Hence, this approach can be referred to as 

charge-assisted population control [52, 53]. Chemical passivation is obtained by reducing 

Dit and lowering the capture probabilities, while charge-assisted population control is 

achieved by the deposition of charge to reduce the concentration of one type of carriers 

available at the surface [18]. Often a dielectric layer is used to simultaneously reduce Dit 

and provide a fixed charge density (Qf) [18]. An in-depth investigation of Si-SiO2 

interface recombination occurring at different temperatures and illumination intensities 

can be found in Chapter 6. 
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2.1.3 Effective Lifetime 

As the mentioned recombination mechanisms occur simultaneously, τeff can be calculated 

as: 

 
1
𝜏𝜏eff

=
𝑈𝑈rad + 𝑈𝑈Auger + 𝑈𝑈SRH bulk + 𝑈𝑈s

Δ𝑛𝑛
 2.11 

Generally, USRH bulk and US dominate the overall recombination rate in Si solar cells. 

UAuger dominates the high injection level and heavily doped Si due to the cubic correlation 

with carrier concentration [54]. Urad is less dominant as Si has an in-direct bandgap [55]. 

Lifetime due to different recombination mechanisms can be separated to radiative (τrad), 

Auger (τAuger), SRH bulk (τSRH bulk) and surface (τs) lifetime [56]: 

 
1
𝜏𝜏eff

=
1
𝜏𝜏rad

+
1

𝜏𝜏Auger
+

1
𝜏𝜏SRH bulk

+
1
𝜏𝜏s

 2.12 

Note that symmetric lifetime samples with identical dielectric film on both sides are 

of interest in this thesis. For such samples with sufficiently low surface recombination, 

τeff can also be expressed as [57]: 

 
1
𝜏𝜏eff

=
1
𝜏𝜏rad

+
1

𝜏𝜏Auger
+

1
𝜏𝜏SRH bulk

+
2𝑆𝑆
𝑊𝑊

 2.13 

where S has to be lower than 𝐷𝐷
4𝑊𝑊

 [57], W is the sample thickness, and D is the diffusion 

coefficient. 

2.2 Characterising Recombination in Silicon 

Experimentally, recombination rates can be quantified by carrier lifetime. In this section, 

lifetime measurement principles are firstly reviewed, followed by a detailed description 

of the commonly used measurement techniques. 

2.2.1 Lifetime Measurement Principle 

Assuming excess carrier distribution is uniform throughout a Si sample, the excess carrier 

concentration follows the continuity equation [19]: 

 𝑑𝑑Δ𝑛𝑛
𝑑𝑑𝑑𝑑

= 𝐺𝐺 − 𝑈𝑈 2.14 
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where G is the generation rate. Combined with Equation 2.1, Equation 2.14 can be re-

arranged as [58]: 

 𝜏𝜏eff =
Δ𝑛𝑛

𝐺𝐺 − 𝑑𝑑Δ𝑛𝑛
𝑑𝑑𝑑𝑑

 2.15 

As Equation 2.15 implies, τeff can be acquired by measuring the time-dependent ∆𝑛𝑛 

and generation rate. Depending on the time-dependence of the excitation, τeff can be 

measured under steady state, transient and quasi-steady-state (QSS) conditions. 

If a constant (or steady state) illumination is applied to the sample, ∆𝑛𝑛 remains constant, 

Equation 2.15 can be simplified to: 

 𝜏𝜏eff =
Δ𝑛𝑛
𝐺𝐺

 2.16 

This is referred to as the steady state condition where the generation rate is constant and 

equivalent to the total recombination rate. Since steady state illumination can heat the 

sample, and only lifetime at a single injection level is obtained in one measurement, this 

measurement condition is often not preferred for acquiring injection-dependent lifetime 

measurements. 

If a very fast pulse of light is subjected to the sample, the decay of Δ𝑛𝑛 is measured 

after the light is off and hence is only affected by the recombination. This means 

Equation 2.15 can be simplified to: 

 𝜏𝜏eff =
Δ𝑛𝑛

−𝑑𝑑Δ𝑛𝑛𝑑𝑑𝑑𝑑

 2.17 

This is known as the transient condition. To obtain reliable measurements in this 

condition, the sample’s lifetime should be significantly longer than the turn-off time of 

the light such that there is a significant excess carrier population after the light is off. 

Practically, the transient condition is recommended for samples with carrier 

lifetime > 100 μs [59]. Since the measured lifetime in this condition is independent of the 

generation rate, it is often preferable to use this measurement condition to reduce the 

uncertainty in the determination of the generation rate [60]. 
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If a long and slowly-decaying pulse of light is used such that the excitation is close to 

steady state, the generalised Equation 2.15 should be used. This measurement condition 

is known as QSS. In this condition, the absolute value of the generation rate is required 

for computing the lifetime. Compared to the steady state condition, QSS condition gives 

lifetime values across a wide range of Δn in one measurement. Compared to the transient 

condition, QSS condition is less prone to noise and can be used to measure low-lifetime 

samples. 

2.2.2 Photoconductance Measurement 

Photoconductance (PC) is a contactless and non-destructive characterisation technique 

for the carrier lifetime measurement [61, 62] that was popularised by Sinton Instruments 

[63]. It has been used in PV research labs and production lines worldwide for testing 

sample quality, monitoring, and optimising fabrication processes. 

 

As shown in Figure 2.1, in commercial PC-based lifetime testers (such as Sinton WCT-

120) [59], a xenon photograph flash lamp with a controllable decay rate is used as the 

excitation source, accompanied by a long pass filter to cut off the short-wavelength part 

of the flash spectrum. This allows a more uniform generation profile across the sample 

depth. An inductive coil is positioned underneath the sample to sense its conductance. 

Simultaneously, the photon flux of the flash is recorded by a reference cell. Such 

measurements can be subsequently converted to the time-dependent excess carrier 

 

Figure 2.1 Schematic diagram of the PC setup. 
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concentration and generation rate, from which the injection-dependent τeff can be 

extracted. The detailed calibration procedure from PC to carrier lifetime will be explained 

later.  

2.2.2.1 Calibration of the Excess Carrier Concentration 

In PC measurements, a magnetic field is generated by a radio frequency (RF) alternating 

current passing through the coil. This induces eddy currents and an associated magnetic 

field in the sample, resulting in increasing impedance of the PC coil and thus affecting 

the measured PC coil voltage (VPC). By establishing the absolute correlation between 

measured VPC and sample conductance, Δn can be determined based on the following 

equation [62]: 

 ∆𝑛𝑛 =
∆𝜎𝜎

𝑞𝑞𝑊𝑊[𝜇𝜇n(∆𝑛𝑛) + 𝜇𝜇p(∆𝑛𝑛)]
 2.18 

where q is the elementary charge, and μn (μp) is the mobility of electrons (holes) which 

depends on ∆𝑛𝑛. An iterative procedure is used to obtain self-consistent mobility and ∆𝑛𝑛. 

Δσ denotes the PC (i.e. change of the sample’s conductance due to illumination), which 

can be calculated by [47]: 

 ∆𝜎𝜎 = �𝑎𝑎𝑉𝑉PC_light
2 + 𝑏𝑏𝑉𝑉PC_light� − (𝑎𝑎𝑉𝑉PC_dark

2 + 𝑏𝑏𝑉𝑉PC_dark) 2.19 

where VPC_light is the PC coil voltage recorded after excitation when Δn > 0, VPC_dark is the 

PC coil voltage measured in the dark, and a and b are the calibration constants that can 

be determined by calibrating against samples with known conductance [64]. In this thesis, 

five calibration wafers were used, and their conductance (σcal) was measured by the four-

point probe technique. For each wafer, two PC coil voltage measurements were taken in 

the dark, with (VPC_cal) and without (VPC_air) the sample. The calibration constants a and b 

can then be determined by fitting the following quadratic equation [47]: 

 𝜎𝜎cal = 𝑎𝑎�𝑉𝑉PC_cal
2 − 𝑉𝑉PC_air

2 � + 𝑏𝑏(𝑉𝑉PC_cal − 𝑉𝑉PC_air) 2.20 

It should be noted that Equation 2.18 assumes that the excess electron concentration 

equals the excess hole concentration. This assumption is true for most cases unless the 

defects have a carrier trapping behaviour. Carrier trapping causes Δn calculated from 

Equation 2.18 to deviate from the true minority carrier concentration, resulting in a higher 

apparent τeff [65, 66]. Besides carrier trapping, the artificially high apparent τeff at low 
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injection levels extracted from PC measurements can be caused by the depletion region 

modulation (DRM) [67]. It often occurs in Si samples featuring a p-n junction or an 

inversion-layer emitter due to the dielectric layer [67]. 

2.2.2.2 Calibration of the Generation Rate 

Accurate determination of the generation rate is important for the QSS τeff measurement. 

This requires the conversion from the measured output of the reference cell (Vref) to the 

generation rate by using the following equation: 

 𝐺𝐺 = 𝑓𝑓sampleΦ = 𝑓𝑓sample(𝑓𝑓system𝑉𝑉ref) 2.21 

where fsample is a sample-dependent calibration factor that relates to the light source 

spectrum and sample’s optical properties, and fsystem is a system-dependent calibration 

factor that is associated with the optical path and measurement system. Φ is the incident 

photon flux at the sample plane. 

For xenon flash-based measurements, fsystem is provided by Sinton Instruments [59]. 

fsample can be estimated by using optical models or by checking the Sinton manual where 

fsample for Si samples with different substrate thicknesses and various dielectric properties 

are provided [59]. 

If other illumination sources are used, such as light-emitting diode (LED) or laser, 

fsystem and fsample can be determined using the method described in Section 2.2.3.2.  

Alternatively, fsample can be obtained by matching the QSS τeff with the transient τeff 

measurements [68]. As previously explained, the transient measurement is independent 

of the generation rate. By adjusting fsample until QSS and transient τeff curves are 

overlapped, the correct fsample can be obtained. The advantage of this approach is that 

neither the measurements of the flash spectrum nor the sample reflectance is required. 

Moreover, it can compensate the uncertainty in the known fsystem. This approach can 

directly obtain the product, fsystem·fsample, therefore even if the known fsystem is not accurate, 

the fsample obtained from this approach can offset the error in fsystem. It should be noted that 

this approach is limited to high lifetime samples which can be accurately measured in the 

transient condition. 
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2.2.3 Photoluminescence Measurement 

PL is another method to obtain injection-dependent τeff. In a typical PL setup [47], the 

sample is illuminated using an LED or a laser, and its emitted PL signal is detected by a 

photodiode (named PL detector) positioning underneath the sample, as shown in 

Figure 2.2. A long-pass optical filter is placed between the sample and the PL detector to 

avoid the detection of illumination light. An additional Si photodiode (named reference 

photodiode) is used to record the photon flux of excitation light. Both PL detector and 

reference photodiode are connected to transimpedance preamplifiers, and their associated 

voltage outputs are recorded by a data acquisition card (not shown in Figure 2.2). 

 

Compared with PC measurement, PL-based measurement is less susceptible to carrier 

trapping [65], as the measured PL signal is proportional to the product of the minority 

and majority carriers. As long as the trap-like defect density is much lower than the 

doping concentration which is true for most cases, the trapping effect can usually be 

negligible. Therefore, PL is beneficial for obtaining the true lifetime at low injection 

levels. In addition, PL-based measurements are not affected by DRM as they measure the 

quasi-fermi level splitting in the sample directly [65]. These serve as the two main 

advantages for carrying out PL-based lifetime measurements. 

2.2.3.1 Calibration of the Excess Carrier Concentration 

In PL-based measurements, Δn is extracted from the voltage output of the preamplifier 

connected to the PL detector (VPL) by using the following equation: 

 𝑉𝑉PL = 𝐹𝐹PL𝐵𝐵rad(Δ𝑛𝑛)(𝑁𝑁dop + Δ𝑛𝑛)Δ𝑛𝑛 2.22 

 

Figure 2.2 Schematic diagram of the PL setup using LED as the excitation source. Note that the 
optical path for the laser is similar to the LED. 
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Where Ndop is doping density and FPL is the calibration factor that depends on both the 

sample optics and the measurement system. 

Two methods are mainly used in this thesis to determine the calibration constant FPL. 

Firstly, FPL can be adjusted until the PL lifetime curve matches the PC lifetime curve. In 

cases of carrier trapping or DRM, PC and PL lifetime measurements need to be matched 

at high injection levels where the PC measurement is unaffected by carrier trapping and 

DRM. Secondly, the self-consistent calibration method proposed by Trupke et al. [69] 

can be applied. In this method, a symmetric illumination pulse (such as a sinusoid 

function) is used. The true FPL can be acquired when the two halves of the lifetime curve 

(corresponding to the rising and falling parts of the modulated pulse) are overlapped. Note 

that the mismatch of the two halves of the lifetime curve could occur due to the inaccurate 

FPL or inaccurate doping density. This can be checked by remeasuring the doping density 

or using another calibration approach for PL which is proposed by Giesecke et al. [70, 

71] and does not require the information of the sample’s doping density. Moreover, care 

needs to be taken when using the self-consistent calibration method for low lifetime 

samples, due to the reduced accuracy of the detection system’s time response, particularly, 

the photodiode and the preamplifier [72, 73]. 

2.2.3.2 Calibration of the Generation Rate 

For LED and laser excitation, the conversion from the measured voltage by the reference 

photodiode (Vref) to photon flux requires separate calibration measurements. A Si 

photodiode (named calibration photodiode) with known external quantum efficiency 

(EQE) is placed in the sample plane and connected to a preamplifier, its associated voltage 

output is referred to as Vcal. By varying the light intensity, Vcal and Vref are recorded 

simultaneously. The calibration factor fsystem can be obtained from the slope of the linear 

fit of the photon flux and Vref: 

 Φ = 𝑉𝑉ref ∙ 𝑓𝑓system 2.23 

where the photon flux Φ is calculated from Vcal using the following equation: 

 Φ =
𝑉𝑉cal

𝑞𝑞 ∙ 𝐴𝐴 ∙ 𝐸𝐸𝐸𝐸𝐸𝐸(𝜆𝜆) ∙ ga
 2.24 

where A is the detected area of the calibration photodiode, ga represents the amplification 

factor (gain) of the preamplifier that is connected to the calibration photodiode. 
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For LED and laser excitation with narrow spectra, fsample can be calculated by: 

 𝑓𝑓sample =
1 − 𝑅𝑅(𝜆𝜆)

𝑊𝑊
 2.25 

where R is the reflectance of the measured sample at wavelength λ, in this thesis, 810 nm 

and 808 nm for LED and laser excitation, respectively.  

With the determined fsystem and fsample, the generation rate can be calculated using 

Equation 2.21. 

2.2.4 Photoluminescence Imaging 

PL imaging [74] has proven to be a powerful characterisation technique. Due to its fast, 

contactless, and spatially resolved nature, it has been widely used in PV research 

laboratories and production lines to inspect the quality of Si bricks [75], wafers [76-78], 

cells [79, 80], and modules [81, 82]. Based on the direct relationship between PL emission 

and Δn, PL images can provide valuable spatially resolved information regarding key 

electrical parameters such as τeff [83], implied open-circuit voltage (iVOC) [84, 85], fill 

factor (FF) [86], recombination saturation current [80, 87], and many others [88-90]. 

 

As shown in Figure 2.3, the conventional PL imaging systems [74] consist of a 

spatially uniform illumination source and an infrared camera that collects the emitted PL 

signal from the sample. A long-pass filter is placed between the sample and the camera 

to avoid the detection of reflected illumination light by the camera. In addition, a short-

pass filter could be added to reduce the photon scattering of the Si sample [91] and the Si 

 

Figure 2.3 Schematic of a conventional PL imaging setup. 
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CCD (charge-coupled device) detector of the camera [92, 93], to improve the image 

quality. However, adding a short-pass filter could result in increased exposure time for 

getting desirable PL signals. It is also important to perform image post-process including 

background noise correction, flat-field correction, and point spread function (PSF) 

correction, to improve the image quality. 

The collected PL signal at pixel (x,y) is given by: 

 𝐼𝐼PL(𝑥𝑥,𝑦𝑦) = 𝐹𝐹PLi𝐵𝐵rad(𝑁𝑁dop + Δ𝑛𝑛(𝑥𝑥,𝑦𝑦))Δ𝑛𝑛(𝑥𝑥,𝑦𝑦) 2.26 

where FPLi denotes a calibration constant depending on both the sample optics and the 

measurement system. In the captured PL images, regions with higher counts (higher IPL) 

represent areas with larger Δn. With a spatially uniform excitation, larger Δn indicates 

higher carrier lifetime and iVOC. Since PL images alone provide only qualitative 

information, they are often converted to the minority carrier lifetime images to allow 

quantitative analysis. The calibration of the PL image to the lifetime image is often 

achieved by comparing with other lifetime measurement techniques such as QSS PC or 

QSS PL measurements [78, 83, 94-96].  

In contrast to QSS PL and PC lifetime measurements which provide area-averaged 

assessments of sample quality, PL-based lifetime image is capable of providing spatially 

resolved information regarding the sample quality. Therefore, it is particularly useful for 

studying samples with spatially inhomogeneous electrical properties and defects with 

spatially non-uniform distributions. For instance, combined with the SRH statistics, 

lifetime images can be used to obtain images of metastable defects [97-99]. However, 

fundamentally, conventional PL imaging measurements are affected by lateral carrier 

flows whereby carriers can move laterally from high-quality regions to low-quality 

regions via diffusion and drift [100, 101]. This results in image blurring and inaccurate 

lifetime analysis for non-uniform samples [100, 101]. It is very challenging to accurately 

account for these lateral carrier flows, especially for devices with junctions where the 

lateral carrier flows are driven by both drift and diffusion. This carrier smearing effect of 

the conventional PL images will be further discussed in Chapter 5, followed by a newly 

proposed approach to solve this limitation. 
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2.3 Temperature Dependence of the Bandgap and Intrinsic Carriers 

The dominating effect for the temperature dependence of Si solar cells is the change of 

bandgap energy (Eg) with temperature [102]. It is known that Si features a reduction of 

Eg with the increasing temperature [103, 104], resulting in an increased short-circuit 

current (ISC) due to higher absorption and a reduced open-circuit voltage (VOC) due to 

increasing ni [17]. For Si solar cells, the temperature sensitivity of the efficiency mainly 

arises from the variation of VOC with temperature [105]. Besides the changes in Eg and ni 

as a function of temperature, electron-hole concentration product (np product), which 

depends on the type and magnitude of the recombination processes, is another key 

parameter that determines VOC, and thus, its temperature dependence [105]. Different 

recombination processes are reviewed in Section 2.1. In the following sections, the 

temperature dependence of Si intrinsic properties including Eg and ni is explained. This 

knowledge is essential for studying the temperature sensitivity of Si solar cells which will 

be the main topic of Chapter 3 and Chapter 4. 

2.3.1 Bandgap Energy 

Eg is defined as the energy gap between the valence band and the conduction band. With 

increasing temperature, Eg of Si decreases, as shown in Figure 2.4. This characteristic is 

attributed to a change in the relative position of the valence band and the conduction band 

mainly due to a temperature-dependent electron lattice interaction, as well as the 

temperature-dependent dilatation of the lattice [106]. An expression for the temperature-

dependence of Eg was proposed with a linear asymptote in a high temperature range [106]: 

 𝐸𝐸g(𝑇𝑇) = 𝐸𝐸0 −
𝛼𝛼𝑇𝑇2

𝑇𝑇 + 𝛽𝛽
 2.27 

where E0 is the bandgap energy at 0 K, and α and β are constants. 
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Based on experimental data from References [107, 108], a temperature-dependent Eg 

model was parameterised by Thurmond [109] and Alex et al. [104] using Varshni’s 

formula (Equation 2.27), and later by Pässler [103] using a different expression 

(Equation 2.28). The extracted parameters of Si Eg are provided in Table 2-1. As 

discussed in [103, 110, 111], parameter sets obtained with Varshni’s formula are 

associated with a high degree of arbitrariness, as well as cause systematic deviations 

between measured and calculated temperature dependences especially in the cryogenic 

temperature range. In this thesis, Pässler’s model [103] is used due to its higher precision. 

Table 2-1 Parameters for temperature-dependent Eg models. 

 Thurmond [109] Alex et al. [104] Pässler [103] 

E0 (eV) 1.17 1.1692 1.17 

α (eVK-1) 4.73 × 10-4 4.9 × 10-4 3.23 × 10-4 

β (K) 636 655 - 

Θ (K) - - 446 

∆ - - 0.51 

 

Figure 2.4 Si Eg as a function of temperature, computed from Pässler’s model [103]. 
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2.3.2 Intrinsic Carrier Density 

ni is defined as the concentration of the carriers created by the thermal excitation of 

electrons from the valence band to the conduction band. The temperature dependence of 

ni can be deduced by the following equation: 

 𝑛𝑛i2 = 𝑁𝑁C(𝑇𝑇)𝑁𝑁V(𝑇𝑇)𝑒𝑒−
𝐸𝐸g
𝑘𝑘B𝑇𝑇 2.29  

where the effective densities of states in the conduction and valence bands (NC and NV) 

are also temperature-dependent. 

There are several semi-empirical models available for computing ni in Si, including 

Green [112], Sproul and Green [113, 114], Misiakos [115], and Couderc et al. [116]. All 

these models use the following expression to describe the temperature dependence of ni: 

 𝑛𝑛i = 𝐶𝐶A𝑇𝑇𝐶𝐶B𝑒𝑒
−𝐶𝐶c𝑇𝑇  2.30 

where coefficients CA, CB, CC for different semi-empirical models [112-116] and their 

valid temperature range are summarised in Table 2-2. As mentioned in [116], Green used 

a generic model for the carriers’ mobilities instead of the actual measurements of the 

samples to parameterise the temperature dependence ni in Si, and thus it is less accurate. 

Later, Sproul and Misiakos used measurements with sufficient precision, however, their 

interpretation needs to be improved. As pointed out in [116], Sproul’s model did not 

consider the bandgap narrowing (BGN) effect as the available models at that time 

suggested no BGN effect for the used samples. By using Sproul’s data and including 

Schenk’s BGN model [117], Couderc et al. [116] reassessed the temperature dependence 

of ni (see Figure 2.5). Note that Couderc et al. [116] also compared different Eg models 

and suggested that Pässler’s model is the most accurate one to use. Therefore, in this 

thesis, ni model from Couderc et al. and Eg model from Pässler are used. 
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Table 2-2 Parameters for different semi-empirical models of ni and their valid temperature range. 

 Green 
[112] 

Sproul 
[113] 

Sproul 
[114] 

Misiakos 
[115] 

Couderc 
[116] 

CA × 1014 16.8 10.2 16.4 0.27 15.41 

CB 1.715 2 1.706 2.54 1.712 

CC Eg(T)/2kB 6880 Eg(T)/2kB 6726 Eg(T)/2kB 

T range (K) 200–500 275–375 77–300 78–340 77–375 

 

2.4 Chapter Summary 

This chapter reviewed the fundamental concepts of recombination mechanisms, including 

intrinsic recombination such as Auger recombination and radiative recombination, and 

extrinsic recombination through defects within the Si bulk and at the surfaces. These 

different recombination processes occur in parallel and can be experimentally quantified 

by τeff. Different characterisation techniques for extracting the τeff have been introduced. 

However, most of these techniques are designed for conducting measurements at room 

temperature. Therefore, it highlights the need for improving the characterisation of 

temperature-dependent electrical properties of Si wafers and cells. As the main topic of 

this thesis is the effect of temperature on solar cell performance, the temperature 

dependence of the intrinsic properties of Si, i.e., the change of Eg and ni with temperature, 

 

Figure 2.5 ni in Si as a function of temperature, computed from Couderc’s model [116]. 
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was also reviewed. Note that this chapter is the basis for the following chapters, a more 

detailed literature review related to the content of each chapter is provided later in the 

following chapters.
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Chapter 3  
Spatially Resolved Temperature-Dependent 
Characterisation of Silicon Wafers and Cells* 

The performance of solar cells is typically measured under STC of 25 °C. However, solar 

cells’ field operating temperatures are often higher than 25 °C, with high temperatures 

being known to have a detrimental impact on solar cell performance. This impact is often 

quantified by the TC which is reported as a global value across the entire cell. However, 

the TC is not expected to be uniform across a solar cell with spatially inhomogeneous 

distributions of defects. Therefore, this chapter introduces an innovative temperature- and 

injection-dependent PL imaging method to spatially resolve the TC map of 

inhomogeneous materials (e.g., mc-Si). In this method, the fast and contactless nature of 

PL imaging is paired with a temperature-controlled stage enabling the capture of high-

quality images at different temperatures. The raw PL images are then calibrated using the 

front detection QSS PL technique [118], resulting in temperature-dependent iVOC images. 

This technique avoids the issues of carrier trapping [65] and DRM [67] known to impact 

PC-based measurements and can be applied to both non-metallised and metallised 

samples. 

Using the developed method, it is possible to determine the local TC of regions with 

varying quality (i.e., different defects) and compare them at different ingot positions as 

well as different Si materials, thus, providing a wealth of material information that was 

 
* This chapter is based on: 

S. Nie, S. T. Kristensen, A. Gu, R. L. Chin, T. Trupke, and Z. Hameiri, "Photoluminescence-based spatially 
resolved temperature coefficient maps of silicon wafers and solar cells," IEEE J. Photovoltaics, vol. 10, pp. 
585-594, 2020. 

S. Nie, S. T. Kristensen, A. Gu, T. Trupke, and Z. Hameiri, "A novel method for characterizing temperature 
sensitivity of silicon wafers and cells," in 46th IEEE Photovoltaic Specialists Conference, pp. 0813-0816, 
2019 –– Won the Best Student Award. 
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previously not available from the global measurements. By expanding the utility of PL 

imaging into temperature-dependent measurements, this method is expected to improve 

energy yield prediction and facilitate future innovations in the optimisation of solar cells 

for true operating conditions. 

Section 3.1 reviews previous studies on the temperature dependence of Si solar cells. 

Section 3.2 then describes the temperature- and injection-dependent PL imaging system 

that was developed and utilised in this chapter, together with the details about the 

calibration method using front detection QSS PL. This method is then employed to study 

the TC of mc-Si wafers and cells from two ingots of different dislocation densities. The 

results are summarised and discussed in Section 3.3. 

3.1 Temperature Coefficients of Solar Cells 

Solar cells are typically characterised under the following STC specifications: an 

AM 1.5G solar spectrum, an irradiance of 1000 W·m-2, and a temperature of 298 K [14]. 

However, the actual operating conditions of PV devices in the field often significantly 

deviate from STC [119]. With increasing temperature, parameters such as VOC, FF, and 

maximum power output decrease [120]. However, variation in ISC with temperature 

depends on the absorber layer. For instance, ISC increases with increasing temperature in 

Si [121], whereas it decreases in metal halide perovskites [122]. Consequently, the 

instantaneous output of solar cells can be strongly affected by the operating temperature 

[123, 124]. In order to allow PV users to accurately predict energy production and PV 

companies to optimise their cells for true operating conditions, TC, which quantify the 

impact of temperature on the electrical properties of solar cells, is of particular importance. 

For Si solar cells, the temperature sensitivity of the efficiency mainly arises from the 

variation of VOC with temperature [105]. Besides the changes of Eg and ni at elevated 

temperatures that are discussed in Chapter 2, the np product, which depends on the type 

and magnitude of the recombination processes, is also a key parameter determining VOC, 

and thus, the temperature dependence of Si solar cells [105]. The analytical expression of 

the temperature coefficient of VOC [TC(VOC)] is given by [15]: 

 TC(𝑉𝑉OC) =
𝑑𝑑𝑉𝑉OC
𝑑𝑑𝑇𝑇

= −

𝐸𝐸g0
𝑞𝑞 − 𝑉𝑉OC + 𝛾𝛾𝑘𝑘B𝑇𝑇

𝑞𝑞
𝑇𝑇

 3.1 
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where Eg0 is the bandgap energy of the semiconductor material linearly extrapolated to 

0 K. γ represents the temperature dependences of several parameters determining the 

diode saturation current density J0 [15, 17]. The parameter γ also contains information 

regarding the dominant recombination mechanisms in the material [15]. According to 

Green [17], γ commonly has values between one and four. 

The derivation of Equation 3.1 is explained by Dupré et al. [15] using three methods, 

including the use of the single-diode model, np product, and external radiative efficiency. 

Equation 3.1 predicts an approximately linear reduction of VOC with increasing 

temperature over a limited temperature range [15, 105], resulting in negative TC(VOC) 

values. Moreover, a reduction in the absolute temperature sensitivity of VOC is expected 

with increasing VOC [15, 105]. In this thesis, a reduction in TC(VOC) or TC(iVOC) refers to 

a lower temperature sensitivity [i.e., less negative TC(VOC) or TC(iVOC)]. 

The temperature dependence of solar cells is normally reported as an average value for 

the entire cell [120, 121, 125-130]. For instance, the study of Berthod et al. [127] into 

TCs of compensated mc-Si solar cells identified variations in TCs for different cell 

positions along the ingots with high and medium blend-in-ratio. A less negative TC 

towards the top of the ingot has been reported, however, the origin of this lower 

temperature sensitivity has not been clarified. Follow-up studies investigated the TC of 

passivated emitter rear cells (PERC) fabricated from compensated mc-Si ingots with 

different targeted resistivities [129, 131]. The authors concluded that a lower resistivity 

is beneficial for the PERC cells’ temperature sensitivity, as a higher net doping leads to a 

larger VOC, thus, confirming the theoretical prediction of a reduced temperature sensitivity 

with increasing VOC. In addition, the thermal behaviour of tunnel oxide passivated contact 

(TOPCon) solar cells has been examined using the current-voltage (I-V) measurements 

[132]. VOC drop has been found to be the main limiting factor for TOPCon’s performance 

at elevated operating temperatures. Although an enhanced surface passivation quality has 

been observed with increasing temperatures, it does not have a noticeable influence on 

TC(VOC). Recently, Zhang et al. [126] assessed the TC and their illumination dependence 

of Si solar cells with various structures including PERC, PERT (passivated emitter and 

rear totally diffused), SHJ (Si heterojunction), and TOPCon. Under 1 Sun illumination, 

SHJ cell features the least negative TC among all the examined cells. Particularly for VOC, 

more negative TCs with decreasing illumination intensity were obtained for all the cells, 

and their TCs becomes almost identical at the lowest illumination intensity of 0.01 Suns. 
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Note that the shift of TC to more negative values is expected due to dropping VOC at lower 

illumination, but the reason for similar TC of different cell structures at very low 

illumination is not clear yet. 

There has been growing, but limited, research into the spatially resolved temperature 

sensitivity across wafers and solar cells [133-137]. Existing studies show a large variation 

in the TC across wafers and cells. Eberle et al. [134] have reported a more negative TC, 

particularly for VOC, at cell areas with a high concentration of impurities, such as the edge 

of the cells. Later, Haug et al. [133] obtained the spatial distributions of the lifetime and 

the corresponding TC maps of compensated Si wafers. Positive TC of the lifetime was 

determined for the entire wafers, with higher TC correlated to low lifetime areas and 

lower TC observed at high lifetime areas. Eberle et al. also further investigated the local 

temperature-dependent behaviour of mc-Si wafers and cells [137]. They identified a 

reduction in temperature sensitivity of VOC in regions that contain dislocation clusters. 

However, the origin of low temperature sensitivity has not been found. It has been 

suggested that the low temperature sensitivity of dislocated regions may be caused by the 

presence of impurities in the dislocation clusters and thus affected by temperature-

dependent SRH recombination. 

Many of the studies analyse the TC of solar cells and its dependence on the material 

itself via global single-value measurements. However, for non-uniform materials, such as 

mc-Si where the concentration and distribution of impurities and crystallographic defects 

vary significantly across the ingot, spatially resolved measurements can provide more 

meaningful information. In the following sections, a contactless method is presented that 

is capable of investigating the impact of temperature on the electrical performance of both 

metallised and non-metallised Si samples by using spatially resolved temperature-

dependent PL-based measurements. 

3.2 Method 

3.2.1 Experimental Setup 

Figure 3.1 shows a schematic of the PL-based measurement system used to obtain iVOC 

images of wafers and cells at different temperatures. The system consists of a Si CCD 

camera and an 808 nm diode laser. The highest light intensity that currently can be 

achieved is 0.5 Suns for 6-inch samples and 8 Suns for 2-inch samples. Optical filters 
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(long pass filters 950 nm and 850 nm, and a short pass filter 1000 nm) are placed in front 

of the camera to avoid detection of any reflected excitation light. A circular temperature-

controlled stage with a diameter of 15 cm (Sinton Instruments WCT-120 TS) is used to 

heat the wafers and cells to higher temperatures. The wafer temperature is monitored by 

a k-type thermocouple in direct contact with a sister sample when it is heated by the stage. 

 

The obtained PL images are then calibrated using the front detection QSS PL technique 

[118], whereby a sinusoidal laser pulse is used. The PL emission from a selected region 

is focused on an indium gallium arsenide (InGaAs) photodiode with a lens. The selection 

of the InGaAs detector is due to its fast response time and higher sensitivity to longer 

wavelength signals, thus, resulting in higher accuracy for measuring low lifetime samples 

and metallised samples [72]. A customised filter set, including long pass 850 nm and 

950 nm filters and a short pass 1250 nm filter, is attached to the lens to ensure the 

detection of only the band-to-band PL emission from the samples. In addition, a PC signal 

from a defined region of the wafer can be recorded by an inductive coil in the Sinton 

WCT-120 TS stage to improve the accuracy of the calibration procedure. Note that the 

position of InGaAs photodiode is adjusted such that the detected region on the sample 

would be the same as the sensor area of the coil for subsequent τeff calibration. A Si 

photodiode is used to monitor the incident photon flux during measurements (not shown 

in Figure 3.1). Both photodiodes are connected to transimpedance preamplifiers (Femto, 

not shown in Figure 3.1). All signals are recorded with a National Instrument data 

 

Figure 3.1 The temperature-dependent PL experimental setup (not to scale). 
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acquisition card that is connected to a computer. An additional xenon photograph flash 

can be used when data at higher injection levels are required. 

The primary advantage of this setup is that it enables the determination of absolute τeff 

and iVOC for both metallised and non-metallised samples, in contrast to using only PC-

based measurements [96, 136]. Moreover, this method is resilient to the effects of carrier 

trapping and DRM [65, 67]. 

3.2.2 Calibration Procedure 

The conversion from relative PL counts to iVOC maps is based on the relationship between 

the emitted PL intensity and the Δn at each pixel, which is described by Equation 2.26. 

The calibration of the constant FPLi for PL imaging is performed using QSS PL 

measurements obtained under the same temperatures as those used during the PL imaging. 

This calibration procedure involves three main steps: (i) calibration of QSS PL 

measurements to τeff; (ii) determination of the calibration constant, FPLi, for the PL 

imaging; and (iii) conversion of the PL images into iVOC maps. 

Step (i): The calibration of QSS PL measurements to τeff is explained in Chapter 2 

(Section 2.2.3). Two methods are available for obtaining τeff when using QSS PL, as 

follows: (a) matching the PC and PL measurements (only for wafers); or (b) using the 

self-consistent method (for both wafers and cells). There are a few points to note for both 

methods: 

For (a), firstly the PC and PL measurements need to be matched at high injection levels 

if the samples experience trapping or DRM. Secondly, although the PC and PL signals 

are detected from the same region on the sample, the PC signal is a weighted integral over 

the sensor area due to the radial sensitivity of the coil (as discussed in Chapter 5) whereas 

the PL signal is integrated over the detector field of view. If τeff is not uniform over the 

detected sample area, a discrepancy could be attained between the PC and PL 

measurements due to different averaging methods. This discrepancy depends on the 

sample and its degree of non-uniformity. Therefore, an area with a relatively uniform 

lifetime distribution is recommended for carrying out the QSS PL and PC measurements. 

For (b), due to the time derivative term in Equation 2.15, dΔ𝑛𝑛
d𝑡𝑡

, any error in the 

calibration factor will cause the disagreement of the two halves of the τeff curve (i.e., the 

rising and falling parts of the curve). However, in some cases, such as using a long 
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illumination pulse, this self-consistent method becomes insensitive to the change of the 

calibration factor, whereby the rising and falling parts of τeff always overlap, as the dΔ𝑛𝑛
d𝑡𝑡

 

term is no longer predominant. Therefore, short illumination pulses are preferable for 

obtaining an accurate calibration factor. Moreover, an accurate record of the time-

dependent PL and illumination signals is essential for obtaining accurate τeff. Although a 

large amplifier gain is desirable for a better signal to noise ratio, especially for low-quality 

samples, this can reduce the cutoff frequency of the amplifier. Therefore, measurements 

with different gains need to be tested to ensure similar τeff is obtained. 

 

Step (ii): The calibrated τeff from QSS PL measurement is then converted into the 

equivalent steady-state generation rate using 𝐺𝐺 = Δ𝑛𝑛
𝜏𝜏eff

, as shown in Figure 3.2. The 

obtained equivalent steady-state generation rate is then correlated to the generation rate 

of the PL image to determine the corresponding Δn that is the average Δn at the detected 

region of the PL image (the red points in Figure 3.2). Together with the averaged PL 

intensity across the detected area, Δn is used to determine the PL images’ calibration 

constant FPLi via Equation 2.26. 

It is worth mentioning that the non-uniformity in the sample could induce lateral 

carrier flows, which affect the validity of τeff obtained from the global PC and PL-based 

methods. Depending on the investigated sample and measurement condition, the impact 

 

Figure 3.2 Equivalent steady-state G as a function of Δn extracted from QSS PL measurements 
at 298 and 343 K. The red point indicates the G of the PL images and the corresponding Δn of 
the PL images at the detected regions. 
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of lateral carrier flow can be reduced for low-quality samples (shorter diffusion lengths) 

as well as τeff measurements at high injection levels (reduced mobility). Note that the 

mc-Si samples investigated in this chapter have low τeff, and the highest illumination 

achieved by this setup is used to reduce the impact of lateral carrier flows. A new method 

that effectively mitigates the impact of lateral carrier flows and obtains more accurate τeff 

measurements for non-uniform samples is presented in Chapter 5. 

Step (iii): iVOC(x,y) is calculated using: 

 i𝑉𝑉OC(𝑥𝑥,𝑦𝑦)(𝑇𝑇) =
𝑘𝑘B𝑇𝑇
𝑞𝑞

ln�
𝐼𝐼PL(𝑥𝑥,𝑦𝑦)(𝑇𝑇)

𝐹𝐹PLi(𝑇𝑇)𝐵𝐵rad(𝑇𝑇)𝑛𝑛i(𝑇𝑇)2� 3.2 

The bandgap energy model of Passler [103] combined with the effective hole mass 

parameterisation of Couderc et al. [116] are used to determine ni. The radiative model 

from [22, 27] is used to determine Brad. 

The subsequent local TC(iVOC)(x,y) is obtained from calibrated PL images taken at 

different temperatures via: 

 TC (i𝑉𝑉OC)(𝑥𝑥,𝑦𝑦) =
i𝑉𝑉OC(𝑥𝑥,𝑦𝑦)(𝑇𝑇2) − i𝑉𝑉OC(𝑥𝑥,𝑦𝑦)(𝑇𝑇1)

𝑇𝑇2 − 𝑇𝑇1
 3.3 

where T1 is 298 K and T2 is 343 K. Equation 3.3 simplifies the determination of TC, as it 

uses only two temperatures. This simplification has been tested by taking six 

measurements between 298 K and 343 K at 5–10 K intervals. A linear reduction of iVOC 

with increasing temperature is observed in this temperature range. A good agreement 

(< 2%) is found between the TC obtained from Equation 3.3 and the TC obtained from 

the slope of the linear fit, thus, validating the simplified approach of Equation 3.3. 

The validity of the proposed method was tested by comparing the iVOC images of 

several wafers obtained by the proposed method and by the method implemented in a 

commercial PL imaging tool (BT Imaging, LIS-R3) and the methods from [96, 136]. In 

addition, the I-V characteristics of several solar cells were measured at the temperature 

range of 298–343 K using a Wavelabs I-V tester (model SINUS-220) and compared with 

the results obtained by the proposed method. For both wafers and cells, great agreement 

(< 5%) has been obtained. An example is presented in Section 3.3.1. 
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3.2.3 Sample Preparation 

Fourteen wafers from two industrially grown p-type boron (B)-doped mc-Si centre ingots 

were used (produced in 2015). Of the seven wafers obtained from each ingot, two 

originate from near the top of the ingot, two from near the bottom, and the remaining 

three wafers from positions in between. One ingot has a high dislocation density, while 

the second ingot has a low dislocation density. The exact dislocation density is determined 

using the algorithm implemented in a commercial PL imaging tool (BT Imaging, LIS-R3). 

The resistivity of the wafers varies between 1.5 Ω∙cm and 2.2 Ω∙cm. The wafers were 

saw-damage etched before undergoing a phosphorus-based gettering process. After 

etching off the diffused layer, the wafers were recleaned before undergoing silicon nitride 

(SiNx) passivation [refractive index of 2.08 (at 632 nm) and thickness of 75 nm] using an 

industrial plasma-enhanced chemical vapour deposition system (MAiA, Meyer Burger). 

The stability of SiNx passivation at elevated temperatures was tested, and no degradation 

was observed within the duration of the measurements. The final thickness of all the 

wafers was approximately 185±10 μm. Please note that the wafers were not belt-furnace 

fired. Fourteen solar cells made from sister wafers are also included. These cells were 

fabricated in an industrial PERC production line. 

The samples were studied using the temperature-dependent PL imaging system 

described in Section 3.2.1. The PL images are acquired at temperatures from 298 K to 

343 K under 0.5 Suns illumination. The relative PL images are then calibrated and 

converted into iVOC images using front detection QSS PL measurements conducted under 

identical conditions to those used during the PL imaging. 

3.3 Results and Discussion 

3.3.1 Spatially Resolved Results 

An example of the various parameter images obtained by the proposed method is depicted 

in Figure 3.3. Two wafers from the middle of each ingot are compared (resistivity: 

1.8±0.1 Ω∙cm; high and low dislocation densities). Figure 3.3(a) and (d) shows iVOC maps 

at 298 K. As expected, lower iVOC values are observed in areas with dislocation clusters 

(appear as dark clusters in the PL images) and grain boundaries (dark lines). The 

calculated average iVOC of the highly dislocated (HD) wafer is 611±3 mV, which is 

15 mV (~ 2.5%) lower than the average iVOC of the lowly dislocated (LD) wafer 

(626±3 mV). 
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Images of TC(iVOC) are displayed in Figure 3.3(b) and (e). A large variation of 

TC(iVOC) across the wafers is observed. The data shows that TC(iVOC) is more negative 

in grain boundaries and some dislocation clusters, indicating a larger reduction of iVOC 

with increasing temperature in these regions compared to other areas across the wafer. 

Most of the dislocation clusters show lower temperature sensitivity. This observation 

contradicts the common belief that the temperature sensitivity is expected to increase with 

decreasing iVOC [15, 120]. Recent studies have observed only low temperature sensitivity 

of dislocation clusters [134, 137]. However, in this investigation, dislocated regions of 

two tested ingots show both high and low temperature sensitivities. This discrepancy 

could possibly be explained by differences in the processing procedure for the 

investigated wafers. This is later shown by Kristensen et al. [77] that the gettering process 

can alter the TC(iVOC) of the dislocated region from low temperature sensitivity to high 

temperature sensitivity. Moreover, in Chapter 4, the impacts of different solar cell 

fabrication processes on the TC(iVOC) map of Si wafers are explored. 

 

Figure 3.3 (a) and (d) Spatially resolved iVOC at 298 K; (b) and (e) TC(iVOC); and (c) and (f) γ of 
two wafers with (a)–(c) low and (d)–(f) high dislocation densities under 0.5 Suns illumination. 
The images were cropped to present only the regions of interest. 
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Figure 3.3 (c) and (f) presents γ maps calculated by applying Equation 3.1 to each pixel. 

There is a clear difference between the two ingots, with global values of 2.29 for the LD 

wafer and 1.35 for the HD wafer. Lower γ values (even negative), consequently reducing 

J0 [15], are observed at dislocation clusters, explaining the more uniform γ distribution 

across the LD wafer and larger average γ. The source for the interesting and unexpected 

negative γ is discussed in References [77, 130, 137]. Dupre et al. explained that global 

negative γ values of cells are mostly due to an increase of external radiative efficiency 

[138] at open circuit for these cells at increased temperatures [130]. However, the physics 

behind this negative γ is still unclear and requires further investigation. In Chapter 4, the 

implication of negative γ will be further explored. 

To assess the validity of the proposed method at the cell level, cell measurements 

obtained using the proposed method are compared with I-V measurements [127, 129, 133]. 

An example is presented here. Figure 3.4 illustrates the iVOC map of a PERC cell 

originating from the middle of the HD ingot [sister cell of the wafer of Figure 3.3(d)–(f)] 

and its corresponding TC(iVOC) map under 0.5 Suns illumination. Note that a circular heat 

stage is used for the PL imaging, causing a circular pattern. Only the middle region, 

outlined in black, is used for subsequent analysis. The local values are harmonically 

averaged and compared with the results obtained from global I-V measurements for the 

same solar cell. The harmonic average is used as it provides a better estimation of the 

material quality for predicting cell performance [139, 140]. Table 3-1 summarises the 

results. Excellent agreement within the range of 1% is found between the two 

measurements. 

 

 

Figure 3.4 (a) Spatially resolved iVOC at 298 K and (b) TC(iVOC) of a PERC solar cell originating 
from the middle of the highly dislocated ingot under 0.5 Suns illumination. 
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Table 3-1 Global iVOC/VOC and TC(iVOC/VOC) of a PERC cell from the middle of the HD ingot. 

 iVOC/VOC at 298 K (mV) TC(iVOC/VOC) (mV/K) 

PL-based method 627 -1.87 

I-V measurement 625 -1.89 

 

By comparing iVOC maps and TC(iVOC) maps of the cells, the regions near the contacts 

(especially busbars) show higher temperature sensitivity, as expected from the higher 

recombination in these areas in comparison with the well-passivated regions between the 

contacts. Regions with lower temperature sensitivity are found to be correlated with 

dislocated areas. Comparing the cell with the wafer, the temperature sensitive regions 

across the sister wafer [such as grain boundaries and some dislocation clusters in 

Figure 3.3(d) and (e)] are not as easily identified on the cell maps [Figure 3.4(a) and (b)]. 

The difference can be explained by the lateral conduction across the cell and the 

incomplete fabrication process of the wafers in Figure 3.3, specifically the lack of firing. 

3.3.2 Impact of Ingot Height 

Figure 3.5(a) shows the harmonically averaged iVOC at 298 K extracted from calibrated 

PL images of the wafers from both the HD and LD ingots. As expected, the LD ingot has 

a higher iVOC compared to the HD ingot. For both ingots, the highest iVOC is observed in 

the middle of the ingot; the iVOC declines gradually towards the bottom and top of the 

ingot. This trend follows the variation of material quality with ingot height, where the top 

and bottom parts of the ingot contain a higher impurity concentration due to segregation 

from the liquid-to-solid phase and diffusion from the crucible [141, 142]. A similar trend 

has been observed in Reference [142]. The global VOC values of the sister cells measured 

using a temperature-dependent I-V tester are presented in Figure 3.5(b). The variation of 

VOC along the ingot is less obvious compared to the wafers, however, the VOC of top and 

bottom cells are still lower than those of the more centrally located cells. The cells exhibit 

higher voltage compared to the sister wafers; this is more pronounced for cells at the 

bottom of the ingot. This can be explained by the lack of the firing process for the wafers, 

which is known to passivate large fractions of the grain boundaries [142-144]. 
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Figure 3.5(c) shows the average TC(iVOC) extracted from calibrated PL images of the 

wafers and global TC(VOC) for the cells as a function of ingot height. TC(iVOC) of the 

investigated wafers are found to be less negative with increasing ingot height (from 

−2.15 mV/K to −1.95 mV/K), although the top wafers show reduced iVOC values. The 

improved TCs of the top wafers can be explained by an increasing TC(τeff) towards the 

top of the ingot, as discussed in Reference [133]. Moreover, the increasing density of 

dislocation clusters with low temperature sensitivity towards the top of the ingot (see 

Figure 3.7) could also contribute to the overall less negative TC of the top wafers and 

cells. This is likely due to the increased concentration of impurities causing low 

temperature sensitivity [137]. The cells exhibit a similar trend, but with lower temperature 

sensitivity and less variation along the ingot. This is in agreement with previous studies 

[127, 129, 133]. When considering the measurement uncertainty as represented by the 

error bars, there is no clear difference in the global temperature sensitivity between the 

two ingots, for both wafers and cells. It is difficult to pinpoint the impact of dislocation 

 

Figure 3.5 Global results of wafers and sister cells with low and high dislocation densities as a 
function of ingot height under 0.5 Suns illumination: (a) iVOC at 298 K; (b) VOC at 298 K; 
(c) TC(iVOC) and TC(VOC); and (d) γ. The error bars represent the measurement uncertainties. 
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density on the global TC values since dislocation clusters show both high and low 

TC(iVOC) as demonstrated in Figure 3.3. 

Figure 3.5(d) shows the average γ values of the cells and wafers (calculated using 

Equation 3.1) as a function of ingot height. Like the cells, the wafers exhibit a decreasing 

γ with increasing ingot height. Berthod et al. observed a similar trend on compensated 

materials [129]. Interestingly, the wafers exhibit larger γ values compared to the cells and 

stronger variation along the ingot, indicating a more significant change in the 

recombination rate from the bottom to the top of the ingot. 

Figure 3.6 shows the pixel-level TC(iVOC) as a function of iVOC at 298 K under 

0.5 Suns illumination. The colour represents the data density normalised to unity (‘1’ 

represents the highest density). As expected theoretically from Equation 3.1, the 

temperature sensitivity tends to decrease with increasing iVOC. However, it is very 

interesting to observe that regions with similar iVOC (at 298 K) show a large spread, up to 

40%, in TC(iVOC), suggesting that temperature sensitivity can only be well understood by 

spatially resolved measurements. 

 

 

Figure 3.6 Density scatter plot of TC(iVOC) as a function of iVOC at 298 K of HD and LD wafers 
from bottom and top of the ingots under 0.5 Suns illumination, with the line of best linear fit 
(grey) and TC(iVOC) standard deviation (black) overlaid. The standard deviation shown is for iVOC 
bins of 2 mV. 



3.3 Results and Discussion 

39 
 

The spread of TC(iVOC) across the wafers in the iVOC domain is quantitatively 

determined as standard deviation (STD) of TC(iVOC) at different iVOC bins. For all wafers, 

low STD occurs at high iVOC, while the medium to low iVOC range shows high STD. A 

shift of TC(iVOC) towards less negative values is noticeable for the top wafers. This is 

consistent with the previous observation [see Figure 3.5(c)] that the average temperature 

sensitivity reduces with increasing ingot height. 

A linear fit of TC(iVOC) as a function of iVOC at 298 K is also included in Figure 3.6. 

A clear trend of less-negative TC for increasing iVOC is observed for the bottom wafers 

of both ingots. However, a flatter trendline is observed for the top wafers, in addition to 

a larger spread of TC across these wafers at medium to low iVOC (as indicated by the 

larger STD values). 

Figure 3.7 presents maps of iVOC at 298 K, TC(iVOC), and the resulting γ of two wafers 

originating from the bottom (a)–(c) and top (d)–(f) of the HD ingot. As expected, small 

grains and a large fraction of grain boundaries can be observed in the bottom wafer. It 

seems that for the bottom wafer, almost all the low-quality regions (grain boundaries and 

dislocated regions) show a higher temperature sensitivity compared to the intra-grain 

regions. In contrast, the difference between these regions appears less significant in the 

top wafer, where most of the dislocation clusters show low temperature sensitivity. In 

general, it seems that wafers from the top of the ingot are less sensitive to temperature 

variations compared to wafers from the bottom (see global TC values in Figure 3.5). This 

could be attributed to the impact of a higher density of grain boundaries and different 

impurities in the bottom wafer. It is possible that the dislocation clusters are decorated by 

different impurities with different impacts on the temperature sensitivity of the wafers. 

This will be discussed in the next section. 
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3.3.3 Temperature Coefficient of Dislocation Clusters 

To investigate the source of the large variation in the TC(iVOC) of dislocation clusters, 

dislocated areas with different TCs were selected for further investigation. Three different 

regions of interest (ROIs) are defined in Figure 3.7(d)–(f), labelled (A), (B), and (C). 

Table 3-2 summarises the obtained parameters for these regions. 

Table 3-2 iVOC, TC(iVOC), and γ of different ROIs across a highly dislocated wafer from the top 
of the ingot. 

 iVOC at 298 K (mV) TC(iVOC) (mV/K) γ 

ROI (A) 584 -2.14 2 

ROI (B) 580 -1.95 -0.32 

ROI (C) 594 -1.95 0.19 

 

 

Figure 3.7 Spatially resolved iVOC at 298 K, TC(iVOC), and γ of two HD wafers from (a)–(c) the 
bottom and (d)–(f) the top of the ingot under 0.5 Suns illumination. The images were cropped to 
present only the regions of interest. 
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All three ROIs are low-quality regions containing dislocation clusters. ROIs (A) and 

(B) have a similar iVOC at 298 K, but different TC; whereas ROIs (B) and (C) have a 

similar TC, but different iVOC. Compared to ROI (A) with γ of 2, the γ values of ROIs (B) 

and (C) are much smaller than one (and even negative); a lower γ is shown to contribute 

to less negative TC(iVOC). This indicates that different recombination rates limit the 

performance of these three regions, and a lower γ leads to a reduced recombination rate 

at higher temperatures, thus, a more favourable TC(iVOC). 

 

These regions were examined by micro-PL (µPL) spectroscopy [43]. Figure 3.8 shows 

the PL spectra of ROIs (A) and (C) at an actual sample temperature of 122±7 K (the actual 

sample temperature is obtained by modelling the band to band (BB) peak [145]). Low 

temperatures are chosen for the investigation, as defect peaks are strongly temperature-

quenched and therefore more noticeable at lower temperatures. The four dislocation-

related lines are labelled as D1 (0.812 eV), D2 (0.875 eV), D3 (0.934 eV), and D4 

(1.000 eV) [146, 147]. D1, D2 (very weak), D3, and D4 can be identified in both regions, 

indicating that both regions are highly dislocated. From previous studies [146, 148-150], 

D1 and D2 are found to be associated with defects and impurities decorating the 

dislocations, whereas D3 and D4 have been correlated with the intrinsic properties of the 

dislocation cores. 

 

Figure 3.8 PL spectra of ROIs (A) and (C) of a highly dislocated wafer from the top of the ingot 
at 122±7 K (actual sample temperature) under 20 Suns. 
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To distinguish between these regions, temperature-dependent µPL measurements were 

performed at a wide temperature range from 87 K to 304 K for ROI (A) and from 127 K 

to 302 K for ROI (C) and shown in Figure 3.9. For both ROIs, the D1 peak can be 

observed even at medium to high temperatures, while D3 and D4 cannot be observed 

above 200 K. Each defect peak is then fitted using the Voigt function [151] and the fits 

are shown in Figure 3.9 as grey dot lines. Since the D1 peak can be observed across the 

entire temperature range (even at high temperatures), this suggests that the D1 emission 

is a good indicator of the recombination activity at these dislocated regions [148]. The 

activation energies (Ea) of D1-associated defects are extracted at both ROIs by using an 

Arrhenius plot to fit the spectrally integrated defect PL (see Figure 3.10). 

In order to extract Ea of the D1-associated defects, the spectrally integrated defect PL, 

PLdefect (T, Δn), is fitted to the equation below (the derivation of this equation is given in 

Appendix A) [152]: 

 PLdefect(𝑇𝑇,Δ𝑛𝑛) =
PL0

1 + 𝐶𝐶
∆𝑛𝑛(𝑇𝑇)𝑇𝑇

1.5exp �− 𝐸𝐸a
𝑘𝑘B𝑇𝑇

�
 3.4 

where PL0 and C are positive constants. PL0 represents PLdefect as the temperature 

approaches 0 K. Δn(T) is calculated relatively using the spectrally integrated BB PL 

(PLBB) and the ionised acceptors (Na
-) [153] as Δn(T) ∝ [PLBB(T)]/[Brad(T)×Na

-(T))]. The 

measurement is assumed to be at low injection based on the extrapolated lifetime curves. 

This assumption is also confirmed using a PC1D simulation [154] of the sample using the 

maximum observed bulk lifetime of 30 µs, yielding a maximum excess carrier 

 

Figure 3.9 PL spectra under 20 Suns of: (a) ROI (A) at a sample temperature range from 87–
304 K; and (b) ROI (C) at a sample temperature range from 127–302 K. 
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concentration that is only twice the doping density. This assumption should become even 

more valid at lower temperatures, as the lifetime decreases with decreasing temperature. 

For ROI (C), similar to Reference [147], the measurement cannot be well fitted at low 

temperatures. The reason for this has not been provided in Reference [147] although it is 

stated that this type of behaviour seems not to be an effect characteristic of dislocation 

clusters. 

 

The two different extracted values of Ea are 75±2.3 meV for ROI (A) and 

130±2.9 meV for ROI (C). This may indicate that different impurities occupy these two 

regions. Compared to ROI (A), ROI (C) shows a stronger reduction of PLdefect with 

increasing temperature (Figure 3.10), indicating that recombination strongly decreases 

with temperature. This suppresses the effect of the temperature dependence of ni which 

reduces the magnitude of the decrease of iVOC with increasing temperature. As a result, 

the temperature sensitivity at ROI (C) is lower. 

3.4 Chapter Summary 

This chapter presents a method for measuring temperature-dependent iVOC images on 

metallised and non-metallised samples without the impact of carrier trapping and DRM, 

by combining PL imaging and front detection QSS PL measurements. These spatially 

resolved measurements allow for the assessment of both local and global temperature 

 

Figure 3.10 Arrhenius plots for ROIs (A) and (C) with their respective best fit. 



3 Spatially Resolved Temperature-Dependent Characterisation of Silicon Wafers and Cells 

44 
 

characteristics of wafers and cells, providing more detailed information regarding the 

material properties than conventional global measurements. 

The TCs of wafers and cells from different ingot heights with different dislocation 

densities were studied using the developed technique. The local results demonstrate that 

dislocated areas on wafers show both high and low temperature sensitivity, compared to 

intra-grain regions. Moreover, γ is found to exhibit low values (even negative) in some 

areas of dislocation clusters, with low temperature sensitivity. 

Global TC(iVOC) values of the investigated wafers and cells are found to be less 

negative with increasing ingot height. Furthermore, the wafers from the top of the ingots 

show a larger spread of localised TC(iVOC) towards less negative values which is 

particularly evident at a medium to low iVOC range, likely due to less temperature-

sensitive dislocation clusters. This suggests that cells made from the top of the ingot, 

although having higher defect concentrations, suffer relatively less degradation when 

performing at higher temperatures. µPL measurements were performed at dislocated 

regions with different TC values. Ea is found to be 130±2.9 meV and 75±2.3 meV for the 

dislocation clusters with low and high temperature sensitivity, respectively, which may 

indicate that different impurities occupy these two regions, thereby resulting in different 

TC values. 

This chapter demonstrates the advantages and feasibility of the proposed approach and 

expands the utility of PL imaging into temperature-dependent measurements. Besides the 

results presented in this chapter, this proposed method was also used to study the local 

temperature sensitivity of crystal defects of compensated mc-Si materials, see References 

[77, 155]. Furthermore, this approach is used to investigate the impact of different solar 

cell fabrication processes on the TC of cast-mono Si, which is presented in the next 

chapter. In general, this method is expected to be beneficial for improving the 

understanding of the thermal behaviour of non-uniform PV materials and optimising solar 

cell and wafer performance under non-STC.



 
 

45 
 

Chapter 4  
Impacts of Gettering and Hydrogenation on Silicon 
Wafer Temperature Sensitivity† 

In Chapter 3, a temperature-dependent PL imaging method which enables spatially 

resolved TC(iVOC) maps of Si wafers and cells was introduced. It was shown that TC(iVOC) 

is non-uniform across the wafers and cells due to the presence of non-uniformly 

distributed defects. Gettering and hydrogenation modify the recombination activity of the 

defects in PV devices and are expected to affect the temperature sensitivity of Si wafers 

and cells. This chapter assesses the influence of gettering, firing, and advanced 

hydrogenation on the spatially resolved TC(iVOC) of cast-mono Si wafers, using the 

method presented in Chapter 3. Most regions containing crystallographic defects are 

characterised by low temperature sensitivity and are further investigated using 

hyperspectral PL imaging and atom probe tomography. The combination of three 

advanced characterisation methods, from the nanoscale to the milliscale, provides an 

in-depth understanding of the temperature-dependent recombination activity in 

cast-mono Si. 

Section 4.1 briefly reviews the gettering and hydrogenation processes. Section 4.2 

describes sample preparation and the various characterisation techniques used in this 

chapter. Section 4.3 explores the correlation between local and global TC, ingot height 

and different fabrication processes, followed by a detailed investigation of the low 

temperature sensitivity at defective regions. 

 
† This chapter is based on: 

S. Nie, R. Lee Chin, A. M. Soufiani, T. Mehl, F. Theska, N. Haghdadi, S. Primig, C. Chan, T. Trupke, and 
Z. Hameiri, "Temperature sensitivity maps of silicon wafers from photoluminescence imaging: The effect 
of gettering and hydrogenation," Prog. Photovoltaics Res. Appl., under review, 2021. 

S. Nie, R. Lee Chin, A. M. Soufiani, C. Chan, T. Trupke, and Z. Hameiri, "Temperature-dependent 
performance of silicon wafers: the impact of gettering and hydrogen passivation," in 11th International 
Conference on Crystalline Silicon Photovoltaics, 2021. 
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4.1 Gettering and Hydrogenation 

The efficiency of Si solar cells is affected by defects introduced during crystal growth 

and in the fabrication processes [17]. Especially for advanced, high-efficiency cells, their 

efficiency is more sensitive to impurities. Gettering and hydrogenation that occurs during 

solar cell fabrication play key roles in the performance enhancement of Si solar cells [156, 

157]. In this section, a brief review of getting and hydrogenation is provided. 

4.1.1 Gettering 

Gettering involves removing or relocating impurities to regions in the device that are less 

detrimental to the overall performance [157-159]. It is often integrated into the existing 

fabrication processes, such as dielectric deposition [160], formation of the p-n junction 

[161], metal contacts [162], and passivating contacts [163]. Often, gettering is described 

as a three-step process: release, diffusion, and capture [159]. The first step is to release 

the impurities from the precipitates and dissolve them into mobile states [157]. This step 

is particularly important for cast-grown Si materials, such as cast-mono Si and mc-Si, as 

the majority of the metal contaminants are present in the form of precipitates [141, 164-

166]. When the metal-containing precipitates are heated and their solubility limits are 

raised above the concentrations of the dissolved impurities, the metal precipitates dissolve. 

In the second step, the dissolved impurities diffuse towards the gettering region (or 

gettering sites) [157]. This step relies on the diffusivity of the impurities. For instance, 

under the common gettering conditions, interstitial metal impurities such as copper (Cu), 

nickel (Ni), iron (Fe), chromium (Cr), and cobalt (Co) have high to moderate diffusivity 

[167], whereas substitutional impurities including arsenic (As), antimony (Sb), tin (Sn), 

and zinc (Zn) have low diffusivity [167, 168]. Often, higher temperatures are used to 

improve the diffusivity of impurities. In the third step, the impurities are captured and 

become immobilised [157]. Depending on where the impurities are captured, this process 

can be categorised into internal and external gettering. In the former case, defective 

regions such as dislocations and grain boundaries act as efficient gettering sites [169, 170], 

whereas in the latter case, a heavily doped layer, an aluminium (Al) layer, or a dielectric 

film acts as the gettering sink [157]. Different from the first two steps, low temperatures 

are preferred in the third step to improve the capture efficacy. In response to the trade-off 

of optimal temperature between three steps, variable temperature gettering strategies have 

been developed and shown to enhance the gettering effects [171-173]. 
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The commonly used gettering technique is phosphorus diffusion gettering (PDG). It is 

often used in Si solar cell fabrication to create electron collectors [169]. This process 

induces both external gettering of impurities to the heavily doped surface layer and 

internal gettering to the crystallographic defects. The effects of PDG on the electrical 

properties of Si have been studied in the past [142-144, 159, 168, 173-179]. An improved 

overall lifetime after PDG was reported in References [144, 168, 174-176]. In particular, 

spatially resolved results indicate that a significant lifetime enhancement is exhibited at 

the regions with a high initial lifetime and low density of crystallographic defects [142-

144, 177]. However, for regions containing large factions of crystallographic defects, 

such as grain boundaries and dislocations, lifetime often does not improve and even drops 

upon PDG [142-144, 177]. This worsening of the lifetime is mostly related to the 

redistribution of impurities as well as impurities trapped and precipitated at 

crystallographic defects during PDG [143, 176, 180]. Additionally, the fast cooling after 

phosphorus diffusion potentially freezes the small precipitates, whose recombination 

activity is typically stronger than large precipitates formed during ingot cooling [143]. In 

general, it can be concluded that the effects of gettering rely on the changes in 

concentration and distribution of the recombination centres, involving dissolved and 

precipitated metal impurities, dislocations, and grain boundaries. 

4.1.2 Hydrogenation 

Hydrogen passivation utilises atomic hydrogen to passivate defects, in contrast to the 

gettering process which removes or relocates impurities. Normally, hydrogen passivation 

is incorporated into Si solar cell processing via a thermal diffusion of hydrogen from 

hydrogen-rich dielectric layers to the bulk during the metallisation firing process [156, 

181-183]. The impacts of different firing conditions and various hydrogen-containing 

dielectric layers on hydrogen passivation efficacy have been discussed in Reference [182]. 

The optimum thermal condition for hydrogen passivation relates to the diffusivity of 

hydrogen and the mass density of the dielectric layers [181, 184, 185] which controls the 

balance between in- and out-diffusion of hydrogen during firing [182]. 

For effective hydrogen passivation of defects, the charge states of interstitial hydrogen 

have been identified as critical factors. In Si, atomic hydrogen can exist in three charge 

states –– negative (H-), neutral (H0), and positive (H+) –– which have different diffusivity 

and bonding mechanisms [186-188]. Among the three charge states, H0 has been 
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identified as a more effective charge state for passivating certain defects in Si, as it has 

high reactivity and can diffuse freely without being affected by charge effects and electric 

fields in Si [189, 190]. However, H0 is always present in a much lower concentration 

compared to H- and H+ [191]. The dominant charge state of hydrogen is H+ for p-type Si 

samples and H- (at low temperatures) for n-type Si samples [192, 193]. 

The impacts of hydrogenation on the electrical properties of Si have been investigated 

considerably, however, some conflicting results have been reported. With respect to its 

beneficial effect, several studies showed that hydrogenation can reduce the recombination 

strength of some defects, such as metallic impurities, precipitates, and crystallographic 

defects [142, 144, 182, 183, 194-198]. Particularly for mc-Si, notable hydrogen 

passivation has been observed in the intra-grain regions and at the grain boundaries whose 

recombination activity are newly activated by gettering [142, 143, 182]. It has been 

estimated that hydrogenation can reduce the efficiency loss due to recombination at 

crystallographic defects from > 1.5%abs to < 0.5%abs for industrial mc-Si PERC [199]. On 

the other hand, the effectiveness of hydrogen passivation of defects in Si has been 

questioned [200]. For example, it has been reported that significant concentrations of Fe 

can be passivated by hydrogen [196-198], however, this result was not supported by 

others [201, 202], where Fe has been found to be gettered by the dielectric layers during 

this thermal process [201]. In addition, hydrogenation has been found to be ineffective 

for passivating some dislocations and grain-boundaries [143, 156, 182, 203, 204]. The 

ineffectiveness could be due to different reasons, such as non-optimal processing 

conditions, the insufficient concentration of atomic hydrogen transported from the 

dielectric layers into the bulk, the thermal dissociation of hydrogen-defect complexes, or 

the atomic hydrogen preferentially occupying low-mobility and low-reactivity charge 

states [143, 156, 182]. 

Recent studies have demonstrated that illumination or electrical minority carrier 

injection at elevated temperatures, known as an advanced hydrogenation process (AHP), 

can improve the effectiveness of hydrogen passivation by manipulating the charge state 

of atomic hydrogen [156, 205, 206]. It has been shown that some “stubborn” defects, such 

as boron-oxygen (BO) complexes, can be deactivated by an AHP [156, 207], thus leading 

to ~ 1%abs improvement in cell efficiency [208]. In addition, an AHP at moderate 

temperature has been reported to benefit the dislocated regions in cast-mono Si, with 

efficiency enhancements of up to 2%abs [209, 210]. 
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Although the impacts of gettering and hydrogenation on the electrical performance of 

Si wafers and cells have been investigated in the past, there is no study focusing on their 

impacts on the temperature-dependent performance of Si. This leads to the aim of this 

chapter, which is to investigate in detail the influence of gettering, firing, and AHP on the 

TC(iVOC) of cast-mono Si wafers. 

4.2 Method 

4.2.1 Sample Preparation 

In this chapter, p-type B-doped cast-mono Si wafers from different ingot heights were 

used (1.4±0.15 Ω⋅cm resistivity, 180±10 µm thick). The wafers were saw damage etched 

before separate processing in the following groups: 

(i) Un-gettered: The wafers were passivated with 75 nm of SiNx using an industrial 

plasma-enhanced chemical vapour deposition system (MAiA from Meyer Burger) 

at a deposition temperature of 673 K. 

(ii) Gettered: Sister wafers were gettered by a phosphorus diffusion at a peak 

temperature of 1123 K using a Tempress tube furnace, resulting in sheet resistance 

of ~ 40 Ω/sq. The diffused layers were then removed, and the wafers were 

passivated using identical SiNx layers as used for the un-gettered Group (i) samples. 

(iii) Fired: The gettered (and passivated) wafers were fired in ambient air at a peak 

temperature of 1128 K using a Schmid commercial belt furnace. 

(iv) AHP: Tokens from each of the fired wafers were hydrogenated on a temperature-

controlled stage at 573 K for 780 sec using 980 nm laser illumination of 

~ 56 kW·m-2. 

4.2.2 Characterisation Methods 

PL Imaging: After each process step, the wafers were characterised using the custom-

built temperature-dependent PL imaging system [78, 85] described in Chapter 3. The PL 

images were acquired at an illumination intensity of 0.5 Suns and varying temperatures 

in the range of 298–353 K (for un-gettered and gettered wafers) and 298–323 K (for fired 

and hydrogenated wafers). The temperature range was reduced for the fired and 

hydrogenated wafers to avoid temperature-induced degradation. After the elevated 
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temperature measurements, the samples were remeasured at 298 K to ensure that no 

changes were induced during the PL measurements. 

Charge-carrier trapping effects were observed in PC measurements carried out on 

these wafers. Therefore, the PL images were calibrated into iVOC images using the 

QSS PL front detection method [78, 118] described in Chapter 3. The local TC(iVOC) is 

obtained from the slope of a linear fit of iVOC as a function of temperature for each pixel. 

As previously stated, TC(iVOC) is negative and a TC(iVOC) reduction refers to a lower 

temperature sensitivity i.e., less negative TC(iVOC), in this thesis. 

Hyperspectral PL imaging: In this chapter, a hyperspectral PL imaging system [211] 

was used to resolve the local spectral PL imaging of un-gettered wafers from the top of 

the ingot, which enables both the BB and defect (i.e., dislocation) related PL emission to 

be probed. The system uses an 808 nm line laser as the excitation source, with a maximum 

intensity equivalent to ~ 20 Suns. The spectral PL emission in the wavelength range of 

900–2500 nm is detected by a near-infrared (NIR) push-broom hyperspectral camera, 

with a mercury cadmium telluride detector and a spectral resolution of 6.3 nm (256 bands). 

Hyperspectral PL measurements were taken within the temperature range of 88–343 K, 

with a pixel size of 165 × 165 µm2. 

Atom Probe Tomography (APT): Atom probe specimens were fabricated from un-

gettered wafers from the top of the ingot at selected sites. Electron backscatter diffraction 

(EBSD) mapping was carried out using an EDAX Hikari Super system with a JEOL 7001f 

scanning electron microscope (SEM). Xe+ plasma focused ion beam (PFIB) milling was 

then used to fabricate atom probe specimens from a low angle boundary with ~ 3° 

misorientation using a ThermoFisher Helios G4 PFIB system. These specimens were then 

run in a Cameca LEAP 4000X Si atom probe with a wide field of view in a laser-assisted 

evaporation mode with the following acquisition conditions: temperature of 50 K, laser 

energy of 25 pJ, pulse frequency of 200 kHz, and detection rate of 1.0%. Note that the 

detector efficiency of this instrument is ~ 57%. The reconstructions were done using the 

Cameca AP Suite 6.1, based on the tip shape as captured by the SEM images. A sequence 

of EBSD, SEM, and PFIB images that show the workflow of the sample preparation for 

the atom probe measurements are given in Figure 4.1 while the range of the mass 

spectrum used for identified peaks is provided in Figure 4.14. 



4.3 Results and Discussion 

51 
 

 

4.3 Results and Discussion 

4.3.1 Spatially Resolved Analysis 

Figure 4.2 shows images of iVOC at 298 K, TC(iVOC), and γ of cast-mono wafers from the 

top of the ingot before and after gettering, after firing, and after AHP. The dark line-

shaped patterns in the iVOC images, Figure 4.2(a)–(d), are caused by crystallographic 

defects. EBSD measurements [see Figure 4.1(a)–(b)] confirmed that those features are 

low angle grain boundaries, which are normally formed due to the movement and 

aggregation of a high density of dislocations [212, 213]. The residual stress and strain 

 

Figure 4.1 (a) PLBB image and (b) the corresponding EBSD map for a region-of-interest of a 
cast-mono wafer from the top of the ingot. Acquisition conditions of the EBSD measurements 
were an acceleration voltage of 20 kV, probe current of ‘13’, working distance of 15 mm, 
8 × 8 binning, 0.65 sec exposure, and 1.6 gain. The Combo scan option was used to generate 
~ 8 × 8 mm2 large maps with a step size of 5 μm. Note that the black marks in the EBSD map are 
measurement-related artefacts. A sequence of SEM and PFIB images (c)–(h) show the workflow 
of the sample preparation for the atom probe measurements: (c) selecting targeted boundary and 
(d) area for platinum (Pt) deposition, (e) after Pt deposition, (f)–(g) in-situ lift-out and annular 
milling, and (h) final prepared atom probe specimens. In-situ lift-out and annular milling 
employed acceleration voltages between 5–30 kV with currents of 0.01–4.0 nA. A final clean-up 
was carried out using 5 kV and 0.03 nA for 30 sec after imaging atom probe specimens. A 
representative APT density plot is given in (i). 
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around these dislocations can naturally capture other defects and impurities, and thus, 

make these regions highly recombination active [214]. In the ingot casting thermal 

process, dislocations are generated at the seed joints [213, 215]. They then multiply 

rapidly along the growth direction. Therefore, substantially higher densities of 

crystallographic defects are observed in the wafers from the top of the ingot [212, 213]. 

As shown in Figure 4.2(a)–(d), crystallographic defects are highly recombination 

active before the gettering process. Gettering further increases the recombination strength 

of the crystallographic defects due to internal gettering. Similar observations were made 

in earlier studies on mc-Si wafers [77, 142]. No significant change is observed in the 

defect-free regions (referring to the regions that do not contain recombination active 

crystallographic defects in this chapter) after the gettering. In contrast, Reference [142] 

has reported that the intra-grain regions in mc-Si wafers from the top of the ingot improve 

after gettering. This disagreement could be in part owing to different dominant defects 

and the redistribution of impurities after gettering as evidenced by the change in the 

temperature-dependence of iVOC between Figure 4.2(e) and (f). Hydrogen passivation 

occurring during the firing process due to hydrogen release from the dielectric layers and 

its subsequent diffusion into the bulk significantly reduces the recombination in the 

defect-free regions (with an average improvement of ~ 25 mV in iVOC for the cast-mono 

wafers investigated here). However, the crystallographic defects remain recombination 

active. This observation agrees with the conclusions of Bertoni et al. [203] indicating that 

the hydrogen passivation efficacy is lower in regions with high dislocation density. The 

low passivation efficiency can be explained by H+ with low mobility and reactivity that 

dominates the distributed hydrogen state within the wafers [156]. An additional AHP can 

increase the fractional concentration of hydrogen atoms with the desired charge states, 

especially H0, allowing improved hydrogen passivation [205, 209]. As a result, the entire 

wafer shows improved iVOC after AHP, with a greater relative improvement in regions 

with crystallographic defects. Hence, it can be concluded that the recombination activity 

of the crystallographic defects tends to increase after gettering and to reduce after AHP. 

However, even after AHP, these defects are still recombination active. 
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TC(iVOC) is determined by several components, and its material-dependent variability 

is acquired by the iVOC at 298 K (varying according to the recombination rate) and the 

temperature-dependence of recombination activity which is related to γ. Equation 3.1 

indicates that a high iVOC and a small γ will contribute to reducing TC(iVOC), and vice 

versa. Figure 4.2(e)–(h) presents the experimentally determined TC(iVOC) after each 

process. TC(iVOC) varies significantly between regions of different quality (defects). 

Before gettering, regions with less negative TC(iVOC) are correlated to areas with a high 

concentration of crystallographic defects. Hence, in regions that are dominated by 

crystallographic defects, iVOC reduction rate at elevated temperatures is slower compared 

to the high-quality defect-free regions. The gettering process reduces the temperature 

sensitivity of both the defect-free regions and most of the regions containing 

crystallographic defects. In contrast, previous studies have indicated that gettering does 

 

Figure 4.2 (a)–(d) iVOC at 298 K, (e)–(h) TC(iVOC), and (i)–(l) γ maps before gettering, after 
gettering, after firing, and after AHP for wafers from the top of the ingot. 
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not affect the temperature sensitivity of the intragrain regions in mc-Si wafers 

substantially, despite the increase in material quality [77]. This discrepancy can be 

explained by the different temperature-dependencies of the dominant recombination as 

indicated by the lower γ in the defect-free regions of the cast-mono wafers obtained after 

gettering. Interestingly, the firing process does not have a prominent impact on the 

thermal behaviour and only a slight variation in TC(iVOC) can be observed. This contrasts 

with the expected improvement in TC(iVOC) in the defect-free regions, due to the 

improvement of iVOC in those regions after the firing process. This could be explained by 

increasing γ values due to the alteration of the temperature-dependent recombination rate. 

Interestingly, an AHP significantly reduces the temperature sensitivity across the entire 

wafer. 

Contrary to our expectation that low-quality areas should feature high temperature 

sensitivity, most regions containing crystallographic defects have low temperature 

sensitivity following the processing steps. Therefore, the performance difference between 

the defective regions and the defect-free areas would reduce at higher operating 

temperatures. Nevertheless, these defective regions still limit the device performance at 

elevated temperatures, although it is not as severe as previously expected. 

Figure 4.2(i)–(l) illustrates γ maps after different processes. Reference [15] earlier 

suggested that γ = 3 for materials that are limited by SRH recombination in the bulk and 

at the surfaces. This computation is based on the assumptions that the bulk and surface 

lifetimes are independent of temperature. Hence, γ < 3 implies an improved carrier 

lifetime with increasing temperature for SRH recombination-limited materials. The maps 

demonstrate γ values below 3 for the entire wafers. This can be explained by the presence 

of temperature dependencies of the SRH recombination. The gettering process reduces γ, 

and therefore a faster improvement rate of the carrier lifetime at elevated temperature is 

expected and thus, lower TC(iVOC). However, this superior behaviour is weakened by the 

subsequent firing process. Interestingly, reduced γ values are found after an AHP, 

particularly for the regions containing crystallographic defects. This indicates that an 

AHP not only improves iVOC but also contributes to lower TC(iVOC). In comparison to 

the defect-free regions, it is noticeable that most of the crystallographic defects show 

negative γ, possibly due to the temperature dependence of the recombination caused by 

the impurities decorating the crystallographic defects. This will be further discussed in 

Section 4.3.4. 
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4.3.2 Variation Along Ingot Position 

Figure 4.3(a)–(c) presents the iVOC distributions and their global values for representative 

wafers from the top, middle, and bottom of the ingot after the various processes. The light 

grey dot represents the global value, while the coloured regions to the left of the dot 

present the distribution. Wafers from different ingot positions respond differently to the 

processes. Broad distributions are observed for the top wafers due to large variations in 

the iVOC of crystallographic defects compared to the defect-free regions. Since wafers 

 

Figure 4.3 iVOC at 298 K (top row), TC(iVOC) (middle row), and γ (bottom row) histograms and 
their global values (given as symbols) for the wafers from the top, middle, and bottom of the ingot 
after the various processes. 
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from the bottom to the middle part of the ingot often have a considerably lower 

crystallographic defect concentration (see Figure 4.4), their iVOC distributions are much 

narrower. 

 

The bottom part of the ingot contains high concentrations of impurities due to their 

diffusion from the crucible walls during the casting process [213]. Consequently, the 

un-gettered bottom wafers show an inferior performance with global iVOC below 540 mV 

and therefore the associated data are not presented in Figure 4.3(c). After gettering, iVOC 

of the bottom wafers significantly increases, while only a negligible effect is noticed for 

wafers from the middle and top parts of the ingot. The firing process has previously been 

reported to improve the defect-free regions [144], so the observed increase of iVOC for 

wafers from the bottom and middle positions of the ingot is not surprising. For wafers at 

the top of the ingot, the high iVOC bins which represent defect-free regions shift to higher 

values, thus, resulting in a wider iVOC distribution; since large parts of these wafers are 

affected by crystallographic defects that remain highly recombination active after the 

firing process, their global iVOC values remain almost unchanged. It should be noted that 

a recent study by Sio et al. [144] reported a reduction in the recombination activity of 

crystallographic defects in cast-mono Si wafers after firing. The apparent discrepancy 

with the results reported here could be explained by the different hydrogen content of the 

dielectric layers used, and the different firing conditions [182]. The AHP results in 

effective passivation of the entire wafer and a substantial improvement in the iVOC, 

regardless of ingot height. Note that the AHP is performed on quarters of the 6-inch 

wafers. As some of these quarters contain a larger proportion of crystallographic defects 

in comparison to the full wafers, the improvement after the AHP may be underestimated. 

The superior performance of the middle and bottom wafers after all the processes is 

 

Figure 4.4 iVOC maps at 298 K for the wafers from the (a) top, (b) middle, and (c) bottom of the 
ingot after firing. 
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expected, due to the extremely low density of crystallographic defects in these wafers 

[213]. 

Figure 4.3(d)–(i) presents TC(iVOC) and γ distributions and their average values of 

wafers from different ingot heights after the various processing steps. Although iVOC does 

not significantly change after the gettering process, the TC(iVOC) is actually less negative. 

This is likely caused by a change in the temperature dependence of recombination after 

gettering, possibly due to the redistribution of impurities as indicated by a reduction of γ, 

as shown in Figure 4.3(g)–(i). Interestingly, although the firing process enhances the iVOC 

of all the wafers, except for the defective regions of the top wafer, it causes a weak shift 

of TC(iVOC) towards more negative values for wafers from the top and middle of the ingot, 

whereas the TC(iVOC) of wafers from the bottom of the ingot is slightly reduced (less 

negative). As previously discussed, a high iVOC and a low γ value are contributing factors 

for a less negative TC(iVOC). As γ is increased after the firing process for all wafers [see 

Figure 4.3(g)–(i)], the reduction of TC(iVOC) of the bottom wafers is mainly due to their 

iVOC improvement after firing. Remarkably, the AHP not only compensates for the 

negative impact of the firing process but further attenuates the temperature sensitivity of 

all investigated wafers by reducing γ. It is interesting that this reduced sensitivity is larger 

than would be expected from just the improved iVOC. This could be due to an interaction 

with hydrogen, resulting in changing dominant defects or defect configurations that have 

a lifetime with more favourable temperature sensitivity. 

To differentiate the respective contributions of increased iVOC and decreased γ to the 

TC(iVOC) of wafers after an AHP, the relative difference, ΔTC(iVOC), between the 

measured TC(iVOC) and the expected TC(iVOC) is analysed. The expected TC(iVOC) is 

calculated using Equation 3.1 and the γ maps obtained after the firing process, assuming 

TC(iVOC) variations after an AHP are solely due to iVOC improvement. As shown in 

Figure 4.5(a)–(c), most regions of wafers from different ingot positions show negative 

ΔTC(iVOC) values, indicating that the measured TC(iVOC) is lower than the expected 

values. On average, the reduction of γ by an AHP contributes around 7% to the TC(iVOC) 

reduction, with stronger impacts in the regions containing crystallographic defects. This 

process has an intriguing positive impact on the temperature sensitivity of the Si wafers, 

besides the known material quality improvement that can be achieved by an AHP. 
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4.3.3 Temperature-Dependent Performance at the Cell Level 

As presented in Chapter 3, the dislocation clusters in mc-Si wafers show less negative 

TC(iVOC), resulting in lower temperature sensitivity of the wafers and cells from the top 

part of the ingot in comparison to bottom wafers and cells. Similar observations are made 

on cast-mono Si samples in this chapter. Then, the question arises whether the 

performance of low-quality Si solar cells can be comparable with or even better than the 

performance of cells with high material quality at higher operating temperatures. In this 

section, the performance of two representative cast-mono cells originating from the 

bottom and top of the ingot are compared. 

Figure 4.6 displays the iVOC and TC(iVOC) images of quarters of the 6-inch industrial 

PERC devices made using sister wafers of samples in Figure 4.4. Since the bottom 

cast-mono samples are free from crystallographic defects, this allows a more direct 

comparison than mc-Si samples as the bottom mc-Si samples are limited by a large 

density of grain boundaries. Similar to the wafers, bottom cast-mono cells show a higher 

iVOC but more negative TC(iVOC) than the top cells. Figure 4.7 summarises the global 

iVOC and efficiency of these two cells at different temperatures measured using a 

Wavelabs I-V tester. Note that symbols represent the measurements and lines represent 

linear interpolation to higher temperatures. Although the top cell has a lower TC, its iVOC 

at temperatures up to 353 K is still lower than the bottom cell. Surprisingly, the overall 

efficiency of the top cells exceeds the efficiency of the bottom cells at temperatures above 

345 K, due to the combination of more favourable TCs of ISC, VOC and FF. 

 

Figure 4.5 Percentage difference in TC, ΔTC(iVOC), between measured and expected temperature 
sensitivity for wafers from the (a) top, (b) middle, and (c) bottom of the ingot after an AHP. 
Negative values indicate lower temperature sensitivity than expected. Note that the circular 
pattern in the images is an artefact caused by the PC coil of the Sinton WCT-120TS temperature-
controlled stage used for PL imaging. A 1000 nm short-pass filter was used for PL imaging to 
reduce the effect of stage reflection. Areas with uniform temperature and reflection are used for 
analysis. 
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4.3.4 Temperature Sensitivity of Crystallographic Defects 

Temperature-dependent hyperspectral PL measurements were carried out on wafers from 

the top part of the ingot to investigate the temperature sensitivity of the crystallographic 

defects. In contrast to the temperature-dependent PL imaging system described in Chapter 

3, which only acquires spectrally integrated-BB luminescence emission, a four-

dimensional dataset is collected with the hyperspectral PL imaging system. The full 

spectrum (in the range of 0.6–1.3 eV) is obtained at each pixel in the temperature range 

of 88–343 K. 

Figure 4.8 shows the accumulated PL spectrum over the entire sample at different 

temperatures. Four distinct sub-bandgap peaks at 0.81, 0.88, 0.93, and 1.00 eV are easily 

identified at low temperatures. As mentioned in Chapter 3, these peaks are usually 

correlated with the well-known D lines, defect emissions that are associated with 

dislocations in crystalline Si [146, 147]. The luminescence intensity of these spectral 

 

Figure 4.6 iVOC at 298 K and TC(iVOC) images of quarters of 6-inch PERC devices originating 
from the (a)–(b) top and (c)–(d) bottom of the cast-mono Si ingot. These measurements were 
obtained under 0.5 Suns illumination. 

 

Figure 4.7 (a) Global iVOC and (b) cell efficiency under 0.5 Suns illumination as a function of 
temperature for PERCs originating from top and bottom of the cast-mono Si ingot. 
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peaks is often added in pairs (D1 together with D2, and D3 with D4) [148, 149]. D1 and 

D2 are commonly associated with defects and impurities decorating the dislocations and 

the sub-grain boundaries, whereas D3 and D4 have been correlated with the intrinsic 

properties of the dislocation cores and sub-grain boundaries [146, 148-150]. 

 

To resolve the different emission signals that contribute to the defect luminescence, a 

multivariate curve resolution analysis [216, 217] was carried out. The spatial distributions 

of D1+D2 and D3+D4 luminescence (PLD1+D2 and PLD3+D4) at 88 K are presented in 

Figure 4.9, together with the PLBB distribution at 88 K and 303 K. Despite the relatively 

strong D3 and D4 emission at 88 K, only the D1 and D2 (weak) peaks are detected at 

temperatures above 150 K (see Figure 4.8). For PLD3+D4, an inverse correlation with PLBB 

is observed only at temperatures below 100 K, no correlation can be identified at higher 

temperatures. In contrast, a clear inverse correlation is observed between PLD1+D2 and 

PLBB measured at higher temperatures as demonstrated by the correlation plots at 303 K 

and 343 K in Figure 4.10. This suggests that the D1+D2 emission is a good indicator of 

the recombination activity at the crystallographic defects [148] observed and has a strong 

impact on the performance of the studied samples at room temperature and above. Hence, 

the observed low TC(iVOC) at the crystallographic defects is likely related to the 

impurities in these locations. 

 

Figure 4.8 Accumulated PL spectra of a representative wafer from the top of the ingot at different 
temperatures, where BB emission and defect-related luminescence (D1–D4) are labelled. 
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To further investigate this relationship, the Ea map [Figure 4.11(a)] of the D1+D2 

associated defects is extracted by curve-fitting the temperature-dependence of the 

spectrally integrated defect PL signal at each pixel as described in Chapter 3. An example 

of the Arrhenius plot for extracting the Ea of a pixel containing crystallographic defects 

is shown in Figure 4.11(b). Note that this method is only valid at low injection levels; 

thus, Ea in the defect-free regions, with higher effective lifetime, may deviate from the 

true value. 

 

Figure 4.9 Normalised intensity map of PLBB at (a) 303 K and (b) 88 K, (c) D1 + D2 at 88 K, and 
(d) D3 + D4 at 88 K for a representative wafer from the top part of the ingot. 

 

Figure 4.10 Normalised PLD1+D2 as a function of PLBB at (a) 303 K and (b) 343 K for a 
representative wafer from the top of the ingot. 
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A large value of Ea indicates a stronger reduction of the defect PL with increasing 

temperature, thus, the recombination decreases with rising temperatures. This can 

potentially compensate some of the negative impacts of ni on iVOC at elevated 

temperatures. Therefore, iVOC reduces less at higher temperatures, resulting in low 

temperature sensitivity at regions containing crystallographic defects. As illustrated in 

Figure 4.11, regions with large Ea (> 120 meV) are well correlated with the 

recombination-active crystallographic defects (dark lines in the PLBB image). This 

observation agrees with results shown in Chapter 3, where an Ea of 129 meV was reported 

for the less temperature-sensitive dislocations in p-type mc-Si samples. 

To identify the nature of impurities that decorate crystallographic defects, APT 

measurements were performed on selected regions containing recombination-active 

crystallographic defects. One representative APT reconstruction of a low angle grain 

boundary (indicated by a red box in the first atom map) from the top wafer is shown in 

Figure 4.12. Here, all elements are presented in the first map and the individual elements 

are displayed in the remaining maps. A significant excess of Ni, oxygen (O), and carbon 

(C) near the low angle grain boundary is detected, suggesting that these three impurities 

could play dominant roles in causing the recombination at the regions containing 

crystallographic defects. In addition, Fe, Cu, and Cr are also detected, but with much 

lower concentrations. Different concentrations of C, O, and Ni across the grain boundary 

indicate that segregated impurities have been accumulated along the path of motion of 

 

Figure 4.11 (a) Ea map of D1+D2-associated defects for a representative wafer from the top of 
the ingot; and (b) an Arrhenius plot for extracting the Ea of a single pixel representing 
crystallographic defects. Note that fits with a relative error larger than 10% were excluded in (a) 
and shown as black pixels. 
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such boundaries. Analogous maps for the three captured reconstructions, as well as their 

1D concentration profiles across the boundaries, are provided in Figure 4.13. 

 

The presence of these impurities has been previously reported in cast-mono wafers 

[218]. Substitutional C has been shown to be another origin of the formation of low angle 

grain boundaries, as its concentration correlates well with the etch pit density in 

cast-mono wafers [215]. Moreover, Ohno et al. [214] found that O, Ni, and Cu atoms 

preferentially segregate at the grain boundaries on which arrays of dislocations exist. 

They, therefore, suggested that the recombination activity of the grain boundaries (CGB 

revealed by PL imaging) can be described by the linear combination of the concentrations 

of O, Ni, and Cu atoms at the grain boundaries. Recently, Tweddle et al. [219] suggested 

that C and O may not be the main contributors to the recombination at grain boundaries 

in mc-Si wafers, whereas a direct correlation was found between the recombination rate 

and the concentration of nitrogen (N). However, no significant concentration of N was 

detected in the low angle grain boundaries investigated here. This may be due to its low 

concentration, below the detection limit of APT or mass-to-charge-state overlaps that 

obscure the presence of N. An exemplary atom probe mass spectrum is provided in 

Figure 4.14. 

 

Figure 4.12 Side-view of a 3D atom probe tomographic reconstruction of a low angle grain 
boundary from a representative cast-mono Si wafer from the top of the ingot. The first map shows 
all elements and the remaining maps present individual element. 
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Figure 4.13 (a)–(c) Side-view of the 3D atom probe tomographic reconstructions of three 
captured low angle grain boundaries which are enriched by C, O, and Ni and (d)–(f) their 
corresponding 1D concentration profiles across the boundaries. Concentration profiles are 
extracted from cylindrical regions of interest in the dimensions 150 × 20 × 25 nm3 (highlighted 
by the red box while the red arrow indicates the distance from 0 nm to 25 nm), with a step size of 
1 nm. All concentration profiles were decomposed into their elements and background corrected. 
Enrichment of C, O, and Ni are observed in the three data sets, with asymmetric levels of 
enrichments at left and right sides of the boundary. 

 

Figure 4.14 A representative atom probe mass spectrum used to identify the peaks. 
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The temperature-dependent characteristics of the crystallographic defects are assumed 

to be associated with γ. Hence, γ is assumed to depend on the defect parameters, including 

the Et, Nt, σn and σp. It has been reported that Ni [46], Cu (Cu precipitate) [220-222], Cr 

(CrB) [223], and O (BO and oxygen precipitates) [50, 224] show reduced recombination 

rates at elevated temperatures. These could contribute favourably to the iVOC of 

crystallographic defects at elevated temperatures, leading to lower temperature sensitivity. 

To provide further insights, the temperature-dependent iVOC at 0.5 Suns illumination 

intensity was simulated, based on the defect parameters available in the literature [46, 50, 

220-224]. γ was then calculated based on Equation 3.1. Figure 4.15 presents simulated 

TC(iVOC) as a function of iVOC for regions dominated by CrB and oxygen precipitates, 

where the trace colour is mapped to γ. For CrB, a more negative TC(iVOC) is observed 

with decreasing iVOC. This is expected due to the weak reduction of γ. Note that Cr is not 

likely to be the dominant defect, due to: (a)  low concentrations were detected by APT, 

and (b) no significant change in lifetime was observed after applying the CrB pairs 

dissociation process [223]. Interestingly, oxygen precipitates show different behaviour 

with a stronger variation in γ. Above 600 mV, a declining γ is observed with reducing 

iVOC, which weakens the negative impact of the low iVOC on TC(iVOC). Hence, in this 

voltage range, TC(iVOC) is less negative than expected towards low iVOC due to lower γ. 

Although the detrimental effect of low iVOC on TC prevails again at iVOC below 600 mV, 

this increasing TC(iVOC) (to more negative values) considerably slows down by the 

negative γ, compared to CrB. Figure 4.15 also shows the distributions of TC(iVOC) as a 

 

Figure 4.15 Simulated TC(iVOC) as a function of iVOC for CrB (Et = Ev + 0.27 eV and σn/σp = 5.8) 
[223] and oxygen precipitates (Et = Ev + 0.22 eV and σn/σp = 157) [50] under 0.5 Suns illumination 
intensity. Note that the temperature-dependence of the capture cross-section is not considered in 
these simulations, as such information is not provided in the literature. The grey dots with bars 
represent the average measured TC(iVOC)-iVOC of randomly selected regions containing 
crystallographic defects and their variations within each selected region. 
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function of the corresponding iVOC in 17 randomly selected regions that contain 

crystallographic defects (from Figure 4.2). The simulated TC(iVOC) of oxygen 

precipitates is within the range of the measurements. As oxygen precipitates feature 

especially low temperature sensitivity and their recombination activity is characterised by 

more negative γ values at low iVOC ranges compared to other impurities, they are likely 

to be responsible for the low temperature sensitivity of the regions containing the 

crystallographic defects. There is little data on the temperature- and injection-dependent 

behaviour of C impurities, which limits the conclusions that can be made about its impact 

on TC(iVOC). 

4.4 Chapter Summary 

This chapter highlights the importance of performing spatially-resolved analysis to assess 

the TC(iVOC) of Si wafers. This provides more detailed information about the samples’ 

electrical properties in comparison to global single-value measurements. Results shown 

in this chapter imply that variations in TC(iVOC) in response to different processes cannot 

simply be explained by the intrinsic parameters of Si. It is significantly influenced by the 

temperature dependence of the recombination rate of the recombination active defects. 

Gettering is found to alter the temperature dependence of recombination, lowering γ, 

resulting in more favourable temperature sensitivity. However, this benefit is negated by 

the subsequent firing process. Intriguingly, performing an advanced hydrogenation 

process can offset the negative impact of the firing process on TC(iVOC) and further 

reduce temperature sensitivity. Although the crystallographic defects remain the most 

severe performance-limiting factor for cast-mono Si material for wafers from the top of 

the ingot, their detrimental impact is reduced at higher operating temperatures. APT 

results show that the regions containing crystallographic defects are enriched by Ni, O, 

and C. Consequently, these impurities (more feasibly oxygen precipitates) could explain 

the low temperature sensitivity of the regions containing high concentrations of 

crystallographic defects. 

This chapter not only demonstrates the advantages and wide utility of the temperature-

dependent PL imaging method introduced in Chapter 3, but also advances the 

understanding of the local thermal behaviour of cast-mono Si wafers and compares them 

at different ingot positions and different fabrication steps, thus, providing a wealth of 

information that has not been reported previously. 
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Although temperature-dependent PL imaging with uniform excitation has proven to 

be a powerful technique for probing the temperature-dependent electrical properties of Si 

wafers and cells in this chapter, it should be noted that it still has some limitations for 

lifetime imaging-based analysis. This point will be further discussed in Chapter 5, 

together with a newly developed PL imaging system to overcome these disadvantages. 
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Chapter 5  
Advanced Photoluminescence Imaging Using Non-
Uniform Excitation‡ 

In Chapter 3 and Chapter 4, PL imaging using uniform excitation is employed to evaluate 

the performance of mc-Si and cast-mono Si wafers and cells under different operating 

temperatures. However, for samples with inhomogeneous distributions of defects, 

conventional PL images obtained under uniform excitation suffer from lateral carrier 

flows which result in inaccurate lifetime analysis and image blurring. It is worth 

mentioning that lateral carrier flow is an inevitable effect during solar cell operation in 

the field. However, care needs to be taken when conventional PL imaging measurements 

are used for quantitative lifetime-based analysis, such as extracting defect parameters. 

To overcome the impact of lateral carrier flows, an advanced PL imaging method using 

non-uniform illumination is presented in this chapter. By adaptively adjusting the light 

intensity at each pixel, a uniform excess carrier density across the sample is achieved, 

thereby eliminating lateral currents. Details regarding the proposed method are given in 

Section 5.2. In Section 5.3, the advantages of the proposed method are demonstrated 

using Si wafers with spatially non-uniform lifetimes, with and without diffusion layers. 

This new approach presents a significant improvement in lifetime accuracy and image 

sharpness compared to conventional PL imaging techniques. Practical limitations of the 

current setup and possible future improvements are discussed in Section 5.4. 

 
‡ This chapter is based on: 

S. Nie, Y. Zhu, O. Kunz, T. Trupke, and Z. Hameiri, " Advanced photoluminescence imaging using non-
uniform excitation," Prog. Photovoltaics Res. Appl., 2021. 

S. Nie, Y. Zhu, O. Kunz, H. Kampwerth, T. Trupke, and Z. Hameiri, "Temperature-dependent 
photoluminescence imaging using non-uniform excitation," in 47th IEEE Photovoltaic Specialists 
Conference, pp. 0789-0792, 2020 –– Won the Best Student Award. 
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5.1 Photoluminescence Imaging Using Uniform Excitation 

As described earlier, conventional PL imaging systems consist of a spatially uniform 

excitation source and a camera that collects the emitted PL signal [74]. Brighter regions 

(higher PL counts) in conventional PL images represent areas with higher Δn, and thus, 

higher carrier lifetime. For PL imaging-based quantitative analysis, the relative PL count 

is converted into Δn using Equation 2.26 by determining the calibration factor FPLi [78, 

83, 94-96], see Chapter 2. Lifetime images are then calculated as the ratio between Δn 

and G [95, 96]. However, as uniform illumination is used for PL imaging, any spatial 

non-uniformity in the sample causes gradients in Δn, and thus, induces lateral carrier 

flows within the sample. This results in blurring of the image and inaccurate lifetime 

analysis as lifetime is no longer equivalent to Δ𝑛𝑛/𝐺𝐺, but an additional term that quantifies 

the lateral carrier flows needs to be considered. 

To obtain more accurate lifetime images with uniform illumination, a method has been 

proposed to quantify the lateral carrier diffusion and, thus, to de-smear lifetime images of 

non-diffused samples using Equation 5.1 [100, 101]. However, this de-smearing method 

is limited by measurement noise and cannot be applied to devices with junctions where 

the lateral carrier flows are driven by both drift and diffusion. 

 𝜏𝜏(𝑥𝑥,𝑦𝑦) =
Δ𝑛𝑛(𝑥𝑥,𝑦𝑦)

𝐺𝐺 + �𝐷𝐷∇2∆𝑛𝑛(𝑥𝑥,𝑦𝑦)�
 5.1 

5.2 Photoluminescence Imaging Using Non-Uniform Excitation 

To overcome the limitation mentioned in the previous section, Heinz et al. [225] 

introduced the principle of adaptive excitation for PL imaging via numerical simulation. 

Later, Zhu et al. [226] experimentally demonstrated this concept by developing a PL 

imaging system that provides uniform Δn images, using spatially non-uniform excitation. 

The obtained PL images are free from the impact of lateral carrier flows. However, the 

application of this method has been demonstrated only in one dimension using two 

“macro pixels” (two centimetre-size regions, each with a uniform lifetime). This method 

has not been extended to the two-dimensional pixel level and therefore, cannot be used 

for non-uniform materials, such as Si samples with striations [227]. 
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This chapter presents a PL imaging method that is not affected by lateral carrier flows. 

The method is based on applying the above principle of non-uniform illumination at the 

pixel level with high spatial resolution. A steady-state inhomogeneous excitation 

generated by a customised liquid-crystal display (LCD)-based illumination setup is used 

to countervail the lateral carrier flow induced by the sample’s non-uniformity (see 

Figure 5.1). Its ability to collect PL images with uniform Δn at different injection levels 

for both diffused and non-diffused samples allows for more accurate PL imaging-based 

lifetime analysis and significantly improves the image contrast and dynamic range. In 

addition, the capability of the proposed method is further extended to allow temperature-

dependent measurements. 

5.2.1 System Development and Optimisation 

The concept of non-uniform illumination is essential for acquiring PL images that are 

inherently free from the impact of lateral carrier flows. A simple approach to generate a 

non-uniform illumination is using a commercially available LCD projector. The working 

principle of the LCD is the blocking of light, as illustrated in Figure 5.1. Specifically, an 

LCD panel consisting of many liquid crystal molecules is sandwiched between two 

polarisers. By controlling the electrical signal applied to each liquid crystal molecule, the 

orientation of the liquid crystal molecule and thus the polarisation of the light is modified, 

resulting in a change in the intensity of light passed through the polariser. Since each pixel 

of the LCD panel can be controlled independently, a non-uniform illumination can 

subsequently be generated. However, for the purpose of PL imaging, the commercially 

available LCD projector has two main drawbacks. The first is that the achieved maximum 

illumination intensity is comparatively low. By using a modified projection lens to reduce 

the illumination area (6 × 9 cm2), the maximum intensity obtained using a commercial 

projector with a high-power mercury lamp is about 0.3 Suns. The second is that a short 

pass filter is needed to block long-wavelength light to ensure that the camera only detects 

the PL signal from the sample and not the original illumination source. However, using 

short-wavelength illumination may cause more excess carriers generated near the 

illuminated surface of the sample, thus resulting in a non-uniform excess carrier profile 

perpendicular to the surface. Therefore, more signal is detected at the surface rather than 

from the bulk. To overcome these drawbacks, a straightforward method is to combine a 

high-power 808 nm laser with an LCD-based spatial light modulator. In the following 
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paragraphs, details regarding the construction and optimisation of the LCD-based 

illumination setup using a high-power 808 nm laser are provided. 

 

LCD: The LCD is the key component in the proposed setup to generate a spatially 

non-uniform illumination. However, since LCDs are generally optimised for visible light 

applications, many of them do not perform well at 808 nm due to low contrast and 

transmission. In order to find a well-performing LCD at 808 nm with high resolution, 

contrast, and transmission, three commercially available LCD panels were tested using 

the setup shown in Figure 5.2. Light from an 810 nm infrared LED is first focused by an 

aspheric condenser lens, then passes through a bandpass filter with a centre wavelength 

of 810 nm to ensure the wavelength range is reduced to 805–815 nm. Two Thorlabs linear 

polarisers were placed perpendicular to each other with the LCD between them. The 

settings of the LCD controller were adjusted to optimise the LCD performance at 810 nm 

since a higher LCD drive voltage of the liquid crystal cells is needed for a longer 

wavelength. By adjusting the applied voltage of LCD from minimum to maximum for all 

the pixels, the contrast ratio between a full black illumination image and a full white 

illumination image was subsequently evaluated for each LCD panel. Note that the 

contrast depends on both the performance of the LCD panel and the two polarisers. A 

second test was performed to evaluate the transmission of each LCD panel at 810 nm. 

After removing the two polarisers, the transmission of the LCD was measured as the ratio 

 

Figure 5.1 LCD operation principle. 
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of the signals detected with and without LCD. All the tested results of the three LCD 

panels are summarised in Table 5-1. Although the Sony LCX017 LCD has a lower 

resolution compared to the other two LCD panels, it has much higher transmission and 

contrast ratio which are the most critical parameters for PL imaging with non-uniform 

illumination and it was therefore selected as the most suitable option. Apart from the 

wavelength, the temperature is another factor that substantially affects the performance 

of an LCD, with higher temperatures being detrimental to the LCD contrast ratio. For 

instance, the contrast is reduced by a factor of ~ 1.35 when the LCD is illuminated using 

a high-power 808 nm laser for about 20 sec. To reduce the impact of temperature, the 

LCD is cooled using compressed dry air and the duration of illumination is limited to less 

than 5 sec for one measurement. 

 

Table 5-1 LCD panel specifications and their measured contrast and transmission for the initial 
screening configuration. The column highlighted in grey was the chosen model. 

LCD Epson D7 Sony LCX036BMT Sony LCX017 

Size 0.74 inch 1.8 inch 1.8 inch 

Resolution 1920 × 1080 1600 × 1200 1024 × 768 

Contrast ratio at 808 nm 1:50 1:43 1:92 

Transmission at 808 nm ~ 13% ~ 38% ~ 50% 

 

Polariser: To further improve the contrast, the Thorlabs linear polarisers were 

replaced by wire grid polarisers from Meadowlark Optics. These wire grid polarisers have 

substantially higher transmission (> 80%) and contrast (> 2000:1) at 808 nm, and a very 

 

Figure 5.2 Setup used to test the performance of LCD panels. 
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high laser damage threshold of 10 kW·cm-2. The axis of the first polariser was set to 45°, 

as suggested in the instructions for the Sony LCX017 LCD. In order to obtain the highest 

possible contrast ratio, four different methods of determining the axis of the second 

polariser were used, as follows: (i) the axis of the second polariser was adjusted until the 

light output was maximised when the applied voltage of the LCD is set to the maximum. 

The contrast is then calculated as the light output ratio when varying the applied voltage 

of the LCD from minimum to maximum. The other three methods were: (ii) minimising 

the light output when the applied voltage of the LCD is set to the maximum; 

(iii) maximising the light output when the applied voltage of the LCD is set to the 

minimum; and (iv) minimising the light output when the applied voltage of the LCD is 

set to the minimum. The results of all four methods are provided in Table 5-2, resulting 

in the best contrast being achieved by rotating the second polariser to minimise the light 

output when the applied voltage of the LCD is set to the minimum. 

Table 5-2 Contrast optimisation for Sony LCX017 LCD with wire grid polarisers. The column 
highlighted in grey was the chosen combination. 

 (i) (ii) (iii) (iv) 

Contrast 1:19 1:58 1:32 1:300 

 

The influence of the first polariser’s axis was also examined since the instructions for 

the Sony LCX017 LCD is mainly regarding for visible light. Figure 5.3 shows the light 

output as a function of the axis of the first polariser when the applied voltage of the LCD 

is set to minimum and maximum. Note that here, for each axis of the first polariser, the 

axis of the second polariser is re-adjusted to minimise the light output when the applied 

voltage of the LCD is set to the minimum. By increasing the axis of the first polariser 

from 0° to 45°, light output is increased by a factor of ~ 1.65 and peaked at 45° for both 

cases. The light output ratio between maximum applied voltage and minimum applied 

voltage represents the contrast. Interestingly, the contrast does not vary significantly with 

the first polariser’s axis, with a maximum change of 8%. Therefore, the axis of the first 

polariser was kept at 45° to enable a higher light output for the PL imaging system. 



5.2 Photoluminescence Imaging Using Non-Uniform Excitation 

75 
 

 

 

Laser Light Source: In order to achieve a high illumination intensity, an 808 nm fibre-

coupled diode laser from Lumics (model: LU0808D320-D70AF) with a peak power of 

33 W was used. Since the laser beam diverges after leaving the fibre, a Thorlabs fibre 

collimation package was used to collimate the laser beam. Note that spatially uniform 

incoming light is required for the LCD. Therefore, to achieve this, beam shaping optics 

consisting of two cross-cylindrical lens arrays and a convex field lens are added to 

transform the circular laser beam with a Gaussian profile to a rectangular-shaped beam 

with a flat-top profile [228], as illustrated in Figure 5.4. Two cross-cylindrical lens arrays 

are placed perpendicular to each other, i.e., one shapes the beam in the x-direction and 

the other shapes the beam in the y-direction. These lens arrays split the incoming laser 

light into many beamlets, followed by a plano-convex lens which acts as a field lens, 

 

Figure 5.3 Normalised light output as a function of the axis of the first polariser when the applied 
voltage of the LCD is set to minimum and maximum. The light output is normalised to the 
maximum value obtained with maximum applied voltage. 

 

Figure 5.4 The beam shaping principle for achieving rectangular uniform illumination using 
optics including cross-cylindrical lens arrays and a convex lens. 
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focusing and overlapping the individual beamlets coming out of the lens arrays at the 

homogenisation plane. All the lenses have anti-reflection coatings to maximise the 

transmission at 808 nm and minimise stray light. 

Projection Lens: A suitable lens is required to project the spatially modulated 

illumination generated by the LCD onto the sample plane. Initial trials were conducted 

using simple lenses with different focal lengths (50–75 mm) and sizes (2–3 inch), such as 

Bi-convex and doublet lenses, among others. These lenses were chosen to achieve a 

~ 5 × 5 cm2 illumination area on the sample plane. However, all the projected 

illumination images that resulted from these simple lenses were not desirable, due to 

optical aberrations, in particular coma aberration and distortion aberration [229]. An 

example is given in Figure 5.5(a), where a 2 inch Thorlabs Bi-convex lens with a focal 

length of 60 mm is used. It was concluded that it is not possible to achieve a sharp 

illumination image on the sample plane using a single lens. To solve this optical 

aberration issue, a photographic imaging lens that consists of a series of optical elements 

was subsequently tried. As shown in Figure 5.5(b), the Linos inspec.x M NIR 1.4/50 lens 

–– used for projection here –– significantly reduced the optical aberration, and a very 

sharp projection with minimal distortion was achieved. Moreover, this lens features an 

adjustable focal length (allowing change of illumination size) and an optical antireflection 

coating to maximise the transmission in the NIR wavelength range, ideal for the purpose 

of this work. 

 

Final Setup: A schematic representation of the optimised transmission-mode PL 

imaging system is shown in Figure 5.6. This system has been optimised to maximise the 

 

Figure 5.5 Non-uniform illumination images obtained with: (a) a Thorlabs Bi-convex lens; and 
(b) a Linos inspec.x M NIR 1.4/50 lens. The two photos were taken from different angles. 
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light intensity and contrast in the sample plane and to minimise the optical aberrations of 

the illumination image. An 808 nm fibre-coupled diode laser with a peak power of 33 W 

was used as an excitation source. The laser light is firstly collimated and then passed 

through beam shaping optics to achieve rectangular uniform illumination. The uniform 

light is then polarised by the first polariser (Meadowlark Optics) before passing through 

a monochromatic LCD panel (Sony LCX017) and subsequently a second polariser 

(Meadowlark Optics). By controlling the electrical signal applied to each liquid crystal 

pixel, the orientation of the crystal is modified, enabling the continuous adjustment of the 

light intensity at each pixel. The illumination image is then projected onto the sample 

through a photographic projection lens (Linos inspec.x M NIR 1.4/50). 

 

The LCD-based illumination setup has a spatial resolution of 1024 × 768 pixels with 

an 8-bit greyscale. The maximum illumination intensity of 1.1 Suns can be achieved for 

an illumination area of ~ 3.4 × 4.5 cm2 when the greyscale of LCD is set to 255. The pixel 

size of the illumination image is equivalent to a square area of ~ 75 × 75 μm2 in the 

sample plane. The measured contrast of this LCD-based illumination setup is up to 1:300, 

representing the relative intensity variation between nominally zero and maximum 

intensity. The achieved overall transmission is approximately 13%. Specifically, the 

illumination intensity is reduced by half due to the first polariser, followed by an 

additional ~ 50% light reduction due to the LCD's fill factor with an active pixel area of 

70% × 70%. The remaining ~ 12% of light is mainly lost in the polarisers, as each 

polariser has a transmission of ~ 83% at 808 nm for light that has a polarisation aligned 

with the polariser. 

 
Figure 5.6 The transmission-mode PL imaging system with the customised LCD-based 
illumination setup. 
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The PL emission is detected by a Si complementary metal-oxide-semiconductor 

(CMOS) camera with a spatial resolution of 2048 × 2048 pixels. The pixel size of the 

camera image is equivalent to a square area of ~ 41 × 41 μm2 in the sample plane. Suitable 

optical filtering (Long pass 850 nm, 900 nm, 975 nm) is used in front of the camera to 

avoid detection of the laser illumination. 

5.2.2 Measurement Procedure 

A key requirement for achieving uniform PL images is to accurately align the illuminated 

pixels and the camera pixels since the illuminated pixels need to be adjusted in accordance 

with the measurement results via the camera. This task is complicated due to: (a) the 

different spatial resolution of the LCD panel and the camera; and (b) the optical 

aberrations of both illumination and camera images. 

The straightforward pixel-alignment process is to map one LCD pixel at a time onto 

the corresponding pixels in the camera image by using an illumination pattern consisting 

of only one white pixel (greyscale value of 255; the rest of the pixels are set to the black 

with greyscale of 0), and then repeat one by one for all the LCD pixels. However, 

considering the LCD has 786432 pixels in total, this process is highly time-consuming. 

For time efficiency, the actual pixel-alignment process involves mapping an array of 

bright LCD pixels onto the corresponding pixels in the camera image. Explicitly, an 

illumination pattern of 64 × 48 single white pixels (with a greyscale value of 255) with 

16 black pixels (with a greyscale value of zero) between any two neighbouring white 

pixels were used. This pattern is used as it allows the maximum number of illumination 

pixels being mapped at a time without overlapping white pixels in the camera image. An 

example of this pattern is presented in Figure 5.7(a) where only a small ROI is shown. 

During the alignment, a paper sheet uniformly coated with ink that absorbs the 808 nm 

illumination and emits PL is placed on the sample stage. The corresponding image is then 

captured by the CMOS camera [see Figure 5.7(b)]. Note that a single pixel in the 

illumination image is detected as a large patch of pixels; this is due to: (a) the camera 

having a higher spatial resolution (smaller pixel size) than the LCD in the sample plane, 

and (b) the optical aberrations of the illumination. By identifying the camera pixel with 

the highest intensity [marked with a cross in Figure 5.7(c)] and its neighbouring pixels 

that have an intensity greater than half of the highest intensity [marked with black dots in 

Figure 5.7(c)] in the captured image, the pixels in the camera image that most closely 
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correspond to the illuminated (white) pixel in the illumination image are determined. By 

repeating this procedure with different illumination patterns that cover all the pixels of 

the LCD, a full alignment between the illumination and the camera pixels is obtained. 

Note that there is no need to repeat this alignment process unless there is a change in the 

measurement setup. 

 

To minimise the camera artefacts, all camera images are first flat-field corrected and 

then point-spread deconvolved [230] using the Lucy-Richardson method. 

To achieve PL images with uniform Δn, the iteration procedure proposed in [225-227, 

231] is used to adaptively alter the excitation intensity at each pixel of the sample. The 

starting point of this iteration procedure is a conventional PL image with spatially uniform 

excitation by setting the LCD to the highest greyscale value of 255. The pixel with the 

lowest PL count is then selected to be the reference pixel, where the illumination intensity 

is kept fixed. Based on the PL intensity of the reference pixel, the illumination intensity 

at all the other pixels (x,y) is modified according to: 

 Φ(𝑥𝑥,𝑦𝑦)
𝑖𝑖 = Φ(𝑥𝑥,𝑦𝑦)

𝑖𝑖−1 �
𝐼𝐼PL(ref)
𝑖𝑖−1

𝐼𝐼PL(𝑥𝑥,𝑦𝑦)
𝑖𝑖−1 𝜀𝜀 + (1 − 𝜀𝜀)� 5.2 

where i is the iteration number, Φ(𝑥𝑥,𝑦𝑦)
𝑖𝑖  is the illumination intensity on pixel (x,y) after the 

ith iteration, 𝐼𝐼PL(𝑥𝑥,𝑦𝑦)
𝑖𝑖−1  is the PL intensity at the pixel (x,y) after the (i−1)th iteration, 𝐼𝐼PL(ref)

𝑖𝑖−1  

is the PL intensity at the reference pixel after the (i−1)th iteration, and ε denotes a damping 

 

Figure 5.7 (a) Illumination pattern used for pixel-alignment (b) The corresponding camera image 
(c) Zoomed-in camera image of one illuminated pixel. The images are cropped and only represent 
a small part of the projection area. 
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factor that ensures convergence and has a value between 0 and 1 [225]. In this chapter, 

ε = 1 is used to obtain a fast convergence. For samples with a stronger injection 

dependence of carrier lifetime, a low ε is recommended to ensure a slower but more stable 

convergence. Note that PL images are converted to LCD equivalent resolution based on 

the pixel alignment procedure described earlier to calculate the non-uniform illumination 

pattern required to achieve a uniform PL image. 

Measuring the absolute illumination intensity in the sample plane is also essential for 

the iteration procedure. A power meter is used to measure the illumination intensity. 

Figure 5.8 shows the photon flux in the sample plane at different LCD greyscales and 

laser diode currents. This non-linear correlation between photon flux and LCD greyscale 

is used for the conversion between the illumination intensity image calculated by 

Equation 5.2 and the 8-bit greyscale image. 

 

5.2.3 Calibration Procedure 

The calibration procedure of PL images to lifetime images requires both Δn and G to be 

quantified. For this procedure, the developed PL imaging system and a PC-based lifetime 

tester are used. The starting point is a conventional PL image under a steady-state uniform 

illumination and a steady-state PC measurement using the same illumination intensity. 

Parameters related to these measurements are labelled with the subscript “0”. The 

measured PC signal is a weighted average value over the sensed area of the sample, taking 

 

Figure 5.8 Photon flux in the sample plane as a function of LCD greyscale for four different laser 
intensities. The laser intensity is varied by changing the laser diode current via the laser driver. 
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into account the non-uniform sensitivity of the PC system. Figure 5.9 shows the radial 

sensitivity, Sr, of the used PC coil as a function of radius (r) where 𝑟𝑟 = 0 corresponds to 

the centre of the PC coil. 

 

The detailed conversion from PC signal to Δn can be found in Chapter 2. By assuming 

∆𝑛𝑛PL0 (the weighted average Δn within the area that is same as the sensed area of the 

lifetime tester) equals ∆𝑛𝑛PC0 (the PC-based Δn as measured by the lifetime tester), the 

calibration constant FPLiBrad0 can be determined by solving Equations 5.3 and 5.4: 

 
∆𝑛𝑛PL0(𝑥𝑥,𝑦𝑦) =

−𝑁𝑁dop + �𝑁𝑁dop2 + 4𝐼𝐼PL0(𝑥𝑥,𝑦𝑦)/(𝐹𝐹PLi𝐵𝐵rad0)

2
 

5.3 

 ∆𝑛𝑛PC0 = � 2𝜋𝜋𝑟𝑟𝑆𝑆𝑟𝑟(𝑟𝑟)
∞

0
∆𝑛𝑛avePL0(𝑟𝑟) 5.4 

where 𝐼𝐼PL0(𝑥𝑥,𝑦𝑦)  and ∆𝑛𝑛PL0(𝑥𝑥,𝑦𝑦)  represent the local PL intensity and Δn at pixel (x,y), 

respectively. 𝐵𝐵rad0  is the radiative coefficient at ∆𝑛𝑛PC0 , 𝑆𝑆𝑟𝑟(𝑟𝑟) is the radial sensitivity 

function of the PC coil used in this chapter at radius 𝑟𝑟 (see Figure 5.9), and ∆𝑛𝑛avePL0(𝑟𝑟) 

is the average ∆𝑛𝑛PL0(𝑥𝑥,𝑦𝑦) at radius 𝑟𝑟. 

 

Figure 5.9 Radial sensitivity of the PC coil as a function of r for the PC lifetime tester used in this 
chapter; 𝑟𝑟 = 0 corresponds to the centre of the PC coil. 
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By assuming that FPLi does not vary with intensity, the PL image obtained under non-

uniform excitation can be calibrated to the Δn image by an iterative procedure until self-

consistent values for 𝐵𝐵rad rel and ∆𝑛𝑛PL are achieved for each pixel (x,y): 

 
∆𝑛𝑛PL(𝑥𝑥,𝑦𝑦)

𝑖𝑖 =
−𝑁𝑁dop + �𝑁𝑁dop2 + 4𝐼𝐼PL(𝑥𝑥,𝑦𝑦)/(𝐹𝐹PLi𝐵𝐵rad0𝐵𝐵rad rel(𝑥𝑥,𝑦𝑦)

𝑖𝑖 )

2
 

5.5 

where 𝐼𝐼PL(𝑥𝑥,𝑦𝑦)and ∆𝑛𝑛PL(𝑥𝑥,𝑦𝑦) are the PL intensity and Δn at pixel (x,y) obtained from non-

uniform excitation, respectively, and 𝐵𝐵rad rel(𝑥𝑥,𝑦𝑦)  is the relative change of the radiative 

recombination coefficient at the same pixel due to the variation of Δn from ∆𝑛𝑛PC0  to 

∆𝑛𝑛PL(𝑥𝑥,𝑦𝑦) . Brad rel is calculated based on the injection dependent radiative model from 

Reference [22]. 

Once this procedure has been carried out, lifetime images can be obtained by: 

 𝜏𝜏(𝑥𝑥,𝑦𝑦) =
Δ𝑛𝑛PL(𝑥𝑥,𝑦𝑦)

𝐺𝐺(𝑥𝑥,𝑦𝑦)
=

Δ𝑛𝑛PL(𝑥𝑥,𝑦𝑦)

Φ(𝑥𝑥,𝑦𝑦)(1 − 𝑅𝑅)/𝑊𝑊
 5.6 

5.3 Proof of Concept Measurements 

5.3.1 Application to Non-Diffused Sample 

The proposed method is firstly applied to a non-diffused n-type Czochralski (Cz) Si wafer 

with a resistivity of 6 Ω⋅cm. The wafer was passivated with aluminium oxide (AlOx) on 

both sides. 

PL images after each iteration (normalised to the exposure time) are shown in 

Figure 5.10, with the aim of producing the most uniform PL image possible by 

individually varying the intensity of each illumination pixel. For better visualisation of 

each image, different colour scales are used. Note that “Iteration 0” represents a 

conventional PL image obtained under uniform illumination, measured with an intensity 

equivalent to 0.3 Suns. The non-uniformity of the PL images after each iteration step is 

quantified by the coefficient of variation (CV: defined as the standard deviation divided 

by the mean) and is presented in Figure 5.10(l). As can be seen in this example, a uniform 

PL image is achieved after 10 iterations, with a relative deviation below 2.5% across the 

entire image. The few sudden changes of the PL intensity in Figure 5.10 (e.g., from 

Iteration 6 to Iteration 7) are due to the injection dependence of the lifetime. These 
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changes are then followed by a gentle illumination variation, resulting in a smoother 

transition in the next iteration (for instance, from Iteration 7 to Iteration 8). 

 

Figure 5.11(a) presents the minority carrier lifetime image extracted from the PL 

image measured with uniform excitation (Iteration 0). The lateral carrier flow smears the 

transition between high and low lifetime regions in this conventional lifetime image. This 

lifetime image was then numerically de-smeared using the method of Phang et al. [100], 

as shown in Figure 5.11(c). As expected, Figure 5.11(c) is sharper than Figure 5.11(a). 

The lifetime image obtained from the proposed non-uniform illumination method is given 

in Figure 5.11(e), where the non-uniformity of lifetime distribution is extracted from the 

excitation image after the last iteration. It is worth noting that the lifetime image extracted 

using the proposed method [Figure 5.11(e)] is comparable with the numerically de-

smeared lifetime image [Figure 5.11(c)] but has a higher dynamic range. 

 

Figure 5.10 (a) Conventional PL image of an n-type non-diffused Cz wafer at 0.3 Suns 
illumination; (b)–(k) PL images using non-uniform excitation after 10 consecutive iterations; and 
(l) the average PL counts and CV of each of the images. 
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It is important to point out that lifetime images obtained from the conventional method 

represent the non-uniform lifetime distribution at spatially varying Δn, whereas the 

proposed method provides lifetime images at the same PL intensity, and thus, at spatially 

uniform Δn. Note that Δn across the lifetime image obtained from the proposed method 

is 1.5 × 1014 cm-3, whereas the average Δn in the conventional PL image [Figure 5.11(a) 

and (c)] is 1.9 × 1015 cm-3. Figure 5.11 also includes a lifetime image taken at uniform 

illumination with an average Δn of 1.9 × 1014 cm-3 and its de-smeared image 

[Figure 5.11(b) and (d), respectively]. Its global Δn is closer to the Δn of the PL image 

obtained using the proposed method [Figure 5.11(e)]. Again, the lifetime image extracted 

from the proposed method is much sharper than the conventional PL image. 

To provide a quantitative comparison, Figure 5.12 displays representative lifetime 

profiles [across the area highlighted with a white arrow in Figure 5.11(b)] obtained from 

the conventional method at (a) high and (b) low illumination intensity, (c) and (d) the de-

smeared images, and from (e) the proposed method. In these figures, the marker colour 

 

Figure 5.11 Lifetime images obtained from: (a)–(b) the conventional PL imaging method; (c)–(d) 
the corresponding de-smeared images; and (e) the proposed non-uniform excitation method at Δn 
= 1.5 × 1014 cm-3. Note that (a) and (c) are obtained under 0.3 Suns illumination and have a global 
Δn of 1.9 × 1015 cm-3. (b) and (d) are obtained under 0.04 Suns illumination and have a global Δn 
of 1.9 × 1014 cm-3. 
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indicates the corresponding Δn. Since profile (e) is at a medium injection level, it is not 

surprising that the lifetime profile (e) is between the profiles obtained from (c) and (d). 

The profile (e) obtained from the proposed method has a significantly steeper profile, 

compared to the profiles of the conventional method and even the de-smeared images. It 

is worth recalling that the de-smeared method is less effective in high recombination areas 

and low signal-to-noise ratio regions [100, 101]. This highlights the improved capability 

of the proposed non-uniform excitation method for more accurate lifetime measurements 

of non-uniform samples. 

 

5.3.2 Application to Diffused Sample 

The advantages of the proposed method are demonstrated in this section using a diffused 

n-type Cz Si wafer with a resistivity of 2.4 Ω⋅cm and a symmetric passivation stack of 

p-type polysilicon, AlOx, and SiNx. The sheet resistance of the diffused layer is 

~ 100 Ω/sq. The wafer is partially affected by striations (ring defect) [232], resulting in a 

spatially non-uniform lifetime distribution. 

 

Figure 5.12 Horizontal lifetime profiles along the white arrow in Figure 5.11(b) where the trace 
colour is mapped to Δn. These profiles are extracted from Figure 5.11 and their corresponding 
sublabels (a)–(e). 
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Figure 5.13 illustrates the PL images after the first 12 iterations. Figure 5.13(n) shows 

the average PL counts and CV after each iteration step. All PL images were normalised 

based on their respective exposure time to allow a direct comparison. The conventional 

PL image (Iteration 0) is obtained at an illumination equivalent to 1 Sun intensity. In the 

case of this diffused sample, a uniform PL image is achieved after only four iterations, 

with less than 2.5% relative deviation across the image. With more iterations, even better 

uniformity is achieved with only 0.5% relative deviation across the entire image 

[Figure 5.13(m)]. It is noticed that the convergence of this diffused sample happens much 

faster than the non-diffused sample. This can be attributed to the stronger injection 

dependence of the non-diffused sample's lifetime and its more complex non-uniform 

pattern. 

 

Figure 5.13 (a) Conventional PL image of a diffused n-type Cz wafer obtained under 1 Sun 
illumination; (b)–(m) PL images using non-uniform excitation after each iteration; and 
(n) average PL counts and CV of each of the images. 
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The same iteration process was carried out to obtain a uniform PL image at lower Δn 

by reducing the laser intensity to the equivalent of 0.65 Suns. The average PL counts and 

CV after each iteration step are given in Figure 5.14, together with the PL images obtained 

under uniform illumination and after the last iteration. Compared to the measurements at 

1 Sun, the convergence at lower Δn is much slower, as shown in Figure 5.14(c). The most 

likely explanation for this is the stronger impact of lateral carrier flow at low illumination 

intensity [74]. Nevertheless, after 17 iterations, a CV below 1% has been achieved. 

 

Figure 5.15 compares the conventional lifetime images at average Δn of 

(a) 5.6 × 1015 cm-3 and (b) 3.5 × 1015 cm-3, and the lifetime images extracted from the 

non-uniform excitation method at Δn of (c) 4.0 × 1015 cm-3 and (d) 2.2 × 1015 cm-3. The 

images extracted using the proposed method are much sharper and have better contrast. 

A particularly clear demonstration of the superior image quality of the proposed method 

is marked with green rectangles in Figure 5.15. Several point-like defects with high 

recombination cannot clearly be distinguished in the conventional lifetime images, while 

they can be easily identified in Figure 5.15(c) and (d). This example illustrates the strong 

impact of the lateral carrier flow on conventional PL images, smearing local 

recombination activities and preventing accurate quantitative analysis. Since the 

de-smearing method [100] is not applicable to diffused samples for recovering the local 

recombination sites, this highlights the more general usability of the proposed method, 

leading to a significantly improved accuracy in the extraction of local recombination 

activities. 

 

Figure 5.14 (a) Conventional PL image of a diffused n-type Cz wafer obtained under 0.65 Suns 
illumination; (b) PL image using non-uniform excitation after the 17th iteration; and (c) average 
PL counts and CV of each iteration. In (c), iteration 0 represents a uniform illumination of 
0.65 Suns for low intensity and 1 Sun for high intensity, and the CV for the high intensity is the 
data from Figure 5.13(n). 
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By eliminating the impact of lateral carrier flow, the effective lifetime is expected to 

be lower at defected regions and higher at high-quality regions. However, it can be 

noticed that in the ring-defect region, the lifetime extracted using the proposed method is 

slightly higher compared to the corresponding lifetime obtained from the conventional 

method [see the representative area marked with yellow triangles in Figure 5.15(a) and 

(c)], while the opposite trend is observed in the images obtained under lower illumination 

[see the representative area marked with red circles in Figure 5.15(b) and (d)]. This result 

can be attributed to the injection-dependence of the lifetime that increases with decreasing 

Δn at higher injection (Δn > 3 × 1015 cm-3) and reduces with decreasing Δn at lower 

injection [see Figure 5.15(e)]. 

The grid pattern shown in the PL images and lifetime images [more obvious in 

Figure 5.15(c) and (d)] is not related to the samples. It is an artefact introduced by the 

camera. This can be eliminated by using a different camera, which was not available 

during my research. 

 

Figure 5.15 Lifetime images of the diffused sample obtained from the conventional PL imaging 
method at (a) 1 Sun and (b) 0.65 Suns, and lifetime images using the proposed non-uniform 
excitation method at (c) Δn = 4.0 × 1015 cm-3 and (d) 2.2 × 1015 cm-3. A corresponding injection-
dependent lifetime measured by the PC-based lifetime tester is shown in (e). 
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5.4 Limitations and Future Improvements 

5.4.1 Limitations 

The above results experimentally demonstrate that using non-uniform excitation at the 

pixel-by-pixel level is an effective approach for eliminating the carrier smearing effect 

and, hence, providing more accurate lifetime images at constant Δn. However, there are 

some practical limitations to the current setup that should be addressed to make this 

method even more effective and generally applicable. 

Currently, the contrast of the non-uniform excitation is one of the main limitations. 

The dynamic range of the chosen monochromic LCD is up to 1:300 at 808 nm 

illumination. Although this contrast allows a variation of the illumination intensity by 

more than two orders of magnitude, a fully uniform PL image cannot be achieved if the 

ratio between the non-uniform lifetime features is larger than the excitation contrast. It 

should be noted that the contrast ratio between two adjacent pixels can be lower than 

1:300 in practice and the exact contrast ratio for each pixel depends on the pixel location 

and the optical aberrations of the illumination image. 

 

An example is given by obtaining a uniform PL image of a mc-Si wafer using the non-

uniform illumination (see Figure 5.16). Due to the large contrast ratio of its non-uniform 

features and the complex and small scale non-uniform distributions, a perfectly uniform 

PL image has not been achieved (CV of 7% obtained after the last iteration). Although a 

uniform Δn image of the mc-Si wafer cannot be obtained, the lifetime image extracted 

using the proposed method with the non-uniform illumination significantly reduces image 

 

Figure 5.16 Normalised lifetime images of a mc-Si wafer using: (a) conventional method at 
0.3 Suns; and (b) the proposed non-uniform excitation method. The lifetime images are 
normalised to their maximum counts. 



5 Advanced Photoluminescence Imaging Using Non-Uniform Excitation 

90 
 

blurriness compared to the conventional method. The recombination activity of the grain 

boundaries appears much clearer in comparison to the conventional PL image. 

Another limitation for acquiring accurate lifetime images at constant Δn for strongly 

inhomogeneous samples is the finite resolution of the LCD or camera, since in some 

instances, the pixel size can be larger than the feature size, for example, grain-boundaries 

or dislocation clusters. However, considering the current trend of the PV industry to shift 

to mono-crystalline Si wafers with a relatively larger scale of non-uniform distribution 

— like the ring defects presented in this chapter — it seems this constraint will be less 

critical for future applications. 

At this stage, the lifetime images obtained by the non-uniform excitation setup are at 

medium- to low-injection levels, as the achievable illumination intensity is not sufficient 

to reach higher injection levels. Although a high-power laser is used, the highest 

illumination intensity at the sample plane is around 0.1 W·cm-2 This is due to the low 

overall transmission (~ 13%) of the current setup as discussed in Section 5.2.1. As the 

lowest lifetime region restricts the achieved maximum injection level, a very strong local 

illumination is required for samples with low lifetime regions to achieve a uniform PL 

image at a relatively high-injection level. 

5.4.2 General Improvements 

Most of the above limitations can be addressed by using a LCD with a higher resolution, 

a higher fill factor, and a wider dynamic range. Currently, a commercially available LCD 

is used. However, this LCD is designed for visible light rather than NIR applications, thus 

clearly non-ideal for use with a high-power 808 nm laser illumination. A LCD 

specifically designed or optimised for infra-red illumination that has a higher fill factor is 

preferred for increasing the transmission. Another substantial increase in light intensity 

can be achieved if a polarised laser is used as an incoming light source which eliminates 

the need for the first polariser and increases the overall light throughput by a factor of ~ 2. 

Another solution is using a high-power laser in the visible range. This approach could 

potentially simplify the setup and improve the contrast of non-uniform excitation since a 

much larger range of LCD panels can be used. However, as mentioned in Section 5.2.1, 

short-wavelength illumination may cause a higher concentration of excess carriers 

generated near the illuminated surface of the sample. 



5.4 Limitations and Future Improvements 

91 
 

5.4.3 Temperature-Dependent Measurements in Reflection Mode 

The capabilities of the non-uniform excitation method have been extended to include 

temperature-dependent measurements, by modifying the configuration of the system from 

transmission to reflection mode. This modification allows the sample to be placed on a 

temperature-controlled stage and heated to the desired temperature. A schematic of the 

temperature-dependent PL imaging system using non-uniform excitation is shown in 

Figure 5.17. The generation of non-uniform illumination remains unchanged while the 

modifications on the imaging-side include: (a) a dichroic mirror used to reflect the non-

uniform illumination to the sample and transmit the PL signal; (b) a temperature-

controlled stage on which the sample is placed; and (c) the camera being placed above of 

the sample to collect the emitted PL signal transmitted through the dichroic mirror. 

 

As a proof of concept, measurements were conducted on an n-type diffused Cz wafer 

(with the ring defects) using a high-power light source. Figure 5.18 displays its 

temperature-dependent normalised lifetime images as well as the normalised lifetime 

image at 25 °C extracted using the conventional method. The lifetime images acquired 

by non-uniform excitation are much sharper than the image obtained under uniform 

excitation, where the highly recombination-active point-like defect can be identified. 

Moreover, temperature-dependent measurements reveal a beneficial thermal behaviour 

 

Figure 5.17 The temperature-dependent reflection-mode PL imaging system with a customised 
LCD-based non-uniform illumination setup. 
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of the region affected by the ring defect, owing to a lifetime improvement at higher 

temperatures. 

This new capability of conducting temperature-dependent PL imaging measurements 

with non-uniform excitation enables a more accurate and comprehensive investigation of 

defects that are distributed non-uniformly within the sample. For example, by fitting the 

injection and temperature-dependent lifetime images (taken by the non-uniform 

excitation method) using the SRH statistics [44, 45, 97] for each pixel, the proposed 

method is expected to benefit local defect identification and defect parameter mapping. 

Moreover, by combining with the surface modelling method presented in Chapter 6, the 

impacts of surface recombination and bulk recombination can be separated from the 

obtained temperature-dependent lifetime images. 

 

5.5 Chapter Summary 

In this chapter, a PL imaging method using spatially non-uniform excitation has been 

presented. It enables pixel-level adjustment of the illumination intensity to achieve a 

uniform luminescence distribution. The method allows the acquisition of images that are 

virtually unaffected by lateral carrier flows and the associated image smearing. 

The proposed approach has successfully been applied to non-uniform Si wafers with 

and without diffusion to extract spatially non-uniform lifetime images. Compared with 

 

Figure 5.18 Normalised lifetime images of an n-type diffused wafer at: (a) 25 °C with uniform 
excitation; (b) 25 °C with non-uniform excitation; and (c) 70 °C with non-uniform excitation. 
Note that (b) and (c) represent lifetime images at a similar injection level. 
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the conventional lifetime images obtained under uniform illumination, the proposed 

method effectively removes artefacts introduced via lateral charge carrier drift and 

diffusion and the associated image blurring. This method, therefore, provides sharper and 

more accurate lifetime images with a larger dynamic range. For instance, local 

recombination sites which cannot be identified in lifetime images obtained using 

conventional PL images can be easily identified in images that are acquired with the 

proposed method. By modifying the configuration of the system from transmission to 

reflectance-mode PL measurements, the capability of the proposed method has been 

further extended to enable both injection- and temperature-dependent measurements. This 

new capability is expected to improve the understanding of materials’ electrical properties, 

their temperature dependence at different operating temperatures and irradiation levels. 

Most importantly, the proposed method measures the samples under spatially uniform Δn, 

which allows more accurate extraction of recombination centre parameters across Si 

wafers, for example, in the context of interstitial iron imaging, as most PV electrical 

parameters (such as lifetime) are injection dependent. 

The results presented in this chapter confirm and experimentally demonstrate 

significant advantages of PL imaging with non-uniform excitation. Thus, this proposed 

method is expected to benefit the quantitative investigation of non-uniform PV materials. 
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Chapter 6  
Characterisation of the Silicon-Silicon Dioxide 
Interface under Various Operating Conditions§ 

In the previous chapter, a novel method to spatially resolve the effective lifetime of non-

uniform samples was presented. However, effective lifetime quantifies the total 

recombination, occurring simultaneously within the bulk and at the surfaces. An in-depth 

investigation of the recombination within the device requires the separation of the bulk 

and surface components. In this chapter, a method to quantify surface recombination 

under different operating conditions and parameterise interface defect parameters is 

presented. 

To demonstrate this method, SiO2 was selected for surface passivation because of the 

critical role it has played in the development of high-efficiency Si-based solar cells. 

Although the electrical properties of the Si-SiO2 interface have been extensively 

investigated in the past, the impact of temperature on the recombination at this interface 

remains less understood. As discussed in Chapter 3 and Chapter 4, the operating 

temperature significantly influences the field performance of PV devices. Therefore, this 

chapter investigates the recombination at the Si-SiO2 interface by varying multiple 

parameters: temperature, excess carrier density, and dielectric fixed charge. This allows 

extraction of the Si-SiO2 interface defect parameters and the temperature-dependence of 

the capture cross-sections. These results could be beneficial for the field-performance 

modelling of some high-efficiency PV devices that utilise SiO2 passivation, such as 

polysilicon-based passivated contacts, IBC (Interdigitated Back Contact) devices, and 

others. 

 
§ This chapter is based on: 

S. Nie, R. S. Bonilla, and Z. Hameiri, "Unravelling the silicon-silicon dioxide interface under different 
operating conditions," Sol. Energy Mater. Sol. Cells, vol. 224, pp. 111021, 2021. 

S. Nie, R. S. Bonilla, and Z. Hameiri, "Temperature-dependent characterisation of Si-SiO2 interface 
passivation for corona charged oxides," in Asia-Pacific Solar Research Conference, 2020. 
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Section 6.1 reviews previous findings regarding the Si-SiO2 interface. Section 6.2 

describes the experimental details and the proposed modelling method used in this 

investigation, while in Section 6.3 the temperature-dependent electrical characteristics of 

the Si-SiO2 interface are summarised and discussed. 

6.1 Characterisation of the Silicon-Silicon Dioxide Interface 

The energy conversion efficiency of Si solar cells strongly depends on carrier 

recombination in the bulk and at their surfaces [17]. Extensive effort has been devoted to 

the improvement of the bulk quality via refined control of the crystallisation process [233], 

gettering [234], and hydrogenation [156]. Thus, the performance of many Si solar cells is 

now limited by the recombination at interfaces [235]. Furthermore, as the current PV 

industry tends towards thinner Si substrates and higher cell performance [236], 

investigating the surface passivation quality provided by various dielectrics is extremely 

important [237]. 

Silicon dioxide is the first and most studied dielectric for surface passivation of Si 

[238]. It has played a key role in PV development, leading to the first 20% efficient Si 

solar cells [51, 238]. Although the current industry standard surface passivation materials 

are silicon nitride [239, 240] and aluminium oxide [241], a thin SiO2 or silicon oxide 

(SiOx) film is often included in the stack to enhance the passivation quality [238, 242]. 

Recently, SiO2 is experiencing a renaissance as an indispensable component for various 

types of passivating contacts [238, 243]. 

The electrical properties of the Si-SiO2 interface, usually described by Dit, Qf, σns, and 

σps, have been studied extensively in the past [31, 244-251]. The majority of such 

measurements have been performed on metal-oxide-semiconductor (MOS) structures 

using deep level transient spectroscopy (DLTS), and capacitance-voltage measurements 

[31, 244-251]. A relatively low density of positive Qf (in the range of 1010–1011 q·cm-2, 

depending on the process) has been reported in as-grown SiO2 films [18, 238]. Therefore, 

it appears that the passivation quality provided by SiO2 mainly relies on reducing Dit. 

Although Dit strongly depends on the fabrication process [251], it seems to be above 

1011 cm-2eV-1 for as-oxidised layers and can be further reduced by a forming gas anneal 

(FGA) [18]. Extremely low Dit, in the range of 109 cm-2eV-1, can be achieved by post-

metallisation annealing, often referred to as ‘alneal’ [250]. Note that Dit has been found 

to be independent of the doping type and doping concentration of the Si wafers, for doping 
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concentrations below 1016 cm−3 [252]. Regarding σns and σps, there is a large uncertainty 

of 1–2 orders of magnitude in their values as determined by DLTS measurements [18, 

253]. However, most studies have found σns to be larger than σps [254, 255]. 

Depositing corona charge can enhance the passivation quality of SiO2 via charge-

assisted population control [256, 257]. The additional charge manipulates the surface 

potential and the interface band bending to reduce the surface recombination. Glunz et al. 

[258] used corona charge to study interface properties of Si-SiO2 on both lifetime 

structures and solar cells. They found that the surface recombination is significantly 

reduced when the dielectric is highly charged either with negative or positive Qf, with 

better results being obtained for positive charge since σns > σps. However, as the corona 

charge is unstable and dissipates with time, this method has not been utilised for industrial 

solar cells. Recently, Bonilla et al. [259] proposed a technique to stabilise the corona 

charge by a chemical treatment. SRV below 7 cm/s for three years with a decay time 

constant of 8.7 years has been demonstrated [259]. However, the stability of the charge 

has not been studied under realistic solar cell operating temperatures. 

Despite numerous studies of the Si-SiO2 interface, most of them provide information 

only at STC. As discussed in Chapter 3 and Chapter 4, it is increasingly necessary to 

characterise solar cells at various temperatures, as temperature critically impacts the 

electrical properties of solar cells. Therefore, the following sections investigate the 

recombination at the Si-SiO2 interface under a wide range of variables, including 

temperature, ∆n, and Qf. Moreover, the stability of hydrogen passivation and corona 

charge at high operating temperatures are evaluated. A method to model and extract the 

interface defect parameters from temperature- and injection-dependent lifetime data is 

presented. 

6.2 Method 

6.2.1 Sample Preparation 

Phosphorus (P)-doped, 4-inch n-type float zone (FZ) Si wafers (planar surfaces, crystal 

orientation [100]) with a resistivity of 1±0.1 Ω.cm and thickness of 200±10 µm are used 

in this chapter to fabricate symmetric lifetime structures. All wafers underwent Radio 

Corporation of America cleaning before thermal dry oxidation at 1050 °C (oxidation time: 

80 minutes), producing 100 nm thick SiO2 on both sides. A subset of the wafers received 
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a forming gas (5% H2 diluted in 95% N2) anneal (FGA) at 425 °C for 25 minutes. 

Chemical treatment was then used to produce a hydrophobic SiO2 surface and stabilise 

the corona charge as reported in [259, 260]. Each wafer was then cleaved into four tokens. 

Corona charge was deposited using a custom-built corona discharge setup [259] on three 

tokens from each wafer (from both FGA and non-FGA groups) with charging time (CT) 

of 10, 20, and 40 sec. The corona rig has a point-to-plane configuration, with a single 

point electrode held at 30 kV placed at 20 cm above the sample. 

This unique set of samples allows a more comprehensive understanding of the impacts 

of Dit (varied via FGA) and Qf (varied via corona charge deposition) on the temperature- 

and injection-dependent electrical properties of Si-SiO2 interfaces. Moreover, having a 

fixed bulk quality while varying Dit and Qf allows the validation of the proposed method 

for extracting interface defect parameters. It should be noted that the bulk defects reported 

in [261], that may exist in high-quality FZ wafers, were eliminated by the thermal 

oxidation process. 

6.2.2 Characterisation Setup 

A modified lifetime tester based on the Sinton WCT-120 instrument [47] is used in this 

chapter. In particular, a cryostat is used to vary the sample temperature in the range of 

223 K to 473 K. The system is equipped with two different light sources: a Xenon flash 

and an 810 nm LED to allow lifetime measurements under a wide injection level range. 

The PC-based injection dependent τeff is measured using both QSS and transient modes 

in the temperature range from 223 K to 473 K. The generation rate is calibrated by 

comparing the QSS and transient measurements at each temperature. The temperature-

dependent carrier mobility model of Klaassen et al. [262] is used to calculate ∆n. 

6.2.3 Modelling 

To gain insights into the recombination mechanisms at the Si-SiO2 interface under 

different operating conditions, a modelling method is presented to determine the electrical 

characteristics of the interface via temperature- and injection-dependent lifetime data 

[263]. The method is based on previous frameworks [254, 255, 264] and has been 

extended to take the temperature dependence into consideration. 

As discussed in Chapter 2, the experimentally obtained τeff quantifies the 

recombination occurring simultaneously within the bulk and at the surfaces. It is 
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challenging to obtain τSRH bulk and τs individually from the measured τeff. As shown in 

Section 6.3.1, comparing the same wafers with and without corona charge allows 

confirming that τeff of the non-charged samples is dominated by the surface recombination 

(bulk lifetime τbulk of the used wafers is above 3 ms). Hence, for the uncharged samples, 

it can be assumed that (with a relative error < 2% for the non-FGA wafers and < 6% for 

the FGA wafers): 

 
1
𝜏𝜏eff

≈
1
𝜏𝜏s

+
1

𝜏𝜏Auger
+

1
𝜏𝜏rad

 6.1 

To extract the interface parameters, τs are fitted using the SRH recombination model 

introduced by Grove and Fitzgerald [265] and later improved by Girisch et al. [255], 

Aberle et al. [254], and Bonilla et al. [264]. Recombination at the surface is described by 

a distribution of interface states: 
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where Ψs denotes is the surface potential. EC and EV are the conduction and valence band 

edge. The thermal velocity is calculated based on Reference [112]. The intrinsic carrier 

concentration is calculated using Reference [116]. 

The exact solution of Ψs requires solving the Poisson and continuity equations for the 

electrons and holes dynamics imposed by the surface properties and the operating 

conditions [18]. In this chapter, an iterative approach proposed by Girisch et al. [255] is 

used to solve Ψs for any combination of Δn, Dit, Qf, σns and σps, assuming constant quasi-

fermi energy levels throughout the surface space charge region. This approach is based 

on charge neutrality: 

 𝐸𝐸Si + 𝐸𝐸it + 𝐸𝐸f + 𝐸𝐸g = 0 6.5 



6 Characterisation of the Silicon-Silicon Dioxide Interface under Various Operating Conditions 

100 
 

where QSi is the charge induced in the Si (see Equation 6.6), Qit is the charge in the surface 

defect states (see Equation 6.7), Qf is the fixed charge in the dielectric layer, and Qg is the 

charge induced in the gate electrode (not relevant for this chapter). 
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6.6 

where ϵ0 is the vacuum permittivity, ϵSi is the relative permittivity of Si, Φn (Φp) is the 

quasi-Fermi potentials for electrons (holes), and Na (Nd) is acceptor (donor) concentration. 

 𝐸𝐸it = 𝑞𝑞� 𝐷𝐷it,d(𝐸𝐸)𝑓𝑓d(𝐸𝐸)𝑑𝑑𝐸𝐸
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 𝑓𝑓d =
𝜎𝜎ns𝑛𝑛1 + 𝜎𝜎ps𝑛𝑛s

𝜎𝜎ns(𝑛𝑛s + 𝑛𝑛1) + 𝜎𝜎ps(𝑛𝑛s + 𝑛𝑛1)
 6.8 

where fd is the trap occupation probability in donor states, and Dit,d (Dit,a) is the density of 

the donor-like (acceptor-like) states. A neutral energy level En (En = Eg/2) is used to 

separate acceptor-like and donor-like traps in the band-gap, as suggested in References 

[31, 264]. Here Dit is assumed to be temperature-independent but energy-dependent, as 

the band tail states are critical for determining the surface potential [266]. The energy 

dependence is described by [264]: 

 𝐷𝐷it(𝐸𝐸) = 𝐷𝐷it_mg + 𝐷𝐷it_C𝑒𝑒𝑚𝑚C𝐸𝐸+𝐸𝐸0C + 𝐷𝐷it_V𝑒𝑒𝑚𝑚V𝐸𝐸+𝐸𝐸0V  6.9 

where Dit_mg is the density of states at the middle of the bandgap, mC (mV) and E0C (E0V) 

determine the rate that the tail of states approaches Dit_C (Dit_V) at the conduction (valence) 

band edge. 

Energy-independent capture cross-sections are assumed since: (a) it has been 

demonstrated that the capture cross-sections are only weakly dependent on the energy 

[245, 267, 268], (b) Bonilla et al. [264] shows that the surface recombination is insensitive 

to the energy dependence of the surface recombination velocity of electrons and holes 

(𝑆𝑆n0 = 𝑣𝑣thn𝐷𝐷it𝜎𝜎ns and 𝑆𝑆p0 = 𝑣𝑣thp𝐷𝐷it𝜎𝜎ps), particularly when most of the recombination 

activity is mediated by deep-level defects, and (c) previous studies have demonstrated 
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that it is not required to include the energy dependence of the capture cross-sections into 

the model [269, 270]. 

The capture cross-sections’ temperature dependence is considered using [271]: 

 𝜎𝜎ns/ps = 𝜎𝜎n_s0/p_s0𝑒𝑒
− 𝐸𝐸∞
𝑘𝑘B𝑇𝑇 6.10 

where σn_s0 (σp_s0) are the temperature-independent pre-factors of the capture cross-

section of electron (hole) and E∞  is the thermal barrier that a free electron in the 

conduction band must overcome to be captured by the defect level. This temperature 

dependence is further discussed in Section 6.3.3. 

The intrinsic lifetime parameterisation proposed by Richter et al. [42] is used, while 

the radiative recombination coefficient is taken from [22, 27]. Note that the temperature 

dependence of all the parameters in the intrinsic lifetime model [42] has been considered 

in this chapter, except for the temperature dependence of the Auger coefficients. Although 

Wang and MacDonald [38] have evaluated the ambipolar Auger coefficient at different 

temperatures (243–473 K), their parameterisation is valid only for the very high ∆n of 

5 × 1016 cm–3 and is not suitable for the samples investigated here. Since temperature-

independent Auger coefficients are assumed, the discrepancy is expected to be larger at a 

high ∆n range. 

The fit quality is evaluated using the residual: 
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, 𝜏𝜏𝑚𝑚,𝑗𝑗 = 𝜏𝜏(∆𝑛𝑛𝑚𝑚,𝑇𝑇𝑗𝑗) 6.11 

where τfitted is obtained from the discussed fitting procedure and τmeasured is the 

experimentally obtained τeff. The number of measured temperatures is represented by j, 

while m is the number of ∆n points where the fit is evaluated. 

Inspired by the defect parameter solution surface (DPSS) procedure [46], the values of 

σn_s0 and Qf are fixed, while the other parameters (σp_s0, E∞, Dit_mg, Dit_C, Dit_V) are fitted 

and the fit quality is recorded. By sweeping σn_s0 and Qf across the expected range of 

values and repeating the fitting, parameter sets that provide low fitting residuals are 

identified (see Figure 6.7). This procedure provides not only the interface defect 

parameters, but also the associated uncertainty by calculating the standard deviation of 
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all the fitting parameter sets that provide relatively good fits and low residual values 

(< 0.9). 

For corona-charged wafers, the assumption that τeff is dominated by the surface 

recombination is no longer valid. The temperature- and injection-dependent τSRH bulk 

impacts τeff, especially when τs is large (as for highly charged dielectrics). To eliminate 

the impact of τSRH bulk, the lifetime difference (∆τcharge) between charged and uncharged 

wafers is calculated: 

 Δ𝜏𝜏charge =
1

1
𝜏𝜏uncharged

− 1
𝜏𝜏charged

 6.12 

where τuncharged (τcharged) is the measured lifetime of the uncharged (charged) wafer 

interpolated to the same ∆n. Here, it is assumed that ∆τcharge represents variation in τs due 

to the increase of Qf, while Dit, σns, and σps are considered to remain unchanged during 

the corona charge deposition [260, 272]. Furthermore, τSRH bulk of charged and uncharged 

samples are assumed to be identical, as these samples originate from the same wafer. 

∆τcharge is then fitted by the modelled τs difference by varying Qf. 

In many cases, the decrease in recombination occurring at the Si-SiO2 interface from 

corona charge reaches a plateau, in contradiction to theoretical expectations [258]. Glunz 

et al. [258] suggested surface potential fluctuations, originating from the inhomogeneous 

corona charge distribution, to explain this deviation between measurements and theory. 

Recently, Bonilla et al. [273] demonstrated that using a ‘charge fluctuations’ model rather 

than surface potential fluctuations provides a better fit. Although considered, spatial 

fluctuations of the surface charge (or potential) are not included in this chapter, due to: 

(a) both uncharged and charged samples having polished surfaces and demonstrating 

uniform PL images with relative deviation less than 5%; and (b) the sensed region (with 

a radius of 7 mm, see Figure 5.9) in the modified lifetime system being smaller than the 

standard system. 

Note that accurate lifetime measurement is essential for determining accurate interface 

defect parameters. In this chapter, PC-based global lifetime measurements were 

conducted, as all the samples demonstrated uniform PL images. Moreover, these lifetime 

measurements are not affected by the wafer edges. The size of the wafers was selected 

such that the edges are at least three diffusion lengths long (considering the maximum 
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estimated diffusion length) from the PC coil sensing area (of a radius of 7 mm). For 

samples with a non-uniform lifetime distribution, the lifetime measurement method 

introduced in Chapter 5 is recommended, particularly for high-quality samples that have 

a large diffusion length. 

6.3 Results and Discussion 

6.3.1 Temperature- and Injection-Dependent Lifetime Measurements 

Figure 6.1 shows temperature- and injection-dependent τeff measurements of five 

representative wafers passivated with: (a) SiO2; (b) SiO2 + FGA; (c) SiO2 + FGA + 

corona charge (10 sec CT); (d) SiO2 + FGA + corona charge (20 sec CT); and (e) SiO2 + 

FGA + corona charge (40 sec CT), acquired as the temperature increases from 223 K to 

473 K. Two methods are used for the presentation of τeff: different ranges of the z-axis are 

used to optimise the display of each figure, while the same colour scale is used to 

demonstrate the different values. Across the entire temperature range, τeff of the wafer 

passivated with SiO2 + FGA is higher than τeff of the wafer passivated with only SiO2. As 

FGA leads to hydrogen passivation of the interface dangling Si bonds, Dit is expected to 

be reduced after this process [18]. 

The effectiveness of the corona charge for improving the passivation quality of SiO2 

is clearly demonstrated in Figure 6.1(c)–(e). A significant increase of τeff, by more than 

one order of magnitude, is observed after the corona charge deposition. An outstanding 

τeff above 4 ms at ∆n of 1 × 1015 cm-3 (at room temperature) is achieved after 40 sec of 

corona charging. The improvement due to the additional charge is more visible at low ∆n 

as τeff at higher ∆n is dominated by Auger recombination. 

As illustrated in Figure 6.1(a) and (b), wafers without corona charge show a complex 

temperature dependence. At low temperature ranges (223–303 K), τeff is found to decrease 

with increasing temperature at medium-to-high ∆n, whereas the opposite trend is 

observed at low ∆n. At higher temperatures (303–473 K), τeff increases with increasing 

temperature for the entire ∆n range. However, it is noticeable that τeff of the wafer 

passivated with SiO2 + FGA drops at temperatures above 373 K, as indicated by an arrow 

in Figure 6.1(b). This is likely due to τs degradation at high temperatures, particularly due 

to the instability of the interface hydrogen passivation. This is evidenced by the reduction 

of τeff remeasured at 303 K after the high-temperature measurements, shown in 
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Figure 6.2(b). The thermal instability of the Si-H bonds has also been reported by others 

[274]. Note that no variation of τeff occurs after the completion of the temperature scan of 

the SiO2-only passivated wafer [see Figure 6.2(a)], indicating that the observed change in 

the FGA-passivated sample is not due to the loss of Qf or bulk degradation (further 

discussed in Section 6.3.2). 

 

 

Figure 6.1 Temperature- and injection-dependent τeff for n-type Si wafers passivated with: 
(a) SiO2; (b) SiO2 + FGA; (c) SiO2 + FGA + corona charge (10 sec CT); (d) SiO2 + FGA + corona 
charge (20 sec CT); and (e) SiO2 + FGA + corona charge (40 sec CT). 
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In contrast to the uncharged wafers, all the corona-charged wafers show a consistent 

temperature behaviour for low-to-moderate temperatures, where τeff is found to improve 

with increasing temperature for the entire ∆n range. This temperature dependence appears 

to be much stronger at low ∆n. However, the change of τeff is not monotonic at higher 

temperatures, where a ‘valley’ (indicated by arrows) is observed in Figure 6.1(c)–(e). 

This can be assigned to the degradation of the interface hydrogen passivation, as 

discussed before, as well as the leakage of corona charge at high temperatures, as 

discussed in Section 6.3.2. Since the hydrogen-induced passivation degrades and corona 

charge leaks at high temperatures, τeff is expected to drop continuously with increasing 

temperature. However, it is interesting to note that τeff recovers and then peaks at the 

highest measured temperature of 473 K in Figure 6.1(b)–(e). This could be explained by 

a trade-off between the reduced recombination activity of the interface defects at higher 

temperatures, as discussed in Section 6.3.3, and the increase of Dit and reduction of Qf at 

the same temperature range. 

6.3.2 Stability of Hydrogen Passivation and Corona Charge at High 
Temperatures 

In this section, the impact of high temperatures (323–423 K) on the SiO2 passivation 

quality is investigated. Wafers are dark annealed at different temperatures and monitored 

by in-situ lifetime measurements using a Sinton WCT-120TS lifetime tester. Figure 6.3 

shows the normalised τeff obtained at ∆n of 1×1015 cm-3 as a function of dark annealing 

duration at 373 K. The initial lifetime (τ0) of each wafer at 373 K is given in the figure’s 

caption. 

 

Figure 6.2 τeff at 303 K for n-type Si wafers passivated with: (a) SiO2; and (b) SiO2 + FGA, 
measured before temperature-dependent measurements, after low temperature range 
measurements, and after high temperature range measurements. 
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As shown in Figure 6.3, no clear change in τeff can be observed for the wafer passivated 

with only SiO2, indicating that: (a) the intrinsic oxide charge is stable at these 

temperatures, and (b) no degradation in the chemical passivation quality (without FGA) 

occurs at high temperatures. Since τeff of the wafer passivated with only SiO2 is limited 

by surface recombination, the bulk quality is then checked by comparing the lifetime of 

both annealed and un-annealed samples after a 40 sec deposition of corona charge. As 

shown in Figure 6.4, both annealed and un-annealed wafers passivated with SiO2 show 

identical lifetime before and after the 40 sec deposition of corona charge, confirming that 

the τbulk does not degrade. 

While examining the wafer that is passivated with SiO2 and corona charge (40 sec 

without FGA), a degradation is observed (in the range of 10%), see Figure 6.3, indicating 

a loss of charge at high temperatures. Worsening of the chemical passivation quality or 

the bulk quality is less likely as it has not been observed for the SiO2 passivated wafer. 

A decrease of up to 5% of τeff is observed during the dark annealing for the wafer 

passivated by SiO2 + FGA, as shown in Figure 6.3. This change of τeff is due to the 

instability of hydrogen passivation at high temperatures that increases Dit and thus, 

enhances the surface recombination. It seems that the thermal instability of the corona 

charge at high temperatures has a stronger impact on the degradation compared to the 

 

Figure 6.3 Evolution of τeff as a function of the dark annealing (at 373 K) time for different wafers. 
τ0 are 78±3, 3150±126, 301±12, and 5755±230 µs for wafers passivated with SiO2, SiO2 + charge 
(40 sec CT), SiO2 + FGA, and SiO2 + FGA + charge (40 sec CT), respectively. 
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instability of the hydrogen passivation. As expected, the fastest degradation rate with the 

highest degradation extent is obtained for the wafer passivated with SiO2 + FGA + corona 

charge (40 sec), as it combines two instability mechanisms. 

 

Figure 6.5 displays the evolution of the normalised τeff, extracted at ∆n of 1×1015 cm-3, 

for identical wafers passivated with SiO2 + FGA + corona charge (40 sec) under dark 

annealing at different temperatures. The wafer had a τeff of 4300±243 μs at 303 K. No 

significant degradation is observed at 323 K. The degradation extent is found to increase 

with increasing temperature. Moreover, the degradation rate shows a strong temperature 

dependence where a faster degradation rate is observed at high temperatures. This trend 

is observed on all the corona-charged wafers. 

 

Figure 6.4 τeff as a function of Δn at 300 K of un-annealed and annealed wafers (annealing 
temperature 423 K) before and after depositing corona charges (40 sec CT). 
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6.3.3 Modelling Lifetime Measurements 

To extract the electrical parameters of the Si-SiO2 interface defects, the temperature- and 

injection dependent lifetime measurements of the wafer passivated with only SiO2 are 

fitted using the method introduced in Section 6.2.3. Figure 6.6 presents both measured 

and simulated temperature-dependent τeff. The black error bars represent the measurement 

uncertainty calculated as the sum of the different uncertainties associated with lifetime 

measurements. For visibility reasons, the error bars are shown only for representative 

injection levels and one temperature. 

The corresponding fitting residual map is shown in Figure 6.7. The residual is lower 

when both Qf and σn_s0 are low. The optimal fit can be identified by the lowest residual 

(marked by a red star with a residual of 0.3). Since multiple τeff curves at different 

temperatures are fitted simultaneously to find the other four parameters for each 

combination of Qf and σn_s0, the MATLAB global optimisation toolbox is used with 2000 

different initial points generated for each free parameter: Dit_mg, Dit_V, Dit_C, σp_s0, E∞. This 

procedure is assumed to reduce the risk of obtaining only a local minimum. Additionally, 

the fitting quality of all the parameter sets that provide relatively low residuals was 

visually inspected to confirm that the global minimum has been selected. 

 

Figure 6.5 Evolution of τeff for wafers passivated with SiO2 + FGA + corona charge (40 sec CT) 
under dark annealing at different temperatures. τ0 are 4303±172, 4627±185, 5755±230, and 
6188±247 µs at 323, 348, 373, and 423 K, respectively. 
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From the fit, the Si-SiO2 interface defect parameters are determined to be: Qf = (1±0.5) 

× 1010 q·cm-2, Dit_mg = (1.3±0.2) × 1011 cm-2eV-1, Dit_V = (2.1±1.4) × 1015 cm-2eV-1, 

Dit_C = (2.6±1.8) × 1015 cm-2eV-1, σn_s0 = (2±0.4) × 10-16 cm2, σp_s0 = (1±0.4) × 10-16 cm2 

and Eꝏ = (10±1) meV. 

 

Figure 6.6 Measured (symbol) and simulated (solid line) temperature- and injection-dependent 
τeff for wafers passivated with SiO2. 
 

 

Figure 6.7 Fitting residual map obtained by fitting the temperature- and injection-dependent τeff 
for the wafer passivated with only SiO2. The red star indicates the minimum of this residual map. 
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The experimental data could not be satisfactorily reproduced if the temperature 

dependence of the capture cross-section is not considered. In this chapter, the lattice 

relaxation multi-phonon emission model [271] is used to describe the temperature 

dependence of σns and σps. A similar dependence has been suggested in the past for the 

interfaces of MOS devices [246, 268]. However, the determined values [σn_s0 = 

(2±0.4) × 10-16 cm2 and Eꝏ = (10±1) meV] are lower compared to the values obtained 

from DLTS measurements (σn_s0 = 9 × 10-14 cm2 and Eꝏ = 89 meV) of similar MOS 

devices [268]. The difference between the values can be explained by the different surface 

conditions, for example, the epitaxial Si wafers in Reference [268] compared to polished 

FZ wafers, or the oxide growth and post-oxidation annealing process. The finding 

regarding the temperature dependence of the capture cross-sections could also be relevant 

to other Si-SiO2 interfaces, including tunnelling oxides used in state-of-the-art passivated 

contact devices. Despite different oxide growth conditions and post-growth annealing, 

previous studies reported similar Si-SiO2 interface defect structural properties of 

thermally grown oxide, native oxide as well as oxides grown by wet chemistry [251, 275-

277]. These findings may indicate that the fundamental temperature dependence can be 

similar for the same defect group, although the growth conditions are different. 

At this stage, the same temperature dependence is assumed for both σps and σns. As 

these parameters are only rarely measured, this assumption cannot be confirmed, except 

for the good fit obtained. Further investigation is required to clarify this hypothesis. 

To verify the model results, τeff measurements of the wafer passivated with SiO2 + 

FGA are fitted using the obtained set of interface parameters, modifying only Dit that is 

assumed to be changed by the FGA process. Since the hydrogen passivation is not stable 

at high temperatures as discussed in Section 6.3.2, the fits were done in the temperature 

range from 223 K to 323 K. No change of τeff has been observed within this temperature 

range for the measurement duration. The good agreement between measurements and 

fitting, as shown in Figure 6.8, confirms previous conclusions and indicates that Dit is 

reduced to (4.5±1) × 1010 cm-2eV-1 for the middle of the bandgap 

[(7.0±1.4) × 1014 cm-2eV-1 for the valence band and (1.6±0.6) × 1015 cm-2eV-1 for the 

conduction band] after the FGA process. Note that these values are insensitive to the small 

variations in Qf. The extracted parameters are still within the given uncertainty when Qf 
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varies by 30%. Moreover, the extracted Dit values are similar to previously reported 

values, as shown in Table 6-1. 

 

 

These interface parameters are used to fit the FGA corona-charged wafers. As 

discussed in Section 6.2.3, for charged wafers ∆τcharge is fitted to extract Qf. All the other 

parameters are fixed and assumed to be similar to the SiO2 + FGA wafers. Examples of 

the fitting results are given in Figure 6.9 for the wafers passivated with SiO2 + FGA + 

Corona Charge: (a) 10 sec CT; and (b) 20 sec CT. As can be seen, a good fit is obtained 

 

Figure 6.8 Measured (symbol) and simulated (line) temperature- and injection-dependent τeff for 
wafers passivated with SiO2 + FGA. 
 

  

Figure 6.9 Measured (symbol) and fitted (line) lifetime difference between charge [SiO2 + FGA 
+ Corona Charge] and uncharged [SiO2 + FGA] wafers. 
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for the temperature range from 223 K to 323 K. Qf are determined to be (2.8±0.1) × 1011, 

(5.2±0.3) × 1011, and (1.2±0.2) × 1012 q·cm-2 for 10, 20, 40 sec CT, respectively. These 

values agree well with the estimated charge deposition rate in the range of 1011 q/sec, as 

previously reported in [259, 278]. 

 

Figure 6.10 compares the measured τeff (symbol) and simulated τs (line) based on the 

interface defect parameters obtained from the best fit for the charged wafers. It is 

interesting to note that τs of the charged wafers increases with increasing temperature. 

Hence, the surface recombination decreases at higher temperatures, despite the increase 

of the capture-cross sections. This is due to the increasing surface potential with rising 

temperature, resulting in increased ns and reduced ps (see Equation 6.4). Therefore, the 

surface recombination is expected to be weaker at higher temperatures. It seems that this 

effect offsets the impact of the increased capture cross-sections. Moreover, this effect is 

more dominant when there is a strong band bending (larger Ψs) due to a large Qf, thus, 

the temperature-dependence of ns and ps are stronger. It is noticeable that the contribution 

 

Figure 6.10 Measured (symbol) τeff and simulated (line) τs for corona charged wafers with CT: 
(a) 10 sec, (b) 20 sec; and (c) 40 sec. 



6.3 Results and Discussion 

113 
 

of the larger capture cross-sections with increasing temperatures to the overall surface 

recombination is relatively strong at the low-temperature range, for wafers with low Qf. 

The difference between τeff and τs (shown in Figure 6.10) is assumed to be τbulk. 

Figure 6.11 presents τbulk extracted by the inverse of (1/measured τeff − 1/simulated τs). 

The good agreement between the extracted value, as indicated by the narrow distribution, 

confirms the proposed model as it appears the developed model provides a good fit for 

several wafers across a wide range of both Δn and temperature. 

 

Table 6-1 summarises the interface defect parameters obtained in this chapter and 

compares them to previously reported values. The attained Qf is lower compared to other 

studies (6 × 1010–3 × 1011 q·cm-2). This could be due to the difference in the oxidation 

process. It has been suggested that Qf reduces with increasing oxidation temperature [279]. 

The obtained Dit_mg is within the reported range for cases with and without FGA treatment. 

It is important to note that Dit_mg is impacted by the fabrication process, including the 

cleaning and the post oxidation steps. For example, the Dit_mg reported by Aberle et al. 

[250] is much lower due to the additional post-metallisation annealing process. 

The reported capture cross-sections from the literature have a wide range. Albohn et al. 

[275] found that the large σns(E) can be assigned to the Pb centre, which originates from 

Si dangling bonds with three back-bonded silicon atoms, while the PL defect that 

 

Figure 6.11 Extracted injection dependent τbulk at 303 K for corona charged wafers with CT of 10, 
20, and 40 sec. 
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originates from Si dangling bonds where one back-bond is substituted by oxygen, is 

commonly dominated by a lower σns(E). The determined values are within the expected 

range. Importantly, this method reduces the uncertainty range of extracting interface 

defect parameters and provides a temperature dependency that has not been reported 

previously. 

Table 6-1 Interface defect parameters used to fit empirical data in this chapter (highlighted in grey) 
and parameters from previous reports. 

 Qf  
(q·cm-2) 

Dit_mg  
(cm-2eV-1) 

σns  
(cm2) 

k  
(σns/σps) 

n-type + SiO2 (1±0.5) × 1010 (1.3±0.2) × 1011 (1.4±0.4) × 10-16 
at 300 K 2±0.4 

an-type + SiO2 2.2 × 1011 1 × 1011 8.7 × 10-16 7.9 

bn-type + SiO2 (2.4−2.6) × 1011 1.2 × 1011 7.5 × 10-15 2.3 

n-type + SiO2 + 
FGA (1±0.5) × 1010 (4.5±1) × 1010 (1.4±0.4) × 10-16 

at 300 K 2±0.4 
an-type + SiO2 + 
FGA 2.2 × 1011 5 × 1010 7.7 × 10-16 13.4 
bp-type + SiO2 + 
FGA (2.7–3) × 1011 2.6 × 1010 1.5 × 10-14 5.2 
cSiO2 + post-
metallisation 
anneal 

(6–8) × 1010 (3−5) × 109 n/a 50−70 

dn-type + P-doped 
poly-Si/SiO2/c-Si 2.4 × 1012 1 × 1011 5 × 10-15 1 

a[273]: Room temperature PC decay measurements (the surface carrier population of Si wafer are controlled 
during measurement by using a semi-transparent PEDOT:PSS gate). 

b[270]: Room temperature PL imaging with applied bias over the rear side passivation layer. 

c[250]: DLTS and capacitance-voltage measurements on MOS samples. 

d[280]: Room temperature PC decay measurements and capacitance-voltage measurements. 

 

6.4 Chapter Summary 

In this chapter, a comprehensive, non-destructive, and contactless method is presented to 

determine temperature- and injection-dependent surface recombination. It allows the 

extraction of Qf, Dit, capture cross-sections, and electron and hole surface recombination 

velocities without the need for DLTS or capacitance-voltage measurements that require 

complicated sample preparation. The method significantly reduces the uncertainty 
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associated with the extracted interface defect parameters since the fitting is performed on 

a large dataset taken at different temperatures and ∆n. 

To demonstrate this method, the characteristics of SiO2 under different operating 

conditions were investigated (i.e., temperature, ∆n, annealing, and corona charge). It has 

been concluded that the SiO2 layer is expected to benefit from high operational 

temperatures due to increasing lifetime at temperatures above 303 K, possibly yielding 

some advantages to the overall device performance in the field and contributing to the 

superior temperature coefficients of high-efficiency devices that utilise SiO2 passivation 

layers. Moreover, the Si-SiO2 interface defect parameters were extracted. Qf and Dit_mg, 

are determined to be (1±0.5) × 1010 q·cm-2 and (1.3±0.2) × 1011 cm-2eV-1, respectively. 

FGA effectively reduces Dit_mg to (4.5±1) × 1010 cm-2eV-1. Importantly, the temperature-

dependent capture cross-sections for electrons and holes were determined to be 

(2±0.4) × 10-16exp[(−10±1) × 10-3/kBT] and (1±0.4) × 10-16exp[(−10±1) × 10–3/kBT] cm2, 

respectively. The suggested lattice relaxation multi-phonon emission capture process has 

a relatively large impact on the surface passivation at the low-temperature range when a 

low amount of Qf is present in the dielectric. However, for large Qf, the temperature 

dependence of the surface recombination has been found to be strongly influenced by 

carrier concentration at the surface and by their temperature dependence. 

With SiO2 being used in commercial high-efficiency devices (i.e., polysilicon-based 

passivated contacts), such information is highly beneficial for improving the 

understanding of surface recombination in realistic operating conditions outside of STC, 

as well as temperature-dependent device modelling for predicting and optimising the field 

operation of solar cells. The proposed method can also be used in future work to study 

the temperature- and injection-dependent performance of other dielectrics commonly 

used in solar cell fabrication (e.g., SiNx and AlOx) and extract their interface defect 

parameters. 
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Chapter 7  
Summary and Future Work 

This thesis aims to improve the temperature- and injection-dependent characterisation of 

PV devices. In Chapter 3, a novel, non-destructive method for measuring the temperature-

dependent iVOC images of both metallised and non-metallised samples was developed. 

The advantages of the proposed method have been demonstrated by investigating 

TC(iVOC) of mc-Si (Chapter 3) and cast-mono Si (Chapter 4) wafers and cells. Using this 

method, it is feasible to intuitively examine the local temperature-dependent behaviours 

of regions with varying quality, and visually compare them at different ingot heights 

between different materials, and after different fabrication processes. This method further 

allows understanding and distinguishing the local versus global effects of the material-, 

defect-, and process-related factors on iVOC and TC(iVOC) metrics, which cannot be 

inferred from global measurements (such as I-V). Therefore, this method can lead to a 

more comprehensive understanding of different PV performances at various operating 

temperatures. 

In Chapter 5, an advanced approach was introduced for accurately imaging the carrier 

lifetime of PV devices with non-uniformly distributed defects. Therefore, the actual local 

recombination activities, unaffected by the inherent presence of lateral carrier drift and 

diffusion within the sample, can be revealed. Since this approach can accurately measure 

the sample’s lifetime distribution under spatially uniform Δn, at different operating 

temperatures, and different irradiance levels, it is an ideal quantitative characterisation 

technique for local defects in Si wafers and solar cells. This, for instance, enables a more 

accurate extraction of the recombination centre parameters across the sample.  

In Chapter 6, an innovative analysis of temperature- and injection-dependent lifetime 

data was established to extract the surface recombination under different operating 

conditions, and, subsequently, determine the associated interface defect parameters. Such 

information can provide valuable insights into the electrical properties of the dielectric 

layer and associated interface recombination under realistic operating conditions. 
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Additionally, it helps to distinguish the impacts of surface and bulk recombination, which 

then benefits the separate investigation of the bulk defects via TIDLS and assessment of 

surface passivation quality, hence, enabling targeted improvement of PV devices’ 

efficiency. 

Overall, the work presented in this thesis contributes to the growing PV 

characterisation knowledge-base and builds a comprehensive understanding of PV 

electrical performance under different operating conditions. The original contributions in 

each chapter are detailed in the next section followed by the proposed future work. 

7.1 Summary of Contributions 

Chapter 3 Spatially resolved temperature-dependent characterisation of Si wafers 

and cells: 

• A contactless method was developed to spatially quantify the TC(iVOC) of Si 

wafers and cells under different operating conditions by combining temperature-

dependent PL imaging and QSS PL front detection measurements. The primary 

advantages of this method include (a) enabling both local and global assessment 

of temperature-dependent iVOC, (b) allowing measuring both metallised and non-

metallised samples, and (c) being resilient to the effects of carrier trapping and 

DRM. 

• The associated system for determining TC(iVOC) maps of Si wafers and cells was 

constructed. This system incorporated an 808 nm laser for optical excitation of the 

sample, a temperature-controlled stage for altering the sample’s temperature, a Si 

CCD camera for acquiring PL images, and an InGaAs photodiode for detecting 

QSS PL signal. 

• The temperature sensitivity of mc-Si wafers and cells from different ingot heights 

were investigated using the newly developed technique. A correction between 

reduced temperature sensitivity and the increasing ingot height is realised and 

demonstrated by both wafers and cells. Furthermore, the wafers from the top of the 

ingots show a larger spread of local TC(iVOC) towards less negative values which 

is particularly evident at a medium to low iVOC range, likely due to the presence of 

less temperature-sensitive dislocation clusters.  
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• Dislocated areas on mc-Si wafers were found to have both high and low 

temperature sensitivity, depending partly on the ingot position. µPL measurements 

were performed at the dislocated regions with different TC values, which suggests 

that different impurities occupy these regions, thereby resulting in different TC 

values. 

Chapter 4 Impacts of gettering and hydrogenation on Si wafer temperature 

sensitivity: 

• The spatially resolved temperature-dependent electrical performance of cast-mono 

Si wafers was investigated after different processes such as gettering, firing, and 

advanced hydrogenation. The variations in TC(iVOC) in response to different 

processes cannot be simply explained by Si intrinsic parameters. It is also 

significantly affected by the temperature dependence of the recombination, as 

parameterised by γ. Gettering was found to lower γ, resulting in more favourable 

temperature sensitivity. However, the subsequent firing process does not have a 

significant impact on TC(iVOC), due to a trade-off between improving iVOC and 

increasing γ. Interestingly, performing an advanced hydrogenation process can 

further reduce the temperature sensitivity, more than expected solely from the 

improvement in iVOC. 

• Contrary to the commonly-held belief of more negative TC(iVOC) with lower iVOC, 

most regions containing crystallographic defects have the lowest temperature 

sensitivity, following the processing steps. This suggested that although the 

crystallographic defects are the efficiency-limiting factor for cast-mono Si samples 

from the top of the ingot, their detrimental impact is reduced at higher operating 

temperatures. The lower temperature sensitivity of crystallographic defects was 

further investigated using hyperspectral PL imaging measurements and APT. It has 

been suggested that the reduced temperature sensitivity is due to impurities 

decorating the crystallographic defects. A significant excess of C, O, and Ni was 

detected at the regions containing crystallographic defects, suggesting that these 

impurities play important roles both in causing the recombination as well as the 

less negative TC(iVOC) at these regions. 
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Chapter 5 Advanced PL imaging using non-uniform excitation: 

• A PL imaging method using spatially non-uniform excitation was developed. By 

adaptively adjusting the illumination intensity at each pixel to counterbalance the 

lateral carrier flows within the sample, PL images with uniform Δn can be obtained. 

The non-uniform carrier lifetime images can then be extracted from the spatial 

inverse of the illumination intensity. The required calibration procedure was 

introduced in detail as well. 

• The first transmission-mode PL imaging system with a customised LCD-based 

laser illumination setup was built. This system was optimised to maximise the 

achievable illumination intensity and contrast at the sample plane and to minimise 

the optical aberrations of the illumination image. Furthermore, by modifying the 

configuration of the PL imaging system from transmission mode to reflectance 

mode, the capability of the developed technique has been further extended to 

enable temperature-dependent measurements. 

• The proposed approach has been successfully applied to both inhomogeneous non-

diffused and diffused Si samples to accurately extract the spatially non-uniform 

lifetime images. Compared with the conventional lifetime images obtained under 

uniform illumination, the proposed method can effectively remove artefacts 

introduced via lateral carrier drift and diffusion, and the associated image blurring. 

For the first time, it has been experimentally demonstrated that using non-uniform 

excitation at the pixel-to-pixel level is a powerful approach to eliminate the carrier 

smearing effect, hence providing more accurate lifetime images at spatially 

constant Δn. 

Chapter 6 Characterisation of the Si-SiO2 interface under various operating 

conditions: 

• A comprehensive method was presented to determine temperature- and injection-

dependent surface recombination, based on simultaneous fitting of multiple 

lifetime measurements. It allows the extraction of the interface defect parameters 

without the need for techniques such as DLTS or capacitance-voltage 

measurements that often involve complicated sample preparation steps. 

Importantly, the uncertainty associated with the extracted interface defect 
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parameters can be reduced with this method, as the fitting was performed on a large 

dataset obtained over a broad range of temperatures and ∆n. 

• To demonstrate this method, the electrical characteristics of SiO2 were investigated, 

for the first time, considering a wide range of variables, including temperature, ∆n, 

and Qf. The defect parameters and the temperature dependence of the capture 

cross-sections associated with the Si-SiO2 interface were determined with a 

thorough analysis. It has been concluded that improved SiO2 surface passivation is 

expected at high operating temperatures, potentially yielding some benefits to the 

overall PV performance in the field. 

In this thesis, the objectives established in Chapter 1 have been accomplished. The 

developed techniques allow for the characterisation of PV devices under various 

operating conditions. Furthermore, the spatially resolved feature of the developed 

methods is greatly beneficial considering the localised design of many PV devices such 

as selectively diffused emitters and local contacts as well as the non-uniformly distributed 

detrimental defects that they are often suffered from. Taken together, this thesis 

significantly contributes to a better understanding of the electrical properties of PV 

devices under different operating conditions and the identification of performance 

implications arising from specific device layers and defects. This is of paramount 

importance for improving PV device efficiencies and as a result, lowering the cost-per-

watt. Particularly promising is the applications of the developed characterisation methods 

to evaluate and predict PV devices’ field performance prior to deployment, providing a 

path for innovative device optimisation of specific operating conditions. Looking forward, 

in a wider perspective, the work presented in this thesis is expected to be immensely 

valuable for improving the energy conversion efficiency of PV technologies and 

promoting the growth of PV deployment. 

7.2 Future Work 

The several opportunities for further research resulting from this thesis are discussed 

below. 

In Chapter 3, the proposed method was used for resolving TC(iVOC) map at 0.5 Suns 

which is the maximum intensity achieved for 6-inch samples with the current system. By 

upgrading the illumination source, this system can also be used to investigate the 
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illumination intensity dependence of the spatially resolved TC(iVOC). Moreover, this 

method can be extended to study the iVOC images at low temperatures (< 298 K). Also, it 

will be interesting to explore spatially resolved TC(iVOC) at the module level, in which 

the effects of performance variation between different interconnected cells on the 

TC(iVOC) can be evaluated. In addition, this spatially resolved TC concept can be 

extended to properly study non-Si-based devices. 

A thorough investigation of low TC(iVOC) at the regions containing crystallographic 

defects has been conducted in Chapter 4. However, there remains a few aspects that can 

be further improved. Although APT measurements presented in Chapter 4 helped to 

narrow down the candidates responsible for the low temperature sensitivity of regions 

containing crystallographic defects, it is necessary to conduct complementary APT 

measurements at different regions and after different fabrication processes to reduce the 

speculations. Moreover, using the lifetime imaging method proposed in Chapter 5, it can 

be useful to conduct a TIDLS study for the localised crystallographic defects, so to 

establish potential correlations with the APT results. 

In Chapter 5, great effort has been made to develop and optimise the LCD-based laser 

illumination setup to achieve PL images at constant Δn. However, there are still some 

practical limitations of the setup, which were outlined in Chapter 5 together with 

suggestions for further improving the system. Meanwhile, this system can be used for 

spatially resolved IDLS or TIDLS studies of non-uniformly distributed bulk defects. It 

can also be applied to investigate edge recombination, which can severely affect half cells 

performance. Moreover, this technique can be extended to study large-area perovskite 

devices where process-induced defects may form. 

In Chapter 6, a modelling approach was developed to investigate surface 

recombination under different operating conditions. While this approach was only 

demonstrated on the SiO2, in the future, its applications can be extended to investigate 

other dielectric layers, such as SiNx, AlOx, and amorphous Si. In addition, this concept 

can be extended to study the interfaces of non-Si-based technologies, such as perovskite 

solar cells.
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Appendix A 

Based on the blue-shift (2–3 meV) of the defect PL peaks as the light intensity (carrier 

injection) is increased, the observed recombination mechanism can be identified as donor-

acceptor pair recombination [152]. Using Reference [152], the donor-acceptor pair 

recombination rate (UDAP) for a p-type semiconductor can be expressed as: 

 
𝑈𝑈DAP =

𝑛𝑛𝑁𝑁t𝐶𝐶p2𝑑𝑑′

�𝑛𝑛 + 𝑛𝑛3
2

′  �𝐶𝐶p2 + 𝑑𝑑′
 

A.1 

where Cp2 is the capture probability of holes to the acceptors when the donor-acceptor is 

in the charge state of TWO, t' is the interlevel transition rate between donor and acceptor 

levels, and 𝑛𝑛3
2

′   is a carrier density term containing the acceptor energy level. 

Assuming �𝑛𝑛 + 𝑛𝑛3
2

′  � 𝐶𝐶p2 ≫ 𝑑𝑑′, Equation A.1 can be re-arranged as: 

 
𝑈𝑈DAP =

𝑁𝑁t𝑑𝑑′

�1 +
𝑛𝑛3
2

′

𝑛𝑛 �

 
A.2 

where p3/2' is given by 

 𝑛𝑛3
2

′ = 𝐶𝐶𝑇𝑇1.5𝑒𝑒−
𝐸𝐸a
𝑘𝑘𝐁𝐁𝑇𝑇 A.3 

By combing Equations A.2 and A.3, Equation 3.4 is obtained and can be used to 

determine Ea.
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