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ABSTRACT 

One of the key parameters determining the performance of silicon solar cells is the 

minority carrier lifetime of the silicon wafers. This property is strongly influenced by the 

presence of impurities and other defects in the material, and carrier lifetime measurements 

are therefore an important tool for assessing the material quality of the material.  

The goal of this thesis is to contribute to the development of a new method for 

measuring full-area images of the minority carrier lifetime of silicon wafers as a function of 

temperature and excess carrier density. Such measurements are highly useful for identifying 

specific signatures of the dominating recombination active defects through an analysis 

framework called temperature and injection dependent lifetime spectroscopy (TIDLS). 

Temperature- and injection dependent carrier lifetime measurements are normally measured 

using quasi steady-state photoconductance (QSSPC), which only measures the average of 

the area directly over the photoconductance coil. To extend this analysis to cover the entire 

wafer (in image form), the focus of this thesis is to perform mapping of the carrier lifetime 

in silicon as a function of incident light intensity and temperature by photoluminescence 

imaging. The more conventional measurement of carrier lifetime as a function of injection 

level and temperature by QSSPC allowed for calibration of PL images into carrier lifetime 

maps and further investigation by numerical analysis. 

A calibration procedure was developed for monocrystalline and multicrystalline 

samples. Carrier lifetime variations as a function of a wide injection range showing the 

effects of lifetime limiting defects is reported. Furthermore, carrier lifetime behavior and 

temperature dependence through ingot height in compensated high performance 

multicrystalline silicon is studied. Finally, the effects of cell processing on the carrier 

lifetime is reviewed.  
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PREFACE 

I became interested in the sun as a renewable energy source during one of my 

master’s courses on solar cell physics. Since solar energy on earth is abundant and 

research on silicon solar cells is both well-established and applied, it seemed 

motivating to me to join the solar energy community. As I knew of Institute for Energy 

Technology (IFE) and senior researcher at the solar energy department Erik Stensrud 

Marstein, I ended up where I am today.  

This master’s thesis is written as part of a one-year long research work in the 

field of solar cell physics. It is intended for an audience with a background in physics at 

the bachelor level and or above.  

During this one-year project, I have had tendonitis in both my forearms. With 

increasing amount of computer work in the data analysis and writing phases of this 

thesis, the tendonitis got much worse. This has been both a serious and tough challenge 

and doing what I can with pain as a limiting factor has been the goal of most of my days 

through this project. Of course, this implied that also time became scarce, and here I 

would like to thank the Physics Department at University of Oslo for granting me an 

extension time of one month. That made a big difference and I am grateful.  
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CHAPTER 1 

1INTRODUCTION 

Photovoltaic (PV) energy is predicted to play a big role in the future power 

marked, and the interest in PV technology is increasing worldwide. As The United 

Nations predicts a world population growth of 1.6 billion during approximately 21 

years, from 7.7 billion today to 9.2 billion by 2040, the need for energy will continue to 

increase [1]. The US Energy Information Administration presented in the International 

Energy Outlook 2018 that the world energy consumption from 2018 to 2040 is predicted to 

increase by more than 25% [2]. The energy the Earth receives from the Sun far exceeds our 

whole energy demand, and solar energy is a reliable and sustainable power source.  

Solar energy has now become so feasible and economically viable that  it can cover a 

larger energy demand almost all over the world [3]. Electricity from solar energy is the 

cheapest power source in more and more places [4]. Therefore, the market interest in PV and 

its technology is evolving fast, and there is a continuous demand to meet high quality with low 

cost.  

High performance multicrystalline (HPMC) silicon and monocrystalline 

Czochralski silicon are currently the dominating material in the silicon photovoltaic 

market and will remain one of the most important solar cell materials also in coming 

years. International technology roadmap for photovoltaics, ITRPV, predict the 
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development of world market share for different wafer types. Their growth prognosis 

for different types of multicrystalline silicon solar cells in 2018 is given in  Figure 1.1. 

 

 

 

Figure 1.1. Predicted trend for the world market share for silicon p-type multicrystalline, HPMC, 
monocrystalline-like, monocrystalline and n-type monocrystalline solar cells [Ref. 
ITRPV.vdma.org 2018]. 

The figure shows that p-type HPMC silicon gets competition from both p- and n-

type monocrystalline silicon. Since monocrystalline silicon does not contain crystal 

imperfections such as dislocations, grain boundaries and impurities where charge 

carrier recombination occurs, it has a higher efficiency than HMPC silicon. 

 Nevertheless, HPMC silicon keeps its market share due to its lower cost and 

manufacturing carbon footprint compared to monocrystalline silicon, as predicted by 

ITRPV. Therefore, studies of defects in HMPC silicon are still important and may 

contribute to significant improvement of efficiency in solar cells made from this 

material.  

Requirements to material quality increases as solar cell fabrication processes 

improve. One of the best indicators of material quality is carrier lifetime, and thus 

understanding how defects and impurities are altered by solar cell processing and 
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affect carrier lifetime is essential to the improvement of solar cell efficiency. The task 

contains development of new methods of identification and quantification of defects, 

and this thesis is part of method development for good quality measurements for 

temperature and injection dependent lifetime spectroscopy (TIDLS) with high 

resolution. TIDLS itself will be briefly mentioned and some results will be presented, 

but the core theory and details of it fall outside the scope of this work. 

Even though focus in this work is maintained on carrier lifetime in silicon for 

solar cells, identifying recombination active defects are crucial in other semiconductor 

device technologies such as dynamic random-access memory chips as well. 

 

1.1 THE THESIS STRUCTURE  

This thesis is divided into 7 chapters. In Chapter 1 an introduction with a short 

motivation for this work is given. Chapter 2 seeks to provide the necessary theoretical 

background for understanding this written work. 

Chapter 3 describes the characterization techniques applied. Chapter 4 outlines 

the samples and the experimental details of the practical work done in the lab. Chapter 

5 presents results and discussions.  

Chapter 6 aims to connect this thesis to the broader scheme of research and take 

a gaze into further and future work.  

Chapter 7 is a short summary of this thesis. Following chapter 7, comes the 

bibliography. Lastly, a research article based on parts of my experimental work are 

presented in the appendix.  
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1.2 LIST OF ACRONYMS 

Some abbreviations are as always necessary. Here is a list of the most used abbreviations in 

this text.  

 

AC  As-cut 

CB  Conduction band 

CCD  

DPSS 

Charge-coupled device 

Defect parameter solution surface 

ESS  Elkem Solar Silicon 

HPMC  High performance multicrystalline 

HLI  High level injection 

LED  Light emitting diode 

LID  Light induced degradation 

LLI  Low level injection 

PL  Photoluminescence 

PDG  Phosphorous diffusion gettering 

PDG+H  Phosphorous diffusion gettering and hydrogenation 

PV  Photovoltaic 

QSSPC  

RSTD 

Quasi-steady state photoconductance 

Relative standard deviation 

SRH  Shockley-Read-Hall 

SRV  Surface recombination velocity 

STC  Standard test conditions 

TIDLS  Temperature and injection dependent lifetime 

spectroscopy 

VB  Valence band 
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CHAPTER 2 

2THEORY OF CARRIER LIFETIME IN SILICON 

Energy conversion efficiency depends on material quality, which in turn is 

limited by electrically active defects introduced during crystal growth or solar cell 

manufacturing. In characterization of material quality, the most important microscopic 

parameter is the carrier recombination lifetime.  This chapter seeks to give a 

fundamental understanding of charge carriers and their lifetime in silicon.  

 

2.1 CARRIER CONCENTRATIONS AND BAND STRUCTURE  

Injection and temperature dependent lifetime measurements offer a better 

sensitivity for detection of small concentrations of electrically active impurities than 

the well accepted deep-level transient spectroscopy (DLTS). This development has 

happened mainly due to a combination of two elements, which lay the grounds for the 

modern lifetime spectroscopy. Firstly, contactless lifetime measurement approaches 

such as the quasi-steady state photoconductance technique with the possibility to 

measure carrier lifetime over a broad range of injection level facilitate injection-

dependent lifetime spectroscopy. Secondly, high-quality surface passivation allows 

bulk properties to be isolated and investigated in a more reliable manner.  
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Temperature-dependent carrier lifetime is a sensitive function of number of 

electrons and holes per unit volume. Therefore, an introduction to fundamental and 

electronic semiconductor behavior can be instructive.  This chapter is based on the 

book “Lifetime Spectroscopy” by S. Rein [5].  

2.1.1 FUNDAMENTAL ELECTRONIC PROPERTIES 

One essential property of the semiconductor is its bandgap. This forbidden gap 

exists in the energy band structure and lies between the valence band (VB) and the 

conduction band (CB). Thus, 𝐸𝑔𝑎𝑝 = 𝐸𝐶 − 𝐸𝑉 , where 𝐸𝐶  and 𝐸𝑉  denote the bottom of 

the CB and the top of the VB. The density of states in the CB is given by 𝐷𝐶(𝐸) ∝

(𝐸 − 𝐸𝐶)
1

2  and for the VB by 𝐷𝑉(𝐸) ∝ (𝐸𝑉 − 𝐸)
1

2 . 

At 𝑇 = 0, the VB states are occupied, and the CB states empty. With increasing 

temperature, electrons are thermally excited from the VB into the CB. In thermal 

equilibrium, the occupation probability of an allowed electron state at any given energy 

level 𝐸 is described by the Fermi-Dirac distribution function 

𝑓(𝐸) = [1 + exp (
𝐸 − 𝐸𝐹

𝑘𝐵𝑇
)]

−1

 (1) 

Here, 𝐸𝐹  is the Fermi energy, 𝑘𝐵  is the Boltzmann’s constant and 𝑇  is the 

absolute temperature. To calculate absolute electron and hole densities in the 

conduction (CB) and valence band (VB), the densities of allowed states in the 

conduction and the VBs 𝐷𝐶(𝐸) and 𝐷𝑉(𝐸) and the occupation probability of these are 

employed. The electron and hole densities thus are 

𝑛 = ∫ 𝐷𝐶(𝐸)𝑓(𝐸)𝑑𝐸
∞

𝐸𝐶
    and    𝑝 = ∫ 𝐷𝐶(𝐸)𝑓(𝐸)𝑑𝐸

𝐸𝑉

−∞
. (2) 

Since in the non-degenerate semiconductor, 𝐸𝐹  is several 𝑘𝐵𝑇 away from the 

conduction and VB edges, the expression for the Fermi-Dirac distribution becomes 

simplified. It then reduces to the Boltzmann distribution  

𝑓(𝐸) = exp [−
𝐸−𝐸𝐹

𝑘𝐵𝑇
], (3) 
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which is easier to work with. In the case of thermal equilibrium, we thus get the 

electron concentration in the CB 𝑛0 and the hole concentration in the VB 𝑝0 as follows 

𝑛0 = 𝑁𝐶  𝑒𝑥𝑝 [−
𝐸𝐶−𝐸𝐹

𝑘𝐵𝑇
]    and    𝑝0 = 𝑁𝑉 𝑒𝑥𝑝 [−

𝐸𝐹−𝐸𝑉

𝑘𝐵𝑇
]. (4) 

𝑁𝐶  and 𝑁𝑉  are the effective density of states in the conduction and VB 

respectively, and these have a weak temperature dependence, proportional to 𝑇3/2.  

2.1.2 THE ROLE OF DOPING 

It is thus clear that 𝑛0 and 𝑝0 are strongly dependent on 𝐸𝐹  and 𝑇. The product 

of the equilibrium electron and hole concentrations is independent of 𝐸𝐹  and 

represents a fundamental feature: the law of mass-action 

𝑛0𝑝0 = 𝑁𝐶𝑁𝑉 exp (−
𝐸𝑔𝑎𝑝

𝑘𝐵𝑇
) = 𝑛𝑖

2 (5) 

𝑛𝑖  is the intrinsic carrier concentration, and is only determined by doping-

independent variables and temperature. The intrinsic carrier concentration is a 

characteristic measure for undoped semiconductors, where 𝑛0 = 𝑝0 = 𝑛𝑖 . Here, the 

Fermi level lies approximately in the middle of the bandgap.  

From a technological point of view, doped or extrinsic semiconductors are of 

bigger interest, since material properties are tailored by adding donors and or 

acceptors, which are incorporated into the crystal lattice sites by relevant substitution 

of atoms. In the case of silicon, donors are group V and acceptors are group III elements. 

The donors have energy levels in the bandgap close to the CB, and thus easily donate 

their extra electron and create n-doping. The situation is analogous for acceptors, 

which easily accept electrons from the close laying VB and thereby induce p-doping. 

2.1.3 MINORITY AND MAJORITY CARRIER CONCENTRATIONS 

After ionization, donors have a positive net charge and acceptors negative, so if 

𝑁𝐷  and 𝑁𝐴  denote the donor and acceptor densities respectively, 𝑁𝐷
+  and 𝑁𝐴

−  then 

denote their ionized portion. Usually the concentration of dopants 𝑁𝑑𝑜𝑝 is somewhere 
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between 1013  and 1020 atoms per cm3. This implies that 𝑁𝑑𝑜𝑝  is several orders of 

magnitude bigger than the intrinsic carrier concentration 𝑛𝑖 . Using the law of mass 

action, electron and hole concentrations then turn into a majority and minority 

concentration depending on the nature of the dopant. To simplify the calculation of 

carrier densities in a doped semiconductor, complete ionization of all dopants is 

assumed, i.e. 𝑁𝐷
+ ≈ 𝑁𝐷  and 𝑁𝐴

− ≈ 𝑁𝐴 , and that the intrinsic carrier concentration 

contributes negligibly to the majority carrier concentration, i.e. 𝑛𝑖 ≪ 𝑁𝐷 and 𝑛𝑖 ≪ 𝑁𝐴. 

For a wide range of temperatures around room temperature, both these assumptions 

are valid.  

As established, the majority carrier concentration is equated with the doping 

concentration, and the minority carrier concentration is calculated using the law of 

mass action 

𝑝0 = 𝑁𝐴    and    𝑛0 =  
𝑛𝑖

2

𝑁𝐴
 ≪  𝑝0    for a p-type semiconductor (6) 

𝑛0 = 𝑁𝐷    and    𝑝0 =  
𝑛𝑖

2

𝑁𝐷
 ≪  𝑛0    for an n-type semiconductor. (7) 

Both the majority and the minority carrier concentrations are assumed to be 

temperature-independent in this model, which works well for a range of temperatures 

around room temperature.  

As for the position of the Fermi level in a doped semiconductor, it is determined 

by the doping concentration as evident from the expressions for the equilibrium carrier 

concentration 𝑛0 and 𝑝0 above: 

𝐸𝐹 − 𝐸𝑉 = 𝑘𝐵𝑇 ln (
𝑁𝑉

𝑁𝐴
)    for a p-type semiconductor (8) 

    𝐸𝐶 − 𝐸𝐹 = 𝑘𝐵𝑇 ln (
𝑁𝐶

𝑁𝐷
)    for an n-type semiconductor (9) 

With increasing p-doping, the Fermi level is shifted closer to the VB, and vice 

versa for n-doping [5].  
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2.2 COMPENSATION DOPING 

In this work, some of the samples used are made of so-called compensated 

silicon. This type of silicon contains both donors and acceptors added in the feedstock. 

For the p-type silicon applied, the background phosphorous donor concentration is 

compensated for by adding the acceptors boron and gallium. Called gallium co-doping 

or tri-doping, the aim of the compensation is to create a more uniform resistivity profile 

throughout the height of the metallurgically purified multi-crystalline silicon ingot, 

ensuring a better solar cell performance. 

Compensated materials are characterized by a compensation level 𝐶𝑙: 

𝐶𝑙 =
(𝑁𝐴 + 𝑁𝐷)

(𝑁𝐴 − 𝑁𝐷)
 (10) 

where 𝑁𝐴 is the concentration of acceptors made of a sum of boron and gallium, 

and 𝑁𝐷  represents the amount of phosphorous. 𝐶𝑙  ranges between 1 in a non-

compensated material to ∞ in a fully compensated one where 𝑁𝐴 = 𝑁𝐷 . The 

equilibrium majority carrier density in p-type material is given by:  

𝑝0 = 𝑁𝐴
− − 𝑁𝐷

+ (11) 

 Here, 𝑁𝐴
−  and 𝑁𝐷

+  stand for ionized acceptors and donors respectively. If 

complete ionization is assumed, 𝑁𝐴
− = 𝑁𝐴 and 𝑁𝐷

+ = 𝑁𝐷, but that does not need to be 

the case. In fact, in p-type material, there is a chance of incomplete ionization of the 

acceptors when the acceptor doping level is around 1017 – 1018 cm-3. Compensation 

doping affects the mobility of charge carriers as well, since with increased number of 

dopants, it follows an increased number of potential scattering sites. Thus, the mobility 

is reduced in compensated silicon.  

2.3 GENERATION, RECOMBINATION AND CARRIER LIFETIME 

When an electron in the VB gains enough energy through photon absorption or 

thermal processes, it is excited to the CB. This mechanism is called generation, since an 
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electron-hole pair is created. Recombination on the other hand is the reverse process 

in which an electron in the CB falls into an empty state in the VB, and thus recombines 

with a hole. In either process and according to the law of conservation of energy and 

momentum, the excess energy and the change of momentum are released as photons 

or phonons or transferred to other carriers.  

Recombination mechanisms are described by recombination rate R, which is 

directly proportional to the densities of the carriers involved in the process, and a 

recombination coefficient, which depends on the quantum mechanical probability of 

an electron transition from the CB to the VB.  

At thermal equilibrium, the generation rate 𝐺0 and the recombination rate 𝑅0 

are the same. Thus, the law of mass action dictates that the product of 𝑛0  and 𝑝0  is 

constant and equals to 𝑛𝑖
2.  

With constant optical excitation, a new stationary state is reached, where the 

generation rate 𝐺 > 𝐺0  is balanced by the recombination rate 𝑅 > 𝑅0 , and 𝑛𝑝 > 𝑛𝑖
2 , 

where 𝑛  and 𝑝  are non-equilibrium electron and hole densities. When the optical 

excitation source is switched off, the system tries to regain equilibrium. Therefore, 

excess carrier densities ∆𝑛 = 𝑛 − 𝑛0 and ∆𝑝 = 𝑝 − 𝑝0 decay with a net recombination 

rate 𝑈 = 𝑅 − 𝑅0.  

The fundamental condition of charge neutrality states that total electrical 

charge presented by electrons, holes, and ionized acceptors and donors, in a volume of 

a semiconductor adds to zero, and thus the volume is neutral. In the case a 

semiconductor regaining equilibrium after removed external generation source, due to 

the charge neutrality condition and assuming the absence of charge trapping centers, 

it follows that ∆𝑛 = ∆𝑝. To find an expression for the net recombination rate 𝑈, hereby 

simply referred to as the recombination rate, it is instructive to look at the time-

dependent decay of the excess carrier density ∆𝑛(𝑡): 

𝜕∆𝑛(𝑡)

𝜕𝑡
= −𝑈(∆𝑛(𝑡), 𝑛0, 𝑝0) (12) 
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The solution to this second order equation suggests that ∆𝑛  follows an 

exponential decay. This decay has a time constant which represents the recombination 

lifetime. This constant is also called carrier lifetime or just lifetime, and is given by 

𝜏(∆𝑛, 𝑛0, 𝑝0) =
∆𝑛

𝑈(∆𝑛, 𝑛0, 𝑝0)
 (13) 

The total recombination rate of a system is the sum of the independent 

recombination rates for the different recombination mechanisms with index ν given as 

𝑈𝑒𝑓𝑓 = ∑ 𝑈𝜈𝜈 , and this leads to the following expression for effective lifetime:  

1

𝜏𝑒𝑓𝑓
= ∑

1

𝜏𝜈
𝜈

 (14) 

In other words, total carrier lifetime 𝜏𝑒𝑓𝑓  equals the inverse sum of the 

reciprocal carrier lifetimes 𝜏𝜈  related to the individual recombination processes. As 

can be seen, 𝜏𝑒𝑓𝑓  must be smaller than the lifetime of the fastest contributing 

recombination mechanism [6].  

2.4 CARRIER RECOMBINATION MECHANISMS 

There are two main classes of recombination mechanisms, namely intrinsic and 

extrinsic. Intrinsic recombination mechanisms are inevitable and always present 

regardless of crystal properties and growth methods. Here, there are two main 

subcategories according to how excess energy is dispersed after an annihilation of an 

electron-hole pair. If the excess energy is given off as a photon, the recombination 

process is either a radiative or a band-to-band recombination. The case when the excess 

energy is released by transferring momentum to a third carrier, there is Auger band-

to-band recombination. This event is non-radiative.  

In extrinsic recombination mechanisms, the annihilation of an electron-hole pair 

does not happen directly over the entire bandgap, but stepwise through an 

intermediate energy level of a defect center.  This recombination mechanism is called 

Shockley-Read-Hall (SRH) recombination, named so after its discoverers. Every 

imperfection in the crystal, be it impurity, lattice defect or dangling bond of the surface, 
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generates a defect level, and some of these will be situated in the bandgap and act as 

recombination centers. The SRH recombination is often the dominant recombination 

mechanism. In further discussion of SRH recombination, there will be a distinction 

between bulk SRH recombination and surface recombination.  

The main objective of carrier lifetime spectroscopy is to describe bulk defects 

by measurements of SRH bulk lifetime. That is why a description of the different 

recombination mechanisms in crystalline silicon and how these are affected by 

injection and doping is essential.  

2.4.1 RADIATIVE RECOMBINATION 

Radiative recombination occurs when an electron decays from CB to the VB, 

where it recombines with a hole, and a photon is emitted as result. This process is 

depicted in Figure 2.1a. The radiative recombination rate 𝑈𝑟𝑎𝑑  is thus proportional to 

the concentration of free electrons 𝑛 and free holes 𝑝: 

𝑈𝑟𝑎𝑑 = 𝐵(𝑛𝑝 − 𝑛𝑖
2) (15) 

Here, the radiative recombination coefficient 𝐵  contains the quantum 

mechanical probability of a radiative transition. It depends on temperature and the 

band structure of the semiconductor. In a direct bandgap semiconductor, band-to-band 

transition is vertical and of high probability. The emission of a photon after 

recombination ensures conservation of energy. However, in an indirect bandgap 

semiconductor such as silicon, the top of the VB and the bottom of the CB do not have 

the same k-value in the E-k-space, and therefore the emission of both a photon and a 

phonon are required to keep the momentum conserved. As a result, the probability of 

radiative recombination is reduced in indirect semiconductors. This is reflected in the 

coefficient 𝐵, which for illustration is for silicon four orders of magnitude smaller than 

for direct bandgap semiconductor GaAs.   

The non-equilibrium carrier densities are 𝑛 = 𝑛0 + ∆𝑛  and 𝑝 = 𝑝0 + ∆𝑝 . 

Assuming charge neutrality ∆𝑛 = ∆𝑝, Equation 15 becomes: 
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𝑈𝑟𝑎𝑑 = 𝐵(𝑛0 + 𝑝0)∆𝑛 + 𝐵∆𝑛2    and    𝜏𝑟𝑎𝑑 =
1

𝐵(𝑛0+𝑝0)+𝐵∆𝑛
 (16) 

From the expression for 𝜏𝑟𝑎𝑑 , there are two limiting cases: low-level injection 

(LLI) with ∆𝑛 ≪ 𝑛0 + 𝑝0 and high-level injection (HLI) with ∆𝑛 ≫ 𝑛0 + 𝑝0. We get the 

following recombination lifetimes:  

𝜏𝑟𝑎𝑑
𝐿𝐿𝐼 =

1

𝐵𝑁𝑑𝑜𝑝
    and    𝜏𝑟𝑎𝑑

𝐻𝐿𝐼 =
1

𝐵∆𝑛
 (17) 

As can be seen, LLI lifetime is independent of injection level and depends only 

on the doping concentration. On the other hand, for HLI lifetime is inversely 

proportional to the injection level.  

 
Figure 2.1. Schematic diagram of intrinsic recombination mechanisms: (a) Radiative and (b) 
Auger band-band recombination. 

2.4.2 AUGER RECOMBINATION 

In Auger recombination, the energy released from the electron-hole 

recombination is transferred to a third free carrier. This third free carrier moves inside 

the crystal and thermalizes, as is depicted in Figure 2.1b. For p-type material, this third 

carrier is usually a hole, and thus the Auger recombination rate 𝑈𝐴𝑢𝑔𝑒𝑟 ∝ 𝑝2𝑛 . 

Assuming still a p-type material and using 𝐶𝑝 as the Auger coefficient of an electron-

hole-hole process, the recombination lifetime 𝜏𝐴𝑢𝑔𝑒𝑟  in LLI becomes 
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𝜏𝐴𝑢𝑔𝑒𝑟
𝐿𝐿𝐼,𝑝

=
1

𝐶𝑝𝑁𝐴
2 (18) 

This lifetime is solely dependent on the doping density at LLI. However, for HLI 

the lifetime is only dependent on the injection level: 

𝜏𝐴𝑢𝑔𝑒𝑟
𝐻𝐿𝐼 =

1

𝐶𝑎∆𝑛2
 (19) 

where 𝐶𝑎 = 𝐶𝑛 + 𝐶𝑝 , with 𝐶𝑛  being the Auger coefficient of an electron-

electron-hole process. It is evident that at high injection levels, Auger recombination 

will have a stronger dependence on ∆𝑛 than radiative recombination, and thus it will 

be dominant in silicon. 

2.4.3 SHOCKLEY-READ-HALL RECOMBINATION 

SRH recombination is, as mentioned, an extrinsic recombination mechanism, 

since it is a defect-mediated process. Crystallographic imperfections give rise to 

discrete energy levels in the bandgap, which can be occupied by an electron (occupied 

state) or a hole (unoccupied state) and interact with the CB and the VB. There are four 

ways this occupation and interaction with the bands can happen in: The defect level 

can be in occupied state and either emit its electron up to the CB (1) or capture a hole 

from the VB (3), or the defect level can be in unoccupied state and capture an electron 

from the CB (2) or emit its hole down to the VB (4). These elementary processes are 

depicted in Figure 2.2. 
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Figure 2.2. Electron energy band diagram showing the four possible interaction mechanisms of 
free carriers with a defect level in the bandgap: electron emission (1), electron capture (2), hole 
capture (3) and hole emission (4). The direction of solid and dashed arrows indicates the 
direction of the electron and hole transition, respectively.  

Depending on which combination of these events makes the two-step process, 

there are three different kinds of defect levels distinguished by function: 

 

1. Defect level as recombination center: Successive capture of an electron from 

the CB and a hole from the VB with annihilation as result, or the relaxation of 

an electron from the CB onto the defect level and further down to the VB and 

recombines. 

 

2.  Defect level as generation center: From the defect level, successive emission of 

an electron up to the CB and a hole down to the VB occur, or an electron from 

the VB is first excited into the defect level and then further up to the CB.  

 

3. Defect level as trap center: A charge carrier is captured at the defect level and 

re-excited to the band it came from. Referring to the depiction of these 

processes, what happens at a trap center is a combination of (2)+(1) or 

(3)+(4).  
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For the defect level to act as a generation center, there must be some thermal 

source and a deep scarceness of charge carriers as is in a depletion region. Therefore, 

in the work at hand it can be safely neglected. On the other hand, to determine if the 

defect level will act as a recombination or a trap center, a closer look at the Fermi level, 

the temperature and the capture cross section of the defect must be taken, since these 

decide whether there will be a second capture event (recombination) or a thermal 

reemission (trapping).  

 

2.4.3.1 The Shockley-Read-Hall equation 

In 1952, Shockley, Read and Hall formulated a model with a purely statistical 

approach for recombination through defects. They considered the four elementary 

processes presented above and determined the recombination rate of one impurity 

level as a function of the defect, material and excitation parameters. SRH theory is 

standardized and lays the fundament of lifetime spectroscopy. Therefore, it is 

important in this framework and will be here on briefly presented here.  

 

1. General expressions for 𝑑𝑛 𝑑𝑡⁄  and 𝑑𝑝 𝑑𝑡⁄  

To get an idea of how the density of electrons 𝑛 in the CB and of holes 𝑝 in the 

VB changes with time, a closer look at the balanced total emission and capture 

via defect centers is needed. The emission and capture rates of a single defect 

center, which are directly related to the probability of the four elemental 

processes of Figure 2.2, is a natural starting point.  

The thermal emission rates for electrons 𝑒𝑛 and holes 𝑒𝑝 are theoretically not 

derivable physical constants, but the capture rates 𝑐𝑛
∗  and 𝑐𝑝

∗  for electrons and holes 

respectively can be given by the capture coefficients 𝑐𝑛  and 𝑐𝑝 , the capture cross 

sections 𝜎𝑛 and 𝜎𝑝 and  the thermal velocity 𝑣𝑡ℎ of the carrier: 

𝑐𝑛
∗ = 𝑐𝑛𝑛 = (𝜎𝑛𝑣𝑡ℎ)𝑛    and    𝑐𝑝

∗ = 𝑐𝑝𝑝 = (𝜎𝑝𝑣𝑡ℎ)𝑝 (20) 
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To understand the equations above, it is instructive to take for instance the 

frame of reference of an electron (could be the hole as well), where it stands motionless 

and the defect centers move randomly around with velocity 𝑣𝑡ℎ . Close to these centers, 

there is a volume per unit time of 𝜎𝑛𝑣𝑡ℎ with high probability of electron capture. Thus, 

the equations for capture rates are achieved.  

Now, to express the total emission and capture rate for a collection of defect 

centers, the density of defect centers 𝑁𝑡  and the occupation probability 𝑓𝑡  of such a 

center are introduced. The total electron emission (total hole capture) is proportional 

𝑁𝑡𝑓𝑡  and the total electron capture (total hole emission) to 𝑁𝑡(1 − 𝑓𝑡). The time rates 

of change of 𝑛 and 𝑝 due to only generation and recombination can be expressed as 

𝑑𝑛

𝑑𝑡
= (1) − (2) = 𝑒𝑛𝑁𝑡𝑓𝑡 − 𝑐𝑛𝑛𝑁𝑡(1 − 𝑓𝑡) (21) 

𝑑𝑝

𝑑𝑡
= (4) − (3) = 𝑒𝑝𝑁𝑡(1 − 𝑓𝑡) − 𝑐𝑝𝑝𝑁𝑡𝑓𝑡  (22) 

Here, the numbers in the parenthesizes refer to the processes in Figure 2.2.   

 

2. Detailed balancing – expressions for the emission rates 𝑒𝑛 and 𝑒𝑝 and SRH 

densities 

The principle of detailed balance dictates that any process must be in 

equilibrium with its inverse process. Thus, it is required that 𝑑𝑛/𝑑𝑡 ≡ 0 and 

𝑑𝑝/𝑑𝑡 ≡ 0. This gives the opportunity to express 𝑒𝑛 and 𝑒𝑝 in equilibrium 

condition. To do this, the expressions for 𝑛0 and 𝑝0 introduced in Equation 6 

and 7, respectively, together with Fermi-Dirac distribution function as the 

occupation probability function are inserted into Equation 21 and 22. The 

expressions for the emission rates 𝑒𝑛 and 𝑒𝑝 become then 

𝑒𝑛 = 𝑐𝑛𝑛
1 − 𝑓𝑡

𝑓𝑡
= 𝑐𝑛𝑁𝐶 exp (−

𝐸𝐶 − 𝐸𝑡

𝑘𝐵𝑇
) = 𝑐𝑛𝑛1 (23) 
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𝑒𝑝 = 𝑐𝑝𝑝
𝑓𝑡

1 − 𝑓𝑡
= 𝑐𝑝𝑁𝑉 exp (−

𝐸𝑡 − 𝐸𝑉

𝑘𝐵𝑇
) = 𝑐𝑝𝑝1 (24) 

where 𝑛1 and 𝑝1 define the SRH densities. They are important statistical factors 

and equal the equilibrium densities of electrons and holes when Fermi energy level 𝐸𝐹  

coincides with the defect energy level 𝐸𝑡 . 

 

3. Steady-state non-equilibrium: occupation probability and SRH recombination 

rate  

To acquire the SRH recombination rate, the general case of non-equilibrium 

must be regarded. Consider the situation where an excess carrier density of 

electrons and holes is created through optical generation. Soon a steady-state 

condition is reached, in which 𝑑𝑛 𝑑𝑡⁄ = 𝑑𝑝 𝑑𝑡⁄ . Using this, and inserting the 

expressions for 𝑒𝑛 and 𝑒𝑝 into Equation 21 and 22, the occupation probability 

function 𝑓𝑡  can be formulated as a function of the defect (𝑛1, 𝑝1, 𝑐𝑛 , 𝑐𝑝) and 

excitation (𝑛, 𝑝) parameters. Reinserting this expression for 𝑓𝑡  back into 

Equation 21 and 22 yields the net SRH recombination rate: 

𝑈𝑆𝑅𝐻 =
𝑑𝑛

𝑑𝑡
=

𝑑𝑝

𝑑𝑡
=

(𝑛𝑝 − 𝑛𝑖
2)

[𝑁𝑡𝜎𝑛𝑣𝑡ℎ]−1(𝑝 + 𝑝1) + [𝑁𝑡𝜎𝑝𝑣𝑡ℎ]
−1

(𝑛 + 𝑛1)
 (25) 

This recombination rate is also driven by (𝑛𝑝 − 𝑛𝑖
2), and reflects the fact that 

the system is diverted from thermal equilibrium.  

 

4. SRH lifetime 

Given the non-equilibrium carrier densities are 𝑛 = 𝑛0 + ∆𝑛 and 𝑝 = 𝑝0 + ∆𝑝 

and carrier trapping is considered negligible (∆𝑛 = ∆𝑝), Equation 13 for 

carrier lifetime as a function of density of excess charge carriers and the 

recombination rate yields the SRH lifetime: 

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

𝑝0 + 𝑛0 + ∆𝑛
 (26) 
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where 𝜏𝑛0  and 𝜏𝑝0  denote the capture time constants for electrons and holes 

respectively. They are given by:  

𝜏𝑝0 = (𝑁𝑡𝜎𝑝𝑣𝑡ℎ)
−1

    and    𝜏𝑛0 = (𝑁𝑡𝜎𝑛𝑣𝑡ℎ)−1 (27) 

 

2.5 SURFACE RECOMBINATION THROUGH DEFECTS 

A surface is a perturbation of the periodicity in a crystal structure and hence is 

a source to recombination-active defects with energy levels in the band gap. Thus, 

these defects should also be described in the SRH model. However, in this work, there 

will only be used different methods by which surfaces are passivated and the impact of 

their defects reduced. There are two fundamental processes for surface passivation. 

 

1. Optimization of interface properties 

In this approach, a dielectric surface layer often consisting of oxygen or 

nitrogen and hydrogen atoms to saturate the dangling bonds of silicon is used. 

By doing so, the interface trap density is reduced, and thus there are fewer 

recombination-active defects in the band gap. This process is referred to as 

chemical passivation.  

 

2. Reduction of the surface concentrations of electrons or holes 

As shown earlier, the recombination rate 𝑈𝑟𝑎𝑑  is proportional to the carrier 

densities of electrons and holes. By reducing one of these densities at the 

surface, the recombination rate could be decreased. Typically, it is the minority 

carrier density which is reduced further to achieve this goal, and in solar cell 

technology this is accomplished in the following two ways:   

• Installation of a back-surface field 

To keep the minority carriers away from the surface, a layered structure of 

high and low doping 𝑛+𝑛 or 𝑝+𝑝 is formed.  
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• Field-effect passivation 

A layer of a dielectric material, incorporating fixed static charges, placed 

on top of the surface creates an electrical field which repels minority carriers.  

2.6 EFFECTIVE LIFETIME AND THE SEPARATION OF BULK AND 

SURFACE LIFETIME 

As established earlier, the sum of the four recombination mechanisms, SRH, 

Auger, radiative and surface, defines the net recombination rate, which in turn gives 

the effective lifetime: 

1

𝜏𝑒𝑓𝑓
= (

1

𝜏𝑆𝑅𝐻
+

1

𝜏𝐴𝑢𝑔𝑒𝑟
+

1

𝜏𝑟𝑎𝑑
) +

1

𝜏𝑠𝑢𝑟𝑓𝑎𝑐𝑒
=

1

𝜏𝑏𝑢𝑙𝑘
+

1

𝜏𝑠𝑢𝑟𝑓𝑎𝑐𝑒
 (28) 

It is instructive to divide the contributions of effective lifetime into the bulk and 

the surface lifetime, since lifetime spectroscopy is built for determining bulk lifetime. 

Before the focus is completely turned to bulk lifetime, a brief look into 𝜏𝑠𝑢𝑟𝑓𝑎𝑐𝑒  is 

necessary.  

Since a surface is two-dimensional, the surface recombination rate 𝑈𝑠  is a 

measure per unit area. Thus, it does not make much sense to define a surface lifetime. 

Rather, a surface recombination velocity (SRV) 𝑆 is defined: 

𝑆 ≡
𝑈𝑠

∆𝑛
 (29) 

In the present work, all surfaces are very well passivated and therefore have 

low SRV. For such a case, the effective lifetime is given by 

1

𝜏𝑒𝑓𝑓
=

1

𝜏𝑏𝑢𝑙𝑘
+

2𝑆

𝑊
        for 𝑆 <

𝐷𝑛

4𝑊
 (30) 

where 𝑊  is the thickness of the wafer and 𝐷𝑛  is the diffusion constant of 

electrons, given the wafer is p-type wafer, which will be assumed from now on in this 

text if nothing else is mentioned. 
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CHAPTER 3 

3CHARACTERIZATION TECHNIQUES 

This chapter aims to describe the theoretical background of the 

characterization techniques applied in the lab. The point is to explain how the 

measurement equipment and the methods are anchored in carrier lifetime 

understanding.  

3.1 LIFETIME MEASUREMENTS 

A major focus up until this point has been on recombination and carrier lifetime. 

There are two main ways of differentiating carrier lifetime measurement techniques: 

Excess carrier density measurement and illumination duration. The latter will be the 

main focus here.   

There are three different operation regimes depending on the duration of 

illumination time: transient, steady-state and quasi-steady state. In the transient regime, 

the wafer is illuminated by a very short pulse, after which the decay of the excess 

carrier density is measured. Under steady-state illumination, the sample is exposed to 

a longer and even light pulse. However, in quasi-steady state regime, the light pulse is 

relatively short and gradually reduced, but long enough for the decay of excess carriers 

and thus recombination processes to take place a steady state.  
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The description based on time-dependent illumination is built on the continuity 

equation for the excess minority carriers: 

𝜕∆𝑛

𝜕𝑥
= 𝐺𝑏𝑢𝑙𝑘(𝑡, 𝑥) − 𝑈𝑏𝑢𝑙𝑘(𝑡, 𝑥) +

1

𝑞

𝑑𝐽𝑛

𝑑𝑥
 (31) 

where 𝐺𝑏𝑢𝑙𝑘  and 𝑈𝑏𝑢𝑙𝑘  are the bulk photogeneration and the recombination 

rate and 𝐽𝑛 is the electron current density.  

Since the sample is in open-circuit condition, the transport term 𝑑𝐽𝑛 𝑑𝑥⁄ = 0. By 

inserting 𝑈𝑏𝑢𝑙𝑘 = ∆𝑛/𝜏𝑒𝑓𝑓  and solving for the effective lifetime 𝜏𝑒𝑓𝑓 , a general 

expression for effective lifetime is obtained: 

𝜏𝑒𝑓𝑓 =
∆𝑛𝑎𝑣

𝐺𝑎𝑣(𝑡) −
𝜕∆𝑛𝑎𝑣(𝑡)

𝜕𝑡

 (32) 

where the carrier density 𝑛𝑎𝑣 and the generation rate 𝐺𝑎𝑣 are averages over the 

entire wafer thickness. For operation in transient regime, where the light pulse is so 

short that 𝐺 ≡ 0, 𝜏𝑒𝑓𝑓  is reduced to: 

𝜏𝑒𝑓𝑓 =
∆𝑛𝑎𝑣

−
𝜕∆𝑛𝑎𝑣(𝑡)

𝜕𝑡

 (33) 

For this regime, the lifetime of charge carriers in the wafer should be much 

higher than the illumination decay time.  

In the quasi-steady-state regime, the change in the minority carrier density in 

time is zero; 𝜕∆𝑛𝑎𝑣(𝑡) 𝜕𝑡⁄ ≡ 0, so 𝜏𝑒𝑓𝑓  becomes 

𝜏𝑒𝑓𝑓 =
∆𝑛𝑎𝑣

𝐺𝑎𝑣(𝑡)
 (34) 

Contrary to the transient regime, the lifetime here must be lower than the 

illumination decay time. Evidently, the excess carrier density generally plays a major 

role in finding the effective lifetime. By the aid of photoconductance and inductive 

measurement of ∆𝑛, 𝜏𝑒𝑓𝑓  can be monitored. This technique is called quasi-steady state 

photoconductance technique (QSSPC) [5].  
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3.2 QUASI-STEADY STATE PHOTOCONDUCTANCE (QSSPC) 

For the experiments carried out in this work, an apparatus by Sinton WCT-120 

TS is used. In the setup shown in Figure 3.1, a flash lamp optically generates carriers in 

the sample, which is placed on a stage. In this stage, there is a coil, which is inductively 

coupled to a radio-frequency bridge. The coil records changes in the excess 

photoconductance ∆𝜎(𝑡) of the sample, through which ultimately the average excess 

carrier density ∆𝑛𝑎𝑣 = ∆𝑝𝑎𝑣 is calculated by 

∆𝑛𝑎𝑣 =
∆𝜎(𝑡)

𝑞(𝜇𝑛 + 𝜇𝑝)𝑊
 (35) 

where 𝜇𝑛  and 𝜇𝑝  are the electron and hole mobility and 𝑊  is the wafer 

thickness. These mobilities are themselves, among other variables, a function of the 

excess carrier density, so the QSSPC setup iterates through a mobility model with 

constant carrier density to determine 𝜇𝑛 and 𝜇𝑝.  

 

 
Figure 3.1. Left: A picture of the QSSPC setup. Right: Sketch of its working principles. Figure from 
Ref. [5]. 
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The time dependence of ∆𝜎(𝑡)  and the illumination intensity 𝐼(𝑡)  are 

determined by use of a reference solar cell and an oscilloscope. To find the last variable 

in the equation for effective lifetime 𝜏𝑒𝑓𝑓  (Equation 34), namely the generation rate 

𝐺𝑎𝑣(𝑡), a good place to begin is to look at the number of photons absorbed by the 

sample. Assuming the sample will absorb a fraction 𝑓𝑎𝑏𝑠  of the photons in the average 

intensity 𝐼𝑎𝑣(𝑡), and that the calibrated reference solar cell has the intensity of 1 sun 

(1000W/m2) with 𝑁𝑝ℎ
1𝑠𝑢𝑛  number of photons, the generation rate will then be 

𝐺𝑎𝑣(𝑡) =
𝐼𝑎𝑣(𝑡)𝑓𝑎𝑏𝑠𝑁𝑝ℎ

1𝑠𝑢𝑛

𝑊
 (36) 

Since the decay time of the illumination can be varied in this apparatus, it allows 

for both transient and quasi-steady-state measurements within a large range of 

lifetimes (from 100 𝑛𝑠 to more than 10 𝑚𝑠) and carrier densities (1013 – 1016 𝑐𝑚−3).  

The transient mode is well suited for lifetimes above 200 𝜇𝑠, while for lifetimes below 

200 𝜇𝑠, the quasi-steady-state mode is better. Figure 3.2 illustrates the illumination 

and measured peaks, and how they relate to each other in time.  

 
Figure 3.2. Traces of measurement modes in the inductively-coupled QSSPC system. (a) Traces 
from transient mode showing a narrow and sharp illumination peak (solid line) and the 
following photoconductance decay (dashed line). (b) Traces in the quasi-steady-state mode 
showing a uniform decay of both signals. Figure from Ref. [5]. 
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The inductive coil is built into a heating stage with a temperature range of 25 ⁰C 

– 200 ⁰C. The temperature changes the SRH lifetime and can give insight into 

recombination center identity.  

The minority carrier injection range is dependent on the flash period and 

acquisition time. Therefore, longer flash periods and acquisition times were used 

resulting in a wide injection range, which gives a view into SRH lifetime and 

recombination active defects. Figure 3.3 is meant for illustration purpose only, to show 

what it looks like when the QSSPC software plots the data it has gathered.  

 

 
Figure 3.3.  An image of plotted lifetime is calculated and plotted as a function of minority carrier 
injection. The data is from a monocrystalline PDG wafer.  

 

3.3 PHOTOLUMINESCENCE IMAGING 

With its high resolution and short measurement time, photoluminescence (PL) 

imaging is a contactless and versatile characterization technique used across the entire 

photovoltaic (PV) chain. It is a well-established technique for silicon quality 
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characterization and inline process monitoring in solar cell processing. In PL imaging, 

the surface of a silicon sample is optically excited by a laser to emit luminescence. A 

charge-coupled device (CCD) camera acquires the emitted luminescence and creates 

an image of the sample. A sketch of the working principles in PL is shown in Figure 3.4.  

Band-to-band emission occurs when carriers are optically or electrically 

injected in the wafer. The rate of spontaneous emission via band-to-band transitions is 

proportional to the electron and hole densities, the minority carrier lifetime and the 

splitting of the quasi-Fermi energies. Thus, PL imaging can give access to a broad range 

of information about a sample material.  

The focus of this work is on minority carrier lifetime, and this lifetime is a strong 

function of injection level in terms of the excess carrier density ∆𝑛. A typical solar cell 

operates at ∆𝑛 ≈ 1013 − 1014 𝑐𝑚−3 , and PL imaging can be carried out at these and 

lower ∆𝑛 within seconds with great spatial resolution [7] [8] [9]. 

 

 
Figure 3.4. Schematic illustration of the PL imaging setup with a built-in heating stage used in this 
study. A laser illuminates a heated sample which sends out photoluminescence signals captured 
by the CCD camera.  

The effective lifetime of charge carriers under steady state illumination is given 

by Equation 34, where the generation rate 𝐺 is dependent on the laser photon flux 𝛷. 



 
 
 
CHAPTER 3   CHARACTERIZATION TECHNIQUES 

 

27 
 

In the measurement setup used, a laser diode with a wavelength of 𝜆 = 808 nm is used 

to illuminate Si wafers with a thickness W. Then the generation rate becomes: 

𝐺 =
𝛷(1 − 𝑅𝑓,808𝑛𝑚)

𝑊
 (37) 

where 𝑅  is the reflectivity of the sample. This variable is dependent on the 

surface coating of the sample. To prevent the detection of laser reflections, a long-pass 

filter was used in front of the camera.  

When interpreting a PL signal in terms of carrier lifetime, one complication 

arises. As mentioned earlier, the CCD camera measures a photon flux 𝐼𝑃𝐿  from the 

surface of the sample which is proportional to the rate of spontaneous band-to-band 

emission 𝑟𝑠𝑝:  

𝐼𝑃𝐿 ∝  𝑟𝑠𝑝 = 𝐵∆𝑛(𝑁𝐴/𝐷 + ∆𝑛) (38) 

where B is the previously introduced radiative recombination coefficient, and 

𝑁𝐴/𝐷  is the net background doping. So, the spontaneous emission rate is not only 

determined by the excess carrier density, but also the doping concentration. Added to 

this, is also the fact that the amount of band-to-band emission that escapes the sample 

is dependent on its optical properties.  

Therefore, to be able to interpret the PL image as a minority carrier lifetime 

image, a separate calibration procedure is needed. The QSSPC method, which enables 

quantitative measurement of injection level dependent minority carrier lifetime, is 

used in this work to correlate PL images with the lifetime data.  

  In the PL measurements, as in QSSPC, gathering data over a wide injection 

range is crucial. For this purpose, effort was made to cover a wide range of fluxes by 

varying the illumination flux. The PL setup used in this study is the LIS-R1 from BT 

Imaging. To give an idea about what calibrated PL images looks like, Figure 3.5 is added. 

The colors bars indicate lifetime values.  
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Figure 3.5.  Calibrated PL lifetime images of two multicrystalline silicon wafers from bottom (left) 
and top (right) part of the same ingot taken at 75 ⁰C. There is a clear difference between grain 
shape and size. The numbers along the left and bottom axis counts the pixels, while the color bar 
indicates the lifetime. 

3.3.1 CALIBRATION CONSTANT 

To convert PL images into carrier lifetime images, the PL signal is calibrated 

with a QSSPC measurement [10] [11]. The measured PL intensity, which is in relative 

units, is under steady state condition and with a uniform carrier profile depth-wise 

given by: 

𝐼𝑃𝐿 = 𝐶𝑐𝑎𝑙(𝑝𝑛) = 𝐶𝑐𝑎𝑙(𝑁𝐴/𝐷 + ∆𝑛)∆𝑛 (39) 

where 𝐶𝑐𝑎𝑙𝑖𝑏𝑟𝑎𝑡𝑖𝑜𝑛  is the calibration constant. Evidently, this constant depends 

on the radiative recombination coefficient 𝐵, in addition to the optical properties of the 

sample, such as front and back surface reflectance and absorption across the thickness.   

The calibration constant is found by comparing QSSPC data from a certain area 

of the sample to the measured PL signal from the same area:  

𝐶𝑐𝑎𝑙 =
𝐼𝑃𝐿,𝐴𝑣𝑔

(𝑁𝐴/𝐷 + ∆𝑛𝑄𝑆𝑆𝑃𝐶)∆𝑛𝑄𝑆𝑆𝑃𝐶
 (40) 

where 𝐼𝑃𝐿,𝐴𝑣𝑔  is the average PL intensity from that area.  
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This calculation method is accurate for homogenous samples. However, if there 

exists significant lateral non-uniformities and for high injection levels, errors are 

introduced when correlating an average PL intensity with ∆𝑛𝑄𝑆𝑆𝑃𝐶  and some 

uncertainty is expected in the calculation of 𝐶𝑐𝑎𝑙 .  After finding a calibration constant it 

is possible to correlate the local PL intensity 𝐼𝑃𝐿,𝑖  measured at each pixel 𝑖 to a local 

excess carrier density ∆𝑛𝑖 by rearranging the equation above:  

∆𝑛𝑖 =
−𝑁𝐴/𝐷√𝑁𝐴/𝐷

2 + 4
𝐼𝑃𝐿,𝑖

𝐶𝑐𝑎𝑙𝑖𝑏𝑟𝑎𝑡𝑖𝑜𝑛

2
 

(41) 

 

3.4 LIGHT INDUCED DEGRADATION 

Light induced degradation (LID) is a degradation of solar cell performance due 

to activation of electrical defect complexes of several elements during light and carrier 

injection [12]. Defect complexes of Fe, B and O often play a major role in LID in silicon 

wafers. In for instance monocrystalline Czochralski Si solar cells, the Fe concentration 

is typically quite low (< 1012 𝑐𝑚−3), whereas the interstitial oxygen content is quite 

high (~ 1018 𝑐𝑚−3), since traces of oxygen are incorporated into the ingot during the 

melting process.  

Hence, in gettered boron-doped monocrystalline Si, LID is normally attributed 

to the boron-oxygen defect complex. Positively charged oxygen dimers diffuse in the 

silicon lattice and create complexes with boron acceptors. These complexes introduce 

energy levels in the bandgap and capture both electrons and holes, thereby reducing 

the PV effect and destabilizing lifetime measurements. Here, a reduction in minority 

carrier lifetime due to LID can lead to up to 10% efficiency loss under solar cell 

operation [13].  

A LID curve, with carrier lifetime as a function of illumination period for an as-

cut wafer is shown in Figure 3.6. The carrier lifetime, which in the beginning is around 
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1000 µs, rapidly decreases with illumination. After 1 hour, the lifetime has sunk to 

approximately 350 µs, and after 100 hours, it is down to 100 µs.  

 

 
Figure 3.6. Light induced degradation reduces the lifetime in a p-doped seed as-cut 
monocrystalline wafer. This plot is credited to Rune Sødenå.  

 However, LID occurs also in multicrystalline Si as well. Together with light and 

elevated temperature induced degradation (LeTID), these two degradation 

mechanisms lead to efficiency losses up to 12% in high performance multicrystalline 

(HPMC) Si cells. The cause of this LeTID is unknown, although studies suggest it can be 

connected to metallic impurities, hydrogen and extended crystal defects like grain 

boundaries and dislocation clusters[14].   

In this work frame, light soaking is performed prior to all lifetime measurements 

to avoid discrepancies in the carrier lifetime measurements due to LID. The goal is to 

push the electrically active complexes to a stable condition, where their effect on 

carrier lifetime can be predictable and not changing during the measurement.   
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3.5 TEMPERATURE COEFFICIENT OF SOLAR CELLS 

Generally, solar cell performance is quantified by conversion efficiency under 

standard test conditions (STC). These include a temperature of  25 ⁰C, perpendicular 

incidence of light with an irradiance of 1000 Wm−2 under global standard solar 

spectrum AM1.5g. However, the operating conditions in the field deviate from STC, and 

for instance higher module temperatures between 30 ⁰C and 60 ⁰C are measured under 

otherwise STC and ambient temperatures around 25 ⁰C.   

For the industry and customers, it is crucial to know field conversion efficiencies 

for yield estimation and device optimization strategies. Temperature affects the 

physical properties of Si, and thereby also the temperature sensitivity of the solar cell. 

Since band gap size is temperature dependent, one dominating effect of increased 

temperature in Si is shrinkage of the band gap. A decreasing bandgap leads to a higher 

band-to-band absorption and a blue shift to the cut-off wavelength for the photon 

response. This results in a higher short circuit current in the solar cell. Another 

important temperature effect is the increase in the number of equilibrium intrinsic 

charge carriers, 𝑛𝑖, due to thermal excitation across the band gap, which in turn causes 

a lowering of the open circuit voltage [15] [16] [17]. 

To relate change in a physical parameter 𝑋 due to temperature in a solar cell in 

the field to STC, it is useful to define a temperature coefficient 𝑇𝐶𝑋 : 

 𝑇𝐶𝑋 =
100%

𝑋𝑆𝑇𝐶

𝑑𝑋

𝑑𝑇
 (42) 

where 𝑋𝑆𝑇𝐶  is the value of 𝑋 at STC, and 𝑑𝑋 is the change in 𝑋 over the temperature 

interval 𝑑𝑇. Linear temperature dependence of 𝑋 in the relevant temperature range 25 

⁰C to 80 ⁰C is assumed.  

Important Si material parameters are temperature dependent, and this has an 

impact on the temperature sensitivity of the final solar cell. The most important effect 

of temperature is on the intrinsic carrier concentration, 𝑛𝑖 , since the number of 

thermally excited carriers increases exponentially with temperature. In addition, the 

band gap narrows with increasing temperature, leading to more photon absorption 
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and higher short circuit current, 𝐼𝑆𝐶 , in the solar cell. This in turn means a lowered open 

circuit voltage, 𝑉𝑂𝐶  [18].  

The carrier lifetime is affected by temperature, and a lifetime temperature 

coefficient 𝑇𝐶𝜏  addresses this change. As the solar cell performance, and particularly 

the 𝑉𝑜𝑐 , is affected by the carrier lifetime, 𝑇𝐶𝑉𝑜𝑐  is also influenced by 𝑇𝐶𝜏. A secondary 

use for the 𝑇𝐶𝜏  maps found in this thesis is therefore to further understand the 

temperature dependencies of Si solar cells based on similar wafers. This topic is 

however beyond the scope of this thesis.  

   

3.6 LIFETIME SPECTROSCOPY 

Lifetime spectroscopy (LS) is a sensitive method for defect analysis based on 

investigations of the specific signatures of the SRH recombination itself. Many 

impurities and defects in Si are detrimental in very low concentrations (in the order of 

1010 𝑐𝑚−3) and is often below the detection limit for chemical analysis tools. Instead, 

LS take advantage of the fact that defect states in the bandgap act as SRH recombination 

centers, which result in a lowering of the lifetime and a specific behavior of the lifetime 

as a function of injection level and temperature. The method aims to identify lifetime 

limiting impurities thorough SRH defect parameters and quantify their relative 

concentrations [19].   

Two of these parameters are the capture cross sections 𝜎𝑛  and 𝜎𝑝  and the 

capture time constants 𝜏𝑝0 and 𝜏𝑛0. A symmetry factor 𝑘 is defined as  

𝑘 ≡
𝜎𝑛

𝜎𝑝
=

𝜏𝑝0

𝜏𝑛0
 (43) 

When used in the expression for the SRH lifetime, 𝑘 allows for the capture time 

constants to act as scaling factors. Thus, SRH lifetime curves only scale up and down 

with the capture time constants which are absolute parameters, and the curves do not 

change their shapes. What does change the shape of the lifetime curves are relative 

parameters such as the energy level of the SRH recombination center in the band gap, 
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𝐸𝑡 , and the symmetry factor 𝑘. Pairs of these two recombination parameters constitute 

a defect parameter solution surface (DPSS). All points on the DPSS curve (pairs of 𝐸𝑡  and 

𝑘) give the same solution for the injection dependent lifetime at a single temperature. 

To identify exact defect parameters, lifetime measurements with variation in 

either doping or temperature are necessary. Investigation with a variation in doping 

would mean working with multiple samples. Identification of unknown recombination 

centers in one specific sample would then be impossible. On the other hand, this is 

possible with a temperature dependent procedure.  

When more than one recombination center impacts lifetime, which is usually 

the case, a separation of SRH defect parameters is needed. This had long been a 

challenge, when Murphy et. al. [20] introduced a method of linear parametrization in 

which two single defects can be identified. Using this method, assessments can be made 

about the quality of commercial Si for solar cells by looking at the identity and amount 

of lifetime limiting SRH recombination centers. 

Shallow and deep defect levels affect the effective carrier lifetime differently. As 

shown in Figure 3.7, a deep defect level called “defect 1” with the lifetime 𝜏𝑑𝑒𝑓𝑒𝑐𝑡1, and 

a shallow defect level called “defect 2” with the lifetime 𝜏𝑑𝑒𝑓𝑒𝑐𝑡2 , form the shape of 

effective carrier lifetime 𝜏𝑒𝑓𝑓  curve. This figure is based on data from a boron doped 

multicrystalline sample with doping concentration 1 × 1016 𝑐𝑚−3  at room 

temperature.  
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Figure 3.7. Different contributions to the effective carrier lifetime are illustrate  

In order to investigate the SRH recombination it is first necessary to subtract 

the contribution of intrinsic recombination 𝜏𝑖𝑛𝑡𝑟  from 𝜏𝑒𝑓𝑓 . Then, to separate the 

contributions from the two SRH recombination centers on carrier lifetime, it is useful 

to make a linear parametrization of the curves for 𝜏𝑑𝑒𝑓𝑒𝑐𝑡1 and 𝜏𝑑𝑒𝑓𝑒𝑐𝑡2. This becomes 

easier if we represent the SRH lifetime as a function of X, where X is the electron to hole 

ratio, given by  

𝑋 =
𝑛

𝑝
=

∆𝑛

𝑁𝐴 + ∆𝑛
 (44) 

 

Thus, SRH lifetime for a single defect can be written as 𝜏 𝑆𝑅𝐻 (𝑋, 𝑇) = 𝐴𝑋 + 𝐵, 

where T is the temperature, A is the gradient and B is the constant term of the linear 

parametrization. This parametrization allows also independent lifetime analysis of 

each defect with regards to both X (injection level) and T. The DPSS curves for each of 

the defects can then be solved for the temperature dependent TIDLS data, and points 

of interaction between curves suggests defect solutions [21].  
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The details of these calculations are outside the scope of this written work. 

However, TIDLS is part of what the theory, experiments and results of this thesis can 

be used for. The left part of Figure 3.8 shows simulated lifetime data at three 

temperatures for two SRH recombination centers: a deep level at 𝐸𝑡 = 0.22 eV with 

𝑘 = 30 and a shallow level close to the conduction band at 𝐸𝑡 = 0.94 eV and with 𝑘 =

0.1. The DPSS curves calculated from the lifetime data are shown on the right side in 

Figure 3.8.  

 

 

  

Figure 3.8. Left: Effective SRH lifetime (solid lines) as a function of the ratio of electrons to holes 
X. The dotted and dashed straight lines represent the deep and the shallow defect level, 
respectively, whose inverse sum gives the effective lifetime curves. The colors indicate 
temperature: blue for 25 oC, green 50 oC and red 80 oC. Upper right:  DPSS curves solved for the 
linear curves in the left figure. Lower right: Relative standard deviation between the DPSS curves. 
A local minimum marks a common solution for the curves and indicates the defect energy level 
in the bandgap. Figure from Ref. [21]. 

An example of the use of temperature- and injection dependent lifetime images, as 

measured in this thesis, for TIDLS is provided in the scientific research paper in 

Appendix
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CHAPTER 4 

4SAMPLES AND EXPERIMENTAL DETAILS 

 

4.1 QSSPC MEASUREMENTS 

The details of the QSSPC measurements (introduced in section 3.2) is provided 

in this section. The generalized analysis mode was chosen for QSSPC, as this is the mode 

which is most similar to the steady state PL images, and which gave the most consistent 

results in early testing. The input parameters for the software of this setup were 

resistivity, optical constant, wafer thickness and sample type regarding doping. To get 

data points in the lower part of the injection range, the acquisition time was increased.  

In a temperature range of 25 ⁰C to 80 ⁰C, measurements were carried out and 

data collected automatically every 5 ⁰C. Room temperature QSSPC measurements were 

done before and after the heating to ensure that no annealing effects had occurred 

during the temperature stages.  
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4.2 LASER LINEARITY TEST 

After the first analysis of PL and QSSPC data and plotting of the calibration 

constant versus the illumination flux, there were certain unexpected and repeating 

patterns in the results, which could be explained by a discrepancy between the actual 

and the reported laser flux values. In addition, the PL laser had never previously been 

used or tested at very low illumination fluxes.  

To check the PL laser illumination flux, a laser power meter was used. In a 

power meter, sensors determine the energy output of the intensity of the PL laser 

beam. By comparing the energy output measured by the power meter with the laser 

flux reported by the PL machine, the goal was to discover eventual error sources.  

Measurements were carried out by placing the power meter inside the PL with 

the sensor at a suitable angle towards the laser to allow best possible detection. Data 

was gathered both by the power meter and the PL, and these were later compared.  

 

 
Figure 4.1. The laser power meter used in this study. The white cylinder-shaped object is the 
illumination sensor.   
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4.3 PL AND SPATIAL DISTRIBUTION OF LIFETIME 

Since the PL setup used did not have a factory built-in temperature stage, this 

had to be added externally as shown in Figure 4.2. A hot plate was mounted on a 

portable stage and adjusted laterally and vertically into the PL to provide the necessary 

measurement conditions. Through numerous and carefully planned trials, the right 

position of the temperature stage relative to the laser and the CCD camera was chosen 

and marked to ensure same position for future measurements.  

 

 
Figure 4.2. Inside the PL machine, a temperature stage is built. Above the stage is the cylinder 
shaped CCD camera. Above and to the right of the stage with yellow triangle marks on are two 
lasers.  A monocrystalline Si wafer is placed on the heating stage for illustration.  

The band-to-band PL spectrum of a silicon wafer ranges from 900 to 1300 nm. 

The short wavelength photons have small absorption depth, and those emitted from 

the rear part of the wafer do seldom escape the front surface.  
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On the other hand, the long wavelength photons can move through the wafer 

before escaping the surface, and thus coming out at a different lateral position than 

emitted. This causes a smearing of the signal. To mitigate this smearing, a 1050 nm 

short pass filter was mounted in front of the CCD camera. The filter allows only photons 

emitted from near the surface to pass, and thus the displacement of signal is avoided. 

The short pass filter also minimizes the proportion of rear reflected PL in the total 

measured PL, hence reducing the uncertainty in the in the optical modeling [11].  

Doping type, resistivity, sample thickness and reflectivity data were filled into 

the PL software. An automated script assisted in taking PL images. At every 

temperature step, 15 images with different laser excitation intensities were taken and 

stored.   

Uncertainties in PL measurements can be connected to reported laser intensity 

and counting of signals by the CCD camera [22]. In addition, the PL machine has no 

means of differentiating between where in the sample photons come from and where 

they are detected. In samples with long carrier diffusion length, PL images become 

blurry.  

4.4 CALIBRATION CONSTANT 

To convert photoluminescence images into carrier lifetime images for silicon 

wafers with homogenous lifetime distributions is possible with a calibration factor 

extracted from a separate monocrystalline wafer and optical modelling of the 

photoluminescence signal [23]. The goal here was to develop a method, which is 

applicable to planar wafers with uniform carrier profiles depth-wise. Following a 

conventional calibration approach, the photoluminescence signal is calibrated against 

a quasi-steady state photoconductance measurement on a range of mono- and 

multicrystalline samples.  

This method for finding a calibration constant is most robust when the test 

sample is homogenous. Then, the calibration region has negligible variations in doping, 
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thickness and optical properties. However, finding a calibration constant based on both 

mono- and multicrystalline samples gives a more robust result.  

4.4.1 TRIAL WITH MONOCRYSTALLINE SI 

The first approach to find a calibration constant involved using a sample set of 

six monocrystalline silicon wafers produced from Siemens polysilicon. The idea was 

that for a monocrystalline wafer, the total absence of grain boundaries would aid in 

finding a reliable calibration constant. Since the concentration of dopants, and thus the 

resistivity, varies through the height of an ingot, wafers from the top (seed), middle 

(mid) and bottom (tail) part of the ingot were chosen.  

The monocrystalline samples used consisted of two different kinds: Ungettered 

and phosphorous diffusion gettered (PDG) wafers. The ungettered wafers are also 

called as-cut (AC) wafers, since they do not go through any high temperature 

processing steps simulating the usual treatment of a solar cell. AC wafers are only 

damage etched and surface passivated to physically smoothen and electrically 

neutralize the surface, respectively. In the following table these samples are listed:  

Table I.  Both AC and PDG wafers from seed, mid and tail of the ingot were used. 

Ingot 

part 

Resistivity Dopants Feedstock 

Seed  2.9 Ω-cm B Siemens, polysilicon  

Mid  2.5 Ω-cm B Siemens, polysilicon 

Tail  1.7 Ω-cm B Siemens, polysilicon 

 

The PDG wafers, on the other hand, go through a series of treatments which are 

listed below in Figure 4.3. As for the in-diffusion of phosphorous by POCl3 in PDG 

samples, it serves to reduce the negative effects of electrically active transition metal 

contaminants in the bulk, and thereby enhances the minority carrier recombination 

lifetime.  
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A phosphorous glass layer remains on the surface of the emitter after the 

phosphorous in-diffusion. This is etched away with a solution of hydrofluoric, nitric 

and acetic acids ( 𝐻𝐹: 𝐻𝑁𝑂3: 𝐶𝐻3𝐶𝑂𝑂𝐻 , abbreviated HNA). In the end, a surface 

passivation and an anti-reflection coating are deposited by plasma enhanced chemical 

vapor deposition (PECVD) using an amorph 𝑆𝑖: 𝐻/𝑆𝑖𝑁𝑥  stack. 

 
Figure 4.3. The process routes which the different mono- and multicrystalline samples go 
through. 

4.4.2 TRIAL WITH MULTICRYSTALLINE SI 

In further work with finding the calibration constant, wafers from four high 

performance multicrystalline (HPMC) silicon ingots were measured. These are listed 

in Table II. The reference ingot is made of a blend of Siemens polysilicon and fluidized 

bed reactor (FBR) silicon. It is not co-doped and serves to engineer the resistivity 

profiles for the other ingots as shown in Figure 4.4. The other three ingots are produced 

from a feedstock consisting of 70% Elkem Solar Silicon (ESS) and 30% polysilicon. This 

Si is made through metallurgic rather than gas phase purification as in the conventional 

Siemens process, and is therefor a product of a more energy efficient process. In 

addition, the Si here is doped with both boron and phosphorous in the feedstock.   

Furthermore, they are co-doped with gallium to tailor a target resistivity 

throughout the ingot height. As seen in Figure 4.4, for around 80% of the height, co-

doping does ensure an even resistivity, whereas the resistivity is decreasing towards 
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the top of the ingot. Figure 4.4 shows the net doping, resistivity and a compensation 

level profile throughout the height of the four different ingots, as described by Haug et 

al. in [24], who also investigated wafers from the same ingots. The net doping was 

calculated using the Scheil equation which describes solute redistribution during 

solidification. The resistivity profile is modelled using the solar cell modelling software 

PC1Dmod6.2. The compensation level is calculated according to Equation 10 for 

compensation doping level.  

Table II.  Presentation of the ingots used. 

Ingot 

name 

Target  

resistivity 

Dopants Feedstock 

REF 1.3 Ω-cm B Polysilicon, FBR 

ESS 1.3  1.3 Ω-cm B, P, Ga ESS®, polysilicon 

ESS 0.9  0.9 Ω-cm B, P, Ga ESS®, polysilicon 

ESS 0.5  0.5 Ω-cm B, P, Ga ESS®, polysilicon 

 

 

The processing steps these wafers went through are listed under PDG+H in 

Figure 3.3. Most of these steps are the same as for PDG. However, a surface passivation 

through hydrogen in-diffusion by 𝑆𝑖𝑁𝑥: 𝐻 deposition at 400 ⁰C, and a simulated contact 

firing are also performed in PDG+H. The purpose of these treatment steps is to simulate 

the solar cell processing, which does influence the minority carrier lifetime. In 

multicrystalline wafers this last processing step typically serves a double purpose, as 

hydrogen diffuses into the bulk of the wafers and partly or completely passivates 

structural defects such as grain boundaries.   
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Figure 4.4. The net doping as a function of height (top), taking into account the effects of 
compensation doping, including incomplete ionization shows a slight increase towards the top 
for most of the height. The estimated resistivity profiles (middle) are flat for large parts of the 
three compensated ingots and show an increase towards the top. The non-compensated ingot, 
however, shows a decrease in the resistivity with increasing height in the ingot. The 
compensation level (bottom) versus the relative height plot illustrates the increasing number of 
dopants towards the top of the ingot. Figure from Ref. [24]. 

4.5 LIGHT INDUCED DEGRADATION 

Before QSSPC and PL measurements, the wafers were light soaked under LED 

lamps with a power of about 20 mW/cm2 for 48 hours at room temperature. Figure 4.5 

is a picture of a light soaking setup similar to the one used in this work. 
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Figure 4.5. A light soaking setup is used to to invoke light induced degradation under controlled 
environment. 

4.6 UNITING QSSPC AND PL MEASUREMENTS 

For both mono and multi wafers, temperature dependent QSSPC measurements 

with longer acquisition time were done. At this stage and for the multicrystalline 

wafers, it became clear that the wafer region placed atop the coil had a considerable 

effect on the results. Since the QSSPC coil has a limited area and inductively measures 

a photogenerated current in the wafer, measurements were performed on areas with 

fewer grain boundaries and clusters.  

Both generalized and transient QSSPC measurements were done. Data analysis 

showed that the transient mode measurements gave inconsistent and unexpected 

results. With generalized mode however, the results seem to be closer to theory and 

expectation.  

One explanation for this can be that in transient mode, a time dependent change 

in the carrier concentration is measured in the dark after a short illumination pulse. On 

the other hand, in the generalized mode the sample illumination conditions are more 

like those in PL measurements. Since the photogeneration pulse is longer in 

generalized mode, the measurement conditions are more analogous to the steady state 

in PL.   
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In addition, PL images were taken at a range of temperatures and illuminations. 

One crucial step in working with PL was finding suitable illumination flux. The flux 

range determines the injection range, which in turn gives the shape of the SRH lifetime 

curves.  

To cover a wide range of injection levels, both large and small area illumination 

PL measurements were done. In large area illumination, the laser intensity is 

distributed over the entire area of the wafer, whereas for small area illumination, it is 

concentrated on approximately 25% of it. Thus, small area illumination allows 

investigation in higher injection range.  

To better fit the PL and QSSPC data together, the small area illumination images 

were taken from the same area as in QSSPC measurements. In addition, the large area 

PL images were cropped down to the same size and area.   

  

4.7 EFFECT OF SAMPLE PROCESSING 

For investigation of the effect of sample processing on carrier lifetime, 3 

consecutive wafers from around 65% of the height of a non-compensated HPMC 

fluidized bed reactor Si ingot were used. The three processing routes they have been 

through are illustrated in Figure 4.3: As-cut (AC), phosphorous diffusion gettered 

(PDG) and phosphorous diffusion gettered and hydrogenated (PDG+H).  

All 3 samples are p-type, have a resistivity around 1.2 𝛺𝑐𝑚 and a boron doping 

concentration of approximately 1.24 × 1016 𝑐𝑚−3. The wafers have the same thickness 

of 188 µ𝑚.  

The seeding method during casting of HPMC Si ingots results in smaller grain 

size compared to conventional multicrystalline Si [25]. With more grains per area, 

these samples are well suited for sample processing investigation.   
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4.8 TEMPERATURE AND INJECTION PL IMAGING 

Identification of recombination active centers in multicrystalline silicon can be 

done by temperature and injection dependent PL measurements. For this purpose, a 

series of measurements were conducted as contribution to a paper written on TIDLS 

by Marie S. Wiig at IFE.    

The sample used here was a p-type HPMC Si wafer which had gone through the 

PDG+H treatment process illustrated in Figure 4.3 and a subsequent 72-hour light 

soaking procedure. The resistivity of the sample was 1.1 𝛺𝑐𝑚.  

Before and after the temperature dependent QSSPC and temperature and 

injection dependent PL measurements were done, room temperature PL and QSSPC 

measurements were done to check and ensure that no annealing effects occurred 

during the temperature steps. 

Both small and large area illumination PL images was taken. To test the 

transmission of the neutral density filter, a laser intensity measurement with a power 

meter was performed for the large area illumination with and without the filter. Thus, 

the purpose was to both re-test the laser flux and to double-check the laser power 

change due to the attenuation effect of the filter. The PL laser has a wavelength of 808 

nm. For this wavelength, the intended filter should transmit approximately 10% of the 

laser flux.  

The PL machine does not track the flux on stage, but only what the laser radiates 

pre-filter. This meant that the collected flux data had to be adjusted whenever the filter 

was used.  
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CHAPTER 5 

5RESULTS AND DISCUSSION 

In this chapter the experimental results will be presented and discussed. It 

starts with the outcomes of the experiments on the linearity and range of the excitation 

laser and continues with presentation of the calibration constant results. The next 

subject is expansion of injection level range in PL imaging, before injection dependent 

lifetime plots of the four ESS ingots will be reviewed. Onwards, carrier lifetime is the 

main topic. Section 5.4 is on PL images of lifetime variations with ingot height. 

Harmonic lifetime and temperature coefficients as a function of ingot height is the next 

subject, after which local injection and temperature dependent lifetime is studied. The 

effect of sample processing on lifetime is treated in section 5.7. In the end, some lifetime 

spectroscopy (TIDLS) results will be presented and discussed.   

 

5.1 LASER FLUX   

The results of the experiment described in section 4.1 show that the measured 

illumination power is a linear function of reported large area laser flux, as illustrated 

in Figure 5.1. In the lowest part of the reported flux range, linearity is still valid, even 

though one data point is a bit off, as shown in the inset of the figure below. Therefore, 
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the results are consistent enough to deduce that the reported large area laser flux 

values can be trusted.  

 

 
Figure 5.1 The measured power versus reported large area laser flux has a linear trend over the 
entire illumination flux range.    

Small area illumination flux check showed on one hand linearity between the 

measured illumination power and the reported flux. On the other hand, a discrepancy 

was found in the overlapping area between the small and large area illumination flux 

ranges, as shown in Figure 5.2. An overlapping deviation of 8.3 × 1015 𝑐𝑚−2𝑠−1 was 

found, and this deviation was subtracted from the reported small area flux for the 

entire range in all experiments.  
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Figure 5.2. Small and large area illumination do not overlap and a correction to reported small 
area flux must be made.  

Before testing the filter attenuation impact, the large area illumination flux was 

retested. Large area illumination power with and without filter is presented in Figure 

5.3 as a function of the reported laser flux on a double-logarithmic scale. The plot 

illustrates the approximate power-law dependence for the large area illumination.  

In addition, the attenuation effect is clear. The line for the filtered data in the 

plot is not straight, and this is probably due to measurement artifacts for low laser 

intensities in the laser power meter. This effect might however influence the lifetime 

results for the lowest injection levels when using such filters. Simple calculation 

confirms a filter attenuation effect of 10% on the laser illumination flux, as indicated 

by filter factory data.  
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Figure 5.3. The neutral density filter does filter out 10% of the laser flux (red symbols). The 
reported flux is multiplied with a factor of 0.100 to create the filter corrected flux data points. 
These points fall on an approximately linear trend with the reported large area illumination flux 
(green symbols). 

5.2 CALIBRATION CONSTANT  

By using a calibration constant, 𝐶𝑐𝑎𝑙 , PL images with otherwise relative 

measurement units are converted to spatial carrier lifetime maps. This procedure is 

explained in Section 4.4. This calibration procedure is usually performed in relatively 

high excitation levels, in which the impact of trapping-like artifacts and depletion 

region modulation effects on the QSSPC data is usually negligible [11] [22]. To find a 

calibration constant which is injection and carrier independent, 𝐶𝑐𝑎𝑙  itself must be 

rooted in injection and temperature dependent QSSPC and PL data.  

The mean time corrected 𝐶𝑐𝑎𝑙  versus the temperature for the as-cut (AC) and 

phosphorous diffusion gettered (PDG) Czochralski Si samples is plotted in Figure 5.4. 

𝐶𝑐𝑎𝑙  is obtained as a function of laser illumination Φ, 𝐶𝑐𝑎𝑙(Φ) . Some spread in the 

𝐶𝑐𝑎𝑙(Φ) is observed for all the investigated samples, and this spread is given as 
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standard deviation bars in a 𝐶𝑐𝑎𝑙(𝑇) plot. 𝐶𝑐𝑎𝑙(𝑇) is calculated as the mean of 𝐶𝑐𝑎𝑙(𝛷) 

for each temperature.  

 

  
Figure 5.4.  Calibration constant as a function of temperature for the as-cut (top) and 
phosphorous diffusion gettered (bottom) samples from three different heights in the ingot: Seed, 
mid and tail. 



 
 
 
CHAPTER 5   RESULTS AND DISCUSSION 

 

53 
 

For the AC samples, there are more irregularities in the 𝐶𝑐𝑎𝑙(𝑇) line than in the 

PDG samples. The reason for this is unknown, but it might be related to a larger 

concentration of possibly metastable iron defects.  

It is evident that 𝐶𝑐𝑎𝑙  decreases with temperature in all samples. One reason for 

this is that the measured PL intensity, 𝐼𝑃𝐿 , which 𝐶𝑐𝑎𝑙  is directly proportional to, 

decreases with increasing temperature. This happens since 𝐼𝑃𝐿 is proportional to the 

radiative recombination coefficient 𝐵, mentioned in Section 2.4.1 and Section 3.3.1, of 

the sample. The radiative recombination coefficient is dependent on photon energy, i.e. 

band structure and temperature [26].  

At low injection, under identical excitation conditions and at constant 

temperature, changes in the effective lifetime 𝜏𝑒𝑓𝑓  are reflected in proportional 

changes in the PL intensity. In temperature dependent lifetime measurements, the PL 

intensity variations are a convolution of temperature dependent lifetime and of 

changes in the PL intensity that would be observed for constant lifetime, for example 

due to changes of the radiative recombination coefficient and of the optical properties 

of the sample, as reported by Hameiri et al. [27]. To distinguish these entangled signals, 

Hameiri et al. have made data simulations of spectral PL emission for a wafer with 

constant lifetime for different wafer temperatures. Their results show, as referred to 

in Figure 5.5, that the emitted PL spectrum broadens, slightly shifts to longer 

wavelengths and shows a reduced peak intensity with temperature. When convoluted 

with the spectral response of the detection system, this results in a reduction in the 

detected PL signal with increasing temperature.   
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Figure 5.5. Simulated spectral PL emission from a Si wafer at different wafer temperatures. 
Simulated values: 180 𝝁𝒎  thick 1 𝛀𝒄𝒎  p-type wafer; bulk lifetime: 250 𝝁𝒔 ; surface 
recombination velocity: 100 𝒄𝒎𝒔−𝟏 (both surfaces); and excitation wavelength: 808 nm. The PL 
intensity is normalized to the peak intensity of the photoluminescence at room temperature. Ref 
[27]. 

The error bars in Figure 5.4 illustrate how big the spread in the 𝐶𝑐𝑎𝑙(𝛷) is, in 

order to indicate reliability of the data set for the mean value of 𝐶𝑐𝑎𝑙(𝑇). There is a 

correlation between the data points, which deviate from a straight 𝐶𝑐𝑎𝑙(𝑇) line, and the 

points which have a large error bar. These points are however included in the plots and 

later in finding one mean 𝐶𝑐𝑎𝑙(𝑇). These deviations can be meaningful in further work.  

The main physical difference between the wafers from the different height 

within the same ingot is resistivity. The seed wafers have the highest and the tail wafers 

the lowest resistivity, meaning that there is a higher number of dopants in the seed 

wafers than in the tail ones. Following this line of reasoning, and since 𝐶𝑐𝑎𝑙  is inversely 

proportional to the doping density, both curves in Figure 5.4 for the seed wafers should 

be the lowest ones, and those for the tail wafers highest. However, there is no 

predictable or common 𝐶𝑐𝑎𝑙(𝑇) behavior within or between the AC and PDG wafers. 

This could be due to partially incorrect resistivity values, since the resistivity values 
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are not measured, but calculated and chosen with respect to an approximated wafer 

position in ingot.  

When both data sets are put into the same plot, it is easier to see that the 𝐶𝑐𝑎𝑙(𝑇) 

curves lie relatively close to each other and have a similar gradient, as shown in Error! 

Reference source not found. below. 

 
Figure 5.6. Calibration constant as a function of temperature for the different monocrystalline 
wafers with error bars indicating the illumination flux dependent spread.   

Ultimately, the goal is to extract one universal calibration constant. From the 

monocrystalline samples and based on an averaging approach, a linear equation for a 

mean 𝐶𝑐𝑎𝑙(𝑇) was found. This equation is illustrated in both numbers and plot in Figure 

5.7. This equation is used in a MATLAB script to calibrate PL images presented later.  
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Figure 5.7. Calibration constant data points with their mean value (orange circles) for the 
monocrystalline samples. The equation for the mean, 𝑪𝒄𝒂𝒍,   𝒎𝒆𝒂𝒏, is added in a legend.  

The achieved calibration constant equation is 𝐶𝑐𝑎𝑙,𝑚𝑒𝑎𝑛 = −7.76 × 1030𝑇 +

1.42 × 10−27. 

Figure 5.8Figure 5.8. Calibration constant as a function of temperature for the four 

compensated multicrystalline ingots with error bars indicating the illumination flux dependent spread. 

shows 𝐶𝑐𝑎𝑙(𝑇) for the multicrystalline samples. The slope and intercept of the 𝐶𝑐𝑎𝑙(𝑇) 

curve is observed to be relatively close together for the three compensated samples, 

whereas the uncompensated reference (REF) has both a steeper slope and a higher 

constant term. This illustrates that compensation has a clear impact on 𝐶𝑐𝑎𝑙(𝑇). The 

reason for this may be that the mobility on compensated material is altered compared 

to the REF sample.  
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Figure 5.8. Calibration constant as a function of temperature for the four compensated 
multicrystalline ingots with error bars indicating the illumination flux dependent spread.  

  Using the same averaging procedure as for the monocrystalline samples, an 

equation for 𝐶𝑐𝑎𝑙(𝑇)  is extracted from the multicrystalline samples. It is plotted 

together with the calculated calibration data in Figure 5.9 below. 
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Figure 5.9. A mean value 𝑪𝒄𝒂𝒍,   𝒎𝒆𝒂𝒏  (orange circles) for multicrystalline samples as a function of 
temperature.   

The achieved calibration constant for the multicrystalline samples is 

multicrystalline 𝐶𝑐𝑎𝑙,𝑚𝑒𝑎𝑛 = −7.84 × 10−30𝑇 + 1.51 × 10−27. 

 

Whether the 𝐶𝑐𝑎𝑙,   𝑚𝑒𝑎𝑛  should contain the REF data or not is discussable. On 

one hand, it is clear that the REF wafer has different properties than the compensated 

wafers and should perhaps not be included in the mean. On the other hand, the idea of 

finding a universal 𝐶𝑐𝑎𝑙  suggests that the REF data should be included in the mean. The 

latter approach is chosen here.  

Comparing 𝐶𝑐𝑎𝑙,   𝑚𝑒𝑎𝑛(𝑇) for the mono and multicrystalline samples, one can 

see that there is a minor difference between the gradients and a 5.9% difference 

between the constant terms. The equation 𝐶𝑐𝑎𝑙,   𝑚𝑒𝑎𝑛(𝑇)  from the multicrystalline 

samples lays higher than for the monocrystalline samples, as shown in Figure 5.10. If 

the REF ingot data was not included, the equation for  𝐶𝑐𝑎𝑙,   𝑚𝑒𝑎𝑛(𝑇)  for the 
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multicrystalline sample would be 𝐶𝑐𝑎𝑙,   𝑚𝑒𝑎𝑛(𝑇) =  −5.55 × 10−30𝑇 + 1.29 × 10−27 . 

This mean equation is more dissimilar to the one for monocrystalline samples, and so 

better 𝐶𝑐𝑎𝑙,   𝑚𝑒𝑎𝑛(𝑇) equations than the plotted ones are not achieved.  

 

 
Figure 5.10.  The difference in the constant terms of 𝑪𝒄𝒂𝒍,   𝒎𝒆𝒂𝒏 as a function of temperature for 
mono and multicrystalline samples.   

To rule out any annealing effects under illumination and heating, room 

temperature QSSPC measurements were done before and after injection and 

temperature dependent measurements in QSSPC and PL. In the following, different 

possible sources of uncertainties in the presented calibration constant method and the 

results are given and discussed.   

5.2.1 COIL AREA SENSITIVITY  

The QSSPC measurement data lay an important part of foundation for the 

proposed method for finding a calibration constant.  Since in QSSPC, the measured 

excess carrier density data is averaged over the area of the radio frequency coil, the 
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radial sensitivity 𝑆𝑟(𝑟)  of the coil affects the averaging process [28]. According to 

Giesecke et. al. [29], the sensitivity function of the QSSPC sensor has a dependency of 

second power with the radius 𝑟. The sensitivity increases with 𝑟2 from the center of 

the coil (𝑟 = 0) towards the sensing coil (𝑟 = 8 𝑚𝑚), and decreases from a maximum 

at the center to zero 8 mm away.    

 

Figure 5.11.  Radial sensitivity for the inductive coil in QSSPC setup plotted as a function of 
distance from the center of the coil.  

Radial sensitivity of the coil is not an issue when the area under the coil is 

homogenous. Thus, for monocrystalline samples, radial sensitivity need not be 

considered an uncertainty. However, for multicrystalline wafers, where there are 

severe spatial lifetime variations, radial sensitivity can be a concern. For this reason, 

multicrystalline wafers were placed on the QSSPC coil at even lifetime areas. An intra-

grain region contains less lateral variation, and the carrier lifetime is relatively uniform 

above the coil. Nevertheless, due to small grain size and dislocation clusters, the radial 

sensitivity is a concern and possible source of error.  

5.2.2 COMPENSATION DOPING AND MOBILITY IN QSSPC 

The QSSPC calculates effective lifetime in a sample by measuring the 

photoconductivity of charge carriers. Photoconductivity is proportional to mobility, 
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and the number of excess charge carriers. This implicates that the mobility model used 

in the software plays an important role [30].  

Complications arise in interpretation of mobility calculations in QSSPC 

measurement of compensated samples. Here, the number of ionized dopants and the 

net carrier concentration in the sample are not the same as the doping concentration. 

Incomplete ionization and presence of both p-type and n-type carriers make it 

challenging to estimate the number of impurity scatterers and charge carriers. Added 

the temperature effect, an interplay of more complex scattering mechanisms comes 

into play. 

Two important models for prediction of carrier mobility in silicon: Klaassen’s 

and Schindler’s models. In Klaassens’s model, the theoretical mobility 𝜇  in Si is 

estimated using Matthiesen’s rule:  

1

𝜇
=

1

𝜇𝑖𝑚𝑝𝑢𝑟𝑖𝑡𝑖𝑒𝑠
+

1

𝜇𝑙𝑎𝑡𝑡𝑖𝑐𝑒
 (45) 

where 𝜇𝑖𝑚𝑝𝑢𝑟𝑖𝑡𝑖𝑒𝑠  is the mobility the material would have if the only source of scattering 

was impurity scattering, and 𝜇𝑙𝑎𝑡𝑡𝑖𝑐𝑒  is the mobility the material would have if lattice 

phonon scattering was the only scattering source. This rule states that the total inverse 

mobility is the sum of the different individual and non-related inverse mobilities. 

Studies have shown that Klaassen’s model overestimates the majority carrier mobility 

in compensated silicon [31]. This overestimation increases with compensation ratio, 

which may suggest that there is at least one scattering mechanism connected to 

compensation.  

The mobility model implemented in the QSSPC setup in this work is the Dorkel-

Leturq model, which is a simpler parameterization of the sum of the electron and hole 

mobilities, where µ𝑒ℎ = µ𝑒 + µℎ . Using Matthiesen’s rule, the mobility sum becomes 

1

𝜇
=

1

𝜇𝑖𝑚𝑝𝑢𝑟𝑖𝑡𝑖𝑒𝑠
+

1

𝜇𝑙𝑎𝑡𝑡𝑖𝑐𝑒
+

1

𝜇𝑒ℎ
 (46) 

In Schindler’s model, proposed by Schindler et al., an experimental correction 

term is suggested added to Klaassen’s model for the case of compensated Si. This term 
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accounts for both changed screening with increasing compensation level for doping 

ranges typical for compensated PV silicon and temperature dependence of mobility in 

compensated silicon [32].  

5.2.3 PL SIGNAL  

One possible source of error in the measurements could be that the CCD camera 

in the PL machine starts counting of PL signals differently from time to time. This would 

alter 𝐼𝑃𝐿, and thereby changing 𝐶𝑐𝑎𝑙 . 

To find out if 𝐼𝑃𝐿  counts inconsistently, the counting statistics of several PL 

images taken at different times were checked and compared in the software of the PL 

setup. No discrepancies were discovered, and this hypothesis was ruled out.  

 

5.3 INJECTION LEVEL RANGE IN PL IMAGING 

As described in section 4.8 above, an important motivation for measuring 

temperature and injection dependent carrier lifetime is for identification of lifetime-

limiting recombination centers through temperature and injection dependent lifetime 

spectroscopy (TIDLS). Examples of lifetime results prepared ready for such analysis 

are presented in this section. The TIDLS method itself is beyond the scope of this thesis, 

but a few examples are included for illustration purposes. The increased amount of 

information on the two dependencies of the lifetime, i.e. temperature and injection 

level, decreases the uncertainty of the theoretical analysis and greatly enhances its 

capability. By expanding the analysis to PL imaging, it is also possible to perform local 

lifetime spectroscopy of different regions of the wafers with high spatial resolution. An 

example of this is provided in a scientific research paper partly based on the results 

and methods developed in this thesis, included in Appendix A.  
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5.3.1 MEDIUM AND HIGH INJECTION LEVEL 

Large area illumination is used to illustrate a medium injection level, whereas 

small area illumination covers high injection level. Large and small area illumination 

are described in Section 4.6. 

Temperature and injection dependent lifetime analysis of wafers from 53% of 

the height of the four different ESS ingots based on PL and QSSPC data is presented 

below. These results are from a specific region of the sample. In the measurements, the 

QSSPC coil was placed under an area with big grains and even carrier lifetime. In 

addition, PL images were cropped to contain only the same area as the QSSPC data is 

from. By measuring locally, the reliability of the QSSPC measurements and the 

correlation between the QSSPC and PL data should be improved. Carrier lifetime as a 

function of low and high injection levels in the temperature range 25 °C to 75 °C is 

plotted in Figure 5.12 and Figure 5.13, respectively. 
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Figure 5.12. Effective lifetime as a function of injection level from the mid-height of the REF ingot 
(top) and ESS 1.3 Ωcm ingot (bottom) at six different temperatures and large and small area 
illumination to cover a wide injection range. 
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Figure 5.13. Effective lifetime as a function of injection level from mid height of ingot ESS 0.9 Ωcm  
(top) and ingot ESS 0.5 Ωcm (bottom) at six different temperatures and large and small area 
illumination to cover a wide injection range. 
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The small and large area illumination in the PL do not provide a wide enough 

injection range to cover the entire shape of the SRH curve for neither of the wafers from 

the different ingots. For the REF and ESS 1.9 Ωcm ingots, which have higher lifetimes 

compared to other samples, the lower part of the injection range is insufficient. 

Conversely, for ESS 0.9 Ωcm and ESS 0.5 Ωcm, the injection range becomes inadequate 

at high injection levels.   

The carrier lifetime varies more with temperature in the lower part of the 

injection range. This can be due to a higher temperature dependency for the deep 

defect level. On the other hand, it seems that the effect on the lifetime from the shallow 

defect level is determined more by the injection level. 

Looking at the lower part of the injection range in Figure 5.13, one can see that 

the lifetime curves start to flatten out for both ESS 0.5 Ωcm and ESS 0.9 Ωcm. Indeed, 

at a low enough injection range, all the lifetime versus injection level curves should 

flatten. In this area the SRH lifetime is limited by capture of minority carriers only, with 

𝜏𝑆𝑅𝐻 = 𝜏0𝑛 .  

5.3.2 LOW, MEDIUM AND HIGH INJECTION LEVEL 

In addition, to investigate the lifetime at very low injection levels, an absorptive 

neutral density filter was applied to lower the laser intensity further. To illustrate the 

injection level range, carrier lifetime 𝜏  as a function of injection level ∆𝑛  for six 

temperatures is presented in Figure 5.14. The curves flatten out for low level injection, 

which is expected from theory. A few data points seem to be trending downwards at 

the lowest part of the injection range. This is most probably due to measuring artefacts 

in the PL machine. 
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Figure 5.14. Temperature dependent SRH lifetime (µs) as a function of injection level (cm-3) for 
six temperatures between 25 ⁰C and 75 ⁰C. Diamond symbols mark filtered large area 
illumination, round symbols mark large area illumination (lower intensity) and crosses mark 
small area illumination (higher intensity) in the PL setup.  

 

5.4 LIFETIME VARIATIONS WITH INGOT HEIGHT 

Carrier lifetime depends on net doping, resistivity and compensation level, 

which increase with ingot height for the compensated ingots, as shown in Figure 4.4. 

Therefore, spatial lifetime varies as a function of ingot height for different ingot types. 

To illustrate this calibrated PL images from 45% and 82% of the heights of the four 

ingots described in Section 4.4.2 are presented below in Figure 5.15. In addition, to 

describe the relative change in lifetime due to temperature, lifetime temperature 

coefficient 𝑇𝐶𝜏 maps are presented in blue and yellow colors for a temperature 
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change from 25 ⁰C to 75 ⁰C. 

 

Figure 5.15. Spatial distribution of carrier lifetime in red and yellow (top) and corresponding 
temperature coefficients in blue and yellow (bottom) for wafers from the middle (45% height) 
and top (80% height) positions of all the ingots. Note the logarithmic scaling on the lifetime maps 
to allow comparison of all images on the same scale. Figure based on my measurements and from 
Ref. [24]. 

In all 𝑇𝐶𝜏 maps, the change in lifetime with temperature is positive. In addition, 

the largest positive change occurs at low-lifetime areas, indicating that the increase in 

lifetime is biggest in grain boundaries and dislocation-rich areas. On the other hand, 

high lifetime areas are low 𝑇𝐶𝜏 areas.  
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Furthermore, the change in 𝑇𝐶𝜏 is bigger for the wafers from 82% ingot height 

compared to those from 45% ingot height. The density of dislocations is higher towards 

the top of the ingot, and thus the 𝑇𝐶𝜏  maps for the wafers from the higher position in 

the ingot show larger areas with positive 𝑇𝐶𝜏 change.   

 

5.5 HARMONIC AVERAGE LIFETIME AND TEMPERATURE 

COEFFICIENTS 

The harmonic average of the lifetime image is defined as 

 〈𝜏〉ℎ𝑎𝑟𝑚𝑜𝑛𝑖𝑐 = [
1

𝑁
∑ (

1

𝜏𝑖
)

𝑁

𝑖=1
]

−1

 (47) 

 where 𝑁 is the number of 𝑖 recombination active mechanisms. This averaging 

arithmetic puts focus on the biggest lifetime-limiting recombination mechanisms by 

targeting the low-lifetime areas, and thus illustrates the impact of the carrier lifetime 

on the cell performance better than the standard average.  

The harmonic average carrier lifetimes from PL-images of the wafers 

described in Section 4.4.2 are shown as a function of relative height in the ingots in  

Figure 5.16. In the ESS 0.5 Ωcm ingot, the lowest average hormonic lifetimes 〈𝜏〉ℎ𝑎𝑟𝑚𝑜𝑛𝑖𝑐  

are found. They vary between 50 μs and 65 μs for all heights in this highly-doped ingot. 

As the ingot doping level is reduced and the resistivity increased, the 〈𝜏〉ℎ𝑎𝑟𝑚𝑜𝑛𝑖𝑐  

reaches 150 μs for the ESS 0.9 Ωcm and to 275 μs for ESS 1.3 Ωcm. The highest harmonic 

lifetime of 300 µs is found in the non-compensated reference ingot.  
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Figure 5.16. Harmonic average lifetimes  〈𝝉〉𝒉𝒂𝒓𝒎𝒐𝒏𝒊𝒄  as a function of ingot height (top figure) 
extracted from the calibrated PL images of the whole wafers. Corresponding relative 
temperature coefficient of the lifetime, 𝑻𝑪𝝉, based on measurements at 25 °C and 75 °C (bottom 
figure). Figure from my measurements and from Ref. [24]. 

From the harmonic average lifetime plot, it seems that 〈𝜏〉ℎ𝑎𝑟𝑚𝑜𝑛𝑖𝑐  at first 

increases towards the middle of the ingot, and then decreases from the middle towards 

the top of the ingot. This can be explained by the grain size difference between the 

bottom and top part of the ingot. In the bottom part, where the grain size is small, the 

area fraction of grain boundaries is large. In the top part, the grain size is bigger, and 

there are fewer grain boundaries. However, the amount of dislocation clusters 

increases considerably there. In addition, the doping concentration increases towards 

the top of ingot due to segregation, as seen in both the compensation level and 

resistivity profiles in Figure 4.4. These two features contribute to a lowered overall 

lifetime. The shape and size of the grain sizes and their effect on the lifetime are 

illustrated in the calibrated PL images of Figure 5.15. 
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Figure 5.16 also shows an increase in the relative temperature coefficient of 

the harmonic lifetime 𝑇𝐶𝜏  with height in all the ingots. The data points are almost 

overlapping for the bottom part of all four ingots, and 𝑇𝐶𝜏 increases the most for the 

REF and ESS 1.3 Ωcm with increasing height. The 𝑇𝐶𝜏 curves for ingot ESS 0.5 Ωcm and 

ingot ESS 0.9 Ωcm lay below the 𝑇𝐶𝜏  curves for the other two ingots. This is due to the 

fact that dislocation clusters grow towards the top of the ingot, and these areas have 

higher 𝑇𝐶𝜏 .  

 

5.6 SAMPLE PROCESSING AND LIFETIME 

Sample processing affects carrier lifetime, 𝜏. Calibrated PL lifetime images and 

temperature coefficient maps from as-cut, PDG and PDG+H non-compensated 

multicrystalline wafers illustrate the effect of processing in Figure 5.17. Colors bars 

indicate 𝜏 values, and at first glance, it is apparent that the calibrated PL images at 

80 ⁰𝐶 are brighter than those at 30 ⁰𝐶, illustrating the increase in lifetime as a function 

of temperature. These samples are described in Section 4.7. 

For the as-cut sample, the lifetime is low at 30 ⁰𝐶 and continues to be low at 

80 ⁰𝐶 . Thus, the temperature coefficient map is mostly blue, suggesting little or no 

change to the relative lifetime per Kelvin. The regions with increased lifetime 

temperature coefficient are linked to grain boundaries and dislocation clusters. The as-

cut sample is not treated for lifetime improvement and serves mostly as a reference for 

the other two types of treatment: PDG and PDG+H.  
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Figure 5.17. Calibrated PL images (first two columns) and relative lifetime temperature 
coefficient maps (last column) for three consecutive wafers from ca. 65% of the height of a non-
compensated multicrystalline ingot. Top row presents images for the as-cut wafer, middle row 
for PDG and bottom row for PDG+H treated wafers. Below follow the same plots zoomed in on the 
marked part of the as-cut 30 ⁰C calibrated PL image. The corresponding areas are also presented 
for PDG and PDG+H wafers.  
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Figure 5.18. A close-up on a feature in the wafers, where the effect of processing is easier to see.  

The effects of processing are visible for the PDG sample, as the overall lifetime 

values have remarkably increased. This is especially well seen in Figure 5.18, showing 

a zoomed in region of the images, as indicated with the blue square in Figure 5.17. The 

impact of grain boundaries on lifetime has become more prominent, as the grain 

boundary regions have become both thicker and darker. This may be related to strong 

activation of recombination at the grain boundaries after PDG [33].   

Multicrystalline Si can contain metal impurities such as Fe, Ni and Cu which 

have different diffusion properties and solubility[34] . The applied 𝑃𝑂𝐶𝑙3 used in PDG 

process delivers oxygen and phosphorous impurities, as well as complexes of these two 

atoms. These act as nucleation sites, mostly at the grain boundaries and dislocations, 
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and the precipitation of metal impurities can occur there. This can be part of the reason 

why there is high recombination activity at grain boundaries.  

Lifetime inside grains increases visibly in PDG compared to as-cut wafer, which 

can be linked to fewer impurities in the intra-grain regions, since these have diffused 

to grain boundaries and dislocations. Emitter in-diffusion with 𝑃𝑂𝐶𝑙3 is performed in 

tube furnace at around 840 ⁰𝐶  for 30 minutes. During this temperature step, both 

impurity diffusion and structural defect annealing can happen [35].  

The PDG sample shows a bigger area with increased lifetime temperature 

coefficient compared to the as-cut sample. These areas also coincide with grain 

boundaries and dislocation clusters. It is here at low-lifetime regions that the 

temperature change affects lifetime most positively.  

In PDG+H processing, the wafer surface is passivated by hydrogen in-diffusion 

by 𝑆𝑖𝑁𝑥: 𝐻 deposition at 400 ⁰𝐶 , followed by a simulated contact firing. It is evident 

from the calibrated PL images and temperature coefficient maps that the character of 

the grain boundaries has changed from well-defined and darker to smeared and lighter.  

The overall carrier lifetime in the entire wafer has become higher and the temperature 

coefficient map shows larger yellow areas.  

The role of the hydrogenation step is to satisfy dangling bonds by attaching 

atomic hydrogen to these bonds. There are more dangling bonds at the grain 

boundaries due to more impurities and dislocations there. Hydrogenation is more 

beneficial at grain boundaries than in grains [36].   

For big clusters, lifetime is still low. This could be due to gettered impurities in 

form of atoms or precipitates in clusters and at grain boundaries, which hinder 

hydrogen to reach to dangling bonds. 
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CHAPTER 6 

6FURTHER WORK 

Luckily in research as in life in general, nothing is ever perfect, and this implies room 

for further work. This study is no exception, and below are some experience-based 

ideas on additional effort presented.  

 

A more elaborate investigation into the methodical process of finding a 

calibration constant can give insight to how the experimental route and the different 

material properties affect this constant. For instance, it would be instructive to vary 

mobility model and wafer area on top of coil in the QSSPC setup. As the QSSPC data are 

a corner stone in finding a suitable constant, further work here can give useful insight 

to the nature of the calibration constant.  

Also, it could be advantageous to know how the calibration constant varies with 

ingot height in compensated Si, since properties like doping level, resistivity, grain size, 

amount of dislocations and clusters change along the height.  

A more extensive sample series, including both float zone and Czochralski mono 

and multi-crystalline Si wafers with also n-type doping, different thicknesses and 

reflectance, and other kinds of surface passivation can contribute to find a more 

reliable calibration constant. For example, the sample series could contain several 

phosphorous doped wafers with thicknesses between 170 𝜇𝑚 𝑡𝑜 400 𝜇𝑚, reflectance 
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varying 1% 𝑡𝑜 25 % at 808 𝑛𝑚 and with either aluminum oxide or silicon oxide for 

surface passivation.  

 

To gain better understanding about which and how SRH recombination centers 

affect carrier lifetimes, it is helpful to widen the injection range in both ends. Especially, 

a deeper dive into the lower part of the injection range can give better defect 

characterization and TIDLS results.  

 

A significant source of uncertainty lay in the QSSPC measurement results which 

have been a cornerstone through all data processing and analysis in this study. The 

uncertainty is due to the mismatch between the mobility model incorporated into the 

QSSPC software and the nature of compensated wafers. With a mobility model which 

includes the effect of compensation, the processed data could be more reliable and 

easier to interpret.  

 

To study the evolution of local defect centers and their connection to cell 

processing is important. Understanding defect activation and deactivation at grain 

boundaries through PDG, firing and hydrogenation can give a great insight to defect 

behavior. With this knowledge, the correct wafer processing can be chosen, and grain 

boundaries and dislocation clusters manipulated. 

In addition, the role of hydrogen in passivation of grain boundary 

recombination and its effect on solar cell operation could be examined further.  
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CHAPTER 7 

7SUMMARY 

In this thesis an investigation method of full-area images of the minority carrier 

lifetime of silicon wafers as a function of temperature and excess carrier density was 

developed. A procedure for finding calibration constant is further improved. For 

monocrystalline samples, a calibration constant of 𝐶𝑐𝑎𝑙,𝑚𝑒𝑎𝑛 = −7.76 × 1030𝑇 +

1.42 × 10−27  is found. For multicrystalline samples, the calibration constant  

𝐶𝑐𝑎𝑙,𝑚𝑒𝑎𝑛 = −7.84 × 10−30𝑇 + 1.51 × 10−27  is reported. The effect of injection and 

temperature dependent recombination active defects on the carrier lifetime suggests 

approximate defect energy level in the band gap. Calibrated PL images show how 

different defects throughout the ingot height affect carrier lifetime. Harmonic average 

lifetime increases from 120 𝜇𝑠  to 170 𝜇𝑠  from bottom to 35% of ingot height and 

decreases to 80 𝜇𝑠 at 85% of ingot height in the ESS 0.9 Ω𝑐𝑚 ingot. This behavior is 

common for all four ingots in this study. Carrier lifetime temperature coefficients 

increase with ingot height for all samples. For the REF and 1.3 Ω𝑐𝑚 and 0.9 Ω𝑐𝑚 ingots, 

the temperature coefficients increased from 1.2 %/𝐾 to around 2.1 %/𝐾, whereas for 

the 0.5 Ω𝑐𝑚  ingot, it increased to 1.6 %/𝐾 . Calibrated PL images show that 

phosphorous diffusion gettering decreases recombination activity inside grains and 

increases it at grain boundaries. After hydrogenation recombination at grain 



 
 
 
CHAPTER 7   SUMMARY 
 

78 
 

boundaries decreases substantially. Temperature coefficient maps show that the 

carrier lifetime increases the most at initially low lifetime.
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APPENDIX  

Preprint of a scientific paper partly based on the results of this thesis. I have not written this 

paper, but I am a co-author on it, and my main contributions were to further develop the 

method for measuring the necessary PL data and performing temperature-dependent 

calibration. I also performed most of the measurements shown in the paper. The samples used 

in the paper are a different set of multicrystalline Si wafers than those presented in this thesis. 

 

  



 
 
 
CHAPTER 7   SUMMARY 
 

85 
 

SEMSC - 2019.03.22 

Lifetime spectroscopy with high spatial resolution based on 

temperature- and injection dependent photoluminescence imaging  

Halvard Haug1 *, Rune Søndenå1, Amalie Berg1 and Marie Syre Wiig1 

1 Institute for Energy Technology, Instituttveien 18, 2007 Kjeller, Norway. 

Abstract  

In this paper we present a method for performing temperature- and injection dependent lifetime spectroscopy 

(TIDLS) with high spatial resolution based on steady state photoluminescence (PL) images taken at a range of 

excitation intensities and temperatures. The PL lifetime images are calibrated based on temperature dependent 

photoconductance measurements, thus requiring a minimum of assumptions regarding the temperature 

dependency of the luminescence signal and detection system. PL image acquisition at varying conditions and 

subsequent data analysis is automated, allowing for investigations of different samples without the need for 

excessive operator time. We demonstrate the method by presenting lifetime data and TIDLS analysis from 

commercial HPMC-Si samples, highlighting the local differences in the recombination properties for high 

lifetime in-grain areas and lower lifetime areas dominated by dislocation clusters. These regions have been 

investigated for two etched and passivated neighboring wafers, one in the as-cut state and one were the bulk 

lifetime had been improved through key solar cell process steps. For the as-cut wafer we find two dominant 

defects in the low lifetime area, one of which is identified as FeB pairs, with 𝐸𝑡 = 0.90 ± 0.01 (above the 

valence band) and 𝑘 = 0.4 ± 0.1. In the in-grain region of this wafer we also observe two dominating defects, 

one with an energy level of either 0.28 ± 0.01 eV or 0.74 ± 0.01 eV above the valence band and a 𝑘 value of 

25 ± 1. The other defect is shallow, within ~0.27 eV of the band edge, and could not be further identified with 

the chosen temperature range. For the wafer that had passed through solar cell processing, we find a clear, 

overall improvement in the lifetime and a change in the type of dominating defects: We observe that a single, 

deep defect with 0.35 𝑒𝑉 < 𝐸𝑡 < 0.7 𝑒𝑉 and a capture cross section ratio 𝑘 = 10 ± 1 can fully describe the 

observed lifetime data in the in-grain area after solar cell processing, whereas two defects are needed to describe 

the behavior of the lower lifetime regions. One of these defects is also a deep defect with 0.34 𝑒𝑉 < 𝐸𝑡 <

0.69 𝑒𝑉 but with a higher 𝑘 of 25 ± 2, and is thus similar to one of the defects observed in the in-grain region 

of the as-cut wafer. The other is a shallow defect with 𝐸𝑡 within 0.21 𝑒𝑉 of the band edge. Finally, we show 

how the method can be used to show interesting new properties of the lifetime maps, including maps of the 

temperature coefficient of the lifetime, maps of the injection dependence of the lifetime and maps at a constant 

injection level.  

Keywords: Multicrystalline silicon, Photoluminescence, Lifetime spectroscopy, Recombination, Defects 

1. Introduction 

The minority carrier lifetime is the key parameter determining the material quality of crystalline 

silicon (c-Si) wafers for solar cells, and in most cases it directly affects the efficiency of the final 

solar cell. Recombination of electron-hole pairs through defect levels in the band gap of silicon, 

called Shockley-Read-Hall-recombination (SRH), is normally the most important recombination 

process in the bulk material limiting the carrier lifetime, and can be a significant source of efficiency 
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loss in both monocrystalline Czochralski (Cz) and multicrystalline Si. For the case of Cz silicon the 

lifetime can be reduced by the presence of different metallic impurities, but also by intrinsic defects 

such as vacancies and silicon self-interstitials as well as oxygen-related defects and complexes 

thereof [1]. Oxygen-related defects that can act as recombination centers include thermal donors, 

boron-oxygen complexes, and oxygen precipitates, the latter oxygen precipitates may grow to induce 

stacking faults in the crystal lattice [2].  For the case of multicrystalline silicon, the main losses are 

related to extended crystal defects, such as grain boundaries and dislocation clusters, in addition to 

impurities. These crystal defects are not necessarily harmful to the carrier lifetimes, but they tend to 

be decorated with impurity species forming detrimental recombination sites [3]. Most leading 

producers of multicrystalline Si ingots and wafers in the PV industry have converted their production 

processes to fabricate so-called high-performance multicrystalline Si (HPMC-Si) material. These 

wafers feature smaller grains, which strongly inhibits formation of the very detrimental dislocation 

clusters, which have led to a significant increase in solar cell efficiency.  

The lifetimes in intragrain regions of a HPMC-Si wafer are in many cases no longer inferior to the 

lifetimes in Cz-Si wafers, suggesting that the solar cell efficiency of HPMC-Si cells is unlikely to be 

limited by the intragrain regions [4]. In addition to this, there are several recombination mechanisms 

responsible for degradation in both Cz and HPMC-Si solar cells, and fundamental knowledge of the 

recombination processes and how to manipulate the defect states is therefore important. Light 

induced degradation (LID) related to boron-oxygen complexes is widely studied in mono-Si has also 

been observed in HPMC-Si as the general impurity levels have been reduced [5], [6]. The so-called 

light and elevated temperature induced degradation (LeTID) and regeneration is also an evident 

effect mostly observed on HPMC-Si [7]. The recombination states and reaction rates of these defects 

can be affected by illumination, carrier injection and heat. This difference between Cz-Si and HPMC-

Si, together with small differences in optical properties, results in a current efficiency gap of about 

1.5 %absolute in favor of Cz-Si solar cells [8]. A detailed understanding of the fundamental properties 

of defect formation and the fundamental properties of recombination active defects is vital to avoid 

or mitigate the effects of defects during crystal formation, both in Cz-Si and in HPMC-Si. The 

lifetime may then also considerably altered during the solar cell process, especially during high 

temperature steps. Most importantly, phosphorus diffusion gettering removes more than 90% of the 

metallic impurities in multicrystalline silicon, and certain types of grain boundaries might also later 

be passivated by hydrogen during contact firing [9] [10] [11] [12]. 

In order to study and understand the electronic properties of limiting defects in Si it is necessary to 

decouple the recombination processes arising from e.g. metallic impurities, defect complexes and 

extended crystal defects from each other, thus identifying the specific signatures of each 

recombination mechanism. A sophisticated analysis method is therefore necessary to separate the 

signatures of the different recombination paths. Temperature and injection dependent lifetime 

spectroscopy (TIDLS) is a well-established method, and is in many cases the only method available 

with sufficient sensitivity to detect small concentrations of detrimental impurities and other defects 

in Si. TIDLS has previously often been used to identify the recombination signatures of known 

impurities using intentionally contaminated samples.  
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Photoluminescence (PL) imaging is a commonly used method for measuring the spatial distribution 

of the carrier lifetime in c-Si wafers. Several groups have worked towards developing methods for 

performing TIDLS [13]–[15] with high spatial resolution [16]–[19]. Such measurements have 

previously been performed by harmonically modulated PL, but this requires expensive and often 

custom-built setups with a time resolved PL detection system. In this work we demonstrate lifetime 

spectroscopy analysis based on a large number of images automatically acquired at different 

conditions using a conventional steady state PL imaging tool. We use these images together with 

suitable post-processing software for performing spatially resolved TIDLS analysis, as well as 

studying fundamental temperature- and injection level-dependent properties of silicon wafers. 

2. Temperature- and injection dependent lifetime spectroscopy  

SHR recombination centers give rise to a specific behavior of the lifetime as a function of excess 

carrier density (injection level) and temperature, which is characteristic of the defect or impurity 

dominating the recombination process. Temperature and injection dependent lifetime spectroscopy 

is therefore a powerful tool for identification of the SRH recombination centers limiting the lifetime 

in the material, and for quantification of their relative concentrations [13]. It can also be used to 

identify defect specific recombination parameters by analyzing materials with known dominating 

recombination centers [14], [15], [20]–[22]. 

To isolate the lifetime due to SRH recombination centers the effective lifetime data should be 

corrected for intrinsic recombination, here this is done according to the model of Richter et al. [23]. 

In the case of p-type Si and a single dominating SRH defect, the SRH lifetime should take a linear 

form when represented as a function of the electron to hole ratio 𝑋 [24], given by  

 
 

(1) 

If two defects are both influencing the total lifetime, the SRH lifetime can be represented as the 

inverse sum of two linear expressions, given by 

 
1

𝜏𝑒𝑓𝑓,𝑆𝑅𝐻

=
1

𝜏0𝑛,1(𝑎1(𝑇)𝑋 + 𝑏1(𝑇))
+

1

𝜏0𝑛,2(𝑎2(𝑇)𝑋 + 𝑏2(𝑇))
, (2) 

where 𝜏0𝑛 is the SRH parameter for minority carriers for each of the two defects, defined as 𝜏0𝑛 =

1 (𝑁𝑡𝜎𝑛𝑣𝑡ℎ)⁄ , where 𝑁𝑡   is the defect concentration, 𝜎𝑛 is the capture cross section for electrons and 

𝑣𝑡ℎ is the thermal velocity of the carriers. a(T) and b(T) are temperature dependent linear coefficients. 

This linear parameterization greatly simplifies the separation of the SRH lifetime due to two 

independent defects. After separating the SRH lifetime from each of the two defects, a defect 

parameter solution surface (DPSS) can be calculated independently for both defects at each 

temperature [13]. A DPSS at a single temperature spans out all combinations of Et and k which can 

describe the current lifetime curve. However, DPSS’s obtained at different temperatures will ideally 

have only two common points, where the curves intersect, isolating two pairs of Et and k describing 

the current defect, one in each half of the band gap.  For a further description of the TIDLS method, 

see Refs. [13], [17], [18], [24].  

𝑋 =
𝑛

𝑝
=

∆𝑛

𝑁𝐴 + ∆𝑛
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3. Experimental details 

3.1 Sample preparation 

The investigated wafers were processed in IFEs solar cell line, with the aim of evaluating the 

bulk lifetimes at different stages in the solar cell production process. Two neighboring 

wafers were processed for the investigations in this work: Wafer A, called as-cut, has not 

been subjected to any high temperature processing steps after the casting process. It has, 

however, been damage etched in an HNA-solution (HF : HNO3 : CH3COOH). The second 

sample is subjected to high temperature profiles comparable to the ones used in a commercial 

solar cell process: A dual side phosphorus emitter in-diffusion were performed in a Tempress 

tube furnace using POCl3 gas as the dopant source, forming an emitter of approximately 75 

Ωcm. Subsequently, a simulated firing process was performed in a belt furnace after 

application of a hydrogen rich SiNx:H anti-reflection coating (ARC) present on both sides 

of the wafer. No metal contacts were applied prior to the firing. ARC’s and emitters were 

removed in a new HNA-solution before the wafers were cleaned and surface passivated with 

an a-Si:H/SiNX:H stack deposited on both sides using plasma enhanced chemical vapor 

deposition (PECVD) in an Oxford Plasmalab 133 chamber. Surface recombination velocities 

of less than 5 cm/s are routinely obtained using this passivation scheme [25].  Prior to 

lifetime measurements the wafers were light soaked with about 20 mW/cm2 (LED) for 72 

hours at room temperature to stabilize any degradation caused by boron-oxygen defects. A 

process flow chart illustrating the sample processing of the two wafers is shown in Figure 1.  

 

Figure. 1. The process route for the two different wafers investigated in this work. The process is designed to produce 

lifetime samples with low surface recombination velocity (SRV) for minority carrier lifetime measurements, and where 

the bulk lifetime is similar to that of as-cut wafers (A), and as close as possible to that of final solar cells (B). 

3.2 Temperature- and injection level PL image acquisition  
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Uncalibrated PL intensity images were recorded as a function of temperature using a heating stage 

built into a LIS-R1 PL imaging setup from BT imaging with a laser excitation wavelength of 808 nm. 

A short-pass filter was used in front of the camera to strongly reduce the parts of the luminescence 

signal originating from deep within the wafer, including the signal that is reflected from the rear side 

of the sample, to reduce smearing effects from lateral carrier diffusion. Images were measured in 

10 ˚C intervals from 25 to 75 ˚C. Temperatures exceeding 75 ˚C were not used to avoid any 

permanent annealing effects of the samples, such as lifetime regeneration after light induced 

degradation (LID) related to boron-oxygen defects or iron-boron pair formation. Such annealing 

effects were ruled out in each case by performing a reference quasi-steady state photoconductance 

(QSSPC) measurement at room temperature before and after each temperature scan. 

An automated measurement routine was used to simplify the acquisition of the PL images at different 

measurement conditions. 30 images were acquired at each temperature using a range of laser 

excitation intensities corresponding to generation rates in the range between 𝐺 = 1.2 × 1018 and 

2.2 × 1020  cm-3s-1, thus covering a large part of the injection range of interest. In order to obtain high 

injection data also from low lifetime areas, half of the images were measured using the option in the 

LIS-R1 setup for smaller area illumination, were the laser power is more focused to reach higher 

photon flux values. To ensure correct quantification for both large and small area settings, an 

independent reference measurement of the optical power was undertaken. A small offset was 

observed when using the same flux with the large and small area settings, and this difference was 

therefore corrected in post-processing in order to obtain smooth transitions in the overlapping region. 

For all images the signal to noise ratio was kept at the desired level by adjusting the integration time 

of the camera detection system according to the excitation photon flux in each case. A schematic 

illustration of the experimental setup is shown in Figure 2. 

 

Figure 2. Schematic illustration of the measurement setup (left), using a heating stage within a PL imaging setup. In 

this paper PL images of each sample are acquired at 6 different temperatures, with 30 different values of the 

excitation photon flux for each temperature, as shown schematically in the right-hand side of the figure. 
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3.3 Temperature dependent calibration of PL lifetime images 
The measured intensity 𝐼𝑃𝐿 , here defined in counts registered by the camera per second, is given by  

 𝐼𝑃𝐿 = 𝐶(𝑛𝑝 − 𝑛𝑖
2) ≈ 𝐶∆𝑛(𝑁𝑑𝑜𝑝 + ∆𝑛), (3) 

where 𝑛 and 𝑝 is the electron and hole densities, 𝑁𝑑𝑜𝑝 is the dopant concentration (n- or p-type) and 

∆𝑛  is the injection level. 𝐶  is an instrument- and sample-dependent calibration constant, which 

includes the radiative recombination coefficient of Si 𝐵𝑟𝑎𝑑 , the optical properties of the sample, the 

geometry of the measurement setup, signal reduction due to filters, etc. Normally PL lifetime images 

at room temperature are calibrated based on a secondary photoconductance measurement to 

determine the value of 𝐶. However, the calibration constant is generally temperature dependent, 

decreasing as a function of increasing temperature. This is caused by the fact that the band-to-band 

luminescence peak of crystalline Si is lowered and shifted to higher wavelengths as the temperature 

increases. This peak is then detected using a Si CCD camera, which therefore have a strongly 

spectrally dependent sensitivity of the in the wavelength range around the luminescence peak [26]. 

The use of additional filters, like the short-pass filter used here to reduce smearing effects from lateral 

diffusion, complicates matters further. It is in principle possible to account for all these effects 

theoretically to determine a temperature-dependent calibration procedure, as done in Ref. [27], but 

the added complexity introduces several uncertainties in the quantification of the carrier lifetime. 

Instead, we have here used the same approach we previously introduced in Ref. [25], using a 

temperature-dependent quasi-state-state photoconductance setup to perform the conventional 

calibration procedure based on a separate QSSPC measurement at each temperature. 

To obtain the necessary calibration constants, minority carrier lifetime curves were measured as a 

function of injection level at a range of temperatures using a Sinton WCT-120 TS lifetime tester. The 

injection level ∆𝑛 is here calculated from the photoconductance, which is measured by an inductive 

coil built into a temperature-controlled sample stage. A temperature dependent mobility model is 

need for this purpose, here the model of Dorkel and Leturcq is used [28].  The setup provides an 

unique opportunity to quantitatively measure the carrier lifetime as a function of both injection level 

and temperature, with a possible measurement range from 25 to 200 °C [29]. In the same way as for 

the PL images, the maximum temperature was set at a sufficiently low value to avoid permanent 

annealing effects. Careful temperature measurements of both heating stages were performed to 

minimize differences between the two setups. All measurements were automatically saved in raw 

data form together with the key measurement conditions, and the full calibration procedure and 

subsequent calculations, plotting and data analysis was then performed using an in-house MATLAB 

code library written for this purpose.  

It has previously been shown that calibration of PL images can be significantly influenced by lifetime 

non-uniformities in the measurement region over the PC coil [30]. Lifetime spectroscopy requires 

high precision in the effective lifetime data, and the temperature dependent QSSPC measurements 

were therefore performed on an as homogeneous area of the sample as possible to minimize 

quantification errors. Because the investigated wafers are multicrystalline, all such non-uniformities 
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could, however, not be avoided.   

The carrier lifetime images were finally calculated based on similar algorithms used for room 

temperature measurements [31]: For each temperature and generation rate, the calibration constant 

𝐶 was calculated from Eq. (3) based on the ∆𝑛 value taken from the appropriate point of the QSSPC 

curve and the PL intensity 𝐼𝑃𝐿  taken from the PL image in a region between two concentric rings 

around the PC coil. Ideally, we expect the calibration constant to be independent of injection level 

and thus of the generation rate. After all, this is a central assumption of the PL imaging method: The 

entire lifetime image, which consist of regions of different injection level, is calculated based on a 

single calibration constant determined from these two local measurements. However, in many cases 

we find that the calibration constant is not entirely independent on injection level, as shown in Figure 

3 a). This is caused by a difference in the injection dependence measured using QSSPC and PL, 

which might be caused by e.g. carrier trapping in the photoconductance measurements [32], or by 

the abovementioned lifetime non-uniformities in the coil area. In any case, we approach this problem 

by averaging the measured calibration constants in a mid-level injection range. The average 

calibration constant is shown as a function of temperature in Figure 3 b), with the error bars indicating 

the standard deviation within each temperature. The results are observed to follow a linear trend, and 

a linear regression of these data were used to calculate a single calibration constant for all the PL 

images which is linearly dependent on temperature. By inserting this calibration constant 𝐶(𝑇) into 

Eq (3) and solving for ∆𝑛, the steady state effective lifetime 𝜏𝑒𝑓𝑓 = ∆𝑛/𝐺 at each point of the 

lifetime image is then calculated as for each temperature 𝑇 and excitation flux 𝜙𝑝ℎ: 

 𝜏𝑒𝑓𝑓(𝑇, 𝜙
𝑝ℎ

) =
∆𝑛(𝑇, 𝜙

𝑝ℎ
)

𝐺(𝜙
𝑝ℎ

)
=

1

𝐺(𝜙
𝑝ℎ

)
(√(

𝑁𝑑𝑜𝑝

2
)

2

+
𝐼𝑃𝐿(𝑇, 𝜙

𝑝ℎ
)

𝐶(𝑇)
−

𝑁𝑑𝑜𝑝

2
) (4) 
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Figure 3. a) Normalized calibration constants calculated at different injection levels for the large area illumination 

images. Each value is calculated from the appropriate calibration point on the measured temperature dependent QSSPC 

curve and from the uncalibrated PL data taken from a donut-shaped region around the photoconductance coil. As 

exemplified here, we do generally not observe the calibration constant to be perfectly constant with injection level.  

b) Average calibration constant (black circles) as a function of temperature, with error bars indicating the standard 

deviation within each temperature. The calibration constant was found to decrease linearly with temperature. A linear 

regression of these data (red dotted line) was used to calibrate the PL images. 
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4. Results and discussion   

4.1 Carrier lifetime images and the effect of solar cell processing 

Conventional PL images measured at 25 ˚C and an excitation flux of 𝜙𝑝ℎ = 1.02 × 1017 cm-2s-1 are 

shown for both Wafer A (as-cut) and Wafer B (after cell processing) in Figure 4. Because of the need 

for small area illumination to obtain sufficiently high injection levels in low lifetime regions, only a 

part of the complete 6-inch wafers were analyzed (see length scale). Because the wafers are selected 

from the top part of the cast, they are dominated by larger grains and dislocation clusters [33]. This 

was purposefully selected to simplify the use of the local analysis without too much influence from 

lateral diffusion (see discussion below). We observe a clear improvement in the bulk lifetime after 

gettering and hydrogenation, with in-grain lifetimes improving from ~100 µs to ~700 µs after 

processing (note the different color scale in the lifetime images).   

 

                                       Wafer A (as-cut)                                        Wafer B (after cell process) 

 

Figure 4. Lifetime images acquired at 25 ˚C and a constant excitation flux of 𝟏. 𝟎𝟐 × 𝟏𝟎𝟏𝟕 cm-2s-1, acquired from wafer 

A (left) and Wafer B (right). As expected, the overall lifetime is observed to clearly improve after gettering and 

hydrogenation. Note the different scales on the two images. 
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4.2. Local TIDLS analysis  

Two regions, one from the middle of a large grain with high lifetime (marked with [H]) and one from 

a region dominated by dislocation clusters (marked with [L]) were selected for further analysis, as 

indicated in Figure 4. Temperature- and injection dependent effective lifetime curves were found by 

averaging the lifetime in each region for each of the 180 images measured on each sample 

(corresponding to 6 temperatures and 30 photon flux values). These lifetime curves were then used 

for further lifetime spectroscopy analysis, as shown in Figure 5 and Figure 6 for wafers A and B, 

respectively. For each wafer, subfigures a) and d) show the experimental effective carrier lifetime as 

function of injection level at different temperatures for the high lifetime and low lifetime regions, 

respectively. The observed lifetime behavior is both qualitatively and quantitatively different at the 

different regions, and the behavior is also strongly dependent on the wafer processing. In all cases 

the modelled curves obtained from the best-fit parameters show an excellent agreement with the 

experimental data. To isolate the lifetime due to SRH recombination centers the measured effective 

lifetime data was corrected for intrinsic recombination according to the model of Richter et al [23].  

As described in Section 2 above, the SRH lifetime is then linearized by plotting it against the electron 

to hole concentration ratio,  𝑋, as shown in b) and e). For the high lifetime region of Wafer B (Figure 

6 b), the SRH lifetime is clearly linear with 𝑋, indicating that the measured data is dominated by a 

single SRH defect level. For the other investigated regions, this linearization was followed by a fit 

of the inverse sum of two linear curves (as described by Eq. 2 above), indicating that two defects are 

required to appropriately fit the experimental data. Subfigures c) and f) in Figures 5 and 6 show the 

DPSS curves for the two defects observed in each region, with the solutions space of all possible 

pairs of 𝐸𝑡 and 𝑘 which give an equally good fit to the experimental data at each temperature. The 

bottom part of c) and f) show the root mean square difference between all 𝑘 values at different 

temperatures as a function of 𝐸𝑡, and minima in these curves, therefore, represent the best fit values. 

A detailed view of the points of intersection between the DPSS curves obtained at different 

temperatures is shown in subfigure g). These common solutions are then used to determine 𝐸𝑡 and 𝑘 

for each defect, as discussed below. In some cases, no clear crossing points are observed between 

the DPSS curves, which we assume is caused by inaccuracies in the measurement procedure or 

possibly from a temperature-dependent 𝑘 parameter for these defects.   
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Wafer A (as-cut)

 

Figure 5. Image-based TIDLS analysis based on PL data measured and on the as-cut wafer (Wafer A).  Local 

analysis is shown from two different regions of the wafer, [H] is from a high lifetime area (middle of a large grain) 

and [L] is from a low lifetime region dominated by dislocation clusters, as indicated in Figure 4. 

a) and d) show the average temperature- and injection dependent carrier lifetime for regions [H] and [L] 

respectively. Open circles indicate experimental data (each point representing the average of the current area in a 

lifetime image), and lines show the best-fit TIDLS model of the data.  

b) and e) show the linearization of the lifetime by plotting it against X=n/p. A single SRH defect is expected to be 

linear in this form. For the case of two defects the defects are separated by fitting an inverse sum of two linear 

curves, according to Eq. (2).  

c) and f) show the defect parameter solution space (DPSS) obtained from each of the best fit defects, showing the 

solution space in 𝑬𝒕 and 𝒌 at each temperature. Colors are used to indicate different temperatures between 25 ˚C 

(blue) and 75 ˚C (red). The bottom parts of c) and f) show the relative standard deviation in the k values at different 

temperatures, thus indicating energy regions which give good solution for all temperatures.  

g) Different zoomed in regions of the DPSS curves, as indicated by dotted squares in c) and f), showing the crossing 

points where we find common solutions for all temperatures for Defect 1 in the high lifetime region and for Defects 

1 and 2 in the low lifetime region.  
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Wafer B, (after cell process)

 

 

Figure 6. Image-based TIDLS analysis based on PL data measured and on the wafer after simulated solar cell 

processing (Wafer B).  Local analysis is shown from two different regions of the wafer, [H] is from a high lifetime 

area (middle of a large grain) and [L] is from a low lifetime region dominated by dislocation clusters, as indicated 

in Figure 4. a) and d) show the average temperature- and injection dependent carrier lifetime for regions [H] and 

[L] respectively. Open circles indicate experimental data (each point representing the average of the current area 

in a lifetime image), and lines show the best-fit TIDLS model of the data.  

b) and e) show the linearization of the lifetime by plotting it against X=n/p. A single SRH defect is expected to be 

linear in this form. For the case of two defects the defects are separated by fitting an inverse sum of two linear 

curves, according to Eq. (2).  

c) and f) show the defect parameter solution space (DPSS) obtained from each of the best fit defects, showing the 

solution space in 𝑬𝒕 and 𝒌 at each temperature. Colors are used to indicate different temperatures between 25 ˚C 

(blue) and 75 ˚C (red). The bottom parts of c) and f) show the relative standard deviation in the k values at different 

temperatures, thus indicating energy regions which give good solution for all temperatures.  g) Zoomed in regions 

of the DPSS curves, highlighting the single defect observed in the high lifetime region and Defect 1 in the low lifetime  

egion, as indicated by dotted squares in c) and f). No clear crossing points are observed in this wafer, which is most 

probably caused by a deep defect with a slightly temperature dependent 𝒌.  
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Table I. Defect parameters observed in this work 

   Lower band gap Upper band gap 

Wafer  Region Defect   𝑬𝒕 (eV) 𝒌 𝑬𝒕 (eV) 𝒌 

A (as-cut) H (in-grain) 1 <0.27 - > 0.89 - 

  2 0.28 ± 0.01 25 ± 1 0.74 ± 0.01 25 ± 1 

 L (dislocations) 1 0.25 ± 0.01 0.4 ± 0.1 0.90 ± 0.01 0.4 ± 0.1 

  2 0.24 ± 0.01 62 ± 1 0.75 ± 0.01 53 ± 1 

B (after cell H (in-grain) Single 0.35 - 0.7 10 ± 1 (assumed deep defect) 

     process) L (dislocations) 1 < 0.21 - > 0.92 - 

  2 0.34 - 0.69 25 ± 2 (assumed deep defect) 

 

Recombination parameters identified in an in-grain (H) and a dislocated (L) region for from each of 

the two samples are listed in Table I. For wafer A (as-cut) the defect parameters for three out of four 

defect levels could be accurately determined where the DPSS curves had a common point of 

intersection. The capture cross sections in the dislocated area are close to those previously reported 

for FeB and Fei. The energy level for the defect with a capture cross section of 𝑘 = 0.4 ± 0.1 is 

located at 0.25 𝑒𝑉 or 0.90 𝑒𝑉, we attribute this to FeB previously found at 0.89 ± 0.03 𝑒𝑉 with at 

capture cross section of 0.45  [21]. As the samples are illuminated during PL-imaging a partly 

dissociation of FeB and a following presence of Fei is therefore expected. Even though the 𝑘 = 51 ±

1 corresponds well with literature values for Fei (𝑘 = 51 ± 5), the energy level located at 𝐸𝑡 = 0.24 

or 0.75 𝑒𝑉 are not consistent with literature values for Fei  at  𝐸𝑡 =  0.394 ± 0.005 [21]. We can 

therefore not conclude further about the identification of the observed defect level based on this. The 

in-grain area (H) of Wafer A has one defect level at 𝐸𝑡 = 0.28 eV or 𝐸𝑡 = 0.74 eV with 𝑘 = 25, and 

one shallower defect with a definition gap between 0.27 𝑒𝑉 < 𝐸𝑡 < 0.89 eV. No common point of 

intersection was observed for this last defect, hence exact recombination parameters for 𝐸𝑡 and 𝑘 

could not be determined.  

The dislocated area (L) of wafer B (after cell process) shows similar defect parameters to the in-grain 

region of wafer A. Defect 1 is a deep defect with 𝑘 = 25 ± 2 and the second defect has a definition 

gap between 0.34 𝑒𝑉 < 𝐸𝑡 < 0.69 eV. However, the position of the energy levels is inaccurate due 

to lack of a common intersection between the DPSS curves. Only one dominating recombination 

center is observed in the in-grain region (H) of Wafer B. This single defect has 0.35 𝑒𝑉 < 𝐸𝑡  <

0.7 𝑒𝑉 and 𝑘 = 10 ± 1. Due to the lack of a point of intersection in the DPSS this recombination 

centre has not been attributed a single defect.  

We have in this case limited our defect identification to a two-defect case to ensure unique solutions, 

as a three-defect fit as used in eg. Ref. [17] require a pre-assumption on which defects that are present. 

Mapping of defect parameters from temperature dependent PL-images has previously been shown in 

[18], however, the two approaches to extract defect parameters are slightly different. The current 

analysis identifying the exact defect parameters is pending on identification of an intersection 

between the DPSS curves which is difficult to obtain in regions with more than two defects with 



 
 
 
CHAPTER 7   SUMMARY 
 

98 
 

similar recombination activity, or in the case of a temperature dependent 𝑘.  Hence in this work 

evaluation of local relatively uniform areas was preferred prior to global mapping of the whole wafer. 

However, the methodology can be extended to produce a concentration map of areas where one or 

two selected defects dominates the recombination.  

4.3. Advanced carrier lifetime image visualization  

After the matrix of images with flux- and temperature variations is imported into Matlab it is of 

course possible to visualize this information in other ways than what is shown in Figures 5 and 6. 

Another option is to plot the different trends in temperature and injection level dependence in image 

form. One useful metric in this regard is the temperature coefficient for the carrier lifetime 𝑇𝐶𝜏, 

defined as  

 
𝑇𝐶𝜏 =

100%

𝜏25 ˚𝐶

×
𝑑𝜏

𝑑𝑇
, (5) 

where 𝜏25 ˚𝐶  is the lifetime at 25 ˚C and 𝑑𝜏 is the change in lifetime over the temperature interval 𝑑𝑇. 

The 𝑇𝐶𝜏  for Wafer B, taken at a constant exciation flux of 𝜙 = 1.02 × 1017cm-2s-1, is shown in 

Figure 7. By comparing with Figure 4, we see that there is a clear correlation between low lifetime 

(dislocation dominated) areas and areas of high 𝑇𝐶𝜏 (high relative improvement in the carrier lifetime 

with increasing temperature), which was also recently observed by Eberle et al in both 

multicrystalline wafers and cells [34].  This is not only a consequence of the low lifetime itself: 

Notice the horizontal feature of low lifetime at the middle of the right edge of Figure 4, which is 

almost not visible in the 𝑇𝐶𝜏 map. We can therefore conclude that this recombination in this region 

has a different origin, most probably due to surface damage.  

Another option for visualizing the data is by plotting the relative change in carrier lifetime with 

increasing photon flux, as shown in Figure 8 for Wafer B in in the flux range between 𝜙 =

2.37 × 1016   and 𝜙 = 1.02 × 1017  cm-2s-1. In this case we clearly observe the steeper injection 

dependence (larger ratio between high and low injection lifetime) in the grains as compared to the 

regions dominated by recombination from grain boundaries dislocation clusters. More details and 

features can also be seen in the low lifetime regions which are not visible in the conventional lifetime 

image shown in Figure 4.  
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Figure 7. Map of the temperature coefficient of the 

carrier lifetime at constant flux of 𝝓 = 𝟏. 𝟎𝟐 ×
𝟏𝟎𝟏𝟕 cm-2s-1, measured in % change per K in the 

temperature range between 25 ˚C and 75 ˚C. The 

temperature coefficient map is calculated based on 

data from Wafer B. 

Figure 8. Map of the relative change in the lifetime with 

increasing photon flux, in the range between 𝝓 =
𝟐. 𝟑𝟕 × 𝟏𝟎𝟏𝟔  and 𝝓 = 𝟏. 𝟎𝟐 × 𝟏𝟎𝟏𝟕 cm-2s-1, calculated 

based on data from Wafer B. 

 

Lastly, the data can be used to generate lifetime images with at a constant ∆𝑛 at every point of the 

image. Conventional PL lifetime images are taken at a constant generation rate, and areas of different 

effective lifetime will therefore be at different injection levels, according to the steady state relation 

∆𝑛 = 𝐺 × 𝜏𝑒𝑓𝑓.  

 

Figure 9. Carrier lifetime image at a constant injection level of 𝚫𝒏 = 𝟓 × 𝟏𝟎𝟏𝟒 cm-3, instead of the conventional 

image taken at a constant generation rate. The image is calculated from data from Wafer B by interpolating the 

value at each pixel between images taken at different excitation intensities. 



 
 
 
CHAPTER 7   SUMMARY 
 

100 
 

5. Summary and further work 

5.1 Summary of results 

In this paper we have demonstrated a method for performing temperature- and injection level 

dependent lifetime spectroscopy with high lateral resolution based on automated acquisition and 

analysis of a large number of PL images taken under different conditions. Two passivated, 

neighboring HPMC silicon wafers were investigated, one in the as-cut state and one which had 

received a simulated solar cell process including phosphorous diffusion gettering and hydrogenation 

during a high temperature firing step. One in-grain region and one region dominated by dislocations 

clusters were studied in each of the two wafers. For each region the contributions from one or two 

SRH defects were isolated by linearization and fitting of the injection-dependent SRH lifetime curves 

at each temperature. The defect energy level 𝐸𝑡 and capture cross section ratio 𝑘 for each defect was 

determined from the points of intersection between the defect parameter solution surfaces (DPSS) 

for each temperature. We find that two defects are needed to describe the observed behavior in both 

regions of the as-cut wafer, and one of the observed defects in the dislocated region corresponds well 

with previously reported values for iron-boron complexes. One other clearly defined defect is also 

observed in this region, which could possibly be interstitial iron Fei. For the wafer after solar cell 

processing the in-grain region was described very well using a single, unidentified SRH defect 

located deep in the band gap, with 𝑘 = 10 ± 1. In the region of this wafer dominated by dislocation 

clusters, two defects are needed to explain the results, here we observe one shallow defect within 

0.21 eV from the band edge and one deep defect with 𝑘 = 25 ± 2. The defect parameters for the 

latter defect was also observed in the in-grain regions of the as-cut wafer.  

In addition to the TIDLS analysis, we demonstrate several image visualizations of the measured 

lifetime data, illustrating the lateral distribution of both the temperature and injection dependence of 

the carrier lifetime. These include images of the lifetime temperature coefficient, the relative change 

in lifetime with increasing flux and lifetime images at a constant injection level, generated by 

interpolating the values at each pixel between images taken at a given temperature.  

5.2 Further work 

The experimental setup and analysis tools used in this paper is still under development, and several 

further changes could be introduced to improve the accuracy of the obtained results. Firstly, smearing 

of the images due to lateral carrier diffusion will influence the results, this limiting how local the 

defect analysis can be. Post-process image correction to correct for carrier diffusion, e.g. as presented 

in Ref. [35] could therefore be utilized to mitigate this. Furthermore, we aim to improve the 

calibration procedure in the hope to avoid the observed uncertainties related to the injection 

dependence of the calibration constant by implementing a true steady state photoconductance 

measurement in the PL setup, as discussed in Ref. [36]. We are also currently implementing measures 

to further increase the injection range in low injection in order to improve the robustness of 

determination of 𝒌. Lastly, further sensitivity analysis of the TIDLS data is also useful to quantify 
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the accuracy of the obtained defect parameters. When these measures are in place, the tool 

demonstrated here could be used to generate full maps of the defect parameters obtained from the 

two-defect fit, together with the fit quality in each pixel of the image. The approach investigated in 

this paper is thus not without issues, but it is still found to be a powerful technique for local analysis 

of the dominant recombination mechanisms in Si wafers using commonly used and commercially 

available tools for Si solar cell research.  
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