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Abstract

This thesis presents results on the effects of low-temperature gettering processes on
minority carrier lifetime in multicrystalline silicon. Wafers are sourced from different
height positions of a commercially-grown ingot. The distribution of different key material
properties including bulk lifetime, interstitial iron concentration, and dislocation density
are characterised and are found to vary widely with ingot height position. Lifetimes are
measured by using temporary liquid iodine-ethanol passivation at room temperature or
silicon nitride films deposited by plasma-enhanced chemical vapour deposition. Lifetimes
are lower in samples from the extrema of ingot than the centre parts. Interstitial iron
concentrations are found to be highest in the bottom samples and lowest at the centre of
the ingot. Dislocation density is lowest at the bottom of the ingot and increases with ingot
height position.

In as-grown wafers, low-temperature gettering can improve lifetime substantially in
relatively poor samples from the extrema of the ingot. Iodine-ethanol passivation is used
to separate thermal effects of annealing from any bulk passivation which may occur
during surface passivation from lifetime measurement. The largest relative lifetime
improvement (from 5.5 µs to 38.7 µs) is achieved in material from the bottom of the ingot
with annealing at 400 °C for 35 h. The benefit of low-temperature annealing is marginal
for middle samples. Bulk interstitial iron concentrations decrease by up to 2.1 order of
magnitude in the bottom samples. The reduction in interstitial iron concentration is not
found to be systematically dependent on annealing temperature. For bottom samples a
good correlation between the changes in lifetime and interstitial iron concentration is
found.

The effects of different passivation schemes on low-temperature gettering is also
investigated. The results show that starting lifetime and interstitial iron concentration
strongly depends on the choice of passivation scheme. The effect of different surface
passivation schemes is more pronounced in relatively high lifetime samples. In samples
from the bottom of the middle of the wafer, lifetime improves from 113 µs to 171 µs with
silicon nitride passivation upon annealing at 400 °C for 25 h. Supporting results from
secondary ion mass spectrometry show that substantial concentrations of iron exist in the
silicon nitride film after low-temperature annealing. This suggests silicon nitride layer
might be an additional gettering centre for interstitial iron.

This thesis also studies the effects of low-temperature annealing combined with a
standard phosphorus diffusion process to form an emitter. Lifetime in samples from the
top and bottom of the ingot can be improved by annealing at 300 °C and 400 °C even
after the phosphorus diffusion process. The largest improvement is from 54 µs to 78 µs
upon post-diffusion annealing of bottom samples at 300 °C, and the results suggest
gettering of impurities other than interstitial iron is likely. The phosphorus diffused
emitter layers do not act as effective additional gettering sites for interstitial iron upon
low-temperature annealing. The lifetime improvement upon pre-diffusion annealing is
retained after the diffusion process. In summary, low-temperature annealing has the
potential to improve the lifetime in as-grown multicrystalline silicon and after a
phosphorus diffusion gettering under some conditions. Low-temperature annealing thus
provides a potential low cost route to improve multicrystalline solar cell efficiencies.
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Chapter 1 Introduction

1.1. Thesis motivation

The emission of carbon dioxide (CO2) and other greenhouse gasses has increased

rapidly because of the extensive use of fossil fuels to meet global energy demand as

shown in Figure 1.1 [1]. Additionally, rapid depletion and shortage of fossil fuel resources

mean urgent attention to alternative renewable energy (known as ‘clean energy’) is

required. This is currently 1.4% of world’s total primary energy supply as shown in Figure

1.2 [1]. Among the various renewable energy resources, photovoltaics (PV), which

enables the direct conversion of sunlight into electricity without CO2 emission during

operation, can play a significant role in securing increasing global energy supply in the

21st century whilst potentially reducing CO2 emissions.

Figure 1.1. World total CO2 emission from 1971 to 2014 from the combustion of fossil

fuels, industrial waste and non-renewable municipal waste [1].
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Figure 1.2. Distribution of world total primary energy supply in 2014 from different fuel

resources [1].

Recently, the world’s cumulative photovoltaic (PV) capacity has surpassed 200 GW

installed peak capacity, as shown in Figure 1.3, which is capable of saving more than 100

million tonnes of CO2 emission on an annual basis [2]. Over the past decade, the average

annual growth rate of the global PV market is 40%, and wafer-based crystalline silicon

(c-Si) represent more than 90% of the PV industry [3]. Crystalline silicon is expected to

remain a dominant PV technology due to it being a proven and reliable technology, having

long operational lifetimes and there being abundant primary resources. Although the PV

market is expanding rapidly, the main challenge for c-Si cell technology is to improve

efficiency without increasing (and ideally reducing) fabrication processing cost. In the

last two decades, the cost of silicon solar cell was reduced by more than a factor of ten

[4] but it requires further reduction to compete with the energy supply from conventional

fossil fuel resources under all conditions.

Figure 1.3. Evolution of global total PV cumulative installed capacity. The European

market accounts for the largest global share (42.3%) [2].
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In the standard silicon solar cell technologies, the bulk silicon material accounts for

more than 50% of the total cell manufacturing cost [3]. Therefore, it is important to lower

the material cost which can be achieved either by (a) reducing wafer thickness or (b)

lowering the manufacturing cost. Recently, the PV industry uses silicon wafers with a

thickness of ~150 µm to 180 µm [3, 5]. However, further reduction in thickness would

require more sophisticated cell processing tools which would increase cell processing

cost. It is, therefore, important to use cheap silicon material and lower wafer processing

cost. Multicrystalline silicon (mc-Si) material has ~20% lower production cost compared

to single crystal silicon (sc-Si) material [6]. Currently, mc-Si wafers dominate the PV

market and, due to their lower manufacturing cost, it is expected this will continue. Figure

1.4 shows that 69% of total PV production was from mc-Si material in 2015 [7]. However,

a number of challenges need to be overcome to make this material more viable in the PV

industry.

Figure 1.4. Worldwide usage of the different type of silicon materials in cell processing

(under standard operating conditions (Wp)) at photovoltaic industries [7].

1.2. Multicrystalline silicon material for photovoltaics

Standard multicrystalline silicon solar cells use p or n-type 150-200 µm thick wafers.

A schematic of a conventional p-type (usually boron doped) solar cell structure is shown

in Figure 1.5 in which a p-n junction is formed on the front surface by diffusion of n-type

dopant (usually phosphorus). The incident light is absorbed by the emitter and bulk

material and generates electron-hole pairs. Electrons are separated and extracted at the
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front electrodes and deliver electrical power to the external load. An anti-reflection

coating is used to increase light absorption and to passivate the surface.

Figure 1.5. Schematic of a standard front-contact multicrystalline silicon solar cell under

illumination. The absorbed light creates electron-hole pairs. The carriers need to diffuse

to the p-n junction and are separated before being extracted at the metal contacts [8].

Multicrystalline silicon wafers for PV are generally produced by directional

solidification (details in Section 2.1). Other methods include ribbon and sheet growth and

these are explained in Ref. [9]. Producing mc-Si wafers by casting is one of the least

complex technologies and has a relatively low production cost. Although multicrystalline

silicon materials have a lower production cost compared to single crystal silicon, mc-Si

technologies give with 2-3% lower cell efficiencies [10]. Mc-Si wafers contain various

extended defects, e.g. grain boundaries and in particular grown-in dislocations, which are

formed due to high thermal stress in rapidly growth ingot [11, 12]. Furthermore, mc-Si

wafers contain a high concentration of metallic impurities in the form of both point-like

defects and precipitates originating from the feedstock, crystal growth environment and

also wafer processing under non-clean processes [9, 13, 14]. These impurities are

recombination active for photogenerated carriers which reduce minority carrier lifetime

and therefore degrade cell performance [9].

Iron (Fe) is considered one of the most harmful and ubiquitous impurities, forming

point defects on interstitial sites or as iron boron pairs (in boron-doped p-type silicon),

also accumulating at structural defects due to segregation or precipitation, which act as

active recombination centres and degrades carrier lifetime substantially and therefore

solar cell efficiency [15-18]. Recent investigation has shown surprisingly high iron

concentration e.g. 1014-1016 cm-3 in different mc-Si materials [19].
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Mc-Si can be made viable through extensive use of effective gettering processes,

which remove unwanted impurities from the active regions and trap them in defect-

containing regions or in zones where their solubility is enhanced [19-51]. The gettering

efficiency is likely to be limited by the interaction of metallic impurities with extended

defects, particularly grown-in dislocations [52]. This thesis focuses on the effect of low-

temperature annealing (≤ 500 °C) to improve carrier lifetime and to reduce interstitial iron 

concentration in mc-Si material sourced from a commercially-grown ingot.

1.3. Thesis objective and outlines

The overall goal of this thesis is to improve bulk lifetime in multicrystalline silicon

material by applying low-temperature annealing and to develop a scientific understanding

of the interaction between metallic impurities and other defects in mc-Si. A series of

comprehensive studies have been designed and performed on multicrystalline silicon

materials sourced from different height positions of a commercially-grown ingot.

Annealing can potentially be performed under non-cleanroom conditions as the solubility

of main impurities is very low at the processing temperatures used [31]. The work

performed in this thesis is presented in the following way:

Chapter 2 reviews different crystallographic defects including grain boundaries,

dislocations, metallic impurities particularly iron and their effects on lifetime studied in

the literature. Different gettering processes (external and internal) and their limitations

are also reviewed. Based on this critical review, a series of low-temperature gettering

experiments are proposed to obtain more accurate results on the effect of annealing

temperature, time, and passivation schemes. Furthermore, experiments are also proposed

to demonstrate the effect of low-temperature gettering on carrier lifetime after an

industrial standard phosphorus diffusion process.

In Chapter 3, all the key process including sample selection, chemical polishing,

cleaning, passivation scheme, lifetime characterisation techniques, interstitial iron

concentration modelling, and dislocation density mapping are described. The working

principle of different characterisation tools including a newly-installed BT Imaging LIS-

L1 (PL imaging tool), Sinton QSS-PC tool, and four-point-probe resistivity meter used in

this thesis are also discussed. Additionally, the calibration of different key factors in the
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PL imaging tool such as power of the LEDs, exposure time, density of injection level and

their effects on calibrated lifetime measurement the PL imaging tool is discussed.

Chapter 4 focuses on the distribution of different key properties such as minority

carrier lifetime, bulk interstitial iron concentration, photoluminescence, and dislocation

density distribution at different height positions of an as-received mc-Si ingot. A

temporary liquid iodine-ethanol (I-E) chemical solution and silicon nitride (SiNx)

passivation schemes are used for this study. This provides a starting characterisation of

the materials used in later chapters.

Chapter 5 presents on a comprehensive study into the effect of low-temperature

gettering (≤ 500 °C) on lifetime and interstitial iron concentration in as-grown mc-Si 

wafers sourced from four different height positions. For more detail investigations,

spatially resolved carrier lifetime images and iron concentration maps were produced to

establish the changes induced by the gettering processes at every annealing step. A

temporary liquid iodine-ethanol (I-E) passivation at room temperature is used to separate

the thermal effects of annealing from any bulk passivation which may occur during

surface passivation in lifetime measurement. Lifetime improvements are discussed in

terms of reduction in interstitial iron concentration and possible interaction of

crystallographic defects such as grain boundaries and dislocations. The gettering kinetics

are investigated based on experimental results, and the interaction between crystal defects

in gettering processes are quantitatively characterised. The results presented in this

Chapter is published in Ref. [53].

Chapter 6 focuses on effects of different type of surface passivation schemes in low-

temperature gettering in mc-Si materials from different height positions. Two different

passivation schemes (iodine-ethanol and PECVD silicon nitride) are used. Samples with

silicon nitride passivation are annealed with the dielectric layers to passivate bulk

(perhaps by hydrogen). Lifetime and interstitial iron concentration are measured at every

annealing step and quantitatively compared with the results in Chapter 5. The impact of

silicon nitride passivation layer as an external gettering site of interstitial iron is also

discussed, and supporting secondary ion mass spectrometry (SIMS) data are presented.

The results presented in this Chapter in published in Ref. [54].
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Chapter 7 focuses on three set of experiments on low-temperature gettering in samples

after an industrial standard phosphorus diffusion gettering (PDG) process. As before,

sister samples from different height positions are used. The first experiment is used to

evaluate whether low-temperature gettering has the potential to improve lifetime further

after the standard phosphorus diffusion gettering process. The iodine-ethanol passivation

scheme is used for lifetime characterisation to avoid ambiguities associated with bulk

passivation or external gettering identified in Chapter 6. In the second set experiments,

the external gettering of interstitial iron to phosphorus diffused layer in low-temperature

gettering is investigated. The final set of experiment focuses on the potential of low-

temperature gettering in pre-PDG and post-PDG in poor lifetime mc-Si wafers.

Chapter 8 summarises the key findings of this thesis and outlines possible future work.
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Chapter 2 Literature review

2.1. Introduction

Multicrystalline silicon (mc-Si) is generally produced by using an ingot growth

technique in which silicon is melted in a quartz crucible with an inner coating of silicon

nitride and solidified in a unidirectional vertical Bridgman or gradient-freeze growth

technique. A schematic diagram of a directional solidification furnace is shown in Figure

2.1. This is a relatively simple process in which silicon material is melted and heat is

extracted from the melted silicon in a controlled manner to ensure high-quality

crystallization. In this technique, a large column of silicon up to 26 cm in height with a

cross section more than of 84 cm  84 cm can be grown [11, 55]. It is well known that

mc-Si material contains a large number of structural crystallographic defects such as grain

boundaries, dislocations compared to single crystal silicon which is dislocation-free. It

also contains a large number of metallic impurities because of using less pure feedstocks

and because of contamination from the crucible [9]. These metallic impurities are present

in various forms including as point-like defects, in precipitates or decorated

crystallographic defects which become recombination active and thus degrade device

performance substantially.

The aim of this chapter is to give an overview of defects in multicrystalline silicon

material, their impact on minority carrier lifetime and possible techniques already used to

mitigate the detrimental behaviour of these defects. Firstly, properties of crystallographic

defects such as grain boundaries and dislocations and metallic impurities are discussed.

Details of the fundamental recombination mechanisms in semiconductor materials are

then briefly discussed. Finally, a brief overview of different gettering processes reported

in earlier experiments is presented and the objectives of this thesis are given.
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Figure 2.1. A growth of multicrystalline silicon ingot (up to 800 kg) in a directional

solidification furnace [56].

2.2. Defects in multicrystalline silicon

The defect distribution in multicrystalline silicon material depends on the details of the

growth used and controlling process parameters for ingot processing. Defects such as

grain boundaries, dislocations and metallic impurities are widely known for their

detrimental impacts on minority carrier lifetime and hence solar cell efficiency. The

distribution of such defects varies widely with ingot position, but they are mainly

dominating in the top, bottom and edge areas (also known as ‘red zone’). In the following

sections the main defects, their properties, and the impact on material quality are

discussed.

2.2.1. Grain boundaries

Grain boundaries (GBs) are the interface of two different grains and are generally

formed during the crystallization process of the ingot. They can be associated with a
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shallow or deep level of an energy state in the band-gap and affect the electronic

properties. An equilibrium atomic structure of ∑5 grain boundary with different atomic 

configuration is presented in Figure 2.2 [57]. The electrical properties of grain boundaries

depend on their crystal configurations and symmetries [57]. GBs are classified according

to the value of ∑ which is the reciprocal of the misorientation between two grains is 

known as coincidence site lattice (CSL). A high number of ∑ represents a low symmetry 

between two grains. A grain boundary with higher symmetry exhibits lower energy [58,

59]. Often twin boundaries (without any distortion in bonding) are formed during the

cooling process with high crystal growth rate [60].

Figure 2.2. An equilibrium configuration of the ∑5 grain boundary, with the atoms 

displaying localised gap or edge states where all the black, dark grey and light grey circles

represent threefold, fourfold and fivefold coordinated atoms, respectively [57].

Grain boundaries in multicrystalline silicon act as recombination centres which are due

to intrinsic structural defects or presence of extrinsic impurities [61]. The recombination

activity of grain boundaries strongly depends on decoration by metallic impurities [62].

Contamination free (clean) grain boundaries show very weak, or perhaps no

recombination activity [62]. However, a large number of metallic impurities segregate at

grain boundaries due to the non-symmetric interface during ingot solidification [63].

Buonassisi et al. studied metallic impurities at different types of grain boundary of the

thermal annealing and suggested the degree of segregation depends on the ∑-value [64]. 

In the same study [64], it is reported that metallic impurities are likely to segregate at

grain boundaries with a high ∑ value, as shown in Figure 2.3. The recombination activity 

of GBs strongly depends on ∑ values and presence of metallic impurities at grain 

boundaries even with very low concentrations. Clean grain boundaries (without being

decorated by metallic impurities) are less recombination active, which increases with the
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presence of metallic impurities [62]. It is important to note that ∑3 GBs (twin boundaries) 

contain a lower concentration of metallic impurities because of having significantly lower

energy and thus show no detectable recombination activity [13, 58, 64, 65].

Figure 2.3. The dependence of metal precipitate concentration (measured by X-ray

fluorescence microscopy) on grain boundary characteristic. Metal precipitate decoration

tends to increase with decreasing degree to atomic coincidence in the grain boundary

plane (increasing ∑ value). To the right side of each data cluster, the open diamonds 

represent the 25th and 75th percentiles and the median. The open box is the mean [64].

2.2.2. Dislocations

Dislocations are generally formed by plastic deformation of materials to reduce

thermal stress during crystal growth and spread both vertically and laterally with ingot

position [66]. The various mechanisms of nucleation of dislocations and their structure

are discussed in the textbooks [67, 68]. There are two basic types of dislocation such as

screw dislocations and edge dislocations. In the basis geometry of screw dislocations, the

defect line movement is perpendicular to the direction of stress rather than parallel. In

Edge dislocation, an extra plane of atoms is in a lattice. For an applied stress, the defect

line shear along the top of the extra plane and inter-atomic bonds are distorted and re-

established. Dislocations are formed at a very early stage of solidification process near

grain boundaries due to induced stress during solidification [69, 70]. As the dislocation

density is governed by the stress produced by cooling rate used, fast cooling rate generates

higher dislocation density [71]. It is also suggested in Ref. [70] that initially occurred

dislocations propagate with solidification and act as a source of other dislocations. In the

same study, it is also reported that generation of dislocations depends on crystallographic
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orientation [70]. The distribution of dislocations varies widely with ingot height position

as it increases due to plastic deformation of the material under thermoelastic stress during

crystal growth. Ryningen et al. [66] and Stokkan [72] studied dislocation cluster size and

density with ingot height position. It is reported that dislocation clusters originate at grain

boundaries and increase in size and number with ingot height. The average density varies

from 104 to 106 cm-2 and local density may occur higher than 108 cm-2 [11]. A distribution

of dislocation density in a typical etch multicrystalline sample under an optical

microscope is shown in Figure 2.4 in which dislocation clusters are visible in relatively

high defective regions and the intragrain regions show comparatively lower dislocation

density.

The structure and electronic behaviour of dislocations in silicon have been studied by

Seibt et al. [73, 74]. An example of dislocation structure core of 30° and 90° partials can

be reconstructed as shown in Figure 2.5 which can produce a deep donor and an acceptor

level in the band gap. Dislocations interact with metallic impurities during thermal

annealing process and act as a precipitation sink for transition metals. The interaction of

metallic impurities with dislocations has been studied by several authors [13, 74-83]. It is

suggested that metal impurities can bind (chemically) with dislocation cores in various

configurations and migrate along the dislocation core [74]. Kivambe et al. suggested that

the metallic precipitation at dislocations depends on core structure [76].

Figure 2.4. Distribution of dislocation under an optical microscope in a typical

multicrystalline silicon material after revealing with a chemical solution. A and B indicate

dislocation cluster regions and the solid dark lines represent grain boundaries.
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Figure 2.5. Core view in the (111) glide plane of (a) 30° and (b) and 90° Shockley partial

dislocations in their reconstructed states; RD denote reconstruction defects that are

mobile at high temperature and possibly give rise to deep states [73].

Recombination of charge carriers at dislocations depends on processing and the

presence of metallic impurities [84]. Like grain boundaries, dislocations are strongly

recombination active while they are decorated with metallic impurities [80]. These

dislocations introduce deep energy level in the band-gap. The recombination of charge

carrier is explained by an energy band diagram of dislocation decorated with metallic

impurities as shown in Figure 2.6 [85]. Dislocations provide the shallow energy level EDe

and EDh whereas metallic impurities give a deep energy level EM. At ‘clean’ dislocations

(in absence of metallic impurities), the recombination takes place (RDe-Dh) by the direct

transition between EDe and EDh. In presence of metallic impurities, the recombination rate

becomes 20-30 times larger compared to ‘clean’ dislocations as charge carriers can be

recombined through additional recombination channels RC-M, RV-M, RDe-M and RDh-M.

Figure 2.6. A schematic illustration of an energy band in a dislocation and possible

recombination pathways through dislocation with and without being decorated by

metallic impurities [85].
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A relationship between dislocation density and their effect on carrier lifetime is

presented in Figure 2.7 in which it can be seen that material with higher dislocation

density ~106 cm-2 has lower carrier lifetime. Another study by Donolato [86] suggested

that the effective diffusion length of minority carriers in mc-Si is reduced by more than

30% when a dislocation density higher than 105 cm-2. It is desirable to suppress the density

of dislocations which can be done substantially by maintaining a flat solid/liquid interface

and controlling cooling rate [87]. Gregori et al. [88] studied dissolving of dislocation

cores but no improvement in electrical properties was demonstrated. Another study by

Hartman et al. [89] suggested using high-temperature annealing to reduce dislocation

density and reported a reduction of 95% upon annealing at 1366 °C for 6 h. Although

dislocation density is reduced remarkably, high-temperature annealing affects the

impurity distribution considerably and no effects on electrical properties have been

reported.

Figure 2.7. Relationship between minority carrier lifetime (measured using the

laser/microwave photoconductance decay (µ-PCD) method) and dislocation density in

multicrystalline silicon [90].

2.3. Metallic impurities

Metallic impurities are introduced into multicrystalline silicon material from relatively

low-grade feedstock material and the crucible walls. The distribution of metallic
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impurities depends on a number of factors including cooling rate during crystal growth,

the total metal content and variation of growth condition during crystallisation process

[9]. A comparison of average metallic impurities concentration present in multicrystalline

silicon material produced by different technologies is presented in Figure 2.8 [9, 91]. It

can be seen that iron has a relatively high concentration in mc-Si, which is independent

of the manufacturing technology used. The distribution widely varies due to having

different segregation and relaxation behaviour. A profile of metallic impurities was

determined by Macdonald et al. [92] which suggested that the higher concentration of

metallic impurities at the bottom of the ingot is due to the solid state in diffusion from the

crucible and higher concentration at the top part of the ingot due to segregation of molten

phase. Nevertheless, it is reported that the metallic impurities present in mc-Si are much

higher in concentration than the concentration required to degrade minority carrier

lifetime even in relatively good regions of wafers [91].

In general, these metallic impurities, whether in precipitates or point defect like form,

are recombination active and are a key contributor to the degradation of minority carrier

lifetime. The degradation depends on the chemical/structural state of metallic impurities

[9]. The impact of different transition metallic impurities and respective concentration on

solar cell efficiency was studied by Coletti et al. [93], who reported a substantially lower

cell efficiency for wafers from the extrema compared to the centre part of the ingot.

Figure 2.8. Total metal content in ingot-growth, ribbon and sheet in typical

multicrystalline silicon materials measured by neutron activation analysis. The missing

bars indicate a concentration below detection limit [9].



16

Among the various metallic impurities in mc-Si material, iron (Fe) is the most harmful

and ubiquitous because of its higher concentration and a large electron capture cross

section [15, 91]. It is reported that the Fe concentration in a solidified ingot is up to 1015

cm-3 near the crucible wall due to contamination during ingot growth which reduces to

1013-1014 cm-3 at the centre of ingot [91]. A small part of total iron concentration (< 1%)

is present as in interstitial form whereas most of the metallic impurities are present in

precipitate form at grain boundaries and dislocations [92]. Interstitial iron appears as

electrically active iron dissolved on interstitial sites, iron-boron (FeB) pairs (usually in

boron doped p-type wafer) and as α-FeSi2 precipitates. In the following sections, the

characteristics of Fe defects and its complexes are reviewed.

2.3.1. Interstitial iron and iron-boron pairs

The concentration of interstitial iron concentration present in multicrystalline silicon

depends on the relaxation and segregation during crystallisation process and density of

defects such and grain boundaries and dislocations [92]. Interstitial iron (Fei) is mobile

and forms two main charge states: a neutral and a positively charged state which results

in one donor state situated in the lower half of the band gap [94]. At room temperature,

Fe is present in interstitial (Fei) form or bonded with negatively charged substitutional

acceptor boron (Bs)- forming FeiBs pairs [18]. The kinetics of the reaction is described by

the following equation:

si
-
si BFeBFe  (2.1)

The reaction velocity strongly depends on the boron concentration, diffusivity of

interstitial iron and storage temperature [95]. Both Fei and FeiBs pairs are strong

recombination centres and their fundamental recombination properties, namely the defect

energy level and the electron and the hole capture cross sections have been determined in

several studies as presented in Table 2.1. Any changes in Fei and FeiBs concentration

affects the carrier lifetime substantially because of having different recombination

properties [15].
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The FeiBs pairs can be dissociated to Fei
+ and Bs

- by thermal annealing, or by

illumination at room temperature [18]. At lower injection level, the effective lifetime is

limited by the concentration of Fei whereas FeiBs becomes dominant under higher level

injection. An injection dependent lifetime is presented in Figure 2.9 which shows the

carrier lifetime varies widely with the dissociation of FeiBs pairs. It is important to note

that at the crossover point (2×1013 cm-3 in Figure 2.9), the carrier lifetime is unchanged

for both the Fei and FeiBs states. The interstitial iron concentration can be determined

based on lifetime changes before and after dissociation. This is used heavily in this thesis

and is explained in detail in Chapter 3.

Figure 2.9. The effect of light soaking on the injection-dependent carrier lifetime in an

iron-contaminated boron-doped p-type silicon sample [15]. The lifetime increases with

increasing number of flashes at higher injection level due to dissociation of FeB pairs.

The crossover point indicates no change in lifetime for FeB and Fei states.

In order to re-associate the FeiBs pairs, the sample is kept in dark conditions at room

temperature. The time required for a sample to reach equilibrium FeB concentration

depends on acceptor and interstitial iron concentrations [96]. The bulk iron concentration

at any time after FeiBs pairs dissociation can be measured according to [97]:

         eqi
B

Aeqiiti Fe
Tk

tNFeFeFe 















  eV68.0

exp103.1exp 3/23
0 (2.2)

where [Fei]0 and [Fei]eq are the initial and equilibrium bulk iron concentration

respectively, NA is the material’s acceptor concentration, t is the time from dissociation,

kB is the Boltzmann constant and activation energy of 0.68 eV. The equilibrium iron

concentration after a long time from dissociation of FeiBs pairs can be calculated as [97]:
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where bE is the binding energy of FeiBs pairs discussed in the following section, FE is

the Fermi level which can be determined by [97]:
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where gE is the band gap (for silicon material 1.125 eV at room temperature 25 °C) and

in is the intrinsic carrier concentration.

The recombination activity due to interstitial iron and its effect on carrier lifetime

depends upon the dissociation and reformation of FeiBs pairs under illumination, as

explained previously. The kinetics of FeiBs dissociation and reformation has been studied

in Ref. [18, 98-100]. The formation and dissociation reactions are determined by three

energies which are equilibrium binding energy (Eb), the diffusion barrier of Fei (Em) and

dissociation energy (Ediss), as illustrated in Figure 2.10 [18]. Ediss is the potential barrier

of the FeiBs pairs annihilation process (~1.20 eV [18]), Eb corresponds to the binding

energy between of Fei and Bs (0.58 eV to 0.65 eV [18]) and Em corresponds to the energy

Fei
+ needs to overcome the diffusion barrier of crystal field (0.64 eV [100]). It is important

to note that Ediss < Em + Eb, which is reported as a result of Coulomb attraction between

Fei
+ and Bs

- [100]. The dissociation rate of FeiBs pairs which is calculated in the literature

[98] is directly proportional to the square of the carrier generation rate and the inverse

square of the FeiBs concentration. The reformation of Fei and Bs to FeiBs pairs is limited

by the migration energy of Fei
+ which is the activation energy of formation of FeiBs pairs

[100].

Figure 2.10. An energy diagram of the FeiBs interaction in silicon Ediss is the dissociation

energy and Eb is the binding energy and Em is the formation energy [18].
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2.4. Recombination in multicrystalline silicon

Carrier lifetime in crystalline silicon material falls into two primary categories: (i)

recombination lifetime and (ii) generation lifetime. Generation refers to the creation of

excess electron-hole pairs by thermal excitation or absorption of photons. Generation

lifetime is a paucity of carriers, as in the space-charge region and the device tries to attain

equilibrium [101]. The recombination lifetime is the inverse process of the generation,

decaying of generated excess carriers as a result of recombination. The recombination

lifetime can be measured by the recombination rate and the excess carrier density as:

U

n
 (2.5)

where n is the excess carrier concentration and U is the recombination rate. The

recombination lifetime of minority carrier in crystalline silicon is based on following

major recombination mechanisms:

(a) Radiative (band-to-band) recombination.

(b) Coulomb-enhanced Auger recombination.

(c) Recombination through bulk defects (Shockley-Read-Hall).

(d) Surface recombination.

The parameterisation of the above recombination mechanisms is described in the

following sections.

2.4.1. Radiative (band-to-band) recombination

Radiative recombination is an intrinsic process which involves falls of free electrons

directly from the conduction band and recombination with free holes in the valence band.

The excess energy is liberated in the form of a photon [102]. An illustration of the

radiative recombination process is shown in Figure 2.11. The photoluminescence imaging

technique exploits band-to-band recombination to quantify carrier lifetime (discussed in

Chapter 3). The band-to-band recombination lifetime in a p-type silicon material can be

expressed by:

 nnNB A 


0
radiative

1
 (2.6)
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where B is the band-to-band recombination coefficient, AN is the doping concentration,

0n is the electron concentration at equilibrium and n is the injection level. A detailed

calculation of temperature dependence of band-to-band recombination coefficient is

reported in [103, 104]. At room temperature (24 °C), the B value for silicon is measured

as -1315 scm1075.4  [104].

Figure 2.11. Schematic diagram of the radiative recombination process. A free electron

from the conduction band recombines with a hole in the valence band and releases a

photon.

Radiative recombination usually dominates in direct band structure materials [105]

where the extrema of the valence and conduction band are aligned in k-space. In silicon

material which has an indirect band gap, as illustrated in Figure 2.12, radiative

recombination mechanism is weak compared to other recombination processes.

Figure 2.12. Schematic diagram of band structure (a) direct band gap (e.g. CdTe) (b)

indirect band gap (e.g. silicon).
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2.4.2. Coulomb-enhanced Auger recombination

Auger recombination is another intrinsic process and dominates usually only for highly

doped silicon or at high injection levels. It is a three-particle interaction where a

conduction band electron and a valence band hole recombine, with the excess energy

being transferred to a third free electron or hole [106]. A schematic diagram of the

Coulomb-enhanced Auger recombination process is illustrated in Figure 2.13. The

expression for Auger recombination lifetime for p-type and n-type silicon under low

(τAuger.li) and high injection (τAuger.hi) level are as follows:

p-type silicon

2Auger.li

1

Ap NC
 and

2Auger.hi
)(

1

nCC pn 
 (2.7)

n-type silicon

2Auger.li

1

DnNC
 and

2Auger.hi
)(

1

pCC pn 
 (2.8)

where Cp (9.9×10-32 cm6s-1) and Cn (2.8×10-31 cm6s-1) are the Auger coefficient for holes

and electrons respectively [107], NA and ND are the doping concentration in p and n-type

silicon respectively, ∆n and ∆p are an excess concentration of electron and hole

respectively.

Figure 2.13. Schematic diagram of the Auger recombination mechanism. Solid and open

circles represent free electrons and holes in the conduction and valence band,

respectively. The excess energy transfer to an electron in the conduction band (left) and

to a hole in the valence band (right).



23

The Auger recombination process is enhanced by Coulombic interaction between

electrons and holes [108, 109]. Coulomb-enhanced Auger recombination lifetime is

parameterised as [106]:

)103106108.1( 8.02765.02565.0
0

24Auger-CE
nNnnp

n

A 





 (2.9)

where n and p are the concentration of electrons and holes respectively. This process

occurs simultaneously with the band-to-band recombination process. In an updated study

performed by Richter et al. [110], a general parameterisation for intrinsic recombination

(combination of radiative and Coulomb-enhanced Auger recombination) was reported as:
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where ni.eff is the effective intrinsic carrier concentration, n0 and p0 are the equilibrium

density for electrons and holes respectively, Brel is the relative radiative recombination

coefficient, Blow is the radiative recombination coefficient for lowly doped and lowly

injected silicon (4.73 × 10-15 cm-3s-1), geeh and gehh are the enhancement factors. Note

constants have the same dimensions as Auger coefficient (cm6s-1). The effective intrinsic

carrier concentration ni.eff, which is given by the following relation:
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where ni is the intrinsic carrier concentration, ∆Eg is the bandgap narrowing. The inverse

thermal energy β is calculated as:

kT

1
 (2.12)

where k is the Boltzmann constant (8.62 × 10-5 eVK-1) and T is the absolute temperature.

The intrinsic carrier concentration can be calculated as [111]:
















kT

E
NNn VC

2
exp

g2
i (2.13)

where NC and NV are the densities of states in the conduction and valence respectively, Eg

is the band gap of silicon.

In Equation 2.10, empirical CE-Auger enhancement factors can be calculated as:



24








































0.66

17eeh
103.3

tanh1131)( D
D

N
Ng (2.14)

and








































0.63

17ehh
107.0

tanh15.71)( A
A

N
Ng (2.15)

2.4.3. Recombination through defects (Shockley-Read-Hall)

Crystallographic defects and impurities present in semiconductors create discrete

energy level within the band gap. Recombination of electron-hole pairs can occur through

these trap levels as shown in Figure 2.14. Shockley and Read [112] and Hall [113] first

derived a theory of the dynamics of the recombination through defects within band gap

based on statistical considerations. The assumption made in the statistical derivation are

summarised in [114] are:

(i) The semiconductor is non-degenerate.

(ii) All the defects levels have the same energy level.

(iii) The energy position of the defects is independent of charging properties.

(iv) The relaxation time of the captured charge carriers by the defects are much

smaller compared to their emission time.

(v) The impurity concentration is negligibly smaller than the background doping.

Figure 2.14. Schematic diagram of possible SRH recombination pathway via defects.

Defects create energy state in the band gap. A free electron from conduction band relaxes

to the defect and combined with a hole.
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By considering the single energy level trap defects, the net recombination rate can be

expressed by:
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where τn0 and τp0 are capture time constant for electrons and holes respectively, n1 and p1

are SRH densities for electrons and hole respectively, ni is intrinsic carrier concentration,

n and p are concentrations of electrons and holes respectively.

These trap levels form stepping stones where an electron falls from the conduction

band. Shockley-Read-Hall (SRH) statistics are a way of quantifying recombination from

crystallographic defects, metallic impurities which created discrete energy level within

the band gap. P-type silicon material contains some other defects including oxygen

related defects particularly precipitate, boron-oxygen complexes (in boron doped silicon).

SRH statistics for oxide precipitates and associated defects and their impact on carrier

lifetime is studied in Murphy et al. [115-117]. The boron-oxygen (BiOi) complexes are

formed under illumination or the injection of minority carriers via a p-n junction [118]. It

is also reported that BiOi defects are electrically active and degrade minority solar cell

efficiency (relative) up to 10% [118]. However, these defects can be disregarded by

breaking up by using pre-annealing in complete darkness for 10 min at 200 oC [119].

The SRH lifetime due to a defect in p-type material is given by [112, 113]:
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The SRH densities are given by:
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Here, NC (2.86  1019 cm-3) and NV (3.10  1019 cm-3) [114] are the effective densities of

states at the conduction band and the valence band edges, whose energy position is given
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by EC and EV. ET is the energy level of the iron defect and values from previous research

are given in Table 2.1.

The capture time constant of electrons (τn0) and holes (τp0) respectively are given by the

following equations:
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where [D] is a concentration of defect, vth is the thermal velocity (2×107 cms-1). The

capture cross-sections of electrons (σn) and holes (σp) vary with the state of iron (as given

in Table 2.1). An injection dependent τFei and τFeB is illustrated in Figure 2.15 for a p-type

sample with a doping level of NA = 2×1015 cm-3 where lifetime varies widely with the

state of iron defects except the crossover point. Lifetime changes based on defect states

is widely used to determine an interstitial iron concentration in silicon material (the

detailed method is discussed in Chapter 3). It can be seen that below the crossover point

Fei defects dominate lifetime whereas FeB becomes lifetime dominating after the

crossover point.

Figure 2.15. An illustration of SRH recombination lifetime as a function of injection level

in p-type silicon material with iron in the Fei and FeB state. The crossover point indicates

no change in carrier lifetime at an injection level.
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2.4.4. Surface recombination

The presence of defects at the surface produces energy levels within the bandgap

known as surface states which act as recombination centres. These defects are occupied

either by an electron or by a hole and interact with the conduction and the valence band.

Surface recombination depends on dangling bond or surface state density, as presented in

Figure 2.16. The surface recombination lifetime can be expressed as:

S

W

2
surface  (2.22)

where W is the thickness of the samples and S is the surface recombination velocity which

can be defined as the rate of recombination through surface defects. Dielectric films are

used to passivate surface defects and thus to reduce surface recombination [120-123]. A

most recent study by R. S. Bonilla et al. [124] reported a very low surface recombination

velocity of 0.1 cm/s using a triple layer dielectric of low-temperature PECVD a-

Si/SiOx/SiNx. In this thesis, iodine-ethanol (I-E) and PECVD silicon nitride (SiNx)

passivation techniques are used which are reviewed in Section 2.7.

Figure 2.16. Schematic diagram of surface recombination process through surface

defects. Free electrons from conduction band recombine with holes in valence band via

the defect energy levels produced by dangling bonds.

2.5. Effective lifetime

The effective minority carrier lifetime depends on all the recombination processes

discussed in the above sections, which may occur simultaneously. If the processes are

independent, the total recombination rate is the sum of the individual recombination

process, and can be expressed as:
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SurfaceSRHAugerRadiativetotal UUUUU  (2.23)

The effective lifetime (usually referred as minority carrier lifetime) can be calculated by

using the Equation 2.5:
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An example of the effective lifetime for a p-type sample with a doping density NA = 2 ×

1015 cm-3 is illustrated in Figure 2.17. SRH lifetime is modelled with iron in the Fei state

using the parameters in Table 2.1 and defect density level of 1 × 1010 cm-3. As

multicrystalline silicon wafers usually have a relatively large number of defects and a

high concentration of metallic impurities, surface recombination can be considered as

negligible if a good passivation scheme such as a-Si/SiOx/SiNx is used [124]. It is clearly

seen that at lower injection level (< 1014 cm-3), the effective lifetime is generally limited

by SRH recombination. At intermediate injection levels, other recombination

mechanisms (Auger and Band-to-Band) start limiting effective lifetime. At high injection

level (> 1016 cm-3), the effective lifetime is limited by Auger recombination. It is

important to note that effective lifetime is a directly measurable parameter using a lifetime

tester (discussed in Chapter 3) and an indicator of solar cell efficiency made from the

material studied [125].

Figure 2.17. Modelling of lifetime for radiative recombination, Auger recombination,

SRH recombination and an effective lifetime. A p-type boron doped (NA = 2×1015 cm-3)

and iron concentration of 1×1010 cm-3 is used for this modelling. The parameters used in

this modelling are described in the above sections.
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2.6. Gettering in multicrystalline silicon

Among the various transition metals, iron (Fe) is the most harmful impurities in

multicrystalline silicon which degrades solar cell performance substantially as discussed

in previous sections. Its effects can be minimised by engineering of metallic impurities

using a controlled thermal annealing process which widely known as ‘gettering’ in silicon

photovoltaics. The fundamental concept of gettering in silicon material is illustrated in

Figure 2.18 which mainly involves (a) release of impurities from their original state and

become mobile (b) diffuse through the bulk material and (c) capture of impurities at the

gettering sites [21]. Gettering processes are classified into two major categories namely

internal and external [19, 20, 44]. The thermodynamic properties of iron in different

external gettering and low-temperature (≤ 600 °C) internal gettering techniques are

overviewed in the following sections.

Figure 2.18. Fundamental concept of impurity gettering processes. Solid circles represent

of impurities and arrows indicate pathways in gettering process [21].

2.6.1. The behaviour of iron with thermal annealing

The gettering process is based on the underlying physics associated with relaxation

and segregation [31, 126]. The effectiveness of a gettering process is usually governed by

solubility, diffusivity, segregation coefficient, the peak temperature and subsequent

cooling rate. The solubility is the maximum concentration of an impurity which can be

dissolved at thermal equilibrium with respect to the substrate material. The solubility of
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iron as a function of temperature is reviewed in Istratov et al. [18] who summarised the

solubility in intrinsic silicon in the temperature range 800 °C to 1200 °C with the

following expression:
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Since internal gettering processes are often conducted at temperatures below 800 °C

(discussed in Section 2.6.3), it is important to know iron solubility at lower temperatures.

Recently, the solubility of iron at temperature range 600 °C to 800 °C was studied by

Murphy and Falster [127] who found the following expression:
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In the same study, it is also reported that below 600 °C the solubility is approximately

independent of temperature as shown in Figure 2.19 and the pre-annealing at higher

temperature gives a lower value of iron concentration. The impact of pre-annealing in the

temperature range 500 °C to 750 °C on the iron gettering kinetics was investigated in a

later paper by Murphy and Falster [128]. Another study on solubility of interstitial

metallic impurities in silicon was performed by Myers, Seibt, and Schröter who reported

concentration at below the eutectic temperature (as presented in Figure 2.20) [31]. As the

solubility is low at  500 °C, it is therefore not necessary to conduct low-temperature

annealing (≤ 500 °C) in a very clean condition from the perspective of additional iron 

concentration.
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Figure 2.19. Interstitial iron concentration in Czochralski silicon samples annealed at a

range of temperature reported in Ref. [127]. The dotted line represents the solubility of

interstitial iron at high temperature from Istratov et al. [18].

Figure 2.20. Solubilities of different transition metal in silicon as a function of

temperature. The solid line represents experimental data and dashed lines are extrapolated

[31].
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At room temperature, most of the interstitial iron pairs with negatively charge boron

(in p-type silicon), and these pairs dissociate at temperatures above approximately 100

°C. The diffusivity of interstitial iron is, therefore, one of the key parameters which

defines the amount of time needs to reach gettering sites during thermal annealing process

and also the size of the contaminated or depleted area after diffusion at a certain

temperature. The diffusion of interstitial iron is consolidated by following expression

given by Istratov et al. [18]:
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In a relaxation gettering process, iron forms precipitate at crystallographic defects with

decreasing solid solubility which occurs upon cooling from high temperature. In as-

received wafers, more than 90% of the total iron is present in the precipitate form [92]

and the size and density of precipitates depend on ingot cooling rate and the density of

structural defects. This also indicates the variation in precipitation properties with ingot

height as reported in Fenning et al. [43]. In the same study, the gettering efficiency is

investigated in relation to iron precipitation at different height positions of a mc-Si ingot.

It is reported that in highly contaminated samples (> 1 × 1014 cm-3) most of the precipitates

remain in the bulk even after external gettering with phosphorus. In a study performed

using Cz samples by Murphy and Falster [128], a faster reduction in iron concentration

when iron silicide phase is present on the surfaces is reported. However, it is important

to note that precipitates present after gettering can be dissolved partially during a

subsequent high-temperature step which increases interstitial iron concentration as

reported in Ref. [129]. Furthermore, a high-temperature process can dissolve precipitates

present at structural defects and contaminate the intragranular regions [130]. It is,

therefore, possible to find a way to reduce overall bulk iron concentration using low-

temperature annealing.

The segregation gettering process occurs during a thermal annealing process in which

metallic impurities are extracted from the bulk region using a region with higher

solubility. Note that this process does not depend on supersaturation and therefore a lower

iron concentration can be achieved compared to the relaxation process. Segregation

processes could also occur at the defective regions in multicrystalline silicon material

such as grain boundaries and dislocations where the lattice is distorted compared to the



33

regions with a perfect crystal structure [126]. The external gettering processes discussed

in the following section is mainly based on the segregation principle.

2.6.2. External gettering

In order to improve minority carrier lifetime in silicon, external gettering processes

are widely used where metallic impurities are extracted from the bulk by forming a layer

with higher solubility at the outer surfaces. Two gettering processes such as phosphorus

diffusion gettering (PDG) [19, 30, 39, 131], and aluminium gettering (AlG) [19, 132] are

widely used in silicon photovoltaics. As well as being useful for gettering these steps are

part of a standard solar cell device fabrication process.

2.6.2.1 Phosphorus gettering

In p-type silicon material (usually boron doped) PDG is used to form a thin (~ 0.5 µm)

layer of highly phosphorus doped emitter (referred to as n+) at temperatures above 800

°C. The solubility of metallic impurities is higher in the emitter compared to the bulk

region and, so impurities are driven towards the layer by a concentration gradient [19].

As crystallographic defects in multicrystalline materials such as dislocations and GBs

determines the efficacy of the PDG process [133], wafers or regions with lower

dislocation densities show higher lifetime improvement with minimal or no change in the

lifetime found in the highly dislocated area [35]. However, applying an extended low-

temperature annealing step at 650 °C after PDG (similar to a low-temperature internal

gettering process) can increase the segregation coefficient and hence reduce iron

concentration above 99.9% compared to the standard PDG process [131]. A simulation

tool, Impurity-to-Efficiency (I2E), is developed by Hofstetter et al. [134, 135] which can

optimise the time-temperature profile of a PDG process whereas the interaction between

defects is not considered.

2.6.2.2 Aluminium gettering

Silicon photovoltaics usually use a thin aluminium layer (≥ 1 µm) to create back

electrode and to form a back surface field of Al-Si binary alloy by annealing above the

eutectic temperature (≥ 577 °C) [20, 24]. The efficiency of the aluminium gettering 

process depends on the segregation coefficient and can be quantified by means of a
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segregation coefficient, which is the ratio of the metal concentration in the Al: Si melt

and silicon while in thermodynamic equilibrium [19, 22]. The segregation coefficient for

iron in AlG measured by using deep level transient spectroscopy (DLTS) is found 4 × 104

to 2.5 × 105 at temperatures from 950 °C to 1100 °C [132]. Like PDG process, AlG

process can also remove ˃ 99.9% of iron present in as-received condition [131] but it 

strongly depends on annealing temperature-time profile. Plekhanov et al. [136] suggested

a process starting at a high temperature followed by a multiple step ramp-down processes

to achieve highest AlG efficiency, but the effect of crystallographic defects is not clearly

explained. Krenckel et al. studied the interaction of interstitial iron and GBs in aluminium

gettering and found high lifetime in regions adjacent to the GBs where the thermodynamic

behaviour and the effect of dislocations are not clearly explained [52].

2.6.3. Internal gettering

Some researchers have focused on improving minority carrier lifetime in

multicrystalline silicon materials without incorporating an additional layer on the surface

and explicitly gettering at defective regions in the bulk material [36, 41, 44, 48-50]. This

is known as internal gettering. This technique involves diffusion of metallic impurities to

defective regions such as dislocations, grain boundaries, or precipitates during thermal

annealing. Buonassisi et al. [9] showed interstitial iron is internally gettered at grain

boundaries and dislocation clusters but the efficacy of the gettering process depends on

spatial density and microstructure. Other defects such as oxide precipitates also act as a

gettering site of impurities but their effectiveness becomes insignificant while another

gettering process such as PDG is involved [117]. More recent studies show that surface

passivation with silicon nitride (most widely used in silicon photovoltaics) affects the

internal gettering of interstitial iron in multicrystalline silicon [137, 138]. It is, therefore,

important to investigate the effect of internal gettering at different stages of solar cell

process such as in as-received wafers, after phosphorus diffused emitter formation and

after the solar cell fabrication process.

Low-temperature internal gettering in as-grown multicrystalline silicon substrates in

the absence of phosphorus diffused emitter was studied in Ref. [36, 49]. Krain et al. [36]

studied interstitial iron concentration in mc-Si at a temperature range of 300 °C to 500 °C

and reported an exponential decay in interstitial iron concentration by more than one order

of magnitude, as shown in Figure 2.21. They state the decay in interstitial iron
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concentration is consistent with iron diffusion to crystallographic defects. Nevertheless,

Krain et al. [36] do not report the changes in bulk lifetime and kinetics of interaction of

crystallographic defects. Furthermore, they used silicon nitride dielectric to passivate

their surfaces which is well known for having a high concentration of hydrogen. It is

likely that the results were influenced by hydrogenation of interstitial iron as found by

Karzel et al. in Figure 2.22 [137].

Figure 2.21. The evolution of interstitial iron concentration in mc-Si as a function of

cumulative annealing time and temperature using silicon nitride passivation. The solid

lines represent a fitting of data set by using an exponential decay function [36].

Figure 2.22. Change in interstitial iron concentration ([Fei]) upon annealing at 400 °C. In

the first two hours of annealing sample 1 and 2 were annealed under nitrogen and

hydrogen ambient, respectively and followed by subsequent annealing under nitrogen

[137].



36

To avoid the possible incorporation of hydrogen into the bulk material and formation

of Fe-H complex, Liu et al. [49] studied internal gettering at temperatures from 400 °C

to 700 °C as shown in Figure 2.23. A high-temperature (1000 °C) oxidation process was

used to passivate the surfaces prior to thermal annealing and the kinetics of the changes

in interstitial iron concentration were reported. Although they avoid the possible bulk

hydrogenation complexity, the high-temperature oxidation process has dissolved metal

precipitates and redistributed impurities during the subsequent cooling step. It is also not

known how low-temperature internal gettering affects carrier lifetime in samples from

different height positions in a commercially grown mc-Si ingot, with change expected

due to different dislocation densities at the different heights (see Section 4.5).

Figure 2.23. Remaining dissolved interstitial iron fraction of the annealing time in four

sister samples using oxide passivation with an initial interstitial iron concentration of

around 3×1012 cm-3. Samples were annealed at 400 °C, 500 °C, 600 °C and 700 °C [49].

Internal gettering in mc-Si substrates after phosphorus diffused emitter formation was

studied by Boulfrad et al. [48] who reported an improvement in bottom samples (‘red’

zone of the ingot) by applying an annealing at 550 °C after a pre-annealing at  950 °C.

It is also reported that applying PDG can reduce iron further compared to low-temperature

annealing only and high concentration of oxygen in the bottom part of the ingot could be

a limiting factor for nucleation and precipitation of dissolved metal impurities. However,

it is noted that applying a high-temperature pre-annealing step dissolve metallic



37

precipitate and thus, change the as-grown state. Furthermore, the exact mechanism of

precipitates formations around oxide precipitates is not reported.

The impact of low-temperature annealing after solar cell fabrication process was

studied by Rinio et al. [51], who reported an improvement of 0.5% absolute cell efficiency

by annealing at 575 °C, as shown in Figure 2.24. Another internal gettering study on mc-

Si solar cells was performed by Pickett and Buonassisi [50], who reported an efficiency

improvement upon annealing at 500 °C. In both the studies [50, 51], the reason for the

efficiency improvement is likely to be a combination of internal gettering of defects,

external gettering into the phosphorus diffused emitter and hydrogenation from silicon

nitride passivation. Rinio et al. [51] suggested that low-temperature annealing has

minimal impact on efficiency improvement compared to external gettering but the role

of hydrogenation is not reported.

Figure 2.24. Efficiency of multicrystalline silicon solar cells from middle part of the ingot

after annealing at different temperatures for 90 min. The annealing was performed after

a phosphorus diffusion process [51].

2.7. Surface passivation

Surface defects in silicon materials can be passivated by either field effect passivation

or chemical passivation. Different dielectric passivation methods such as PECVD silicon

nitride (SiNx), silicon oxide (SiOx), aluminium oxide (Al2O3), amorphous silicon (a-Si:

H) are well established [139-144]. Silicon PV industries commonly use PECVD silicon



38

nitride passivation in the standard cell processing, which requires a relatively high-

temperature process [122, 145]. To avoid an additional thermal effect, chemical

passivation such as ethanolic iodine solutions are used to measure bulk lifetime in silicon

materials at room temperature [146-148]. In this thesis, a temporary iodine-ethanol (I-E)

chemical passivation and PECVD silicon nitride are used. A detail of these two methods

is discussed in the following sections.

2.7.1. Iodine-ethanol passivation

Iodine-ethanol solution is a temporary and removable chemical passivation method.

Several researchers studied I-E passivation [146, 147, 149]. Stephens and Green studied

0.08 molar of I-E solution which reported that I-E passivation can be superior to the

thermally grown oxide passivation method [146]. The effectiveness of this passivation

method strongly depends on surface preparation prior to the passivation [147, 150].

Figure 2.25 shows that lifetime can be improved in samples without native oxide by

twofold compared to samples with native oxide.

Figure 2.25. A comparison in measured minority carrier lifetime as a function of iodine

concentration (molar) for the samples with and without native oxide. The lifetimes were

measured at an injection level of 1.2 × 1013 cm-3 using a microwave photoconductance

decay system (µ-PCD) [147].

Comparative studies between I-E passivation and dielectric passivations were

performed by Pollock et al. [149] and Sopori et al. [151]. Pollock et al. [149] reported

that I-E passivation is suitable for multicrystalline materials as it is a room temperature

process and does not make any change in the bulk materials. However, I-E passivation is
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not suitable for a long-term as its effectiveness degrades rapidly with the post-passivation

time. Sopori et al. [151] reported a very high initial lifetime (22 ms) using I-E passivation

for FZ single crystal sample but observed a substantial degradation after few minutes of

passivation process. In the same study, it is also reported that I-E solution leaves residues

on the silicon surfaces during lifetime measurement and suggested an etch off a thin layer

from the surfaces for repetitive lifetime measurement [151]. In another study by Sopori

et al. [152] investigated the I-E passivation mechanism and influence of a bias light on

its effectiveness, which reported that induced light has a strong influence in I-E

passivation for samples with a lifetime in the range of 50 to 400 µs. Note that, in this

thesis, most of the samples have initial carrier lifetime less than 50 µs (discussed in

Chapter 4).

2.7.2. PECVD silicon nitride passivation

Silicon nitride (SiNx) dielectric layer grown by plasma-enhanced chemical vapour

deposition (PECVD) is well established in silicon PV industry [122]. The deposition

process uses silane (SiH4) and ammonia (NH3)/nitrogen (N2) gases in a quartz tube where

they are dissociated into NHx and SiHx species by plasma. This deposition process

requires a temperature in the range of 300-400 °C for few minutes (~10 min) [139, 141].

The properties of silicon nitride passivation depend on a number of factors including the

ratio of the gases, total gas flow, chamber pressure, substrate temperature [139]. Unlike

the I-E passivation, silicon nitride passivation is stable in cell processing [139].

Silicon nitride passivates surface by attachment of hydrogen atoms with dangling

bonds, which reduces recombination due to the presence of surface defects substantially.

Soppe et al. [139] reported surface recombination velocity (SRV) < 30 cm/s using a direct

plasma technique. Schmidt et al. [153] have reported a very low SRV < 10 cm/s using

silicon nitride deposition by direct plasma. Aberle and Hezel studied surface passivation

using a remote plasma technique, which reported a surface recombination velocity of 4

cm/s [122]. Silicon nitride films can also passivate the bulk defects during deposition

and/or in subsequent thermal annealing [139]. Several authors suggested that that

hydrogen atoms can diffuse through bulk defects and interact with them [154-158]. The

physical mechanism of bulk defects passivation by hydrogen is not well understood. One

possible reason is that both ionized hydrogen and interstitial iron have similar positive

charge. Theoretical modelling of interaction between interstitial iron and hydrogen is
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studied by Sanati, Szwacki and Estreicher [159] which reported no passivation of

interstitial iron due to hydrogen. In a recent study by Karzel et al. [137] reported that

hydrogen atoms form complexes with metallic impurities such as iron. Most recently, Liu

et al. [160] have reported that silicon nitride films act as a gettering site for iron upon

thermal annealing. It is evident that silicon nitride passivation changes the bulk defects

which need to be excluded in low-temperature annealing study.

2.8. Aims and objectives

This thesis aims to improve carrier lifetime in a commercially grown multicrystalline

silicon material by applying low-temperature annealing (≤ 500 °C). It also aims to 

develop a scientific understanding regarding the interaction between metallic impurities

and other defects in mc-Si. Since solubilities of metallic impurities are very low at these

temperatures (as shown in Figure 2.20), it is not necessary to conduct these experiment

under a very clean environment. In order to achieve these aims, bulk lifetime, bulk

interstitial iron concentration, the spatial distributions of lifetime and interstitial iron

concentration maps are measured and analysed. The following novel experiments are

performed to achieve the above aims:

1. To study the distribution of key material properties such as minority carrier lifetime,

interstitial iron concentration, dislocation density in samples from different height

positions of an edge block in a commercially-grown mc-Si ingot. This lifetime study

is different from Bothe et al. [161] as a temporary liquid iodine-ethanol passivation is

used and extended to a distribution of metallic impurities and crystallographic defects.

Primary analysis is not only to show a distribution of different properties but also

make a comparative analysis of the changes in low-temperature internal gettering

(Chapter 4).

2. To perform a low temperature (≤ 500 °C) internal gettering on sister samples sourced

from four different height positions of an ingot. This work is far more comprehensive

and better designed than the experiment in Krain et al. [36] and Liu and Macdonald

[49]. To avoid the possible bulk hydrogenation sourcing from silicon nitride

passivation, a temporary chemical solution of iodine-ethanol is used at room

temperature (detail in Chapter 3). This is a different method to dissociate the effect of

temperature in iron gettering at crystal defects from other influential factors such as

hydrogenation. As no pre-thermal treatment is used, the changes in low-temperature
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annealing are directly comparable with the as-grown state (the results are discussed in

Chapter 5). This work is published as paper [53].

3. To investigate the role of surface passivation in low-temperature (≤ 500 °C) internal

gettering. In this work, a comprehensive study is performed in an adjacent of samples

from different ingot height positions (as in Chapter 5), as the starting lifetime,

interstitial iron concentration and microstructure (particularly the density of grown-in

dislocations) varies widely. Sister samples from each location are passivated with

PECVD SiNx and subjected to the same thermal treatment in Chapter 5 and the data

are compared to assess the impact of possible hydrogenation from the SiNx film on

the internal gettering behaviour. The details are discussed in Chapter 6. This work has

been published as paper [54].

4. To investigate the effect of low-temperature (≤ 500 °C) internal gettering after a

standard phosphorus diffusion gettering with a sheet resistance ~55 Ω/sq. Samples 

sourced from four different height positions are used for PDG in collaboration with

the University of Konstanz, Germany. Sister samples from every height position are

annealed at 300 °C to 500 °C. The results are compared to investigate whether low-

temperature internal gettering is able to improve bulk carrier lifetime after phosphorus

diffusion gettering or not (discussed in Chapter 7).

5. To investigate the effect of phosphorus diffused emitter in low-temperature internal

gettering at 400 °C. This experiment is performed on two sister samples sourced from

the same height positions used in Chapter 5 and Chapter 6. Emitters are removed from

one set of samples prior to thermal annealing. The results are compared in samples

with and without emitter in annealing steps (discussed in Chapter 7).

6. To evaluate the lifetime improvement obtained in Chapter 5 by low-temperature

internal gettering in as-grown samples in a standard solar cell fabrication process.

Two samples sourced from the bottom part of the ingot are used. A sample is annealed

at 400 °C prior to phosphorus diffusion gettering. Both samples are subjected to a

PDG process and a subsequent low-temperature gettering at 400 °C and the results are

compared (discussed in Chapter 7).

The experimental methods used in this thesis are described in the next Chapter.



42

Chapter 3 Experimental methods

3.1. Introduction

As discussed in Chapter 2, gettering (external or internal) processes can be applied to

improve bulk carrier lifetime in silicon. In this thesis, a comprehensive study into low-

temperature internal gettering (≤ 500 °C) processes have been performed on 

multicrystalline silicon wafers sourced from different height positions of a commercially

grown ingot. This Chapter discusses the design of the experiments and gives details of

different process sequences including sample selection, surface preparation, and different

passivation schemes. Furthermore, different characterisation techniques used to measure

bulk resistivity, bulk minority carrier lifetime, spatial distribution of lifetime, bulk

interstitial iron concentration and spatial distribution of interstitial iron concentration are

described.

3.2. Design of experiment

Low-temperature internal gettering processes can usually be performed at three

different stages in the photovoltaic cell production cycle such as to as-grown wafers, after

emitter formation and after completion of the solar cell fabrication process. An illustration

of a process sequence from silicon raw materials to PV system and different experiments

performed in this thesis is presented in Figure 3.1. Firstly, a comprehensive experiment

(1a) on low-temperature internal gettering was performed on as-grown multicrystalline

silicon samples using a temporary chemical surface passivation (results are discussed in

Chapter 5). In order to investigate the effect of different passivation schemes on low-

temperature internal gettering including possible hydrogenation effects from the silicon

nitride dielectric layers, experiment 1b was designed (discussed in Chapter 6). Another
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set of experiments (2a, 2b and 2c) on samples after phosphorus diffused emitter formation

was designed to investigate whether low-temperature internal gettering can improve

lifetime even after PDG process. Furthermore, external gettering of metallic impurities to

phosphorus diffused layers and to silicon nitride passivation layers in low-temperature

annealing was investigated.

Figure 3.1. Process sequence from raw silicon material to multicrystalline silicon

photovoltaic system. Illustration of the major experiments performed on as-grown and

after phosphorus diffused emitter formation in this thesis.

3.3. Sample selection

Samples were sourced from an edge block of a commercially grown multicrystalline

silicon (mc-Si) ingot (cross section: 624 mm × 624 mm) supplied by a mc-Si wafer

manufacturer. The neighbouring (sister) wafers came from four different height positions

of the block (bottom (B), bottom middle (MB), top middle (MT) and top (T)) with a

surface area of 156 mm × 156 mm. The distributions of wafer properties such thickness,

bulk resistivity were measured, as discussed in Section 3.4. It is noted that these wafers

were cut using a diamond wire so the surface structure is slightly shiny and ridged which

is different from usual wafers used in mc-Si photovoltaics. In order to make experimental

samples, the neighbouring wafers were laser cut into 39 mm × 39 mm by using a 34 ns,

355 nm neodymium yttrium-aluminium-garnet (Nd: YAG) (E-series) laser

micromachining system fitted with high-resolution computer numerical control (CNC)

stages from Oxford Lasers. The sister samples were numbered by a diamond scribe

according to a brick position in the ingot, height position in the brick and chronological

order in every position. The selection process from cast ingot to experimental samples is

illustrated in Figure 3.2 (i) and (ii).
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(i)

(ii)

Figure 3.2. Illustrations of sample selection: (i) a block from the edge of a commercially

grown ingot (ii) 10 sister wafers (156 mm × 156 mm) from four different height positions

(b) wafers after laser cutting (c) and experimental samples (39 mm  39 mm).
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3.4. Thickness and bulk resistivity measurement

The thickness of as-received sister samples was measured by using a slide calliper with

a precision of 0.01 mm. A distribution of thickness and a statistical box plot of as-received

values and after a chemical polishing for samples from different height positions is

presented in Figure 3.3. It shows that the data clusters fit with the statistical analysis. The

average thickness in all four height positions varies marginally from 205 µm to 210 µm.

It is noted that the final thickness after removing saw damage by a wet chemical etching

process is substantially lower than the primary thickness, used in the bulk lifetime

measurement.

Figure 3.3. Distribution of measured thickness (± 10 µm) of as-received (solid circles)

and after chemical polishing (open circles) of 10 sister wafers from four different height

positions of the mc-Si brick. To the right of each data cluster, the open box represents the

25th and 75th percentile and median. The solid rectangular point in the open box represents

the mean of data cluster.

The bulk resistivity was measured by a four-point-probe resistivity meter made by

Jandel Engineering Limited. An RM300 test unit was used to measure bulk resistivity in

combination with four-point-probe equipment as shown in Figure 3.4a and Figure 3.4b.

The probe head contains four probes with a spacing (s) of 1 mm. Its height needs to be

adjusted manually according to the thickness of the experimental sample to ensure a

proper contact. An operating lever was used to place the probe head down to complete
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cycle between the probes and samples. A current was supplied between the two outside

probes and the corresponding voltage was measured across the other two probes,

illustrated in Figure 3.4b.

(a)

(b)

Figure 3.4. (a) The four-point probe resistivity meter used in this work (b) illustration of

the fundamental working principle. The probe spacing s = 0.1 cm.

Bulk resistivity for wafers and films can be expressed as:

tR s  (3.1)

where t is the thickness of the sample (cm) and sR is the sheet resistance of the wafer (Ω 

cm) which can be calculated as [162]:

I

V
Rs 










2ln


(3.2)
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where I is the test current (A) and V is the measured voltage (V). Using Equation 3.1 and

3.2, the bulk resistivity can be calculated as [162]:

1532.4 Ct
I

V
 (3.3)

where 1C is the correction factor depends on the ratio of samples thickness (t) and probe

spacing (s) for wafers (sheet) and ratio of diameter to probe spacing for circular samples

is presented in Table 3.1.

Correction factors for rectangular
sample thickness, t

Correction factors for circular sample
diameter, d

t/s C1(t/s) d/s C2(d/s)
0.3 1.0000 10 4.1712
0.4 0.9995 20 4.4364
0.5 0.9974 30 4.4892
0.6 0.9919 40 4.5080
0.7 0.9816 50 4.5167
0.8 0.9662 60 4.5215
0.9 0.9459 70 4.5244
1.0 0.9215 80 4.5262
1.2 0.8643 90 4.5275
1.4 0.8026 100 4.5284
1.6 0.7419 200 4.5314
1.8 0.6852  4.5320
2.0 0.6337

Table 3.1. Calibration constant used to measure bulk resistivity for sheet/film and circular

sample by using the four-point-probe resistivity meter [162].

Bulk resistivity (volume) for the samples in Figure 3.3 was measured by applying a

forward bias current of 100 µA. A distribution of data cluster and corresponding statistical

box plot is presented in Figure 3.5. Although the distributions show a deviation from the

mean value, they have a good agreement with statistical box plot at every height position

in the ingot. The average bulk resistivity (volume) is highest at the bottom part of the

ingot 7.5 Ω cm and it decreases to 4.75 Ω cm at the top part of the ingot. It is noted that 

the measured sheet resistivity by four-point-probe is ~1 Ω cm which is similar to the 

resistivity range supplied by the wafer manufacturer which varies from 0.7 Ω cm to 1.1 

Ω cm from top to bottom in the brick. The bulk resistivity was measured at five different 

points in the samples and a slight variation was found. The average bulk resistivity was

used for lifetime measurements.
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Figure 3.5. Distribution of resistivity (volume) (with an error limit up to ± 0.7 Ω cm) of 

sister wafers measured by the four-point-probe resistivity meter for samples at four

different height positions in a mc-Si ingot. To the right of each data cluster, the open box

represents the 25th and 75th percentile and median. The solid rectangular point in the open

box represents the mean of data cluster.

3.5. Surface structure and etching

After sample selection and primary characterisation of material properties including

thickness and bulk resistivity, samples’ surfaces were examined under a microscope and

different chemical solutions to remove saw damage were investigated. In this section,

surface structures of as-received samples, a detailed process of different chemical

polishing techniques and their effect on surface morphology are discussed. Furthermore,

the method used to determine the dislocation density distribution is discussed.

3.5.1. As-received wafers

As stated in the previous section that a diamond cutter was used to slice the ingot into

wafers and therefore, wafers have a higher degree of surface roughness than the usual

wafers used in the silicon photovoltaic industry. The surface structures of as-received

samples were examined with a ContourGT-X optical surface-profiling system which can

detect in a range from a fraction of 1 nm up to approximately 10 mm in height. Figure



49

3.6a and Figure 3.6b show a 3D profile of 10 mm 10 mm surface area and a line profile

(marked with a white dashed line in Figure 3.6a) respectively. It can be seen that surface

ridges are widely spread over the surface area with ± 12 µm height variation with respect

to the reference line (0 µm).

(a)

(b)

Figure 3.6. Illustration of a surface profile of a typical part of an as-received mc-Si wafer

(a) 3D image of a surface area of 10 mm 10 mm (b) line scan of surface height along

the marked white line in Figure (a).

Although, the surfaces exhibit non-uniformly distributed ridges, the most important

thing is to examine the surface structure at the microscopic level as this may affect the

effectiveness of surface passivation and thus bulk lifetime measurement. The surface

roughness of an as-received mc-Si sample was examined with different levels of

magnification under an XL30 ESEM scanning electron microscope. Images are shown in

Figure 3.7. It was seen that surfaces are heavily damaged as in Figure 3.7b and distributed

randomly. Chemical polishing was used to remove saw damages created during wafer
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dicing process and to reduce overall surface waviness, as discussed in the following

sections.

(a) (b)

Figure 3.7. The surface structure of an as-received mc-Si sample under an XL30 ESEM

Scanning electron microscope at different magnifications (a) 500x (b) 2000x.

3.5.2. Planar etching

As-received samples contain deep saw damage which needed to be removed to create a

uniform surface. In multicrystalline silicon photovoltaics, wet chemical techniques are

used to texture surface to reduce reflection from the surfaces and to improve light trapping

properties [163, 164]. Anisotropic etching using an alkaline solution such sodium

hydroxide (NaOH), potassium hydroxide (KOH) or tetramethylammonium hydroxide

(TMAH) is well established for single crystal silicon [165, 166]. However, this is not

suitable for multicrystalline silicon materials as they contain grains with different crystal

orientations. It is, therefore, necessary to use an isotropic etching technique which is

independent of crystal orientations. In this work, both wet etching approaches (alkaline

and acidic) were investigated. It is noted that the purpose of the etching process is not to

texture the surface to improve light trapping but to create a uniform polished or semi-

polished surface for characterisation, particularly lifetime imaging. In the following

sections, brief details of the reaction processes and surface morphologies are discussed.

3.5.2.1 Alkaline etching by TMAH

In order to remove saw damage from the surface, a TMAH (25%) solution was

investigated. A multicrystalline silicon sample was dipped in 10% of TMAH solution at
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80 °C temperature for 10 min and followed by an RCA cleaning (detail is described in

Section 3.5.4) and nitrogen drying. A general reaction mechanism of silicon in an alkaline

solution can be given by:

   2
2

222 H2OHSiO2OHO2HSi   (3.4)

It was noted that the reaction rate strongly depends on solution temperature and process

time. A thickness of 10-15 µm was etched off from each side of the sample, which was

estimated by:






A

mm
t

fi

2
off-etch (3.5)

where mi is the initial mass, mf is the mass after chemical etching measured using a mass

balance with a precision of 0.001 g, A is the surface area, ρ is the density of silicon (taken

as 2.3290 g/cm3 [167]).

The surface morphologies after etching were investigated under the same SEM at low

(250x) and high (2000x) magnification as shown in Figure 3.8a and Figure 3.8b which

show that surface structure varies with crystal orientation. To avoid the dependency on

crystal orientation, this etching technique was not used further in this thesis.

(a) (b)

Figure 3.8. The surface structure of a mc-Si sample after etching with a TMAH alkaline

solution in a SEM at (a) 250x (b) 2000x magnification.

3.5.2.2 Acidic etching

The anisotropic etching process using an alkaline solution is not suitable for

multicrystalline silicon material to have a uniform surface as discussed in the previous
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section. Therefore, an isotropic etching technique using an acidic solution comprising

hydrofluoric acid (HF (50%)), nitric acid (HNO3 (69%)) and acetic acid (CH3COOH

(100%)) was used. HF and HNO3 mixtures are widely used in silicon photovoltaics for

etching silicon in which HNO3 oxidise the surface and HF removes silicon dioxides [168].

CH3COOH acts as a controller of the etching rate [169]. The fundamental reaction

mechanism is according to:

O8HNO4SiF3HHF184HNOSi3 2623  (3.6)

Several key factors including solution composition, reaction mechanism, temperature,

etching rate, agitation, batch size were investigated. A suitable composition of the mixture

was estimated according to an iso-etch-rate contour at room temperature (25 °C) as in

Figure 3.9 [170] in which curve lines represent constant etching rate ( 25.4 µm/min). A

ratio of HF: HNO3: CH3COOH = 24:58:18 was used in this thesis where the reaction rate

is ~78.7 µm/min (~3.1 25.4 µm/min) as pointed by the intersection of red lines in the

iso-etch contour. Samples were etched for 60 s at room temperature which removed

approximately 30 µm of material from both sides. It was noted that surface morphology

strongly depends on agitation of solution during the etching process and batch size in a

solution. The samples were agitated vertically to avoid etch pit formation and a fresh

solution was made after etching every three samples. After etching, the samples were

RCA cleaned and followed by nitrogen drying. The surface structure after performing the

etching process was investigated, as discussed below.

The surface profile was measured by a contactless ContourGT-X optical surface-

profiling system and profiles are shown in Figure 3.10a and Figure 3.10b. The ridge

height in as-received samples (  15 µm) (illustrated in Figure 3.6) was decreased

substantially to  5 µm after performing the etching process. The surface morphology

was examined in the SEM and planarity was observed as shown in Figure 3.11a and

3.11b. Furthermore, unlike the TMAH etching process, the isotropic etching process

creates uniform planar surfaces without being dependent on crystal orientations.
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Figure 3.9. Curves of a constant rate of changes of silicon material ( 25.4 µm/min) as a

function of etchant composition (weight percent in the system HF:49.23%, HNO3:69.51%

and CH3COOH:100%). The red colour lines represent the composition of three acids in

solution and the intersection (circle) represents approximate reaction rate [170].

(a)

(b)

Figure 3.10. An example of the surface profile of a multicrystalline silicon wafer after

chemical polishing with isotropic etching (HF: HNO3: CH3COOH = 24:58:18 ) (a) 3D

image of a surface area of 10 mm 10 mm (b) line scan of surface height along the white

marked line in Figure (a).
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(a)

(b)

Figure 3.11. The surface structure of a multicrystalline silicon wafer after polishing by

isotropic etching (HF: HNO3: CH3COOH = 24:58:18) under SEM with a magnification

of (a) 99x (b) 2000x. The surface ‘waviness’ is clearly visible in the first image (a). The

lines in both the images are grain boundaries.

3.5.2.3 Emitter removal

A series of low-temperature internal gettering experiments were performed on

samples after phosphorus diffusion gettering. To reveal the bulk lifetime, emitters were

removed using an acidic solution comprising HNO3 (69%): CH3COOH (100%): HF
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(50%) in the ratio of 10:5:2 at room temperature for 35 s and followed by an RCA

cleaning. A thickness of ~5 µm was etched off from every side.

3.5.3. Defect-revealing etching and dislocation mapping

Dislocations can increase recombination activity and reduce device performance by

introducing recombination centres, as discussed in Chapter 2. Usually, dislocations in

multicrystalline silicon wafers are not visible after planar etching as demonstrated by

Figure 3.11. Several wet chemicals etches like Secco [171] and Sopori [172] are well

established to reveal dislocations. Although Secco is a rapid and effective etch, it was not

used here because of a safety concern over potassium dichromate (K2Cr2O7). In this

thesis, dislocations were revealed after saw damage removal. Two defect etching

solutions were investigated. Firstly, an experiment was performed with a micropit

delineation etchant (MD1) comprising HF (50%), HNO3 (69%) and CH3COOH (100%)

in the ratio of 1: 4: 95 at room temperature [173]. It was observed that the etching is

extremely slow. More than 40 h was required to confirm the findings in Ref. [173].

Furthermore, the etch pit diameter was estimated as less than 5 µm. Dislocation density

was counted by using microscopic images in the image processing software ImageJ.

However, this approach requires high-resolution images. A large number of image files

needs to be run to make a dislocation density of a large area e.g. 39 mm × 39 mm which

is extremely time-consuming exercise. To resolve this issue, a rapid dislocation density

mapping technique developed by Needleman et al. [174] was implemented. A summary

of the major processing sequences used is shown in Figure 3.12 and discussed in the

following sections.

To reveal dislocations, a Sopori etch comprising HF (50%): CH3COOH (100%):

HNO3 (69%) = 36: 20: 2 was used at room temperature for 90 s with a vertical agitation.

To remove the stain layer created by Sopori etch, samples were dipped in a solution of

HNO3 (69%): HF (50%) = 9:1 for 2 s and followed by an RCA cleaning. Etch pits were

characterised under an XL30 ESEM scanning electron microscope and results are shown

in Figure 3.13a and 3.13b. It can be seen that dislocation density is not uniform throughout

the samples. In relatively high defect-containing regions, dislocations etch pits appear to

be lined up as reported in Ref. [175]. The average etch pit diameter was estimated as ≥ 5 
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µm, as shown in Figure 3.13b which is necessary for sufficient contrast in scanned

images.

Figure 3.12. Process sequence to measure dislocation density in a multicrystalline silicon

sample revealed by a Sopori etch. The counting algorithm developed by Needleman et al.

was used to determine dislocation density [174].
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(a) (b)

Figure 3.13. Microscopic images of dislocation density of a multicrystalline silicon

sample used in this thesis under a magnification of (a) 97x (b) 2000x. The solid straight

lines represent grain boundaries in both the images.

An Epson Perfection V-800 Photo Scanner was used to scan the etched sample. To

calibrate the scanning images, an etched sample was scanned with a resolution of 600

dots per inch (DPI) as shown in Figure 3.14a. A microscopic image under a magnification

of 10x was obtained of a small rectangular region (marked by dashed in Figure 3.14a)

from a Zeiss optical microscope (automated stage control with integrated software and

automated image stitching). Scanned and microscopic images of the same region were

then used into respective Matlab codes (freely available online at

http://pv.mit.edu/dlcounting/) and a calibration curve was generated between scanner and

microscope output. The number of white pixels from the inverted scanner image was

plotted against dislocation density obtained from the microscope image, as presented in

Figure 3.14b. The data cluster shows a linear agreement from which calibration

parameters such as intercept (-1.19) and slope (2.13  10-4 pixel.cm2) were estimated.

After performing the calibration process, etched samples were scanned with a higher

resolution of 6400 DPI to obtain accurate measurements. Dislocation density maps were

generated using the counting algorithm in Ref. [174] with a pixel area of 0.0625 mm2

using the calibration scaling factors, as shown in Figure 3.14c.

It is noted that there are some technical limitations of this mapping technique. Firstly,

etch pits diameters must be greater than 5 µm. Secondly, due to the overlapping of

dislocation in defect cluster, the maximum measurable dislocation density is ~ 4  106

cm-2. Finally, since the technique is based on surface images, any surface defects such as

regions with twin boundaries give very high dislocation density which is not an actual

representation of bulk defects.
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(a)

(b)

(c)

Figure 3.14. (a) Scanned image of a multicrystalline silicon sample (39 mm  39 mm)

with a 600 DPI; (b) calibration of the scanned image (dotted box in Figure a) from an

optical microscope image (10x). The dashed line represents a linear fit of the data cluster;

(c) dislocation density mapping using the counting algorithm of the sample in Figure a.

3.5.4. RCA cleaning

A standard RCA cleaning method was used heavily in this thesis. The cleaning

procedure is summarised as follows:
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 Dip in a solution of ammonium hydroxide (28 to 30%), hydrogen peroxide (31%)

and deionized (DI) water in the ratio 1:1:5 for 10 mins at 75 to 85 °C (‘RCA 1’).

 Dip in DI water for 1 min at room temperature followed by a rinse in DI water

(resistivity 18.2 MΩ cm) at room temperature (~25 °C) for 3 mins. 

 Dip in 2% hydrofluoric solution (50%) at room temperature (~25 °C) for 1 min.

 Dip in a solution of hydrochloric acid (37%), hydrogen peroxide (31%) and deionized

water mixed in the ratio 1:1:5 for 10 mins at 75 to 85 °C (‘RCA 2’).

 Dip in DI water for 1 min at room temperature and followed by a rinse in DI water

(resistivity 18.2 MΩ cm) at room temperature (~25 °C) for 5 mins. 

 Dry in nitrogen.

A fresh solution was made for every two cycles of cleaning. Samples were then placed in

boxes to avoid unwanted contamination from the atmosphere.

3.6. Surface passivation

In silicon photovoltaics, passivation is one of the most important manufacturing steps

to reduce optical loss and surface recombination velocity. In this thesis, after removing

saw damage by using isotropic etching, samples were passivated with different surface

passivation techniques. As discussed in Chapter 2, silicon nitride passivation is widely

used but it is widely believed to have an effect on bulk lifetime. To mitigate such

complexity and to limit the possible effect of bulk hydrogenation, a temporary chemical

solution of iodine-ethanol passivation process was used in this thesis. To investigate the

possible bulk hydrogenation effect, a set of samples was also passivated with silicon

nitride and compared with the iodine-ethanol passivation. In the following section surface

passivation techniques used in this thesis are discussed.

3.6.1. Iodine-ethanol

A temporary chemical solution of iodine-ethanol was heavily used in this thesis. It is

noted that this method strongly depends on the wafer surface preparation (particularly

cleaning) prior to surface passivation. The major process sequences of I-E surface

passivation are shown in Figure 3.15a. Samples were RCA cleaned and were then dipped

in 10% HF solution to remove native oxide (which affects lifetime substantially [147]),
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followed by a methanol dip. Samples were dried in nitrogen and immediately placed in

transparent polythene bags. A 0.1 M solution of iodine (≥ 99.8% purity, supplied by 

Fisher Scientific) and ethanol (≥ 99.8% purity, supplied by Sigma-Aldrich) was made and 

a few drops of solution were added at room temperature to form a thin uniform layer on

both surfaces. The excess solution and air bubbles were squeezed out prior to sealing. An

example of a 39 mm × 39 mm multicrystalline silicon sample after completion of I-E

passivation is shown in Figure 3.15b. As the I-E passivation technique suffers from a lack

of stability [176], characterisation of a sample was performed within 4-5 minutes after

completion of the surface passivation process. The repeatability of lifetime measurement

using I-E passivation and effect of illumination on passivation quality were investigated,

as discussed in the following sections. To avoid residue formation on the surfaces,

samples were removed from the polythene bag immediately after characterisation and

dipped in a methanol, followed by an RCA cleaning. The samples were examined under

an optical microscope to check any surface changes due to I-E passivation, particularly

residue formation. No residue was observed in this work. A fresh solution was made to

passivate samples after every thermal annealing step.

(a) (b)

Figure 3.15. (a) Process sequence used in I-E passivation process (b) an illustration of a

mc-Si sample (39 mm  39 mm) passivated with an I-E solution.



61

In this thesis, one of the key experiments is to determine interstitial iron concentration

in which samples were illuminated to dissociate iron-boron pairs (details discussed in

Section 3.9.1). It is, therefore, important to know the effect of illumination on surface

passivation quality and change is bulk lifetime after illumination. A control experiment

was performed with a chemically polished n-type (phosphorus doped) mc-Si sample with

a thickness of 190 µm and 7.2 Ω cm bulk resistivity. As the sample is phosphorus doped, 

it is free from iron-boron complexes which usually dissociate under illumination and

degradation related to boron-oxygen complexes. The sample was RCA cleaned and

passivated with I-E solution by following the process sequence in Figure 3.15a. Bulk

lifetime was measured using a Sinton WCT-120 lifetime tool (detail in Section 3.8.1).

The sample was illuminated by more than 50 consecutive intense flashes (~30 suns) of

light with a ~10 µs decay constant and lifetime was measured immediately and compared

as shown in Figure 3.16. For an example, at an injection level of 1×1015 cm-3 lifetimes

are 16.3 µs and 17.6 µs measured before and after flashing respectively. This change is

not significant as the lifetime is assumed to be accurate to ± 4.3 % [177].

Figure 3.16. Comparison in an injection dependent minority carrier lifetime for n-type

mc-Si samples at before and after an illumination with 50 consecutive intense flashes.

In order to investigate the repeatability issue with I-E passivation, a p-type (boron

doped [B] = 1.9 -315 cm10 ) FZ polished sample with a thickness of 190 µm and bulk

resistivity 7.4 Ω cm was used. Note that FZ sample contains a very low concentration of 

oxygen, so the effects related to boron-oxygen complexes is lower. The sample was RCA

cleaned and passivated with an I-E solution and bulk lifetime was measured immediately.
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The passivation was removed and cleaned afterwards as discussed in the previous section.

The sample was kept in the dark for more than 36 h to re-associate iron-boron pairs and

re-passivated with a freshly made solution and lifetime was measured. This cycle was

repeated three times and lifetimes are compared in Figure 3.17. The measured lifetimes

are 304, 339, 317 and 328 µs which are within the mean value 322 µs ± 4.3%. These

results indicate that lifetime is reproducible with I-E passivation.

Figure 3.17. A repeatability study of minority carrier lifetime measured for a p-type

(boron doped) float zone single crystal sample with I-E passivation. Lifetime is measured

at an injection level of 1  1015 cm-3 with iron in the FeB state.

3.6.2. Silicon nitride

To investigate the bulk hydrogenation effect, a batch of multicrystalline silicon

samples was passivated by remote plasma-enhanced chemical vapour deposition

(PECVD) at 375 °C for approximately 10 mins by ISFH in Germany [178]. Similar to the

other samples used in I-E passivation, saw damage was removed from using isotropic

etching and followed by RCA cleaning. The samples were dipped in a HF solution to

remove native oxide prior to silicon nitride (SiNx) deposition. A thickness of 70 nm SiNx

with a refractive index of 2.4 was grown on both sides of the samples at a temperature

~375 °C. Samples are characterised by bulk lifetime and spatial distribution of lifetime

and low-temperature internal gettering was performed.
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3.7. Thermal annealing

To perform low-temperature internal gettering at ≤ 500 °C, sister samples from every 

height position in the ingot were annealed under nitrogen ambient in a Carbolite tube

furnace (maximum rated temperature 1200 °C) with 60 cm length and 6.1 cm diameter.

A K-type thermocouple was used to measure the temperature at the centre of the tube

where the samples were placed and set points on the control panel were calibrated for

300, 400 and 500 °C. At a given temperature, samples from all height positions were

subjected to identical annealing and cooling treatments, as annealing and removal were

performed simultaneously in a quartz boat. Samples were air cooled rapidly to room

temperature. The cooling rate was measured using a temperature gun which was estimated

as less than 10 s to cool down to room temperature (~ 25 °C). Samples were RCA cleaned

and kept in dark prior to characterisation.

3.8. Characterisation

In this thesis, multicrystalline silicon samples were characterised by bulk carrier

lifetime and by the spatial distribution of lifetime. Bulk interstitial iron concentrations

and spatially resolved maps were calculated based on the lifetime changes before and

after dissociation of iron boron pairs. Bulk lifetime was measured by quasi-steady-state

photoconductance (QSS-PC) by a Sinton lifetime tester and lifetime images were

acquired using a photoluminescence (PL) imaging tool. In the following sections, the

characterisation techniques are discussed.

3.8.1. Bulk lifetime measurement

Injection dependent bulk lifetime spectroscopy is one of the most important

characterisation techniques used in silicon photovoltaics. A contactless photoconductance

technique was developed by Sinton and Cuevas [179]. This technique is based on the

recombination of excess carriers generated by an optical flash. A Sinton WCT-120

lifetime tester with a 1.4 cm diameter detection region was used in this work and is shown

in Figure 3.18. It can measure carrier lifetime from 0.1 µs to several ms over a range of

injection levels (1012 to 1017 cm-3). In this thesis, an injection level 1×1015 cm-3 was used
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as this is far from the crossover point and it mitigates the effect of carrier trapping. The

system comprises a flash lamp which generates excess carriers in the silicon wafers and

therefore increases its photoconductance ( L ), given by [179]:

)( pnqW pnL   (3.7)

where q is the elemental charge, W is the sample thickness, n and p are the electron-

hole mobilities, n and p are average densities of excess electron and holes

respectively. Since every absorbed photon generates one electron-hole pair, so that ∆n =

∆p, Equation 3.7 becomes:

nqW pnL  )(  (3.8)

And therefore:
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(a) (b)

Figure 3.18. Lifetime tester to measure injection dependent bulk lifetime (a) a WCT-120

tool from Sinton Instruments (b) schematic diagram of the configuration.

It is noted that Equations 3.8 and 3.9 are only applicable where in the absence of

trapping of minority carriers [180, 181]. As µn and µp are functions of excess carrier

density, an iterative method is required to measure average excess carrier density and
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therefore the change is photoconductance. A reference solar cell is used to determine the

time dependence of the excess photoconductance in the silicon wafer.

Two main techniques transient photoconductance decay (PCD) and quasi-steady-state

photoconductance (QSS-PC) are usually used to measure bulk lifetime. The effective

carrier lifetime can be expressed as [114]:
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where U is the net recombination rate, G is the photogeneration rate and R is the

recombination rate. R can be expressed as [114]:
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Equation 3.10 becomes as [114]:
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In the transient method, the sample is exposed to a sharp pulse of illumination and the

excess carrier density is determined in the absence of illumination. The carrier generation

between light impulse and photoconductance decay is zero (G ≡ 0); Equation 3.12 can be

written as:

dt
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(3.13)

It is noted that transient method is used for a sample with high carrier lifetime (> 200 µs).

For a sample with relatively low carrier lifetime (< 200 µs), a quasi-steady-state method

is used. It is noted that lifetime is significantly lower than the decay time of the

illumination source. As in steady state 0
)(




dt

tnd
, the Equation 3.12 can be written as:
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In most cases in this thesis, carrier lifetime is below 100 µs and therefore QSS-PC mode

is used to measure bulk lifetime. The optical constant is a fraction of photogeneration
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compared to 38 mA/cm2 and varies with dielectric layer properties (thickness and

refractive index) and wafer thickness [182]. In this thesis, optical constants used for SiNx

passivation scheme is 0.9 whereas it is assumed as 0.8 for I-E passivation scheme

(between bare silicon and silicon nitride passivated silicon). Note that optical constant

within ±5% accuracy does not affect lifetime substantially. As the PL imaging tool does

not contain an integrated lifetime measurement system, lifetime at low injection level

(equivalent to excitation in the PL imaging tool) was used to make a calibrated lifetime

image (discussed in Section 3.8.3)

3.8.2. Trapping of minority carriers

It is well known that multicrystalline silicon material contains minority carrier traps

which are associated with a rise in lifetime at low injection levels [181]. In this thesis,

trapping effects were observed in some cases where lifetime increases abnormally at low

injection level. Since the lifetime images were made at low injection level (discussed in

the following section), corrections to the data are applied to mitigate trapping. A ‘Bias

Light’ correction factor was used as suggested by Macdonald et al. [183]. A value was

chosen near the low end of the range 0.2 Suns and increased until the in the regions where

the trapping was prominent reaches a minimum. In most cases, a bias light value of 0.3

to 0.5 Suns gives satisfactory results. It was noted that any lifetime at an injection level

below the bias point carrier density was considered as a measurement artefact.

3.8.3. Photoluminescence imaging

Photoluminescence (PL) imaging is a contactless and robust method to measure

spatially resolved lifetime and thus to identify defective regions in a sample [184, 185].

This technique is very effective in multicrystalline silicon as the material properties vary

widely (vertically and laterally in an ingot). It is based on photon emission from band-to-

band recombination of electrons from the conduction band with the holes in the valence

band (as discussed in Chapter 2), generated by an external excitation. A PL imaging tool

(LIS-L1) supplied by BT Imaging was used in this thesis, is shown in Figure 3.19a. It

contains a ring of light emitting diodes (LEDs) with a wavelength of 650 nm to excite the

sample and a silicon charge-coupled device (CCD) imaging sensor to capture emitted

photons from the sample. PL imaging can be made in two different magnifications in the
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same system used. In standard magnification (lower), the tool can produce an image of

an area of 165 mm × 165 mm with a resolution of ~160 µm. Under high magnification,

the pixel size decreases to 23 µm. In this thesis, standard magnification was used in most

cases as the experimental sample size is 39 mm × 39 mm. A schematic diagram of a

configuration of the PL imaging tool and an example of a calibrated lifetime image is

illustrated in Figure 3.19b.

(a)

(b)

Figure 3.19. (a) A photoluminescence imaging tool (LIS-L1) from BT Imaging and (b)

schematic diagram of working principle of the PL imaging tool at Warwick. Experimental

sample is excited by an LED array with an emission wavelength of 650 nm. Photons

emitted by radiative recombination are captured by a silicon charge-coupled device

(CCD) imaging sensor. Lifetime imaging was determined using the PL imaging and bulk

lifetime from the Sinton QSS-PC tool.



68

The PL tool at Warwick is designed based on photon flux which varies linearly with

the percentage in the power supply as shown in Figure 3.20a. At 100% LED power, the

maximum photon flux in our system is 3.56 × 1017 cm-2s-1. As the PL imaging tool does

not contain a lifetime measurement system, it requires integration with the Sinton QSS-

PC tool to make spatial lifetime images. To measure a calibrated lifetime image,

excitation in the PL imaging tool needs to be calibrated in term of ‘Suns’ unit (1 sun

equivalent to standard illumination at AM1.5 or 1000 W/m2). A relationship between the

photon flux and equivalent Suns is shown in Figure 3.20b. The highest illumination is

equivalent to 1.42 Suns at 100 % power in LEDs, decrease linearly with the LED power.

(a)

(b)

Figure 3.20. (a) Photon flux as a function of LED power in the PL imaging tool at

Warwick. (b) The relationship between photon flux (a function of LED power) and

illumination in Suns.
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The photoluminescence signal intensity generated by the sample depends on bulk

lifetime and the quality of surface passivation used [186]. For a p-type silicon sample, the

PL intensity can be expressed as [185]:

)(.. APL NnnBCI  (3.15)

where C is a calibration constant with varies from one sample to next due to optical effects

(a brief process of determining C value is discussed in the following section), B is the

radiative recombination coefficient, n is the excess carrier concentration and NA is the

doping density. Since the coil diameter in the Sinton tool used in this work is 1.4 cm, an

area of 1.4 cm × 1.4 cm was set as a field of view (FoV) in the PL imaging tool. As the

properties vary widely in multicrystalline silicon material, samples must be aligned in

both the tools to have an accurate calibration factor which was done by using two jigs.

The tool produces an image of excess carrier density by using the Equation 3.15 with an

arbitrary C value. The software estimates the calibration constant based on a comparison

of average excess carrier density in the region of FoV area (∆nPL Imaging) and the excess

carrier density estimated from the Sinton tool (∆nSinton). As the PL imaging tool operates

under steady state condition, the ∆nSinton can be calculated by [125]:

Gn  eff (3.16)

where τeff is the effective lifetime estimated from injection dependent lifetime graph from

the Sinton tool at the corresponding illumination (Suns) used in the PL imaging tool and

G is the average generation rate which is calculated by [125]:

W

RIN
G

)1(ph 
 (3.17)

where I is the light intensity (Suns), Nph is the incident photon flux (cm-2s-1), R is the

reflectance factor from the front surface at the 650 nm wavelength (%) and W is the wafer

thickness (µm). After estimating the calibration constant, the PL imaging tool produces a

∆n image of the entire sample and thus an effective lifetime images using the Equation

3.16. A flow chart of making lifetime images is shown in Figure 3.21. The exposure time

and illumination intensity affect the measurement substantially, as discussed in the

following section.
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Figure 3.21. Process sequence in the PL imaging tool for determining a calibrated lifetime

image.

To estimate exposure time and illumination intensity, a controlled experiment was

performed with three chemically polished Cz single crystal silicon samples with a doping

density ranging from 1.1×1015 to 1.3×1015 cm-3. Samples were passivated with silicon

nitride. Bulk lifetimes were measured as 12, 46 and 103 µs at an illumination level of

1.42 Suns (equivalent to 100 % LED power in the PL imaging tool) respectively using

the Sinton QSS-PC tool. Calibrated lifetime images were made with varying exposure

time (0 to 20 s) at 100% LED power. The average PL count, injection level and average

lifetime were estimated in the region of FoV and were compared.

As the PL intensity is proportional to the rate of radiative recombination (discussed in

the previous section), the longer exposure time incident more photon and a result of higher

radiative recombination rate. PL count usually increases with exposure time in the

samples as shown in Figure 3.22. It is noted that PL signal can be estimated ranging from

1,000 to 60,000 counts and therefore the sample with relatively high lifetime (103 µs)

exhibits a plateau after an exposure for 8 s. Since the PL imaging is carried out under

steady state conditions, the injection level exhibits a constant value with exposure time in

all three samples, as shown in Figure 3.23. Similarly, the average carrier lifetime (with
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the iron in FeB state) in the FoV regions remain unchanged, as shown in Figure 3.24 with

exposure time. In this thesis, an exposure time ranging from 1 to 5 s was used depending

on starting bulk lifetime value. It is noted that a longer exposure time in an iron

contaminated sample dissociates more iron-boron pairs which could result in different

lifetime mapping as is discussed in more details in the following section. However, for

multicrystalline silicon samples, an exposure time less than 1 s was not found to be

sufficient to obtain minimum average PL signal count (1,000) in as-received samples. In

the samples after phosphorus diffused emitter formation, an exposure time of 1 s can

produce a PL image with sufficient contrast.

Figure 3.22. Variation in PL count as a function of exposure time in the PL imaging tool

at 100 % power (1.42 Suns) in the LED array for three p-type (boron doped) Cz single

crystal samples. The average PL count range is 1,000 to 60,000.

Figure 3.23. Variation in average injection level as a function of exposure time in the PL

imaging tool at 100 % power (1.42 Suns) in the LED array for three p-type (boron doped)

Cz single crystal samples.
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Figure 3.24. Variation in average carrier lifetime as a function of exposure time in the PL

imaging tool at 100 % power (1.42 Suns) in the LED array for three p-type (boron doped)

Cz single crystal samples.

In order to estimate illumination intensity and the corresponding effect on lifetime

imaging, a controlled experiment was performed on a silicon nitride passivated Cz single

crystal silicon sample with a doping level of 1.2×1015 cm-3 and bulk interstitial iron

concentration of 1.8×1011 cm-3. Lifetime was initially measured with iron in FeB state

with Sinton tool. The sample was exposed for 5 s with varying power from 1 to 100% in

the LED light and measured bulk lifetime after every step. Finally, the sample was

illuminated with 50 consecutive intense flashes of light to dissociate iron-boron pairs and

measured lifetime immediately. The injection dependent lifetimes are compared and

shown in Figure 3.25. At a high injection level (for example 1 × 1015 cm-3), it can be seen

that lifetime increases after an exposure with higher LED power which is attributed to

dissociation of iron-boron pairs. The corresponding percentage of dissociated iron-boron

pairs is estimated based on interstitial iron concentration at every level (a detailed method

is discussed in Section 3.9) is shown in Figure 3.26. It is shown that the percentage of

FeB dissociation is ~5% after illumination at 1% LED power and it increases linearly to

~74% at 100 % LED power. In this thesis, 10% LED power (equivalent to 0.447 Suns)

was used in all measurements where the estimated dissociation of iron-boron pairs is

approximately 10%. Although lower LED power reduces FeB pair dissociation, it gives

lower PL signal count than the minimum limit (1,000 counts) and cannot be used in

samples with lower bulk lifetime. At 0.447 Suns illumination, mc-Si samples show an

injection level ranging from 1 × 1013 to 1 × 1014 cm-3 which are usually below the
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crossover point. In some cases, bulk lifetime measurement was corrected by a ‘Bias Light’

factor due to avoid minority carrier trapping effects.

Figure 3.25. Change in injection dependent lifetime in QSS-PC after illumination at

different power in the LED array in the PL imaging tool with an exposure time of 5 s for

a Cz single crystal sample with a thickness of 690 µm. The vertical dotted line represents

lifetime at an injection level of 1×1015 cm-3.

Figure 3.26. Dissociation of iron-boron pairs in the same Cz single crystal sample after

exposure at different power in the LED array for 5 s in the PL imaging tool in Figure

3.25. Interstitial iron concentration is calculated at an injection level of 1×1015 cm-3.
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3.9. Interstitial iron concentration

Iron is one of the most harmful and ubiquitous impurities which degrade carrier

lifetime substantially as discussed in Chapter 2. Most of the iron in mc-Si is in precipitate

form and only a small percentage (< 1%) is in the form of interstitial iron (Fei) and iron-

boron pairs. In this thesis, mc-Si wafers were characterised in terms of changing bulk

interstitial iron concentration and spatial distribution in as-received state and after every

thermal annealing step. The measurement technique used in this thesis is discussed in the

following section.

3.9.1. Bulk interstitial iron concentration

Zoth and Bergholz developed a technique to determine interstitial iron concentration

using the changes in carrier lifetime (or, equivalent diffusion length) before and after

dissociation of FeB pairs at constant generation rate [187]. This technique assumes that

all recombination processes except SRH due to FeB and Fei remain unchanged in the FeB

dissociation process. The interstitial iron concentration is determined using the following

expression [187]:

 















FeBFe
i

11
Fe

i


C (3.18)

where τFeB and τFei
are lifetime before and after dissociation of FeB pairs, C is the

prefactor. The advantage of this measuring technique is that other recombination

mechanisms cancel out. The C values can be estimated from the known recombination

parameter of FeB, Fei and the doping concentration as reported by Macdonald et al. [96].

Since the value of C is injection dependent, rapid change in ∆n can create a substantial

error in Fei concentration. Murphy et al. [188] have suggested another method of

interstitial iron concentration measurement using SRH statistics which was used in this

thesis. The modelling equation is expressed by:
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where
iFeeff )( and FeBeff )( are measured effective lifetime with the iron in Fei and FeB

state respectively, can be expressed by:

SurfaceRadiativeAugerFeSRHFeeff

111

)(

1

)(

1

ii


 (3.20)

and

SurfaceRadiativeAugerFeBSRHFeBeff
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FeB pairs were dissociated by more than 50 consecutive intense flashes of light with a

~10 s decay constant and
iFeeff )( was measured immediately. It is noted that other

recombination processes (except SRH) are assumed to be unchanged during dissociation

of iron boron pairs. Note that sample was aligned in the measurement before and after

dissociation of FeB pairs. Using the SRH statistics equations (as explained in Chapter 2),

lifetime can be expressed as:
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where ][ iFe and ][ FeBFe are the concentration of interstitial iron and iron-boron pairs

respectively. In this work, SRH parameters were chosen from the study of Rein and Glunz

[15]. ]Fe[ i was measured using the Equation 3.19 to 3.23 at an injection level of

-315 cm101n .

The uncertainty in iron concentration was estimated by using a quadrature error method,

based on a  4.3% error in lifetime measurement. It can be expressed by:

Uncertainty in iron concentration
2

][Fe i
 (3.24)
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where

          2
imaxi

2
miniii FeFeFeFe][Fe  (3.25)

[Fei] was calculated based on directly measured lifetime by the Sinton tool. The minimum

possible interstitial iron concentration ([Fei]min) and maximum possible interstitial iron

concentration ([Fei]max) was estimated by the extrema  4.3% error in lifetime, can be

expressed by:
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The uncertainty in iron concentration measurement varies widely depending on doping,

bulk lifetime in Fei and FeB states. In some cases, the error bar was estimated to be very

large particularly when iron concentration is close or lower than the detection limit. At

the detection limit, the effective lifetime with iron in the interstitial state can exceed that

when iron is in FeB pair form.

3.9.2. Spatial mapping of interstitial iron concentration

The spatial distribution of interstitial iron concentration was made using the SRH

model described in the above section based on lifetime changes at every independent

pixel as suggested by Macdonald et al. [189]. A relatively lower injection level (far below

than the crossover point) was used to minimise dissociation of iron boron pair by

excitation in the PL imaging tool. The PL imaging tool generates text files of a lifetime

and excess carrier density before and after iron-boron pairs dissociation. A Matlab code

was made to model interstitial iron concentration distribution which works only for the

same size of matrix arrays of lifetimes and excess carrier density. It is important to note

that sample’s position has to be aligned in lifetime measurement in FeB and Fei states.
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Any misalignment could lead a substantial error. As discussed in Section 3.8.3, lifetime

was measured under the same generation rate before and after dissociation of iron boron

pairs, therefore, injection level varies in every pixel. As the iron concentration

measurement technique requires the same injection level for a lifetime with FeB and Fei

state, there is some uncertainty in interstitial iron mapping.

The local carrier lifetime and injection measurement using PL are usually affected by

lateral carrier diffusion (known as ‘smearing’ effect) when the minority carrier diffusion

length is comparable with pixel size. Due to this effect, regions with higher lifetime

exhibit relatively lower value and vice versa which strongly depends on a lifetime in the

bulk [190]. Phang et al. suggested a continuity equation to minimise the lateral diffusion

effects [191]. However, in this thesis smearing effect was not considered as substantial

due to using samples with lower bulk lifetime (< 50 µs in most cases) and larger pixel

size (~160 µm) in the lifetime imaging.

3.10. Summary

In this Chapter, the experimental methods used in this thesis are described. All the as-

received samples were polished chemically for saw damage removal. Dislocation density,

initial lifetime measurement with iodine-ethanol and silicon nitride passivation are

applied in Chapter 4. Low-temperature annealing with iodine-ethanol and silicon nitride

passivation schemes are applied in Chapter 5 and Chapter 6, respectively. Low-

temperature gettering on phosphorus diffused samples is applied in Chapter 7.
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Chapter 4 Properties of as-grown

multicrystalline silicon

4.1. Introduction

Cast multicrystalline silicon ingots contain large densities of structural defects such as

grain boundaries and dislocations [59, 74, 192]. They also contain a high density of

metallic impurities in the form of both point-like defects and precipitates [9, 13, 14].

Structural defects are particularly recombination active and degrade minority carrier

lifetime substantially when decorated by metallic impurities as discussed in Chapter 2

[84]. It is also discussed in Chapter 2 that metallic impurities and structural defects

concentrations vary widely over ingot height position in an as-grown mc-Si ingot made

by directional solidification. Minority carrier lifetime typically is highest in the middle

and the lowest at the top and bottom part of the ingot [161, 193]. Since the top of the ingot

solidifies last, it usually has the highest density of dislocations [66, 72] and has a relatively

high impurity content from impurities remaining in the melt [194, 195]. Due to impurity

diffusion from the crucible, the bottom of the ingot [194, 195] and the edges [196] also

have relatively high impurity contents. Extrema at the bottom and top of ingots are

sometimes referred to as “red zones” when their lifetime is too low for the use in solar

cells.

In this thesis, samples from four different height positions top (T), top middle (MT),

bottom middle (MB) and bottom (B) of a commercially grown mc-Si ingot were used.

The selection procedure of sister samples (39 mm × 39 mm) from every height position

is illustrated in Figure 3.2 in Chapter 3. After primary characterisation in terms of
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thickness and bulk resistivity in sister samples, the saw damage was removed by using a

planar etch solution (as presented in Section 3.5.2). Samples were passivated with a

temporary iodine-ethanol passivation at room temperature and with silicon nitride

passivation scheme (SiNx) (discussed in Section 3.6). Bulk lifetimes were measured by

the Sinton lifetime tester and bulk interstitial iron concentrations were calculated.

Photoluminescence images were made and interstitial iron concentration maps were

produced using the method described in Section 3.8.3 and 3.9 in Chapter 3. Dislocations

were revealed with a defect-revealing etch (‘Sopori’ etch) and distribution mapping was

made following the described method in Section 3.5.3. In this Chapter, different material

properties including bulk minority carrier lifetime, bulk interstitial iron concentration,

dislocation densities and photoluminescence images at all four height positions are

presented and discussed. The primary aim of this Chapter is to present a detailed

characterisation of the starting material. This underpins the data in the subsequent

Chapters which aim to develop processes to improve material properties.

4.2. Distribution of bulk lifetime in as-grown mc-Si ingot

4.2.1. Carrier lifetime with iodine-ethanol passivation

Figure 4.1 shows the distribution of measured bulk carrier lifetime at an injection level

1 × 1015 cm-3 with iron in the FeB state for as-grown sister samples sourced from the four

different height positions. A statistical box plot is also presented for every data cluster at

every height position. The average lifetime is presented by a solid rectangular box. The

lifetime varies significantly with the height position. It can be seen that the samples from

the bottom and the top of the ingot exhibit the lowest average lifetime which are 5.6 µs

and 12.4 µs respectively. The bottom middle and top middle wafers have the maximum

average lifetimes of 44 µs and 28 µs, respectively. Neighbouring samples at every height

position have very similar carrier lifetimes. Although data cluster at a height position

exhibits an agreement with statistical box plot, samples from the middle of ingot exhibit

a relatively wider distribution than the samples from the bottom and top. The variation

among sister wafers could be attributed to a difference in a number of factors including

surface preparation, I-E passivation, the concentration of metallic impurities and

structural defects. However, the average carrier lifetime distribution over the ingot height
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position shows a consistency with the finding of other studies [161, 193]. It is important

to note that improving material quality particularly, minority carrier lifetime, in the

samples from the bottom and top part of the ingot (‘red zone’) is a technologically

important. Low-temperature internal gettering technique is used to improve bulk lifetime

and the results are presented in Chapter 5.

Figure 4.1. Distribution of the bulk minority carrier lifetime (with iron in the FeB state)

at an injection level of 1  1015 cm-3 measured with the iodine-ethanol passivation in as-

grown mc-Si sister samples from different height positions in the ingot. To the right of

each data cluster, the open box represents the 25th and 75th percentiles and the median.

The solid rectangular point within the box is the mean.

4.2.2. Carrier lifetime with silicon nitride passivation

Figure 4.2 shows the distribution of as-grown bulk minority carrier lifetime with the

silicon nitride (SiNx) passivation scheme for mc-Si samples from four different height

positions in the ingot. Details of the silicon nitride passivation process are discussed in

Section 3.6. Note that these samples are sourced from adjacent (not sister) locations of

the samples used in Figure 4.1. The overall trend in lifetime distribution is the same as in

Figure 4.1. Samples from the bottom and top part of the ingot have the lowest average

carrier lifetimes of 7.7 µs and 17.4 µs, respectively. The maximum average lifetime

(114.2 µs) is found in the bottom middle part of the ingot. The samples from top middle

part show average lifetime between the bottom middle and top part of the ingot (46 µs).

In order to improve lifetime particularly in the low-lifetime samples from the bottom and
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top part of the ingot, samples were subjected to low-temperature gettering which is

discussed in Chapter 6 and the results are compared with I-E passivation scheme in

Chapter 5.

Figure 4.2. Distribution of the bulk minority carrier lifetime with iron in the FeB state at

an injection level of 1  1015 cm-3 measured with silicon nitride (SiNx) passivation in as-

grown mc-Si sister samples from different height positions in the ingot. To the right of

each data cluster, the solid rectangular point is the mean.

4.3. Distribution of interstitial iron concentration in as-

grown mc-Si ingot

4.3.1. Interstitial iron concentration with iodine-ethanol passivation

The distribution of interstitial iron concentration in the bulk is presented in Figure 4.3.

Neighbouring samples at every height position have very similar concentrations. The

samples from the centre part of the ingot show a relatively wider distribution than the

samples from the extrema of the ingot. The average interstitial iron concentration is

highest at the bottom of the ingot 2.9  1012 cm-3, and fairly high at the top of the ingot

1.0  1012 cm-3. In the middle of the ingot, the average interstitial iron is relatively low.

In the bottom middle and top middle samples, the average values are 2.0  1011 cm-3 and

3.0  1011 cm-3, respectively. This trend is well understood. The increase towards the top
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of the ingot is because it is last to solidify and the low segregation coefficient of iron

means the melt’s iron concentration increases with time [195]. The high value at the

bottom of the ingot is due to in-diffusion from the crucible [194]. In general, the

interstitial iron concentration distribution shows an inverse relationship with the lifetime

distribution. As the metallic impurities are recombination active, samples with relatively

higher iron concentration (in the bottom part of the ingot) show lower carrier lifetime. In

the same way, the centre part of the ingot has lower interstitial iron concentration and

therefore, higher bulk lifetime. This indicates that mitigating interstitial iron

concentration could lead a substantial increase in lifetime. As the bottom samples have

more than one order of magnitude higher bulk iron concentration, it is important to reduce

iron concentration and thus improve production yield in silicon photovoltaics. The

evolution of interstitial iron concentration in low-temperature gettering using these

samples are discussed in Chapter 5.

Figure 4.3. Distribution of the bulk interstitial iron concentration measured at an injection

level of 1  1015 cm-3 using iodine-ethanol passivation in as-grown mc-Si sister samples

from different ingot positions. To the right of each data cluster, the open box represents

the 25th and 75th percentiles and the median. The solid rectangular point within the box is

the mean.
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4.3.2. Interstitial iron concentration with silicon nitride passivation

Figure 4.4 shows the as-grown bulk interstitial iron concentration using silicon nitride

(SiNx) passivation for mc-Si samples sourced from four different height positions in the

ingot. The highest average interstitial iron concentration (2.2 × 1012 cm-3) was found in

samples from the bottom part of the ingot. The average iron concentration decreases with

height position and substantially lower in bottom middle (5 × 1010 cm-3) and top middle

(1.4 × 1011 cm-3) part of the ingot. At the top of the ingot, the average iron concentration

is fairly high (6.6 × 1011 cm-3). A comparison in as-grown average iron concentration with

I-E passivation scheme is discussed in the following sections. In order to reduce

interstitial iron concentrations, these samples are subjected to low-temperature gettering

and the effect of silicon nitride passivation scheme is investigated (discussed in Chapter

6).

Figure 4.4. Distribution of the interstitial iron concentration measured at an injection level

of 1  1015 cm-3 using silicon nitride (SiNx) passivation in as-grown mc-Si sister samples

from different ingot positions. To the right of each data cluster, the solid rectangular point

is the mean.
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4.4. Iodine-ethanol versus silicon nitride passivation in as-

grown state

A comparison in as-grown average bulk minority carrier lifetime and average bulk

interstitial iron concentration for samples with I-E and SiNx passivation schemes are

shown in Figures 4.5 and 4.6, respectively. The average as-grown lifetimes with SiNx

passivation are considerably higher than with I-E passivation, particularly in high-lifetime

samples from the middle part of the ingot. For example, the average lifetime in the bottom

middle sample is 114.2 µs with SiNx compared to 44.3 µs with I-E passivation scheme.

Although the adjacent set of samples are used for this study, a small difference in lifetime

due to slightly different microstructures might occur. The difference in surface

recombination velocity between I-E and SiNx passivation could also affect the initial

lifetime values. A comparative study in lifetime improvement with I-E and SiNx

passivation is presented and discussed in Chapter 6.

Figure 4.5. Comparison in the average bulk minority carrier lifetime with iron in the FeB

state for the I-E and SiNx passivated mc-Si samples used in Figures 4.1 and 4.2,

respectively. The lifetimes were measured at an injection level of 1  1015 cm-3. The bars

represent the standard deviation of each data cluster from Figures 4.1 and 4.2.
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Figure 4.6 shows the average as-grown interstitial iron concentration strongly depends

on the choice of passivation scheme. Samples with silicon nitride passivation show

considerably lower iron concentration compared to I-E passivation scheme. This finding

is consistent with the study of Karzel et al. [137] which used quinhydrone-methanol

solution (similar to our I-E passivation). In the bottom and top part of the ingot, samples

with SiNx passivation have fairly lower interstitial iron concentration than the samples

with I-E passivation. The difference is found more substantial in high-lifetime samples

from the centre part of the ingot. In the bottom middle samples, the average interstitial

iron concentration with SiNx is 5 × 1010 cm-3 compared to 2 × 1011 cm-3 with I-E

passivation. It is important to note that I-E was performed at room temperature whereas

SiNx passivation was made by remote PECVD at 375 °C for ~10 min. Furthermore, SiNx

is well known for a high concentration of hydrogen [178, 197] which could diffuse to the

bulk material during the deposition process and affect as-grown interstitial iron

concentration values. A comparative analysis of the effects of SiNx and I-E passivation

in low-temperature gettering is discussed in Chapter 6.

Figure 4.6. Comparison of the average bulk interstitial iron concentrations for the I-E and

SiNx passivated mc-Si samples used in Figures 4.3 and 4.4, respectively. The lifetimes

were measured at an injection level of 1  1015 cm-3. The bars represent the standard

deviation of each data cluster from Figures 4.3 and 4.4.



86

4.5. Microstructural characterisation

Figure 4.7 summarises the microstructural properties of different samples sourced

from the top, top middle, bottom middle and bottom position of the ingot. Figure 4.7(a)

shows scanned optical images of the samples with 6400 dots per inch (DPI) after

preferential etching. These images are analysed using the dislocation counting algorithm

[174] to give the dislocation area density maps in Figure 4.7(b). The upper limit of

dislocation area density is ~ 2  106 cm-2, as around this value dislocation etch pits overlap

and are not separable. Furthermore, any other black regions in the optical images (e.g.

twin boundaries in MB sample) are presented as regions with very high dislocation

density. Figure 4.7(a) and 4.7(b) show that samples from different heights of the ingot

have clearly different microstructures. Samples from the bottom of the ingot have the

lowest number etch pits and relatively more areas with a low dislocation density. The

number of etch pit increases with the height positions. Samples from the top of the ingot

have the highest number of etch pits and relatively few areas with a low dislocation

density. The samples from the bottom middle exhibit a similar trend to the bottom sample.

On the other hand, the top middle samples also have a large number of etch pit which is

similar to the top samples. The distribution of the dislocation density in these maps is also

plotted graphically in Figure 4.8.

Figure 4.7(c) shows PL images of the same samples (prior to the preferential etch).

Different scales are maintained to show the microstructural features in samples with

substantially different lifetimes. The magnitude of the local PL signal presented in Figure

4.7(c) is dependent upon the local minority carrier lifetime. The PL images are consistent

with the bulk lifetime measurements in Figure 4.1, with the average PL intensity lowest

at the bottom of the ingot, highest in the middle and somewhere in between at the top.

The scanned optical images in Figure 4.7(a) show a reasonably high concentration of

twin boundaries in samples extracted from all heights of the ingot. It is interesting to

identify twinned regions in Figure 4.7(a) and inspect the same regions in Figure 4.7(c). It

is clear that the twin boundaries do not substantially affect the PL signal, which means

they do not exhibit detectable recombination activity. The PL images show that the

recombination activity arises principally in regions with high concentrations of

dislocations and from some, but not all, grain boundary types. The PL images also
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demonstrate that twin boundaries, which can clearly be seen in Figure 4.7(a), do not give

rise to PL contrast in as-grown mc-Si. This is consistent with other reports which show

twin boundaries to have very low (or perhaps no) recombination activity [64, 65, 72].

The histogram of dislocation density at different height position in ingot is shown in

Figure 4.8. Samples from the bottom and bottom middle of the ingot have the most

regions with very low (< 2 × 105 cm-2) dislocation densities, and the frequency

distribution falls off with increasing density. Samples from the top and top middle have

more even distributions of dislocation densities and have many more regions with high

dislocation density than the samples from lower in the ingot. These observations are

consistent with those of Ryningen et al. [66] who trace dislocation clusters from the top

of the block downwards, and those of Stokkan who found an increase in dislocation

density towards the top of the ingot [72]. The regions of high dislocation density generally

give rise to lower PL signals and have lower carrier lifetime than low dislocation density

regions, as shown in Figure 4.7(c). This is as expected from many previous studies (e.g.

Ref. [35]). It is noted that a reasonably high frequency of regions with apparently higher

dislocation density (> 2  106 cm-2) is observed in all four height positions, and this can

be attributed at least partially to how the twin boundaries are analysed by the dislocation

counting algorithm as noted above.

These results indicate that dislocation densities are not directly dominating the

variation in bulk lifetime in the as-grown ingot. In the wafers from the bottom of the ingot

has a relatively low density of dislocations but it has the lowest starting carrier lifetime

(5.6 µs) of any of the regions investigated (Figure 4.1). This is at least partially due to the

relatively high concentration of interstitial iron which acts as a recombination centre in

the bulk (Figure 4.3). Wafers with relatively high concentrations of interstitial iron are

likely to be affected by low-temperature annealing at 300 °C to 500 °C as interstitial iron

diffuses fairly rapidly at these temperatures. A comprehensive study on low-temperature

internal gettering in as-grown samples is discussed in Chapter 5. The improvement in

bulk lifetime is also investigated in terms of interaction between dislocation densities and

metallic impurities.
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Figure 4.7. The first column (a) shows optically scanned images of Sopori etched samples

(39 mm  39 mm) from the different height positions. The second column (b) shows the

corresponding dislocation density maps. The third column (c) shows the corresponding

PL images of the as-received corresponding samples (before Sopori etching). Different

scales are used in (c) to show clearly microstructural features in samples with

substantially different lifetimes. Sister samples are used in low-temperature gettering

study with I-E passivation as discussed in Chapter 5.
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Figure 4.8. A frequency distribution of dislocation densities for samples sourced from the

four different height positions from the Figure 4.7. A bin width of 2  105 cm-2 and 20%

error bar are considered in distribution analysis. Sister samples are used for low-

temperature gettering study as discussed in Chapter 5.
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4.6. Summary

In summary, this Chapter presents an initial characterisation of bulk minority carrier

lifetime and bulk interstitial iron concentration in as-grown samples sourced from four

different height positions in a commercially mc-Si ingot. These samples are used for low-

temperature internal gettering in this thesis (Chapter 5 and Chapter 6). A temporary

iodine-ethanol and silicon nitride passivation schemes are used. Samples from the bottom

of ingot have the lowest lifetime and the highest bulk interstitial iron concentration. The

centre parts of the ingot show relatively high lifetime and the lowest interstitial iron

concentration. The top part of ingot shows lifetime and interstitial iron concentration at

somewhere between the bottom and centre of the ingot. Although trends in lifetime and

interstitial iron concentration distributions are the same with both passivation schemes,

samples with silicon nitride passivation show higher average lifetimes and lower average

interstitial iron concentrations compared to those with iodine-ethanol passivation. The

discrepancy in as-grown lifetime and interstitial iron concentration between SiNx and I-E

and their evolution with low-temperature gettering is discussed further in Chapter 6.

This Chapter also presents a distribution of dislocation density and photoluminescence

images for different samples. The bottom and bottom middle show relatively low

dislocation density. The top and top middle part show a large area with high dislocation

density ~2 ×106 cm-2 where etch pits overlap and not separable. The average PL signal

found at different height positions is consistent with the measured bulk lifetime

distribution. Twin boundaries are found at every height position. These do not show

recombination activity.
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Chapter 5 Low-temperature

gettering to improve lifetime in as-

received wafers

5.1. Introduction

As reviewed previously in Chapter 2, minority carrier lifetime is the key materials

parameter for multicrystalline silicon (mc-Si) solar cell substrates. Lifetime in mc-Si is

limited by recombination associated with metallic impurities in many forms, including

point-like defects, precipitates and impurities bound to or precipitated at structural defects

such as dislocations or grain boundaries. Some metallic impurities, such as interstitial

iron, are sufficiently mobile that they can be redistributed by annealing at low

temperatures. Controlling defects in mc-Si is a key to optimising the efficiency of mc-Si

solar cells.

Iron, which is one of the most harmful and ubiquitous impurities, can be present in

cast mc-Si in concentrations of 1014 to 1015 cm-3 [18, 195, 198]. Most of this iron is tied

up in a relatively small number of precipitates, and the bulk iron concentration in the form

of interstitial iron (Fei) or iron-boron (FeB) pairs can be orders of magnitude lower [195].

Engineering the distribution of impurities, such as iron, is the key to optimisation of

lifetime [199]. Gettering processes are used to redistribute metallic impurities into

locations and configurations in which they are less detrimental to lifetime. Extensive

research into external gettering using near-surface phosphorus, boron or aluminium has



92

been performed (e.g. Ref. [20, 40, 131, 132]). Targeted external gettering approaches

exist for particularly low lifetime wafers, such as saw damage gettering [200] and

extended gettering based on slower cooling rates [201]. Internal gettering, in which

impurities are redistributed within the bulk of the material, has also been used in mc-Si

[36, 41, 48, 49]. Internal gettering can occur unintentionally in mc-Si during cooling after

high-temperature cell processing steps. It can also take place in intentionally designed

thermal processes.

Low-temperature ( 600 °C) annealing has been proposed as a way of improving the

properties of silicon [36, 48-51, 202, 203] as many of the key impurities are sufficiently

mobile at such temperatures that they can be redistributed. At low temperatures, the

solubility of impurities such as iron is low [127, 128], so in principle, there is no need to

conduct such processes in very clean conditions. Low-temperature annealing has

empirically been found to improve solar cell efficiency, with Pickett and Buonassisi

finding an improvement at 500 °C [50] and Rinio et al. finding the biggest improvement

at 575 °C [51]. The mechanism by which cell efficiencies are improved is not well

established, with the improvement likely to be a combined effect of external gettering,

internal gettering and bulk passivation. It is also not known how different parts of the

ingot with different defect distributions respond to low-temperature processes.

Other researchers have investigated the effects of low-temperature annealing at the

substrate level [36, 48, 49]. In considering the results of these studies, it is vital to consider

the details of the experimental conditions used, as these strongly affect the conclusions

drawn. Krain et al. reported a reduction in interstitial bulk iron concentration by more

than one order of magnitude after annealing silicon nitride surface passivated samples at

300 °C to 500 °C [36]. The activation energy for the interstitial iron reduction process

was similar to that for diffusion of interstitial iron. Krain et al. however do not report the

change in average bulk lifetime, nor do they appear to control the effect of wafer

microstructure. It is possible that the low-temperature annealing performed in their work

was influenced by bulk hydrogenation from the silicon nitride film [49, 137, 138, 204].

This can have the effect of passivating bulk defects [205], and it is also possible that

hydrogen interacts with iron [137, 206]. Liu and Macdonald have studied internal

gettering at 400 °C to 700 °C in samples surface passivated by a high-temperature (1000

°C) dry oxidation [49]. Although this is likely to have minimised hydrogenation, it will
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have had the effect of redistributing metallic impurities from their as-grown state. A study

by Boulfrad et al. reported a lifetime improvement in bottom red zone material by

applying annealing at 550 °C after a high-temperature pre-annealing step (≥ 950 °C) [48]. 

The high-temperature pre-treatment will have dissolved metallic precipitates [130], and

thus the as-grown state will have also been modified. In summary, whilst low-temperature

annealing has been shown to have beneficial effects, detailed understanding of its effects

on unmodified as-grown mc-Si in isolation from other effects such as bulk hydrogenation

is currently lacking.

In this Chapter, results from a systematic set of low-temperature annealing

experiments on as-received mc-Si wafers sourced from four different height positions of

a commercially grown ingot are presented. Samples are passivated temporarily with an

iodine-ethanol (I-E) chemical solution [147] to avoid possible bulk hydrogenation and

thermal annealing during passivation. Sister samples from every height position are

annealed at low temperatures (300 °C to 500 °C) for a wide range of time periods. At

each time step, samples are re-passivated with a freshly made I-E solution and the lifetime

and interstitial iron distribution are re-measured with QSS-PC lifetime measurements and

also photoluminescence (PL) imaging. It is therefore believed that the effect of low-

temperature annealing on lifetime (as well as interstitial iron concentration) is free from

possible bulk hydrogenation effects. The results presented here, therefore, isolate more

uncontrolled variables than previous studies [36, 48, 49] and enable the thermal effects

only to be studied.

5.2. Experimental methods

Wafers (156 mm  156 mm) were sourced from four different height positions (top

(T), top middle (MT), bottom middle (MB), bottom (B)) of an edge block from a

commercially-grown boron doped mc-Si ingot. Neighbouring wafers from all the

positions were laser cut into 39 mm  39 mm samples. The selection of samples used is

illustrated in Figure 3.2 in Chapter 3. Samples were initially ~200 µm thick, with

resistivities in the range 7.5 Ω cm to 11.5 Ω cm. 

Samples were chemically polished with a planar etch solution as discussed in Section

3.5.2 in Chapter 3. After saw damage removal, samples (125 µm to 150 µm thick) were
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passivated with the 0.1M I-E solution at room temperature and lifetimes were measured

at an injection level of 1  1015 cm-3 by quasi-steady-state photoconductance (QSS-PC)

[179] using a Sinton WCT-120 lifetime tester. Bulk interstitial iron concentrations were

also calculated by following the methods discussed in Section 3.9.1 in Chapter 3. For

interstitial iron calculations, lifetime data from QSS-PC at an injection level of ∆n = 1 

1015 cm-3 were used, as this is not at the cross-over point [15, 96] and to avoid trapping

issues which are prevalent at lower injections [181]. For all the samples, measured

lifetimes are assumed to be accurate to  4.3% [177].

The spatial distribution of lifetime was measured with iron in the FeB and Fei state

using a BT Imaging LIS-L1 PL imaging system with a 1.1  1017 cm-2s-1 photon flux with

an exposure time of 5 s. Excitation is achieved using an LED array with an emission

wavelength of 650 nm and detection is with a silicon CCD. PL images were calibrated in

terms of lifetime by a QSS-PC measurement made at the centre of the same sample [184].

For the conditions used here, the pixel width and height is ~160 µm. Lifetime

measurements were made within a few minutes of initial surface passivation as the quality

degrades rapidly. After the final measurement, the samples were subjected to a methanol

dip followed by RCA cleaning to remove iodine related residues.

The spatial distribution of the interstitial iron concentration was calculated using the

model (discussed in Section 3.9.2 in Chapter 3) based on lifetime changes at every pixel

as reported in Macdonald et al. [189]. The injection level used for interstitial iron mapping

was different for every pixel and generally was much lower than for the QSS-PC

calculations to prevent unwanted dissociation of FeB pairs during measurement.

Three sister samples with near-identical microstructures from every height position

were selected for annealing at 300 °C, 400 °C and 500 °C. Samples were annealed in a

fused silica tube furnace (60 cm length, 6.1 cm diameter) under nitrogen ambient. For a

given temperature, samples from all height positions were subjected to identical annealing

and cooling treatments, as annealing and removal were performed simultaneously.

Cooling was always fast and it is estimated that the samples were at room temperature in

~ 10 s. After each annealing treatment samples were again subjected to RCA cleaning

and were stored in the dark for ≥ 36 h to ensure complete re-association of FeB defects 

[97]. Samples were then passivated with a freshly made I-E solution and lifetime was
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measured. A summary of the major processing and characterisation sequences used is

shown in Figure 5.1.

Figure 5.1. The processing and characterisation sequence for the low-temperature

annealing experiments. Details of every process step are described in Chapter 3.

5.3. Results

In this Chapter, the effects of low-temperature annealing using a temporary iodine-

ethanol solution are investigated. Samples were annealed in the absence of a dielectric

layer on their surfaces, so any changes in lifetimes can be attributed to the thermal effect

only. Note that the initial characterisation of these samples is presented and discussed in

Sections 4.2.1 and 4.3.1 in Chapter 4. In the following sections, the key findings of low-

temperature annealing are discussed in the context of the height position in the ingot.
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5.3.1. Bulk minority carrier lime in low-temperature annealing

5.3.1.1 Lifetime with iron in the FeB state

Figure 5.2 shows the evolution of carrier lifetime with iron in the FeB state (τFeB) at an

injection level of 1 × 1015 cm-3 for all three annealing temperatures as a function of

cumulative time. Note that the maximum cumulative annealing time was chosen based

on the trend of lifetime improvement observed. The overall effects of the annealing on

lifetime are also summarised in Table 5.1. The samples from the bottom part of the ingot

have the lowest average bulk lifetime (5.7 ± 0.9 µs) in the as-received state, represented

by the dashed line in every graph. Lifetime is improved substantially for all three

annealing temperatures. Although lifetime increases in all three cases, the effect of low-

temperature annealing is not straightforward. Lifetime improvement is not found to be

systematic with annealing temperature. The bottom samples exhibit the most

straightforward time dependence compared to the samples from other parts of the ingot

(discussed in Section 5.5). The largest improvement is found at 400 °C when 35 h of

cumulative annealing increases the lifetime from 5.5 s to 38.7 s which is a remarkable

improvement for such a simple process. Annealing at 300 °C and 500 °C gives ultimate

improvements by a factor of ~ 6 and ~ 4. It is interesting to note that lifetime decreases

from 6.6 s to 5.7 s upon annealing at 500 °C in the first 10 h but longer-term annealing

gives a recovery.

In the samples from the centre part of the ingot (bottom middle and top middle), as-

received lifetime is relatively high compared to the bottom and top parts of the ingot. The

average lifetimes are 44 µs and 28 µs for MB and MT samples, respectively. Both the

MB and MT samples exhibit similar behaviour when subjected to low-temperature

annealing. In general, lifetime is improved slightly in annealing at 300 °C, whereas no

overall improvement is observed upon annealing at 400 °C and 500 °C. The largest

improvement from 50 µs to 66 µs is observed upon annealing at 300 °C for 53 h in the

bottom middle sample. It is important to note that lifetime reduces substantially in

primary annealing steps at 400 °C and 500 °C. For example, lifetime reduces from 48 µs

to 5 µs after 7.5 h of cumulative time period at 500 °C for the bottom middle sample. At

both temperatures, lifetime recovers after the longest annealing period. There is a lot of
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scatter in the data, and it is unclear whether substantial stable improvements are ever

realised at 400 °C and 500 °C.

The samples from the top part of the ingot have fairly high average as-received lifetime

~12.5 µs compared to the bottom samples. Top wafers respond differently to low-

temperature annealing compared to bottom wafers perhaps due to the different grown-in

dislocation density (Figure 4.7). Note that the sample annealed at 300 °C was broken after

43 h of the cumulative annealing period and therefore no data points are available after

this step. Lifetime decreases after the primary annealing step in all three cases. However,

lifetime is ultimately improved in all the three annealing temperatures. The largest

improvement in lifetime is observed of a factor of ~2 upon annealing at 400 °C for 35 h.

The time dependence in lifetime improvement is more complicated in top wafers than the

bottom wafers. These data are discussed in detail in Section 5.5.1.

5.3.1.2 Lifetime with iron in the Fei state

Figure 5.3 shows the evolution in lifetime with iron in the Fei state (τFei) as a function

of cumulative annealing time. The measured τFei (at an injection level of 1 × 1015 cm-3) is

generally higher than the measured lifetime with iron in the FeB state. The trend in τFei

changes is similar to those of τFeB (Figure 5.2) in all three annealing temperatures for

samples from four height positions. In the bottom samples, lifetime (τFei) is improved

upon annealing at three temperatures. In the best case, τFei increases from 10.8 µs to 48.3

µs upon annealing at 400 °C for 35 h. In samples from the centre part of the ingot, lifetime

is improved slightly upon annealing at 300 °C. Annealing in 400 °C and 500 °C, lifetime

reduces abruptly after primary annealing but they do not exhibit an overall improvement

in the bottom middle and top middle sample. In the top samples, τFei is decreased in

primary annealing steps and is improved ultimately in longer term annealing. These data

are discussed in detail in Section 5.5.1.
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Figure 5.2. Measured minority carrier lifetime with iron in the FeB state (τFeB) an injection

level of 1 × 1015 cm-3 for samples from the bottom (B), bottom middle (MB), top middle

(MT) and top (T) of the mc-Si ingot. Sister samples were annealed at 300 °C, 400 °C and

500 °C for the cumulative annealing time plotted. The dashed lines represent the as-grown

values.
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Figure 5.3. Measured minority carrier lifetime with iron in the Fei state (τFei) an injection

level of 1 × 1015 cm-3 for samples from the bottom (B), bottom middle (MB), top middle

(MT) and top (T) of the mc-Si ingot. Sister samples were annealed at 300 °C, 400 °C and

500 °C for the cumulative annealing time plotted. The dashed lines represent the as-grown

values.
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5.3.2. Bulk interstitial iron concentration in low-temperature

annealing

Figure 5.4 shows evolution in the average interstitial iron concentration as a function

of cumulative annealing time at 300 °C, 400 °C and 500 °C temperatures for samples

sourced from four different height positions. The distribution of as-received interstitial

iron concentration in these samples using iodine-ethanol passivation is discussed in

Section 4.3.1 in Chapter 4. The as-received interstitial iron concentrations are represented

by dashed lines in Figure 5.4 to show the relative changes at low-temperature annealing.

It is noted that error bars (calculation described in Section 3.9.1) are relatively big at low

interstitial iron concentrations as they are close to the detection limits.

The bottom samples have the highest average as-received bulk interstitial iron

concentrations (2.9 ± 0.7 × 1012 cm-3) compared to other parts of the ingot. The bulk

interstitial iron concentration generally falls with annealing time in all three cases. In

annealing at 300 °C, the interstitial iron decays approximately exponentially from 3.5 ×

1012 cm-3 to 3.5 × 1011 cm-3 after 53 h. Annealing at 400 °C and 500 °C, interstitial iron

concentrations surprisingly increases slightly in the primary steps. In annealing at 400 °C,

there is a slight initial increase in the bulk iron concentration followed by an

approximately exponential decay from 2.8 × 1012 cm-3 to 2.6 × 1011 cm-3 after 35 h. The

largest reduction is 2.2 order of magnitude, observed upon annealing at 500 °C for 180 h.

It is interesting to note that, the average bulk interstitial iron concentration increases from

2.1 × 1012 cm-3 to 2.9 × 1012 cm-3 after first 10 h of annealing at 500 °C. However, it

decreases to 9.6 × 1010 cm-3 after 180 h of cumulative annealing time.

The samples from the centre part of the ingot have the lowest average interstitial iron

concentration in the as-received state compared to the bottom and top part of the ingot.

The average interstitial iron concentration of the as-received bottom middle and top

middle samples are 2.0 × 1011 cm-3 and 4.0 × 1011 cm-3, respectively. At 300 °C, interstitial

iron concentration increases slightly in primary annealing step and remains unchanged in

further annealing steps in both the bottom middle and top middle samples. At 400 °C and

500 °C, primary annealing step increases interstitial iron concentration substantially. The

worst scenario is in the bottom middle sample where interstitial iron concentration

increases from 5.1 × 1011 cm-3 to 2.8 × 1012 cm-3 upon annealing at 500 °C for 1 h of the
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cumulative time. Although it recovers after longer term annealing, no overall

improvement is observed compared to the as-received state upon annealing at both 400

°C and 500 °C temperatures. These data are discussed in detail later.

In the top samples, the average as-received interstitial iron concentration is 1.0 × 1012

cm-3, fairly low compared to the bottom samples. After primary annealing steps,

interstitial iron concentration increases in all three annealing temperatures and recovers

in further steps. In the best scenario, the average interstitial iron concentration reduces

from 1.0 × 1012 cm-3 to 2.1 × 1011 cm-3 upon annealing at 400 °C for 35 h. Annealing at

500 °C, interstitial iron concentration increases from ~8.0 × 1011 cm-3 to 3.0 × 1012 cm-3

after 27.5 h of the cumulative time. The trend in interstitial iron concentration reduction

upon annealing at 500 °C is scattered and not clear. However, after the last annealing step

(total 180 h cumulative annealing time) interstitial iron concentration ultimately reduces

to ~2.5 × 1011 cm-3. These data are discussed in detail in Sections 5.5.1 and 5.5.2.
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Figure 5.4. Interstitial iron concentration ([Fei]) estimated an injection level of 1 × 1015

cm-3 for samples from the bottom (B), bottom middle (MB), top middle (MT) and top (T)

of the mc-Si ingot. Sister samples were annealed at 300 °C, 400 °C and 500 °C for the

cumulative annealing time plotted. The dashed lines represent the as-grown values.
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5.3.3. Spatial distribution of carrier lifetime

Spatially resolved lifetime images with iron in the FeB and Fei states were acquired at

each processing step for every sample annealed at 300 °C, 400 °C or 500 °C. The

evolution of the spatially resolved lifetime with iron in the FeB state in the bottom, bottom

middle, top middle and top samples at certain time steps are shown in Figures 5.5, 5.6,

5.7 and 5.8, respectively. These Figures also show the spatial distribution of dislocation

density (discussed in Chapter 4) of sister sample from every height position. The same

scale is maintained for all images to show changes over the annealing period at different

temperatures and at different height positions. Note that the values of lifetime plotted are,

in general, lower than those from QSS-PC used in Figure 5.2, to avoid unwanted

dissociation of FeB pairs by the PL imaging measurement.

In the bottom as-grown samples (Figure 5.5), lifetimes are initially low in the bulks of

the grains and very low at certain grain boundaries. With increasing cumulative annealing

time the lifetime improves, particularly in the bulks of the grains in all three annealing

temperatures. The largest overall improvement is observed upon annealing at 400 °C for

35 h. The grain boundaries and regions with crystallographic defects become worse upon

annealing in the all three cases. Note that pixel size in the lifetime images is ~160 µm ×

160 µm which reduces the contrast of some grain boundaries.

In the bottom middle samples (Figure 5.6), initial lifetime is relatively high in the bulk

grain regions and very low at the grain boundaries and defect clusters. The initial

annealing reduces lifetime throughout the wafer particularly upon annealing at 400 °C

and 500 °C. In the worst case, the average lifetime is reduced to less than 10 µs upon

annealing at 500 °C for 0.08 h. Lifetime then begins to recover in regions in the bulk grain

regions. It is interesting to note that some grain boundaries become visible after longer

term annealing at 500 °C.

The top middle samples (Figure 5.7) exhibit the similar behaviour of the bottom middle

samples. In general, the top middle samples have more crystallographic defective regions

compared to the bottom middle samples. Note that the top middle sample annealed at 300

°C was partially broken after 10.5 h of the cumulative time and therefore no images are

available after this step. Lifetime in the as-received state is high in some grains but

substantially low in defective regions. The initial annealing reduces lifetime throughout
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the wafer, particularly at 500 °C. Lifetime then begins to recover in some of the bulk

regions. The biggest overall improvement is observed after annealing at 400 °C for 35 h.

Like the bottom middle samples, many grain boundaries also appear to be visible after

the longest annealing cumulative annealing time (180 h) at 500 °C.

The spatial distribution of lifetime in the as-received top samples (Figure 5.8) is very

similar to the bottom samples. The top samples have more crystallographic defects

compared the bottom samples. The spatial distribution of dislocation density shows the

top sample has the largest average dislocation. In the as-received state, lifetime is low

throughout the samples. In annealing at 300 °C, lifetime increases slightly after initial

annealing steps. Lifetime is ultimately improved in grain regions after 43 h of annealing

(sample was broken after this step). In annealing at 400 °C and 500 °C, lifetime reduces

substantially throughout the samples. In both the cases, lifetime recovers with further

annealing in most of the bulk grains and the defective regions become worse upon

annealing.
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Figure 5.5. Spatial distribution of minority carrier lifetime with iron in the FeB state in

mc-Si samples (39 mm  39 mm) from the bottom part of the ingot. Sister samples were

annealed at 300 °C, 400 °C and 500 °C. A map of dislocation density of a sister sample

is presented in the right column.
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Figure 5.6. Spatial distribution of lifetime with iron in the FeB state in mc-Si samples (39

mm  39 mm) from the bottom middle part of the ingot. Sister samples were annealed at

300 °C, 400 °C and 500 °C. A map of dislocation density of a sister sample is presented

in the right column.
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Figure 5.7. Spatial distribution of minority carrier lifetime with iron in the FeB state in

the top middle samples (39 mm  39 mm). Sister samples were annealed at 300 °C, 400

°C and 500 °C. A map of dislocation density of a sister sample is presented in the right

column.
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Figure 5.8. Spatial distribution of minority carrier lifetime with iron in the FeB state in

the top samples (39 mm  39 mm). Sister samples were annealed at 300 °C, 400 °C and

500 °C. A map of dislocation density of a sister sample is presented in the right column.

5.3.4. Spatial distribution of interstitial iron concentration

Interstitial iron concentration mapping technique is based on lifetime changes before

and after dissociation of FeB pairs in every pixel (~160 µm) (discussed in Section 3.9.2

in Chapter 3). Interstitial iron concentration maps were made after every annealing step
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in all three annealing temperatures for samples from four height positions. The interstitial

iron concentrations change substantially upon annealing and are presented in Figures 5.9,

5.10, 5.11 and 5.12 for the bottom, bottom middle, top middle and top samples,

respectively. The same logarithmic scale is maintained in all cases to enable a fair

comparison.

Figure 5.9 shows the evolution of the interstitial iron distribution, estimated from the

lifetime images presented in Figure 5.5. The bottom samples have the highest interstitial

iron concentration > 1012 cm-3, distributed throughout the samples. Low-temperature

annealing changes the interstitial iron concentration distribution substantially. In most of

the bulk grain regions, the interstitial iron concentration decreases to ≤ 1010 cm-3 upon

annealing at all three temperatures. The best result is found in the sample annealed at 500

°C for 180 h. A few bulk grains show slightly high iron concentration.

Figure 5.10 shows the changes in interstitial iron concentration distribution in the

bottom middle samples upon annealing at 300 °C to 500 °C. The as-received states have

relatively low interstitial iron concentration (≤ 1011 cm-3) in most of the bulk grain

regions. The annealing appears to have caused higher interstitial iron concentrations in

all three annealing temperatures compared the as-grown state. The worst case is upon

annealing at 500 °C where interstitial iron concentration increases to ≥ 1012 cm-3

throughout the sample. Longer annealing steps reduce to ~1011 cm-3 in some grain

regions. Furthermore, annealing increases recombination associated with certain grain

boundary types.

Figure 5.11 shows the changes in interstitial iron concentration distribution in the top

middle samples, which is similar compared the bottom middle samples. Note that the top

middle samples have relatively high dislocation density compared the bottom middle

samples. In the as-received state, interstitial iron concentration is ≤ 1011 cm-3 in some bulk

grain regions and ≥ 1012 cm-3 in the defective regions. Low-temperature annealing shows

both decreases and increases in the interstitial iron concentrations. Annealing at 300 °C

and 400 °C, interstitial iron concentration reduces with annealing time. The largest

reduction is observed upon annealing at 400 °C where most of the bulk grain regions have

an interstitial iron concentration of ≤ 5.0 × 1010 cm-3 and defective regions (with high

dislocation density) have a concentration of ≥ 1.0 × 1012 cm-3. Interstitial iron

concentration increases throughout the sample after primary annealing steps at 500 °C.
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Longer annealing reduces the interstitial iron concentration to ~1.0 × 1010 cm-3 in a few

bulk grain regions only, but most of the regions remain unchanged (> 1.0 × 1012 cm-3).

Figure 5.12 shows the spatial distribution of interstitial iron concentration in as-

received states and changes in low-temperature annealing for the top samples. In as-

received states, interstitial iron concentration is ≥ 1 × 1012 cm-3 throughout the samples.

The interstitial iron concentration reduces substantially (≤ 5 × 1010 cm-3) in most of the

bulk regions upon annealing at 300 °C and 400 °C. The defective regions show a very

high interstitial iron concentration of ≥ 1012 cm-3 after the longest cumulative annealing

time. In annealing at 500 °C, interstitial iron concentration remains almost unchanged in

first 80 h of cumulative time and recovers in some grain regions in further annealing steps.

These maps and relations with crystallographic defects (e.g. dislocation) are discussed in

detail in Section 5.5.
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Figure 5.9. Spatial distribution of interstitial iron concentration in the same bottom

samples (39 mm  39 mm) used in Figure 5.5. Samples annealed at the temperatures and

cumulative times shown. A map of dislocation density of a sister sample is presented in

the right column.
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Figure 5.10. Spatial distribution of interstitial iron concentration in the same bottom

middle samples (39 mm  39 mm) used in Figure 5.6. Samples annealed at the

temperatures and cumulative times shown. A map of dislocation density of a sister sample

is presented in the right column.
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Figure 5.11. Spatial distribution of interstitial iron concentration in the same top middle

samples (39 mm  39 mm) used in Figure 5.7. Samples annealed at the temperatures and

cumulative times shown. A map of dislocation density of a sister sample is presented in

the right column.
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Figure 5.12. Spatial distribution of interstitial iron concentration in the same top samples

(39 mm  39 mm) used in Figure 5.8. Samples annealed at the temperatures and

cumulative times shown. A map of dislocation density of a sister sample is presented in

the right column.
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5.4. Analysis

5.4.1. Correlation of lifetime and interstitial iron changes

The correlation between lifetime change and interstitial iron concentration change may

provide evidence for the origin of the lifetime change. Every as-received sample was

characterised by bulk lifetime before any annealing, τFeB(0), as well as by the as-grown

interstitial iron concentration [Fei](0). At each cumulative annealing time, t, the bulk

lifetime with iron in the FeB state, τFeB(t), and the interstitial iron concentration, [Fei](t)

are measured. If the lifetime changes occur solely due to changes in interstitial iron

concentrations, it might be expected that the change in normalised recombination rate

correlates with the change in normalised interstitial iron concentration according to:
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ii
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FeBFeB (5.1)

where A is a proportionality constant.

Figure 5.13 shows plots for the wafers from the bottom, bottom middle, top middle

and top parts of the ingot in accordance with Equation 5.1. The diagonal dashed lines

represent 1:1 correlation between the normalised recombination rate change and the

normalised interstitial iron concentration change. At all temperatures investigated, there

is a good 1:1 correlation for samples from the bottom of the ingot. This means that the

lifetime change in bottom wafers can be explained mainly by the removal of interstitial

iron from the bulk. The error bars for annealing at 500 °C are relatively bigger than the

other annealing temperatures and slightly deviate from the 1:1 line. For bottom middle

samples, lifetime changes which occur upon low-temperature annealing do not appear to

correlate in a simple way with the change in interstitial iron concentration. The correlation

is particularly poor for annealing at 500 °C. The same is probably also true at 300 °C and

400 °C, although the change due to defects other than interstitial iron is smaller at these

temperatures. The correlation for the top middle samples shows a similar behaviour of

the bottom middle samples where it is very poor at 500 °C and shows a scattered

relationship. In annealing at 300 °C and 400 °C, the top middle samples show a fairly

good relationship. In the top samples, a mixed correlation is observed for all three
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annealing temperatures. For annealing at 300 °C and 400 °C, there is a quite good

correlation between changes in lifetimes and interstitial iron concentrations. Annealing at

500 °C does show a poor correlation.

Figure 5.13. Change in recombination rate normalised by as-grown recombination rate

versus change in bulk iron concentration normalised by as-grown bulk iron concentration

according to Equation 5.1 for samples from the top (T), top middle (MT), bottom middle

(MB) and bottom (B) part of the ingot. The dashed lines represent a 1:1 relationship.

5.4.2. Correlation of interstitial iron changes and dislocation density

The spatial distribution of interstitial iron concentration maps is produced at every

annealing step. Low-temperature annealing changes interstitial iron concentration

distribution substantially in samples from every height position, as presented in previous

sections. Dislocation density distribution maps were produced from sister samples from
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every height position (presented in Chapter 4 and Figures 5.5 to 5.12). The change in

interstitial iron concentration is calculated according to:

      (0)Fe(t)FeFe iii  , (5.2)

where [Fei](t) and [Fei](0) are the concentrations after the final annealing step and as-

received state, respectively. A correlation between the change in interstitial iron

concentration upon annealing at 400 °C and dislocation density is made according to

Equation 5.3 and presented in Figure 5.14 for samples from four height positions:

  ][Fei DA , (5.3)

where [D] is dislocation density and A is the proportionality constant. For this analysis,

results from the annealing at 400 °C are chosen as the largest lifetime improvement is

observed (Figure 5.2). Interstitial iron concentration changes have a reasonably good

correlation with dislocation density. In general, regions with high dislocation density

show relatively high interstitial iron concentration after low-temperature annealing for

samples from every height position of the ingot. These data are discussed detail in Section

5.5.

Figure 5.14. Relationship between the change in interstitial iron concentration and

dislocation density for samples from four different height positions in the ingot. Samples

were annealed at 400 °C for 35 h.
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5.5. Discussion

5.5.1. Effect of low-temperature annealing

This study relies on re-passivation at each processing stage using a temporary chemical

solution and annealing without surface passivation. Therefore, bulk lifetime values in

Chapter 5 are probably not influenced by hydrogenation or changes in surface passivation

quality. Previous low-temperature annealing studies tend to report interstitial iron

concentration [36, 50], cell efficiency [50, 51], or lifetimes after high-temperature

processing [48, 49]. Whilst these all suggest beneficial effects in certain circumstances,

this study focuses, for the first time, on the thermal effect of low-temperature annealing

on lifetime in as-grown mc-Si. The key findings are discussed in the context of the height

position in the ingot.

5.5.1.1 Bottom wafers

The average lifetime in bottom wafers was increased by annealing at all temperatures

investigated, as shown in Figure 5.2 and Figure 5.3 and Table 5.1. The largest

improvement is at 400 °C when 35 h of cumulative annealing increases the lifetime to ~7

times the as-received value. Annealing at 300 °C and 500 °C gives ultimate improvements

of ~ 6 and ~ 4 times.

Figure 5.4 shows an ultimate reduction in the average interstitial iron concentration in

bottom wafers. At 300 °C, the iron decays approximately exponentially. At 400 °C, there

is a slight initial increase in bulk iron concentration followed by a decay, and at 500 °C,

the bulk iron concentration increases for a period before it starts to decay. The annealing

time dependence of the interstitial iron concentration is discussed in Section 5.5.3. Figure

5.13 shows the correlation between normalised changes in recombination rate (reciprocal

lifetime) and normalised change in interstitial iron concentration, according to Equation

5.1. At all temperatures investigated, there is a good correlation for wafers from the

bottom of the ingot. This means that the lifetime change in bottom wafers can be

explained mainly by the removal of interstitial iron from the bulk.

Figure 5.5 shows the evolution of the spatially resolved lifetime in the bottom samples

annealed at all three temperatures and spatial distribution of dislocation density. In as-
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grown samples, the lifetime is initially low in the bulks of the grains and very low at

certain grain boundaries and in the vicinity of dislocation clusters. With increasing

cumulative annealing time the lifetime improves, particularly in the bulks of the grains.

Figure 5.9 also shows substantial changes in the interstitial iron distribution which occur

during annealing of the same samples. Initially, the interstitial iron concentration is >1012

cm-3 throughout the wafer, whereas after 35 h of cumulative annealing it is reduced to be

of order 1010 cm-3 in many regions, with a few regions remaining with higher

concentration. The evolution of the spatial distribution of interstitial iron is broadly

similar to the observations of Liu and Macdonald [49]. The absence of any external

gettering layer means it is likely that interstitial iron is gettered to internal features, such

as iron-containing precipitates, grain boundaries and dislocations. The kinetics do not

exclude the possibility of interstitial iron gettering to the samples’ surfaces, although

previous work in single crystal silicon suggests this is unlikely [128]. Figure 5.14 shows

that an increase in interstitial iron concentration at regions with high dislocation density

(> 104 cm-2) upon annealing at 400 °C for 35 h. In the bulk regions with low dislocation

density (≤ 104 cm-2), the interstitial iron concentration decreases upon annealing

compared to the as-received states. This indicates gettering of interstitial iron to the region

with high dislocation density upon low-temperature annealing.

5.5.1.2 Middle wafers

Data for the bottom middle (MB) and top middle (MT) samples are discussed together

as similar effects are observed in both sample types. In most cases, annealing samples

from the middle of the block initially result in a lifetime reduction (Figure 5.2 and 5.3).

There is also an initial increase in the interstitial iron concentration (Figure 5.4). With

further annealing the lifetime recovers and the interstitial iron concentration reduces.

Given sufficient time there are small ultimate lifetime improvements at 300 °C and 400

°C. Annealing at 500 °C results in a very abrupt initial reduction in lifetime. There is a

lot of scatter in the data, and it is unclear whether substantial stable improvements are

ever realised at 500 °C. In middle wafers, the impact of low-temperature annealing

(without bulk hydrogenation effects) at best results in marginal improvements; at worst

the lifetime is reduced substantially if the samples are not annealed for sufficient time.

The evolution of the spatial distribution of lifetime in the bottom middle and top

middle samples at all three temperatures are shown in Figure 5.6 and Figure 5.7,
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respectively. These Figures also show the spatial distribution of dislocation density

(presented in Chapter 4). The initial annealing reduces lifetime throughout the wafer.

Lifetime then begins to recover in regions where the dislocation density is low. The

average lifetime after the last annealing step is lower than the as-grown lifetime. It is

notable that the low lifetime regions within the high dislocation-containing areas are

much more diffuse (less sharp) after annealing than before. The evolution of interstitial

iron concentration distribution in the bottom middle and top middle samples at all three

temperatures are shown in Figure 5.10 and Figure 5.11, respectively. The annealing

appears to have caused higher interstitial iron concentrations in regions with high

dislocation densities than in the as-grown state. The relationship in Figure 5.14 also shows

the change in interstitial iron concentration is high in regions with high dislocation density

(> 104 cm-2). Annealing increases recombination associated with certain grain boundary

types. Some (but not all) boundary types which exhibited no, or very little, detectable

recombination contrast in the as-grown state exhibit stronger recombination contrast. This

is presumably because they have gettered impurities from the bulk. This observation is

consistent with electron beam induced current (EBIC) studies of Chen et al., which found

increased EBIC contrast in samples subjected to slow cooling [65], which will have had

similar effects to low-temperature annealing.

For middle samples, lifetime changes which occur upon low-temperature annealing do

not appear to correlate in a simple way with the change in interstitial iron concentration

(Figure 5.13). The correlation is particularly poor at 500 °C, which was also the case for

top samples. Although annealing at 500 °C does affect the interstitial iron concentration

(Figure 5.4), it can be concluded that annealing at this temperature must also affect the

concentration of another defect or other defects. The same is probably also true at 300 °C

and 400 °C, although the change due to defects other than interstitial iron is smaller at

these temperatures.

5.5.1.3 Top wafers

Top wafers respond differently to low-temperature annealing compared to bottom

wafers. Although lifetime is ultimately increased for all temperatures used, the magnitude

of the improvement and also the final lifetime is lower than in annealed bottom wafers

(Figure 5.2 and Figure 5.3 and Table 5.1). The largest improvement in lifetime is a factor

of ~ 2 occurs upon annealing at 400 °C for 35 h.
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The annealing time dependence of lifetime is more complicated in the top wafers

compared the bottom wafers. Annealing at 500 °C, lifetime falls substantially from ~ 12

s to ~ 2 s within 15 minutes. This is accompanied by a substantial initial increase in

interstitial iron concentration to a peak of ~ 3  1012 cm-3. The initial impact of the

annealing appears to be to release interstitial iron into the bulk from somewhere else in

the material, as discussed in Section 5.5.2.

The spatial distribution of lifetime and interstitial iron concentration for the top

samples annealed at 300 °, 400 °C and 500 °C are presented in Figure 5.8 and Figure

5.12, respectively. After 1 h of annealing, the lifetime generally decreases slightly, but it

recovers and improves with further annealing. The initial decrease in lifetime appears to

be due to a lowering of lifetime in the bulk of the grains. This does not correlate with the

interstitial iron map which shows the interstitial iron concentration to fall in most parts of

the material. This suggests that reconfiguration of a defect other than interstitial iron is

responsible for the initial lifetime reduction. With the exception of this initial decrease,

for top samples annealed at 300 °C and 400 °C, there is however a quite good correlation

between lifetime change and interstitial iron change (Figure 5.13). Lifetime

improvements brought on by low-temperature annealing at these temperatures are

therefore most likely due to reconfiguration of interstitial iron into a state or complex in

which it is less recombination active. The correlation between the change in interstitial

iron and dislocation density (Figure 5.14) suggests that interstitial iron is likely to be

gettered at regions with high dislocation density (> 104 cm-2). The lifetime changes in top

samples at 500 °C do not, in general, correlate with the interstitial iron changes in a simple

way. This could mean that another impurity is involved at this temperature, or that iron is

present in a different state.

It is instructive to compare the lifetime maps with the top dislocation density maps in

Figure 5.8. Parts of the sample with relatively low dislocation densities undergo a much

larger lifetime improvement upon annealing than those with higher densities. In fact, the

regions with very high dislocation densities are found to get slightly worse after

annealing. This shows that impurities, including interstitial iron, are internally gettered to

regions with high dislocation densities. This is to be expected as dislocations provide low

energy sites for the segregation of impurities such as iron [192] and similar results are

found after phosphorus diffusion gettering at higher temperatures [35]. The different
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response between the top and bottom wafers is therefore probably due to their different

microstructures (Figures 5.5 and 5.8). The top wafers have a higher dislocation density

on average, and so impurities can segregate to or precipitate at relatively more sites. This

gives rise to more recombination sites than in the bottom, in which there are fewer

dislocations and hence fewer sites for iron decoration or precipitation. Figure 5.14 shows

that the interstitial iron concentration is relatively high in regions with high dislocations

(> 104 cm-2). As suggested by Boulfrad et al. [48], it could also be the case that the higher

oxygen concentration in the bottom wafers due to the segregation coefficient being

greater than unity causes oxide precipitates to form upon low-temperature annealing and

act as trapping sites for iron [47, 116]. This explanation is speculative, however.

5.5.2. Interstitial iron increases upon annealing

One of the most surprising findings is that low-temperature annealing causes an initial

increase in the interstitial iron concentration. This is surprising because the levels of

interstitial iron are supersaturated [18, 127, 128] and hence there is a driving force for

iron to come out of solid solution, rather than to enter it. Such an increase did not appear

to be observed by Krain et al. [36], nor Liu and Macdonald [49]. Iron “bleeding” from

iron silicide precipitates in mc-Si material is a well-known phenomenon at processing

temperatures  800 °C [45, 136], and is explained by the increased solid solubility of

interstitial iron relative to iron silicide at high temperatures causing the bulk concentration

of the interstitial iron to increase. Low-temperature solubility data are not available, but

extrapolation of high temperature solubility data for  800 °C gives ~ 2  107 cm-3 at 500

°C, and extrapolation of medium temperature solubility data at 600 °C to 800 °C [18, 127,

128] gives ~ 2  109 cm-3 at 500 °C. The interstitial iron concentration in this experiment

increases to ~ 3  1012 cm-3 at 500 °C, which is at least three (and possibly more than

five) orders of magnitude higher than extrapolated solubility trends. It is therefore

concluded that the mechanism of iron release at low temperatures is not the same as at

high temperatures.

Analysis of the interstitial iron release is most feasible in bottom middle samples,

because of their relatively low as-grown concentrations. Peak concentrations of 3.8  1011

cm-3 at 300 °C, 6.4  1011 cm-3 at 400 °C, and 2.3  1012 cm-3 at 500 °C were measured

(Figure 5.4). The initial release of interstitial iron into the bulk is, therefore, temperature
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dependent, which suggests the involvement of a solubility driven process with respect to

a different iron-containing phase or state than for the higher temperature solubility data.

As annealing continues, the interstitial iron released is then transformed into a state which

is not interstitial iron.

Whilst this experiment is demonstrated that mc-Si can be improved substantially by

low-temperature annealing, it is perhaps surprising that the improvement is not even

greater. The steady state interstitial iron concentrations after the maximum annealing time

(given in Table 5.1) are orders of magnitude higher than extrapolations of the solubility

data with respect to an iron silicide phase [18, 127, 128]. It is surprising that this

remaining supersaturated interstitial iron is not gettered to iron-containing precipitates, or

that new precipitates are nucleated. Understanding how this interstitial iron is apparently

trapped in the bulk is an important topic which requires further scientific study.

To investigate possible contamination during the annealing step as a possible

alternative explanation for interstitial iron increases, a control experiment was performed

using a float-zone p-type single crystal silicon sample under an annealing process used in

this thesis. The annealing temperature and time were chosen based on the worst scenario

in this Chapter where a bottom middle sample was annealed at 500 °C for 7.5 hours and

iron concentration was increased by ~1 order of magnitude. At the starting, the

experimental sample (p-type FZ) has an interstitial iron concentration of 1.6 1010 cm-3

which decreases to 4  109 cm-3 after the annealing process, as presented in Figure 5.15.

Note that the final interstitial iron concentration is very close to detection limit and

therefore, it has a large error bar. This indicates that the change in the bottom middle, top

middle and top samples during low-temperature thermal annealing are independent of the

contamination from the annealing tube furnace. This is not surprising, given the low

solubility [31, 127] but this was an important possible explanation to check. However,

placing a control sample throughout the entire process can provide a better explanation

particularly lifetime changes in the middle samples.
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Figure 5.15. A comparison of interstitial iron concentration before and after thermal

annealing at 500 °C for 7.5 h on a p-type FZ single crystal sample to check for possible

furnace contamination.

5.5.3. Kinetics of interstitial iron concentration reduction

The interstitial iron concentration in samples from most of the block did not behave as

might be expected from the studies of Krain et al. [36], and Liu and Macdonald [49]

which found the interstitial iron concentration generally to reduce. However, samples

from the bottom of the wafer did show a reduction in interstitial iron concentration. An

approximately exponential decay in interstitial iron concentration can be parameterised

using:
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where [Fei](t) is the iron concentration after cumulative annealing time t, )](t[Fe maxi is

the steady-state iron concentration reached after the maximum cumulative annealing

time, [Fei](0) is the starting interstitial iron concentration and τdecay is the time constant

for the decay in interstitial iron concentration. Overlooking any initial iron increases,

fitting the bottom data in Figure 5.4 gives τdecay values of 14 h at 300 °C, 4.0 h at 400 °C

and 45 h at 500 °C.
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Krain et al. found the iron reduction to be dependent on annealing temperature in a

way consistent with the temperature dependence of the diffusion coefficient of interstitial

iron [36]. Given an activation energy for diffusion of 0.67 eV [18], the diffusivities at 400

°C and 500 °C are respectively expected to be ~ 7.5 times and ~33 times higher than at

300 °C. The values of τdecay are ~ 3.5 times smaller at 400 °C than at 300 °C, and ~ 3.2

larger at 500 °C than at 300 °C. The results in bottom samples are therefore not consistent

with the interstitial iron reduction process being controlled only by diffusion of interstitial

iron. In samples from other locations, the relationship is even less clear.

Liu and Macdonald also fitted time constants to their interstitial iron decay data, which

like this study was performed using sister wafers [49]. For their samples with a starting

interstitial iron concentration of 3  1012 cm-3 (similar to the bottom samples but taken

from a similar block position to the bottom middle samples in this thesis) they found

values of ~ 20 h at 400 °C, ~ 6.2 h at 500 °C, ~ 7.6 h at 600 °C, and ~ 50.2 h at 700 °C.

The absolute values of time constant cannot be compared to these works, due to different

microstructures. However, it is noted that Liu and Macdonald also found the rate of iron

decay initially to increase with increasing temperature, then to slow down as temperature

increased further.

Two key differences between the methodology used in this work and that used by

Krain et al. [36] may account for the substantial differences between the results. Firstly,

they used silicon nitride passivation, which is thought by some to introduce hydrogen into

the bulk of the material [137, 138]. A study by Karzel et al. compared the effects of a

temporary liquid surface passivation scheme (similar, but not identical, to this work) with

silicon nitride surface passivation, and found that iron diffusion was affected by the

presence of hydrogen from the silicon nitride [137]. Liu and Macdonald found a strong

dependence on iron precipitation rate on surface passivation type which they attribute to

hydrogen incorporation [49]. Secondly, Krain et al. state their samples came from

different parts of the ingot [36]. In this work, it is shown that the location within the ingot

makes a substantial difference to the behaviour of the interstitial iron concentration, due

to substantially different microstructures at the different ingot positions (Figure 5.4 and

Section 4.5 in Chapter 4). It is therefore very difficult to assess the impact of

microstructure in their work. In summary, this work and that of Liu and Macdonald [49]

shows that low-temperature internal gettering of interstitial iron is significantly more
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complicated than the diffusion-limited model Krain et al. [36]. As well as diffusion, the

concentration of bulk interstitial iron is influenced by the release of interstitial iron into,

and capture of interstitial out of, the bulk.

5.6. Conclusions

A comprehensive study was performed into the effect of low temperature (300 °C to

500 °C) annealing on lifetime and interstitial iron concentration in mc-Si. Sister wafers

were sourced from four different height positions with differing microstructures

characterised by their dislocation distributions. A temporary liquid iodine-ethanol room

temperature passivation scheme was used to minimise unintentional hydrogenation and

any thermal effects due to the passivation process, so this experiment shows the effect of

thermal processing only.

The results show, for the first time, that low-temperature annealing can dramatically

improve the carrier lifetime in multicrystalline silicon materials. Relatively poor samples

from the bottom of the block were improved substantially, and the improvement in

lifetime correlated with reductions in interstitial iron concentration. The best results were

achieved at 400 °C, at which lifetime was increased from 5.5 s to 38.7 s by annealing

for ~35 h. Smaller improvements were also realised in top wafers, with lifetime increasing

from 12.1 s to 23.8 s under the same conditions. The smaller improvement in top

wafers is attributed to the higher concentration of recombination-active dislocations. The

benefit of low-temperature annealing on good wafers from the middle of the block was

found to be marginal, with substantial reductions in lifetime initially occurring at 400 °C

and 500 °C, followed by a slow recovery.

This work shows that the effect of low-temperature annealing on interstitial iron

concentration is much more complicated than found in previous work by Krain et al.

using silicon nitride passivated samples [36]. Annealing at 300 °C to 500 °C was found

initially to release of interstitial iron into the bulk in many cases. It is found that the

interstitial iron concentration decay is not determined only by the diffusion of interstitial

iron. The lack of correlation with interstitial iron in some cases shows that other defects

can also play a role.
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In summary, the experiments in this Chapter is demonstrated that low-temperature

annealing improves the lifetime mc-Si used in photovoltaics. It has the potential to be a

relatively low-cost process for improving red zone wafers, thus enabling the use of more

contaminated feedstocks and reducing wastage. Although the annealing times required

are fairly long, the conditions required are not dissimilar to those used in the production

of some commodity glass products. The key to successful implementation is adding the

low-temperature gettering at the correct stage in the production process, as junction

formation, surface passivation and firing steps may all affect the distribution of metallic

impurities. The effect of different surface passivation schemes in low-temperature

annealing is discussed in next Chapter, in an initial attempt to reconcile the findings with

those of Krain et al. [36].
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Chapter 6 Effect of passivation on

low-temperature gettering

6.1. Introduction

Low-temperature gettering (≤ 500 °C) using iodine-ethanol passivation in as-grown 

samples from four different height positions of a mc-Si ingot is discussed in Chapter 5. It

has been shown low-temperature annealing in the absence of a dielectric surface

passivation film can improve lifetime in relatively poor mc-Si wafers from the bottom

and top of ingot by redistribution of impurities. Also, despite the interstitial iron being

massively supersaturated at the temperatures used [128], the interstitial iron concentration

did not always reduce. In many cases, the impact of low-temperature annealing was to

increase the measured interstitial iron concentration, and the interstitial iron changes in

sister samples with near identical microstructures did not exhibit a simple temperature-

dependence behaviour. The findings were in stark contrast to a previous similar study by

Krain et al. which used silicon nitride surface passivation on samples from different

height positions of the block [36]. In their study, a systematic reduction in the interstitial

iron concentration was found and the activation energy for this process was consistent

with that for the diffusion of interstitial iron [18]. Part of the change is believed to arise

from internal gettering of metallic impurities, but additional effects result from the

process used to passivate the surfaces for lifetime measurement. This Chapter aims to

address this apparent conflict and to further the understanding of the initial lifetime

reduction.
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Why might the surface passivation treatment be a relevant issue for low-temperature

gettering? Silicon nitride (SiNx) films deposited by plasma-enhanced chemical vapour

deposition (PECVD) at temperatures around 300 °C to 425 °C are hydrogen rich [178,

197]. There is clear direct evidence for hydrogen entering the bulk from SiNx films after

annealing at temperatures considerably higher than the deposition temperature. For

instance, very short (~1 min) post-deposition annealing at 750 °C gives rise to the

formation of platinum-hydrogen complexes [197] and deuterium trapped at oxide

precipitates is detected by secondary ion mass spectrometry (SIMS) in samples with

deuterated SiNx fired at 800 °C [204]. At lower temperatures, direct evidence of bulk

hydrogenation is difficult to obtain due to the lower concentrations involved. However,

if hydrogenation does also occur at these temperatures, it could affect both lifetime and

internal gettering of interstitial iron. Furthermore, the possibility of external gettering

during the long low-temperature annealing procedure should not be excluded. Rinio et

al.’s study on partially-processed cells concluded that external gettering to the emitter

was responsible for most of the improvement observed [51]. A recent study by Liu et al.

has also found iron to be segregated evenly within PECVD SiNx films on the surface of

iron-contaminated single-crystal silicon which has been annealed at 700 °C [160].

Several studies using photoconductance lifetime methods have found that the low-

temperature behaviour of iron in silicon depends on the surface passivation scheme used

[49, 137, 138, 207]. It is frequently suggested, although not explicitly proven, that this is

due to hydrogenation of the bulk from the dielectric. Liu et al. compare the effects of

SiO2, Al2O3 and SiNx passivation on the iron concentration decay kinetics, and find the

decay kinetics depend on passivation type [49, 138]. Their results suggest that no or very

little hydrogenation occurs from the SiO2, some hydrogen in-diffuses from the Al2O3 and

substantial hydrogenation occurs from the SiNx. Other results reported by Karzel et al.

compare a room temperature quinhydrone-methanol treatment with SiNx, with the latter

introducing hydrogen into the bulk which influences the behaviour of interstitial iron

[137]. Hydrogenation control in mc-Si is very important, and recent work has shown that

it is possible to manipulate the hydrogen charge state [205, 207] as a route to higher

lifetimes in PV substrates.

In this Chapter, a comprehensive study which aims to assess the role of surface

passivation on low-temperature annealing experiments for samples from different height

positions in a mc-Si ingot is presented and discussed. Sister samples from each location

are passivated with PECVD SiNx and annealed 300 °C to 500 °C. The starting lifetime
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and the interstitial iron concentration of the samples used in this study are discussed in

Chapter 4. Lifetime and interstitial iron concentration are measured at every annealing

step with bulk lifetime measurements and with photoluminescence (PL) imaging.

Secondary ion mass spectrometry (SIMS) is used to measure the iron distribution in the

SiNx films in certain samples after annealing. The data are compared with the low-

temperature gettering using a temporary iodine-ethanol passivation scheme discussed in

Chapter 5 to assess the impact of possible hydrogenation from and gettering to the SiNx

film.

6.2. Experimental methods

6.2.1. Sample selection

Samples were chosen from four different height positions, as shown in Figure 3.2 in

Chapter 3. Resistivities were in the range of 4.8 Ω cm to 11.5 Ω cm. A single crystal Cz 

silicon wafer with a resistivity of 8 Ω cm and a thickness of 740 µm was used for control

purposes. Adjacent samples from every height position were polished using a planar etch

solution (described in Section 3.5.2 in Chapter 3), passivated with PECVD silicon nitride

and iodine-ethanol, respectively. The details of passivation processes are described in

Section 3.6 in Chapter 3. Sister samples from subsequent wafers with near-identical

microstructures were selected for annealing at different temperatures. Dislocation density

maps for I-E passivated samples have been discussed previously in Chapters 4 and 5 and

also published in Ref. [53]. The dislocation density distributions are typical of those found

in mc-Si, being highest at the top, and lowest at the bottom [53].

6.2.2. Surface passivation and lifetime measurement

Lifetime and interstitial iron concentration were measured at every annealing step by

following the method described in Sections 3.8 and 3.9 in Chapter 3, respectively. For

some purposes in this Chapter, the effective lifetime due to recombination other than FeB

pairs in the bulk (τother) was used which is determined according to:

1

FeBeffective
other

11















 (6.1)
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where τeffective is the effective lifetime with the iron in FeB states, τFeB (the lifetime due to

recombination at FeB pairs) at each step using the Shockley-Read-Hall recombination

parameters for FeB of Rein and Glunz [15]. The spatially resolved lifetime images with

bulk iron in the FeB and Fei state were measured using a BT Imaging LIS-L1 PL imaging

tool at each annealing step. A detail of the PL imaging tool is described in Section 3.8.3

in Chapter 3. The spatial distributions of interstitial iron concentration were also produced

at every annealing step, described in Section 3.9.2 in Chapter 3.

6.2.3. Low-temperature annealing

Three sister samples from every height position were annealed at 300 °C, 400 °C and

500 °C under nitrogen ambient. Silicon nitride passivation remains on the samples during

annealing whereas I-E passivation was removed with an RCA prior to the annealing steps.

Samples in both the passivation methods were subjected to identical annealing and

cooling treatments, as annealing and removal were performed simultaneously. Samples

were then stored in the dark for  36 h to ensure complete re-association of FeB defects

[97]. A summary of the process sequence is presented in Figure 6.1.

6.2.4. SIMS iron measurements

After the final annealing step, SIMS was performed through the SiNx film and into the

bulk of the three annealed bottom samples. Measurements were performed by EAG

Laboratories (Sunnyvale, CA, USA) on a commercial basis. The measurement depth

resolution was < 1.5 nm/step, although the actual resolution was limited by the mixing of

bombarded ions during SIMS measurements. Data were collected from a circular area

with a diameter of ~ 60 µm. The detection limit for iron was ~ 4 × 1014 cm-3. Silicon was

monitored as a marker species with its secondary ion intensity qualitatively measured,

which served to distinguish the locations of SiNx and the Si bulk in the depth profiles.

The depth was calibrated using the known thickness of the SiNx film.
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Figure 6.1. The processing and characterisation sequence for the low-temperature

gettering experiments. Details of every process step are described in Chapter 3.

6.3. Results

6.3.1. Lifetime in control samples

In this Chapter, low-temperature annealing was performed with silicon nitride (SiNx)

passivation and compared with the results with iodine-ethanol (I-E) passivation which is
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discussed in Chapter 5. It is, therefore, important to compare an effective lifetime for SiNx

and I-E passivation in a control sample. Figure 6.2 shows the injection dependence of

lifetime in the Cz silicon control samples taken from the same wafer, which has a similar

doping level to the mc-Si samples studied. The lifetime at Δn = 1  1015 cm-3 is 433 µs

with SiNx passivation and 528 µs with I-E passivation. On the assumption that the bulk

lifetime is same in both samples after passivation, any difference would be due to different

surface recombination velocities. Under this assumption, the surface recombination

velocity would be 22% higher in the silicon nitride case. It is not possible to give an

absolute value for the surface recombination velocity partly because an assumption of

near infinite bulk lifetime in the control is not satisfied. Previous work with the same

silicon nitride passivation scheme on 670 µm thick samples (similar doping, same

injection) gives effective lifetimes up to 3.1 ms [188]. This puts an upper limit on the

surface recombination velocity at around 11 cm/s for the silicon nitride scheme used here.

A value for iodine-ethanol lower than this would be consistent with the literature [208].

Figure 6.2. Injection-dependent lifetime with iron in the FeB state in samples from the

same p-type Cz single crystal silicon control wafer (740 µm thick; 1.2 × 1015 cm-3 boron)

with different passivation schemes. The vertical dashed line and stated values are at Δn =

1015 cm-3, as used for subsequent measurements on mc-Si.
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6.3.2. Bulk lifetime and interstitial iron in SiNx passivated samples

Bulk lifetime data (with iron in the FeB state) and average interstitial iron

concentration for samples from different height positions with SiNx passivation are

plotted as a function of annealing temperature and time in Figure 6.3 and Figure 6.4,

respectively. The ultimate effect of low-temperature annealing is also summarised in

Table 6.1. Data are presented for sister samples at each position were annealed at either

300 °C, 400 °C or 500 °C for the cumulative annealing time shown. The values of τother

in the as-received samples with both passivation types are also given in Table 6.1. The

as-received lifetime and interstitial iron concentrations values vary substantially with

ingot height position (discussed in Chapter 4), represented by a horizontal dashed line on

each graph, so the effects of annealing are clearly visible. The changes in lifetime and

interstitial iron concentration are complex and strongly depend on sample position in the

ingot and annealing temperature.

6.3.2.1 Bottom wafers

The as-received bottom samples have lowest average bulk lifetime 7.7  1.8 µs. The

changes in the bulk lifetimes are presented in Figure 6.3 (bottom row). Lifetime increases

substantially at all three annealing temperatures and exhibits the most straightforward

time dependence improvement in lifetime compared to the other parts of the ingot. The

largest improvement is a factor of ~ 3.8, observed upon annealing at 500 °C for 60 h.

Annealing at 400 °C and 300 °C give an ultimate improvement of ~ 2.7 and ~ 1.6 times,

respectively.

The as-received bottom samples exhibit the highest interstitial iron concentration 2.2

 1012  2.9  1011 cm-3. The evolution of interstitial iron concentration for bottom

samples in low-temperature annealing is presented in Figure 6.4 (bottom row). In all three

annealing temperatures, the interstitial iron concentration decays approximately

exponentially. In annealing at 400 °C and 500 °C, the ultimate reduction in iron

concentration is almost ~ 0.6 orders of magnitude compared to the as-received value.

Annealing at 300 °C for 33 h gives the largest reduction in iron concentration by ~ 1.3

order of magnitude. A correlation between the change in lifetime and recombination rate

is discussed in Section 6.4.
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The evolution of the spatial distribution of lifetime and interstitial iron concentration

with SiNx passivation in the bottom sample annealed at 400 °C are presented in Figure

6.7(b) and 6.9(b), respectively. Initial lifetime is low in most of the bulk regions and

begins to increase with the annealing time. The regions with relatively high

crystallographic defects exhibit overall very little, perhaps no improvement after the

longest cumulative annealing period. The interstitial iron concentration is very high (>

1012 cm-3) mainly in the defective regions. Interstitial iron concentration decreases to ≤ 

1010 cm-3 in most of the bulk grain regions and defective regions become worse with

annealing.

6.3.2.2 Middle wafers

The bottom middle (MB) and top middle (MT) samples with silicon nitride passivation

(SiNx) are discussed together as they exhibit similar behaviour upon low-temperature

annealing. The as-received lifetimes are 113  2 µs and 46  5 µs for the bottom middle

and top middle samples respectively represented by dashed horizontal lines in Figure 6.3

(second and third rows). Upon annealing at 300 °C, lifetime remains almost unchanged

compared to the as-received status in MB sample and increases slightly in the MT sample.

The largest improvement in lifetime is observed in both the MB and MT samples annealed

at 400 °C. In the MB and MT samples, lifetime increases to ~ 165 µs and ~ 65 µs

respectively in the first ~ 5 h of cumulative annealing period and remain almost constant

upon further annealing.

The evolution of interstitial iron concentration in low-temperature annealing for the

middle samples (MB and MT) is presented in Figure 6.4 (second and third rows). The as-

received values are represented as dashed lines on every graph and also discussed in

Chapter 4. The interstitial iron concentration decreases substantially upon annealing at

300 °C and 400 °C. The largest reduction is 1.8 orders of magnitude in the MB sample

upon annealing at 400 °C. Note that no initial increase in interstitial iron concentration is

observed upon annealing at 400 °C. Annealing at 500 °C increases interstitial iron

concentration in the primary steps and reduces in longer annealing steps. For example, in

the MB sample, interstitial iron concentration increases from 3  1010 cm-3 to 1.7  1011

cm-3 in first 1.25 h of annealing at 500 °C and then decreases to 6.9 1010 cm-3 after 60 h.
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However, there is a lot of scatter in the data and it is not clear whether there is an overall

reduction in interstitial iron concentration compared to as-received values or not.

The evolution of the spatial distributions of lifetime and interstitial iron concentration

at 400 °C for a bottom middle sample (Figure 6.7(d) and 6.9(d)) and a top middle sample

(Figure 6.8(d) and 6.10(d)) are shown. In both the samples, lifetime is relatively high in

most of the bulk grain regions in the as-received state compared to the samples from

extrema of the ingot. Lifetime increases substantially in most of the bulk grains with

annealing period in both the samples. The interstitial iron concentration was initially high

in most of the regions (≥ 1011 cm-3) and decreases with annealing at 400 °C.

6.3.2.3 Top wafers

Figure 6.3 (top row) shows as-received lifetime and changes in a low-temperature

annealing with SiNx passivation for top samples. The average as-received lifetime (16.3

 1 µs) is higher than the values in the bottom samples. Annealing at both 300 °C and

400 °C, lifetime improves substantially to ~ 23 µs after the final annealing step. Upon

annealing at 500 °C, lifetime decreases abruptly in initial annealing steps and recovers on

further annealing. Upon annealing at 500 °C, there is a lot of scatter data and it is unclear

whether substantial stable improvements are ever realised. The interstitial iron

concentration in Figure 6.4 (top row) decreases upon both the annealing at 300 °C and

400 °C by ~ 1 and ~ 0.4 order of magnitude compared to the as-received values. Upon

annealing at 500 ° C, the interstitial iron concentration initially increases from 5  1011

cm-3 to ~ 9  1011 cm-3 and reduces with further annealing steps.

Spatially resolved lifetime (with iron in the FeB state) and interstitial iron maps for a

top sample annealed at 400 °C are presented in Figure 6.8(b) and 6.10(b), respectively.

Initially, lifetime was relatively high in the bulks of some grain regions and low in the

grain boundaries and defect cluster regions. Lifetime is likely to be unchanged with

annealing time in contrast to the improvement in bulk lifetime. Note that the injection

level used in lifetime imaging is lower than the bulk lifetime measurement (Figure 6.4).

A relatively small improvement is observed at low injection level (e.g. 5  1013 cm-3).

The interstitial iron concentration is low in the bulk grain regions and high in the grain

boundaries and defective regions. Upon annealing at 400 °C for 25 h, interstitial iron
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concentration reduces in some grain regions whereas it remains same or increases in the

regions with defect cluster.

6.3.3. SiNx versus I-E passivation in low-temperature annealing

A comprehensive study on low-temperature gettering effect using iodine-ethanol (I-E)

for samples from four different height positions is discussed in Chapter 5 and also

published as Ref. [53]. Figure 6.5 shows a comparison in lifetime normalised to the

starting value for SiNx and I-E passivated samples is for samples for all height positions

annealed at 300 °C, 400 °C or 500 °C for the cumulative time period shown. Figure 6.6

shows the corresponding interstitial iron comparison between SiNx and I-E passivated

samples.

Spatially resolved lifetime images with iron in the form of FeB pairs and interstitial

iron concentration maps for the samples annealed at 400 °C from all height positions with

SiNx and I-E passivation are compared for selected annealing times upon annealing at

400 °C. Figures 6.7 and 6.8 show lifetime images with iron in the FeB state. Maps of the

interstitial iron concentration distribution for the same conditions are shown in Figures

6.9 and 6.10. These comparisons are discussed details in later sections.
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Figure 6.3. Effective carrier lifetime (with iron in the FeB state) in the samples with

silicon nitride surface passivation measured by QSS-PC at an injection level of 11015

cm-3. Samples were sourced from the top (T), top middle (MT), bottom middle (MB) and

bottom (B) of the ingot. Sister samples were annealed at 300 °C, 400 °C and 500 °C for

the cumulative annealing time plotted. The dashed lines represent the initial values.
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Figure 6.4. Bulk interstitial iron concentration ([Fei]) in the samples with silicon nitride

(SiNx) passivation measured at an injection level of 11015 cm-3. Samples were sourced

from the top (T), top middle (MT), bottom middle (MB) and bottom (B) of the ingot.

Sister samples were annealed at 300 °C, 400 °C and 500 °C for the cumulative annealing

time plotted. The dashed lines represent the initial values.
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Figure 6.5. Comparison in normalised lifetime with iron in the FeB state for the samples

from the top (T), top middle (MT), bottom middle (MB) and bottom (B) of the ingot with

silicon nitride (SiNx) and iodine-ethanol (I-E) passivation. Sister samples from every

height positions were annealed at 300 °C, 400 °C and 500 °C for the cumulative annealing

time plotted. The lifetimes were measured at an injection level of 1  1015 cm-3. The

values in the brackets represent the as-grown lifetime. The dashed lines represent the as-

grown states.



142

Figure 6.6. Comparison in normalised interstitial iron concentration for samples from the

top (T), top middle (MT), bottom middle (MB) and bottom (B) of the ingot with silicon

nitride (SiNx) and iodine-ethanol (I-E) passivation. Sister samples were annealed at 300

°C, 400 °C and 500 °C for the cumulative annealing time plotted. The values in the

brackets are the interstitial iron concentrations ( 1011 cm-3) for as-grown samples. The

dashed lines represent the starting states.
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Figure 6.7. Spatial distribution of lifetime with iron in the FeB state in selected samples

(39 mm  39 mm). Samples sourced from the bottom (B) and bottom middle (MB) of a

mc-Si block passivated with iodine-ethanol and PECVD SiNx, respectively. Samples

were annealed at the temperatures and cumulative times shown. Figure 6.9 shows

corresponding interstitial iron concentration maps.
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Figure 6.8. Spatial distribution of lifetime with iron in the FeB state in selected samples

(39 mm  39 mm). Samples were annealed at the temperatures and cumulative times

shown and were sourced from the top (T) and top middle (MT) of a mc-Si block

passivated with iodine-ethanol and PECVD SiNx respectively. Figure 6.10 shows

corresponding interstitial iron concentration maps.
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Figure 6.9. Spatial distribution of interstitial iron in the same samples for which lifetime

measurements are shown in Figure 6.7. The samples (39 mm  39 mm) were sourced

from the bottom (B) and bottom middle (MB) and were passivated with iodine-ethanol

(I-E) or PECVD silicon nitride (SiNx). Samples were annealed at the temperatures and

for the cumulative times shown.
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Figure 6.10. Spatial distribution of interstitial iron in the same samples for which lifetime

measurements are shown in Figure 6.8. The samples (39 mm  39 mm) were sourced

from the top (T) and top middle (MT) and were passivated with iodine-ethanol (I-E) or

PECVD silicon nitride (SiNx). Samples were annealed at the temperatures and for the

cumulative times shown.
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6.3.4. SIMS depth profiles

SIMS depth profiles were taken from regions laser cut out of the SiNx passivated

bottom samples annealed for the maximum duration (33 h at 300 °C; 25 h at 400 °C; 60

h at 500 °C) in which there was a large reduction (> 1012 cm-3) in interstitial iron compared

to the initial value, as illustrated in Figure 6.11. If such a concentration of iron from a 140

µm thick sample is instead distributed in 140 nm of SiNx (accounting for both sides), the

average concentration of iron in the SiNx would be > 1015 cm-3, which would be detectable

by SIMS. SIMS is sensitive to total iron, so any non-interstitial iron also gettered from

the bulk may also segregate to the SiNx layer.

Data from the SIMS measurements from SiNx passivated bottom samples are

presented in Figure 6.12. The top plot (a) shows the secondary ion intensity, which was

used to estimate the position of the SiNx film. The bottom plot (b) shows the iron

concentration as a function of depth. A thin (~ 20 nm) layer of contamination was found

at the surface of each sample and this could have from sample cutting and handling.

Substantial concentrations of iron were always found in the SiNx film. The

concentration was highest nearest the sample surface and reduced with depth into the

sample. No spike or dip in iron concentration was observed at the interface between SiNx

and the mc-Si bulk. The concentration of iron in the SiNx was dependent on the annealing

temperature, with average concentrations being 2.0  1017 cm-3 at 500 °C, 4.0  1016

cm-3 at 400 °C, and 1.7  1016 cm-3 at 300 °C. The iron concentration just beneath the

mc-Si surface was above the SIMS detection limit in all cases, being very high (> 1016

cm-3) in the 500 °C case.
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Figure 6.11. Sample section for the SIMS experiment from the bottom samples annealed

with silicon nitride passivation at 300 °C, 400 °C and 500 °C temperatures. The first (a)

and second (b) columns show the spatial distribution of the interstitial iron in the as-

received state and after the final annealing step respectively. The samples (10 mm × 10

mm) positions for SIMS are marked with ‘white’ rectangular boxes. The ‘white’ circles

indicate the exact locations for SIMS profiles. The right column (c) shows PL images of

the experimental samples sent off for SIMS analysis.
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Figure 6.12. SIMS depth profiles from bottom samples annealed with silicon nitride

passivation at 300 °C, 400 °C or 500 °C after the final annealing step. The top plot (a)

shows the secondary ion intensity which is used to locate the SiNx film, the approximate

extrema of which are marked as vertical dashes. The bottom plot (b) shows the iron

concentration measured in the SiNx film and also the top part of the mc-Si bulk. The

detection limit was ~ 4  1014 cm-3.
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6.3.5. Correlation of lifetime and interstitial iron changes

The correlations between normalised recombination rate change relative to the as-

grown value and normalised change in interstitial iron concentration relative to the as-

grown value for sister samples from every height position were made according to the

Equation 5.1 (Chapter 5) and presented in Figure 6.13. The diagonal dashed line in every

graph represents a 1:1 relationship at three annealing temperatures. Although the bottom

wafers exhibit some correlation for all three annealing temperatures, data points slightly

deviate from the 1:1 relationship line. The middle parts of the ingot (bottom middle (MB)

and top middle (MT)) show a very poor relationship. In the top wafers, samples annealed

at 300 °C and 400 °C show a relationship whereas it is very weak at 500 °C.

Figure 6.13. Change in recombination rate normalised by as-grown recombination rate

versus change in bulk interstitial iron concentration normalised by as-grown bulk

interstitial iron concentration according to Equation 5.1 (Chapter 5) for samples from the

top (T), top middle (MT), bottom middle (MB) and bottom (B) of the mc-Si block. The

dashed lines represent a 1:1 relationship.

A correlation between normalised recombination rate change by the value in the prior

annealing step and normalised change in interstitial iron concentration by the value in the

prior annealing step were also made according to Equation 6.2 and shown in Figure 6.14.
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As silicon nitride passivation degrades upon annealing at ≥ 500 °C [207], the 

correlation in Figure 6.14 has relatively lower passivation effect compared to the

correlation presented in Figure 6.13. The samples from the bottom part of the ingot show

a weak correlation. Samples from other parts of the ingot show a very poor correlation

upon annealing all three temperatures investigated.

Figure 6.14. Change in recombination rate normalised by recombination rate in the prior

annealing step versus change in bulk iron concentration normalised by bulk iron

concentration in the prior annealing step according to Equation 6.2 for samples from the

top (T), top middle (MT), bottom middle (MB) and bottom (B) of the mc-Si block. The

dashed lines represent a 1:1 relationship.

6.4. Discussion

6.4.1. Lifetime changes in SiNx passivated samples

The results show that long low-temperature annealing can generally improve the

lifetime in as-received mc-Si passivated with SiNx. Figure 6.3 shows the effective lifetime
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in SiNx passivated samples from all four locations in the ingot was increased by annealing

at 400 °C. The improvement was particularly significant in the bottom samples which

experienced lifetime increases by a factor of ~ 2.7. Annealing SiNx passivated samples at

300 °C had a smaller positive effect on lifetime in all cases except for the bottom middle

samples which were unaffected. The effect of annealing at 500 °C was mixed. The biggest

relative improvement (a factor of 3.8) was achieved for the bottom sample upon annealing

at 500 °C for 60 h. Annealing at 500 °C for relatively high lifetime bottom middle samples

results in a reduction in lifetime, and the trend in the top sample was unclear. Figures 6.13

and 6.14 show the correlation between normalised changes in recombination rate

(reciprocal lifetime) and normalised change in interstitial iron concentration. At all

temperatures investigated, the wafers from the bottom part of the ingot show a good

correlation. This indicates that the lifetime changes in the bottom wafers can partially be

attributed to the changes in the interstitial iron concentration in the bulk. The correlations

for the middle and top samples do not show a simple relationship. Although annealing at

300 °C and 400 °C reduces interstitial iron concentration, it can be concluded that

annealing at these temperatures must also affect the concentration of another defect or

other defects.

Only very limited data on the effect of low-temperature annealing on lifetime in SiNx

passivated mc-Si are available in the literature. Liu et al. studied the effect of 400 °C

annealing on mc-Si achieved a ~ 2.6 times improvement in lifetime in 5.6 h [138],

although the actual values of effective lifetime measured were considerably lower than

the results presented in this Chapter. The PL images of lifetime reported by Krain et al.

are also qualitatively consistent with the lifetime images reported in Figure 6.7(b).

6.4.2. Interstitial iron changes in SiNx passivated samples

In this study, interstitial iron in mc-Si samples is highly supersaturated at the annealing

temperatures used. Solubility data at low temperatures (≤ 500 °C) is discussed in Section 

5.5.2. The starting interstitial iron concentrations are several orders of magnitude higher

than the solubility values. It is not therefore surprising that the interstitial iron

concentration in SiNx passivated mc-Si has a tendency to reduce with annealing at 300

°C and 400 °C (Figure 6.4).
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In Chapter 5, low-temperature gettering using I-E passivation was presented and

discussed. The results (Chapter 5) were compared to those of Krain et al. [36] which are

not to be quantitatively consistent, as shown in Figure 6.15. Two possible explanations

were proposed for this discrepancy: (i) hydrogenation from their SiNx affecting the

behaviour of interstitial iron; and/ or (ii) that their samples came from different parts of

the ingot so have different microstructures. The decay in interstitial iron concentration is

clearest in bottom samples as these have the highest concentration, and Figure 6.6 shows

that in these samples the decay rates are similar for both passivation schemes used. Thus,

it can be concluded that hydrogenation (if it occurs) does not explain the difference

between the studies and favours the remaining explanation of microstructural differences

between the samples. If this is true then the correlation between the temperature

dependence of gettering and iron diffusivity found by Krain et al. is likely to have been

coincidental. A direct measurement of hydrogen concentration in bulk materials by FTIR

or SIMS technique could be a topic for future study.

Figure 6.15. Comparison of normalised change in interstitial iron concentration upon low-

temperature annealing between the results from the bottom samples with I-E passivation

(Chapter 5) and data from Krain et al. [36]. Interstitial iron in this thesis and Krain et al.

were measured at an injection level of 1  1015 cm-3 and 3  1015 cm-3, respectively.
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6.4.3. Differences between I-E and SiNx passivation initial states

Initial lifetimes measured with SiNx passivation are considerably higher than with I-E

passivation (Table 6.1). Distributions of the as-received bulk lifetime for the I-E and SiNx

passivated samples are presented in Chapter 4. Lifetime measurements made on the Cz-

Si control sample (Figure 6.2) demonstrate that this is not due to differences in the surface

recombination velocity. The comparison samples are from adjacent locations of the same

wafers, and whilst small difference from slightly different microstructures might occur,

it cannot account for the magnitude of the differences observed. It can, therefore, be

concluded that the bulk lifetimes are affected by choice of surface passivation technique,

and possible reasons for this are discussed in Section 6.4.6.

The starting values of interstitial iron concentration are dependent on the choice of

passivation method (Table 6.1) with concentrations usually considerably lower with SiNx

passivation compared to I-E passivation. Distributions of as-received interstitial iron

concentration are presented in Chapter 4. This finding is consistent with the study of

Karzel et al. [137], whose quinhydrone-methanol solution is similar to I-E solution in this

thesis, in that it is a room temperature treatment and probably does not introduce hydrogen

into the material. Karzel et al. offered a possible explanation in terms of hydrogen from

SiNx passivation affect interstitial iron concentration and diffusivity of interstitial iron.

Theoretical calculations using molecular-dynamics (MD) simulations suggest hydrogen

does not passivate interstitial iron [159], although experimental results suggest that

hydrogen may interact with iron under certain conditions [206, 209, 210]. One additional

possibility raised by SIMS data (discussed in section 6.4.5) showing iron incorporation

into the SiNx is that interstitial iron is gettered to the SiNx layer during the passivation

treatment which involves 375 °C annealing for ~10 mins. The kinetic feasibility of this

can be assessed using a double sided diffusion model according to Equation 6.3 described

in Ref. [128] using the established diffusivity for interstitial iron [18], as shown in Figure

6.16.
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where [Fei]average is the average iron concentration, [Fei]final is the final iron concentration,

[Fei]initial is the initial iron concentration, k is an integer, DFe is the diffusion coefficient of
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iron, d is the sample thickness and t is anytime. The biggest absolute difference in as-

received interstitial iron levels occurs in bottom samples annealed at 400 °C (Table 6.1).

Taking the true starting interstitial iron concentration (2.8 × 1012 cm-3) to be that measured

with I-E passivation, modelling the interstitial iron diffusion to both surfaces shows that

10 minutes at 375 °C does result in an average bulk interstitial iron concentration (1.58 ×

1012 cm-3) similar to that measured with SiNx. Thus iron gettering to the SiNx passivation

film during the passivation treatment is kinetically viable in this case, and this possibility

for the discrepancy between passivation methods is worthy of future investigation. Note

that the effect of thermal annealing during silicon nitride deposition technique at 375 °C

is found to be different from the low-temperature annealing used in works due to a

different annealing atmosphere.

Figure 6.16: Modelling of bulk interstitial iron concentration as a function of cumulative

annealing time using the kinetics using a double-side diffusion model according to

Equation 6.3 for the bottom samples at an annealing temperature of 375 °C. The initial

and final interstitial iron concentration are chosen from the bottom sample annealed at

400 °C for 35 h with I-E passivation.

The difference in starting lifetimes between the I-E and SiNx passivated samples is not

just because of differences in interstitial iron levels. The values of τother given in Table 6.1

have the lifetime due to recombination at bulk iron factored out and are always

substantially higher in the SiNx case. All it can be claimed for certain is that SiNx does

something different to the bulk lifetime than I-E. The origin of this difference is not clear

from this study alone. Possible explanations might include bulk hydrogenation by

passivation (which has been directly proven to occur at higher temperatures [197, 204])

or gettering of impurities other than bulk iron to the SiNx film.
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6.4.4. Comparison of annealed I-E and SiNx passivated samples

A comparison in lifetime (with iron in the FeB state) and bulk interstitial iron

concentration for the silicon nitride passivated and iodine-ethanol passivated samples

annealed at all three temperatures is presented in Figure 6.5 and Figure 6.6, respectively.

The samples from the both the passivations were subjected to the same thermal treatment

for the same cumulative period. The lifetimes and iron concentration values are

normalised to the as-received values for both SiNx and I-E passivated samples so that the

data can be compared directly.

6.4.4.1 Bottom and top wafers

In the bottom and top samples with both the SiNx and I-E passivation, the behaviour

is quantitatively similar. Bottom samples have a relatively low starting lifetime and

relatively high starting interstitial iron concentration experience lifetime improvements

and longer-term interstitial iron reductions with both passivation types. The kinetics of

the decay in interstitial iron concentration at a given temperature are very similar in

samples with both the passivations (Figure 6.5) which suggest the main sink for interstitial

iron is the same for both passivation types. This is perhaps surprising that the samples for

SiNx and I-E passivation for a given annealing temperature were not sister, but adjacent,

samples so have similar properties by virtue of their ingot location but not near-identical

microstructures. Lifetime improvement in the bottom samples annealed at 300 °C and

400 °C is higher with I-E passivated samples than the SiNx passivated samples. This result

indicates that defects other than iron are involved in silicon nitride passivated samples. In

the top wafers, lifetime is improved and interstitial iron concentration decayed in samples

with both the passivations at 300 °C and 400 °C. The decay rate in iron concentration is

slightly higher in SiNx passivated top samples than the I-E passivated samples. Annealing

at 500 °C exhibits a lot of scatter in the data in top samples with both the passivations.

The spatial lifetime distribution images for the bottom and top samples for both the

passivations are presented in Figures 6.7(a) and 6.7(b) and 6.8 (a) and 6.8(b), respectively.

The corresponding interstitial iron concentration maps are presented in Figures 6.9(a) and

6.9(b) and 6.10(a) and 6.10(b), respectively. Note that a different scale is maintained for

SiNx and I-E passivated samples as they have different as-received values. It can be seen

that the size and distribution of grains are different in both the passivated samples. With
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both passivation types, the lifetimes increase with annealing and the interstitial iron

concentrations decrease. The changes which occur are slow and much slower than if

diffusion-limited internal gettering of interstitial iron is the only process involved. The

gettering process requiring the longest impurity diffusion length would be gettering to the

SiNx film (or surface in the case of I-E passivation), yet if known diffusion coefficients

of interstitial iron [18] are used with a two-sided surface diffusion calculation [128] the

decay in interstitial iron concentration in the bottom samples would be faster than

observed experimentally by a factor of ~ 6 at 300 °C, ~ 15 at 400 °C and ~ 20 at 500 °C,

as shown in Figure 6.17. At 500 °C after an initial increase, the decay is slower than at

400 °C, which is indicative of multiple mechanisms of iron gettering occurring.

Figure 6.17: Comparison of measured bulk interstitial iron concentration as a function of

cumulative annealing time and the kinetics using a double-sided diffusion model for the

bottom samples according to Equation 6.3. Samples were passivated with silicon nitride

passivation and annealed at 300 °C, 400 °C and 500 °C temperatures.
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There are good reasons not to abandon the surface or SiNx film gettering mechanism

in bottom samples entirely, however. Factors in favour include the SIMS data for SiNx

samples, the same interstitial iron decay in non-sister samples, and previous studies which

have found iron gettering to free surfaces in single crystal silicon [211, 212]. Trapping of

interstitial iron at crystal defects in mc-Si could slow down the effective diffusion process

of interstitial iron, and iron release from elsewhere in the material at 500 °C could

complicate the kinetics further.

6.4.4.2 Middle wafers

The effect of low-temperature annealing in samples from the middle part of the ingot

(MB and MT) show a significant difference between SiNx and I-E passivated samples.

Annealing SiNx passivated samples at 300 °C or 400 °C has a positive effect on lifetime

and decay in interstitial iron concentration, whereas in I-E case the effect is more mixed

and can be highly detrimental.

The time dependence of bulk lifetime and interstitial iron concentration for samples

from the middle of the ingot is strongly passivation-dependent as shown in Figure 6.5 and

Figure 6.6, respectively. The abrupt reduction in lifetime observed in samples with I-E

passivation upon annealing at 400 °C and 500 °C [53], was rarely observed in samples

with SiNx passivation. For example, the lifetime in bottom middle sample reduced from

46.5 µs to just 7.6 µs after 6 h of annealing at 400 °C with the I-E passivation, whereas

the same treatment with SiNx passivation increases lifetime from 112 µs to 163 µs. The

key difference is in bulk interstitial iron concentration decreases substantially with SiNx

passivated samples whereas it increases with I-E upon annealing at 300 °C and 400 °C.

It is therefore concluded that passivation strongly affects the internal gettering behaviour.

The spatially resolved lifetime images for the bottom middle and top middle samples

annealed at 400 °C with both the SiNx and I-E passivation are shown in Figure 6.7(c),

6.7(d), 6.8(c) and 6.8(d), respectively. The corresponding interstitial iron concentration

maps are shown in Figures 6.9(c) and 6.9(d) and 6.10(c) and 6.10(d), respectively. A

decrease in lifetime in I-E passivated samples is clearly visible with I-E but not with SiNx

passivation. Although lifetime recovers with I-E passivation upon further annealing but

it is lower in most of the bulk grain regions compared to the as-received values.

Furthermore, the lifetime reduction in the sample with I-E passivation is accompanied by
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an increase in interstitial iron concentration but this increase is far too small to account

for the dramatic lifetime reduction. The samples with SiNx passivation lifetime improves

in both the MB and MT samples at an intermediate stage and remains constant in further

annealing. Why does lifetime reduce substantially with I-E but not with SiNx? One

possibility is that bulk passivation from the SiNx film somehow prevents the formation of

the recombination centres which form with I-E passivation. Other possibilities include

that fast diffusing impurities are released from locations within the bulk of the material

upon initial annealing and are gettered by the SiNx film but not by a free surface, or that

contamination from outside the sample can enter in the I-E case but not in the SiNx case

as the film might act as a diffusion barrier. The complexity of low-temperature gettering

is discussed in Section 6.4.6. It is noted that grain structure and densities are slightly

different in the I-E and SiNx passivated samples which might cause a difference in

interstitial iron kinetics. The difference in lifetime improvement and interstitial iron

concentration reduction upon annealing between SiNx and I-E passivated samples could

be a result of bulk hydrogenation as recent studies by Liu et al. [138], Karzel et al. [137]

and Leonard et al. [206] provided evidence for hydrogen interacting with bulk iron. In

this study, there is no direct evidence of hydrogen present in the bulk material but SiNx

film has an effect on iron concentration which discussed in details in the following

section.

6.4.5. Gettering of iron to SiNx layers

The effect of SiNx film in gettering bulk interstitial iron concentration at low-

temperature annealing is investigated in this section. A SIMS profile of iron concentration

for bottom samples annealed at 300 °C, 400 °C and 500 °C are used to examine the

distribution of iron in SiNx film and the Si wafer substrate.

The SIMS results show a high concentration of iron exists in the SiNx film after

annealing at three temperatures. As in the recent study of Liu et al. [160], no peak in iron

signal was observed at the interface between the SiNx and the silicon bulk, which

demonstrates the interface itself is not a site for gettering or iron precipitation. The iron

profile through the SiNx is also fairly smooth (no large spikes), which suggests that iron

has segregated throughout the SiNx and does not exist in large precipitates. (The step size
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for SIMS depth profiling was < 1.5 nm so large precipitates would be detectable in

principle).

The concentrations of iron found in the SiNx layer are higher than expected if the only

source of iron were interstitial iron lost from the bulk. The area selected for SIMS analysis

was known from PL imaging experiments to have interstitial iron reductions of up to ~2

× 1012 cm-3, so if all this were gettered to the SiNx the concentration in the SiNx would be

~2 × 1015 cm-3. Figure 6.12 (b) shows substantially higher iron concentrations in the SiNx

than this. The additional iron could come from iron-containing precipitates in the bulk,

which in mc-Si are well-known to contain more iron than is dissolved in the bulk [92].

The possibility that some of the iron comes from contamination cannot be ruled out with

certainty. It is noted that a possible iron contamination during the annealing process was

investigated and discussed in Chapter 5 where no contamination is observed. However,

the results in Figure 6.12 show that iron is highly soluble in SiNx films processed at low

temperatures. The absence of any interface effects suggests that iron would enter the SiNx

from the mc-Si bulk material as well as from surface the sample. The recent SIMS study

on float-zone silicon by Liu et al. [160] compared samples with and without bulk iron

contamination, finding much higher concentrations in the SiNx in the former case. Iron

gettering to SiNx films is, therefore, an important consideration in the processing of SiNx

passivated silicon solar cells.

6.4.6. Complexities of low-temperature gettering in mc-Si

The results of this study and those of others show that low-temperature gettering in mc-

Si is a complex problem and cannot be explained by a single gettering mechanism. An

interstitial iron diffusion-limited internal gettering model (as suggested by Krain et al.

[36]) does not explain the observations presented Chapter 5 and Chapter 6. Specifically,

it cannot explain why the reduction in interstitial iron is so slow, why interstitial iron

levels sometimes increase in spite of apparent supersaturation, and why the decays in

interstitial iron at 500 °C is slower than at 400 °C. Surface passivation does influence the

low-temperature gettering behaviour, but not in a straightforward way. Whilst it is

tempting to state hydrogenation from SiNx is responsible for any differences, there no

direct evidence for this. SIMS data in this work and the recent study of Liu et al. [160]

show that iron is highly soluble in PECVD SiNx and given the slow decays in this work
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(and those of Krain et al. [36]) external gettering of interstitial iron at low temperatures

is a very important consideration. There are however differences between the two

passivation schemes (such as why the lifetime in high lifetime middle samples is more

stable with SiNx than with I-E) that external gettering of interstitial iron cannot easily

explain. Possible hydrogenation from PECVD SiNx at low temperatures (≤ 500 °C) is an 

important topic needs further experimentation.

Based on the results presented in Chapter 5 and Chapter 6, it can be concluded that

gettering of metallic impurities in low-temperature annealing is not straightforward and

could be occurred by multiple mechanisms simultaneously. The following mechanisms

must be understood to explain low-temperature gettering in mc-Si:

(i) Internal gettering, whereby impurities diffuse to sites in the material (e.g. grain

boundaries, precipitates or dislocations). The interstitial iron concentration maps in

Figure 6.9 and Figure 6.10 shows that iron concentration decreases in the bulk grain

regions and increases in grain boundaries and defective regions upon annealing.

The kinetics strongly depends on as-received states including concentration of

metallic impurities, grain size, dislocations density distribution as the samples from

different height positions exhibit different behaviour under the same passivation

and thermal treatment (Figure 6.7 and 6.8).

(ii) Defect reconfiguration, whereby defects change state without long range transport.

This could include the transformation of one point-like defect to another. In this

study, in many cases, interstitial iron concentration decreases substantially upon

low-temperature annealing. It is not certain that how interstitial iron transformed

into another type defects.

(iii) External gettering of impurities, whereby impurities diffuse to a layer at the surface

(e.g. SiNx) or the surface itself. The SIMS results show that SiNx could contain

higher iron concentration which could be a driving force for segregation of bulk

iron concentration in low-temperature annealing. The source of iron in the SiNx

films needs further experimentation.

(iv) Bulk passivation of defects, whereby a species such as hydrogen could diffuse into

the bulk materials and changes the recombination activity of defects. Although

silicon nitride is well known for having a large number of hydrogen but in this

study, no direct evidence of bulk hydrogenation is presented.

(v) Changes in the surface recombination velocity, whereby the properties of the
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interface between silicon and the passivating layer/ substance occur. As presented

in Figure 6.2 there is a difference in surface recombination velocity in between I-E

and SiNx passivation schemes. Furthermore, samples with I-E passivation were

cleaned prior to every annealing step and re-passivated with a fresh solution in

every characterisation step and it is, therefore, surface recombination velocity is

assumed to be unchanged. On the other hand, SiNx passivation was kept on during

annealing processes. The surface passivation might degrade in annealing and makes

the lifetime analysis further complicated.

(vi) Contamination from outside of the sample, whereby impurities undesirably enter

the material in an uncontrolled manner. Although a controlled experiment

(discussed in Chapter 5) shows no iron contamination in a Cz single crystal silicon

sample in the absence of a dielectric layer. However, the possibility of

contamination cannot be ruled out. As the SiNx passivated samples were annealed

with the presence of SiNx passivation which may act as a barrier for iron diffusion

from outside.

Importantly several of the above mechanisms are highly dependent on the specific

properties of the mc-Si wafer processed. Lifetime in all as-received mc-Si sample types

studied can be improved under the right conditions. However, just as is the case with

higher temperature phosphorus diffusion gettering [201] to maximise the benefit the

temperature and time should be tailored to the wafer type processed.

6.5. Conclusion

A comprehensive study into the effects of two different passivation types on low-

temperature annealing (≤ 500 °C) on minority carrier lifetime and interstitial iron 

concentration in as-received mc-Si wafers is discussed. Samples are from different height

positions are considered, which influences microstructure and initial properties, and have

used two different passivation schemes (I-E and SiNx). Under certain conditions,

substantial lifetime improvements have been demonstrated in all sample types studied

using either passivation scheme. With the more cell-relevant SiNx passivation scheme

annealing relatively poor bottom samples at 500 °C for 60 h can improve lifetime from

7.2 µs to 27.5 µs. Annealing at 400 °C for 25 h can improve lifetime in middle samples

from 113 µs to 171 µs and in top samples from 16.5 µs to 23.3 µs.



164

The effect of low-temperature annealing on both lifetime and interstitial iron is

complex and depends on passivation type. Starting lifetimes and interstitial iron

concentrations depend on the choice of passivation scheme, as does the subsequent

behaviour with low-temperature annealing. Substantial lifetime reductions observed after

short anneal when measured with I-E passivation are not found in the SiNx case, so it

appears that SiNx offers more lifetime stability. The possibility that this is due to bulk

passivation (perhaps by hydrogen) is not excluded in this study. Importantly, this study

shows, for the first time, that substantial concentrations of iron exist in the SiNx film after

low-temperature annealing. It is, therefore, can be suggested that gettering of interstitial

iron (and probably other impurities) to the SiNx film is an important consideration which

has usually been overlooked in previous studies. The effect of low-temperature annealing

on samples already subjected to phosphorus diffusion gettering is discussed in the next

Chapter.
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Chapter 7 Combining low-

temperature gettering with

phosphorus diffusion gettering

7.1. Introduction

In this thesis, low-temperature gettering (≤ 500 °C) in as-received multicrystalline 

silicon samples using iodine-ethanol and silicon nitride passivation is discussed in

Chapter 5 and Chapter 6, respectively. In Chapter 5, it has been shown that low-

temperature annealing in the absence of a dielectric film on the surfaces can improve

lifetime in relatively poor mc-Si wafers by redistribution of impurities [53]. It is also

found the lifetime improvement strongly depends on wafer microstructure. The results

presented in Chapter 6 show that the passivation method could play a vital role in the

change of bulk lifetime and interstitial iron concentration during low-temperature

annealing. However, the standard silicon photovoltaic cell fabrication process involves a

series of high and low thermal annealing steps [213] which could affect the distribution

of impurities. It is therefore important to investigate the effects of low-temperature

annealing at different stages in the cell process, particularly after emitter formation.

High temperature external gettering technique by phosphorus diffused layers is well

established in PV industry and is able to reduce interstitial iron concentration by more

than 99 % [39, 40, 45, 46, 129, 131, 214]. It is important to investigate whether low-

temperature gettering can improve lifetime in mc-Si after the phosphorus diffusion step

used to form the emitter. A very limited amount of research has been performed into low-

temperature gettering in combination with external gettering [51, 215]. Schön et al.
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reported that low-temperature annealing at 550 °C after phosphorus diffusion gettetering

can reduce interstitial iron concentration by one order of magnitude further [215]. They

do not however investigate samples from different parts of ingot, most importantly in

bottom ‘red zone’ material. Furthermore, it is possible their work was influenced by bulk

hydrogenation from the silicon nitride films used [137]. Rinio et al. studied partially-

processed cells and concluded that external gettering to the emitter was responsible for

most of the improvement observed [51]. As their study also used silicon nitride

passivation, the results could have affected by bulk hydrogenation [54, 137, 138]. Most

recently, Liu et al. have studied external gettering of interstitial iron to silicon nitride

dielectric films upon thermal annealing of single crystal samples. They report a high and

uniformly distributed iron concentration (> 1016 cm-3) in the silicon nitride films upon

annealing at 700 °C compared to the bulk materials (1012 − 1013 cm-3) [160]. In summary,

whilst low-temperature annealing can improve lifetime after phosphorus diffusion

gettering, detailed understanding of its effect without bulk hydrogenation effect in

currently lacking. Furthermore, it is not known how different parts of the ingot respond

to low-temperature annealing after the standard phosphorus diffusion gettering process.

In this Chapter, a study which aims to investigate the effect of low-temperature

internal gettering after a standard phosphorus diffusion process for samples from

different height positions in the mc-Si ingot. In the first set of experiments, sister samples

were subjected to an industrial standard phosphorus diffusion gettering process at 840 °C

and annealed later at 300 °C, 400 °C and 500 °C. Temporary iodine-ethanol (I-E)

passivation was used for lifetime characterisation. In the second set of experiment,

external gettering of interstitial iron to the phosphorus diffused emitter layer was

investigated upon low-temperature annealing at 400 °C for samples from adjacent

locations to samples in the first experiment. In the final set of experiments, the effects of

low-temperature annealing at 400 °C prior to and after the PDG process were investigated

for the bottom samples with I-E and SiNx passivation. Bulk and spatial distribution of

lifetime and interstitial iron concentration are measured at every annealing step and the

results are compared and discussed.
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7.2. Experimental methods

In this Chapter, three different set of experiments were performed into the effect of

low-temperature annealing in a combination of PDG process. A summary of these

experiments is shown in Figure 7.1.

Figure 7.1. Summary of the experiments performed in this Chapter. Details of each

individual experiment are presented in Figures 7.2, 7.3 and 7.4.

7.2.1. Experiment A: Low-temperature annealing after PDG

This experiment was performed to investigate whether low-temperature annealing

after a standard PDG process can improve bulk lifetime. As-received multicrystalline

samples (39 mm  39 mm) from adjacent locations to the samples in Chapter 5 and

Chapter 6. The samples selection process is illustrated in Figure 3.2 in Chapter 3.

Resistivities were in the range of 4.7 Ω cm to 7.2 Ω cm. 

Sister samples from every height position were first chemically polished with a planar

etch solution to remove saw damage, as described in Section 3.5.2 in Chapter 3. Samples

were then cleaned using HCl and HF and subjected to the industrial standard phosphorus

diffusion process in a tube furnace using POCl3 at 840 °C for 44 min at Universität

Konstanz in Germany. The average sheet resistivity is ~ 55 Ω/sq., measured using a four-

point-probe resistivity meter at Warwick. A thickness of ~ 5 µm was removed from both

sides using a chemical solution at Warwick as described in Section 3.5.2.3 in Chapter 3.

This removed the emitter layer from both sides of the samples. Note that samples were

carefully agitated to avoid etch pit formation. Samples were then annealed at 300 °C, 400
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°C and 500 °C at Warwick under nitrogen ambient. Note that at a particular temperature,

samples from all the height positions were subjected to an identical thermal and cooling

treatments, as annealing and removal were performed simultaneously.

Samples from every height position were passivated with a liquid iodine-ethanol (I-E)

solution using the method described in Section 3.6.1 in Chapter 3. Lifetimes were

measured at room temperature using quasi-steady state photoconductance (QSS-PC) with

a Sinton WCT-120 lifetime tester at an injection level of 1  1015 cm-3. The spatial

distribution of lifetime was measured with iron in the FeB and Fei state using a BT

Imaging LIS-L1 PL imaging tool at every annealing step. The bulk interstitial iron

concentration estimated at an injection level of 1  1015 cm-3 at every annealing step.

Detail of characterisation processes is described in Section 3.8 and Section 3.9 in Chapter

3. In the lifetime images, a lower injection was used compared to the injection level (1 ×

1015 cm-3) used in the bulk lifetime measurement to avoid unwanted dissociation of FeB

pairs during measurement in the PL imaging tool. A summary of the process sequence is

presented in Figure 7.2.

Figure 7.2. Processing and characterisation sequence of low-temperature gettering in

multicrystalline silicon material after performing the standard phosphorus diffusion

gettering (Experiment A).
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7.2.2. Experiment B: Effect of phosphorus diffused emitter in low-

temperature gettering

This experiment aims to investigate the role of phosphorus diffused emitter in low-

temperature annealing for samples from all the four height positions in the ingot. It is to

assess whether any improvements due to low-temperature annealing after emitter

formation occur via external gettering to the emitter or via internal gettering. Two sister

samples (from an adjacent location of the samples used in Experiment A) from every

height position were subjected to the same industrial standard PDG process. In the first

set of samples (one sample from every height position), emitter layers were removed prior

to thermal annealing. In the second set of samples (sister sample of the first set), emitter

layers were retained during annealing steps. Samples from both sets were subjected to the

same thermal treatment at 400 °C for 50 h of cumulative time. After the final annealing

step, emitter layers were removed from the second set of samples. Samples were

characterised with liquid I-E solution (Section 3.6.1 in Chapter 3). The key processing

and characterisation steps used in this study are summarised in Figure 7.3.

7.2.3. Experiment C: Low temperature gettering in bottom wafers

after PDG

Experiment C aims to answer following key questions:

1. Can low-temperature annealing improve bulk lifetime in as-received bottom mc-Si

sample, as presented in Chapter 5?

2. Is any lifetime improvement (in the first aim) retained after the PDG process?

3. Does PECVD silicon nitride passivation affect bulk lifetime in post-PDG annealing

compared to I-E passivation?

Three sister bottom samples (39 mm × 39 mm) were sourced from an adjacent location

of the bottom samples used in Experiment A and Experiment B. As-received samples

were chemically polished to remove saw damage. The samples were initially

characterised using I-E passivation and followed by an RCA cleaning. The first as-

received sample was then subjected to an annealing at 400 °C for 25 h of cumulative time.
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All the three samples were then subjected to the industrial standard PDG process used in

Experiment A. Emitter layers were removed from all the three samples using a chemical

solution. The third sample was passivated with silicon nitride (SiNx) at 375 °C at ISFH,

as described in Section 3.6.2. Samples were then annealed at 400 °C for 50 h of

cumulative time. Note that silicon nitride passivation was retained on the surfaces of the

third sample during thermal annealing steps. QSS-PC bulk lifetime, interstitial iron

concentration, lifetime images were achieved at every annealing step with I-E passivation

for the first two samples and with silicon nitride passivation for the third sample. A

summary of the key process steps is given in Figure 7.4.

Figure 7.3. The processing and characterisation sequence into the effects of phosphorus

diffused emitter layers in low-temperature gettering after the standard PDG process

(Experiment B).
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Figure 7.4. Processing and characterisation sequence of low-temperature gettering for the

bottom samples after the phosphorus diffusion gettering (PDG) (Experiment C).
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7.3. Results

7.3.1. Experiment A: Lifetime changes in post-PDG low-

temperature annealing

Figure 7.5 shows the changes in an average bulk lifetime with iron in the FeB state as

a function of cumulative time period upon annealing at 300 °C, 400 °C and 500 °C

temperatures. Lifetime values are assumed to be accurate to  4.3% [177]. Bulk lifetimes

in the as-received states vary widely with the ingot height position as expected from

Chapter 4. The samples from the bottom part of the ingot show the lowest average lifetime

(6 µs). The bottom middle and top middle samples have relatively high average lifetime

68 µs and 36 µs, respectively. The top samples have fairly high average lifetime 11.3 µs

compared to the bottom samples. The result shows that the bulk lifetime increases

substantially by the PDG process in samples from every height position. The lifetime

values after the PDG process are presented by the dashed line plotted on every graph. The

most remarkable improvement is observed in the bottom samples where the average

lifetime increases to ~60 µs.

After the PDG process lifetime both increases and decreases as a consequence of low-

temperature annealing. Lifetime improves in the bottom and top samples upon annealing

at 300 °C and 400 °C. The largest improvement is from 54 µs to 78 µs, observed in the

bottom sample upon annealing at 300 °C for 50 h of cumulative time. Annealing at 400

°C, lifetime improves by ~ 1.4 times compared to the post-PDG value. In the top samples,

lifetime improves by a factor of ~ 1.5 and ~ 1.4 upon annealing at 300 °C and 400 °C,

respectively. Annealing at 500 °C, lifetime decreases in both the bottom and top samples.

In the samples from the middle part of the ingot, lifetime improves slightly upon

annealing at 300 °C. With annealing at 400 °C and 500 °C, both the bottom middle and

top middle samples show a lot of scatter in data and do not have an ultimate improvement

after 50 h of cumulative time.

The spatial distribution of lifetime with iron in the FeB state at three key stages (as-

received, post-PDG and after the final annealing step) for the samples from top, top

middle, bottom middle and bottom samples are presented in Figures 7.6(a), 7.6(b), 7.7(a)

and 7.7(b), respectively. Different scales are maintained for samples from different height
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positions to show the changes in grain features as the lifetime after the PDG process varies

widely with ingot height position. In the bottom and top as-received samples, lifetime is

very low throughout the samples. Lifetime improves in the bulk grain regions after the

PDG process in all the samples. Lifetime improves further in the bulk grain regions in the

bottom and top samples upon annealing at 300 °C and 400 °C whereas annealing at 500

°C reduces lifetime compared to the post-PDG values. In the middle samples, lifetime

generally falls in the most of the bulk grain regions upon annealing at all three

temperatures investigated. These data are discussed in detail in Section 7.4.1 and Section

7.4.2.

7.3.2. Experiment A: Interstitial iron concentration in low-

temperature annealing after PDG

The bulk interstitial iron concentration was measured for every sample at every

annealing step and presented as a function of cumulative annealing time in Figure 7.8.

The as-received bottom samples have the highest average interstitial iron concentration 3

× 1012 cm-3. Samples from the centre parts of the ingot have one order of magnitude low

interstitial iron concentration (~ 3 × 1011 cm-3) compared to the bottom samples. This

distribution is similar to those wafers used in Chapter 5 and Chapter 6. After phosphorus

diffusion gettering, the interstitial iron concentrations decrease by more than one order of

magnitude in most of the samples. The iron concentrations after the PDG are represented

by dashed lines in every graph. The largest reduction is observed in the bottom samples

which is ~ 5 orders of magnitude compared to the as-received values. Low-temperature

annealing after the PDG process does not reduce interstitial iron concentration further in

any case. In the top samples, interstitial iron concentrations slightly increase upon

annealing at 400 °C and 500 °C. These data are discussed later is Section 7.4.1 and Section

7.4.2.
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Figure 7.5. Effective minority carrier lifetime with iron in the FeB state measured at an

injection level of 1  1015 cm-3 for samples from the top (T), top middle (MT), bottom

middle (MB) and bottom (B) of the mc-Si ingot. As-received (AR) sister samples were

processed with standard phosphorus diffusion gettering (PDG) process and emitter layers

were removed prior to annealing at 300 °C, 400 °C and 500 °C for the cumulative

annealing time shown. The dashed lines represent the lifetime values after PDG.
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Figure 7.6. Spatial distribution of minority carrier lifetime with iron in the FeB state for

sister samples (39 mm × 39 mm) from the (a) top and (b) top middle part of the ingot at

as-received (AR), after phosphorus diffusion gettering (PDG) and after subsequent

annealing at 300 °C, 400 °C and 500 °C for 50 h of cumulative time. The injection level

is lower than the one used in bulk lifetime in Figure 7.5.
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Figure 7.7. Spatial distribution of minority carrier lifetime with iron in the FeB state for

sister samples (39 mm × 39 mm) from the (a) bottom middle and (b) bottom part of the

ingot at as-received (AR), after phosphorus diffusion gettering (PDG) and after

subsequent annealing at 300 °C, 400 °C and 500 °C for 50 h of cumulative time. The

injection level is lower than the one used in bulk lifetime in Figure 7.5.
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Figure 7.8. Interstitial iron concentration ([Fei]) from QSS-PC measurement at an

injection level of 1  1015 cm-3 for samples from the top (T), top middle (MT), bottom

middle (MB) and bottom (B) of the mc-Si ingot. Sister samples were subjected to

phosphorus diffusion gettering and emitter layers were removed before annealing at 300

°C, 400 °C and 500 °C for the cumulative annealing time plotted. The dashed lines

represent the values after PDG.
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7.3.3. Experiment B: Lifetime and interstitial iron in low-

temperature gettering

Figure 7.9 shows the changes in the bulk lifetime and bulk interstitial iron

concentration for the samples from four different height positions (T, MT, MB and B)

annealed with and without emitter layer at 400 °C. The distribution of as-received lifetime

and interstitial iron concentration are similar to those samples used in Experiment A, as

shown in Figure 7.5 and Figure 7.8, respectively. The average as-received lifetime is

lowest in the bottom samples (~ 5 µs) and the largest in the middle samples. Phosphorus

diffusion gettering process improves lifetime substantially, represented by dashed lines

in every graph. In the bottom and top samples, PDG process improves lifetime by ~10

times and ~ 2 times, respectively compared to the as-received values. For annealing at

400 °C, there is a lot of scatter in data for the bottom sample (annealed without emitter)

but lifetime ultimately improves marginally from 39 µs to 44 µs after 50 h of cumulative

time. In the middle sample (annealed without emitter), the result also shows a lot of scatter

and it not clear whether substantial stable lifetime improvements are ever realised upon

annealing after the PDG process. The samples annealed with emitter layer show both the

increase and decrease in lifetime. In the bottom sample, annealing with emitter layers

does not show a significant difference compared to the sample annealed without emitter.

In the bottom middle and top samples, lifetimes improve marginally upon annealing with

emitter layers.

As-received bulk interstitial iron (in Figure 7.9) is the highest (4.7 × 1012 cm-3) in the

bottom samples and the lowest (~ 3 × 1011 cm-3) in samples at the centre parts of the ingot.

After the PDG process, the interstitial iron concentration decreases substantially in all

cases, particularly in the bottom samples where it reduces by ~ 3 order of magnitude

compared to the as-received value. Interstitial iron concentration both increases and

decreases in samples (without emitter layer) upon annealing at 400 °C for 50 h. There is

a lot of scatter in data for sample from every height position. In the bottom sample

(annealed without emitter layer), the interstitial iron concentration decreases from 1.6 ×

1011 cm-3 to 6 × 1010 cm-3 after 50 of cumulative time. The interstitial iron concentration

remains unchanged in the middle samples whereas it increases slightly in the top samples

upon annealing at 400 °C for 50 h. In samples (with emitter layer), interstitial iron
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concentration generally decreases marginally upon annealing compared to the PDG

values. These data are discussed in detail in Section 7.4.3.

Figure 7.9. Effect of phosphorus diffused emitter on lifetime (with iron in the FeB state)

(first column) and interstitial iron concentration (second column) in low-temperature

gettering. Two as-received (AR) sister samples from the top (T), top middle (MT), bottom

middle (MB) and bottom (B) of the mc-Si ingot were subjected to phosphorus diffusion

gettering (PDG) process. Set I and II samples were annealed at 400 °C for the cumulative

annealing period shown without and with the emitter, respectively. The dashed lines

represent the values after PDG.
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7.3.4. Experiment C: Lifetime and interstitial iron changes in prior

to and post-PDG annealing

Figure 7.10 shows the changes in the bulk lifetime and interstitial iron concentration

in the bottom samples with iodine-ethanol and silicon nitride passivation upon annealing

as a function of cumulative annealing time. The average as-received lifetime is 6  2 µs

in all three sister samples. In the first sample, as-received lifetime increase from 5.1 µs to

26.1 µs upon annealing at 400 °C for 25 h prior to the PDG process. PDG process

improves lifetime substantially in all three samples compared to the as-received values.

In the first and second samples, lifetime improves to 82 µs and 68 µs, respectively after

the PDG process with I-E passivation. In the third sample, measured lifetime after PDG

process is 201 µs with silicon nitride passivation. Note that, the second and third samples

were not annealed prior to the PDG process. The lifetime values after PDG are

represented by the dashed lines plotted on every graph. The effect of annealing at 400 °C

on lifetime is complex. Note that silicon nitride passivation was retained on the third

sample during annealing. There is a lot of scatter in the data and do not show an ultimate

improvement in lifetime upon annealing in all the three samples.

The average as-received interstitial iron concentration is ~ 3 × 1012 cm-3 in all the three

bottom samples with I-E passivation. In the first sample, the interstitial iron concentration

decreases by ~1 order to magnitude compared to the as-received value upon annealing at

400 °C for 25 h prior to the PDG process. PDG process decreases bulk interstitial iron

concentration further to 2.8 × 1010 cm-3, 1.4 × 1011 cm-3 and 4.3 × 109 cm-3 in the first,

second and third sample, respectively. The bulk interstitial iron concentrations are

measured in the first and second samples with iodine-ethanol passivation and in the third

sample with silicon nitride passivation. The effect of low-temperature annealing gives a

lot of scatter in data points in all the three samples. There is no ultimate reduction in

interstitial iron concentration upon annealing in all three cases. These data are discussed

in detail in Section 7.4.4.

Figure 7.11 shows the spatial distribution of lifetime images at the key stages for all

three samples. The scale is maintained in the first two samples which is different from the

scale in the third sample as the lifetime values after the PDG process vary widely. In the

as-received states, lifetime is very low throughout the samples. In the first sample,
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lifetime increases in most of the bulk grain regions upon annealing at 400 °C for 25 h

prior to the PDG process. After PDG process in all three samples, lifetime increases in

most the bulk grain regions and becomes worse in the grain boundaries. In the third

sample (with silicon nitride passivation), most of the bulk grain regions have lifetime

˃150 µs where it is ≤ 100 µs for the first and second samples. In post-PDG annealing at

400 °C for 50 h of cumulative time, lifetime appears as increases in some bulk grain

regions and decreases or remain unchanged in most the bulk grain regions. These data are

discussed in detail later in Section 7.4.4.

Figure 7.10. A comparison of bulk lifetime and interstitial iron concentration in low-

temperature annealing before and after phosphorus diffusion gettering for the bottom

samples. The first and second samples were passivated with I-E passivation and the third

sample with silicon nitride. The first sample (left column) was annealed at 400 °C for 25

h prior to the PDG. All three samples were annealed at 400 °C for the cumulative

annealing time shown. The dashed lines represent the values after PDG process.



182

Figure 7.11. Spatial distribution of minority carrier lifetime with iron in the FeB state for

three sister bottom samples (39 mm × 39 mm) at different key process stages such as as-

received (AR), after low-temperature gettering at 400 °C for 25 h (LTG) prior to

phosphorus diffusion gettering (PDG), after PDG and low-temperature annealing at 400

°C for 50 h. The first two samples (a) and (b) are passivated with I-E throughout the

process. The third sample (c) is passivated with an I-E solution in the as-received state

and with PECVD SiNx after the PDG process.

7.3.5. Correlation of lifetime and interstitial iron changes in

Experiment A

The correlation between lifetime changes and interstitial iron concentration changes is

analysed to check whether the interstitial iron concentration is responsible for lifetime

changes or not. The change in normalised recombination rate and normalised change in

iron concentration with respect to the value after the PDG process was calculated

according to:
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where A is a proportionality function. Figure 7.12 shows plots for the samples (in Figure

7.5 and Figure 7.8) from the different height positions in accordance with Equation 7.1.

The diagonal dashed lines represent a 1:1 relationship between normalised recombination

rate changes and normalised bulk interstitial iron concentration changes. Annealing at

300 °C, 400 °C, the samples from the centre part of the ingot show some relationship.

The relationships are particularly very poor in samples from all four height positions upon

annealing at 500 °C.

Figure 7.12. Change in recombination rate normalised by recombination rate after PDG

versus change in bulk interstitial iron concentration normalised by bulk iron concentration

after PDG for samples from the top (T), top middle (MT), bottom middle (MB) and

bottom (B) of the mc-Si ingot. The dashed lines represent a 1:1 relationship.
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7.4. Discussion

7.4.1. Lifetime and interstitial iron changes in PDG process

In experiment A and B, as-received samples were initially characterised with an I-E

passivation then subjected to a standard PDG process. The distribution of bulk lifetime

(Figures 7.5 and 7.9) and bulk interstitial iron concentration (Figures 7.8 and 7.9) in the

as-received samples are consistent with the distribution found in Section 4.2.1 and Section

4.3.1 in Chapter 4. Lifetime is lowest in the bottom samples and highest in the middle

samples. Interstitial iron concentration is highest in the bottom of the ingot, fairly high at

the top of the ingot, and relatively low at the middle of the ingot.

Figures 7.5, 7.8 and 7.9 show that the PDG process improves the bulk lifetimes and

reduces interstitial iron concentration substantially in samples from all four height

positions in the ingot. The most remarkable improvement is observed in the bottom

sample which is ~10 times higher compared to the as-received value. In the bottom

middle, top middle and top samples, PDG process improves lifetime by ~ 2 times, ~ 1.5

times and ~ 2 times compared the as-received values, respectively. It is important to note

that emitter layers were removed from the surfaces to measure bulk lifetime. As I-E

passivation was used, these results do not have an additional effect (e.g. bulk

hydrogenation) from the surface passivation. The bulk iron concentration decreases

substantially by the PDG process in all cases, particularly in the samples from the bottom

part of the ingot. In the best case, interstitial iron concentration is decreased by ~5 orders

of magnitude compared to the as-received value in the bottom sample which is consistent

with the findings reported in Phang and Macdonald [131]. The top samples show a

relatively low reduction in interstitial iron concentration upon the PDG process compared

to the bottom samples. One possible reason is the relatively low dislocation density in the

bottom samples compared to the top samples, as discussed in Chapter 4. The spatial

distribution of lifetime after the PDG process (presented in Figure 7.6 and 7.7) shows that

lifetime improves in most of the bulk grain regions, which is similar to the findings in

Bentzen et al. [35]. Grain boundaries become more visible after PDG process which

indicates gettering of impurities during PDG process and thus increases in detectable

recombination contrast. The middle samples (in Figure 7.6(b) and 7.7(a)) used for
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annealing at 500 °C show no improvement upon the PDG process compared to their sister

samples. This discrepancy could be a result of a deviation in the standard PDG process.

7.4.2. Lifetime and interstitial iron at post-PDG low-temperature

annealing (Experiment A)

Figure 7.5 shows the changes in the average lifetime by annealing at all temperatures

investigated for samples from all four height positions in absence of emitter layers.

Samples are annealed without surface passivation and re-passivated with a freshly made

iodine-ethanol solution at every annealing step. Therefore, the changes in the bulk

lifetime is a result of thermal effect only and bulk hydrogenation is not involved. Low-

temperature annealing on samples after PDG affects lifetime, with both increases and

decreases are observed. The bottom and top samples show a similar behaviour where

lifetime is improved upon annealing at 300 °C and 400 °C. The largest improvement is

in the bottom sample at 300 °C when 50 h of cumulative annealing increases the lifetime

from 54 µs to 78 µs. Annealing at 400 °C, the lifetime improves from 56 µs to 76 µs in

the bottom sample. In the top samples, lifetime improves by ~ 1.5 and ~ 1.4 times

compared to the post-PDG values. The improvement is not consistent with annealing

temperature and time. It can, therefore, be concluded that lifetime improvement is not due

to temperature dependent diffusion of metallic impurities to the crystallographic defects.

Annealing at 500 °C, lifetime decreases in both the top and bottom samples in primary

annealing steps and does not show an overall improvement after the final annealing step.

The bottom middle and top middle samples show a different behaviour compared to the

bottom and top samples. The data points are scattered in both the cases and show a

complex relationship. Lifetime decreases abruptly upon the primary annealing steps at all

three annealing temperatures. It is interesting to note that the lifetime improves in the top

middle samples upon primary annealing at all three temperatures and starts decreasing

upon further annealing steps. Annealing in the bottom middle samples does not show an

ultimate improvement upon annealing at all temperatures investigated.

Figure 7.8 shows an ultimate change in the average interstitial iron concentration in

the samples from all the height positions. Note that there is a small change in lifetime

before and after dissociation of FeB pairs and it is almost constant over annealing time

period. Although there is some scatter in the data, no decay in interstitial iron
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concentration is observed in any case compared to the post-PDG values. Surprisingly, in

the top samples, interstitial iron concentration increases slightly upon primary annealing

steps at 400 °C and 500 °C and remains unchanged upon further annealing. Whilst low-

temperature annealing reduces iron concentration for as-received samples (as discussed

in Chapter 5 and Chapter 6), the effect of low-temperature annealing after the PDG

process is likely to be less effective in reducing interstitial iron concentration further.

Note that the bulk interstitial iron concentrations after the PDG process are generally

lower compared to the concentrations found after the final annealing step in Chapter 5

and Chapter 6. Interstitial iron concentration increases in some cases upon annealing after

the PDG could be attributed to release of interstitial iron from the grain boundaries. This

result is contrary to those found in Schön et al. [215] which reported a reduction in

interstitial iron by more than one order of magnitude reduction in post-PDG low-

temperature annealing with silicon nitride passivation. This discrepancy could be

attributed to silicon nitride passivation dielectric layer as it stongly affects interstitial iron

concentration, as discussed in Chapter 6 and in Ref. [54]. A comparative study between

iodine-ethanol and silicon nitride passivations in low-temperature gettering after PDG

process is discussed in Section 7.4.4. The effects of low-temperature annealing in the top

middle and bottom middle samples are similar. There is no reduction in interstitial iron

concentration in any cases compared to the post-PDG values. Perhaps surprisingly,

interstitial iron concentration increases slightly upon annealing at 300 °C in the top

middle sample.

Spatially resolved lifetime images were acquired at each processing step for every

sample. The changes spatial distribution of lifetime at three key stages (as-received, after

phosphorus diffusion gettering and after subsequent annealing for 50 h) in the top and

bottom samples upon annealing at all three temperatures are shown in Figure 7.6(a) and

Figure 7.7(b), respectively. Lifetime is initially low in the bulk grain regions and very

low at certain grain boundaries in samples from both the positions. Lifetime increases in

certain bulk grain regions after the PDG process. It is important to note that recombination

contrast at most of the grain boundaries apparently become more visible after the PDG

process which indicates that a certain level of internal gettering also occurs during the

PDG process. In post-PDG annealing, the average lifetime is high in most of the bulk

grain regions for the bottom samples annealed at 300 °C and 400 °C whereas in the top

samples few bulk grain regions show high average lifetime time. This could be attributed
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to high dislocation density in samples from the top part of the ingot compared to the

bottom part of the ingot, as presented and discussed in Chapter 4. Annealing at 500 °C

does not show a substantial reduction in lifetime in most of the bulk grain regions in both

sample types. It is likely that annealing at 500 °C has caused an injection of impurities in

some bulk grain regions. The spatial distribution of lifetime for the top middle and bottom

middle samples are shown in Figure 7.6(b) and Figure 7.7(a), respectively. Lifetime after

PDG process is high in most of the bulk grain regions in the bottom middle samples and

in some bulk grain regions in the top middle samples. The average lifetime after the last

annealing step is decreased marginally in most of the bulk grain regions. The defective

regions do not show any improvement in lifetime upon annealing at all three

temperatures.

Figure 7.12 shows the correlation between change in recombination rate (reciprocal

lifetime) normalised by post-PDG value and change in interstitial iron concentration

normalised by post-PDG value. At all temperatures investigated, lifetime improvements

do not correlate with changes in interstitial iron in samples from all the height positions.

This means lifetime improvement in the bottom and top samples upon annealing at 300

°C and 400 °C cannot be explained by changes in interstitial iron concentration. This

indicates that defects other than interstitial iron are gettering at low-temperature

annealing. In annealing at 500 °C, lifetime degrades compared to the PDG value whereas

interstitial iron concentration remains unchanged in samples from all the height position

investigated. This indicates an increase in recombination activity due to other defects than

interstitial iron upon annealing at 500 °C.

7.4.3. Effect of emitter in post-PDG low-temperature annealing

(Experiment B)

Figure 7.9 shows the effective lifetime and interstitial iron concentration in two sister

samples subjected to post-PDG low-temperature gettering at 400 °C. In the first set of

samples, the emitters were removed prior to annealing whereas they were retained for

annealing in the sister samples. As the samples from every height position have an

identical microstructure and were subjected to the same thermal treatment, any difference

in lifetime and interstitial iron concentration could be attributed to the presence of emitter

layer during thermal annealing. The result shows that effects of emitter layers on the bulk
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lifetime and interstitial iron concentration is not straightforward. In the bottom samples,

the effect of the emitter on lifetime improvement and interstitial iron concentration

reduction is marginal at 400 °C for 50 h of cumulative annealing. The middle samples

show both increases and decreases in lifetime in samples annealed with emitter compared

to the samples annealed without the emitter. The top samples show different behaviour

compared to bottom samples. Lifetime decreases slightly and interstitial iron

concentration increases upon annealing in samples without emitter whereas no significant

change is observed in sample annealed with the emitter. These findings indicate that the

presence of phosphorus diffused emitter during low-temperature annealing has a very

poor perhaps no effect in improving lifetime and reducing interstitial iron concentration.

This result is contrary to those found by Rinio et al. [51] which concluded external

gettering to the emitter was more likely to be responsible for lifetime improvement than

internal gettering. This discrepancy could be a result of using different passivation

schemes as their work used silicon nitride passivation and having different

microstructures.

7.4.4. Effect of pre-PDG annealing and passivation in post-PDG low-

temperature gettering (Experiment C)

The effects of low-temperature annealing and effects of two different passivation

schemes (I-E and SiNx) at annealing for as-received samples are discussed in Chapter 5

and Chapter 6. Figure 7.10 shows the changes in lifetime and interstitial iron

concentration upon annealing at 400 °C prior to PDG and post-PDG process for the

bottom samples using I-E and SiNx passivations. The result in this study (Figure 7.10 and

Figure 7.11) focuses on the following investigations:

(i) Repeatability in lifetime improvement and interstitial iron concentration reduction

for the as-received bottom samples upon annealing at the best condition (400 °C)

found in Chapter 5.

(ii) Effects of the standard PDG process on the bulk lifetime and interstitial iron

concentration and to find whether low-temperature annealing prior to PDG process

can improve lifetime further in the PDG process.
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(iii) Effects of silicon nitride passivation on the bulk lifetime and interstitial iron

concentration after the PDG process and in the subsequent low-temperature

annealing at 400 °C compared to the I-E passivation.

The as-received lifetime and interstitial iron concentration with the I-E passivation are

6 µs and 3.12 × 1012 cm-3, respectively. This is consistent with the distribution presented

in Chapter 4. The pre-PDG annealing at 400 °C in the first sample improves lifetime by

~ 5.1 times and reduces interstitial iron concentration by ~ 0.8 order of magnitude

compared to the as-received values, which is consistent with the findings discussed in

Chapter 5. Phosphorus diffusion gettering improves lifetimes and reduces interstitial iron

concentration substantially in all three samples. In the first sample, lifetime is found as

1.2 times higher and interstitial iron concentration is lower by ~ 0.5 order of magnitude

compared to the second sample after PDG process. As both the samples are passivated

with I-E passivation in lifetime measurement, the difference could be attributed to pre-

PDG low-temperature annealing applied in the first sample. This means applying low-

temperature annealing in as-received samples can improve further in PDG process.

It is discussed in Chapter 4 that silicon nitride passivation in the as-received samples

can give higher lifetime compared to I-E passivation. A substantial difference in lifetime

and interstitial iron concentration is also observed with I-E and SiNx passivation schemes

after PDG process. The lifetime in the third sample (with silicon nitride passivation) is

higher by 3 times and interstitial iron concentration is lower by ~ 3.3 order of magnitude

compared to the values in the second sample (with I-E passivation). As both the samples

(second and third) have an identical microstructure and are not subjected to any thermal

treatment prior to the PDG process, the discrepancy in lifetime after the PDG process is

a result of using different passivation schemes. It can, therefore, be suggested that SiNx

deposition process can passivate a high concentration of interstitial iron concentration.

This confirms the findings presented in Chapter 6 where possible effects of silicon nitride

passivation are discussed.

In post-PDG annealing at 400 °C, all the three samples show no further improvement

in lifetime compared to lifetime values after the PDG process. This is likely to be a

contrary to the results found in Experiment A. It is interesting to note that the lifetime in

the third sample decreases slightly which could partially be attributed to degradation in

SiNx passivation during low-temperature annealing. The result also indicates no
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hydrogenation effect occurs in low-temperature annealing after the PDG process. The

evolution of interstitial iron concentrations in post-PDG annealing at 400 °C shows a

fairly scattered behaviour in all the three samples. However, there is not an overall

reduction in interstitial iron concentration after the final annealing step in all the cases.

This finding is consistent with the results found in Experiment A (discussed in Section

7.4.2). However, it requires further investigation at what conditions lifetime can be

improved by a low-temperature annealing even after PDG process.

Figure 7.11 shows the evolution of the spatially resolved lifetime at four key stages.

In the as-grown samples, the lifetime is initially low in the bulks of the grains and very

low at certain grain boundaries. With the pre-PDG annealing, lifetime improves,

particularly in the bulks of the grains in the first sample. Lifetime improves substantially

in most of the bulk grain regions in all cases. In annealing, lifetime decreases in some

bulk grain in regions in the first and second samples whereas lifetime remains almost

unchanged in the third sample. A similar observation for as-received samples is discussed

in Chapter 6 where silicon nitride is likely to prevent the formation of the recombination

centres which form with I-E passivation.

7.5. Conclusion

A comprehensive study was performed on the effect of low-temperature annealing on

bulk lifetime and interstitial iron concentration in samples after the phosphorus diffusion

gettering process. In the first set of experiment, samples sourced from four different

positions are annealed at 300 °C to 500 °C using I-E passivation. Relatively poor samples

from the bottom and top part of the ingot show a lifetime improvement upon annealing at

300 °C and 400 °C. The largest improvement was achieved from 54 µs to 73 µs in the

bottom sample annealed at 300 °C for 50 h cumulative time. The samples from the middle

part of the ingot do not show an overall improvement in any case in post-PDG annealing.

There is no overall reduction in interstitial iron concentration and do not show a

correlation with lifetime improvement in all samples and temperature investigated. The

lack of correlation with interstitial iron shows that other defects can also play a role.

In the second set of experiment, external gettering of interstitial iron to phosphorus

diffused emitter layers for samples four different height positions are investigated upon
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annealing at 400 °C. The effect of phosphorus diffused layer is not straightforward as

lifetime was both increased and decreased. In relatively poor lifetime samples,

particularly in the bottom sample, the presence of emitter layer during annealing process

does not play a significant influence on the bulk lifetime improvement.

In the third set of experiments, the effect of low-temperature annealing in pre-PDG

and post-PDG was investigated in the bottom samples using both the iodine-ethanol and

silicon nitride passivation schemes. Lifetime is improved in the pre-diffusion annealing

process by a factor of 5.1 compared the as-received value. Lifetime and interstitial iron

concentration after phosphorus diffusion process strongly depend on the passivation

scheme used. The post-diffusion annealing process does not show an overall lifetime

improvement in both the passivation schemes.

In summary, the results demonstrate that PDG process improves lifetime substantially.

Post-diffusion low-temperature gettering has the potential to improve lifetime further

particularly in poor lifetime samples. Lifetime improvements do not correlate with

changes in interstitial iron, so gettering of another impurity is likely. Passivation scheme

might play a vital role in improving lifetime and in reducing interstitial iron concentration

even after the PDG process.
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Chapter 8 Conclusions

8.1. Introduction

In this thesis, a series of experiments was performed into the effect of low-temperature

(≤ 500 °C) annealing on multicrystalline silicon materials with the aim to improve bulk 

carrier lifetime. As-received samples were sourced from different height positions of a

commercially grown ingot. The effect of low-temperature annealing and the effect of

surface passivation schemes were investigated for as-received samples in Chapters 5 and

6, respectively. The effect of low-temperature annealing after performing standard

phosphorus diffusion gettering process was also investigated in Chapter 7. Samples from

every height position were characterised by bulk lifetime, interstitial iron concentration,

dislocation density mapping, spatially resolved lifetime imaging, interstitial iron

mapping. In the following sections, the key findings and suggestions for potential follow-

up work are presented.

8.2. Summary

8.2.1. Distribution of properties in as-received multicrystalline

silicon ingot

Results presented in Chapter 4 focus on the distribution of average bulk minority

carrier lifetime and bulk interstitial iron concentration for multicrystalline wafers sourced

from four different height positions (top (T), top middle (MT), bottom middle (MB) and

bottom(B)) of an edge block from a commercially-grown boron doped ingot. It is found

that the average as-received lifetime varies widely with ingot height position. The average
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lifetime is lowest at the bottom (~ 5 µs) and top wafers (~12 µs) with iodine-ethanol

passivation scheme. With the same I-E passivation, in the top middle and bottom middle

samples, the average lifetimes are 28 µs and 44 µs, respectively. The lifetime distribution

observed in this Chapter is consistent with previous studies [161, 193]. Sister samples at

every height position show the same characteristics. The results show that surface

passivation schemes affect the starting lifetime measurement substantially. The silicon

nitride passivation scheme shows higher average bulk lifetime and lowers iron

concentration compared to the I-E passivation scheme in samples from all the height

positions, with the difference more pronounced for the middle samples. The biggest

difference is observed in the bottom middle samples where the average bulk lifetime is

114.2 µs with silicon nitride passivation compared to 44.3 µs with I-E passivation

scheme. The results show that this is not due to a substantial difference in surface

recombination velocity. One possibility is that this is due to bulk hydrogenation from

silicon nitride films deposition method.

The interstitial iron concentration also varies widely with the ingot height position and

passivation scheme used. The highest average concentration found with I-E passivation

was in the bottom samples and was 3×1012 cm-3. The average concentrations in samples

of the centre part of the ingot are substantially lower (2×1011 cm-3) and fairly high in top

samples (1 × 1012 cm-3). The trend found in this work is consistent with other studies [16,

92, 194]. Silicon nitride passivation affects as-grown interstitial iron concentration in

compared to the I-E passivated samples. A substantial difference (more than one order of

magnitude) in interstitial iron concentration is found in samples from the centre part of

the ingot with silicon nitride passivation. This is possibly due to bulk passivation during

the silicon nitride treatment (perhaps by hydrogen). The average iron concentration in the

bottom and top samples are similar with both the passivation scheme.

The distribution of crystallographic defects such as grain boundaries and as-grown

dislocations are also discussed in Chapter 4. The top and top middle part have high

dislocation density compared to the bottom and bottom middle part of the ingot, which is

consistent with the findings in Ryningen et al. [66]. Although the bottom samples have a

relatively low density of dislocations, poor lifetime is found partially due to having a

relatively high interstitial iron concentration. Photoluminescence images for samples

from different height positions suggested that areas with higher dislocations density show
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very low PL signals. Twin boundaries are found in samples at every height position which

do not appear as recombination active in PL imaging.

8.2.2. Low-temperature gettering in as-grown samples

Results presented in Chapter 5 discuss the effects of low-temperature annealing (300

°C, 400 °C and 500 °C) in multicrystalline silicon wafers. The results show, for the first

time, that low-temperature annealing can dramatically improve the carrier lifetime in mc-

Si materials. A temporary iodine-ethanol passivation scheme was used at room

temperature prior to lifetime characterisation and removed afterwards to avoid any

complexity arising from the passivation scheme. Unlike previous studies [36, 48, 50, 51]

the results of this study are a representation of the effects of thermal annealing on lifetime

and interstitial iron concentration. Lifetime improves substantially in relatively poor

samples in all three annealing temperatures and it shows a correlation with the reduction

in interstitial iron concentration. The best result was achieved in the bottom sample upon

annealing at 400 °C for 35 h where lifetime improves from 5.5 µs to 38.7 µs. Like the

bottom sample, in the top sample, the best result was achieved from 12.1 µs to 23.8 µs

upon annealing at 400 °C. The lifetime improvement in the middle samples was found

marginal. Upon annealing at 400 °C and 500 °C, lifetime is decreased substantially in

primary annealing steps in both the bottom middle and top middle samples and followed

by a slow recovery.

The evolution in the bulk interstitial iron concentration is not straightforward and not

consistent with those findings in previous work by Krain et al. [36]. The decay in

interstitial iron concentration is not systematically dependent on annealing time and

temperature. The decay rate is not determined only by the diffusion of interstitial iron to

crystallographic defects. Bulk interstitial iron concentration is surprisingly increased in

primary annealing step in many cases particularly in the high lifetime samples from the

centre part of the ingot, despite the interstitial iron concentration being well above the

solubility limit. Although a slow recovery is found, no overall improvement is observed

compared to the as-received states. The relations between the normalised changes and

normalised changes in bulk iron concentration shows a linear relationship in the bottom

samples only. Samples from the other part of the ingot show a little perhaps no

relationship.
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8.2.3. Effect of passivation in low-temperature gettering

Results presented in Chapter 5 show a stark contrast to a similar study by Krain et al.

[36] who used silicon nitride passivation. It is therefore concluded that the surface

passivation layer might play a vital role in improving lifetime and reducing interstitial

iron concentration in low-temperature annealing. Results presented in Chapter 6

demonstrate a quantitative analysis on the effects of with silicon nitride and iodine-

ethanol passivation on bulk lifetime and interstitial iron concentration upon annealing at

low-temperature (300 °C, 400 °C or 500 °C). The results suggest that passivation scheme

can make a substantial difference in as-grown lifetime values (discussed in Chapter 4)

and in low-temperature annealing. Lifetime improves with silicon nitride passivation

scheme for samples from all the height positions compared to the iodine-ethanol

passivation scheme. In poor samples from the bottom part of the ingot, the largest lifetime

improvement is from 7.2 µs to 27.5 µs upon annealing at 500 °C for 60 h of cumulative

time. A substantial difference is observed in the bottom middle samples where lifetime

improves from 113 µs to 171 µs upon annealing at 400 °C.

The results show that silicon nitride passivation strongly affects the bulk interstitial

iron concentration in low-temperature annealing compared to the I-E passivation scheme.

This finding is consistent with the study of Karzel et al. [137], who used quinhydrone-

methanol passivation at room temperature (similar to I-E passivation in this study). A

different response is observed for samples from different height positions in the ingot. In

the bottom and top samples, the decay rate in interstitial iron concentration is similar in

both the I-E and SiNx passivation schemes. In the middle samples, the effect of

passivation is clearly visible where interstitial iron concentration reduces substantially

upon annealing at 400 °C. The secondary ion mass spectrometry (SIMS) result shows, for

the first time, that high iron concentrations (˃ 1×1016 cm-3) exist in the SiNx film after

low-temperature annealing. The results suggest that lifetime improvement in low-

temperature annealing with silicon nitride passivation scheme is complicated and multiple

mechanisms including bulk hydrogenation, diffusion of metallic impurities to

crystallographic defects, external gettering to the passivation layer are involved. It is,

therefore, concluded that lifetime and interstitial iron concentration in low-temperature

annealing depend upon passivation scheme but to understand exact mechanisms further

experiments need to be performed.
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8.2.4. Improving lifetime by low-temperature gettering after

phosphorus diffusion gettering

The results presented in Chapter 7 show effects of low-temperature gettering after

performing a standard phosphorus diffusion gettering process. The PDG process

improves lifetime and reduces interstitial iron concentration remarkably. The largest

lifetime improvement was found by a factor of ~10 compared to the as-received values

in the bottom sample. Interstitial iron concentration reduces by more than one order of

magnitude by PDG process in most cases. The post-diffusion low-temperature gettering

suggested that lifetime can be improved further particularly in relatively poor samples

from the bottom and top part of the ingot at 300 °C and 400 °C. The results show that

lifetime improvement is not due to a reduction in interstitial iron concentration. It is

concluded that low-temperature annealing has a potential to improve lifetime even after

phosphorus diffusion gettering where gettering of other impurities is likely.

The results presented in Chapter 7 are also suggested that effect of phosphorus diffused

layer in low-temperature annealing has a minimal effect on reducing interstitial iron

concentration. Although samples from different height positions show different

behaviours, phosphorus diffused layer has minimal effect in relatively poor lifetime

samples from the bottom part of the ingot. It is, therefore, concluded that phosphorus

diffused layer does not act as an effective external gettering site for interstitial iron

concentration upon low-temperature annealing at 400 °C. This finding is not consistent

with the study by Rinio et al. [51] who concluded external gettering to the emitter was

more likely to be responsible for lifetime improvement than internal gettering.

The final set of results presented in Chapter 7 shows changes in the lifetime and

interstitial iron concentration in pre-PDG and post-PDG annealing at 400 °C for the

bottom samples. Lifetime improves by a factor of ~ 5 and interstitial iron concentration

reduces by ~ 1 order of magnitude upon pre-PDG annealing at 400 °C for 25 h of

cumulative time. PDG process improves lifetime in all the samples substantially. The

sample with pre-PDG annealing exhibits higher lifetime after the PDG process compared

to the sample without a pre-PDG annealing. Lifetime and interstitial iron concentration

after the PDG process strongly depend upon passivation type.
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8.3. Further work

8.3.1. Iodine-ethanol passivation study

In this thesis, a temporary liquid iodine-ethanol passivation scheme was used at room

temperature before every lifetime characterisation process. It is necessary to investigate

the mechanism of the I-E passivation scheme. The primary experiment shows that the

stability of passivation quality suffers after first few minutes of passivation. Sopori et al.

[152] reported that iodine-ethanol passivation improves lifetime further under

illumination. As the interstitial iron concentration measurement technique involves more

than 50 number of intense flashing to dissociate iron-boron pairs, an extensive study

needs to be performed on iodine-ethanol passivation under illumination. Single crystal

silicon wafers can be used to avoid any complexity arise from the bulk material.

Furthermore, it is also important to investigate at what conditions stability of I-E

passivation can be improved. Sopori et al. [151] suggested that iodine-ethanol passivation

leaves some iodine residue on the surface which strongly depends on surface preparation.

In this thesis, an investigation was made under an optical microscope whether iodine-

ethanol passivation leaves any residue or not. The preliminary results indicate that surface

cleanliness after performing I-E passivation depends on chemical polishing of the

samples. However, it is necessary to perform a detail experiments into the effect of

surface preparation and cleaning process prior to the passivation work. Furthermore, an

injection-dependent parameterisation needs to be performed [115].

8.3.2. Defect interactions in low-temperature gettering

A distribution of as-grown dislocation density was performed in samples from

different height positions in the ingot (Chapter 4). The spatially resolved interstitial iron

maps (Chapter 5) suggested that lifetime improvement is substantially low in grains with

higher dislocation density. Furthermore, a primary analysis into the correlation of

dislocation density and change in interstitial iron concentration upon low-temperature

annealing (discussed in Chapter 5) suggest that dislocation densities affect the gettering

of interstitial iron. It is necessary to perform an extensive research how crystallographic

defects such as as-grown dislocations density interact with interstitial iron upon low-



198

temperature annealing and under what conditions interstitial iron likely to be gettered at

defects. This experiment could be performed with a set of mc-Si sample with different

density of crystallographic defects (e.g. dislocation density) and the same level of metallic

contamination. The kinetics can be determined upon annealing at different temperatures

and a binding energy between metallic impurities and defects can be estimated. The

microscopic techniques such as transmission electron microscopy (TEM) and atom probe

tomography (APT) can be used to determine metal compositions at the defects [216].

8.3.3. Non-iron metallic impurities in multicrystalline silicon

This thesis focuses mainly on the kinetics of interstitial iron concentration as it has

relatively high concentration and the most detrimental effect on lifetime. Furthermore, it

can be determined using a non-destructive method. In many cases, lifetime improvement

shows a very poor perhaps no relationship with the reduction in interstitial iron

concentrations. As multicrystalline silicon materials also contain transition metals other

than interstitial iron [9, 92], it is necessary to investigate whether low-temperature

gettering can affect their concentrations. The sister multicrystalline silicon samples can

be used in low-temperature annealing and changes in other metallic impurities can be

determined prior and post-annealing step. X-ray fluorescence microscopy (µ-XRF) can

be used to determine spatial distribution, elemental composition and dimensions of

metallic impurities [9].

8.3.4. Effect of grain orientation in low-temperature gettering

In this thesis, photoluminescence imaging and interstitial iron concentration mapping

were performed at every annealing step. In most cases, it was found that lifetime

improvement varies at different bulk grain regions. Some grain shows relatively high

lifetime improvement compared to others. One possibility is that crystallographic

orientation could affect lifetime improvement and reduction in interstitial iron

concentration [59]. Additional possibility is that the spatial distribution of dislocations in

the bulk grain regions and their interaction with impurities upon thermal annealing. An

extensive experiment needs to be performed to investigate whether crystallographic

orientations affect lifetime improvement or not. An electron backscatter diffraction

(EBSD) analysis could be performed on the existing sister samples in which low-
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temperature gettering was already performed and lifetime improvement was found

different in different bulk grain regions. Additionally, dislocation density distributions

also need to be determined to distinguish the effect crystallographic orientation.

8.3.5. Hydrogenation in low-temperature gettering

The quantitative comparison results between silicon nitride and iodine-ethanol (in

Chapter 4 and Chapter 6) show that lifetime improvement in as-grown state and low-

temperature annealing is large in relatively high lifetime samples with silicon nitride

passivation compared to I-E passivation scheme. One possibility is that hydrogenation

might passivate interstitial iron and improves lifetime [137, 138, 207]. However, it is

important to investigate the influence of hydrogen present in silicon nitride layer in

improving lifetime. A set of controlled single crystal silicon samples needs to be used to

keep minimal effect arise from the bulk material.

Due to a lack in silicon nitride passivation facility in Warwick, samples were

passivated prior to annealing step and were not re-passivated after every annealing step.

It is desirable to perform an experiment how the passivation quality degrades over low-

temperature annealing period. Recent studies [205] reported that illumination in low-

temperature annealing affects lifetime substantially for silicon nitride passivated samples.

A study can also be performed into the effect low-temperature gettering with silicon

nitride passivation under illumination for mc-Si samples from different height positions

in the ingot.

8.3.6. Saw damage gettering at low temperatures

Multicrystalline silicon wafers usually contain damages on the surfaces after wire

sawn (as shown in Figure 3.7) and they can introduce sinks for diffusing impurities upon

thermal annealing. The gettering of impurities at these surface defects induced by the

sawing process is commonly known as saw damage gettering (SDG). Martins et al.

studied SDG using high-temperature process (≥ 850 °C) and reported a substantial 

improvement in the bulk lifetime [200]. As a high-temperature process is more likely to

be contaminated and may not be cost-effective, it is necessary to investigate whether SDG

using a low-temperature annealing can improve lifetime or not. A preliminary experiment
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was performed in an annealing at 400 °C for 25 h for relatively poor lifetime

multicrystalline silicon samples from the bottom part of the ingot, as shown in Figure 8.1

and Figure 8.2. A temporary liquid iodine-ethanol passivation was used to avoid

additional effect from the dielectric layers. A substantial lifetime improvement (a factor

of ~2) is observed in the sample annealed with saw damages on the surfaces compared to

the sample polished prior to thermal annealing. The sample annealed with saw damages

shows 2.9 order of magnitude low interstitial iron concentration compared to the as-

received value whereas it is 0.7 in the polished sample. However, more experiments need

to be performed on sister mc-Si samples to investigate the annealing temperature and

annealing time where lifetime improvement and iron reduction are maximised. A

comprehensive study also needs to be performed to investigate whether saw damage

gettering has a potential to improve lifetime in samples from different height positions in

an ingot. A set of sister mc-Si samples from the adjacent location of the samples used in

this thesis can be used.

Figure 8.1. Comparison in QSS-PC lifetime (a) and interstitial iron concentration (b) at

an injection level of 1 × 1015 cm-3 for samples from the bottom part of the ingot. Two

sister samples were annealed at 400 °C for 25 h of cumulative time. The first sample was

polished prior to annealing and the second sample was annealed with saw damages.
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Figure 8.2. Spatial distribution of lifetime with iron in the FeB state (top row) and

corresponding interstitial iron concentration maps (bottom row) for two sister bottom

samples (39 mm × 39 mm). Samples were annealed at 400 °C for 25 h of cumulative time.

Column (a) represents the as-received state, column (b) represents the sample annealed

with polished surface and column (c) represents the sample annealed with saw-damage.

Further experiments on low-temperature saw damage geterring were carried out as a

continuation of preliminary study as presented in the above section. In this study, sister

wafers with near-identical microstructures were sourced from the top of a p-type

conventionally-grown (i.e. not high performance) mc-Si ingot. The manufacturer had

used a diamond saw to cut the ingot into ~200 µm thick wafers. Samples measuring 3.9

cm × 3.9cm with a ~0.7 Ω cm resistivity were studied.

A planar chemical etch comprising HF (50%), HNO3 (69%) and CH3COOH (100%)

in the ratio of 24:58:18 was used to remove saw damage from half of the as-sawn samples.

At least ~30 µm of material was removed from each side, with the final thickness

estimated from weighing the sample. Annealing of pairs of identically RCA cleaned sister

samples (one with saw damage; one without) was performed at temperatures from 300 to

700 °C. This annealing is referred to as saw damage gettering (SDG) where saw damage

was present or a control anneal (CA) where saw damage had been removed. Annealing

times were increased with decreasing temperature guided by the simulation of interstitial

iron to both surfaces from Ref. for which the results are shown in Figure 8.3(a).

Experimental annealing times were 80 h at 300 °C, 12 h at 400 °C, 3 h at 500 °C, 1 h at
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600 °C and 0.5 h at 700 °C, and these times are sufficient for interstitial iron to reach the

solubility for pre-annealed samples from Ref. [128] or to be well below our detection

limit. After annealing, the saw damage was removed from the other half of the sample set

using the same method as above.

Samples were characterised by quasi-steady-state photoconductance (QSS-PC)

lifetime measurement using a Sinton WCT-120 lifetime tester and photoluminescence

imaging with a BT Imaging LIS-L1 PL system. Prior to each lifetime measurement step

samples were passivated with subjected to RCA cleaning and iodine-ethanol surface

passivation. This surface passivation scheme was chosen as it avoids potential

hydrogenation and external gettering associated with dielectric films. QSS-PC lifetimes

are reported at 1 × 1015 cm-3 injection, and all reported lifetimes are with iron in the FeB

state.

The Figure 8.3(b) shows that an effect of SDG on interstitial iron concentration upon

annealing at 300 °C to 700 °C. The average interstitial iron concentration in the as-

received state is ~1 × 1012 cm-3 which is consistent with the samples used in Chapters 5,

6 and 7. The averaged interstitial iron concentration decreases by 1 order of magnitude

compared to the as-received state for samples annealed with saw damage present in the

temperatures investigated. In CA samples (polished before thermal annealing), the

interstitial iron concentration decreases upon annealing at 300 °C and 400 °C, remains

same at 500 °C and increases at 600 °C and 700 °C. This is consistent with the findings

with results presented in Chapter 5.

Figure 8.4 shows the evolution of bulk minority carrier lifetime as a function of

cumulative annealing time at 300 °C for both the SDG and CA samples. A clear difference

is found between samples annealed with and without saw damage at the surface. When

saw damage is present at the surface the lifetime is improved at all temperatures. The

largest lifetime improvement is a factor of 4 after 100 h of annealing at 300 °C compared

to as-received values for SDG samples (Figure 8.4(a)). In CA samples, lifetime degrades

substantially after primary annealing step at temperatures from 500 °C to 700 °C (Figure

8.4(b)). Lifetime improves upon further annealing at 300 °C in most of the cases.The

overall effect of SDG is substantial when samples are annealed at high temperatues (≥ 

500 °C) whereas it appears to be less effective at 300 °C and 400 °C in a combination of

a secondary annealing at 300 °C for 100 h.
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Figure 8.3. (a) Simulation of interstitial iron concentration as supersaturated interstitial

iron diffuses to saw damage at both surfaces. The legend shows diffusion coefficients and

the starting concentration is the mean from etched samples. Starred symbols indicate the

annealing times used (well below the scale for ≤ 500 °C). (b) Experimental interstitial 

iron values in the as-received (AR) state, after saw damage gettering (SDG) and after a

control anneal (CA).

Figure 8.4. QSS-PC lifetime for mc-Si sister samples subjected to (a) saw damage

gettering (SDG) and (b) a control anneal (CA) at the same time but with the saw damage

removed. After SDG or the CA samples were subjected to annealing at 300 °C. It is not

possible to measure lifetime with saw damage present, so the as-received (AR) lifetimes

in (a) is the mean of those in (b).
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8.3.7. Low-temperature gettering in mc-Si solar cells

The results presented in Chapter 5 and Chapter 6 suggest that low-temperature

annealing can improve bulk lifetime for as-received mc-Si samples. The results presented

in Chapter 7 suggest that lifetime can be improved even after a standard phosphorus

diffusion gettering (PDG) process by low-temperature annealing for relatively poor

lifetime samples from the bottom and top parts of the ingot. It is necessary to investigate

how these low-temperature annealing processes (in the as-received state and after PDG

process) do affect solar cell efficiency. Technology computer-aided design (TCAD)

computer-based modelling can be used to predict cell performance [134, 217, 218]. Solar

cells can also be processed using the existing samples in this study where lifetime

improvements were observed. Low-temperature gettering can also be performed after

completion of the solar cell process. Pickett and Buonassisi [50] and Rinio et al. [51]

studied low-temperature annealing for mc-Si solar cells and reported an improvement in

cell efficiency. The mechanism of improvement is not well established as their work

likely to be a combined effect of external gettering, internal gettering and bulk

passivation. It is also not known how solar cells made from different parts of the ingot

respond to low-temperature annealing. An extensive experiment needs to be performed

into the effect of low-temperature annealing on mc-Si solar cells with different defect

distributions. Mc-Si samples available from different ingot height positions can be used

for this study.

8.4. Conclusion

A series of experiments was performed into the effects of low-temperature annealing

for as-received samples and after a phosphorus diffusion gettering process. In as-grown

wafers, the thermal effects of annealing have been separated from any bulk passivation

which may occur during surface passivation in lifetime measurement. The key findings

are summarized as follows:

 Low-temperature annealing in absence of any dielectric layer has the potential

to improve lifetime compared to the as-received states in relatively poor samples

(‘red zone’ wafers) from the bottom and top parts of the ingot. A substantial
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improvement in lifetime by a factor of 7 was realised by annealing bottom

samples at 400 °C for 35 h.

 The effect of low-temperature annealing depends upon passivation type. The

results demonstrated that annealing as-grown wafers with SiNx surface

passivation also results in substantial lifetime increases, but differences occur

due to external gettering to the SiNx film and bulk passivation (possibly by

hydrogen).

 Low-temperature annealing even after a standard PDG process improves

lifetime in the bottom and top samples. Lifetime improvements do not correlate

with changes in interstitial iron, so gettering of another impurity is likely.

To understand the effects of low-temperature gettering at different stages in the cell

production process and after the cell process in improving cell efficiency, further

research needs to be performed.
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