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Prologue  

“But a strange thing occurs again and again:  

the equations which appear in different fields of 

physics, and even in other sciences,  

are often almost exactly the same, so that many 

phenomena have analogues in these different fields.” 

 

 

 

 

 

—  Richard Feynman 

 

８ <The Feynman Lectures on Physics>  

Volume I, Chapter 21 
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Abstract 

As the dominant photovoltaic technology, the crystalline silicon solar cell industry has 

experienced significant technological advancements. Tunnelling Oxide Passivated Contact 

(TOPCon) has emerged as the mainstream architecture due to its contact selectivity that enables 

higher energy conversion efficiencies. TOPCon designs benefit from further processing 

optimisations to further reduce energy losses in current collection and contact recombination. 

Improving the understanding of the remaining loss mechanisms in TOPCon provides the 

context for the detailed optoelectronic and compositional characterisation work in this thesis.   

An innovative photoluminescence imaging (PL) based characterisation method for evaluating 

contact recombination in TOPCon structure is presented with advantages of being in-situ and 

widely applicable. The method leverages the inherent spatial periodicity of the metallisation 

grid to extract a metal-induced PL variation signal from the spatial frequency spectrum. 

Numerical device simulations complement this methodology by interpreting the correlation 

between the periodic PL variation and metal contact recombination. Applying this approach of 

contact recombination assessment, together with contact resistivity measurements, enables 

comprehensive evaluation of TOPCon contact selectivity. Industrially fabricated TOPCon 

samples with structural adaptations and performance variation provide the subject of the 

characterisation work. Additionally, microstructural analysis through SEM-EDX and 

volumetric analysis via FIB slicing elucidate microstructural characteristics that correlate to 

the enhancement or degradation of contact selectivity.  

As hydrogen passivation is a key processing in ensuring TOPCon passivation, two 

complementary chemical characterisation techniques, Elastic Recoil Detection (ERD) and 

Atom Probe Tomography (APT), are employed to analyse hydrogen distribution in TOPCon. 

Deuterate (2D) substituted samples are examined to mitigate ambient 1H background 

interference. The ERD characterisation shows excellent mass separation between D and 1H, 

but its spatial resolution deteriorates with increasing depth. The APT analysis enables clear 

depiction of the layered structure but faces ambiguity in quantitative H/D analysis. The H/D 

signal complications in APT is thoroughly discussed, along with experimental conditions for 

reducing detection ambiguity. APT results from associate enhanced passivation with increased 

hydrogen incorporation at the TOPCon tunnelling oxide interface. The combined information 
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from ERD and APT reveals inaccuracies in the standard H chemical profiling approach using 

Secondary Ion Mass Spectrometry (SIMS).  

Furthermore, an independently developed optoelectronic method, Laser Beam Induced Current 

(LBIC), is presented, demonstrating sub-micronmetre resolution capability in detecting spatial 

variations in current collection. The technique is applied on both silicon and perovskite solar 

cell samples to reveal spatial photocurrent variations linked to structure defects and surface 

morphology.  

Overall, the characterisation work presented in the thesis reveals valuable insights into energy 

losses primarily at TOPCon interfaces, as well as in other device architectures. The established 

corrections between structural design and performance provides useful guidance for the future 

optimisation of solar cell contacts and interfaces. 
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1. Introduction 

1.1. Energy and Climate  

Driven by population growth, economic development and industrialisation, the world today 

consumes a colossal amount of energy in its daily operations. Figure 1-1 illustrates the steady 

growth of major energy sources over the past three decades, as reported by the International 

Energy Agency (IEA) [1]. Currently, fossil fuels such as oil, coal, and natural gas account for 

over 80% of the global energy supply. This heavy dependence on fossil fuels is closely linked 

to significant greenhouse gas emissions, which are a primary driver of anthropogenic climate 

change. 

 

Figure 1-1 World total energy supply by source 1990-2021, figure by the International Energy Agency 
(IEA)[1].  

According to the Intergovernmental Panel on Climate Change (IPCC), global surface 

temperature has increased 1.1°C from 1850-1900 to 2021-2020 [2]. This warming has 

intensified extreme weather events, rising sea levels, and widespread disruptions in natural 

systems. Both human societies and ecosystems are under adverse impacts from climate change 

with varying degrees of vulnerability. In response, the 2015 Paris Agreement set a goal to limit 

warming to 1.5°C and bring down greenhouse gas emissions to net zero by 2050 [3]. 

Figure 1-2 illustrates the CO2 emission by sectors, highlighting power, industry and transport 

as the largest contributors [3]. To achieve the net-zero target, climate adaptation measures are 

being implemented across all sectors. These measures can be divided into: (a) reducing demand 

and improving energy efficiency, (b) direct and indirect use of renewable energy and renewable 
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feedstocks, and (c) carbon removal. Despite some progress, significant gaps remain between 

current adaptation rates and the requirements of climate goals.  

 

Figure 1-2 Total CO2 emissions by sector, 2017, figure by the International Renewable Energy Agency  
[3] 

Renewable energy sources, including solar, wind, and hydropower, are derived from natural 

processes that can replenish as they are consumed. Renewables produce significantly lower 

carbon emissions than fossil fuels, making them essential for global decarbonisation efforts. 

Other benefits of renewables include improved sustainability, reduced pollution and lower 

health risks [4]. At the 2023 United Nations Climate Change Conference (COP28), countries 

agreed to triple renewable energy capacity to 11 terawatts by 2030 [5]. Extensive 

interdisciplinary research efforts on renewables are being made to address complex challenges 

faced during the deployment of renewables, bringing together the fields of engineering, 

materials science, environmental sciences, and social sciences.  

 

1.2. Photovoltaics  

Solar radiation, which is the primary source of nearly all energy types except geothermal and 

tidal, can be converted directly into electricity through the photovoltaic effect. The first 

photovoltaic device was constructed in the late 19th century [6]. Later developments by Russel 

Ohl, Gerald Pearson, and colleagues at Bell Labs in the 1940s and 1950s led to the first practical 

Si solar cell with concepts still relevant in today’s context [6]. Initially finding its application 

in spacecraft, solar technologies have since come a long way to become a major new addition 

to the electrical grid worldwide [7], [8]. According to the International Renewable Energy 

Agency (IRENA), the utility-scale solar cost in weighted-average levelized cost of electricity 

(LCOE) has seen an 85% reduction between 2010 and 2020 [9]. Thanks to technological 

advancements and economic upscaling, solar has become an economically competitive energy 
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source. This is also evident from the steady exponential growth of PV installations, doubling 

about every three years from 2016-2022 [9].  

The key functioning unit in a working PV system is a solar module or panel, which comprises 

an array of photovoltaic cells. Each cell includes a photon-active absorber material and two 

collecting electrodes for extracting carriers of opposite polarities. PV technologies can be 

categorised based on the photoactive material, which broadly includes crystalline silicon and 

thin film materials such as perovskites, III-V semiconductors, and organic photovoltaics. As 

shown in Figure 1-3 [10], silicon has dominated PV production since rapid solar power 

expansion began, accounting for 97% of all products in 2023. It is also clear that 

monocrystalline material has taken over the previous shares of multicrystalline materials.   

 

Figure 1-3 Worldwide annual PV production by technology, figure from Fraunhofer ISE 2024 [10] 

Crystalline silicon has the major advantages of being abundant, stable, non-toxic, and well-

characterised as a PV material. However, its indirect bandgap requires a larger thickness 

(>100 μm) compared to thin films (<1 μm) for effective light absorption. Silicon wafer 

manufacturing involves energy-intensive thermal processes, reflected by the energy payback 

time, typically over a year. Nonetheless, large-scale production and optimised industrial 

processing have led to continuous performance improvements and cost reductions, positioning 

silicon-based cells ahead in the market for decades [11]. 

Perovskite solar cells (PSC), introduced in the early 2010s, have rapidly gained attention in 

both research and industry. The name refers to the perovskite ABX3 crystal structure of the 

light absorber layer.  The most studied compositions use cations A = Methylammonium (MA) 



 4 
 

or Formamidinium (FA), B = lead, and anion X = halogen, with multiple variants also explored 

[12]. PSCs have the performance potential to rival traditional silicon structures with the 

advantages of less energy-intensive production processes. The main challenge it faces for 

commercial applications is its material stability and device durability [13], [14], [15]. 

The power conversion efficiency (PCE) of solar cells is the central indicator for device 

performance and crucial to the cost of solar electricity. As of 2025, crystalline silicon solar 

devices have reached a PCE of 27.8% [16], while perovskites have reached 26.9% [17]. 

Tandem solar structures combining two or more absorbers offer a more practical approach to 

utilising the solar spectrum. Notably, a perovskite-on-silicon two-terminal tandem has recently 

reached a record 33.89% PCE [18].  

1.3. Silicon solar cell operation 

This section provides an overview of key concepts in silicon solar devices. The three 

fundamental physical processes essential to solar cell operation are generation, recombination 

and carrier transport. These are discussed along with device characteristics and key factors 

contributing to efficiency losses. 

1.3.1. Generation 

Photovoltaic energy conversion starts with photoexcitation, where a photon is absorbed, 

resulting in the generation of a pair of charge carriers (usually an electron and a hole). In a 

homogeneous semiconductor absorber, the absorption under monochromatic illumination with 

wavelength 𝜆  is given by: 

 𝐼(𝜆, 𝑥) = (1 − 𝑅(𝜆))𝛼(𝜆)𝐼଴(𝜆)exp(−𝛼(𝜆)𝑥) 1-1 

Where 𝐼(𝜆, 𝑥) is the absorbed light intensity at depth 𝑥 below surface, 𝐼଴ is the initial intensity 

at surface, 𝑅(𝜆) is surface reflectivity, and 𝛼(𝜆) is the absorption coefficient. The exponential 

decaying term exp(−𝛼𝑥) comes from the attenuation of light following the Beer-Lambert law. 

This equation highlights the importance of the optical parameter 𝛼(𝜆)  in determining the 

generation profile within the material. 

The absorption coefficient 𝛼  in a material system is tied to the quantum process of photon 

energy transfer. Photoexcitation occurs only when the energy of the photon matches the energy 

difference between two quantum states of the material system, given by: 
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ℎ𝑐

𝜆
= 𝐸ϐ୧୬ୟ୪ − 𝐸୧୬୧୲୧ୟ୪ 1-2 

Where ℎ  is Planck’s constant, 𝑐  is the speed of light in vacuum, 𝜆  is the absorbed photon 

wavelength, and 𝐸ϐ୧୬ୟ୪, 𝐸୧୬୧୲୧ୟ୪ are energy levels difference of quantum states. The availability 

of these quantum states in the absorber material poses conditions on photon energies that can 

be effectively absorbed.  

Figure 1-4 shows the absorption coefficient 𝛼  as a function of photon wavelength 𝜆  across 

different semiconductor materials. Since photon absorption mostly results in electron transition 

from the valence band to the conduction band in semiconductors, including silicon, the 

variations in 𝛼 across materials arise from their distinct electronic band structures. Notably, 𝛼 

decreases sharply at longer wavelengths, where the photon energy falls below the bandgap, due 

to a lack of states for the transitions to occur. Silicon, having an indirect bandgap, requires 

additional phonon interactions to assist electron excitations. This requirement generally 

reduces silicon’s absorption efficiency, which is shown by the red curve in Figure 1-4. 

Consequently, thick silicon absorbers are needed in photovoltaic applications compared to 

direct bandgap materials. 

 

Figure 1-4 The absorption coefficient α for different semiconductor materials at 300K as a function of 
wavelength 𝜆. Figure from [19] 

In the context of solar cells, not all absorbed photon energy after generation is converted into 

electrical output due to inherent physical limits in the energy conversion process. Figure 1-5 

describes the photon energy usable by a silicon device after accounting for losses in two steps. 

The outmost spectrum in Figure 1-5 shows the standardised terrestrial solar spectrum under the 

representative AM1.5G condition, with the acronym denoting the atmospheric (AM=air mass) 

and scattering (G=global) conditions. Immediately after generation, carriers with energy above 

the bandgap will relax to the band edges due to thermalisation. This results in a reduction in 
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usable photon energy as depicted in the intermediate spectrum in Figure 1-5. Additional loss 

can arise from entropy increase in thermodynamic cycles, which can be found analogously in 

heat engines [20]. Shockley and Queisser [21] calculated this second step loss in their detail 

balanced model to give a theoretical maximum energy conversion efficiency for silicon at 

~31%. The innermost spectrum indicates the final converted photon energy as described in the 

S-Q limit. These three spectra in Figure 1-5 illustrate the additional limits involved in photo-

electrical energy conversion, which are commonly cited as benchmarks for assessing the 

practical performances of solar device. 

 

Figure 1-5 AM1.5G photon energy spectrum, with in-between spectrum representing usable energy 
after thermalisation, and the inner spectrum for the voltage loss as accounted in S-Q limit. Figure 

from [22] 

1.3.2. Recombination 

Recombination is the process where an excited conduction band electron falls to the valence 

band, eliminating an electron-hole pair. Recombination of carriers in solar cell materials 

reduces the excess carrier densities under illumination until a quasi-thermal equilibrium is 

reached. Electrons and holes have split quasi-Fermi energy levels in a solar cell device under 

illumination, the difference of which translates to the implied device voltage that can be 

extracted at contacts. Increased recombination in the device results in a reduced separation of 

carrier energy levels and hence major losses in device voltage outputs. Figure 1-6 describes the 

three major types of recombination losses in silicon: radiative recombination, Auger 

recombination and defect-assisted recombination [23] 
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Figure 1-6 Schematic of three types of recombination: (a) band-to-band radiative (b) non-radiative 
Auger (c) defect-assisted Shockley-Read-Hall recombination 

Radiative recombination 

Radiative recombination, shown in Figure 1-6 (a), is the reverse process of optical electron-

hole generation, resulting in the emission of a photon at the bandgap energy 𝐸௚, corresponding 

to a wavelength centred around 1150 nm for Si. Due to silicon’s indirect bandgap, radiative 

recombination is less likely compared to non-radiative processes. The spontaneous photon 

emission from radiative recombination is also referred to as luminescence, which gives rise to 

electroluminescence (EL) [24] and photoluminescence (PL) [25] characterisation techniques. 

The radiative recombination rate 𝑈௥௔ௗ is described by eq. 1-3: 

 𝑈௥௔ௗ = 𝐵௥௔ௗ(𝑛𝑝 − 𝑛௜
ଶ) =  

∆𝑛

𝜏௥௔ௗ
 1-3 

Where 𝐵௥௔ௗ  is the radiative recombination coefficient and 𝜏௥௔ௗ  is defined as the radiative 

lifetime. While 𝑛, 𝑝  are spatial electron and hole densities, 𝑛௜  is the spatial intrinsic carrier 

density and ∆𝑛 denotes spatial excess carrier density.  

Auger recombination 

Auger recombination, shown in Figure 1-6 (b), is a non-radiative process by which the energy 

from the recombination of an electron-hole pair is passed to the kinetic energy of a third free 

carrier. The excess kinetic energy is quickly dissipated by thermalisation. Since Auger 

recombination involves the participation of an additional third carrier, it becomes significant 

in conditions of high carrier densities, such as in heavily doped regions or under high-injection 

conditions. The Auger recombination rate 𝑈஺௨௚ is given by eq. 1-4: 
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 𝑈஺௨௚ = ൫𝐶௡𝑛 + 𝐶௣𝑝൯(𝑛𝑝 − 𝑛௜
ଶ) =  

∆𝑛

𝜏஺௨௚
 1-4 

Where 𝐶௡ , 𝐶௣  are the electron and hole Auger capture probabilities and 𝜏஺௨௚  is the Auger 

lifetime.  

Shockley-Read-Hall (SRH) recombination 

Shockley-Read-Hall (SRH) or defect-assisted recombination, as shown in Figure 1-6 (c), takes 

place via silicon crystal defects that induce electrical levels inside the bandgap. These defect 

states can capture electrons and holes to mediate recombination at accelerated rates. Shockley-

Read-Hall theory [26], [27] formulates the defect-assisted recombination rate 𝑈ௌோு for a single 

defect state as eq. 1-5: 

 𝑈ௌோு =
𝑛𝑝 − 𝑛௜

ଶ

𝜏௣,ௌோு(𝑛 + 𝑛ଵ) + 𝜏௡,ௌோு(𝑝 + 𝑝ଵ)
 1-5 

Where 𝜏௣,ௌோு, 𝜏௡,ௌோு are SRH lifetimes for hole and electron capture processes, respectively. 

SRH parameters 𝑛ଵ, 𝑝ଵ are given in the following eq. 1-6, representing carrier densities at the 

trap state energy 𝐸௧.  

 𝑛ଵ = 𝑛௜𝑒𝑥𝑝 ൬
𝐸௧ − 𝜙௜

𝑘𝑇
൰    𝑝ଵ = 𝑛௜𝑒𝑥𝑝 ൬

𝜙௜ − 𝐸௧

𝑘𝑇
൰ 1-6 

It can be concluded from the above equations that SRH recombination rate increases when the 

trap state 𝐸௧ is closer to the mid-gap intrinsic level 𝜙௜. This means that deep trap levels around 

the mid-gap are more efficient at facilitating recombination compared to shallow trap states 

near the band edges. Following the SRH statistics, defect energy states and their carrier capture 

lifetimes can be measured for silicon defects, including distributed impurity clusters, 

dislocations and grain boundaries [28], [29], [30].  

Surface recombination 

At the surface of the crystalline silicon material, the lattice terminates, naturally creating 

unsaturated atomic bonds, i.e. dangling bonds. Such structural disruptions result in the 

formation of a continuum of defect energy states within the band gap that mediates 

recombination. In contemporary monocrystalline devices, advances in wafer quality have 

greatly reduced bulk defects, thereby making surface recombination an increasingly dominant 

recombination pathway.  
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Surface recombination can be similarly described by the SRH statistics. The agglomerated 

surface recombination rate 𝑈௦  can be calculated by integrating SRH recombination across all 

defect energies within band gap as follows: 

 𝑈௦ = න
𝑛௦𝑝௦ − 𝑛௜

ଶ

𝑛 + 𝑛ଵ
𝑆௡଴

+
𝑝 + 𝑝ଵ

𝑆௣଴

 𝑑𝐸

ா೎

ாೡ

 1-7 

Where 𝑛௦ , 𝑝௦ are surface carrier concentrations. It is stressed here that surface parameters such 

as surface densities and surface recombination rate have a per area unit different from bulk 

rates. Additionally, 𝑆௡଴  and 𝑆௣଴  are electron and hole surface recombination velocities 

respectively, also expressed as:  

 𝑆௡଴ = 𝜈௧௛𝐷௜௧(𝐸)𝜎௡(𝐸) ,   𝑆௣଴ = 𝜈௧௛𝐷௜௧(𝐸)𝜎௣(𝐸) 1-8 

Where the surface recombination velocities are linked to the respective mean thermal velocity 

𝜈௧௛, density of states 𝐷௜௧, and carrier capture cross-sections 𝜎௡, 𝜎௣. 

Following such definitions, an associated surface recombination velocity (SRV), can be given 

as the surface recombination rate 𝑈௦ divided by the excess surface carrier ∆𝑛௦: 

 𝑆𝑅𝑉 =
𝑈௦

∆𝑛௦
 1-9 

SRV is measured in velocity units, conceptually capturing the rate at which charge carriers 

travel toward the surface to recombine [31]. In reality, near-surface band bending arising from 

space-charge layers complicates direct interpretation of the excess carrier concentration (∆𝑛௦) 

at the surface. Consequently, a lumped effective surface velocity 𝑆௘௙௙ is typically defined at a 

distance 𝑑  from the surface, encompassing all recombination mechanisms within the near-

surface region  [32].  

 𝑆௘௙௙ =
𝑈ௗ

∆𝑛ௗ
 1-10 

Where 𝑈ௗis the recombination rate at a virtual charge-neutral layer at 𝑑 from the surface. And  

∆𝑛ௗ is the excess carrier density at 𝑑. 

The effective surface lifetime 𝜏௦  can be correlated to the surface velocity 𝑆௘௙௙ . Under 

symmetrical sample geometry, the relation reads as [33]: 
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 𝜏௦ =
𝑊

2 𝑆௘௙௙
+  

1

𝐷
൬

𝑊

𝜋
൰

ଶ

 1-11 

Where 𝜏௦ is surface lifetime, 𝑊 is the sample thickness and 𝐷 is the minority carrier diffusivity.  

Alternatively, surface recombination can also be described by a current 𝐽௥௘௖,௦ flowing towards 

the near-surface region at a shallow distance 𝑑 to the surface: 

This surface recombination current (𝐽௥௘௖,௦ ) scales with normalised carrier densities with a 

coefficient 𝐽଴,௦  known as a surface recombination parameter. More generally, the current 

parameter 𝐽଴ can be similarly used as a parameter for all recombination mechanisms including 

Auger and radiative recombination in the Shockley diode equation [34].  

Both effective surface velocity 𝑆௘௙௙ and surface recombination current 𝐽଴,௦ are used in surface 

characterisations. However, due to dependence of  𝑆௘௙௙ on surface doping and injection level 

∆𝑛  under typical testing conditions, McIntosh [31] recommended 𝐽଴,௦  as a more universal 

parameter. Historically, recombination in emitter layers has been described by  𝐽଴,ா, a term with 

compatible definition with 𝐽଴,௦ for a thin surface skin [35], which further supports 𝐽଴,௦ as the 

preferred surface recombination parameter.  

Overall eƯective lifetime 

All the abovementioned recombination mechanisms occur simultaneously in silicon wafers. 

The total sample effective lifetime is reciprocally related to the sum of bulk and surface 

lifetimes, given by   

 
1

𝜏௘௙௙
=

1

𝜏௦௨௥௙
+ 

1

𝜏௕௨௟௞
=  

1

𝜏௦௨௥௙
+

1

𝜏௜௡௧௥௜௡௦௜௖
+

1

𝜏ௌோு
 1-13 

Where the sample's overall effective lifetime 𝜏௘௙௙ is divided into surface 𝜏௦௨௥௙ and bulk 𝜏௕௨௟௞. 

The bulk lifetime 𝜏௕௨௟௞ can be further divided into the contribution of bulk defect lifetime 𝜏ௌோு 

and bulk intrinsic lifetime 𝜏௜௡௧௥௜௡௦௜௖ (Auger and radiative). 

Figure 1-7 shows an example from literature [36] that decomposes the effective lifetime over 

a range of excess minority carrier densities. The total effective lifetime curve, shown in red, is 

a modelled result fitted with measurement data. The three dashed curves represent the 

contribution from the three abovementioned components. In this sample, a shift in the limiting 

 𝐽௥௘௖,௦ = 𝑞𝑈ௗ = 𝐽଴,௦ ቆ
𝑛ௗ 𝑝ௗ

𝑛௜,ௗ
ଶ − 1ቇ 

 
1-12 
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recombination mechanism can be observed as the minority carrier density increases. The trend 

underlines the general trend that (a) bulk SRH can be important at lower minority injection 

levels, (b) surface recombination tends to be the limiting factor at 1-sun illumination at ~1015 

cm-3 injection, and (c) intrinsic (mostly Auger) processes can dominate at higher injection 

levels. This decomposition shows how different recombination mechanisms can dominate the 

effective lifetime under various injection conditions. 

 

Figure 1-7 Lifetime profiles as functions of excess minority carrier density.  Three components of the 
fitted overall effective lifetime (red curve) are shown: intrinsic (orange curve), SRH (green curve) and 
surface lifetime (blue curve). The modelled effective lifetime curve is fitted to a selected range of 
measured lifetime data marked as fitted data, with a small proportion of data points at both the low and 
high injection end being ignored. This figure with its associated sample and modelling conditions is 
found in [36] 

1.3.3. Transport 

The Drift DiƯusion Transport 

To understand the operation of solar cell devices, we also need to consider the dynamics of 

carrier transport, which is how carriers move under the influence of various forces. The carrier 

drift-diffusion model provides the foundational framework of carrier transport in 

semiconductors. This model describes the behaviour of charge carriers in response to both 

electric fields and chemical concentration gradients, combining drift and diffusion mechanisms 

[37]. 

The combined drift-diffusion current can be expressed as following the gradients of the 

electrochemical potential, also often referred to as the quasi-Fermi level. 

 𝑱𝒏 = 𝑞𝜇௡𝑛 ∙ 𝛻𝜙௡ 1-14 

Where 𝜙௡ is the electron quasi-Fermi level. The concept of the Fermi level originates from the 

result of the equilibrium filling of energy states following Fermi-Dirac distribution. The “quasi-” 

label indicates its applicability is extended to non-equilibrium conditions, such as external 



 12 
 

carrier injection by illumination. Importantly, carrier densities are linked to their quasi-Fermi 

levels by definition, following an exponential expression: 

 𝑛 = 𝑛௜ exp ൬
𝜙௡ − 𝐸௜

𝑘஻𝑇
൰ 1-15 

The intrinsic levels (intrinsic energy 𝐸௜ and intrinsic carrier density 𝑛௜) serve as the chosen 

reference point, though other references could be used equivalently. 

The last part of the drift-diffusion model is the continuity equation, which dictates the 

conservation of carriers while considering the simultaneous generation and recombination in 

space [38]. 

 𝛻 ∙ 𝑱𝒏 − 𝑞(𝐺 − 𝑅) =  
𝜕𝑛

𝜕𝑡
  1-16 

Where the 𝛻 ∙ 𝑱𝒏 is the divergence of electron current in space, 𝐺 and 𝑅 are spatial electron 

generation and recombination rates. The continuity equation dictates that the net balance 

among transfer, generation and recombination equates the change of carriers over time 𝜕𝑛/𝜕𝑡. 

Under steady-state condition, there can be further 𝜕𝑛/𝜕𝑡 =0, which is applicable in most solar 

cell operation situations. 

As such, the drift-diffusion model describes the correlated drift-diffusion physical mechanism 

of carrier transport, incorporating generation and recombination processes. Its simplicity and 

applicability make it not only a key analytical framework but also the foundation of numerical 

simulation methods.    

Transport in solar devices 

Within a solar cell, carriers must travel to electrodes/contacts to generate an electrical output. 

A selective transport mechanism ensures the separate collection of electrons and holes at 

opposite contacts. Traditionally, the p–n junction in a homojunction device is credited with 

providing this selectivity. The built-in electric field in the junction’s depletion region drives 

electrons toward the n-side and holes toward the p-side, sweeping minority carriers across to 

the opposite polarity region and enabling carrier separation. 

However, the idea that the built-in field is strictly required for separation has recently been 

questioned. Recent studies [39], [40] highlight how differences in electron and hole 

conductivities in various device regions can foster selective transport under illumination. Such 
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interpretations are particularly valuable when analysing emerging device architectures such as 

the silicon heterojunction, which lack a conventional diffused p–n junction. 

1.3.4. Device Characteristics 

To characterise solar cell performance experimentally, we need to start with the device-level 

outputs, or the current–voltage (𝐽-𝑉) characteristics of the cell. For a single junction silicon 

device, these characteristics can be modelled by the ideal diode equation with an additional 

photogeneration current source: 

 𝐽 = 𝐽௣௛ − 𝐽଴[exp ൬
𝑞𝑉

𝑚𝑘𝑇
൰ − 1] 1-17 

Where 𝐽௣௛ is the photocurrent, which depends on the generation rate under illumination. The 

second term 𝐽଴[exp ቀ
௤௏

௠௞்
ቁ − 1] is the ideal diode current following Shockley’s equation, where 

𝐽଴ is the diode dark saturation current and 𝑚 is the ideality factor depending on the effective 

recombination mechanism. Figure 1-8 (a) shows the equivalent electrical circuit of the ideal 

diode model. 

 

Figure 1-8 Circuit diagram of (a) ideal diode model, (b) one-diode model with shunt and series 
resistances, and (c)two-diode model with shunt and series resistances. 

Importantly, the diode saturation current parameter 𝐽଴ represents the overall recombination in 

the device. The total device recombination 𝐽଴ can be decomposed into bulk (𝐽଴,௕௨௟௞), surface 

(𝐽଴,௦ ) and metal contact recombination (𝐽଴,௖௢௡௧௔௖௧ ). Because 𝐽଴  is closely tied to measurable 
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diode characteristics, it serves as a key metric for comparing different recombination 

mechanisms [31].  

Under practical conditions, internal and parasitic resistance cannot be ignored in the presence 

of currents. Figure 1-8 (b) shows the incorporation of resistive effects by adding a series 

component 𝑅௦ and shunt component 𝑅௦௛. This results in the complete one-diode equation:  

 𝐽 = 𝐽௣௛ − 𝐽଴ ቈexp ቆ
𝑞(𝑉 + 𝐽𝑅௦)

𝑚𝑘𝑇
ቇ − 1቉ −

𝑉 + 𝐽𝑅௦

𝑅௦௛
 1-18 

Following eq.1-18, the 𝐽-𝑉 and corresponding power-voltage 𝑃-𝑉 characteristics of the solar 

cell can be obtained. The fill factor (𝐹𝐹 ) measures how close is the 𝐽 -𝑉  curve to an ideal 

rectangle with the short-circuit current 𝐽௦௖  and the open circuit voltage 𝑉௢௖  as sides. FF is 

defined in eq. 1-19 as the ratio between the power output 𝑃௠௔௫ at the max power point to the 

product of 𝑉௢௖ and 𝐽௦௖. The solar cell conversion efficiency 𝜂 given in eq. 1-20 can be obtained 

as the ratio between 𝑃௠௔௫  and the total incident power of light 𝑃௜௡. 

 𝐹𝐹 =  
𝑃୫ୟ୶

𝐽௦௖𝑉௢௖
=  

𝐽௠𝑉௠

𝐽௦௖𝑉௢௖
 1-19 

 𝜂 =  
𝑃௠௔௫

𝑃௜௡
=  

𝐽௦௖𝑉௢௖𝐹𝐹

𝑃௜௡
 1-20 

Figure 1-9 (a) shows a typical 𝐽-𝑉 and 𝑃-𝑉 with the maximum power point marked. Excess 

recombination and excess resistive effects can both induce power losses as illustrated by Figure 

1-9 (b)-(d). Additional recombination 𝐽଴ is added in Figure 1-9 (b). The increase in 𝐽଴ is closely 

linked to a decrease (leftward shift) in voltage and hence the power output. Figure 1-9 (c) and 

(d) demonstrate respectively the effect of additional series resistance (𝑅௦) and shunt resistance 

(𝑅௦௛). Both resistance-related losses lead to a reduction in 𝐹𝐹, which can be visualised as a 

loss of squareness under the 𝐽-𝑉 curve. 
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Figure 1-9 (a) Solar cell device current-voltage (J-V) and power-voltage (P-V) characteristics 
following the one-diode model in eq.1-18, marked with parameters. The rest figures show effect of (b) 

recombination 𝐽଴, (c) series resistance 𝑅௦, and (d) shunt resistance 𝑅௦௛  on device performance. 

As an expansion on the one-diode model, a revised two-diode model can be employed to 

account for additional recombination mechanisms. The two-diode model offers better accuracy 

at representing recombination at low injection conditions. The formulation of this model 

appends a secondary diode with ideality factor 𝑚ଶ  and recombination current 𝐽଴ଶ  [41] as 

follows: 

1.4. The TOPCon solar cell architecture 

1.4.1. Technology evolution and development of the TOPCon cell 

The rapid growth of the silicon solar industry has driven major changes in device architecture 

over the years. Figure 1-10 illustrates three designs that have successfully transitioned from 

laboratory development to industrial mass production: (1) Al-BSF (aluminium back surface 

 𝐽 = 𝐽௣௛ − 𝐽଴ଵ ቈexp ቆ
𝑞(𝑉 + 𝐽𝑅௦)

𝑚ଵ𝑘𝑇
ቇ − 1቉ − 𝐽଴ଶ ቈexp ቆ

𝑞(𝑉 + 𝐽𝑅௦)

𝑚ଶ𝑘𝑇
ቇ − 1቉ −

𝑉 + 𝐽𝑅௦

𝑅௦௛
 1-21 
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field), (2) PERC (passivated emitter rear contact), and (3) TOPCon (tunnelling oxide passivated 

contact), also known as POLO (polysilicon on oxide). By 2024, TOPCon has overtaken its 

predecessors, Al-BSF and PERC, as the mainstream silicon cell technology, largely thanks to 

its higher energy conversion efficiency enabled by its improved contact structure.  

 

Figure 1-10 Schematics of the Al-BSF, PERC and TOPCon/POLO architecture. Figure courtesy to 
[42] 

The Al-BSF design, as illustrated in Figure 1-10, represents the first industrially adopted silicon 

solar cell architecture and has laid the foundation for subsequent developments in crystalline 

silicon photovoltaics [42], [43]. Its front surface features the thermally diffused emitter [44] 

and a thin dielectric SiNx capping layer. The front silver contacts, in the shape of connected 

gridlines or metal fingers, are made via the screen-printing and firing approach. The rear side 

of the wafer is fully covered with aluminium, which upon firing forms local p+ doping to create 

a back surface field (as the name Al-BSF suggests). This surface field repulses electrons and 

boosts hole extraction. However, the full-area intimate Al-Si contact introduces a high defect 

density at the interface, which incurs energy losses due to significant rear contact 

recombination. As a second-generation design, the PERC structure shown in Figure 1-10, is 

built upon the Al-BSF with modifications to both the front and rear surfaces [45], [46]. The key 

distinguishing feature is the addition of the rear passivation layer Al2O3 with laser ablation 

openings for localised Al-Si contacts. This design reduces rear contact recombination by 

minimising the Al-Si interface area, enabling efficiency enhancement over Al-BSF.  

The direct metal-silicon (M-S) contact in both Al-BSF and PERC inherently produces a high 

density of defect states at the interface, leading to a high level of defect-assisted recombination. 

To address such contact recombination losses, passivating contact designs such as TOPCon 

emerge, which commonly insert a passivation layer and a conducting layer between silicon and 

metal to ensure a high carrier selectivity at the near contact zone. This carrier selectivity, crucial 

for minimising recombination while allowing efficient charge extraction, is characterised: 

(a) low contact resistance for the majority carrier current flow (b) low contact recombination 

enabled by low interface defect density and effective rejection of incoming minority carriers. 

Figure 1-10 shows the idealised band diagram for a silicon device with carrier-selective 
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contacts [47]. The improved contact passivation is demonstrated by the fact that carrier quasi-

Fermi levels (𝐸ி௡ and 𝐸ி௣ in the figure) stay well separated throughout the wafer bulk and 

even extended to the surface layers. The band bending (𝐸௖ and 𝐸௩) at the surface layers, which 

is a result of doping, illustrates the rejection of minority carriers integral to the contact 

selectivity.  

 

Figure 1-11 Ideal band diagram across silicon wafer thickness showing electron and hole contacts, 
under illumination, figure from [47] 

The TOPCon or POLO design refers to a doped poly-Si on SiOx structure typically applied on 

the rear surface. The ultra-thin oxide ranges between 1-3 nm [48] and passivates the wafer bulk 

surface while allowing sufficient current conduction through it. Majority carrier transport 

through the oxide occurs via a combination of direct pinhole flow and tunnelling [49], [50]. 

The oxide layer can be precisely grown using a variety of methods including solution oxidation, 

thermal oxidation or plasma deposition [51]. The subsequent doped polysilicon layer, either in-

situ doped or with an extra ex-situ doping step, is formed through designated deposition 

techniques, and requires a further thermal process for crystallisation. The formed doped 

polysilicon layer allows low electrical resistivity for current transfer both laterally and across 

the silicon-metal contact interface. But the heavy doping also incurs losses such as Auger 

recombination and parasitic absorption [52]. The TOPCon layers are capped with a hydrogen-

rich SiNx:H layer for further passivation. The release of hydrogen from SiNx:H further reduces 

defect-assisted recombination in the polysilicon layer and the SiOx interface [53]. During the 

final metallisation firing, the applied metal paste etches through the dielectric SiNx to form an 

electrical contact with the underlying silicon layers. The complete rear TOPCon structure offers 

excellent reduction of rear contact recombination, resulting in significant Voc and efficiency 

improvements over PERC or Al-BSF. The advantage of TOPCon is demonstrated by the large-

area TOPCon device efficiency record at 26.4% [54], compared to PERC at 24.5% [55] and 

Al-BSF at 20.3% [56].  
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1.4.2. Tackling loss mechanisms towards higher cell eƯiciencies 

Despite the efficiency gains of the TOPCon design, there is still room for further improvements. 

Ongoing work is focused on identifying and tackling the remaining energy loss factors in 

TOPCon devices to exploit an ultimate efficiency limit up to 28% [22], [57], [58]. This section 

provides an overview of the energy loss mechanism and outlines potential strategies for 

addressing them.  

Optical losses 

Optical losses can be primarily manifested as a reduction of device current or 𝐽௦௖. Processes 

that reduce photocurrent generation include (a) residual reflection (from the front side) and 

transmission (from the rear side), (b) metal shading and (c) parasitic absorption.  

To reduce reflection and transmission optical losses, modern wafers use a combination of 

surface texturing and the anti-reflection SiNx coating (ARC) designs on both sides [59].  In 

addition, TOPCon devices are bifacial and can retain over 80% efficiency when illuminated 

from the rear [60], which boosts energy output in practical conditions by using the albedo from 

the ground. The metal shading optical loss arises from the physical blockage of light by the 

front metallisation gridlines. It is reduced by minimising metallisation coverage and gridline 

finger width [61]. 

In TOPCon devices, parasitic absorption has become the remaining optical limitation [62].  The 

parasitic absorption process, which results in photon absorption by parts of the cell that do not 

result in collectable carriers, readily takes place in both the heavily doped emitter and the poly-

Si layer in the TOPCon structure [52]. Because surface doping is critical for carrier selectivity 

and lateral conductivity, the thickness and doping concentration of these layers are carefully 

optimised in a trade-off between necessary doping functionalities and doping-related losses. 

Recent research efforts have turned to strategies such as selective doping, using dopant-free 

heterojunction contact layers [63] or relocation junctions to the rear [57] to mitigate parasitic 

absorption losses. 

Recombination in bulk 

Because of silicon’s relatively low absorption coefficient, silicon cells require a thick absorber 

(usually around 150 μm) bulk compared to thin-film cells (< 500 nm). This allows a large room 

for bulk recombination losses to happen. As the industry shifts towards the TOPCon 

architecture, monocrystalline wafer substrates produced via the Czochralski (Cz) crystal 
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growing process have replaced formerly dominant multi-crystalline wafers. The lower defect 

density in monocrystalline bulk translates into higher effective lifetimes suitable for high-

efficiency designs. 

However, long-term performance studies of monocrystalline wafers have identified 

degradation of bulk quality under operation conditions. Boron-doped p-type monocrystalline 

wafers are affected by a reduction in minority carrier lifetime upon illumination known as light-

induced degradation (LID), the mechanism of which is linked to the metastable boron-oxygen 

defects [64], [65] [66], [67]. The formation of BO defects is related to the thermally activated 

process of mobile interstitial oxygen capturing by boron [68]. The BO defects can be cycled 

between electrical states through a combination of illumination and temperature conditions, 

which enables partial lifetime recovery via annealing or light soaking [69], [70]. Additionally, 

because of the extensive introduction of hydrogen for bulk defect passivation in TOPCon routes, 

wafer lifetime degradation can also occur because of hydrogen movement in a process referred 

to as light and elevated temperature-induced degradation (LeTID) [71].  

Because of the detrimental effects of LID and LeTID, solar cell manufacturers have swiftly 

shifted to gallium for p-type doping [72], which is less susceptible to the formation of 

metastable defect states; or to n-type bulk entirely. Such successful avoidance of bulk defects 

has, in turn, made fundamental Auger recombination the dominant bulk process in high-quality 

n-type monocrystalline devices with 26%, according to Richter et al [73]. 

Surface and contact recombination  

As previously outlined in section 1.3.2, the surface of silicon exhibits high recombination 

activity due to the presence of a high density of sub-bandgap defect states. Modelling work on 

assessing surface recombination has shown that even a very low front emitter surface 

recombination 𝐽଴,௘ value at ~7.5 fA/cm2 can induce a high-efficiency loss of 0.5 %abs.  Surface 

losses in silicon devices have been effectively mitigated by the deposition of a dielectric surface 

passivation layer, such as the silicon nitride capping layer in TOPCon [74]. The dielectric layer 

supresses surface recombination via a combination of two mechanisms [74], [75], [76]: 

(a) reduction of the density of surface defect states by satisfying the surface dangling bonds, 

known as chemical passivation and (b) introduction of built-in surface charges to reject 

incoming minority carriers, known as field-effect passivation [77]. Additionally, the surface 

dielectric film contains hydrogen, which is released during processing to further improve 
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passivation at key interfaces. Due to its relevance to this thesis, an in-depth discussion of 

hydrogen passivation can be found in section 1.5.  

The surface passivation layer must be partially disrupted at the metal-silicon contacts to allow 

sufficient current transfer, which leaves room for excess recombination at the M-S interface. 

For fire-through metallisation schemes using silver, the glass frit component in the metal paste 

reacts with dielectric passivation layer upon firing. Silver in the paste partially dissolves in this 

process and precipitates when cooled as finely dispersed nanocrystals in a glass interface layer 

between metal and silicon [78], [79]. However, extra silver deposition on the silicon surface 

known as ‘spiking’ can cause a high local density of metal-induced defect states, associated 

with significantly elevated recombination currents. Studies on front surface metallisation on 

thermally diffused emitter layers have reported front fire-through contacts with extremely high 

contact recombination current 𝐽଴,௖  >1000 fA/cm2 [80], [81], a value found to be largely 

influenced by the emitter doping profiles [82].  

For passivated contact structures, recombination at the metal interface is reduced but still 

significant compared to passivated surfaces. Reported 𝐽଴,௖  values for TOPCon rear contacts 

have seen a reduction from 100-400 fA/cm2 [83], [84] to recent cases below 50 fA/cm2 [85], 

[86]. The reduction of TOPCon 𝐽଴,௖  is achieved with careful tuning of poly-silicon layer 

crystallinity and doping profiles.  

Current transport losses 

Current transport losses refer to resistive losses throughout the current paths, which can be 

significant at locations with high current densities. The total device resistance can be separated 

into bulk resistance, lateral transport resistance in surface layers, resistance at the metal-silicon 

interface, and external metal resistance [61]. These resistive losses can amount to ~0.6%abs 

efficiency loss in a front junction solar cell, according to Richter et al [57]. Minimising such 

resistive losses is integral in the TOPCon contact designs. For example, the n+ poly-silicon 

layer serves the key functionality in enhancing conduction, which enables sufficient lateral 

current collection and lowers the metal-silicon contact resistivity.  

In summary, a detailed investigation into the remaining energy loss factors is central in the 

effort towards pushing the efficiency of TOPCon architecture to the ultimate silicon limit. As 

structural adaptations and new fabrication methods are developed, reliable and accurate 

evaluation of their impact is crucial to pinpoint even the smallest improvement in mitigating 

energy losses. This thesis focuses on assessing TOPCon performance by characterising its 
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contact recombination and contact resistance, which are key energy loss pathways. Further 

microstructural analyses explore how the electrical properties of TOPCon correlate with 

interface morphology and chemistry. These detailed evaluations offer insights into the 

fundamentals of contact selectivity and provide a foundation for future TOPCon optimisation. 

1.5. Hydrogen Passivation 

1.5.1. Overview  

Hydrogen passivation refers to the suppression of recombination in either the wafer bulk or 

surface layers by deliberately introducing hydrogen. Hydrogen passivation has become a 

crucial step in improving the minority carrier lifetime of silicon wafers. When introduced into 

silicon, hydrogen atoms can effectively bind to unsaturated bonds at defect sites and become 

immobile, known as hydrogen trapping. Hydrogen incorporation results in reduced electrical 

activity of various crystal defects [87], [88] and interfaces [89]. 

The most common method for hydrogen incorporation is through controlled hydrogen release 

from the H-rich surface dielectric film, which includes two steps. The first step is the deposition 

of a hydrogenated film, most typically a silicon nitride (SiNx:H) layer by PECVD (plasma-

enhanced chemical vapour deposition) [90]. During the PECVD process, plasma reaction at 

the surface introduces local damages such as dislocation tangles and stacking faults. According 

to Bhushan et al. such damages work as processing-induced traps to temporarily store H near 

the surface [91]. A subsequent high-temperature annealing step is needed for adequate H 

release into the bulk. Figure 1-12 illustrates a comparison of calibrated photoluminescence 

images (a description of PL is found in the methodology) of a boron-doped Cz wafer before 

and after hydrogen anneal [92]. The disappearance of dark rings from B-O defects and the 

improvement of image brightness show the excellent passivation efficacy achieved with the H 

release. Hydrogen can also be introduced via other routes, including microwave-induced 

remote hydrogen plasma (MIRHP) techniques [93], low-energy hydrogen implantation [94] or 

forming gas (𝑁ଶ+𝐻ଶ) anneal [95], [96].  
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Figure 1-12 1-sun implied Voc map as calibrated PL images of a boron-doped Cz wafer (a) with 
SiNx:H surface layer deposited but before H anneal (b) after H anneal. The oxygen precipitate defects 
are revealed by the dark segregation rings at the centre in (a) but completely passivated in (b). Wafers 

used in the work are 125×125 mm in size [92]. 

Recent studies reported that the effectiveness of hydrogen passivation can depend strongly on 

the processing conditions [97], [98]. The reduction of passivation effectiveness is attributed to 

atomic hydrogen occupying low mobility or low reactivity charge states [98]. This can be 

mitigated by light soaking which is shown to increase the concentration of mobile neutral-

charge state hydrogen [99], [100]. Thermal dissociation of hydrogen-defect complexes can 

happen through the processing steps, making fast-firing steps difficult to tune. Prolonged 

thermal exposure can also drive hydrogen out of the wafer or lead to hydrogen clustering rather 

than bonding at active defects [101]. 

1.5.2. Hydrogen at silicon defects 

Studies on hydrogen migration behaviour in silicon bulk have reported its strong dependence 

on the presence of hydrogen traps [102]. High-temperature hydrogen diffusion in 

monocrystalline silicon is relatively fast with a low activation energy [103]. On the other hand, 

the mechanism of hydrogen diffusion in the presence of silicon defects is under debate. Jackson 

et al. argued that GBs in poly-Si thin films are efficient hydrogen traps rather than diffusion 

enhancer [104], which is in contradiction to common reports of improved diffusion length 

through GBs [105], [106] or dislocations [107], [108]. It is safer to say that impurity-decorated 

GBs and dislocations can act as either faster diffusion channels or hydrogen traps depending 

on defect types, impurity levels and thermal conditions. When trapped at electrical active sites 

in the bulk, monatomic hydrogen can bond to defects with deep-level states. It is suggested that 

metal hydride complex formation and coordination of Si dangling bonds both contribute to a 

reduction of the density of deep-level centres [109], [110]. 
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Hydrogen passivation is not uniformly efficient across all defects. The efficacy of passivation 

can be related to both the defect type and the density of impurity atoms at the defect sites [111], 

[112]. Bertoni et al. suggested a correlation between a high degree of GB faceting and a clearer 

response to passivation [113]. Chen et al. reported a weaker passivation effect for random and 

small-angle GBs, which is not consistent with results from Bertoni. It is however agreed that 

in highly contaminated wafer regions, passivation of all types of GBs becomes less efficient 

[112]. Passivation of dislocations and dislocation clusters by hydrogenation is less frequently 

discussed [108], [114], possibly due to difficulty in characterisation. 

1.5.3. Hydrogen in TOPCon structure 

In the TOPCon structure, the hydrogen is released from the H-rich dielectric layer capped on 

top of the passivation stack. This SiNx:H coating has become ubiquitous since its stoichiometry 

is tunable, allowing variation in hydrogen content. Atomic hydrogen from this layer is released 

during contact firing, which can reduce the concentration of electrically active defect states at 

the interfacial oxide [115] and likely also within the poly-Si layer [89]. The high-temperature 

firing step is essential in redistributing the hydrogen through the TOPCon. The efficacy of 

hydrogen uptake plays an essential part in TOPCon passivation. 

Several studies have recently reported a firing-induced degradation in TOPCon passivation 

related to hydrogen [116], [117], [118], [119]. This degradation mode can lead to a four-fold 

increase in surface 𝐽଴ and is solely attributed to a deterioration of surface passivation [120].  

Some studies have identified a relation between excess H content at the SiOx interface and 

deterioration of passivation in n-type TOPCon [121], [122]. Figure 1-13 illustrates the 

hydrogen profiles after firing at a range of temperatures measured by secondary ion mass 

spectrometry (SIMS). The increasing wafer 𝐽଴ associated with a higher firing temperature, is 

linked to a higher H dose at the presumed oxide location. This indicates that the fast-firing step 

for contact formation could increase atomic hydrogen concentration at/near the interfacial SiOx, 

which can either (i) substantially improve surface passivation or (ii) cause severe surface-

related degradation, depending on the amount of hydrogen dose. In contrast to such findings, 

Polzin et al. investigated the thermal stability of a hydrogenated TOPCon structure without a 

dielectric capping layer and attributed the loss of passivation to hydrogen out-diffusion upon 

thermal treatments [117]. The authors revealed that inserting a thin AlOx layer between 

polysilicon and SiNx can enhance thermal stability by obstructing the hydrogen out-diffusion 

movement. Hamman et al. [123] suggested in their review the existence of an upper limit of 
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hydrogen incorporation to prevent surface-related degradation in AlOx/SiNx passivated 

structures. 

 

Figure 1-13 SIMS hydrogen profiles of a symmetrical TOPCon structure with an industrial SiNx 
capping layer, fired at temperatures from 700 °C to 900 °C. Associated sample 𝐽଴ after firing is 

marked along with the profiles [121] 

As such, despite widespread recognition of the usefulness of hydrogen introduction in TOPCon 

structure, its behaviour and passivation efficacy under various processing conditions remain 

unclear. An evaluation of the hydrogen distribution within the structure would help the 

understanding of the hydrogen interaction with interfaces and defects within the TOPCon 

structure, further facilitating the understanding of interface passivation mechanisms. This 

thesis employs state-of-the-art chemical characterisation techniques with nanoscale resolution 

and improved analytical accuracy—both essential for assessing hydrogen distribution in the 

complex TOPCon architecture. 

1.6. Aims and Objectives 

This thesis aims to evaluate key contact properties of the TOPCon solar structure. It also aims 

to link microstructural and chemical interface characteristics to changes in electrical behaviour.  

The overall aim can be split into the following: 

1. Developing and implementing an in-situ method to accurately quantify recombination 

losses at the contact interface. 

2. Evaluation of contact electrical properties, identifying variations associated with 

modified TOPCon processing. 
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3. Detailed microstructural investigations of the TOPCon interfaces to identify 

morphological variations associated with modified processing. 

4. Assessing the hydrogen distribution in hydrogenated TOPCon by two complementary 

chemical analysis methods to clarify the role of hydrogen in TOPCon passivation. 

5. Development of an optoelectronic method in investigating spatial current collection 

variations across a broader range of solar devices. 

 

1.7. Structure of the thesis 

Chapter 1 presented the fundamental context, focusing on photovoltaic principles and device 

physics. It also highlighted the developments of silicon device architectures, including the 

TOPCon structure, which is the main subject of investigation in this work. It ended with the 

remaining energy loss factors in silicon devices, which underlined the importance of detailed 

characterisation in understanding and addressing these losses.  

Chapter 2 to 6 detail the experimental results. Because each chapter uses different 

characterisation techniques, separate methodology descriptions and literature backgrounds can 

be found in individual chapters and associated appendices.  

Chapter 2 presents an in-situ approach in evaluating TOPCon contact recombination, 

eliminating the need for ex-situ sample preparations. Chapter 3 presents electrical 

characterisations of TOPCon contacts with modified processing. The microstructural analysis 

is performed to establish links between morphology and performance. Chapters 4 and 5 employ 

two complementary chemical profiling routes to evaluate the distribution of hydrogen and other 

elements in hydrogen-passivated TOPCon structure. Chapter 6 presents an independently 

developed optoelectronic characterisation technique to reveal current collection variations in 

various solar devices.   

The final section, Chapter 7, summarises the key findings from each chapters and highlights 

the directions for future work.  
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2. PL assessment of metal recombination 𝐽଴,௖: the Fourier 

analysis approach 
The methodology and results presented in this chapter have been accepted for 

publication in the journal EES Solar as 'Extracting Contact Recombination from 

FFT-Filtered Photoluminescence Imaging of Half-Metallized Silicon Solar Cells”. 

The author would like to thank Dr. Andreas Fell for running parallel Quokka3 

simulation for confirmatory tests included in this chapter. 

2.1. Introduction 

The recombination parameter 𝐽଴ , representing the dark recombination current density, is a 

widely adopted standard for evaluating recombination processes [34],[124]. To distinguish 

recombination contributions from contacted versus non-contacted surfaces, the contact-related 

𝐽଴,௖ is used explicitly for the recombination at the metal-silicon interface in contrast to the free 

surface 𝐽଴,௦ , with 𝐽଴,௖ > 𝐽଴,௦  as a general assumption. 𝐽଴,௖  is hence further established as an 

important contact metric, adopted in both experiments and simulations for silicon architectures 

such as TOPCon [125], [126]. As discussed in section 1.4.2, contact recombination at TOPCon 

interfaces, although comparably lower than emitter contact recombination, remains a 

contributor to the energy conversion losses. Therefore, the ongoing developments of the 

TOPCon architecture depend critically on reliable and accurate assessments of contact 𝐽଴,௖ as a 

key performance indicator. 

A promising way to extract 𝐽଴,௖ values for the TOPCon contacts is through photoluminescence 

imaging (PLI) measurements aided by device simulation. Photoluminescence imaging provides 

a fast, versatile, non-destructive method for wafer and device characterisation [25]. During 

standard PL experiments, the silicon sample is under constant illumination for carrier 

generation under steady-state conditions. The radiative recombination of the excess carriers 

gives rise to the luminescence signal detected by an imaging camera. The luminescence 

emission intensity depends on the fraction of excess carriers undergoing radiative 

recombination [127]. This allows quantitative analyses of PL to assess carrier loss mechanisms, 

including the effect of contact recombination 𝐽଴,௖. A detailed description of PL basic principles 

is given in Appendix A. 

Early studies used samples with varying metallisation coverage fractions to delineate the metal 

contribution. The common assumption used is that the overall areal surface 𝐽଴ is the sum of 
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contributions from metallised and unmetallised surfaces. Hence, by a linear fitting of the 

overall 𝐽଴ to the metal fraction, the area-weighted metal recombination 𝐽଴,௖  is separated [128]. 

Further PL investigations on this topic are aided by modelling tools such as Quokka and 

Griddler [126], [129], [130]. Griddler modelling allows electrical connections among 

components with different 𝐽଴ values to better interpret the effect of metal recombination on 

overall PL. Work by Hermann [131] et al. used Quokka 3 to account for non-uniform carrier 

density distribution in spatial PL modelling, which facilitates more accurate 𝐽଴,௖  parameter 

determination. Hermann’s work extracted 𝐽଴,௖  within regions with varied metallisation 

geometries and observed variation of  𝐽଴,௖ both at different wafer locations and with different 

finger widths [132], [133]. A major limitation of these approaches is that they require specially 

designed metallisation patterns with regions of varying metallised fractions. This added 

difficulty in tailored sample making prevents wider applications in regular solar cell production 

line metrology.   

In an effort to utilise the spatial periodicity of the metal grid pattern, Saint-Cast et al. [134], 

[135] employed the Fourier transformation in the analysis of PL data.  In their method, the PL 

signal is converted into 𝑉௢௖ maps after calibration with a contact voltage measurement. Their 

work used an analytical model to derive an estimated average PL intensity and its oscillation 

amplitude based 𝑖𝑉௢௖  and emitter contact 𝐽଴,௖ . Experimental data from PL can hence be 

compared to the model outputs to estimate the sample 𝑖𝑉௢௖  and 𝐽଴,௖  values. However, their 

method utilised samples with contacts on the imaging side, which introduces an inherited 

inaccuracy: part of the periodicity in PL images originated directly from the metal finger 

shading, complicating the determination of contact recombination. 

Here, the author proposes an innovative PL methodology to extract 𝐽଴,௖ based on Fourier data 

analysis. The method can be applied directly on wafers contacted with finished grid 

metallisation as used in industrial applications. My method is comparable to Saint-Cast’s 

approach due to the coincidental adoption of Fourier analysis of image periodicity. However, 

the independently developed route in this study circumvents finger shading limitations and 

adopts device modelling for improved PL data interpretation accuracy. The following sections 

2.2 to 2.6 are dedicated to the explanation of the methodology, covering experimental 

conditions, PL imaging results, data analysis and simulation approach for data interpretation. 

Section 2.7 provides a case study application of the method. Section 2.7 provides a discussion 

on experimental factors underlying the efficacy of this method.  
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2.2. Experimental Details 

Figure 2-1 (a) depicts the half-metallised TOPCon sample structure. They are 210×210 mm 

monocrystalline Si cell precursors with AlOx passivated diffused boron emitter at the front, and 

a poly-Si on oxide TOPCon structure at the rear, both capped with a silicon nitride surface 

passivation layer. Industrial silver metallisation via screen printing and fast-firing was applied 

only to the rear TOPCon surface. The silver metallisation fingers formed a grating/grid pattern. 

A finger width of 30 μm and a finger pitch of 1.5 mm were measured with optical microscopy.  

Figure 2-1(b) depicts the room temperature photoluminescence imaging setup. The PL system 

by BT imaging has a 650 nm LED array as the illumination source. An Apogee AltaF silicon 

CCD camera with a Kodak KAF-3200ME sensor was used with the default optical filter by BT 

Imaging. Due to the low quantum efficiency of the silicon sensor at the sample’s luminescence 

wavelengths, a high sensitivity setting was required, which resulted in amplified pixel noise. 

Future studies should consider using specialised sensors to reduce sensor noise and improve 

image quality. The camera offers a resolution of 2184 × 1472 pixels. The samples were placed 

on a low-reflectivity black stage to reduce back reflections, with the metallised TOPCon side 

facing down and the non-metallised emitter side facing up. An image integration time of 12 

seconds was consistently used for all images. To mitigate camera sensor noise, five images per 

sample were acquired and averaged. Unless otherwise noted in designated illumination tests, 

PL experiments were conducted under an illumination intensity equivalent to 1-sun. 

 

Figure 2-1(a) The half-metallised TOPCon sample structure. (b) Schematic of the PL setup, the 
sample has the metal side facing down 
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2.3. PL imaging data 

The following Figure 2-2 (a) shows the imaging field of PL as viewed from the rear metallised 

surface, which is marked by the dashed rectangle covering the central 170×115 mm. Note that 

PL images are taken from the unmetallised front side instead. Figure 2-2  (b) is an example of 

an acquired full PL image, covering a region containing a total of 112 vertical metal fingers 

from left to right. The pixel size of the image is calibrated according to the field of view 

dimension to be 78 µm per pixel. Spatial sampling at 78 μm/pixel leads to information loss 

when evaluating detailed carrier distribution profiles between individual fingers, given that the 

estimated sample diffusion length ranges from approximately 800 to 2500 μm. Direct 

assessment of PL profiles in the spatial domain is inadequate for reliably correlating with metal-

related losses, and an alternative method is required. Important features in the PL image are 

revealed in the two following close-ups in Figure 2-2 (b). Region A shows stripes with shallow 

contrast following the rear metal grid, which is a 1D periodic grid. Region B contains dark 

defective patches that typically originate from manual handling. Such features cause significant 

PL intensity drops, which can mask the contrast from the stipes. 

 

Figure 2-2 (a) Metallisation grid pattern on a 210×210 mm wafer, the square indicates the field of 
view for PL imaging. (b) An PL image example taken with metallisation on the rear, with close-ups of 

region A and B 

Notably, the periodic PL intensity variation shown in region A, is a result of excess metal 

recombination at the metal-silicon interface. In other words, since 𝐽଴,௖  >  𝐽଴,்ை௉஼௢௡ , 

recombination of excess carriers happens excessively at metal surfaces, causing lower local PL 
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intensity. This PL spatial variation, hereafter referred to as the metal contrast, is exploited to 

quantitatively assess 𝐽଴,௖.  

The direct description of such spatial variation is obstructed by the superimposed long-range 

spatial features in Figure 2-2 (b), as well as the camera pixel noise. To deconvolve the periodic 

signal from noise, Fourier analysis is employed in PL data analysis to enhance signal detection. 

Fourier transformation enables the isolation of the periodic signal associated with metal 

contrast, which allows for noise filtering and enhances the detection of the metal contrast. This 

process of Fourier data analysis is described next.  

2.4. Fourier analysis of PL data 

The Fourier data analysis method is based on the Fourier transform, a mathematical integral 

transformation. For a discrete PL signal array of finite length, one-dimensional (1D) Discrete 

Fourier Transform (DFT) is applied, as formulated in eq. 2-1.  

DFT: 𝑋௞ = ෍ 𝑥௡𝑒ି௜ଶగ
௞
ே

௡     

ேିଵ

௡ୀ଴

 2-1 

This process converts the spatial domain series 𝑥௡ into a complex-valued (spatial) frequency 

domain series 𝑋௞ . Where 𝑥௡ is the 𝑛 -th element of the space domain series, 𝑋௞  is the 𝑘 -th 

element of the frequency domain series (complex valued), and 𝑁 is the total sample number. 

The inverse Discrete Fourier Transform (IDFT), shown in eq. 2-2, converts the frequency 

domain representation back to the space domain.  

IDFT: 
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2-2 

In practice, the computationally efficient Fast Fourier Transform (FFT) algorithm is used in 

scientific data processing, which is a rapid implementation of DFT. 

Figure 2-3 (a)-(d) illustrates the four-step Fourier analysis process based on an experimentally 

measured PL image. Data processing and analysis were performed using Python 3.11.7 with 

package SciPy. 
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Figure 2-3 (a) Original PL counts in x-domain along a line profile in the horizontal image direction, 
with inset showing noise-covered periodicity. (b) FFT- transformed line profile in k-domain. (c) A 

zoom-in in k-domain towards the peak at the fundamental metal line frequency, with filter windows 
displayed as overlays. (d) Reconstructed signal and with an inset showing wave amplitude. 

Figure 2-3 (a) is a line profile 𝑥௡ along a random line from the above PL image, showing the 

normalised photoluminescence intensity as a function of distance. The PL counts detected at 

each pixel are normalised to the line average intensity to demonstrate only relative variations. 

A notable feature of this profile is long-range dips from sample imperfections. The inset plot is 

a zoom in within a 10 mm region, with the additional dashed curve representing the moving 

average of 5 adjacent pixels. The moving average trendline reveals the periodic pattern covered 

in camera pixel noise. Such a heavy noise superimposes on the periodic metal variation signal, 

which needs to be subtracted. 

Figure 2-3 (b) presents the frequency-domain spectrum of the line profile after applying the 

Fast Fourier Transform (FFT). Here, the y-axis represents the complex modulus of the Fourier-

transformed series 𝑋௞, while the x-axis displays the positive half of the frequency range from 

0 to half the sampling rate. The prominent initial peak at zero frequency 𝑋଴, as indicated by the 

yellow arrow, is related to the numerical sum of the series. 

When a periodic signal undergoes Fourier analysis, fingerprint peaks, i.e. sinusoid components, 

appear at the fundamental frequency as well as its higher harmonics. In Figure 2-3 (b), the first 

three harmonics of the metallisation frequency (~0.66 mm−1) are marked by green arrows. 

Given that weaker peaks at higher harmonics (order number n ≥ 2) blend into the noise floor, 

only the first harmonic, as circled in Figure 2-3 (b), is under analysis.  
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Figure 2-3 (c) takes a closer look around the marked peak at the first harmonic. It can be 

observed that the noise floor level is significant, lying only about 1.5 units below the peak on 

a natural base logarithmic scale. The broadband k-space noise floor is a result of decomposed 

space domain noise sources. A band-pass filter (green) centred around the 0.66 mm−1 frequency 

is used to isolate the metallisation signal, with a filter bandwidth set at 0.04 mm−1. Average 

noise levels are estimated from adjacent normalisation windows (yellow) with a bandwidth of 

0.02 mm−1. The noise level is first subtracted from the signal in the normalisation process. 

Subsequently, the rectangular band-pass filter (green) is applied to cut out frequencies outside 

the window. The resulting noise-subtracted and frequency-filtered signal is shown in purple. 

Figure 2-3 (d) displays the waveform reconstructed from the filtered signal using the inverse 

Fourier transform. Due to the rectangular band-pass filtering, this wave has an enveloped 

appearance. The key information is the amplitude of the oscillation, which is used to calculate 

the metal-induced PL periodic contrast 𝐶௠௘௧௔௟, given by:   

Metal Contrast: 𝐶௠௘௧௔௟ =
𝐴௔௩௘

𝑆௔௩௘
× 100% 2-3 

Where 𝐴௔௩௘ is the average amplitude of oscillations in the reconstructed signal. It is the average 

of the differences between each adjacent maxima and minima, as highlighted in by the red 

arrow in Figure 3 (d) inset. 𝑆௔௩௘  denotes the average signal level of the line profile, with  

𝑆௔௩௘ = 1 in this case, since the PL signal has been normalised. The percentage metal contrast 

𝐶௠௘௧௔௟  is defined as the figure of merit in contact characterisation, representing the metal-

induced variation over the average in PL profiles.  

The FFT metal contrast of the full image is obtained by summing the results from all horizontal 

lines, since only periodicity in the horizontal direction is relatable to the metal. This process is 

hence applied to all the measured PL images, which can be further extended to all industrial 

samples with known metal periodicity.  

2.5. Device simulation for PL experiments  

2.5.1. Simulation approach 

Detailed device simulation is required to provide a physical interpretation of the PL data and 

the metal contrast. In this section, sample electrical (spatial carrier distribution) and optical (PL 

emission) responses under experimental conditions are modelled with numerical simulation 

tools. Two comparable approaches using specialised silicon cell simulation programmes: (A) 
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PC3D [136] and (B) Quokka 3 [137] are employed in this section. Both tools offer 2D 

numerical device simulation capabilities, which have increased result accuracy over the 1D 

analytical framework previously reported in [138] by considering the depth-dependence of 

carrier distribution.  

Both PC3D and Quokka calculate first the spatial optical generation rates under the PL 

illumination conditions using a simplified Basore model accounting for front transmission and 

wafer light-trapping properties [139]. Quokka 3 further utilises the reciprocity of absorption 

and emission in the calculation of escaped luminescence using the same device optics [140]. 

PC3D does not incorporate algorithms for modelling PL emission response, hence, 

interpretation of PL signal from PC3D carrier distribution results is required for completing the 

PC3D approach.  

The electrical carrier transport modelling in both approaches is based on the drift-diffusion 

framework [136], [141]. The drift-diffusion model couples the carrier diffusion processes with 

electrical drift movement, parameterised by the interconnected carrier electrochemical energy 

(𝜙ி௡ , 𝜙ி௣ ) and electrostatic potential energy (𝜓 ) in space, respectively. The differential 

equations consisting of these scalar energies are solved in space with either (A) the finite 

element method in Quokka 3, or (B) a fast Fourier series solution in PC3D [142]. Both 

implement additional conductive boundary simplification where surface layers, i.e. front 

emitter and rear passivation, are treated optically and electronically as boundary conditions for 

the bulk modelling domain [142], [143]. The following sections 2.5.2 and 2.5.3 describe the 

simulation details in the PC3D process. Key results from the parallel Quokka 3 process are 

provided as a comparison to PC3D１.  

2.5.2. Simulation parameters 

Figure 2-4 (a) illustrates the modelling domain extending halfway between two adjacent fingers. 

The full geometrical unit cell with full translational symmetry encompasses two such adjacent 

domains. In practice, the modelling domain was further reduced as half of the translational unit 

cell to simplify the computation process, leveraging the additional mirror symmetry present 

between the neighbouring domains. Figure 2-4 (b) schematic shows the dimensions of the 

domain and the recombination conditions for the boundaries. Different types of domain 

 

１ The Quokka 3 simulations were conducted by Dr. Andreas Fell in Fraunhofer ISE. I provided the parameters 
but had no licenced access to the Quokka 3 tool. 
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boundaries are marked with colours in the figure legend, including the metal recombination 

boundary, non-contacted surface recombination boundary and symmetrical boundary. 

Following such definitions of the unit cell, PC3D divides the spatial domain into a mesh with 

evenly spaced nodes as dictated by the Fourier series approach of solving the drift-diffusion 

equations. The PC3D mesh in this study features 50× 50 nodes, while higher resolution is 

possible at the cost of computation time.  

 

Figure 2-4 (a) schematic of the wafer under PL experimental, with the defined simulation domain 

The input device parameters, including wafer electrical and optical properties, surface and bulk 

recombination parameters, are listed in Table 2-1. The doping at 4.00×10-15 cm-3 is set to 

provide a typical condition matching the prevailing industry wafer resistivity at close to 1 Ωcm 

[144]. PC3D is equipped with a tabulated database for the calculation of input-dependent 

parameters such as carrier diffusivities.  

Table 2-1 Device input parameters in PC3D simulation 

Device 
Information 

n-type Base doping Resistivity 

4.00×1015 cm-3 1.21 Ωcm 

Bulk 
Recombination 

Bulk SRH 𝜏௡଴ Bulk SRH 𝜏௣଴ Auger Recombination 
Coefficient 

0.5 ms 5 ms 8.3×10-31 cm6/s 

Surface 

Recombination 

Front 𝐽଴ଵ 

(𝐽଴,௙௥௢௡௧) 

Rear 𝐽଴ଵ 

(𝐽଴,்ை௉௖௢௡) 
Rear metal (𝐽଴,௖) 

25 fA/cm2 5-100 fA/cm2 5-140 fA/cm2 

Illumination 
Condition 

Type Wavelength 
Generation Current 

Density  

Monochromatic 650 nm 48.8 mA/cm2 

 

To represent the experimental PL condition at 1-sun, the optical generation is set to be 

monochromatic 650 nm with a result generation current density of 48.8 mA/cm2. The 
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illumination condition is used in PC3D to calculate a spatial carrier generation profile with its 

optical model. The generation profile features a highest generation rate at 1.1× 10ଶଵ cm-3s-1 at 

the surface, which quickly diminishes over the micrometre scale due to the short absorption 

length of 3.6 μm at 650 nm.  

The remaining device recombination parameters listed in the table are matched to experimental 

measurements of the test samples. This is enabled because PC3D can also simulate IV as 

outputs from fully defined device properties, which, when fit to the experimentally measured 

average 𝑉௢௖ , 𝐽௦௖  and 𝐹𝐹  values, provides a realistic estimation of device inputs to improve 

modelling accuracy. It is additionally noted that the parallel device 𝑉௢௖ , 𝐽௦௖   and 𝐹𝐹 

measurements were conducted on both-side contacted sister wafers, which have undergone the 

same process routes as the single side contacted wafers for PL tests, which are reported in 

chapter 3. 

2.5.3. Simulation results 

The key outcome of the PC3D modelling is a 2D spatial distribution map of excess carriers. 

Figure 2-5 (a) presents a colourmap of the excess carrier density within the unit cell domain 

under a realistic condition of 𝐽଴,௖=50 fA/cm2, 𝐽଴,்ை௉஼௢௡=10 fA/cm2 (𝐽଴,௖ is significantly larger 

than 𝐽଴,்ை௉஼௢௡). A gradual decrease in excess carrier density over depth is evident from the map, 

which can be attributed to the decrease of generation rate over depth. The spatial distribution 

of the excess carrier density shows further unevenness horizontally. The trend of spatial carrier 

variation can be better demonstrated by a carrier density gradient plot in Figure 2-5 (b). The 

gradient vectors depicted here also have the physical meaning of the steady-state excess carrier 

currents. Within the close-up region in Figure 2-5 (b), it can be observed that gradient vectors 

point both downwards and leftwards with a general trend aiming towards the metal boundary. 

This is a result of excess recombination at the metal boundary, which effectively acts as a sink 

of excess carriers to draw in more bulk carriers to recombine. 
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Figure 2-5 (a) Excess carrier map by PC3D, (b) An arrow map of excess carrier density gradients in 
a close-up region towards the metal boundary. The arrows indicate both the gradient vector 

magnitude and direction. 

The combined act of spatial dependence of generation and excess metal recombination results 

in the lowest carrier density at the metal boundary centre and the highest density at the opposite 

corner at the top surface. The variation in spatial carrier densities, however, is contained within 

a small 2.1% relative range (7.28×1015 -7.44×1015 cm-3). This is because the generated excess 

carriers in the wafer are well-dispersed at a scale close to the wafer dimensions, because of the 

high bulk diffusion lengths, as shown in the wafer bulk carrier lifetimes parameters. 

The excess carrier density results calculated by PC3D are further interpreted into PL emission 

profile along the x direction, in an effort to provide the spatial PL signal linked to imaging data. 

This PL emission profile along the horizontal x-direction is computed from the 2D carrier 

profile by integrating the radiative recombination multiplied by an escape probability term over 

the depth 𝑧. A simplified equation is implemented as in eq. 2-4:  

 𝑃𝐿௫ = න ∆𝑛௫,௭ ൫∆𝑛௫,௭ + 𝑛଴൯ × 𝐵௥௔ௗ  × 𝑒𝑥𝑝
஽

௭ୀ଴

(-α z)  𝑑𝑧  2-4 

Where ∆𝑛௫,௭ is the excess carrier density at location (𝑥, 𝑧), 𝑛଴ is the equilibrium concentration, 

𝐵௥௔ௗ is the radiative recombination coefficient, and α is the photon absorption coefficient for 

the characteristic wavelength of Si photoluminescence. The first two terms describe the band-

to-band recombination emission rate. The final exponential term accounts for attenuation from 

the reabsorption of emission at depths 𝑧 within the wafer. The reabsorption of PL photons is 

approximated by one absorption coefficient α = 6.8×10-5 μm-1 at 1150 nm to go around adding 

any spectral complexity. This low α  value yields a close to 1 exponential term, indicating 

minimum reabsorption from depths of concern. It is acknowledged that this formulation is a 
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simplified interpretation of PL intensity. A hyperspectral and comprehensive expression of 

luminescence signal detected at the camera includes three parts: (A) a spectral emission 

function, (B) an escape probability function related to wafer internal optics, and (C) an 

additional camera detection sensitivity term or a spectral filtering term [140], [145]. Such 

formulations are equipped in dedicated PL modelling packages such as Quokka 3 [143]. 

Figure 2-6 presents the horizontal PL line profile result from PC3D, as well as from the parallel 

Quokka 3 under the same sample definition. The PC3D profile is calculated from excess carrier 

densities using eq. 2-4. Quokka 3 profile is generated by its built-in luminescence model, which 

additionally includes a 1200 nm short pass filter on the hyperspectral PL emission to represent 

further realistic camera detection conditions. Both profiles show a lowest PL emission at the 

metal finger edge at 𝑥 = 0 μm, which originates from the local dip of excess carriers caused 

by excess metal recombination. By comparison of the two profiles, it is notable that Quokka 3 

PL dip at 0.81% on a relative scale is smaller than the PC3D dip at 0.92%. The difference 

between PC3D and Quokka3 profiles can be attributed to: (i) simplified silicon physical models 

used in PC3D, including negligence of the band-gap narrowing effect in bulk for such high 

lifetime samples, which limits accuracy in electrical modelling in PC3D; (ii) simplified PL 

optical interpretation in PC3D without spectral information and filtering.  

 

Figure 2-6  Normalised PL line profile by both PC3D and Quokka3, Quokka3 results additionally 
assume a 1150nm short-pass filtering 

To illustrate the effect of metal and bulk recombination on PL profiles, recombination 

parameter sweeps are conducted with PC3D. Figure 2-7 (a) illustrates the normalised PL 

intensity profiles for a series of 𝐽଴,௖ values with the same 𝐽଴,்ை௉஼௢௡. The metal recombination 

condition is presented here as the excess over TOPCon surface level 𝐽଴,௖ −  𝐽଴,்ை௉஼௢௡, which 

separates 𝐽଴,்ை௉஼௢௡ as an additional parameter as a baseline value for 𝐽଴,௖. The step increase in 

excess metal recombination 𝐽଴,௖ −  𝐽଴,்ை௉஼௢௡  is translated to larger dip amplitudes in the 

profiles. This is because a higher 𝐽଴,௖  translates to more carriers lost at the metal boundary, 

which brings a higher difference in PL intensity between metallised and unmetallised regions. 
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Additionally, Figure 2-7 (b) presents a profile series for a range of bulk lifetimes. PC3D 

assumes a simplified case in which bulk SRH lifetime for holes 𝜏௣ is one order of magnitude 

greater than for electrons 𝜏௡. This approximation applies since higher electron capture cross-

sections parameters are reported for bulk SRH recombination processes [146], [147] (a 

description of SRH statistics is provided in section 1.3.2). The results in Figure 2-7 (b) reveal 

that higher bulk lifetimes correlate with more extensive relative PL intensity dips, but with 

diminishing effects at lifetimes above 𝜏௡= 200 μs. This correlation can be attributed to the 

carrier diffusion length 𝐿~√𝐷𝜏  increasing with higher bulk lifetimes. The larger diffusion 

lengths allow further carriers to be drawn towards the metal interface, thus amplifying the dip 

caused by metal recombination. This effect diminishes at higher lifetime scenarios because 

once the diffusion lengths reach near the simulation unit cell dimensions, further diffusion 

length increases would have a limited influence on observed spatial distributions. It is notable, 

by a comparison of dip ranges in Figure 2-7 (a) and (b), that the effect of bulk lifetimes within 

the sample-realistic range of concern is secondary compared to the effect of metal 

recombination. 

 

Figure 2-7 PC3D normalised PL intensity line profile series under 1-sun illumination for (a) varying 
excess J0,c-J0,TOPCon on top of constant J0,TOPCon=10 fA/cm2, and (b) varying bulk SRH carrier lifetimes 

based on a combination of J0,TOPCon=10 fA/cm2 and J0,c=50 fA/cm2 

2.6. Linking simulation results to PL data 

The unit cell simulation from both PC3D and Quokka provides useful information on how 

conditions such as 𝐽଴,௖ affect PL spatial variation. To establish a link between the unit cell to 

the experimental acquired PL data, the author adopts the previously established FFT metal 

contrast as the comparison standard, which requires building full lines from the unit cell to 
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enable the Fourier analysis. Figure 2-8 illustrates the process of converting a representative 

unit cell profile to signals in the frequency domain. The unit cell profile is combined with its 

mirror image to make up one repetition period. The repetition number of 112 is used as identical 

to the number of metal fingers in a PL image. The line profile built from concatenated unit cells 

is shown in the second step. The Fourier spectrum in the third step shows the harmonic peaks 

from the periodicity in the line profile, which are analysed following the same route as applied 

to experimental PL images described in section 2.4. The absence of broadband noise is notable 

in this spectrum as a major difference from the spectrum of PL images. The result of this 

process is the extracted FFT metal contrast from the simulation as a function of the sample 

parameters. 

 

Figure 2-8 Process flow of integrating simulation profiles with Fourier analysis, showing (1) two unit 
cell profiles combined as a repetition unit, (2) a line profile built from simulation results, (3) 

frequency  

Figure 2-9 (a) illustrates the FFT metal contrasts from the PC3D simulation as a function of 

metal recombination as excess 𝐽଴,௖ −  𝐽଴,்ை௉஼௢௡. The red data points in this figure are from the 

case of a baseline surface 𝐽଴,்ை௉஼௢௡ =10 fA/cm2, which corresponds directly to unit cell profiles 

in Figure 2-7 (a). The near-linear relationship shared among all curves (with Pearson 

correlation coefficients ρ > 0.9999) points to a strong correlation between contrast and excess 



 40 
 

𝐽଴,௖  within the shown range (0 – 40 fA/cm2). This correlation underlines the high linear 

dependence of contrast on metal contact recombination, making it feasible to determine metal 

recombination through PL metal contrast measurements.  

 

Figure 2-9 (a) PL metal contrasts extracted by FFT analysis vs excess J0,c-J0,TOPCon, the series shows 
different baseline J0,TOPCon scenarios, (b) Average PL intensity series vs excess J0,c-J0,TOPCon, under 

different baseline J0,TOPCon scenarios, intensity normalised to J0,TOPCon= 10 fA/cm2case 
. 

A comparison between the curves in Figure 2-9 (a) highlights a shift in the correlations between 

metal recombination and FFT contrast when the baseline 𝐽଴,்ை௉஼௢௡  condition changes. It is 

found that higher baseline surface recombination 𝐽଴,்ை௉஼௢௡ reduces the contrast at the same 

excess 𝐽଴,௖ −  𝐽଴,்ை௉஼௢௡. This is evident since worse recombination at the free surface makes 

less difference between the carrier densities, both under the contact and non-contacted regions. 

Such a finding illustrates the importance of establishing the baseline 𝐽଴,்ை௉஼௢௡ before contrast 

calibration, as it strongly impacts the correlation between metal contrast and 𝐽଴,௖  in this 

methodology. 

The baseline surface recombination 𝐽଴,்ை௉஼௢௡  can be linked to the overall PL intensity. In 

Figure 2-9 (b), the simulated average PL intensity over a line is plotted as a function of excess 

𝐽଴,௖ −  𝐽଴,்ை௉஼௢௡ for different baseline 𝐽଴,்ை௉஼௢௡ values. This average PL intensity is minimally 

influenced by the excess 𝐽଴,௖  on x-axis within the range of concern since the local metal 

recombination at metal fingers (which covers only 2 % surface area) has a restricted impact on 

overall bulk carrier density. On the other hand, the average PL intensity is sensitive to the 

changes in surface 𝐽଴,்ை௉஼௢௡. This correlation of PL intensity to surface recombination enables 

a calibration of the 𝐽଴,்ை௉஼௢௡ of individual measured samples to their average image luminance 

first before subsequent assessment of 𝐽଴,௖. After the surface level 𝐽଴,்ை௉஼௢௡ of each sample is 
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estimated, the relationships between the FFT metal contrast and the excess 𝐽଴,௖ − 𝐽଴,்ை௉஼௢௡ are 

then interpolated following the curves in Figure 2-9 (a). Such a 𝐽଴,்ை௉஼௢௡ calibration takes into 

account different sample conditions and facilitates accuracy in the Fourier analysis of 𝐽଴,௖. 

As a summary, an illustrative diagram is shown in Figure 2-10 for summarising this two-step 

process for determining 𝐽଴,௖ from a sample image spectrum. Information at both the 0th order 

peak and the 1st order peak on the frequency spectrum is used in this process as marked by 

circles. The first step is the calibration of average PL intensity, which corresponds to the 0-

frequency integral at position A. The second step is the extraction of metal contrast by selecting 

the signal under the 1st order peak at position B. Information at higher harmonics is not used 

due to the high noise floor in data. Since higher harmonics represent waveform details, it is 

acknowledged that the current method cannot assess waveform characteristics because of data 

quality limitations. Further investigation of higher harmonics could provide a promising 

direction for expanding the method.  

 

Figure 2-10 Two-step A&B process of determining 𝐽଴,௖ from the Fourier spectrum of a sample image 
line, with Fourier peaks marked on the spectrum 

2.7. Case study: contact recombination from diƯerent screen-

printed Ag pastes 

As a direct result of applying the two-step process in the sample images analysis, Figure 2-11 

(a) illustrates a bar plot set that shows 𝐽଴,்ை௉஼௢௡  and 𝐽଴,௖  values from two measured sample 

groups. These two groups have the same TOPCon surface finish but different metallisation 

pastes. They are chosen to demonstrate the capability of the analysis presented in this chapter. 

The similar surface passivation shared by the groups is indicated by a common estimated 

𝐽଴,்ை௉஼௢௡ average at ~10 fA/cm2 , as shown by the orange bars. The error bars of the estimations 

in Figure 2-11 (a) originate from the standard deviation among the 9 sample values within each 

group.  
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Figure 2-11 (a) Estimated baseline J0,TOPCon values, and J0,c values extracted using both PC3D and 
Quokka for sample group A & B. (b) PL image close-ups from a group A sample and a group B 

sample, on the same colour scale, to demonstrate the difference in metal line contrast. 

The PC3D interpreted 𝐽଴,௖ results given in green bars illustrate a difference between groups, 

which entails that samples in group B have significantly lower 𝐽଴,௖ values at 22.5 ± 2.2 fA/cm2 

(n = 10) compared to group A at 38.5 ± 7.5 fA/cm2 (n = 10). Estimations via Quokka 3 route 

given in yellow bars tell the same difference but standing at slightly higher values: group B at 

24.1 ± 3.5 fA/cm2 and group A at 42.2 ± 8.2 fA/cm2. Evidence of the difference in 𝐽଴,௖ can be 

found in Figure 2-11 (b), which shows enlarged PL images of a group A and a group B sample 

on the same colour scale. It can be observed from the comparison of images that the periodic 

metal contrast from paste B is weaker than paste A, which is reflected by the lower estimated 

𝐽଴,௖  results of paste B. The reduced 𝐽଴,௖  underscores the efficacy of group B’s metallisation 

design in minimising surface damage. The Quokka 3 estimations in Figure 2-11 are slightly 

higher as compared to the PC3D values. The minor difference is due to the more detailed 

electrical model and the additional consideration of camera filtering at 1200 nm in Quokka 3.  

2.8. Discussion 

The 𝐽଴,௖ extraction method described in this chapter relies on the key finding that the metal 

contact recombination parameter 𝐽଴,௖  is strongly correlated with the metal periodic contrast 

from Fourier analysis. The utilisation of this insight allows metal recombination to be evaluated 

from the PL images data. Upon comparison between my approach to the previously reported 

Saint-Cast’s method [138], my methodology has the following differences: (A) PL images are 

taken on single-sided metallised samples with the non-metallised surface facing the PL camera, 

which eliminates metal finger shading effects obfuscating metal contrast. (B) Comprehensive 
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2D numerical device simulations are utilised to determine spatial carrier distributions, 

significantly improving 𝐽଴,௖  parameter extraction accuracy over the previous 1D analytical 

model. (C) Additional PL data processing, including noise normalisation and filtering, is 

implemented to enhance the detection sensitivity of periodic metal contrast signals. The method 

in this work thus enables the extraction of low 𝐽଴,௖values suitable for passivated silicon contacts. 

However, the 𝐽଴,௖  extraction approach in this work is susceptible to systematic errors 

potentially introduced in both simulation interpretation and PL data processing. It is safer to 

say that the 𝐽଴,௖ estimates from the PL data are to be taken for comparative purposes, the values 

of which can benefit from further confirmation and calibration with other viable 

characterisation approaches. A potential error source is that neither PC3D nor Quokka 3 

simulation accounts for the effect of optical blurring. The image blurring that occurs at the PL 

camera sensor is known to cause lateral spread-out of PL profiles and reduce any image contrast 

amplitude. The 𝐽଴,௖  values extracted for a simplified blurring-free scenario will be 

underestimates of realistic values. PL experimental setups are equipped with standards to limit 

blurring to some extent, by using a short-pass filtering before the camera placed at 1200 nm to 

cut off the long-wavelength signal most prone to later blurring. This short-pass filtering is 

reflected in Quokka by integrating wavelengths until 1200 nm. The effect of image blurring at 

photon wavelengths below 1200 nm has not been evaluated in my method. It is proposed for 

future studies on this topic that (A) a short-pass filter be placed at lower wavelengths, e.g. at 

950 nm, to further limit blurring and increase image sharpness, and (B) incorporate blurring 

correction algorithms in further PL data processing to mitigate optical blur. 

On the other hand, the Fourier PL data analysis in this work relies on the accurate extraction of 

the periodic signal from the peaks in k-space. It is observed from section 2.4 that the k-space 

spectrum of measured images features a high broadband noise floor that limits the sensitivity 

of peak extraction. This implies that low metal contrasts with peak signal close to the noise 

floor cannot be detected with accuracy, which puts a lower limit on the detectable 𝐽଴,௖. This 

intrinsic limitation can be avoided by either suppressing noise or enhancing the k-space peak 

above the noise floor as reflected by a high FFT metal contrast. The noise reduction in PL 

image would be beyond the scope of this work. The author advances further here to identify 

experimental conditions that can enhance the peak signal, which is reflected by an increasing 

noise-subtracted metal contrast.  
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Firstly, it has been noted in experiments that PL illumination intensity has an influence on the 

extracted metal contrast. Figure 2-12 (a) shows the experimental data points measured from a 

selected wafer sample by the red dots. These scattered measurement points indicate a trend that 

metal contrast increases with illumination intensity. Complementing such an experimental 

observation, PC3D simulations were conducted for an illumination intensity sweep, showing 

metal contrasts from FFT analysis at varying illumination intensities. The simulations, 

illustrated as the line traces in Figure 2-12 (a), show the contrast vs illumination relation under 

different 𝐽଴,௖ scenarios (with the same baseline 𝐽଴,்ை௉஼௢௡=10 fA/cm2). The simulation results 

corroborate the experimental trend that higher illuminations lead to enhanced metal contrasts 

under all metal recombination scenarios. Therefore, higher illumination is helpful in improving 

signal clarity for such a Fourier analysis method.  

 

Figure 2-12 (a) Metal contrast extracted via FFT under a range of illumination conditions, the curve 
series show different metal recombination scenarios. (b) Normalised metal contrast extracted via FFT 

vs sampling rate 

A possible reason for the trend is the injection dependence of bulk and surface recombination 

processes. Surface recombination can become an increasingly important component under 

higher injection conditions, contributing more to the overall lifetime. Hence, using higher 

illumination levels enhances the prominence of rear surface metal features (𝐽଴,௖ > 𝐽଴,்ை௉஼௢௡) in 

the spatial distribution of carrier density, thus improving the detectability of such features.  

Secondly, camera resolution can also influence metal contrast. The camera's horizontal 

resolution (along its long detector axis) dictates the sampling rate of the line profile, which in 

turn determines the sampling interval size in both x-space and k-space. Figure 2-12 (b) presents 

the PC3D-simulated metal contrast as a function of sampling rate, measured in mm−1. The y-
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axis shows the contrast normalised to the standard contrast at a sampling rate of 12.8 mm−1, 

representing the camera's operational rate (indicated by the blue line) with a horizontal 

resolution of 2184 pixels. The theoretical minimum Nyquist rate for sampling with a repetition 

number of 112 (metal fingers) is marked by an orange line. Inadequate sampling can lead to 

information loss, as indicated on the left side of the curve. The plot also demonstrates that while 

the contrast significantly increases above the Nyquist threshold, it plateaus at higher sampling 

rates, suggesting minimal improvement beyond the current camera rate. This relationship 

highlights the sampling requirement necessary for accurately assessing metal contrast. 

2.9. Conclusions 

In this chapter, an effective and versatile method has been demonstrated for extracting contact 

recombination 𝐽଴,௖ from photoluminescence images of single-side metallised TOPCon wafer 

samples, without the need for specially designed metallisation geometries. The key to this 

method is exploiting the periodicity of the metal grid for isolation of the metal contrast signal 

in the k-space after performing Fast Fourier Transformation (FFT). Noise normalisation and 

filtering can be implemented as part of the Fourier analysis process, vastly enhancing the ability 

to extract information out of in-line PV manufacturing metrology.  

Numerical device simulations, including PC3D and Quokka 3 are used for modelling 2D carrier 

distributions and corresponding PL intensity profiles within a local unit cell. The PC3D 

simulation results show the spatial carrier non-uniformity because of excess metal 

recombination. A higher amplitude of the non-uniformity is found to be strongly linked to a 

larger 𝐽଴,௖, and to a minor extent a higher bulk lifetime.  

Interpretation of simulation results via the same Fourier analysis procedure demonstrates a 

linear-like relation of 𝐽଴,௖ and PL metal contrast. This 𝐽଴,௖-contrast relationship is affected by 

𝐽଴,்ை௉஼௢௡ which needs to be determined first. A two-step process is employed to estimate 𝐽଴,௖ 

from PL images for two sample sets with different metallisation approaches. The results 

demonstrate that using such method, 𝐽଴,௖ values of 38.5 fA/cm2 and 22.5 fA/cm2
 were found 

for the two sample sets A and B respectively, based on the assumption of a 𝐽଴,்ை௉஼௢௡  of 10 

fA/cm2.  This difference highlights the recombination reduction of sample group B in 

agreement with its design. Parallel results from Quokka3 simulation are comparable to PC3D, 

with the difference in 𝐽଴,௖ estimation attributed to the additional consideration of short-pass 

filtering conditions. The author acknowledges optical blurring as the major limitation factor to 

the quantitative analysis and highlights the need for result calibration. Furthermore, factors to 
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potentially enhance the sensitivity of the Fourier method are investigated, including the 

illumination intensity and camera resolution. It is shown that increasing illumination and 

camera sampling rate are beneficial to a higher metal contrast and hence a better efficacy of 

the Fourier analysis process.  

The effectiveness of this Fourier analysis method in estimating low 𝐽଴,௖ levels make it broadly 

applicable to various solar cell metallisation schemes, provided they exhibit spatial periodicity. 

The insights gained in this work have direct implications for enhancing both PL imaging 

analysis and contact characterisation, both of which are key tools for the continued optimisation 

of future solar cell designs. 
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3. Linking microstructure to the electrical performance of 
metallisation technologies in TOPCon solar cells 

3.1. Introduction 

The TOPCon design incorporates two aspects of a carrier-selective contact: efficient 

conduction of the majority current and effective suppression of the minority recombination 

current. Performance characterisation of TOPCon structures focuses accordingly on two 

aspects: contact-related resistance and contact recombination current, both of which constitute 

carrier selectivity. These parameters can be experimentally measured and are suitable for 

benchmarking and comparison across various processing routes [148], [149], [150]. 

Metallisation on n-TOPCon structure in industry is predominantly reliant on the fire-through 

contact formation approach, which was inherited from earlier established processing lines. This 

metallisation scheme consists of: (a) application of an Ag paste-based contact precursor to form 

the surface metallisation pattern via screen printing, and (b) solidification of contacts via rapid 

firing [151]. During the screen-printing process, the viscous paste is pushed through a mesh 

screen to form grid lines and bus bars with designed dimensions. Readers are directed to ref. 

[152] for descriptions of screen printing. The metal paste, made of silver powder, glass frit and 

additional organic binders, is fired within a belt furnace in a processing line for 2-5 seconds 

[153]. The integrated fast-firing step provides not only the thermal condition for contact 

formation but also enables hydrogen release and surface film annealing [153], [154]. To 

enhance compatibility with the TOPCon structure, adaptations to the fire-through process have 

been explored, including modifications to the paste precursor composition [155], [156] and 

firing conditions [153].  

Figure 3-1 illustrates the sequential formation process of fire-through contacts. During the rapid 

firing step with a peak temperature above 850°C, lead oxide (PbO) within the glass frit etches 

the surface silicon nitride film and forms a glass interlayer between silver grains and silicon 

substrate. Simultaneously, the powdered silver grains partially dissolve in the glass phase and 

agglomerate in a sintering process. Upon cooling, the dissolved silver precipitates as either 

finely dispersed nano-crystallites embedded in the glass phase, or as epitaxial grown deposits 

on the silicon substrate, as shown in Figure 3-1 (d). Additionally, voids form during firing due 

to evaporation of the organic binders in the metal paste.  
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Figure 3-1 The four-step process of firing contact formation for the screen-printed fire-through silver 
contact. (a) the PbO glass frit content in the contact paste melts and etches the SiNx, (b) Ag alloys 

with Pb from the glass frit, (c) Ag is dispersed in the glass and deposited on the silicon substrate, (d) 
formed fired-through contact morphology. Figure from [79] 

The firing-through process, however, can incur degradation in TOPCon contact selectivity. 

Fırat et al. [150] investigated the peak firing temperature and reported an increase of contact 

recombination current (𝐽଴,௖ >100 fA/cm2) at higher temperatures. Similarly, Liu et al. [153] 

confirmed that an increase of heat budget during firing leads to excessive 𝐽଴,௖, while insufficient 

heat is associated with high contact resistivity ρc  and a lack of Ohmic contact behaviour. Such 

results underscore the necessity for precise tuning of thermal conditions to achieve the designed 

TOPCon contact performance. Parallel studies [131], [157] propose that the electron selectivity 

of n-TOPCon structure relies on a contact microstructure featuring a thin interface glass layer 

containing embedded nano-crystallites between metal and the n+ layer, while largely preserving 

the integrity of the underlying tunnelling oxide passivation. Higher contact resistances are 

linked to incomplete etching of surface nitride during contact firing. Conversely, excessive 

etching leads to local disruptions of the TOPCon passivation stack and excessive Ag ingress 

on the silicon surface (also referred to as Ag spiking), which mediates increased contact 

recombination [131], [154], [157], [158], [159]. Notably, microstructural investigations of the 

contact interface often distinguish metal, glass, and silicon based on electron imaging contrast 

(as found in [157]), but provide limited chemical identification of the complex phases.  

The ongoing improvements to the TOPCon metallisation have targeted further adaptation in 

processing to maximise contact performance [150], [151], [160]. Studies by [52], [161] 
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systematically investigated the impact of the thickness of the polysilicon layer, demonstrating 

that a thinner polysilicon layer < 100 nm can reduce parasitic absorption and Auger 

recombination losses but exhibit increased susceptibility to metal ingress during firing. The 

metal ingress is manifested as increased damage to the silicon surface morphology and 

excessive Ag spiking into the substrate [162], [163], both of which are linked to high 𝐽଴,௖ values. 

Ciftpinar et al [162], [164] also reported high sensitivity of TOPCon contact 𝐽଴,௖  on n-type 

polysilicon film thickness, changing from <100 fA/cm2 for 200 nm polysilicon to 400 fA/cm2 

for 75 nm polysilicon. Recent polysilicon studies [85] [86] demonstrated the possibility of 

achieving low 𝐽଴,௖ values ~50 fA/cm2 on thin <100 nm n+ polysilicon structures through precise 

control of amorphous layer deposition and doping process. To maintain a thin polysilicon layer 

while limiting contact-induced damage, several studies introduced a barrier layer such as 

titanium nitride [165] or silicon oxide [166], [167] to limit etching depth during firing. Madani 

et al. [168] showed that the use of a thin ~7 nm aluminium oxide as the capping film on 

polysilicon significantly improves the firing stability of TOPCon passivation, suggesting AlOx 

as another promising candidate barrier layer to limit contact firing damages. Additionally, the 

control of paste precursor composition has been shown to effectively limit etch damage. Results 

by Padhamnath et al. [156] demonstrated that a commercial metal paste with an optimised glass 

frit composition can achieve 𝐽଴,௖ as low as 30 fA/cm2 while maintaining low contact resistivity.  

In this chapter, three promising modifications in TOPCon processing are investigated: (a) 

reduction of polysilicon thickness (b) addition of AlOx between polysilicon and silicon nitride 

surface layer (c) reduction of glass frit content in the metal paste precursor. Both recombination 

and resistivity properties of the formed TOPCon contacts after the adaptations are investigated 

following either established or innovatively developed methodology. Microstructure 

examinations are performed to understand the morphological and chemical characteristics at 

the contact interface that underpin the observed contact properties.  

3.2. Sample information and characterisation methods 

Figure 3-2 (a) describes the structure of the finished TOPCon cells with a boron emitter front 

surface and TOPCon passivated rear surface. Figure 3-2 (b) shows TOPCon passivation layers 

on the rear side. The complete sample set also includes subsets with single-sided metallised 

groups among which a selection was used previously in chapter 2. The wafer substrates with 

surface passivation and metallisation were produced by Fusion Materials, with a detailed 

description found in [144]. The wafer was double-sided textured in prior processing steps, 
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while the TOPCon surface was subsequently single side etched using HF/HNO3, which largely 

removes the pyramid texturing. The relevant steps for forming TOPCon contact structure 

include: (a) thermally grown SiOx, (b) industrial LPCVD deposition of an intrinsic amorphous 

silicon layer, (c) phosphorus thermal diffusion using POCl3 and simultaneous polysilicon 

crystallisation, (d) PECVD silicon nitride coating, and (e) Metal paste screen-printing and 

firing. The final integrated firing step was done in a belt furnace at an estimated peak 

temperature between 840 °C and 860 °C.  

 

Figure 3-2 (a) The complete TOPCon cell structure with front emitter and rear passivation. 
(b) Enlarged view of the TOPCon layers. 

Table 3-1 lists samples variations in polysilicon thickness, presence of additional AlOx and 

metal paste. The reference TOPCon structure has 150 nm polysilicon with a variation group 

with a thickness of 80 nm. The insertion of an AlOx layer between polysilicon and nitride is 

done by 30 atomic layer deposition (ALD) cycles with an estimated thickness of 3-5 nm. Two 

pastes A and B are used to contact the TOPCon surface, with paste B having reduced glass frit 

content than paste A. Specific sample groups are abbreviated by the variation type, e.g. 

A150AlOx means group with paste A, 150 nm polysilicon and AlOx addition. 

Table 3-1 List of samples with structure variations and characterisation methods 

Contact Paste Contact side 
150 nm poly-Si 80 nm poly Si 

Measurements 
AlOx No AlOx AlOx No AlOx 

Paste A 
TOPCon side 12 pcs 12 pcs   PL, TLM 

Both sides 4 pcs 4 pcs   IV test 

Paste B 
TOPCon side 12 pcs 12 pcs 6 pcs 6 pcs PL, TLM 

Both sides 4 pcs 4 pcs 2 pcs 2 pcs IV test 

No contact -- 4 pcs 4 pcs 2 pcs 2 pcs lifetime 
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The sample groups are made with several metallisation variations: either no contacts, TOPCon 

side-only contacts, or both sides contacts. The device properties were provided by the 

manufacturers via standard IV testing on double-side contacted cells. The wafer's effective 

lifetimes were measured on non-contact cell precursors by a Sinton WCT120 

photoconductance tester [169]. Surface 𝐽଴,௦  values were estimated via the excess carrier 

lifetime data as described in Appendix G. The contact-related resistances were measured via 

TLM and line resistance tests, described in Appendix E. The contact recombination 𝐽଴,௖ values 

were extracted by the PL analysis method detailed in Chapter 2 

For microstructural characterisation, cross-sectional samples were prepared via cleaving the 

wafers. Focused ion beam milling and polishing of the cross-section surfaces were conducted 

using a Zeiss NVision 40 FIB/SEM system. Volumetric evolution of the cross-sections was 

exposed by slicing along depth with a 1 μm gap size. An illustration of the FIB slicing is given 

in Appendix H.  Milling was done at a 64-degree angle to the surface restricted by stage rotation. 

Low-energy X-ray analysis was conducted using a Zeiss Merlin system with an Oxford 

instrument XMax energy-dispersive x-ray (EDX) detector. An electron beam energy of 5 kV 

and a 500 pA current aperture were used to limit the electron interaction volume for high EDX 

spatial resolution.   

3.3. Device performance results 

Figure 3-3 presents the device metrics, including cell efficiency, Voc, Jsc, and FF of sample 

groups, illustrating the overall performance differences among sample groups. Notably, the test 

devices exhibit reduced efficiencies compared to state-of-the-art TOPCon efficiencies at over 

25 % [170]. The samples have comparable Voc but show low Jsc and FF relative to optimised 

industrial TOPCon values reported [144]. These parameters indicate overall high optical losses 

(potentially due to parasitic absorption in TOPCon layers) and high resistance losses in the test 

TOPCon batches. 

Differences are observed after comparisons across the groups. The addition of AlOx improves 

efficiency, Voc and Jsc. The cell efficiency improves by 0.2 % in 150 nm polysilicon samples 

and by an even larger gain at 0.4 % for 80 nm polysilicon samples when AlOx is present. The 

efficiency improvements can be related to the improvements in both Voc and Isc, which is 

indicative that the additional AlOx significantly benefit rear side passivation after firing. 

Conversely, the addition of AlOx negatively affects the fill factor for samples with 150 nm 
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polysilicon. Because FF is strongly dependent on total cell resistance (see section 1.3.4), this 

observation indicates that AlOx in the TOPCon structure can be potentially related to increasing 

resistances specifically at TOPCon contacts. Notably, large dispersion is present in Jsc and FF 

for group A150AlOx, which is indicative of a potential large variation in resistance under a 

combination of paste A and AlOx.  

Change from metal paste A to B also contributes to a modest cell efficiency gain. Sample group 

B150AlOx achieves the highest average efficiency overall. A distinct Voc gain of 2.4 mV is 

observed after a comparison between A150 and B150 groups, which is indicative that paste B 

can potentially reduce contact recombination losses. However, the changes associated with 

paste modification are not significant in other comparison scenarios as the ranges overlap. 

Reduction of polysilicon thickness from 150 nm to 80 nm primarily lowers Voc, which implies 

loss of surface or contact passivation in these structures. In the absence of the AlOx layer, the 

thinner polysilicon group B80 shows the lowest cell efficiency, characterised by a low Voc and 

fill factor. 
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Figure 3-3 Device-level I-V characteristics of the sample groups, showing: Efficiency, Voc, Jsc, and FF.  
The sample group label A150AlOx means group with metal paste A, 150 nm polysilicon and with 

presence of an AlOx layer. 

3.4. Contact recombination results 

Following the methodology established in chapter 2, it is essential to assess the surface 

recombination prior to the determination of contact recombination 𝐽଴,௖. A lumped 𝐽଴,௦ of both 

surfaces is provided by analysis of photoconductance decay (PCD) data, in a process detailed 

in Appendix G following the approach described in [171] [172]. Figure 3-4 illustrates (a) the 

PCD wafer effective lifetimes at 1×1015 cm-3 excess carrier density, and (b) the extracted 𝐽଴,௦ 

for both surfaces. It is evident from Figure 3-4 (a) that the addition of AlOx increases the 

effective lifetime by a factor of 3, both for the 150 nm polysilicon and 80 nm polysilicon 

structure. Reduction of polysilicon thickness introduces a slight lifetime drop, the effect of 

which is secondary to the AlOx addition. Figure 3-4 (b) further reveals that the addition of AlOx 

significantly suppresses surface recombination, with 150 nm and 80 nm polysilicon wafers 
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reaching a comparable lumped 𝐽଴,௦ at 17.7 ± 2.2 fA/cm2 and 16.7 ± 0.6 fA/cm2, respectively. 

The highest surface recombination at 128 ± 7 fA/cm2
 is found in 80 nm polysilicon group 

without AlOx. These results emphasise the efficacy of AlOx insertion on TOPCon surface 

passivation improvement after firing, which is in agreement with findings in [168]. The 

deterioration of passivation groups without AlOx or with reduced polysilicon thickness can be 

attributed to a firing-induced surface degradation and their lack of firing stability. 

 

Figure 3-4 Wafer effective lifetimes  𝜏௘௙௙ and lumped surface recombination currents J0,s from 
different sample groups. Lifetimes measured via PCD using a Sinton WCT-120 tester. J0,s extracted 

from lifetime data reflects the ‘lumped’ recombination of two different surfaces. 

It is noted that Figure 3-4 (b) presents the extracted lumped surface recombination currents 𝐽଴,௦ 

as an output under symmetrical sample assumption not met by the tested wafers, which are cell 

precursors with different front and rear finish. Hence the 𝐽଴,௦ values reported here are taken as 

the lumped effect approximating an average of top and rear surfaces. The TOPCon side surface 

recombination 𝐽଴,்ை௉஼௢௡ provides the prior condition and the baseline for 𝐽଴,௖ extraction by PL 

image periodicity analysis. This is because the 𝐽଴,்ை௉஼௢௡ values are correlated to the average 

image illuminance in the assessment of the impact of 𝐽଴,௖ on spatial PL variations. A calibration 

point is chosen at 𝐽଴,்ை௉஼௢௡ =  10 fA/cm2 as the average of group 150AlOx. This TOPCon 

surface value is lower than the PCD extracted 17.7 fA/cm2 due to the non-symmetrical sample 

condition and the general observation that 𝐽଴,்ை௉஼௢௡ < 𝐽଴,௘௠௜௧௧௘௥. The experimentally inferred 

TOPCon recombination at 10 fA/cm2 is notably higher than the reported number for optimised 

passivation as low as ~3 fA/cm2 [85], [144], but likely to be close to the realistic sample 

passivation situation for such industrial samples. 
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Figure 3-5 presents the outcomes of extracted 𝐽଴,்ை௉஼௢௡ and 𝐽଴,௖ values of all groups from the 

simulation-assisted PL analysis presented in chapter 2. It should be noted that the 𝐽଴,௖ values of 

in AlOx free groups are unavailable, as spotted from the figure, because of limitations in 

extracting periodic signal from them via the PL method. The high surface 𝐽଴,்ை௉஼௢௡ values in 

these two AlOx-free groups produce low PL intensity under current experimental condition, 

which obstructs the extraction of periodic PL metal contrast due to low signal-to-noise ratios. 

Further assessment of 𝐽଴,௖ from these groups would require a change of imaging condition, 

which is beyond the scope of this result chapter. 

 

Figure 3-5 TOPCon surface recombination 𝐽଴,்ை௉஼௢௡ and TOPCon contact recombination 𝐽଴,௖ results 
of six sample groups. Note that 𝐽଴,௖ results of A150, B150 and B80 groups, marked by *, are absent 

because of method limitations  

As shown by the orange bars in Figure 3-5, the addition of AlOx effectively reduces surface 

recombination 𝐽଴,்ை௉஼௢௡. This suppression is most pronounced in the case of 80 nm polysilicon, 

where in the absence of AlOx, the highest 𝐽଴,்ை௉஼௢௡ value is observed. The finding aligns with 

the trend shown in the PCD measurements of 𝐽଴,௦  results in Figure 3-4. However, the 

𝐽଴,்ை௉஼௢௡ values derived from PL intensities should not be directly compared to the PCD-

derived 𝐽଴,௦ values. This is because PCD measurement assumes identical 𝐽଴,௦ values for both 

surfaces, whereas the PL interpretation assumes a fixed value for emitter front and a variable 

rear  TOPCon 𝐽଴,௦ . Establishing a correlation between these two approaches would require 

symmetrical TOPCon samples, which were not available in this study. This limitation provides 
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a direction for a future validation study to assess the accuracy and effectiveness of the PL 

simulations.   

In terms of contact recombination 𝐽଴,௖, as shown by the green bars in Figure 3-5, comparisons 

can be made across the three groups available. By comparing group A150AlOx and B150AlOx, 

it can be observed that metal paste B reduces 𝐽଴,௖  by 42% from 38.5 ± 7.5 fA/cm2 to 

22.5 ± 2.2 fA/cm2. Lastly, the negligible difference between group B150AlOx and B80AlOx 

indicate that the reduction of polysilicon thickness has a minimum influence on contact 

passivation when combined with insertion of AlOx. Such a result indicates the efficacy of AlOx 

insertion in retaining both surface and contact passivation structures in thin polysilicon 

structures.    

3.5. Contact-related resistance results 

Contact-related resistances include three components in the contact current collection path as 

illustrated in Appendix E. The three components are characterised by contact resistivity 𝜌௖ , 

surface layer sheet resistance 𝑅௦௛௘௘௧ and finger line resistivity 𝑟௟௜௡௘. Figure 3-6 (a) illustrates 

the metal-silicon contact resistivity 𝜌௖  results from TLM measurements with the detailed 

experimental process described in in Appendix E. It can be observed that AlOx insertion is 

linked to an increase in the contact resistance, which is most significant in the sharp gain from 

4.2 ± 1.3 mΩ.cm2 in group A150 to 8.7 ± 2.3 mΩ.cm2 in group A150AlOx. The contact 

resistivity of group A150AlOx stands out with the highest average and widest variation, 

indicating increased contact degradation. Such results agree with the reduction of FF in finished 

cells in AlOx structures shown in Figure 3-6. The change of metal paste from A to B, is 

effectively linked to a reduction of contact resistivity. This is supportive of the benefits of paste 

B in both recombination and resistance terms. Further reduction of 𝜌௖ can be associated with 

the thinner 80 nm polysilicon layer, which confirms with findings in [173].  
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Figure 3-6 Metal-silicon contact resistivity 𝜌௖ and the polysilicon layer sheet resistance 𝑅௦௛௘௘௧ results 
from six sample groups. Both originate from TLM measurements. 

Figure 3-6 (b) illustrates the surface layer sheet resistance results from TLM measurements, 

the values of which indicate current conduction in the heavily doped polysilicon layer and the 

Si bulk. A general trend of a Rୱ୦ୣୣ୲ reduction is observed with the insertion of AlOx, which 

ranges up to a 26% relative reduction from 35.4 ± 2.3 Ω/sq in B150 to 26.3 ± 0.8 Ω/sq in 

B150AlOx. The change in metal paste and polysilicon thickness appears to have little influence 

on the sheet resistance with minor relative differences. Factors influencing Rୱ୦ୣୣ୲ in the ex-situ 

doped polysilicon layer can include dopant diffusion profiles [155], polysilicon crystallinity 

and potential dopant deactivation via grain boundary segregation [173]. It may be speculated 

that the AlOx benefits can be attributed to an improved polysilicon microstructure, but further 

Rୱ୦ୣୣ୲  interpretation cannot be confidently drawn without advanced polysilicon 

characterisation beyond the scope of the chapter.  

Figure 3-7 illustrates finger line resistivity results from separate finger resistance measurements. 

Data range from 6 groups overlap, indicating no significant change observed with fingers made 

with two pastes. The results show that the change in glass frit composition in metal paste has a 

minimal effect on current conduction in metal fingers. 
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Figure 3-7 Metal finger line resistivity results from six sample groups, obtained from the line 
resistivity measurement. 

Additional information is revealed by an intra-sample distribution map of 𝜌௖ and 𝑅௦௛௘௘ . Figure 

3-8 (a) and (b) depict the distribution of 𝜌௖  and 𝑅௦௛௘௘௧, respectively, from a group B80AlOx 

wafer. Each rectangular segment in the colour map indicates the region of individual TLM test 

samples. A key trend in both maps is a reduction towards the centre of the wafer. The variation 

magnitude is more significant for 𝜌௖ which drops by 95% from a highest 5.4 mΩ.cm2 in an 

edge piece to a 0.4 mΩ.cm2 in a centre piece. The variation scale is smaller for 𝑅௦௛௘௘௧ contained 

within a 12% range of 25.0-28.4 Ω/sq. Such spatial distribution is likely due to non-uniform 

heating during the belt-furnace firing process, which typically exhibits a temperature maximum 

near the centre of the wafer. The distribution indicates that, specific to this wafer structure, a 

higher firing temperature leads to a sharp decrease in 𝜌௖  and a smaller decrease in 𝑅௦௛௘௘௧. The 

effect of higher temperatures is supported by findings in [173], where the link is established 

via increased driving-in of phosphorus dopants at elevated temperatures. The magnitude of the 

95% 𝜌௖   change may be indicative of additional changes in current conduction paths at the 

interface which merits microstructural examinations of the metal-silicon interface.  
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Figure 3-8 (a) spatial distribution of 𝜌௖ in a group B80AlOx wafer, a data outlier is indicated by a 
cross. (b) spatial distribution of 𝑅௦௛௘௘௧, missing pieces because of handling damage (c) Location of 

the displayed regions on a wafer 

3.6. Microstructural examination of the contact interface 

Figure 3-9 illustrates the cross-section of the contact-free TOPCon surface. The surface appears 

mostly flat with scattered surface pyramids remaining from the single-sided etching process. 

The nitrogen map shows uniform and full surface coverage of the nitride layer. In contrast, the 

phosphorus signal, originating from the heavy doping in the polysilicon layer, appears non-

uniform and clustered. This behaviour is likely due to phosphorus grain boundary segregation 

within the polysilicon layer. The results of element distributions within TOPCon surface layers, 

enabled through the high-resolution EDX capability, have not been reported elsewhere.  

 

Figure 3-9 SEM cross-sectional image of non-contacted TOPCon surface from group A150AlOx, and 
associated EDX element maps for nitrogen and phosphorous distribution. 

Figure 3-10 (a) illustrates the cross-section under metal fingers from a selected group B80AlOx 

wafer, which provides the general microstructure template of the contact interface common to 

the industrial fire-through contacts. The FIB-cleaved cross-section SEM image displays the 

silver finger at the top and the silicon substrate at the bottom. A continuous silver phase in the 
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finger is visible as a result of the sintering of grains. The presence of large pores is spotted, 

which is likely due to both the escape of organic binders and the liquefaction of glass frit during 

firing. Figure 3-10 (b) provides a magnified view towards the metal-silicon interface and with 

associated EDX elemental maps in Figure 3-10 (c). A continuous glass interlayer, rich in 

oxygen and lead, is observed between silicon and silver. The Pb glass wets the substrate surface 

and acts as an etchant on the nitride during firing, a function which is evident from the partial 

opening of the nitride layer. Closer examination of the two major opening sites, marked by 

locations A and B, reveals distinctive microstructural features. At site A, silver colloidal 

precipitates are embedded within the glass layer. The alignment of high local precipitate density 

with the nitride removal opening suggests that this region can facilitate current conduction 

between metal and silicon via nano-Ag colloid assisted tunnelling [174][175]. In contrast, site 

B shows no silver but oxygen incorporation into the underlying polysilicon, which is shown by 

the coincidence of oxygen and phosphorus enrichment location under the glass interlayer. This 

finding suggests that glass-etched openings can also expose the underlying polysilicon to 

excess oxidation. The absence of silver precipitates at site B is likely due to the void separating 

silver grains. These observations indicate that an opening on SiNx does not necessarily 

contribute to current pathways in the absence of silver dissolution and precipitation.  
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Figure 3-10 (a) SEM micrograph showing the cross-sectional view of silver contacts on silicon. (b) a 
high-magnification SEM micrograph towards the interface. (c) EDX maps of elemental distribution 

within the same region in (b). 

Direct comparisons between sample groups are possible following such detailed morphological 

and chemical examinations. Figure 3-11 (a) and (b) presents results from sample group 

A150AlOx and B150AlOx which differ only by metal paste composition. A distinctive crack, 

as marked by the arrow, is found between glass interlayer and silver grains above in the 

A150AlOx image. Sequential cross-sectional images along the depth direction, included in 

Appendix H, show the extension of the 2D crack in both horizontal and depth directions. Such 

a separation reduces the effective metal-silicon contact areas, which is likely responsible for 

the highest contact resistivity in sample A150AlOx shown in Figure 3-11. This formation of the 

crack is hypothesised to originate from shrinkage mismatch during cooling, which is a result 

of excessive glass interlayer thickness linked to the high glass frit ratio in paste A. No crack is 

found in other groups than A150AlOx.  

A second key difference between the two groups is the integrity of nitride layer under the 

interfacial glass. Compared to paste A150AlOx, the nitride layer in sample B150AlOx sample 

appears to be denser with fewer breakages. The increased number of openings in nitride layer 

in sample A150AlOx compared to B150AlOx can be associated with the elevated contact 

recombination shown in Figure 3-5. This supports a link between areas of nitride 

discontinuities to excessive recombination, in agreement with Hermann’s findings in [78]. 
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Such microstructure evidence indicates that reducing glass frit content in the paste is beneficial 

in limiting nitride opening. Nevertheless, the author notes that the current microstructural 

evidence is based on a limited number of sites, and these trends are to be generalised with only 

moderate confidence.  

 

Figure 3-11 SEM images showing contact cross-sections and EDX oxygen and nitrogen element maps 
for (a) a sample in group A150AlOx and (b) a sample in group B150AlOx 

Figure 3-12 illustrates a comparison of FIB sequential slicing results from B150 and B150AlOx. 

Five slices are shown for each sample to demonstrate the depth evolution of the contact 

structure. Ag precipitates, marked by arrows, can be spotted mostly as dispensed colloids in 

the glass interlayer with <100 nm diameter, with very few as deposition on the silicon substrate 

surface. A similar microstructure can be found across other sample groups (shown in Appendix 

I). The most notable difference between the B150 and B150AlOx lies in the density of the Ag 

precipitates, with significantly more found in the AlOx-free sample. Since B150AlOx has been 

correlated with higher 𝜌௖ shown in Figure 3-6 (a), it can be further deduced that the reduction 

in Ag colloid density is responsible for the increase in contact resistivity. Such findings are 

supportive of dispersed Ag colloids as current pathways [174][175].  
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Figure 3-12 SEM images for sequential FIB slicing cross-sections of (a) a sample in group B150AlOx 
and (b) a sample in group B150, locations with Ag colloid is marked by arrows 

Figure 3-13 further presents the microstructure of group B80. Most damage in the nitride is 

found in this group as compared to the nitrogen signal in both Figure 3-10 and Figure 3-11. 

This finding is indicative that a thinner polysilicon structure, in the absence of extra AlOx 

protection, is highly susceptible to glass etching damages during contact firing. The increased 

discontinuity of the nitride can be related to the highest recombination levels in group B80. 
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Figure 3-13 SEM images showing contact cross-sections and EDX oxygen and nitrogen element maps 
fora sample in group B80 

3.7. Discussion 

The author would like to note that the electrical performance measurements from section 2.3-

2.6 were on complete groups of samples. From these, only a random piece from each group 

was used for microstructural analysis due to the extensive effort required for electron 

microscopy. As such, only the most prominent correlations between microstructure and 

performance are discussed here, including the following: 

Firstly, it is demonstrated in this chapter that the insertion of AlOx appears to help preserve the 

structural integrity of silicon nitride passivation after firing. This protective effect is evidenced 

by the contrast of improved nitride integrity in the B150AlOx and the extensively damaged 

nitride in the B80 sample. Since AlOx addition is linked to significant reduction in surface 

recombination 𝐽଴,்ை௉஼௢௡  irrespective of polysilicon thickness, it is speculated that contact 

recombination 𝐽଴,௖ is likewise suppressed (despite non-available data) following the improved 

nitride integrity. This observation that nitride layer integrity is critical to contact passivation 

aligns with Herrmann et al. in [78], who showed that  𝐽଴,௖ is primarily governed by the area 

fraction of nitride removal, rather than by the area fraction of deep metal ingression. Such 

microstructural insights thus offer a passivation performance improvement direction by 
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enhancing the firing stability of the surface dielectric. The ultra-thin AlOx has been shown here 

as one of the possible addition options to promote thermal stability, which provides a useful 

reference for future designs of compatible dielectric passivation for fire-through TOPCon 

contacts.  

Secondly, in the absence of large surface Ag depositions, dispersed colloids embedded in glass 

provide current pathways. Prior literatures suggest that Ag can grow epitaxially on the substrate 

in a sheet shape, or into silicon in a pyramid shape, depending on the silicon crystal orientation 

[83], [176]. The direct Si-Ag contact provided by surface depositions was regarded as an 

efficient conduction location [175]. By contrast, no such large-scale Ag growth on Si surface 

has been observed in this study, which is possibly due to the consistent separation between Ag 

grains and Si surface by the glass interlayer. Instead, migrated Ag during fast firing shows up 

predominantly as dispersed colloids within the glass layer, the density of which has been related 

to contact resistivity. This supports the alternative conduction model that dispersed colloids can 

form efficient current pathways across the glass while avoiding deep metal penetrations. This 

finding is particularly relevant for understanding the balance between low resistivity and 

passivation preservation, which is a central challenge in fire-through contact design. Such 

results can also direct future investigations into the role of silver colloids in contact resistivity 

and potentially recombination, which can be further detailed via quantifying its density and 

distribution under various processing conditions.    

Thirdly, it is found that a thin and uniform interfacial glass layer is beneficial to improving 

contact performance. Cross-sectional images demonstrate uniform wetting of the silicon 

surface, forming a continuous interlayer. However, excessive viscous flow of glass from 

intergranular spaces towards the surface could leave coalesced pores and even crack 

detachment at the interface, as seen in the A150AlOx
 structure. The reduction of glass in paste 

B has been further shown to potentially correlate to reduced nitride damage. Such 

microstructure evidence reinforces prior work in [156], who reported that the glass frit ratio 

controls both the etch pit area and depth in planar-view SEM examinations. It is hence 

speculated from the microstructural examinations that adequate wetting of the metal-silicon 

interface and avoidance of local glass accumulation are both essential in low contact 𝐽଴,௖ and 

𝜌௖. This provides practical guidance for adapting TOPCon-compatible glass frit formulations, 

with objectives including (a) thinning of the glass interlayer, (b) limiting nitride dissolution, 

and (c) facilitating Ag dissolution and precipitation during fast-firing. Furthermore, the 

complex cross-sectional morphologies observed for the glass layer suggest potential local 
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variations in current collection efficiencies, which offers the direction for correlative chemical-

electrical microscopy characterisation as a future step. 

3.8. Summary 

This chapter provides a combination of electrical and microstructural characterisation of 

TOPCon structural variations. Contact properties are evaluated through both the recombination 

term 𝐽଴,௖ and the resistivity term 𝜌௖ . The incorporation of a 3-5 nm AlOx beneath the nitride is 

shown to enhance overall cell efficiency via improving both surface and contact passivation. 

The side effect of AlOx is also found by the resistivity 𝜌௖ and FF increase. The reduction of 

glass frit content in metal paste is effective in further minimising contact recombination while 

maintaining low resistivity. A decrease in polysilicon thickness is found to significantly 

degrade surface passivation, although this can be remedied by the AlOx insertion. A spatial 

distribution of 𝜌௖  indicates its high sensitivity to firing temperature non-uniformities. 

Microstructural investigations in this work provide a correlation between improved contact 

passivation with reduced nitride damages in AlOx protected samples. The thickening of the 

glass interlayer is associated to potential crack formation and an increase in resistance. 

Moreover, the dispersed Ag colloids are linked to contact resistivity, supporting their role as 

current conduction pathways across the interface. The insights delivered in this study improve 

microstructural understandings of contact passivation and recombination in relevant TOPCon 

structures, offering valuable guidance for the further development of the metallisation pastes 

and thermal processing conditions. Such results are hence directly relevant to industrial 

optimisation and scaling of TOPCon solar technology. 
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4. Characterisation of TOPCon passivating contact 
structure via time-of-flight elastic recoil detection 
analysis  

The methodology and results presented in this chapter have been accepted for 

publication in the journal Applied Physics Letters under the title, 

“Characterization of solar cell passivating contacts using time-of-flight elastic 

recoil detection analysis”. The author extends gratitude to Jana-Isabelle Polzin 

from Fraunhofer Institute for Solar Energy Systems ISE for sample preparation, 

and Matthew Sharpe and Callum McAleese from the Surrey Ion Beam Centre for 

conducting the ERD experiments included in this chapter. 

4.1. Introduction 

As introduced in section 1.5, the TOPCon passivation efficacy is dependent on the optimised 

hydrogenation of the thin-film surface structure, achieved via a high-temperature hydrogen 

release from a H-rich dielectric layer [177], [178], [179]. Excessive hydrogen accumulation 

near the tunnelling oxide layer is reported to cause degradation of passivation properties [121], 

[122], [180]. Therefore, analysing the hydrogen distribution throughout the structure after 

firing is critical to further improving TOPCon contacts. 

Detection of elemental hydrogen in semiconductor thin-film structures is typically achieved 

via secondary ion mass spectrometry (SIMS) [181], [182], [183], [184]. SIMS provides 

chemical analysis by sputtering the sample’s surface with a primary ion beam with high energy 

and fluence. The sputtering causes the ejection of secondary ions from the surface layer, which 

are detected by a mass analyser to reflect on surface composition. The dynamic sputtering 

process continuously removes surface layers to allow compositional profiling into depth. A 

detailed description of SIMS measurement is given in Appendix B. 

However, SIMS depth profiling results are susceptible to a spreading-out measurement artefact, 

as shown in relevant SIMS studies on TOPCon-like structures [89], [121], [185]. The reasons 

include (a) displacement of H by the knock-on effect from the SIMS primary beam [183], and 

(b) changes of secondary ion yield as the solid matrices change during sputtering of the multi-

layers (also known as the matrix effect) [186], [187]. In addition to the artefacts, SIMS 

sensitivity of sample hydrogen is poor [188] because of the environmental hydrogen noise. The 

residual hydrogen-containing species, which are present ubiquitously in vacuum systems, will 
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arrive and attach to the exposed sample surface throughout the SIMS sputtering process. This 

environmental H content is not differentiable from sample H content by the SIMS mass detector 

[189], [190], and introduces large uncertainty in H quantifications at low concentration levels. 

One way to circumvent the environmental H complication is to use a hydrogen isotope, i.e. 

deuterium (2H/D) with low natural occurrence [185], [191]. The SIMS detection limit for D is 

1016 atoms/cm3, much lower than the typical H limit at 1018 atoms/cm3 [186], [188]. However, 

an additional challenge in using deuterium in SIMS studies arises from the overlap between 

the complex ion 1H2+ and the 2D+ signal on SIMS mass spectra, leading to ambiguity over 

sample D assignment.  

In contrast to SIMS, the elastic recoil detection (ERD) analysis method utilises the elastic 

recoiling process, in which the elastic collision between an incident high-energy primary ion 

and a sample atom results in recoiling of the sample atom [192], [193], [194]. Sample atoms 

recoil from a shallow depth below the surface with certain energy attenuation caused by the 

stopping force of the material matrix, which allows for depth compositional profiling. Modern 

ERD setups additionally implement a time-of-flight (ToF) detector along with the conventional 

ion energy detector for improved mass separation [195], [196]. A detailed description of ToF-

ERD can be found in Appendix D. The difference in ion signal generation makes ToF-ERD 

less prone to environmental H noise, since environmental contaminants are limited to the 

sample surface. ToF-ERD also offers enhanced hydrogen detectability, because sample 2D and 
1H signals can be further fully separated by the paired energy-ToF measurement in ToF-ERD 

experiments. Due to these advantages, a few studies on silicon passivation structures have 

implemented ERD in detecting H contents [197], [198], [199]. 

In this chapter, ToF-ERD is employed in the analysis of H distribution in a partially deuterated 

TOPCon structure. The ToF-ERD capability of fully differentiating D and H is utilised to 

provide complementary information to conventional SIMS results in the detailed 

characterisation of the elemental profiles in TOPCon contacts.  

4.2. Experimental Details 

Figure 4-1 (a) demonstrates the sample structure investigated in the chapter. The sample 

substrate is a 200 μm n-type float zone silicon wafer with a shiny etched surface. It features a 

50 nm n+ polysilicon layer on top of a 1.3 nm tunnelling oxide by design. The SiOx interlayer 

was thermally grown, and the polysilicon layer was formed via plasma-enhanced chemical 

vapour deposition (PECVD) of amorphous silicon and a subsequent crystallisation annealing 
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at 900 °C for 10 min in a nitrogen atmosphere. H/D is released from the 70 nm surface silicon 

nitride layer. This nitride layer was PECVD deposited with silane SiH4 and deuterated 

ammonia (ND3) as gas precursors, leading to a partial D substitution. A final hotplate annealing 

at 500 °C for 2 min was used for adequate H/D release. The TOPCon sample described above 

was prepared by collaborators at Fraunhofer ISE. SIMS measurements were conducted by 

specialists in Fraunhofer ISE first on an identical sample of same batch. The surface roughness 

of the wafer was measured in Oxford using a CoreAFM atomic force microscope from 

NanosurfTM.  

 

Figure 4-1 (a) TOPCon surface structure. (b) ToF-ERD experimental setup. The ion beam angles, 
time-of-flight timing foils (T1 and T2) and GIC energy detector are marked. 

The ERD experimentation and software data processing discussed below were conducted by 

collaborators in Surrey Ion Beam Centre. Figure 4-1 (b) illustrates the ToF-ERD setup at the 

Surrey Ion Beam Center, featuring two timing foils (T1/T2) for time-of-flight (ToF) 

measurements and a gas ionisation chamber (GIC) for ion energy detection. The recoiled-atom 

detectors are placed at a scattering angle of 𝜃 = 41° to the incident beam direction. This means 

the incident (𝛼) and (𝛽) exit angles were set to 69.5° to balance between mass sensitivity and 

depth resolution across the thickness concerned [200], [201]. A negative sputter ion source 

(HVE 860) generates negatively charged ions, which are directed by an injector magnet toward 

a 2 MV tandem accelerator.  The ions are accelerated in the process to the desired energy and 

switched to a positive charge. Incident beams of 127I8+ at 12 MeV or 35Cl6+ at 8 MeV were 

employed for the TOPCon sample measurement with an energy dispersion below 10 keV. These 

energies were selected based on recoiling cross-sections, detection count rate, and mass 

separation [201]. Lower Cl beam energy is used to avoid the near-surface recoiled D having 

enough energy to hit the GIC detector back wall and register incorrect energy readings. The 

incident beam projectile covers a 3ௗ×ௗ4ௗmm² spot on the sample surface defined by slits placed 

before the sample chamber. Each measurement was run for 30ௗminutes. The ion counts at both 

the second timing foil and GIC detector reached around 715ௗcounts/s for Cl and 555ௗcounts/s 

for I, with a background below 20ௗcounts/s.  
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The ToF-ERD measurement results were first recorded as energy-ToF coincidence histograms 

by the analysis software Potku [202]. Potku was first used to filter out false coincidence events 

following the statistics of the ToF-energy data. The signals for individual elements were 

identified and separated from the coincidence histogram. The conversion from recoiling energy 

to the depth of origin was further done in Potku, which involves determining the material 

stopping force. Potku took an initial guess of the material composition for a stopping force 

from tabulated values in the library and used it to derive depth profiles (in this case, a dense 

stoichiometric silicon nitride). It then used the result-inferred new composition to adjust the 

stopping force parameter in an iterative process until a consistent solution of depth profiles is 

found. The coincidence histogram and elemental depth profile results are discussed in sections 

4.3 and 4.4.  

4.3. The coincidence histogram  

Figure 4-2 presents the histograms of detected true coincidences from ToF-ERD measurement. 

It illustrates the measured energy on y-axis and time-of-flight (ToF) between timing foils on 

the x-axis. Such coincidence histograms are displayed for 35Cl6+ in Figure 4-2 (a) and 127I8+ in 

Figure 4-2 (b). Because of the difference in atomic masses, elements produce distinctive energy 

vs. ToF parabolic relations as shown in the ‘banana’ shaped traces histograms. This allows 

separation between elements as labelled next to each trace. Each elemental trace spans over a 

range of energy and time-of-flight channels, resulting from the ion energy loss along the 

incident and recoiling path by the attenuation effect of the sample matrix known as the 

electronic stopping force. This means atoms from deeper within the sample appear further 

along each parabola at the low-energy end. The logarithmic colour scale of the histogram 

indicates detector count density, which relates to the concentration of detected species. Clear 

elemental traces in both histograms include the main composition of interest: Si, O, N as well 

as both H and D at lower energies. Crucially, in this work H and D signals can be fully separated, 

which presents the first report of an unambiguous distinction between H and D in a TOPCon 
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structure. This highlights the strength of ToF-ERD method in detecting deuterium-substituted 

samples.  

 

Figure 4-2 Coincidence histograms showing energy and time-of-flight of atomic species, produced 
from an incident beam of (a) 35Cl6+ at 8 MeV energy and (b) 127I8+at 12 MeV energy. 

Compared to the I source, the Cl source can allow deeper hydrogen measurement with better 

depth resolution, thanks to the smaller mass difference between Cl and H atoms. This is because 

an incident ion with a mass closer to that of the target atom imparts more energy in a collision 

(see Appendix D), which allows deeper signal generation. This difference can be shown by the 

downshifts of parabolic traces on the y-scale in the iodine histogram compared to the chlorine 

histogram. On the other hand, using the 127I source helps to avoid overlap between the scattered 

Cl source and Si signal at lower energies and can reveal elements heavier than 35Cl. It is also 

noted that a low-energy nitrogen signal, indicated by the dark pointer in Figure 4-2 (a), appears 

in the Cl histogram. This minor experimental artefact stems from nitrogen leakage in the 

stripper gas, which was used to produce positively charged Cl6+ ions by the accelerator. Since 

these low-energy N signals would correspond to depths beyond the region of interest, they do 

not affect the measurements. In contrast, minimal stripper gas is required for I8+ ions production, 

so the iodine histogram remains free of such leakage artefacts. 

Phosphorus, present as a dopant within the polysilicon layer, is not clearly distinguishable from 

silicon in such histograms. The chlorine ion source does not provide sufficient mass separation 

between phosphorus (³¹P) and the neighbouring silicon isotopes (³⁰Si, 29Si, 28Si), making the 

phosphorus trace merge with silicon traces. Moreover, silicon's natural isotopic distribution 

(from masses 28 to 30, with isotope 30Si having 3.1% natural abundance [203]) significantly 

broadens its elemental trace, which complicates clear differentiation from phosphorus. While 
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using iodine as a heavier source can theoretically enhance mass separation, the high energy 

dispersion of silicon traces still poses a substantial challenge, limiting reliable quantification 

of P signals in such energy-ToF coincidence histograms. 

4.4. Depth Profiling 

Potku analysis outputs the elemental depth profiles on thin film units (TFU, a TFU unit is 

1015 atoms/cm2) based on the calculated areal density of elements. A thin film thickness 

measured in TFU can be converted into nanometres with known atomic density of the material 

[196]: 

 
𝑡[𝑇𝐹𝑈]

𝑡[𝑛𝑚]
=

𝜌𝑛𝑁஺

10ଶଶ𝑚௥
 4-1 

Where 𝜌  is material’s mass density (g/cm3), 𝑛  is atoms per molecule, 𝑁஺  is Avogadro’s 

constant (6.022×1023 mol-1), and 𝑚௥ is the relative molecular mass (g/mol). The right-hand side 

of the equation represents the atomic density (atoms/cm3) plus an additional unit conversion 

factor of 1022. In the thickness conversion process used in this chapter, a uniform density of 

𝜌=2.33 g/cm3 following Si substrate density at 20 °C is assumed for all layers. 

Figure 4-3 illustrates the ToF-ERD elemental depth profiles constructed from results using Cl 

source.  Depths on x-axis are given as TFU on the bottom scale as well as corresponding 

nanometres on the top scale of this figure. Concentration profiles are divided into suggested 

layers of the TOPCon structure. Within the first 20ௗnm, a surface contamination layer 

containing oxygen and carbon (trace) is visible, likely as a result of sample handling. The 

following 20–100ௗnm range indicates a clear silicon nitride layer with an approximate 1:1 ratio 

of silicon to nitrogen. SiNx film density can range between 2.37-3.17g/cm2, depending on both 

stoichiometry and synthesis method. The simplification of using c-Si density 2.33 g/cm3 can 

result in an overestimation of nm thickness in conversion from TFU to nm, which can be 

circumvented by complementary density measurement of the surface film in future studies. 

Within the same 20–100ௗnm region, average concentrations of 13.0ௗat.% and 5.4ௗat.% are 

measured for deuterium and hydrogen, respectively. This reveals the D-rich hydrogen 

incorporation in the nitride layer.  



 73 
 

 

Figure 4-3 ToF-ERD depth profiles of elements including H,D,C,N,O and Si, with a 8 MeV 35Cl6+ 
incident ion source. Depth scale give in both TFU (bottom) and nanometre (top)  

The nitrogen signal gradually drops from 38% to 1% over a 60ௗnm range starting at around 

100ௗnm. This corresponds to the change from nitride to polysilicon layer. Two broad oxygen 

peaks appear at the upper (around 140 nm), and the lower (around 200 nm) interfaces of the 

poly-Si. The first 140ௗnm strong oxygen peak is likely linked to furnace oxide formation on top 

of the heavily doped polysilicon during its high-temperature crystallisation annealing. The 

heavy doping in polysilicon aids the formation of such an unintentional oxide. This first oxygen 

peak is notably wide, with a half-peak width of 30 nm marked by red line with arrows. This is 

likely due to broadening caused by sample roughness, the effect of which is also reflected by 

the 20 nm thick surface contamination layer. The second 200 nm minor ‘lump’ marked by an 

arrow is thought to be related to the interfacial oxide content. The oxygen level drops slowly 

to 0% beyond 200 nm when moving into bulk pure silicon. The D and H levels both decrease 

beyond the source nitride layer; however, the ratio of H to D increases. No accumulation of H 

or D on the at% scale is observed at the potential thin interfacial SiOx location, which is in 

partial contradiction to the commonly reported interfacial H accumulation in previously 

reported SIMS results  [117], [121], [122].  

Furthermore, Figure 4-4 illustrates the elemental profiles from the 12 MeV Iodine source. The 

profiles are similarly divided into suggested layers. The first 20 nm surface contamination layer 

is in good agreement with Cl profiles. The concentration levels of D and H in the nitride layer 

are on par with Cl results, which confirms the high D/H contents. However, the concentration 

transitions at the deeper interfaces span over a longer range. This is evident in the increased 
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half-peak width of the first oxide peak, 52ௗnm (marked in red), compared with the previous 

35ௗnm width observed in the Cl profiles. Due to the broadened oxygen profile, the second minor 

oxygen peak that should be located at the end of polysilicon is no longer distinguishable. The 

increased blurring in the deeper regions in Figure 4-4 results arises from the rapid decline in 

depth resolution when using the iodine source, as previously noted. 

 

Figure 4-4 ToF-ERD depth profiles of elements including H,D,C,N,O and Si, with a 12 MeV 127I8+ 
incident ion source. Depth scale given in both TFU (bottom) and nanometre (top) 

Both Cl and I results show limited depth resolution beyond the SiNx layer for several reasons. 

Firstly, the sample’s surface roughness is significant at such a nanometre scale because the 

specimens were chemically ‘shiny’ etched and not been through the mechanical polishing 

process. This is revealed by the AFM surface scan given in Appendix F. AFM scan over a 40 

μm ×40 μm area reveals a root mean square roughness of 15.0ௗnm, which is much larger than 

the ∼1.3ௗnm designed thickness of the interfacial tunnelling oxide. This roughness broadens 

the depth concentration profiles, obscuring the clear identification of peaks and transitions at 

the interface. Secondly, the limited depth resolution is related to the geometry of the 

experimental setup, in which both incident and exit angles (𝛼, 𝛽) for the recoiled atoms are 

69.5°. Any roughness effect will be amplified at such high angles due to the beam spreading 

across the surface. Lastly, an intrinsic limitation of ERD arises from the scattering process that 

the ion beam undergoes during both the incident and exit paths. While ToF-ERD can provide 

1–3ௗnm depth resolution for perfectly flat interfaces, its depth resolution deteriorates with 

increasing depth due to additional scattering energy loss and larger uncertainty in the measured 
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energy of recoiled atoms. This is readily shown by the increased broadening of elemental 

profiles in both Figure 4-3 and Figure 4-4. To address these challenges, the author suggests 

future experimental modifications including: (a) using chemically mechanically polished 

samples to minimise surface roughness, and (b) removing or thinning the front dielectric layer 

to position the interface closer to the surface, thereby improving depth resolution. 

4.5. Comparison to SIMS parallel results 

As a reference to the ERD profiles, Figure 4-5 presents the parallel SIMS results on an identical 

sample. Note that the SIMS profiles are shown in volumetric concentrations (at/cm3) on a 

logarithmic scale, converted from count rates, with values not directly relatable to the 

percentage concentrations in ERD. The two oxygen peaks in SIMS profiles, both before and 

after the polysilicon layer, align with ERD findings. Additionally, the high deuterium (D) 

enrichment in the nitride layer, which reaches a level comparable to the first oxygen peak on 

top of the polysilicon, is also consistent with the ERD results. The minor D pickup at the 

interfacial oxide (marked as location B), with a concentration of 3×10¹⁹ at/cm³ (corresponding 

to <0.01 at%), would be undetectable in ERD if present. 

 

Figure 4-5. SIMS depth profiles of species in at/cm3 of an equivalent TOPCon sample, recorded by 
CAMECA IMS 4fE6 instrument using primary-ion: Cs+ at 14.5 keV. Si- calibration on implantation 

standard 2H in Si; P, D are calibrated at at/cm³; Uncalibrated (conts/s): 30Si, 18O, Si14N. Data 
produced by collaborators in Fraunhofer ISE 

Two artefacts in the SIMS measurements can be identified. The change in the substrate /matrix 

during sputtering results in fluctuations in secondary ion yields, leading to an artefactual 

increase or dip in SIMS counts. This is evident in the D and 30Si dips at the SiNx/polysilicon 
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interface (location A), which do not appear in the ERD profiles. Such a matrix effect can also 

explain the increase of all signals at the interfacial SiOx location (location B), which diminishes 

the significance of the minor D peak. This effectively hinders quantification of the true 

interfacial D dose by SIMS. Such a finding from comparing SIMS and ERD serves as the first 

reported evidence of SIMS inaccuracy in deuterium profiling. The other SIMS artefact is 

revealed by the prolonged decrease of concentrations shown as the long tails at location C. 

Such features come from the inward displacement of atoms during SIMS sputtering and should 

not be interpreted as real element distributions in the sample.  

4.6. Conclusions 

In conclusion, this work presents a detailed report of ToF-ERD analysis of the industrial-

relevant TOPCon solar structure. It serves as the first report of utilising ToF-ERD in 

unambiguous separation of deuterium (2D) and hydrogen (1H) within the deuterated TOPCon 

structure, establishing it as a strong complementary technique for studying hydrogen 

distribution in passivating contact structures without the detection challenges encountered in 

SIMS. Coincidence histograms from ToF-ERD clearly distinguish species, including Si, O, N, 

C, as well as H and D. A comparison of results shows that the 8ௗMeV 35Cl6+ beam delivers 

better depth resolution but reduced mass separation compared to the 12ௗMeV 127I8+ beam. 

Further comparison to parallel SIMS tests reveals the SIMS profiling inaccuracy caused by the 

matrix change. By combining energy–ToF information with material stopping force, the depth 

origins of detected signals can be obtained to generate composition depth profiles. Two oxide 

peaks are identified on the depth profiles, corresponding to oxides both atop and beneath the 

poly-Si. High H/D contents (combined into over 15 at %) can be quantified clearly in the silicon 

nitride layer. Surface roughness, however, causes layer intermixing and peak broadening. 

Intrinsic ERD limitation causes deterioration of depth resolution further at greater depths. To 

mitigate such issues in future studies, samples with improved surface flatness and shallower 

structures are recommended. 
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5. Characterisation of TOPCon passivating contact 
structure via atom probe tomography 

The characterisation work presented in this chapter has been accepted for 

publication in the journal Solar Energy Materials and Solar Cells under the title, 

“Towards accurate atom-scale characterisation of hydrogen passivation of 

interfaces in TOPCon architectures”. The author would like to thank Jana-Isabelle 

Polzin from Fraunhofer ISE for sample provision. 

5.1. Introduction 

Hydrogen plays an important part in the surface passivation efficacy of the widely adopted 

TOPCon structure. As introduced in section 1.5, the hydrogen migration during thermal 

processing and its correlation with interface passivation remains an area of ongoing 

investigation. This is largely due to the inherent challenges associated with direct and accurate 

hydrogen detection in such complex silicon-based structures. Advancing the understanding of 

hydrogen distribution within TOPCon passivation layers hence requires a reliable and accurate 

characterisation route. 

Atom probe tomography (APT) is a powerful near-atomic scale chemical analysis technique 

suited for thin-film structures such as TOPCon [204], [205]. Figure 5-1 presents a schematic 

of APT instrumentation. In an APT experiment, atoms from the apex surface of a needle-shaped 

specimen are ionised and evaporated under the influence of a strong electrostatic field. For 

semiconductors (less-conductive) materials, the evaporation process is thermally assisted using 

a high-frequency pulsed laser. The evaporated ions, which can be either monoatomic or 

polyatomic, pass through a time-of-flight mass spectrometer, enabling chemical identification 

based on their mass-to-charge ratios. These ions are then projected onto the position-sensitive 

detector following designed trajectories defined by the electrostatic fields. The recorded spatial 

positions of individual ion hit on the detector, in combination with the historical detection 

sequence, allows reverse-projection to achieve a 3D reconstruction atom-by-atom map of the 

specimen [206], [207]. A more comprehensive explanation of the APT working principles, 

operation procedures, and limitations is provided in Appendix C. In comparison to the standard 

SIMS approach for semiconductor analysis, APT also relies on a mass analyser, but provides 

3D mapping capabilities and superior spatial resolution. Additionally, because signal ion 

generation in APT occurs via field evaporation rather than sputtering, APT avoids several 

common SIMS artefacts associated with ion bombardment. 
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Figure 5-1 Schematic of APT instrumentation, showing from left to right: the sample under field 
evaporation, the time-of-flight spectrometer, and the position-sensitive detector. Figure from [206].  

Both APT and SIMS systems operate under vacuum, hence they are both susceptible to 

environmental noises from gas remnants in the vacuum chamber, among which the hydrogen-

containing species are most notable because of their low mass. The presence of ambient H in a 

high-vacuum system interferes with the detection of sample-originating hydrogen and leads to 

large uncertainty, especially in the measurement of low sample hydrogen concentrations. The 

H detection uncertainty and the associated detection limit of APT [208], [209], [210] is often 

worse than that of SIMS [188], [189] due to continuous condensation of ambient H onto the 

specimen tip held at cryogenic temperatures. To further complicate matters, hydrogen 

evaporated from the specimen tip can take several ionic forms, including Hା, Hଶ
ା, or Hଷ

ା(rare) 

as well as polyatomic ions involving sample constituents such as Si or O. Moreover, post-

evaporation processes such as further ionisation into higher charge states and molecular 

dissociation can occur depending on the local electric field conditions, which can further 

multiply the types of hydrogen-related signals, increasing the possibility of mass spectrum 

overlaps and complicating data interpretation [208]. To mitigate these challenges, H 

substitution with isotope deuterium (D), which has a low natural abundance of 0.015%, is 

implemented in many studies [211], [212] to improve sample hydrogen detectability with a 

possible distinguished D signal. Lastly, the underlying assumption in APT characterisations of 

hydrogen is that the sample H/D content exhibits minimal redistribution during the ex-situ 

sample preparation and experimentation. This assumption is based on previous APT 

investigations [204], [213] which show hydrogen atoms bonded at silicon defects can be 

preserved in place after a carefully tuned room temperature APT specimen preparation process 

(detailed description found in Appendix C).  
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In this work, atom probe tomography is employed to characterise hydrogen passivated TOPCon 

samples with partial deuterium (2H) substitution. The influence of various APT experimental 

conditions on the detectability of deuterium within the complex silicon-based structure is 

investigated. Mass spectrum overlaps are addressed via peak deconvolution, as a key step in 

identifying deuterium amidst the background hydrogen. The analysis results are utilised to 

compare the D contents in two samples from different hydrogen processing conditions. This 

study also identifies the remaining challenges associated with characterising TOPCon 

structures.  

5.2. Experimental method 

The sample description of the annealed, partially deuterated, n-type TOPCon under 

investigation can be found in chapter 4. In addition to this, the present chapter investigates a 

reference sample which did not undergo the post-deposition hydrogen annealing step. The two 

wafer samples are hereafter referred to as the annealed and the unannealed sample. 

The needle-shaped APT specimens, extracted from the wafer surface, were prepared following 

the ex-situ lift-out process using focus ion beam milling (FIB) as comprehensively detailed in 

Appendix C. Figure 5-2 (a) illustrates the target position of the APT needle specimen, which 

should vertically cover the TOPCon stack, including the SiNx:H, polysilicon, interfacial oxide 

and bulk silicon. A section of the wafer material encompassing the target position is extracted 

via FIB micromachining in the lift-out process. Given the high susceptibility of the sample 

surface to unintended FIB milling damage, special care was taken to preserve the integrity of 

the nanoscale surface layers by covering the surface with a sacrificial tungsten layer over 

500 nm in thickness. Tungsten is chosen as the capping material for (a) good silicon surface 

adhesion and (b) good structure stability under ion beam milling conditions associated with its 

high melting point and strength. 

Figure 5-2 (b) presents a scanning electron microscope (SEM) image of a pre-sharpened APT 

specimen-to-be. The top layer with bright contrast denotes the thick tungsten protection layer. 

This tungsten cap was continuously milled away during the needle sharpening process. The 

completed APT needle specimen is shown in Figure 5-2 (c) with a sharp tip with a radius 

typically below 100 nm. At this stage, the tungsten cap had been completely removed, exposing 

the underlying structure. The electron transparency of the tip in Figure 5-2 (c) indicates its 

extreme thinness, while the ring-like feature with shallow contrast just below the tip is 

indicative of the TOPCon layers being preserved. 
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Figure 5-2 (a) Schematic of the TOPCon structure with the location of APT needle specimen marked 
(b) SEM image of a pre-sharpened needle-to-be with thick tungsten cap, and (c) SEM image of a 

finished APT needle specimen. Note the difference in scales of the images. 

APT analysis was performed using a CAMECA local electrode atom probe (LEAP) 5000 XR 

model with a detection efficiency of 52%. Laser pulsing mode was used instead of voltage 

pulsing mode due to specimen viability concerns. The laser-assisted evaporation process poses 

less field-induced stress to the complex semiconductor structure, which is essential in the 

prevention of premature needle fracture during APT experiments. However, the conditions of 

laser mode enhance polyatomic/molecular ion formation, leading to multiple overlaps of 

detected species on the mass spectrum. The mass-spectrum overlaps are statistically addressed 

by peak deconvolution via the open-source script AtomProbeLab (v.0.2.4) developed by 

London et al. [214], [215].  

All APT specimens were run at a fixed cryogenic 50 K base temperature with a fixed laser 

pulse frequency at 200 kHz. Variable parameters, including the laser energy, target detection 

rate and estimated surface field, are systematically tested to optimise the detection of the 

deuterium signal. The visualisations of APT data were performed using AP Suite 6.1 software 
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by CAMECA. The 3D reconstruction followed the voltage evolution geometry protocol, 

whereby the specimen radius is inferred from the voltage history throughout the experiment.  

5.3. APT mass spectrum 

The initial outcome of the APT experiment is the mass spectrum, which represents a histogram 

of all detection events or hits. Figure 5-3 provides an example of a mass spectrum from the 

dataset of the annealed TOPCon specimen. Each detection event, corresponding to an ionic 

species, is sorted by its measured mass-to-charge ratio (m/z) measured in Daltons (Da) on the 

x-axis across a defined mass range and resolution. The y-axis displays the total counts of the 

detection events on a logarithmic scale. 

Prominent peaks rising above the background level in Figure 5-3 are ranged and labelled with 

likely candidate species. The tallest of the peaks correlate to the main constituent silicon signals 

from the silicon-based structure. Due to the formation of complex/polyatomic ions, many peaks 

can be attributed to multiple chemical identities, comprising combinations of Si, P, N, O, and 

H/D atoms. In other words, the ion candidates overlap at certain masses (usually groups of 

neighbouring masses), leading to complexity in ion interpretation. Such groups of overlaps, 

although not distinguishable by the masses alone, are subject to further statistical data 

deconvolution to facilitate further quantitative analysis of chemical compositions in a process 

addressed in section 5.6.  
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Figure 5-3 The APT mass spectrum from a TOPCon specimen dataset. Peaks of strong signal above 
105 are ranged and labelled. The overlaps of the labels in the figure indicate multiple possible 

identities within certain peaks. 
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5.4. EƯect of laser energy on H background 

As previously discussed, the ambient H background, primarily detected as atomic Hା at 1 Da 

or molecular Hଶ
ା at 2 Da the mass spectrum poses a significant barrier in distinguishing the true 

deuterium D signal from the sample. To address this, this section presents a systematic 

investigation of hydrogen background levels under varying laser pulse energies, a key APT 

measurement parameter. The energy of laser pulses is known as a critical factor influencing the 

detected hydrogen background [208], [209]. For this test, a blank crystalline silicon needle was 

prepared from the wafer bulk where no intrinsic hydrogen or deuterium is expected. Therefore, 

any detected hydrogen during the tests is attributed solely to the environmental H background 

from the vacuum chamber.  

To isolate the effect of laser energy, APT was conducted under fixed conditions: a base 

temperature of 50 K, a laser pulse frequency of 200 kHz, and a target detection rate of 1.4%. 

Figure 5-4 (a) illustrates the results, showing the impact of laser energy variation on the 

measured hydron and silicon-related species. The blue data points plotted against the left scale 

of Figure 5-4 (a) is the ratio between the sum of Hା at 1 Da and Hଶ
ାat 2 Da and the combined 

28Si counts. This relative ratio indicates the background to signal level. It can be shown that the 

detected H background is higher at intermediate laser energies around 30 pJ and drops at both 

higher and lower energy ends. Notably, laser energies above 50 pJ are particularly effective in 

suppressing the hydrogen background. This trend aligns with previous findings [208], [209]. 

This effect is explained by the inverse correlation between the surface field strength and laser 

pulse energy applied under the constant detection rate running mode. The correlation is that 

with application of higher laser energies, the surface electric field strength required to maintain 

the same evaporation rate decreases. To further support this interpretation, the Si²⁺/Si⁺ charge 

state ratio, which is used as a proxy for surface field strength, is plotted as orange data points 

on the right y-axis Figure 5-4 (a). As the laser energy increases, the Si²⁺/Si⁺ ratio decreases, 

indicating a reduction in surface electric field strength. The weaker field reduces the surface 

adsorption of ambient H at the tip and results in a reduced H background level. Results of such 

tests confirm that high laser energies (> 50 pJ) can be advantageous for minimising H 

background in APT measurements. 
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Figure 5-4. Ratios of APT detected species from a blank Si specimen as functions of laser pulse 
energy. (a) the ratio of H counts at 1 Da and 2 Da to total Si counts on left scale, and the log ratio of 

28Si2+ at 14 Da to 28Si+ at 28 Da on the right scale. (b) logarithmic ratio of 2+ to H+ plotted against 
laser pulse energy.  

Figure 5-4 (b) displays the logarithmic ratio of molecular Hଶ
ା to atomic Hାas a function of laser 

energy. The observed trend indicates a progressive transition of the hydrogen background from 

Hା  rich to Hଶ
ା  rich with increasing laser energy. This shift can be explained by the field 

dependence of molecular dissociation immediately after surface evaporation. Molecular Hଶ
ା 

dissociation into Hା is suppressed at low surface field strength conditions, hence the H content 

detected shifts from Hା to Hଶ
ା at conditions towards the higher laser energies. The data point 

at 60 pJ, which deviates from the general trend, is considered an outlier, potentially due to 

fluctuations in chamber conditions.  

This shift towards more Hଶ
ା  at higher laser energies, however, is disadvantageous for the 

detection of deuterium from the sample, since the background Hଶ
ା overlaps with the 2D+ signal 

at 2 Da on the mass spectrum. The ambiguity at 2 Da adds uncertainty in quantifying deuterium 

due to the unsolvable nature of the superposition. As such, a trade-off is identified: increasing 

applied laser energies reduces the total ambient H background, but complicates the separation 

of potential sample D from the H background. In light of such a result, the laser energy of 60 

pJ is selected as the standard APT operation condition for further analysing TOPCon samples 

containing deuterium. 

5.5. 3D reconstruction of the TOPCon structure 

Figure 5-5 shows the atom-by-atom 3D reconstruction resulting from a representative needle 

specimen of an annealed TOPCon sample. The different layers in the structure are labelled in 

the figure, including the crystalline silicon wafer, the thin tunnel SiOx layer, the n+ doped 
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polysilicon layer, and the H-rich capping nitride layer. Each of the five maps shown in Figure 

5-5 illustrates a different ionic species, as identified by the corresponding mass-to-charge ratios 

on the mass spectrum presented in section 5.3. Figure 5-5 (a) represents the oxygen signal using 

only the 16 Da O+ signal, from which two oxygen-rich layers are clear. The first oxygen layer 

on the top aligns with the surface nitride. This oxygen signal originates from the oxidation of 

the nitride-polysilicon interface, potentially during the polysilicon crystallisation and nitride 

deposition processes. The second oxygen-rich layer is the interfacial SiOx in TOPCon, the 

presence of which indicates the complete structure is preserved in this specimen. 

Figure 5-5 (b) represents the signal for nitrogen obtained using the complex ion SiN+ 42 Da 

signal. A direct N+ signal would appear at mass-to-charge of 14 Da, but N+ at 14 Da from this 

silicon-based specimen overlaps with doubly charged 28Si2+. To avoid ambiguity, the SiN+ 

complex ion at 42 Da is displayed instead, providing a clearer representation of N distribution 

to indicate the location of the top nitride layer. It is observed here that only part of the nitride 

cap is preserved in this APT specimen, a result attributed to surface removal during FIB needle 

milling. 

 

Figure 5-5 3D reconstruction of a TOPCon specimen showing chemical species including: (a) 16O+ 
(b) 28Si14N+ (c) 𝐷ଶ

ା (d) 31P2+ (e) 31P+ or 30SiH+ or 29SiD+ at 31 Da. (f) close-up showing the interface 
curvature as a result of the reconstruction bowl artefact 

Figure 5-5 (c) represents the distribution of ions with a mass-to-charge ratio of 4 Da (Dଶ
ା), 

which is selected to represent the sample D distribution. Since the background hydrogen noise 

appears at either 1Da or 2 Da, whereas the 4 Da peak is uniquely attributable to deuterium 2D2
+, 

allowing for unambiguous detection of deuterium from the sample. The signal counts of 2D2
+ 

are low due to: (a) low D overall sample incorporation, and (b) a significant portion of 
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deuterium is likely present in other complex ions. A higher concentration of 2D2
+in the SiNx 

layer is observed, which is consistent with its role as the deuterium source. No significant 2D2
+is 

seen in this map at the interfacial oxide location.  

The species shown in Figure 5-5 (d) has a mass-to-charge-state ratio of 62 Da. It represents 

molecular phosphorus 31P2
+. Given that no other species are expected at 62 Da, this signal 

unambiguously represents the distribution of phosphorus. The results confirm that phosphorus 

is only concentrated within the n+ doped polysilicon layer. Accumulations of P at both ends of 

the doped polysilicon layer are clearly observed, which is consistent with the finding by 

Feldmann et al. [216]. This segregation behaviour is attributed to the redistribution of 

phosphorus towards the interfaces during the crystallisation annealing of the polysilicon. 

Figure 5-5 (e) presents the distribution of species at 31 Da. This signal is dominated by 31P+, 

which explains the similarity between Figure 5-5 (e) and Figure 5-5 (d). However, this 31 Da 

signal also includes contributions from silicon-hydrogen complex ions, since both 30SiH+ and 
29SiD+ share the same 31 Da mass. Thus, the difference in map (d) and (e) is related to the 

presence of D or H in the structure. This further explains the additional counts in Figure 5-5 (e) 

within the top SiNx layer. The overlap between P, SiH and SiD signals at 31 Da prevents a clear 

illustration of the distributions of each individual species, which serves as a direct example 

underlying the necessity of tackling mass spectrum overlaps.  

Additionally, Figure 5-5 (f) displays both the 16 Da and 31 Da signals in a close-up view 

towards the oxide interface. This view reveals that the dopant phosphorus accumulation is 

restricted to top oxide surface with minimal diffusion into the underlying silicon substrate. The 

curved, bowl-like appearance of the oxide and phosphorus layer is an artefact from the 3D 

reconstruction, which is a result of both (a) geometrical simplification in assuming the needle 

radius evolves with voltage, and (b) ion trajectory aberration caused by change in surface field 

conditions occurring to compositional discontinuities. Such ‘bowl’ artefacts impact the spatial 

resolution of APT analysis (further discussed in Appendix C) and needs to be addressed in 

further spatial composition analysis. 

5.6. Overlap solving and depth profiles 

The presence of overlaps on the mass spectrum and their effects have been identified in the 

previous section. To address these overlaps, a deconvolution procedure by London et al. [214], 

[215] is applied to mass datasets for the TOPCon layers. It is based on maximum likelihood 

estimation (MLE), which calculates the likelihood of observed peak counts as a function of 
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simulated compositions and identifies the composition at the maximum likelihood point as 

detailed in [214]. The likelihood function also provides an uncertainty range associated with 

the composition estimation. This MLE process relies on known isotopic abundances of the 

involved elements and has limited applicability depending on the number of overlapping 

candidates. Figure 5-6 presents a histogram example of the solved overlap peak group at 28-

32 Da from an oxide interface ROI. Each peak in this group, except for the 28 Da, which is 

assigned solely to 28Si, can be divided into multiple ion components as illustrated by the stacked 

bars. The result here confirms the significant SiH+ contribution in the 31 Da peak.  It is also 

determined that the majority of D in this overlap group is detected as 28SiD+ at 30 Da.  

 

 

Figure 5-6 Example histogram of solved peaks within the overlap group 28-32 Da, produced using 
open open-source programme AtomProbeLab (v.0.2.4). The coloured bars within each stack give the 

fitted contribution of each ionic species to each peak. 

This overlap solving process is essential in the quantitative analysis of elements and utilised to 

obtain 1D profiles of elements with nanometre depth increments. The depth profiling is 

achieved by splitting the needle specimen into a number of data bins along the needle axis 

(assumed to run in the depth direction) and finding the overlap solved, mean local compositions 

within the bins. The result for the specimen from annealed TOPCon is presented in Figure 5-7 

with a 1 nm depth bin width.  
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Figure 5-7 Depth profiles of deuterium, phosphorus and oxygen from APT data analysis in both (a) linear scale 
(b) logarithmic scale.  

The blue curves in Figure 5-7 (a) and (b) represent the oxygen profile. A flat oxygen 

concentration of around 3 at % is found in the nitride layer, and a sharp peak up to 38 at % is 

found at the interfacial oxide location. The oxide peak for the 1.5 nm thermally grown 

interfacial oxide spans across a 13 nm peak base width (measured when oxygen is above the 

baseline level). Such apparent widening of peaks, which is also evident for other element 

profiles, is a result of the reconstruction ‘bowl’ artefact, which causes spreading of the 

measured depth coordinate for detected ions near the interface. To address this, a useful 

direction for future work is correlated microscopy with transmission electron microscopy 

(TEM). By calibration the APT chemical information against high-resolution structural 

imaging, a more precise detection of layer boundaries and interfacial features can be achieved. 

The phosphorus profiles in purple show accumulation at both ends of the polysilicon. At the 

oxide end of the polysilicon, the P concentration falls sharply over 2 orders of magnitude within 

a 3 nm length scale, which confirms with earlier statement of minimum P penetration into the 

bulk. This provides direct evidence against extended P diffusion beyond intact oxide layers, 

contrasting the SIMS long tails observed in results reported in Figure 4-5 (location C) from an 

identically processed wafer. This discrepancy in P profiles above the oxide interface can be 

attributed to: (a) P extended tails are caused by knock-in displacement of P atoms in SIMS as 

a measurement artefact. (b) P in-diffusion can still happen at localised pinholes on the oxide, 

whereas the APT nanometre-volume specimen may represent a region with an intact oxide 

barrier. To the author’s knowledge, such a major discrepancy between APT and SIMS is 

reported here for the first time. It highlights the limitations of SIMS in accurately resolving 
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dopant profiles and underlines the importance of refining SIMS data interpretation, particularly 

in the case of mapping phosphorus dopant diffusion through ultra-thin oxides. 

Because both Hଶ
ା  and 2D+ can equally contribute to the peak at 2 Da with an unknown 

abundance ratio, this 2 Da peak is unsolvable by MLE due to insufficient parameters input. To 

overcome this, two D profiles are generated, indicating (a) an upper bound of D when the 2 Da 

peak counts are all assigned to D+ in the specimen, and (b) a lower bound of D when 2 Da is 

assigned to Hଶ
ା with all the D content in this case coming from complex ions such as SiD+. The 

true concentration of D lies between these bounds. Both D profiles have the highest 

concentration in the SiNx:H layer at 3.5 at% for the lower bound and 14 at % for the upper 

bound. Additionally, the lower bound profile reveals a small build-up of D to a level of 1.0 at% 

(corresponding to a volumetric density of ~1020 cm-3) at the location of the interfacial oxide 

layer. 

5.7. EƯect of field strength on H background 

The depth profile results of D show a gap between the higher bound and lower bound, which 

leaves large uncertainty in D quantification and underpins the need to reduce this ambiguity. 

As revealed in section 5.4, the formation of molecular Hଶ
ାis facilitated under lower surface field 

conditions. An effective measure to suppress the ambiguity of Hଶ
ା within the 2 Da peak is to 

run the needle at a higher and constant field strength. To evaluate this strategy, a comparison 

of two APT needles made from same annealed TOPCon wafer but run at different APT 

conditions is reported, with (i) run at constant detection rate mode of 1% DR, and (ii) run at 

constant surface field mode at relatively high estimated field of 20.6 V/nm (Si2+ to Si+ ratio at 

around 100.6). Under the constant field strength mode, the APT instrument continuously 

monitors surface fields signalled by the detected Si2+ to Si+ charge state ratio (CSR) and adjusts 

the applied voltage to maintain the same CSR. 

Figure 5-8 presents the overlap solved D profiles from the two runs zoomed in towards the 

interface location. Both are plotted within the same concentration and depth range and both 

show a D accumulation peak at the interfacial oxide location. Under the constant DR mode in 

Figure 5-8 (a), the gap between the two bounds goes up to 1.0% at the interface location and 

exhibits an overall widening trend with increasing depths. On the other hand, no widening is 

observed in the case of the constant field strength run in Figure 5-8 (b). The widening of the 

gap in (a) in comparison to (b) is due to decreasing surface field strength under constant 

detection rate mode. This is explained by the fact that the needle apex radius and surface area 
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increase as the needle evaporates. The surface field strength, related to the evaporation rate per 

area, is reduced to maintain the overall detection rate under constant DR mode. This decrease 

in surface field strength provides the condition for increased molecular Hଶ
ା detection from the 

ambience, as shown by the widening gap between higher and lower D bounds. The narrow gap 

between D bounds in figure (b), on the other hand, can be related to the maintained high 

constant surface field. The author further deduces that the content within the gap under constant 

DR mode is likely dominated by ambient Hଶ
ା rather than unaccounted D. Therefore, the sample 

D content is likely closer to the lower D bound. It is also evident that operating in constant 

surface field mode is advantageous for minimising ambient hydrogen convolution and ensuring 

a more consistent D detection environment. Lastly, it is important to note a trade-off: 

maintaining high field strengths increases the risk of premature needle fracture during the 

experiment. As such, experimental parameters must be balanced carefully depending on 

specimen robustness and measurement objectives.  

 

Figure 5-8 Comparison of APT result of (a) a constant detection rate run and (b) a constant field 
strength run 

5.8. Comparison of 2H accumulation at the oxide interface 

To address the relationship between deuterium dose and interface passivation, D contents 

within specimens made from hydrogen annealed and unannealed samples are compared. The 

reconstruction ‘bowl’ artefact in APT results in the spatial broadening of D profiles, rendering 

direct comparison of interface peaks unreliable. Instead of directly comparing the D peaks, the 

Gibbsian interfacial excess (GIE) is used as the comparison metric, which is the standard for 

quantifying impurity segregation towards a 2D interface such as grain boundaries. The 

definition of GIE and the region of interest for GIE calculations are included in Appendix C. 
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The use of GIE in comparing interfacial segregation is a straightforward method, insensitive to 

the placement of the interface along the depth direction. The ROI for GFE calculation is 

selected to minimise the influence of interface curvature.  

Table 5-1 depicts results of GIE of D, P and O at the oxide interface. It lists results from two 

successful runs of specimens from an annealed TOPCon specimen and one from an unannealed 

specimen. All GIE values are calculated after the mass overlap solving. The D dose is derived 

from the lower D bound as a better estimation and comparison figure instead of the upper D 

bound, because of the heavy noise content in the upper D bound results. The error ranges read 

on the table originate from the confidence intervals in peak overlap solving. A comparison of 

the D doses between annealed and unannealed specimens shows that interface D excess 

increases by approximately 25% after annealing, with values rising from 1.19 (95% CI 0.97-

1.50) cts/nm² (unannealed) to 1.46 (1.37-1.59) cts/nm² and 1.50 (1.35-1.78) cts/nm² (annealed). 

This trend supports the hypothesis of hydrogen enrichment during annealing. Additionally, 

comparison of wafer lifetimes from the table shows evidence of the positive lifetime 

contribution and hence better surface passivation from a slightly higher interface D dose. The 

author notes the relatively high D uncertainty range to emphasise the error susceptibility in 

such a comparison.  

 

Table 5-1 Gibbsian interface excesses of elements at the 2D interfacial oxide surface. The range in 
parentheses represents the confidence interval originating from the errors in overlap solving 

calculations. The ratio of excess P and excess O is additionally displayed 

 Excess D 
[cts/nm2] 

Excess P 
[cts/nm2] 

Excess O 
[cts/nm2] 

P/O Lifetime 

Annealed 1 1.50 
(1.35-1.78) 

10.0 
(9.6-10.5) 

50.0 
(49.2-50.8) 

0.201 
(0.191-0.210) 

23 ms 
Annealed 2 1.46 

(1.37-1.59) 
6.8 

(6.7-7.0) 
31.4 

(31.0-31.8) 
0.218 

(0.212-0.225) 

Unannealed 1.19 
(0.97-1.50) 

5.6 
(5.2-6.1) 

27.1 
(26.2-28.1) 

0.207 
(0.190-0.227) 

17 ms 

 

In addition to the D results, comparison of P and O interfacial excess between the three samples 

shows substantial variations, with as high as 79 % difference in P and 80 % difference in O 

comparing the annealed specimen 1 and the unannealed specimen. The difference in oxygen 

dose may result from variations in local interfacial oxide thickness as a result of 

inhomogeneous oxide growth. The inhomogeneity is revealed because of the highly restricted 
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analysis volume of the APT. Despite the large absolute differences, the ratios of P to O among 

the three specimens, as listed in the table, fall closely within a narrow window roughly between 

0.20 - 0.22. This is indicative of the correlation between the extent of P segregation to the oxide 

thickness during the thermal crystallisation processes. marking the first sub-nanometre scale 

report of this correlation. Notably, the P/O ratio appears unaffected by whether the sample went 

through hydrogen annealing, since P segregation movement occurred earlier at a much higher 

temperature, typically over 900 °C during polysilicon formation, compared to the H annealing 

step at 500 °C. 

5.9. Discussion 

As demonstrated in the results, this APT study faces two major challenges in the quantitative 

analysis of sample deuterium content: mass spectrum signal overlaps and ambient hydrogen 

noise. Both factors lead to uncertainty in the quantitative analysis of element distribution, 

especially hydrogen distribution. Despite the optimisation of experimental conditions to 

suppress noise, a notable gap exists between the lower and upper bounds for deuterium 

estimation after overlap solving. The relatively low absolute D accumulation at the interface 

further amplifies the statistical uncertainty, making its impact more significant in a relative 

context. For instance, the unannealed sample in Table 5-1 shows a wide uncertainty range of 

0.97 to 1.50 cts/nm², which weakens the confidence in data comparisons. This study highlights 

the inherent challenges of deuterium quantification in APT and underscores the importance of 

explicitly reporting error margins and critically assessing the data quality, which remains 

largely absent in many published APT reports on passivating structures [204], [205]. 

Comparison can be drawn between APT profiles in Figure 5-7 (b) and SIMS resulting in Figure 

4-5 on the same TOPCon structure. SIMS depth profiles in Figure 4-5 report traces of certain 

masses without noting potential overlaps of ion candidates at the masses, which leaves errors 

in labelling the masses with a single candidate. Despite the fact that APT is also an ion 

spectrometry-based technique, the APT analysis in this work utilises decomposition of mass 

overlaps for additional data interpretation, which enables true quantification of element 

compositions. The other main difference is the sharp decrease of O, P and D after the interfacial 

oxide in APT results as contrast to the long tails in SIMS. This provides strong evidence that 

the SIMS results are susceptible to the knock-in artefact (inward displacement of ions during 

SIMS sputtering). 
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Similar comparisons can also be drawn between the APT results and the ERD results in chapter 

4 (Figure 4-3). As previously discussed, the depth resolution in ERD deteriorates due to surface 

roughness effects and the relatively large field of view inherent to the technique. In contrast, 

APT provides superior depth resolution in elemental profiling owing to its atom-by-atom 

spatial reconstruction and nanoscale analysis volume. However, the highly localised nature of 

APT comes with trade-offs, most notably, limited data statistics and potential specimen 

variability as exemplified by the large variation in interface composition among needles 

extracted from the same sample. As a result, generalisations about the overall interface 

characteristics from APT data must be made with caution, at risk of underrepresentation by a 

few local sites. It is also important to note that because ERD implements double detection of 

ionic mass and ionic energy, as seen in the ERD coincidence histograms, it is capable of 

unambiguous differentiation of deuterium and other light elements. Therefore, while APT 

excels in spatial resolution, ERD data is complementary by its accuracy in compositional 

analysis. 

5.10. Conclusions  

Accurate analysis of the distribution of hydrogen in TOPCon passivated contact is critical in 

understanding surface passivation and degradation mechanisms. In this chapter, atom probe 

tomography was employed to investigate hydrogen distribution in hydrogenated TOPCon 

structures before and after annealing, using deuterium as a marker for sample hydrogen. 

However, residual hydrogen in the vacuum chamber and mass spectrum overlaps induce 

significant uncertainty in composition analysis, which poses challenges in quantifying 2H/D 

reliably.  

This study firstly demonstrates that the choice of laser energy and the surface field strength in 

the APT experiment can be made to effectively suppress the ambient hydrogen background 

detected. The APT 3D volumetric reconstruction of a needle specimen revealed clearly 

resolved complete TOPCon layers and interfaces. The spatial distribution of 31 Da mass 

species labelled as 31P+ shows inconsistencies with true phosphorus distribution due to mass 

overlaps with other complex ions. Overlap solving of mass peaks based on the maximum 

likelihood method enables the production of vertical depth profiles of D, O and P with reduced 

uncertainty caused by grouped overlaps. It has been revealed by overlap solving that a large 

proportion of D contents is found in the SiD+ complex ion.  
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The lower-bound estimates of D show a minor peak at approximately 1.0 at % at the interfacial 

oxide, indicating positive hydrogen enrichment at the ultrathin oxide. Gibbsian interface excess 

analysis for interfacial segregation shows a moderate 25% increase in the hydrogenation 

annealed specimen compared to unannealed specimen. This provides potential evidence 

towards a weak link between higher D interface enrichment and improved passivation quality 

of the TOPCon structure. It must be noted that confidence in such a link is only low, because 

of (a) possible sample-to-sample variation, (b) large statistical uncertainty range from the 

overlap solving analysis, and (c) difficulties in further distinguishing H content given the 

ambient H contamination. The quantitative analysis of deuterium within the complex TOPCon 

structure presented in this chapter contributes to a viable approach as well as critical 

assessments of the difficulties. 

In comparing multiple APT specimens, substantial variation in interfacial oxygen and 

phosphorus excess was observed, which is possibly due to the uneven oxide thickness and 

nanoscale ROI of the APT analysis. Notably, APT did not show extended phosphorus diffusion 

beyond the oxide interface, in contrast to parallel SIMS data, providing evidence that the 

commonly observed SIMS dopant penetration findings are influenced by the knock-in 

measurement artefact.  

In summary, the near-atomic-scale APT analysis provided in this study provides critical 

compositional understanding of the hydrogenated TOPCon structures.  The findings from APT 

characterisation here are crucial for the future development and optimisation of the passivation 

contacts for high-efficiency silicon solar devices. 
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6. High-resolution LBIC characterisation of solar cell 
devices 

A selection of the work presented in this chapter has been accepted for publication 

in AIP Conference Proceedings, “NanoLBIC characterisation of silicon solar cells 

using a laser pick-up unit”. The author would like to thank collaborators from the 

Snaith group in the Department of Physics for providing high-efficiency mixed-

halide perovskite samples for characterisation. 

6.1. Introduction 

Laser beam induced current measures the photocurrent generated by a PV device from a 

localised microscopic injection [217]. LBIC systems can raster-scan the injection spot in two 

dimensions, so that a spatially resolved photocurrent map can be generated. These maps 

provide valuable insight into local variations in device performance, such as regions of high 

recombination activity [218]. LBIC has an analogous counterpart electron beam induced 

current (EBIC), which relies on an electron beam for injection [219]. LBIC offers key 

advantages in its wider applicability as it operates in ambient conditions and avoids electron 

beam damage in EBIC injection. 

An LBIC system integrates several key components: an illumination source, focusing optics, a 

scanning mechanism and current detection circuitry. Multiple monochromatic laser sources are 

typically included to allow wavelength-dependent sample analysis. The focusing optics is 

responsible for manipulating the beam so it achieves a minimum lateral spot size on the sample 

surface, thereby achieving high spatial mapping resolution. Importantly, the minimum 

achievable beam waist size is limited by diffraction as well as the system focusing power, as 

further explained in Appendix J. High spatial resolution LBIC systems, often termed micro-

LBIC, can achieve spatial resolution ranging from 1-10 micrometres [217], [220], [221]. The 

scanning movement for map formation can be achieved in a configuration of either (a) laser 

scanning, where the laser beam is deflected over a fixed sample stage [222] [219][223], or (b) 

stage scanning, where the beam is stable while the sample is mechanically moved using a 

precision translation stage [224]. The latter design allows for close working distances and small 

laser spot size, as it is freed of beam deflection requirements. The trade-off of the stage 

scanning design is the slow mapping speed limited by the mechanical motion. Advanced LBIC 

systems can include additional functions such as simultaneous mapping of surface reflection 

[225], photoluminescence [219] or Raman spectrometry [223] for correlative analysis. 
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LBIC has a history of applications in evaluating current loss mechanisms in crystalline silicon 

structures. LBIC scans of multi-crystalline silicon reveal current profiles around recombination 

defects, which are used in the interpretation of defect recombination properties [226] [227] 

[228] [229]. Spatial distribution of minority diffusion lengths can also be calculated when using 

IR laser with an absorption length comparable to the minority diffusion lengths [230]. Laser 

modulated LBIC systems with AC currents can further enable mapping of series and shunt 

resistances [231] [232]. 

More recently, LBIC has also been applied in investigating halide perovskite solar cells (PSC), 

which have been demonstrated cell efficiencies comparable to crystalline silicon devices [233] 

and are progressing towards scalable industrial production [234]. Unlike silicon, the halide 

perovskite absorber layer in PSC, fabricated via either solution-based or vapour-based 

processing, is polycrystalline with a submicron grain size [235]. Perovskite material exhibits 

substantial structural and chemical heterogeneities across length scales ranging from 

nanometres to centimetres [236]. Such heterogeneities have a strong influence on local optical 

and electronic properties revealed by LBIC characterisations. Mastroianni et al. combined 

LBIC with spatially resolved PL to reveal that non-radiative recombination dominates the loss 

in efficiency in a hybrid organic–inorganic halide perovskite cell [237]. Giles et al. found an 

anticorrelation between spatial PL and spatial current, which supported high recombination 

losses at contact interfaces [238].  Additionally, Song et al. studied perovskite degradation 

under humidity with LBIC and identified a final irreversible decomposition step involving 

water [239].  

In this chapter, the author presents an independently developed LBIC system capable of 

achieving one of the highest spatial resolutions reported to date. This is accomplished through 

adopting a simplified optical configuration departing from the complex laser-focusing schemes 

in traditional micro-LBIC systems. The developed system is demonstrated on both silicon and 

perovskite solar cell architectures, establishing its broad applicability and potential for 

advanced spatial characterisation in photovoltaic research. 

6.2. An LBIC setup with sub-micron resolution 

The key component in the LBIC system responsible for the laser focusing is a laser pick-up 

unit (LPU). LPU is a compact optoelectronic part used for reading/writing data from/to an 

optical disk. It is designed to detect data pits as small as 130 nm on a Blu-ray disc [240]. The 

LPU is repurposed to focus laser beams of two wavelengths, 650 nm (red, DVD standard) and 
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405 nm (violet, Blu-ray standard), on the sample surface localised optical injection. Table 6-1 

summarises the resulting focused spot size and working distances for both wavelengths. The 

tight focus, benefited from the close working distances, provides nanoscale excitation volumes 

that underlie the outstanding spatial mapping resolution, exceeding the highest reported in 

literature [224].  

Table 6-1 Optical parameters for a dual-wavelength optical pick-up unit, from [240][241] 

Wavelengths First ring diameter  FWHM Working distance  Depth of focus 

650 nm 1.32 μm 530 nm ~2.0 mm 8.4 μm 

405 nm 0.58 μm 250 nm ~0.5 mm 2.6 μm 

The LPU includes a mechanism to find the precise focus within the DoF shown in Table 6-1. 

This is achieved by fine adjustment using a focus error signal (FES) that indicates the vertical 

laser position relative to the sample surface. Figure 6-1 describes the laser optical path and 

associated components. The system utilises an astigmatic beam to generate the FES from the 

reflected beam shape [242]. When the objective lens is actuated near the focal position, the 

astigmatic reflected beam exhibits a moving elliptical profile, which is captured by the quadrant 

photodetector.  

 

Figure 6-1 The optical path of red 650 nm laser with key components labelled. The blue 405 laser 
path shares same route except for a separate laser source and collimator lens. 

Figure 6-2 illustrates the detected FES from (a) a high-reflectance metal sheet surface and (b) 

a low-reflectance textured silicon cell. The S-shaped FES curve in Figure 6-2 (a) corelates to 

the signal generated by the difference between the sum of diagonal quadrants ((A+C)-(B+D)) 

illustrated by the inset sketch, which indicates the changing beam ellipticity near focus with 

the optimum focal point found at the mid-point of the curve. It is observed from Figure 6-2 (b) 
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that the FES signal is significantly weaker from a silicon surface, because of the lack of mirror 

reflection. Therefore, focusing is preferably performed on reflective sample regions to ensure 

accurate alignment. 

 

 

Figure 6-2 Example of focus error signal curves detected by the QPD vs voice coil motor voltage at 
the same gain. (a): from a reflective metal surface, (b): from a finished Si solar cell front surface. 

Figure 6-3 demonstrates the complete assembly of the LBIC system. The LPU is mounted on 

a top plate supported by three coarse positioning screws. A customised driver board connects 

the LPU with a National Instrument signal I/O DAQ device. The DAQ device sets laser power, 

reads the FES signal from the LPU, and controls the actuators of the objective lens. The lens 

actuation range is approximately 1 mm. The photocurrent from laser injection from the solar 

cell device is measured by a Keithley 236 Source Measure Unit (SMU).  The SMU typically 

operates with photocurrents in the microampere (μA) range for reduced measurement noise. 

The 2D current map is constructed by the raster scanning of the sample, enabled with a set of 

two motorised translation stages. The movement range of the stages is 2.5 cm with a positioning 

accuracy of 50 nm, allowing for spatial mapping across different scales. A typical scanning 

speed at 0.3 s/pixel is achieved, which is constrained by both pixel dwell time for current 

measurement integration and the mechanical translation speed. All hardware components are 

integrated and controlled via a LabVIEW interface. 



 99 
 

 

Figure 6-3 Schematic of the system mechanical setup with signal flows 

6.3. Characterisation of silicon solar devices 

The silicon samples under testing are industrial p-type monocrystalline PERC cells. Detailed 

descriptions of the passivated structure are included in section 1.4.1 of this thesis. Figure 6-4 

presents a schematic of the finished PERC front, encompassing an n-type diffused emitter, the 

nitride anti-reflection coating and silver finger contacts. A key feature of the PERC front side 

is the application of laser-assisted selective doping beneath the metal fingers. These selectively 

doped regions, approximated 130 μm wide, larger than the ~30 μm finger width, are introduced 

to form local n++ emitters. The local n++ emitter design reduces the heavy doping losses in the 

rest surface compared to a uniform emitter layer [243], [244].   

 

Figure 6-4 Front structure of the industrial PERC cell 

To validate the reliability and spatial accuracy of the system, LBIC maps are compared first to 

optical microscope images. Figure 6-5 (a) demonstrates the optical microscope image of a 
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region showing a metal finger going diagonally and artificial surface markings. The LBIC scan 

of the same region is shown in Figure 6-5 (b) with a 2 μm scanning step size. The surface 

markings made with a diamond scriber pen, indicated by grey arrows in both images, provide 

additional alignment features which show excellent alignment between the two images. The 

results demonstrate that both positioning accuracy and effective focusing are maintained in an 

LBIC scan. The photocurrent reduction at metal finger locations is a result of the shadowing 

effect by the metal blocking light injection. However, the signal does not drop to zero because 

of reflection from metal surfaces and subsequent absorption of scattered light. The scribed 

markings exhibit sharp photocurrent suppression, due to destruction of the front structure, 

including surface passivation and the emitter layer. Furthermore, it is also evident that the 

selective doped region adjacent to the fingers show lower currents. This observation aligns with 

previous reports that the laser-doped n++ region can introduce additional recombination losses 

[245][246].  

 

Figure 6-5 (a) Optical microscope image of PERC cell front with marks. (b) 405 nm LBIC map of 
same region, mapping step size: 2 μm, current level indicated by the colour bar. 

As further validation of the LBIC results, Figure 6-6 demonstrates (a) an electron image and 

(b) an EBIC map of front metal fingers. It can be confirmed in EBIC results that the n++ region, 

as marked by the span of the red line, is linked to current reduction. It is noted that EBIC offers 

higher spatial resolution inherent to the short electron beam wavelengths. 
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Figure 6-6 (a) SEM image of a front metal finger on a PERC cell. (b) EBIC image of the same region, 
electron beam energy at 10 kV 

The dual-wavelength laser source makes LBIC capable of probing at different depths. Figure 

6-7 (a) and (b) demonstrate images of PERC front metallisation with 405 nm injection and 

650 nm injection, with 1 μm scanning step size. A comparison between the two maps reveals 

the different contrast of the n++ region, with the current reduction being more pronounced in 

405 nm map than the 650 nm map, as expected because of the near-surface absorption for blue 

light. Figure 6-7 (c) and (d) show the line profiles spanning across the n++ region from the LBIC 

maps. From the profiles, the current reduction within n++ region (denoted as 𝐼஽ in Figure 6-7 

(c)) stands at approximately 9% relative to the free-surface maximum under 405 injection, and 

3% for 650 nm injection. Such a difference originates from the larger injection depth of 650 nm 

compared to 405 nm. It can be further interpreted that, under the assumption that losses are 

constrained within a surface n++ emitter layer, the doping damage approximately lies between 

the absorption lengths of two lasers from 0.13 μm to 3.56 μm (silicon absorption lengths from 

[247]). The finding is consistent with the shallow nature of the structural damage from laser 

doping as reported in the literature [246]. 
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Figure 6-7 (a) 405 nm LBIC map of PERC front metallisation. (b) 650 nm map from the same sample. 
(c)&(d) Current line profiles from LBIC maps (a) and (b) respectively. 

Since the optical unit has a focus spot diameter as low as 250 nm, the LBIC setup is capable of 

mapping at submicron spatial resolutions. Figure 6-8 (a) demonstrates the highest-resolution 

405 nm laser map of the n++ region with a 200 nm scanning step size. The spotted texture 

reveals effects of the surface pyramid texture. To illustrate this, EBIC results are attached in 

Figure 6-8 (b), where reduced currents are extracted from the pyramid tips. This variation of 

current collection between pyramid bases and tips can be analogously found in the LBIC map 

in Figure 6-8 (a). Figure 6-8 (c) explains possible reasons for the current variation, including: 

(i) the laser processing during selective n++ doping can cause extensive heat damage to the tip 

and partial melting, which induces enhanced surface recombination losses [245]. (ii) The 

valley-shaped pyramid bases can reduce light escape by the multiple angled surfaces, which 

only becomes discernible with nanometre optical injection at comparable scales to the 

tomography structure. Since pyramidal tips in the LBIC map are as close as 500 nm apart, the 

feature provides direct evidence of the state-of-the-art LBIC spatial resolution. 
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Figure 6-8 (a) 405 nm LBIC map of n++ selective emitter region of PERC front, scanning step size 200 
nm (b) SEM and EBIC map of the n++ selective emitter region adjacent to a metal finger, electron 

beam energy at 7.5 kV. (c) possible reasons for reduced tip current collection 

 

6.4. Characterisation of perovskite solar devices 

LBIC is also implemented in the characterisation of high-efficiency perovskite solar cell 

samples. The encapsulated perovskites have a p-i-n structure shown in Figure 6-9. The structure 

includes (a) [4-(3,6-dimethyl-9H-carbazol-9-yl)butyl]phosphonic acid (Me-4PACz) serving as 

hole transport layer, (b) a perovskite absorber layer FA0.83Cs0.17Pb(BrxI1−x)3  with varied Br 

content, and (c) a bilayer of [6,6]-phenyl-C61-butyric acid methyl ester (PCBM) and 

Bathocuproine (BCP) serving as the electron transport layer (ETL). The layers are fabricated 

via solution processing in sequence on an ITO-coated glass substrate, shown as the bottom of 

Figure 6-9, which is now the side for laser illumination. Because the optical length in the 1.2 

mm thick glass layer is larger than the working distance of 405 nm laser, only 650 nm red layer 
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can reach focus through the glass. EBIC measurements are not viable on the sample because 

of the encapsulated absorber layer and the sensitivity of perovskite materials to electron beam 

damage [248], [249].  

 

 

Figure 6-9 p-i-n perovskite structure with LBIC injection direction. Injection comes from the glass 
side.  

Here, LBIC is used to spatially resolve a phase segregation phenomenon in perovskite samples. 

It is well-documented that an increase of Br/I ratio widens the material bandgap [250] making 

it ideal for bandgap tuning. However, the mixed I-Br perovskites undergo injection-induced 

halide segregation, leading to the formation of I-rich and Br-rich domains and cell performance 

degradation. The loss in current has been attributed to increased recombination in the relatively 

emissive segregated I-rich domains [251], [252].  

Figure 6-10 illustrates 650 nm (1.70 eV photon energy) LBIC maps from two device 

compositions FA0.83Cs0.17Pb(BrxI1−x)3 with Br content at x=10% and x=30%. During LBIC 

measurements, injection-induced phase segregation is expected to have reached saturation due 

to the high local carrier injection intensity and the relatively long injection time (> 0.3 second) 

at each scanning step, which corresponds to the scanning speed limit. The saturation of any 

injection-related changes is supported by the observation that repeated LBIC scans yield 

consistent results same as the initial scan. A comparison between Figure 6-10 (a) and (b) reveals 

that the Br-rich device exhibits larger spatial current collection variation amplitude and an 

interconnected low-current phase. The <50% photocurrent yield from the secondary phase can 

be attributed to a combination of (a) low red response from a wide-bandgap Br-rich phase (650 

nm wavelength corresponds to 1.70 eV photon energy) and (b) additional carrier recombination 
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losses in segregated domains. The gradual boundary between domains indicates that phase 

separation likely results in a continuum of composition transition over the micrometre scale. 

Table 6-2 shows the bandgaps and device properties measured prior to LBIC tests. The changes 

in Voc and Jsc associated with different bandgaps follow the thermodynamic limit predictions 

[253]. The further reduced fill factor in the 30% Br is likely reflective of the additional carrier 

losses associated with enhanced phase segregation as revealed by LBIC. It is noteworthy that 

such direction LBIC observations of phase-segregated domains in mixed halide devices present 

the first report of its kind. 

 

Figure 6-10 LBIC maps of FA0.83Cs0.17Pb(BrxI1−x)3 perovskite solar cells with Br content: (a) x=10% 
(b) x=30%. 

Table 6-2 Perovskite cell properties of 10% Br and 30% Br halide compositions, measured by 
collaborators right after fabrication prior to LBIC scanning. The Voc and Jsc changes associated with 

different bandgaps follows the thermodynamic SQ limit. 

Br Content Bandgap (eV)  Voc (V) Jsc (mA/cm2) FF PCE (%) 

10% 1.61 1.14 21.0 0.818 19.7 

30% 1.72 1.21 18.4 0.797 17.8 

 

A high-resolution LBIC scan on a separate FA0.83Cs0.17Pb(Br0.4I0.6)3 device further reveals 

distinctive current variation induced by surface topography. Figure 6-11 illustrates the 0.5 µm 

step size scan with 650 nm injection. The current colour scale is constrained within a 0.6-1.0 

relative range to enlarge contrasts for better visualisation. Micrometre scale waviness can be 

found in the high-current region, presenting a feature comparable to the high-resolution silicon 

results in Figure 6-8, which can be attributed to the surface topography. It supports a wrinkling 
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perovskite surface induced by the thermal strain during film processing, as also reported in 

[236], [254]. The surface topography was previously only visible on exposed surfaces via 

electron microscopy, which highlights the unique potential that the new sub-micron LBIC 

measurements of this work provide.   

 

Figure 6-11 high-resolution LBIC map of a FA0.83Cs0.17Pb(Br0.4I0.6)3 sampling. Wrinkling feature 
induced by surface topography. 

6.5. Discussion and summary  

The high-resolution capability of the LBIC system developed in this chapter has been utilised 

to reveal the impact of surface morphology on carrier collection in both silicon and perovskite 

solar cells. Such an observation has rarely been reported in the literature except for [224], since 

it can only be resolved with a nanoscale laser beam waist size and high beam divergence. It is 

acknowledged that the effect of surface morphology on the LBIC signal can originate from 

both optical and electrical mechanisms. This implies that the local surface features not only 

affect light coupling efficiency but can also induce changes in the collection of generated 

carriers via variation in surface doping for silicon cells or the perovskite-HTL interface for 

perovskite cells. For the improved interpretation of the LBIC results, optical modelling 

detailing the interaction between the laser beam and the surface geometry can be pursued to 

evaluate the optical effect at nanoscale, which will allow separation of the optical mechanism. 

This future work direction will require substantial modelling efforts following different optical 

methods, such as raytracing for silicon and the transfer matrix method for thin-film perovskites. 

In addition to high spatial resolution, dual-wavelength LBIC mapping enables probing of 

depth-dependent current collection in the silicon structure. An estimate of the surface current 
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loss layer thickness is made in section 6.3 by exploiting the difference in penetration depths of 

the two wavelengths. However, such an estimation simply assumes constant collection 

efficiency within both the defective surface layer and bulk, which is inaccurate for a detailed 

assessment of carrier loss mechanisms. As established in prior EBIC studies [255], [256] a 

comprehensive interpretation of spatially resolved current signal requires a two-step modelling 

framework, which involves building a spatial generation profile (the optical step) and a current 

collection function near the defect (electrical step). The LBIC datasets obtained using this 

system offer a promising foundation for future modelling-assisted analysis, enabling deeper 

investigation into carrier recombination and transport mechanisms in advanced solar structures.  

Furthermore, the demonstrated sensitivity of LBIC to detect phase segregation in perovskites 

highlights its applicability to emerging solar cell architectures. The system can be further 

expanded to meet unique characterisation requirements of perovskite and perovskite-silicon 

tandem devices, in ways including: (a) imaging through encapsulation layers via adaptation to 

the laser optics, and (b) implementing time-resolved LBIC using laser frequency modulation 

and high-speed current detection, which would be particularly valuable for monitoring transient 

processes such as ion migration in perovskites. 

In summary, a robust LBIC system has been developed by adapting the precision focusing 

optics of a laser pick-up unit. Its performance has been carefully benchmarked against both 

optical imaging and EBIC, demonstrating consistent and reliable current mapping. The 

cooperation between the optical focusing and mechanical scanning enables precise mapping at 

varying length scales. The sub-micron spatial resolution, which correlates to laser wavelength, 

approaches the physical diffraction limit. The system is used to resolve the current collection 

effect of nanoscale surface morphology in both silicon and perovskite solar cells. The dual-

wavelength mapping further offers insights into current losses in surface layers by leveraging 

wavelength-dependent absorption. The resolution capability, versatility and reliability of the 

developed system establish it as a powerful, low-cost, low-preparation optoelectrical 

characterisation route. The system offers a versatile, low-cost, and low sample preparation 

optoelectronic characterisation platform that complements existing techniques, particularly for 

sensitive devices where electron-beam methods like EBIC are unsuitable. The LBIC results 

shed insights into carrier losses in the laser-doping layer in the silicon device and halide 

segregated phases in the spatially non-uniform perovskite device. Looking forward, the LBIC 

system opens promising avenues for experimental design and data analysis, with the potential 
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to advance the understanding of carrier recombination and transport phenomena at the sub-

micron scale. 
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7. Conclusions and future work 
This thesis contributes to the understanding of performance-limiting mechanisms in TOPCon 

structures through a variety of approaches covering photoluminescence imaging, laser mapping, 

electrical testing, microstructural analysis, and chemical profiling. The development of novel 

characterisation methodologies, involving PL periodicity analysis and high-resolution LBIC, 

offers valuable tools for both research and industrial application. The findings also point to 

future directions in contact optimisation and hydrogen passivation strategies. The key findings 

and contributions of this work are summarised as follows: 

a) PL spatial periodicity analysis for contact recombination assessment  

Photoluminescence (PL) imaging of grid-metallised industrial TOPCon cells reveals a periodic 

spatial signal arising from contact recombination. The spatial periodicity is analysed via a 

Fourier transform-based method to extract the contrast amplitude. Device-specific numerical 

simulations confirms that this amplitude of periodic contract correlates strongly with the 

contact recombination current, 𝐽଴,௖ . This approach enables the extraction of 𝐽଴,௖  values for 

comparison across different metallisation schemes.  

The independently developed data analysis framework, aided by physical device simulation, 

provides offers a new approach to interpreting PL imaging data by linking spatial features 

collectively with the underlying recombination mechanism. Its application has revealed 

limitations in scenarios involving poorly passivated surfaces, where elevated image noise 

hinders signal extraction. Nevertheless, given the widespread adoption of PL imaging in both 

research and industrial settings, this method shows strong potential as a fast test route tool for 

grid-metallised structures, broadening the utility of PL imaging in recombination assessments.  

b) Electrical and microstructural characterisation of TOPCon contacts 

The contact recombination and resistance of TOPCon structures have been evaluated using a 

combination of both the new PL methodology and standard contact testing techniques. FIB 

slicing and EDX mapping of contact cross-sections provide microstructure evidence of 

performance changes. It has been found that incorporation of an ultra-thin AlOx beneath the 

surface nitride significantly reduces surface and contact recombination via preserving integrity 

of the passivation layers from firing damage. The glass content in the metallisation paste 

influences formed glass interfacial layer thickness and uniformity, with a thin and continuous 

glass layer being ideal for reducing both contact recombination and resistance. Thinner 

polysilicon layers are shown to be more vulnerable to firing-induced degradation, resulting in 
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increased recombination. The microstructural studies reveal a favourable contact structure 

feature well-dispersed Ag colloids for conduction and minimal nitride opening to preserve 

passivation. The results also suggest the high variability of the contact microstructure in 

industrial samples sensitive to firing, highlighting the need for processing tuning during 

TOPCon contact formation. Such findings offer valuable guidance for TOPCon structural 

adaptation in further optimising the contact performances.  

c) ToF-ERD analysis of a TOPCon structure 

Detecting hydrogen within the TOPCon structure is critical for understanding hydrogen 

passivation. Significant challenges exist following traditional chemical analysis routes because 

of environmental contamination and signal ambiguity. My project tackles the issues by 

implementing ToF-ERD characterisation on a partially deuterated sample. Due to its atomic 

recoil-based mechanism, ToF-ERD provides clear separation of 1H and 2H signals, allowing 

for unambiguous identification of deuterium incorporation. The ERD profiles reveal 

inaccuracies in conventional SIMS profiling caused by the changing matrix effect in SIMS. 

Although ToF-ERD can resolve near-surface layers, its depth resolution deteriorates, 

preventing clear depiction of buried oxide interface composition. The depth uncertainty is 

shown to relate to both ion energy dispersion and errors in energy-depth conversion. ERD alone 

is hence likely not sufficient in profiling 2H at the buried interfacial oxide without sample 

structure change. highlighting the need for complementary nanoscale chemical analysis. 

d) APT analysis of the TOPCon structure 

As the continuation on hydrogen analysis of TOPCon structure, I employed APT in 

quantification of hydrogen distribution before and after hydrogen annealing. The near-atomic 

resolution in APT 3D reconstruction enables clear depiction of the layered structure. Chemical 

depth profiling using APT results show sharp composition transition at interfaces, in contrast 

to long artefact tails in SIMS. It is also revealed that phosphorous dopants segregate towards 

the interfacial oxide but does not diffuse through. Variation in oxide thickness among APT 

specimen sites points to a spatial non-uniform oxide.  

The interpretation of detected hydrogen contents is taken with extra caution due to the ambient 

H background and mass overlaps. Mass overlap solving following method in [215] reduces the 

signal ambiguity and produces an estimated range for 2H profiling. APT conditions of higher 

evaporation fields and lower laser energies are shown to benefit 2H quantification. APT results 

show a 25% increase in H accumulation at the oxide interface after annealing, while significant 
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uncertainty remains associated with the low accumulation level. This suggests a correlation 

between interfacial oxide hydrogenation and TOPCon passivation enhancement. The work 

paves the way of H analysis in nanolayer surface passivation structure. The APT results also 

illustrate the source of uncertainty in quantitively H analysis and the necessity of reporting it.  

e) High-resolution LBIC characterisation of solar devices 

An independently built LBIC system, based on a laser pick-up unit, demonstrates sub-micron 

spatial resolution. Its application reveals current losses in (a) a shallow laser-damaged layer in 

a PERC silicon cell, and (b) halide-segregated phases in a mixed-halide perovskite device. 

High magnification LBIC maps reveal surface texture in both silicon and perovskite cells, 

suggesting both optical and electrical influences of surface morphology. The LBIC results 

demonstrate both versatility and details with promising applications across solar devices. 

In summary, this thesis expands experimental methodologies and data analysis techniques for 

evaluating residual energy losses in solar devices, offering practical pathways for broader 

implementations. The work, with a particular focus on the important TOPCon structure, 

deepens the understanding of contact behaviour and interface passivation, both critical in 

further advancing device performances. The knowledge from the work provides actionable 

guidance for targeted optimisation of contact architectures and passivation strategies, and 

establishes a strong foundation for future studies in advanced optoelectronic characterisation 

and solar cell interface engineering. 

 

Future work 

A variety of new studies can be proposed following the findings in the work, on the following 

topics: 

a) Expansion of the Fourier analysis-based PL method 

This study demonstrated that metal contact signal extraction from PL images using Fourier 

analysis is hindered by high image noise, particularly from high recombination surfaces. To 

enhance the applicability and accuracy of this method, further noise suppression is needed via 

both PL experimental condition optimisation and post-processing techniques. A key limitation 

factor reducing the signal contrast is the optical blurring, which can be further modelled in the 

simulation framework to account for its effects. Owing to the periodicity-based approach, the 

method can be applied in a wide range of grid metallisation structures A promising avenue is 
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the extension to finished cells with double-sided contacts with different finger pitches at front 

and rear. 

c) Further contact microstructure examination with EBIC  

Microstructural examination of the contract interface reveals key features underlying contact 

performance changes. Such relationships are usually very generic. The SEM based EBIC 

characterisation can potentially reveal the electrical impact of the important contact feature 

including nitride damages and Ag colloids in glass, which could elucidate the understanding of 

carrier recombination and transport in fire-through contact structures. 

d) Combined ERD and APT Investigations of Hydrogen Distribution 

It is shown that ERD experimental results suffer from degradation in depth resolution.  Future 

studies may benefit from using shallower, flatter sample architectures to enhance ERD 

profiling resolution. The unambiguous 2H signal provided by ERD, if improved in spatial 

resolution, can be used in calibration of APT data to help reducing its detection uncertainty and 

increasing H analysis accuracy. The demonstrated ERD and APT routes can be extended to 

study hydrogen dynamics in other passivation schemes, although the experimentation and data 

analysis takes a significant amount of time. 

e) Improvement of LBIC data interpretation and extending LBIC applications 

The development of modelling frameworks that detail LBIC optical generation and carrier 

collection processes is a key direction for enhancing the interpretation of current LBIC data, 

which is particularly useful for assessing local carrier recombination mechanisms. Additionally, 

the application of LBIC can be further extended to perovskite and tandem solar cells, where 

spatial non-uniformities across multiple length scales and their effects on carrier collection are 

still to be understood. 
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9. Appendices 

Appendix A. Photoluminescence Imaging 

Photoluminescence (PL) imaging is a versatile, fast and non-destructive technique for 

characterising semiconductor and solar devices. Photoluminescence is initiated by illuminating 

the silicon sample with typically a red or near-infrared light source, during which charge 

carriers are generated within the wafer. These carriers go through radiative recombination (see 

1.3.2) to emit photons with representative energies of the material’s band structure. This 

photoluminescence response can be utilised in a time-resolved transient excitation mode [257] 

or steady state excitation mode [25]. The photoluminescence imaging technique used in this 

study operates under the steady-state condition.  

PL imaging tools capture the spatial distribution of the emitted photons to create a 

photoluminescence image, using an infrared-sensitive CCD camera for the silicon bandgap. 

The PL image detected contains information about the spatial distribution of the emission as 

well as other optical factors. An example PL model interpretation by Fell et.al. gives the 

detected luminescence map by integrating elements over sample depths of the wafer as follows 

[140]: 

Where the PL map at location 𝑥, 𝑦 is related to the integral of a product between three functions 

over the wavelength and depth range: the emission rate 𝑟௦௣, an optical escape function 𝑓௘௦௖ and 

the detector sensitivity 𝑓ௗ௘௖. The escape function 𝑓௘௦௖ describes the probability of an emitted 

photon leaving the sample. The detector sensitivity 𝑓ௗ௘௖ describes the wavelength dependent 

photon collection efficiency by the imaging sensor. Since wavelength selective filtering is 

typically used before the camera, eq. 9-1 only account for photon luminance between a 𝜆ଵ to 

𝜆ଶ wavelength range. Such windowed wavelength filtering is implemented to zoom into silicon 

emission and reduce optical blurring effects across wide wavelength ranges. 

The most important factor, the rate of emission 𝑟௦௣ from band-to-band transition can be futher 

given by a generalized form of Planck’s law of radiation [258], [259], [260] : 

 𝑃𝐿(𝑥, 𝑦) = න න 𝑟௦௣(𝑥, 𝑦, 𝑧, 𝜆)
ఒమ

ఒభ

𝑓௘௦௖(𝑥, 𝑦, 𝑧, 𝛼)𝑓ௗ௘௖(𝜆, 𝛼)𝑑𝜆𝑑𝑧
ௐ

଴

 9-1 
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Where 𝑑𝑟௦௣ is the emission rate per wavelength interval 𝑑𝜆, and 𝛼(𝜆) is absorption coefficient 

of silicon. Function 𝑃(𝜆) is the plank photon spectrum density at wavelength 𝜆, described in 

an extension of Plank’s law [259]. The last exponential term describes the separation of local 

carrier quasi-Fermi energies 𝜙௡ − 𝜙௣. This term is also proportional to the local product of 

excess carriers, which gives PL a link to the carrier dynamics.  

As described in the above eq. 9-2, the detected photon luminance in PL maps can be used after 

calibration to indicate the spatial excess carrier densities. This enables PL to be used both as a 

qualitative diagnostic method and a quantitative tool for solar cell characterisation. Fast PL 

images can be conveniently used to mark high recombination locations, which appear as lower 

luminescence zones [261]. Local variations in PL signal can reveal differences in spatial 

minority lifetimes [262], [263]. enabling researchers to map electrically active defects or 

impurity distributions within silicon wafers[264], [265]. 

It is also noteworthy from the equation 9-2 that the spatial luminance reflects the integration of 

spatial carrier recombination over the depth. The excess carrier depth profile is assumed to be 

uniform in most studies in PL analysis, allowing carrier diffusion to happen only laterally. 

While this assumption is reasonable for symmetrical, high lifetime samples where excess 

carrier densities are homogenised over the depth, it can introduce inaccuracies in PL analysis 

of depth-sensitive recombination processes, including metal contact recombination [131], 

[132], [266], [267].  Numerical device simulation [140], [266], [268] can be used to evaluate 

the effect of vertical carrier distribution on PL outputs, thereby facilitating quantitative 

precision in parameter extraction using PL. 

Appendix B. Secondary Ion Mass Spectrometry  

Secondary ion mass spectrometry (SIMS) is a versatile chemical analysis technique widely 

used in electronics and semiconductor materials [269], [270]. Its operation relies on 

bombarding the sample surface under high vacuum with a primary ion beam at energies in keV 

range [181], [183], [184]. Figure 9-1 from [182] shows the surface bombardment by the 

primary beam, which causes a short-lived collision cascade locally in the materials matrix. This 

causes the ejection of atoms and molecules from the top layers in a process known as sputtering. 

A fraction of sputtered species becomes ionised and is detected as secondary ions in SIMS. 

 𝑑𝑟௦௣ = 𝛼(𝜆)𝑃(𝜆)𝑒𝑥𝑝 ൬
𝜙௡ − 𝜙௣

𝑘𝑇
൰ 𝑑𝜆 9-2 
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These secondary ions from the top few atomic surface layers convey chemical information of 

the surface composition. By dynamically removing surface material, SIMS provides chemical 

depth profiles. Some SIMS setups enable further areal surface scanning with the focused 

primary beam, facilitating 3D sample analysis. The secondary ions are differentiated by mass 

and counted using a mass spectrometer. Multiple mass analyser setups exist, offering choices 

between detection precision and speed. These include the quadruple mass filter at high 

acquisition rate end and time-of-flight detector for high mass solution [181].     

 

 

Figure 9-1 Surface bombardment process in SIMS. The energetic primary ion causes a collision 
cascade in the matrix before implantation. Secondary ion signals are generated for analysis. Figure 

from [182] 

SIMS measurement results are influenced by the choices of the primary ion source and energy. 

A Cs+ ion source is commonly equipped in SIMS as the standard because of known 

enhancements of secondary ion yields for electronegative elements, while an oxygen ion source 

is used for electropositive elements. The energy dissipation during the implantation of the 

primary ion source causes atomic mixing in the matrix, the scale of which is the limiting factor 

of SIMS depth resolution. Physical models have been developed to study the process of local 

rearrangement of atoms and energy deposition in the material matrix [271].  

An ultra-high vacuum (<10-8 mbar) is necessary in the SIMS analysis chamber to reduce the 

surface condensation of atmospheric contamination. Trace amounts of residuals such as water 

or hydrocarbons, can remain under SIMS conditions. These gases can adsorb and ionise, 

leading to ‘false’ signals, e.g. OH- or CN-
 peaks. Contaminants can also form complex ions 

with sample species, e.g. SiH+. This effectively obfuscates the detection of C, O, H from sample 
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at lower levels. Among them the most impacted is the detection limit of hydrogen because of 

the high hydrogen remanence level [188], [189].   

Appendix C. Atom probe tomography 

I. Working principles 

Atom probe tomography (APT) is a high-resolution analytical technique used to determine the 

three-dimensional elemental composition of materials at the near-atomic scale [206]. Figure 

9-2 describes the key components of an APT microscope. It combines the field evaporation 

process, time-of-flight mass spectrometry, and position-sensitive detection to identify and map 

individual atoms within a tiny specimen needle. The name atom probe tomography perhaps 

covers less of its mechanism than the name of its predecessor field ion microscopy (FIM). In 

APT (as well as FIM) a high electrostatic field is applied to a needle-shaped specimen, initiating 

two processes: (a) field ionisation, where the surface atoms lose electrons to become ions, and 

(b) field evaporation, where atoms and ions desorb from the surface. The evaporated species 

go through flights following the defined electrostatic field lines until they reach an imaging 

detector. The time between the evaporation and detection is recorded by a time-of-flight 

spectrometer, which provides information about the mass-to-charge of the ion in flight. The 

final position-sensitive detector is commonly a microchannel plate with a delay-line system for 

reading out the two coordinates of detection events (also known as hits). This further allows 

3D sample tomographic information to be obtained.  

 

Figure 9-2 Schematic of components of an APT instrument, showing the sample under field 
evaporation, the time-of-flight spectrometer, and the position-sensitive detector. 
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A high surface field is required for the field evaporation process. This is aided by using a sharp 

needle-shaped specimen geometry with a tip radius below 100 nm. The electric field at the tip 

is inversely proportional to the tip radius following [207]: 

Where 𝐸 is the electric field at the tip. V is the electrostatic potential voltage of the needle. 𝑅 

is the radius of curvature at the tip and 𝑘ி is an additional field factor. 

Field evaporation kinetics can be treated as a thermally activated process with an energy barrier. 

The surface electric field applied is linked to the lowering of the energy barrier, and thus 

enhancement of the evaporation rate [207], [272], [273]. The evaporation rate is described by 

the following equation: 

Where the evaporation rate per area 𝑅 is related to an energy barrier 𝐸௕, a function of surface 

electric field 𝐸, as well as temperature 𝑇. In addition to those, 𝑅଴ is an Arrhenius factor. 𝑘 is 

the Boltzmann constant. 

Evaporation in pauses is used in APT operations to allow sequential signal measurements in 

short time windows. The evaporation pulses can either be triggered by a high voltage (related 

to field 𝐸) or triggered by laser thermal energy (related to tip temperature 𝑇), meaning APT 

can operate under either voltage mode of laser mode. Figure 9-3 explains the two schemes to 

of increasing evaporation rates. The blue region blue correspond to enhanced evaporation 

scenarios compared to the grey region 𝜙ଶ >  𝜙ଵ , on a field-temperature plot. During 

experiments, specimens are held at a base temperature 𝑇௕௔௦௘ and a DC voltage 𝐹஽஼ represented 

by the green dot. To get to the desired high evaporation rates where ions can be adequately 

detected, either one of the voltage or laser pulsing can be used, which is represented by moving 

up or right on this plot. The choice between voltage or laser pulsing largely depends on material 

properties, meaning metallic specimen can benefit from field-assisted evaporation in voltage 

mode, while semicondutor are more sensitive to thermal pulses in laser mode. A 10-25% 

overhead voltage lasting nanoseconds [274] is typically used in voltage mode. Laser mode 

relies on a typically UV picosecond laser source, focused on the specimen tip, to cause 

temperature pulses [275], [276], [277].  

 𝐸 =
𝑉

𝑘ி𝑅
 9-3 

 𝑅(𝐸, 𝑇) = 𝑅଴exp (−
𝐸௕(𝐸)

𝑘𝑇
) 9-4 
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Figure 9-3 An electric field – temperature plot showing field pulsing and thermal pulsing conditions 
of APT field evaporation [206] 

Following pulsed field evaporation, ionic species from the specimen enter the flight region of 

the time-of-flight spectrometer in short bursts at a selected frequency. An additional ion 

reflectron [278], which is an electrostatic mirror, can be used in some devices to extend ion 

trajectories, allowing longer flight times. The time between the beginning and end of the flight 

is recorded for chemical identification since they are related to the ion mass-to-charge ratio 

following the simple field acceleration relation: 

Where 𝑚/𝑞 is mass divided by charge, 𝑈 is the electrostatic potential drop between the end 

and the beginning of the flight. 𝑇௧௢௙ is the time of flight and 𝐿 is the length of the flight.  

The recorded time-of-flights can hence be converted to a spectrum of detected mass-to-charges. 

This mass spectrum is the initial representation of APT data. It enables a ranging process to 

assign mass signals to specific monoatomic or polyatomic chemical species. Further discussion 

on mass-spectrum analysis is found in IV. 

As a high spatial resolution microscopy technique, APT is also capable of recording sample 

structural information aided by a combination of the position-sensitive detection and 3D 

reconstruction protocols. Charged ions are projected nearly radially following the initial 

electric field lines to provide magnification in the range of 106. Their trajectories are then 

 
𝑚

𝑞
= 2𝑈 ൬

𝑇௧௢௙

𝐿
൰

ଶ

 9-5 
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confined to go through the counter-electrode to be finally projected onto a position-sensitive 

detector. An ion hit causes electron pulse signals along two orthogonal dimensions on the 

microchannel plate, where along each dimension the arrival time of the electron pulse on both 

ends is recorded and the difference calculated to locate the impact position. A 3D sub-

nanometre scale image of the origin evaporated specimen can thus be reconstructed using a 

backwards projection protocol. Figure 9-4 shows one example algorithm of this backwards 

projection process. Assumptions here include a hemispherical tip with a constant evolution of 

radius 𝑅 along the needle shank.   

 

Figure 9-4 Schematic of the back-projection process to trace a detected event back to its origin in the 
specimen, figure from [279] 

Following this geometry, the x-y original position of an ion on the spherical surface is given 

by: 

Where 𝑥, 𝑦 are the coordinates of origin and 𝑋஽ , 𝑌஽ are the hit coordinates, 𝐿 is the distance 

between needle and doctor, 𝑅 is the radius of curvature of the tip and 𝜉 is a compression factor 

for projection. 

After the 𝑥, 𝑦 position, the depth coordinate 𝑧௜ of the ion detected with pulse sequence number 

𝑖 can be obtained by: 

 𝑥 =
𝜉𝑅

𝐿
 𝑋஽ 9-6 

 𝑦 =
𝜉𝑅

𝐿
 𝑌஽ 9-7 
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Where 𝛴𝛿𝑧 is the cumulative depth increase over time, and the 𝑅௜ is the instantaneous radius. 

Such a depth calculation method accounts for the sequences in time of ion arrival, meaning that 

later hits relate to higher depths. The above equations present a simplistic and fit-to-all 

tomographic reconstruction protocol, while commercial APT instrumentation offers a variety 

of reconstruction algorithms to reduce spatial distortions, aided by specimen-specific 

calibration [280].   

As such, 3D maps of individual atoms can be reconstructed by the information registered in 

APT measurements, allowing visualisation of both specimen structure and composition. 

II. Sample preparation procedure 

APT sample preparation typically involves either (a) electropolishing, suitable for metals, or 

(b) focused ion beam (FIB) milling, which accommodates a broader range of materials, 

including silicon-based solar structures investigated in this thesis [281]. FIB can both remove 

and deposit small volumes of material, providing key functionality in the fabrication of APT 

samples. This section describes the APT sample preparation route using Zeiss Nvision 40 

FIB/SEM instrument at David Cockayne Centre for Electron Microscopy. The operating 

principles of FIB [282], [283], [284] are widely of SEM [285], [286] known and hence not 

included in this thesis. The FIB milling sample preparation route includes extracting a small 

volume of interest, moving it onto an ex-situ APT sample holder, and fabricating a sharp needle 

tip.  The conditions used in such a procedure, however, is highly material and specimen-specific, 

which requires precise adjustment of parameters during operation. The following process is 

practised and refined by the author, while following the development and optimisation works 

of C. Lotharukpong [287], D, Tweddle [288], and MS Meier [289]. This route is specifically 

designed for preparing a Si-based buried interface specimen. It can also be a reference to a 

wider range of semiconductor material preparations.  

Protective Cap Deposition 

Once the sample was loaded into the SEM-FIB dual-beam system, a working site with a clear 

surface was first selected, ensuring that the volume of interest lay just beneath that surface. 

This site was positioned at the coincident point of the two beams for alignment of views. A 

dense tungsten capping layer >200 nm was deposited then to protect the sample surface from 

 𝑧௜ = 𝛴𝛿𝑧 + 𝑅௜ ቌ1 − ඨ
𝑥ଶ + 𝑦ଶ

𝑅௜
ଶ ቍ 9-8 
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ion beam damage. This was accomplished by concurrently scanning the ion beam and 

introducing a tungsten precursor gas through a nearby injection nozzle. The gallium FIB beam 

was operated at 30 kV, 150 pA with a pixel fill factor of 70% for the W deposition. The capping 

layer covered a 40 μm *5 μm rectangular region, aligning with the ROI of the lift-out bar in 

the following steps. 

 

Figure 9-5 (a) SEM side view of the working site for trenching and undercutting. The cantilever to be 
lift-out is hanging in the middle. The red rectangle indicates the protected surface by a capping W 
layer. (b) The cut-out bar (was then the cantilever) attached to a micro-manipulator. The left end of 

the bar is cut free. The bar is being extracted by pulling the micro-manipulator out. 

Cantilever Production 

After the deposition of the capping layer, deep trenches were milled along both long sides and 

one short side of the rectangular region via the FIB sputtering removal of the substrate. These 

trenches exceeded 10ௗµm in depth and spanned a width of at least 20ௗµm from the capped region. 

With the sample tilted, further undercuts were made to free the bottom side of the resulting 

cantilever. A 30ௗkV FIB beam at 6.5ௗnA was employed for large-volume material removal 

during trenching, while a lower current of 1.5ௗnA was used for the finer undercutting to 

minimise damage at the cantilever’s bottom edge. Figure 9-5 (a) illustrates the outcome after 

this step, showing a cantilever connected to the substrate at only one end and free on all other 

sides. Sufficient clearance (>5ௗµm) was maintained between the cantilever and its sidewalls, 

which is an essential consideration for the subsequent lift-out process. 

Lift-out and mounting 

In this lift-out step, the cantilever was cut free and transferred onto designated posts for holding 

further fabricated APT needles. A micro-manipulator was first brought in to contact the free 

end of the cantilever. The free end was welded to the manipulator tip with W deposition, after 



 155 
 

which the fixed end of the cantilever was then cut free with a FIB current of 30 kV 1.5 nA. 

Figure 9-5 (b) shows a freed cantilever (now called a lift-out bar) end-on attached to the micro-

manipulator while it was being evacuated.  

After the extraction, small sections of the lift-out bar were transferred onto individual APT 

posts. Figure 9-6 (a) gives a top view of the lift-out bar with the first ~3 μm section cut off and 

mounted. This cutting was done with a FIB current of 30 kV 700 nA. Figure 9-6 (b) shows the 

side view of a mounted section attached to a cone-shaped post at the bottom. W weld was 

applied from both the left and right sides of the post in Figure 9-6 (b) for enforcement using 

consistent deposition conditions.  

 

Figure 9-6 (a) Top view of a small section of the lift-out bar mounted on the APT needle post. (b) side 
view of a section of the lift-out bar welded to the post with W. The circular marks indicate the 

direction and pattern of the annular milling. (c) Milled and polished needle ready for ATP tests. 

Annular Milling and needle polishing 

After all sections were mounted, each of them was shaped into one APT needle on one post. 

The needle shape formation was achieved by vertical FIB milling following an annular 

(doughnut) pattern. Initial shaping employed a milling condition at 30 kV 700 pA. Gradually 
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decreasing beam currents from at 300 pA, 150 pA, to 80 pA were used with a smaller ring 

diameter as the needle got sharper. This was done iteratively until the tip radius reached below 

100 nm. A subsequent low-energy FIB etching step at 2 kV, 300 pA helped to remove gallium 

implantation from earlier milling steps, while slightly sharpening the tip in this final polishing 

step. The last figure, Figure 9-6 (c) shows a completed needle ready for APT experiments. 

It is to be stressed again that special care was taken in this route to preserve the feature (e.g. 

interface, segregation sites) of interest within the first ~300 nm from the tip of the APT needle 

specimen. At the final stages of needle milling, the needle tip becomes electron transparent, 

meaning any features are effectively no longer visible. Hence, precise control and real-time 

adjustment as it goes are needed to limit milling damage. 

III. APT applications in silicon solar structures  

Atom probe tomography has been applied to chemical characterisation of silicon solar 

structures, topics including dopant distribution [290]Impurity segregation at grain boundaries 

[291], [292], [293], dislocations [292], and interfaces [204], [210]. Researchers often combine 

APT with structural characterisation techniques, such as TEM, to link crystallographic 

interface characters to the corresponding local chemical segregation [294], [295]. Additionally, 

electrical methods, including PL and EBIC, can be combined with APT to gain insights into 

how compositional variations affect defect electrical activity [293], [296]. Studies on GB in 

multi-Si have found that excess impurity decorations can either degrade or enhance local 

recombination behaviour, depending on the type and extent of segregation [293]. Such findings 

deepen our understanding of the interaction between defect structures and their chemistry, 

which informs strategies for defect engineering and interface designs.  

The 3D compositional APT data facilitate a quantitative comparison of an element’s 

accumulation (or deficit) at an interface, using the Gibbsian excess parameter [297]. 

Conceptually, the Gibbsian excess is a valuate of how much of an element is enriched (or 

depleted) at an interface relative to the bulk. Since it originates from charactering interface 

behaviours, the result is normalised by the interface area. A general form of the Gibbsian excess 

Γ  follows:  

 Γ =
ே(௖೔ି௖೔(ౘ౫ౢౡ))

ఎ஺
 9-9 
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Where 𝑁 is the total number of atoms in the 3D interface ROI. 𝑐௜ and 𝑐௜(௕௨௟௞) are percentage 

concentrations of elements at interface and bulk, respectively. 𝜂 is APT detection efficiency, 

and 𝐴 is the cross-sectional area of the interface ROI. This expression assumes constant atomic 

density in the bulk and interface ROI. Parameter Γ hence quantifies atomic decoration of 

interfaces. An example of the ROIs and the interface from this work is showing in the following 

Figure 9-7. 

 

Figure 9-7 Two regions of interest for Gibbsian interface excess calculation on an APT reconstruction 
map. The interface ROI contains the flat part of the interfacial oxide. Bulk ROI is of the same size and 

further into wafer depth. The yellow surface indicates the surface for determining the 2D interface 
area A. 

IV. Limitations  

Because APT combines processes including field evaporation, mass spectrometry, and 3D 

spatial reconstruction, several inherent limitations [206] are associated to APT including the 

following: 

Mass spectrum overlaps 

Overlaps on the APT mass spectra can cause ambiguity in quantitative chemical analysis. 

identification of chemical species in APT relies on matching peaks in the ionic mass-to-charge 

spectrum to known element or molecule masses. Figure 9-8 presents an example of an APT 

mass spectrum, where detected counts are allocated according to their mass-to-charge into a 
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histogram. Each peak corresponds to a particular concentration of sample-derived ions. 

However, due to multiple isotopic masses and possible molecular ion formation, different ion 

species, either monoatomic or molecular, can share the same mass-to-charge ratio, making their 

signals overlap. This effect is illustrated by the 29-30 Da group of peaks on Figure 9-8, which 

are each attributed to a collection of possible ions containing isotopic silicon and additional 

elements. Such overlays prevent the clear assignment of individual contributions, introducing 

uncertainty in chemical analysis. While statistical peak-deconvolution approaches [214], [215] 

help estimate contributions within these overlapping peaks, taking known isotopic abundances 

into account, their applicability can be limited by the number of potential ion components in 

the overlap.  

 

Figure 9-8 Example mass spectrum from a hydrogenated Si grain boundary ROI in a multicrystalline 
Si wafer.  figure from [213] 

Reconstruction Errors 

APT reconstruction is subject to aberrations from using simplified field and sample geometry 

assumptions for the complex field evaporation process. In multi-phase materials, different 

media evaporate at different rates or under different field conditions. Preferential evaporations 

of a phase component can cause local magnification effects, resulting in distortion of the 

reconstructed images [298]. Additional aberrations can be caused by surface movement of 

atoms prior to evaporation. These atoms with higher evaporation field requirements are 

reported to undergo a directional walk following field gradients over the surface [299], which 

also causes inaccurate position tracking of the final 3D reconstruction and artefacts in the 

interfacial composition. In addition, typical APT reconstruction protocols assume simplified 
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cone geometry for specimen shape evolution over time, which incurs atom position deviations 

in non-standard specimen shapes [300]. 

Low result yield 

APT experiments suffer from low successful result yields. APT needles made from a complex 

FIB route can suffer from premature fracture under high fields. Electrostatic field-induced 

fracture happens readily at mechanical weak points (interfaces or GBs) of the specimen. This 

results in extremely low turnout in imaging of delicate structural systems. Some preventive 

methods can help to increase sample strength and viability during APT, including switching to 

laser pulsing mode to reduce the field applied, and surface cleaning to remove surface layers 

with different evaporation conditions to the specimen [301]. 

Reported APT results are sometimes prone to low reproducibility because each analysis sample 

covers only a nanometre-scale volume. Low sample numbers reported in APT studies often 

limit the statistical representation of the complete region under investigation. Careful ROI 

targeting is usually implemented instead of many samples, which can further complicate data 

interpretation. 

Appendix D. Elastic recoil detection 

Elastic recoil detection (ERD) is an ion beam analysis technique to measure the chemical 

composition and depth profiles of thin film materials. Its fundamental principles lie in the 

elastic collision process between a high-energy incident ion and a sample atom [302]. Figure 

9-9 (a) depicts the process of the elastic collision that results in knocking out or ‘recoiling’ of 

a target atom. Kinetic energy is transferred from the incident ion to the recoiled target atom. 

Following conservation of momentum and energy, the energy of the recoiled atom right after 

the collision with reference to the incident ion is given by [194]: 

Where 𝐸௥ , 𝐸଴ are the respective kinetic energies of the incident and recoiled target atom, and 

𝑀௜ , 𝑚௥ are the respective masses. The angle 𝜃 is the scattering angle relative to the incident 

direction as indicated in Figure 9-9 (a).  

 𝐸௥ = ቆ
4𝑀௜𝑚௥𝑐𝑜𝑠ଶ𝜃

(𝑀௜ + 𝑚௥)ଶ ቇ 𝐸଴ 9-10 
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Figure 9-9 (a) Schematic of the kinematics of the elastic collision process. (b)Schematic of the ToF-
ERD setup, 𝛼, 𝛽 are incident and exit beam angles to the sample normal. 𝜃 is the scattering angle, 

figure courtesy of [303] 

The recoiled atoms from the sample are detected and analysed in ERD measurements. 

Conventional ERD uses solid-state energy detectors, while modern Time-of-flight ERD (ToF-

ERD) measures both ToF and energy for improved mass separation [195], [304]. The detection 

setup in a ToF-ERD is given in Figure 9-9. Recoiled atoms are analysed in two stages: (a) their 

velocity is determined by measuring the time-of-flight (ToF) between two timing foils, and (b) 

their energy is measured in a gas ionisation chamber (GIC) after passing through a silicon 

nitride window. As such, different elements can be separated along their distinct energy-ToF 

relations [305]. The depth information of sample atoms is interpreted by the energy loss during 

the incident and recoiling paths within the sample [193]. This means surface atoms exhibit the 

highest energy and lowest ToF. Quantification of the energy-depth relationship accounts for the 

‘stopping force’ of the sample material, which describes the level of energy attenuation in the 

thin-film layers.  

In comparison to SIMS, which uses an ion source at keV energy ranges, ToF-ERD employs a 

primary beam in the MeV range for effectively recoiling and operates at a near-glancing 

detection angle. On the other hand, the SIMS sputtering processing relies on high beam fluence, 

while ToF-ERD uses a low total incident fluence (<10¹² ions/cm²). This minimises the sample 

damage and avoids SIMS artefacts, such as ion beam mixing and continuous arrival of 

environmental contamination during sputtering. Because the collision process in ToF-ERD 

excels at detecting light elements, ToF-ERD is particularly suitable for profiling hydrogen 

[304], [306]. ToF-ERD can thus provide complementary information to SIMS in the 

distribution of light elements. A few reported studies have demonstrated ERD’s capability to 

measure sample H or D contents with either a He ion [197] or a N ion source [199].  
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Appendix E. Contact-related resistance measurements 

The contact-related resistances play a part in the total series resistance of a silicon solar cell. 

Figure 9-10 shows the components in the total cell series resistance, including three contact 

elements in a broader sense: resistance of the doped surface layer, resistance at the metal 

contact interface, and resistance within metal fingers. These resistances lead to a loss of current 

collection under cell operation and a reduction in fill factor, as introduced in the discussion of 

device characteristics in section 1.3.4.  

 

Figure 9-10 Components of the total solar cell series resistance, contact-related components include: 
sheet resistance R3 influencing lateral collection, contact interface resistance R4, and resistance on 

metal lines R5 , figure from [61] 

I. TLM Measurements 

A key metric in the characterisation of metal-semiconductor contacts is the contact resistivity, 

commonly measured using the transfer length method (TLM) [307], [308], [309]. As a 

resistance testing approach, TLM relies on voltage-current measurements across a defined 

current path. Figure 9-11 (a) illustrates the current path in a TLM measurement, where two 

main components of the total path resistance are shown: (a) contact resistance 𝑅௖ , and (b) 

semiconductor surface layer resistance 𝑅௦௘௠௜. The metal silicon contact in such measurements 

is assumed to be ohmic with quasi-linear IV characteristics and a defined 𝑅௖  value. This 

assumption is valid on the basis that (a) a low Schottky barrier height is present at the M-S 

junction and (b) a small voltage drop is present across the interface under testing conditions. 

The 𝑅௦௘௠௜ component accounts for the resistance of the conduction path in the semiconductor 

surface layer, which in the case of n-TOPCon test structure is the heavily doped n-type 

polysilicon layer. TLM measurements employ remote voltage sensing to minimise any voltage 

drops in electrical wires and connections. Multiple contact points are placed on the silver 

fingers, allowing the voltage drops on the fingers to be negligible in total 𝑅௧௢௧. 



 162 
 

 

 

Figure 9-11 (a) The current path and resistance components in TLM measurement (b) Linear fitting of 
TLM data, figure from [310] 

TLM measures the total resistance 𝑅௧௢௧  between two separate metal fingers with a parallel 

distance 𝐿,  as expressed by the following equation: 

Where the surface layer resistance 𝑅௦௘௠௜ is further expressed with a sheet resistance 𝑅௦ and the 

surface layer width 𝑊 and length 𝐿 (also the finger distance). By varying the finger distance 𝐿, 

the 𝑅௧௢௧ vs 𝐿 linear relationship can be fitted as illustrated in Figure 9-11 (b). The linear fitting 

yields the contact resistance as 2𝑅௖ from the y-intercept and the 𝑅𝑠/𝑊 from the slope.  

The contact resistivity 𝜌௖ , representing the contact resistance per unit area resistance is then 

determined from 𝑅஼ as: 

Where 𝐴 is the effective contact area, which can be smaller than the physical contact coverage 

due to the current crowding effect. The current crowding is a result of the difference in metal 

and semiconductor conductivity, which causes the diminishing of the horizontal current flow 

under the contacted surface. The characteristic length over which current laterally spreads in 

the semiconductor before entering the metal is known as the current transfer length, given by: 

 𝑅௧௢௧ = 𝑅௦௘௠௜ + 2𝑅஼ =
𝑅ௌ

𝑊
𝐿 + 2𝑅஼ 9-11 

 𝜌௖ =
𝑅஼

𝐴
 9-12 

 𝐿் = ඨ
𝜌௖

𝑅௦௛
 9-13 
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Where the transfer length 𝐿் is related to the ratio of contact resistivity 𝜌௖ and surface sheet 

resistance 𝑅௦௛. The TLM measurement, as the name indicates, takes into account the value 𝐿் 

in the determination of the effective contact area 𝐴. Depending on the estimated current transfer 

length, the contact area is either (a) the physical coverage when the current transfer length is 

longer than the contact width, or (b) a reduced area by substituting the contact width with 2𝐿் 

when the current transfer length is shorter than the contact width. This process of revising the 

contact area is essential in accurate calculation of the contact resistivity 𝜌௖. 

In practice, TLM measurements in this thesis are conducted with an in-house designed test 

station with four-point probes. The full wafer is cut into 25 mm × 35mm units with metal 

fingers running parallel to the 25 mm edge. This configuration enables a surface layer width 

W=25mm and finger distance L up to 35 mm. Example TLM data is shown in Figure 9-12. The 

assumptions in TLM measurements are satisfied by the measured industrial TOPCon samples, 

including a uniformly conductive semiconductor surface layer and ohmic metal-semiconductor 

(M-S) contacts. This is reflected by high linear correlation coefficients (mostly r> 0.9999) in 

linear fitting. 

 

Figure 9-12 Example results of TLM line fitting for 7 test units from same wafer. The associated table 
shows line fitting parameters.  
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II. Metal Finger Line resistivity measurements 

The resistance of metal fingers is characterised by the finger line resistivity as follows: 

Where the line resistivity 𝑟௟௜௡௘ is the finger resistance 𝑅௟௜௡௘ per unit length 𝐿. The measurement 

scheme is illustrated in Figure 9-13, which shows the total resistance between two points along 

a finger is given by: 

 

Figure 9-13 (a) The current path and resistance component in metal finger resistance (b) Linear 
fitting of metal line resistance 

Here, 𝑅௟௘௔ௗ௦ represents the extra resistance in electrical connections and wires, which must be 

considered in this case because its value is comparable to the metal finger resistance 𝑅௟௜௡௘.  

By taking measurements between points with varying distance 𝐿 along a finger, the relationship 

between 𝑅௧௢௧ and 𝐿 can be established and linearly fitted as illustrated in Figure 9-13. The y-

intercept of the fit yields 𝑅௟௘௔ௗ௦ and the slope provides the finger line resistivity 𝑟௟௜௡௘. 

In practice, an experimental setup with 8 measurement points spaced at 1 mm intervals was 

used. Figure 9-13 shows example results using the setup. It is further demonstrated in this figure 

that metal fingers from L1 to L8 exhibit differences in slopes, reflecting slight variations in 

their line resistivity 𝑟௟௜௡௘. 

 𝑟௟௜௡௘ =
𝑅௟௜௡௘

𝐿
 9-14 

 𝑅௧௢௧ = 𝑅௟௘௔ௗ + 𝑅௟௜௡௘ =  𝑅௟௘௔ௗ௦ +  𝑟௟௜௡௘ 𝐿 9-15 
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Appendix F. Atomic Force Microscope results  

The Atomic Force Microscope is a type of scanning probe microscopy for characterising 

surface morphology. AFT operates by raster-scanning a sharp tip mounted at the free end of a 

flexible cantilever beam. The tip, when brought to close proximity to the surface, interacts with 

surface atoms through short-range forces including van der Waals force, electrostatic force and 

chemical force. The cantilever deflects in the process, with the deflection measured with 

nanometre-scale precision using methods such as piezoresistive sensing or optical deflection 

measurements [311].  

The AFM operation modes have been developed to meet material and measurement needs. The 

cantilever operates in either a static mode, or in oscillation in both dynamic and tapping mode. 

The oscillation near the resonance frequency is sensitive to surface cyclic forces, allowing for 

surface examination. In tapping mode, the cantilever undergoes large-amplitude oscillations 

with intermittent contact with the surface, which is proven to be less damaging to the sample. 

Modern AFMs also incorporate frequency modulation or amplitude modulation techniques, 

providing enhanced surface sensitivity and material discrimination capabilities [312]. The 

output of an AFM scan is a high-resolution surface topography map with additional material 

contrasts.  

AFM is implemented in this study to measure the surface roughness at nanometre scale of a 

TOPCon wafer surface capped with silicon nitride. Figure 9-14 displays the AFM surface 

height map over a 40 µm × 40 µm area, revealing a 15.0 nm calculated root mean square 

roughness. Tapping mode was used due to its relaxation of surface conditions.  
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Figure 9-14 AFM surface tomography map of sample z-axis height over a 40 µm × 40 µm area. 
Measurement was performed on a CoreAFM (Nanosurf) with 500 scanning points per line. A 

Tap190Al-G cantilever tip was used. 

Appendix G. Photoconductance decay measurement 

Photoconductance decay (PCD) is a contactless electrical measurement to determine the wafer 

effective lifetime. The PCD method uses pulsed illumination for carrier generation and 

measures the decay of photoconductance as the carriers recombine. The wafer conductance is 

typically measured via inductive coupling in a PCD lifetime tester [169]. 

The excess wafer conductance can be related to the excess carrier densities by: 

Where 𝛥𝑛 𝑎𝑛𝑑 𝛥𝑝 are excess carrier densities, and 𝜇௡ 𝑎𝑛𝑑 𝜇௣ are carrier mobilities. 𝑊 is the 

wafer thickness and 𝑞 is the elementary charge. This relation makes wafer conductance suited 

for tracking carrier densities during recombination.   

The effective lifetime of a wafer sample is related to the excess carrier density evolution over 

time, as given by [74]: 

Where 𝐺 is the generation rate if non-zero. 

Depending on the sample lifetime condition, PCD can operate in either transient mode or quasi- 

steady state (QSS) mode. The transient mode measures the conductance change after 

illumination is switch off with zero generation. In QSS mode, a longer illumination pulse is 

used, allowing the system to reach an assumed steady state with generation and recombination 

balanced at each point over time. Lifetime determination under QSS mode requires, as shown 

in eq. 9-17. requires additional wafer-specific optical calibration for the 𝐺  term. All PCD 

measurements reported in this thesis were performed in QSS mode with an optical constant of 

1.0. Lifetime values are referenced at a  𝛥𝑛 =1×1015 cm-3 injection level.   

As discussed in section 1.3.2, the sample lifetime is injection dependent. This dependency can 

be explored to evaluate surface recombination contributions to the overall lifetime [36]. Sample 

surface recombination parameter J0s were obtained from the lifetime curves following the 

approach described in [171] [172]. Figure 9-15 shows an example of the lifetime fitting process 

 𝛥𝜎 = 𝑞(𝜇௡𝛥𝑛 + 𝜇௣𝛥𝑝)𝑊 9-16 

 𝜏௘௙௙ =
𝛥𝑛(𝑡)

𝐺(𝑡) −
𝑑𝛥𝑛(𝑡)

𝑑𝑡

 9-17 
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for the J0s extraction. It is noted that the extraction of surface J0s is based on symmetrical sample 

configuration with identical front and rear surface finish.  

 

Figure 9-15 PCD data and extraction of surface J0: (a) curve fitting of the PCD lifetime data with 
different lifetime components. (b) J0s extraction following different methods, the final J0 result at 

65.4 fA/cm2 is obtained from the average number in the high carrier concentration region following 
Kimmerle’s fit approach [171]. 

Appendix H. FIB sequential slicing 

This section contains a sequence of SEM images capturing during five consecutive steps of 

FIB milling. The milling was performed at a fixed angle of 64°, as constrained by the stage 

rotation limits. Slices are spaced by approximately 1 µm, resulting a total depth coverage of a 

~5 µm.   
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Figure 9-16 Low magnification SEM images of 5 sequential steps of FIB slicing  
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Appendix I. SEM data for contact microstructure 

This section contains additional SEM data for the contact microstructure examination. 

 

Figure 9-17 A low magnification SEM image of a metal finger on silicon cell surface (TOPCon side). 
Both the cleaved cross-section and etched surface are visible. 
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Figure 9-18 low magnification SEM images of 5 sequential steps of FIB slicing, taken from all sample 
groups  

 

Appendix J. Focusing optics for LBIC systems 

This section outlines the fundamental optics that determine the spatial resolution in an LBIC 

system, with further discussions in [313][314]. For a monochromatic laser beam with a 

Gaussian cross-sectional irradiance profile, the beam radius (half-width) can be defined as the 

radial distance at which the irradiance falls to 1/𝑒ଶ of the peak irradiance at the central axis. 

When a parallel laser beam passes through a converging lens, it is reshaped into a conical beam, 

with reducing radius until a minimum is found at the beam waist. Figure 9-19 describes the 

beam shape through a converging lens.  
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Figure 9-19 Schematic of a laser beam through a converging lens  

The minimum beam width at its waist 𝑤଴ can be defined by: 

Where λ is the wavelength of the monochromatic laser. 𝐹 is the focal length depending on the 

lens optics.  𝑤௣ is the parallel beam radius prior to focusing. This expression of 𝑤଴ establishes 

that the minimum waist size is dictated by both diffraction (dependent on wavelength λ) and 

the system parameters (focal power 𝐹 and parallel beam size  𝑤௣).   

For an LBIC system, the waist spot size determines the mapping resolution. The focal length 

can be related to the working distance, i.e. the clearance between the objective lens and the 

sample surface. Thus, it follows that the spatial resolution in an LBIC system is directly 

proportional to both the laser wavelength and the working distance. Hence, high resolution is 

achievable with a combination of short wavelength and short working distance. 

An additional parameter is the depth of focus (DOF) or the confocal parameter. It is the distance 

along the propagation axis of a beam from the waist 𝑤଴ to reach a beam width of √2 𝑤଴. The 

DOF is determined by: 

The expression corelates DOF to focal length 𝐹 and beam waist size 𝑤଴. In the context of the 

LBIC system, the DOF can hence be calculated, which can be as low as a few micrometres for 

a a high-resolution, small working distance system. 

 

 𝑤଴ =
𝜆𝐹

π𝑤௣
 9-18 

 𝐷𝑂𝐹 =
2𝜆𝐹ଶ

𝜋𝑤௣
ଶ

=
2𝜋𝑤଴

ଶ

𝜆
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