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1. Introduction

Energy is a key driver for economic growth and human development [1]. During

the 21st century, humanity faces the dual challenge of 1) eliminating energy-related

carbon dioxide emissions to mitigate catastrophic climate change [2] and 2) simul-

taneously providing clean and abundant energy for the developing world, where a

significant fraction of the population still has limited access to energy-related ser-

vices [3]. In practice, this requires transitioning the global energy system from one

that is based on carbon-intensive energy sources (coal, gas and oil) to one that is based

on low- or zero-carbon energy sources (solar, wind, hydro, nuclear, bio, geothermal,

tidal). This Thesis discusses solar photovoltaics (PV), the most recent low-carbon

energy source to reach large scale (>100 GW) production capacity. Chapter 2 inves-

tigates the growth of certain PV-synergistic electricity loads, such as air-conditioning

and electric vehicles and discusses if these loads could enable significant additional

adoption of PV.

PV modules are essentially a commodity, with their demand set primarily by their

price [4]. Hence, to increase their adoption, the cost-efficiency of PV modules needs

to be increased. A significant driver of silicon PV module cost are the stringent purity

requirements placed on silicon feedstock and substrate materials, as well as silicon

solar cell processing lines. The threat of deleterious transition metals is particu-

larly challenging because the metals can significantly degrade cell efficiencies even

at parts-per-billion concentrations [5, 6]. Within all transition metals, iron is a par-

ticularly common and deleterious metal impurity [7]. In PV-silicon, iron is present

either as dissolved point-defects or sparsely clustered iron silicide precipitates [8].

Both of these chemical states are typically deleterious but the precipitated state has

historically been more difficult to characterize and mitigate.

This Thesis first aims to improve the state-of-the-art simulation and characterization

techniques for iron silicide precipitates, and then leverages these techniques to im-

prove both established and next-generation silicon solar cell processes via improved

control of iron silicide precipitates. More specifically, Chapter 4 seeks to enhance a

versatile tool for iron characterization, synchrotron-based micro-X-ray-fluorescence

(μ-XRF). The key weakness of this powerful technique has been the limited time that

users have access to the tools at the synchrotron facility, which is granted through a

competitive application process. This problem is alleviated via benchmarking a novel

"on-the-fly" scanning method, which can significantly enhance the scanning speed
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and sensitivity of the μ-XRF technique. In addition to facile experimental characteri-

zation of iron silicide precipitates, it is important to be able to simulate their behavior

accurately, and with reasonable computational resources. To elucidate the neces-

sary computational complexity for accurate simulation of iron silicide precipitates,

Chapter 5 compares different state-of-the-art iron precipitation models with different

dimensionalities and physical equations driving the precipitation process.

Building on these techniques, Chapter 6 investigates a potentially industrially-feasible

scheme that could decrease the yield loss of the industry-standard silicon substrate

material, multi-crystalline silicon. The scheme, called dissolution-gettering, adds a

high-temperature anneal in the beginning of typical silicon solar cell process. This

high temperature anneal leaves iron precipitates in a more mobile state for the rest of

the solar cell process, making them easier to mitigate.

Lastly, Chapter 7 seeks to build a comprehensive understanding of iron precipitation

in ion-implanted emitters during silicon solar cell processing. Ion-implantation is a

promising alternative doping technique to the industry-standard gas-phase diffusion

which has thus far not been widely adopted within PV partly due to its unknown

potential to mitigate deleterious iron point defects.
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2. Photovoltaics to answer
dual-challenge of climate change and
increasing energy demand

Before reviewing the technical contributions of this Thesis, certain developments in

global energy demand are discussed that are promising for PV. First, the growth in

energy demand is expected to be strongest in developing countries, which mostly fea-

ture sunny climates and are thus ideal locations for PV electricity production [9, 10].

Second, a significant fraction of future energy demand is comprised by industries that

are intrinsically coupled with some form of energy storage, which can mitigate the

diurnal and seasonal variability of PV electricity production [11–13]. Such industries

include: space cooling, low-carbon transportation and desalination.

2.1 Space cooling as an example of a growing PV-synergistic
electricity load

Space cooling is most needed in sunny climates. The need for cooling also varies

during the day, similarly as PV electricity production, being higher during the day

and lower during the night. Additionally, cooling devices can leverage thermal inertia

of buildings as energy storage and they can easily be coupled to thermal storage

[14, 15].

The global electricity usage for cooling residential and commercial buildings was

approximately 500 TWh globally for the year 2010 [16], or 2.3% of the annual global

electricity consumption [17]. Moreover, the residential cooling sector is expected to

grow by more than 10-fold during the 21st century [18]. Locally, cooling demand

often comprises over 50% of peak electricity consumption for cities in both developed

and developing countries [19].

The synergy of cooling demand and PV electricity production has inspired several

detailed studies. Simulations [14, 20, 21] and experiments [22] investigating single

residential and commercial buildings have shown that PV can mitigate electricity de-

mand peaks incurred by, among other things, cooling demand. PV has been found

beneficial also at regional and national level in electricity grids with significant cool-

ing loads, for example in Australia [23, 24], US [25], and Kuwait [26]. Even though

the value of the cooling sector in increasing PV penetration at large scale has been

recognized [13, 27], the potential synergy has not been quantified globally. This

work estimates the electricity demand of the global residential cooling sector today

3



Photovoltaics to answer dual-challenge of climate change and increasing energy demand

Figure 2.1. A schematic of the model used to calculate PV capacity sustained by residential cooling.

and throughout the 21st century and the potential PV capacity that the sector could

sustain.

A socioeconomic model predicts the electricity used for residential cooling globally

[18], accounting for the tendency of people to obtain and utilize cooling equipment

depending on their wealth and local weather, as well as for predicted energy efficiency

improvements of cooling devices. With the help of a PV system simulator [28], a

PV system is dimensioned to match the annual cooling electricity demand of each

specific location. High-resolution population [29] and climate grids [30] with a 30”-

and 0.4◦-resolution, respectively, are employed, as well as established country-level

projections on the growth of population and gross domestic product (GDP) [31] and

global warming [32] up to year 2100. The model schematic is described in Figure

2.1.

2.2 Increased photovoltaic generation facilitated by the residential
cooling sector during 21st century

Figure 2.2 depicts the projected electricity demand for cooling globally calculated

and the PV generation capacity that the cooling sector could sustain in the baseline

scenario. Also plotted is the global PV manufacturing capacity, assuming net ca-

pacity additions of 78 GW/year throughout the century, corresponding to global PV

manufacturing capacity at the end of 2016, and 303 GW installed capacity at the end

of 2016 [33].

The baseline scenario predicts the electricity consumption of the residential cooling

sector to increase from about 718.6 TWh/year in 2015 to nearly 14 330 TWh/year by

the end of the century, which is consistent with previous estimates [18]. The potential

PV capacity sustained by the residential cooling sector, which has not been estimated
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(a)

(b)

Figure 2.2. a) Predicted electricity demand of the global residential cooling sector (blue dashed line),
PV capacity sustained by the sector (orange solid line), as well as current PVmanufacturing
capacity (orange dotted line). b) Regional assessment of projected PV capacity sustained
by the residential cooling sector.

before, is similarly vast. The projected PV capacity reaches 8.2 TW by the end of the

century, and 1 TW as early as 2027. Throughout the century, the growth in potential

PV capacity is comparable to the 78 GW/year rate current PVmanufacturing capacity

could produce PV modules (orange dotted line in Figure 2).
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Figure 2.2 b) depicts a regional assessment of projected PV capacity. Today, the

largest market for residential cooling and PV is in North America, mainly due to high

income levels (GDP/capita = $US 45 330 in 2015) and reasonably warm climate,

particularly in the Southern US. The total PV generation capacity that residential

cooling could sustain in North America is approximately 155 GW at the end of 2015.

As incomes and population rise in other parts of the world, other regions become

dominant.

In the baseline scenario, the first region with more cooling-sustained PV potential

than North America is Centrally Planned Asia (China, Mongolia, Laos, Cambodia,

Vietnam), which overtakes North America in 2021, as GDP/cap in the region sur-

passes $US 10 000. The potential capacity in this region grows and saturates to

around 830 GW by 2050, after which increased demand per capita is offset by a

decreasing population in the region. Between 2020 to 2040, all regions experience

modest growth, with Oceania & Pacific Asia growing the fastest.

During the second half of the century, two regions grow significantly larger than

others, mainly due to their high population: first South Asia, with a population of ap-

proximately 2 billion people, could sustain a 1 TW capacity by 2065, and ultimately

over 2 TW by the end of the century. Lastly, Sub-Saharan Africa is the last region to

reach income levels commensurate with significant air-conditioner adoption, reach-

ing a GDP per capita of $US 10 000 around 2055. Due to its large population (2.35

billion by the end of the century) and hot climate, it however presents the largest po-

tential region for additional PV capacity, with over 3 TW of potential PV capacity by

the end of the century.

Slightly smaller, but still significant regions include Middle East & North Africa, as

well as Latin America. They exhibit more or less similar potential throughout the

century, reaching potential PV capacities of approximately 532 GW (Middle East &

North Africa) and 482 GW (Latin America) at the end of the century. Europe & For-

mer Soviet Union, on the other hand, present a modest potential market compared to

other regions, mostly due to their Northern location, and hence, low cooling demand.

The region reaches approximately 104 GW by the end of the century.

2.3 PV-synergistic loads beyond space cooling

In addition to space cooling, there are other electrical loads with high growth potential

and synergy with PV. For example in 2012, the global transport sector consumed

approximately 30 000 TWh of primary energy [9]. Since currently the transportation
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sector is almost entirely run by fossil fuels, responsible climate action would entail

switching a clear majority of the sector to be run by zero-carbon fuels by the end of

the 21st century. To produce 30 000 TWh of electricity with PV power plants would

require as much as 23 TW of PV capacity1. Since batteries and synthetic fuels,

both alternative fuels for the current carbon-emitting options, can store PV-generated

electricity, PV could provide a significant fraction of the energy consumed by the

transportation sector.

Water desalination is another interesting sector for added PV capacity as the highest

need for desalination is in hot and dry climates with high PV capacity factors. The

desalinated water can also be leveraged as energy storage, mitigating the variability

of PV. The global water desalination capacity was approximately 87 million cubic

meters per day at the end of year 2015, and has grown approximately 8 % per year

for the last 40 years [35]. Assuming similar growth in the future and an average

energy expenditure of 5 kWh per cubic meter of desalinated water [36], the electricity

demand of the desalination sector could reach 1 TW PV capacity around 2045.

Quantifying the speed and location of the growth of these industries, similarly as

done here for space cooling, could help clarify when, where and to what extent the

global PV industry can grow.

1Assuming a 15% capacity factor as a global average [34]. For reference, the global installed
PV capacity was around 300 GW at the end of 2016. [33].
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3. Impact, mitigation and
characterization of iron in silicon
solar cells

This Chapter briefly describes the physical root cause of the detrimental impact of

metal impurities in silicon solar cells and the experimental mitigation and characteri-

zation techniques used in this Thesis. Although several metal impurities are harmful

for silicon solar cells, this Thesis focuses largely on iron, because it is arguably the

most ubiquitous, detrimental [7] and easily detected [37,38] metal impurity in PV and

other semiconductor device processing. Due to similar governing physics amongst

the later 3d transition metals (Cr, Ni, Co, Fe, Cu) in silicon, past learnings made

on iron have proven to be easily transferrable to other common impurities, such as

chromium [39,40] and copper and nickel [41].

3.1 Metal impurities hampering the mission of a solar cell

The fundamental purpose of a solar cell is turning light into electricity, or more pre-

cisely, turning photons into usable electrons. Silicon performs this feat via the photo-

voltaic effect [42], where an incident photon transfers its energy to an electron within

silicon. Within silicon, electrons can only exist on certain energy bands and only

bands that are not completely occupied can conduct charge. In practice, all but two

energy bands within silicon are either fully occupied or fully empty, and the photo-

voltaic effect elevates electrons from the second highest energy band that is partially

occupied (called the valence band) to the highest energy band that is partly occupied

(called the conduction band). The electron that is transferred to the conduction band

from the valence band leaves behind a hole quasi-particle, which makes the valence

band also effectively conducting electricity.

Unfortunately this process is reversible, i.e., the electron can lose its energy by re-

combining with a hole, meaning the photovoltaic effect alone is not enough to trans-

late photons into usable electricity. To extract the energy embedded in the excited

electrons, the electron-hole pair needs to be separated. This occurs by creating dif-

ferences in the conductivities of electrons and holes in two distinct regions of the

devices, which for one charge carrier, allows transport to one contact and blocks

transport to the other contact.1In silicon solar cells, this is achieved by doping silicon

with one of two kind of impurities: n-type dopants refer to atoms which have one

more electron on their outer shell compared to silicon, which results in lower con-
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ductance for holes and p-type dopants refer to the opposite case where the dopant

atoms have one less electron, which results in lower conductance for electrons [43].

The impurities of choice of the silicon solar cell industry are phosphorus for n-type

doping and boron for p-type doping. The most common way for achieving the pn-

junction is doping the silicon feedstock with boron or phosphorus during the ingot

growth and introducing the other dopant near the surface layer during solar cell pro-

cessing. The side of the pn-junction created during processing is called the emitter,

whereas the other side which is more lowly-doped is referred to as the bulk.

For a large enough fraction of the light-generated electron-hole pairs to reach the pn-

junction, the average charge carrier recombination lifetime has to be sufficiently high.

The charge carriers can recombine in several ways, of which Schokley-Read-Hall

(SRH) recombination [47,48] is the most relevant recombination mechanism for this

Thesis. In SRH recombination, an additional allowed energy state (or energy band)

exists within the forbidden energy bandgap between the valence and conduction band.

Now, the recombining electron can pass through the additional energy state, which

makes the recombination more likely to occur compared to recombination over the

whole forbidden energy bandgap. In silicon solar cells, the most common source of

these deleterious mid-gap states are transition metals2. Because the emitter side of

the pn-junction is typically very shallow (< 1 μm) compared to the bulk (currently

approximately 180 μm with a decreasing trend [49]), the SRH lifetime requirement

for the emitter is far less stringent than for the bulk. Thus the focus of this thesis is to

improve the bulk SRH lifetime.

3.2 Reducing the impact of detrimental metal impurities via
gettering

During silicon solar cell processing, bulk SRH recombination can be mitigated is via

gettering. The term gettering refers to the redistribution of recombination-inducing

impurities within the silicon wafer such that their deleterious impact decreases [51].

This can involve either redistribution of the impurities into larger, less dense clusters

within the bulk (often called intrinsic gettering) [52–55] or movement of the impuri-

ties to the emitter from the bulk (often called external gettering) [56,57]. This Thesis

discusses two physical mechanism as driving forces for these processes: precipitation

1Contrary to a commonly held belief [44], this separation process is not driven by an electric
field. For an interesting example of a photovoltaic device that utilizes an electric field for
charge carrier separation, see induced-junction photodiodes [45, 46].
2Promising work is on-going to develop materials that are significantly less prone to delete-
rious metal impurities than silicon [50].
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and segregation.

3.2.1 Precipitation

Precipitation is a phase change reaction between metal point defects and the sil-

icon matrix, driven by supersaturation [58]. It can occur either homogeneously

throughout the silicon lattice or heterogeneously at energetically preferred precipi-

tation sites, which consist of lattice imperfections such as dislocations [59], grain

boundaries [60], or pre-existing precipitates of other impurity species [53, 61, 62].

Among different impurities, the preference of homogeneous vs. heterogeneous pre-

cipitation depends largely on the diffusivity of the precipitating species, with slower

diffusers (such as Ti and O) favouring homogenous precipitation and faster diffusers

(Fe, Ni, Cu) heterogeneous precipitation [60].

To minimize surface energy, the precipitation process favors large precipitates over

small precipitates. Thus, the precipitation process typically re-distributes the point

defects into significantly lower density of precipitation centers, hence decreasing the

aggregate recombination activity of the precipitating species. However, the residual

recombination activity of the silicide precipitates can still decrease final device effi-

ciency, particularly for iron [63, 64]. Thus, in recent years, PV crystal growers have

sought to minimize all kinds of precipitation sites, whether dislocations [65], grain

boundaries [66, 67] or oxygen precipitates [68].

In addition to unwanted extrinsic impurities, the purposeful doping of phosphorus

or boron can also result in precipitation sites. For example, very high (>1021 cm−3)

doping concentrations of boron or phosphorus in the emitter result in boron [69]

or phosphorus [70] silicide precipitates, which can also act as precipitation sites for

iron [71]. However, such high concentrations of phosphorus and boron induce recom-

bination on their own [72,73] and thus are preferably avoided in high-efficiency solar

cell architectures [74]. Publications V and VI show that precipitation-based gettering

can also play a role in high-performance emitters with low boron and phosphorus

concentrations (2×1019 cm−3). This is the case for ion-implanted emitters, where

the ion-implantation process creates dislocation loops [75] that act as heterogeneous

precipitation sites.

3.2.2 Segregation

Segregation refers to the movement of point defects due to a solubility gradient within

silicon. Within this Thesis, this solubility gradient raises mostly due to a high con-

centration of p- or n-type dopants in the solar cell emitter [51, 71]. The specific
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reactions causing the increased solubility depend on the dopant and transition metal

in question. For the case of iron and boron, for example, positive interstitial iron pairs

directly with negative substitutional boron [76]:

Fe+i + B−s ↔ FeB. (3.1)

This segregation is most effective at low temperatures [76, 77] (<400◦C), when the

diffusion length of dissolved iron and several other transition metal point defects is

limited [78], which somewhat limits its applicability in solar cell processing.

Phosphorus typically exhibits stronger segregation gettering than boron [79, 80], but

unlike boron, substitutional phosphorus is positively charged, making a direct pair-

ing with iron energetically unfavorable. Phosphorus emitters do nonetheless exhibit

robust segregation gettering, and the exact reaction is currently under investigation.

Possible candidate reactions include vacancies [81–83], oxygen [84, 85] and inac-

tive phosphorus [86,87]. One particular challenge of segregation-based gettering, for

which a solution is presented in Publication IV, is the fact that the pairing reaction

only concerns point defects, and not precipitates [88].

To summarize the key differences of segregation and precipitation, in segregation

extrinsic dopants, such as boron or phosphorus, participate in point defect reactions

with metal impurities, whereas in precipitation, the metal impurities undergo a phase

transformation into a silicide phase. Precipitation always ultimately proceeds to the

solid solubility, but not further than that. Segregation gettering, on the other hand,

can always be enhanced by increasing the impurity causing the segregation reaction

(for example boron), and can thus reduce the point defect concentration below the

solid solubility limit.

3.3 Characterizing iron point defects and precipitates in silicon

In a silicon solar cell context, the ultimate goal of gettering is typically the improve-

ment of the minority charge carrier bulk SRH recombination lifetime, because low

SRH lifetime is well correlated with low solar cell efficiency [89]. Thus, different get-

tering treatments can be benchmarked by measuring only the bulk SRH lifetime, as is

done in Publication IV. However, to understand the physical mechanisms behind the

lifetime improvements and ultimately generalize them into predictive process sim-

ulators [90], it is important to understand gettering-induced changes specifically in

both metal point defect concentrations and metal precipitate size distribution. This

Section presents the techniques used in this Thesis to characterize both iron point
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defects and precipitates.

3.3.1 Point defects

A much-used technique for measuring the iron point defect concentration in silicon

leverages the reversibility of reaction (3.1). Given sufficient time (~1 day) of dark

storage, most of interstitial iron present in boron-doped silicon will pair with boron.

But on the other hand, a short annealing at a moderate temperature (for example 10

minutes at 200◦C) or strong light pulsing can break the iron-boron pairs. Hence,

it is possible to easily switch between the iron-boron pair state and the interstitial

state. Furthermore, the recombination behavior of the iron boron pairs is markedly

different from that of interstitial iron atoms. Hence, by measuring the lifetime in both

of the iron states and assuming no other changes occur between the measurents, it is

possible to relate the lifetime difference directly to the iron point defect concentration.

[37, 38].

The specific formula depends slightly on the lifetime measurement technique cho-

sen. Publications V and VI use the surface photovoltage (SPV) technique for the

measurement. SPV receives its name from the fact that it measures the voltage gen-

erated across the wafer by laser pulses with different wavelengths. The measured

voltage is due to photogenerated charge carriers, and similarly as in actual solar cell

operation, the number of minority charge carriers reaching the pn-junction is propor-

tional to the minority charge carrier diffusion length. Charge carrier diffusion length,

Ldiff, refers to the average length a charge carrier diffuses before recombining, and

is related to lifetime τ via Ldiff =
√

Dτ, where D is the minority charge carrier dif-

fusivity. Through observing how the surface photovoltage changes as the pulsing

laser wavelength (and hence its absorption depth) is changed, a quantitative estimate

of the minority charge carrier lifetime is reached. For a more detailed explanation,

see [91]. After measuring the diffusion length before and after FeB-pair dissociation,

the interstitial iron concentration is reached via [92]:

[Fei] = 7.80 × 1015
⎛
⎜⎜⎜⎜⎜⎝

1
L2
FeB

− 1
L2
Fei

⎞
⎟⎟⎟⎟⎟⎠ [cm−3], (3.2)

where LFeB and LFei are the diffusion lengths measured before and after FeB-pair

dissociation (in μm). A similar contactless and nondestructive technique exists for

characterizing chromium point defects [93], and is being developed for Cu as well

[94].
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3.3.2 Precipitates

While obtaining information of the homogeneously scattered interstitial iron distri-

bution in silicon wafers is relatively simple, studying iron precipitates quantitatively

is more challenging. The precipitates are relatively small and sparsely scattered, typi-

cally ranging in size from spheres with a diameter of few nanometers up to platelet- or

needle-like precipitates with longest dimensions of several micrometers, with typical

densities below 109 cm−3 [88, 95]. Thus they are difficult to observe by, for exam-

ple, transmission electron microscopy (TEM) due to its low sampling volume and

destructive sample preparation or by electron beam induced current (EBIC) due to its

relatively low spatial resolution of a couple of micrometers [96]. In Publications II,

V and VI, iron precipitates in silicon wafers are probed by synchrotron-based micro-

X-ray fluorescence (μ-XRF), performed at beamline 2-ID-D at the Advanced Photon

Source of Argonne National Laboratory in Illinois, US [97]. The beamline exhibits a

photon flux of 4 × 109 photons/s optimized for 10 keV incident beam energy, with a

beam full width at half maximum (FWHM) of 209 nm.

The atomic level electronic processes involved in the μ-XRF technique are described

in Figure 3.1 a). The probed atom absorbs an incident X-rays by emitting an electron

from one of its electron shells. Another electron then relaxes from a higher energy

shell to the former shell. The energy liberated in the latter process is released as a

secondary (fluorescent) X-ray.

The energy of the fluorescent X-ray depends on the element and electron shells in

question. Although some transition energies overlap, typically each fluorescent X-

ray peak can be associated to a specific element. This Thesis uses mainly the Kα

transition to study iron. Kα refers to a transition where an electron falls from the L
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Figure 3.1. (a) X-ray fluorescence as an electronic process. (b) A sample energy spectrum collected
from a spot on a contaminated silicon sample with μ-XRF. In addition to silicon, iron,
copper and zinc are recognized.
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shell to the K shell. To facilitate this, the incident X-ray needs to surpass the K-edge

of iron at around 7.1 keV, and is thus well feasible at the 10 keV incident beam energy

available at APS beamline 2-ID-D.

Figure 3.1 b) presents an example of a photon energy spectrum collected from a spot

on a contaminated silicon sample hit by a 10 keV incident photon beam. In addition

to the iron and silicon Kα peak, similar peaks caused by copper, zinc, as well as a

second harmonic peak of silicon are recognized.

Once the X-ray fluorescence spectrum is gathered from each measured pixel, the

fluorescence counts are transformed into iron loadings [μg/cm2] by comparing the

fluorescence counts to NIST 1832 and 1833 standards with the help of the peak fitting

method developed by Vogt et al. [98]. The Fe loading value can be converted from

μg/cm2 to atoms (per pixel) with the formula:

Natoms = LFe

⎛
⎜⎜⎜⎜⎜⎝
πD2

b

4

⎞
⎟⎟⎟⎟⎟⎠

NA

MFe
, (3.3)

where LFe is the iron loading in μg/cm2, Db FWHM of the incident beam in cm, NA

Avogadro’s constant and MFe the molar mass of Fe in μg/mol.

Lastly, background noise is redacted. The loadings from each pixel on a single XRF

map are fitted on a Gaussian distribution truncated between zero and 95-99 % per-

centile of the pixel values. After this, all pixels with readings below the statisti-

cal detection limit SDL = μ + nnoiseσ are assumed noise, where μ and σ are the

mean and standard deviation of the noise and nnoise is a number chosen between 3-

4 [88, 99, 100]. Publications II and VI set nnoise = 4 and Publication V nnoise = 3.5.

After this, individual precipitates are detected using MATLAB image processing al-

gorithm bwconncomp with a connectivity of four. For spherical precipitates observed

in Publication II, the total number of iron atoms per precipitate is assumed to be

equal to the largest iron load value within each precipitate, because due to the non-

ideal shape of the incident X-ray beam, a fraction of the incident X-rays can hit an

adjacent pixel and large precipitates may thus be detected at neighbouring pixels.

For precipitates with a distinct aspect ratio such as the needle- or platelet-like precip-

itates observed in Publications V and VI, total iron in each precipitate is counted by

summing over all the pixels of each precipitate.
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4. Increased productivity of
synchrotron-based characterization
of iron precipitates in silicon

This chapter discusses synchrotron-based X-ray fluorescence (μ-XRF), whose oper-

ating principle was described in Section 3.3.2. μ-XRF is versatile tool for quantita-

tively mapping iron precipitates in silicon materials and solar cells [40, 59, 99–109],

but has one key weakness: the limited time that users have access to the tools at

the synchrotron facility, which is granted through a competitive application process.

This Chapter alleviates this problem by benchmarking a new "on-the-fly" scanning

method, which can significantly increase the productivity of μ-XRF, and is later uti-

lized in Section 7.4. The experiments described here are performed at the Advanced

Photon Source beamline 2-ID-D of Argonne National Laboratory [97].

4.1 Two different scanning modes for XRF: stepscan and flyscan

To acquire data using μ-XRF, one of two data-collection modes is used: step-by-

step (stepscan) or on-the-fly (flyscan) [97, 109, 110]. Stepscan mode, in which the

motors stop at pre-defined intervals and collect data before shifting to the next lo-

cation, inherently incurs overhead time at each pixel. In flyscan mode, the motors

move continuously and each pixel is defined by a time interval. In stepscan mode

at Argonne National Laboratory’s Advanced Photon Source Beamline 2-ID-D [97],

the typical overhead time is ~300 ms per pixel. Flyscan eliminates this overhead time

and enables practical use of dwell times shorter than 300 ms. At short per-pixel dwell

times (<50 ms), this translates into an order-of-magnitude increase in data acquisi-

tion rate, compared to a typical dwell time of 1000 ms per pixel, a critical benefit at

these large, expensive facilities, where a typical user has access for only a few days

per year.

An open question with this new flyscan capability is the trade-off between dwell time

and sensitivity. Scanning larger areas more quickly is beneficial, but it is essential to

maintain adequate sensitivity to the element distribution of interest.

4.2 Effect of per-pixel dwell time on sensitivity

To quantify the effect of per-pixel dwell time on sensitivity for PV-relevant impurity

distributions, the same region of a saw-damage etched, gettered mc-Si wafer was
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mapped with a 220 nm step size. See Ref. [100] for sample details. Six different

per-pixel dwell times were tested: 50, 100, 250, 500, 1000, and 1500 ms. No other

experimental parameters were changed when the dwell time was changed. The maps

were measured sequentially within a single eight-hour period.

Quantified synchrotron-based μ-XRF maps of the Fe Kα fluorescence of the same

sample region are shown in Figure 4.1. The maps show that for the range of dwell

times studied, as the dwell time increases, more precipitates are detected. Addition-

ally, many of the precipitates detected at all dwell times become more prominent as

the dwell time increases.

Background noise was then separated from the maps, and the maps were plotted with

the detected precipitates in black and the noise in white (Figure 4.1, bottom row). At

50 ms, 16 Fe-rich precipitates are identified. At 1000 ms dwell, 23 precipitates are

identified. Even though the 50 ms per-pixel dwell time scan is twenty times faster,

70% of the particles detected in the 1000 ms dwell time map are still detected.

To further quantify the sensitivity as a function of dwell time, the background noise,

or the statistical detection limit (SDL), and sizes of the detected Fe precipitates that

are equal to or larger than the respective SDL were plotted for all six per-pixel dwell

times (Figure 4.2). The SDL decreases from 2.2×105 Fe atoms/precipitate at a dwell

time of 50 ms to 5.9×104 Fe atoms/precipitate at a dwell time of 1500 ms.

In this experimental configuration, the 1500 ms dwell enables detection of small

precipitates comprised of 5.9×104 to 2.2×105 Fe atoms, which the 50 ms dwell is

not sensitive enough to detect. It is important to note that the absolute values of the

detection limits shown in this section are specific to the element of interest and the

sample and measurement conditions. Nonetheless, this relationship between dwell

time and sensitivity can serve as a guide for other samples, saving time.

The results indicate that for the μ-XRF experimental conditions used at APS beam-

line 2-ID-D, if the precipitates of interest are larger than 2.2×105 Fe atoms, 50 ms

dwell time flyscans can improve productivity by 30-fold. Either 30 times the area

could be measured in a given amount of time, or a given area could be mapped 30

times more quickly. However, longer dwell times are still essential for detecting

smaller precipitates.

4.3 Effect of oversampling on sensitivity

Using the 50 ms per-pixel dwell time as a baseline, this Section explores the degree

to which sensitivity can be improved by oversampling, or using step sizes that are
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Figure 4.1. Six μ-XRF maps of the same Fe-rich particles, measured consecutively using flyscan mode
with increasing per-pixel dwell times: 50, 100, 250, 500, 1000, 1500 ms. Top row: Fe Kα
loading on a logarithmic scale. Yellow corresponds to high Fe content. Bottom row: Binary
presentation of the top row maps with a noise cut-off of 4 standard deviations applied.
Black pixels have Fe content above the noise limit. Pixel size is 220 nm. (Reprinted with
permission from A. E. Morishige, H. S. Laine, E. E. Looney, M. A. Jensen, S. Vogt, J. B. Li,
B. Lai, H. Savin, and T. Buonassisi. Increased Throughput and Sensitivity of Synchrotron-
Based Characterization for Photovoltaic Materials. Journal of Photovoltaics 7, pp. 763 -
771, 2016. Copyright 2016 IEEE.)
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Figure 4.2. The sizes of detected particles (x’s) shown as a function of per-pixel measurement time for
each of the μ-XRF maps of Figure 4.1. The nnoise = 4 noise cut-off limit for each dwell
time is indicated by the black curve. The sub-300 ms dwell time regime enabled by flyscan
is highlighted in green. (Reprinted with permission from A. E. Morishige, H. S. Laine, E.
E. Looney, M. A. Jensen, S. Vogt, J. B. Li, B. Lai, H. Savin, and T. Buonassisi. Increased
Throughput and Sensitivity of Synchrotron-Based Characterization for Photovoltaic Mate-
rials. Journal of Photovoltaics 7, pp. 763 - 771, 2016. Copyright 2016 IEEE.)

smaller than the beam spot size. The specific step size used here is 110 nm. Over-

sampling increases the probability that the Gaussian beam will hit each particle with

higher intensity, but due to ~300 ms pixel-to-pixel overhead incurred during stepscan

mode, this was previously highly time consuming.
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Figure 4.3. Quantified maps of Fe fluorescence for 50 ms dwell with slight undersampling (left column)
and for 12.5 ms dwell with oversampling (right column). The as-scanned maps (top row)
and their corresponding binary (second row) are compared to the Gaussian filtered maps
(third row) and their corresponding binary maps (bottom row). The SDL in ng/cm2 is indi-
cated in the upper right of each binary map. The particles that were found only in the 50 ms,
as-scanned or only in the 12.5 ms, filtered map are indicated by red circles. Some particles
in the maps that are only in one map are excluded from the analysis as noise because they do
not appear in any of the scans of the same region with longer per-pixel dwell times shown
in Figure 4.1. (Reprinted with permission from A. E. Morishige, H. S. Laine, E. E. Looney,
M. A. Jensen, S. Vogt, J. B. Li, B. Lai, H. Savin, and T. Buonassisi. Increased Throughput
and Sensitivity of Synchrotron-Based Characterization for Photovoltaic Materials. Journal
of Photovoltaics 7, pp. 763 - 771, 2016. Copyright 2016 IEEE.)

The as-scanned and the Gaussian filtered maps of the Fe Kα fluorescence are shown

in Figure 4.3 for the 50 ms per-pixel dwell time regular sampled map and 12.5 ms

per-pixel oversampled map. Binary maps in which pixels above the SDL are black

are also shown in Figure 4.3. The maps of Figure 4.3 reveal several trends. In the as-
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Figure 4.4. Variation in detected particle size for two different scanning conditions. Numbered binary
maps of the (a) 50 ms regular sampled map without filtering and (b) 12.5 ms over-sampled
map with Gaussian filtering. (c) Measured Fe Kα loading and calculated precipitate size
shown for each particle in the two maps. Only particles that were detected in at least one
other map (in Figure 4.1) were included in the analysis. Particles that were only detected
in either map (a) or (b) are indicated with a red circle in (c). (Reprinted with permission
from A. E. Morishige, H. S. Laine, E. E. Looney, M. A. Jensen, S. Vogt, J. B. Li, B. Lai,
H. Savin, and T. Buonassisi. Increased Throughput and Sensitivity of Synchrotron-Based
Characterization for Photovoltaic Materials. Journal of Photovoltaics 7, pp. 763 - 771,
2016. Copyright 2016 IEEE.)

scanned maps (first and second rows), the 12.5 ms oversample map has 48% higher

noise compared to the 50 ms regular sampling. Many of the same particles are clearly

visible in both maps. The binary maps of the as-scanned maps show detection of

particles in the 50 ms dwell map and identification of several particles and many

pixels that are likely noise in the 12.5 ms oversample map. Once the Gaussian filter

is applied (third and fourth rows), both SDL’s decrease, by 58% for the 50 ms regular

sample map and by 53% for the 12.5 ms oversample map. It is important to note

that the SDL of the 12.5 ms oversampled filtered map is 31% less than that of the

50 ms regular map with no filtering, implying greater sensitivity with a comparable

scanning time.

To further quantitatively compare the 50 ms dwell regular sample and the 12.5 ms

dwell oversample, the sizes of the particles were quantified, tracking which ones were

detected in each map (Figure 4.4). The particle sizes range from the detection limit
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up to approximately 3×106 Fe atoms/precipitate with more particles toward the small

end of the size range. The particles that were found in only one map are indicated

by red circles. There were two such particles in the 50 ms dwell regular sample map,

which had a total of 23 particles, and there were five in the 12.5 ms dwell oversample

map, which had a total of 26 particles. Four of those five particles are smaller than

the unfiltered noise level. In both maps, these particles are relatively small. Some

particles are detected in the 50 ms regular sample map and not in the 12.5 ms dwell

oversample map because the noise is lower in the 50 ms regular sample before the

Gaussian filter is applied. Some particles are detected in the 12.5 ms oversample map

and not in the 50 ms dwell regular sample map because particles are more likely to be

illuminated directly due to the oversampling, and they are revealed when the noise is

smoothed during the Gaussian filtering. Some small particles may be erroneously fil-

tered out during the Gaussian filtering. Nonetheless, the gains in detection are clear.

The detection limit reached here with fast scanning, oversampling, and Gaussian fil-

tering is 32.7 ng/cm2, as low as what was previously achieved with regular sampling

that takes at least five times longer [100].

For detecting Fe-rich precipitates in multicrystalline silicon, it is predicted that the

precipitated metals size distribution ranges from just a few atoms per precipitate up

to 107 atoms per precipitate [95]. Thus, the efficient detection of a large number

of ever-smaller particles enabled by flyscan mode with oversampling and Gaussian

filtering is valuable for evaluating PV silicon.
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5. Investigation of state-of-the-art iron
precipitation models for silicon solar
cell processing

Predictive solar cell process simulators are essential tools for accelerated solar cell

process development. With a host of different models available in the literature, it can

be difficult for PV process engineers to choose the optimal model for their needs. This

Chapter combines into one coding environment the salient features of models describ-

ing iron evolution during silicon solar cell processing developed at Aalto Univer-

sity [111], Fraunhofer Institute for Solar Energy Systems [112], and Massachusetts

Institute of Technology jointly with Universidad Politecnica de Madrid [90]. The

goals here are: (1) to elucidate the essential physics at each process step, (2) to de-

termine the necessary model complexity to accurately simulate today’s materials and

processes, and (3) to guide future materials, device, and process simulation develop-

ment by building intuition for the behavior of iron. One of these models is further

developed in Chapter 7.

5.1 Model descriptions

5.1.1 Systematic variation of model elements

To determine the model elements with greatest impact on predicted final iron dis-

tribution, four variations of precipitation site distribution and two iron precipitation

equations are explored, resulting in a 4x2 matrix of eight unique models (Figure 5.1).

These eight models simulate the entire silicon solar cell processing sequence, with

associated time-temperature profiles and changing boundary conditions (e.g., pres-

ence or absence of phosphorus in-diffusion). The following parameters are invariant

among the eight models: The crystal grain is 3 mm wide, the wafer is 180 μm thick,

and the bulk boron doping concentration is 3×1016 cm−3. Phosphorus in-diffusion

and gettering is simulated from both wafer surfaces. The local iron solid solubility

in silicon, S Fe, is provided by Aoki et al. [113]. The solubility and concentration

gradient diffusion equations are solved by the algorithm suggested by Hieslmair et

al. [114], and the diffusivity of iron, DFe, is described by Istratov et al. [115].

Phosphorus diffusion is simulated as described in Bentzen et al. [116]. The phos-

phorus diffusion gettering model (i.e., the diffusion–segregation equation) was taken
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Figure 5.1. Summary of the 8 models. First row: Crystalline silicon wafer cross-section schematic
with simulation domain outlined. Second row: Schematics of the 4 structural defect dis-
tributions include a 0D/1D uniform distribution and three 2D non-uniform distributions,
including only dislocations (DL), dislocations and a grain boundary (DL+GB), and only
a grain boundary (GB). The DL density colorbar is a log scale with range 0–2×108 cm−2.
The phosphorus colorbar is a qualitative illustration. Third row: For each structural de-
fect distribution, 2 sets of precipitation equations are analyzed, including Fokker-Planck
equation and Ham’s Law. Precipitation occurs at the structural defects. Bottom row: The
shorthand model names used in the rest of the Chapter. (Reprinted with permission from
A. E. Morishige, H. S. Laine, J. Schän, A. Haarahiltunen, J. Hofstetter, C. del Cañizo, M.
C. Schubert, H. Savin, and T. Buonassisi. Building intuition of iron evolution during solar
cell processing through analysis of different process models. Applied Physics A 120, pp.
1357 - 1373, 2015. Copyright 2015 Springer-Verlag Berlin Heidelberg.)

from Tan et al. [117], and the iron segregation coefficient as a function of phospho-

rus doping concentration is taken from Haarahiltunen et al. [81]. Fei segregation to

(in contrast to precipitation at) dislocations is neglected because it has only a minor

effect on the iron distribution [112, 118, 119]. Lastly, the structural defects are as-

sumed stationary and neither generated nor annihilated by processing, as the used

temperature ranges are not high enough to allow significant dislocation movement

after crystallization [120].

5.1.2 Structural defect distributions

This Section describes the four variations of precipitation sites used in our eight mod-

els (Figure 5.1). Precipitation sites are locations along structural defects where pre-

cipitates can, but are not required to, nucleate. The number of precipitation sites is

the maximum number of precipitates allowed. While the density and spatial distri-

bution of precipitation sites can be varied, their nature cannot: all nucleation sites

are modeled as sites along dislocations and precipitation is equally favorable at each

site.

The simplest precipitation site (defect) distribution is a uniform distribution. This

describes a wafer with a constant dislocation density and no grain boundaries. This

precipitation site distribution has the lowest computational complexity: Without the

presence of the phosphorus layer, only precipitation of impurities during cooling

24



Investigation of state-of-the-art iron precipitation models for silicon solar cell processing

occurs, and it proceeds similarly in every point of the wafer. Thus, only a single

simulation point is needed to fully account for the changes in the iron distribution

and chemical state. If a phosphorus layer is present on either surface of the wafer,

segregation gettering causes changes in the iron distribution along the wafer depth,

requiring a 1D finite element simulation. This uniform defect distribution is referred

to as “0D/1D.”

A second dimension is added to the models to account for non-uniformly distributed

precipitation site distributions. The first 2D model consists of non-uniformly dis-

tributed dislocations and no grain boundaries, representing mono-like [66, 67, 121–

125] and epitaxial silicon [126, 127]. The second 2D model adds a grain bound-

ary to the dislocations, simulating conventional multicrystalline silicon (mc-Si). The

grain boundary is modeled as a dense network of dislocations. The third 2D model

comprises a grain boundary but no dislocations representing an extreme case of high-

performance mc-Si [65] or ribbon growth on silicon material [128], where the relative

effect of the intra-grain regions are small relative to the effect of the grain boundaries.

These 2D models are referred to as the “2D DL”, “2D DL+GB”, and “2D GB”, re-

spectively.

Mathematical formulation of the defect distributions

In all eight models, including those with grain boundaries, iron-silicide precipitates

are assumed to nucleate at precipitation sites along dislocations. In the 2D models,

the non-uniformly distributed intra-grain dislocations are in clusters, each of which

has a dislocation density

NDL(x, y) = CDL exp(−1
2
(
(y − yDL)2

LDL
)3 − 1

2
(
(x − xDL)2

LDL
)3), (5.1)

where CDL is the peak precipitation site density in the dislocation, parameter LDL =

15 μm adjusts how fast the dislocation density is reduced from the center of the clus-

ter, and xDL and yDL are randomly chosen coordinates that determine the location

of the centrum of the dislocation cluster (cf. Fig. 5.1). CDL is scaled so that the

average areal dislocation density is Navg
DL = 8×103 cm−2 within the grain. Lastly, the

dislocation density of node points with dislocation density <10 cm−2 is set to zero to

conserve computation time, because precipitation at such low densities is negligible.

The grain boundary is modeled as a dense band of dislocations with an areal density

of 2×108 cm−2. The simulated grain boundary width is set to an unphysically large

value of 10 μm to facilitate meshing. However, the grain boundary width is still less

than 1% of the grain width and this grain boundary width paired with the disloca-

tion density in the grain boundary preserves an accurate number of precipitation sites
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at the grain boundary [95]. The precipitation site density, Nsite, is proportional to

the dislocation density, NDL, as in Nsite = 3.3 × 105 cm−1× NDL [112]. Note that

in principle, other types of structural defects besides grain boundaries and disloca-

tions, for example oxygen precipitates, could induce similar precipitation effects at a

macroscopic scale than the model described here.

5.1.3 Iron precipitation models

To describe iron-silicide precipitate formation, either of two sets of equations can be

used: one based on Ham’s law [129], and the other using the Fokker-Planck equa-

tion [111,130]. Iron supersaturation is the driving force for precipitation in both sets

of equations. Thus, to initiate precipitation of interstitial iron, the dissolved concen-

tration must be sufficiently greater than the equilibrium solid solubility (i.e., typically,

the wafer must be cooling down). Both equations describe diffusion-limited precipi-

tation (as opposed to reaction limited).

Ham’s law assumes a density of precipitation sites that does not vary over time, with

all precipitates modeled as spheres. Mathematically, this is equivalent to the precipi-

tate density distribution being a constant, and the precipitate size distribution being a

time-dependent delta function. Precipitate growth begins the instant iron supersatura-

tion is achieved. This simplicity makes Ham’s law computationally straightforward,

yet there are certain disadvantages. The precipitate size delta function means that

Ostwald ripening (i.e. the dissolution of small precipitates to favor the growth of

large ones) [131] cannot be modeled. The constant precipitate density implies that

complete precipitate dissolution is not accurately modeled. Precipitate nucleation is

also not captured with Ham’s law.

The Fokker-Planck equation (FPE) based model describes precipitate size by a dis-

tribution function, which describes the time-dependent density of precipitates with

different sizes. The time evolution of the distribution is governed by the FPE. With

both size and density as variables, the model is able to account for the fact that larger

precipitates are energetically more favourable than small ones, and on the other hand,

very small precipitates are energetically unfavourable compared to iron remaining

dissolved as point defects. The former exhibits itself in for example Ostwald ripen-

ing. The latter results in the fact that a certain degree of local supersaturation is

required before nucleation occurs, and also that precipitation does not necessarily oc-

cur at every precipitation site. This also results in, for example, faster cooling from

high temperature leading to higher densities of smaller precipitates (and vice versa),

which is also observed in Publication V, because slower cooling rate allows more

time for the dissolved iron atoms to diffuse to an existing precipitate, rather than nu-
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cleating out as a new one. The natural trade-off of the FPE based approach is that it

takes more computational time.

Mathematical formulation of the iron-precipitation equations

Ham’s Law [129] describes all the precipitates as spheres with a single average num-

ber of atoms/precipitate navg. The input parameter is the precipitate density, Np. In

general, also the size can be fixed and density allowed to vary. The time evolution of

the precipitated iron concentration, [Fep], depends on g(navg) and d(navg), the precip-

itate size-dependent precipitate growth and dissolution rates, respectively. CFe is the

interstitial iron concentration and DFe is the iron diffusivity. rc is the size-dependent

capture radius of the precipitates. The capture radius determines how close to the

center of the precipitates the dissolved iron atoms need to be in order to attach to

the iron precipitate. The capture radius and local equilibrium iron concentration are

defined differently in the two precipitation approaches. For the Ham’s Law model,

the equilibrium iron concentration, CEq, is the solid solubility of iron, S Fe, as de-

fined in [113]. The precipitates are modeled as spheres with the volume of a unit cell

containing a single iron atom in a β-FeSi2 precipitate, Vp = 3.91×1023 cm3. These

equations are summarized in the left-hand column of Table 5.1.

The Fokker-Planck equation-based precipitation model analyses precipitates with a

distribution of sizes and assigns a different spatial density for each size [112]. The

input parameter is the density of precipitation sites, Nsite. The density of precipitates

with n atoms is f(n), and the total density of precipitates is Np =
∫ nmax=1010

1 f (n)dn,

where nmax is the maximum precipitate size. The time evolution of the precipi-

tate distribution, f(n), is described by the Fokker-Planck equation [111], and it is

numerically solved with Cooper and Chang’s method [132]. The factor A(n, t) =

g(n, t) − d(n, t) is the deterministic growth rate of the precipitates, and the factor

B(n, t) = 1
2 [g(n, t) + d(n, t)] describes fluctuative changes in the precipitate size. In

other words, A determines the peak of the distribution and B the spread of the dis-

tribution. The boundary conditions, f (n = nmax, t) and f (n = 1, t), are defined in

Table 5.1, p1 = 1 × 104 is a fitting parameter and f (n = 0, t) is the density of empty

precipitation sites. f (n = 1, t) describes which fraction of these sites contain an iron

atom, i.e. where nucleation occurs. The Gibbs free energy of a precipitate with n

atoms is ΔG(n) [133], where Ea is an energy parameter that accounts for all changes

in surface energy and strain caused by the growth and dissolution of precipitates. It

has been assumed to be independent of n and has been estimated in [111]. Assuming

that precipitation is diffusivity-limited, the equilibrium concentration in the proximity

of a precipitate is the dissolved iron concentration when ∂ΔG
∂n = 0. The precipitate

size-dependent equilibrium iron concentration, CEq, depends on the solid solubility
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of iron, CS, and the factor in the exponential captures the fact that iron has a higher

chemical potential in a small cluster than in a large cluster [133]. Precipitates are

modeled as flat disks [133] with thickness a = 20 nm, and the capture radius of the

precipitation site is explicitly accounted for [134]. Due to the inclusion of the size of

the precipitation site, the Fokker-Planck equation model predicts higher capture radii

at small precipitate sizes, and due to the faster expansion of 2D disks compared to

3D spheres, the growth of the capture radius remains faster at large precipitate sizes.

These equations are summarized in the right-hand column of Table 5.1.

Note that for large precipitate sizes (n � 1), CEq ≈ S Fe and the two precipitation

models predict similar equilibrium concentrations. However, when modeling small

precipitates, the models differ. The expression for the Gibbs free energy predicts a

temperature and dissolved iron concentration dependent critical size ncrit, defined as

the size that maximizes ΔG(n). Thermodynamics dictates that precipitates smaller

than ncrit tend to dissolve, whereas precipitates larger than ncrit tend to grow. The

energy needed for the precipitates to cross from the dissolution favoring regime into

the growth regime is defined as the nucleation barrier. In the Fokker-Planck equation

precipitation model, a certain level of local supersaturation is needed for nucleation

to occur; however, in the Ham’s law model, there is no nucleation barrier.

5.2 Key results of model comparison

Publication III includes a detailed time-resolved analysis of the behavior of each

model during different stages of solar cell processing. The simulated processes fol-

low those experimentally studied in [135]. This Section summarizes the key re-

sults.

5.2.1 Agreement of models for different iron contamination levels

To offer a holistic picture of the behavior of the models as a function of the initial iron

concentration, ingot crystallization from the solidification point of silicon at 1414◦C

to 200◦C at 1.35◦C/min and a PDG process of 60 minutes at 815◦C was simulated for

a range of [Fe0] values from 1012 cm−3 to 1015 cm−3. See Sections 3.1.1 and 3.2.1 of

Publication III for further details of the crystallization and PDG process, respectively.

The resulting interstitial iron concentrations are shown in Figure 5.2. For [Fe0]<1013

cm−3 the models are all very similar, because most iron precipitates are dissolved and

gettered during the PDG process, if they are formed at all. The segregation gettering

induced by the PDG treatment dominates the bulk [Fei] reduction, always resulting
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Table 5.1. Equations for two sets of iron-precipitation equations

Ham’s Law Fokker-Planck Equation

Evolution of precipitated iron over time

Time-dependent size distribution f (n, t)
∂ f (n,t)
∂t = ∂

∂n [−A(n, t) f (n, t) + B(n, t)∂ f (n,t)
∂n ]

A(n, t) = g(n, t) − d(n, t)

B(n, t) = 1
2 [g(n, t) + d(n, t)]

1 Average time-dependent size
∂[Fep]
∂t = [g(navg) − d(navg)]Np Boundary conditions

f (n = 1, t) = f (0, t)p1 exp[
−ΔG(1)

kT ]

f (n = 0, t) = Nprec −
∫ nmax

1 f (n, t) dn

f (n = nmax, t) = 0

ΔG(n) = −nkT ln CFe
S Fe
+ 2Ean

1
2

Precipitate growth and dissolution rates

g(n, t) = 4πrc(n)DFeCFe

d(n, t) = 4πrc(n)DFeCEq(n)

g(navg, t) = 4πrc(navg)DFeCFe CEq(n) = S Fe exp(
Ea

kTn
1
2
)

d(navg, t) = 4πrc(navg)DFeCEq Ea =

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

1.015 × T × 10−4 + 0.8003, T < 773 K

6.038 × T × 10−4, T ≤ 773 K

Precipitate shape and size

Spherical precipitates Flat disk-shaped precipitates

rc(navg) = ( 3Vp
4π navg)

1
3 rc(n) =

⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

r0+ 0.051 × n
1
2 , n < 5.4 × 104

r0+
(

nVp
πa )

1
2 π

ln [16(
nVp
πa3

)
1
2 ]
, n ≥ 5.4 × 104

r0 = 15 nm

in post-PDG bulk [Fei] of more than two orders of magnitude lower than the initial

total iron concentration. Further simulations (not shown here) also revealed that with

higher PDG temperature, the [Fe0] level where the models begin to differ increases,

because 1) the solid solubility of iron increases in the bulk, dissolving precipitates

more easily and 2) more phosphorus is diffused to the emitter, increasing its gettering

efficiency.

After the models deviate, they fall into into three groups:

(1) 2D GB,

(2) 2D Ham DL and 2D Ham DL+GB, and

(3) 1D FPE, 1D Ham, 2D FPE DL and 2D FPE DL+GB.
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Figure 5.2. [Fei] after crystallization and a phosphorus diffusion gettering (PDG) process to create the
pn-junction at 815◦C as a function of a wide range of [Fe0] for all eight models. The
models predict very similar [Fei] for [Fe0]< 4×1013 cm−3. Above [Fe0] > 4×1013 cm−3,
the models fall into three distinct Groups. The two [Fe0] values that Publication III focuses
on are indicated along the x-axis. The “low” [Fe0] is close to where the Models diverge,
and the “high” [Fe0] is in the regime where there is significant divergence in the models.
(Reprinted with permission from A. E. Morishige, H. S. Laine, J. Schän, A. Haarahiltunen,
J. Hofstetter, C. del Cañizo, M. C. Schubert, H. Savin, and T. Buonassisi. Building intuition
of iron evolution during solar cell processing through analysis of different process models.
Applied Physics A 120, pp. 1357 - 1373, 2015. Copyright 2015 Springer-Verlag Berlin
Heidelberg.)

With [Fe0]>1013 cm−3, group 1 is in a diffusivity-limited regime, where post-crystallization

[Fei] is high because the iron does not have time to diffuse to the grain boundary, and

no internal gettering occurs through precipitation at structural defects. The rest of the

Models (Groups 2 and 3) contain precipitation sites throughout the grain simulation

domain, and thus exhibit internal gettering, reducing the post-PDG bulk [Fei], with

slight differences in magnitude. With increasing [Fe0], Group 2 Models diverge from

Group 3 because their precipitate density is fixed, and thus the precipitate density re-

duction exhibited in the FPE Models during PDG does not occur. This subsequently

leads into more precipitates acting as source of iron point defects toward the end of

PDG for Group 2 Models, and results in a slightly larger post-PDG [Fei]. Despite

having a fixed precipitate density, the 1D Ham model has a lower post-PDG [Fei],

because the uniform defect distribution decreases the average space between precipi-
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tates, and thus more iron can be internally gettered in the same amount of time.

The significant deviance of the GB only models (group 1) implies that, for silicon

wafers with any intragranular defects, the majority of precipitated iron resides within

intragranular regions. Because the rest of the models predict similar results whether

or not they have a grain boundary, it can be concluded that the grain width plays a

minor role on the results. Although the industry is moving toward smaller grains

with less and less intragranular dislocations [65], a model including explicitly mod-

eled intragranular defects (or a uniform 1D defect distribution) is recommended. On

the other hand, within the rest of the models, the difference between the model is less

than one order of magnitude, which is of similar magnitude as the overall agreement

between iron process simulations and experiments [111, 135, 136]. Thus, when opti-

mizing for lifetime, the 1D average model is likely the best compromise of accuracy

and fast computation.

If secondary effects relating to specific precipitate sizes are of interest, the full size

distribution should be simulated. For example, large precipitates can shunt [106,137]

the pn-junction, as was also observed in Publication V. The FPE-approach is also

needed if the crystallization process is to be optimized.

5.2.2 Iron out-diffusing from the emitter during the firing step

While the previous Section focused on the slight differences between the models,

this Section highlights an interesting aspect, in which the models predict similar re-

sults.

In a typical solar cell process, the screen-printed contact metal pastes are fired through

a SiNx layer via a rapid (<1 min), high-temperature (800-900◦C) spike. The exact

profile simulated here is the same as that used in [135]. See Section 3.2.3 of Publi-

cation III for further details of the firing process. Focus here is on the effect of the

thermal step in the iron dynamics in the presence of the phosphorus-rich layer, and

other aspects that may have a secondary effect (such as the potential hydrogenation

due to the silicon nitride layer [138, 139] or gettering if an Aluminum Back Surface

Field is present [140]) are not included in the model. A no-flux boundary condi-

tion is used for the phosphorus in these firing simulations to describe the fact that

there is no additional phosphorus source present at the surface during firing, and a

phosphorus-rich emitter is simulated on only one side of the wafer.

The evolution of iron as a function of time during firing for the high [Fe0] = 2×1014
cm−3 is shown in Figure 5.3.
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The rapid temperature change during firing is a strongly diffusivity-limited process.

The trends in model predictions of post-PDG [Fei] persist after firing. During firing,

the precipitated iron distribution does not undergo major changes and correspond-

ingly, the differences between the models are small. However, there is a two or-

ders of magnitude increase in [Fei] when the temperature peaks. In our simulations,

the [Fei] increase is mostly due to iron out-diffusion from the emitter as observed

in [141], with precipitate dissolution [142] playing a minor role. The out-diffusion

is caused by a strong decrease of the segregation coefficient as a function of tem-

perature, which releases iron point defects from the emitter into the bulk. Firing

time-temperature profiles with lower peak temperatures and a slower cool from the

peak as suggested in [142] can reduce [Fei]. Toward the end of the firing, around

30-45 seconds, some of these released iron point defects precipitate out, and a part of

the released iron is also gettered back to the emitter. In Figure 5.3, the 2D DL+GB

and 2D GB Fokker-Planck Models predict slight precipitate nucleation and thus a

decrease in average size during cooling. In the Ham’s Law Models, this change in

precipitates is sometimes seen as a subtle increase in average precipitate size.
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Figure 5.3. Evolution of temperature, [Fei], precipitate size, precipitate density during firing for [Fe0]
= 2 x 1014 cm3. (Reprinted with permission from A. E. Morishige, H. S. Laine, J. Schän,
A. Haarahiltunen, J. Hofstetter, C. del Cañizo, M. C. Schubert, H. Savin, and T. Buonassisi.
Building intuition of iron evolution during solar cell processing through analysis of different
process models. Applied Physics A 120, pp. 1357 - 1373, 2015. Copyright 2015 Springer-
Verlag Berlin Heidelberg.)
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6. Mitigating detrimental iron
precipitates in edge regions of
multicrystalline silicon ingots

This Chapter tackles the problematic fact that phosphorus diffusion gettering is un-

able to getter iron precipitates effectively as mentioned in Section 3.2.2. Within the

PV industry, this problem is particularly dire for multicrystalline silicon, which com-

prised roughly 60 % of the market at the end of 2016 [49]. Typically mc-Si ingots

are grown inside a quartz crucible via casting or directional solidification [143]. The

high temperature (over 1000◦C) and long duration (24 h) of the casting process al-

lows detrimental impurities to diffuse in from the crucible and coating [144]. This

results in a region of low minority charge carrier lifetime, and hence poor cell effi-

ciency potential [89, 144] near the ingot edges known as the “red zone”. In a GEN-6

ingot, at least 56% of the sawed wafers are at the edge of the ingot, which is an un-

acceptably high degree of compromised material for an industry as cost-competitive

as silicon photovoltaics [145]. Although other metals may play a small role, the most

important impurity causing the “red zone” appears to be iron, present particularly in

its precipitated state [146–148].

6.1 Dissolution-gettering concept and experiment

To make PDG effective against iron precipitates, so-called dissolution-gettering idea

has been proposed [149]. In dissolution-gettering, a high temperature step is em-

ployed first to fully dissolve precipitates, leaving them in point defect form and sub-

sequently a lower temperature step is implemented to getter the point defects via seg-

regation. The dissolution-gettering idea is partly inspired by the Tabula Rasa process

used by the IC-industry to mitigate as-grown oxygen precipitate nuclei [150, 151].

The idea is schematically presented in Figure 6.1. In addition to simulations [135,

149], this has also been tried experimentally [99, 109, 135, 152–155], but so far with

inconclusive results. Both higher diffusion temperatures [99,109,152,154] and sepa-

rate high temperature dissolution and diffusion steps [99, 135, 155] have been tested.

For example, Ballif et al. [152], Möller et al. [156], and Macdonald and Cuevas [153]

have reported lower lifetimes in mc-Si after gettering at high temperatures (900-

1200◦C). On the other hand, Fenning et al. [99] and Morishige et al. [100] observed

dissolution of precipitates at microscopic level by synchrotron-based μ-XRF and also

lifetime improvement when increasing the gettering temperatures from 820◦C to 870-

880◦C. Michl et al. also reported lifetime improvements after adding a 900◦C disso-
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Figure 6.1. A schematic of the time-temperature profile of the process and metal impurity behavior
during the process.

lution peak prior to a gettering step [135]. The benefit was pronounced especially if

also further high temperature steps of the cell process (e.g. contact co-firing) were

included in the time-temperature profile.

Here, the efficiency of a pre-PDG dissolution anneal with a temperature of 900–

1150◦C in decreasing the red zone width is systematically studied.

The experiment utilizes wafers taken from the edges of an industrial GEN-5 HPmc-Si

ingot. The wafers are nearly-adjacent, p-type, 2 Ω cm, 7.8×7.8 cm2 in area and 200

μm in thickness. The process flow is described in Figure 6.1. Dissolution anneals

studied here range from 900 to 1150◦C in temperature and from 10 min to 16 h in

time. The dissolution anneal is followed by applying a spin-on dopant (Filmtronics

P509, Butler, PA, USA) and a PDG at 870◦C for 1 h (sheet resistance approximately

25 Ω/sq), which is followed by a low temperature anneal (LTA) of 1.5 h at 700◦C to

enhance point defect segregation from the wafer bulk [157].

After the LTA step, the wafers undergo a surface etch and a thermal oxidation step at

900◦C for 60 min which aims to dissolve any residual precipitates left in the wafer

bulk while simultaneously passivating the surfaces with a 15-nm-thick SiO2 layer.

The thermal budget of this oxidation step is greater than that of typical industry pro-

cesses that follow the phosphorus diffusion step. Hence, it reveals the full potential of

any remaining precipitates to dissolve during post-PDG thermal processing and thus

decrease the bulk quality [55, 142, 158]. Additionally, one as-grown wafer is passi-

vated by a 25-nm-thick, Atomic Layer Deposition (ALD) grown Al2O3 film which

is annealed at 450◦C for 30 minutes. The minority charge carrier lifetime of all the

samples is mapped with the microwave-detected photoconductance decay method

(μ-PCD) [91].
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Figure 6.2. Lifetime maps measured by μ-PCD from HPmc-Si samples in the as-grown state (left), pro-
cessed without a dissolution anneal (middle) and processed with a 16 h, 1150◦C dissolution
anneal (right). The residual red zone width is shown in the lifetime map of the middle col-
umn. Notice the clear decrease in the residual red zone width with the dissolution-gettering
process.

6.2 Impact of dissolution-gettering on red-zone width

Figure 6.2 shows the lifetime maps of surface passivated wafers in the as-grown state

as well as after oxidation for wafers with and without the dissolution anneal. A

distinct low lifetime red-zone of several centimeters is visible in the as-grown sample.

After gettering without the dissolution anneal, the red zone narrows but a distinct red

zone of several centimeters remains, most likely because the PDG step alone fails to

remove the precipitates. The decrease in the red zone width with the incorporation of

the dissolution anneal is significant, resulting in HPmc-Si samples completely free of

the red zone after the dissolution-gettering process.

Figure 6.3 shows the width of the residual red zone after the post-PDG oxidation

step ("second dissolution") as a function of the dissolution anneal temperature. The

second dissolution dissolves any precipitates that are left in the wafer bulk after

the gettering step, revealing their full detrimental lifetime potential. The red zone

is here defined as the area with a low lifetime of less than 50 μs. A decreasing

trend in the final red zone width as a function of temperature is clear, suggesting that

the dissolution-gettering treatment can indeed be utilized in decreasing the red zone

width and mitigating the material degradation and loss it causes.

6.3 Impact of dissolution-gettering on minority carrier lifetime

Figure 6.4 presents both the arithmetic and the square-root-weighted harmonic mean

of minority carrier lifetime, a strong predictor of final cell performance [89] in the
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Figure 6.3. The width of the red zone after various dissolution treatments followed by gettering is
shown. The lifetime limit for the red zone is < 50 μs. (Reproduced with permission from
V. Vähänissi, H. S. Laine, Z. Liu, M. Yli-Koski, A. Haarahiltunen, and H. Savin. Full
recovery of red zone in p-type high-performance multicrystalline silicon. Solar Energy
Materials and Solar Cells 173, pp. 120 - 127, 2017. Copyright 2017 Elsevier.)

red zone and middle region after various dissolution-gettering treatments as well as

for the reference samples with PDG without dissolution any dissolution treatment, or

without any PDG or dissolution treatment at all. In the red zone, the PDG process

without any dissolution treatment increases the lifetime from approximately 5 μs to

40 μs in the red zone, or from approximately 25 μs to nearly 100 μs for the middle

region. The high temperature dissolution anneal has a further positive effect on the

red zone lifetime compared to the conventional PDG, evident in the general trend of

increased lifetime with increasing dissolution temperature (see Figure 6.4). At the

low end of the temperature scale used here (< 1050◦C), the dissolution treatment

brings modest improvements in lifetime, and the arithmetic and harmonic average

lifetimes are within 15% of each other. At higher dissolution temperatures, the arith-

metic average lifetime increases significantly, reaching values almost a factor of two

higher compared to conventional PDG (85 μs vs. 45 μs). However, the positive effect

fails to carry over to the harmonic average lifetime in the same extent, because the

lifetime remains poor in dislocated areas, and these poor areas begin to dominate the

harmonic average more strongly.

On the other hand, adding the dissolution treatment seems to offer no lifetime benefit

in the middle region (Figure 6.4 b)), compared to conventional PDG. On the con-
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Figure 6.4. The arithmetic and square-root-weighted harmonic mean of minority carrier lifetime in the
red zone (top) and middle region (bottom) after various dissolution treatments followed
by gettering. (Reproduced with permission from V. Vähänissi, H. S. Laine, Z. Liu, M.
Yli-Koski, A. Haarahiltunen, and H. Savin. Full recovery of red zone in p-type high-
performance multicrystalline silicon. Solar Energy Materials and Solar Cells 173, pp. 120
- 127, 2017. Copyright 2017 Elsevier.)

trary, both the arithmetic and harmonic lifetime exhibit a slightly decreasing trend

as a function of increasing dissolution temperature. The difference between the two

averages is also notable, due to a significant proliferation of small, low lifetime ar-
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eas.

In conclusion, the dissolution anneal appears to only bring benefits in the red zone

and appears tp be detrimental in the less-contaminated middle region. Thus, ingot

edge brickes should be cut into wafers such that as many wafers as possible do not

contain the red zone at all and that certain wafers are completely encompassed within

the red zone. The ingot edges should thus be cut such that as many wafers as possible

do not contain the red zone at all and that certain wafers are completely encompassed

within the red zone.

6.4 Results in the context of literature

The lifetime results here after gettering are in agreement with the work reported by

Fenning et al. [99]. First, they confirmed that higher-temperature diffusion success-

fully extracted a greater fraction of precipitated metal content. Second, they also

reported a strong lifetime improvement in iron-contaminated p-type mc-Si wafers

with higher than standard gettering temperatures and noticed that the increase took

place especially in areas of low dislocation density. They studied both gettering at

higher temperatures and also a dissolution step preceding gettering. The maximum

temperature used in their study was 920◦C. Their material was intentionally iron con-

taminated to the level of approximately 1015 atoms/cm3. Compared to their study, this

study came to similar conclusions for a much wider temperature (between 900◦C and

1150◦C) and contamination scales.

The lifetime results here in the middle region of the wafers, where the lifetime is

not initially limited by crucible contamination (Figure 6.4 b), are similar to those ob-

tained by Scott et al. [159]. They studied PDG at a varying temperature for (non-seed

assisted) multicrystalline silicon wafers taken from the top part of the ingot (92 %

and 95 % ingot height), where the crucible contamination is significant. They found,

that above a certain temperature (approx. 900◦C), the lifetime no longer increases as

the gettering temperature increases. They hypothesized that a defect other than iron,

with most likely lower solid solubility and lower diffusivity, is causing the lifetime

decrease.

Michl et al. [135] also studied the influence of different diffusion temperature profiles

on lifetime and presented results showing the importance of including possible fur-

ther high temperature steps in a solar cell process, such as firing, into the study. Their

results showed that the positive effect of a dissolution peak prior to phosphorus dif-

fusion was strongly emphasized in the post-firing lifetime. The firing step effectively
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dissolves the possible precipitates remaining in the wafer and as a result, the lifetime

distribution after firing can be notably different than that after PDG. Results of this

study support this, as it was also seen that due to the second dissolution step the red

zone strongly re-appeared after dissolution-gettering with dissolution temperatures

on the low end of our scale (see Figure 6.3).
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7. Optimizing iron precipitation in
implanted silicon solar cells

This Chapter investigates ion-implantation as an alternative doping technique for sil-

icon solar cells compared to the industry standard gas-phase diffusion. This Chapter

leverages the iron precipitation models described in Chapter 5 as well as the rapid

iron precipitate characterization technique described in Chapter 4 to build a deeper

understanding of iron precipitation in ion-implanted emitters during silicon solar cell

processing. Conversely to, for example, Chapter 6, here also potential benefits of iron

precipitates are investigated. More specifically, it is investigated whether iron precip-

itation in the implanted layer can be used to effectively reduce the bulk iron point

defect concentration, and hence increase the solar cell efficiency potential.

7.1 Ion-implantation as an alternative for gas-phase phosphorus-
and boron-diffusion

Currently, the emitter formation technology of choice for the PV industry for both n-

and p-type substrates is gas-phase diffusion. The specific sources are BBr3 for boron

and POCl3 for phosphorus.

Ion-implantation is another doping technique, which is broadly used within the inte-

grated circuits (IC) industry, but has been prohibitively expensive for the more cost-

conscious PV industry. The higher tool cost could be offset by the numerous benefits

that ion-implantation offers over the traditional gas-phase diffusion, such as: i) higher

blue response and lower surface recombination velocity with easy fine-tuning of the

dopant profile [160, 161], ii) possible reduction in processing steps through in-situ

oxide passivation and the avoidance of phosphorus-silicate glass and laser edge isola-

tion [160,162], iii) high run-to-run and wafer-to-wafer homogeneity thanks to precise

spatial control of dopants [163, 164] and iv) streamlined process into advanced solar

cell architectures [162, 165,166].

On the other hand, a key benefit of gas-phase diffusion is the segregation gettering

effect brought on by the high (up to 1021 cm−3) near-surface doping concentrations

(cf. Section 3.2.2). Preliminary results suggest indeed that, under certain circum-

stances, implantation getters iron less effectively than diffusion [160,167] and shows

signs of iron precipitation [134,167], which has also been observed after high-energy

implants used by the IC-industry [168–170].
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This Chapter investigates the impact of iron contamination level and thermal budget

on the gettering efficiency of PV-relevant phoshporus- and boron-implanted emitters.

Possible precipitation at the emitter is experimentally investigated via synchtron-

based μ-XRF measurements. Addition to experimental work, a quantitative gettering

model is developed based on iron precipitation in the implanted emitter. The first

part, which investigates P-implanted emitters, first demonstrates the feasibility of

precipitation-based gettering by allowing the precipitation size distribution (size and

density) to act as a free parameter. The second part, investigating B-implanted emit-

ters, explicitly models the implant damage distribution and thus avoids the use of

free parameters in the model. The avoidance of free parameters facilitates predictive

modeling of the residual iron distribution in the final solar cell, based on implanta-

tion parameters, iron contamination level and thermal budget alone. Such models

for phosphorus diffusion gettering [81, 82, 84, 85, 90, 114] have accelerated cycles

of learning in p-type silicon solar cells with POCl3-diffused emitters, which are the

norm of the silicon solar cell industry today [49]. The validated model here for boron

gettering can be applied in future phosphorus- and boron-implanted silicon solar cell

processing.

7.2 Intentional iron contamination procedure

The gettering studies on both P- and B-implanted emitters build a ”model” system,

where the only significant impurity present is iron, and also the only significant getter-

ing sink present is the implanted emitter. This is achieved by employing Czochralski-

grown single-crystalline silicon with high crystallographic quality and a low con-

centration of unwanted impurities, and then intentionally contaminating these with

specific amounts of iron. In particular, the study employs polished, <100> oriented,

390±10 μm thick, 3-5 Ωcm resistivity, 100 mm diameter, low-oxygen content (<10

ppma), IC-grade p-type Cz-wafers. Substrate-type is chosen as p-type for both stud-

ies in order to easily characterize iron point defect concentration with the method

described in Section 3.3.1. Iron behaves similarly in n- and p-type substrates at rel-

evant process temperatures, because silicon is largely intrinsic at temperatures above

400◦C [100], making our results descriptive of both p- and n-type substrates.

Because precipitation depends heavily on the iron contamination level, two different,

controlled contamination levels are used. The wafers are intentionally contaminated

[171] with iron by immersing them into a spiked Standard Clean (SC) 1 solution and

annealing them at i) 845◦C for 55 minutes for a “low” contamination level of [Fe0] =

3.0× 1013 cm−3 or ii) 945◦C for 45 minutes for a “high” contamination level of [Fe0]
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Figure 7.1. The cell architecture used in Section 7.3. (Reproduced with permission from H. S. Laine,
V. Vähänissi, A. E. Morishige, J. Hofstetter, A. Haarahiltunen, B. Lai, H. Savin, and D. P.
Fenning. Impact of iron precipitation on phosphorus-implanted silicon solar cells. IEEE
Journal of Photovoltaics 6, pp. 1094 - 1102, 2016. Copyright 2016 IEEE.)

Table 7.1. Gettering anneals performed in this study

Sample Gettering anneal

800◦C Slow cool� + 2 h at 800◦C

750◦C Slow cool� + 3.5 h at 750◦C

620◦C Slow cool� + 8 h at 620◦C

RT+620◦C Pullout to room temperature (RT) at 895 ◦C + 8 h at 620◦C

� 4◦C/min at T > 800 ◦C, 2◦C/min at T ≤ 800◦C.

= 2.4×1014 cm−3.

7.3 Study on phosphorus-implanted emitters

For the P-implantation study, the contamination is followed by ion-implantation on

the front side through a 31-nm-thick screen oxide with a phosphorus dose of 1015

cm−2 at 50 keV. The screen oxide is removed by etching and the implant annealed at

1000◦C for a total of 40 min, which is followed by one of the four gettering anneals

described in Table 7.1. The gettering times tg are chosen to ensure a
√

DFetg intersti-

tial iron diffusion length of at least twice the wafer thickness, facilitating significant

changes in the iron distribution at the gettering temperature. Thick wafers are used

here to ensure accurate measurements of the diffusion length via surface photovolt-

age (SPV). For thinner wafers, the dwell times can be shortened while maintaining

similar gettering efficiencies. The implant anneal temperature is higher than the iron

in-diffusion temperature, guaranteeing that all iron is fully dissolved prior gettering

and enabling a physically accurate initial condition for subsequent simulations. The

sheet resistances after the gettering anneals were measured by four-point probe to be

between 85-96 Ω/� [167].

In addition to investigating changes in the iron distribution caused by the emitter,

the different contamination levels and gettering anneals are correlated with solar cell
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Figure 7.2. Measured interstitial iron concentration ([Fei]), diffusion length (Ldiff SPV) before disso-
ciating the iron-boron pairs [167] and open-circuit voltage (VOC) are shown for selected
samples. Additionally, the low-injection diffusion length imposed by the iron boron pairs
through SRH recombination (Ldiff FeB) is shown. (Reproduced with permission from H.
S. Laine, V. Vähänissi, A. E. Morishige, J. Hofstetter, A. Haarahiltunen, B. Lai, H. Savin,
and D. P. Fenning. Impact of iron precipitation on phosphorus-implanted silicon solar cells.
IEEE Journal of Photovoltaics 6, pp. 1094 - 1102, 2016. Copyright 2016 IEEE.)

performance. For each contamination level and emitter process, seven 2x2 cm2 solar

cells were patterned by lithography on a single 100 mm diameter wafer. After the

emitter process, the solar cell process continues with an identical process as used

in [171], except in this work, Cr/Cu -contacts are used instead of Ti/W. The cell ar-

chitecture is illustrated in Figure 7.1. The Cu fingers are electroplated on one cell

from each wafer. IV-curves of the electroplated cells are measured in the dark and

under standard illumination conditions (AM1.5G, 1000Wm−2, 25◦C) with the irradi-

ance decay cell analysis method [172]. Open-circuit voltages (VOC) of the non-plated

cells are measured to assess the reproducibility of the cell process. The VOC standard

deviations within each wafer were found to be at most 4 %, and thus only mean val-

ues for VOC are reported. The contacting process used in this work is not optimized

for the low surface P concentration of the emitters (∼ 2 × 1019 cm−3 [167]), and

the cells’ performance at maximum power point was hindered by high series resis-

tance (∼ 7Ωcm2). Thus, cell parameters other than VOC and Ldiff are not discussed

here.

7.3.1 Impact of different precipitate size distributions

Previous work on intentionally contaminated Cz-Si solar cells with diffused emitters

has shown that final solar cell perfomance is mostly affected by the residual dis-

solved iron concentration [171]. This Section focuses on four cells, which show a

stark contrast to this trend: the highly-contaminated 750◦C, 620◦C and RT+620◦C

samples as well as the lowly-contaminated 620◦C sample. Figure 7.2 compares post-
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Figure 7.3. Iron load on a logarithmic scale measured by μ-XRF from the highly-contaminated 750◦C,
620◦C and RT+620◦C samples and from the lowly-contaminated 620◦C sample are shown.
(Reproduced with permission fromH. S. Laine, V. Vähänissi, A. E. Morishige, J. Hofstetter,
A. Haarahiltunen, B. Lai, H. Savin, and D. P. Fenning. Impact of iron precipitation on
phosphorus-implanted silicon solar cells. IEEE Journal of Photovoltaics 6, pp. 1094 -
1102, 2016. Copyright 2016 IEEE.)

gettering [Fei] and Ldiff values before the dissociation of iron-boron pairs, as well

as VOC values of finished devices and calculated low-injection Ldiff values imposed

by the FeB-pairs through Shockley-Read-Hall (SRH) recombination [173] for these

four samples. The highly-contaminated 750◦C and 620◦C samples exhibit varying

efficacy at removing interstitial iron from the wafer bulk resulting in different bulk

diffusion lengths of 169 and 544 μm, respectively, which are both close to the iron-

related diffusion length limit in the corresponding samples (186 and 604 μm, re-

spectively). The lowly-contaminated 620◦C sample has almost identical bulk [Fei]

as the highly-contaminated 750◦C sample, and its Ldiff is similarly mostly limited

by FeB-pairs. However, the diffusion length of the RT+620◦C sample (188 μm) is

considerably lower than the FeB-limited Ldiff (823 μm).

In general, open-circuit voltage is affected by the minority carrier diffusion length

[174]. Interestingly, the measured open-circuit voltages of completed devices do

not correlate with the measured diffusion lengths. The highly-contaminated 750◦C

and 620◦C samples and the lowly-contaminated 620◦C are barely functioning solar

cells with sub-250-mV VOC values, while the RT+620◦C sample delivers an VOC

approaching 600 mV, close to the highest VOC measured from the non-contaminated

reference cells (gray line, Figure 7.2).

To investigate the root cause for the sub-250-mV VOC values, Figure 7.3 shows the

quantified Fe Kα fluorescence maps of the four samples discussed in Figure 7.2. Pre-

cipitates are found in each sample, but their size distribution strongly depends on the

annealing treatment. In the 416 μm2 measured from the highly-contaminated 750◦C

sample, a single precipitate or precipitate cluster emerges. It is sizable, with a length

of 1.6 μm directly estimated from the map. A low density of precipitates is expected
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because of the slow ramp to the gettering anneal and the relatively high iron solubility

(1.9×1012 cm−3) at 750◦C, which inhibits widespread nucleation.

In the 620◦C samples, on the other hand, the slow ramp continues to 620◦C (solubility

8.4×1010 cm−3), which results in higher supersaturation and, eventually, stronger pre-

cipitation. The μ-XRF map of the highly-contaminated 620◦C sample correspond-

ingly contains small, barely visible precipitates as well as several larger precipitates.

The smallest precipitates fit within a single 220 nm pixel, while the largest spans

almost 7 μm in length. In addition, the aspect ratio of the largest precipitate or ag-

glomerate in the highly-contaminated 620◦C sample approaches 15:1. The lowly-

contaminated 620◦C sample exhibits similar behavior as the highly-contaminated

620◦C sample, showing one large precipitate approximately 2.3 μm in size, as well

as several smaller ones. The precipitates are, on average, smaller, in the lowly-

contaminated than the highly-contaminated 620◦C sample, due to the lower total

amount of iron present in the sample.

The precipitates in these three samples exhibit anisotropic growth, appearing to be

either plate- or needle-like. Similar, several μm long, needle-likeα-FeSi2 precipitates

have recently been found at pre-breakdown sites of multicrystalline silicon solar cells

[175], as well as earlier in silicon transistors [176]. These very large (several μm)

precipitates have the capacity to short-circuit the emitter [177] and are a likely cause

for the low VOC measured from these three cells (cf. Figure 7.2). Shunting is also

supported by superlinear reverse bias currents measured in the dark (not shown) from

the low VOC cells. At -1 V, the three low VOC cells showed current densities between

4-14 mA/cm2, whereas the nine other cells manufactured showed reverse currents

of at most 4 μA/cm2. Superlinear reverse bias currents have been attributed to iron

precipitates forming an ohmic contact with the n-type emitter and a Schottky-junction

with the p-type base [175,178]. Additionally, Lock-In Thermography measurements

were performed [179], but its resolution proved insufficient to be able to observe the

shunts.

As opposed to the other samples, the RT+620◦C sample experienced strong nucle-

ation during the room temperature pullout, when the supersaturation of iron is high

but the diffusivity low. The strong nucleation translates into a high density of precip-

itates during the 8 h gettering anneal: the 400 μm2 map contains many (33 in total)

small precipitates, most of which are only slightly above the background noise limit

and fit within a single 220 nm pixel. With more precipitates acting as sinks for iron in

the RT+620◦C than in the 620◦C samples, the individual precipitates did not grow as

large in the RT+620◦C sample as in either of the 620◦C samples. It seems that here

the precipitates remained small enough to leave the emitter intact, not compromis-
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ing the cells’ VOC. However, a similar high density of precipitates is likely to have

formed in the bulk, which is the likely explanation for the low Ldiff observed in this

sample.

7.3.2 Precipitation-based gettering model

The ion-implantation work presented in this Chapter employs a gettering model where

the reduction of interstitial iron from the wafer bulk is mainly explained through pre-

cipitation in the emitter. In the precipitation-based gettering model, the nucleation

and evolution of iron precipitates during wafer processing is studied by the Fokker-

Planck equation based precipitation model described in Section 5.1. The model sim-

ulates potential nucleation sites in the emitter with a density Nsite. Once nucleated,

the capture radii rc of the precipitates grow as:

rc = r0 + 5.1 × 10−9 [cm] n1/2, (7.1)

where r0 describes the empty precipitation site and the n-dependent term describes

the growing precipitate, where n is the number of Fe atoms in each precipitate [134].

For the phosphorus-implanted work, Nsite and r0 act as free parameters.

7.3.3 Comparison of experimental and simulated precipitate size

distributions

First, the precipitate size distributions in the emitter after each gettering process were

simulated for both highly- and lowly-contaminated samples and then compared to

the μ-XRF results. Figure 7.4 shows that the simulations and μ-XRF results pre-

dict similar trends. In the highly-contaminated 750◦C sample, both simulations and

measurements show a low density of large precipitates. In the 620◦C samples, the su-

persaturation during processing was higher than in the 750◦C sample, which resulted

in stronger precipitation. In the 620◦C samples, the largest precipitates are thus al-

most as large as the precipitates in the 750◦C sample, but the 620◦C samples contain

notably higher densities of smaller precipitates as well. Simulations also reproduce

the high density of precipitates in the emitter found from the highly-contaminated

RT+620◦C sample. Additionally, the simulations show the RT+620◦C sample having

the highest density of precipitates in the bulk, which is consistent with the observed

low Ldiff in the sample (cf. Figure 7.2).
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Figure 7.4. Comparison of the simulated and measured iron precipitate size distributions in the emitter
of the highly-contaminated a) 750◦C b) 620◦C and c) the RT+620◦C samples and d) the
lowly-contaminated 620◦C sample. The upper x-axis shows the effective radius of the pre-
cipitates given by Eq. (7.1). Also the minimum detectable size (as defined in Section 3.3.2)
and the minimum detectable density (defined as the density at which exactly 1 precipitate
is found in the investigated area) are shown. The time-temperature profile of each sample
is shown in the inset. (Reproduced with permission from H. S. Laine, V. Vähänissi, A. E.
Morishige, J. Hofstetter, A. Haarahiltunen, B. Lai, H. Savin, and D. P. Fenning. Impact
of iron precipitation on phosphorus-implanted silicon solar cells. IEEE Journal of Photo-
voltaics 6, pp. 1094 - 1102, 2016. Copyright 2016 IEEE.)

7.3.4 Relative strength of segregation- and precipitation-based gettering

In addition to reproducing the precipitate size distributions, the precipitation-based

gettering model accurately captures the interstitial Fe gettering efficiencies of all get-

tering anneals, which implies that precipitation is the dominant gettering mechanism.

This is evident in Figure 7.5, which shows the residual bulk interstitial iron con-

centrations after the gettering anneals [167]. Also shown is the calculated gettering

efficiencies assuming the phosphorus profile measured by SIMS [167] and the iron

segregation model from [81]. The simulated values by precipitation and segregation

are shown as solid and dashed lines, respectively, in Figure 7.5. The trends predicted

by the segregation model do not explain the observed gettering efficiencies. For ex-

ample, the segregation model predicts mostly stronger-than-observed gettering for

the lowly-contaminated samples, whereas the calculated gettering efficiency for the

highly-contaminated samples is over an order of magnitude too small in three out of

the four samples. The segregation model also predicts a lower gettering efficiency for

the lowly-contaminated RT+620◦C sample than for the lowly-contaminated 620◦C

sample, even though approximately an order of magnitude smaller [Fei] was mea-
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sured from the RT+620◦C sample. This is well explained by the precipitation model,

because the room temperature pullout is extremely favorable for nucleation, and thus

creates more iron precipitates to act as sinks for Fei.

In conclusion, the gettering efficiencies simulated by the precipitation model and the

simulated precipitate size distributions agree with the measured iron distributions

(cf. Figures 7.4 and 7.5), which implies negligible phosphorus-related segregation

occurring in these samples. Thus, effective segregation gettering appears to be com-

promised in implanted emitters with [Psurf] ≈ 2 × 1019 cm−3.

7.4 Boron-implanted emitters and generalization of the gettering
model

This Section continues the investigation of ion-implanted emitters into boron-implanted

emitters. The significant novelty here is that the precipitation site distribution is ex-

plicitly simulated, and hence the use of any free simulation parameters is avoided.

The substrates and iron contamination processes for this boron-implantation study

are identical to those used in the phosphorus-implantation study described in Section

7.2. The wafers are boron-implanted with a dose of 3 × 1015 cm−2, energy of 10

keV and 7◦ tilt. The dopants are driven-in and the implant damage healed by an-

nealing the wafers at 1050◦C for 45 minutes. A previous study [180] with identical
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Figure 7.6. Gettering anneals and experimental parameters. (Reproduced with permission from H. S.
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silicon solar cells. IEEE Journal of Photovoltaics 8, pp. 79 - 88, 2017. Copyright 2017
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implant parameters on n-type substrates showed these implants to have an emitter

saturation current density ( j0e) potential below 50 fA/cm2, making them relevant for

high-efficiency solar cell processing. To test gettering efficiency as a function of ap-

plied thermal budgets, the implant anneal was directly followed by a 4 ◦C/min ramp

down to a gettering anneal at i) 750◦C for 3.5 h, ii) 730◦C for 4 h, iii) 700◦C for

5.5 h or iv) 620◦C for 8 h. After the gettering anneals, the furnace ejects the wafers

directly to room temperature, with an estimated cool-down rate of 4◦C/s [181]. The

gettering anneals, as well as other experimental parameters, are summarized in Figure

7.6.

7.4.1 Gettering model for boron-implantation

To simulate both the residual bulk iron point defect concentration as well as the iron

precipitate size distribution in the implanted layer, the following parameters are used

as inputs: the implantation parameters, the time-temperature profile of the gettering

anneal, and the iron contamination level. The model contains three parts: 1) An im-

plantation damage model, which describes the formation of silicon interstitials during

ion-implantation and their evolution into dislocation loops during subsequent ther-
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mal processing [182]; 2) A heterogeneous iron precipitation model, which describes

the nucleation and growth of iron precipitates at the implantation damage [111]; 3)

A segregation model, which describes iron pairing with boron, which increases the

solubility of iron in the heavily boron-doped layer, reducing bulk iron point defect

concentration [76]. The uncertainty of the simulated values is estimated by changing

the iron solid solubility to lower or higher by a factor of 2, which corresponds to the

scatter in the literature data of iron solubility [113,183]. Further details of the model

are found in Publication VI. It should be stressed that no simulation parameters have

been fit to the experimental results.

7.4.2 Interstitial iron results

The experimental bulk iron point defect reductions (gettering efficiencies) induced by

the different anneals show trends that can be expected from precipitation-based get-

tering (cf. Figure 7.7). In the highly-contaminated samples, the iron concentration

decreases in each close to the solid solubility limit, S Fe, at the gettering temperature.

As is expected in precipitation-dominated gettering, the lowly-contaminated samples

exhibit a lower gettering efficiency because the supersaturation of iron is lower in
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these samples and hence the precipitation process is not as strong. The iron concen-

tration in the lowly-contaminated samples remains unchanged within measurement

accuracy in the 730◦C and 750◦C samples, but is then reduced to approximately the

solid solubility limit in the 620◦C and 700◦C samples. The fact that the iron con-

centration is never observed to be significantly below the solid solubility limit at

the gettering temperature further suggests that precipitation is the dominant mecha-

nism.

The simulated gettering efficiencies (with both segregation- and precipitation-based

gettering included) shown in Figure 7.7 (hashed bars) exhibit similar values to the

corresponding experimental ones (solid bars) within the measurement and simu-

lation uncertainty. Furthermore, the simulated values show that, in certain cases,

precipitation-based gettering is very predictable: once a high enough supersaturation

is reached, precipitation begins and then proceeds to the solid solubility at the get-

tering temperature. On the other hand, predicting the exact supersaturation needed

can be difficult, as is shown by the large (1-1.5 orders of magnitude) uncertainty in

the simulated final [Fei] concentration in the lowly-contaminated 700◦C and 730◦C

samples. In these samples, precipitation begins, but not strongly enough to necessar-

ily proceed all the way to the solid solubility limit. In this regime, the final simulated

bulk [Fei] value is particularly sensitive to uncertainty in the simulation parameters.

For all other samples, the uncertainty is within a factor of 2, which is directly related

to the experimental uncertainty in the iron solid solubility [113, 183]. Overall, the

fact that the simulated and measured [Fei] values agree to within uncertainty for all

samples suggests that the essential physical processes are captured within the model,

and the model can be used for predictive simulations with arbitrary implantation pa-

rameters, iron contamination levels, and thermal budgets.

7.4.3 Iron precipitate size distribution

In addition to quantifying the bulk residual iron point defect concentration, it is im-

portant to know and compare the iron precipitate size distribution in the implanted

layer. From a device perspective, large precipitates can shunt the pn-junction [137,

175,177] and act as a source of point-defects at later stages of high-temperature pro-

cessing [55, 142, 158], exhibiting a size-dependent dissolution rate (cf. Table 5.1).

From a theoretical perspective, detecting precipitates and measuring the size distri-

bution elucidates the dominant gettering mechanisms. To test the effect of differ-

ent contamination level and gettering anneals, while also maximizing the productiv-

ity of limited-access synchrotron facilities, three samples were chosen for μ-XRF

measurements: the highly- and lowly-contaminated 620◦C samples and the highly-
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contaminated 750◦C sample.

All three measured samples with revealed iron precipitates, providing direct evidence

that precipitation-based gettering is active. The measured precipitates are large (> 1

μm in length), anisotropic, needle-like precipitates, similar to what was observed

previously in phosphorus-implanted samples in Publication V and on pre-breakdown

sites in multicrystalline silicon solar cells [137, 175]. Figure 7.8 presents the mea-

sured and simulated precipitate size distributions for all three samples. In the 750◦C

sample, the precipitates are distinctly larger than in the 620◦C samples in both the

simulations and experiments. This behavior is expected from iron precipitation. At

750◦C, iron solubility is higher than at 620◦C, which slows nucleation. Hence, the

620◦C sample forms a larger number of precipitates. Even though a larger frac-

tion of iron is gettered to the implanted layer in the 620◦C sample, individual pre-

cipitates grow larger in the 750◦C sample due to the lower density of precipitates

in that sample. Similarly, the precipitates are, on average, smaller in the lowly-

contaminated 620◦C sample than in the highly-contaminated sample because the

lowly-contaminated sample contains less iron.

When examining the agreement between experimental and simulated size distribu-

tions, the distributions of the highly-contaminated 750◦C sample and lowly-contaminated

620◦C sample are consistent within measurement and simulation accuracy. The

highly-contaminated 620◦C sample is an exception, with error bars not overlapping

for three different sizes (bars), which suggests that other sources of uncertainty are

present. These sources could be, e.g., uncertainty in the measured precipitate sizes

via XRF, which can be up to a factor of two [88], or uncertainty in the simulated

dislocation loop density, which can similarly be up to a factor of two. Across all

samples, there is a tendency for the simulations to predict slightly larger precipitates

at a slightly lower density than what is experimentally observed. This suggests that

the physical precipitation site density is more likely to be lower, rather than higher,

than the simulated value.

7.4.4 Relative strength of segregation- and precipitation-based gettering as a

function of iron concentration

Although precipitation-based gettering is dominant in the presented experimental

setup, that is not generally always the case. The good agreement between the simula-

tion and experiments in the high-iron regime provides validation of the precipitation

parameters necessary for simulation. Figure 7.9 extends the simulations to show the

residual bulk [Fei] values under different iron contamination levels for industrial 160

μ thick wafers assuming the same implant parameters (dose, energy and high temper-
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ature anneal) as experimentally studied here with a post-implantation 4◦C/min ramp

to 620◦C followed by c) pullout at 620◦C (“cool to 620◦C”), b) 3 h anneal at 620◦C

(“3h at 620◦C”) or c) 8 h anneal at 620◦C (“8h at 620◦C”). Both segregation- and

precipitation-based gettering are active in these simulations. At low-to-moderate con-

tamination levels ([Fe0] < 1013 cm−3), bulk [Fei] is reduced by approximately 50%

due to segregation gettering. In this low-iron regime, the 3 h or 8 h anneals at 620◦C

bring no additional benefit in gettering efficiency, because the 4◦C/min ramp is slow

enough to allow enough iron to diffuse to the emitter for the FeB-pairing reaction [76]

to reach a thermal equilibrium.

At higher initial iron concentrations ([Fe0] > 1013 cm−3), the supersaturation required

for precipitation to occur is reached, and precipitation-based gettering improves the

gettering efficiency dramatically. The specific cut-off when precipitation-based get-

tering begins to dominate varies based on the implantation and gettering parameters

chosen, but it is unlikely to occur under industrially relevant parameters for iron con-

tamination levels below 1012 cm−3. For precipitation-based gettering, the precipitates

need to nucleate and grow. For this reason, a subsequent anneal can be significant for

reaching thermal equilibrium and enhancing gettering. With the 3 h anneal at 620◦C,

the simulated post-gettering [Fei] comes close to the solid solubility of iron with [Fe0]

values above 3×1013 cm−3. In this regime, the post-gettering [Fei] is low enough to

enable >21% efficient architecture limit of n-type PERC devices [184]. With 160 μm

thick wafers, the additional gettering efficiency brought by the 8 h anneal is minor

compared to the 3 h anneal. Although the 3 h anneal imposes a low-throughput for

the process, the kinetics could be improved by increasing the ramp rate between the

implantation and gettering anneals, as done in Publication V. Additional gettering

efficiency may also be gained at low contamination levels from iron point defects

segregating to, rather than precipitating at, dislocations [185].

Lastly, as an interesting area of future research, the implantation defect profile, and

thus the on-set off precipitation-based gettering, likely depends on the specific boron-

implantation technique used. While the boron-implants of this study were performed

with mass-analyzed beamline ion-implanter, promising work is ongoing to commer-

cialize higher throughput ion-implant devices without mass-analysis [185, 186]. Al-

though the dislocation distribution may differ, the end-to-end model from defect gen-

eration to impurity gettering presented here should still be valid.
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Figure 7.8. Simulated and measured precipitate size distributions (blue and red bars, respectively) for
the highly-contaminated 750◦C and the highly- and lowly-contaminated 620◦C samples.
The dashed horizontal line describes the minimum detectable density, below which the pre-
cipitates are too sparse for a single precipitate to be detected within the mapped area. (Re-
produced with permission from H. S. Laine, V. Vähänissi, Z. Liu, E. Magan̈a, J. Krügener,
A. E. Morishige, K. Salo, B. Lai, H. Savin, and D. P. Fenning. Elucidation of iron gettering
mechanisms in boron-implanted silicon solar cells. IEEE Journal of Photovoltaics 8, pp.
79 - 88, 2017. Copyright 2017 IEEE.)
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Figure 7.9. Simulated residual bulk [Fei] values for the four processes including the same implant
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a post-implantation 4◦C/min ramp to 620◦C followed by a) pullout at 620◦C (“cool to
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The inset describes the time-temperature profile of each process and the left axis the sim-
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160 μm was used in these simulations. The black dashed line the iron solubility at 620◦C
and the black dotted line the residual [Fei] value assuming no gettering occurs during the
process ([Fei] = [Fe0]). (Reproduced with permission from H. S. Laine, V. Vähänissi, Z.
Liu, E. Magan̈a, J. Krügener, A. E. Morishige, K. Salo, B. Lai, H. Savin, and D. P. Fen-
ning. Elucidation of iron gettering mechanisms in boron-implanted silicon solar cells. IEEE
Journal of Photovoltaics, 8, pp. 79 - 88, 2017. Copyright 2017 IEEE.)
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8. Conclusions

Minimizing the risks associated with energy-related carbon dioxide emissions and

simultaneously meeting the significant growth expected in energy demand globally

require vast amounts of low carbon energy production. This Thesis begins by dis-

cussing several industries that are expected to grow significantly in the future, and

that are intrinsically well suited to be served via photovoltaics. Examples of such

industries include: electric vehicles, desalination and space cooling. All of these in-

dustries could potentially sustain several TW of PV capacity during the course of the

21st century, mitigating the problems incurred by the inherent seasonal and diurnal

variability of PV electricity production [11–13].

A more detailed assessment was presented of increased PV electricity adoption en-

abled by the global residential cooling sector. Already today, utilizing PV production

for cooling in Northern America could facilitate an additional installed PV of approx-

imately 150 GW, approximately half the 300 GW global PV capacity at the end of

2016 [33]. Using established projections of population and income growth, as well

as accounting for future global warming, this Thesis further predicted that the global

residential cooling sector could sustain a PV capacity of one TW as early as 2024,

and several TW by the end of the 21st century.

To help PV reach its TW-potential, this Thesis then presented techniques to increase

the cost-efficiency of silicon solar cells by a more nuanced utilization and mitigation

of residual iron precipitates present in silicon solar cells. Ultimately this allows high-

efficiency devices to be manufactured using less clean silicon feedstocks and process-

ing lines, thus decreasing the manufacturing cost and price of PV modules.

First, this Thesis improved the state-of-the art modeling and characterization tech-

niques for iron precipitates in silicon. An order-of-magnitude improvement in the

productivity of synchrotron-based micro-X-ray-fluorescence (μ-XRF) is realized via

benchmarking a novel scanning method implemented at Argonne National Labora-

tory Advanced Photon Source beamline 2-ID-D. Our results showed that 50 ms per-

pixel dwell flyscans enable a 20-fold increase in scan rate with only a 30% penalty

on sensitivity. Additionally, flyscan paired with oversampling and Guassian filtering

was shown to increase μ-XRF sensitivity: with an increase in total scan time of less

than 10%, compared to the baseline 50 ms dwell time scan with slight undersampling,

a 12.5 ms dwell time scan with oversampling and subsequent Gaussian filtering had
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better sensitivity, with a 13% increase in the number of particles identified.

With the adoption of on-the-fly scanning at APS beamline 2-ID-D, as well as other

synchrotron beamlines around the globe, the synchrotron-based characterization of

silicon-based PV devices and materials is expected to significantly accelerate. For ex-

ample, past μ-XRF investigations on multicrystalline silicon with typical step scans

have been limited to highly decorated grain boundaries and individiual small clusters

of intragranular dislocations. With 50 ms dwell time flyscans, statistically signifi-

cant ares of intragranular regions could possibly also be mapped. More broadly, this

advancement makes μ-XRF easier to adopt for correlative microscopy.

A similar improvement in productivity was realized among state-of-the-art iron pre-

cipitation models. This was done via a rigorous comparison of different models,

mapping four distinct set of structural distributions with either 1 or 2 simulated di-

mensions and two different ways of simulating iron precipitation, each with either 0

dimensions (only 1 average size) or 1 dimension (size distribution). We found that the

models mostly predict similar results, and thus recommend PV engineers to choose

a simple model for rapid simulation-assisted process optimization. The comparison

also found an interesting aspect in which the models predict similar results: They

all predict that the solar cell contact co-firing process can induce more than an or-

der of magnitude increase in the bulk [Fei] concentration via out-diffusion of iron

from the emitter back into the bulk, underscoring the importance of optimizing this

process. Further experiments to investigate and mitigate the possible impacts of this

phenomenon are recommended.

These improved tools were then used to develop optimized processes for both es-

tablished and incipient silicon PV technologies. A potentially industrially-feasible

scheme to decrease the yield loss of cast-silicon ingots, the currently dominant sil-

icon substrate manufacturing method, by up to 30 % was presented. The scheme,

called dissolution-gettering, adds a high-temperature anneal in the beginning of typi-

cal silicon solar cell process. This high temperature anneal leaves iron precipitates in

a more mobile state for the rest of the solar cell process, making them easier to mit-

igate. The efficiency of the dissolution gettering treatment increased with increasing

temperature, with a temperature of 1150◦C eliminating the unusable low lifetime (<

50 μs) region of the wafers completely. Additionally, the low lifetime ”red zone” did

not re-emerge after a 60 min oxidation anneal at 900◦C, confirming that the achieved

benefit is tolerant to any high temperature processing following the phosphorus dif-

fusion gettering process. In contrast to the low lifetime region, the region of the

wafers with originally high lifetime experiences a lifetime degradation as a results

of the dissolution-gettering process. This decrease suggests further process devel-
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opment may be needed, or that at least the ingot edges should be cut in a way that

differentiates the very-contaminated regions as distinctly as possible from the non-

contaminated regions.

Lastly, a deeper understanding of iron precipitation in ion-implanted emitters during

silicon solar cell processing was built. Ion-implantation is a promising alternative

doping technique to the standard gas-phase diffusion which has thus far not been

widely adopted within PV partly due to its unkown gettering efficiency and mecha-

nisms. A quantitative test of the gettering induced by lowly-doped, high-performance

boron- and phosphorus implants under different gettering anneals was presented to

facilitate cost-effective manufacturing of implanted silicon solar cells. The bulk iron

point defect concentration was measured via diffusion length measurements and the

iron precipitate size distribution in the implanted layer via synchrotron-based μ-XRF.

Iron precipitation in the implanted layer was shown to effectively reduce the bulk iron

point defect concentration by up to over 99.9 % depending on the gettering condi-

tions.

In the first study, which investigated P-implanted emitters, the feasibility of precipitation-

based gettering was demonstrated by allowing the precipitation size distribution (size

& density) to act as a free parameter. The second study, investigating B-implanted

emitters, explicitly modeled the implant damage distribution and thus avoided the use

of free parameters in the model. The avoidance of free parameters facilitates predic-

tive modeling of the residual iron distribution in the final solar cell, based on implan-

tation parameters, iron contamination level and thermal budget alone. Such models

for phosphorus diffusion gettering [81, 82, 84, 85, 90, 114] have accelerated cycles of

learning in p-type silicon solar cells with traditional POCl3-diffused emitters. The

validated model here for boron gettering can be applied in future phosphorus- and

boron-implanted silicon solar cell processing.

In conclusion, this Thesis improved the state-of-the-art characterization and simula-

tion techniques for precipitated iron in silicon. This allows the scientific and indus-

trial PV community to develop more cost-efficient silicon solar cell processes via ad-

vanced mitigation or utilization of iron precipitates. As examples of such processes,

this Thesis demonstrated a “dissolution-gettering” process that can potentially miti-

gate the yield loss of multi-crystalline silicon ingots by 30 %, directly lowering the

cost of silicon solar cell manufacturing. The second example is a comprehensive

physics-based gettering model for ion-implanted emitters, which help de-risk ion-

implantation as a doping technique and make the advanced technique easier to adopt

for PV manufacturers. Taken together, these findings demonstrate a significant step

toward a TW-scale reality for the PV industry.

61



Conclusions

62



References

[1] C. A. Hall and K. A. Klitgaard, Energy and the wealth of nations: Understanding the
biophysical economy, Springer Science & Business Media (2011).

[2] Intergovernmental Panel on Climate Change, Climate Change 2014: Impacts, Adapta-
tion, and Vulnerability, Cambridge University Press Cambridge and New York (2014).

[3] International Energy Agency, Energy Access Outlook 2017: From poverty to prosper-
ity, OECD/IEA (2017).

[4] D. B. Needleman, J. R. Poindexter, R. C. Kurchin, I. Marius Peters, G. Wilson and
T. Buonassisi, Economically sustainable scaling of photovoltaics to meet climate tar-
gets, Energy and Environmental Science, 9, pp. 2122–2129 (2016).

[5] J. R. Davis, A. Rohatgi, R. H. Hopkins, P. D. Blais, P. Rai-Choudhury, J. R. Mc-
Cormick and H. C. Mollenkopf, Impurities in silicon solar cells, IEEE Transactions
on Electron Devices, 27(4), pp. 677–687 (1980).

[6] G. Coletti, P. C. P. Bronsveld, G. Hahn, W. Warta, D. Macdonald, B. Ceccaroli,
K. Wambach, N. Le Quang and J. M. Fernandez, Impact of metal contamination in
silicon solar cells, Advanced Functional Materials, 21(5), pp. 879–890 (2011).

[7] A. A. Istratov, T. Buonassisi, R. J. McDonald, A. R. Smith, R. Schindler, J. A. Rand,
J. P. Kalejs and E. R. Weber, Metal content of multicrystalline silicon for solar cells
and its impact on minority carrier diffusion length, Journal of Applied Physics, 94(10),
pp. 6552–6559 (2003).

[8] T. Buonassisi, A. A. Istratov, M. Heuer, M. A. Marcus, R. Jonczyk, J. Isenberg, B. Lai,
Z. Cai, S. Heald, W. Warta et al., Synchrotron-based investigations of the nature and
impact of iron contamination in multicrystalline silicon solar cells, Journal of Applied
Physics, 97(7), p. 074901 (2005).

[9] U.S. Energy Information Administration, International Energy Outlook (2016).

[10] I. M. Peters, H. Liu, T. Reindl and T. Buonassisi, Global prediction of photovoltaic
field performance differences using open-source satellite data, Joule (2017), in press.

[11] P. D. Lund, J. Lindgren, J. Mikkola and J. Salpakari, Review of energy system flexi-
bility measures to enable high levels of variable renewable electricity, Renewable and
Sustainable Energy Reviews, 45, pp. 785 – 807 (2015).

[12] P. Denholm, K. Clark, M. K. Clark andM. O’Connell, On the Path to SunShot: Emerg-
ing Issues and Challenges in Integrating High Levels of Solar into the Electrical Gen-
eration and Transmission System, National Renewable Energy Laboratory, Golden,
CO (2016).

[13] N. M. Haegel, R. Margolis, T. Buonassisi, D. Feldman, A. Froitzheim, R. Garabedian,
M. Green, S. Glunz, H.-M. Henning, B. Holder, I. Kaizuka, B. Kroposki, K. Matsub-
ara, S. Niki, K. Sakurai, R. A. Schindler, W. Tumas, E. R.Weber, G.Wilson, M.Wood-
house and S. Kurtz, Terawatt-scale photovoltaics: Trajectories and challenges, Sci-
ence, 356(6334), pp. 141–143 (2017).

63



References

[14] F. Sehar, M. Pipattanasomporn and S. Rahman, An energy management model to study
energy and peak power savings from PV and storage in demand responsive buildings,
Applied Energy, 173, pp. 406 – 417 (2016).

[15] R. Yin, P. Xu, M. A. Piette and S. Kiliccote, Study on auto-DR and pre-cooling of
commercial buildings with thermal mass in california, Energy and Buildings, 42(7),
pp. 967 – 975 (2010).

[16] D. Ürge-Vorsatz, L. F. Cabeza, S. Serrano, C. Barreneche and K. Petrichenko, Heating
and cooling energy trends and drivers in buildings, Renewable and Sustainable Energy
Reviews, 41, pp. 85 – 98 (2015).

[17] International Energy Agency, World Energy Outlook 2012 (2012).

[18] M. Isaac and D. P. van Vuuren, Modeling global residential sector energy demand for
heating and air conditioning in the context of climate change, Energy Policy, 37(2),
pp. 507 – 521 (2009).

[19] M. Waite, E. Cohen, H. Torbey, M. Piccirilli, Y. Tian and V. Modi, Global trends in
urban electricity demands for cooling and heating, Energy, 127, pp. 786 – 802 (2017).

[20] D. S. Parker and J. P. Dunlop, Solar Photovoltaic air conditioning of residential build-
ings, Florida Solar Energy Center (1994).

[21] J. V. Paatero and P. D. Lund, Effects of large-scale photovoltaic power integration on
electricity distribution networks, Renewable Energy, 32(2), pp. 216 – 234 (2007).

[22] Comfort cooling and solar power — a perfect match?, REHVA Journal, pp. 50 – 55
(November 2014).

[23] M. Watt, S. Partlin, M. Oliphant, I. MacGill and T. Spooner, The value of PV in sum-
mer peaks, in Proceedings of the 19th European Photovoltaic Solar Energy Confer-
ence (2004).

[24] K. B. Burke, The reliability of distributed solar in critical peak demand: A capital
value assessment, Renewable Energy, 68, pp. 103 – 110 (2014).

[25] R. Perez, R. Seals and R. Stewart, Assessing the load matching capability of photo-
voltaics for US utilities based upon satellite-derived insolation data, in Proceedings of
the 23rd IEEE Photovoltaic Specialists Conference, pp. 1146–1151 (1993).

[26] A. Al-Hasan, A. Ghoneim and A. Abdullah, Optimizing electrical load pattern in
Kuwait using grid connected photovoltaic systems, Energy Conversion and Manage-
ment, 45(4), pp. 483 – 494 (2004).

[27] K. Barnham, M. Mazzer and B. Clive, Resolving the energy crisis: nuclear or photo-
voltaics?, Nature Materials, 5(3), pp. 161–164 (2006).

[28] PV Performance Modeling Collaborative, PV_LIB Toolbox, available: https://
pvpmc.sandia.gov/applications/pv_lib-toolbox/. Accessed 21.12.2017.

[29] E. Doxsey-Whitfield, K. MacManus, S. B. Adamo, L. Pistolesi, J. Squires,
O. Borkovska and S. R. Baptista, Taking advantage of the improved availability of
census data: A first look at the gridded population of the world, version 4, Papers in
Applied Geography, 1(3), pp. 226–234 (2015).

[30] D. L. Rife, J. O. Pinto, A. J. Monaghan, C. A. Davis and J. R. Hannan, NCAR global
climate four-dimensional data assimilation (CFDDA) hourly 40 km reanalysis (2014).

64



References

[31] K. Riahi, D. P. Van Vuuren, E. Kriegler, J. Edmonds, B. C. O’neill, S. Fujimori,
N. Bauer, K. Calvin, R. Dellink, O. Fricko et al., The shared socioeconomic pathways
and their energy, land use, and greenhouse gas emissions implications: An overview,
Global Environmental Change, 42, pp. 153–168 (2017).

[32] M. Meinshausen, S. C. B. Raper and T. M. L. Wigley, Emulating coupled atmosphere-
ocean and carbon cycle models with a simpler model, MAGICC6 – Part 1: Model de-
scription and calibration, Atmospheric Chemistry and Physics, 11(4), pp. 1417–1456
(2011).

[33] International Energy Agency — Photovoltaic Power Systems Programme, 2016 Snap-
shot of Global Photovoltaic Markets (2016).

[34] J. Jean, P. R. Brown, R. L. Jaffe, T. Buonassisi and V. Bulovic, Pathways for solar
photovoltaics, Energy and Environmental Science, 8, pp. 1200–1219 (2015).

[35] Global Water Intelligence, IDA desalination yearbook 2015-2016 (2016).

[36] M. Elimelech and W. A. Phillip, The future of seawater desalination: Energy, technol-
ogy, and the environment, Science, 333(6043), pp. 712–717 (2011).

[37] G. Zoth and W. Bergholz, A fast, preparation-free method to detect iron in silicon,
Journal of Applied Physics, 67(11), pp. 6764–6771 (1990).

[38] D. H. Macdonald, L. J. Geerligs and A. Azzizi, Iron detection in crystalline silicon by
carrier lifetime measurements for arbitrary injection and doping, Journal of Applied
Physics, 95(3), pp. 1021–1028 (2004).

[39] J. Schön, H. Habenicht, W. Warta and M. C. Schubert, Chromium distribution in mul-
ticrystalline silicon: Comparison of simulations and experiments, Progress in Photo-
voltaics: Research and Applications, 21(4), pp. 676–680 (2013).

[40] M. A. Jensen, J. Hofstetter, A. E. Morishige, G. Coletti, B. Lai, D. P. Fenning and
T. Buonassisi, Synchrotron-based analysis of chromium distributions in multicrys-
talline silicon for solar cells, Applied Physics Letters, 106(20), p. 202104 (2015).

[41] M. A. Jensen et al., Solubility and diffusivity: Important metrics in the search for the
root cause of LeTID, submitted for publication.

[42] M. A. Green, Solar cells: Operating principles, technology, and system applications
(1982).

[43] U. Würfel, A. Cuevas and P. Würfel, Charge carrier separation in solar cells, IEEE
Journal of Photovoltaics, 5(1), pp. 461–469 (2015).

[44] A. Cuevas and D. Yan, Misconceptions and misnomers in solar cells, IEEE Journal of
Photovoltaics, 3(2), pp. 916–923 (2013).

[45] M. A. Juntunen, J. Heinonen, V. Vähänissi, P. Repo, D. Valluru and H. Savin, Near-
unity quantum efficiency of broadband black silicon photodiodes with an induced junc-
tion, Nature Photonics, 10(12), pp. 777–781 (2016).

[46] R. L. Booker and J. Geist, Induced junction (inversion layer) photodiode self-
calibration, Appl. Opt., 23(12), pp. 1940–1945 (1984).

[47] W. Shockley and W. T. Read, Statistics of the recombinations of holes and electrons,
Physical Review, 87, pp. 835–842 (1952).

[48] R. N. Hall, Electron-hole recombination in germanium, Physical Review, 87, pp. 387–
387 (1952).

65



References

[49] International Technology Roadmap for Photovoltaic (ITRPV), ITRPV 2016 Results,
Eight Edition (2017).

[50] J. R. Poindexter, R. L. Hoye, L. Nienhaus, R. C. Kurchin, A. E. Morishige, E. E.
Looney, A. Osherov, J.-P. Correa-Baena, B. Lai, V. Bulovic et al., High tolerance to
iron contamination in lead halide perovskite solar cells, ACS nano, 11(7), pp. 7101–
7109 (2017).

[51] S. Myers, M. Seibt and W. Schröter, Mechanisms of transition-metal gettering in sili-
con, Journal of Applied Physics, 88(7), pp. 3795–3819 (2000).

[52] A. Ourmazd and W. Schröter, Phosphorus gettering and intrinsic gettering of nickel in
silicon, Applied Physics Letters, 45(7), pp. 781–783 (1984).

[53] J. D. Murphy, R. E. McGuire, K. Bothe, V. V. Voronkov and R. J. Falster, Compet-
itive gettering of iron in silicon photovoltaics: Oxide precipitates versus phosphorus
diffusion, Journal of Applied Physics, 116(5), p. 053514 (2014).

[54] D. Gilles, E. R. Weber and S. Hahn, Mechanism of internal gettering of interstitial
impurities in Czochralski-grown silicon, Physical Review Letters, 64, pp. 196–199
(1990).

[55] T. Buonassisi, A. A. Istratov, S. Peters, C. Ballif, J. Isenberg, S. Riepe, W. Warta,
R. Schindler, G. Willeke, Z. Cai, B. Lai and E. R. Weber, Impact of metal silicide
precipitate dissolution during rapid thermal processing of multicrystalline silicon solar
cells, Applied Physics Letters, 87(12), p. 121918 (2005).

[56] A. Bentzen, A. Holt, R. Kopecek, G. Stokkan, J. S. Christensen and B. G. Svensson,
Gettering of transition metal impurities during phosphorus emitter diffusion in mul-
ticrystalline silicon solar cell processing, Journal of Applied Physics, 99(9), p. 093509
(2006).

[57] A. Luque, J. Hofstetter, C. del Cañizo and J. F. Lelièvre, Study of internal versus ex-
ternal gettering of iron during slow cooling processes for silicon solar cell fabrication,
in Gettering and Defect Engineering in Semiconductor Technology XIII, vol. 156 of
Solid State Phenomena, pp. 387–393, Trans Tech Publications (2010).

[58] R. W. Balluffi, S. Allen and W. C. Carter, Kinetics of materials, John Wiley & Sons
(2005).

[59] M. I. Bertoni, D. P. Fenning, M. Rinio, V. Rose, M. Holt, J. Maser and T. Buonassisi,
Nanoprobe X-ray fluorescence characterization of defects in large-area solar cells, En-
ergy and Environmental Science, 4, pp. 4252–4257 (2011).

[60] T. Buonassisi, A. A. Istratov, M. D. Pickett, M. Heuer, J. P. Kalejs, G. Hahn, M. A.
Marcus, B. Lai, Z. Cai, S. M. Heald, T. F. Ciszek, R. F. Clark, D. W. Cunningham,
A. M. Gabor, R. Jonczyk, S. Narayanan, E. Sauar and E. R. Weber, Chemical natures
and distributions of metal impurities in multicrystalline silicon materials, Progress in
Photovoltaics: Research and Applications, 14(6), pp. 513–531 (2006).

[61] T. Buonassisi, M. Heuer, A. Istratov, M. Pickett, M. Marcus, B. Lai, Z. Cai, S. Heald
and E. Weber, Transition metal co-precipitation mechanisms in silicon, Acta Materi-
alia, 55(18), pp. 6119–6126 (2007).

[62] H. Hieslmair, A. Istratov, S. McHugo, C. Flink, T. Heiser and E. Weber, Gettering of
iron by oxygen precipitates, Applied Physics Letters, 72(12), pp. 1460–1462 (1998).

66



References

[63] J. Schön, F. Schindler, W. Kwapil, M. Knörlein, P. Krenckel, S. Riepe, W. Warta and
M. Schubert, Identification of the most relevant metal impurities in mc n-type silicon
for solar cells, Solar Energy Materials and Solar Cells, 142, pp. 107 – 115 (2015).

[64] W. Kwapil, J. Schön, F. Schindler, W.Warta andM. C. Schubert, Impact of iron precip-
itates on carrier lifetime in as-grown and phosphorus-gettered multicrystalline silicon
wafers in model and experiment, IEEE Journal of Photovoltaics, 4(3), pp. 791–798
(2014).

[65] Y. M. Yang, A. Yu, B. Hsu, W. C. Hsu, A. Yang and C. W. Lan, Development of
high-performance multicrystalline silicon for photovoltaic industry, Progress in Pho-
tovoltaics: Research and Applications, 23(3), pp. 340–351 (2015).

[66] M. Trempa, C. Reimann, J. Friedrich, G. Müller, A. Krause, L. Sylla and T. Richter,
Defect formation induced by seed-joints during directional solidification of quasi-
mono-crystalline silicon ingots, Journal of Crystal Growth, 405, pp. 131 – 141 (2014).

[67] X. Gu, X. Yu, K. Guo, L. Chen, D. Wang and D. Yang, Seed-assisted cast quasi-single
crystalline silicon for photovoltaic application: Towards high efficiency and low cost
silicon solar cells, Solar Energy Materials and Solar Cells, 101, pp. 95 – 101 (2012).

[68] J. Murphy, R. McGuire, K. Bothe, V. Voronkov and R. Falster, Minority carrier lifetime
in silicon photovoltaics: The effect of oxygen precipitation, Solar Energy Materials
and Solar Cells, 120, pp. 402 – 411 (2014).

[69] S. Solmi, E. Landi and F. Baruffaldi, High-concentration boron diffusion in silicon:
Simulation of the precipitation phenomena, Journal of Applied Physics, 68(7), pp.
3250–3258 (1990).

[70] S. Solmi, A. Parisini, R. Angelucci, A. Armigliato, D. Nobili and L. Moro, Dopant and
carrier concentration in Si in equilibrium with monoclinic SiP precipitates, Physical
Review B, 53, pp. 7836–7841 (1996).

[71] M. Seibt, A. Sattler, C. Rudolf, O. Voß, V. Kveder andW. Schröter, Gettering in silicon
photovoltaics: Current state and future perspectives, physica status solidi (a), 203(4),
pp. 696–713 (2006).

[72] B. Min, H. Wagner, A. Dastgheib-Shirazi and P. P. Altermatt, Limitation of industrial
phosphorus-diffused emitters by SRH recombination, Energy Procedia, 55, pp. 115–
120 (2014).

[73] A. Richter, S. W. Glunz, F. Werner, J. Schmidt and A. Cuevas, Improved quantitative
description of Auger recombination in crystalline silicon, Physical Review B, 86(16),
p. 165202 (2012).

[74] A. Fell, K. R. McIntosh, P. P. Altermatt, G. J. Janssen, R. Stangl, A. Ho-Baillie,
H. Steinkemper, J. Greulich, M. Muller, B. Min et al., Input parameters for the simula-
tion of silicon solar cells in 2014, IEEE Journal of Photovoltaics, 5(4), pp. 1250–1263
(2015).

[75] K. S. Jones, S. Prussin and E. R. Weber, A systematic analysis of defects in ion-
implanted silicon, Applied Physics A, 45(1), pp. 1–34 (1988).

[76] H. Hieslmair, A. Istratov, C. Flink, S. McHugo and E. Weber, Experiments and com-
puter simulations of iron profiles in p/p+ silicon: Segregation and the position of the
iron donor level, Physica B: Condensed Matter, 273, pp. 441 – 444 (1999).

67



References

[77] J. Benton, P. Stolk, D. Eaglesham, D. Jacobson, J. Cheng, J. Poate, S. Myers and
T. Haynes, The mechanisms of iron gettering in silicon by boron ion-implantation,
Journal of The Electrochemical Society, 143(4), pp. 1406–1409 (1996).

[78] E. R. Weber, Transition metals in silicon, Applied Physics A, 30(1), pp. 1–22 (1983).

[79] H. Talvitie, V. Vähänissi, A. Haarahiltunen, M. Yli-Koski and H. Savin, Phosphorus
and boron diffusion gettering of iron in monocrystalline silicon, Journal of Applied
Physics, 109(9), p. 093505 (2011).

[80] S. P. Phang and D. Macdonald, Direct comparison of boron, phosphorus, and alu-
minum gettering of iron in crystalline silicon, Journal of Applied Physics, 109(7), p.
073521 (2011).

[81] A. Haarahiltunen, H. Savin, M. Yli-Koski, H. Talvitie and J. Sinkkonen, Modeling
phosphorus diffusion gettering of iron in single crystal silicon, Journal of Applied
Physics, 105(2), p. 023510 (2009).

[82] R. Chen, B. Trzynadlowski and S. T. Dunham, Phosphorus vacancy cluster model for
phosphorus diffusion gettering of metals in Si, Journal of Applied Physics, 115(5), p.
054906 (2014).

[83] T. Mchedlidze and M. Kittler, Involvement of iron–phosphorus complexes in iron get-
tering for n-type silicon, physica status solidi (a), 203(4), pp. 786–791 (2006).

[84] M. Syre, S. Karazhanov, B. Olaisen, A. Holt and B. Svensson, Evaluation of possible
mechanisms behind P gettering of iron, Journal of Applied Physics, 110(2), p. 024912
(2011).

[85] J. Schön, V. Vähänissi, A. Haarahiltunen, M. C. Schubert, W. Warta and H. Savin,
Main defect reactions behind phosphorus diffusion gettering of iron, Journal of Ap-
plied Physics, 116(24), p. 244503 (2014).

[86] A. Peral, A. Dastgheib-Shirazi, H. Wagner, G. Hahn and C. del Cañizo, Effect of
electrically inactive phosphorus versus electrically active phosphorus on iron gettering,
Energy Procedia, 77, pp. 311–315 (2015).

[87] W. Schröter, A. Döller, A. Zozime, V. V. Kveder, M. Seibt and E. Spiecker, Phosphorus
diffusion gettering of metallic impurities in silicon: mechanisms beyond segregation,
in Solid State Phenomena, vol. 95, pp. 527–538 (2003).

[88] D. P. Fenning, J. Hofstetter, M. I. Bertoni, G. Coletti, B. Lai, C. Del Cañizo and
T. Buonassisi, Precipitated iron: A limit on gettering efficacy in multicrystalline sili-
con, Journal of Applied Physics, 113(4), p. 044521 (2013).

[89] H. Wagner, M. Müller, G. Fischer and P. Altermatt, A simple criterion for predicting
multicrystalline Si solar cell performance from lifetime images of wafers prior to cell
production, Journal of Applied Physics, 114(5), p. 054501 (2013).

[90] J. Hofstetter, D. Fenning, M. Bertoni, J. Lelièvre, C. d. Cañizo and T. Buonassisi,
Impurity-to-efficiency simulator: Predictive simulation of silicon solar cell perfor-
mance based on iron content and distribution, Progress in Photovoltaics: Research
and Applications, 19(4), pp. 487–497 (2011).

[91] D. K. Schroder, Semiconductor Material and Device Characterization, John Wiley &
Sons, Inc., Hoboken, New Jersey, United States, 3rd ed. (2006).

68



References

[92] M. Yli-Koski, M. Palokangas, V. Sokolov, J. Storgårds, H. Väinölä, H. Holmberg and
J. Sinkkonen, Recombination activity of iron in boron doped silicon, Physica Scripta,
2002(T101), p. 86 (2002).

[93] H. Habenicht, M. C. Schubert and W. Warta, Imaging of chromium point defects in
p-type silicon, Journal of Applied Physics, 108(3), p. 034909 (2010).

[94] A. Inglese, J. Lindroos and H. Savin, Accelerated light-induced degradation for detect-
ing copper contamination in p-type silicon, Applied Physics Letters, 107(5), p. 052101
(2015).

[95] J. Schön, A. Haarahiltunen, H. Savin, D. P. Fenning, T. Buonassisi, W. Warta and
M. C. Schubert, Analyses of the evolution of iron-silicide precipitates in multicrys-
talline silicon during solar cell processing, IEEE Journal of Photovoltaics, 3(1), pp.
131–137 (2013).

[96] T. S. Fell, P. R. Wilshaw and M. D. De Coteau, EBIC investigations of dislocations
and their interactions with impurities in silicon, physica status solidi (a), 138(2), pp.
695–704 (1993).

[97] Z. Cai, B. Lai, W. Yun, I. McNulty, A. Khounsary, J. Maser, P. Ilinski, E. Legnini,
E. Trakhtenberg, S. Xu, B. Tieman, G. Wiemerslage and E. Gluskin, Performance of
a high-resolution X-ray microprobe at the Advanced Photon Source, in AIP CP 521,
Synchrotron Radiation Instrumentation: Eleventh US National Conference, pp. 31–34,
Stanford, CA (1999).

[98] S. Vogt, MAPS: A set of software tools for analysis and visualization of 3D X-ray
fluorescence data sets, Journal de Physique IV France, 104, pp. 635–638 (2003).

[99] D. P. Fenning, A. Zuschlag, M. Bertoni, B. Lai, G. Hahn and T. Buonassisi, Improved
iron gettering of contaminated multicrystalline silicon by high-temperature phospho-
rus diffusion, Journal of Applied Physics, 113(21), p. 214504 (2013).

[100] A. E. Morishige, M. A. Jensen, J. Hofstetter, P. X. Yen, C. Wang, B. Lai, D. P. Fenning
and T. Buonassisi, Synchrotron-based investigation of transition-metal getterability in
n-type multicrystalline silicon, Applied Physics Letters, 108(20), p. 202104 (2016).

[101] D. Powell, V. Markevich, J. Hofstetter, M. Jensen, A. Morishige, S. Castellanos,
B. Lai, A. Peaker and T. Buonassisi, Exceptional gettering response of epitaxially
grown kerfless silicon, Journal of Applied Physics, 119(6), p. 065101 (2016).

[102] P. Schöppe, C. S. Schnohr, M. Oertel, A. Kusch, A. Johannes, S. Eckner, M. Burgham-
mer, G. Martínez-Criado, U. Reislöhner and C. Ronning, Improved Ga grading of
sequentially produced Cu (In, Ga) Se2 solar cells studied by high resolution X-ray
fluorescence, Applied Physics Letters, 106(1), p. 013909 (2015).

[103] S. Bernardis, B. K. Newman, M. Di Sabatino, S. C. Fakra, M. I. Bertoni, D. P. Fen-
ning, R. B. Larsen and T. Buonassisi, Synchrotron-based microprobe investigation of
impurities in raw quartz-bearing and carbon-bearing feedstock materials for photo-
voltaic applications, Progress in Photovoltaics: Research and Applications, 20(2), pp.
217–225 (2012).

[104] M. I. Bertoni, S. Hudelson, B. K. Newman, D. P. Fenning, H. F. Dekkers, E. Cor-
nagliotti, A. Zuschlag, G. Micard, G. Hahn, G. Coletti et al., Influence of defect type
on hydrogen passivation efficacy in multicrystalline silicon solar cells, Progress in
Photovoltaics: Research and Applications, 19(2), pp. 187–191 (2011).

69



References

[105] S. Castellanos, K. E. Ekstrøm, A. Autruffe, M. A. Jensen, A. E. Morishige, J. Hofstet-
ter, P. Yen, B. Lai, G. Stokkan, C. del Cañizo et al., High-performance and traditional
multicrystalline silicon: Comparing gettering responses and lifetime-limiting defects,
IEEE Journal of Photovoltaics, 6(3), pp. 632–640 (2016).

[106] W. Kwapil, P. Gundel, M. C. Schubert, F. D. Heinz, W. Warta, E. R. Weber, A. Goet-
zberger and G. Martinez-Criado, Observation of metal precipitates at prebreakdown
sites in multicrystalline silicon solar cells, Applied Physics Letters, 95(23), p. 232113
(2009).

[107] P. Gundel, M. C. Schubert, F. D. Heinz, W. Kwapil, W. Warta, G. Martinez-Criado,
M. Reiche and E. R. Weber, Impact of stress on the recombination at metal precipitates
in silicon, Journal of Applied Physics, 108(10), p. 103707 (2010).

[108] B. M. West, M. Stuckelberger, A. Jeffries, S. Gangam, B. Lai, B. Stripe, J. Maser,
V. Rose, S. Vogt and M. I. Bertoni, X-ray fluorescence at nanoscale resolution for
multicomponent layered structures: A solar cell case study, Journal of Synchrotron
Radiation, 24(1), pp. 288–295 (2017).

[109] D. Macdonald, S. P. Phang, F. Rougieux, S. Y. Lim, D. Paterson, D. Howard, M. D.
de Jonge and C. G. Ryan, Iron-rich particles in heavily contaminated multicrystalline
silicon wafers and their response to phosphorus gettering, Semiconductor Science and
Technology, 27(12), p. 125016 (2012).

[110] K. Medjoubi, N. Leclercq, F. Langlois, A. Buteau, S. Lé, S. Poirier, P. Mercere,
M. C. Sforna, C. M. Kewish and A. Somogyi, Development of fast, simultaneous
and multi-technique scanning hard X-ray microscopy at Synchrotron Soleil, Journal
of synchrotron radiation, 20(2), pp. 293–299 (2013).

[111] A. Haarahiltunen, H. Väinölä, O. Anttila, M. Yli-Koski and J. Sinkkonen, Experi-
mental and theoretical study of heterogeneous iron precipitation in silicon, Journal of
Applied Physics, 101(4), p. 043507 (2007).

[112] J. Schön, H. Habenicht, M. Schubert and W. Warta, Understanding the distribution of
iron in multicrystalline silicon after emitter formation: Theoretical model and experi-
ments, Journal of Applied Physics, 109(6), p. 063717 (2011).

[113] M. Aoki, A. Hara and A. Ohsawa, Fundamental properties of intrinsic gettering of iron
in a silicon wafer, Journal of Applied Physics, 72(3), pp. 895–898 (1992).

[114] H. Hieslmair, S. Balasubramanian, A. A. Istratov and E. R.Weber, Gettering simulator:
Physical basis and algorithm, Semiconductor Science and Technology, 16, pp. 567–574
(2001).

[115] A. Istratov, H. Hieslmair and E. Weber, Iron and its complexes in silicon, Applied
Physics A, 69(1), pp. 13–44 (1999).

[116] A. Bentzen, A. Holt, J. Christensen and B. Svensson, High concentration in-diffusion
of phosphorus in Si from a spray-on source, Journal of Applied Physics, 99(6), p.
064502 (2006).

[117] T. Tan, P. Plekhanov, S. Joshi, R. Gafiteanu and U. Gösele, Physics of impurity get-
tering in PV silicon, in Proceedings of 8th Workshop on Crystalline Silicon Solar Cell
Materials and Processes, Copper Mountain, Colorado, USA, pp. 42–49 (1998).

[118] M. Seibt, D. Abdelbarey, V. Kveder, C. Rudolf, P. Saring, L. Stolze and O. Voß, Inter-
action of metal impurities with extended defects in crystalline silicon and its implica-

70



References

tions for gettering techniques used in photovoltaics, Materials Science and Engineer-
ing: B, 159, pp. 264–268 (2009).

[119] M. B. Shabani, T. Yamashita and E. Morita, Study of gettering mechanisms in silicon:
competitive gettering between phosphorus diffusion gettering and other gettering sites,
in Solid State Phenomena, vol. 131, pp. 399–404 (2008).

[120] K. Hartman, M. Bertoni, J. Serdy and T. Buonassisi, Dislocation density reduction
in multicrystalline silicon solar cell material by high temperature annealing, Applied
Physics Letters, 93(12), p. 122108 (2008).

[121] A. Jouini, D. Ponthenier, H. Lignier, N. Enjalbert, B. Marie, B. Drevet, E. Pihan,
C. Cayron, T. Lafford and D. Camel, Improved multicrystalline silicon ingot crystal
quality through seed growth for high efficiency solar cells, Progress in Photovoltaics:
Research and Applications, 20(6), pp. 735–746 (2012).

[122] T. Ervik, G. Stokkan, T. Buonassisi, Ø. Mjøs and O. Lohne, Dislocation formation in
seeds for quasi-monocrystalline silicon for solar cells, Acta Materialia, 67, pp. 199–
206 (2014).

[123] M. Tsoutsouva, V. Oliveira, D. Camel, T. T. Thi, J. Baruchel, B. Marie and T. Lafford,
Segregation, precipitation and dislocation generation between seeds in directionally
solidified mono-like silicon for photovoltaic applications, Journal of Crystal Growth,
401, pp. 397–403 (2014).

[124] L. Gong, F. Wang, Q. Cai, D. You and B. Dai, Characterization of defects in mono-
like silicon wafers and their effects on solar cell efficiency, Solar Energy Materials and
Solar Cells, 120, pp. 289–294 (2014).

[125] I. Guerrero, V. Parra, T. Carballo, A. Black, M. Miranda, D. Cancillo, B. Moralejo,
J. Jiménez, J.-F. Lelièvre and C. Cañizo, About the origin of low wafer performance
and crystal defect generation on seed-cast growth of industrial mono-like silicon in-
gots, Progress in Photovoltaics: Research and Applications, 22(8), pp. 923–932
(2014).

[126] D. Powell, J. Hofstetter, D. Fenning, R. Hao, T. Ravi and T. Buonassisi, Effective life-
times exceeding 300 μs in gettered p-type epitaxial kerfless silicon for photovoltaics,
Applied Physics Letters, 103(26), p. 263902 (2013).

[127] H. M. Branz, C. W. Teplin, M. J. Romero, I. T. Martin, Q. Wang, K. Alberi, D. L.
Young and P. Stradins, Hot-wire chemical vapor deposition of epitaxial film crystal
silicon for photovoltaics, Thin Solid Films, 519(14), pp. 4545–4550 (2011).

[128] G. Hahn and A. Schönecker, New crystalline silicon ribbon materials for photovoltaics,
Journal of Physics: Condensed Matter, 16(50), p. R1615 (2004).

[129] F. S. Ham, Theory of diffusion-limited precipitation, Journal of Physics and Chemistry
of Solids, 6(4), pp. 335–351 (1958).

[130] N. N. Tunitskii, On the condensation of supersaturated vapors, Zhurnal Fizicheskoi
Khimii, 15, pp. 1061–1071 (1941).

[131] P. W. Voorhees, The theory of ostwald ripening, Journal of Statistical Physics, 38(1-2),
pp. 231–252 (1985).

[132] J. Chang and G. Cooper, A practical difference scheme for Fokker-Planck equations,
Journal of Computational Physics, 6(1), pp. 1–16 (1970).

71



References

[133] S. T. Dunham, Growth kinetics of disk-shaped extended defects with constant thick-
ness, Applied Physics Letters, 63, pp. 464–466 (1993).

[134] A. Haarahiltunen, H. Talvitie, H. Savin, O. Anttila, M. Yli-Koski, M. Asghar and
J. Sinkkonen, Gettering of iron in silicon by boron implantation, Journal of Materials
Science: Materials in Electronics, 19(1), pp. 41–45 (2008).

[135] B. Michl, J. Schön, W. Warta and M. C. Schubert, The impact of different diffusion
temperature profiles on iron concentrations and carrier lifetimes in multicrystalline
silicon wafers, IEEE Journal of Photovoltaics, 3(2), pp. 635–640 (2013).

[136] D. P. Fenning, J. Hofstetter, A. E. Morishige, D. M. Powell, A. Zuschlag, G. Hahn and
T. Buonassisi, Darwin at high temperature: Advancing solar cell material design using
defect kinetics simulations and evolutionary optimization, Advanced Energy Materials
(2014).

[137] T. Buonassisi, O. F. Vyvenko, A. A. Istratov, E. R. Weber, G. Hahn, D. Sontag, J. P.
Rakotoniaina, O. Breitenstein, J. Isenberg and R. Schindler, Observation of transition
metals at shunt locations in multicrystalline silicon solar cells, Journal of Applied
Physics, 95(3), pp. 1556–1561 (2004).

[138] A. Liu, C. Sun and D. Macdonald, Hydrogen passivation of interstitial iron in boron-
doped multicrystalline silicon during annealing, Journal of Applied Physics, 116(19),
p. 194902 (2014).

[139] B. J. Hallam, P. G. Hamer, S. R. Wenham, M. D. Abbott, A. Sugianto, A. M. Wenham,
C. E. Chan, G. Xu, J. Kraiem, J. Degoulange et al., Advanced bulk defect passivation
for silicon solar cells, IEEE Journal of Photovoltaics, 4(1), pp. 88–95 (2014).

[140] D. Abdelbarey, V. Kveder, W. Schröter and M. Seibt, Aluminum gettering of iron in
silicon as a problem of the ternary phase diagram, Applied Physics Letters, 94(6), p.
061912 (2009).

[141] D. Macdonald, A. Cheung and A. Cuevas, Gettering and poisoning of silicon wafers by
phosphorus diffused layers, in Proceedings of 3rd World Conference on Photovoltaic
Energy Conversion, vol. 2, pp. 1336–1339 (2003).

[142] J. F. Lelievre, J. Hofstetter, A. Peral, I. Hoces, F. Recart and C. del Cañizo, Dissolution
and gettering of iron during contact co-firing, Energy Procedia, 8, pp. 257–262 (2011).

[143] B. Wu, N. Stoddard, R. Ma and R. Clark, Bulk multicrystalline silicon growth for pho-
tovoltaic (PV) application, Journal of Crystal Growth, 310(7), pp. 2178–2184 (2008).

[144] M. C. Schubert, J. Schön, F. Schindler, W. Kwapil, A. Abdollahinia, B. Michl,
S. Riepe, C. Schmid, M. Schumann, S. Meyer et al., Impact of impurities from crucible
and coating on mc-silicon quality—the example of iron and cobalt, IEEE Journal of
Photovoltaics, 3(4), pp. 1250–1258 (2013).

[145] D. M. Powell, R. Fu, K. Horowitz, P. A. Basore, M. Woodhouse and T. Buonassisi,
The capital intensity of photovoltaics manufacturing: barrier to scale and opportunity
for innovation, Energy & Environmental Science, 8(12), pp. 3395–3408 (2015).

[146] T. U. Nærland, L. Arnberg and A. Holt, Origin of the low carrier lifetime edge zone
in multicrystalline PV silicon, Progress in Photovoltaics: Research and Applications,
17(5), pp. 289–296 (2009).

[147] F. Schindler, B. Michl, J. Schon, W. Kwapil, W. Warta and M. C. Schubert, Solar cell
efficiency losses due to impurities from the crucible in multicrystalline silicon, IEEE
Journal of Photovoltaics, 4(1), pp. 122–129 (2014).

72



References

[148] M. B. Shabani, T. Yamashita and E. Morita, Metallic impurities in mono and multi-
crystalline silicon and their gettering by phosphorus diffusion, ECS Transactions,
16(6), pp. 179–193 (2008).

[149] P. Plekhanov, R. Gafiteanu, U. Gösele and T. Tan, Modeling of gettering of precipitated
impurities from Si for carrier lifetime improvement in solar cell applications, Journal
of Applied Physics, 86(5), pp. 2453–2458 (1999).

[150] R. J. Falster, M. Cornara, D. Gambaro, M. Olmo and M. Pagani, Effect of high tem-
perature pre-anneal on oxygen precipitates nucleation kinetics in Si, in Solid State
Phenomena, vol. 57, pp. 123–128, Trans Tech Publ (1997).

[151] E. Looney, H. Laine, A. Youssef, M. Jensen, V. LaSalvia, P. Stradins and T. Buonassisi,
Oxygen migration enthalpy likely limits oxide precipitate dissolution during Tabula
Rasa, Applied Physics Letters, 111(13), p. 132102 (2017).

[152] C. Ballif, S. Peters, D. Borchert, C. Hässler, J. Isenberg, R. Schindler, W. Warta and
G. Willeke, Lifetime investigations of degradation effects in processed multicrystalline
silicon wafers, in Proceedings of 17th European Photovoltaic Solar Energy Confer-
ence and Exhibition, pp. 1818–1821 (2001).

[153] D. Macdonald and A. Cuevas, The trade-off between phosphorus gettering and thermal
degradation in multicrystalline silicon, in Proceedings of 16th European Photovoltaic
Solar Energy Conference and Exhibition, pp. 1707–1710, James and James (2000).

[154] V. Osinniy, A. N. Larsen, E. H. Dahl, E. Enebakk, A.-K. Søiland, R. Tronstad and
Y. Safir, Gettering improvements of minority-carrier lifetimes in solar grade silicon,
Solar Energy Materials and Solar Cells, 101, pp. 123–130 (2012).

[155] Z. Liu, V. Vähänissi, H. S. Laine, M. Lindeberg, M. Yli-Koski and H. Savin, Electronic
quality improvement of highly defective quasi-mono silicon material by phosphorus
diffusion gettering, Advanced Electronic Materials, 3(6) (2017).

[156] H. J. Möller, C. Funke, M. Rinio and S. Scholz, Multicrystalline silicon for solar cells,
Thin Solid Films, 487(1), pp. 179–187 (2005).

[157] M. Rinio, A. Yodyunyong, S. Keipert-Colberg, Y. P. B. Mouafi, D. Borchert and
A. Montesdeoca-Santana, Improvement of multicrystalline silicon solar cells by a low
temperature anneal after emitter diffusion, Progress in Photovoltaics: Research and
Applications, 19(2), pp. 165–169 (2011).

[158] S. A. McHugo, Release of metal impurities from structural defects in polycrystalline
silicon, Applied physics letters, 71(14), pp. 1984–1986 (1997).

[159] S. M. Scott, J. Hofstetter, A. E. Morishige and T. Buonassisi, Sacrificial high-
temperature phosphorus diffusion gettering process for lifetime improvement of mul-
ticrystalline silicon wafers, in Photovoltaic Specialist Conference (PVSC), 2014 IEEE
40th, pp. 3014–3016, IEEE (2014).

[160] E. Cho, Y.-W. Ok, L. D. Dahal, A. Das, V. Upadhyaya and A. Rohatgi, Comparison of
POCl3 diffusion and phosphorus ion-implantation induced gettering in crystalline Si
solar cells, Solar Energy Materials and Solar Cells, 157, pp. 245–249 (2016).

[161] H. Huang, J. Lv, L. Wang, J. Wang, W. Zhu, L. Mandrell, J. Sullivan, B. Adibi,
C. Smith, H. Laine et al., An extendible beyond 20% efficiency cost-efficient bifa-
cial cell using boron & phosphorus implantation technology and its prospects for the
future production, in Proceedings of 42nd IEEE Photovoltaic Specialists Conference,
pp. 1–6 (2015).

73



References

[162] M. Sheoran, M. Emsley, M. Yuan, D. Ramappa and P. Sullivan, Ion-implant doped
large-area n-type Czochralski high-efficiency industrial solar cells, in Proceedings of
38th IEEE Photovoltaic Specialists Conference, pp. 2254–2257 (2012).

[163] V. Yelundur, B. Damiani, V. Chandrasekaran, A. Adedokun, A. Payne, X. Wang,
D. Meier, B. McPherson, A. Rohatgi, A. Gupta, R. J. Low, P. Sullivan and J. Mullin,
First implementation of ion implantation to produce commercial silicon solar cells, in
Proceedings of 25th European Photovoltaic Solar Energy Conference and Exhibition,
p. 831 (2011).

[164] A. Rohatgi, D. L. Meier, B. McPherson, Y.-W. Ok, A. D. Upadhyaya, J.-H. Lai and
F. Zimbardi, High-throughput ion-implantation for low-cost high-efficiency silicon so-
lar cells, Energy Procedia, 15, pp. 10–19 (2012).

[165] V. Prajapati, T. Janssens, J. John, J. Poortmans and R. Mertens, Diffusion-free high
efficiency silicon solar cells, Progress in Photovoltaics: Research and Applications,
21(5), pp. 980–985 (2013).

[166] R. Low, A. Gupta, N. Bateman, D. Ramappa, P. Sullivan, W. Skinner, J. Mullin, S. Pe-
ters and H.Weiss-Wallrath, High efficiency selective emitter enabled through patterned
ion implantation, in Proceedings of 35th IEEE Photovoltaic Specialists Conference, pp.
1440–1445 (2010).

[167] V. Vähänissi, A. Haarahiltunen, M. Yli-Koski and H. Savin, Gettering of iron in silicon
solar cells with implanted emitters, IEEE Journal of Photovoltaics, 4(1), pp. 142–147
(2014).

[168] T. Buck, K. Pickar, J. Poate and C.-M. Hsieh, Gettering rates of various fast-diffusing
metal impurities at ion-damaged layers on silicon, Applied Physics Letters, 21(10), pp.
485–487 (1972).

[169] T. Kuroi, Y. Kawasaki, S. Komori, K. Fukumoto, M. Inuishi, K. Tsukamoto,
H. Shinyashiki and T. Shingyoji, Proximity gettering of heavy metals by high-energy
ion implantation, Japanese Journal of Applied Physics, 32(1S), p. 303 (1993).

[170] S. Myers, G. Petersen and C. Seager, Binding of cobalt and iron to cavities in silicon,
Journal of Applied Physics, 80(7), pp. 3717–3726 (1996).

[171] V. Vähänissi, A. Haarahiltunen, H. Talvitie, M. Yli-Koski and H. Savin, Impact of
phosphorus gettering parameters and initial iron level on silicon solar cell properties,
Progress in Photovoltaics: Research and Applications, 21(5), pp. 1127–1135 (2013).

[172] J. Hyvärinen and J. Karila, New analysis method for crystalline silicon solar cells,
in Proceedings of 3rd World Conference on Photovoltaic Energy Conversion, Osaka,
Japan, pp. 1521–1524 (2003).

[173] W. Shockley and W. Read Jr, Statistics of the recombinations of holes and electrons,
Physical Review, 87(5), p. 835 (1952).

[174] S. Grover, J. Li, D. Young, P. Stradins and H. Branz, Reformulation of solar cell
physics to facilitate experimental separation of recombination pathways, Applied
Physics Letters, 103(9), p. 093502 (2013).

[175] A. Hähnel, J. Bauer, H. Blumtritt, O. Breitenstein, D. Lausch and W. Kwapil, Electron
microscope verification of prebreakdown-inducing α-FeSi2 needles in multicrystalline
silicon solar cells, Journal of Applied Physics, 113(4), p. 044505 (2013).

[176] J. Thibault, J. Putaux, A. Jacques, A. George, H. Michaud and X. Baillin, Structure and
characterization of the dislocations in tilt grain boundaries between Σ = 1 and Σ = 3;

74



References

a high resolution electron microscopy study, Materials Science and Engineering A,
164(1), pp. 93–100 (1993).

[177] O. Breitenstein, J. P. Rakotoniaina, M. H. Al Rifai and M. Werner, Shunt types in
crystalline silicon solar cells, Progress in Photovoltaics: Research and Applications,
12(7), pp. 529–538 (2004).

[178] O. Breitenstein, J. Bauer, K. Bothe, W. Kwapil, D. Lausch, U. Rau, J. Schmidt,
M. Schneemann, M. C. Schubert, J.-M. Wagner et al., Understanding junction break-
down in multicrystalline solar cells, Journal of Applied Physics, 109(7), p. 071101
(2011).

[179] O. Breitenstein, J. Rakotoniaina and M. Al Rifai, Quantitative evaluation of shunts in
solar cells by lock-in thermography, Progress in Photovoltaics: Research and Appli-
cations, 11(8), pp. 515–526 (2003).

[180] G. von Gastrow, P. Ortega, R. Alcubilla, S. Husein, T. Nietzold, M. Bertoni and
H. Savin, Recombination processes in passivated boron-implanted black silicon emit-
ters, Journal of Applied Physics, 121(18), p. 185706 (2017).

[181] H. Vahlman, A. Haarahiltunen, W. Kwapil, J. Schön, A. Inglese and H. Savin, Model-
ing of light-induced degradation due to Cu precipitation in p-type silicon. II. compar-
ison of simulations and experiments, Journal of Applied Physics, 121(19), p. 195704
(2017).

[182] F. A. Wolf, A. Martinez-Limia, D. Stichtenoth and P. Pichler, Modeling the annealing
of dislocation loops in implanted c-Si solar cells, IEEE Journal of Photovoltaics, 4(3),
pp. 851–858 (2014).

[183] J. D. Murphy and R. J. Falster, Contamination of silicon by iron at temperatures below
800◦C, Physica Status Solidi—Rapid Research Letters, 5(10-11), pp. 370–372 (2011).

[184] J. Schmidt, B. Lim, D. Walter, K. Bothe, S. Gatz, T. Dullweber and P. P. Altermatt,
Impurity-related limitations of next-generation industrial silicon solar cells, IEEE
Journal of Photovoltaics, 3, pp. 114–118 (2013).

[185] A. Yazdani, R. Chen and S. T. Dunham, Coupled modeling of the competitive gettering
of transition metals and impact on performance of lifetime sensitive devices, Journal
of Applied Physics, 121(9), p. 095702 (2017).

[186] J.-F. Lerat, T. Desrues, J. Le Perchec, M. Coig, F. Milesi, F. Mazen, T. Michel, L. Roux,
Y. Veschetti and S. Dubois, Boron emitter formation by plasma immersion ion implan-
tation in n-type pert silicon solar cells, Energy Procedia, 92, pp. 697–701 (2016).

75



 

-o
tl

a
A

D
D

 
3

5
/

 8
10

2

 +h
jajh

a*GM
FTSH

9  NBSI 7-9097-06-259-879  )detnirp( 
 NBSI 3-0197-06-259-879  )fdp( 

 L-NSSI  4394-9971
 NSSI 4394-9971  )detnirp( 
 NSSI 2494-9971  )fdp( 

 
ytisrevinU otlaA  

gnireenignE lacirtcelE fo loohcS  
gnireenigneonaN dna scinortcelE fo tnemtrapeD  

 if.otlaa.www

 + SSENISUB
 YMONOCE

 
 + TRA

 + NGISED
 ERUTCETIHCRA

 
 + ECNEICS

 YGOLONHCET
 

 REVOSSORC
 

 LAROTCOD
 SNOITATRESSID

 e
ni

aL
 u

nn
a

H
 s

ll
ec

 r
al

os
 n

oc
ili

s 
en

ill
at

sy
rc

 n
i 

se
ta

ti
pi

ce
rp

 n
or

i f
o 

sn
oc

 d
na

 s
or

P
 y

ti
sr

ev
i

n
U 

otl
a

A

 8102

 gnireenigneonaN dna scinortcelE fo tnemtrapeD

nori fo snoc dna sorP  
enillatsyrc ni setatipicerp  

 sllec ralos nocilis

 eniaL unnaH

 LAROTCOD
 SNOITATRESSID


	Aalto_DD_2018_053_Laine_verkkoversio

