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Abstract

Facing the shortage of hyper-pure Si due to the exponential growth of the photovoltaic (PV) market

at the beginning of the last decade, R&D institutions and Si producers started to develop and apply

alternative ways of Si purification for PV applications. The so-called solar grade silicon (SoG-Si)

requires lower purity levels than electronic grade Si and therefore, gives space for cost reduction

of PV solar energy. However, no standardized specifications of SoG-Si have been established so

far and the adaptation of the solar cell fabrication process to lower-quality Si materials remains a

challenge for solar cell producers.

In this thesis, acceptable concentrations of different representative transition-metal impurities

are calculated at different stages of the solar cell production chain: in the final device, in the

multi-crystalline (mc) Si wafer, and in the Si feedstock material. Along the production chain,

impurity concentrations are assumed to be altered by a standard industrial P diffusion gettering

(PDG) during solar cell processing and by solid-liquid segregation during crystal growth. It is

shown that the main reduction of total impurity concentrations takes place during crystallization

whereas PDG during solar cell fabrication mainly allows the reduction of highly recombination

active metal interstitials. Furthermore, it results that much higher concentrations of fast diffusing

impurities like Fe and Cu may be present in the Si feedstock than slow diffusing ones like Cr and

Ti.

Fe is one of the most abundant and detrimental metal impurities in Si. Besides its presence in

lower-quality feedstock materials, considerable Fe contamination takes place during mc-Si ingot

growth via in-diffusion from the crucible walls. More than 50 % of mc-Si wafers originate from

border and edge regions of the ingot so that an effective reduction of Fe during solar cell process-

ing is essential to achieve high conversion efficiencies on mc-Si wafers. Therefore, a model is

developed to simulate the kinetics of Fe-related defects during solar cell processing and predict

solar cell efficiencies from the as-grown Fe concentration and distribution in mc-Si wafers. The

Impurity-to-Efficiency (I2E) model is validated by simulating experiments carried out on wafers

from different heights of an intentionally Fe-contaminated mc-Si ingot. The distribution of pre-

cipitated Fe in these wafers is measured by means of X-ray fluorescence microscopy and is used

as input parameter for the simulations together with total and interstitial Fe concentrations pub-



lished for this material. As-grown and post-processed electron lifetimes and solar cell efficiencies

are calculated assuming the time-temperature profile of a standard PDG during device processing.

In those regions of the ingot where Fe is the main performance-limiting defect, good agreement

between experimental and simulation results is achieved.

Subsequently, the validated I2E model is used to study the efficacy of different gettering

schemes on the reduction of interstitial Fe in mc-Si wafers of varying Fe contents and distribu-

tions. An extended PDG, consisting of P diffusion at high temperatures followed by slow cool

down to room temperature (RT) or by low temperature annealing (LTA), is shown to potentially

decrease Fei concentrations to a much higher extend than standard PDG does. During extended

gettering an enhanced external gettering of Fei to the P-diffused layer is shown to dominate inter-

nal gettering effects like the precipitation of Fei to FeSi2 precipitates. It is also shown that, when

PDG is followed by LTA, an optimum annealing temperature exists for any given processing time.

Finally, theoretical findings obtained by simulations are tested experimentally. In a first ex-

periment, different sets of p-type mc-Si sister wafers are subjected to high temperature annealing

followed either by slow or by fast cool down to RT in different gaseous ambiences (N2, O2, or

POCl3). On all wafers, as-grown and post-processed electron lifetimes and concentrations of Fei

are measured. Experimental results confirm that internal gettering effects do not lead to an effec-

tive reduction of the Fei concentration. In contrast, an enhanced lifetime and a reduction of Fei

are measured on all wafers that are subjected to P diffusion treatments. When P diffusion is fol-

lowed by a slow cool down, these positive effects are even enhanced. The comparison to internal

gettering experiments shows that external gettering to the P-diffused layer really seems to be the

dominating effect during extended PDG.

In a second experiment, different short LTA steps of 15 min at temperatures between 600 and

700oC are applied to different sets of mc-Si wafers after PDG. Again, as-grown and post-processed

electron lifetimes and concentrations of Fei are measured. On the investigated wafers, the trends of

post-processed lifetimes and Fei concentrations predicted by the simulations cannot be reproduced

by experiments. Lifetime mappings of these wafers reveal large areas of high dislocation (DL)

densities that inhibit the effective Fei extraction and limit electron lifetimes. However, on some

of the investigated wafers, an enhanced lifetime increase in comparison to standard PDG is found

within particular grains. Therefore, on mc-Si wafers with low DL densities, a short LTA treatment

at optimum temperature is expected to lead to a considerable lifetime enhancement. It is easy to

implement in the industrial production chain and can potentially lead to an increase of the solar

cell efficiency of up to 0.4 % absolute.



Resumen

Para hacer frente a la reciente escasez de Si ultrapuro debido al crecimiento exponencial del mer-

cado fotovoltaico (PV), las instituciones de I + D y los productores de silicio comenzaron a de-

sarrollar y aplicar nuevos procesos de purificación del silicio para aplicaciones fotovoltaicas. El

denominado silicio de calidad solar (SoG-Si) requiere niveles de pureza menores a las del Si de

calidad electrónica y por lo tanto, da margen para la reducción del coste de la energı́a solar foto-

voltaica. Sin embargo, hasta la fecha no existen especificaciones estandarizadas de SoG-Si y la

adaptación del proceso de fabricación de células solares a materiales de Si de menor calidad sigue

siendo un reto para los fabricantes de células solares.

En esta tesis las concentraciones aceptables de diferentes impurezas metálicas representativas

se calculan en diferentes etapas de la cadena de producción de la célula solar: en el dispositivo

final, en la oblea de Si multicristalino (mc) y en el Si de partida. A lo largo de la cadena de

producción, se supone que las concentraciones de impurezas son alteradas por un gettering durante

la difusión de P (PDG), parte del procesamiento de célula solar, y por la segregación sólido-lı́quido

durante el crecimiento del lingote. Se muestra que la principal reducción de las concentraciones

totales de impurezas se consigue durante la cristalización mientras que el PDG permite sobre

todo la reducción de átomos metálicos intersticiales que forman defectos de alta recombinación.

Además, se muestra que las impurezas rápidas como Fe y Cu pueden estar presentes en el silicio

de partida en concentraciones mucho más altas que las impurezas lentas como Cr y Ti.

Fe es una de las impurezas metálicas más abundante y perjudicial en Si. Además de su presen-

cia en materiales de partida de menor calidad, una considerable contaminación por Fe tiene lugar

durante el crecimiento del lingote mc-Si a través de la difusión desde las paredes del crisol. Más

del 50 % de las obleas de mc-Si vienen de las regiones del borde del lingote, de modo que una

reducción efectiva del Fe durante el procesamiento de la célula solar es esencial para lograr altas

eficiencias de conversión en obleas de mc-Si. Por ello en esta tesis se desarrolla un modelo para

simular la cinética de los defectos de Fe durante el procesamiento de la célula solar y para pre-

decir su eficiencia a partir de la concentración y distribución de Fe en obleas mc-Si. El modelo

Impurity-to-Efficiency (I2E) es validado por la simulación de experimentos realizados en obleas

de diferentes alturas de un lingote mc-Si intencionadamente contaminado con Fe. La distribución



del Fe precipitado en estas obleas se mide por medio de la microscopı́a de fluorescencia de rayos

X y se utiliza como parámetro de entrada para las simulaciones, junto con concentraciones de Fe

total e intersticial publicadas para este material. Los tiempos de vida de electrones antes y después

del procesado y la eficiencia de célula se calculan para un perfil de tiempo y temperatura indus-

trial estándar de PDG. En las regiones del lingote donde los defectos de Fe son los principales

limitantes del rendimiento se logra una buena coherencia entre los resultados experimentales y la

simulación.

Posteriormente, el modelo I2E validado se utiliza para estudiar la eficacia de diferentes esque-

mas de gettering en la reducción del Fe intersticial en obleas de mc-Si de diferentes contenidos y

distribuciones de Fe. Se muestra que un PDG extendido, que consiste en la difusión de P a altas

temperaturas seguida por un enfriamiento lento a temperatura ambiente (TA) o por un recocido a

baja temperatura (LTA), disminuye las concentraciones de Fei en mayor medida que lo consigue

un PDG estándar. Durante un PDG extendido la extracción de Fei a la capa sumidero de P dom-

ina a la reducción por gettering interno debida a fenómenos como el de la precipitación de Fei

a precipitados de FeSi2. También se muestra que, cuando PDG es seguido por LTA, existe una

temperatura óptima de recocido para cualquier tiempo de proceso dado.

Por último, los resultados teóricos obtenidos mediante simulaciones se ponen a prueba exper-

imentalmente. En un primer experimento, diferentes conjuntos de obleas vecinas de mc-Si tipo

p se someten a un recocido a alta temperatura seguido por un enfriamiento rápido o lento a TA

en diferentes ambientes gaseosos (N2, O2 o POCl3). Antes y después del procesado, se miden el

tiempo de vida de electrones y la concentración de Fei en cada oblea. Se observa que durante un

PDG extendido se consiguen mayores tiempos de vida y menores concentraciones de Fei frente

a un PDG estándar. Además, los experimentos confirman que realmente la extracción de Fei a la

capa sumidero de P es el efecto dominante frente al gettering interno.

En un segundo experimento, diferentes conjuntos de obleas vecinas mc-Si se someten a difer-

entes pasos cortos de LTA después del PDG. En estas obleas, el aumento de tiempo de vida y

la reducción de Fei predichos por las simulaciones no se pueden reproducir con los experimen-

tos. Cartografı́as de tiempo de vida revelan grandes áreas de alta densidad de dislocaciones (DL)

que inhiben la extracción eficaz de Fei y que limitan los tiempos de vida de los electrones. Sin

embargo, en algunas de las obleas investigadas se observa un aumento del tiempo de vida dentro

de algunos granos en comparación con PDG estándar. Por lo tanto, se espera que en obleas de

mc-Si con bajas densidades de DL, un tratamiento corto de LTA a temperatura óptima conduzca a

una mejora de tiempo de vida considerable. Es un tratamiento fácil de implementar en la cadena

industrial de proceso y tiene el potencial de conducir a un aumento de la eficiencia de célula solar

de hasta un 0,4 % absoluto.
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Chapter 1

Introduction

To confront the deleterious effects of climate change, emissions of greenhouse gases need to be

reduced and the energy consumption needs to be shifted from fossil fuels to lower-carbon sources.

Renewable energy sources like solar, wind, biomass and geothermal heat have the potential to

provide a sustainable and safe energy supply when today’s constraints of higher costs and low

efficiencies are overcome.

With more energy in form of sunlight striking the Earth’s surface in an hour than humankind

uses in an entire year, the solar resource base provides a promising path to carbon neutrality if

it can be effectively harnessed. A technology with a broad range of applicability is the direct

conversion of solar energy into electrical energy by means of photovoltaics (PV) solar cells and

modules.

Nowadays, about 78 % of PV modules on the market are made from crystalline silicon (Si)

and thereof, over 50 % are made of multicrystalline (mc)-Si wafers [PhotonInternational, 2010].

As an indirect bandgap semiconductor, Si does not show the high absorption characteristics of

other semiconductor materials used for PV like III-V compounds, chalcopyrites or other thin-

film materials. However, in contrast to those highly-absorbing materials, Si is the second most

abundant element in the Earth’s crust and it is non-hazardous. With a band gap of 1.12 eV, its

quantum efficiency is very well-adapted to the visible part of the solar spectrum. Furthermore,

intensive research has been carried out on Si during the last six decades due to the development of

the semiconductor industry and much of that valuable knowledge is being successfully transferred

to PV technology.

Solar grade silicon

To date, the adoption of solar PV technology has been limited due to its prohibitive cost, a signifi-

cant fraction of which can be attributed to refining feedstock materials into high purity Si used for

microelectronics and solar cell manufacturing [del Cañizo et al., 2008]. High-purity Si has been



required thus far because technologies have not been developed to mitigate the negative impact

of metal impurities. Metal impurities, even in concentrations as low as parts per million atoms,

have a large negative effect on device efficiency by limiting minority carrier lifetimes [Davis et al.,

1980]. However, the negative impact of impurities on the performance of PV devices is lower than

for microelectronics.

In 2004, for the first time, the demand of ultra-pure Si exceeded the Si supply due to the

exponential growth of the PV market during the last two decades. The evolution of the Si demand

between 2000 and 2008 is shown in Fig. 1.1. The associated Si shortage gave the impulse for

developing new and cheaper purification processes to meet the Si demand of the PV industry.

These processing techniques result in less pure so-called solar grade (SoG) Si. However, so far, no

universal purity specifications for SoG-Si have been established. Up to date, the lack of universal

SoG-Si specifications inhibit Si producers and solar cell manufacturers to optimize their processes.

Figure 1.1: Demand and supply of polysilicon between 2000 and 2008 (company reports) and JP Morgan estimates for

2009 to 2012 [SiD]

Defect engineering in silicon

It has been shown very recently that it is not solely the total concentration of metals but their dis-

tribution in the material that dictates solar cell performance. Consequently, the manipulation of

metal concentrations and distributions during solar cell fabrication by means of defect engineering

tools has been proposed [Buonassisi et al., 2005a]. Already, there have been some breakthroughs:

experimental results of different researchers show that phosphorus diffusion gettering (PDG) fol-

lowed by a slow cool down or a low temperature plateau leads to a reduction of highly recombi-

nation active Fe interstitials [Manshanden and Geerligs, 2006; Schwaderer et al., 2007; Tan et al.,

2007], an increase of charge carrier lifetimes [Härkönen et al., 2003; Manshanden and Geerligs,
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2006; Schwaderer et al., 2007; Tan et al., 2007], and to an enhanced solar cell efficiency on highly

Fe-contaminated Si wafers [Pickett and Buonassisi, 2008; Rinio et al., 2010]. Fe is the most abun-

dant and one of the most detrimental transition metal impurity in mc-Si materials [Sopori et al.,

1996]. More than 50% of mc-Si wafers originate from border and edge regions of the ingot. These

wafers exhibit very high concentrations of Fe due to in-diffusion of Fe from the crucible walls

during crystallization [Nærland et al., 2008; Rinio et al., 2004]. An example of successful de-

fect engineering in Fe-contaminated mc-Si border wafers is the experimental optimization of a

low temperature annealing (LTA) step performed by Rinio et al. [Rinio et al., 2010]. During this

extensive study, the annealing temperature of a 90 min LTA step after PDG was varied between

300 and 800 oC in steps of 25oC and several wafers of each treatment were processed into solar

cells and characterized. Solar cell efficiencies as a function of annealing temperature are shown

in Fig. 1.2. An optimum annealing temperature around 550 oC was found that led to an efficiency

increase of 0.4% absolute.

Figure 1.2: Solar cell efficiencies as a function of annealing temperature for a 90 min annealing at 500oC after 10 min

PDG at 900oC by Rinio et al. [Rinio et al., 2010]

One drawback of the investigated temperature treatments that led to notable improvements so

far, is the considerable increase in processing time. Furthermore, the experimental optimization of

time-temperature profiles for different materials is a time and cost expensive task.

Predictive simulations

Until today, a flexible adaptation of the solar cell fabrication process to each source material and

its particular defect distributions has been a resource-intensive task due to the lack of predictive

capability. Therefore, the modeling of defect kinetics during device fabrication with the help of
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the underlying physics is an important task for the future of the solar industry. The ability to pre-

dict the effect of high temperature treatments on different defects, first of all metal impurities, will

permit one to tailor and optimize defect engineering tools to specific materials. Tailored process-

ing opens the range of acceptable Si materials to include lower-quality, inexpensive sources and

shorten the processing learning curve while maintaining or even increasing solar cell performance.

Furthermore, a proven model describing universal effects within solid-state materials can be mod-

ified and applied to other materials used for PV and is not restricted in application to Si. The use

of cheaper, lower-quality materials combined with a potential increase of solar cell efficiency will

significantly contribute to reducing the cost of PV solar energy.

Goals and structure of this thesis

The purpose of this Ph.D. thesis is to deepen the knowledge of metallic contaminants in mc SoG

Si, especially focussing on the impact of solar cell processing on impurity concentrations and

distributions. One particular goal is to develop a realistic but simple model that is able to describe

the essential kinetics of Fe-related defects during variable-temperature solar cell processing and

their impact on material quality and device performance in highly Fe-contaminated materials.

Once impurity kinetics in mc-Si during high temperature processing is understood, the second

goal is the development and optimization of new defect engineering tools to reduce the negative

impacts of high impurity concentrations in low-cost SoG Si.

In chapter 2, the fundamental knowledge to facilitate the understanding of the present docu-

ment is given. It describes the production chain of the Si solar cell, recombination mechanisms

in the Si device, thermodynamics of point defects in Si and the different experimental techniques

applied during this thesis. In chapter 3, tentative specifications of SoG-Si are given: contamination

levels of different representative metal impurities in Si are calculated that allow maintaining the

mc-Si solar cell efficiency for a standard industrial solar cell process. In chapter 4, a model is de-

veloped to describe the evolution of metal impurity concentration and distribution during solar cell

processing. The model is validated for Fe. In chapter 5, the impact of different processing steps

on the reduction of Fe-related defects are investigated theoretically and finally, the effectiveness

of some of these processing steps on the reduction of interstitial Fe and the improvement of the

electron lifetime are tested experimentally. In chapter 6, conclusions and perspectives of this work

are drawn.
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Chapter 2

Fundamentals

In this chapter, a description of the fundamental concepts that are necessary to motivate and to

understand the following chapters of this thesis is given. In section 2.1, the production chain of

an industrial crystalline silicon solar cell is described and the main loss mechanisms that reduce

the conversion efficiency of an industrial solar cell are discussed. In section 2.2, the mathematical

description of atomic diffusion within a solid state body is given. Together with the definition

of the solid solubility, the segregation coefficient, and the mechanism of gettering for impurity

extraction, it forms the theoretical basis for most of the considerations developed in this thesis. In

section 2.3, we present the main characterization methods that have been applied in this thesis.

2.1 The industrial silicon solar cell

In this section the different process steps from sand to the crystalline Si wafer and from the silicon

wafer to the solar cell are described. The different loss mechanisms that determine the conversion

efficiency of the final device are elucidated and special attention is paid to Shockley-Read-Hall

(SRH) or defect-assisted recombination as it plays an important role when lower-quality Si mate-

rials are used for solar cell fabrication.

2.1.1 From quartz to the silicon wafer

The crystalline Si wafer is the principal component of crystalline Si solar cells used in today’s

commercially available solar modules. Its production process basically consists in four steps:

silica reduction, purification, crystallization and wafering. Apart from silica reduction, all these

steps are illustrated in Fig. 2.1.

With a fraction of about 25.8 %, silicon (Si) is the second most abundant element in the Earth’s

crust. It rarely appears in its pure elemental form but rather in the form of silica/quartz (SiO2) or

silicates. The latter are Si-rich compounds containing Si, O and at least one metal. Elemental Si



2.1. THE INDUSTRIAL SILICON SOLAR CELL

Figure 2.1: Production chain from the mc-Si ingot to the PV module (courtesy of G. del Coso)

is produced by the reduction of high purity silica with carbon in an arc furnace at temperatures

around 2000 oC:

SiO2 + C → Si+ CO2 (2.1)

SiO2 + 2C → Si+ 2CO. (2.2)

The resulting metallurgical grade (MG) Si has a purity of at least 98 %. For its application in

microelectronics and also for PV, further purification is needed.

There are several different ways of further Si purification. In the traditional production chain,

the way to obtain hyper-pure Si is the decomposition of MG-Si into gaseous species and its sub-

sequent resolidification by the Siemens process. First, MG-Si is decomposed in a fluidized bed

reactor with hydrochloric acid (HCl) gas at 300 oC. The resulting gaseous compounds are sep-

arated by multiple distillation steps and ultra-pure gaseous species, one of them trichlorosilane

(HSiCl3), are obtained:

Si+ 3HCl→ H2 +HSiCl3 (2.3)

In a Siemens reactor, a mix of the obtained HSiCl3 and H2 flows along a very pure Si rod at

temperatures between 1000 and 1200 oC and the reverse chemical reaction takes place [del Coso,

2010]. The HSiCl3 decomposes at the hot Si rod and so-called polycrystalline (poly) Si of more

than 5N purity is deposited:

HSiCl3 +H2 → Si+ 3HCl (2.4)

The by-product HCl is recycled into the production process. Less frequently, instead of HSiCl3,

other gaseous species like mono-silane (SiH4) or silicon tetrachloride (SiCl4) are used in the

Siemens process.

The third step of Si wafer production is the crystallization of the polycristalline Si illustrated

as ingot growth in Fig. 2.1. During crystallization, further purification of the Si crystal due to
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CHAPTER 2. FUNDAMENTALS

segregation effects takes place. For microelectronic applications, monocrystalline (mono)-Si in-

gots are grown by the Czokralski (CZ) or by the float zone (FZ) technique. Mono-Si is also used

for PV applications but mc-Si ingots with grain sizes of up to several mm are dominating in PV

with a market share of about 50 % nowadays [PhotonInternational, 2010]. Mc-Si ingots are grown

by directional solidification (DS) of the molten Si within a quartz crucible. On average, mc-Si

solar cells show a 2 % lower conversion efficiency than the corresponding mono-Si cells but the

production costs are much lower for mc- than for mono-Si ingots.

Finally, during wafering, the mono- and mc-Si ingots are cut into wafers. In the case of

mc-Si, the square shaped ingot is first cut into 4×4 or 5×5 bricks, depending on the ingot size.

Subsequently, the bricks are sawn into 180 – 240 µm thick wafers with a size of 125×125 mm2 or

156×156 mm2. This step is represented in the third step of the production chain shown in Fig. 2.1.

Finally, the crystalline wafers are processed in to solar cells as described in the next section and

several solar cells are assambled into a solar panel.

2.1.2 The solar cell fabrication process

A sketch of the typical industrial Si solar cell structure is shown in Fig. 2.2. It typically consists of

a B-doped p-type base, a P-doped n-type emitter, a SiNx anti-reflection coating (ARC), Ag front

contact fingers, Al-doped (p+) back surface field (BSF) and an Al back contact. The standard

fabrication process of an industrial crystalline Si solar cell starting from a p-type Si substrate

mainly consists of five steps: surface texturization, Phosphorus (P) emitter diffusion, silicon nitride

(SiNx) anti-reflection coating, screen-print metalization, and contact co-firing.

Figure 2.2: Typical industrial mono- or multi-crystalline Si solar cell structure consisting of a B-doped p-type base, a

P-doped n-type emitter, SiNx anti-reflection coating, Ag front contact fingers, Al-doped (p+) BSF and Al back contact

[]
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2.1. THE INDUSTRIAL SILICON SOLAR CELL

During surface texturization a rough wafer surface is created due to anisotropic etching in

an acidic solution, an alkaline solution or via plasma etching. This way, multi-reflection of the

incident light is achieved as shown in Fig. 2.3 and reflectance losses at the Si wafer surface are

reduced from about 40 % to 10 % over the mayor part of the solar spectrum. Additionally, the

increased interface between emitter and metallic fingers allows for a lower series resistance in the

solar cell. Adversely, the increased wafer surface can lead to increased surface recombination

losses if the surface recombination velocity (SRV) is high.

Figure 2.3: Sketch of the cross section of a textured, SiNx-coated Si wafer with Al back contact: enhanced optical

thickness through multi-reflection of the light (red arrows)

P emitter diffusion is usually carried out in a tube furnace at 850 – 900 oC in an ambiance of

POCl3, O2 and N2. The main purpose is the creation of a p-n junction between the P-diffused

n-type surface region and the B-doped p-type wafer bulk. In the near-surface region, P doping

concentrations of more than 1020 cm−3 are achieved while the B doping concentration in the Si

base usually lies between 1014 cm−3 and 1016 cm−3. The typical shape of a P profile after 15 min

diffusion at 850 oC is shown in Fig. 2.4. A typical base doping concentration of about 1·1016 cm−3

in mc-Si is also shown. The p-n junction depth in this case is located at x = 0.24 µm where

the P and B concentration are equal. The p-n junction creates a diffusion potential throughout

the wafer thickness that allows the separation of the electron-hole pair after being generated by

absorption of a photon. An additional effect of P diffusion is that fast-diffusing metal impurity

atoms are extracted from the wafer bulk as they diffuse to the high concentration region of the

P-diffused layer. The corresponding diffusion potential is provoked by a difference in the metal

solid solubilities between the P layer and the Si bulk. The extraction of metal impurities out of

the wafer bulk and into the highly doped surface region is called “external gettering” [Kang and

Schroder, 1989]. More details on the gettering and diffusion of metal atoms in Si will be given in

section 2.2.

After the p-n junction creation, a SiNx layer is deposited on the front side of the wafer which

fulfills three different functions: (1) It serves as an ARC with an optimized refraction index and
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Figure 2.4: Simulated profile of the P concentration after 15 min PDG at 850oC in red; B base doping concentration in

blue

thickness for encapsulated solar cells of nSiN ≈ 2.1 and d≈ 70 nm because its refraction index

can be varied between 1.8 and 2.8 depending on its composition, i. e. the amount of Si and N

within the layer [Lelievre et al., 2005]. (2) Dangling bonds at the Si surface are passivated by Si

and H atoms contained in the SiNx layer []. Furthermore, the n-type emitter is passivated by fixed

positive charges in the SiNx layer which provide a diffusion barrier for minority carriers (holes)

towards the Si surface. (3) Bulk defects are passivated as hydrogen contained within the SiNx

layer is released and diffuses into the Si bulk during the contact firing [Dekkers et al., 2006].

Subsequently, during screen-print metalization, contact fingers of about 100 µm thickness and

20 µm height are printed on the front side of the wafer with an Ag-containing paste. The back

side of the wafer is fully covered with a conductive paste containing Al. Besides its function as

a back contact of the solar cell, Al atoms diffuse into the Si surface during the subsequent firing

step creating a highly p-doped layer, the so-called BSF. This p+-doped layer forms a diffusion

barrier for minority carriers in the p-type base (electrons) and prevents them from recombining at

the wafer surface. Additionally, the back side Al layer serves as a reflector for photons that have

not yet been absorbed back into the wafer bulk (see Fig. 2.3).

The last step of the industrial solar cell process is the contact co-firing which usually takes

place in a belt furnace. A typical temperature profile of the co-firing step published by Huster

[Huster, 2005] is shown in Fig. 2.5. During temperature ramp up, the organic components in the

metal pastes are burned out. The peak temperature between 800 and 900 oC is held for several

seconds to co-fire the front and rear metal contacts in order to build good ohmic contacts with
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2.1. THE INDUSTRIAL SILICON SOLAR CELL

the Si surface. Al melts at 660 oC during heat up and the forming Al-Si alloy solidifies at 577 oC

during cool down. While being liquid, the Al-rich layer at the backside of the device exhibits a

higher solubility for metal impurities and an additional external gettering effect takes place.

Figure 2.5: Temperature profile of contact co-firing in a belt furnace. After buring out organic components, the front

contact and rear contact are formed during peak firing step, and, at the same time, the BSF is formed [Huster, 2005]

The performance of the finished device is limited by different loss mechanims which will be

described in the following sections.

2.1.3 Loss mechanisms in Si solar cells

Loss mechanisms in any semiconductor-based solar cell can be basically broken down into four

different types:

• optical losses,

• thermalization losses,

• resistive losses, and

• recombination losses.

Thermalization losses of photons with an energy, hν, higher than the band gap energy of Si

(Eg = 1.12 eV) and transmission losses of photons with hν < Eg are called “physical losses”.

Physical losses cannot be reduced for first generation solar cell concepts and, together with a fill

factor limit of 89 % and voltage losses at the p-n junction, lead to a theoretical limit of the con-

version efficiency, the Shockley-Queisser limit, of 29 % for Si solar cells [Shockley and Queisser,
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1961]. Reflection and absorption losses, resistive losses and recombination losses are “technolog-

ical losses” that lead to a discrepancy between the theoretical and the real conversion efficiency of

a solar cell. They can be reduced through careful and sophisticated solar cell processing. The four

types of loss mechanisms and their dependence on the solar cell structure will be described in the

following.

Thermalization losses

When photons of energies higher than the band gap energy are absorbed in the semiconductor,

charge carriers with an excess energy hν − Eg are generated. They loose their excess energy

during collisions with phonons within 10−12 s [Würfel, 2005]. Electrons drop into lower energy

states just above the conduction band edge and holes drop into states just below the valence band

edge. This loss mechanism is called thermalization and belongs to the physical losses.

In the standard industrial Si solar cell, thermalization losses cannot be reduced. High efficiency

concepts for Si solar cells propose to reduce thermalization losses by down-conversion of the

incident high energy photons with hν > 2Eg into two photons of lower energy hν > Eg [Würfel,

2005]. However, this approach is not sufficiently developed to be applied in industrial solar cell

fabrication nowadays.

Optical losses

Three types of optical losses exist: transmission losses, reflection losses and absorption losses. The

first type refers to photons of energy lower than the semiconductor band gap, hν < Eg, that cannot

be absorbed and are transmitted through the wafer. Transmission losses are physical losses and are

unavoidable in standard Si solar cells. Sophisticated high efficiency solar cell concepts propose

a reduction of transmission losses by up-conversion of several incident low energy photons into

one photon of energy hν > Eg [Würfel, 2005]. A proof of concept with commercially available

up-converter materials has been recently given by Pan et al. [Pan et al., 2010].

Reflection losses refers to those photons that are reflected at the solar cell surface and do not

even enter the Si wafer. Absorption losses refers to photons with a sufficiently high energy, hν >

Eg, that enter the wafer surface but are transmitted through the wafer without being absorbed. Both

kinds of photons do not contribute to the generation of electron-hole pairs. As already mentioned in

the previous section, reflection losses are minimized by two steps during the solar cell fabrication

process: the fraction of reflected light, R, is decreased from about 40 % to 10 % by surface

texturiztion and down to 1 – 3 % by additional SiNx anti-reflection coating.

Absorption losses are determined by the absorption coefficient α(hν) of the material which

depends on the photon energy hν of the incident light. In indirect bandgap semiconductors like

Si, the absorption of a photon requires the participation of a phonon to maintain the balance of
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momentum. The absorption coefficient depends on the difference between incident photon energy,

band gap energy and the participating phonon energy, hΩ:

α(hν) ∝ (hν − Eg ± hΩ)2 . (2.5)

The fraction of transmitted light per photon energy is described as

T = (1−R) · exp(−α(hν) · wopt) (2.6)

where wopt is the optical thickness of the solar cell. During solar cell fabrication, the optical thick-

ness is increased with respect to the actual wafer thickness by light-trapping techniques. Light-

trapping is achieved by surface texturization in combination with an optical back side reflector

[Luque and Hegedus, 2002].

Resistive losses

Series resistances and shunts can lead to important current losses in the solar cell. The series

resistance is composed by the emitter resistance, the contact resistances and the base resistance

while the latter one is negligible in comparison to the others. Shunt losses can occur due to

processing errors like failing edge isolation. Lately, it has been observed in solar cells made from

upgraded metallurgical grade (UMG) materials that clusters of metallic impurities in the vicinity

of the p-n junction also lead to important shunt losses [Kwapil et al., 2009].

High series resistances can be avoided through adequate cell design. One approach that is start-

ing to be applied in industrial solar cell processing is the selective emitter design which consists

of higher emitter doping levels just below the metallic fingers [Kray and McIntosh, 2009].

Recombination losses

When a photon is absorbed in the semiconductor, an electron is excited from the valence band

into the conduction band and an electron-hole pair is created. Under the presence of a diffusion

potential, e. g. due to a p-n junction, the electron-hole pair is separated and charge carriers diffuse

towards their corresponding contacts where they can be collected as photo current. Electrons and

holes can exist in the excited state only for a certain time, τ , before they recombine and return

into their lower energy state. Minority carriers that recombine before being collected at the metal

contacts are counted as recombination losses. τ is called minority carrier lifetime. The mean

distance that charge carriers diffuse before they recombine is called the charge carrier diffusion

length, Ld, and is defined as

Ld =
√
Dτ, (2.7)

with D being the charge carrier diffusion coefficient.
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The continuity equation for electrons,

∂n

∂t
= Ge − Ue + divje (2.8)

describes the equilibrium between the electron generation rate, Ge and the electron recombination

rate, Ue. In equilibrium (∂n∂t = 0) and assuming that no other electron sources within the semi-

conductor (divje = 0) exist, generation and recombination rates are equal, Ge = Ue. The charge

carrier lifetime, τ , is defined as the mean time between the generation of an electron-hole pair and

its recombination. The recombination rate can be written as a quotient between the excess carrier

density, ∆n, and the mean carrier lifetime:

Ue =
∆n
τ
. (2.9)

Three different recombination mechanisms exist: radiative recombination, Auger recombination

and defect-assisted or SRH recombination in the wafer bulk and at the wafer surface. A sketch of

the three recombination mechanisms is shown in Fig. 2.6. The effective recombination rate is the

sum of the different recombination rates,

Ue,eff =
∆n
τeff

=
∑
i

∆n
τi
, (2.10)

so that the effective electron lifetime can be written as

1
τeff

=
∑
i

1
τi
. (2.11)

This result shows that the effective charge carrier lifetime is limited by the recombination mecha-

nism with the highest recombination rate and the lowest partial lifetime τi.

Figure 2.6: Sketch of the three different recombination mechanisms of electrons (blue dots) and holes (blue circles)

within a semiconductor; CB = conduction band, VB = valence band, Eg energy gap, Ed defect energy state
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Radiative recombination, as shown on the left side of Fig. 2.6, is the reverse process to photon

absorption: a photon is emitted when an electron drops from the conduction band back into the

valence band to recombine with a hole. The recombination rate for radiative recombination, Urad,

is proportional to the concentration of electrons, n, and holes, p,

Urad = Bnp, (2.12)

where B is a proportionality constant [Würfel, 2005]. In indirect semiconductors like Si, radiative

losses are negligible in comparison to other recombination losses.

Auger recombination also describes a band-to-band recombination process but the released

energy is transferred to a third charge carrier, to an electron in the conduction band or to a hole in

the valence band, as shown in the center of Fig. 2.6. The third charge carrier involved is excited

into a higher energy level and subsequently looses its excess energy due to thermalization. As two

electrons and one hole or two holes and one electrons participate in the recombination process,

respectively, the recombination rate UAug, is

UAug,e = Aen
2p for electrons and UAug,h = Ahp

2n (2.13)

for holes. The total Auger recombination rate is defined as the sum of both

UAug = np(Aen+Ahp). (2.14)

Ae and Ah are the proportionality constants for Auger recombination and their value is

Ae =Ah = =10−30 cm−6/s in Si [Würfel, 2005]. Under normal (one-sun) solar cell conditions

Auger recombination is only relevant in the highly doped regions of the wafer, i.e. the highly

doped emitter region.

The third type of recombination, the so-called SRH or defect-assisted recombination, is the

most important recombination mechanism in Si solar cells. It gets even more important when

cheaper, lower-quality Si materials with high impurity concentrations and crystalline defect den-

sities are employed to reduce the production costs of PV. As this is the main topic of this thesis,

SRH recombination will be described more in detail in the following section.

The lifetime curves of the individual recombination mechanisms and the effective lifetime as

a function of the excess minority carrier concentration, ∆n, are plotted in Fig. 2.7. The effective

lifetime is dominated by SRH recombination for injection levels up to about 1015 cm−3 and shows

an almost flat dependence on the injection level up to 1014 cm−3. A maximum effective lifetime is

found around ∆n = 1016 cm−3 and for higher injection levels, the effective lifetime is dominated

by Auger recombination and decreases with increasing injection level.
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Figure 2.7: Lifetime curves of the individual recombination mechanisms and effective lifetime as a function of the

excess minority carrier density [Kerr, 2002]

2.1.4 Shockley Read Hall Recombination

During defect-assisted recombination or SRH recombination [Hall, 1952; Shockley and

W. T. Read, 1952], charge carriers recombine via defect energy levels, Ed, within the forbidden

band of the semiconductor, as shown on the right side of Fig. 2.6. In Si, these defect energy levels

are introduced into the forbidden band by impurity atoms, by crystalline defects like dislocations

and grain boundaries, and by impurity precipitates. SRH recombination dominates charge carrier

lifetimes in Si solar cells and becomes even more important when lower quality Si materials are

used for PV applications.

The SRH recombination rate, USRH , at a single defect level, Ed, is given by

USRH =
pn− n2

i

τe0(p+ p1) + τh0(n+ n1)
(2.15)

with

p1 = nie
(Ei−Ed)/kBT and n1 = Nie

(Ed−Ei)/kBT (2.16)

where Ei is the mid gap energy, kB is the Boltzmann constant and T is the temperature. p1 and n1

are the statistical factors, ni being the intrinsic charge carrier density.

τe0 =
1

σeνthC
and τh0 =

1
σhνthC

(2.17)
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are the charge carrier lifetimes of electrons and holes under low injection conditions, respectively,

with σ the charge carrier capture cross section, νth the thermal charge carrier velocity and C the

concentration of the particular recombination active defect. The electron density,

n = n0 + ∆n, (2.18)

is the sum of the electron density in the dark, n0, and the excess electron density under illumina-

tion, ∆n. The hole density, p, can be split up in the same way, p = p0 + ∆p.

The SRH recombination rate has a maximum when the defect level coincides with mid-gap,

Ed = Ei, and in this case n1 = p1 = ni. This means that deep defect levels exhibit higher recom-

bination activity than shallow defect levels. Under low injection conditions (∆n = ∆p � p0 in

p-type and� n0 in n-type material, respectively, and p0n0 = n2
i ) the SRH recombination rate for

such deep levels defects (Ed ≈ Ei) can be simplified to

U =
∆n
τe0

= ∆nσeνthC in p-type material and (2.19)

U =
∆p
τh0

= ∆pσhνthC in n-type material. (2.20)

The SRH recombination rate is proportional to the carrier capture cross section, σ, and the defect

concentration, C. The electron capture cross section of several metal impurities in Si at room

temperature are given in Tab. 2.1. The most detrimental metal impurities in p-type Si are Ti, Cr,

and Fe with electron capture cross sections larger than 10−14 cm2. In contrast, Ni and Cr exhibit

fairly small electron capture cross sections of around 10−18 cm2 and therefore, are comparatively

harmless.

Table 2.1: Electron capture cross-sections of several metal impurities in silicon at room temperature [Graff, 1995;

Macdonald et al., 2008; Robert Hull, 1999]

Element σe(RT ) Element σe(RT )

[cm2] [cm2]

Ti 5.1·10−14 Ni 6.0·10−17

V 1.2·10−16 Cu 8.5·10−18

Cr 1.4·10−14 Zn 3.0·10−15

Mn 2.4·10−15 Pd 3.2·10−15

Fe 1.3·10−14 Pt 7.0·10−15

Co 1.7·10−15 Aui 1.3·10−16

A high density of defect states within the forbidden band also exists at the wafer surface,

mainly due to Si dangling bonds. At low injection levels, the defect-assisted recombination rate at
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the semiconductor surface Us, can be written as

Us = σνthCsn. (2.21)

Here, Cs is the density of defect states per cm2 at the semiconductor surface. The product

σνthCs = S is the surface equivalent to the bulk charge carrier lifetime and is called surface

recombination velocity (SRV).

During standard Si solar cell fabrication, the concentration of recombination active impurity

atoms in the wafer bulk is reduced by external gettering to the P-diffused layer. Certain defect

states in the wafer bulk are passivated during contact-firing by the in-diffusing H. The latest re-

search has shown that in this way, mainly crystalline defects like grain boundaries (GBs) and

dislocations (DLs) seem to be passivated [Bertoni et al., 2010]. Some defect states at the wafer

surface are passivated by SiNx deposition.

When lower-purity SoG-Si materials are employed for solar cell fabrication, SRH-

recombination becomes the dominant loss mechanism in Si solar cells. Therefore, a more efficient

extraction or passivation of recombination active impurity atoms becomes necessary in order to

maintain or even improve device performance. To successfully engineer defects in Si, it is neces-

sary to understand the main aspects of the thermodynamics of defects in Si which are described in

the next section.

2.2 Thermodynamics of point defects in silicon

The thermodynamics of point defects plays an important role during the solar cell fabrication pro-

cess. The in-diffusion of dopant atoms (like P, Al or Ga in the case of Si) for the creation of the p-n

junction or the BSF, but also the in-diffusion and redistribution of impurity atoms, self-interstitials

and vacancies in the semiconductor bulk are primarily determined by the diffusivity and the solu-

bility of these point defects within the semiconductor crystal. All diffusion processes during solar

cell fabrication can be mathematically described by the diffusion equation and the macroscopic

parameter diffusivity, both being elucidated in this section. Subsequently, the concepts of the solid

solubility of impurity atoms within the semiconductor and of the segregation coefficient are ex-

plained. Finally, different defect engineering tools are discussed, including gettering techniques,

that are applied during solar cell fabrication to manipulate the concentration and distribution of

impurity atoms within the Si wafer.
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2.2.1 Diffusion equation and diffusivity

Fluxes of chemical species within a solid body can arise from different types of driving forces

[Balluffi et al., 2005]. All driving forces affecting the diffusing species can be expressed by a gen-

eralized diffusion potential, Φβ . The atomic flux, ~Jβ , of species β is represented by the negative

gradient of this potential:

~Jβ = −∇Φβ (2.22)

When the atomic flux is caused by a concentration gradient and no other driving forces for diffu-

sion exist, the diffusion potential is identical with the chemical potential of the diffusing species,

Φβ = µβ , so that

~Jβ = −∇µβ. (2.23)

The chemical potential of a species, µβ , is related to its concentration, Cβ , by the following ex-

pression:

µβ = µ0
β + kBT ln (γβCβ) . (2.24)

Here, µ0
β is the concentration-independent part of the chemical potential of species β that only

depends on the temperature and γβ is the activity coefficient. As the experimental assessment of

a concentration gradient is much easier than that of a chemical potential gradient, the atomic flux

due to a concentration gradient is usually expressed in the empirical form

~Jβ = −Dβ∇Cβ (2.25)

where the coupling factorDβ is called the diffusivity or diffusion coefficient of species β. Eq. 2.25

is called Fick’s first law of diffusion. As the concentration of a certain species is a conserved

quantity (div Cβ = 0) its continuity equation can be written as

∂Cβ
∂t

= −∇ ~Jβ = −∇ (Dβ∇Cβ) . (2.26)

This is Fick’s second law of diffusion. For a constant diffusion coefficient this partial differential

equation is relatively easy to solve. Nevertheless, the diffusion coefficient might be a function

of time, e. g. for temperature variations, of crystallographic orientation, or of the concentration

itself, as it is the case for P emitter diffusion which we will see in chapter 4. For non-constant Dβ ,

numerical solutions might be required.

The macroscopic quantity diffusivity, Dβ , describes the average microscopic displacement of

many atomistic particles of type β within a certain period of time [Balluffi et al., 2005]. Dis-

placements of atomistic particles are usually thermally activated jumps between positions of local
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minimum energy. The jump rate, Γ, depends on the vibration rate, νvib, of the particle in its

minimum-energy position and the excitation energy required for the jump, the so-called activation

energy of migration, Em:

Γ = νvib · exp
(
− Em
kBT

)
. (2.27)

Mainly three different diffusion mechanisms exist: the interstitial, the vacancy and the intersti-

tialcy diffusion mechanism. In the case of interstitial diffusion, when the particle diffusion is

not correlated to the diffusion of other particles, the macroscopic diffusivity for one-dimensional

diffusion is simply related to the jump rate and to the mean-square displacement,
〈
r2
〉
:

D =
Γ
〈
r2
〉

2
. (2.28)

Interstitial diffusers are usually much smaller than the host atoms and jump between interstitial

sites of the host crystal. Many transition metal atoms are interstitial diffusers in Si, one of them is

Fe.

If particle diffusion takes place via the vacancy mechanism or the interstitialcy mechanism,

a correlation factor f has to be introduced into Eq. 2.28 which accounts for the probability of

correlated jumps of different particles. This is the case for substitutional diffusers like dopant

atoms. The more generalized form of Eq. 2.28 for d-dimensional diffusion becomes

D =
Γ
〈
r2
〉

2d
f. (2.29)

In Si, besides the dopant atoms B, P, Al etc., some metal atoms (e. g. Au) also diffuse in sub-

stitutional form. In general, diffusion coefficients of interstitial diffusers are higher than those of

substitutional diffusers. As a consequence, interstitial diffusers in Si are usually responsible for

external contamination of the Si ingot. However, their distribution and concentration can be ma-

nipulated more easily by different defect engineering tools which will described in section 2.2.3.

As an example, the diffusivity of Fe in Si as a function of temperature, experimentally found

by Weber et al. [Weber, 1983], is:

DSi
Fe = 1.3 · 10−3exp

(
− 0.68
kBT

)
. (2.30)

At 850 oC, a typical process temperature during solar cell fabrication, the diffusivity of interstitial

Fe atoms in Si is 1.16·10−6 cm2/s. In Tab. 2.2, the diffusivity values of different other metal

impurities typically found in Si are given for T = 850 oC. The fastest diffusers in Si are Cu, Ni and

Co with diffusivities around 10−5 cm2/s. In contrast, very slow interstitial diffusers in Si are Ti, V

and Cr with diffusivities as low as 10−10 cm2/s.
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Table 2.2: Diffusion coefficients and solid solubilities of different metal impurities in Si at 850 oC [Aoki et al., 1992;

Graff, 1995; Robert Hull, 1999]

Element D(850 oC) S(850 oC) Element D(850 oC) S(850 oC)

[cm2/s] [cm−3] [cm2/s] [cm−3]

Ti 1.35·10−10 6.97·1010 Ni 1.56·10−5 3.54·1016

V 1.0·10−9 2.21·109 Cu 5.53·10−5 1.13·1017

Cr 3.48·10−8 1.65·1012 Zn 5.4·10−11 1.36·1015

Mn 1.04·10−6 1.66·1013 Pd 8.13·10−6 1.43·1015

Fe 1.16·10−6 1.6·1013 Pt 9.12·10−18 6.15·1014

Co 2.12·10−5 1.99·1013 Au 5.86·10−12 2.66·1013

2.2.2 Solid solubility and segregation coefficient

The solid solubility, Sαβ , of a chemical species β within the solid of a second species α describes

the concentration limit at which the solute species β can be present in αwithout forming a separate

phase. In the phase diagram of α and β shown in Fig. 2.8, the solid solubility limit is given as

the solidus line. In concentrations below the solid solubility limit, the species β can be present

in the crystal matrix of α on interstitial or substitutional lattice sites. The solid solubility of one

species within another is an exponentially decreasing function of temperature below the eutectic

temperature of the system. For concentrations of β higher than its solid solubility limit at a certain

temperature, residual amounts of β are present in form of precipitates, forming a separate phase

consisting of both species, α + β.

For example, the solid solubility of Fe in Si as a function of temperature, experimentally found

by Aoki et al. [Aoki et al., 1992], is:

SSiFe = 4.3 · 1022exp
(
− 2.1
kBT

)
. (2.31)

At 850 oC, Fe atoms in Si may be present in interstitial form with concentrations up to

1.6·1013 cm−3. However, much higher concentrations of Fe between 1014 and 1016 cm−3 are

typically found in mc-Si by means of chemical analysis [Istratov et al., 2003; Macdonald et al.,

2002]. Therefore, in mc-Si, high amounts of Fe are present in precipitated form. Fe + Si can pre-

cipitate in three different phases, alpha, beta and gamma iron silicide [Dusausoy et al., 1971; Lin

et al., 1994]. α-FeSi2 is a metallic tetragonal phase, stable at temperatures >950 oC, β-FeSi2 is

a semiconducting orthorhombic phase, stable at temperatures <950 oC, and γ-FeSi2 is a metallic

phase with CaF2 type structure that was found to be stable for very small precipitates (<5 nm) and

at temperatures below 730 oC. Typical processing temperatures of silicon solar cells are ≤900 oC
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Figure 2.8: Phase diagram of the chemical species α and β as a function of temperature [Fab]

and Fe precipitates much larger than 5 nm were found in mc-Si Buonassisi et al. [2005b] so that

β-FeSi2 is assumed to be the dominating phase of precipitated Fe throughout this thesis.

In Tab. 2.2, the solid solubility values of different other metal impurities typically found in

Si are given for T = 850 oC. Cu and Ni exhibit the highest solid solubilities of around 1016 to

1017 cm−3 while Ti and V exhibit the lowest ones around 109 to 1010 cm−3.

In most cases, the solubility of a species is higher within a liquid phase than within a solid

phase [Gandhi, 1983],

Sliquid > Ssolid ⇔ k =
Ssolid
Sliquid

< 1. (2.32)

The quotient between the different solubilities defines the the segregation coefficient k. The dif-

ference in solubilities plays an important role during crystal growth. Dopant and impurity atoms

(except oxygen) experience a higher solubility in the Si melt than in the solidified Si. Therefore,

during successive crystal growth, only a small fraction of the foreign atoms segregates in the so-

lidified fraction while the vast majority remains in the molten fraction. After crystal growth, the

impurity concentration along the ingot exhibits a typical profile described by the Scheil equation

[Brown and Kim, 1991; Scheil, 1942],

Cβw = Cβf k
β
eff (1− fs)k

β
eff−1. (2.33)

Here, Cβf is the concentration of impurity β in the feedstock material, Cβw within the solidified

fraction of the crystalline ingot and kβeff is its effective segregation coefficient. The latter depends

on the equilibrium segregation coefficient kβ0 and on the growth parameters of the crystallization
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process. fs is the solidified fraction of the ingot. The keff of metal impurities in mc-Si is higher

than in mono-Si, presumably due to an enhanced segregation at grain boundaries and other ex-

tended defects [Macdonald et al., 2005; S. Pizzini, 2005] in mc-Si. Macdonald et al. [Macdonald

et al., 2005] considered a three-phase segregation, where extended defects are treated as a third

phase. They estimated that the effective segregation coefficient of Fe in commercially available

mc-Si is ≤ 5·10−2 but the exact value could not be calculated as the initial Fe concentration in

the Si feedstock, CFef , was unknown. In 2008, Kvande et al. [Kvande et al., 2008] published a

segregation coefficient of kFeeff = 2·10−5 for a smaller laboratory-sized mc-Si ingot grown from in-

tentionally Fe-contaminated Si feedstock of knownCFef . Pizzini et al. [S. Pizzini, 2005] published

effective segregation coefficients of different metal impurities mc-Si ingots grown from purified

metallurgical grade feedstock. In Tab. 2.3, the equilibrium segregation coefficients of Ti, Cr, Fe

and Cu in Si [Robert Hull, 1999], their effective segregation coefficients during CZ growth with

typical process parameters [Gandhi, 1983] and their segregation coefficients in DS grown mc-Si

[S. Pizzini, 2005] are shown. Due to impurity segregation to the tail part of the ingot, a large

amount of impurity atoms is removed from the Si during crystallization. Therefore, the crystal-

lization step contributes significantly to the purification of SoG-Si material.

Table 2.3: Equilibrium segregation coefficients [Robert Hull, 1999] and effective segregation coefficients of different

metal contaminants CZ grown mono-Si (typical process values) [Gandhi, 1983] and in directionally solidified mc-Si

[S. Pizzini, 2005]

Element k0 keff in CZ keff in DS

Ti 3.6·10−4 5.3·10−4 2.5·10−3

Cr 1.1·10−5 1.6·10−5 3.7·10−3

Fe 8·10−6 1.2·10−5 6.4·10−4

Cu 4·10−4 5.9·10−4 2.0·10−3

A segregation coefficient can also be defined for differing solubilities within two different

solid phases. For example, the Coulomb attraction between charged dopant atoms and oppositely

charged metal impurity atoms may lead to a bonding of both and thus to an increased solubility

of the impurity atom in the highly doped zone. Furthermore, the energy of charged point defects

might be lower in highly doped regions due to the shift of the Fermi-level, resulting in a higher

solubility there. Besides the enhancement of the solid solubility due to Coulomb interactions and

the Fermi-level effect, mechanical interactions also play a role. The solubility of impurity atoms

around extended crystalline defects, e. g. dislocations, precipitates and grain boundaries, is usually

enhanced due to stresses in the crystal lattice. For example, the stress field around a dislocation
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is called Cottrell atmosphere and exhibits an enhanced solid solubility around the dislocation that

exponentially decreases to its equilibrium value with increasing distance from the dislocation core

[Balluffi et al., 2005].

During semiconductor device processing, one makes use of the differences of solid solubility

in the different device areas. Impurity atoms are re-distributed within the semiconductor wafer in

order to minimize their negative impact on device performance. The different defect engineering

tools that are applied during solar cell fabrication are presented in the following section.

2.2.3 Defect engineering during solar cell fabrication

As-grown wafers made from lower-quality Si materials for cheaper solar cell production usually

exhibit very low charge carrier lifetimes. As these wafers usually contain high concentrations of

impurity atoms (e. g. transition metals) and crystalline defects, the main recombination mechanism

in those wafers is the defect-assisted or SRH recombination, described in section 2.1.4. To achieve

competitive solar cell efficiencies on those wafers, SRH recombination needs to be reduced sig-

nificantly, either by the reduction of recombination active defects or their passivation during the

solar cell fabrication process.

Myers et al. [Myers et al., 2000] distinguish five different mechanisms to reduce the concen-

tration of transition metal atoms within the Si bulk:

1. segregation into a second phase,

2. interaction with electronic dopants (Fermi-level effect),

3. P diffusion gettering (as a mix of the former two),

4. metal-silicide precipitation, and

5. atomic trapping by defects.

In this thesis, the reduction mechanisms 1 – 3 are classified as external gettering and 4 and 5 as

internal gettering. A relatively new concept for solar cell processing is the extended gettering, pre-

sumably a combination of internal and external gettering during variable temperature processing.

All gettering types will be described separately in the following subsections. Finally, although not

topic of this thesis, the concept of defect passivation is discussed shortly.

External gettering

To reduce the total content of metallic impurities in the wafer bulk, commonly one or several ex-

ternal gettering steps are introduced into the solar cell fabrication process. External gettering or
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segregation gettering of atomic point defects is based on the fact that the solubility of most impu-

rities is higher in the external gettering layer than in the Si bulk. During Si solar cell processing,

such external gettering layers are the highly P-diffused emitter on the front side and the Al-Si layer

on the backside of the solar cell.

During P emitter diffusion, interstitial impurity atoms diffuse towards the highly P-doped sur-

face layer, the driving force presumably being a Coulomb attraction to the positively charged P

atoms and/or the higher Fermi-level [Kang and Schroder, 1989; Myers et al., 2000]. Furthermore,

impurity atoms might experience a higher solubility in the phosphor silicate glass layer that forms

at the wafer surface and is possibly liquid at these process temperatures [del Cañizo, 2000]. Lastly,

impurity interactions with intrinsic defects that develop during in-diffusion of high amounts of P,

also seems to play an important role during PDG. For example, the Coulomb attraction between

positively charged Fei atoms with doubly negative charged Si vacancies forming during PDG is

assumed to be the main driving force for Fei-gettering to the P-diffused layer in a very recent

model by Haarahiltunen et al. [Haarahiltunen et al., 2009]. This model will be further elucidated

in chapter 4.

During contact co-firing, at temperatures above 660oC, the Al layer on the backside of the

wafer melts and forms an eutectic Al-Si layer which remains liquid during cool down above 577oC.

While being liquid, it exhibits a higher solid solubility for impurity atoms. However, it is not clear

if the short industrial contact co-firing step of several seconds (see Fig. 2.5) is long enough to

achieve a significant diffusion and segregation of impurity atoms to the Al-Si layer.

In general, only impurities that form interstitial point defects (Fe, Cr, Cu, Co, Ag) can be

directly extracted by gettering as they are mobile within the crystal lattice, as opposed to substi-

tutional point defects (As, Sb, Sn, Zn) [Macdonald et al., 2002]. To remove substitutional point

defects during a gettering process, they have to be converted into interstitial point defects by a

kick-out process. During phosphorus gettering, phosphorus atoms inject self-interstitials in the

silicon which kick out substitutional point defects from their lattice sites, converting them into

interstitials. Nevertheless, it is not possible to remove all interstitial impurities by means of an

external gettering process. This is due to several limiting parameters [Buonassisi et al., 2006a]:

• the limited dissolution of precipitates and the limited diffusivity of point defects

• the limited segregation coefficient in silicon and in the gettering layer

• the limited capacity of the gettering layer

• the limited gettering time because of competing demands of solar cell processing (e.g. junc-

tion depth)
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• the competition between the gettering layer and crystal defects as energetic sinks (e.g. grain

boundaries in mc-Si)

It has been observed that impurity extraction by means of a standard gettering step is not as

efficient for mc-Si as for mono-Si [Bentzen et al., 2006b; Buonassisi et al., 2004b; Istratov et al.,

2003]. As metal impurities have higher segregation coefficients in mc-Si, their total concentration

is also higher and big amounts are present in form of precipitates. Large metal precipitates cannot

be completely dissolved during a standard gettering step and remain in the silicon wafer [Fenning

et al., 2010; Zuschlag et al., 2010].

Internal gettering

An alternative to the extraction of impurities by external gettering is the manipulation of their dis-

tribution proposed by Buonassisi et al. [Buonassisi et al., 2005a]. The solar cell performance does

not only depend on the total impurity content in the Si wafer but also on the impurity distribution.

For example, the total iron content in typical commercially available mc-Si is detected to be as

high as 1014 − 1016 Fe cm−3 [Istratov et al., 2003; Macdonald et al., 2002]. However not all iron

seems to affect the cell performance as only amounts of 1011 − 1013 Fei cm−3 are revealed by

DLTS and µ-PCD. This indicates that not all impurity atoms are present as recombination active

point defects but to the major amount in form of precipitates, as already mentiones in the previous

section. By means of X-ray microscopy-based techniques, Buonassisi et al. [Buonassisi et al.,

2005b,c] observed and classified two different types of Fe-containing precipitates:

(1) Big particles (>1 µm) that include several metal types were found. X-Ray Fluorescence

microscopy (µ-XRF) measurements revealed that in these big particles metals are present in form

of oxides and silicates (e.g. Fe2O3, CuOx, CuO3Si). Both types of chemical phases have high

binding energies and are difficult to dissolve. These clusters are inhomogeneously distributed and

randomly orientated. It is supposed that such large clusters are inclusions which are introduced

into the silicon material via external sources.

(2) Small precipitates (≈100 nm) that include Fe, Ni and/or Cu in form of metal silicides

(FeSi2, Cu3Si) were found. These small precipitates are regularly spaced along grain boundaries

and oriented in crystal growth direction.

Figure 2.9 illustrates three types of impurity distribution that can generally be distinguished:

a homogeneous distribution of dissolved impurity atoms, a homogeneous distribution of many

small precipitates and an inhomogeneous distribution of some big precipitates. The higher the

density of recombination active centers, the lower is the charge carrier lifetime and diffusion length

(see Eq. 2.17). Thus, a high impurity concentration in form of dissolved atoms has a higher

negative impact on charge carrier lifetimes than the same impurity concentration in precipitated
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Figure 2.9: Three types of impurity distribution are distinguished. From the left to the right: all impurity atoms

dissolved, many small precipitated, few big precipitates

form. Correspondinlgy, the presence of many small, homogeneously distributed precipitates leads

to lower charge carrier lifetime than the presence of a few big precipitates.

Internal gettering or relaxation gettering refers to the reduction of recombination active point

defects (e.g. interstitial impurity atoms) through precipitation. The redistribution of precipitates by

means of Ostwald ripening [Balluffi et al., 2005; Lin et al., 1994], the dissolution of small preci-

pitates to favor the growth of big precipitates, might further increase the average distance between

precipitates and thus between recombination active centers. Thermal treatments and cooling rates

are considered as important tools to manipulate the impurity distribution and chemical state within

silicon. While fast cooling leads to supersaturation, spontaneous nucleation and thus to a high

density of precipitates, a low cooling rate is supposed to increase the size of existing precipitates

while maintaining the total precipitate density low. In other words, existing precipitates act as

internal gettering sites.

Buonassisi et al. [Buonassisi et al., 2005a] have reported on experiments, where mc-Si wafers

were intentionally contaminated with Cu, Ni and Fe and were annealed at 1200 oC for 2.5 h.

After a fast cooling to room temperature with a cooling rate of 100-250 oC/s it was observed that

the metal impurities principally precipitated along grain boundaries and Cu additionally formed

clusters at dislocations within the grains. In contrast, a slow cooling process of 12 h duration led

to the formation of less but bigger precipitates only at energetically favorable sites and no local

nucleation was observed.

A further idea related to internal gettering is to take advantage of precipitated metal alloys

found in slowly cooled metal-contaminated samples [Buonassisi et al., 2006a; Heuer et al., 2006].

The so-called internal eutectic gettering is based on the fact that eutectic and nearly-eutectic phases

exhibit very low melting points in comparison their pure components. Thus, alloy-like composi-

tions of different metals found in slowly cooled samples may be liquid at high temperature pro-

cessing steps. Such liquid droplets may act as internal gettering sites for impurity atoms due to
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higher impurity solubilities in the liquid phase. Very recently, liquid droplets containing Cu, Ni

and Fe have been observed by Hudelson et al. [Hudelson et al., 2010] by means of in-situ µ-XRF

measurements during high temperature annealing in a hot stage.

Extended gettering

Several research groups have proposed an extended gettering for mc-Si [Härkönen et al., 2003;

Plekhanov et al., 1999], consisting in a high temperature P diffusion step followed by a low tem-

perature tail. Buonassisi et al. [Buonassisi et al., 2005c] proposed a two-step gettering process

consisting of a first step at high temperature (during emitter diffusion between 800 and 900 oC) to

dissolve impurity precipitates and a second step at lower temperature (between 500 and 700 oC)

to enhance the reduction of dissolved impurity atoms. One the one hand, this enhanced reduction

of the dissolved impurity concentration might occur due to an enhanced segregation gettering at

lower temperatures because of a higher segregation coefficient in the gettering layer. On the other

hand, it might occur due to an enhanced relaxation gettering because of the reduced solid solubility

at lower temperatures.

Manshanden et al. [Manshanden and Geerligs, 2006], Tan et al. [Tan et al., 2007], Schwaderer

et al. [Schwaderer et al., 2007], Pickett and Buonassisi [Pickett and Buonassisi, 2008], and Rinio

et al. [Rinio et al., 2008] have confirmed the effectiveness of such a two-step gettering experimen-

tally. An increase in lifetime of up to a factor 10 and a solar cell efficiency increase of up to 1 %

absolute were reported on low quality mc-Si. However, it was not clear, which of the two gettering

mechanisms is responsable for the increased charge carrier lifetimes and solar cell efficiecies. In

chapter 5.2 of this thesis, the effects of both gettering mechanisms on the electron lifetime and on

the concentration of dissolved iron will be investigated separately during slow cooling treatments.

Defect passivation

Another important issue is to understand the chemical state of impurities in silicon and their inter-

actions with other impurity types. Some chemical compounds may introduce defect states within

the forbidden band while other compounds formed by the same components do not introduce such

recombination active states. Once the recombination active compounds are identified, defect reac-

tions have to be found to move impurities into electrically inactive states [Istratov et al., 2003].

In a typical industrial solar cell process, a co-firing step is included at the end of the process to

form the front and back metallic contacts. During this fast annealing step at about 800 – 900 oC,

hydrogen contained in the SiNx anti-reflection coating diffuses into the bulk of the silicon sub-

strate. After hydrogenation, an increase of the minority carrier lifetime between 50 % and 400 %

has been reported for mc, dendritic web, EFG and string ribbon silicon [Duerinickx and Szlufcik,

2002; Martinuzzi et al., 2003; Nagel et al., 1997; Rohatgi et al., 2001; Tan et al., 2007].
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There is an ongoing discussion if only crystalline defects (e. g. dislocations) or also metallic

impurities are passivated by the indiffused hydrogen. On the one hand, Buonassisi et al. [Buonas-

sisi et al., 2004a] found large electrically inactive iron precipitates near dislocation bunches after

hydrogenation of Fe doped Si/Si0.98Ge0.02/Si samples. On the other hand, Tan et al. [Tan et al.,

2007] measured the recombinative impact of interstitial iron, Fei, before and after a hydrogenation

step by means of dissociation of Fe-B pairs (see section 2.3.2) and they found an improvement in

lifetime that was primarily caused by the passivation of other recombination active defects apart

from Fei. Bentzen et al. [Bentzen et al., 2006b] even found that only grains of low metal content

are effectively hydrogen passivated. They claim that dislocations which are already metal deco-

rated cannot be effectively passivated by hydrogen. This result was confirmed very recently by

Bertoni et al. [Bertoni et al., 2010].

2.3 Applied characterization methods

Charge carrier lifetime is one of the most important parameters to determine the conversion effi-

ciency of the crystalline Si solar cell. In this section, two different methods for its experimental

assessment are presented. Then, the non-destructive and contactless method for the detection of

Fei atoms within the Si wafer, Fe-B pair dissociation, is explained. Finally, µ-XRF as a means for

the detection of precipitated Fe is elucidated.

2.3.1 Charge carrier lifetime and its experimental assessment

In this work, two different techniques have been applied to measure the effective minority carrier

lifetime on Si wafers, Quasi Steady-State Photoconductance (QSSPC) [Sinton and Cuevas, 1996]

and Microwave-detected Photoconductance Decay (MW-PCD) [Basore and Hansen, 1990]. Both

techniques are based on the measurement of the sample conductivity change due to the generation

of electron-hole pairs under illumination. The increase in sample conductivity, ∆κ, is directly

proportional to the excess carrier concentration,

∆n(t) =
∆κ(t)

qW (µe + µh)
, (2.34)

with q the electron charge, W is the wafer thickness, and µe and µh the electron and hole mobility

in Si. Combining Eqs. 2.8 and 2.10, the effective electron lifetime can be written as

τeff (∆n) =
∆n(t)

Ge(t)− ∂n(t)
∂t

. (2.35)

Substituting ∆n(t) with Eq. 2.34, the effective carrier lifetime can be calculated from the measured

conductivity change.
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Quasi-Steady State Photoconductance

During QSSPC measurement, the conductivity change is measured during quasi-constant illumi-

nation which consists in a slowly decaying light flash. Constant illumination has to be avoided

because a possible sample heating can influence charge carrier lifetimes. Nevertheless, a quasi-

steady state carrier generation rate can be assumed as long as the decay time of the flash is much

longer than the charge carrier lifetime. Furthermore, the decaying illumination intensity allows

to measure the sample conductivity at different light intensities, providing lifetime values over a

wide range of injection levels. Under quasi-steady state illumination, Eq. 2.35 reduces to

τeff (∆n) =
∆n(t)
Ge(t)

. (2.36)

The photo generation,

Ge(t) =
Pfabs
W

, (2.37)

is measured at each point with the help of a calibrated reference cell. It depends on the number

of incident photons, P , on the fraction of photons absorbed in the sample, fabs, and on the wafer

thickness W .

In this work, the QSSPC setup WCT-120 from Sinton Consulting shown in Fig. 2.10 has been

used. The change in photoconductivity is detected by means of a voltage induced in an inductively

coupled RF circuit. The decay time of the applied light flash is 2.3 ms and samples with effective

lifetimes ≤50 µs can be accurately measured. The conductivity measurement is averaged over an

area of about 2 cm2 of the sample so that the measured carrier lifetime is a mean lifetime averaged

over this sample area as well.

Microwave-detected Phodoconductance Decay

The PCD technique is based on the measurement of the conductivity transient. Electron-hole

pairs are generated with a laser pulse and the measurement is carried out during the exponential

conductivity decay after the pulse (G(t) = 0). In this case, Eq. 2.35 can be simplified to

τeff (∆n) =
∆n(t)
∂n(t)
∂t

. (2.38)

and the solution of this differential equation yields

∆n(t) = ∆n(0)exp
(
− t

τeff

)
. (2.39)

From the exponential decay function, the differential effective lifetime, τeff , is extracted.

In the applied MW-PCD setup from Semilab, changes in conductivity are measured by means

of microwave reflection. The reflection of electromagnetic radiation is sensitive to conductivity
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Figure 2.10: Sketch of the WCT-120 from Sinton Consulting with adjustable flash duration for lifetime measurements

in QSSPC or in PCD mode; change in sample conductivity after illumination measured by means of an inductively

coupled RF bridge; illumination intensity measured by a calibrated photo diode

changes in the solid so that changes in the sample conductivity can be deduced from the reflected

microwaves. The applied setup includes four lasers of different wavelengths, λ, in the red and near

infrared spectrum. Electron-hole pairs are created point by point by a 200 ns laser pulse. This way,

the sample is scanned and a spatially resolved lifetime mapping of the wafer with a resolution of

250× 250 µm2 is created.

As an example, the photo-scan and the corresponding lifetime mapping of a 156×156 mm2

mc-Si wafer is shown in Fig. 2.11. The grain boundaries within the mc-Si wafer have been super-

posed with the lifetime mapping. In some wafer areas, the high and low lifetime areas correspond

very well to certain grains. Large zones of low lifetime, e. g. at the borders of the wafer, presum-

ably correspond to areas of high dislocation densities.

One disadvantage of the PCD measurement is that the measurement is usually performed at

high injection levels in order to improve the signal-to-noise ratio while the solar cell operates at

low injection levels. The injection level during the MW-PCD measurement is usually unknown.

The actual lifetime measured by QSSPC and the differential lifetime measured by MW-PCD

are not identical and the different methods can result in different lifetime values on the same sam-
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Figure 2.11: Photo-scan (left) and corresponding lifetime mapping (right) of a mc-Si wafer measured by means of

µ-PCD; grain boundaries are superposed over the lifetime mapping

ple [Schmidt, 1999]. However, in this work, both techniques have been applied in a complimentary

way. Absolute lifetime values have been extracted from QSSPC measurements and have been con-

trasted with lifetime distributions throughout the wafer extracted from lifetime mappings recorded

with MW-PCD.

By the two different methods, effective lifetimes are measured as defined in Eq. 2.11. Usually,

it is important to distinguish between the lifetime limited by surface recombination and charge

carrier lifetimes in the wafer bulk. In Eq. 2.11, carrier recombination at the wafer surface can be

accounted for as follows:

1
τeff

≈=
1
τb

+

[
W

2Seff
+

1
D

(
W

π

)2
]−1

, (2.40)

with W the wafer thickness, and Seff the effective SRV. The factor 2 accounts for the fact that

SRVs are assumed to be equal on both wafer sides. For sufficiently low Seff (≤250 cm/s) when

surface recombination is not limited by the carrier diffusion to the wafer surface, Eq. 2.40 can be

simplified to

1
τeff

≈=
1
τb

+
2Seff
W

. (2.41)

Surface recombination dominates the effective lifetime for very high bulk lifetimes, when the

first term on the right of Eqs. 2.40 and 2.41 approaches zero. In this case, a very good surface

passivation is required to obtain high effective minority carrier lifetimes. On the contrary, surface

passivation becomes less important, the lower the bulk lifetime is. In Fig. 2.12, the dependency of
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the effective lifetime on the bulk lifetime and on the effective SRV is shown for different effective

lifetime values.

Figure 2.12: Dependency of the effective lifetime on the bulk lifetime and on the effective surface recombination

velocity Seff .

For example, for a typical effective lifetime value of about 10 µs measured on SiNx-passivated

as-grown mc-Si wafers, the SRV does not have any influence on the measured lifetime for SRV

values up to 200 cm/s. As SRVs on p-type mc-Si samples are usually much lower than 200 cm/s

when SiNx passivation is applied, the measured effective lifetime is assumed to represent the bulk

lifetime on such SiNx-passivated mc-Si wafers.

2.3.2 Detection of interstitial iron by means of Fe-B pair dissociation

The lifetime measurements described in the previous section can be applied to determine the con-

centration of interstitial iron in a p-type Si sample. This method was first applied by Zoth and

Bergholz [Zoth and Bergholz, 1990] and has been further developed by Macdonald et al. [Mac-

donald et al., 2004]. Fei atoms in Si are positively charged and form pairs with negatively charged

acceptor atoms, usually boron. As Fei concentrations in Si are usually much lower than B doping

concentrations, all Fei atoms in the Si matrix are assumed to be paired with B.

The electron capture cross section of Fe-B pairs in p-type Si is different from the electron

capture cross section of Fei atoms so that the electron lifetimes due to recombination at these point

defects are also different (see Eq. 2.17). Fe-B pairs can be split up and separated by one-sun

illumination during several minutes so that the lifetime measurement on the sample directly after

illumination is mainly determined through recombination at Fei. When the sample is stored in
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the dark after illumination, Fe and B atoms re-pair. Complete re-pairing is achieved after several

hours in the dark depending on the doping level, i. e. on the concentration of B atoms available

for pairing. After complete re-pairing, the electron lifetime is measured again and through the

difference in lifetimes of illuminated samples and samples stored in the dark, the concentration of

Fei can be calculated:

[Fei] = C

(
1
τFei

− 1
τFe−B

)
. (2.42)

The pre-factor C can be calculated through SRH statistics (Eq. 2.15) for the two different point

defects and depends on the doping level of the measured sample, the injection level ∆n and the

capture cross sections and energy levels of the two point defects [Macdonald et al., 2004]. As an

example, the measured lifetime as a function of the injection level shortly after illumination and

after several hours storage in the dark are shown in Fig. 2.13(a). Comparing the measured lifetime

curves to the lifetime curve shown in Fig. 2.7, it is observed that up to an injection level of 2 –

3·1015 cm−3, the electron lifetime in this sample is dominated by SRH recombination. For higher

injection levels, Auger recombination is the dominant mechanism.

The corresponding calculation of the apparent Fei concentration with the help of an Excel sheet

calculation tool published by the Australian National University [FeB] is shown in Fig. 2.13(b).

Lifetime curves were recorded after 20, 40, 60, 80, 100, 120 and 180 s after illumination and the

apparent Fei concentration is extrapolated to t = 0 s, when 99.99 % of the Fe-B pairs are assumed

to be dissociated. It results that an average Fei concentration of about 3.5·1011 cm−3 seems to be

present in the sample.

(a) (b)

Figure 2.13: (a) Electron lifetime measured as a function of the injection level by QSSPC shortly after sample illumina-

tion (red dashed line) and after several hours sample storage in the dark (blue solid line); (b) apparent Fei concentration

at different times after sample illumination and linear fit for extrapolation to t = 0 s
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2.3.3 Detection of the precipitated iron distribution by µ-XRF

As already mentioned in the previous sections, not only the total concentration but also the size

and density distribution of metal precipitates in mc-Si wafers, has a great influence on the solar

cell performance. On the one hand, metal precipitates can act as internal sources of contamination

when dissolving during high-temperature processing steps inherent in silicon solar cell manufac-

turing. On the other hand, they might act as sinks for dissolved impurity atoms, facilitating the

reduction of recombination active point defects in the wafer bulk through internal gettering. The

development of theoretical models and experimental methods requires to study the redistribution

of metals during the high-temperature processing. In this work, µ-XRF analysis is applied to study

the distribution of Fe-rich precipitates in as-grown mc-Si wafers and their re-distribution during

solar cell fabrication.

Principle of measurement

When atoms, molecules or solid bodies are irradiated with X-rays of sufficiently high energy,

the irradiated object will emit X-rays of lower energy itself. This phenomena is called X-ray

fluorescence (XRF) [Haken and Wolf, 1980]. Through the incident X-rays, electrons of the inner

atomic shells are excited into higher energy states and leave the atom (photo effect). The remaining

empty electron state is filled up by an electron of higher energy from one of the outer atomic

shells (see Fig. 2.14). This second electron looses its extra energy by photon emission (X-ray

fluorescence) or the extra energy will be transferred to a third electron that will leave the atom

(Auger effect). The probability of the emission of fluorescent X-radiation is higher for heavy

elements with an atomic number >20. All possible transitions of electrons from outer shells to the

inner shell take place at the same time. All transitions from outer shells to the very inner shell of

one atom are denoted as K series. Within this series, the different transitions are denoted by Greek

letters (Kα, Kβ etc.). The discrete energies of the fluorescent X-radiation are a fingerprint of the

particular chemical element.

Figure 2.14: Principle of X-ray fluorescence: ionization of an atom by a high energy photon (light blue) and subsequent

emission of characteristic photon of lower energy (red)
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The exciting X-radiation can be generated in two different ways: (1) by the excitation of a

chemical element and the subsequent emission of its characteristic X-radiation of particular wave-

lengths or (2) by the acceleration of charged particles and the subsequent emission of continuous

X-radiation, also called bremsstrahlung. In practice, the second type of X-radiation is usually

generated by the deflection of electrons within an electromagnetic field in a particle accelerator,

the so-called synchrotron. In the framework of this thesis, high spatial resolution µ-XRF maps

were recorded at the synchrotron Advanced Photon Source at the Argonne National Laboratory in

Illinois, USA, at beamline 2-ID-D [Cai et al., 2000].

Data evaluation

All µ-XRF maps were measured at 7140 eV, just above the Fe Kα absorption edge for maximum

sensitivity to Fe. The spectra associated with each pixel of the µ-XRF maps were quantified by

measuring µ-XRF standards 1832 and 1832 from National Institute of Standards and Technology

(NIST) immediately following each experimental sample with the same detector geometry. Peak

fitting was performed according to the procedure outlined in [Vogt et al., 2003]. A typical map of

Fe along a grain boundary in an as-grown mc-Si sample is shown in Fig. 2.15(a).

(a) Fe XRF Map (b) Elastic Map

Figure 2.15: (a) Noise-subtracted 2D XRF map of Fe. Color (z-values) for Fe map in µg/cm2. X and Y dimensions are

in pixels. Pixels were 220 x 220 nm2. (b) The corresponding elastic channel map is shown. Color in arbitrary units.

High elastic contrast is seen across the grain boundary. The spatial distribution of Fe shows a strong segregation of Fe

particles to the grain boundary region.

Comparing the elastically-scattered data to the fluorescence map, shown in Fig. 2.15(b), one

can locate where the grain boundary exits the wafer surface using image processing edge detection

methods. Scattering intensities are observed to vary across a grain boundary because the crystal

orientation determines the angular dependence of scattering (as in X-Ray Diffraction), and the

detector subtends only a small solid angle. Because in the literature precipitates in multi-crystalline
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silicon have been observed almost exclusively within the grain boundary plane rather than in the

bulk of the grain, it is assumed that one can calculate the depth of a precipitate by simple geometry,

knowing the distance from the particle to the nearest point where the grain boundary exits the

surface and the angle of the grain boundary with respect to that surface.

To estimate the precipitate size, first, the Fe loading value is converted from µg/cm2 at the

surface to an effective number of fluorescing Fe atoms, Natoms, by:

Natoms = L ·
(
π ∗D2

4

)
· NA

MMFe
(2.43)

where L is the loading of Fe in µg/cm2, D is the full-width half maximum (FWHM) diameter

of the incident beam in cm, NA is Avogadro’s number, and MMFe is the molar mass of Fe in

µg/mol.

Finally, the number of atoms per precipitate can be converted into the precipitate size when the

volume is known that one Fe atoms occupies within the precipitate. As mentioned in section 2.2.2,

the semiconducting β-FeSi2 has found to be the most stable phase below 950 oC. β-FeSi2 has an

orthorhombic unit cell with a = (9.863± 0.007), b = (7.791± 0.006) and c = (7.833± 0.006) Å,

and it consists of 16 Fe and 32 Si atoms [Dusausoy et al., 1971]. Therefore, the primitive unit

cell consisting of one Fe and two Si atoms has a volume of a · b · c/16 = 3.762·10−23 cm−3. This

volume will be used to calculate the Fe precipitate size throughout this thesis.

2.4 Chapter summary

In this chapter, the production chain of a Si solar cell, from the reduction of quartz to the fabri-

cation of the final device, has been shortly described. The main loss mechanisms of the solar cell

have been elucidated, emphasizing defect-assisted or SRH recombination as one of the most im-

portant loss mechanisms in solar cells fabricated from lower-quality, low-cost Si materials. High

concentrations of impurities are present in these materials, Fe being one of the most abundant and

detrimental metal impurity in mc-Si. They form recombination active point defects, precipitates

or decorate structural defects, and are responsible for low minority carrier lifetimes.

Besides their capture cross section, different impurity types are characterized by their diffu-

sivity and their solid solubility in Si. Both are fundamental, temperature-dependent quantities that

have been introduced in this chapter. During solar cell processing, the concentration and distribu-

tion of impurities can be manipulated by different defect engineering tools. Several mechanisms

for the reduction of recombination active point defects, e. g. external gettering, internal gettering

and extended gettering, have been described.

During this thesis, different experimental methods are applied to quantify the concentration

and potential impact of certain defects, first of all Fe-related defects, on the solar cell perfor-
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mance. Minority carrier lifetimes are monitored by means of QSSPC and MW-PCD during all

experimental procedures. Accordingly, the concentration of interstitial Fe is monitored by means

of the Fe-B pair dissociation method. However, in mc-Si, metal impurities are usually present

in amounts much larger than their solid solubility limit in Si so that major concentrations are

present in precipitated form. To investigate the distribution Fe-containing precipitates, µ-XRF

analysis is applied. The chemical analysis of interstitial and precipitated Fe allows one to study

the re-distribution of Fe during different thermal treatments of the solar cell process. Combin-

ing chemical analysis with minority carrier lifetime measurements, the potential impact of the Fe

(re-)distribution on the device performance is investigated.
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Chapter 3

Acceptable contamination levels in solar

grade silicon: from feedstock to solar

cell

During the last few decades, the mayor part of pure poly-Si was produced for the microelectronic

industry. In comparison, the PV industry was a very small sector and the waste Si from the micro-

electronic industry was enough to cover the demand of PV. In the year 2004, for the first time, the

demand of pure Si exceeded its production volume due to the starting exponential growth of the

PV sector as shown in Fig. 1.1. The imminent Si shortage was the impulse for developing alterna-

tive processes of Si purification for PV and to detach from the dependency on the microelectronic

industry. Besides, SoG Si for PV applications requires lower purity levels than electronic grade

(EG) Si for microelectronics. As the cost of purification increases with increasing purity of the

final material, research focused on cheaper ways of purification adapted to the PV specific purity

requirements. Some of the alternative processes consist of direct refinement of the MG-Si in order

to obtain higher purity UMG Si. Other approaches consist in the modification of the traditionally

applied Siemens process in order to reduce its high energy and material consumption [del Coso

et al., 2008]. The key question is what contamination levels in silicon can be considered as ac-

ceptable, i. e. what contamination levels are allowed to maintain the performance of the solar cell?

Criteria for the specification of SoG Si that were published by different authors differ in orders

of magnitude and the origin of these values is not always clearly justified [Davis et al., 1980;

del Cañizo et al., 2005; Geerligs et al., 2005; Murray et al., 2006; Nepomnyaschikh et al., 2002;

Pizzini et al., 1986; Sarti and Einhaus, 2002; Yuge et al., 2001]. Some of the data together with

the contamination levels found in EG Si are given in Tab. 3.1.

The objective of this chapter is to calculate the acceptable contamination levels in silicon for

PV applications at different stages of the solar cell fabrication chain (see Fig. 3.1). The method pro-



Table 3.1: Literature threshold values of different impurity types for the specification of SoG Si feedstock material

(Cf ) and wafers (Cw); multi- and monocrystalline Si wafers materials are considered; the corresponding contamination

levels found in EG Si are also shown

In the early eighties, the well-known Westinghouse study was carried out: the performance of

solar cells that were made of intentionally contaminated CZ-grown mono-Si wafers were

investigated [Davis et al., 1980; Hopkins et al., January 1980]. Recently, Geerligs et al. [Geerligs

et al., 2005] started to repeat these extensive experiments for mc-Si.

Cf Cf Cf Cf Cw Cw

McCormick Murray Geerligs Canizo Canizo Davis

EG Si - mc mono mono mono

Element [ppma] [ppma] [ppma] [ppma] [ppma] [ppma]

Ti <0.003 0.4 0.17 2·10−3 4·10−7 5·10−6

Cr <0.003 3 - 0.1 1·10−5 8·10−4

Fe <0.01 20 <16 9 5·10−4 1·10−3

Cu <0.003 6 - 8 0.02 1

posed, combining simplicity and accuracy, is described with detail to justify the values obtained.

It allows one to revisit the hypotheses and recalculate the values, if necessary. The calculation

is done ”backwards”, first estimating the acceptable impurity concentration in a mc-Si solar cell,

Cc, then in the silicon wafer, Cw, and finally in the silicon feedstock starting material, Cf . Four

representative metal impurities, Cu, Fe, Cr and Ti, are chosen that are typically found in SoG Si.

As interstitial diffusers they cover a wide range of diffusivities and electron capture cross-sections

in Si (see Tab. 2.2).

Figure 3.1: Scheme of the solar cell fabrication chain considered in the calculations; impurity concentrations Cf , Cw

and Cc correspond to concentration in the silicon feedstock, in the silicon wafer and in the solar cell.

Cañizo et al. [del Cañizo et al., 2005] carried out similar calculations for mono-Si solar cells

and their results are shown in Tab. 3.1. As opposed to their calculations, in the present work, the

presence of high amounts of impurities in form of precipitates in mc-Si are taken into account.
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CHAPTER 3. ACCEPTABLE CONTAMINATION LEVELS

3.1 Theoretical Model

Calculations are done for p-type based silicon devices. The starting point for the calculations is

an electron lifetime in the final device of τe = 20 µs. This value approximately corresponds to an

electron diffusion length of Ld = 250 µm and thus to a typical thickness of an industrial solar cell.

PC1D simulations show that this lifetime value can lead to solar cell efficiencies around 15 %.

3.1.1 Contamination level Cc in the silicon solar cell

In a first step, the acceptable concentration Cβc of the impurity type β in the solar cell is calculated.

Only SRH recombination [Hall, 1952; Shockley and W. T. Read, 1952] at metal atomic point

defects as well as recombination at their precipitates are taken into consideration. To account for

the presence of other impurity types, in a first step it is assumed that the sum of all other impurities

has the same recombinative impact as the impurity type β:

1
τe

=
1
τβ

+
1

τ other
=

2
τβ
. (3.1)

In section 3.3 the influence of this assumption will be discussed. The lifetime τβ itself is expressed

as follows:
1
τβ

= Cβc,iσβνth + 4 πr0DeNβ. (3.2)

The first term on the right describes SRH recombination at deep defect levels of concentration Cβc,i
under low injection conditions. σβ is the electron capture cross-section of the impurity type β and

νth is the thermal electron velocity. The second term accounts for recombination at precipitates of

the considered impurity type. The more general model for recombination at precipitates applied

by Cañizo and Luque [del Cañizo and Luque, 2000] is

1

τβp
= 4 πr20Nβ

snDe/r0
sn +De/r0

(3.3)

where De is the electron diffusivity, Nβ and r0 are the density and radius of precipitates, and sn is

the electron recombination velocity at the interface between the precipitate and the silicon matrix.

sn is of the order of magnitude 106 cm/s with an upper limit of νth = 107 cm/s, the thermal electron

velocity. For very small precipitates of atomistic size, De/r0 � sn, and the recombination rate at

precipitates in Eq. 3.3 is limited by the recombination velocity at the precipitate surface, sn. For

larger nano- to micron-sized precipitates, sn � De/r0, and the recombination at precipitates is

limited by the charge carrier transport towards the precipitate. In the present calculations, precipi-

tates are assumed to be spherical with a mean precipitation radius of 100 nm. This value is an upper

limit of size of metal silicide nano-precipitates that were found experimentally by Buonassisi et

al. [Buonassisi et al., 2005b,c] by means of µ-XRF measurements. Therefore, Eq. 3.3 simplifies

to the second term on the right in Eq. 3.2.
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3.1. THEORETICAL MODEL

According to Eq. 3.2, there are two free variables, the concentration impurity point defects,

Cβc,i, and the density of precipitates, Nβ , that determine the electron lifetime in the solar cell.

Thus, further assumptions that depend on the particular contaminant type have to be made during

the calculation. They are discussed in detail in section 3.1.4.

The acceptable concentration Cβc of the impurity type β in the solar cell is the sum of the

interstitial and precipitated impurity concentration:

Cβc = Cβc,i + Cβc,p. (3.4)

The concentration, Cβc,p, of precipitated impurity atoms is related to the precipitation density and

radius as

Cβc,p = Nβaβ = Nβ
4/3πr30
Vβ

, (3.5)

where aβ is the number of atoms per precipitate. This number is equal to the volume of the

precipitate with radius r0 divided by the volume, Vβ , occupied by one impurity atom within the

precipitate. This volume corresponds to the primitive unit cell volume of the particular precipitate

type containing one impurity atom. In the present calculations, Cu, Fe and Cr are supposed to

precipitate in form of silicides [Buonassisi et al., 2005b,c; Mohr et al., 1990] while Ti is supposed

to form an oxide [Rohatgi et al., 1980]. Details are given in Tab. 3.2.

Table 3.2: Precipitate types considered for the present calculations with the corresponding volume that one impurity

atom occupies within the particular precipitate type (primitive unit cell volumes calculated from [Blaha et al., 1990;

Dusausoy et al., 1971; Solberg, 1978])

Element precipitate Vβ in α+ β [cm3]

Ti TiO2 3.1·10−23

Cr CrSi2 1.8·10−23

Fe β-FeSi2 3.8·10−23

Cu Cu3Si 1.4·10−22

In this simple model, it can be observed that the acceptable contamination level of one impurity

type in the Si solar cell is mainly determined by the contaminant’s electron capture cross-section

in Si and its precipitate distribution. Tab. 2.2 shows the capture cross-sections of some metal

contaminants in silicon at room temperature. Of the four representative metal impurities, Ti has

the largest electron capture cross-section in Si so that its acceptable concentration in the Si solar

cell is presumably lowest. Cr exhibits the second largest capture cross-section in Si, followed by

Fe and Cu.
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CHAPTER 3. ACCEPTABLE CONTAMINATION LEVELS

3.1.2 Contamination level Cw in the silicon wafer

In a second step, based on the calculated acceptable contamination levels in the solar cell, Cβc ,

the acceptable contamination levels Cβw in the silicon wafer are calculated. Again, the acceptable

contamination level Cβw in the bare silicon wafer is the sum of interstitial and precipitated impurity

concentrations:

Cβw = Cβw,i + Cβw,p. (3.6)

It is assumed that, during solar cell fabrication, the impurity concentration is only altered by an

external gettering step (PDG) at 850oC during 20 min. In a first approximatino, contact firing, the

second high temperature step in Si solar cell fabrication, is assumed to have an negligible influence

on the final distribution of metals because its duration is only a few seconds (see Fig. 2.5).

A gettering simulation tool developed by Cañizo et al. [del Canizo et al., 2003] was employed

to simulate the gettering step. The main assumptions of the underlying model, described in [del

Cañizo and Luque, 2000], are that the effectiveness of the gettering step mainly depends on the

diffusivity, Dβ , and the solid solubility, Sβ , of the particular impurity. The high segregation co-

efficient of the gettering layer at the wafer surface is modeled as a boundary condition with a

non-zero flux depending on the local metal concentration. Ham’s law [Ham, 1958] is employed

to model the growth and dissolution of precipitates, maintaining a constant precipitate density

Nβ . The subsequent cool down after PDG could not be simulated as the simulator allows only

constant-temperature simulations.

3.1.3 Contamination level Cf in the silicon feedstock

In the third step, the acceptable contamination level, Cβf , within the feedstock material before

crystallization is calculated. As already mentioned in chapter 2.2.2, during DS growth of a mc-Si

ingot, the ingot solidifies from the bottom to the top of the crucible. The impurities contained in

the melt partly segregate into the solid phase. But due to a much higher solubility in the liquid

phase, the vast majority of impurities stays in the molten fraction and thus, is driven to the top

of the ingot. The segregation profile for a fixed volume of solidifying liquid follows the Scheil

equation given in Eq. 3.7. The normalized concentrations of the four different transition metals

along a DS grown mc-Si ingot were calculated and are shown in Fig. 3.2. It is observed that more

than 90 % of the total transition metal concentration segregates in the top 5 % of the ingot, even

more than 99 % for Fe.

The Scheil equation was applied to calculate the acceptable contamination level, Cβf , within

the feedstock material from the acceptable concentration in the wafer, Cβw, as

Cβc =
Cβw

kβeff (1− fs)k
β
eff−1

. (3.7)
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3.1. THEORETICAL MODEL

Figure 3.2: Impurity concentration profile in a mc-Si ingot due to the Scheil equation for different metal impurities;

segregation coefficients given in Tab. 2.3

The effective segregation coefficients, keff , for DS grown mc-Si published by Pizzini et al.

[S. Pizzini, 2005] were employed that are given in Tab. 2.3. Furthermore, it is assumed that

the top 20 % of the ingot is discarded, meaning that fs = 0.8. In section 3.3 the influence of this

assumption will be discussed.

Macdonald et al. [Macdonald et al., 2005] measured the profiles of several impurity types

along commercially available mc-Si ingots by means of Neutron Activation Analysis (NAA). They

found that the concentration profiles of some elements (Cu, Fe, Co) deviate significantly from the

profile predicted by the Scheil equation. At the top and bottom of the ingot, metal concentrations

were found to be of up to two orders of magnitude higher than the predicted values. For example,

an Fe concentration of almost 1015 cm−3 has been measured at the bottom of the ingot as opposed

to the predicted value of about 1013 cm−3. This high deviation at the bottom of the ingot is due to

impurity in-diffusion from the crucible. The deviation at the top of the ingot was ascribed to back

diffusion of impurities into the ingot during cooling. In the present calculations, back-diffusion

and contamination from the crucible are not taken into account.

3.1.4 Impurity-specific model assumptions

The acceptable contamination levels from feedstock to solar cell are calculated for four different

metal contaminants of different recombination activity and diffusivity (see Tab. 2.2): Ti, very

harmful & very slow, Cr, very harmful & slow, Fe, harmful & fast, and Cu, less harmful & very
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CHAPTER 3. ACCEPTABLE CONTAMINATION LEVELS

fast. All these metal contaminants form interstitial point defects in silicon. For the solution of

Eq. 3.2 the following assumptions are made for the particular contaminant types:

Due to the high solid solubility and the high diffusivity of Cu in silicon, it is assumed that all

Cu precipitates are dissolved during the gettering step. This means that only Cu interstitials in a

concentration of about 3·1014 cm−3 determine the electron lifetime of τe = 20 µs in the solar cell.

Ti and Cr atoms are very slow diffusers in silicon with low solid solubilities. Calculations

show that their respective concentrations of precipitated atoms do not vary noticeably during the

gettering step and thus are assumed to be constant. The density of Ti and Cr containing precipitates

is chosen to be N = 105 cm−3, such that precipitates reduce the electron lifetime by less than 1 %.

Iron is a relatively fast diffuser in silicon. It is assumed that in the presence of Fe precipi-

tates the interstitial impurity concentration at 850oC immediately reaches its solid solubility value,

SSiFe = 1.6·1013 cm−3. This value is taken as starting point for the present calculations. The final

interstitial impurity concentration after 20 min gettering is used to calculate the corresponding

SRH recombination rate. In a consecutive step, a corresponding density of impurity precipitates is

calculated that leads to a total electron lifetime of τe = 20 µs. The distribution of precipitated Fe

is assumed not to change significantly during the gettering step.

3.2 Results: acceptable impurity concentrations of Cu, Fe, Cr and Ti

The calculated concentrations of Cu, Fe, Cr and Ti in the solar cell, in the Si wafer and in the Si

feedstock are shown in Fig. 3.3 where the concentration of interstitial and precipitated impurity

atoms are drawn separately. During crystallization, the total amount of every contaminant is re-

duced by 2 – 3 orders of magnitude, by order two for Ti and Cr and by order three for Fe and Cu.

The total impurity concentration after crystallization is dominated by precipitated impurity atoms.

Their concentration is 1 – 3 orders of magnitude higher than the concentration of interstitial point

defects for all four impurity types considered.

During the solar cell fabrication process, only the concentration of interstitial Ti, Cr and Fe

impurities is visibly reduced as mentioned before. Due to the gettering step, the concentration of

interstitial Fe is reduced by 74 %, that of interstitial Cr by 77 % and that of interstitial Ti by only

4 %. The concentration of interstitial Cu is increased almost six times because all precipitates were

assumed to be dissolved after the high temperature step.

The total acceptable contamination levels that result from calculations are shown in Tab. 3.3.

For concentrations in the solar cell and in the wafer, they correspond to the sum of interstitial and

precipitated impurity concentrations that are shown in Fig. 3.3. For easier comparison with the

literature values, results are also given in ppma. The total amount of any of the impurity types is

not noticeably decreased during the gettering step except for Cu. The total amount of Fe is reduced
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Figure 3.3: Acceptable concentration of interstitial and precipitated Ti, Cr, Fe and Cu atoms in a p-type solar cell

(Cc,i/p)) with 20 µs electron lifetime, in the silicon wafer (Cw,i/p) and in the silicon feedstock (Cu,i/p).

by 2 %, that of Cr by 3 % and that of Ti by only 0.01 %. In contrast, the total amount of Cu is

reduced by 87 % during the gettering step.

Table 3.3: Acceptable contamination levels of metal impurities with distinct capture cross-sections and diffusion coef-

ficients (see Tabs. 2.1 and 2.2) in the solar cell (Cc), in the Si wafer (Cw) and in the Si feedstock (Cf ); all values are

given in cm−3 and in ppma

Cc Cw Cf

Element [cm−3] [ppma] [cm−3] [ppma] [cm−3] [ppma]

Ti 1·1013 0.0003 1·1013 0.0003 1.1·1015 0.02

Cr 2·1013 0.0005 2·1013 0.0005 1.3·1015 0.03

Fe 5·1014 0.01 5·1014 0.01 6.2·1017 13

Cu 3·1014 0.006 2·1015 0.05 2.3·1017 5

3.3 Sensitivity study

Finally, the influence of some of the chosen parameters on the final results are studied. In a

first step, calculations are repeated under the new assumption, that all other impurities present

in the solar cell have three times the recombinative effect as the considered impurity type β so

that 3 τβ = τ other (see Eq. 3.2). The resulting acceptable contamination levels C ′f in the silicon
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feedstock are shown in Tab. 3.4 a). It is observed that the acceptable contamination levels C ′f for

stricter lifetime inputs are lower but their order of magnitude does not change. In a first approxi-

mation, the acceptable values in the silicon feedstock vary linearly with the variation of the target

lifetime in the solar cell.

Table 3.4: Acceptable contamination levels in the silicon feedstock: a) C′f under stricter lifetime conditions (for

3 τβ = τother) and b) for the rejection of different fractions of top material (10 % and 5 %); values are given in ppma

(a)

Cf C ′f

Element fs = 0.8 fs = 0.8

Ti 0.02 0.01

Cr 0.03 0.01

Fe 13 9

Cu 5 2

(b)

Cf C ′f

fs = 0.9 fs = 0.95 fs = 0.9 fs = 0.95

0.01 0.005 0.004 0.002

0.01 0.007 0.006 0.003

6 3 4 2

2 1 1 0.6

In a second step, the top fraction of the ingot (fs − 1) that is discarded after crystallization

is varied. When the discarded fraction is decreased (fs increases), the acceptable contamination

levels in the silicon feedstock, Cβf , also decrease. The dependence of Cf and C ′f on the fraction

fs is shown in Fig. 3.4 for the different impurity types. The acceptable concentrations when 20 %,

10 % or 5 % of the ingot are discarded, are given in Tab. 3.4 for the two different target lifetimes.

In comparison to a rejection of 20 % of the top material, the acceptable contamination levels in

the silicon feedstock decrease 2 to 3 times if only 10 % of the top material are discarded; and they

decrease 3 to 5 times if only 5 % of the top material are discarded.

As shown in Fig. 3.2, the top 20 % of the ingot contains about 95 % of the total impurity

content. But still, by discarding only 10 % of the top material, about 90 % of the total impurity

content is discarded as well. Thus, while fs is chosen <0.9, the acceptable contamination levels

Cf in the silicon feedstock do not change significantly.

3.4 Discussion of the theoretical model and results

Comparing simulation results with results from literature (compare Tabs. 3.3 and 3.1), a similar

trend is observed: The metallic impurity that may be less abundant in silicon is Ti, followed by Cr,

while quite big amounts of Fe and somewhat lower amounts of Cu are acceptable. Nevertheless,

experimental findings show that Cr in Si seems to be much less harmful than Ti despite of their

very similar capture cross sections. It was shown that much higher concentrations of Cr in SoG Si

feedstock are acceptable, as opposed to what theoretical calculations predict.
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Figure 3.4: Acceptable concentrations Cf of Ti, Cr, Fe and Cu in the silicon feedstock for varying fs; variation for two

different target lifetimes in the solar cell, τβ = τother and for 3 τβ = τother .

The main difference with literature values for mono-Si is observed for the acceptable con-

centrations of Ti and Cr in the silicon feedstock. The theoretical values are at least one order of

magnitude smaller than most of the values published in literature. This is due to the enhanced seg-

regation coefficients measured for these impurities in mc-Si as compared to mono-Si, as already

mentioned.

In contrast, the calculated acceptable concentrations in the Si wafer, Cw, of all four metal

types are higher than the calculated values published by Cañizo et al. [del Cañizo et al., 2005]

for mono-Si. This is explained by the fact that impurity precipitates are considered in the present

calculations, as extended defects like grain boundaries in mc-Si act as heterogeneous nucleation

sites for supersaturated impurities [S. Pizzini, 2005]. Precipitates contain a great amount of im-

purity atoms, about 108 – 109 atoms per precipitate when a precipitate radius of r0 = 100 nm is

assumed. Due to their lower density, these precipitates have a lower recombinative impact than

when all contained impurity atoms were present in interstitial or substitutional form. Therefore,

higher total amounts of impurities can be allowed in mc-Si wafers. In comparison with the accept-

able Cw values for mono-Si published by Davis et al. [Davis et al., 1980], the values of Fe and Ti

calculated in this thesis are higher. The values for Cr are of the same order of magnitude, but they

found a higher acceptable Cw value for Cu.

The present calculations result in an increase of the interstitial Cu concentration after gettering

due to the dissolution of all Cu precipitates. As Cu is a very fast diffuser, it has to be considered
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that Cu forms precipitates immediately during cooling even for high cooling rates. Large colonies

of small Cu precipitates were observed experimentally on fast cooled samples by Seibt et al. [Seibt

et al., 1999]. The formation of new metal precipitates are not considered in the applied model and

will relax somewhat the purity requirements for Cu.

It has to be mentioned that impurity precipitation at extended defects may increase their re-

combination activity. But the influence of such an increased recombination activity on the total

electron lifetime is supposed to be negligible for a low density of extended defects, e. g. for large

grained mc-Si where the diffusion length is not limited by interfacial recombination [Martinuzzi

and Pizzini, 1994]. In this case, an improvement of the intragrain diffusion length due to internal

gettering of interstitial impurities to extended defects is advantageous.

For simplicity reasons, interactions between different impurity types are not taken into ac-

count in the present calculations. Nevertheless, it was shown by Heuer et al. and others [Heuer

et al., 2007; Hudelson et al., 2010; Rudolf, 2009] that co-precipitations of different metal types

take place. Intermetallic phases containing Cu, Ni, Fe and Si were observed, partly showing the

characteristics of the corresponding metal silicides. This co-precipitation is supposed to take place

to relax the lattice mismatch between the silicon crystal lattice and some metal silicide phases.

However, in the present calculations, only the precipitate radius and density are assumed to have

an influence on the interaction between precipitates and interstitial impurities. The specific vol-

ume occupied by one precipitated impurity atom changes slightly between the different precipitate

types (see Tab. 3.2). Therefore, the chemical phase of the precipitate does not have a big influence

on the calculation results.

3.5 Crystal Clear workshop: Arriving at well-founded specifications

for SoG-Si

As already mentioned in the introduction of this chapter and in the introduction of this thesis, no

standardized purity specifications for SoG-Si have yet been established and a variety of contra-

dictory specifications can be found in literature [Davis et al., 1980; Geerligs et al., 2005; Murray

et al., 2006; Sarti and Einhaus, 2002]. In November 2008, the international workshop ”Arriving

at well-founded specifications for SoG Si feedstock” was held in Amsterdam, the Netherlands, in

the framework of the European integrated project Crystal Clear. The aim of this workshop was to

discuss and agree upon SoG-Si feedstock specifications by exchanging results, views and opinions

on SoG-Si among participants from research institutes, universities and industry all over the world.

Topics included the impact of solar grade silicon feedstock properties (impurities, dopants, shape,

etc.), and other materials (e.g. crucible, coating) on wafer and cell levels.
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The acceptable contamination levels in SoG-Si feedstock resulting from the theoretical estima-

tion made in this thesis formed part of the basis for discussion. The calculated values for various

transition metals presented in the previous sections (Tabs. 3.3 and 3.4) were contrasted with ex-

perimental results from different researchers. At the end of the workshop, potential specification

requirements were deduced for three different kinds of SoG-Si material and are shown in Tab. 3.5.

The three different SoG-Si materials distinguished there are defined as follows [Sinke, 26 May

2009]:

• Uncompensated SoG-Si: likely to come from a Siemens process or a fluidized bed process

optimized for supply to solar cell manufacturers.

• Compensated1 SoG-Si: low-compensated material which can be represented by best-in-

class UMG-Si and some recycled or second class material.

• Heavily compensated potential SoG-Si: high-compensated material which can be repre-

sented by most UMG-Si currently on the market.

The acceptable concentrations of Cu, Fe and Ti found experimentally and theoretically for

heavily compensated SoG-Si feedstock coincide very well with respect to their order of magnitude.

It results from experiments on intentionally metal-contaminated Si feedstock and also from the

theoretical estimations that a few ppma of Cu and Fe in the feedstock material will not have an

essential impact on the solar cell performance. Accordingly, a few hundredths ppma of Ti in the

Si feedstock are found to be acceptable. In contrast, experiments on heavily Cr-contaminated Si

feedstock showed that the impact of several ppma of Cr in the Si feedstock on the final device

performance is much lower than predicted by the theoretical estimations (compare Tabs. 3.3 and

3.5). This discrepancy between experimental and theoretical findings for Cr is still not understood

and requires further investigation.

3.6 Chapter conclusions

The acceptable contamination levels of Ti, Cr, Fe and Cu in a p-type mc-Si solar cell, in the

initial mc-Si wafer and in the silicon feedstock were calculated. These four impurity types were

chosen due to their different capture cross sections and diffusivities within silicon but the method

proposed in this chapter can be easily applied to other metal contaminants in silicon. It results that

Fe and Cu may be present in the silicon feedstock in amounts of several ppma whereas Cr and Ti

may only have concentrations of some hundredths ppma. Because of the presence of precipitates
1High amounts of both dopants, B and P, are usually present in UMG Si; this leads to a partial or even complete

compensation of acceptor and donor states, when B and P concentrations are equal
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Table 3.5: Specifications of uncompensated, compensated and heavily compensated SoG-Si; result of the Crystal Clear

workshop “Arriving at well-founded specifications for SoG-Si”, Amsterdam, Netherlands (2008)

uncompensated compensated heavily compensated

element [ppma] [ppma] [ppma]

dopants B 0.1 1.2 3.8

P 0.1 0.5 3.6

Al 0.05 5.2 5.2

metals Fe 0.03 2.5 2.5

Cu 0.004 0.4 2.2

Ni 0.005 0.5 2.4

Cr 0.03 0.5 2.7

Ti 0.003 0.03 0.03

Na 0.01 0.01 0.01

K 0.01 0.01 0.01

Zn - 0.9 -

others C - 70 -

O - 35 -

in mc-Si, a higher total impurity concentration is allowed in mc-Si wafers in comparison to

mono-Si wafers. This is because precipitates contain a great amount of impurity atoms but are

less recombination active than interstitial impurities due to a lower density. On the other hand,

the total impurity concentration in the feedstock has to be lower for the growth of mc-Si as the

segregation coefficient during mc-Si growth is enhanced due to grain boundary segregation.

The purity requirements established in this chapter are valid when a standard industrial solar

cell fabrication process is applied. In chapter 5, a possible relaxation of these purity requirements

is investigated when different defect engineering tools are introduced into the solar cell fabrication

process. On the one hand, a process modification might allow to maintain the device performance

even for materials that do not meet the specifications of SoG Si, e. g. UMG Si materials. On the

other hand, device performance might be improved when defect engineering tools are applied to

higher-quality SoG Si materials.

In the following chapters, the effect of different defect engineering tools on the content and

distribution of Fe is investigated theoretically and experimentally. The investigated tools consist in

a modification of the time-temperature profiles of a standard fabrication process, like slow cooling

and LTA after high temperature process steps. In the next chapter, a model is developed that
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describes the evolution of the Fe content and distribution during the solar cell fabrication process

for arbitrary temperature profiles (∂T∂t 6= 0).
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Chapter 4

Impurity-to-Efficiency Simulator

Silicon solar cell performance depends strongly on how well the cell fabrication process is matched

to the quality of the wafer source material. Because of the non-linear effects of cell processing on

the electronic properties of the material, the final charge carrier lifetime measured on a solar cell

cannot be easily deduced from the initial lifetime measured on the as-grown wafer [Carnel et al.,

2010]. Therefore, given the breadth of material quality in the crystalline silicon market – from

high purity, mono-Si grown by the CZ technique to directionally solidified UMG mc-Si – one

might expect an equally varied set of manufacturing conditions. However, such source-specific

tailoring of cell processing is limited by the high-dimensional parameter space of cell processing

and the resulting monetary and temporal cost associated with conducting a design of experiment

to find local or global efficiency maxima.

In particular, the time-temperature profiles in a standard solar cell process are developed for EG

Si but are not well-adapted for SoG Si because of the much higher impurity concentrations in SoG

Si. Tentative specifications of the acceptable impurity levels in SoG Si given standard cell process-

ing were given in Tabs. 3.5 and 3.3. The low impurity concentrations in EG Si given in Tab. 3.1

facilitates the complete dissolution of precipitates and the removal of fast-diffusing species, i.e.,

Cu, Ni, and Fe, which is accomplished by means of external gettering during phosphorus emitter

diffusion as described in chapter 2.2.3. In contrast, because of the high contamination levels in

SoG Si, high-temperature steps are predicted to lead to only the partial dissolution of metal preci-

pitates during the short PDG applied in a typical industrial solar cell process [Haarahiltunen et al.,

2008; Plekhanov et al., 1999]. To extract the full efficiency potential from low-quality wafers, the

industrial process needs to be adapted to accommodate SoG Si, as well as to enhance performance

of cells originating from areas of the ingot that contain higher impurity contents (e.g., edge, top

and bottom regions). In these ”red zone” areas, Fe is usually the dominant impurity [Nærland

et al., 2008; Rinio et al., 2004; Sopori et al., 1996] due to in-diffusion from the crucible.



Thus far, the flexible adaptation of the solar cell fabrication process to each source material

has been a resource-intensive task due to the lack of predictive capability. In the framework of

this thesis and in collaboration with Prof. Tonio Buonassisi’s group at Massachusetts Institute of

Technology, a simulation tool was developed that predicts final solar cell performance given inputs

of material quality, cell processing conditions, and cell architecture, as shown in Fig. 4.1. This

Impurity-to-Efficiency (I2E) simulator assumes that Fe is the dominant lifetime-limiting impurity,

an approximation that is accurate in many regions of a standard mc-Si ingot. Several gettering

simulation tools were already developed during the last decade [del Canizo et al., 2003; Hieslmair

et al., 2001; Schröter et al., 2002] but none of them was able to predict final solar cell perfor-

mance for a given material quality. In this work, microscopical analysis of metal precipitates in

Si [Buonassisi et al., 2005a] and most recent models to simulate P diffusion and segregation of Fe

to the highly P-doped layer [Bentzen et al., 2006a; Haarahiltunen et al., 2009] were combined to

develope and validate the simple and fast I2E simulation tool.

Figure 4.1: Required inputs and resulting outputs of the I2E simulator

Besides its predictive capability, the integrated I2E model allows one to design a solar cell

process adapted to measurable material properties, i. e. total Fe concentration and distribution.

The model can serve as a guide to researchers and manufacturers working toward optimizing

processing parameters, saving time and money.

In section 4.1, the theoretical model that forms the basis of the simulation tool, is described.

The underlying equations of the three standalone model parts are given. In section 4.2, the model
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is validated by comparing existing experimental data to simulation results. In section 4.3, the

validity limits of the model are discussed and finally, some chapter conclusions are given.

4.1 Model description

The I2E simulator, as shown in Fig. 4.1, calculates the impact of impurity content and distribution

on final cell efficiency as a function of thermal processing. It consists of three standalone modeling

blocks: (A) a diffusion-gettering simulator that models the evolution of Fe distribution during

cell processing, (B) a Shockley-Read-Hall-based lifetime model for converting as-processed Fei

impurity distribution to effective minority carrier lifetime, and (C) the PC1D open-source device

simulation software [Basore and Clungston, 1996]. A description and independent validation of

each modeling block follows below.

4.1.1 Iron redistribution during solar cell processing

This part of the model describes the evolution of the interstitial and precipitated Fe distribution

during the solar cell fabrication process, taking into account segregation of Fe to a diffused phos-

phorus layer and the dissolution of Fe from Fe silicide precipitates. The interstitial Fe concentra-

tion, Ci(x, t), the phosphorus profile, P (x, t), and the precipitate radius, r(x, t) are modeled along

the wafer thickness, x, as a function of processing time, t, using a finite element mesh.

The formation of the typical kink and tail-profile of the P emitter is described by a semi-

empirical model developed by Bentzen et al. [Bentzen et al., 2006a]. The P diffusion is described

by Fick’s law (see Eq. 2.26),

∂[P ]
∂t

=
∂

∂x

(
DP ([P ])

∂[P ]
∂x

)
, (4.1)

with [P ] the P concentration. The diffusion of P atoms is assumed to take place via two different

mechanisms: (1) For high P concentrations near the wafer surface, P diffusion takes place via Si

vacancies, V . (2) For lower P concentrations in the wafer bulk, P atoms diffuse much faster via Si

self-interstitials, I . Thus, the P diffusivity is assumed to depend on the local P concentration itself,

so that DP =DP,I +DP,V =DP ([P ]). As a consequence, the typical kink-and-tail profile of [P]

developes during P diffusion. The detailed form of DP ([P ]) is given in [Bentzen et al., 2006b].

To describe the kinetics of Fe atoms within the silicon, the diffusion segregation equation is

used, which was introduced by Tan et al. [Tan et al., 1998a]:

∂Ci
∂t

=
∂

∂x

(
DFe

[
∂Ci
∂x
− Ci

σ

∂σ

∂x

])
(4.2)

Again, the first term on the right represents Fick’s second law of diffusion, with DFe, the

temperature-dependent diffusion coefficient of Fe in Si (see Eq. 2.30) while the second term on
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the right allows the introduction of a space-dependent segregation coefficient, σ(x). The space-

dependent segregation coefficient of Fe in the phosphorus layer is modeled by applying a semi-

empirical model developed by Haarahiltunen et al. [Haarahiltunen et al., 2009]:

σ(x) = 1 + VSiKeq,1
n(x)
ni

(1 +Keq,2[P (x)]) (4.3)

Here, VSi is the concentration of Si vacancies and Keq,1 is the equilibrium constant describing the

formation of substitutional Fe, Fes, when positively charged interstitial Fe atoms form pairs with

the doubly negative charged Si vacancies,

V −− + Fe+i → Fe−s + e−. (4.4)

A high Si vacancy concentration is assumed to be present during P diffusion near the wafer surface

[Bentzen et al., 2006b]. Keq,2 is the equilibrium constant characterizing the reaction between the

negatively charged Fes and the positively charged P atoms,

Fe−s + P+ → FesP. (4.5)

The concentration of positively charged P atoms, [P (x)], and the electron concentration, n(x),

depend on the space variable, x, and determine the dependence of σ on x.

Ham’s law [Ham, 1958] is applied to account for the dissolution of precipitated Fe atoms:

∂Ci
∂t

= 4πNrDFe(SFe − Ci). (4.6)

Here, SFe is the temperature-dependent solid solubility of Fe in Si, published by Aoki et al. [Aoki

et al., 1992], as introduced in Eq. 2.31. It is assumed that all precipitated Fe, Cp,0, is present in

form of stoichiometric, low-temperature beta Fe silicide, β-FeSi2, [Dusausoy et al., 1971] with a

precipitate density N . The variation of the precipitate radius, r, is described as

∂r

∂t
=

1
VFe

DFe
(Ci − SFe)

r
, (4.7)

where VFe is the volume of the primitive cell in β-FeSi2 that contains one Fe atom.

Generally, the total content of a certain metal impurity within the material can be easily de-

termined by bulk analysis, but its distribution, i. e., the mean precipitate density and radius, are

usually unknown parameters and can strongly vary for different Si materials [Buonassisi et al.,

2005a]. In section 4.2.2, the as-grown precipitate radius along the height of an intentionally Fe-

contaminated mc-Si ingot is measured by means of µ-XRF and is used as input parameters in

the I2E simulator. It is assumed that the as-grown precipitated Fe concentration, Cp,0, is homo-

geneously distributed with a radius of r0 and with a homogeneous precipitate density, N . The

relation between both parameters is determined through the volume, VFe, of the primitive cell in

β-FeSi2 [Dusausoy et al., 1971] given in Tab. 3.2:

N =
Cp,0VFe

4
3πr

3
0

(4.8)
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The I2E model does not take into account the formation of new Fe precipitates, i.e., precipitate

nucleation. However, the interstitial interstitial Fe, Fei, is the most detrimental chemical state

of Fe in Si. As the kinetic model can accurately estimate the flow of Fei from precipitates into

the bulk, and from the bulk into the highly P-doped surface region, in a first approximation the

formation of new precipitates can be ignored for cell processing. Furthermore, according to clas-

sical nucleation theory [Balluffi et al., 2005], the density of precipitates is limited to the number

of existing nucleation sites. Due to a high energy barrier to homogeneous nucleation in Si, Fe

nucleates heterogeneously, limiting the possible nucleation sites for Fe to crystalline defects such

as dislocations, grain boundaries or other precipitates. Therefore, the number of newly forming

Fe precipitates during standard solar cell processing is assumed to be negligible when precipitate

densities up to 108 cm−3 already exist in the as-grown wafer [Buonassisi et al., 2005a]. However,

nucleation cannot be ignored during crystal growth, and any model of impurity distribution during

growth must account for nucleation kinetics.

4.1.2 Translation of the final Fe distribution into charge carrier lifetime

Once the final Fe distribution resulting from thermal processing is calculated, it is translated into

a distribution of electron and hole lifetime throughout the wafer thickness. Charge carrier re-

combination at interstitial Fe atoms or at iron-boron (Fe-B) pairs is described by Shockley-Read-

Hall statistics for deep defect levels and under low injection conditions [Hall, 1952; Shockley and

W. T. Read, 1952] introduced in chapter 2.1.3:

1
τi

= Ciσνth (4.9)

As already mentioned before, the low-injection condition is usually fulfilled for Si solar cells under

one-sun illumination.

Recombination at Fe silicide precipitates is described by the general expression of the recom-

bination rate that was introduced in Eq. 3.3 [del Cañizo and Luque, 2000]:

1
τp

= 4πr2N
snDe/r

sn +De/r
(4.10)

A carrier recombination velocity at the precipitate surface of s = 5·106 cm/s is used [Tan and

Plekhanov, 2001].

The effective bulk electron lifetime is calculated from the sum of both recombination rates,

1
τb

=
1
τi

+
1
τp

= Ciσνth + 4πr2N
snDe/r

sn +De/r
. (4.11)

Other lifetime limiting defects could be easily be accounted for by adding further lifetime terms

like in Eq. 3.1. However, in the following sections, only the recombination at Fe interstitials and

FeSi2 precipitates will be taken into account.
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4.1.3 Solar cell performance as a function of lifetime distribution

Within PC1D, the device can be divided into regions of different lifetimes corresponding to the

lifetime distribution after solar cell processing. For example, the lifetime regions can be made

correspond to the near-surface highly-doped phosphorus layer, the depletion region, and the bulk.

The P profile resulting from the diffusion-gettering simulation is imported as an external emitter

profile in PC1D. Futher input parameters like the wafer area (resting the metal covered area), wafer

thickness, base doping and front and back SRVs have to be given. The output parameters are the

open circuit voltage, Voc, the short circuit current, Isc, and the maximum power, Pmax. The last

one can be easily converted into solar cell efficiency, η, by dividing it through the wafer area.

4.2 Model validation

To validate the model, in section 4.2.1, the profiles of P and Fe after PDG are simulated and

simulation results are compared to reported Secondary Ion Mass Spectroscopy (SIMS) profiles

measured on highly-contaminated mono-Si. In section 4.2.2, the Fe distribution along the height

of an intentionally Fe-contaminated mc-Si ingot after PDG is simulated for a known as-grown Fe

distribution at three different ingot positions. Simulation results are interpolated over the entire

ingot height and are compared to experimental data of the post-diffusion Fei concentration. From

the simulated Fe distribution after PDG, the electron lifetime and the solar cell efficiency along the

ingot height are calculated and contrasted to experimental results. In section 4.2.3, calculated solar

cell efficiencies as a function of the total Fe concentration are compared to experimental results

from the Westinghouse study published in 1980 [Hopkins et al., January 1980].

4.2.1 Mono-crystalline silicon: Diffusion and gettering

Shabani et al. [Shabani et al., 2008] performed gettering experiments on intentionally contami-

nated CZ-grown wafers. They applied Inductively Coupled Plasma Mass Spectroscopy (ICP-MS)

to determine the total Fe concentration before and after PDG at different process temperatures and

for different gettering times. Furthermore, they determined the surface concentration profiles of

phosphorus and of different metal impurities after a 90 min PDG at 900oC by means of SIMS.

Introducing Shabani et al.’s time-temperature profile and measured bulk Fe concentrations

into the I2E simulator, the resulting Fe and phosphorous concentration profiles after gettering are

modeled versus depth from the wafer surface, x. The simultaneous P diffusion on both sides of the

wafer is modeled assuming a superposition: a one-side diffusion is simulated for half of the wafer

thickness. Results are shown in Fig. 4.2. The P concentration profile is simulated by applying

Bentzen et al.’s P diffusion model, (Eq. 4.1). The concentration, P0, at the wafer surface is chosen
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as a fit parameter. For any P0, the model results in a poor fit of the data in the near-surface high-

concentration region. On the one hand, this migth be due to the formation of P clusters in the

very highly P-doped region that has not been accounted for in the calculation. On the other hand,

the poor fit might be due to an experimental error that is not quantified in Shabani et al.’s work.

Nevertheless, choosing P0 = 6·1020 cm−3, the tail of the P profile fits fairly well. This value is

physically justified as it is close to the P solid solubility limit in Si of about SP = 5.3·1020 cm−3

at 900oC [Solmi et al., 1996].

Figure 4.2: a

nd the total Fe concentration after 90 min PDG at 900oC measured by Shabani et al. [Shabani

et al., 2008] and I2E-simulated curves]SIMS profiles of [P] (squares) and the total Fe

concentration (circles) after 90 min PDG at 900oC measured by Shabani et al. [Shabani et al.,

2008]; simulated curves shown as lines; measured total Fe concentration values for x≥ 0.5 µm

correspond to the detection limit of SIMS; similarly, measured [P] values for x≥ 1.5 µm appear

to reflect the detection limit for P in Si for the experimental setup.

The efficiency of PDG strongly depends on the as-grown distribution of the precipitated metal

atoms [Tan et al., 1998b], i.e., on the density and size of precipitates. Both parameters are unknown

in Shabani et al.’s experiment so that an as-grown precipitate radius of r0 = 53 nm has also been

chosen as a fit parameter and is assumed to be constant throughout the Si wafer, as described in

[Hofstetter et al., 2009].

For 0.4≤ x≤ 0.7 µm, the simulation results in a narrow region completely depleted of Fe.

Due to the finite x-grid, the Fei concentration drops from 2·1014 cm−3 at x = 0.4 µm to 0 cm−3 at

x = 0.5 µm. In the semilogarithmic presentation, this leads to the abrupt drop of the simulated Fe
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profile in this region between the high-concentration P layer and the p-type bulk. For x > 0.7, the

measured SIMS profile reflects the detection limit of Fe, whereas the simulated curve reflects the

final bulk concentration of [Fe] = 1.5·1012 cm−3, as measured by ICP-MS [Shabani et al., 2008].

However, in the near surface region, for x≤ 0.4 µm, the simulated Fe profile fits the experimental

profile very well.

4.2.2 Model validation based on measured Fe distribution in multicrystalline sili-
con

In the framework of the European Integrated Project Crystal Clear, a 12 kg laboratory-sized mc-Si

ingot of 110 mm height and 250 mm diameter was grown by the DS method from very pure Si

that was intentionally contaminated with 53 ppmw of Fe [Kvande et al., 2008]. The total and the

interstitial Fe concentrations and the electron lifetime were measured on as-grown wafers at diffe-

rent heights along the p-type ingot. Additionally, the Fei concentration and the electron lifetime

were measured on P-diffused samples [Coletti et al., 2008]. P-diffused wafers from different ingot

heights were fully processed into solar cells and I − V -curves were measured.

Total and interstitial iron concentrations along the mc-Si ingot

The total Fe concentrations measured along the Fe-contaminated mc-Si ingot by NAA and

Glow Discharge Mass Spectroscopy (GDMS), shown as squares in Fig. 4.3, range from about

1·1013 cm−3 at the center of the ingot to 4·1015 cm−3 at the top. Unfortunately, total Fe concen-

trations were not measured at the same ingot positions as Fei concentrations but for the simulation

it is necessary to know both values at the same position. The Scheil equation (Eq. 3.7) has been

fitted to the experimental data by Kvande et al. [Kvande et al., 2008] and is shown as solid line

in Fig. 4.3. However, the actually measured Fe concentration at the bottom of the ingot is slightly

higher than at the center, presumably due to in-diffusion of Fe from the bottom of the crucible

[Macdonald et al., 2005]. The increased concentration at the bottom of the ingot is not reflected

in the Scheil profile. Therefore, instead of the Scheil profile, an interpolation of the actually mea-

sured maximum values of the total Fe concentration is used for simulations as shown in Fig. 4.3

as diamonds.

Measuring the precipitated Fe distribution by means of µ-XRF

Another important input parameter required for the I2E simulator is the distribution of precipitated

Fe along the mc-Si ingot, i. e. the density and size of Fe-containing precipitates. By Kvande et

al. [Kvande et al., 2008] only the total and interstitital Fe concentrations were measured along

the ingot height, the difference between both being the precipitated Fe concentration. Mainly
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Figure 4.3: Total Fe concentrations along the ingot height measured on as-grown wafers by NAA (full squares) and

GDMS (open squares) and correspondng Scheil-fit (solid line) [Kvande et al., 2008]; interpolated total Fe concentration

(diamonds) at those ingot positions where the interstitial Fe concentrations (triangles) were measured [Coletti et al.,

2008]

three possible distributions exist: with increasig Fe concentration towards the top of the ingot Fe-

containing precipitates (1) grow in size, (2) their density increases, or (3) both parameters, density

and size, increase.

The actual distribution of precipitated Fe along the ingot height, was determined by means

of µ-XRF as described in chapter 2.3.3. High resolution µ-XRF-mappings were recorded along

grain boundaries on three different as-grown wafers, one from 29 %, 61 % and 88 % ingot height,

respectively. The 3D presentation of the mapping recorded at 88 % ingot height is shown in

Fig. 4.4(b) where the detected Fe loading in µg/cm2 is plotted over the scanned area of 10×10 µm.

The measured values of the Fe loading are converted into number of Fe atoms per precipi-

tate, aFe, as described in chapter 2.3.3. The corresponding as-grown precipitate radii assuming

spherical precipitates are calculated as

r0 =
(

3aFeVFe
4π

) 1
3

, (4.12)

with VFe the volume of the primitive unit cell in β-FeSi2 containing one Fe atom. The number of

atoms per precipitate and the corresponding precipitate radii, respectively, that were found at three

different ingot heights are shown in Fig. 4.5.

Precipitates with about 7 to 35 nm as-grown radius are found to be present. The values of the

median radii at the three different ingot positions are given in Tab. 4.1, lying between 13 and 18 nm.
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(a) (b)

Figure 4.4: (a) µ-XRF analysis was done on wafers from the bottom, middle and top of a mc-Si ingot intentionally

contaminated with 53 ppma in the melt; (b) µ-XRF mapping along a grain boundary of a top wafer from 88 % ingot

height

Median values are going to be used for the simulation because they are not sensitive to outliers

as the mean values are. Both parameters, the median precipitate radius as well as the precipitate

density are observed to be highest at the top of the ingot and lowest in the center of the ingot.

This observation is in accordance with the total Fe concentrations found at the three different ingot

heights (see Fig. 4.3). Only one precipitate was detected at 61 % ingot height, presumably due to a

low Fe concentration at the center of the ingot combined with the low screening capability of high

resolution µ-XRF. Although its size might not be representative, its radius is used as the median

radius of precipitates there.

Table 4.1: Median measured as-grown precipitate radius, r0, and corresponding precipitate density,N , at three positions

along the height of an intentionally Fe-contaminated mc-Si ingot

ingot position ingot height (%) median r0 (nm) N (cm−3)

top 88 18 9.7·108 cm−3

middle 61 13 9.2·107 cm−3

bottom 29 14 9.8·107 cm−3

From the median value of the measured radii, the corresponding average precipitate density

is calculated using Eq. 4.8 with the concentration of precipitated Fe, Cp, calculated from the
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Figure 4.5: Radii of precipitates (open triangles) detected along grain boundaries by means of µ-XRF at three different

ingot heights. Mean radii shown as full squares and median radii shown as full diamonds.

difference between the total and the interstitial Fe concentration measured at the respective ingot

height (see Fig. 4.3). The values of the calculated densities are given in Tab. 4.1.

The time-temperature profile

The experimental values for r0 and N together with the experimental values of the total Fe con-

centration and the Fei concentration are used as input in the I2E simulator to calculate the post-

diffusion Fei concentration (simulation (i)). The applied time-temperature profile for P diffusion is

unknown. Therefore, a profile close to the standard industrial P diffusion process is assumed, con-

sisting of 15 min P diffusion step at 850oC followed by a rapid cool down to RT. For cool down,

an exponentially decreasing temperature with a cooling rate of τ = 2 min is assumed. The calcu-

lated Fei concentration is plotted in Fig. 4.6 as small full circles together with the experimental

data. Further calculated values assuming a 7 min and a 12 min cooling rate are shown as large full

and open circles, respectively. The rapid thermal annealing step applied for contact firing is not

simulated as the experimental results show that it has a relatively low impact on the Fe distribution

[Coletti et al., 2008].

In the simulations, the Fei concentration corresponds to the mean value of Ci(x) in Eqs. 4.1

– 4.9 over the wafer thickness, discarding the first 10 µm of the wafer surface. It is observed

that the final Fei concentration after PDG strongly depends on the cooling rate, leading to lower

Fei concentration values for larger cooling rates, e. g. for slower cool down. Re-precipitation

of interstitial Fe atoms during sample cooling plays an important role, considering the high den-

sity of small precipitates found experimentally. When the mean distance between precipitates is
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Figure 4.6: Total and interstitial Fe concentrations along the ingot height measured on as-grown wafers (full diamonds

and triangles) and the Fei concentration on P-diffused wafers (open triangles) [Coletti et al., 2008; Kvande et al., 2008]

(total Fe concentration are interpolated experimental values); calculated Fei concentration for measured as-grown Fe

distribution for different cooling rates: 2 min (small full circles), 7 min (large full circles) and 12 min (large open

circles)

small, more possiblilities exist for supersaturated Fei atoms to precipitate during cooling albeit

their decreasing diffusivity. Consequently, the cooling rate has a strong impact and the final Fei

concentration can be decreased by up to one order of magnitude when the cooling rate is increased

from 2 to 12 min (see Fig. 4.6). The best fit with a maximum deviation of ±1·1011 cm−3 of the

calculated values from the experimental data is obtained for a cooling rate of 7 min (full circles)

and will be used for further simulations.

Interstitial iron concentration along the ingot height after gettering

To interpolate the post-diffusion Fei concentration over the whole ingot height (IH), different

constant as-grown radius distributions were assumed for all IH such that r0 = constant and

N =N(IH). Two of the constant-radius simulations were chosen and are going to be discussed

in the following: In simulation (ii), a constant as-grown precipitate radius of r0 = 18 nm is chosen,

leading to a variation of the precipitate density from about N = 3·107 to 3·109 cm−3 along the

ingot height. In simulation (iii), a constant as-grown precipitate radius of r0 = 25 nm is chosen,

leading to a variation of the precipitate density from about N = 1·107 to 1·109 cm−3 along the

ingot height.

The measured and interpolated values of the Fei concentration are shown in Fig. 4.7. At the

center of the ingot the experimental values lie between both simulated curves, (ii) and (iii), so
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that precipitate radii seems to lie between 18 and 25 nm there. Towards the top of the ingot,

simulation (iii) (dashed line) results in a very good fit of the measured Fei concentration so that

larger precipitates seem to be present there, in agreement with experimental findings.

Figure 4.7: Total and interstitial Fe concentrations along the ingot height measured on as-grown wafers (full diamonds

and triangles) and the Fei concentration on P-diffused wafers (open triangles) [Coletti et al., 2008; Kvande et al., 2008]

(total Fe concentration are interpolated experimental values); calculated Fei concentration for three different as-grown

conditions: (i) measured as-grown radius; constant as-grown precipitate radius of (ii) r0 = 18 nm (solid line) and (iii)

r0 = 25 nm (dashed line).

At the bottom of the ingot, in all three cases the calculated Fei concentration after PDG is lower

than the measured values. In general, the density of both structural defects and oxygen precipitates

are observed to increase towards the ingot bottom, providing many favorable nucleation sites for

metal precipitates. The mc-Si ingot in consideration is a laboratory-scale ingot of only 110 mm

height, such that the defective bottom region extends much further into the center of the ingot than

for commercially available mc-Si ingots. The higher concentration of defects other than Fe in this

deteriorated bottom region might be responsible for the poor gettering response observed there.

Given experimental evidence that areas of high dislocation density respond poorly to PDG with

low minority carrier lifetimes remaining after processing [Bentzen et al., 2006b; Kittler and Seifert,

2004], it is suspected that the locally elevated Fei population at the bottom of the ingot is trapped

in the bulk by defect interactions. As mentioned in chapter 2, the stress field around dislocations,

the Cottrell atmosphere, exhibits a higher solid solubility for impurity atoms and consequently,

impurities in theses areas experience a decreased driving force for external gettering. The effect

of defects other than Fe is not taken into account in the I2E simulation, where a homogeneous

distribution of β-FeSi2 precipitates in each wafer is assumed.
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For a given total Fe concentration, precipitate dissolution is faster when Fe is distributed on

small precipitates with a high density than when it is distributed on large precipitates with a low

density. This is due to the higher interface area between the Si matrix and precipitates in the first

case. The precipitate radii found experimentally at the bottom and center of the ingot are smaller

than the constant as-grown radii of r0 = 18 nm and r0 = 25 nm assumed in simulations (ii) and

(iii). Consequently, higher values of the final Fei concentration are calculated when experimental

radii are introduced into the I2E simulator (see Fig. 4.7).

Total iron concentration and distribution after gettering

Besides the post-diffused Fei concentration, the reduction of the total Fe concentration and FeSi2

precipitate radii during gettering is simulated. In Fig. 4.8(a), the total as-grown and post-diffused

Fe concentrations for the three different initial conditions (i) – (iii) are shown. Belonging to the

right y-axis, calculated precipitate densities corresponding to the three initial-radius conditions are

also plotted.

It is observed that the reduction of the total Fe concentration during gettering is more effective

for simulation (ii) with an as-grown radius of 18 nm than for simulation (iii) with a larger as-grown

radius of 25 nm. The smaller precipitate radius of 18 nm corresponds to a higher precipitate density

all along the ingot height. As mentioned in the previous section, precipitate dissolution is faster

for small precipitates with a higher density due to the increased interface area and Fe extraction is

also faster.

The measured as-grown precipitate radii at three different ingot positions (full circles) and

the simulated post-processed precipitate radii for the three different as-grown conditions (open

circles, dashed and solid line) are shown in Fig. 4.8(b). It is observed that smaller as-grown

precipitates decrease faster in size, in accordance with Eq. 4.7. According to the simulation, the

smallest precipitate radius of 13 nm measured at the center of the ingot decreases down to 7 nm

during 15 min PDG at 850 oC. In constrast, larger precipitates of 18 nm radius found at the top

of the ingot mereley decrease in size and a final radius of 16 nm is calculated. With increasing

Fe concentration towards the top of the ingot precipitate dissolution is even more decelerated.

For the constant-initial-radius simulations (ii) and (iii), post-processed precipitate sizes slightly

increase towards the top of the ingot.

In conclusion, for large precipitates, Fe extraction during gettering is limited by the dissolution

of precipitates. The reduction of the total Fe concentration during PDG is more effective when the

precipitated Fe is distributed on smaller precipitates. However, for small precipitates but high

as-grown Fe concentrations, the gettering efficiency is limited by the Fei diffusivity. Precipitates

dissolve easily but the Fei concentration is steadily close to the solid solubiltiy limit and is not
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(a) Total Fe concentration and precipitate density

(b) Precipitate radius

Figure 4.8: (a) Measured as-grown Fe concentration (full diamonds) [Coletti et al., 2008] and (b) radii (full circles);

(a) simulated post-processed Fe concentration (left y-axis) and precipitate density (right y-axis) and (b) simulated post-

processed radii along the ingot height for three different initial conditions: (i) measured as-grown radius; constant

as-grown precipitate radius of (ii) r0 = 18 nm and (iii) r0 = 25 nm.

decreased sufficiently fast by Fei diffusion towards the gettering layer. This also results in higher

post-processed Fei concentrations as seen in the previous section.
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Charge carrier lifetime

For further model validation, the electron lifetime in as-grown and P-diffused samples is calcu-

lated along the height of the intentionally Fe-contaminated mc-Si ingot. Electron lifetimes are de-

termined by assuming recombination at interstitial and precipitated Fe as described in Eqs. 4.9 and

4.10. Resulting electron lifetimes are calculated for the three as-grown Fe distributions assumed

in simulations (i), (ii) and (iii) and for the simulated Fe distributions after PDG. It is assumed that

all interstitial Fe is present in form of Fe-B pairs (lifetime measurement conditions). The corre-

sponding electron capture cross section, σFe−Be = 5·10−15 cm2, is taken from [Macdonald et al.,

2006]. No other lifetime-limiting defects apart from Fe-B pairs and β-FeSi2 precipitates are taken

into account.

In Figs. 4.9(a) and 4.9(b), the calculated lifetime distributions for as-grown and gettered wafers

are plotted as a function of ingot height. The actual effective lifetime values measured by means of

QSSPC on SiNx-passivated, as-grown ((a) full squares) and P-diffused samples ((b) open squares)

as reported in [Coletti et al., 2008] are also shown. The measured values are given for an injection

level of ∆n = 1015 cm−3 while the simulations is done under the assumption of low injection

conditions. A potential discrepancy is assumed to be negligible given that the Fe-B pair dominated

electron lifetime measured on mc-Si wafers is usually nearly independent of the injection level in

this range [Macdonald et al., 2004].

The as-grown lifetime at the center and top of the ingot is dominated by interstitial Fe, which

is present in concentrations above 1013 cm−3 and leads to electron lifetimes around 1 µs. Thus,

the distribution of precipitated Fe has little influence on the lifetime throughout the ingot. This

results in similar calculated as-grown lifetime values for simulations (i), (ii) and (iii).

After PDG, the Fei concentration is drastically reduced all over the ingot height. This results

in higher measured electron lifetimes of up to about 40 µs at the center and 10 µs at the top of

the ingot. For the lower Fei concentrations, charge carrier lifetimes depend more strongly on the

distribution of the precipitated Fe (see Fig. 4.9(b).

For all initial conditions (i) – (iii), the measured lifetimes at the bottom of the ingot are much

lower than the calculated values before and after gettering. This is attributed to a higher density of

oxygen precipitates and crystalline defects, which e. g. Coletti et al. [Coletti et al., 2008] suggested

dominate the minority carrier lifetimes at the bottom of the ingot and are not affected by external

gettering.

At the center and top of the ingot, calculated electron lifetimes are very close to the experimen-

tal values when the measured Fe distribution (i) is used as input in the I2E simulator. Therefore, the

simple lifetime model given in Eq. 4.11 seems to be valid when the electron lifetime is determined

by recombination at Fe-B pairs and FeSi2 precipitates exclusively.
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(a) As-grown lifetime

(b) Post-processed lifetime

Figure 4.9: Electron lifetimes measured on a) as grown and b) P-diffused wafers as a function of the ingot height in

intentionally Fe-contaminated cast mc-Si [Coletti et al., 2008]; simulated electron lifetimes for Fe distributions after

PDG for samples in the dark (recombination at Fe-B pairs)

For the interpolated curves, the calculated lifetime values are much closer to the measured

ones for simulation (ii), when a constant precipitate radius of 18 nm is assumed throughout the

ingot. As a smaller precipitate radius corresponds to a higher density of precipitates and leads to

a higher Fei concentration after PDG (see Fig. 4.7). In this case, electron lifetimes are lower due

to a higher density of recombination centers. At the top of the ingot, simulation (iii) with larger

precipitates of 25 nm radius leads to a better match of the simulated values to the experimental

69



4.2. MODEL VALIDATION

data. This is in accordance with the fact that larger precipitates were actually found at the ingot

top.

Solar cell efficiency from experimental lifetimes

To validate the I2E model as a whole, solar cell efficiencies along the height of the intentionally

contaminated p-type mc-Si ingot are simulated with PC1D. As input parameters, the P emitter

profile calculated for the applied time-temperature profile (see Fig. 2.4) and further cell parameters

shown in Tab. 4.2 are used.

Table 4.2: Device parameters used for PC1D simulation of Coletti et al.’s solar cells; front SRVs (a) and (b) correspond

to values chosen for simulations shown in Fig. 4.11(a) and 4.12, respectively; the metal fingers and busbar are assumed

to cover an area of about 12 % of the solar cell

Wafer thickness (µm) 240

Device area (cm2) 12.5×12.5×0.88≈ 138

Base doping (cm−3) 1.3·1016

Front SRV (a) (cm/s) 2·106

Front SRV (b) (cm/s) 1·106

Back SRV (cm/s) 750

To test the accuracy of the chosen PC1D parameters, solar cell efficiencies are calculated

using the experimental electron lifetimes measured along the ingot height shown in Fig. 4.9(b).

The simulated solar cell efficiencies (dashed line) as well as the experimental efficiency values

(triangles) are shown in Fig. 4.10. The measured efficiencies along the reference ingot are also

shown.

The simulated efficiency values are higher than the experimental ones along the entire height

of the Fe-contaminated ingot. However, it has to be taken into account that electron lifetimes were

measured for undissociated Fe-B pairs. Under illumination (in solar cell operation modus) Fe-B

pairs are dissociated and electron recombination takes place at interstitial Fe. This results in a

lower electron lifetime as the capture cross section of Fei is larger than that of Fe-B pairs. The

published values of the electron capture cross section of Fei in p-Si, σFei , differ by one order of

magnitude [Istratov et al., 1999; Macdonald et al., 2008; Reina and Glunz, 2005]. The different

capture cross section values have a significant influence on the absolute value of the calculated

lifetime and ultimately the solar cell efficiency, but the overall trends along the ingot height remain

relatively unchanged with different Fei capture cross sections. For the present simulations the latest
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Figure 4.10: Experimental solar cell efficiencies as a function of the ingot height in intentionally Fe-contaminated mc-Si

(full triangles) and in the reference ingot (open triangles) [Coletti et al., 2008]; simulated solar cell from the experimental

electron lifetimes (triangles + dashed line) and experimental electron lifetimes assuming only recombination at Fei point

defects (triangles + dotted line)

reported value, σFeie = 1.3·10−14 cm2, published by Macdonald et al. [Macdonald et al., 2008] is

chosen.

The measured electron lifetimes are re-calculated as follows, using SRH statistics under low

level injections:

τillum =
1

[Fei] · νth · σFei
=

σFe−B
[Fei] · νth · σFei · σFe−B

= τdark ·
σFe−B
σFei

. (4.13)

It is supposed that all Fei atoms form pairs with B in the dark and that all Fe-B pairs are dis-

sociated under illumination, [Fe-B] = [Fei]. Furthermore, it is assumed that the electron lifetime

measured in the dark, τdark, is determined by the recombination at Fe-B pairs exclusivley and

that the electron lifetime in solar cell operation modus, τillum, is determined by the recombination

at Fei, exclusivley. However, this assumption cannot be true for the bottom of the ingot because

other defects apart from Fe seem to limit the electron lifetime there (as has been shown in the last

section). Consequently, a re-calculation of the electron lifetimes is only done for IH >30 %.

The re-calculated solar cell efficiencies corresponding to the re-calculated lifetime values are

shown in Fig. 4.10 as dotted line. For IH <40 % and IH >80 %, a decrease of the experimental

and simulated solar cell efficiencies is observed. However, the decrease of the experimental values

is much steeper than the decrease of the calculated ones. This discrepancy is due to strong fill

factor losses measured at the bottom and top of ingot which is not taken into account in PC1D

simulations. This will be further discussed in the following subsections.
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Nevertheless, at the center of the ingot, the re-calculated values match the experimental values

quite well. Therefore, the solar cell parameters chosen for PC1D simulations seem to be suitable

for further device simulations.

Solar cell efficiency from simulated lifetimes

The simulated charge carrier lifetimes shown in Fig. 4.9(b) are re-calculated for recombination

at interstitial Fe as shown in Eq. 4.13. Again, the simulated efficiency values are compared to

measured efficiencies published in [Coletti et al., 2009] and are shown in Fig. 4.11(a). Between 50

and 80 % ingot height, the calculated efficiency curves for initial Fe distributions (i) and (ii) fit the

measured values fairly well. In simulation (iii), the calculated efficiency is slightly overestimated

by the simulation due to overestimated calculated lifetimes in this range (see Fig. 4.9(b)).

Below 50 % ingot height, the calculated solar cell efficiencies also deviate from the measured

values in accordance with the poor fit of the electron lifetime at the bottom of the ingot for all

three initial Fe distributions (see Figs. 4.7 and 4.9(b)). As mentioned before, the low experimental

lifetimes and consequently, low experimental solar cell efficiencies at the bottom region are most

likely due to defects other than Fe. Additionally, a reduced fill factor is observed experimentally

towards the bottom of the ingot which is not captured by PC1D simulations. The experimentally

determined fill factor as well as the fill factors resulting from PC1D simulations are shown in

Fig. 4.11(b). The density of structural defects but also the concentration of oxigen increases to-

wards the bottom of the ingot. The observed fill factor losses there might occur due to shunts that

arise from the metal decoration of structural defects or silicon oxide precipitates.

Further comparison of Figs. 4.9(b) and 4.11(a) show that the decrease in modeled lifetime

towards the top of the ingot results in a degradation of the simulated solar cell efficiency. However,

for ingot heights > 80 %, the measured efficiency degradation is more pronounced and cannot be

explained by the decreasing bulk lifetime alone. The additional efficiency degradation is probably

due to the drop in the fill factor that has been measured from about 80 % ingot height upwards

[Coletti et al., 2008]. This drop in the fill factor at the top of the ingot may be due to shunts that

arise from either silicon-carbide and silicon-nitride microdefects, metal precipitates, or both. The

carbon concentration increases towards the top of the ingot, and SiC microdefects were shown

to lead to important shunt losses [Bauer et al., 2007]. Fe precipitates were recently observed

at voltage pre-breakdown sites in mc-Si solar cells as well [Kwapil et al., 2009]. Additionally,

dendritic crystal growth has been observed for very high Fe concentrations towards the ingot top

[Kvande et al., 2008], which might favor the formation of such second-phase particles.
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(a) Experimental and simulated solar cell efficiencies

(b) Experimental and simulated fill factors

Figure 4.11: (a) Experimental solar cell efficiencies as a function of the ingot height in intentionally Fe-contaminated

mc-Si (full triangles) and in the reference ingot (open triangles) [Coletti et al., 2008]; simulated solar cell efficiencies

from the three different initial conditions. (b) Experimental fill factor and simulated fill factors resulting from PC1D

simulations.

Open circuit voltage times short circuit current

To remove the influence of varying fill factors on solar cell performance, the product of open

circuit voltage and short circuit current, Voc × Isc, is calculated along the ingot height. Entering

an electron lifetime of about 80 µs (measured along the reference ingot [Coletti et al., 2008])

into PC1D, a lower front SRV of 1·106 cm/s has to be chosen to obtain Voc × Isc ≈ 20 mW/cm2
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along the reference ingot (see Fig. 4.12). The higher front SRV in the efficiency simulation had to

compensate the overestimated fill factor in the center of the ingot (see Fig. 4.11(b)). In Fig. 4.12,

the simulated curves as well as the experimental values measured on the reference p-type ingot

and the Fe-contaminated p-type ingot [Coletti et al., 2008] are plotted.

Figure 4.12: Experimental and simulated product of open circuit voltage and short circuit current as a function of the

ingot height in intentionally Fe-contaminated mc-Si and in the reference ingot [Coletti et al., 2008]

Simulation (i) that is based on the actual Fe distribution, fits the experimental data very well,

except for the bottom of the ingot. Simulation (ii) results in a reasonable fit at the center of the

ingot while it slightly underestimates the actual Voc × Isc values towards the top of the ingot. In

contrast, simulation (iii) results in a good fit at the ingot top while slightly overestimating solar

cell performance at the center of the ingot. These results are consistent with lifetime simulations

shown in Fig. 4.9(b).

The reasonable modeling of Voc × Isc at the center and top of the ingot leads to an important

conclusion: besides the charge carrier lifetime, fill factor losses are potentially an equally dominant

performance-limiting factor in highly metal-contaminated materials. These fill factor losses are

presumably due to shunting caused by metal precipitates incompletely interstitial by P-diffusion

gettering and remaining in the space-charge region.

4.2.3 Contrasting I2E results with Westinghouse results: Solar cell efficiency as a
function of the total Fe concentration

The solar cell efficiencies obtained on intentionally Fe-contaminated mc-Si ingots are compared

to results of the famous Westinghouse study from the early 1980s. In the Westinghouse study,

solar cell efficiencies were determined as a function of the total metal content in CZ-Si ingots
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that were intentionally contaminated with different metal types, one of them Fe. The results were

published in [Davis et al., 1980; Hopkins et al., January 1980; Rohatgi et al., 1980]. In Fig. 4.13,

the normalized experimental solar cell efficiencies as well as a fit of these values based on an

empirical model published by Davis et al. [Davis et al., 1980] are shown. Furthermore, normalized

experimental efficiency values as a function of total Fe content along an Fe-contaminated mc-Si

ingot for IH > 60 % from Coletti et al. [Coletti et al., 2008] are plotted. Coletti et al.’s and Davis

et al.’s data sets are independently normalized to their respective maximum efficiency of samples

with low Fe concentration.

Figure 4.13: Solar cell efficiency as a function of the total Fe content measured in intentionally-contaminated CZ-Si

wafers (stars) from [Hopkins et al., January 1980] and the fit of the data based on an empirical model published by

Davis et al. [Davis et al., 1980] (dotted line); corresponding data measured along an intentionally contaminated p-type

cast mc-Si ingot (blue circles) [Coletti et al., 2008] and the simulated solar cell performance along the same mc-Si ingot

assuming lifetime degradation only ((i) full red circles (iii) open red circles)

Because of the large scattering of Davis et al.’s data for high total Fe concentration, it seems

unlikely that the efficiency reduction there is due to systematic decrease in electron lifetime. It

might be due to experimental imprecision, as Fe content was typically measured in only one wafer,

while cell results were averaged over entire ingots [Hopkins et al., January 1980].

Surprisingly, the experimental values published in 2008 for mc-Si follow the empirically fitted

curve from Davis et al. quite exactly. This is an unexpected result, as the two studies involved,

applied very different process technologies to very different Si materials.

The full and open red circles in Fig. 4.13 show the simulated solar cell efficiencies as a function

of the total Fe concentration for the measured as-grown Fe distribution (i) and the interpolated Fe

distribution (iii). They correspond to the efficiencies that one would expect if the device were
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limited only by bulk charge carrier recombination at interstitial Fe and β-FeSi2 precipitates. The

simulated values follow the trend of the experimental values for total as-grown Fe concentrations

<2·1014 cm−3 but deviates considerably for higher Fe concentrations.

Again, to remove the influence of the fill factor on solar cell performance, the normalized

product of open circuit voltage and short circuit current, Voc × Isc, taken from the DOE report

[Hopkins et al., January 1980] are plotted as a function of the total Fe concentration in Fig. 4.14.

As before, the resulting data points after removing the fill factor losses are much closer to the

simulated curve, also for higher Fe concentrations. This result suggests again that for total Fe

concentrations > 2·1014 cm−3, device shunting due to large metal precipitates may be an equally

significant cause of performance loss as lifetime degradation, independent of the material type and

processing.

Figure 4.14: Open circuit voltage times short circuit current as a function of the total Fe content measured in

intentionally-contaminated CZ-Si wafers (stars) from [Hopkins et al., January 1980]; corresponding data measured

along an intentionally contaminated p-type cast mc-Si ingot (blue circles) [Coletti et al., 2008] and the simulated so-

lar cell performance along the same mc-Si ingot assuming lifetime degradation only ((i) full red circles (iii) open red

circles)

4.3 Discussion

In sections 4.2.1 and 4.2.2, a good agreement between the simulation results and the experimental

data for mono- and mc-Si is achieved, especially for simulation (i) that is based on the actually

measured Fe distribution on mc-Si wafers. The measured P and Fe profiles after PDG are repro-

duced quite accurately combining Bentzen et al.’s model of P diffusion [Bentzen et al., 2006a] and

Haarahiltunen et al.’s model of the Fe segregation coefficient [Haarahiltunen et al., 2009]. Except
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for the bottom of the ingot, the interstitial Fe concentration remaining in the wafer bulk after PDG

is reproduced very satisfactorily along the height of an Fe-contaminated mc-Si ingot when the

precipitate kinetics is described by Ham’s law [Ham, 1958].

Unfortunately, the exact applied time-temperature profile used for solar cell processing in sec-

tion 4.2.2 remains unknown. The processing time and temperature of the PDG step are realistic

values for industrial processing as a sheet resistance of about 50Ω/� is achieved. But the final

calculated Fei concentration is especially sensitive to the cooling rate which usually is a fairly un-

controlled parameter. In our simulations, it is chosen to fit the experimental data. Consquently, an

ultimate model validation is not possible as long as the exact time-temperature profile is unknown.

Nevertheless, from the good agreement between the trends of the existing experimental data

and the simulation results, it is concluded that the I2E model captures the two most important

kinetic phenomena for solar cell processing of Fe-contaminated wafers: Fe precipitate dissolution

and Fe interstitial gettering. These two phenomena appear to play a dominant role in determining

minority carrier lifetime in mc-Si (and by extension, cell performance), since Fei is a principal

lifetime-limiting defect in the middle, top, and edges of standard mc-Si ingots. Modeling confirms

that the distribution of Fe, not only its total concentration, is crucial in determining the material’s

response to high-temperature treatments [Haarahiltunen et al., 2008; Plekhanov et al., 1999].

The observation that the Fei concentration profile along the ingot height after PDG follows the

profile of the total Fe concentration in as-grown samples [Coletti et al., 2008] is well-explained by

the model. The removal of Fe by means of external gettering is mainly limited by two mechanisms:

(1) the dissolution of Fe precipitates and (2) the diffusion of interstitial Fe towards the P-diffused

surface. The constant dissolution of metal precipitates tends to increase the Fei concentration

up to the solid solubility limit at the given process temperature, while the diffusion to the wafer

surface tends to decrease the Fei concentration in the wafer bulk. Thus, during PDG, a quasi

steady-state concentration of interstitial Fe below its solid solubility is established and the Fei

concentration continues decreasing very slowly with time. As an example, the evolution of the bulk

Fei concentration during a 20 min PDG at 850oC is shown at the three different ingot heights in Fe

segregation to the near-surface P layer decreases the Fei concentration below the solid solubility

limit of about 1.6·1013 cm−3 at 850oC. Especially for high Fe concentrations, e. g. at 88 % ingot

height, a quasi-steady state concentration is established within several minutes that remains nearly

constant with time.

As the dissolution kinetics of metal precipitates strongly depend on their size and density

(Eq. 4.6), the final value of the Fei concentration strongly depends on the precipitate distribution

as well. On the contrary, the final Fei concentration after gettering does not seem to depend on

the initial Fei concentration before gettering. The precipitate size and density vary with varying

total Fe concentration along the ingot height. The smaller precipitates in the center of the ingot are
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likely to completely dissolve during PDG and only a low concentration of interstitial Fe remains.

With increasing precipitate size and density towards the top of the ingot, more Fe dissolves into

the wafer bulk during high-temperature processing due to an increasing interface area between Fe

precipitates and the silicon matrix. The dissolving Fe precipitates act as efficient sources of Fe

interstitials and lead to a higher measured Fei concentration towards the top of the ingot. Fig. 4.15.

Other Fe-related kinetics not currently captured by the I2E model, including Ostwald ripening

and internal gettering, appear to play a minor role in dictating the Fei concentration distribution

during standard mc-Si solar cell processing. Experiments carried out in the framework of this

thesis and that are going to be presented in chapter 5.2, show that external gettering dominates

over internal effects for Fe when a P-diffused layer is present. Similar experiments were carried

out by Rinio et al. [Rinio et al., 2009] and consistent results were obtained.

To extend the predictive capability of the model, it is desirable to investigate and model the

lifetime-limiting defect interactions that occur at the bottom of typical mc-Si ingots. A high oxy-

gen concentration and dislocation density in particular are suspected to be major causes of the

lifetime degradation and poor gettering response at the bottom of the ingot.

In parallel to this thesis, a 2D simulation tool was developed at Fraunhofer ISE by Schön et

al. [Schön and Warta, 2008; Schön et al., 2010] to simulated the Fe re-distribution during crystal

growth and solar cell processing. Besides the difference in dimension, their model takes into

account the inhomogeneity of precipitate sizes and therefore, internal effects like Ostwald ripening

can be simulated. Instead of applying Ham’s law [Ham, 1958], precipitate kinetics are simulated

by a model that was developed Haarahiltunen et al. [Haarahiltunen et al., 2006]. Furthermore, the

interaction between interstitial Fe, precipitates and crystalline defects like dislocations and grain

boundaries is taken into account via an enhanced solid solubility in the vicinity of such defects.

However, despite of the simplicity and uni-dimensionality of the I2E model, existing experi-

mental data are reproduced quite accurately by simulations when Fe is the lifetime limiting defect.

Moreover, due to the simplicity of the model, simulations are fast and the optimization of the so-

lar cell process adapted to a certain kind of material can be performed with fairly low computing

power. For common use, the I2E simulation tool will be accessable online in the near future.

4.4 Chapter conclusions

The I2E simulator allows one to calculate final solar cell performance as a function of as-grown Fe

content and distribution in the Si wafer, time-temperature profiles during solar cell processing, and

device architecture. The three standalone parts of the model are successfully validated, comparing

simulations to experimental results published on mono-Si and mc-Si materials.
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Figure 4.15: Evolution of the mean Fei concentration in the wafer bulk during PDG at 850oC at three different ingot

heights; during gettering the Fei concentration decreases below the process temperature-dependent solid solubility limit

of Fe in Si (solid line)

I2E model results provide insight into the different mechanisms that dominate the effectiveness

of PDG, post-processed electron lifetimes and solar cell performance in highly Fe-contaminated

material: For a given total Fe concentration, the reduction of total Fe during PDG is more effective

when precipitated Fe is distributed on smaller precipitates in a higher density rather than on large

precipitates in a low density. This is due to a faster dissolution of smaller precipitates. Unfor-

tunately, this faster dissolution results in a higher Fei concentration after PDG and therefore in

lower electron lifetimes. However, post-processed Fei concentrations seem to depend strongly on

the cooling rate after high temperature processing. Slow cooling can lead to re-precipitation and

therfore to a decrease of Fei concentrations.

Along the intentionally Fe-contaminated mc-Si ingot, is was shown by means of µ-XRF anal-

ysis that both Fe distribution-related parameters, the precipitate size and density, increase with

increasing Fe content. At the center and top of the ingot, the total and interstitial Fe concentrations

after PDG strongly depend on the total as-grown Fe concentration and distribution but not on the

as-grown Fei concentration. However, the post-processed Fei concentration and the distribution of

precipitated Fe determine electron lifetimes after PDG.

At the bottom of the ingot, the interaction of Fe, possibly with structural defects, lowers the ef-

fectiveness of PDG and higher Fei concentrations were found experimentally than those predicted

by simulations. Higher experimental Fei concentrations also lead to lower experimental electron

lifetimes and solar cell efficiencies at the bottom of the ingot than those predicted by simulations.
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Besides the decreased minority carrier lifetime, poor device performance associated with

wafers from the bottom but also from the top of the ingot appears to be strongly influenced by

decreases in fill factor, possibly related to shunting. Generally, shunts seem to arise for total Fe

concentrations above 2·1014 cm−3 in mono-Si and mc-Si wafers, and for different standard pro-

cessing conditions. However, at the bottom of the mc-Si ingot, fill factor losses were observed

for much lower total Fe concentrations of about 3 – 4·1013 cm−3. There, they might be related

to high densities of Fe-decorated structural defects, e. g. dislocations, and possibly silicon oxide

precipitates.

Thus far, the Fe concentration and distribution, electron lifetime and device performance after

solar cell processing can by satisfactorily simulated by the I2E model when Fe is the dominant

lifetime limiting impurity and when densities of structural defects and other lifetime limiting im-

purities are low. For industrial mc-Si ingots, these conditions are usually fulfilled in wafers coming

from the center of ingots grown from heavily contaminated feedstock materials such as UMG Si.

However, Fe is expected to be the dominant lifetime-limiting defect in any mc-Si wafers from the

red-zone border region throughout much of the height of industrial ingots of any feedstock quality.

For novel processing concepts, subject of the following chapters, the I2E simulator can guide

towards optimization of time-temperature profiles when a trade-off between efficiency increase

and short process time has to be found for highly Fe-contaminated materials. For example, for

some of these materials, relative short annealing times at low temperatures after PDG promise to

lead to an appreciable decrease of interstitial Fe and an involved increase in solar cell efficiency as

will be shown in chapter 5.3.
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Chapter 5

Defect engineering by means of

gettering

In the course of reducing the cost of photovoltaic solar energy, cheaper solar grade silicon materi-

als of lower purity, e. g. UMG materials, are being developed as mentioned in chapter 2. Moreover,

about 50 % of mc-Si wafers originate from the ingots’ edge and corner regions containing higher

amounts of impurities, mainly Fe [Nærland et al., 2008; Sopori et al., 1996]. The use of these mate-

rials demands a more effective impurity reduction during solar cell processing in order to maintain

or even increase solar cell efficiencies. The implementation of sophisticated defect engineering

steps into the solar cell fabrication process might lead to a relaxation of the purity requirements

established in chapter 3. As already mentioned in chapter 2.2.3, mainly three tools exist to improve

the quality of a mc-Si wafer during the solar cell fabrication process: (i) passivation of recombi-

nation active point defects, (ii) extraction of impurities by means of external gettering and (iii)

reduction of the dissolved impurity concentration by internal gettering. In this chapter, the latter

two tools are investigated, theoretically and experimentally.

In section 5.1, the influence of different material- and process-related parameters on the ef-

ficacy of standard PDG, internal gettering and extended PDG are investigated theoretically. For

this purpose, simulations will be performed for varying material and process parameters with the

help of the I2E simulation tool presented in chapter 4. In section 5.2, the effectiveness of inter-

nal and external gettering for the reduction of the Fei concentration during different slow cooling

treatments are investigated. One objective is to find out, which one of the two different getter-

ing mechanisms is dominant when an external gettering layer is present during slow cooling. In

section 5.3, the I2E simulation tool, presented and validated in chapter 4, is applied to optimize a

short LTA step after PDG for industrial solar cell processing. Simulations are aimed at finding the

optimum annealing temperature for the reduction of the Fei concentration during LTA. Theoretical

findings will be compared to experimental results found on different mc -Si materials.



5.1. THEORETICAL STUDY OF DIFFERENT GETTERING TECHNIQUES

5.1 Theoretical study of different gettering techniques

In this section, by means of a systematic variation of different material- and process-related pa-

rameters during I2E simulations, the efficacy of different gettering schemes and mechanisms is

studied. For an easier interpretation of the simulation results, first, the main mechanisms of pre-

cipitate kinetics during high temperature processing are elucidated. Secondly, the efficacy of the

standard single temperature PDG step to reduce total and interstitial Fe concentrations is tested:

post-processed total and interstitial Fe concentrations are calculated as a function of the total as-

grown Fe content and distribution within the Si wafer. Thirdly, the P concentration at the wafer

surface is set to zero and post-processed Fei concentrations after a high temperature treatments

without the presence of an external gettering layer are calculated. Finally, the corresponding cal-

culations are done for an extended PDG when the standard PDG step is followed by (A) a slow

cool down to room temperature (RT) during several hours, or (B) a low temperature plateau. Ad-

ditionally, in the last case, a systematic variation of the annealing time and temperature for a given

material is performed.

5.1.1 Precipitated iron kinetics

In the I2E model, precipitate kinetecs are described by Ham’s law [Ham, 1958], represented by

Eqs. 4.6 and 4.7 in the last chapter. This model includes the two main mechanisms of precpi-

tate kinetics: precipitate dissolution and precipitate growth. The formation of new precipitates

(nucleation) is not taken into account.

Precipitate dissolution

When the concentration of Fei atoms at a certain temperature is lower than the solid solubility limit

of Fe in Si at the given temperature, Fe precipitates start to dissolve. In general, the interface area

between precipitate surfaces and the silicon matrix determines the velocity of Fe dissolution into

the Si bulk. Assuming spherical precipitates of radius r0 and density N , the interface area density,

ap, can be calculated as

ap = N · 4πr20. (5.1)

Substituting N given in Eq. 4.8 into Eq. 5.1, the dependence of the interface area density on the

as-grown precipitate radius and the precipitated Fe concentration, Cp,0, is given by

ap =
Cp,0VFe

4
3πr

3
0

· 4πr20 ∝
Cp,0
r0

. (5.2)

For a fixed as-grown radius, r0, the interface area density is proportional to the concentration

of precipitated Fe so that precipitate dissolution increases with an increasing concentration of

precipitated Fe. The concentration of precipitated Fe approximately corresponds to the total Fe
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concentration because the Fei concentration is usually one to several orders of magnitude smaller

than Cp,0. On the contrary, for a fixed concentration of precipitated Fe, the interface area density is

anti-proportional to the precipitate radius. This means that precipitate dissolution decreases with

increasing radius.

As an example, the simulated evolution of the Fei concentration in the wafer bulk during

20 min annealing at 850 oC followed by a slow cool down to RT with a cooling rate of 10 K/min

is shown in Fig. 5.1. For a standard industrial PDG step, much faster cooling rates are usually

applied. The simultation has been done without external gettering layer for a fixed as-grown

Fe concentration of 2·1014 cm−3 and for three different as-grown precipitate radii of 25, 35 and

45 nm. An as-grown Fei concentration of 1·1012 cm−3 has been chosen. The solid solubility limit

of Fei for the given temperature profile is also plotted.

Figure 5.1: Evolution of the Fei concentration during 20 min annealing at 850 oC followed by a slow cool down to RT

with 10 K/min for an as-grown Fe concentration of 2·1014 cm−3 and different as-grown precipitate radii of 25, 35 and

45 nm; solid solubility limit of Fei is plotted as dotted line for the given time-temperature profile

During 20 min annealing at 850 oC the Fei concentration increases monotonously due to pre-

cipitate dissolution until it reaches the solid solubility limit of about 1.6·1013 cm−3. As expected,

the concentration increase is fastest for the smallest precipitate radius of 25 nm and slowest for

a largest precipitate radius of 45 nm. During subsequent cool down, the Fei concentration de-

creases monotonously and again, decrease is faster for smaller precipitates. The mechanism of

re-precipitation or precipitate growth will be explained in the following.
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Precipitate growth

When the Fei concentration exceeds the solid solubility limit of Fe in Si, e.g. during cool down,

excess Fei atoms starts to precipitate. Analogous to precipitate dissolution, the precipitation of Fei

atoms to existing precipitates also depends on the interface area density, ap. But additionally, it is

strongly limited by the diffusivity of Fei at the given process temperature because Fei atoms need

to overcome a certain distance in order to reach a precipitate. Therefore, Fei precipitation strongly

depends on the distance, dp, between precipitates which is inversely proportional to their density,

N :

dp ∝ N−
1
3 . (5.3)

Again, substitutingN given in 4.8 into Eq. 5.3, the dependence of the distance between precipitates

on the as-grown Fe concentration and precipitate radius is obtained:

dp ∝

(
Cp,0VFe

4
3πr

3
0

)− 1
3

∝ r0
3
√
Cp,0

. (5.4)

For a given as-grown radius, the distance between precipitates is anti-proportional to the third

square root of the as-grown Fe concentration and therefore, decreases with increasing Fe concen-

tration. This means that an increasing as-grown Fe concentration favors the re-precipitation of Fei

atoms in the given model. Oppositely, the distance is proportional to the as-grown precipitate ra-

dius and increases with increasing radius. Therefore, precipitation is slower for larger precipitate

radii, as it is shown in Fig. 5.1.

However, the re-precipitation of Fei atoms during cool down is probably being over-estimated

by the simulation. In the model, a homogeneous distribution of precipitates throughout the wafer

is assumed whereas precipitate densities are much higher in the vicinity of crystalline defects.

This is true especially for Fe because heterogeneous nucleation sites are required to overcome

the nucleation barrier. For example, very high concentrations of Fe precipitates are usually found

along grain boundaries in mc-Si materials [Buonassisi et al., 2005a]. Therefore, within mc-Si

grains of low dislocation density, re-precipitation of Fei during cool down is not very likely.

5.1.2 Standard P diffusion gettering (PDG)

A standard PDG step during 20 min at 850oC followed by a fast linear cool down to RT within

5 min is assumed. As-grown Fe concentrations are varied between 5·1013 and 1·1016 cm−3 and

as-grown precipitate radii are varied between 15 and 50 nm, average concentrations and precipitate

sizes that are typically found in different mc-Si materials [Buonassisi et al., 2005b; Fenning et al.,

2010; Macdonald et al., 2002]. A fixed as-grown Fei concentration of 1·1012 cm−3 is assumed

for the calculations. The corresponding precipitate densities calculated with Eq. 4.8 are shown in
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Fig. 5.2. They reach from 106 cm−3 for low as-grown Fe concentrations and large precipitates up

to 1010 cm−3 for high as-grown Fe concentrations and small precipitates.

Figure 5.2: Precipitate density as a function of total as-grown Fe concentration and as-grown precipitate radius

The contour plot of the post-processed Fei concentration is shown in Fig. 5.3. A strong de-

pendence on both material parameters, on the total as-grown Fe concentration as well as on the

as-grown precipitate radius is observed so that post-processed Fei concentrations vary between

about 1010 anc 2·1012 cm−3. Three different regions can be distinguished within the contour

plot which can be attributed to three different material types: for as-grown Fe contents below 1 –

4·1014 cm−3, the post-processed Fei concentration increases with increasing as-grown Fe content

for any given as-grown precipitate radius. This is due to an increasing precipitate density as shown

in Fig. 5.2 which results in an increased interface area between precipitates and silicon matrix (see

Eq. 5.2), leading to an increased dissolution during high temperature processing. On the contrary,

for any given as-grown Fe concentration below 1·1014 cm−3, the post-processed Fei concentration

decreases with increasing precipitate radius. This is due to a decreasing precipitate dissolution

for larger precipitate radii as shown in Eq. 5.2. Such as-grown Fe concentrations ≤1·1014 cm−3

are usually found in the center region of cast mc-Si ingots Kvande et al. [2008]; Macdonald et al.

[2002]. On these wafers, an efficient Fei reduction can be achieved by means of standard PDG.

For an as-grown total Fe concentration between 1 – 4·1014 and 1 – 4·1015 cm−3, a post-

processed Fei concentration ≥1·1012 cm−3 is obtained after standard PDG due to precipitate dis-

solution. This means that a wafer degradation rather than a reduction of the Fei concentration

is obtained for these as-grown Fe concentrations during PDG. For increasing as-grown radii, the
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Figure 5.3: Post-processed interstitial Fe concentration as a function of as-grown Fe concentration and precipitate radius

after 20 min PDG at 850 oC

maximum post-processed Fei concentration shifts to higher as-grown Fe concentrations because

precipitate dissolution and growth decrease with increasing radius. As-grown Fe concentrations

>1·1014 cm−3 can be found on wafers originating from border and top-region of cast mc-Si in-

gots and in Si sheet material Istratov et al. [2003]; Kvande et al. [2008]; Macdonald et al. [2002].

A degradation of the electron lifetime after PDG was observed experimentally by different re-

searchers and one example will be shown in Fig. 5.23(d) in section 5.3. On these wafers, a modifi-

cation of the PDG step is required in order to achieve lower Fei concentrations and higher charge

carrier lifetimes which lead to higher conversion efficiencies.

For as-grown Fe concentrations >1·1015 cm−3 a decrease of the post-processed Fei concen-

tration is observed for small as-grown precipitate radii. With increasing as-grown Fe content, the

density of precipitates increases up to 1010 cm−3 as shown in Fig. 5.2 so that the distance between

precipitates decreases down to a few µm (see Eq. 5.4). With decreasing distance between precipi-

tates, an enhanced precipitation of Fei atoms takes place during cool down to RT. High as-grown

Fe concentrations and small precipitate radii are usually found in Si sheet materials like Ribbon

and edge-defined film-fed grown (EFG) wafers. Smaller precipitates are usually found in these

materials due to much faster cooling rates of the crystallized wafer as opposed to the long cooling

rates of cast mc-Si ingots [Buonassisi et al., 2005b]. In these materials, electron lifetimes are lim-

ited by charge carrier recombination at high densities of small precipites rather than at Fei atoms.

Therefore, a more efficient reduction of total Fe concentrations in these wafers by means of defect

engineering on the wafer level should be aimed for.
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Figure 5.4: Post-processed total Fe concentration as a function of as-grown Fe concentration and precipitate radius after

20 min PDG at 850 oC

In Fig. 5.4, the total post-processed Fe concentration is plotted as a function of the as-grown

Fe concentration and precipitate radius. The corresponding relative Fe reduction ∆Fe/Fe is plotted

in Fig. 5.5. For any given as-grown Fe concentration, Fe extraction is more effective for smaller

precipitates due to a higher interface area and faster precipitate dissolution. An Fe reduction of up

to 60 – 80 % can be achieved for as-grown Fe concentraions below 3·1014 cm−3 and precipitate

radii<20 nm. For increasing Fe concentrations and/or precipitate radii, the Fe reduction decreases.

For as-grown Fe concentrations >3·1015 cm−3 and/or precipitate radii >35 nm less than 20%

of the total Fe concentration is extracted during PDG. Depending on the process temperature,

precipitate dissolution is limited by the solid solubility of Fe in Si, and the Fe extraction is limited

by the Fei diffusivity. Therefore, only limited amounts of Fe can be extracted within a given time.

An enhanced Fe reduction can be achieved for longer gettering times and potentially for higher

process temperatures, as the solid solubility limit and the diffusivity of Fe in Si increase with

temperature. However, the driving force for segregation decreases for increasing temperatures as

solid solubility values of Si and P-doped Si converge so that the segregation coefficient decreases.

Therefore, an optimum temperature for PDG exists and above this temperature the Fe extraction

is reduced del Cañizo [2000].

5.1.3 Internal gettering

For internal gettering simulations in this section, the P concentration at the wafer surface is set to

zero. Then, post-processed Fei concentrations after an annealing step of 20 min at 850 oC followed
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Figure 5.5: Relative Fe reduction as a function of as-grown Fe concentration and precipitate radius after 20 min PDG

at 850 oC

by (a) a fast linear cool down to RT within 5 min and (b) a slow exponential cool down to RT with

a cooling rate of tau = 213 min are simulated. tau is the cooling rate of the tube furnace that

is used for subsequent experiments (see Fig. 5.12 in section 5.2). No variation of the total Fe

concentration will be observed because for a zero P concentration at the wafer surface no external

gettering takes place.

As in the previous section, as-grown Fe concentrations are varied between 5·1013 and

1·1016 cm−3, as-grown precipitate radii are varied between 15 and 50 nm and a fixed as-grown

Fei concentration of 1·1012 cm−3 is assumed for the calculations. The contour plots of the post-

processed Fei concentrations after the temperature treatments (a) and (b) are shown in Figs. 5.6(a)

and 5.6(b).

It is observed in Fig. 5.6(a) that high temperature annealing followed by a fast cool down to

RT within 5 min leads to an increase in the post-processed Fei concentration of up to 1·1013 cm−3

for most as-grown Fe concentrations and distributions. This increase is due to dissolution of

precipitates during high temperature annealing. This effect is called thermal degradation as the

increase of the Fei concentration is usually coupled to a decrease in charge carrier lifetime. Only

for Fe concentrations >2·1015 cm−3 and precipitate radii <35 nm corresponding to precipitate

densities >2·109 cm−3, post-processed Fei concentrations are reduced below the as-grown Fei

concentration of 1·1012 cm−3. In that case, Fei precipitation is facilitated due to the short distances

between precipitates (see Eq. 5.4) and an internal gettering effect is observed even during fast cool

down.
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(a)

(b)

Figure 5.6: Post-processed interstitial Fe concentration after 20 min annealing at 850 oC followed by (a) fast linear cool

down to RT within 5 min and (b) slow exponential cool down with a cooling rate of 213 min

In contrast, when the high temperature annealing step is followed by a slow cool down to RT

within several hours, post-processed Fei concentrations are equal to or below the as-grown con-

centration, as shown in Fig. 5.6(b). For as-grown Fe concentrations <2·1014 cm−3 and precipitate

radii >30 nm post-processed Fei concentrations are equal to the as-grown value of 1·1012 cm−3.

For any given as-grown radius and with increasing as-grown Fe concentration, the precipitate den-

sity increases the post-processed Fei concentrations decrease due to a stronger internal gettering
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effect. For a given as-grown Fe concentration, the post-processed Fei concentration decreases with

decreasing preciptite radius. Again, this stronger internal gettering effect for high Fe concentra-

tions and small radii is due to a decreasing distance between precipitates. For the highest as-grown

Fe concentration of 1·1016 cm−3 and smallest precipitate radius of 15 nm taken into account in the

simulation, post-processed Fei concentrations as low as 1·105 cm−3 are calculated.

5.1.4 Extended P diffusion gettering (PDG)

Finally, the effect of an extended PDG step, i. e. a standard PDG step followed by a low tem-

perature tail, on post-processed interstitial and total Fe concentrations is tested. Two different

low temperature tails are investigated: (A) a slow exponential cool down from the high process

temperature to RT and (B) a low temperature plateau.

(A) Standard P diffusion gettering followed by a slow cool down

An extended PDG step consisting of 20 min P diffusion at 850 oC followed by an exponential

cool down to RT with a cooling rate of 213 min is assumed. Again, as-grown Fe concentrations

are varied between 5·1013 and 1·1016 cm−3, as-grown precipitate radii are varied between 15 and

50 nm and a fixed as-grown Fei concentration of 1·1012 cm−3 is assumed for the calculations. The

contour plot of the post-processed Fei concentration after extended gettering is shown in Fig. 5.7.

It exhibits three different regions similar to those in the corresponding plot for standard gettering

Figure 5.7: Post-processed interstitial Fe concentration as a function of as-grown Fe concentration and precipitate radius

after 20 min PDG at 850 oC followed by a slow exponential cool down to RT with tau = 213 min

shown in Fig. 5.3: for a given as-grown precipitate radius, the post-processed Fei concentration
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exhibits a maximum for as-grown Fe concentrations between 1014 and 1015 cm−3; for increasing

as-grown precipitate radius, this maximum shifts to higher as-grown Fe concentrations.

However, the calculated post-processed Fei concentrations lie between 2·105 cm−3 and

2·108 cm−3, being several orders of magnitude lower than after a standard PDG for all as-grown

Fe concentrations and precipitate radii. This enhanced reduction of Fei concentrations during slow

cooling might occur through to two different mechanisms: (1) an enhanced external gettering due

to an increasing segregation coefficient in the P-diffused layer with decreasing temperatures, or

(2) an enhanced internal gettering to existing precipitates due to an increasing driving force for

precipitation with decreasing solid solubility. In the next section it will be investigated experimen-

tally which one is the dominant mechanisms to reduce the post-processed Fei concentration during

slow cooling.

The contour plot of the total Fe concentration after extended gettering shown in Fig. 5.8 is

almost identical to the corresponding plot for standard gettering shown in Fig. 5.4, meaning that the

reduction of the total Fe concentration is almost not affected by a slow cool down after PDG. This

is because with decreasing temperature, the solid solubility of Fe in Si decreases and no further

precipitate dissolution takes place. Only the small fraction of Fe that is present in interstitial form

can be further reduced when the cool down starts.

Figure 5.8: Post-processed interstitial Fe concentration as a function of as-grown Fe concentration and precipitate radius

after 20 min PDG at 850 oC
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(B) Standard P diffusion gettering followed by a low temperature plateau

The predictive capability of the I2E simulation tool can be used to find the optimum process

window for a given material quality. As an example, the post-processed Fei concentration is

calculated after 20 min PDG followed by LTA as a function of annealing time and temperature

assuming a typical iron concentration of 2·1014 cm−3 and a mean precipitate radius of r0 = 25 nm.

A 3 min linear ramp down from the 850oC to the LTA temperature is assumed, the final ramp

down to RT is not taken into consideration. Fig. 5.8 shows the Fei concentration after 20 min PDG

followed by LTA at different annealing temperatures ranging from 400 to 850 oC and for different

annealing durations, ranging from 0 to 60 min. The minimum concentration of Fei for a given

annealing duration is shown to depend on the annealing temperature. For shorter annealing times,

the minimum shifts to higher annealing temperatures.

Figure 5.9: Post-processed interstitial Fe concentration as a function of the annealing time and temperature of LTA after

standard PDG; an as-grown Fe concentration of 2·1014 cm−3 and precipitate radius of 25 nm are assumed

Iso-concentration lines in Fig. 5.8 show that a Fei concentration of about 2·1010 cm−3 is

achieved for 60 min LTA at 500oC and that the same Fei concentration is achieved after about

15 min annealing around 650oC. Therefore, shorter processing times at higher temperatures can

potentially lead to an equally enhanced solar cell performance as the one achieved by Rinio et al.

[Rinio et al., 2010] for long annealing times at lower temperatures [Hofstetter et al., 2010b]. This

will be further discussed in section 5.3.

The total post-processed Fe concentration is shown as a function of the annealing time and

temperature in Fig. 5.10. A perceptible reduction of the total Fe concentration is only achieved
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for annealing temperatures higher than 800oC and for annealing times longer than about 15 min.

For lower annealing temperatures and shorter annealing times the post-processed Fe concentration

remains between 1·1014 and 2·1014 cm−3. This is in accordance with the post-processed Fe con-

centration achieved after a standard PDG for the given as-grown material parameters (see Fig. 5.4).

Analogous to the case of slow cool down, the total Fe concentration is not further reduced during

LTA below 800oC.

Figure 5.10: Post-processed total Fe concentration as a function of the annealing time and temperature of LTA after

standard PDG; an as-grown Fe concentration of 2·1014 cm−3 and precipitate radius of 25 nm are assumed

As shown in Fig. 5.8, for short annealing times below 20 min, a minimum in the post-processed

Fei concentration is found for annealing temperatures between 600 and 700oC. Therefore, in the

next step, the post-processed Fei concentration is calculated as a function of the as-grown Fe

concentration and precipitate radius when standard PDG is followed by a 15 min LTA at 675oC.

The resulting contour plot is shown in Fig. 5.11. As before, as-grown Fe concentrations are varied

between 5·1013 and 1·1016 cm−3, as-grown precipitate radii are varied between 15 and 50 nm and

a fixed as-grown Fei concentration of 1·1012 cm−3 is assumed for the calculations. A 3 min linear

ramp down from 850 to 675 oC and an exponential cool down from 675 oC to RT with tau = 5 min

at the end of the process are assumed.

For a fixed as-grown precipitate radius and for as-grown Fe concentrations below 4·1014 –

3·1015 cm−3, the post-processed Fei concentration increases monotonously with increasing as-

grown Fe concentration. For a fixed as-grown Fe concentration, the post-processed Fei concen-

tration decreases monotonously with increasing as-grown precipitate radius. This effect was also
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Figure 5.11: Post-processed interstitial Fe concentration as a function of the as-grown Fe concentration and precipitate

radius when standard PDG is followed by a 15 min LTA step at 675oC and subsequent fast cool down to RT

observed for previously discussed treatments and is due to a slower precipitate dissolution for

larger precipitates.

An area maximum a post-processed Fei concentration of 1·1011 cm−3 is observed above

as-grown Fe concentrations of 4·1014 cm−3. However, for Fe concentrations >3·1015 cm−3 and

precipitate radii <25nm, corresponding to precipitate densities above 2·109 cm−3, decreasing

post-processed Fei concentrations are calculated due to an internal gettering effect as described

before.

Comparing Figs. 5.7 and 5.11, much lower post-processed Fei concentrations can be achieved

with an extended PDG of type A than with type B. In other words, the Fei reduction seems to be

more effective when PDG is followed by a slow cool down to RT within several hours than when

it is followed by LTA.

5.1.5 Section conclusions

The lowest post-processed Fei concentrations after high temperature processing are generally ob-

served for larger as-grown precipitates in the material due to a reduced precipitate dissolution.

Only for very high as-grown Fe concentrations, an enhanced Fei reduction is observed for high

densities of small precipitates due to an internal gettering effect during cool down to RT. However,

this internal gettering effect is very likely being overestimated in the I2E model because a homo-

geneous distribution of precipitates, and therefore, short distances between precipitates present in
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high densities, are assumed. This assumption is usually not fulfilled for precipitated Fe in mc-Si

wafers.

From comparison of different gettering steps it is concluded that extended PDG leads to a

stronger reduction of highly recombination active Fei atoms than standard PDG. The strongest Fei

reduction is obtained for an extended PDG including an exponential cool down rather than a low

temperature plateau. However, a further reduction of the total Fe concentration in the wafer bulk

cannot be achieved during extended PDG in comparison to standard PDG.

Simulations of high temperature annealing followed by slow cooling with no external gettering

layer present show that internal gettering is not effective for the reduction of Fei concentrations

except for very high as-grown Fe concentrations corresponding to very high precipitate densities.

Therefore, the strong reduction of Fei concentrations during the low temperature tail, i.e. slow

cooling or LTA, seems to be due to an enhanced external gettering effect towards the P-diffused

layer. This conclusion will be tested experimentally in the following section.
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5.2 Experimental study of internal versus external gettering

As was mentioned in chapter 2.2.3, it was shown experimentally by different researchers that ex-

tended gettering leads to an improvement of electron lifetimes an solar cell efficiencies. Extended

gettering refers to a high temperature step for P diffusion followed by a low temperature tail or

slow cool down to RT. So far it is not clear whether internal gettering or external gettering is the

dominant mechanism for impurity reduction during a slow cool down under the presence of the

phosphorus gettering layer. But the knowledge of the dominating effect is crucial for the optimiza-

tion of the applicable temperature profile.

To separate and understand the phenomena occurring during extended gettering, adjacent

wafers from a mc-Si ingot were subjected to high temperature treatments followed by a slow

cool down with and without the presence of an external P gettering layer. Respective changes in

the electron lifetime and in the concentration of interstitial iron, Fei, was measured to evaluate the

respective impact of internal versus external gettering.

5.2.1 Experimental

Three sets of adjacent, p-type, 5x5 cm2 cast mc-Si wafers (A, B and C) from Photowatt were

subjected to different temperature treatments in different gaseous ambiances. All wafers belonged

to the same brick but wafer sets A and B originated from the border of the ingot. All wafers

were subjected to saw damage removal by means of CP4 etch and were RCA-cleaned. The oxide

layer after RCA cleaning was removed in an HF dip before surface passivating SiNx layers were

deposited on both sides of the wafers.

The average as-grown electron lifetime τ of each wafer was measured by means of QSSPC

and lifetime mappings were recorded with the MW-PCD tool from Semilab. The concentration

of Fei was determined by means of Fe-B pair dissociation [Macdonald et al., 2004] as described

in chapter 2.3.2. After initial characterization, the SiNx layers were removed and again, wafers

were RCA-cleaned an HF-dipped. Subsequently, wafers from each set were subjected to one of

the following temperature treatments:

• Of: Oxidation at 850oC during 20 min in a dry O2 ambiance followed by a fast cool down

to RT

• Os: Extended oxidation at 850oC during 20 min in a dry O2 ambiance followed by a slow

cool down to RT

• Ns: Annealing at 850oC during 20 min in a N2 ambiance followed by a slow cool down to

RT

• Pf: PDG at 850oC during 20 min using a POCl3 source followed by a fast cool down to RT
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• Ps: Extended PDG at 850oC during 20 min using a POCl3 source followed by a slow cool

down to RT

The thermal treatments were carried out in two different tube furnaces of the same kind, one for

POCl3 diffusion and another one for oxidation or annealing in neurtral ambiance. The fast cool

down was achieved by pulling the samples out of the furnace within 5 min time. The slow cool

down was performed by switching off the furnace, leaving the samples inside during several hours

until the furnace was at RT. Previously, the time-temperature profile in the center of the furnace

after switch off had been measured by a thermocouple element. The resulting temperature profiles

for fast cooling (f) and slow cooling (s) are shown in Fig. 5.12. Tab. 5.1 shows the distribution of

the wafers used for the different temperature treatments.

Figure 5.12: Measured time-temperature profile in the center of the tube furnace after switch off (red dots); exponen-

tially fitted profile of slow cooling (s, red line) and profile of fast cooling (f, blue line) with exponential cooling rates

τ

Table 5.1: Distribution of the wafers on the different temperature treatments

ambiance T profile wafers treatment

O2 f A, B, C Of

O2 s A, B, C Os

N2 s A, B, C Ns

POCl3 f 4xA, 4xB, 4xC Pf

POCl3 s A, B, C Ps
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After the treatments, the surface of each wafer was etched off and a further RCA cleaning

procedure and HF dip were applied. Again, SiNx layers were deposited on each side of the wafers

to passivate the surface. Finally, the resulting average lifetimes, lifetime mappings and the Fei

concentration were measured as described above.

5.2.2 Results

The mean as-grown Fei concentrations and lifetimes of the different wafer groups A, B and C

are given in Tab. 5.2. Fei concentrations around 1·1012 cm−3 were measured on wafers A and B

originating from the border of the ingot and lower Fei concentrations around 5·1011 cm−3 were

measured on wafers C. In accordance, the mean lifetimes measured on wafers A and B are about

half of the mean lifetime measured on wafers C.

Table 5.2: Mean as-grown lifetimes and Fei concentrations of the different wafer groups A, B and C; errors are standard

deviations within one wafer group

A B C

as-grown lifetime [µs] (8±2) (9±3) (17±9)

as-grown Fei concentration [cm−3] (1.4±0.4)·1012 (1±0.5)·1012 (5±3)·1011

Figs. 5.13(a) and 5.13(b), respectively, show the mean relative changes in lifetime, ∆τ/τini,

and in the Fei concentration, ∆[Fei]/[Fei]ini, after the different temperature treatments. The

results for the different thermal treatments in oxidizing, neutral and POCl3 ambiance are discussed

separately in the following subsections.

Annealing and cooling in an oxidizing ambiance

All wafers subjected to an oxidation at 850oC followed by a fast cool down to RT show a degra-

dation of around 20 % in the average electron lifetime as shown in Fig. 5.13(a). Such a ”thermal

degradation” is commonly observed after high temperature steps in mc-Si [Ponce-Alcántara et al.,

2005]. It is mainly due to the dissolution of impurity precipitates at high temperatures that do

not re-precipitate during the fast cool down to RT. In fact, corresponding to the lifetime degrada-

tion, an increase in the Fei concentration of about 40 % was measured on these wafers, shown in

Fig. 5.13(b). Comparing the lifetime mappings of an as-grown and subsequently fast cooled wafer,

shown in Figs. 5.14(a) and 5.14(b), the lifetime degradation, especially of good lifetime areas, can

be observed.

In contrast, all wafers subjected to an oxidation followed by a slow cool down to RT show a

perceptible lifetime improvement of about 50 % at average (see Fig. 5.13(a), Os). Especially low

lifetime areas like border regions improved markedly during slow cooling. This effect is observed
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(a)

(b)

Figure 5.13: Relative changes in (a) the average electron lifetime and (b) in the average Fei concentration after the

different treatments; dots and squares are mean values, error bars are standard errors and crosses are minimum and

maximum values; see Tab. 5.1 for nomenclature

very clearly, comparing the lifetime mappings of wafer BOs before and after the temperature

treatment, shown in Figs. 5.14(c) and 5.14(d). Correspondlingy, an average decrease of the Fei

concentration of about 70 % was measured (see Fig. 5.13(b), Os).
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(a) BOf as-

grown, τ̄ = 11 µs;

Fei = 8·1011 cm−3

(b) BOf post-

processed, τ̄ = 8 µs,

Fei = 1·1012 cm−3

(c) BOs as-

grown, τ̄ = 10 µs;

Fei = 1·1012 cm−3

(d) BOs post-

processed, τ̄ = 12 µs;

Fei≤5·1010 cm−3

Figure 5.14: Electron lifetime mappings (µ-PCD) of i) wafer BOf before (a) and after (b) an oxidation followed by a

fast cool down and ii) wafer BOs before (c) and after (d) oxidation followed by a slow cool down.

Due to interfacial stress during oxide layer formation an enhanced impurity diffusion towards

the surface is usually observed especially during cooling to RT [Gandhi, 1983]. This diffusion

towards the surface might overlap or even dominate a possible effect of internal gettering during

slow cooling. In the following, the annealing and slow cooling step was repeated in N2 ambiance

to avoid the formation of an oxide layer and the related stresses.

Annealing and slow cooling in a N2 ambiance

All wafers annealed and slowly cooled in N2 ambiance exhibit an increase in lifetime after the

temperature treatment which lies around 40 % (see Fig. 5.13(a), Ns). Nevertheless, as shown in

Fig. 5.13(b), no significant change in the Fei concentration was measured for any of these wafers.

Figs. 5.15(a) – 5.15(d) show the as-grown and post-processed lifetime mappings of wafers BNs

and CNs, respectively. The mean electron lifetimes as well as the Fei concentration before and

(a) BNs as-

grown, τ̄ = 8 µs,

Fei = 1.4·1012 cm−3

(b) BNs post-

processed, τ̄ = 9 µs;

Fei = 1.6·1012 cm−3

(c) CNs as-

grown, τ̄ = 9 µs,

Fei = 6·1011 cm−3

(d) CNs post-

processed, τ̄ = 17 µs,

Fei = 8·1011 cm−3

Figure 5.15: Electron lifetime mappings (µ-PCD) of wafers BNs and CNs before (a and c) and after (b and d) annealing

at 850oC in N2 followed by a slow cool down; note the different lifetime scales for the two different wafers.

after the temperature treatment are also shown. The lifetime mappings reveal that especially good

lifetime areas improve during slow cooling. This results in a strong increase in lifetime for wafer
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CNs from 9 to 17 µs. In contrast, low lifetime areas like the border of wafer BNs remain the same

so that only a total increase in lifetime of about 1 µs is observed for wafer BNs.

Standard versus extended P diffusion gettering

Generally, lifetimes of all P-diffused wafers increase during the two different PDG treatments.

Wafers subjected to a standard gettering step show a mean lifetime enhancement of about 115 %

(see Fig. 5.13(a)). Representatively, Figs. 5.16(a) and 5.16(b) show the as-grown and post-

processed lifetime mappings of wafer BPf4. An overall improvement of the electron lifetime

is observed after the standard gettering step and the average lifetime increases from 8 to 18 µs.

Especially areas of low as-grown lifetime improve to an extent that they cannot be distinguished

from other areas in the post-processed lifetime mapping. Corresponding to the lifetime improve-

ment, a reduction of the Fei concentration of about 80 % was measured at average, as shown in

Fig. 5.13(b). Post-processed Fei concentrations of around 1 – 2·1011 cm−3 were measured on

standard gettered wafers. Simulations shown in Fig. 5.3 suggest that such post-processed Fei con-

centrations after standard PDG result for total as-grown Fe concentrations between 5·1013 and

2·1014 cm−3 and precipitate radii between 30 and 50 nm. For very high as-grown Fe concentra-

tions between 3·1015 and 1016 cm−3, such post-processed Fei concentrations are calculated for

precipitate radii below 25 nm.

(a) APf4 as-

grown, τ̄ = 8 µs;

Fei,ini = 1.2·1012 cm−3

(b) APf4 post-

processed, τ̄ = 18 µs;

Fei = 8·1010 cm−3

(c) APs1 as-

grown, τ̄ = 7 µs;

Fei = 1.2·1012 cm−3

(d) APs1 post-

processed, τ̄ = 30 µs,

Fei≤5·1010 cm−3

Figure 5.16: Electron lifetime mappings (µ-PCD) of i) wafer APf4 before (a) and after (b) a standard PDG and ii) wafer

APs1 before (c) and after (d) an extended PDG.

The greatest lifetime improvement was measured on wafers subjected to an extended PDG.

The mean lifetime increase is about three times the as-grown lifetime (see Fig. 5.13(a), Ps) but

lifetime enhancements of up to five times the as-grown value were measured. In particular wafers

of low as-grown lifetime show the greatest lifetime improvements during the extended gettering

step. The lifetime mappings in Figs. 5.16(c) and 5.16(d) show that the mean electron lifetime of

wafer APs increased from 7 to 30 µs. At an average, the Fei concentration was reduced by more

than 95 % during an extended gettering step, as shown in Fig. 5.13(b), and for some wafers it
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falls below the detection limit of about 5·1010 cm−3. Simulations shown in Fig. 5.7 even suggest

that Fei concentrations after the applied extended PDG fall below this detection limit for all as-

grown Fe concentrations and precipitate radii taken into consideration. This incoherence between

experiment and simulation, e.g. for wafer APf4 shown in Fig. 5.16(b), might be due to structural

defects like dislocations that inhibit an effective Fei gettering, even during extended PDG. So far,

structural defects are not taken into account by the I2E model.

5.2.3 Discussion

The results confirm that a high temperature step followed by a fast cool down to RT leads to a

thermal degradation of mc-Si wafers. The measurede lifetime degradation seems to be partly due

to the dissolution of Fe-containing precipitates and the involved increase of the Fei concentration,

detected in the present experiment. In contrast, when the oxidation step is followed by a slow cool

down to RT, the electron lifetime improves and the Fei concentration is reduced. It is not clear

if this Fe reduction is due to an internal gettering of Fei to precipitation sites or to an external

gettering to the surface Si oxide layer [Gandhi, 1983].

In comparison, for wafers annealed and slowly cooled in N2 ambiance a somewhat smaller

lifetime improvement was found and the post-processed Fei concentration approximately equals

the as-grown concentration. The slow cooling rate only leads to a small internal gettering effect

for Fe: atoms that might dissolve during the high temperature step are able to re-precipitate during

slow cooling but no further reduction of dissolved Fe takes place. This comparison indicates that

the Fei reduction after oxidation and slow cooling results from Fe diffusion to the surface Si oxide

layer and is not due to internal gettering.

Although the Fe concentration remains constant after slow cooling in N2, the electron lifetime

improves noticeably. This lifetime improvement might be due to the internal gettering of other

impurity types different from Fe. The diffusivity of Fei might be too low to reach existing precip-

itation sites during the slow cool down. But other lifetime degrading impurities that have higher

diffusivities than Fe might be effectively gettered to precipitates. Two of these faster diffusing

impurity types that are frequently found in mc-Si are Cu and Ni.

Lifetimes in the border regions of the ingot do not improve during slow cooling in N2 (see

Fig. 5.15(b)). As the internal gettering during slow cooling does not reduce the net concentration

of Fei, lifetimes in the border region might be mainly limited by Fe contamination in agreement

with findings by Naerland et al. [Nærland et al., 2008]. On the contrary, electron lifetimes of

wafers from the centre of the ingot improve considerably during the same treatment (Fig. 5.15(d)).

Assuming that an internal gettering during slow cooling is taking place for fast diffusing metal

impurities like Cu and Ni, the as-grown lifetime of the center of the ingot might be limited by

those fast diffusing impurities.
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In contrast to internal gettering, both standard and extended PDG are very effective methods

to reduce the dissolved Fe content in the mc-Si wafers under investigation (see Fig. 5.13(b), Pf

and Ps). Additionally, during an extended PDG, at average a 10 % higher reduction of Fei was

achieved than during a standard gettering step. As internal gettering does not seem lead to a net

reduction of the Fei concentration for the applied slow cooling temperature profile, this further

reduction during extended PDG has to be explained by an enhanced external gettering effect. With

decreasing temperature, the segregation coefficient of the P-diffused layer increases which results

in a higher driving force for metals to segregate. During fast cooling, few Fei atoms reach the

external gettering layer due to a fast decreasing diffusivity. In contrast, during slow cool down,

their diffusivity also decreases slowly with temperature so that a further reduction of Fe is achieved.

The increased Fe reduction after extended PDG is also reflected in a stronger improvement of

the electron lifetime in comparison to standard gettering. The highest lifetime improvements are

observed for group B and A wafers that originate from the border of the ingot. This observation

supports the assumption that low lifetimes at the border of the ingot are strongly correlated to Fe

contamination.

Additionally to an enhanced segregation gettering of Fe and probably an enhanced segregation

gettering of other impurity types, an internal gettering of fast impurities during extended PDG

might also contribute to the strong lifetime improvement. A comparison of the lifetime mappings

in Figs. 5.16(b) and 5.16(d) reveals that only good lifetime areas improve further during the ex-

tended PDG while low lifetime areas such as grain boundaries and areas with high dislocation

densities do not improve. Thus, these characteristic precipitation sites might serve as additional

sinks for fast impurity atoms during extended gettering.

5.2.4 Section conclusions

When no external gettering layer is present, fast cooling after high temperature steps leads to a

thermal lifetime degradation in p-type mc-Si wafers. In contrast, slow cooling leads to an internal

gettering effect and an improvement of the electron lifetime. Slow cooling allows moderately dif-

fusing impurity atoms like Fe to re-precipitate while the concentration of fast diffusing interstitial

impurity atoms like Cu and Ni might be even decreased.

Slow cooling under the presence of an external gettering layer leads to an improved reduction

of Fei and to an increased electron lifetime in comparison to a fast cool down. As the internal

gettering mechanism does not lead to an enhanced Fe reduction for the applied cooling profile, the

improved Fe reduction during extended PDG seems to be only caused by an enhanced segregation

gettering of Fe atoms to the P-diffused layer. For faster impurity atoms, segregation gettering as

well as relaxation gettering may take place during extended PDG. The decrease of their dissolved

concentration might contribute to the the strong increase of the electron lifetime observed.
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5.3 Theoretical and experimental Study of Low Temperature An-

nealing

It was shown experimentally by different researchers that LTA below 700 oC after PDG can lead to

higher charge carrier lifetimes and thus, to better device performance [Manshanden and Geerligs,

2006; Pickett and Buonassisi, 2008; Rinio et al., 2008; Tan et al., 2007]. Pickett and Buonassisi

observed a median 2.2 % relative efficiency increase when PDG was followed by 30 min LTA at

500 oC. Rinio et al. achieved an absolute efficiency increase of up to 0.8 % for LTA at 500 o during

several hours. The drawback of these investigated treatments is that long extra-processing time

is required in order to achieve noticeable improvements of device performance. Furthermore, the

optimum annealing time and temperature were unknown parameters so far and their experimental

optimization is a time- and cost-intensive task.

In the following section 5.3.1 it is shown by simulation that an enhanced reduction of the Fei

concentration, [Fei], and an appreciable increase in electron lifetimes can yet be achieved for a

15 min anneal at the appropriate temperature. With the help of the I2E simulation tool, presented

in chapter 4, the evolution of the Fe distribution during solar cell processing is simulated and

translated into minority carrier lifetimes and solar cell efficiency. As already shown in section

5.1.4, simulations predict higher optimum temperatures for shorter LT annealing times. In section

5.3.2, simulation results are tested experimentally. For this purpose, a 20 min PDG at 850 oC

followed by a 15 min LTA at different temperatures is applied to mc-Si wafers from different

providers. As-grown and post-processed Fei concentrations and electron lifetimes are measured to

test the impact of the different LTA treatments on the wafer quality.

5.3.1 Simulation

An experiment on LTA is simulated that was recently carried out by Rinio et al. [Rinio et al., 2008].

Solar cells were made out of wafers from the border of a p-type mc-Si ingot where Fe is presumed

to be the principle lifetime-limiting impurity. After P emitter diffusion at 900 oC for about 10 min-

utes, the wafers were subjected to a LTA at 500 oC for different times ranging from 15 minutes

up to 4 hours. As the total as-grown Fe content as well as the distribution of Fe are unknown, a

total concentration of [Fe] = 2·1014 cm−3 [Macdonald et al., 2002] and a typical mean as-grown

precipitate radii of r0 = 20 nm, 30 nm and 40 nm [Buonassisi et al., 2005a] are assumed as input

parameters for the I2E simulation tool presented in chapter 4. This leads to precipitate densities

of N = 2.3·108 cm−3, 6.7·107 cm−3 and 2.8·107 cm−3 when Eq. 4.8 is assumed to describe the

relation between precipitate radius and density.

In Fig. 5.17, Rinio’s experimental data as well as the simulated solar cell efficiency as a func-

tion of annealing time are shown. Too many input parameters are unknown to perform truly quan-
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titative simulations. However, an important trend in the efficiency improvement due to LTA can be

observed: more than 90 % of the efficiency increase occurs during the first 60 minutes of LTA at

500 oC. According to the simulation, this increase is due to the reduction of the Fei concentration

in the bulk, much of it having been gettered to the P-rich layer, in agreement with experimental

results presented in the last section and in [Hofstetter et al., 2010a; Rinio et al., 2009]. For longer

annealing times, even for a complete removal of Fei, a further efficiency increase is inhibited by

recombination at Fe silicide precipitates and other lifetime-limiting defects, e. g., dislocations.

Figure 5.17: Solar cell efficiencies for different durations of low temperature annealing at 500 oC after PDG by Rinio

et al. [Rinio et al., 2008] as dots; efficiency simulated for different as-grown Fe distributions as lines

In section 5.1 the post-processed Fei concentration was calculated as a function of the anneal-

ing temperature and time for LTA after PDG. For a given processing time, Fig.5.8 serves to find

the optimum temperature for the LTA step. Correspondlingly, in Fig. 5.18, the post-processed Fei

concentration for 15, 30, 60 and 90 min LTA after 10 min PDG at 900 oC are shown. As observed

before, the optimum annealing temperature for which the post-processed Fei concentration in the

bulk reaches its minimum, depends on the annealing duration. The shorter the annealing time, the

higher is the optimum annealing temperature.

The reduction of the Fei concentration by means of external gettering is mainly limited by two

mechanisms: at high temperatures the Fei concentration is determined by the solid solubility of

Fe in Si, SFe(T ), while at low temperatures the Fei extraction is limited by the Fei diffusivity,

DFe(T ). Both parameters, SFe(T ) and DFe(T ), decrease exponentially with decreasing tem-

perature. While the Fei concentration < SFe(T ) at a given process temperature, the dissolution

of iron-containing precipitates tends to increase the Fei concentration up to the solid solubility
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Figure 5.18: Final dissolved Fe concentrations as a function of annealing temperature after 10 min PDG at 900 oC for

different process durations

limit. At the same time, the diffusion of Fei atoms to the P-diffused wafer surface leads to a

decrease of the Fei concentration in the wafer bulk. The post-processed Fei concentration is deter-

mined by the resulting atomic flux towards the P-diffused layer which is related to the product of

SFe(T ) ·DFe(T ) [Buonassisi et al., 2006b]. For any given process time, an optimum temperature

exists for which the post-processed Fei concentration reaches a local minimum. For shorter an-

nealing times, a higherDFe(T ) and thus a higher temperature is required so that Fei atoms are able

to reach the P-diffused near-surface region of the wafer. For this reason, the optimum annealing

temperature shifts to higher temperatures when LTA process gets shorter.

The post-processed Fei concentration also depends on the as-grown concentration and distri-

bution of precipitated Fe in the as-grown wafer as was shown in Fig. 5.11 for 15 min annealing

at 675 oC and is shown as a function of annealing temperature in Fig. 5.19 for two different Fe

concentrations and distributions. For a given total Fe concentration of [Fe] = 2·1014 cm−3, a high

density of small precipitates (N = 1·108 cm−3 and r0 = 26 nm) leads to a higher post-processed

Fei concentration (solid line) than a lower density of larger precipitates (N = 2·107 cm−3 and

r0 = 45 nm) (dashed line). As explained in section 5.1.1, this is because for a higher density of

small precipitates, the interface area between the precipitate and the Si matrix is larger, so that

precipitate dissolution is faster during PDG. The same argument holds for the dependence of the

post-processed Fei concentration on the total [Fe], also shown in Fig. 5.19. For a given precipitate

density of N = 2·107 cm−3, a lower post-processed Fei concentration is achieved for a low Fe

content of 3·1013 cm−3 (dotted line) than for a high iron content of 2·1014 cm−3 (dashed line).
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Figure 5.19: Final dissolved Fe concentrations as a function of annealing temperature after 10 min PDG at 900 oC for

different as-grown Fe contents and distributions

5.3.2 Experimental

Two sets of p-type mc-Si sister wafers, 21 of grain type type A and 12 of grain type B were

chemically polished and cleaned. The wafer thickness after chemical polishing was d = 240 µm for

sample set A and d = 260 µm for sample set B. The resistivities of all samples was about 1.1 Ωcm.

All wafers were SiNx-coated on both sides for surface passivation. The as-grown electron lifetime

was measured by means of QSSPC and lifetime mappings were recorded using MW-PCD. The

concentration of interstitial Fe, [Fei], was measured via Fe-B pair dissociation [Macdonald et al.,

2004].

Six wafers of set A and two wafers of set B were subjected to PDG at 850 oC during 20 min;

those will be referred to as reference samples in the following. The other wafers were subjected

to PDG at 850 oC during 20 min followed by a LTA during 15 min close to the inlet of the furnace

at temperatures between 550 and 750 oC. The temperature profile from the inlet to the center of

the furnace is shown in Fig. 5.20. The wafers have been located perpendicular to the gas flow

with a distance of about 9 mm between each wafer. Processes at three different LTA temperture

ranges were carried out and during each process, five samples are distributed over a length of

about 4 cm in the sample carrier. Due to the steep temperature gradient towards the furnace inlet,

a temperature range of about 50 to 100 oC is covered by the five samples and it was not possible to

determine the exact temperature of each wafer.
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Figure 5.20: Temperature profile of the tube furnace used for PDG and LTA experiments; samples were subjected to

PDG at the center of the furnace at 850 oC and to LTA treatments at lower temperatures close to the inlet of the furnace.

After PDG and LTA treatments, the P emitter was etched off, wafers were cleaned again,

SiNx-coated on both sides and, finally, the resulting electron lifetime, lifetime mappings and post-

processed Fei concentration were measured.

5.3.3 Experimental results

The post-processed measured Fei concentrations for the two different sample sets for the different

LTA temperature ranges, respectively, are shown in Fig. 5.21 as dots. As the temperature during

LTA is not well controlled, a mean value of the measured Fei concentration is calculated for the

three different temperature ranges ∆T , which are represented as error bars in x-direction. Er-

ror bars in y-direction represent the standard deviations of the mean measured Fei concentration

values. The values at T = 0 oC correspond to the Fei concentration measured on the reference sam-

ples. A mean Fei concentration of about 2·1011 cm−3 was measured after standard gettering. The

samples that were additionally LT annealed around 680 oC and between around 750 oC exhibit a

similar post-processed Fei concentration around 2·1011 cm−3. Only on samples annealed around

600 oC a sowewhat lower post-processed mean concentrations of 8·1010 cm−3 was measured.

To contrast experimental results with simulations, the Fei concentration as a fuction of an-

nealing temperature was calculated for the two different sample thicknesses d = 240 µm (dashed

line) and d = 260 µm (dash-dotted line) and the resulting curves are also shown in Fig. 5.21.

The total as-grown Fe concentration and distribution are unknown so that typical values of

[Fe] = 2·1014 cm−3 and a precipitate density of N = 2·107 cm−3 (corresponding to a precipitate
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Figure 5.21: Measured values of (a) interstitial Fe concentration on reference samples (corresponding to T = 0 oC) and

on samples subjected to 15 min LTA at different temperatures for wafer set A (triangles) and B (circles). Lines are

simulations of the post-processed [Fei] for a wafer thickness of d = 240 µm (dashed line) and d = 260 µm (solid line)

radius of r0 = 45 nm) were assumed. A minimum of the Fei concentration is calculated at around

675 oC. The simulations predict a lower post-processed Fei concentration on thinner wafers at

temperatures where the Fe extraction is limited by the Fe diffusivity.

In Fig. 5.22, the mean lifetime values measured by means of QSSPC on reference samples and

on LT annealed samples are plotted as dots. Lifetime values of (21±5) µs have been measured on

the reference samples of set A and (16±2) µs on reference samples of set B. Similar lifetimes were

measured on both wafer sets that were LT annealed around 680 oC. Somewhat higher lifetimes

of (32±4) µs for wafer set A and (23±1) µs for wafer set B were measured after LTA around

600 oC. Set A wafers that were LT annealed around 750 oC also show slightly higher lifetimes of

(26±4) µs.

The simulated Fe concentration and distribution curves were translated into electron lifetime

and are also shown in Fig. 5.22. Only the recombination at Fe-B pairs and at FeSi2 precipitates

was taken into account. The lifetime maxima are calculated for an annealing temperature around

675 oC corresponding to the minima in the Fei concentration.

Lifetime mappings of one reference wafer of set A and one reference wafer of set B before and

after standard PDG are shown in Figs. 5.23(a) – 5.23(d). The mean electron lifetime of reference

wafer A increased from 12 to 19 µs during standard PDG while the mean Fei concentration in-

creased slightly from 3·1011 cm−3 to 5·1011 cm−3. In contrast, a lifetime degradation is observed

on reference wafer B from 21 to 19 µs while the mean Fei concentration remains constant around

5·1011 cm−3. For both wafers, the measured lifetime changes during PDG do not correspond to
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Figure 5.22: Measured values of the electron lifetime on reference samples (corresponding to T = 0 oC) and on samples

subjected to 15 min LTA at different temperatures for wafer set A (triangles) and B (circles). Lines are simulations of

the electron lifetimes for a wafer thickness of d = 240 µm (dashed line) and d = 260 µm (solid line)

the measured changes of Fei concentrations: the increased electron lifetime on reference wafer A

does not come along with a decreased Fei concentration and the decreased electron liftetime on

reference wafer B does not come along with an increased Fei concentration.

(a) Reference

wafer A, τ̄ = 12 µs,

Fei = 3·1011 cm−3

(b) Reference

wafer A, τ̄ = 19 µs;

Fei = 5·1011 cm−3

(c) Reference

wafer B, τ̄ = 21 µs,

Fei = 5·1011 cm−3

(d) Reference

wafer B, τ̄ = 19 µs,

Fei = 5·1011 cm−3

Figure 5.23: Electron lifetime mappings (µ-PCD) of reference wafers A and B before (a and c) and after (b and d)

20 min standard PDG at 850 oC

Lifetime mappings of LT annealed wafers from each set (A4 and B4) before and after PDG

plus LTA around 600 oC are shown in Figs. 5.24(a) – 5.24(d). Both wafers exhibit an as-grown

Fei concentration of 3·1011 cm−3. On the post-processed wafer A4, a strong increase of the elec-

tron lifetime from 11 to 36 µs is observed and, correspondingly, a decreased Fei concentration of

7·1010 cm−3 was measured. On wafer B4, the mean electron lifetime only increased from 23 to

30 µs and a slight decrease of the Fei concentration down to 1·1011 cm−3 was measured. In the
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post-processed mappings of both wafers it is observed that the electron lifetime only increases in

certain grains of the wafer. Large areas of low as-grown lifetime do not improve during the get-

tering treatment, especially in wafers B. Presumably, these are areas of high dislocation densities.

(a) Wafer A4,

τ̄ = 11 µs,

Fei = 3·1011 cm−3

(b) Wafer A4,

τ̄ = 36 µs;

Fei = 7·1010 cm−3

(c) Wafer B4,

τ̄ = 23 µs,

Fei = 3·1011 cm−3

(d) Wafer B4,

τ̄ = 30 µs,

Fei = 1·1011 cm−3

Figure 5.24: Electron lifetime mappings (µ-PCD) of one LT annealed wafer A (a and b) and one LTA annealed wafer

B (c and d) before and after 20 min PDG at 850 oC followed by 15 min LTA around 600 oC

5.3.4 Discussion

In Fig. 5.21 it is observed that the experimental data do not follow the trend predicted by the sim-

ulation. A minimum of the Fei concentration was calculated at an optimum temperature around

675 oC for a 15 min LTA after PDG. However, no such minimum is observed for the experimental

Fei concentration as a function of annealing temperature. Only on some wafers that were annealed

at temperatures around 600 oC, a decreased Fei concentration below 1011 cm−3 and an increased

electron lifetime was found. Moreover, experimental lifetimes measured on most LT annealed

samples are much lower than the calculated ones, especially for wafer group B. Even after the

successful reduction of interstitial Fe on some of the investigated wafers, electrons lifetime did

not increase to the calculated values and seem to be limited by other defects not considered in

our calculation. Furthermore, the electron lifetime in wafer set B does not improve to the same

amount as in wafer set A. As observed in the lifetime mappings, shown in Figs. 5.23 and 5.24,

an enhanced electron lifetime is only found in certain grains of the mc-Si wafers whereas large

areas remain unaffected by the gettering treatments. This poor response of low lifetime areas to

gettering treatments was discussed by different authors [Bentzen et al., 2006b; Kittler and Seifert,

2004] and is assumed to be due to high dislocation densities and their interaction with metallic

impurities in these areas. As already discussed in chapter 4, the interaction between dislocations

and metal impurities inhibit the effective extraction of the latter due to their increased solid solu-

bility in the vicinity of crystalline defects. This might explain the poor reduction of Fei on most

of the investigated wafers, even during LTA treatments. Furthermore, metal-decorated dislocation
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exhibit high recombination activity and therefore limit minority carrier lifetimes. In conclusion,

Fe contaminated wafers containing large areas of high dislocation densities are not expected to

improve considerably during LTA.

In simulations shown in Fig. 5.21, strong influence of the wafer thickness on the gettering

efficiency during LTA is predicted by the simulation. Especially at low tempertures where the ef-

ficiency of external gettering is limited by the diffusivity of Fei, a short LTA treatment is predicted

to be more efficient, the thinner the wafer is.

To quantify the potential effect of a short extended PDG on solar cell performance, the calcu-

lated minority carrier lifetimes as a function of annealing temperature were translated into solar

cell efficiencies. Typical solar cell parameters resulting from a standard industrial fabrication pro-

cess were assumed and solar cell efficiencies for the two different wafer thicknesses, d = 240 µm

and 260 µm, were calculated. The resulting efficiency curves are shown in Fig. 5.25. For the

Figure 5.25: Simulated solar cell efficiencies as a function of annealing temperature for a wafer thickness of d = 240 µm

(dashed line) and d = 260 µm (solid line)

chosen parameters, the solar cell efficiency is increased by 0.4 % absolute in comparison to the

standard process when PDG is followed by a 15 min LTA at temperatures between 600 and 700 oC.

Considering this noticeable efficiency increase, it might be worth substituting the standard in-

dustrial P emitter diffusion by a short extended PDG for wafers with considerable as-grown Fe

contents.
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5.4 Chapter conclusions

The optimum annealing temperature for a low temperature annealing LTA following PDG mainly

depends on the duration of the annealing step. The optimum annealing temperature for a short

extended PDG, consisting of a standard industrial P-diffusion step followed by 15 min LTA, lies

between 650 and 700 oC as indicated by simulations. Experimental results on some of the inves-

tigated wafers show an enhanced reduction of the Fei concentration and an enhanced increase in

electron lifetime during a short extended PDG around 600 oC. However, Fei extraction even during

LTA treatments is strongly limited when high densities of dislocation are present. For highly Fe

contaminated wafers with low dislocation densities, an appreciable increase in solar cell perfor-

mance due to a moderate process modification is expected introducing such a short extended PDG

into the industrial solar cell process.
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Chapter 6

Conclusions

In the first part of this thesis, the acceptable contamination levels of Ti, Cr, Fe and Cu in a p-type

mc-Si solar cell, in the initial mc-Si wafer and in the silicon feedstock were calculated. These four

impurity types were chosen due to their different capture cross sections and diffusivities within

silicon but the method proposed in this chapter can be easily applied to other metal contaminants

in silicon. It results that Fe and Cu may be present in the silicon feedstock in amounts of several

ppma whereas Cr and Ti may only have concentrations of some hundredths ppma. Because of

the presence of precipitates in mc-Si, a higher total impurity concentration is allowed in mc-Si

wafers in comparison to mono-Si wafers. This is because precipitates contain a great amount of

impurity atoms but are less recombination active than interstitial impurities due to a lower density.

On the other hand, the total impurity concentration in the feedstock has to be lower for the growth

of mc-Si as the segregation coefficient during mc-Si growth is enhanced due to grain boundary

segregation. The purity requirements established are valid when a standard industrial solar cell

fabrication process is applied.

In the second part of this thesis, the I2E model was developed that allows one to calculate final

solar cell performance as a function of as-grown Fe content and distribution in the Si wafer, time-

temperature profiles during solar cell processing, and device architecture. The model The three

standalone parts of the model were successfully validated, comparing simulations to experimental

results published on mono-Si and mc-Si materials.

µ-XRF analysis was performed along an intentionally Fe-contaminated mc-Si ingot and it was

shown that both Fe distribution-related parameters, the precipitate size and density, increase with

increasing Fe content. At the center and top of the ingot, the total and interstitial Fe concentrations

after PDG strongly depend on the total as-grown Fe concentration and distribution but not on the

as-grown Fei concentration. However, the post-processed Fei concentration and the distribution of

precipitated Fe determine electron lifetimes after PDG.
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At the bottom of the ingot, the interaction of Fe, possibly with structural defects, lowers the ef-

fectiveness of PDG and higher Fei concentrations were found experimentally than those predicted

by simulations. Higher experimental Fei concentrations also lead to lower experimental electron

lifetimes and solar cell efficiencies at the bottom of the ingot than those predicted by simulations.

Besides the decreased minority carrier lifetime, poor device performance associated with

wafers from the bottom but also from the top of the ingot appears to be strongly influenced by

decreases in fill factor, possibly related to shunting. Generally, shunts seem to arise for total Fe

concentrations above 2·1014 cm−3 in mono-Si and mc-Si wafers, and for different standard pro-

cessing conditions. However, at the bottom of the mc-Si ingot, fill factor losses were observed

for much lower total Fe concentrations of about 3 – 4·1013 cm−3. There, they might be related

to high densities of Fe-decorated structural defects, e. g. dislocations, and possibly silicon oxide

precipitates.

Thus far, the Fe concentration and distribution, electron lifetime and device performance after

solar cell processing can by satisfactorily simulated by the I2E model when Fe is the dominant

lifetime limiting impurity and when densities of structural defects and other lifetime limiting

impurities are low. For industrial mc-Si ingots, these conditions are usually fulfilled in wafers

coming from the center of ingots grown from heavily contaminated feedstock materials such

as UMG Si. However, Fe is expected to be the dominant lifetime-limiting defect in any mc-Si

wafers from the red-zone border region throughout much of the height of industrial ingots of any

feedstock quality.

With the help of the simulation tool, a general study of different gettering schemes was per-

formed, including standard PDG, PDG followed by a slow cool down, PDG followed by LTA step,

and internal gettering during slow cooling. For a given total Fe concentration, the reduction of

total Fe during PDG is more effective when precipitated Fe is distributed on smaller precipitates in

a higher density rather than on large precipitates in a low density. This is due to a faster dissolution

of smaller precipitates. On the contrary, the lowest post-processed Fei concentrations after high

temperature processing are generally observed for larger as-grown precipitates in the material due

to the reduced precipitate dissolution. Only for very high as-grown Fe concentrations, an enhanced

Fei reduction is observed for high densities of small precipitates due to an internal gettering effect

during cool down to RT. Therefore, post-processed Fei concentrations seem to depend strongly on

the cooling rate after high temperature processing. Slow cooling can lead to re-precipitation and

therfore to a decrease of Fei concentrations. One has to take in mind that this internal gettering

effect is very likely being overestimated in the I2E model because a homogeneous distribution

of precipitates, and therefore, short distances between precipitates present in high densities, are

assumed. This assumption is usually not fulfilled for precipitated Fe in mc-Si wafers.
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From comparison of different gettering steps it is concluded that extended PDG leads to a

stronger reduction of highly recombination active Fei atoms than standard PDG. The strongest

Fei reduction is obtained for an extended PDG including a low temperature plateau rather than an

exponential cool down. However, a further reduction of the total Fe concentration in the wafer

bulk cannot be achieved during extended PDG in comparison to standard PDG.

Simulations of high temperature annealing followed by slow cooling with no external

gettering layer present show that internal gettering is not effective for the reduction of Fei

concentrations except for very high as-grown Fe concentrations. Therefore, the strong reduction

of Fei concentrations during the low temperature tail, i.e. slow cooling or LTA, seems to be due

to an enhanced external gettering effect towards the P-diffused layer.

It was shown experimentally, that when no external gettering layer is present, fast cooling

after high temperature steps leads to a thermal lifetime degradation in p-type mc-Si wafers. In

contrast, slow cooling leads to an internal gettering effect and an improvement of the electron life-

time. Slow cooling allows moderately diffusing impurity atoms like Fe to re-precipitate while the

concentration of fast diffusing interstitial impurity atoms like Cu and Ni might be even decreased.

Slow cooling under the presence of an external gettering layer was shown to lead to an im-

proved reduction of Fei and to an increased electron lifetime in comparison to a fast cool down.

As the internal gettering mechanism does not lead to an enhanced Fe reduction for the applied

cooling profile, the improved Fe reduction during extended PDG seems to be only caused by an

enhanced segregation gettering of Fe atoms to the P-diffused layer. For faster impurity atoms,

segregation gettering as well as relaxation gettering may take place during extended PDG. The de-

crease of their dissolved concentration might contribute to the the strong increase of the electron

lifetime observed.

Again, by means of simulations, it was shown that the optimum annealing temperature for

LTA following PDG mainly depends on the duration of the annealing step. The optimum annealing

temperature for a short extended PDG, consisting of a standard industrial P-diffusion step followed

by 15 min LTA, lies between 650 and 700 oC as indicated by simulations.

Experiments of PDG followed by LTA at different temperatures were performed on mc-Si

wafers. The simulated dependence of the Fei concentration on the annealing temperature during

short annealing could not be reproduced on these wafers, presumably due to high dislocation

densities that impede an effective Fei reduction. However, lifetime mappings indicate an enhanced

electron lifetime in some grains during a short extended PDG around 600 oC and several mc-Si

wafers also showed an enhanced reduction of the Fei concentration below 1011 cm−3. For highly

Fe contaminated wafers with low densities of crystalline defects, an appreciable increase in solar
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cell performance due to a moderate process modification is expected introducing such a short

extended PDG into the industrial solar cell process.
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