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Abstract

This thesis focuses on the effects of dopant compensation on the electrical properties of

crystalline silicon relevant to the operation of solar cells. We show that the control of the

net dopant density, which is essential to the fabrication of high-efficiency solar cells, is very

challenging in ingots crystallized with silicon feedstock containing both boron and phos-

phorus such as upgraded metallurgical-grade silicon. This is because of the strong segreg-

ation of phosphorus which induces large net dopant density variations along directionally

solidified silicon crystals. To overcome this issue, we propose to use gallium co-doping dur-

ing crystallization, and demonstrate its potential to control the net dopant density along

p-type and n-type silicon ingots grown with silicon containing boron and phosphorus. The

characteristics of the resulting highly-compensated material are identified to be: a strong

impact of incomplete ionization of dopants on the majority carrier density, an important re-

duction of the mobility compared to theoretical models and a recombination lifetime which

is determined by the net dopant density and dominated after long-term illumination by the

boron-oxygen recombination centre. To allow accurate modelling of upgraded-metallurgical

silicon solar cells, we propose a parameterization of these fundamental properties of com-

pensated silicon. We study the light-induced lifetime degradation in p-type and n-type Si

with a wide range of dopant concentrations and compensation levels and show that the

boron-oxygen defect is a grown-in complex involving substitutional boron and is rendered

electrically active upon injection of carriers through a charge-driven reconfiguration of the

defect. Finally, we apply gallium co-doping to the crystallization of upgraded-metallurgical

silicon and demonstrate that it allows to significantly increase the tolerance to phosphorus

without compromising neither the ingot yield nor the solar cells performance before light-

induced degradation.
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Résumé

Ingénierie de compensation pour cellules solaires en silicium

Cette thèse s’intéresse aux effets de la compensation des dopants sur les propriétés élec-

triques du silicium cristallin. Nous montrons que le contrôle du dopage net, qui est in-

dispensable à la réalisation de cellules solaires à haut rendement, s’avère difficile dans

les lingots cristallisés à partir de silicium contenant à la fois du bore et du phosphore.

Cette difficulté s’explique par la forte ségrégation du phosphore durant la cristallisation,

qui donne lieu à d’importantes variations de dopage net le long des lingots de silicium so-

lidifés de façon directionelle. Pour résoudre ce problème, nous proposons le co-dopage au

gallium pendant la cristallisation et prouvons l’efficacité de cette technique pour contrôler

le dopage net le long de lingots de type p ou n fabriqués à partir d’une charge de silicium

contenant du bore et du phosphore. Nous identifions les spécificités du matériau fortement

compensé ainsi obtenu comme étant: une forte sensibilité de la densité de porteurs ma-

joritaires à l’ionisation incomplète des dopants, une réduction importante de la mobilité

comparée aux modèles théoriques et une durée de vie des porteurs qui est déterminée par

la densité de porteurs majoritaires et dominée après éclairement prolongé par les centres

de recombinaison liés aux complexes de bore et d’oxygène. Pour permettre la modélisation

de cellules solaires à base de silicium purifié par voie métallurgique, nous proposons une

paramétrisation des propriétés fondamentales du silicium compensé mentionnées ci-dessus.

Nous étudions également la dégradation de la durée de vie des porteurs sous éclairement

dans des échantillons de silicium de type p et n présentant une large gamme de niveaux

de dopage et de compensation. Nous montrons que le défaut bore-oxygène est issu d’un

complexe formé à partir de bore substitutionnel pendant la fabrication des lingots et activé

sous injection de porteurs par une reconfiguration du défaut assistée par des charges posit-

ives. Finalement, nous appliquons le co-dopage au gallium pour la cristallisation de silicium

purifié par voie métallurgique et démontrons que cette technique permet d’augmenter sens-

iblement la tolérance au phosphore sans compromettre le rendement matière de l’étape de

cristallisation ou la performance des cellules solaires avant dégradation sous éclairement.
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Introduction

Motivation

Photovoltaic (PV) technology is expected to play an important role in helping countries

meet their targets for CO2 abatement and the share of electricity consumption supplied by

renewable-energy resources [1]. The International Energy Agency (IEA) is forecasting that

penetration of the global electricity supply by solar power will reach 5% by 2030, with a

cumulative installed PV worldwide capacity just below 1TWp [2]. Such a forecast implies

steady growth of the PV market by about 15% per year on average (although such growth

would be much slower than the continuous 30% to 50% annual growth seen over the past

decade) reaching 105GWp/year by 2030.

On the other hand, the PV market is largely dominated by solar modules made of crys-

talline silicon (c-Si), with a share historically oscillating from 80 to 90%. Considering the

advantages of this technology – its simplicity, relatively high achievable efficiency, abund-

ance of Si (nearly 30% of the earth’s crust) and the huge accumulated knowledge stemming

from long-standing use of c-Si in the semiconductor industry – it is likely to dominate the

market for the next decade, perhaps longer. This means that the expected growth of the PV

market will most probably entail a significant increase in worldwide production capacity

for solar grade (SoG)-Si2 in the years to come.

SoG-Si is traditionally obtained by purifying cheap and abundant metallurgical-grade Si

(MG-Si, itself directly obtained by carbothermal reduction of silica), using the Siemens gas-

phase distillation process. The Siemens process, which yields very pure Si (electronic-grade

(EG)-Si), is expensive, with high energy consumption (∼ 200Wh/kg), and involves the use

– and in some cases release – of toxic substances. Moreover, increments in the production

capacity are limited by the long construction lead-time for Siemens purification plants (circa

three years) and by the large investment entailed, with typical capital expenditure (Capex)

of 100$ per kg of extended annual production capacity. Figure 1 shows the pay-off time as

a function of the Si selling price, assuming 15$/kg operational expenditure (Opex). Large

2In this work, we use the term SoG-Si to refer to Si used to fabricate solar cells, irrespectively of its degree
of purity or of the purification techniques used to produce it. Other terms will be introduced, such as MG-Si,
UMG-Si or EG-Si, which we use to refer to the kind of manufacturing processes which the designated Si has
been subjected to.
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Figure 1: Pay-off time of a Si purification plant as a function of the selling price.

oversupply has recently pushed the price of EG-Si down below 20$/kg, thereby contributing

to the substantial reduction in the price of solar modules, reaching an average of 0.7$/Wp in

the last quarter of 2012. However Figure 1 clearly shows that such a low selling price does

not allow EG-Si manufacturers to make any short-term profits that could in turn feed future

investments to increase their production capacity. To further expand, the EG-Si market is

therefore likely to go through a period of shortage before prices go up again, yielding the

profits needed for investment in production capacity. The EG-Si industry has behaved in

this way for the past 35 years, going through alternating cycles of shortage and oversupply,

which have fuelled major price fluctuations. These price fluctuations have had little impact

on the semiconductor industry, historical consumer of EG-Si, because Si represents only

a very small fraction of the cost of integrated circuits. In the PV industry, however, Si is

an important component in the cost of solar modules. Sudden variations in the price of

EG-Si may consequently limit efforts to drive down module costs for PV to compete with

conventional energy resources.

Upgraded metallurgical-grade (UMG)-Si is an interesting alternative, which could secure

the availability of SoG-Si at a low price. It is obtained using improved metallurgical re-

finement techniques [3, 4, 5, 6] which are generally less energy-consuming (20−40kWh/kg),

have a lower impact on the environment and require moderate investments (Capex typically

of 20−50$/kg). These metallurgical refinement techniques are, however, less efficient than

the Siemens process and therefore UMG-Si usually contains more impurities than EG-Si.

Such impurities may alter the performance of PV modules in different ways, depending on

their nature and concentration. The cost of PV electricity depends on the total system cost,

of which Si feedstock is only one component. Because the efficiency of PV modules affects

the costs of every part of a PV system (in $/Wp), substantially lower performance is unac-

ceptable for UMG-Si solar cells, even associated with a substantial cut in feedstock costs.

The challenge for UMG-Si is thus to make solar cells with comparable efficiency to EG-Si

solar cells despite the presence of more impurities. The most important of these impurities

are transition metals (Fe, Cu, Zn, etc.), light elements (C, N, O) and dopants (B, P, Al).
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Metallic impurities are known to act as strong recombination centres in Si, limiting the

conversion efficiency of solar cells. They can, however, be effectively removed by segrega-

tion during directional solidification and rendered inactive by efficient gettering processes

during solar cell fabrication.

Light elements are usually electrically inactive in the dissolved state. However, in super-

saturation, their presence can lead to the formation of precipitates and inclusions (SiC

and SiN) which can shunt solar cells and affect the mechanical properties of Si, poten-

tially leading to greater wafer-breakage inline. Light elements can also form complexes

(oxygen-related thermal donors, boron-oxygen defect, etc.) which cause recombination in

Si. However, much as metallic impurities, light elements can be reduced – by segregation

(in the case of C) or evaporation from the melt (in the case O) – down to levels similar to the

background contamination of standard ingot crystallization techniques.

The electrical properties of Si, like any other semiconductor, depend critically on the pres-

ence of dopants. The latter determine the polarity of conduction (n-type or p-type) and the

concentration of free charge-carriers, which in turn influence carrier recombination and

transport properties, essential components of PV conversion. Contrary to other impurities,

B and P cannot be easily removed by segregation. Their elimination through plasma puri-

fication [6], slag treatment [4] or advanced evaporation techniques [3] thus represents the

major cost element of UMG-Si purification. Both B and P are therefore usually present in

UMG-Si in larger concentrations than is optimal for use as the base of a solar cell. However,

because dopants of opposite types tend to cancel each other out, it is theoretically possible

to tolerate higher dopant concentrations, provided the net difference between acceptors and

donors is kept in a reasonable range for solar cells. This phenomenon is called compensa-

tion.

In the present thesis, we aim to improve the understanding of the physics of compensation,

in order to precisely assess its impact on solar cells. The ultimate goal is to control the

electrical properties of Si, by «compensation engineering», in order to achieve performance

in UMG-Si solar cells equivalent to that of EG-Si, while increasing their tolerance to high

dopant concentrations.

Outline

In Chapter 1, we introduce the key properties of Si which are relevant to the operation

of a solar cell and can be altered by dopant compensation: charge-carrier recombination

and transport. We review the literature dealing with the impact of compensation on these

fundamental properties and link them to the characteristics of solar cells. This review

shows that high-efficiency solar cells can be fabricated with Si containing both B and P

in larger concentrations than in standard EG-Si solar cells, provided net doping is well

controlled by compensation.
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In Chapter 2, after reviewing the most common crystallization techniques and the the-

ory of impurity segregation, we show that in practice controlling the net doping by com-

pensation is very challenging at ingot-level. This is due to the different distributions of B

and P during directional solidification, which cause substantial variation in the net doping

along the length of compensated Si ingots. As a solution, we introduce a compensation-

engineering technique which consists in co-doping the Si melt before crystallization with

an acceptor dopant with a low segregation coefficient, for example gallium (Ga). We demon-

strate experimentally that, by counterbalancing the increase in P concentration throughout

crystallization, uniform net doping can be maintained along directionally solidified p-type

and n-type Si ingots, even when the Si melt contains high concentrations of both B and P.

In Chapter 3, we examine the electrical properties of p-type and n-type Si samples with a

wide range of dopant concentrations and compensation levels and for the first time co-doped

with B, P and Ga. We identify and discuss the particularities of compensated Si: power-

ful impact of incomplete ionization on the majority carrier-density; lower carrier mobility

than predicted by standard models; carrier lifetime before degradation highly correlated

to majority carrier density; and carrier lifetime after degradation entirely dominated by

the boron-oxygen (BO) recombination centre, but with less dependence on majority carrier-

density. We demonstrate that before light-induced degradation, the beneficial effect of com-

pensation on carrier lifetime outweighs the reduction in mobility and that the outcome of

compensation on the minority carrier diffusion length is consequently positive. We also in-

troduce a method for calculating incomplete ionization, and establish a parametrization of

both carrier mobility and lifetime in compensated Si.

In Chapter 4, we concentrate on evaluating the BO defect density, formation or activation

kinetics, and recombination activity, in order to assess the structure of the defect as well as

the degradation mechanism. We find the effective defect density in p-type Si to be propor-

tional to the total substitutional boron concentration. It also displays poor correlation with

the majority carrier density. This strongly vouches for the involvement of substitutional

boron against interstitial boron in the defect complex. On the other hand, the degradation

rate constant is found to be proportional to the hole density squared in both p-type and

n-type Si. By confronting this result with previously proposed defect models, we show that

it implies that degradation proceeds through the reconfiguration of a latent defect from

an inactive state to a highly-recombinant form. Lastly we analyse the characteristics of

the boron-oxygen recombination centre using the Schockley-Read-Hall (SRH) statistics. We

find that the SRH parameters of the BO recombination centre cannot be accurately determ-

ined using either injection-dependent or temperature-dependent lifetime spectroscopy. We

suggest that further work should be devoted to dispelling lingering doubts about the SRH

parameters, which would in turn boost confidence in the widely used method for estimating

BO defect density.
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In Chapter 5, we apply what we have learned in the previous chapters to improving the

quality and yield of UMG-Si ingots, and to modelling solar cells made with this material.

We experimentally show that industrial-type solar cells with efficiencies exceeding 18% be-

fore light-induced degradation can be manufactured with UMG-Si and that Ga co-doping

allows higher P concentrations to be tolerated in the feedstock without compromising either

ingot yield or solar cell performance. The good agreement between the modelled and exper-

imental characteristics of both UMG-Si and EG-Si solar cells attests to the validity of the

parametrization of carrier lifetime and mobility introduced in chapter 3. After activation of

the BO defect, we show that performance-degradation is stronger in UMG-Si than in EG-Si

solar cells. We also show that compensation does not allow to reduce light-induced degrad-

ation. These results call for more intensive efforts to mitigate the BO defect, in order to

make UMG-Si competitive with EG-Si.

21
Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2012ISAL0139/these.pdf 
© [M. Forster], [2012], INSA de Lyon, tous droits réservés



CONTENTS

22
Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2012ISAL0139/these.pdf 
© [M. Forster], [2012], INSA de Lyon, tous droits réservés



Chapter 1

Review of the electrical properties
of compensated silicon for solar
cells

The effects of dopant compensation in Si have been the subject of many studies for a wide

variety of applications. Because the intended application of this thesis is photovoltaics, we

focus in this chapter on the review of the fundamental properties of compensated Si that

are relevant to the well-functioning of a solar cell. These fundamental properties are charge

carrier recombination and transport.

In section 1.1, we start by defining the quantities that are essential for the discussion of

dopant compensation.

In section 1.2, after reviewing the different recombination mechanisms, we assess the im-

pact of compensation on the recombination lifetime.

In section 1.3, similarly to section 1.3, we review the different scattering mechanisms and

describe the particular behaviour of the carrier mobility in compensated Si.

In section 1.4, we use the physical background covered in section 1.3 and 1.4 to understand

the effects of compensation on the characteristics of solar cells and hence on their perform-

ance and reliability.

In section 1.5, we conclude the chapter and open the scope for compensation engineering.

1.1 Definitions

1.1.1 Compensated silicon

Compensated Si is characterized by the presence of both donor and acceptor dopants in

similar concentrations (respectively ND and NA). Because Si inevitably contains electrically

active species, originating from the feedstock or introduced during crystal growth, there
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CHAPTER 1. REVIEW OF THE ELECTRICAL PROPERTIES OF
COMPENSATED SILICON FOR SOLAR CELLS

is a residual amount of both donors and acceptors in all Si devices. In very pure EG-Si

devices, these species are, however, present in concentrations several orders of magnitude

lower than the intentional doping. In this work, we restrict the definition of compensation

to Si in which the majority carrier concentration is detectably affected by the presence

of a compensating dopant. We thus define compensated Si as containing a concentration

of minority dopant or compensating dopant (Nmin) of at least 3% of that of the majority

dopant (Nmaj). This corresponds to the resolution of most of the conductance measurement

techniques.

1.1.2 Majority carrier density and net doping

In compensated Si, the type of majority carrier (electron or hole) is defined by the nature

of the majority dopant (donor or acceptor). If donors outnumber acceptors (ND > NA), Si is

n-type and electron is the majority carrier. Alternatively, if acceptors are more numerous

than donors (NA > ND), Si is p-type and hole is the majority carrier. It is generally con-

sidered that the majority carrier density (noted nmaj) equals, at equilibrium, the net dopant

concentration Nmaj −Nmin, assuming that all dopants are ionized at room-temperature. As

we will show in chapter 3, this assumption might lead to some errors, depending on the

nature of the majority dopant, on its concentration and on how strong compensation is. In

this review chapter, however, we will assume, as did previous authors, complete ionization

of dopants. This enables us to explain in a more straightforward manner the impact of

dopant compensation on the electrical properties of Si. It reads:

nmaj = n0 = N+
D −N−

A ≈ ND −NA (1.1)

in n-type Si, and

nmaj = p0 = N−
A −N+

D ≈ NA −ND (1.2)

in p-type Si. In Equations 1.1 and 1.2, n0 and p0 are respectively the equilibrium electron

and hole densities. ND and NA represent respectively the concentrations of substitutional

donor and acceptor dopants while N+
D and N−

A are the concentrations of ionized dopants.

As a result, for a given majority dopant concentration, the equilibrium majority carrier

density is reduced by the presence of compensating dopants. Figure 1.1 summarizes this

sub-section, by drawing the iso-carrier density lines and the doping range corresponding to

compensated Si.

1.1.3 Compensation ratios

It is often useful when studying the electrical properties of compensated Si to be able to

quantify compensation i.e. how close to each other the concentrations of donors and accept-

ors are. Over the years, various ratios have been used for that purpose. The most widely
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1.1. DEFINITIONS
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Figure 1.1: Delimitation of the doping ranges for n-type and p-type Si and lines of iso-
carrier density. The hatched zone represents the doping range in which Si is considered as
compensated, according to the definition given in the present section.

spread in literature is the ratio of the minority dopant concentration to the majority dopant

concentration noted RC (equation 1.3) [7, 8, 9]:

RC = Nmin

Nmaj
(1.3)

This ratio, comprised between 0 for uncompensated Si and 1 for full compensation, is con-

venient to use because of its simplicity and the fact that it does not diverge. In the rest of

this thesis, we will thus use RC in most cases, especially when studying moderate compens-

ation (RC < 0.9). The disadvantage of this ratio, however, is that it does not allow a readable

distinction between very high degrees of compensation.

To study variations of the electrical properties at extreme compensation, it may be more

appropriate to use diverging ratios, such as those defined by Libal et al. [10] or Dubois

et al. [11], since these ratios enable a stretched representation of the range of very high

compensation. In the present work, we use the compensation ratio defined by Libal et al.

(Equation 1.4), and noted KC in the rest of this manuscript, when dealing with the effects

of extreme compensation.

KC = Nmaj +Nmin

Nmaj −Nmin
(1.4)

This ratio varies from 1 in uncompensated Si to +∞ at full compensation. Note that easy

conversion between RC and KC is possible using equations 1.5 and 1.6:

RC = KC −1
KC +1

(1.5)
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CHAPTER 1. REVIEW OF THE ELECTRICAL PROPERTIES OF
COMPENSATED SILICON FOR SOLAR CELLS
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Figure 1.2: Relation between compensation ratios RC and KC. The small variation of RC
at extreme compensation indicates that it is not appropriate for studying effects that might
arise at very high compensation.

KC = 1+RC

1−RC
(1.6)

Figure 1.2 illustrates the range of practical use of each compensation ratio. It shows that,

while KC keeps up increasing at extreme compensation, RC saturates around 1 and does

not permit to describe the increase of compensation after a certain limit. Let us consider

the example of Si doped with an acceptor density of NA = 1017cm−3 and a donor density of

ND = 9×1016cm−3 (blue dot on Fig.2). Such a Si is p-type, with a net doping of NA−ND = 1×
1016cm−3 and compensation ratios are respectively RC = 0.9 and KC = 19. If compensation

is now increased by rising the donor concentration up to 9.9× 1016cm−3, the net doping

is reduced by one order of magnitude, down to 1015cm−3 and the electrical properties will

be changed substantially. This increase in compensation is well represented by the large

increase of KC, by about one order of magnitude, up to 199. In the mean time, RC undergoes

a small variation, by only 10%, which may not be representative of the actual change in

electrical properties in this range of compensation.

1.2 Recombination in compensated silicon

As put forward by Swanson and Sinton, “the operation of a well-designed solar cell is con-

trolled by generation and recombination” [12]. One of the main challenges of using low-

cost UMG-Si for high-efficiency solar cells is to maintain sufficiently low recombination

in the bulk of the device, despite the presence of a higher concentration of dopants and

recombination-active impurities. In this section, we review previous work studying recom-

bination in compensated Si. The first sub-section 1.2.1 focuses on experimental evidence of

the increase of the effective recombination lifetime with compensation. The following three
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1.2. RECOMBINATION IN COMPENSATED SILICON

(a) (b)

Figure 1.3: (a) Lifetime mapping of a heterogeneously-doped multi-crystalline compensated
Si wafer. (b) resistivity mapping of a neighbouring wafer in the ingot. Both figures are
reprinted from [17].

sub-sections 1.2.2, 1.2.3 and 1.2.4 examine the different recombination mechanisms in Si

in order to provide a theoretical explanation for this observed behaviour. Finally, the last

sub-section 1.2.5 summarizes and concludes on the impact of compensation on the effective

carrier lifetime.

1.2.1 Experimental observations

Over the last decade, several groups have reported an increase of the effective recombin-

ation lifetime τeff in highly-compensated regions of mono- and multi-crystalline Si ingots

[10, 13, 14, 15, 16] and wafers [17] made with UMG-Si.

One striking and visual example recently came out of a study by Veirman et al. [17].

They reported an increase of τeff in the highly-compensated centre region of a heterogen-

eous multi-crystalline Si wafer, doped with boron and phosphorus (Figure 1.3). In this

wafer, the concentration of boron is uniform ([B] = 2.6×1017cm−3) across the wafer’s sur-

face whereas that of phosphorus increases from [P] = 1.6×1017cm−3 around the edges to

[P]= 2.1×1017cm−3 in the centre. As a consequence, compensation is stronger in the centre

(RC = 0.81) of the wafer than on the edges (RC = 0.71). As attested by the comparison

between lifetime and resistivity maps, the lifetime increase coincides perfectly with the in-

crease in compensation. It is remarkable that the highest lifetime is measured in the most

compensated region of the wafer, despite the fact that this region also contains the highest

total concentration of dopants.

To comprehend this observation, it is central to understand that the strength of most re-

combination mechanisms increases with the equilibrium majority carrier concentration, as

will be shown theoretically in the next three sections. If we consider the majority carrier

concentration as equal to the net doping, it appears from equations 1.1 and 1.2 that it is

reduced when the compensating dopant concentration increases. The raise of τeff with com-

pensation can thus be explained in terms of this majority carrier density reduction. A good
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CHAPTER 1. REVIEW OF THE ELECTRICAL PROPERTIES OF
COMPENSATED SILICON FOR SOLAR CELLS

Figure 1.4: Variation of the effective recombination lifetime with the equilibrium major-
ity carrier density in uncompensated and compensated Si. The measured lifetime in com-
pensated Cz-Si scales with the lifetime in uncompensated Cz-Si, showing that the majority
carrier density is the dominant parameter that determines recombination. The blue circle
indicates the data points in Cz-Si before light-induced degradation while the red circle in-
dicates data points in degraded Cz-Si i.e. after activation of the boron-oxygen defect (see
Sub-section 1.2.4). Reprinted from [18].

experimental illustration of the role of the majority carrier density in recombination can be

found in a recent contribution by Macdonald et al. [18]. On a set of p-type Czochralski-Si

wafers, they found that τeff measured before and after light-induced degradation (see Sub-

section 1.2.4 and Chapter 4 for more details on the light-induced degradation), followed

the same inverse relation to p0 in compensated as in uncompensated Si (Figure 1.4). The

slightly lower τeff in the compensated samples, compared to uncompensated Si with the

same p0, suggests that the additional dopants present in compensated Si are responsible

for very little, if at all, recombination.

On the other hand, Veirman et al. [14] found that the bulk lifetime measured in highly-

doped ([B] = 2.5−5×1017cm−3) and highly-compensated Si could be dominated by recom-

bination through the energy level introduced by boron atoms. This study was, however,

done on multi-crystalline Si, presumably containing crystallographic defects that may vary

one sample to another in nature and abundance, and thus in recombination activity. Recom-

bination at extended crystal defects was however not mentioned in their paper. To clarify

that point, the question of recombination through dopants will be addressed in chapter 2

in which original lifetime data in highly-doped and highly-compensated mono-crystalline Si

will be presented.

1.2.2 Intrinsic recombination

Radiative and Auger recombination mechanisms both consist of a direct transition by an

electron from a given state in the conduction band to a vacant state in the valence band.

They differ by the way the excess energy released by the transition is dissipated.
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1.2. RECOMBINATION IN COMPENSATED SILICON

In radiative recombination, the excess energy is released through the emission of a photon.

The radiative recombination rate depends on both the concentrations of electron and holes,

as expressed by:

Urad = Bpn (1.7)

where B is the coefficient of radiative recombination, equal to 9.5×10−15cm3s−1 at 300K

[19]. In an indirect band-gap semiconductor such as Si, this type of recombination has to be

accompanied by the emission or absorption of a phonon, in addition to the photon emission,

in order to conserve both energy and momentum. As a result, the radiative recombination

rate is low compared to that of other recombination mechanisms and is therefore usually

considered negligible.

In Auger recombination, the excess energy released by the electron-hole recombination is

transferred to a third free carrier, electron or hole. A simple model for the description of

Auger recombination considers the charge carriers to be non-interacting quasi-free particles

[20]. This results in a simple expression for the Auger recombination rate:

UAuger = Cnn2 p+Cpnp2 (1.8)

where Cn and Cp are the Auger coefficient, respectively equal to 2.8×10−31cm6s−1 and 0.99×
10−31cm6s−1 [21]. Although this model fails to accurately reproduce experimental values

for the Auger recombination lifetime [22, 23], it enables one to easily grasp its dependence

on the carrier concentrations. Equation 1.8 shows that the Auger recombination rate is

proportional to the carrier density squared, which makes this mechanism dominant at high

injection or high dopant concentration.

The recombination lifetime is expressed as the ratio of the excess carrier density ∆n to the

recombination rate U :

τ= ∆n
U

(1.9)

An accurate parametrization of the intrinsic recombination lifetime, accounting for radiat-

ive and Auger recombination, has been given by Kerr and Cuevas [24]:

τintrinsic =
1

(n0 + p0 +∆n)(1.8×10−24n0.65
0 +6×10−25 p0.65

0 +3×10−27∆n0.8 +9×10−15)
(1.10)

which simplifies to:

τintrinsic =
1

(n0 +∆n)(1.8×10−24n0.65
0 +3×10−27∆n0.8 +9×10−15)

(1.11)

in n-type Si, and:
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Figure 1.5: Variation of the intrinsic recombination lifetime with the donor concentration
for fixed acceptor concentrations of 1016, 3×1016 and 1×1017cm−3. tintrinsic clearly increases
with compensation, due to the reduction of nmaj. Reprinted from [25].

τintrinsic =
1

(p0 +∆n)(6×10−25 p0.65
0 +3×10−27∆n0.8 +9×10−15)

(1.12)

in p-type Si.

As inferred by equations 1.11 and 1.12, the intrinsic recombination lifetime increases with

decreasing majority carrier concentration (nmaj = n0 or p0) and decreasing excess carrier

density Dn. As shown by equations 1.1 and 1.2, for a given majority dopant concentra-

tion Nmaj, it is possible to reduce the majority carrier density nmaj by adding compensating

dopants. Hence, the intrinsic recombination lifetime can be increased by compensation.

This was shown by Macdonald and Cuevas [25], who calculated τintrinsic for constant ac-

ceptor concentrations and variable donor concentrations under a fixed generation rate of

0.1suns (Figure 1.5).

1.2.3 Recombination through defects

All commercially available crystalline Si substrates contain both impurities and intrinsic

crystal defects (even in mono-crystalline Si with the presence of self-interstitials and/or

vacancies) which vary in nature and density depending on the feedstock and crystallization

process used. Some of these impurities and crystal defects induce energy levels in the band

gap which may successively trap one electron and one hole, hence acting as a channel for

recombination of excess free carriers.

The statistics of recombination through defects were established independently by Shockley

and Read [26] and by Hall [27] and is known as the Shockley-Read-Hall (SRH) statistics.

The recombination lifetime can be expressed for a given defect with the simplified SRH

equation:

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

(1.13)

30
Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2012ISAL0139/these.pdf 
© [M. Forster], [2012], INSA de Lyon, tous droits réservés
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in which n1 and p1 are respectively the electron and hole densities when the Fermi level

coincides with the defect energy level ET:

n1 = NC exp
(
−EC −ET

kT

)
(1.14)

p1 = NV exp
(
−ET −EV

kT

)
(1.15)

In equation 1.13, τn0 and τp0 are respectively the fundamental electron and hole lifetimes,

defined as:

τn0 = 1
NTvthσn

(1.16)

τp0 = 1
NTvthσp

(1.17)

in which NT is the defect concentration, vth the carrier thermal velocity and σn and σp are

the capture-cross sections of the specific recombination centres, respectively for electrons

and holes.

Note that the simplified SRH equation can be used only if the defect density is lower than

a certain critical value, in order to avoid excessive trapping effects. For a given defect,

the applicability of the simplified SRH equation can be verified using the expression of

the critical defect density as a function of the doping given by Macdonald and Cuevas [28].

According to this expression, the defects that will be studied in this work are usually present

in a concentration that falls into the range of applicability of the simplified SRH statistics,

for the dopant density range relevant to solar cells.

To study the impact of the equilibrium majority carrier density, and ergo compensation, on

recombination through defects, it is convenient to study separately defects introducing an

energy level close to mid-gap from those with an energy level near the edge of the valence

or the conduction band [29].

Mid-gap levels:

Typical defects introducing a deep energy level close to mid-gap are dissolved transition

metals such as interstitial iron (Fei) [30, 31], manganese (Mni) [32] or vanadium (Vi) [30]

and substitutional gold (Aus) [33] or zinc (Zns) [34].

In the case of an energy level close to mid-gap, the SRH equation (Equation 1.13) can be

transformed into very simple expressions for the low-injection (∆n ¿ nmaj) lifetime tLI:

τLI ≈ τp0 (1.18)
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in n-type Si, and

τLI ≈ τn0 (1.19)

in p-type Si, and for the high-injection (∆n À nmaj) lifetime tHI:

τHI ≈ τn0 +τp0 (1.20)

In other words, the SRH lifetime is equal to the fundamental lifetime of the minority carrier

(τp0 in n-type or τn0 in p-type) at low-injection and to the sum of the fundamental lifetimes

(τn0+τp0) at high-injection. Because these fundamental lifetimes τn0 and τp0 are constants,

the low- and high-injection lifetimes are independent of the majority carrier density nmaj.

The transition between the two, however, logically depends on nmaj. If the high-injection

lifetime τHI is higher than the low-injection lifetime τLI, the SRH recombination lifetime

under a given generation rate may hence be influenced by nmaj.

The injection-dependent character of the SRH lifetime depends on the capture cross section

ratio k = σn/σp of the defect and on the polarity of the material (n-type or p-type). When

a defect has a larger capture cross section for the minority carrier than for the majority

carrier (k < 1 in n-type Si or k > 1 in p-type Si), τLI is smaller than τHI. In that case, the

SRH lifetime exhibits a dependence on the excess carrier density ∆n with a transition from

low- to high-injection around ∆n = nmaj.

This was illustrated by Macdonald and Cuevas [25] for the case of Fei in p-type Si. Figure

1.6a, from [25], shows for a fixed Fei concentration 5×1011cm−3 the SRH lifetime depend-

ence on ∆n, for different equilibrium hole concentrations p0. One can see that due to the

much larger capture cross section for electrons than for holes (k = 700) the SRH lifetime

is greatly increased from low- to high-injection. As p0 decreases, the transition from low-

injection to high-injection is shifted towards the lower excess carrier concentrations (Figure

1.6a). For a fixed generation of 0.1suns, the SRH lifetime thus increases from 13µs for

p0 = 1017cm−3 up to 2.3ms for p0 = 1014cm−3. This shows in the overall lifetime, calculated

at 0.1suns, which is, for a fixed acceptor concentration, greatly improved when p0 is re-

duced by compensation (Figure 1.6b). This effect is referred to as the “injection-level effect”

leading to an increase of τSRH with compensation.

Note that the capture cross section ratio usually depends on the donor or acceptor nature

of the defect. Donors (Fei, Mni, Vi), the charge state of which alternates between positive

and neutral, are generally more attractive for electrons than for holes (k > 1). They hence

display an injection-level effect resulting in an increase of τSRH with compensation in p-

type Si but not in n-type Si. Conversely, acceptors (Aus, Zns) alternate between negative

and neutral and are thus more attractive for holes (k < 1) and show an injection-level effect

in n-type Si only.
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(a) (b)

Figure 1.6: Left: Dependence of the calculated SRH lifetime of Fei on the excess carrier
density for different equilibrium hole density p0. Right: Variation with the donor concen-
tration of the calculated effective lifetime under a generation of 0.1 suns, for fixed acceptor
concentrations. The effective lifetime shows a strong improvement close to full compensa-
tion. Both figures are reprinted from [25].

Shallow levels (EC −ET < 0.3eV or ET −EV < 0.3eV):

Shallow levels are typically introduced by dissolved metals such as Ti, Cr or Mo or by

complexes such as CrB or Fe-acceptor (FeB, FeGa, FeIn. . . ) pairs. For a shallow level in p-

type Si, the simplified expressions of Equation 1.13 for the low-injection and high-injection

lifetimes τLI and τHI are:

τLI ≈ τn0 +τp0 × n1

p0
(1.21)

τHI ≈ τn0 +τp0 × n1 +∆n
∆n

(1.22)

for an energy level close to the conduction band, and:

τLI ≈ τn0 × p0 + p1

p0
(1.23)

τHI ≈ τn0 × p1 +∆n
∆n

+τp0 (1.24)

for an energy level close to the valence band.

Equations are not shown for n-type Si because they are strictly symmetrical to equations

1.21, 1.22, 1.23 and 1.24. One can deduce from these equations that:

- As for deep-levels, the SRH lifetime of shallow levels is in general different at low-injection

than at high-injection. It may thus show a similar “injection-level effect” to that observed
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(a) (b)

Figure 1.7: Calculated SRH lifetime of B atoms (Left) and FeB and CrB pairs (Right) in p-
type Si as a function of the compensation level. Above a certain threshold, the SRH lifetime
increases with compensation. Reprinted from [11].

for deep-levels, in the case of a significantly higher capture cross section for the majority

carrier than for the minority carrier.

- The low-injection SRH lifetime τLI is in general dependent on the equilibrium majority

carrier density nmaj. The lower nmaj is, the higher τLI will be.

Dubois et al. [11] explained the experimentally observed increase in lifetime with compens-

ation by this variation of the low-injection SRH lifetime of shallow levels with the majority

carrier density. They calculated the SRH lifetime in p-type Si of B atoms (Figure 1.7a) as

well as CrB and FeB pairs (Figure 1.7b) to increase noticeably with the compensation level

(in their work defined as ND/(NA −ND)).

Dubois et al. argued that this increase of tSRH with compensation was to be attributed to a

“Fermi-level effect”. They explained that as compensation increases, EF shifts towards mid-

gap, inducing a change of the charge state of shallow acceptors, from neutral to negatively

charged, rendering them less attractive for minority carrier electrons. While this analysis

may hold true for B atoms, CrB pairs (Figure 1.8) and other defects with a level located

near the top of the valence band, it can be shown (Figure 1.8b) that the charge state of

FeB pairs, the energy level of which is located close to the bottom of the conduction band,

remains unaffected by compensation in p-type Si.

Instead, the improvement of τ as EF moves towards mid-gap, according to equation 1.21,

can be attributed to electrons trapped by FeB defects having a larger probability to be re-

emitted into the conduction band than to recombine with a hole in the valence band, as the

population of holes decreases.

In general, one can say that the Fermi-level effect is observed when EF gets close to the

defect’s energy level or to its mirror image in the other half of the band gap. In other

words when the majority carrier density becomes comparable to n1 or p1, the Fermi-level

effect leads to an increase of the low-injection SRH lifetime [25]. For example, Macdonald

and Cuevas recently showed that almost no improvement of τSRH of the FeB pair was to be
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Figure 1.8: Variation of the fraction of ionized B atoms (Left) and FeB and CrB pairs (Right)
in p-type Si with the compensation level. While the ionization of B and CrB is affected by
compensation, FeB pairs remain in p-type completely neutral.

expected when p0 was decreased from 1017cm−3 to 1016cm−3, while they calculated a strong

increase when p0 was decreased below n1 ( 3×1015cm−3), from 1016cm−3 to 1015cm−3.

Note that FeB pairs have in practical no impact on the field operation of solar modules

because they dissociate within a few seconds under illumination. Nevertheless, their study

is essential to understand the minority carrier lifetime or the characteristics of solar cells

which are usually measured without preillumination sufficient to break FeB pairs. They

also constitute a convenient case of study to illustrate the impact of compensation on the

recombination through shallow levels, because their SRH parameters have been extensively

[35, 36, 37, 38] studied and are thus fairly well-known. With respect to compensation, what

is important to remember from the investigation of the SRH lifetime of FeB pairs is that

the recombination strength of shallow levels generally weakens as nmaj decreases below a

certain threshold, due to a Fermi level effect.

1.2.4 The boron-oxygen defect

A degradation of the recombination lifetime is known to occur in boron-doped and oxygen-

containing crystalline Si under illumination or carrier injection [39]. This degradation

is thought to result from the formation or activation of a boron-oxygen (BO) complex of

which the electrical characteristics have been extensively studied over the years in uncom-

pensated B-doped Cz-Si. Its SRH parameters were determined by Rein and Glunz [40]

through a combination of temperature- and injection-dependent lifetime spectroscopy to be

EC −ET,BO = 0.41eV and k = 9.3. It thus falls into the category of defects with an energy

level close to mid-gap and a moderately asymmetrical capture cross section ratio. Due to its

larger capture cross section for electrons than for holes, the SRH lifetime of the BO defect

should thus display a moderate increase in p-type Si, when p0 is reduced by compensation,

because of the previously described injection-level effect.
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First studies on uncompensated B-doped Cz Si also measured the BO defect density NT,BO

to be proportional to the substitutionnal boron (Bs) concentration [41] and to the square of

the interstitial oxygen (Oi) concentration [42]. This enabled to draw a picture of the defect

which depicted it as made up of one substitutionnal boron atom and one interstitial oxygen

dimer. The proportionality of NT,BO to [Bs] and on [Oi]2 results in a recombination lifetime

in the degraded state τdeg that can be described at an injection of ∆n = 0.1× p0 by the

following empirical parametrization, built up by Bothe et al. [43]:

τdeg = 7.675×1045 × [Bs]−0.824 × [Oi]−1.748 (1.25)

In compensated p-type Si, however, Kopecek et al. [44] found that NT,BO was actually

proportional to the majority carrier density p0 instead of the total substitutionnal boron

concentration [Bs]. Note that this finding was made possible in compensated Si by the fact

that p0 is lower than [Bs], while both are almost equal in uncompensated Si. This surpris-

ing result was soon after confirmed by similar experiments made by independent groups

[45, 46, 47, 48]. Since then, authors have strived to explain it, either by the existence of

boron-phosphorus pairs [45, 44], or by building new defect models from which the parti-

cipation of substitutionnal boron is excluded [49]. The aim of this review chapter is not to

provide a detailed discussion of the possible reasons for the observed dependence of NT,BO

on p0, which will be discussed in chapter 4. This result is, in itself, enough to show the par-

ticularity of the BO defect, for which not only the recombination activity can be reduced by

compensation, but also the density of recombination active defect. Considering this linear

dependence of NT,BO on p0 instead of [Bs], the empirical formula 1.25 given by Bothe et al.

should be usable in the case of compensated Si if one replaces [Bs] by p0. This reads:

τdeg = 7.675×1045 × [p0]−0.824 × [Oi]−1.748 (1.26)

By combining this parametrization to the SRH constants determined by Rein and Glunz

[34], it is possible to calculate the injection-dependent SRH lifetime for the BO defect. We

did so, using the same conditions as in [19] and for an interstitial oxygen concentration of

[Oi] = 7×1017cm−3 which is a common value for Cz-Si. We chose different fixed concentra-

tions of [Bs] = 1×1016, 3×1016 and 1×1017cm−3 and increased compensation by varying

the phosphorus concentration. The results (Figure 1.9) show that for the chosen values of

[Bs], the effective lifetime τeff at a fixed generation of 0.1suns is very low (τeff = 2−17µs) in

absence of compensation (RC = 0). This suggests that in UMG-Si containing high concen-

trations of B, τeff might be almost entirely limited by recombination through the BO defect.

However, τeff is calculated to be greatly improved by compensation, due to the reduction of

the BO defect density as p0 decreases.

Note that light-induced degradation was recently also observed in n-type Si compensated

with boron [50]. The formation, and the electrical activity of the defect are, however, more

complex in n-type than in p-type and many aspects are yet to be understood in the former

material [46, 51, 52, 53]. One point that seems to be generally observed in n-type com-
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Figure 1.9: Variation of the effective lifetime with compensation in the presence of the
boron-oxygen defect in p-type Si. teff increases strongly with compensation due to the re-
duction of the BO defect density with decreasing p0.

pensated Si is that the BO defect density does not decrease, as it does in p-type Si, when

the majority carrier density n0 is reduced by compensation.

1.2.5 Summary

To summarize this section, we have seen that irrespectively of what mechanism dominates

recombination, its strength is determined by the equilibrium majority carrier density. In

addition, the only available unambiguous lifetime data on compensated mono-crystalline Si

suggest that dopants themselves do not act as important recombination centres. Recombin-

ation is therefore identical in compensated Si as in uncompensated Si with the same net

doping. It can thus be effectively minimized by reducing the majority carrier density, either

by a lower majority dopant concentration or by compensation.

1.3 Carrier transport in compensated silicon

The transport of a charge carrier in a semiconductor is altered by its interaction with local

perturbations of the electrical potential in the crystal. Such interaction decreases the excess

velocity of a carrier, through the dissipation of part of its energy and/or momentum, and

hence reduces its ability (mobility µ or diffusivity D) to move under the influence of an

electric field or a concentration gradient. This dissipation of the energy and/or momentum

of a charge carrier is called scattering.

1.3.1 Scattering mechanisms

Typical scattering centres in Si are phonons, ionized and neutral impurities, charge carriers

and dipoles. In the present section, we restrict our description to the main scattering mech-

anisms that have been identified [54] as relevant to the study of compensated Si for the
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dopant concentration range found in UMG-Si. These scattering mechanisms are phonon

scattering, ionized impurity scattering and carrier-carrier scattering.

Phonon scattering Phonon scattering is caused by lattice vibrations, that cause vari-

ations of the electrical potential. Phonon scattering can lead to a dissipation of both energy

and momentum of a charge carrier. Its importance increases with the concentration of

phonons as the temperature (T) is raised. Therefore, the mobility µL resulting from lattice

scattering generally follows an inverse power dependence on T [55, 56] :

µL = 1
Tα

(1.27)

with α a constant depending on the type of carrier.

Ionized impurity scattering Ionized impurity scattering occurs when a charge carrier

encounters the Coulomb field of a fixed ionized impurity. The carrier is deflected from its

original trajectory and part of its momentum is dissipated. In doped Si, ionized impurity

scattering centres are mainly dopants which are usually present in concentrations far above

that of other charged impurities. The strength of ionized impurity scattering increases with

the concentrations of ionized dopants (Nmaj, Nmin) and decreases with T. The mobility µI

due to ionized impurity scattering hence follows a function of N and T which decreases with

N and increases with T.

Carrier-carrier scattering Carrier-carrier scattering works essentially in the same way

as ionized impurity scattering. The only difference arises from the fact that the charge car-

rier is deflected by the Coulomb field of a mobile charge instead of fixed one. Only scattering

with carriers of opposite charge is considered to have a significant impact on the mobility

[57]. Scattering between carriers of the same charge is only a second order mechanism and

does not lead to a loss of momentum but only to its redistribution among carriers of the

same type.

To include multiple scattering mechanisms in the calculation of the carrier mobility µ, it is

possible to sum their contributions µi using Mathiessen’s rule:

1
µ
=∑ 1

µi
(1.28)

1.3.2 Resistivity-to-doping relation

Uncompensated silicon

In uncompensated Si, the mobility µ of a given type of carrier (electron or hole) is fixed

by the temperature T and the concentration of the majority dopant Nmaj. For a given

T, the carrier mobility decreases monotonically with Nmaj, due to the increasing ionized
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(a) (b)

Figure 1.10: (a) Variation of the electron mobility with the phosphorus concentration in un-
compensated n-type Si at room-temperature. Reprinted from [58]. (b) Variation of the hole
mobility with the hole density in uncompensated p-type Si at room-temperature. Reprinted
from [59].

impurity scattering (Figure 1.10). Note that the electron mobility is in general higher than

the hole mobility. This is due to the indirect nature of the motion of a hole, which involves

a step-by-step displacement of a large number of electrons, from one occupied orbital to the

neighbouring vacant one.

The majority carrier mobility µmaj directly relates the resistivity ρ, which is easily measur-

able, to the majority carrier density nmaj and hence the doping, through the relation:

ρ = 1
nmaj × q×µmaj

= 1
Nmaj × q×µmaj(Nmaj)

(1.29)

in which q is the elementary charge of an electron. Because the variation of µmaj with

Nmaj is weak, the evolution of ρ with Nmaj is dominated by the inverse component 1/Nmaj.

The resistivity ρ therefore decreases monotonically with the majority dopant concentration

Nmaj (Figure 1.11). For a given value of ρ, there is thus only one possible corresponding

value of Nmaj. As a fortunate consequence, the majority carrier density, or the majority

dopant concentration, can be unambiguously determined by a simple ρ measurement in

uncompensated Si. This is, however, not the case in compensated Si.

Compensated silicon

In compensated Si, the majority carrier density does not anymore depend only on the major-

ity dopant concentration Nmaj but on both Nmaj and Nmin, through equations 1.1 and 1.2. In

addition, µ is affected by carrier scattering on both the majority- and the minority dopant.

For a given majority carrier density nmaj, or net doping Nmaj−Nmin, the total concentration

of ionized dopant scattering centres is larger in compensated Si than in uncompensated Si
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Figure 1.11: Variation of the resistivity in uncompensated n-type Si doped with phosphorus
and p-type Si doped with boron as a function of the dopant concentration. Reprinted from
[55].

Figure 1.12: Resistivity as a function of the acceptor and donor concentrations in com-
pensated Si using the model of Thurber [61] and Arora [62]. Reprinted from [60].

and µ is therefore lower. As a result, the resistivity, which is expressed below, does not

exhibit an unambiguous relation to the individual dopant concentrations Nmaj and Nmin or

even to the net dopant density Nmaj −Nmin:

ρ = 1
nmaj × q×µmaj

= 1
(Nmaj −Nmin)× q×µmaj(Nmaj, Nmin)

(1.30)

Cuevas [60] calculated the resistivity of compensated Si, as a function of the concentrations

of acceptor and donor dopants, using for µmaj the model of Thurber [61] and Arora [62]

which assumes that µ depends on the total dopant concentration Nmaj +Nmin. The result,

displayed on Figure 1.12, shows that for a given value of ρ, there is an infinity of possible

donor and acceptor concentration (NA, ND) couples and values for the net doping NA −ND.

This shows that r measurements cannot be used in compensated Si, as in uncompensated

Si, to deduce the dopant concentrations or the majority carrier density. This fact forces
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Figure 1.13: Variation of the electron and hole mobility with the donor concentration, in
Si containing an acceptor concentration of 1×1016cm−3 calculated with Arora’s, Klaassen’s
and Reggiani’s model. The hashed zone represent highly-compensated Si with RC > 0.5.

authors dealing with compensated Si to use techniques that measure directly the majority

carrier density, such as Hall effect, capacitance-voltage or free-carrier absorption measure-

ments, and to develop new characterization techniques [63, 64] to estimate the individual

concentrations of dopants in compensated Si.

1.3.3 Deviation from mobility models

Modelling the mobility is essential to predict the performance of solar cells. In particu-

lar, the minority carrier mobility µmin affects the minority carrier diffusion length Lmin,

which is a central parameter for the suitability of a material for solar cells, as it directly

controls the electrical current that can be generated. In addition, the knowledge of the mo-

bility can be necessary for Si wafers and solar cells characterization, for example for photo-

conductance based lifetime measurements [65] or for interstitial oxygen mapping [66].

Most mobility models are entirely empirical [62, 67, 68, 69], and were constructed to fit

experimental data on uncompensated Si. Most of these models hence consider µ to depend

only on the dopant sum NA + ND, thereby assuming that ionized dopants act as identical

scattering centres, irrespectively of their type and of the considered carrier. Only Klaassen’s

model [57, 56] is semi-empirical, and separates the different scattering mechanisms, i.e.

lattice scattering, ionized donor scattering, ionized acceptor scattering and carrier-carrier

scattering. It also includes the screening of scattering centres by other surrounding charges.

A quick glimpse at the comparison between Klaassen’s model and other purely empirical

models (Figure 1.13), however, shows that they do not yield significantly different values in

the concentration range of interest for solar cells, even in compensated Si.

Over the last five years, many studies have confronted mobility models to experimental

data in compensated Si [10, 46, 70, 71, 14, 72, 73, 74, 75, 76, 77]. They all come to the same

conclusions, that can be summarized as follows:
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Figure 1.14: Relative deviation of the measured majority carrier mobility compared to
Klaassen’s model. This figure presents mobility data from 6 different research groups. Re-
printed from [77].

- In lightly compensated Si, the measured µ can be accurately described by the available

models.

- At higher compensation levels, models overestimate µ. The deviation from the models

increases with the compensation level (Figure 1.14).

- The deviation from Klaassen’s model, in highly-compensated Si, is in general stronger for

the minority carrier than it is for the majority carrier. This is despite Klaassen’s model

reproduces the minority carrier mobility in uncompensated Si with greater accuracy than

other models.

Different explanations have been proposed to explain this reduction of the measured mobil-

ity in compensated Si compared to models. Veirman et al. have suggested the existence of

a compensation-specific scattering mechanism [70] or the presence of local net doping non

uniformities acting either as scattering centres or as sources of errors for the mobility meas-

urements [71]. Lim et al. [46, 74] and more recently Schindler et al. [77] have proposed that

the mobility could be lower due to the reduction of the screening of scattering centres by

free carriers of which the concentration is reduced by compensation. These propositions will

be discussed in chapter 3, in the light of our measurements of the temperature-dependence

of the majority carrier mobility in compensated Si.

1.4 Compensated silicon solar cells

In the previous sections, we have analysed how dopant compensation influences recombin-

ation and carrier mobility in Si. This lays the fundamentals that are necessary to under-

stand the impact of compensation on the performance of solar cells. The first following 4

sub-sections (5.3.2,5.3.3,1.4.3 and 5.3.4) deal with the influence of compensation on the ba-

sic characteristics of solar cells i.e. the open-circuit voltage, the short-circuit current, the

fill factor and as a result the efficiency. The next 2 sub-sections (1.4.5 and 1.4.6) deal with

issues related to the field operation of solar modules, through the study of how compensa-
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1.4. COMPENSATED SILICON SOLAR CELLS

tion acts upon the reverse breakdown voltage of solar cells and the temperature coefficients

of their characteristics.

1.4.1 Open-circuit voltage

The open-circuit voltage (Voc) of a solar cell is defined by the following expression:

Voc = kT × ln

(
(n0 +∆n)× (p0 +∆n)

n2
i

)
≈ kT × ln

(
(nmaj +∆n)×∆n

n2
i

)
(1.31)

This expression shows that there are two competing effects of nmaj, and thus of compensa-

tion, on the open-circuit-voltage. On one hand, nmaj is directly involved in the expression

of the open-circuit voltage and, at equal ∆n, Voc decreases as nmaj is reduced. On the other

hand, the reduction of nmaj increases ∆n, through the improved effective recombination

lifetime τeff. Macdonald and Cuevas [25] theoretically showed that at moderate doping

([B]= 1−3×1016cm−3), the latter effect dominates, and that Voc increases monotonically as

τeff is improved with decreasing nmaj by compensation. At higher doping ([B] = 1017cm−3),

Voc initially decreases with compensation, due to the reduction in nmaj, until very strong

compensation is reached and above which the voltage starts increasing again, due to the

enhancement of τeff (see Figure 1.15a).

This theoretical finding was confirmed by Veirman et al. [14] who measured Voc to decrease

with the height of two p-type multi-crystalline Si ingots made with UMG-Si (Figure 1.15b)

which contained very large boron concentrations (2−4×1017cm−3). In those ingots, com-

pensation increases along the ingot height due to phosphorus segregation being stronger

than that of boron (see chapter 2).

Note, however, that both the modelling from [25] and the experimental data from [14] neg-

lect the influence of the BO defect (in [14], Voc was measured before light-induced degrad-

ation). Due to the strong dependence of τeff on p0 in the presence of the BO defect (Figure

1.9), the lifetime effect of compensation on the voltage might dominate even at high doping,

which would lead to a monotonic increase of Voc with compensation.

In any case, the optimization of the open-circuit voltage requires a precise control of the

majority carrier density. The optimum nmaj depends on the mechanisms that dominate

recombination and is hence to be determined for each particular material and solar cell

structure of interest. It is also worth noting that, if neglecting the impact of µ on the excess

carrier distribution across the thickness of a solar cell, the open-circuit voltage depends, for

a given structure, only on nmaj and should thus not be different in compensated Si from in

uncompensated Si with the same net doping.

1.4.2 Short-circuit current

The quality of the material used for the base of a solar cell determines the short-circuit

current Jsc of the device through the minority carrier diffusion length, defined by:
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(a) (b)

Figure 1.15: (a): Calculated open-circuit voltage as a function of the donor concentration for
fixed acceptor concentrations. Reprinted from [25]. (b): Measured Voc along the height of
two highly-doped and compensated multi-crystalline UMG-Si ingots. Reprinted from [14].

Lmin =
√
τeff ×Dmin =

√
τeff ×µmin ×

kT
q

(1.32)

Again, the effect of compensation on Jsc is subjected to a compromise, this time between

the increase of the recombination lifetime τeff and the reduction of the minority carrier

mobility µmin. Theoretical evaluation of the trade-off between the opposite trends of these

two parameters is made difficult by the inaccuracy of mobility models for compensated Si.

Previous workers [25, 78] have calculated Jsc to increase monotonically with compensation,

but their modelling can be regarded as optimistic, since they used Klaassen’s model which

is known to overestimate µmin in highly-compensated Si.

While theoretical studies do not allow to conclude on the outcome of the competition between

τeff and µmin, some experimental studies [11, 79] have reported Lmin to increase signific-

antly with compensation. This suggests that the mobility reduction is largely outweighed

by the increase in τeff. For example, Dubois et al. [11] measured a larger Lmin in the highly-

compensated centre region of a solar cell made with a neighbouring wafer to those of which

the resistivity and lifetime are shown in Figure 1.3.

Due to this enhancement of Lmin with compensation, Jsc have been measured by different

groups to increase monotonically with compensation, as reported in [13, 80, 81].

1.4.3 Fill factor

The fill factor (FF) encompasses all the losses that reduce the voltage or the current of

a solar cell at maximum power point below their values in open-circuit and short-circuit

conditions. FF can be influenced by nmaj in two ways [25]:

- The base conductivity decreases with decreasing nmaj, inducing an increase of resistive

losses. These resistive losses reduce the voltage at maximum power point (Vmpp) compared
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to the voltage in open-circuit condition.

- Due to carrier collection, the excess carrier density is lower at maximum power point

than it is in open-circuit conditions. This also induces Vmpp to be lower than Voc. When

the recombination lifetime exhibits a strong excess carrier density dependence (see Figure

1.6), it might decrease from its high injection value to its low injection value as the cell

is shifted from open-circuit to maximum power point. As a result, the decrease in excess

carrier density is even stronger, leading to a reduced Vmpp and hence a lower FF. Since

the ∆n transition from low to high injection depends on nmaj, compensation may affect FF

through a lifetime injection-dependence effect.

As a result, FF generally decreases as nmaj is reduced by compensation, due to the lifetime

injection-level effect and, to a lesser extent, due to the resistive losses. This is until extreme

compensation is reached, for which the injection-level effect ceases (the base is in high

injection at maximum power point as in open-circuit) and FF increases with compensation

back to a stable value.

1.4.4 Efficiency

The conversion efficiency (η) of a solar cell is the fraction of incident light power (Pincident)

which is converted into usable electrical power. It can be expressed by:

η= Jsc ×Voc ×FF
Pincident

(1.33)

To maximize η, it is thus necessary to optimize the product of the 3 parameters on which we

have discussed the impact of compensation in the previous sub-sections. As we have shown,

these 3 parameters are strongly dependent on the equilibrium majority carrier density nmaj

in the base of solar cells which can be adjusted by compensation. So far, the only limitation

of compensation arises from the reduction of mobility which makes the short-circuit current

lower for a compensated solar cell than for an uncompensated one with the same nmaj. The

study of Jsc, however, showed that the reduction of µmin is largely counterbalanced by the

increase of τeff with compensation and should thus not impose a drastic penalty on the

device performance. Experimental results on the efficiency of compensated UMG-Si solar

cells confirm this analysis.

The first experimental observation [82] showing that η could be improved by compensa-

tion was made during the early phase of the Photosil project, with a measured jump of

3.5% absolute in the highly-compensated top region of an ingot made with purified MG-Si.

The efficiency was then still relatively low (12.5% maximum), due to the large concentra-

tions of dopants and metal contaminants. Since then, repeatable η of above 15% on average

[14, 83] have been achieved on multi-crystalline UMG-Si ingots despite large concentrations

of B and P (on the order of [B]= 1−3ppmw/1.3−3.9×1017cm−3 and [P]= 6−8ppmw/2.7−
3.6×1017cm−3). With purer UMG-Si material ([B]< 0.5ppmw/6.5×1016cm−3 and [P]< 1ppmw/4.5×1016cm−3),

comparable η to uncompensated EG-Si have been obtained, with typical values above 16%
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Figure 1.16: Variation of the global breakdown voltage and the voltage at which onset of
breakdown appears, as a function of the net doping. For both the global breakdown and the
onset of breakdown, compensated cells scale very well with uncompensated cells, indicating
that the dominant parameter for breakdown is the majority carrier density. Reprinted from
[92].

for multi-crystalline [84, 85, 86, 87] and reaching up to 19% for mono-crystalline Si solar

cells [47, 85, 88]. These results clearly prove that compensated Si can be an appropriate

material for making high-efficiency solar cells.

1.4.5 Breakdown voltage

A shaded solar cell might, when connected in strings inside a module in operation, be

reversed-biased by the other cells. When this results in a large reverse current, especially

if the latter is localized, the module can be damaged by the resulting excessive heat gen-

eration. The phenomenon of junction breakdown under a reverse bias is thus a serious

reliability issue for modules which has to be treated at the cell level. The physical mechan-

isms of junction breakdown have been reviewed in detail in the case of mono-crystalline Si

by Mahadevan et al. [89] and more recently for multi-crystalline Si by Breitenstein et al.

[90]. Although different types of breakdown have been identified to occur in mono- and in

multi-crystalline Si solar cells, it was shown that the breakdown voltage (VB) decreases in

both cases with the base doping, presumably due to the reduction of the space charge region

of the junction [91].

In compensated UMG-Si, Kwapil et al. [92] measured the breakdown voltage VB to follow

the same dependence on the net doping Nmaj − Nmin as in uncompensated EG-Si. This is

despite the larger concentration of metals in UMG-Si that are known to enhance junction

breakdown [90]. Such result indicates that the influence of the net doping is dominant over

that of other contaminants. Recently, a similar dependence of VB on Nmaj −Nmin was also

reported by Veirman et al. [80]. Those results show that the severity of junction breakdown

can be mitigated by keeping Nmaj −Nmin low i.e. by a tight control of compensation in the

case of UMG-Si.
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(a) (b)

Figure 1.17: Comparison of the efficiency (a) and short-circuit current (b) temperature coef-
ficients of compensated UMG-Si (referred to as SoG-Si in the graphics) solar cells with
uncompensated EG-Si solar cells. Reprinted from [93].

1.4.6 Temperature coefficients

In a recent study, Tanay et al. [93] have reported a weaker degradation with increasing tem-

perature of the conversion efficiency of solar cells made with compensated UMG-Si, com-

pared to those made with uncompensated EG-Si. This improved temperature-dependence

was shown to result from a larger increase of the short-circuit current in compensated

UMG-Si solar cells than in the EG-Si control solar cells.

In the same study, the authors showed that this behaviour could be explained by two char-

acteristics of compensated UMG-Si:

1. The weaker dependence of the minority carrier mobility on temperature in compensated

Si.

2. The larger concentration of recombination-active defects in UMG-Si, limiting the

minority carrier diffusion length, and of which the capture cross sections decrease

quadratically with T.

These better temperature coefficients for modules made with compensated UMG-Si solar

cells should yield a better field power output per installed peak power than standard mod-

ules made with EG-Si solar cells, since the operation temperature is usually higher than the

standard testing temperature. This was shown in an experiment conducted by Peter et al.

[94] who compared over 20 months the performance ratio of systems with UMG-Si modules

to systems with standard EG-Si modules. The results clearly show that UMG-Si modules

perform better than EG-Si modules during the hot season and slightly worse during cold

months.
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1.5 Conclusion

In this chapter, we have reviewed the fundamental electrical properties of compensated Si.

The analysis of recombination in Si shows that it is determined by the majority carrier

density and can thus be lowered by compensation. On the other hand, the mobility of both

the majority and the minority carrier is shown to decrease with compensation, due to the

additional ionized dopants scattering centres and to a mechanism of which the origin is not

yet clearly identified.

Investigations of the basic characteristics of solar cells show that the improvement of the

recombination lifetime largely overweights the minority carrier mobility reduction, driving

the diffusion length, and hence the short-circuit current of a solar cell, to increase monoton-

ically with compensation. Other cell characteristics, such as the open-circuit voltage, the

fill-factor or the reverse breakdown voltage are also strongly depending on the majority car-

rier density but are only weakly affected by the carrier mobility. These characteristics are

thus almost identical in compensated Si as in uncompensated Si with the same net doping.

As a consequence, the optimal majority carrier density should be very similar for com-

pensated Si as for uncompensated Si solar cells with the only additional losses in com-

pensated Si being due to the lower carrier mobility. As we saw in the last sub-section,

these losses become less important as the temperature increases, which suggest that their

influence is minimized in field operation conditions compared to room-temperature.

These findings open the discussion for “compensation engineering” which consists in, when

the majority carrier concentration differs from its optimal value, adjusting it by the addition

of either compensating dopant or majority dopant. In UMG-Si, the majority dopant concen-

tration is usually much higher than the optimal majority carrier density and compensation

engineering is therefore essential to achieve the best possible cell performance. The next

chapter will focus on the practical challenges that such an approach implies when it has to

be employed at the ingot level and will demonstrate the potential of gallium co-doping to

control the net doping along UMG-Si ingots.
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Chapter 2

Compensation engineering to
control the net doping along silicon
ingots

In the end of chapter 1, we came to the conclusion that good performance solar cells could be

made with compensated Si, upon condition that the net dopant density was well-controlled.

While this means for the solar cell manufacturer that a careful selection of the incoming

wafers in a production line is required, it implies for the ingot grower the necessity to be

able to fabricate ingots with a well-targetted and uniform net doping, in order to deliver the

largest possible fraction of the crystallized material.

As we show in this chapter, a tight control of the net doping along directionally solidified

compensated Si ingots may, however, prove very challenging, due to the strong segregation

of phosphorus. To overcome this issue, we propose to use gallium co-doping and demon-

strate its potential to control the net doping along p-type and n-type crystals grown with Si

initially containing both boron and phosphorus.

- In section 2.1, we briefly describe the most widely used crystallization techniques for solar

cell production and provide the theoretical background necessary to understand the prob-

lematic of segregation of dopants in compensated Si ingots. We also explain in detail the

principle of gallium co-doping to obtain Si crystals with uniform net doping.

- In sections 2.2 and 2.3 we present the experiments that we have conducted, by growing

Czochralski Si crystals, to demonstrate the effectiveness of gallium co-doping to control the

net doping along p-type and n-type Si ingots.

2.1 Theory

2.1.1 Crystallization techniques

In 2010, about 83% of the world production of solar modules was based on crystalline Si, al-

most entirely obtained by either the Czochralski technique (44%) or by ingot casting (55%).
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Figure 2.1: Schematic of a typical Czochralski crystal pulling system.

In this sub-section, we describe these two major crystallization techniques.

2.1.1.1 Czochralski growth

The Czochralski (Cz) crystallization technique was discovered in 1916 and first published

in 1918 [95]. This technique was for the first time applied to the growth of Si crystals in

1952 and it was not until 1958 [96] that the achievement of dislocation-free Si crystals was

reported.

A schema of a Cz pulling system in operation is drawn in Figure 2.1. Si is first molten in

a quartz crucible and maintained at a temperature just above the melting point. A mono-

crystalline Si seed with the desired crystal orientation is then brought into contact with

the surface of the Si melt. The crystal is then grown by pulling the seed from the melt

and decreasing temperature below the melting point, while the seed and the crucible are

rotating in opposite directions. The diameter of the crystal is controlled during the process

by adjusting the pulling rate v and the temperature. Typical industrial Cz-Si crystals for

PV are currently of 200−300mm in diameter and up to 2m in length.

The resulting material is mono-crystalline and free of dislocations. It, however, contains

point defects of which the nature (vacancies or self-interstitials) and the concentration de-

pend on the growing conditions [97] and have a critical influence on the quality of the ma-

terial. In addition, Cz-Si contains large concentrations of oxygen (O), due to the dissolution

of the quartz crucible, and carbon (C), due to the contamination by the graphite heating ele-

ments of the system. While neither of them is electrically active in its dissolved state, both

are undesirable in Si. Indeed, oxygen forms complexes (BO defect, thermal donors) and

precipitates that affect the doping and significantly enhance recombination, while carbon

induces mechanical stresses and promotes oxygen precipitation. Typical O concentrations
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Figure 2.2: Schematic of the ingot casting system developed by Cyberstar and Apollon Solar.
Details can be found in [99].

in Cz-Si are in the range 5−10×1017cm−3 while the C concentration can be kept below

1×1017cm−3.

Note that it was shown that the oxygen contamination can be significantly reduced by the

application of a transverse magnetic field [98], which suppresses turbulent convection in

the case of small diameter crystals. The potential and cost-effectiveness of magnetic-Cz

(MCz) is, however, yet to be proven for large diameter crystals.

Another possible improvement of the standard Cz-growth process that has to be mentioned

here is the possibility to reload the crucible with Si during crystallization, in order to make

continuous or semi-continuous growth. This possibility will show of particular interest as

we address the phenomenon of impurity segregation in section 2.1.2.

2.1.1.2 Ingot casting

In the casting technique, Si is molten and crystallized inside the crucible. The ingot is

directionally solidified, from bottom to top, by extracting the heat from the bottom of the

system. When a seed is put in the bottom of the crucible, this technique enables to obtain

mono-crystalline or quasi-mono-crystalline Si ingots. In the absence of a seed, the ingot

is multi-crystalline. A schematic of the crystallization system developed by Cyberstar and

Apollon Solar [99] is given in Figure 2.4, as an example of an ingot casting process.

The main advantage of this technique over the Cz method is that it enables to crystallize

much larger ingots with a higher throughput and hence a lower cost. Also, crucibles used for

ingot casting are coated with Si nitride, acting as a barrier against the diffusion of oxygen

from the crucible into the Si. As a consequence, the O concentration is usually lower in cast

ingots than in Cz crystals, typically in the order of 1−5×1017cm−3.

On the other hand, although this technique was initially developed for making single crys-

tals [100], it has mostly been used for the growth of multi-crystalline Si ingots which, by

definition, contain grain boundaries and dislocations acting as nucleation sites for the pre-

cipitation of impurities and as strong recombination centres. Even when single crystals

are grown by the seed-assisted casting method, high dislocation densities are difficult to
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Figure 2.3: Phase diagram of the binary alloy Si-P. Reprinted from [101].

avoid in the entire ingot, due to residual stresses occurring during crystallization and in-

got cooling. In addition, cast ingots are usually more strongly contaminated in C, due to

the proximity of the heating elements to the Si melt, and in metallic impurities that are

thought to originate from the Si nitride coating. Overall, cast Si usually displays lower re-

combination lifetime than Cz-Si and thus yields lower efficiencies, especially in the case of

advanced solar cell devices.

2.1.2 Distribution of impurities in silicon crystals

As we have seen in the previous sub-sections, the two major crystallization techniques that

are used to for the production of Si wafers for the photovoltaic industry are both direc-

tional. This has consequences in terms of impurity distribution along crystals, due to the

phenomenon of segregation. In this sub-section, we describe segregation and analyse its

impact on the doping variation in directionally solidified Si crystals.

2.1.2.1 Segregation

A given solute does not usually have the same solubility in the liquid phase of a given

substance than in its solid phase. This leads to the phenomenon of segregation when both

the solid and the liquid phase of an alloy coexist, as during crystallization of doped Si. This

phenomenon can be illustrated with the example of the Si-P alloy, the phase diagram of

which is shown in Figure 2.3.

Let us imagine for example an alloy of 10% of P and 90% of Si. The phase diagram of the

Si-P system indicates that, at 1500°C, this alloy is present in the form of one liquid solution.

If the alloy is progressively cooled down, a solid phase appears as the temperature of the

system reaches that of the liquidus (∼ 1390°C). This solid phase has a P concentration which

is, as determined by the solidus curve, much lower (∼ 1%) than the total P concentration of

the alloy. As a consequence, a large part of the P contained in the volume of the alloy which
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is solidified is rejected into the liquid phase. The liquid phase is therefore enriched in P,

following the liquidus curve as the fraction of solidified compound increases with decreasing

T.

This phenomenon is called segregation and can be represented at a given T by the ratio

of the solute concentration of the solidus curve CS(T) to that of the liquidus curve CL(T)

(Equation 2.1). This ratio is called the segregation or partition coefficient.

k = CS(T)
CL(T)

(2.1)

In doped Si, the impurity concentration is much lower than 10%, usually in the order of 0.01

to 1ppma. In that case, the solidus and liquidus curves can be approximated by straight

lines, of which the slopes mS and mL define the equilibrium segregation coefficient k0 of a

given impurity in Si:

k0 = mL

mS
(2.2)

Experimental values for the equilibrium segregation coefficients of most impurities in Si

have been gathered in an exhaustive review by Trumbore [102]. We report in table 2.1 the

segregation coefficients for the main dopants in Si.

Element k0

Boron 0.8
Gallium 0.008

Aluminium 0.002
Indium 4×10−4

Phosphorus 0.35
Arsenic 0.3

Antimony 0.023

Table 2.1: Equilibrium segregation coefficients of the main dopants in Si.

One can notice that all the major dopants have in Si an equilibrium segregation coefficient

which is lower than unity. As a result, dopants are rejected during crystallization into the

liquid phase and their concentration along directionally solidified crystals increases with

the solidified fraction, as will be shown using Scheil’s equation in the next sub-section.

2.1.2.2 Scheil’s equation

Let us now apply segregation to the distribution of an impurity along a Si crystal solidified

along one direction. We consider for that a constant volume of Si contained in a bar with a

length L and a cross section A, the solidification front progressing at a distance l from the

seed (Figure 2.4).

The conservation of the total amount of solute when an element of volume dl×S is solidified

reads:

53
Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2012ISAL0139/these.pdf 
© [M. Forster], [2012], INSA de Lyon, tous droits réservés



CHAPTER 2. COMPENSATION ENGINEERING TO CONTROL THE NET
DOPING ALONG SILICON INGOTS

Silicon crystal Silicon melt

l dl

L

A

Figure 2.4: Schematic of the directional solidification of a Si crystal.

A× (L− l)×dCL = (CL −CS)×A×dl (2.3)

With CL the impurity concentration in the Si melt, which is considered as perfectly ho-

mogeneous1, and CS the concentration incorporated into the solidified element of volume

dl× A. By using CS = k0 ×CL, and introducing the solidified fraction fS = l/L, equation 2.3

becomes:

dCL

CL
= (1−k0)× d fS

1− fS
(2.4)

By integrating this equation, using C0, the initial impurity concentration in the Si melt as

a boundary condition, we obtain:

CL = C0 × (1− fS)k0−1 (2.5)

This leads to Scheil’s equation [103] for the distribution of an impurity along a directionally

solidified crystal:

CS = k0 ×C0 × (1− fS)k0−1 (2.6)

Note that this equation is only valid in the case of a conservative system, in which there is

no addition or loss of Si or impurity after the beginning of crystallization. Two particular

cases can be mentioned as departing from those conditions:

1. The first one is the case of continuous growth, mentioned before, in which the crucible

is replenished with Si during crystallization. The impurity in the Si melt is in this

case diluted by the addition of Si. If the reloading is appropriately optimized, the

impurity concentration can thus be kept almost constant along the length of crystals

obtained by continuous Cz-growth.

2. The second one is the case of an impurity being added into the melt or evaporated from

the free surface of the Si melt during crystallization. This is for example the case of

oxygen, which is both added into the melt, through the dissolution of the crucible,

1This either assumes a perfectly stirred Si melt or an infinite diffusion coefficient for the considered impurity
in liquid Si. This will be discussed in Sub-section 2.1.2.3.
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Figure 2.5: Variation of the concentration of most common dopants with the solidified frac-
tion along directionally solidified Si crystals.

and evaporated from the free surface of the melt. Scheil’s equation hence cannot be

applied to the calculation of the oxygen distribution in Si ingots [104].

In the rest of this thesis, we consider the assumption of a conservative system to be a good

approximation for the dopants that are investigated (boron, phosphorus and gallium) and

for standard Cz-growth and ingot casting techniques that are the most widely used in wafer

production for solar cells.

Figure 2.5 shows, for common dopants, the calculated impurity distribution as a function

of the solidified fraction, using Scheil’s equation. The initial concentrations in the melt C0

were adjusted for each dopant to yield a doping of 5×1015cm−3 at the beginning of crystal-

lization. Because all of these dopants have a segregation coefficient below 1, they are pro-

gressively rejected in the liquid phase during crystallization, and their concentration thus

increases with the solidified fraction. As can be seen, the lower the segregation coefficient,

the stronger the doping variation along the ingot height. Boron, of which the segregation

coefficient is very close to unity, shows a very uniform distribution. P and As, with lower

segregation coefficients (0.35 and 0.3 respectively) display a larger variation but still not as

strong as Sb, Ga, Al and In with segregation below 0.1. This highlights one of the major

motivation for the choice of B and P as the dopants used for most of the Si devices.

Interestingly, Sb, Ga, Al and In show exactly the same variation along the ingot height

despite their k0 being significantly different. This shows that, below a certain threshold for

k0, the variation of the impurity concentration does not depend anymore on k0. According

to Scheil’s equation (equation 2.6), the impurity concentration cannot increase by more than

a factor of 10 along the first 90% of an ingot, even at extremely low k0.

2.1.2.3 Effective segregation coefficient

To derive Scheil’s equation, we have considered that the Si melt is perfectly homogeneous.

Although the melt is effectively homogenized by thermal convection and by the rotation

of the crucible, the impurity concentration usually varies in the vicinity of the solid/liquid
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interface at which impurities are rejected into the melt (k0 < 1) or depleted from the melt

(k0 > 1). To take this into account, Burton, Prim and Schlichter [105] considered the exist-

ence of a diffusion layer in the Si melt at the solid/liquid interface, of which the thickness δ

can be calculated as a function of the growth conditions:

δ= 1.6×D
1
3 ×K

1
6
v ×ω− 1

2 (2.7)

in which D is the diffusion coefficient of impurity in liquid Si, Kv is the kinematic viscosity of

the Si melt [106, 107], andω is the crystal rotation rate. They also showed that this diffusion

layer could be accounted for in the calculation of the impurity distribution, by simply using

in Scheil’s equation an effective segregation coefficient keff, defined by equation 2.8. This

derivation of the effective segregation coefficient is commonly referred to as the BPS theory

for the initials of its inventors.

keff =
k0

1+ (1−k0)exp
(
− vδ

D

) (2.8)

2.1.3 Dopant distribution in compensated silicon ingots

2.1.3.1 Net doping variations

As we have seen in chapter 1, controlling the net doping is of paramount importance for the

performance of compensated Si solar cells. The following paragraphs aim at showing the

difficulty to do so when growing crystals with Si containing both boron and phosphorus. We

chose to study separately the case of p-type and n-type compensated Si ingots.

p-type compensated Si ingots Let us imagine a relatively impure UMG-Si, containing

0.8ppmw (1.04×1017cm−3) of B and 3ppmw (1.36×1017cm−3) of P. The B and P distribution

along an ingot grown with such a Si feedstock, without the addition of dopant, is shown in

Figure 2.14. Because of the smaller segregation coefficient of P compared to B, its concen-

tration increases more strongly along the ingot height. Therefore, the net doping NA −ND,

which starts at a value of 3.5×1016cm−3 decreases with the solidified fraction, until the P

concentration exceeds that of B and the Si switches from p-type to n-type at about 70% of

the crystal length.

If the optimum majority carrier density is lower than 3.5×1016cm−3 for a particular cell

process, one might be tempted to add P into the Si melt in order to reduce the maximum

net doping in the crystal. It is, however, obvious from figure 2.14 that doing so would

result in a shift of the type inversion towards the beginning of crystallization and thus in

a decrease of the maximum usable fraction of the ingot. If, on the other hand, one wants

to push the type inversion towards the end of crystallization, they can add boron into the

melt but knowing that this will result in an undesirable increase of the net doping at the

beginning of crystallization.
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Figure 2.6: B, P and net doping distribution along a ingot crystallized with 0.8ppmw of B
and 3ppmw of P.

Figure 2.7 illustrates the trade-off that a would-be compensation engineer has to face if

trying to control the net doping along a p-type Si ingot co-doped with B and P. If specifying

that at least 90% of the ingot has to be p-type, the maximum acceptable P concentration, for

an initial B concentration of 1×1017cm−3, is 8×1016cm−3. In that case the minimum value

for the net doping at the beginning of crystallization is 5×1016cm−3. This highlights the

limits of compensation engineering at the ingot level when using only B and P as dopants,

since the net doping at the beginning of crystallization can only be reduced to about half of

the total boron concentration, without compromising too much the maximum ingot yield.

If now specifying a maximum net doping of for example 1×1016cm−3, in addition to the re-

quirement of having 90% of p-type Si, the intersection of the 1×1016cm−3 iso-net doping line

with the 90% iso-type inversion line (indicated with an orange dot on figure 2.7) gives the

maximum concentrations of B and P that can be tolerated in the Si melt. These maximum

concentrations are respectively [B]0 = 1.9×1016cm−3 (0.15ppmw) and [P]0 = 1.5×1016cm−3

(0.33ppmw). Such drastic specifications put a high pressure on the purification of UMG-Si

and limit its potential cost advantage over the Siemens process.

Note that a similar approach to define the B and P specifications in UMG-Si was presented

by Enebakk et al. [108]. They, however, based their approach on setting a target for the

resistivity at f S = 0% instead of the net doping. As we have shown in chapter 1, the relevant

parameter for solar cells is the net doping and the lower mobility in compensated Si makes

the resistivity a misleading indicator of the net doping.

n-type compensated Si ingots In n-type compensated Si ingots, the origin of the prob-

lem is identical to p-type compensated Si, except for this time, the stronger segregation of

P compared to B leads to a strong increase of the net doping with the solidified fraction.

Figure 2.8 shows the variation of the net doping along an n-type uncompensated P-doped Si

ingot, and n-type compensated Si ingots with different initial concentrations of B ([B]0 =0.3,

0.5 and 1ppmw or 3.9×1016, 6.5×1016 and 1.3×1017cm−3). For each of them, the P con-

centration [P]0 in the Si melt is adjusted to yield a net doping equal to 5×1015cm−3 at the
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Figure 2.7: Iso-net doping at the beginning of crystallization fS = 0% and solidified fraction
at which the switch from p-type to n-type occurs, in a directionally solidified Si crystal, as a
function of the initial B and P concentrations in the melt.

beginning of crystallization. For comparison, we also show the doping variation in an un-

compensated B-doped with the same target for the doping at fS = 0%. The concentrations

of B and P in the Si melt for each of those ingots are reported in table 2.2

As can be seen on figure 2.8, the net doping varies over a much wider range in compensated

n-type Si ingots than in uncompensated ingots doped with only P. One can also see that

the higher the initial B concentration [B]0 is, the stronger the net doping variation will

be. Indeed, because of the presence of compensating B atoms, it is necessary that the Si

melt initially contains a relatively high concentration of P for the entire ingot to be n-type

i.e. for the concentration of P to be higher than the B concentration at the beginning of

crystallization. For example, if the Si melt contains 0.5ppmw of B (6.5×1016cm−3), it is

necessary that it is also doped with at least 3.54ppmw (1.6×1017cm−3) of P (already in the

Si feedstock or added before crystallization) for the net doping (ND − NA = [P]− [B]) to be

higher than 5×1015cm−3 in the first solidified part of the ingot. Under such conditions,

because the P concentration increases along the ingot whereas the B concentration remains

almost constant, the net doping rises up to very high values (1.7×1017cm−3 at f S = 90%)

in the last solidified fraction of the ingot. This corresponds to a variation of the net doping

along the first 90% of the ingot by a factor of 34!

Assuming that an acceptable net doping range is 5− 20× 1015cm−3 (as delimited by two

dashed lines in figure 2.8) for a given solar cell process, one can calculate the ingot yield

for all the ingots considered above (reported in Table 2.2). Note that because of the wide

net doping variation, the ingot yield is systematically very small in n-type ingots grown

from a compensated Si melt. Even when the initial B concentration is as low as 0.3ppmw,

which corresponds to commercial UMG-Si, the ingot yield does not exceed 50%. Such a

low material yield is not economically viable and penalizes the competitiveness of n-type

UMG-Si.
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Figure 2.8: Calculated net doping profile along a p-type uncompensated B-doped Si ingot,
an n-type uncompensated P-doped Si ingot and compensated n-type ingots co-doped with P
and B.

[B]0 (ppmw/cm−3) [P]0 (ppmw/cm−3) Conductivity type Ingot yield (%)

0.047/6.1×1015 . . . p-type 100%
. . . 0.304/1.38×1016 n-type 88%

0.3/3.9×1016 2.24/1.02×1017 n-type 48%
0.5/6.5×1016 3.54/1.60×1017 n-type 36%
1/1.30×1017 6.77/3.07×1017 n-type 24%

Table 2.2: Initial dopant concentrations in the Si melt and calculated material yield for
the ingots represented in figure 2.8. The material yield is calculated considering that an
acceptable range for the net doping is 5−20×1015cm−3.

2.1.3.2 Gallium co-doping

Gallium is an acceptor dopant and has, as reported in table 2.1, a very low segregation coef-

ficient kGa = 0.008. We propose to use these advantageous properties to counterbalance the

increase of P along the length of directionally solidified crystals. The idea of Ga co-doping

can be illustrated with the previous examples taken for p-type and n-type compensated Si

ingots.

p-type co-doped Si ingots As we have seen on figure 2.10, an ingot grown with a Si

feedstock containing 0.8ppmw of B and 3ppmw of P should display, according to Scheil’s

equation, a net doping of 3.5×1016cm−3 at f S = 0% and an inversion from p-type to n-type

at f S = 70%. It can be shown, using Scheil’s equation, that by adding 70ppmw of Ga, this

type inversion can be completely avoided. Because of the very low segregation of Ga, its

concentration is low in the beginning of the ingot and its addition to the melt hence only

result in a small increase of the net doping at f S = 0%, up to 4.7×1016cm−3. In contrast,

to push the type inversion to f S = 90% without using Ga, one would have to increase the

initial B concentration in the melt up to 1.3ppmw, which would lead to a net doping of
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Figure 2.9: Dopants distribution along p-type Si ingots co-doped with B, P and Ga. Rel-
atively low net doping and completely p-type Si ingots can be achieved by the addition of
Ga.

8.8× 1016cm−3 at f S = 0%. Also note that due to Ga co-doping, the net doping is very

uniform (3.0−4.7×1016cm−3) along 95% of the ingot.

Now, if a given solar cell process requires a lower net doping than 4.7×1016cm−3, it is pos-

sible to reduce it by adding P, while maintaining an entirely p-type ingot with the addition

of Ga. For example, if [P]0 is increased up to 6ppmw and [Ga]0 to 220ppmw, it is possible to

maintain a uniform net doping comprised in the range 1.4−2.5×1016cm−3 over 85% of the

ingot. The net doping then increases abruptly due to the strong accumulation of Ga in the

very last fraction of the ingot.

n-type co-doped Si ingots Similarly to the growth of p-type ingots, Ga can be used for

n-type ingots to counterbalance the increase of P towards the end of crystallization. In that

case, the aim is not to avoid a type inversion but to minimize the increase of the net doping

ND−NA with the solidified fraction. An example is shown in figure 2.10 for an ingot grown

with Si containing 0.5ppmw of B. Scheil’s equation shows that, by adjusting adequately the

P and Ga concentrations in the Si melt before crystallization, the net doping can be kept in

the range we previously defined (5−20×1015cm−3) over 85% of the ingot.

Note that an important advantage of Ga co-doping over other proposed solution to control

the net doping along Si ingots is that Ga is added with the Si and other dopants into the

crucible before melting and that there is no reloading of Si or impurity during crystalliza-

tion. This technique can thus be used with the most basic Cz and casting furnaces and do

not require an additional reloading system.

One could also remark that two other p-type dopants, Al and In, have been identified as

displaying the same distribution as Ga along directionally solidified Si ingots. Al, however,

is known for forming highly recombination active complexes with O [109] and is thus not

desirable in Si for solar cells. Because of the very small segregation coefficient of In (4×
10−4), larger quantities should be added in the melt to yield the same concentration in the
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Figure 2.10: P, B, Ga and net doping distribution along an n-type ingot grown from a melt
containing [B]=0.5ppmw, [P]=5.62ppmw and [Ga]=202ppmw. The net doping is compared
to what it would be without the use of Ga co-doping.

crystal as with Ga. Taking those considerations into account, Ga thus appears to be the

best candidate to apply compensation engineering at the ingot level.

2.2 Experimental procedure

In the previous section, we have shown that strong net doping variations were to be ex-

pected in compensated ingots grown with Si containing both boron and phosphorus. We

proposed, based on calculations using Scheil’s equation, that these net doping variations

could be suppressed by gallium co-doping. In this section, we report an experimental in-

vestigation of the effectiveness of Ga co-doping in controlling the doping variations along

p-type and n-type compensated Si ingots.

2.2.1 Material preparation

For this study, four <100>-oriented Si ingots of about 160mm in diameter was crystallized

using the Czochralski technique. The crystals were pulled with an average rate of v =
0.7mm/min, a crystal rotation rate of wcryst = 1.26rad.s−1 and an inverse rotation of the

crucible with a rate of wcruc = 0.84rad.s−1 under an Ar pressure of 20torr. For these crystal

growth conditions, the effective segregation coefficient of each impurity can be calculated

from the equilibrium segregation coefficient presented in table 2.1, using the BPS theory

(equation 2.8). These effective segregation coefficients are reported in table 2.3.

Dopant keff

Boron 0.818
Phosphorus 0.365

Gallium 8.6×10−3

Table 2.3: Effective segregation coefficients of B, P and Ga for the specific growth conditions
used in this work.
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Each crystal was pulled from a Si melt made of 10 to 15kg of intrinsic EG-Si to which

precisely weighed quantities of P, B and Ga were added (Table 2.4). B and P were introduced

under the form of highly-doped Si wafers in which the dopant concentration was determined

by four-point probe resistivity measurements. Ga was added as high-purity pellets. For this

study, we chose to use intrinsic EG-Si and to add B, P and Ga, instead of starting with a

UMG-Si already containing B and P. This was in order to study the impact of dopants only

and to separate out the influence of other impurities, that may be found in UMG-Si, on the

electrical properties of the material.

Ingot Type Mass (kg) [B]0 (ppmw/cm−3) [P]0 (ppmw/cm−3) [Ga]0 (ppmw/cm−3)

Cz#1 p-type 15 0.21/2.7×1016 3.93/1.8×1017 288/5.8×1018

Cz#2 p-type 15 1.5/2.0×1017 7.0/3.7×1017 180/3.6×1018

Cz#3 p-type 10 1.5/2.0×1017 10/4.5×1017 300/6.0×1018

Cz#4 n-type 10 0.50/6.5×1016 5.6/2.6×1017 202/4.1×1018

Table 2.4: Initial concentrations in the Si melt for the 4 Cz-Si ingots co-doped with B, P and
Ga that were grown in this work.

For the p-type ingots, the concentrations of B and P were chosen to be representative of

extreme cases of UMG-Si. The Ga concentration was adjusted using Scheil’s equation in

order to yield fully p-type Si ingots with a relatively low net doping. In Cz#1, the B con-

centration is low while the P concentration is very high. For this ingot, we aim at showing

that even when the feedstock contains a much higher concentration of P than of B, it is still

possible to obtain, by Ga co-doping, a fully p-type ingot with a net doping compatible with

the fabrication of good performance solar cells. In Cz#2 and Cz#3, we start with a high

concentration of B, a priori unsuitable for the fabrication of high-efficiency solar cells. We

then try to reduce the net doping by adding P while maintaining fully p-type ingots with

the addition of Ga. The concentrations of P and Ga were chosen for Cz#2 to be moderately

compensated (RC = 0.60−0.90) and Cz#3 highly compensated (RC = 0.77−0.97).

For the n-type ingot, the B concentration (0.5ppmw/6.5×1016cm−3) was chosen to be slightly

above the current specification for p-type UMG-Si ingots. The P and Ga concentrations

were calculated using Scheil’s equation to obtain n-type Si with a net doping comprised in

the range 5−20×1015cm−3 over 85% of the ingot.

After crystallization, all ingots were shaped into 125×125mm2 pseudo-square bricks and

sliced by wire sawing into wafers with a thickness of 200−240µm. Note that, for each ingot,

about 15-25% of the initial Si mass remained in the crucible at the end of crystallization

or was cut off with the ingot tail. Unfortunately, ingot Cz#2 broke during wire sawing and

only wafers from two heights ( fS = 4% and fS = 32%) could be used for the characterization

at the wafer level.

2.2.2 Characterization

After crystallization, the conductivity type was checked along the length of each ingot with

a Semilab PN-100 surface photovoltage tester. After shaping into 125×125mm2 pseudo-
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square bricks, the resistivity was measured by Eddy current along the length of the crystals

on one of the flat edges of the brick.

After wire sawing, wafers from various ingot heights were cut into 20×20mm2 samples.

These samples were annealed under nitrogen ambient for 1h at 600°C to dissociate oxygen-

related thermal donors [110]. The resistivity ρ and the Hall carrier density nH were then

measured at 300K using an Ecopia HMS-5000 Hall effect device. For the measurement,

good ohmic contacts were achieved using an indium gallium eutectic alloy paste. The actual

majority carrier density nmaj was deduced from the measured Hall carrier density nH with

the relation:

nmaj = rH ×nH (2.9)

using for the Hall factor rH the values determined by Szmulowicz [111] for p-type and by

Ohta et al. [112] for n-type.

To check the distribution of B, P and Ga, their concentrations were also measured by

secondary-ion mass spectroscopy (SIMS) on samples from different heights along ingots

Cz#1 and Cz#3. The provider of the SIMS analysis gave the error of the measurement to be

10% and the accuracy to be 5% for B and P and 20% for Ga.

As mentioned previously, only two heights of ingot Cz#2 were usable for Hall effect measure-

ments. Because this chapter aims at studying the doping uniformity along the full usable

length of Si crystals, we only present for Cz#2 its resistivity profile and we keep the Hall

effect measurements for the study of the electrical properties of co-doped Si that will be

presented in chapter 3.

2.3 Results

2.3.1 Resistivity profiles

The polarity of the material is measured to be p-type along the entire length of ingots Cz#1,

Cz#2 and Cz#3 and n-type along Cz#4. The p-type conductivity of ingots Cz#1, Cz#2 and

Cz#3 can be attributed to the addition of Ga since, according to Scheil’s law, the concentra-

tions of B and P are so that Cz#1 and Cz#3 would be entirely n-type and Cz#2 only 60%

p-type without the presence of Ga.

The resistivity profiles, measured along the length of these co-doped ingots are given in

figure 2.11. As can be seen on figure 2.11a, the resistivity is measured to be higher than

0.4Ω.cm in all p-type ingots (Cz#1, Cz#2 and Cz#3), which suggests that Ga co-doping was

efficient in keeping a moderate net doping, in addition to maintaining the Si p-type. The

resistivity along the n-type ingot (Cz#4) is measured to be very uniform and comprised in

a range (1.1−1.4W.cm) which is a priori suitable for the fabrication of high-efficiency solar

cells.
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Figure 2.11: Resistivity profiles measured and calculated along the co-doped ingots grown
in this work.

However, as discussed in section 1.3.2 of chapter 1, because of the presence of dopants

of both types, there is no unambiguous relation between the resistivity and the majority

carrier density in compensated Si. Due to the higher concentration of ionized dopant scat-

tering centres, the majority carrier mobility is lower in compensated Si than it is in uncom-

pensated Si with the same net doping. At equal resistivity ρ, the majority carrier density

nmaj will generally be higher in compensated Si than in uncompensated Si. As a result,

since it is nmaj which determines most of the electrical properties of Si and the performance

of solar cells, resistivity specifications defined for uncompensated electronic-grade Si should

not be applied to judge the suitability of compensated Si material.

Also plotted on figure 2.11 are the theoretical ρ profiles calculated using Scheil’s law for

the dopants distribution, Klaassen’s model for the mobility and by taking into account in-

complete ionization (see Chapter 3) in the evaluation of nmaj. Note that the measured ρ is

systematically higher than calculated. The reasons for that discrepancy will be discussed

in the following sub-sections.

2.3.2 SIMS profiles

B, P and Ga concentrations measured by SIMS are plotted for ingots Cz#1 and Cz#3 in fig-

ure 2.12 and compared to the profiles expected by Scheil’s equation. Although the measured

concentrations of B and Ga are systematically below the theoretical values, one can observe

a good qualitative agreement between SIMS measurements and Scheil’s equation suggest-

ing that keff values from table 2.3 are correct. These two plots illustrate well the idea of Ga

co-doping, of which the concentration is measured to follow almost perfectly the increase

of P concentration. This shows how appropriate Ga is to compensate the inhomogeneous

distribution of P.

We have mentioned previously that the measured resistivity was systematically higher

than predicted. The lower concentrations measured for B and Ga in ingots Cz#1 and Cz#3
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Figure 2.12: SIMS profiles along ingots Cz#1 (a) and Cz#3 (b). Solid lines are the profiles
calculated with Scheil’s equation.

could potentially explain this higher resistivity in the p-type ingots. Such lower concentra-

tions could be due to errors in the evaluation of the initial concentrations added into the

melt or to evaporation of part of the dopants before the beginning of crystallization.

Note, however, that the impurity profiles measured by SIMS do not show a better consist-

ency with resistivity measurements than calculations using Scheil’s law. Indeed, fitting the

SIMS measurements and using the values obtained to calculate the resistivity yields a ρ

of 12Ω.cm at the beginning of ingot Cz#1, which is far higher than the measured value

of 5Ω.cm. Similarly, fitting SIMS measurements for ingot Cz#3 yields a type inversion

at fS = 54% which is also in strong disagreement with type and resistivity measurements

carried out along this brick.

2.3.3 Majority carrier density profiles

Figures 2.13 and 2.14 show the majority carrier density deduced from the measured Hall

carrier density along ingots Cz#1, Cz#3 and Cz#4. Also shown is the net doping Nmaj−Nmin

and majority carrier density nmaj, calculated using Scheil’s law for the dopants distribution

and taking incomplete ionization (see chapter 3) into account for the evaluation of nmaj. For

ingots Cz#1 and Cz#3, we also plot the calculated nmaj, using this time the B, P and Ga

concentrations given by the fit to SIMS measurements.

The experimental nmaj is very well matched by calculations when using the B, P and Ga con-

centrations directly determined by Scheil’s equation. Only along ingot Cz#3 is p0 slightly

lower than calculated. The difference can, however, be regarded as small considering that

p0 is much lower than [B], [P] and [Ga] and a small relative error on one or several of these

concentrations could thus lead to a strong relative error on p0.

On the other hand there is a poor agreement between the measured nmaj and that deduced

from the fit to SIMS data in ingots Cz#1 and Cz#3. The discrepancy between calculated and

measured concentrations revealed in sub-section 2.3.2 might thus be due to a systematic
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Figure 2.13: Measured and calculated majority carrier density p0 along p-type ingots Cz#1
(a) and Cz#3 (b).

inaccuracy in the SIMS determination of B and Ga concentrations, rather than to an error in

the initial concentrations introduced into the Si melt. In the rest of this thesis, we consider

the concentrations of B, P and Ga to be equal to the values given by Scheil’s equation. A good

agreement between experimental and theoretical temperature-dependencies of the majority

carrier density presented in chapter 3 will give even more confidence in the accuracy of the

concentrations given by Scheil’s equation.

Gratefully to compensation, one can see that nmaj is significantly lower than the boron con-

centration in p-type ingots and than the phosphorus concentration in the n-type ingot. This

high degree of compensation enables to have the majority carrier density in a reasonable

range for the fabrication of high-efficiency solar cells, i.e. 5.6×1015−6.6×1016cm−3 in ingot

Cz#1, 5.9×1015−2.3×1016cm−3 in ingot Cz#3 and 0.8×1016−1.4×1016cm−3 in Cz#4, despite

high initial majority dopant concentrations.

Note the particularly uniform majority carrier density measured along the n-type ingot

Cz#4, especially compared to the net doping distribution shown in figure 2.8 for a P and B

compensated Si ingot with the same B concentration. It can be anticipated from Scheil’s

equation that the Si should, in ingot Cz#4, turn p-type at about fS = 85%, due to the strong

accumulation of Ga in the last solidified part of the crystal. This is yet a much larger usable

fraction than what would be the ingot yield (36%, see table 2.2) without the addition of Ga.

In that respect, there is a clear improvement of the material yield of n-type compensated Si

ingots due to Ga co-doping.

It is also worth it to remark that in the p-type ingots studied in this work, the majority car-

rier density nmaj is calculated to differ significantly from the net dopant density Nmaj−Nmin,

due to the incomplete ionization of dopants. This behaviour will be analysed in greater de-

tails in chapter 3.

In view of the good agreement between the measured and the calculated nmaj, the only

parameter left to explain the resistivity being higher than expected is the majority carrier

mobility µmaj. We will show in sub-section 2.3.4 that, as observed by previous authors, µmaj
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Figure 2.14: B, P and Ga distribution and measured and calculated majority carrier density
along n-type ingot Cz#4

is along these compensated Si ingots much lower than the values given by Klaassen’s model

which we have used to calculate ρ.

2.3.4 Majority carrier mobility profiles

The experimental majority carrier mobility µmaj can be calculated from the resistivity ρ and

the majority carrier density nmaj, both measured by Hall effect, using:

µmaj =
1

nmaj × q×ρ (2.10)

As shown in figures 2.15 and 2.16, there is a systematic reduction of µmaj compared to

Klaassen’s model by up to 30% in Cz#1, 47% in Cz#3 and 50% in ingot Cz#4.

This deviation also seems to be more important in the most compensated regions of those

ingots, in good agreement with previous findings made by other research groups and men-

tioned in Sub-section1.3.3.
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Figure 2.15: Measured majority carrier mobility along ingots Cz#1 (a) and Cz#3 (b) com-
pared with Klaassen’s model.
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Figure 2.16: Measured majority carrier mobility along ingot Cz#4 and compared with
Klaassen’s model.

This reduction of the majority carrier mobility compared with Klaassen’s model can alone

explain the higher experimental values for ρ than expected by our calculations. In the next

chapter, we will focus on the reasons for this reduction and develop a parametrization to

accurately predict the carrier mobility in compensated Si.

2.4 Conclusion

In this chapter, we have analysed the phenomenon of impurity segregation and shown that

it yields strong net doping variation in directionally solidified ingots grown with Si contain-

ing both B and P. To solve this issue, we have demonstrated that Ga co-doping can be used

efficiently to control the net doping along compensated Si crystals. We have shown that,

thanks to the addition of gallium, it is possible to obtain fully p-type Si ingots with a rel-

atively low net doping, despite unfavourable initial boron and phosphorus concentrations

(phosphorus concentration much higher than boron concentration or very high initial boron

concentration). In n-type Si ingots, Ga co-doping also enables to obtain a very uniform net

doping, suitable to the fabrication of high-efficiency solar cells, over a large fraction of the

ingot and despite the presence of high concentrations of B and P. Ga co-doping is hence a

compensation engineering technique which should allow to improve the quality and mater-

ial yield of ingots made with UMG-Si and enable to tolerate higher concentrations of B and

P, thereby releasing the pressure on purification.

In this chapter, however, we have so far only judged the suitability of crystalline Si merely

based on its net doping. To confirm that co-doped Si is appropriate for making high-

efficiency solar cells, due to the low net doping and in spite of the high total dopant con-

centration, it is necessary to carry out a complete assessment of carrier transport and re-

combination in this material. This will be done in chapter 3. In addition, we have observed

or mentioned particular characteristics of compensated Si, such as the mobility reduction

or the strong incomplete ionization of dopants, without explaining them. The following

chapter also aims at improving the understanding of those phenomena.
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Chapter 3

Carrier concentration, transport
and recombination in compensated
silicon

We have seen in Chapter 1 that both the majority carrier density (p0 in p-type or n0 in

n-type) and the mobility of majority and minority carriers have a critical influence on the

electrical properties of crystalline Si and on the performance of solar cells. For modelling,

characterization or simply to understand the physics of Si material, it is often required to

know theses quantities. In commonly used uncompensated Si, they can usually be deduced

directly from the dopant concentration. In compensated Si, such as upgraded metallurgical-

grade Si, the prediction of these quantities is, however, not as straightforward.

For example, it is common practice when dealing with compensated Si to consider the major-

ity carrier density as equal to the net doping, which is equivalent to considering all dopants

to be ionized at room temperature. While neglecting incomplete ionization (i.i.) is usually

a fair assumption for devices made of uncompensated electronic-grade Si with relatively

low doping (< 1016cm−3), it becomes questionable for the higher dopant concentrations that

might be encountered in compensated UMG-Si. In addition, we have proposed in Chapter 2

to use Ga as a third compensating dopant to control the net doping along Si ingots. In that

case, due to the higher ionization energy of Ga in Si compared to B, it is necessary to treat

the matter of i.i. with even more attention.

Chapter 1 mentions that a reduction of the mobilities of both majority and minority carriers

has been reported by several groups. This reduction was confirmed in Chapter 2 to affect the

majority carrier mobility in our samples. Such a discrepancy between conventional theory

and experimental data calls for an investigation of its physical origin and for a modification

of mobility models, in order to predict accurately the mobility in compensated Si.

In Chapter 1, we have also seen that contradictory propositions had been made regarding

recombination in compensated Si. While some authors claim that the lifetime is limited by

recombination through boron atoms [14] in highly-doped and compensated Si, others sug-

gest that the recombination lifetime is entirely determined by the majority carrier density
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[25], irrespectively of the total boron concentration. Since the main motivation for con-

trolling the majority carrier density by compensation engineering is to minimize recombin-

ation, such a contradiction has to be resolved.

In this chapter, we first aim at assessing the impact of i.i. on the equilibrium carrier dens-

ity in compensated Si. After describing our experimental setup in Section 3.1, we show in

Section 3.2, through both theoretical calculations and experiment, that room-T i.i. is more

important in compensated Si than in uncompensated Si. We also draw the main factors

contributing to incomplete ionization, which are the majority dopant concentration, its ac-

tivation energy, the conductivity type and the compensation ratio.

In Section 3.3 we confirm in our compensated Si samples the reduction of the mobilities

of both majority and minority carriers compared to Klaassen’s model. By studying the

T-dependence of the majority carrier mobility in compensated Si, we provide new data

which enable to discard the existence of a compensation-specific scattering mechanism and

to show that the previously proposed reduction of the screening of ionized impurities by

free carriers cannot alone explain the observed mobility reduction in compensated Si. We

then propose a simple empirical correction of Klaassen’s model which enables to accurately

predict the mobility in compensated Si around room-T.

In Section 3.4, we measure the recombination lifetime in compensated Si with a wide doping

range and show that, while it displays a clear correlation with the majority carrier density

before degradation, this correlation surprisingly tends to disappear after the activation of

the BO defect.

3.1 Characterization

3.1.1 Majority carrier density and mobility measurements

To study the carrier concentration and mobility in compensated Si, samples of 2×2cm2 in

dimension were cut from wafers selected at different heights of ingots Cz#1, Cz#2, Cz#3,

Cz#4 and of an uncompensated B-doped control Si ingot grown in the same conditions. All,

samples were subjected to a 1h annealing at 600°C under nitrogen ambient to dissolve

oxygen-related thermal donors that might have formed during ingot cooling. Temperature

(T)-dependent Hall-effect measurements were then carried out using an Ecopia HMS-5000

device equipped with a T control system cooled with liquid nitrogen. The resistivity (ρ) and

the Hall carrier density (nH) were measured on a Van Der Pauw configuration between 80K

and 350K. The conductivity majority carrier density p0 or n0 was deduced from nH using

for the Hall factor rH the values given at each T by Szmulowicz [111] for p-type Si and Ohta

and Sakata [112] for n-type Si. µmaj was then deduced from the measured ρ and majority

carrier density.

To verify the validity of these rH values for compensated Si, we have also measured p0 by

free carrier absorption (FCA) on a set of neighbouring samples from ingots Cz#1 and Cz#2.

We used a Fourier transform infrared spectrophotometer (FTIR) and analysed the spectra
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according to the method described in [75]. The absorption coefficient due to free carriers

αFC is given in p-type Si by:

αFC(p0,λ)= cFCA × q×ρ× p2
0 ×λ2 (3.1)

in which λ is the incident wavelength and cFCA is a constant. This cFCA constant was

determined to be equal to 5.5×10−12m2 ·V−1 ·s−1 by calibrating our FTIR spectrophotometer

with uncompensated B-doped float-zone (Fz) and Cz wafers with a wide doping range (from

3×1015 to 1.5×1017cm−3). Absorption measurements were fitted in the middle infrared

range (λ = 2−8µm) for this analysis. Wafers were mechanically polished on both sides to

obtain a mirror-like surface. Undoped (104W · cm) Fz-Si was used as a reference for the

measurement.

3.1.2 Minority carrier mobility measurements

The minority carrier mobility was measured on 6×6cm2 samples from neighbouring wafers,

using the method developed by Sproul et al. [113, 114]. In this technique, the mobility is

deduced from the effective minority carrier lifetime in Si samples with infinite surface re-

combination velocity (SRV). Under such conditions, the measured photoconductance decay

time τeff can be expressed by:

1
τeff

= 1
τb

+
( π
W

)2
Dmin (3.2)

in which τb is the bulk lifetime, W is the sample’s thickness and Dmin is the minority carrier

diffusion coefficient. By thinning the samples by acid etch, one can measure τeff at different

thicknesses and extract Dmin, which equals the slope of the linear regression of the plot of

1/τe f f as a function of (π/W)2. In our experiment the minority carrier lifetime was measured

by microwave photo-conductance decay (µW−PCD) with a Semilab WT2000PV and infinite

SRV was ensured by degrading the surface using laser ablation.

3.1.3 Lifetime measurements

Samples from neighbouring wafers, together with uncompensated P-doped and B-doped

controls as well as samples from a Cz ingot grown with UMG-Si [85], were subsequently

acid etched to remove saw damage, RCA cleaned, and underwent a phosphorus diffusion

gettering at 820°C to dissolve oxygen-related thermal donors and eliminate metallic im-

purities. This ensures that there is no or very little impact of FeB and FeGa pairs during

the degradation experiment. Diffused regions were then removed by an additional acid etch

and samples were RCA cleaned before being coated on both sides by hydrogenated Si nitride

SiNx : H at 235°C, using plasma-enhanced chemical vapour deposition (PECVD).

After deposition, samples were annealed in the dark at 200˚C under air ambient in or-

der to annihilate the boron-oxygen defect. The annihilation kinetic is known to be much
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slower in n-type than in p-type Si [46, 51]. To ensure complete annihilation of the BO de-

fect, n-type samples were thus annealed for a much longer time (100h) than p-type samples

(30min). The recombination lifetime was then measured using inductively-coupled photo-

conductance decay [65], immediately after annealing and after different times t of illumin-

ation under a 10mW/cm2 halogen lamp at 25−27°C. The effective recombination lifetime

degraded under illumination in all the samples except for those which did not contain B, in

which it remained stable. This proves that the surface passivation quality of the SiNx : H

layer did not change throughout the experiment. The observed degradation in samples

containing B can thus be attributed to a decrease of the bulk lifetime.

3.2 Majority carrier density in compensated silicon

3.2.1 Calculating incomplete ionization

The ionization of a dopant located in a substitutional position of the Si lattice is governed

by the occupancy of its energy ground state. Under equilibrium, this occupancy depends on

the position of the Fermi energy level (EF) with respect to the dopant energy level (Edop),

according to the Fermi-Dirac statistics:

N−
D

ND
= 1

1+ g×exp
(

EF−Edop
kT

) (3.3)

for donors, and:

N−
A

NA
= 1

1+ g×exp
(

Edop−EF
kT

) (3.4)

for acceptors. Since each donor level is able to accept one electron of either spin, donor

ground states in Si are twofold degenerate and the degeneracy factor g used in equation 3.3

is equal to 2. Similarly, because each acceptor level is able to accept one hole of either spin

together with the fact that there are two degenerate valence bands, acceptor ground states

in Si are fourfold degenerate and the degeneracy factor g is hence taken as equal to 4 for

acceptors 3.4. The equilibrium electron and hole densities n0 and p0 can also be expressed

in a simple manner as a function of EF using Boltzmann statistics (equations 3.5 and 3.6)

which applies to non-degenerate semiconductors considered in this work. In equations 3.5

and 3.6, the effective densities of states NC and NV, respectively in the conduction and in

the valence bands are calculated using the parametrization derived by Green [115].

n0 = NC exp
(
−EC −EF

kT

)
(3.5)

p0 = NV exp
(
−EF −EV

kT

)
(3.6)
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By numerically solving the Poisson equation, which simplifies to:

p0 +
∑

N+
D = n0 +

∑
N−

A (3.7)

in the case of uniform bulk doping, we determine the only EF that allows the neutrality con-

dition to be satisfied and deduce all the relevant parameters to study incomplete ionization

(i.i.) of dopants.

Edopvaries with the dopant concentration as the Metal-Non Metal (MNM) or Mott trans-

ition [116] is approached. The mechanisms occurring near the Mott transition have been

well explained by Altermatt et al. [117, 118] who derived a parametrization for most com-

monly used dopants. In the present work, we use this parametrization (Equation 3.8), of

which the constants Edop,0, Nref and c are reported in Table 3.2, to account for the vari-

ation of the energy level of B and P (Figure 3.1). Since no parametrization was found in

the literature for Ga-doping, we use a fit of equation 3.8 to experimental data [119, 120] on

Ga-doped Si (Figure 3.1). Constants used for this fit are also given in Table 3.2. By using

this parametrization, we assume Edop not to be affected by compensation. The validity of

this assumption will be discussed later in this chapter by contrasting calculations to exper-

imental data. It is also worth noting that this parametrization may not be valid for gallium

concentrations higher than 3×1018cm−3 for which there are no experimental data available.

For that reason, we represent Edop above 3×1018cm−3 with a dotted line, to indicate that

our parametrization is likely not to be valid in this concentration range.

Edop =
Edop,0

1+ (Ndop/Nref)c (3.8)

Dopant Edop,0(meV) Nref(cm−3) c
B 44.4 1.3×1018 1.4
P 45.5 2.2×1018 2

Ga 72.0 5.0×1018 0.75

Table 3.1: Constants used for the calculation of Edop for B, P and Ga.
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Figure 3.1: Evolution of the activation energy of B, P and Ga as a function of dopant con-
centration.

To consider i.i. in compensated Si, one can either look at the fraction of ionized majority

dopant (N+
D/ND for donors and N+

A /NA for acceptors) or at the ratio of the majority carrier

density to the net doping nmaj/(Nmaj −Nmin). Unlike in uncompensated Si, these two ratios

differ in compensated Si. In this section, we intend to assess the impact of i.i. on nmaj which,

as mentioned previously, has a great influence on the electrical properties of Si materials

and solar cells. For that purpose, the most relevant parameter to focus on in order to

assess the impact of i.i. and the error that is made when neglecting it (i.e. assuming

nmaj = Nmaj−Nmin) is therefore nmaj/(Nmaj−Nmin). This ratio is referred to as the ionization

ratio in the rest of the chapter.

3.2.2 Incomplete ionization at room-temperature

Figure 3.2 shows the result of our calculations at 300K for [B] ranging from 1×1016cm−3

to 5× 1017cm−3 compensated with various amounts of P. In uncompensated Si (RC = 0),

EF gets closer to the top of the valence band with increasing [B] (Figure 3.2 (a)). As a

consequence, it also approaches the B energy level EB, leading to a partial inoccupation of

the B states (equation 3.4) and therefore to a reduced fraction of ionized B atoms (Figure

3.2 (b)). At concentrations above 5×1016cm−3 the amount of unionised B atoms starts to

exceed 3%. When B is compensated with P, EF is shifted towards the middle of the gap

(Figure 3.2 (a)) and moves away from EB. This causes the fraction of ionized B to increase

up to nearly 100% as the compensation ratio RC = NA/ND increases from 0 to 1 (Figure

3.2 (b)). Surprisingly, this increase of the amount of ionized B atoms does not result in an

increase of the ionization ratio p0/(NA −ND) which remains nearly constant in the case of

low [B] and slightly decreases with compensation for high [B] (Figure 3.2 (c)). This is so

because, as compensation increases, the net doping becomes smaller compared to [B] and

thus a small amount of unionised B leads to a relatively strong effect on the carrier density.

This observation shows that in p-type compensated Si containing [B]> 5×1016cm−3 as can
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Figure 3.2: Calculation of the evolution of (a) the position of the Fermi level, (b) the fraction
of ionized boron atoms and (c) the ionization ratio p0/(NA−ND) with the compensation ratio
RC at 300K in B and P p-type compensated Si.
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be the case of UMG-Si, i.i. has to be taken into account to estimate p0, no matter what the

net doping is and even if the latter would be low enough to consider full ionization in the

case of uncompensated Si.

Figure 3.3 shows the evolution of the ionization ratio as a function of the majority dopant

concentration, calculated at 300K respectively for n-type (a) and p-type (b) Si. These two

plots highlight the main factors influencing incomplete ionization in Si: they are (1) the

majority dopant concentration, (2) its ionization energy, (3) the type of majority dopant and

(4) the compensation ratio.

1. In the 1015−1018cm−3 doping range, i.e. for concentrations below the Mott transition,

the impact of i.i. on the carrier density increases with the concentration of majority

dopant.

2. The higher the ionization energy of the majority dopant is, the stronger the impact of

i.i. on the majority carrier density will be. This is revealed by the lower ionization

ratio in the case of Ga (EGa,0 = 72meV) doping compared to B (EB,0 = 44.4meV) doping.

3. i.i. is calculated to be stronger in B-doped Si than in P-doped Si, despite the slightly

lower ionization energy for B (EB,0 = 44.4meV) than for P (EP,0 = 45.5meV). This is

due to the fact that acceptors are fourfold degenerate (each acceptor level is able to

accept one hole of either spin together with the fact that there are two degenerate

valence bands) in contrast with donors that are only twofold degenerate (each donor

level can accept one electron of either spin). For a given ionization energy and major-

ity dopant concentration, i.i. is therefore stronger in p-type than in n-type Si.

4. Lastly, one can see that the ionization ratio is, in compensated Si, lower than in un-

compensated Si, showing that compensation enhances the importance of i.i.. This is

so because as compensation increases, the net doping is reduced compared to the ma-

jority dopant concentration. As a consequence, a given fraction of non ionized majority

dopants leads to a stronger relative impact on the carrier density.

One general rule that can be deduced from the way these four factors influence i.i. is that

for a given net doping, the carrier density will be more strongly affected in compensated

than in uncompensated Si.

From figure 3.3, one can infer if a Si sample with a given doping will be affected by i.i. or

not. As the range of dopant concentrations found in compensated UMG-Si is as broad as

1016 −5×1017cm−3, the influence of i.i. on the carrier density might be negligible (<1% in

p-type Si with NA = [B]= 1×1016cm−3) or on the contrary very important (40% for p-type Si

with [Ga]= 5×1017cm−3), depending on the quality of the material. In general, i.i. becomes

important (>3%) in p-type Si containing more than 5×1016cm−3 of B or 2×1016cm−3 of Ga

or in n-type Si containing more than 1×1017cm−3 of P.
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Figure 3.3: Ionization ratio calculated as a function of the majority dopant concentration
in n-type (a) and p-type (b) Si for different dopants and compensation levels. The 4 factors
influencing incomplete ionization are highlighted in these two graphs, i.e. the majority
dopant concentration, its ionization energy, its type (n- or p-type) and the compensation
ratio.

3.2.3 Temperature dependence of the majority carrier density
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Figure 3.4: T-dependence of the measured carrier density in uncompensated and com-
pensated n-type (a) and p-type (b) Si samples. The Hall data in Ga-doped Si and in P-doped
Si are respectively taken from [121] and [112]. Solid lines are obtained by calculated the
carrier density as described in sub-section 3.2.1.

Figure 3.4 shows p0 and n0, deduced from Hall effect measurements, as a function of T

in one uncompensated B-doped Si sample and both in n-type and p-type Si samples co-

doped with B, P and Ga. Samples were chosen to have a similar net doping in the range
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(8−9)×1015cm−3. For comparison, we have added to the plot published Hall data on un-

compensated P-doped [112] and Ga-doped Si [121] with similar net doping (respectively

7.3× 1015cm−3 and 1× 1016cm−3). Also shown is the carrier density calculated for each

sample using the method described in sub-section 3.2.1. For the co-doped samples, the

dopants concentrations were estimated from the position of the wafer in the ingot using

Scheil’s equation.

One can see that, due to i.i., the majority carrier density decreases with T in all samples.

In the compensated samples shown here, it decreases by about 2 or 3 orders of magnitude

between 350K and 80K while it only does so by a factor of 5, 20 or 2 in uncompensated

B-, Ga- or P-doped Si, respectively. This illustrates the generally stronger importance of

incomplete ionization in compensated than in uncompensated Si.
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Figure 3.5: Variation of the measured majority carrier density around room-T. The Hall
data in Ga-doped Si and in P-doped Si are respectively taken from [121] and [112]. Solid
lines are guides for the eye.

A closer look at the variation of the carrier density around room-T (Figure 3.5) also reveals

that in uncompensated B-, Ga- or P-doped Si, the carrier density is stable between 300K and

350K, indicating that, in these samples, the saturation range is already reached at 300K, i.e.

there is virtually no i.i. at room-T. In compensated samples, however, the carrier density

keeps increasing between 300K and 350K by about 15% in the p-type sample (Figure 3.5b)

and 6% in the n-type sample (Figure 3.5a), which shows that there is significant i.i. at

room-T. This confirms our previous theoretical finding of sub-section 3.2.2 that room-T i.i.

is stronger in compensated Si than in uncompensated Si with equivalent net doping.

As can be seen on figure 3.4b, the experimental p0 agrees very well with the calculated one,

including in compensated Si, over the entire studied T range. This good agreement gives

confidence regarding the validity of the procedure we used to evaluate the position of the

Fermi level in p-type Si.

In contrast, there is a noticeable discrepancy between the experimental and the calculated

n0 in the n-type compensated sample (Figure 3.4a). The weaker slope of the measured
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carrier density dependence with 1000/T in the lower T range indicates that the ionization

energy of P (EP) might be lower than what we used in our calculation. Note that the para-

metrization that we chose to account for the variation of EP [118] with P concentration was

established for uncompensated Si. Photoluminescence analyses have previously shown that

EP could be affected by compensation for dopant concentrations close to the Mott transition

[9]. A recent study of the donor-acceptor pair luminescence [64] in B and P compensated

Si with [B] and [P] lower than 1×1017cm−3, however, indicates that there is no change of

the EP and EB compared to the commonly accepted values. The scarcity of the data found

in the literature for compensated Si in the 1017 − 1018cm−3 doping range leaves us with

no other option than to use the available parametrization given by Altermatt et al. for

uncompensated Si [118]. Note that we were not able to achieve a better fit by adjusting EP.

Another possible source of error might arise from the Hall factor rH that was used to convert

nH into n0. Again, rH was determined for mildly compensated Si and might not be valid

for the higher compensation levels encountered in our samples. Further work is needed

to assess the T-dependence of rH in compensated Si, for example by comparing Hall ef-

fect measurements to carrier density data collected with alternative techniques such as

capacitance-voltage measurements. It is worth noting that although there is a visible dis-

crepancy between the experimental and the calculated n0, the relative error on the ionized

P concentration should be very small. Indeed, the maximum difference between the meas-

ured and the calculated n0 is of 2.3×1015cm−3 at 160K which represents only 2% of the

expected ionized P concentration (1.07×1017cm−3) at that T. Hence, the calculated ionized

dopant concentrations can still be considered appropriate input parameters in Klaassen’s

model, when calculating the dependence of µmaj with T as will be done in the next section.

Because the only possible EF solution to the Poisson equation systematically lies in the

lower half of the band gap in p-type Si and in the upper half in n-type Si, compensating

dopants (shallow donors in p-type Si and shallow acceptors in n-type Si) remain always

completely ionized, independently of T. As a result, the concentration of ionized majority

dopants cannot decrease below the total concentration of compensating dopants but can

only get closer to it as T decreases. In that respect, reducing T is equivalent to increasing

the compensation (RC → 1 and KC →∞ as T decreases), since it effectively closes the gap

between the concentrations of ionized majority and compensating dopants.

For example, calculation shows that, in the co-doped sample shown in figure 3.4b, RC in-

creases from 0.91 to practically 1 and KC from 21 up to 3×104 as T decreases from 300K to

80K (Figure 3.6). This increase of compensation, due to i.i. of majority dopants at low T will

enable us, in the next section, to rule out the existence of a compensation-specific scattering

mechanism.
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Figure 3.6: T-dependence of the calculated ionized dopant concentrations and of the com-
pensation ratio KC. The total ionized dopant concentration remains almost constant with
decreasing T, while the carrier density decreases, leading to a strong increase of the com-
pensation level.

3.3 Carrier mobility in compensated silicon

3.3.1 Reduction compared to models at room-temperature

It appears from our measurements that Klaassen’s model describes accurately the ex-

perimental data in uncompensated Si but systematically overestimates the mobility in

compensated Si. The relative reduction of µmaj and µmin measured at 300K compared to

Klaassen’s model [57], is plotted as a function of KC in figure 3.7. Absolute values for µmaj

and µmin are given in the Appendix 5.4.

Note that the relative deviation from Klaassen is measured to increase with compensation

and to be independent of the total dopant concentration and on the type of conductivity, p-

or n-type. In addition, one can observe that µmin is in general more strongly affected than

µmaj. As mentioned in chapter 1, similar discrepancy between theoretical and experimental

mobility was independently observed by different authors [10, 70, 71, 14, 72, 73, 46, 74, 75,

76, 77] and is similar if using other available mobility models [62, 67, 68, 69]. This section

discusses the possible reasons for this observed discrepancy.

Klaassen’s model takes into account 3 different scattering mechanisms that are relevant to

the study of compensated Si: lattice scattering, ionized impurity scattering and electron-

hole scattering. In addition, it incorporates the screening of scattering centres by free car-

riers and differentiates the collision cross-section of scattering centres with attractive from

those with a repulsive potential. There are three possibilities to explain why Klaassen’s

model fails to match the measured mobility in compensated Si.

The first possibility that could explain the reduction of the measured µmaj would be that the

actual Hall factor differs in compensated Si from the values that were established for un-
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Figure 3.7: Relative reduction of the measured majority carrier mobility (a) and minority
carrier mobility (b) compared to Klaassen’s model at 300K. The deviation increases with
the compensation ratio KC for both majority and minority carriers.

compensated or weakly compensated Si [111, 112]. The Hall factor depends on the relative

weight of the different scattering mechanisms at play. There is hence a priori no reason for

its value to be the same in compensated Si as in uncompensated Si. A lower rH could lead

in compensated Si to an apparent reduction of the mobility deduced from Hall effect meas-

urements. Comparing p0 values measured at 300K by FCA to pH values on samples from

ingots Cz#1 and Cz#2, however, gives an average Hall factor of rH = p0
pH

= 0.73±0.08 (Fig-

ure 3.8), in good agreement with rH = 0.75 calculated by Szmulowicz [111]. Other groups

have also found the Hall factor at room-T to be similar in p-type [51, 70] and n-type [70]

compensated Si to the values previously reported for uncompensated Si. As a consequence,

the observed reduction can safely be attributed to an actual conductivity mobility reduction

rather than to a variation of rH . Also note that the measurement of the minority carrier

mobility, which is also found to be reduced in compensated Si, is completely independent of

the Hall factor.

Another explanation which was proposed involves the existence of an additional scatter-

ing mechanism in compensated Si which Klaassen’s model would not account for, i.e. a

compensation-specific scattering mechanism [70]. The fact that the difference between

theoretical and experimental mobility increases with RC at room-T supports this explan-

ation. In the next sub-section, however, we will show that it is not consistent with the

T-dependence of the majority carrier mobility.

The third proposition that was put forward attributed the mobility reduction to the reduc-

tion of the screening of ionized impurities by free carriers, because of their lower relative

concentration. This would lead to an increase of the scattering cross section of ionized

impurities, as the free carrier concentration is reduced by compensation, that Klaassen’s

model considers inconsequential in this doping range. In the next sub-section, we will also
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Figure 3.8: Carrier density p0 measured by FCA at 300K against the Hall carrier density
pH.

show that the T-dependence of the measured majority carrier mobility suggests that this

proposition cannot alone explain the observed discrepancy between experiment and theory.

3.3.2 Temperature-dependence

The majority carrier mobility as a function of T is shown in figure 3.9 for the same samples

as shown in figure 3.4b. Figure 3.9 also displays for each sample the carrier mobility calcu-

lated with Klaassen’s model [57, 56] using either the total dopant densities (dashed lines)

or the calculated ionized dopant concentrations (solid lines) as input parameters.

In uncompensated B- and Ga-doped Si, the experimental µmaj shows a perfect agreement

with Klaassen’s model around room-T. At lower T, experimental data agrees relatively

well with the model when accounting for i.i. while it shows significant discrepancy if i.i.

is neglected. It is worth noting that µmaj is measured to be the same in Ga-doped Si as

in B-doped Si over the almost entire T range. This shows that ionized Ga atoms act as

equivalent scattering centres to ionized B atoms. The only difference between µmaj in Ga-

and in B-doped Si appears below 150K, where i.i. starts to be important in Ga-doped Si,

B-doped Si being still in the saturation range (Figure 3.4b). Although Klaassen’s model

has been developed for B-doped Si, it reproduces with equal accuracy µmaj in Ga-doped Si

between 80K and 350K if i.i. of dopants is accounted for. It is therefore not necessary to

distinguish between the two impurities when modelling µmaj in Si co-doped with B and Ga

and the sum of both ionized concentrations can be used as a single input for the ionized

acceptor density in Klaassen’s model.

On the other hand, the mobility measured in the co-doped sample is lower than the cal-

culated mobility over the entire T range. Several remarks can be made concerning the

T-dependence of the majority carrier mobility in compensated Si.

As we have seen, compensating dopants (in this case P atoms) are always completely ion-

ized ([P+] = [P]) and the concentration of ionized acceptor dopants cannot decrease below
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Figure 3.9: T-dependence of the measured hole mobility in B-doped, Ga-doped and B, P and
Ga co-doped Si. The mobility calculated with Klaassen’s model is represented by solid lines
(incomplete ionization) and dotted lines (complete ionization).

their concentration (N−
A > [P]) but can only approach it as T reduces. Consequently, the

total density of ionized dopants cannot decrease below 2× [P]. This means that in highly-

compensated Si, in which the concentration of acceptor dopants is only slightly above [P],

the total density of ionized impurities will remain almost unchanged with decreasing T.

For example, in the co-doped sample studied here, the minimum value for the total concen-

tration of ionized dopants is 14.2×1016cm−3 which is very close (94.7%) to the total dopant

concentration 15.0×1016cm−3. This fact is evidenced in figure 3.6 in which the calculated

concentration of ionized dopant appears to be almost constant with T.

As a consequence, incomplete ionization has only a weak influence on the dopant concen-

tration used as input when calculating the carrier mobility. Since ionized acceptor and

donor concentrations remain almost constant with T, the modelled mobility is essentially

the same whether taking i.i. into account or not, even at low T (Figure 3.9).

In addition, it is well-known that ionized impurity scattering is more important at low T

due to the increasing collision cross-section of fixed charges whereas lattice scattering is

dominant at high T because of stronger phonons. In uncompensated Si, the increasing

collision cross-section of ionized impurities is counterbalanced by the reduction of their con-

centration and therefore µmaj remains limited by lattice scattering over the entire T range

studied (keeps up increasing with decreasing T). In compensated Si, however, since the

concentration of ionized impurities remains constant with reducing T while their collision

cross-section simultaneously increases, µmaj is dominated by ionized impurity scattering at

low T, up to a relatively high T (140-150K in the co-doped samples shown in figure 3.9),

at which it reaches its maximum. As a consequence, µmaj varies with T within a much

narrower range in compensated Si than in uncompensated Si.

One last observation that has to be made is that, as we have seen in Figure 3.6, the com-

pensation ratio is hugely increased by decreasing T up to extreme values (here 3×104 at

80K) far higher than any compensation ratios that have been reported previously in com-
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Figure 3.10: T-dependence of the calculated mobility component responsible for the dis-
crepancy between Klaassen’s model and the measured mobility in compensated Si.

pensated Si measured at room-T. No µmaj drop is, however, observed at these low T which

disqualifies the potential existence of a compensation-specific scattering mechanism. On

the contrary, the deviation of the measured µmaj from Klaassen’s model seems to be inde-

pendent of T.

A way to assess the nature of the scattering mechanisms that are not well described by

Klaassen’s model in compensated Si is to use Mathiessen’s rule (Equation 1.28) to isolate

the mobility component µcomp responsible for the discrepancy.

1
µcomp

= 1
µexp

− 1
µKlaassen

(3.9)

This mobility component, plotted for different samples in figure 3.10, appears not to have,

in general, a monotonic dependence on T. In most samples, µcomp increases with T at

low T and decreases with T in the higher T range. This suggests that the deviation from

Klaassen’s model is not due to the underestimation of a single scattering mechanism or

mobility component. For example, it was suggested that the underestimation by Klaassen’s

model of the reduction of the screening of ionized impurities by free carriers with increasing

compensation could explain the observed discrepancy. If such was the case, it should lead

to a monotonic decrease of µcomp with T, due to the decrease of the collision cross-section

of ionized impurities with increasing T. In contrast, a monotonic increase of µcomp with T

should be observed if the only miscalculated mobility component was lattice scattering. The

non-monotonic T-dependence of µcomp therefore seems to indicate that the error made by

Klaassen’s model concerns more than one scattering mechanism.

It should be noted here that Klaassen’s model relies on a substantial amount of fitting of

calculated and experimental data, in particular to derive the screening, the collision cross-

section ratio of repulsive to attractive scattering centres, and the collision cross-section

ratio of mobile to immobile scattering centres. Fitting of experimental data was also done

to define the constants used for the variation of the mobility with T.
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Figure 3.11: Correction factor for the mobility of majority carriers (a) and minority carriers
(b) in compensated Si.

Since all these fits were achieved on uncompensated Si, it is not utterly surprising that

Klaassen’s model fails to describe µ in compensated Si in which the different sources of

scattering are present in different proportions. The discrepancy between experimental and

theoretical µ in compensated Si highlights the non-physical character of Klaassen’s model

rather than an actual mobility reduction due to compensation. A complete re-assessment of

all the fitting parameters is needed to establish a model that would successfully reproduce

the mobility in compensated Si as accurately as in uncompensated Si.

3.3.3 Mobility correction

As mentioned in chapter 1, it is essential for accurate modelling of solar cells or for several

characterization techniques to be able to calculate the mobilities of majority and minor-

ity carriers in compensated Si. For that purpose, we have previously proposed to correct

Klaassen’s model using an additional mobility component, depending on the compensation

ratio KC, based on a fit to experimental data [122].

As recently argued by Schindler et al. [77], such an approach can only be valid in the even-

tuality of the existence of a compensation-specific scattering mechanism. They, instead,

proposed to introduce a compensation-dependent term in the Caughey-Thomas expression

used as a starting point to derive Klaassen’s model. This term is meant to represent the

reduction of the screening resulting from compensation. There is, however, no explana-

tion in their paper on how this empirical term is meant to give a better description of the

screening than is already done by Klaassen’s model. In addition we have shown that the

T-dependence of the majority carrier mobility indicates that the reduction of the screening

cannot alone explain the deviation from Klaassen.

Hence, both approaches are purely empirical. While using a purely empirical correction, it

is worth making it as simple as possible, in order to facilitate its implementation in model-
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Type of carrier KC,ref γ

Majority 74 0.89
Minority 24 1.43

Table 3.2: Constants used for the mobility correction.

ling computer programs. As we have seen, the magnitude of the deviation from Klaassen’s

model only depends at room-T on the compensation ratio and on the type of carrier, ma-

jority or minority. This means that the mobility can simply be corrected, for each type of

carriers, by a prefactor C placed in front of the value calculated by Klaassen and depending

solely on the compensation ratio. Figure 3.11 plots the ratio of the measured mobility to

that calculated with Klaassen’s model. One can see that this ratio can be fitted for both

majority and minority carriers, using an expression of the form:

C = 1
1+ [

(KC −1)/KC,ref
]γ (3.10)

of which the fitting constants KC,ref and γ are reported in table 3.2.

This empirical correction prefactor can be used to predict more accurately the mobility at

300K in compensated Si. Note that C is equal to unity for uncompensated Si (KC = 1) for

which Klaassen’s describes well experimental data with no correction.

Figure 3.12 shows some examples of the measured T-dependence of the majority carrier mo-

bility in our samples, compared to Klaassen’s model with (solid lines) and without (dashed

lines) using the correction. The prefactor C is taken as independent of T and calculated

using the compensation ratio at 300K. One can see that around room-T, the corrected

Klaassen’s model agrees very well with the measured mobility. In addition, although the

correction factor C was obtained by fitting experimental data at 300K, the measured mo-

bility shows a satisfactory agreement with the corrected model over the entire 80-350K T

range in most samples, except in the case of extreme compensation for which µmaj shows a

stronger decrease with reducing T.

3.4 Recombination in compensated silicon

In this section, we study the effective recombination lifetime in compensated Si. As we

have seen in Chapter 1, the BO defect is an important source of recombination. It has

been shown that this defect can be permanently suppressed by simultaneous annealing and

light soaking [123]. The cost effectiveness of such a permanent deactivation process in an

industrial production is, however, yet to be proven. For that reason, we show separately the

measured τeff before and after activation of the BO defect. The lifetime before degradation

is meant to represent the optimistic case of solar cell manufacturers being able to eliminate

the BO defect in the near future, while the lifetime after degradation is more representative

of the current status.
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Figure 3.12: Majority carrier mobility variation with T in 3 different compensated samples
and compared to Klaassen’s model with (solid line) and without (dashed line) the correction
prefactor C.

A fit to Dannhauser and Krause’s mobility sum measurements [124, 125, 126] is commonly

used to convert photo-conductance data into excess carrier density for injection-dependent

lifetime measurements [65]:

µmin +µmaj = 1800
1+exp

[
0.8431ln

(
∆n+Ndop

Nref

)]
1+8.36exp

[
0.8431ln

(
∆n+Ndop

Nref

)] (3.11)

This fit was recently confirmed to be valid for uncompensated Si [127]. In compensated Si,

however, it overestimates the mobility sum in the same manner as we showed Klaassen’s

model does. To account for that lower mobility in our samples, we adjust the doping used as

input in the fit to Dannhauser and Krause’s mobility so that it yields the same low-injection

mobility sum as we previously measured.

Because of trapping effect occurring at low injection, we could not measure accurately τeff at

0.1suns in all of our samples. As a consequence, we report the lifetime values at a constant

excess carrier density ∆n = 5×1014cm−3.

3.4.1 p-type Si

Figure 3.13 shows the measured lifetime before and after prolonged illumination in co-

doped ingots Cz#1, Cz#2 and Cz#3, in B-doped Cz-Si controls and in samples taken from

different heights of a B and P compensated Cz ingot grown with UMG-Si [85].

Before degradation Several features can be pointed out for τeff before activation of the

BO defect (Figure 3.13a). First, there is a strong correlation between τeff and p0, in good

agreement with the conclusion drawn in Chapter 1 that recombination is determined by the

majority carrier density.
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Figure 3.13: Measured recombination lifetime at an excess carrier density ∆n = 5 ×
1014cm−3 after annealing (a) and after complete degradation under illumination (b).

Note that samples co-doped with Ga scale well with B-doped controls, showing that there

is no additional recombination due to the presence of Ga. This result is not surprising con-

sidering the high lifetimes previously reported in Ga-doped Si [128, 129, 130]. It, however,

indicates that there is no recombination active defect resulting from the interaction of Ga

with B or P. This result also shows that there is very little iron in the co-doped samples

studied here, due to the use of EG-Si and to the efficient phosphorus diffusion gettering.

Indeed, the lifetime measurements were done prior to any illumination and iron should

thus be present in its associated state with acceptors. As FeGa pairs have been shown to

be stronger recombination centres than FeB pairs [131], a lower lifetime should hence be

measured in the samples containing Ga, if we were in presence of significant iron concen-

trations.

It also has to be observed that samples from ingots Cz#2 and Cz#3, containing large con-

centrations of B (1− 2× 1017cm−3), scale well with uncompensated B-doped controls and

samples from ingot Cz#1 with low B concentrations. This indicates that recombination

through B atoms does not, in these samples, severely impact on the overall recombination

lifetime, contrarily to the proposition made by Veirman et al. [14]. Note that the majority

carrier density was much higher in their study, which enhances the recombination activity

of shallow levels and may have made recombination through B atoms dominant. In any

case, our results show that if the majority carrier density is significantly reduced by com-

pensation, the impact of recombination through B atoms is negligible, even when they are

present in large concentrations.

Finally, one can see that the lifetime measured in UMG-Si samples follows the same de-

pendence on p0 as other samples made with EG-Si. This shows that the additional re-

combination active impurities present in UMG-Si can be effectively removed by a standard

phosphorus diffusion gettering step. The lifetime in the resulting Si is governed, as in the
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Figure 3.14: Calculated evolution of the minority carrier diffusion length with compensa-
tion in Si before BO defect activation.

other samples, by the majority carrier density.

Note that τeff is measured to be considerably lower than the intrinsic lifetime reported

for very pure Fz-Si of equivalent net doping. This indicates that recombination due to

imperfect surface passivation and possibly O-related recombination centres (precipitates)

have a significant impact in our samples.

As we saw in section 3.3, the minority carrier mobility is reduced by compensation. To

estimate the impact of compensation on the electrical current flowing through a solar cell

under operation, it is therefore more relevant to focus on the minority carrier diffusion

length Lmin rather than on the lifetime. From the measured dependence of τeff on p0 and

the variation of the minority carrier mobility with compensation, established in Section

3.3, we can infer the outcome of the trade-off between lifetime improvement and mobility

reduction with compensation, on the minority carrier diffusion length. For that purpose, we

use a SRH parametrization of the recombination lifetime fitted on our experimental data

(Figure 3.13a):

τn0 = 6×1023 × p−1.34
0 (3.12)

τp0 = 5×τn0 (3.13)

Note that this parametrization yields values close to the parametrization recently given by

Schmidt et al. [132] for the effective recombination lifetime after permanent deactivation of

the BO defect.

Figure 3.14, shows the evolution of the minority carrier diffusion length (Equation 1.32)

calculated with this parametrization for τeff and Klaassen’s model with the correction pro-

posed in Sub-section 3.3.3 for the minority carrier mobility. LD is calculated to increase

with compensation, due to the increasing τeff until it reaches a maximum at extreme com-
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pensation (RC = 0.98) and starts decreasing due to the strong reduction of µmin. This is in

good agreement with previous experimental findings, presented in Chapter 1, showing a

monotonic increase of the minority carrier diffusion length and of the short-circuit current

of solar cells with compensation.

Degraded lifetime After complete degradation under illumination (Figure 3.13b), τeff

is reduced in all samples by a factor ranging from 2 to 40. Therefore, it is clear that the

BO defect is the dominant recombination mechanism after degradation. The measured

lifetime still seems to decrease with increasing p0 but the data points are more strongly

scattered than before degradation. This result is rather bewildering if one remembers the

literature results presented in Chapter 1. Indeed, because of the particular behaviour of

the density of the BO defect, which was found in p-type Si to be proportional to the majority

carrier density, τeff should show an even stronger correlation with p0 after degradation than

before. Note that, however, other factors than the doping may affect the concentration of

the BO defect, such as the oxygen concentration which may vary strongly from one sample

to another. A more in-depth study of the BO defect, which will be presented in Chapter 4,

is hence required to understand the present results.

3.4.2 n-type Si

Before degradation Figure 3.15 shows the measured lifetime before degradation in

samples taken from various heights along the n-type co-doped ingot Cz#4, together with one

P-doped Cz control. High τeff values are measured in these samples, up to about 1ms and

just below the reported intrinsic lifetime. The measured lifetime of 1.2ms in the 0.7W.cm

P-doped Cz control, for which the intrinsic lifetime is expected to be 2.7ms, suggests that

the lifetime may also be partially limited by surface recombination or residual O-related

bulk recombination centres.
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Figure 3.15: Recombination lifetime measured before degradation at various height of the
n-type ingot Cz#4. Lifetime values are plotted as a function of n0 or [P] and compared to
the intrinsic lifetime limit calculated with Equation 1.12.
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It is worth noting that the high minority carrier lifetime measured in samples from ingot

Cz#4 is only possible due to compensation of P atoms by B and Ga. As shown in Figure

3.15, the measured lifetime is far above (two orders of magnitude) the theoretical intrinsic

lifetime that would be expected if n0 was equal to [P], that is to say if P atoms were not

compensated by B and Ga. As noted in Chapter 2, because of strong compensation, n0 is

in these samples much lower than [P], which allows the high lifetime that we observe. If

this lifetime is plotted as a function of the measured n0, it falls just below the theoretical

intrinsic lifetime.

Lower lifetimes, around 300µs, are measured in samples close to the tail end of the ingot

despite these samples having similar majority carrier density as the high lifetime ones. This

may be explained by the multiplication of crystal defects, such as dislocations, in this region

of the ingot. The multiplication of dislocation near the tail end of the ingot is hence attested

by the disappearance of the four facets on the edge of the crystal that are characteristics of

a <100>-oriented single crystalline structure.
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Figure 3.16: Calculated minority carrier diffusion length using the lifetime measured at
an injection of 0.1suns and the measured minority carrier mobility. Lmin is plotted as a
function of n0 and [P] and compared to the theoretical limit calculated using Klaassen’s
model for the minority carrier mobility.

Similarly to what we previously did for p-type compensated Si, we evaluate the minority

diffusion length by using the measured τeff (at 0.1suns) and µmin in Equation 1.32. As can

be seen on Figure 3.16, due to the mobility reduction, Lmin is decreased compared to the

theoretical uncompensated Si limit, when plotted against n0. It is, however, still well above

the theoretical limit when plotted against [P] i.e. above the maximum possible diffusion

length if n0 was equal to [P] (without compensation). This demonstrates that the increase in

minority carrier lifetime due to compensation overweights the decrease in minority carrier

mobility.
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Figure 3.17: Evolution of the measured recombination lifetime in samples from different
heights of ingot Cz#4.

Lifetime degradation Prolonged illumination leads to a slow but strong minority car-

rier lifetime degradation down to about 120−150µs after 155h under light-soaking (Figure

3.1). Because of the extremely slow degradation kinetics in n-type Si, the lifetime does not

saturate, even after 155h illumination and the final degraded lifetime is hence likely to be

even lower. In any case, 120µs is already below the lifetime that is usually required for

high-efficiency n-type Si solar cells.

To produce n-type Si wafers with a stable minority carrier lifetime above 1ms from Si feed-

stock containing B, it is therefore essential to find solutions to mitigate the BO defect. One

route may be the usage of alternative crystallization techniques with lower oxygen contam-

ination such as magnetic-Cz, mono-cast or float-zone. Another solution might be to work on

the permanent deactivation of the BO defect, as was shown to be possible in p-type Si [123],

although first attempts have been unsuccessful in n-type compensated Si [133].

Note that because the net doping does not vary strongly along ingot Cz#4, we cannot draw

any conclusion regarding the dependence of the degraded lifetime on n0. Previous studies

[51, 53], as will be discussed in Chapter 4, suggest that the BO defect density is propor-

tional, in n-type compensated Si, to the total boron concentration.

3.5 Conclusion

Both calculations and Hall effect measurements presented in this chapter show that i.i.

has a stronger influence on the majority carrier density in compensated Si than in uncom-

pensated Si with the same net doping. This is despite the fact that the total concentration

of ionized dopants is almost unaffected by i.i. in compensated Si, even at low T. In general,

room-temperature i.i. impacts significantly on the carrier density in p-type Si when [B] is

higher than 5×1016cm−3 or [Ga] higher than 2×1016cm−3, and in n-type Si when [P] is

higher than 1×1017cm−3.
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3.5. CONCLUSION

The previously reported discrepancy between theoretical and experimental µ was confirmed

on a wide range of samples of both p-type and n-type. It is shown that this deviation depends

only on the type of carrier (majority and minority) and on the compensation ratio. The T-

dependence of µmaj shows that there is no compensation-specific scattering mechanism and

that the reduction of the screening is alone not sufficient to explain the observed deviation.

We propose a correction of Klaassen’s model by means of a simple prefactor, determined for

a given carrier by the compensation ratio. This correction enables an accurate prediction of

the mobility in highly-compensated Si around room-T and in moderately-compensated Si

over the entire 80−350K temperature range.

Finally, we have shown that the effective recombination lifetime is determined before de-

gradation by the majority carrier density, irrespectively of the total dopant concentration.

In contrast, the lifetime after degradation is much more scattered, which seems to disagree

with the previously reported linear dependence of the BO defect density on the majority

carrier density and hence with the calculations we did in Chapter 1. To understand this

unexpected behaviour, we will focus in Chapter 4 on the characteristics of the BO defect in

our material.
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CHAPTER 3. CARRIER CONCENTRATION, TRANSPORT AND
RECOMBINATION IN COMPENSATED SILICON
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Chapter 4

The boron-oxygen defect
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Figure 4.1: Evolution of the measured recombination lifetime, reported at ∆n = 0.1× p0, in
p-type Si samples under illumination. Lines are guides to the eye.

We have observed in the previous chapter a strong degradation of the recombination life-

time under prolonged illumination in all of our samples containing B. Figure 4.1 displays

examples of how this degradation proceeds in p-type Si. As can be seen, in Si containing

B, two distinct degradations can identified: a fast but moderate degradation followed by

a slow but strong degradation. Since 2004 [42] and until very recently, both degradations

were believed to be due to the formation of a complex made up of one substitutional B atom

(Bs) and one interstitial O dimer (O2i). This defect model was proposed after the observation

that only Si containing both B and O degrades, and that the saturated (i.e. after complete

degradation) effective defect density N∗
t,sat (see Sub-section 4.2.1 for the definition of N∗

t,sat)

exhibits a linear dependence on Bs concentration [B] and a quadratic dependence on the

interstitial O concentration [Oi].

However, recent measurements made on B and P co-doped p-type Si [44, 18, 46, 48] found

that N∗
t,sat was proportional to the hole density p0 (i.e. to the net dopant density NA −ND)
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CHAPTER 4. THE BORON-OXYGEN DEFECT

rather than to the total boron concentration [B]. Note that this observation was made

possible in Si co-doped with B and P because p0 is, in such material, systematically below

[B] whereas it is almost equal to [B] in uncompensated B-doped Si. This finding was initially

explained by the existence of BP pairs in compensated Si resulting in a decrease of available

Bs atoms for BsO2i complex formation [44, 18]. However, the existence of such BP pairs in

large proportion was later shown to be very doubtful [50, 134, 45] and thus unable to explain

the observed reduction of N∗
t,sat in compensated p-type Si.

In the light of those observations, Voronkov and Falster [49] proposed a new model con-

sisting of a latent defect made of one interstitial boron atom Bi and one oxygen dimer O2i.

The linear dependence of N∗
t,sat on p0 was thereby explained by the proportionality of the

solubility NBi of positively charged B+
i in p-type Si to the free hole density, during the last

stage of crystal cooling.

Another recently debated issue is how the degradation itself proceeds. While some previous

works [135, 136, 42] have proposed the degradation to result from the formation of the

defect, through a defect reaction, others [49, 53] pictured it as a change in the configuration

of a grown-in defect, from a latent inactive state to a recombination active form.

As we have seen in Figure 3.13, the recombination lifetime in Si containing B is largely

dominated by the BO defect, even in lowly-doped uncompensated Si. This means that the

reduction of its effect represents a challenge of paramount importance, not only for UMG-

Si, but for industrial p-type Si solar cells in general, since they are almost entirely based

on B-doped and O-containing cast or Cz substrates. A fine understanding of the physics

of the BO defect, i.e. of its composition and genesis, should be very useful to develop new

strategies to suppress it. One point which particularly needs clarification, especially with

respect to compensation engineering, is the dependence of the BO defect density on either

[B] or p0. A dependence on p0, found in several papers [44, 18, 46, 48], would mean that the

BO defect can be completely suppressed by extreme compensation as modelled in Chapter 1,

Figure 1.9. The lifetime measurements we presented in Figure 3.13, however, suggest that

this may not be the case, since there is a clear loss of correlation between τeff and p0 from

the annealed to the degraded state. Our lifetime data add up to recent results presented

by Bernardini et al. [137] who found the strength of the degradation in p-type compensated

Si solar cells to correlate with [B] instead of p0. This controversy justifies a more detailed

analysis of the variation of the defect density with doping.

For that purpose, we present in this chapter a systematic study of the effective defect dens-

ity (Section 4.2) and formation kinetics (Section 4.3) on a set of samples with original doping

(for example with p0 > [B]) and wide variations in dopant concentration and compensation

level. These new data, confronted to previous measurements, enable to clearly establish

the dependence of the BO defect density on [B], which unambiguously demonstrates the

involvement of Bs in the complex. The degradation kinetics also prove the degradation not

to result from the complex formation but rather indicates it to proceed through the recon-

figuration of a latent defect. In Section 4.4, we finally analyse the SRH parameters of the

BO defect and cast doubts on their commonly accepted values.
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4.1. EXPERIMENTAL PROCEDURE

4.1 Experimental procedure

The experimental procedure that we followed to study the characteristics of the BO-related

lifetime degradation is the same as that already presented in sub-section 3.1.3 of the pre-

vious chapter i.e. measurements of the recombination lifetime on gettered (to avoid the

presence of bistable FeB and FeGa pairs and to annihilate thermal donors) and passivated

samples immediately after annealing and after different times under illumination.

In addition to the samples presented in Chapter 3, we also processed and measured Si

samples that were selected at different heights (20%, 30%, and 40%) of a Cz-Si crystal

of 50–70mm in diameter, grown from a melt doped with 1.47×1015cm−3 of B and 1.67×
1018cm−3 of Ga. These samples present the advantage for this study that they contain

more Ga than B and therefore p0 is about 10 times higher than [B]. This will enable us to

clearly establish if the defect density’s linear dependence on p0, previously observed in com-

pensated Si in which p0 < [B], is still valid when p0 > [B]. In these samples, p0 was deduced

from the resistivity measured with a four-points probe while [B] was calculated from the

sample’s position in the crystal and the initial concentrations in the Si melt using Scheil’s

equation. It lies in the range [B]= (1.2±0.5)×1015cm−3 to [B]= (1.3±0.9)×1015cm−3.

The magnitude of the lifetime degradation is known to depend critically on the interstitial

oxygen concentration [Oi] [138]. An experimental measurement of [Oi] is therefore essential

in any light-induced degradation experiments. For that purpose, we measured [Oi] in all

samples by Fourier transform infrared spectroscopy (FTIR). We found [Oi] to be in the range

[Oi]= (6±1)×1017cm−3 to (11±2)×1017cm−3.

4.2 Defect density

4.2.1 Effective defect density

Attempts to detect the BO defect by deep-level transient spectroscopy (DLTS) have so far

been unsuccessful, presumably because of its very low concentration. As a result, most

of the data that have yet been published on the defect density were obtained by lifetime

spectroscopy.

The recombination lifetime due to the BO defect can be calculated by subtracting the inverse

lifetime measured in the annealed state from that in the degraded state, assuming that no

other recombination channels are affected by the annealing/illumination cycle:

Y = 1
τBO

= 1
τdeg

− 1
τ0

(4.1)

A common approach is to consider the defect density to be proportional in p-type Si to the

reciprocal lifetime of the BO defect Y taken at an excess carrier density equal to 10% of

the equilibrium majority carrier density [42]. This stands from the assumption that the BO

defect introduces a deep level, as proposed by Schmidt and Cuevas [41] and confirmed by
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CHAPTER 4. THE BORON-OXYGEN DEFECT

Rein and Glunz [40], and that the inverse SRH lifetime (Equation 1.13) of the BO defect N∗
t

can thus simplify at ∆n = 0.1× p0 to:

N∗
t =Y (∆n = 0.1× p0)≈ 1

τn0 +0.09×τp0
= Nt ×vth

(
1
σn

+ 0.09
σp

)−1
(4.2)

Since vth, σn and σp are constants, N∗
t is proportional to the BO defect density Nt and can

thus be used to compare samples with different doping concentrations. We thus call N∗
t the

effective defect density. A similar expression can be obtained for the inverse SRH lifetime

in n-type Si at ∆n = 0.1×n0:

N∗
t =Y (∆n = 0.1×n0)≈ 1

τp0 +0.09×τn0
= Nt ×vth

(
1
σp

+ 0.09
σn

)−1
(4.3)

We shall insist here on the fact that this method for the evaluation of the BO defect density

is only valid if recombination through this defect is dominated by a single deep level and if

N∗
t is used to compare samples of the same conductivity type. We will discuss the former

assumption in Sections 4.2.3 and 4.4.

It is well known that the effective defect density after complete degradation N∗
t,sat displays

a quadratic dependence on [Oi]. This dependence is thought to be due to the participation

of oxygen dimers [42] which are themselves present in a concentration proportional to [Oi]

squared [139]. Hence, small variations in [Oi] from one sample to another can lead to

significant variations in N∗
t,sat even for equal doping levels. Since we intend to study the

impact of dopant concentration on the defect density and the nature of the B atom involved

in the complex, a more relevant parameter to focus on is:

NBC =
N∗

t,sat

[Oi]2 (4.4)

This oxygen-normalized parameter reflects the influence of defect components (such as [B]

or p0) not directly related to [Oi].
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4.2. DEFECT DENSITY

4.2.2 Defect density in p-type Si

4.2.2.1 Si co-doped with Ga and B
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Figure 4.2: Normalized effective defect density in B-doped controls and in Si co-doped with
B and Ga plotted as a function of the B concentration or the carrier density. Solid line is
a fit to experimental data on B-doped Si from [42]. Dashed line corresponds to the same
fit divided by a correction factor of 2 to account for the defect density reduction expected in
P-diffused Si.

The normalized effective defect density NBC measured for samples co-doped with Ga and B

and for B-doped controls is plotted in Figure 4.2 as a function of p0 and [B]. For comparison,

we have also plotted a linear regression of experimental data points from Schmidt and

Bothe [42] obtained on uncompensated B-doped Cz Si samples. A reduction of the BO defect

density by about a factor of 2 was found by the same authors in P-diffused Si as compared to

as-cut Si [43], presumably because of the reduction of the concentration of oxygen dimers.

Since our samples underwent a phosphorus-diffusion, whereas the samples from [42] did

not, we have corrected the linear fit from [42] by dividing the effective defect density by 2,

in order to be able to compare it with our measurements.

As can be read on Figure 4.2, B-doped controls measured in the present work agree well

with the previously measured defect density, which supports the validity of our experi-

mental setup. In samples co-doped with Ga and B, however, NBC is reduced by more than

one order of magnitude compared to B-doped Si when plotted against p0. On the other hand,

it scales well with B-doped Si when plotted as a function of [B]. Note that the drastic reduc-

tion of NBC compared to the linear dependence on p0 is only observable in these samples

because [B] is about 10 times lower than p0 due to the high concentration of Ga. We con-

clude from this result that in Si co-doped with B and Ga, the defect density is not related to

p0 but is, instead, proportional to [B].

Voronkov and Falster’s model [49] fails to describe the present result, since the concentra-

tion of dissolved interstitial Bi involved in that defect model is believed to be proportional

to p0 and independent of [B]. Instead, the proportionality to [B], found in our experiment,
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CHAPTER 4. THE BORON-OXYGEN DEFECT
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Figure 4.3: Normalized effective defect density in B and P compensated UMG-Si plotted as
a function of p0 (a) or [B] (b). Our results are compared to B-doped controls, to a fit to ex-
perimental data on B-doped Si from [42] and to experimental data on B and P compensated
Si from Lim et al. [46].

indicates the participation of substitutional Bs in the defect formation. As discussed in

this chapter’s introduction, the involvement of Bs in the BO defect is, however, difficult to

reconcile with previous findings that the defect density is proportional to p0 in B and P

compensated Si in which p0 < [B].

One could also imagine that the defect is made of Bi, according to Voronkov and Falster’s

model, but that either one of the two densities of Bi or O2i is strongly affected by the pres-

ence of Ga. For example, the formation of BiGas or GasO2i pairs during the cooling of

samples after phosphorus-diffusion is conceivable. No indication of the existence of such

complexes has, however, been reported yet. Further investigation would be necessary to

assess if they would be stable enough to reduce either concentrations of Bi or O2i to such an

extent that the BO defect density would decrease by more than one order of magnitude, as

it is observed in this work.

4.2.2.2 p-type Si co-doped with B and P

Figure 4.3 shows the normalized effective defect density in our B and P compensated UMG-

Si samples, together with previously published data from Lim et al. [46] on B and P com-

pensated Cz-Si samples that were gettered at a similar T to our samples (847°C in [46]

against 820°C in our experiment). We only plot the samples from the seed and tail ends

of the ingot presented in [46] for which [Oi] was reported. NBC is plotted for each sample

either as a function of p0 (Figure 4.3a) or as a function of [B] (Figure 4.3b) and compared, in

the same fashion as in Figure 4.2, to uncompensated B-doped controls as well as to a linear

fit to previously published data from [42].

Note that other data have been published for the effective BO defect density in B and P
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4.2. DEFECT DENSITY

compensated Si by Macdonald et al. [18] and by Geilker et al. [48]. We, however, did not

include those results in Figure 4.3 because the values for [Oi] were not reported for each of

the samples presented in their papers and NBC could thus not be calculated. In addition,

measurements presented by Geilker et al. were made on ungettered samples. Since high-

T annealing was shown to strongly affect the BO defect concentration [140, 141, 51], it

is essential for a valid comparison that all samples have gone through a similar thermal

history. We therefore discuss the results of references [18] and [48] separately.

In our UMG-Si samples and in samples from [46], the small difference between p0 and

[B], together with the large uncertainties, arising mainly from the oxygen concentration

measurement, make it very difficult to establish if NBC is proportional to p0 or to [B].

Lim et al. [46] concluded from their measurements that the BO defect density was propor-

tional to p0 rather than to [B]. This conclusion was based on the observation that N∗
t,sat

and p0 vary in the same direction in their samples while N∗
t,sat and [B] vary in opposite

directions. Taking into account the variation of [Oi] by plotting NBC instead of N∗
t,sat shows

that such tendencies are not utterly obvious, since the variation of NBC along the ingot

presented in [46] remains smaller than the experimental error (Figure 4.2.2.14.3.

None of the samples presented in Figure 4.3 are very strongly compensated, which other-

wise would have enabled an easier distinction between a linear dependence on p0 or on [B].

Moreover, [B] is kept in a narrow range. A larger set of data with wider variations of [B]

and compensation should enable to conclude with more confidence.

Such a set of data was presented by Geilker et al., who measured N∗
t,sat in samples with a

wide range of dopant concentrations, comprising samples with high [B] and strong compens-

ation. They, however, showed samples with low [B] or weak compensation in one graphic

(Fig 3 of [48]) and samples with high [B] and strong compensation in a separate graphic

(Fig 4 of [48]) plotted in a peculiar manner together with n-type Si samples. Reporting the

data points corresponding to the p-type samples with high [B] and strong compensation

from Fig 4 to Fig 3 of [48] shows that these points do not scale with the linear dependence

on p0 expected from the measurements made on samples with low [B] or light compensa-

tion. N∗
t,sat in samples with high [B] and strong compensation is on the contrary found to be

more than one order of magnitude higher than the expected dependence on p0. This result

strongly challenges the proposition that the BO defect density is in general proportional to

p0 in compensated Si.

In the work by Macdonald et al. [18], the reduction of N∗
t,sat in compensated samples was

quite important and those samples were carefully compared to uncompensated B-doped

controls which had undergone the same process. Nevertheless, because compensated Si

samples with only two different dopants concentrations were presented and considering

the fact that [B] and p0 vary between these samples in the same direction, one cannot

conclude with absolute certainty in favour of a linear relation between N∗
t,sat and p0.
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CHAPTER 4. THE BORON-OXYGEN DEFECT

4.2.2.3 p-type Si co-doped with B, P and Ga

Figure 4.4 shows the normalized effective defect density in our samples co-doped with B, P

and Ga plotted as a function of p0 or [B]. These samples present the advantage to display a

large variation in [B], p0 and in the degree of compensation.

When plotted against p0, the measured NBC does not agree well with the fit to Schmidt

and Bothe’s measurements. If one looks at each group of samples separately, NBC seems to

increase with p0 in each ingot. If looking at all samples together, there is, however, a poor

consistency between different ingots. When plotted against [B], however, although there

is still a significant scatter of the data points, there is a much better consistency between

different groups of samples, with a general tendency for NBC to increase with [B], following

the fit to Schmidt and Bothe’s measurements.
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Figure 4.4: Normalized effective defect density in Si co-doped with B, P and Ga, plotted as
a function of p0 (a) or [B] (b). Our results are compared to B-doped controls and to a fit to
experimental data on B-doped Si from [42].

4.2.2.4 Combined data for the defect density in p-type Si

To observe separately the potential influences of [B] or p0 on NBC, we look in our entire set

of data for groups of samples with equal p0 and for other groups with equal [B]. To study

the influence of [B], we found two groups of iso-p0: one with 7 samples having p0 = 2.0±
0.3×1016cm−3 and one with 3 samples with p0 = 5.7±0.4×1016cm−3. Plotting NBC against

[B] in these two groups (Figure 4.5a) clearly shows that there is a correlation between

them. To study the influence of p0, we found two groups of 4 samples, the first one with

[B]= 1.7±0.06×1017cm−3 and the second one with [B]= 3.6±0.6×1017cm−3. In Figure 4.5b,

we see an increase of NBC with p0 in samples with [B] = 1.7±0.06×1017cm−3 and no clear

trend in samples with [B]= 3.6±0.6×1017cm−3.

The clear correlation between NBC and [B] unambiguously indicates the participation of
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Figure 4.5: Normalized effective defect density in p-type Si with iso-p0 or iso-[B], as a
function of [B] (a) or p0 (b). Our results are compared to a fit to experimental data on
B-doped Si from [42].

substitutional boron Bs in the complex, since there is no other means through which [B]

can influence NBC. We have proposed in Sub-section 4.2.2.1, as an alternative explanation

to the involvement of Bs in the complex, that [Bi] or [O2i] could be reduced due to the

presence of Ga. This could have justified, keeping BiO2i as the defect complex, the lower

values for NBC in Si co-doped with Ga and B than in uncompensated B-doped Si with the

same p0. Such a proposition can be discarded in the views of the present results, since

in some of the samples co-doped with B, P and Ga, NBC is measured to be higher than in

uncompensated Si with the same p0. The only remaining plausible interpretation for the

variation of NBC with [B] is hence the participation of Bs in the BO complex. Note that this

conclusion is supported by a recent study [142] which showed, by density functional theory,

that the concentration of Bi was too low to explain the lifetime degradation and that the

calculated characteristics of the BiO2i complex were inconsistent with those measured by

lifetime spectroscopy for the BO defect.

The variation of NBC with p0 is less obvious in our samples, but cannot be completely

invalidated, especially considering the previously published data that we have mentioned.

However, while the variation of NBC with [B] can only be attributed to a change of the

actual BO defect density, there are many ways to explain a variation of NBC with p0. For

example, we will see in Section 4.3 that one model proposes the degradation to result from a

charge-driven reconfiguration of a latent inactive defect, into a highly-recombination active

form. We can imagine with such a model that the fraction of the defect concentration which

is turned into the recombination active configuration may depend on p0. A variation of NBC

with p0 could also arise from a change in the recombination activity of the defect. This

could, however, only be the case if recombination through the BO defect was not dominated,

as assumed in the derivation of Equation 4.2, by a single deep level. For example, we have

seen in Section 1.2.3 that the low-injection lifetime of a shallow level can decrease with the
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equilibrium majority carrier density p0. The eventuality of the commonly accepted SRH

parameters of the BO defect being mistaken will be discussed in Section 4.4.

4.2.3 n-type Si co-doped with B, P and Ga

As we have seen in Chapter 2, n0 is almost constant along the entire height of the n-type co-

doped Si ingot (Cz#4) studied in this work. The B concentration does not vary much either

along this ingot, due to the segregation coefficient of B being very close to unity (kB = 0.8).

An investigation of the defect density on samples from this ingot only, with the hope to

understand the effect of compensation on the BO defect in n-type Si, would therefore be

vain. It is, however, worth reporting here some of the important results that have been

published by other authors studying the lifetime degradation in n-type compensated Si

[51, 52, 53]:

1. It was shown that the BO defect recombination lifetime could not be fitted in n-type

Si by the SRH equations with one single deep energy level. Rougieux et al. [52] man-

aged to fit their data with two independent levels (one deep and one shallow) while

Voronkov et al. [53] considered two dependent levels. In any case, this means that

the effective defect density in n-type Si cannot be deduced directly from the inverse

lifetime taken at a fixed injection level ∆n = 0.1× n0. A fit of the entire injection

level dependence of the BO recombination lifetime is, as a matter of fact, necessary to

evaluate the effective defect density in n-type Si.

2. Neither Rougieux et al. [52, 51] nor Voronkov et al. [53] observed a dependence of the

effective defect density on the majority carrier density. The latter authors came to

the conclusion that the BO defect density is proportional in n-type Si to [B], inferring

the participation of substitutional boron in the complex responsible for the degrada-

tion. This seems to corroborate our conclusions from Sub-sections 4.2.2.1, 4.2.2.2 and

4.2.2.3. Voronkov et al. argued that the defect responsible for the degradation ob-

served in n-type Si corresponds to the fast degradation observed in p-type Si (see the

following Section 4.3) and can thus be made of Bs without being in contradiction with

the BiO2i complex that they propose for the slow degradation in p-type Si. It would,

however, appear as a curious coincidence if the fast and slow degradations observed in

B-doped p-type Si, these two degradations showing numerous similarities, were to be

attributed to two completely unrelated complexes with entirely different precursors.

4.2.4 Summary

We have shown in this section that in p-type Si, the effective defect density, deduced from

the inverse BO recombination lifetime assuming it to be dominated by a single deep level,

correlates well with a linear dependence on the total boron concentration [B] and shows no

obvious correlation with the majority carrier density p0. The dependence on [B] can only

be explained by the participation of substitutional boron in the BO complex. On the other
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4.3. DEGRADATION KINETICS

hand, the dependence on p0 observed by other research groups could be explained either

by an actual variation of the BO defect density in its active state or by an alteration of its

recombination activity, in case it is not, as commonly assumed, dominated by a single deep

level.

The participation of substitutional boron in the BO complex is supported by other works

reporting the BO defect density to be proportional to the total B concentration in n-type

compensated Si.

4.3 Degradation kinetics

4.3.1 Degradation in p-type silicon
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Figure 4.6: Evolution of the measured (dots) and calculated (lines) reciprocal lifetimes, at
∆n = 0.1× p0, in p-type samples under illumination.

The evolution of the measured effective defect density N∗
t (t) with the illumination time t

can be fitted (Figure 4.6), as previously reported [18], with an expression of the form:

N∗
t (t)= Nfast +Nslow × (

1−exp
(−Rgen × t

))
(4.5)

in which Nfast accounts for a fast initial degradation occurring during the first few seconds

of light exposure (Figure 4.1), Nslow represents the magnitude of the slow degradation and

Rgen is the formation or activation rate constant of the slow-forming defect. In this work, we

only focus on the slow-forming defect which dominates in p-type the overall recombination

lifetime. Note that because the degradation kinetic was found to be independent of [Oi] [41],

we do not need to normalize N∗
t (t) to extract Rgen which enables to separate out of the error

caused by [Oi] measurement.
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CHAPTER 4. THE BORON-OXYGEN DEFECT

Two different models have been proposed for the slow degradation mechanism. The first

one [135, 136, 42], which we refer to as the defect reaction model, considers the degradation

to result from the formation of the BO complex, through the diffusion of oxygen dimers O2i

until they get trapped by fixed boron atoms. In this model, O2i diffuses via a Bourgoin-

Corbett recombination-enhanced mechanism [143, 144] limited by the capture of holes. The

diffusivity of O2i is hence proportional to the hole density p0. On the other hand, the

capture process depends on the mean distance that O2i has to diffuse before it encounters

a fixed B atom. The larger the concentration of the B-related component of the defect (Bi

if the complex is BiO2i and Bs if the complex is BsO2i), the shorter the distance that O2i

has to diffuse before it gets trapped will be. Therefore, the formation rate constant Rgen

is proposed in this model (see details in [135]) to be proportional to the product of the hole

density p0 (for the diffusivity of O2i) by the concentration of the B-related component of

the defect (for the distance that has to be crossed by O2i to be captured by B atoms), itself

proportional to NBC.

The second model [49] proposes the complex to be already formed before degradation. The

degradation is thereby thought to result from the rearrangement of the grown-in defect,

from its latent configuration, which has a low recombination activity, into a configuration

with a strong recombination activity. The change of the defect’s configuration is described by

a complex mechanism, in which the free energy barrier for the reconfiguration can only be

overcome if the defect is temporarily recharged to a double positive state. This yields Rgen

to be proportional to the hole density squared p2 (equal to the equilibrium hole density

squared p2
0 in p-type Si at low injection) and independent of NBC (see details in [49]).

The formation rate constant Rgen of the slow forming BO defect, extracted from the fit of

Equation 4.5 to the measured N∗
t (t), is plotted in Figure 4.7 against p2

0 and as a function of

NBC× p0. Figure 4.7a also depicts Rgen calculated with Palmer’s model, which fits previous

experimental data in uncompensated B-doped Si [135]. As can be seen, Rgen measured in

B-doped controls agrees well with Palmer’s model, which again proves the validity of our

experimental setup.
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Figure 4.7: Variation of the defect formation rate constant with the majority carrier density
p0 (a) and with the product of the majority carrier density by the boron-related component
of the defect p0 × [B] (b).

Figure 4.7a shows that there is a clear linear relation between Rgen and p2
0, which supports

the latent defect model. Note that previous measurements of the degradation kinetics in

uncompensated Si could not allow to lean toward one model or the other for the obvious

reason that NBC × p0 and p2
0 were proportional (NBC ∝ [B] ≈ p0 in uncompensated Si).

Similarly, previous measurements in compensated Si found the B-related component of the

BO defect was proportional to p0. In that case, both the defect reaction model and the latent

defect model should also yield the same linear dependence on p2
0 [134, 46]. In our samples,

however, we have found that the concentration NBC is not in general proportional to p0. As

a consequence, the defect reaction model would not expect Rgen to be proportional to p2
0 in

our samples but instead to NBC × p0. If Rgen is plotted as a function of NBC × p0 (Figure

4.7b), there is, however, a lower consistency between samples and a larger scattering of the

data points. The distinct linear dependence of Rgen on p2
0 thus enables to reject the defect

reaction model proposed in [135].

Note that this observation adds up to two major deficiencies of the diffusion limited defect

reaction model proposed by Palmer et al. [135]:

1. Firstly, the diffusion mechanism described in this model involves the participation of

oxygen dimers with a double positive charge O2+
2i . The existence of oxygen dimers in

Si in another state than neutral was, however, recently shown to be very doubtful

[145].

2. Secondly, the reaction is thought to stop when all the available oxygen dimers have

been captured by B atoms. In such a defect reaction model, similar to the pairing

reaction of the well-known FeB pairs, the final defect concentration depends only on

the initial concentration of oxygen dimers and is completely independent of the B

concentration [B] or of the majority carrier density p0.
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4.3.2 Degradation in n-type silicon

In n-type Si, the lifetime degradation is thought to proceed in the same manner as in p-

type Si, i.e. by a change of the configuration of a pre-existing defect, requiring the capture

of two holes [53]. The generation rate constant Rgen is therefore also proportional to the

hole density squared p2. However, in the case of n-type Si, p is not anymore equal to the

equilibrium hole density p0 but is instead equal to the excess-carrier density ∆p. During

illumination, ∆p depends on the generation rate G and on the recombination lifetime τ,

through:

p =∆p =G×τ (4.6)

With G taken as equal to φ/d with the photon flux assumed to be φ= 2.5×1016cm−2s−1 for

the illumination intensity of 10mW/cm2 we used in our experiment and with d the sample’s

thickness. We assume the distribution of excess carriers across the thickness of the wafer to

be uniform. This assumption stands from the very fast diffusion of excess carriers compared

to the bulk lifetime and enables to strongly simplify the considerations developed further.

Two characteristics of the lifetime degradation in n-type Si can be deduced from Equation

4.6:

1. Firstly, for an illumination intensity P = 10mW/cm2, p is generally much lower (in the

range 5×1013−2×1015cm−3 in our samples) in n-type Si than p0 usually is in p-type Si

for solar cells. As a consequence, the degradation is generally much slower in n-type

Si than in p-type, as can be seen on Figure 3.17 and as reported in previous works

[46, 51, 52, 53]. According to our measurements and to those of Bothe et al. [39], Rgen

is in p-type Si equal to gs × p2 with gs = 5×10−37cm6/s at 25°C. This gives for a hole

density p = 2×1015cm−3 a time constant of 106s (∼ 280h) which is much longer than

the observed degradation. We have, however, mentioned previously the existence of

a fast degradation occurring within a few seconds in p-type Si. This degradation was

found by Bothe et al. [39] to proceed with a formation rate constant Rgen,f equal

to gf × p2 with gf = 5×10−34cm6/s at 25°C. This yields for p = 2×1015cm−3 a time

constant of 103s (∼ 0.28h) which is in better qualitative agreement with the onset of

the observed degradation.

2. Secondly, in the course of the degradation, p is not anymore constant as in p-type

Si but decreases with τ according to Equation 4.6. As a consequence, Rgen decreases

during the degradation and the evolution of the defect density cannot anymore be

fitted by a single exponential. The degradation can effectively be modelled in the

manner described below and treated in [53].

To start with, we consider the lifetimes of the fast-forming defect τBO,f(t) and of the slow-

forming defect τBO,s(t) to be both invariant with the injection level. The reciprocal lifetimes

Yf(t) = 1/τBO,f(t) and Ys(t) = 1/τBO,s(t) are assumed to be proportional to the concentration
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Figure 4.8: Evolution of the recombination lifetime with illumination time in co-doped n-
type samples from ingot Cz#4. Dots are measured lifetime values and lines represent the
modelled lifetime.

of their corresponding defect. From the exponential evolution of the effective defect density

found in p-type Si, one can deduce that the variation of Yf(t) and Ys(t) can be expressed as

follows:

dYf

dt
= Rgen,f ×

[
Yf,sat −Yf(t)

]= gf × p2 × [
Yf,sat −Yf(t)

]
(4.7)

dYs

dt
= Rgen,s ×

[
Ys,sat −Ys(t)

]= gs × p2 × [
Ys,sat −Ys(t)

]
(4.8)

With Yf,sat and Ys,sat the values taken by Yf(t) and Ys(t) after complete degradation. In

Equations 4.7 and 4.8, p can be expressed by decomposing τ in Equation 4.6:

p = G
Yf(t)+Ys(t)+1/τ0

(4.9)

in which τ0 is the initial lifetime prior to degradation.

By numerically integrating Equations 4.7 and 4.8, combined with 4.9, we are able to model

the lifetime degradation, with Yf,sat and Ys,sat as the only fitting parameters.

Figure 4.8 compares this modelling with our experimental values for the samples from

both ends of ingot Cz#4. For more clarity, we do not plot the other measured samples,

which display similar lifetime degradation curves (Figure 4.6). This plot shows a qualitative

good agreement between theory and experiment. The fact that we obtain a reasonable

fit of the experimental data with such a simplistic approach as the one we used, using

the same formation rate constants as those determined in p-type Si, vividly confirms the

dependence of Rgen on p2. It constitutes a strong supportive element of the latent defect

model proposed by Voronkov et al. [49, 53]. Note that this does not contradict our previous

109
Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2012ISAL0139/these.pdf 
© [M. Forster], [2012], INSA de Lyon, tous droits réservés



CHAPTER 4. THE BORON-OXYGEN DEFECT

conclusion (Section 4.2) that substitutional B is involved in the defect complex instead of

the participation of interstitial B proposed by Voronkov and Falster in [49]. The latent

character of the defect does not imply a specific composition; the existence of a latent BsO2i

defect that would form during ingot cooling is possible.

4.4 Shockley-Read-Hall characteristics

To verify the validity of the assumption that we made in Section 4.2, to deduce the effective

BO defect density from lifetime measurements, we study in this section the SRH character-

istics of the BO recombination centre.

A traditional way of studying the injection-dependence of the recombination lifetime is to

plot it as a function of the excess carrier concentration. As recently pointed out by Voronkov

et al. [146, 53], a more convenient way to extract the SRH characteristics of a defect may

be to plot τ as a function of the ratio of the minority carrier concentration to the majority

carrier concentration (n/p = ∆n/(∆n+ p) in p-type Si and p/n = ∆p/(∆p+ n) in n-type Si).

Indeed, τSRH can be expressed for a single level in p-type Si by:

τSRH = τn0 ×
(

p1

p
+1

)
+τp0 ×

(
n1

p

)
+τp0 ×

(
n
p

)
(4.10)

It can thus be shown that τSRH is a linear function of n/p, since dτSRH/d
(

n
p

)
does not depend

on the injection level:

dτSRH

d
(

n
p

) = τp0 −
τp0 ×n1 +τn0 × p1

p0
(4.11)

In the case of a deep level, Equation 4.10 can be reduced to a very simple linear function of

n/p:

τSRH = τn0 +τp0 ×
(

n
p

)
(4.12)

Therefore, if recombination through the BO defect is dominated by a single deep level, τBO

should thus be a linear function of n/p. Moreover, from the characteristics of this linear

dependence, i.e. the intersection with the y-axis (τ
(

n
p = 0

)
= τn0) and the slope (dτ/d

(
n
p

)
=

τp0) of the curve, it should be possible to extract the capture cross section ratio σn/σp:

kapp =
dτ

d
(

n
p

)
τ
(

n
p = 0

) = τHI −τLI

τLI
= τp0

τn0
= σn

σp
(4.13)

This capture cross section ratio is a characteristic of the trap and should hence be the same

in every sample. On the other hand, in the case of shallow level, since τLI decreases with

p0 (Equation 1.21) while τLI remains constant, kapp should increase with p0.
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A linear relation is indeed found in all of our samples between τBO and n/p, in the range of

n for which τ is not visibly affected by trapping (see the two examples in Figure 4.9a). The

apparent capture cross section ratio (Equation 4.13), however, varies significantly from one

sample to another in the range of 5 to 22. Such a variation of kapp could be explained if the

energy level of the trap introduced by the BO defect was shallow instead of close to mid-gap

as commonly assumed. However, the variation of kapp would in that case correlate with p0,

which is shown not to be the case in Figure 4.9b. Instead, the variation of kapp from one

sample to another seems to be completely random.
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Figure 4.9: (a) Recombination lifetime of the BO defect τBO plotted as a function of n/p for
two different p-type Si samples. (b) Apparent capture cross section ratio calculated from
lifetime measurements in p-type Si samples using Equation as a function of the majority
carrier density p0.

Similar observations were made by Schmidt and Cuevas [41] as well as by Rein and Glunz

[40]. They could only achieve a good fit of their injection-dependent lifetime data if a sep-

arate independent shallow level, in addition to the mid-gap level, was taken into account

in the modelling of τSRH. Note that Schmidt and Cuevas [41] also found this shallow level

to be present in some samples but not in others, independently of p0. They proposed it to

result from the activation of some form of thermal donors by illumination.

Whatever the origin of this additional shallow level, because it limits τ at high injection,

it may lead to the variations we observe for the apparent capture cross section ratio kapp.

Because it appears randomly in some samples but not in others, it may hide a potential

dependence of kapp on p0 and makes the interpretation of the injection-dependent lifetime

data very ambiguous. For example, we can show that the same lifetime measurements can

be fitted with equal accuracy using either a single deep level with a small σn/σp or a deep

level with a large σn/σp and an additional shallow level located at 0.15eV below the bottom

of the conduction band (Figure 4.10).

As a consequence, our experimental data do not allow to confirm if the BO defect introduces
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a deep level or a shallow level i.e. if the apparent capture cross section ratio is dependent or

not on p0. Our measurements hence do not enable to confirm or invalidate the assumption

formulated in Section 4.2.1 that the defect density is in p-type Si proportional to the inverse

lifetime given at a standard injection level ∆n = 0.1× p0.

Note that since this additional shallow level also affected the lifetime in the study of Rein

and Glunz [40], the value of 9.3 for the capture cross section that they extracted from the

injection-dependent lifetime can thus not be considered as certain. As for the position of the

energy level of the BO defect, it was determined by a fit of the temperature dependence of

the low-injection lifetime up to 250°C. To avoid annihilation of the defect at temperatures

above 100°C, they illuminated their samples with a a strong light intensity. This procedure

is now known to result in a permanent deactivation of the defect rather than in avoiding

its annihilation [123, 147, 148, 149]. It is hence very likely that the slope of the Arrhenius

increase of τ with T, from which the defect’s energy level is calculated, was affected by the

permanent deactivation of the BO defect.

4.5 Conclusion

In this chapter, we have analysed the phenomenon of the BO-related lifetime degradation

on a wide set of p-type and n-type Si sample containing B.

We have shown that the effective BO defect density depends on the total B concentration,

which proves the participation of Bs in the defect complex. The previously observed de-

pendence on p0 was not confirmed nor ruled out by our results. We suggest that if such a

dependence exists between the BO defect density and p0, it could be due either to a vari-

ation of the fraction of the defect which is rendered active upon degradation or to a change

of its recombination activity.
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4.5. CONCLUSION

Studying the kinetics of the lifetime degradation reveals the defect activation rate constant

to be proportional in both p-type and n-type Si to the hole density squared. This inval-

idates the defect reaction model involving the diffusion of O dimers and their capture by

B atoms. It instead indicates a charge-driven reconstruction of a grown-in defect, from a

latent inactive configuration into a highly recombination active form.

Investigating the BO recombination lifetime using the SRH statistics reveals unfruitful for

the determination of the SRH parameters. This is so because of a random variation of the

ratio of the high-injection to the low-injection lifetime. For a better confidence in the SRH

parameters of the BO defect, on which we rely for the determination of the defect density by

lifetime measurements, further work should be dedicated to their determination. For that

purpose, a better understanding of the origin of the observed independent shallow level

is required. Alternative lifetime measurements, such as quasi-steady-state photolumines-

cence [150, 151], could also be helpful in order to collect accurate lifetime data over a wider

range of injection levels.
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Chapter 5

Application of compensation
engineering to UMG-Si solar cells

We have shown in Chapters 2 and 3 that compensation engineering can be used to maintain

a priori adequate carrier recombination and transport properties for high-efficiency solar

cells over a large fraction of ingots made with Si containing B and P. However, this study

was so far only carried out on EG-Si, while the final application which is foreseen is clearly

UMG-Si. In addition, our investigation of the impact of compensation was merely done at

the wafer level and we have not yet confirmed the beneficial effect of compensation on solar

cells. A validation of our results on solar cells made with UMG-Si is hence necessary to

confirm the benefits of Ga co-doping.

One particular issue that has been addressed in Chapter 4 concerns the BO recombination

centre, of which the activation results in a lifetime degradation under illumination or car-

rier injection. We have shown, among others, that the BO defect density increases with

[B] while it was formerly thought to depend only on p0. This finding tends to challenge

the legitimacy of compensation engineering, which is based on the idea that recombination

depends only on the majority carrier density and can thus be diminished by compensation,

no matter what the total boron concentration is. The consequence of such a result on the

potential application of compensation engineering to UMG-Si solar cells thus has to be as-

sessed.

In this chapter, we apply compensation engineering to the crystallization of UMG-Si and

focus on its impact on the performance of solar cells made with a standard industrial-type

process for p-type Si. We show that Ga co-doping enables to increase the ingot yield and to

tolerate a significantly higher concentration of P in UMG-Si without compromising the solar

cells performance before light-induced degradation. Using the parametrization established

in Chapter 3, which we implement in QSS-MODEL [152], we model the I-V characteristics

of those solar cells and find a good agreement with measured data. Using similar modelling,

we simulate those same solar cells after activation of the BO recombination centre, in order

to assess the impact of compensation on their performance.

The solar cells performance after light-induced degradation has not been measured yet at
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the time of the submission of this manuscript. It will be duly included in its final version.

5.1 Experimental procedure

5.1.1 Purification

For this study, we used a UMG-Si of which the purification process flow is drawn in Figure

5.1. The starting metallurgical-grade Si was produced by FerroPEM. A careful selection

of the raw materials, i.e. silica and carbon, from which MG-Si is made in electric arc fur-

naces by carbothermic reduction, enables to limit the initial impurity concentration. A

first segregation treatment is applied during the solidification of this MG-Si, reducing the

concentrations of phosphorus and metallic impurities. The resulting material is then trans-

ferred to the PHOTOSIL facilities. There, Si is then purified according to the standard

PHOTOSIL process ([85, 6, 5]), involving a plasma treatment to remove B and segregations

to remove P and metallic impurities.

Figure 5.1: PHOTOSIL purification process flow.

At the end of the purification process, the average impurity content in the resulting UMG-

Si batch is estimated from a local glow-discharge mass spectroscopy (GDMS) analysis to be

[B]0 = 0.37ppmw and [P]0 = 0.67ppmw.

5.1.2 Crystallization

Two batches of 15kg, considered as identical in terms of impurities concentration, were se-

lected from this UMG-Si to grow two different Cz ingots. The first one, which we will refer

to as Cz#U1, was grown according to the process described in Chapter 2, without addition

of any dopants aside from those already contained in the UMG-Si. After crystallization, the
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Figure 5.2: Resistivity profile of ingots Cz#U1 (red) and Cz#U2 (blue). Dots represent the
resistivity measured by Eddy current along each ingot. Solid lines represent the calcu-
lated resistivity using Scheil’s law for the dopants distribution and our corrected Klaassen’s
model (see Sub-section 3.3.3) for the majority carrier mobility.

ingot was shaped into a 125×125mm2 pseudo-square brick and the resistivity was measured

by Eddy current along the length of one of its edges (red dots in Figure 5.2). The recombina-

tion lifetime was also measured along the brick by µW−PCD, using a Freiberg instruments

MDPingot characterization tool. To refine our evaluation of the initial concentrations [B]0

and [P]0 in this UMG-Si, we fitted the measured resistivity profile using Scheil’s equa-

tion for the distribution of B and P and Klaassen’s model with the correction presented in

Section 3.3.3 for the majority carrier mobility. Varying [B]0 and [P]0 around the values de-

termined by GDMS to achieve a good fit of the resistivity profile gives [B]0 = 0.25ppmw and

[P]0 = 0.60ppmw. The average calculated p0 is 1.5×1016cm−3 over 80% of the ingot height

and a type changeover from p-type to n-type is expected at the solidified fraction 85%.

The second ingot, called Cz#U2, was grown using the same crystallization process. We,

however, added 1.4ppmw of P and 85ppmw of Ga into the crucible before melting of the Si.

The addition of P is meant to reduce the net doping to improve the recombination lifetime

while the addition of Ga serves to avoid the type inversion. Note that without the addition

of Ga, increasing the P concentration in the Si melt would reduce the p-type fraction of

the ingot, which is low (85%) in Cz#U1. After crystallization, the ingot was shaped into

a 125×125mm2 pseudo-square brick, the resistivity was measured by Eddy current along

the length of one of its edges (blue dots in Figure 5.2) and the recombination lifetime by

µW−PCD. The ingot is 100% p-type and the resistivity is found to be relatively uniform

and is, as expected, significantly increased compared to ingot Cz#U1. This shows that the

majority carrier density has been effectively reduced by co-doping with P and Ga. Also

note that the calculated ρ agrees reasonably well with measurements, which proves the

robustness of our method to determine [B]0 and [P]0. Varying the initial B concentration

[B]0 by ±10% in our calculations strongly modifies the modelled resistivity profile, which

departs from the experimental one. This demonstrates the accuracy of the determined

[B]0 and [P]0 in the Si feedstock and highlights the importance of a precise knowledge
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of these values to apply compensation engineering successfully. Due to a higher degree

of compensation (average RC = 0.85 against 0.52 in Cz#U1), the average p0 in Cz#U2 is

calculated to be 0.8×1016cm−3.

5.1.3 Solar cells fabrication

Industrial type screen printed solar cells with full area Al back contact were fabricated at

ISC Konstanz with wafers selected from different heights along ingots Cz#U1 and Cz#U2.

Uncompensated B-doped EG-Si controls with a resistivity of 1.5Ω.cm and 3.5Ω.cm were

processed together with wafers from Cz#U1 and Cz#U2. The process flow is drawn in Figure

5.3.

Figure 5.3: Solar cells fabrication process flow at ISC Konstanz.

Unfortunately, many wafers from all groups of wafers broke during the solar cell fabrication

process and only 3 complete solar cells could be made with ingot Cz#U1. The origin of this

large breakage remains unexplained. After processing, the I-V characteristics of each cell

was measured under standard AM1.5G illumination conditions at 25°C. Cells were then

completely degraded by illuminating them for 100h at 60°C under a 100mW/cm2 halogen

lamp and their I-V characteristics were then measured again at 25°C.

5.2 Modelling

To evaluate the impact of co-doping on solar cells, we also simulated their performance us-

ing the program QSS-MODEL [152]. This program allows to specify the ionized acceptor

and donor concentrations in the base of the device. The recombination and transport proper-

ties can then be adjusted by setting the SRH parameters of up to two recombination centres
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and by choosing the appropriate mobility model. In this work, we used Klaassen’s model

with the correction presented in Sub-section 3.3.3 for both minority and majority carrier

mobilities.

For the recombination lifetime, we used the parametrization proposed in Sub-section 3.4.1

(Equations 3.12 and 3.13). This simulation represents the optimistic case of solar cells

manufacturers being able to permanently deactivate the BO defect or ingot growers being

able to avoid oxygen in Si crystals in a cost effective way. Our parametrization of the lifetime

(Equations 3.12 and 3.13) already includes Auger and radiative recombination. Since those

intrinsic components are automatically taken into account in QSS-MODEL, they have to

be subtracted from the recombination current for an accurate simulation of the solar cells

performance.

For the simulation of the devices that were fabricated, we assumed a fixed recombination

in the front (J0f = 1×10−12A/cm2) and back (J0b = 2×10−13A/cm2) regions of the solar cells.

For the optics, we considered a textured front surface coated with a 75nm thick SiNx : H

layer and an optical shading of 7% by the metal grid on the front side. Solar cells were

modelled under a standard illumination AM1.5G at 25°C.

To account for parasite shunts and resistive losses, we set the series resistance of the front

and back regions at Rs = 0.8Ω·cm2 and the shunt resistance at Rsh = 5000Ω · cm2, repres-

entative of what was found for EG-Si solar cells.

5.3 Results

5.3.1 Recombination lifetime

Before degradation The recombination lifetime measured by µW−PCD before light-

induced degradation along both bricks is shown in Figure 5.4a and compared to that calcu-

lated at an injection of 0.1suns. Both calculations and measurements agree that τ is along

most of the crystal length larger in co-doped ingot Cz#U2 than in ingot Cz#U1. As discussed

above, this is due to the strong dependence of τ on the majority carrier density p0 which is

reduced from 1.5×1016cm−3 on average in ingot Cz#U1 to 0.8×1016cm−3 in Cz#U2.

One can see that the measured lifetime is lower, by almost one order of magnitude, than the

values given by our parametrization. Note that this parametrization was based on lifetime

measurements carried out on gettered and passivated samples. The lifetime measured

along bricks may thus be lower because of recombination at the surface and because the

Si has not been subjected to a phosphorus diffusion gettering which would have removed

metal contaminants and dissolved oxygen-related thermal donors. Note, however, that the

relative improvement of the recombination lifetime in the co-doped ingot Cz#U2 compared

to ingot Cz#U1 is equivalent whether it is measured (average τ improved by a factor of 3.3)

or calculated (average τ improved by a factor of 2.6).
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Figure 5.4: (a) Recombination lifetime measured by µW−PCD and modelled at an injection
of 0.1suns before activation of the BO defect. (b) Recombination lifetime modelled at an
injection of 0.1suns, after activation of the BO defect.

After degradation To calculate the lifetime after light-induced degradation, we used the

parametrization of the degraded lifetime given by Bothe et al. [43] in combination with an

assumed capture cross section ratio of σn/σp = 9.3. Following our findings from Chapter 4,

showing that the BO-related lifetime degradation depends on [B] rather than on p0, we used

Bothe’s parametrization in the form under which it was initially proposed (Equation 1.25),

i.e. in which τ is a function of [B] and [Oi]. We assumed a constant [Oi]= 7.5×1017cm−3 in

both ingots which is a reasonable average value for Cz-Si. As can be seen on Figure 5.4b, the

recombination lifetime is calculated to be significantly lower when considering the presence

of the BO recombination centre. Because we consider that the BO defect introduces a deep

energy level with a small capture cross section ratio σn/σp = 9.3 and that its density depends

on [B] and [Oi], the recombination lifetime in the degraded state, modelled at an injection

of 0.1suns, is only weakly dependent on p0 and thus on compensation. Since we assume

that [B] and [Oi] are the same in Cz#U1 as in Cz#U2, there is barely no difference in τ

between those two ingots after activation of the BO defect. This indicates that the positive

effect of compensation on τ, observed in Si before light-induced degradation, may completely

disappear after activation of the BO defect.

5.3.2 Open-circuit voltage

The open-circuit voltage V oc, measured and modelled for solar cells made with wafers ori-

ginating from different heights along ingots Cz#U1 and Cz#U2 is shown in Figure 5.5.

Before degradation Both measurements and modelling indicate a very similar V oc in

ingots Cz#U1 and Cz#U2. This is because of the opposite effects of p0 on the product (p0 +
∆n)×∆n, in the expression of V oc (1.31). As p0 is reduced in Cz#U2 due to compensation, the
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recombination lifetime increases (Figure 5.4a), leading to a larger ∆n at a given injection.

There is hence a small effect on V oc of reducing p0 by compensation, between ingot Cz#U1

and ingot Cz#U2. Note that V oc is also measured and modelled to be equivalent in ingots

Cz#U1 and Cz#U2 to EG-Si controls.
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Figure 5.5: Left: Open-circuit voltage measured before activation of the BO defect (open
symbols) and after degradation (closed symbols) and modelled before degradation (solid
lines) along UMG-Si ingots Cz#U1 and Cz#U2. Right: Open-circuit voltage measured (open
black triangles) and modelled before (green diamond-shaped) and after degradation (purple
square) in EG-Si controls.

After degradation Figure 5.5 shows that a degradation of V oc by 10−20mV results from

the activation of the BO defect under prolonged illumination. As we have seen in Sub-

section 5.3.1, the recombination lifetime is the same after light-induced degradation in in-

gots Cz#U1 and Cz#U2. In such case, V oc decreases with reducing p0, leading to lower

values in ingot Cz#U2 than in ingot Cz#U1. In that respect, there is thus a negative impact

of compensation on the magnitude of light-induced degradation of V oc.

Also note that the degradation of V oc is stronger in UMG-Si solar cells from ingots Cz#U1

and Cz#U2 than in EG-Si controls, due to the larger concentration of B in UMG-Si.

5.3.3 Short-circuit current density

Before degradation As can be seen in Figure 5.6, the short-circuit current density is

measured to be slightly larger in ingot Cz#U2 than in ingot Cz#U1, in good accordance with

simulation. This improvement in Jsc shows that the minority carrier diffusion length is

improved in ingot Cz#U2 due to the reduction of p0 by compensation. This confirms that

before light-induced degradation, the positive impact of compensation on the recombination

lifetime outweighs the minority carrier mobility reduction.
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Note that Jsc in UMG-Si solar cells from ingot Cz#U2 is similar to EG-Si controls with

similar p0 (1.5Ω·cm controls for which p0 = 1×1016cm−3) and slightly lower than EG-Si

controls with lower p0. This proves that similar performance to EG-Si can be achieved in

compensated Si with a good control of the net doping, even when the total dopant concen-

tration is high (up to 2.15×1017cm−3 in the cells from Cz#U2).
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Figure 5.6: Left: Short-circuit current density measured before activation of the BO defect
(open symbols) and after degradation (closed symbols) and modelled before degradation
(solid lines) along ingots Cz#U1 and Cz#U2. Right: Short-circuit current density measured
(open triangles) and modelled before (green diamond shape) and after degradation (purple
square) in EG-Si controls.

After degradation Prolonged illumination leads to a drop of Jsc by 1−3mA/cm2 in cells

from ingots Cz#U1 and Cz#U2 (Figure 5.6). After degradation, the recombination lifetime

is expected to be the same in both ingots (Figure 5.4b) while the minority carrier mobil-

ity is lower in ingot Cz#U2, due to the larger concentration of dopants and the stronger

compensation. One should thus expect a shorter minority carrier diffusion length in ingot

Cz#U2 and thus a lower Jsc for solar cells made with wafers from this ingot. However,

measured Jsc is similar in both ingots after light-induced degradation. This may be due to

small differences in [Oi] between the two ingots. In any cases, our results clearly show that

compensation does not reduce the degradation of Jsc under illumination.

Similarly to V oc, the degradation of Jsc is much stronger in solar cells made with UMG-Si

than in EG-Si controls (about 0.5mA/cm2) due to the larger B concentration in the former.

5.3.4 Efficiency

Before degradation The conversion efficiency η is measured and modelled before de-

gradation to be similar in ingots Cz#U1 and Cz#U2. This is despite the much larger initial

P concentration in the Si melt used to crystallize Cz#U2. This result demonstrates that it is
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possible to tolerate a much higher P concentration in UMG-Si, by co-doping the Si melt with

Ga, without compromising the final solar cells performance. Such a finding is very positive

because it releases the specifications for P concentration, of which the reduction represents

an important cost element of UMG-Si purification.

In addition, η is very similar in UMG-Si solar cells as in EG-Si controls. This indicates that

UMG-Si can be an appropriate base material for making high-efficiency solar cells. Such

encouraging results line up with the fast improvement of the performance of UMG-Si solar

cells over the last few years [47, 85, 88], which has strongly narrowed the gap between

UMG-Si and EG-Si.
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Figure 5.7: Left: Conversion efficiency measured before activation of the BO defect (open
symbols) and after degradation (closed symbols) and modelled before degradation (solid
lines) along ingots Cz#U1 and Cz#U2. Right: Conversion efficiency measured (open tri-
angles) and modelled before (green diamond shape) and after degradation (purple square)
in EG-Si controls.

After degradation A loss by up to about 1−2% absolute in η results from light-induced

degradation in ingots Cz#U1 and Cz#U2. As we have discussed in Sub-sections 5.3.1, 5.3.2

and 5.3.3 the improvement of τ due to compensation observed before degradation disap-

pears after activation of the BO recombination centre. As a consequence, the overall con-

version efficiency is lower in the highly-compensated ingot Cz#U2 than in Cz#U1. This

shows that compensation engineering cannot be applied in the presence of the BO defect

without suffering from a significant loss in solar cell performance.

Again, although the efficiency degradation expected in EG-Si controls is significant (0.5−
0.6% absolute), it is much less severe than in UMG-Si solar cells. This highlights the im-

portance of the challenge that represents the suppression of the BO defect for UMG-Si to

be competitive with EG-Si. As lately pointed out by Schmidt et al. [132], several companies

have recently reported efficiencies exceeding 20% for solar cells made with standard p-type

Cz-Si substrates [153, 154] which suggests that these companies have already developed
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effective strategies to suppress the BO defect. Such kind of BO defect suppression, either

by reducing the oxygen content or by some form of permanent defect deactivation, should

in theory be applicable to UMG-Si. This would make UMG-Si competitive with EG-Si, ac-

cording to the results we presented before degradation.

Table 5.1 summarizes the experimental and modelled characteristics of solar cells made

with UMG-Si ingots Cz#U1, Cz#U2 and with EG-Si control wafers.

5.4 Conclusion

In this chapter, we have studied the characteristics of solar cells made with wafers coming

from two different p-type Cz-Si ingots grown with the same UMG-Si feedstock. In one of

these two ingots, we have applied compensation engineering and demonstrated that it is

possible to simultaneously decrease the majority carrier density and increase the p-type

fraction by adding P and Ga into the Si melt before crystallization.

Before light-induced degradation, solar cells display high conversion efficiency (maximum

η = 18.17%) which is similar in both ingots and close to EG-Si solar cells made with the

same process (ηEG −ηUMG = 0.2−0.4%). This indicates that UMG-Si can be an appropriate

material for high-efficiency solar cells and that Ga co-doping enables to tolerate a much

higher concentration of P in UMG-Si without sacrificing the ingot yield or the solar cell

performance. Modelling those solar cells using QSS-MODEL, in which we implement our

parametrization of the carrier recombination and transport properties in compensated Si

enables to faithfully predict the solar cells characteristics in both UMG-Si and EG-Si solar

cells. This gives credit to this parametrization of µ and τ we established in Chapter 3 for

compensated Cz-Si before degradation.

After degradation, UMG-Si solar cells suffer from a strong performance degradation un-

der illumination, which is more severe than in EG-Si. In the presence of the BO defect,

because of the strong dependence of its density on [B], compensation is no more efficient

in improving the recombination lifetime. As a consequence, the degradation is stronger

in highly-compensated Si and compensation engineering can thus not be applied without

downgrading the solar cells performance. Such a result highlights the necessity to develop

cost-effective strategies to suppress the BO defect for UMG-Si to reach similar performance

to EG-Si.
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Conclusions and Outlook

In this thesis, we have examined the impact of dopant compensation on the electrical prop-

erties of bulk Si and Si solar cells. We have analysed the practical issues associated with

the growth of compensated UMG-Si crystals for solar cells and proven the potential of Ga

co-doping to solve those issues.

The main contributions of this thesis are summarised below and suggestions are made for

further related work.

Carrier transport in compensated silicon

This thesis has confirmed on a wide set of samples the previously observed electron and

hole mobility reduction compared to Klaassen’s model and found that it could neither be ex-

plained by a compensation-specific scattering mechanism, nor by the reduction of screening

effects alone. While the exact components responsible for this discrepancy remain undeter-

mined, it seems to arise from the partially empirical character of Klaassen’s model, of which

the constants were fitted on mobility measurements in uncompensated Si. To enable an ac-

curate prediction of the mobility in compensated Si around room-temperature and hence

of the resistivity and of the characteristics of compensated Si solar cells, we have estab-

lished a simple and easily implemented correction factor for Klaassen’s model. To elaborate

a universal mobility model, which would accurately predict the mobility in Si with any

doping, compensated or not, and at any temperatures, it is necessary to re-examine the

fundamental physics of carrier scattering and screening. Such an effort goes well beyond

the scope of the present thesis.

Nature of the boron-oxygen recombination centre

By systematically measuring the effective BO defect density in Si samples with a wide range

of dopants concentrations and compensation levels, we have shown that it is proportional to

the total B concentration rather than to majority carrier density. This proves the involve-

ment of substitutional B in the defect complex instead of the recently proposed participation

of interstitial B. The degradation kinetics are found to depend in both p-type and n-type Si
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on the hole density squared which attests to the degradation proceeding through the activ-

ation of a latent defect. Standard injection-dependent and temperature-dependent lifetime

spectroscopy techniques are revealed insufficient to determine the SRH parameters of the

BO recombination centre. To further improve the understanding of the BO-related lifetime

degradation, we suggest that alternative characterization techniques to inductively-coupled

photoconductance measurements should be sought. Photoluminescence is one of them and

could offer some valuable information on the nature of the mechanisms at play for the ob-

served degradation.

Recombination in compensated silicon

The outcomes of this thesis on the relation of carrier lifetime to compensation are mixed.

On one hand, we have found that the recombination lifetime before activation of the BO

defect follows the same strong dependence on the majority carrier density in compensated

Si as in uncompensated Si. This very positive finding has allowed to measure high life-

times, up to 1ms in compensated n-type Si and 0.7ms in compensated p-type Si, and to

fabricate solar cells with high-efficiency despite high concentrations of both B and P. We

have, among others, experimentally shown that the increase in recombination lifetime due

to compensation largely outweighs the minority carrier mobility reduction. This proves the

beneficial outcome of compensation on the minority carrier diffusion length and hence on

the current of a solar cell. On the other hand, we have shown that the BO defect concentra-

tion is proportional to the total boron concentration instead of the majority carrier density.

This, together with the mild asymmetry of the capture cross sections of the BO recombina-

tion centre, means that compensation has virtually no positive impact on the recombination

lifetime in the presence of the BO defect. As a consequence, UMG-Si solar cells with high B

content show after light-induced degradation a significantly lower performance than cells

made with EG-Si. This performance cannot be improved by compensation engineering,

against what was previously suggested. As a consequence, suppressing the BO defect re-

mains the major technical and scientific challenge for UMG-Si to become competitive with

EG-Si for high-efficiency solar cells. The two main routes that are currently investigated to

achieve that goal are the fabrication of low-O Si crystals (MCz, shallow melt continuous Cz

growth...) and the neutralisation of the BO defect by appropriate thermal and illumination

treatments. It is worth it to note that the suppression of the BO defect is not critical only for

UMG-Si but for high-efficiency p-type Si solar cells in general, which will undoubtedly re-

quire Si substrates with a very high stabilized lifetime in order to surpass 20% in efficiency

in production.

Compensation engineering by gallium co-doping

This thesis has explored Ga co-doping as a mean to control the net doping during crystal-

lization of ingots with Si containing both B and P. We have shown that it can effectively be
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used to counterbalance the increase of P concentration and maintain a uniform net doping

along directionally solidified p-type and n-type Si crystals. When the Si feedstock contains

too much B, co-doping with P and Ga allows to lower the net doping along p-type Si ingots

without reducing the material yield. When the Si feedstock contains too much P, it allows

to avoid the type inversion in p-type Si ingots or to limit the increase of the net doping with

the solidified fraction in n-type Si ingots. Overall, the addition of Ga to the Si melt before

ingot crystallization enables to tolerate higher concentrations of B and P in UMG-Si and

maintain acceptable material yield and solar cells performance. This has the potential to

significantly reduce the cost of UMG-Si purification, upon condition that efficient strategies

are developed to suppress the aforementioned BO defect. Our study has been based ex-

clusively on Cz-grown mono-crystalline Si ingots because, as we already mentioned, we

wanted seperate out of the influence of crystal defects and also because we wanted to assess

the potential of co-doped UMG-Si for high-efficiency solar cells. Because multi-crystalline

Si currently dominates the global PV market, it represents the main target for UMG-Si.

Multi-crystalline ingot crystallization also presents the considerable advantage for UMG-Si

that leads to lower O contamination compared to Cz-Si and therefore to less severe light-

induced degradation. One important further step would hence be to validate Ga co-doping

with multi-crystalline Si, in order to check for possible interactions between Ga, crystal de-

fects and/or impurities originating from the feedstock or introduced during crystallization.
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Appendix : Carrier mobility data

[B] (cm−3) [P] (cm−3) [Ga] (cm−3) µmaj (cm2/V.s)

2.2×1016cm−3 6.6×1016cm−3 5.1×1016cm−3 216
2.2×1016cm−3 6.7×1016cm−3 5.2×1016cm−3 231
2.3×1016cm−3 7.4×1016cm−3 6.1×1016cm−3 222
2.4×1016cm−3 8.6×1016cm−3 7.7×1016cm−3 222
2.4×1016cm−3 9.4×1016cm−3 8.8×1016cm−3 223
2.5×1016cm−3 1.0×1017cm−3 1.0×1017cm−3 221
2.6×1016cm−3 1.2×1017cm−3 1.2×1017cm−3 216
2.7×1016cm−3 1.4×1017cm−3 1.6×1017cm−3 209
2.8×1016cm−3 1.6×1017cm−3 2.1×1017cm−3 203
3.0×1016cm−3 2.0×1017cm−3 3.0×1017cm−3 173
3.1×1016cm−3 2.2×1017cm−3 3.2×1017cm−3 199
3.1×1016cm−3 2.2×1017cm−3 3.2×1017cm−3 203
1.4×1017cm−3 1.2×1017cm−3 2.9×1016cm−3 226
1.5×1017cm−3 1.3×1017cm−3 3.3×1016cm−3 208
1.7×1017cm−3 2.0×1017cm−3 6.8×1016cm−3 177
1.7×1017cm−3 2.0×1017cm−3 7.0×1016cm−3 176
1.8×1017cm−3 2.2×1017cm−3 7.8×1016cm−3 169
1.8×1017cm−3 2.3×1017cm−3 8.9×1016cm−3 160
1.9×1017cm−3 2.6×1017cm−3 1.0×1016cm−3 148
1.9×1017cm−3 2.9×1017cm−3 1.2×1016cm−3 125
2.0×1017cm−3 3.2×1017cm−3 1.5×1016cm−3 104
2.1×1017cm−3 3.8×1017cm−3 1.9×1016cm−3 73
2.1×1017cm−3 4.2×1017cm−3 2.2×1016cm−3 58
9.4×1015cm−3 441
1.3×1016cm−3 424

Table 5.2: B, P and Ga concentrations and majority carrier mobility in p-type Si samples
studied in this thesis.
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[B] (cm−3) [P] (cm−3) [Ga] (cm−3) µmaj (cm2/V.s)

5.4×1016cm−3 9.9×1016cm−3 3.8×1016cm−3 472
5.6×1016cm−3 1.1×1017cm−3 4.6×1016cm−3 439
5.8×1016cm−3 1.3×1017cm−3 5.8×1016cm−3 419
6.2×1016cm−3 1.6×1017cm−3 8.4×1016cm−3 381
6.8×1016cm−3 2.2×1017cm−3 1.3×1017cm−3 308

Table 5.3: B, P and Ga concentrations and majority carrier mobility in n-type Si samples
studied in this thesis.

[B] (cm−3) [P] (cm−3) [Ga] (cm−3) µmin (cm2/V.s)

2.2×1016cm−3 6.7×1016cm−3 5.2×1016cm−3 452
2.4×1016cm−3 8.6×1016cm−3 7.7×1016cm−3 499
2.5×1016cm−3 1.0×1017cm−3 1.0×1017cm−3 441
2.7×1016cm−3 1.3×1017cm−3 1.6×1017cm−3 475
3.0×1016cm−3 2.0×1017cm−3 2.9×1017cm−3 444
1.7×1017cm−3 2.0×1017cm−3 6.7×1016cm−3 270
1.7×1017cm−3 2.0×1017cm−3 7.1×1016cm−3 257
1.8×1017cm−3 2.4×1017cm−3 8.9×1016cm−3 198
1.9×1017cm−3 2.8×1017cm−3 1.2×1017cm−3 146
1.9×1017cm−3 2.9×1017cm−3 1.2×1017cm−3 135
2.0×1017cm−3 3.2×1017cm−3 1.5×1017cm−3 95
2.2×1017cm−3 4.3×1017cm−3 2.3×1017cm−3 27
1.3×1016cm−3 1109

Table 5.4: B, P and Ga concentrations and minority carrier mobility in p-type Si samples
studied in this thesis.

[B] (cm−3) [P] (cm−3) [Ga] (cm−3) µmin (cm2/V.s)

5.4×1016cm−3 9.8×1016cm−3 3.8×1016cm−3 193
5.6×1016cm−3 1.1×1017cm−3 4.6×1016cm−3 187
5.8×1016cm−3 1.3×1017cm−3 5.9×1016cm−3 153
6.2×1016cm−3 1.6×1017cm−3 8.3×1016cm−3 136
6.8×1016cm−3 2.3×1017cm−3 1.4×1017cm−3 95

Table 5.5: B, P and Ga concentrations and minority carrier mobility in n-type Si samples
studied in this thesis.
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Résumé étendu

Etude bibliographique

L’étude approfondie de la littérature traitant des propriétés électriques du Si compensé

révèle que la compensation est susceptible d’influencer la performance des cellules solaires

aux travers de deux aspects distincts. D’une part la recombinaison des porteurs de charges

photogénérés et d’autre part leur transport. Dans le chapitre 1 de cette thèse, nous définis-

sons les grandeurs essentielles pour comprendre la compensation et effectuons une revue de

la littérature traitant de son effet sur les propriétés électriques du Si et de ses conséquences

sur les caractéristiques des cellules solaires.

Définitions

Lorsque des impuretés introduisant des niveaux donneurs et accepteurs dans la bande in-

terdite du Si sont présentes conjointement, le type de conductivité (n ou p) est définit par

le type des impuretés majoritaires. Il est aussi communément accepté que la densité de

porteurs majoritaires nmaj est égale à la différence entre les concentrations en impuretés

majoritaires Nmaj et minoritaires Nmin, selon l’équation 1:

nmaj = Nmaj −Nmin (1)

L’équation 1 montre que la densité de porteurs majoritaires peut être réduite par l’ajout

d’impuretés minoritaires. C’est le principe de la compensation de dopants. Nous définissons

le Si compensé comme contenant une concentration en dopants minoritaires au moins égale

à 3% de la concentration en dopants majoritaires, de manière à ce que la densité de porteurs

majoritaires soit sensiblement (de façon détectable à l’aide des techniques de mesure les

plus courantes tel que par résistivité 4-pointes ou par effet Hall) affectée par la présence de

dopants minoritaires.

Pour quantifier la compensation, c’est à dire à quel point les concentrations en dopants

minoritaires et majoritaires sont proches l’une de l’autre, nous introduisons les niveaux de
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compensation RC (équation 2) et KC (équation 3) dont l’utilisation est pratique respective-

ment dans le cas de la compensation modérée pour RC et dans le cas de la compensation

extrême pour KC.

RC = Nmin

Nmaj
(2)

KC = Nmaj +Nmin

Nmaj −Nmin
(3)

Recombinaison des porteurs de charges

Trois types de mécanismes de recombinaison interviennent dans le Si cristallin: les re-

combinaisons bandes à bandes radiatives et Auger et les recombinaisons au travers de

niveaux intermédiaires introduits dans la bande interdite du Si par les impuretés et défauts

cristallins (communément appelées recombinaisons SRH pour les initiales des inventeurs

de la statistique permettant de les décrire Schokley, Read et Hall).

Les recombinaisons radiatives et Auger sont appelées recombinaisons intrinsèques, puisqu’elles

ne nécéssitent pas la présence d’impuretés ou de défauts cristallins dans le Si. Ces recom-

binaisons intrinsèques ont été paramétrées par Kerr et Cuevas [24]. Ils proposent ainsi de

décrire la durée de vie des porteurs dans le Si intrinsèque par l’équation 4.

τintrinsic =
1

(n0 + p0 +∆n)(1.8×10−24n0.65
0 +6×10−25 p0.65

0 +3×10−27∆n0.8 +9×10−15)
(4)

Cette équation montre que la durée de vie intrinsèque augmente avec la diminution de la

densité de porteurs majoritaires et peut donc être améliorée grâce à la compensation de

dopants.

De la même manière, il est possible de montrer que la durée de vie SRH peut être augmenter

par compensation grâce à deux effets décrits par Macdonald et Cuevas [25] grâce à un «effet

de niveau d’injection» lorsque la durée de vie des porteurs présente une forte dépendance

avec la densité de porteurs en excès ou à un «effet de niveau de Fermi» dans les cas des

centres recombinants introduisant des niveaux d’énergie proche de la bande de valence ou

de la bande de conduction.

L’étude des différents mécanismes de recombinaison montre donc que la durée de vie des

porteurs augmente avec la densité de porteurs majoritaires et peut donc être améliorée

par compensation. En cela, la théorie est en accord avec un grand nombre de résultats

expérimentaux ayant été publiés au cours des dernières années [10, 13, 14, 15, 16].

Transport des porteurs de charges

Le capacité d’un type de porteurs charge à être transportée dans le Si est représentée par sa

mobilité µ. Cette mobilité est affectée par l’interaction avec les phonons, les impuretés ion-
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isées et les autres porteurs de charge. Dans le Si non compensé, la mobilité à température

ambiante suit une fonction monotone de la concentration en dopants. De ce fait, la densité

de porteurs majoritaires nmaj et la concentration en dopants Nmaj peuvent être directement

déterminés par une simple mesure de résistivité ρ selon l’équation 5:

ρ = 1
nmaj × q×µmaj

= 1
Nmaj × q×µmaj(Nmaj)

(5)

Dans le Si non compensé, en revanche, la mobilité dépend de la concentration en impuretés

majoritaires et minoritaires et la résistivité suit la relation:

ρ = 1
nmaj × q×µmaj

= 1
(Nmaj −Nmin)× q×µmaj(Nmaj, Nmin)

(6)

Il n’existe donc plus de relation non ambigüe entre la résistivité et la densité de porteurs

majoritaires ou les concentrations en dopants. En effet, à une valeur de résistivité peut cor-

respondre une infinité de couples de valeurs pour les concentrations en dopants majoritaires

et minoritaires. La résistivité n’est donc pas une grandeur fiable dans le Si compensé pour

juger du caractère approprié du dopage pour une application donnée.

De nombreux modèles permettent de calculer la mobilité des porteurs en fonction des con-

centrations en dopants [62, 67, 68, 69, 57, 56]. Parmi eux, le modèle de Klaassen est à priori

le plus adapté au Si compensé, puisqu’il distingue les interactions répulsives des interac-

tions attractives, les interactions avec des charges fixes des interactions avec des charges

mobiles et prend en compte l’effet d’écrantage des charges les unes des autres. Malgré cela,

le modèle de Klaassen, de même que tous les autres modèles disponibles, surestime sys-

tématiquement la mobilité des porteurs majoritaires et minoritaires dans le Si compensé

[10, 46, 70, 71, 14, 72, 73, 74, 75, 76, 77]. Il a également éta montré que cet écart entre

modèles et valeurs expérimentales augmente avec le niveau de compensation. Deux explic-

ations ont été proposées pour cette réduction de la mobilité. La première est l’existence d’un

mécanisme de diffusion des porteurs de charge spécifique au Si compensé [70]. La deuxième

est la mauvaise prise en compte de la diminution de l’écrantage des charges fixes par les

charges mobiles dans le Si compensé [46, 74, 77, 70]. Ces propositions seront discutées aux

vues de nos résultats expérimentaux sur la dépendance de la mobilité avec la température

dans le Si compensé.

Cellules solaires à base de Si compensé

Courant de court-circuit Diverses études expérimentales montrent que la longueur de

diffusion des porteurs minoritaires Lmin (7) augmentent avec la compensation [11, 79].

Lmin =
√
τeff ×Dmin =

√
τeff ×µmin ×

kT
q

(7)

Ceci suggère que la diminution de la mobilité des porteurs minoritaires due à la compensa-

tion est largement contrebalancée par l’augmentation de la durée de vie liée à la diminution
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de la densité de porteurs majoritaires. En conséquence, la compensation a généralement un

effet positif sur le courant de court-circuit des cellules solaires.

Tension de circuit ouvert La tension de circuit ouvert Voc d’une cellule solaire s’exprime

de la façon suivante:

Voc = kT × ln

(
(n0 +∆n)× (p0 +∆n)

n2
i

)
≈ kT × ln

(
(nmaj +∆n)×∆n

n2
i

)
(8)

Ainsi, la densité de porteurs majoritaires influence la tension de circuit ouvert de deux

manières:

1. D’une part en intervenant directement dans l’expression de la tension de circuit ouvert.

A densité de porteurs en excès ∆n constante, la tension de circuit ouvert augmente

avec la densité de porteurs majoritaires.

2. D’autre part en faisant varier la densité de porteurs en excès au travers de la durée

de vie. Plus la densité de porteurs est grande, plus la durée de vie est faible et donc

plus la densité de porteurs en excès est faible, ce qui a pour effet de réduire la tension

de circuit ouvert.

La compensation a donc un effet ambivalent sur la tension de circuit ouvert et la densité de

porteurs optimale dépend des mécanismes de recombinaison dominants et de la structure

de la cellule utilisée.

Facteur de forme Le facteur de forme est également affecté par la densité de porteurs

majoritaires, particulièrement lorsque la durée de vie présente une forte dépendance avec

la densité de porteurs en excès à cause d’un «effet de niveau d’injection» similaire à ce-

lui impactant la durée de vie. De même que pour la tension de circuit ouvert, la densité

de porteurs optimale pour le facteur de forme dépend des mécanismes de recombinaison

dominants et de la structure de la cellule utilisée.

Rendement de conversion Le rendement de conversion est le produit des 3 caractéristiques

mentionées ci-dessus divisé par la puissance lumineuse incidente. Puisque ces 3 cara-

ctéristiques dépendent de la densité de porteurs majoritaires, cette grandeur a une in-

fluence importante sur le rendement de conversion des cellules. La densité de porteurs

optimales doit donc être trouvée pour maximiser la performance d’une cellule en fonction

des mécanismes de recombinaison dominants et de la structure utilisée. Dans le Si puri-

fié par voie métallurgique, les concentrations en dopants sont généralement supérieures à

la densité de porteurs majoritaires optimales. Comme nous l’avons mentionné précédem-

ment, la densité de porteurs majoritaires peut cependant être ajustée par compensation.

C’est ainsi qu’il a été observé une augmentation du rendement de conversion avec le niveau
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de compensation dans des cellules réalisées à partir de Si purifié par voie métallurgique

[82].

En conclusion du premier chapitre sur l’état de l’art, il apparaît que la densité de porteurs

majoritaires dans la base d’une cellule solaire a une très forte influence sur sa performance.

Lorsque la concentration en dopants majoritaires est supérieure à la densité de porteurs

optimales, il est possible d’ajuster cette dernière par compensation. Cette thèse se propose

d’étudier comment appliquer se principe dans la pratique et d’approfondir la compréhension

des propriétés fondamentales du matériau et des cellules solaires liées à la compensation.
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Ingénierie de compensation pour contrôler le dopage net le
long de lingots de silicium

Dans le chapitre 2, nous étudions dans un premier temps le phénomène de ségrégation des

impuretés lors de la solidification directionelle de lingots de Si. Nous exposons la tendance

qu’ont la plupart des impuretés à s’accumuler dans la phase liquide pendant la cristallisa-

tion, donnant lieu à une augmentation de leur concentration d’une extrémité à l’autre d’un

lingot. Cette augmentation de la concentration en impureté est d’autant plus importante

que l’impureté en question présente un coefficient de ségrégation faible par rapport à 1.

Les deux dopants majoritairement présents dans le Si UMG présentent des coefficients de

ségrégation différents. Le coefficient de ségrégation du B est égale à 0,8 et est donc très

proche de 1. Par conséquent, la concentration en B varie très peu le long d’un lingot de

Si. Le P, en revanche, présente un coefficient de ségrégation de 0,35 et sa concentration

varie donc significativement le long d’un lingot de Si. Cette différence de distribution des

dopants de type p et n présents conjointement dans le Si UMG engendre une forte variation

du dopage net le long des lingots compensés de type p comme de type n (Figure 8). Cette

variation peut aller, lorque le début du lingot est de type p, jusqu’à une inversion de type

de p à n. Il est donc particulièrement difficile de maintenir le dopage net à une valeur

optimale pour la fabrication de cellules sur toute la longueur d’un lingot cristallisé à partir

de Si UMG. Ce contrôle ne peut le plus souvent pas se faire en rajoutant du B ou du P.

Dans le cas d’un lingot de type p, lorsqu’on ajoute du P pendant la cristallisation pour

diminuer le dopage net, on diminue également la fraction du lingot de type p et donc le

rendement matière. A l’inverse, si l’on ajoute du B pour augmenter le rendement matière,

on augmente également le dopage net en début de cristallisation, ce qui n’est généralement

pas souhaitable pour la performance des cellules.
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Figure 8: (a) Variation des concentrations en B et P et du dopage net dans un lingot com-
pensé majoritairement de type p. (b) Variation du dopage net le long de lingots non com-
pensés dopés simplement au B ou simplement au P et le long de lingots de type n compensés.
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Cet effet impose des contraintes importantes sur les tolérances en B et P dans le Si UMG

illustrées sur la Figure 9. Par exemple, pour obtenir un lingot au moins à 90% de type

p avec un dopage net maximum de 1×1016cm−3, le point orange sur la Figure 9 indique

que les concentrations maximales que l’on peut tolérer dans le Si sont [B]0 = 1.9×1016cm−3

(0.15ppmw) et [P]0 = 1.5×1016cm−3 (0.33ppmw).
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Figure 9: Abaque permettant d’évaluer le rendement matière et le dopage net maximum
dans des lingots de Si compensé.

Pour résoudre ce problème, nous proposons dans le chapitre 2 d’ajouter du Ga pendant la

cristallisation. Le Ga est un dopant de type p avec un très faible coefficient de ségrégation

égal à 8×10−3. Cela signifie que la concentration en Ga varie de façon très importante le

long d’un lingot de Si. L’idée du co-dopage au Ga est d’utiliser ces propriétés avantageuses

(type p et très faible coefficient de ségrégation) pour compenser l’augmentation de la con-

centration en P le long des lingots de Si.

Nous montrons que cette technique est efficace d’une part pour la réalisation de lingots

intégralement de type p avec un dopage net relativement faible, malgré de fortes concen-

trations initiales en B et P ([B]0 = 1.5ppmw et [P]0 = 10ppmw dans l’exemple présenté sur

la Figure 10a). D’autre part, elle permet d’obtenir des lingots de Si de type n avec une faible

variation de dopage net malgré la présence initiale de B et P en concentrations importantes

([B]0 = 0.5ppmw et [P]0 = 5.6ppmw dans l’exemple présenté sur la Figure 10b).
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Figure 10: Variation des concentrations en B, P et Ga le long d’un lingot co-dopé de type p
(a) et un lingot co-dopé de type n (b).

En permettant de contrôler la valeur du dopage net et de la maintenir uniforme le long des

lingots de Si, le co-dopage au Ga autorise donc en principe de tolérer des concentrations en

B et P dans le Si UMG plus élevée tout en conservant un rendement matière important et de

bonnes performances cellules. Ceci est cependant sous réserve que les propriétés électriques

du Si et des cellules solaires sont principalement déterminées par le dopage net et que le

Ga n’a pas d’effet néfaste particulier. Pour répondre à ces questions, nous étudions dans les

3 prochains chapitres (3, 4 et 5) les propriétés électriques et les performances cellules du Si

co-dopé au B, P et Ga .
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Concentration, transport et recombinaison des porteurs de
charges dans le silicium compensé

Dans le chapitre 3, nous étudions les propriétés fondamentales du Si co-dopé au B, P et Ga

relatives à la densité, la mobilité et la durée de vie des porteurs.

Densité de porteurs majoritaires

Tout d’abord, une analyse théorique de l’ionisation incomplète des dopants dans le Si per-

met d’identifier les facteurs qui rendent ce phénomène influent vis-à-vis de la densité de

porteurs majoritaires. Ces facteurs, illustré sur la Figure 11 sont (1) la concentration en

dopant majoritaire, (2) son énergie d’ionisation, (3) le type de conductivité et (4) le niveau

de compensation:

1. Dans la gamme de concentration 1015−1018cm−3, c’est à dire pour des concentrations

inférieures à la transition de Mott, l’impact de l’ionisation incomplète sur la densité

de porteurs majoritaires augmente avec la concentration en dopant majoritaire.

2. Plus l’énergie d’ionisation du dopant majoritaire est importante, plus l’impact de

l’ionisation incomplète sur la densité de porteurs est fort.

3. L’ionisation incomplète a un impact plus important dans le Si de type p que dans le Si

de type n, dû à la quadruple dégenerescence des niveaux accepteurs contre la double

dégenerescence seulement des niveaux donneurs.

4. Finalement, l’impact de l’ionisation incomplète augmente légèrement dans le Si com-

pensé, par rapport au Si non compensé.
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Figure 11: Rapport densité de porteurs majoritaires sur dopage net en fonction de la con-
centration en dopant majoritaire et du niveau de compensation dans le Si de type n (a) et
de type p (b).
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A partir de ces graphiques, nous pouvons déduire que l’ionisation incomplète est à prendre

en compte pour un calcul précis de la densité de porteurs majoritaires dès lors que le Si

contient une concentration supérieure à 5× 1016cm−3 en B ou 2× 1016cm−3 en Ga dans

le type p ou une concentration supérieure à 1017cm−3 en P dans le type n. Cette étude

montre donc qu’on ne peut pas dans le cas général considérer que la densité de porteurs

majoritaires est strictement égale au dopage net.

Des mesures d’effet Hall montrent la densité de porteurs ne varie pas autour de la températ-

ure ambiante dans du Si non compensé de type p et n avec un dopage proche de 1016cm−3

(dopage typique pour les cellules solaires). Ceci montre que le régime de saturation des por-

teurs est atteint à température ambiante ou autrement dit qu’il n’y a pas d’ionisation incom-

plète. Dans des échantillons de Si compensés avec le même dopage net proche de 1016cm−3

mais des concentrations totales en dopants plus importantes, la densité de porteurs vari-

ent fortement autour de la température ambiante, montrant que l’ionisation incomplète

n’est pas négligeable à cette température. Nos résultats expérimentaux confirment donc la

théorie présentée ci-dessu et montrent que, à dopage net constant, l’ionisation incomplète a

un impact plus important sur la densité de porteurs majoritaires dans le Si compensé que

dans le Si non compensé, principalement à cause de la plus forte concentration en dopants

majoritaires dans le Si compensé.
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Figure 12: Variation des concentrations en accepteurs et donneurs et du niveau de com-
pensation avec la température.

D’autre part, les mesures d’effet Hall montrent qu’à très faible température, la densité de

porteurs décroît de plusieurs ordres de grandeur par rapport à sa valeur à température

ambiante. Ceci s’explique de la manière suivante. Lorsqu’on baisse la température, la con-

centration en dopants majoritaires ionisés diminiue alors que la concentration en dopants

minoritaires ionisés reste constante. Pour satisfaire l’équation de Poisson, la concentration

en dopants majoritaires ionisés ne peut cependant pas décroître en dessous de la concen-

tration en dopants minoritaires. Puiqu’en baissant la température, la concentration en

dopants majoritaires ionisés se rapproche donc de la concentration en dopants minoritaires
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la densité de porteurs majoritaires diminue. Puisque la concentration totale en dopants

ionisés varie peu (la concentration en dopants majoritaires ionisés sature à la valeur de la

concentration en minoritaires), la baisse de température entraîne donc une augmentation

du niveau de compensation jusqu’à des valeurs extrêmes (Figure 12).

Mobilité des porteurs de charges dans le silicium compensé

Nous confirmons la réduction observée précédemment de la mobilité des porteurs majoritaires

et minoritaires par rapport au modèle de Klaassen. L’écart entre mobilité expérimentale

et théorique suit une relation simple avec le niveau de compensation (Figure 13), qui ne

semble pas dépendre de la concentration totale en dopant.
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Figure 13: Ecart relatif de la mobilité des porteurs majoritaires (a) et minoritaires (b) au
modèle de Klaassen en fonction du niveau de compensation.

Pour permettre un calcul précis de la mobilité dans le Si compensé, nous introduisons un

préfacteur permettant de corriger la valeur donnée par le modèle de Klaassen. Se facteur

correctif s’exprime en fonction du niveau de compensation de la manière suivante:

C = 1
1+ [

(KC −1)/KC,ref
]γ (9)

Type of carrier KC,ref γ

Majority 74 0.89
Minority 24 1.43

Table 6: Constantes utilisées pour le calcul du préfacteur correctif.

L’étude de la dépendance en température de la mobilité des porteurs majoritaires montre

que l’écart à Klaassen varie peu avec la température. Comme nous l’avons vu, le niveau
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Figure 14: Variation de la durée de vie avec la densité de porteurs majoritaires avant (a) et
après (b) dégradation sous éclairement.

de compensation augmente jusqu’à des valeurs extrême à basse température. Ceci suggère

que la réduction observée ne peut pas s’expliquer par un mécanisme de diffusion des por-

teurs spécifique à la compensation qui entraînerai une forte chute de la mobilité dans le Si

compensé à basse température. De la même manière, on peut montrer que si le désécrant-

age des charges fixes par les charges mobiles était responsable de l’écart entre le modèle de

Klaassen et les mobilité expérimentales, cet écart devrait augmenter à basse température,

ce qui n’est pas systématiquement le cas. Une mauvaise prise en compte de l’écrantage des

charges les unes des autres par le modèle de Klaassen ne peut donc à elle seule expliquer

le désaccord entre expérience et théorie.

Recombinaison des porteurs de charges dans le silicium compensé

Avant dégradation sous éclairement, nous montrons que la durée de vie présente une forte

dépendance avec la densité de porteurs majoritaires (Figure 15). Cette dépendance est

la même que dans le Si non compensé et ne dépend pas de la concentration totale en

dopants. Ceci suggère que les dopants, même présents en fortes concentrations, n’agissent

pas comme des centres de recombinaisons importants. Nous confirmons ainsi que la durée

de vie peut être efficacement augmenter par compensation. Nous confirmons également,

en combinant nos mesures de mobilité des porteurs minoritaires et de durée de vie, que

l’effet positif de la compensation sur la durée de vie prend le pas sur l’effet négatif sur la

mobilité et que la longueur de diffusion des porteurs minoritaires augmente donc avec la

compensation.

Après dégradation, nous observons une perte de corrélation entre la durée de vie et la

densité de porteurs majoritaires (Figure 15). Ce résultat est difficile à réconcilier avec

la dépendance présumée de la densité de défauts bore-oxygène avec la densité de porteurs

164
Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2012ISAL0139/these.pdf 
© [M. Forster], [2012], INSA de Lyon, tous droits réservés



RÉSUMÉ ÉTENDU

majoritaires [45, 46, 47, 48, 44]. Pour mieux comprendre ce résultat surpenant, le chapitre

suivant (chapitre 4) se focalise sur l’étude des caractéristiques du défaut bore-oxygène dans

le Si compensé.
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Le défaut bore-oxygène

Dans le chapitre 4, nous étudions la densité, la cinétique de formation et l’activité recom-

binante du défaut bore-oxygène dans une série d’échantillons présentant une large gamme

de niveaux de dopage et de compensation. Cette étude a pour but de clarifier la dépend-

ance de la densité de défaut avec la concentration totale en bore ou avec le dopage net et

d’améliorer la compréhension de la composition du défaut et du mécanisme de dégradation.

Densité de défauts

L’étude de la densité de défauts bore-oxygène par des mesures de durée de vie des porteurs

de charges montre que celle-ci est généralement proportionelle à la concentration totale

en B et ne présente pas de dépendance évidente avec la densité de porteurs majoritaires

(Figure 15). Ce résultat contredit un certain nombre de publications [45, 46, 47, 48, 44]

présentant la densité de défauts bore-oxygène comme étant proportionelle dans le Si com-

pensé à la densité de porteurs majoritaires. Dans le chapitre 4, nous discutons les sources

d’erreur pouvant expliquer cette contradiction avec nos résultats.
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Figure 15: Variation de la densité de défauts bore-oxygène en fonction de la concentration
total en B (a) ou de la densité de porteurs majoritaires (b).

Cette dépendance avec la concentration totale en B prouve l’implication du bore substitu-

tionnel dans le complexe responsable de la dégradation et tend à invalider la proposition

faite par Voronkov et Falster [49] que le complexe est formé à partir d’un atome de bore in-

terstitiel. Plus généralement, elle montre que la dégradation sous éclairement ne peut pas

être minimisée par compensation puisque la densité de défauts dépend de la concentration

totale en B.
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Figure 16: Taux de formation ou d’activation du défaut bore-oxygène sous éclairement en
fonction du carré de la densité de trous libres ou du produit de la densité de défauts par la
densité de trous libres.

Cinétique de dégradation

L’étude de la cinétique de la dégradation montre que dans le Si de type p comme dans le

Si de type n, le taux de formation ou activation du défaut est proportionnel au carré de la

densité de trous libres. En mettant en relation ce résultat avec les modèles [135, 49] pro-

posés dans la littérature pour expliquer la dégradation, nous suggérons que celle-ci procède

non pas par la formation du complexe bore-oxygène mais par l’activation d’un défaut pré-

existant qui passe d’une configuration inactive à une configuration très recombinante sous

injection de porteurs de charges.

Caractéristiques SRH

L’étude de la dépendance de la durée de vie liée au défaut bore-oxygène montre que celle-ci

ne peut être fittée en considérant dans la statistique SRH un simple défaut profond. Pour

fitter toutes les courbes, il est nécéssaire d’ajouter dans certains cas un centre recombinant

supplémentaire avec un niveau superficiel. Ce niveau supplémentaire apparaît dans cer-

tains échantillons de façon aléatoire et empêche de déterminer précisément le rapport de

section de capture du défaut bore-oxygène pour les électrons et pour les trous (Figure 17).
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Figure 17: Dépendance de la durée de vie liée au défaut bore-oxygène en fonction de la
densité de porteurs en excès.

De la même manière, nous montrons que les mesures de dépendance de la durée de vie en

température ne sont à priori pas valable pour l’étude du défaut bore-oxygène à cause du

caractère métastable de celui-ci, qui se dissocie à des température supérieures à 100°C.

Nous suggérons qu’un travail supplémentaire doit donc être dédié à la détermination des

caractéristiques SRH du défaut bore-oxygène. Ceci permettrait en autre de déterminer les

densité de défauts par des mesures de durée de vie avec plus de confiance. Nous proposons

par exemple d’utiliser une analyse de photoluminescence, couplée avec la mesure de durée

de vie par photoconductance, ce qui permet de déterminer la durée de vie des porteurs de

charge sur une gamme plus large de niveau d’injection.

168
Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2012ISAL0139/these.pdf 
© [M. Forster], [2012], INSA de Lyon, tous droits réservés



RÉSUMÉ ÉTENDU

Application de l’ingénierie de compensation aux cellules sol-
aires en silicium purifié par voie métallurgique

Dans le chapitre 5, nous appliquons le co-dopage au gallium à la cristallisation de lingots de

Si à partir d’une charge de Si UMG. Des cellules solaires sont fabriquées avec le matériau

résultant et leur performance est mesurée, modélisée et analysée pour être mise en relation

avec la compensation et le co-dopage au Ga.

Pour cette étude, nous cristallisons deux lingots Cz à partir de la même charge de Si UMG

contenant des concentrations en B et P estimée respectivement à 0.25ppmw et 0.6ppmw.

L’un des lingots est cristallisé sans ajout de dopants tandis ce que l’autre est co-dopé avec

du P pour diminuer le dopage net et avec du Ga pour maintenir une conductivité de type

sur toute la hauteur du lingot. Ceci résulte en une résistivité plus élevée dans le lingot

co-dopé que dans le lingot non co-dopé (Figure 18). Le lingot co-dopé est intégralement de

type p alors que le lingot non co-dopé présente une inversion de type à 85% de sa hauteur.
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Figure 18: Mesure et calcul de la résistivité le long de lingots cristallisés à partir du même
Si UMG l’un sans co-dopage (rouge) et l’autre avec (bleu).

Des cellules sont fabriquées avec des plaquettes découpées dans ces deux lingots ainsi

qu’avec des plaquettes de Si de grade électronique (EG) pour comparaison. Les caractéristiques

I-V de ces cellules sont mesurées et modélisées à l’aide du logiciel de simulation QSS-Model.

La Figure 19 montre que la tension de circuit ouvert est légèrement plus importante dans

le lingot non co-dopé que dans le lingot co-dopé, principalement à cause de la plus forte

densité de porteurs majoritaires dans le lingot non co-dopé. La différence est cependant

très faible car la diminution de la densité de porteurs majoritaires dans le lingot co-dopé est

contrebalancée par une plus grande durée de vie des porteurs de charges.. Il est également

à noter que la tension de circuit ouvert est semblable dans les deux lingots en Si UMG et

dans les plaquettes de référence en Si EG.

Après dégradation sous éclairement, la modélisation donne une tension de circuit ouvert

beaucoup plus faible dans les cellules à base de Si UMG que dans les cellules à base de Si
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EG, à cause de la plus forte concentration en B dans le Si EG. On remarque également que,

puisqu’il n’y a plus d’effet positif de la compensation sur la durée de vie après dégradation,

la tension de circuit ouvert est plus faible dans le lingot co-dopé que dans le non co-dopé.
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Figure 19: Variation de la tension de circuit ouvert le long des lingots de Si UMG co-dopé et
non co-dopé et comparaison avec des cellules en Si EG.

La Figure 20 montre que le courant de court-circuit est légèrement plus important dans

les cellules faites à partir de Si UMG co-dopé par rapport aux Si UMG non co-dopé. Ce

résultat confirme l’effet positif de la compensation sur la longueur de diffusion des porteurs

minoritaires. Encore une fois, le courant de court-circuit est similaires dans les deux lingots

de Si UMG et dans les cellules de Si EG.

Après dégradation, le courant de court-circuit est plus faible dans les cellules de Si UMG

que EG et plus faible dans le Si UMG co-dopé que dans le Si UMG non co-dopé. Ceci

s’explique par les mêmes raisons que les observations faites sur la tension de circuit ouvert

après dégradation.

170
Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2012ISAL0139/these.pdf 
© [M. Forster], [2012], INSA de Lyon, tous droits réservés



RÉSUMÉ ÉTENDU

0,0 0,2 0,4 0,6 0,8
33

34

35

36

37

38

Open symbols: Before LID
Closed symbols: After LID
Lines: modelling

Cz#U2

 

S
ho

rt
-c

irc
ui

t c
ur

re
nt

 J
sc

 (
m

A
/c

m
2 )

Solidified fraction f
S

Cz#U1

1 2 3 4

 Measured
 Measured LID
 Modelled

 

Resistivity (Ω.cm)

EG-Si Controls

Figure 20: Variation du courant de court-circuit le long des lingots de Si UMG co-dopé et
non co-dopé et comparaison avec des cellules en Si EG.

La Figure 21 montre que le rendement est similaire dans les cellules provenant du lingot

co-dopé que dans les cellules provenant du lingot non co-dopé. Ceci montre qu’il est possible

de tolérer, grâce à l’ajout de Ga, des concentrations en P plus importantes dans le Si UMG

sans donner lieu à des chutes de rendement matière ou de performance cellules avant dé-

gradation. Les performances cellules sont quasiment identiques dans le Si UMG et dans le

Si EG.

Après dégradation la performance des cellules UMG diminue plus que celle des cellules EG,

à cause de la plus forte concentration en B dans l’UMG. Puisque la compensation n’apporte

plus un gain en durée de vie après dégradation, le rendement des cellules en Si UMG co-

dopé est plus faible que celui dans les cellules en Si UMG non co-dopé.
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Figure 21: Variation du rendement de conversion le long des lingots de Si UMG co-dopé et
non co-dopé et comparaison avec des cellules en Si EG.
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