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Preface

The work presented in this thesis has been carried out primarily at the Norwegian University
of Science and Technology (NTNU) at the Department of Materials Science and Engineering.
The thesis was completed during the period from November 2007 to December 2011 as a part
of the Norwegian research project Control of impurities in metallurgically refined silicon for
solar cells. The partners in the project have been NTNU, SINTEF, Elkem Solar AS, CruSiN
AS / Saint Gobain.

Two periods in the Autumn 2010 and Spring 2011 (two months and one week, respectively)
were spent at the Department of Materials Science at the University of Milano Bicocca (Italy).

The thesis consists of two parts. The first part is an introduction to compensation in solar
grade crystalline silicon materials for photovoltaic applications. The focus is on the impact of
dopant compensation and on the interaction between dopant species and other main
impurities. A description of the materials studied and of the main characterization techniques
employed is provided in a separate chapter.

The second part consists of published/submitted articles which present the results of the
experimental work that has been carried out. The following manuscripts are included:

Article 1:

Chiara Modanese, Marisa Di Sabatino, Anne-Karin Seiland, Kristian Peter, Lars Arnberg,
Investigation of bulk and solar cell properties of ingots cast from compensated solar grade
silicon, Progress in Photovoltaics: Research and Applications 19 (2011) 45-53

Article 2:
Chiara Modanese, Marisa Di Sabatino, Anne-Karin Seiland, Lars Arnberg, Relationship

between net doping density and resistivity of compensated mc-Si ingots, Physica Status Solidi
C8(2011)713-716

Article 3:

Chiara Modanese, Maurizio Acciarri, Simona Binetti, Anne-Karin Sgiland, Marisa Di
Sabatino, Lars Arnberg, Temperature-dependent Hall-effect measurements of p-type
multicrystalline compensated solar grade silicon, submitted to/under review in Progress in
Photovoltaics: Research and Applications, November/December 2011

Article 4:

Chiara Modanese, Marisa Di Sabatino, Martin Syvertsen, Lars Arnberg, Bulk properties of
multicrystalline silicon ingots for solar cells cast in silicon nitride crucibles, to be submitted
to Journal of Crystal Growth, February 2012



Article 5:

Madeleine Hystad, Chiara Modanese, Marisa Di Sabatino, Lars Arnberg, Distribution and
impact of chromium in compensated solar grade silicon, submitted to/under review in Solar
Energy Materials and Solar Cells, May/November 2011

Trondheim, December 2011
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Abstract

The steep increase in the market price for silicon feedstock for solar cells experienced at the
beginning of the last decade, coupled with a developing industry, opened the possibility for
materials produced from different sources and delivered at lower production cost.
Compensated solar grade silicon for solar cell provided these opportunities. The motivation
behind the present work was, therefore, to study the effect of such a material on the bulk and
cell properties, in respect to the commonly used feedstock produced via the Siemens process.
The materials presented in this work were produced at Elkem Solar AS, who has provided
materials with decreasing dopant concentration over the project time.

The main focus was to investigate the manner in which materials cast from compensated solar
grade feedstock behave compared to materials cast from reference electronic grade feedstock.
Different properties were measured, both in the bulk and on solar cells. Resistivity was
observed to increase along the growth direction due to the different segregation profiles of the
main doping species, i.e. boron and phosphorus. Dissolved oxygen concentration was
observed not to depend on feedstock, whereas higher dissolved carbon concentration was
measured in the compensated materials. Minority carrier lifetime is reduced, although the
performance of the materials after solar cell processing is comparable to the electronic grade
reference materials. Majority carrier mobility is strongly reduced at temperatures below 150
K, whereas the reduction at high temperatures (above 250 K) is much lower.

The possibility to use international standards to convert the measured resistivity in net doping
density for compensated materials was investigated. The aim was to provide an easy and
direct method to assess these materials. Through the comparison of the net doping density
calculated from the measured resistivity and the net doping density measured by glow
discharge mass spectrometry, the accuracy of the standard was evaluated for the compensated
materials.

Silicon nitride crucibles are an alternative to the widely used silica crucibles for directional
solidification of me-Si ingots. Their main advantages are reusability for repeated castings and
the opportunity to eliminate the crucible as a source of oxygen contamination of the ingot. In
this work, several ingots cast in such crucibles were studied and compared to ingots cast in
silica crucibles. Advantages and limitations related to the use of such crucibles are discussed,
with focus on the required changes to the solidification process.

Chromium is an impurity known to be detrimental for the material quality of silicon for solar
cells. Its effect is of particular interest for less pure materials such as those studied in this
work, where the concentration of Cr can be expected to be greater than in electronic grade
materials. The impact of Cr on the properties of the compensated solar grade silicon materials
was studied through the comparison of ingots with and without deliberate chromium doping.
It was found that, although minority carrier lifetime is significantly impaired by the addition,



a strong improvement occurred through adequate solar cell processing, which included a
phosphorus diffusion step.
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Chapter 1

Introduction

The global electricity production in the year 2009 included approximately 19% from
renewable energies [1], where nuclear power is excluded from the calculation. Among these
renewable sources, hydroelectric energy is dominating, with a share of more than 84%,
followed by wind energy at approximately 7%. Solar power has not reached significant
proportions yet, as it is at 0.6% of the global electricity production in 2009, which
corresponds to 21.4 TWh produced (20.5 TWh from photovoltaic and 0.9 TWh from solar
thermal). Nevertheless, the solar energy production has experienced an average yearly growth
rate of 36% in the decade 1999-2009, with its 2009 level similar to the 1999 level for wind
energy, but with a much steeper increase. Moreover, the solar industry has now entered the
mass production stage [1], which will allow for the steep progression trend to be sustained.

The photovoltaic market is strongly dominated by crystalline silicon technology, which
accounts for about 86% of the global cell production in 2010 [2]. This value is dominated by
multicrystalline (mc) over monocrystalline cells, which score approximately 53% and 33%,
respectively. The mc-Si share corresponds to approximately 14.4 GW of installed power
capacity during the year 2010 [2]. For the crystalline Si materials to uphold their current
market position and face the emerging materials such as thin film silicon or CIGS (copper-
indium-gallium-selenide), it is vital to decrease the production costs. According to the 2007
EU Strategic Research Agenda for Photovoltaic Solar Energy Technology [3], direct
production costs of crystalline silicon solar cells are forecast to decrease to about 1 €/W, by
2013, and this goal can be achieved through joint efforts on three main routes to cost saving,
namely 1. reduction in materials consumption, 2. increase in device efficiency, and 3.
advanced and high-throughput manufacturing. It is worth noting that the threshold of 1 €/W,
as factory-gate price has been already reached in summer 2011 [4]. With the aim at achieving
these goals, the development and/or improvement of new, lower-cost and less energy-
intensive processes to manufacture silicon feedstock could provide Si at production prices in
the range 10-20 €/kg in the next years [3]. The threshold of ~18-20 €/kg is considered the
limit to remain competitive in year 2012 in the case of upgraded metallurgical grade (UMG)
silicon manufacturers [5].

During the last years, various low-cost, less energy-intensive processes for the refining of
metallurgical grade (MG) silicon have been developed. Compared to the standard process
used in the past decades by the PV industry and adapted from the electronics industry, i.e. the
Siemens process, these new metallurgical refining routes have the clear advantage of a much
lower energy consumption. For example, the power consumption rate at the Elkem Solar
production plant in Norway is ~40 kWh/kg solar grade silicon (SoG-Si) produced, whereas
the consumption rate is above 170 kWh/kg SoG-Si produced for a traditional Siemens process



[6]. Examples of these alternative processes include the fluidized bed reactor developed by
REC Silicon [7], the vapour-to-liquid deposition developed by Tokuyama Corporation [8] or
the closed loop process adopted by Wacker Polysilicon [9]. Elkem Solar has also developed
its own metallurgical refining process, which consists of three main steps, namely 1. slag
treatment of the MG-Si, 2. acid leaching, and 3. directional solidification [6]. This process has
been the first one to be commercialized and it entered the market in 2009.

Although the energy consumption, and hence the production cost of metallurgically refined Si
feedstock, is much lower than the traditional electronic grade (EG) feedstock from the
Siemens process, the refining is less effective and the material generally contains higher
concentration of impurities, especially of dopants. In particular, the vast majority of the low-
cost feedstocks available today contains comparable amounts of both acceptors and donors
species, i.e. the materials are compensated. Standardization of the content of impurities for
these materials has not been agreed upon on a world-wide basis yet; nevertheless attempts
have been made at establishing threshold levels of different impurities for these materials. In
2008, a plenary discussion at the ‘Arriving at well-founded SoG silicon feedstock
specifications’ workshop [10], suggested possible specifications for the silicon feedstocks.
The acceptable values for the different impurities were set on the basis of their effect on the
electronic properties of the material. The general assumption was that the efficiency of the
solar cell could be related primarily to the content of impurities, as extensively discussed by
Davis et al. in [11]. Considering these assumptions and suggested specifications as a starting
point, the recently published standard SEMI PV17-0611 has defined acceptable levels of main
impurities in silicon feedstock to be used for PV applications [12]. The specifications for the
main impurities for representative SoG-Si materials investigated in this work are reported in
Table 1.1. As far as the dopants concentrations are concerned, iso-resistivity and iso-yield
charts have been worked out for different boron and phosphorus concentrations [13], showing
thus which ingot yields and resistivities can be expected as a function of the concentrations of
boron and phosphorus in the feedstock.

Table 1.1. Specifications for solar grade silicon (SoG-Si) category IV, as reported in SEMI
PV17-0611 [12].

Impurity element Specification SEMI PV 17-0611, Category IV
B Target: < 0.380 ppmw
Tolerance: = 0.060 ppmw
P Target: < 0.790 ppmw
Tolerance: = 0.170 ppmw
C <43 ppmw
Ti, Cr, Fe, Ni, Cu, Zn, Mo <0.2 ppmw
Na, K, Ca <4 ppmw

The evaluation of the acceptable dopants concentrations mentioned above provides a good
general indication for the quality of the compensated materials. Nevertheless, it is worth
noting that the standard, well-known analytical methods and parameters that have been
developed and calculated over the last decades for the assessment of the properties of non-
compensated crystalline Si materials might not be applicable to compensated materials in a
straightforward way. This is due to the fact that these materials have shown an effect on, for
example, the relation between resistivity and the net or total doping level, the increased
minority carrier lifetime, the decreased minority carrier mobility, or the slow-down of the



formation rate of the detrimental boron-oxygen complexes. Hence, comprehending the impact
of compensation on material properties is of paramount relevance for the full assessment of
the compensated metallurgically refined feedstocks as base materials for crystalline silicon
solar cells.
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Figure 1.1. Iso-resistivity (red) and iso-yield (blue) lines as a function of the boron and
phosphorus concentrations in the feedstock. Reproduced from [13].

The work presented in this thesis focuses on the material-related topics discussed above.
Directionally solidified ingots from compensated solar grade Si feedstock of different purities
and from poly-Si feedstock have been investigated. The compensated SoG-Si feedstock
materials presented here have been produced by Elkem Solar through the proprietary
metallurgical refining process mentioned above. The materials were received at
NTNU/SINTEF between 2008 and 2011, with a decreasing amount of dopants and other
impurities with time thanks to the efforts made for the improvement and control of the
refining process [14]. This represents a unique possibility to investigate commercially
available materials, where the contaminants are naturally present in the feedstock prior to the
final directional solidification and not deliberately added/diffused into the final ingot. This
feature allowed relating the effect of compensation to as-grown material properties such as
resistivity, minority carrier lifetime, majority carrier mobility, content of and interaction with
impurities (e.g. oxygen, carbon, and transition metals). Moreover, the production of solar cells
from these materials allowed a more thorough evaluation of the mechanisms influencing solar
cell performance. Throughout the experimental work carried out in this thesis, a comparison
of the material properties of the compensated ingots with reference, non-compensated ingots
directionally solidified under similar process conditions was performed. This comparison
allowed separating the effect of compensation from other material-related properties, e.g.
concentration of light elements or metal impurities.

The thesis is based on published and submitted articles. The introduction to the on-going
research on compensated crystalline silicon materials, focusing mainly on the effect of B and
P as compensating dopants, has the intent of providing a background for the properties



discussed in the articles. The overview of the investigated materials and characterization
techniques used in this work is providing experimental details. The discussion part is intended
to briefly summarize the contents of the articles. Finally, an outlook suggests possible
directions for future investigations on compensation in crystalline SoG-Si materials.



Chapter 2

Compensation in solar grade silicon — an overview

This chapter includes the relevant background for the results presented in this work, with a
focus on compensation in multicrystalline silicon (mc-Si). An introduction to compensation
and its effects on material properties, the interaction between doping species and the
interaction with other main impurities are discussed in the following. The published literature
and the results from the present work are discussed concurrently.

2.1 Introduction to compensation

Compensation in a semiconductor material can be defined as the concurrent presence of donor
and acceptor species in comparable amounts. Therefore, the majority carrier density in a non-
compensated and a compensated p-type semiconductor, i.e. hole concentration, can be
expressed through the following equations, respectively:

po=N, for a non-compensated material Eq. (2.1)
po= N, —N, for a compensated material Eq. (2.2)

where py is the majority carrier density in a p-type semiconductor (hole concentration), and
N and N * are the acceptor and donor density, respectively. They will be reported as Na
and Np in the following.

It is worth noting that the concurrent presence of various acceptor and donor species can lead
to an overall compensated mc-Si material. Nevertheless, this work focuses only on boron and
phosphorus as acceptor and donor species, respectively. The reason for this is twofold. First,
B and P are the two doping species of the highest relevance in the Si solar cells market, due to
numerous reasons related to the refining mechanisms in the successive steps of the production
processes usually employed. Second, B and P are by far the main doping species present in
the materials investigated in this work. Aluminium is an acceptor in silicon semiconductors
and it constitutes the third most present doping species in the materials presented here. Its
concentration is generally at least one order of magnitude lower than B; hence its role can be
safely neglected in the following.



Under the assumptions that:

i) the B and P concentrations in these materials are well below the respective solid solubility
limits in silicon (maximum solubility of 1-10*' cm™ at 1420 °C for B and 1.3-10*' cm™ at
1200 °C for P [15], which correspond to 2 at% and 2.6 at%, respectively);

ii) the presence of other doping species or ionized impurities is expected to be negligible
when compared to those of B and P,

the acceptor and donor densities for the materials investigated in this work can be
approximated with the B and P atomic concentrations, respectively:

N, =[B] Eq. (2.3)
N; =[P] Eq. (2.4)
Note that these approximations are valid under the assumption that all dopant atoms are
ionized, i.e. they fully contribute to the electron and hole densities. This assumption is

confirmed to be valid by Voronkov and Falster [16], and is discussed further in Section 2.2.

Therefore, considering Eq.s (2.1) to (2.4), for the materials studied in this work the majority
carrier density can be expressed as following:

po= [B] for the non-compensated materials Eq. (2.5)

po= [B] - [P] for the compensated materials Eq. (2.6)

This assumption is to be valid throughout this work, unless otherwise specified.

Compensation itself occurs at all times within the p-n junction of a semiconductor, although
in this work the discussion is restricted to the compensation which occurs in the bulk of
crystalline Si ingots, i.e. the material that constitutes the base of silicon solar cells. Moreover,
the following is limited to p-type materials.

2.1.1 Principles of compensation

Various expressions have been suggested to define the amount of compensation. One of them
is the compensation ratio, Rc [17]. For a p-type material, the compensation ratio is defined as
the ratio of the sum of acceptor density, N, and donor density, Np, over their difference:

R, :NA+ND
" Na—Np

Eq. (2.7)

Hence, the R¢ values increase with increasing compensation and are greater than unity for
compensated materials, i.e. Rc = 1 for a non-compensated material, whereas Rc — o for a
fully compensated material (i.e. Np = Ny). A threshold for high compensation is considered to
be at Rc = 3, i.e. R¢ > 3 for highly compensated samples [18]. This definition of R¢ will be



used throughout this work for an evaluation of the degree of compensation in the investigated
materials.

Another formula for compensation has been reported by Dubois ef al. [19] and it defines the
compensation level, C;, as the ratio of the donor density, Np, over the difference between
acceptor and donor densities:

Mo
Na—Np

Eq. (2.8)

1

According to this definition, p-type compensated materials have C; values that increase with
increasing compensation, where 0 is the limit value for a low-compensated material (i.e. low
donor density) and C; — oo for a fully compensated material (i.e. Np = Na). In contrast to the
Rc definition, C; = 0 for a non-compensated p-type material.

In order to define the acceptable doping levels for boron and phosphorus in the compensated
(p-type) materials to be used for solar cells, the two main requirements relate to resistivity and
ingot yield. Both these parameters depend on the B and P contents in the feedstock, and a
general view is that the ingot should have a resistivity range from 1 Q-cm up to 2-2.5 Q-cm.
For the yield criterion, a compensated ingot should have its upper resistivity limit (i.e. 2-2.5
Q-cm) within the normal top-cut range, which is typically above 90% ingot height. A
specification for silicon feedstock for photovoltaics was recently described in the SEMI
standard PV17-0611 [12], and the upper limits considered in this standard for the dopants in
Category IV are given in Table 2.2 below.

Table 2.2. Upper limits for doping elements in solar grade silicon feedstock as set in standard
SEMI PV17-0611, Category IV [12].

Upper limits for dopants in SoG-Si -
Dopant Category 1V [6]
ppbw ppba cm”
B 380 990 5.0-10"°
P 790 716 3.5-10"°

The feedstock materials investigated in the present work were produced at Elkem Solar in
Norway, where the first materials were produced in a pilot line and the last ones in the
industrial line. The concentration of both boron and phosphorus decreased over time, and the
typical values of the latter are reported in Table 2.3.

Table 2.3. Typical concentrations of boron and phosphorus in Elkem Solar Silicon®, ESS™
[14].

Elkem Solar Silicon® - Typical concentrations
Dopant 3
ppbw ppba cm
B 220 573 2.9-10"°
p 620 562 2.7-10"°




For comparison, boron specifications for non-compensated mc-Si ingots to be used for solar
cell processing are generally in the range 50-150 ppbw (130-390 ppba, 6.5-10"*-1.9-10" cm™)
[20]. Within these B concentrations, the resistivity of the materials is in the range 0.5-2.0
Q-cm.

2.1.2 Quantification of doping levels

Different techniques are available to quantify the doping levels in compensated c-Si materials,
allowing measurement of po, Na and/or Np. This section provides a description of the most
common techniques used for c-Si materials or that have been specifically developed for
compensated c-Si. The use of glow discharge mass spectrometry (GDMS), resistivity and
majority carrier mobility to quantify doping levels are discussed in detail in Chapter 3.

2.1.2.1 By Fe-B pairing

This technique was developed by Macdonald et al. [21] and it is based on the formation rate
of the well-known Fe-acceptor pairing in c-Si. It allows the direct calculation of N, and the
indirect calculation of Np, i.e. not merely of po. A more detailed description of the Fe-B pairs
kinetics is provided in Section 2.3.2. This technique uses the time constant of the Fe-B pairs
association, which can be directly measured, to calculate Ns. Np is successively calculated
from the Nj value, fitting the Np and hole mobility values in the formula that relates
resistivity, carrier mobility and net doping (see Section 2.4.2). The advantage of this method
is that the interstitial iron in c-Si materials is always present as a positively charged impurity,
and consequently it readily forms pairs with the acceptors present in the material. Moreover,
the determination of N4 is independent on the majority carrier mobility, since the Fe-B pairs
formation depends on the diffusion of Fe; atoms and not of B atoms. On the other hand, the
calculation of Np has greater uncertainty as it depends both on the measured resistivity and on
the knowledge of the hole mobility. The materials that were measured with this technique had
B and P concentrations in the range 800-1600 ppba (4-8-10'® cm™) and 700-900 ppba (3.5-
4.5-10" cm™), respectively.

2.1.2.2 By infrared (IR) spectroscopy

Various methods have been developed for the quantification of dopants in compensated Si
materials using infrared absorption, and they differ for the absorption peaks that are used for
the analysis.

A first application allows measuring the total concentrations of dopants in compensated Si,
i.e. [B] and [P] [22]. The absorption peaks of donors and acceptors can be observed separately
in an infrared spectrum at low temperature (approximately 15 K) in a sample that is subjected
to light. The application of external light to the material is necessary because, under dark
conditions, only the non-compensated centres are absorbing infra-red radiation, and hence
only the net doping density can be measured [22]. The drawback of this method is that it
requires low temperatures and it is well developed for dopant concentrations below 10'® cm™
[21], or materials with high resistivity (above 50 Q-cm). This concentration is appropriate for
the materials presented in this work, but is somehow lower than the concentration in the
highly compensated SoG-Si materials.



Another application of this technique is available to measure the total B concentration at room
temperature for compensated Si with high B concentrations [23]. The peaks of the B isotopes
used for the quantification of [B] are located at 620 cm™ and 644 cm™, and they are typical of
compensated materials. The calibration factor for the quantification of the total B
concentration can be calculated by comparison of the intensity of the absorption peak with the
concentration measured by other techniques, e.g. GDMS [23]. The drawback of this technique
is that the absorption peaks mentioned above become visible for high B concentrations
(generally above 10'" cm™), which is above the concentration normally accepted for
compensated SoG-Si feedstock.

A third application consists in the measurement of the free-carrier absorption (FCA) in the
FTIR spectrum, and hence it allows the determination of py. The method was introduced by
Rein et al. [24] for compensated Czochraslki (CZ) silicon and a more detailed description is
given by Geilker ef al. [25]. The free carriers absorb light that carries energy lower than the
bandgap. Their concentration can be safely assumed to be equal to py in case of complete
ionization and in absence of external generation of carriers. This assumption is strongly valid
at room temperature, where the FTIR spectrum is collected. The absorption related to the free
carriers depends on the wavelength, on py and on the carrier mobility. A reference float zone
spectrum is subtracted from the spectrum of a compensated sample and the contribution of
other defects (e.g. interstitial oxygen and substitutional carbon) is corrected for. Then the
absorption due to the free carriers can be quantified, and consequently the net doping density
po calculated. The successive steps performed to obtain the FCA spectrum are shown in
Figure 2.1.
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Figure 2.1. Quantification of the free-carrier absorption (FCA). The different subtractions of
background and defect absorptions are shown. Reproduced from [25].

2.2 Interaction between main doping species

The concurrent presence of acceptor and donor species in compensated materials can lead to
an interaction between them. In particular, evidence of the existence of B-P pairs have been
obtained by infra-red spectroscopy measurements [26, 27]. The B and P concentrations
investigated in these studies were in the order of 10 cm™ (2-3 at%), a value which is several



orders of magnitude greater than the reasonable concentrations in compensated SoG-Si
materials. Consequently their existence in these materials has to be questioned further.

The presence of B-P pairs in compensated SoG-Si was first suggested by Dubois ef al. [28] as
a possible explanation to the reduction of the rate of light induced degradation (LID) due to
the formation of boron-oxygen complexes in compensated mc-Si materials compared to non-
compensated materials. LID is further described in Section 2.3.1.3, and in this instance it is
important to note that the formation of these complexes is believed to occur through diffusion
of an oxygen dimer to a boron atom. According to this mechanism, the presence in the lattice
of P" ions in neighbouring positions to B™ ions causes a screening of the Coulomb field of the
B’ ions, which consequently reduces the capture cross section toward the oxygen dimer, or
alternatively increases the mean free path for the oxygen dimer to reach a B atom. Hence the
diffusion kinetics of the oxygen dimer would be slower compared to non-compensated
materials, i.e. no screening effect of P* ions. A schematic visualization of this mechanism is
shown in Figure 2.2.

No random walk for the dimmer Longer random walk for the dimmer

Figure 2.2. Schematic visualization of the suggested mechanism for the slow-down of the B-
O complexes formation rate in compensated materials (right) compared to non-compensated
(left). The presence of P* atoms can increase the random free path for the oxygen dimer to
combine with a B” atom. Reproduced from [29].

The existence of the B-P pairs has been considered in several other studies. Kopecek et al.
[30] observed LID behaviour in compensated CZ-Si materials and reported an additional peak
in photoluminescence (PL) spectra of compensated materials, not seen in the non-
compensated ones. This peak increased in intensity with increasing compensation, and it was
therefore connected to B-P pairing. More complete PL measurements were reported in a
successive study by Peter et al. [31] (see Figure 2.3), where it was suggested that also a long-
range interaction between B and P, not involving the formation of B-P pairs, could explain the
observed peaks. Macdonald et al. [32] considered B-P pair formation to explain the
dependence of the B-O defect concentration on the net doping content, py, and not on the
acceptor density Ny, i.e. the compensated boron present in the material would not contribute
to the formation of B-O complexes because present in a state not reacting with oxygen
dimers.

Several other studies have argued the presence of B-P pairs in compensated c-Si materials.

Macdonald et al. [33] reported their existence to counter the measured majority carrier
mobility and the location of the crossover point between Fe; and Fe-B pairs. More details on
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both carrier mobility and Fe-B pairing can be found in the following sections. The authors
argue that, if the B-P pairs were present, they would impact the majority carrier mobility due
to a reduction of the ionized scattering centres, and the mobility would evidently scale with
the net doping density. However, the dependence of majority carrier mobility was observed to
be more consistent with the total dopant concentration, i.e. No+Np, than with py. Moreover, if
the B-P pairs were present, they would be expected to form appreciable concentrations of Fe-
B-P ‘triplets’ instead of Fe-B pairs, and a different energy level would be associated with
these triplets. In turn, a different location of the crossover point would be observed. However,
its location was observed to be similar for compensated and non-compensated materials.
Voronkov and Falster [16] concluded that the formation of B-P pairs, if existent, is negligible
in compensated CZ-Si materials with doping ranges of practical interest for solar cell
applications. They compared the hole density, p, independently measured by light reflection,
to the value calculated from the measured resistivity, p. They observed that the best
agreement between the two values of p occurred for p(N*) and p(N*), where N* = [B]+[P],
i.e. the B-P pairing is negligible and N corresponds to [B]. Moreover, the possible presence
of B-P pairs was suggested also in a study on boron-phosphorus compensated n-type material
[34]. LID due to the formation of boron-oxygen complexes was observed to occur in this
material, which could not have occurred if all the boron were present in B-P pairs.
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Figure 2.3. Photoluminescence spectra of compensated samples. The peak at ~1.05 eV
increases with increasing degree of compensation and it is believed to be connected to B-P
interaction. Reproduced from [31].

2.3 Interaction between doping species and main impurities

Directionally solidified mc-Si ingots contain different impurities, which can be present in the
material as dissolved atoms, precipitates or clusters. According to their state, these impurities
affect material properties to a different degree. Oxygen, transition metals (iron and chromium
especially), and carbon are of particular interest in this work, and a description of their effect
on material properties in compensated and non-compensated crystalline silicon is made in the
following sections.
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2.3.1 Oxygen

Oxygen is an impurity not easily removed from directionally solidified mc-Si ingots, due to
several reasons. Firstly, the effective segregation coefficient approaches unity [35], and
therefore the crystallization does not contribute significantly to its refining. Secondly, the
oxygen present in the standard SiO, crucibles and crucible coating used for ingot casting
diffuses into the Si melt during the solidification process, reacts with the atmosphere in the
furnace and eventually contaminates the ingot [36, 37].

Oxygen in crystalline silicon can be present as dissolved atom (single interstitial atom) or as a

precipitate. As its effects on material properties differ significantly according to its state, these
effects are discussed separately in the following sections.

2.3.1.1 Interstitial oxygen, O;

Single oxygen atom impurities present in the crystalline silicon material as interstitially
dissolved, O;, are not of major concern; they are considered not to be electrically active and
hence not to affect the device performance [38].

The materials presented in this work usually have O; concentrations in the range 3-12 ppma
(1.5-6:10"" cm™), where the concentration decreases with increasing ingot height (solid
fraction). No significant difference in oxygen concentration is observed between ingots cast
from compensated SoG-Si feedstock and EG-Si feedstock. These are representative
concentrations for the ingots cast in the furnace used in this work [36]. The solid solubility
limit of oxygen in silicon is 19 ppma (9.5-10'7 cm™) at the temperature reached at the end of
ingot solidification [39], and consequently these materials are not expected to have significant
concentrations of precipitated oxygen, i.e. the solubility limit is generally not reached. This is
confirmed by the comparison of interstitial and total oxygen measurements carried out for
selected samples in this work. The enhanced oxygen precipitation at grain boundaries and its
relation with dislocations in mc-Si materials [40-45] have been studied, but are not further
discussed here.

2.3.1.2 Thermal donors, TD, and oxygen-based precipitates

The term thermal donors (TD) defines oxygen-based precipitates that are present in
crystalline silicon bulk and that affect the electronic properties. They form within specific
temperature ranges and contribute to n-type conductivity in the bulk silicon material. Due to
this reason they are of greatest concern in p-type materials. Different types of TD have been
identified, as reviewed in Ref. [46]. The so-called old donors form in the temperature range
350-500 °C and are composed of small clusters of few oxygen atoms, whereas the so-called
new donors form in the temperature range 650-800 °C and are SiO,-based precipitates. These
complexes can also form during the slow post-solidification cooling of the ingot [38]. The
vast majority of the TD that generate in crystalline silicon have O; as a precursor [38, 47], and
hence the formation of TD can be related to the initial O; concentration, as shown in Figure
2.4. It is observed that the formation rate of the thermal donors within the first 30 min of the
annealing increases with increasing O; concentration [47]. The O; values reported in Figure
2.4 are representative of CZ-Si materials.

12



Thermal donors are generally present to a greater degree in monocrystalline silicon (CZ
process) than in me-Si, even though different oxygen precipitates have been observed to occur
in significant amounts in mc-Si as well [41, 42]. This is due to the fact that monocrystalline
silicon generally contains a higher total oxygen concentration, possibly over the solid
solubility limit.

Oxygen precipitates are known to have detrimental effect on minority carrier lifetime [42] and
on the performance of the solar cells, as they reduce their conversion efficiency [45, 46, 48].
However, the investigations on compensated SoG-Si materials reported in literature are
sparse.

The negligible occurrence of thermal donors and oxygen-based precipitates has been
confirmed to be valid for the materials investigated here by the work of Friedl [49] and
Gallala [50]. In these two investigations [49, 50], the negligible occurrence of oxygen
precipitates has been observed through a 2 hour annealing in Ar atmosphere at 1300 °C, i.e. at
a temperature above the solid solubility limit for the expected total oxygen concentration,
which was performed on several compensated and non-compensated mc-Si materials. Under
these annealing conditions, all oxygen precipitates possibly present in the material should
have dissolved, and the O; concentration could be used to estimate the amount of dissolved
precipitates. The O; concentration measured by FTIR after the annealing showed an increase
generally well below 1 ppma (5-10'° cm™) compared to the as-cast value. This roughly
corresponds to less than 10% of the initial concentration, and therefore oxygen-based
precipitates are not expected to be present in the as-cast materials studied in this work.
Moreover, a second annealing at 500 °C for 2 hours in flushing Ar atmosphere was performed
with the aim of obtaining internal gettering. A comparison of the O; concentration before and
after this annealing showed no significant difference, and consequently no formation of TD
occurred in these materials. This result is also confirmed by the dependence of the TD
formation on the O; concentration reported above (see Figure 2.4). One can easily observe that
for the O; concentration in the materials reported in the present work, i.e. lower than 510"
cm™, the formation of TD after 2 hours of annealing at 450 °C is below 3-10" ¢cm™ (0.06

ppba).
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Figure 2.4. Formation rate of TD in CZ-Si as a function of annealing time and initial O;
concentration. Annealing temperature of 450 °C. Reproduced from [47].
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These investigations showed no significant difference between compensated and non-
compensated materials. Hence, it is safe to assume that compensation does not affect oxygen
precipitation for the materials presented here. Nevertheless, as discussed in Section 2.4.3, this
is to be considered when relating the resistivity to the doping density.

2.3.1.3 Boron-oxygen complexes

Oxygen impurities in silicon are known to pair up with boron atoms and form boron-oxygen
complexes that are responsible for lifetime degradation. These complexes are believed to be
the main cause for the lifetime degradation under illumination in B-doped CZ-Si materials
[51, 52], with a relative reduction in cell efficiency of up to 10% [53]. These lifetime-limiting
complexes are forming in the temperature range 30-130 °C under illumination [51] and they
are deep-level recombination centres, localized in CZ-grown materials at Ec - 0.41eV [54],
where Ec is the energy level of the conduction band. They are observed in different
configurations [55] and they are metastable, where both their formation and annihilation are
thermally activated processes [53]. The annihilation occurs by illumination in the temperature
range 70-220 °C [56]. The complex concentration has been observed to be proportional to
[O:]* and linearly proportional to [Bg], and therefore their formation is believed to involve an
interstitial oxygen dimer and a substitutional B atom, i.e. B - Oj; [53, 55]. In this prospect, the
knowledge of the O; concentration in the Si material has an important role as it is a precursor
of the lifetime-limiting defect formation [47]. More recently, an alternative configuration for
these defects has been suggested, based on the degradation characteristics, where an
interstitial B atom, B, is paired up with an oxygen dimer, i.e. BiO, [16]. These lifetime-
limiting complexes have been successfully converted into low-recombination active
complexes under annealing at high temperature [57]. Such annealing is generally used by the
solar cell manufacturers and hence the lifetime degradation might not influence the
performance of the solar cell. The possibility of an interaction between TD and the oxygen
dimers involved in the formation of the boron-oxygen complexes has been observed by
Schmidt and Bothe [53], and is therefore to be taken into account when evaluating the
electronic properties of the material. For these EG-Si materials, the boron-oxygen complexes
have been observed to be dependent either on the B atom concentration [53] or on the holes
concentration, and not the B atom concentration [16].

The occurrence and the kinetics of boron-oxygen complexes have been studied also in
compensated c-Si by several researchers. A reduction of the formation kinetics compared to
the EG materials has been observed [28]. The interaction between B and P doping species is
considered partially responsible for this slow down, together with an uneven spatial
distribution of B and P atoms which affects the Oj, diffusion and with the reduction in the
hole mobility. Under these considerations, the extent to which the lifetime degradation due to
the formation of boron-oxygen complexes occurs in compensated me-Si is much lower than in
non-compensated EG-Si. The deactivation rate of these complexes in compensated materials
has been reported to be inversely proportional to the total boron concentration and not to be
dependent on the net doping density, po [58]. This suggests that boron itself is directly
connected to the deactivation mechanism. Moreover, the activation of these complexes was
found to depend quadratically on the net doping density, po>, and not on the total boron
concentration, N [59]. The dependence of the concentration of these complexes on the net
doping density, as opposed to the acceptor density, was observed in several other studies [24,
30, 33, 60, 61]. Independently on these trends, it can be observed that compensation itself
does not introduce a further lifetime-limiting mechanism compared to B-doped crystalline Si
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of similar net doping densities. The dopant concentrations that were generally investigated in
the literature are in the range of 2.6-4.4 ppma for [B] and 1.8-2.6 ppma for [P] [28, 59],
greatly higher than the concentrations in the materials presented here.

It is worth noting that the extent to which the performance of the materials presented in this
work is affected by boron-oxygen complexes is considered to be negligible, i.e. overshadowed
by the effect of compensation or of metallic impurities. The lifetime degradation due to the
formation of the complexes is high for materials which do not contain significant amounts of
other lifetime-limiting impurities, e.g. metal impurities [52].

2.3.2 Iron

Iron is widely considered as one of the most detrimental impurities in c-Si materials, causing
reduction in the solar cell efficiency for concentrations above ~2 ppba (10" cm™) [11].
Compensated SoG-Si feedstock can contain greater concentrations of several impurities
compared to EG-Si feedstock, and iron is among these impurities [19]. Iron is most
commonly present in silicon as interstitially dissolved, Fe;, or in metal-rich precipitates of
small dimension and relatively fine distribution [62]. Therefore, compared to other metals
with higher solubility and/or diffusivity which can be present in precipitates of a coarser
dimension but lower spatial density, iron is generally more detrimental for material properties
[62]. It can also be present in the as-grown state paired with acceptor species, i.e. in Fe-B
pairs. The FeB pairs can split into Fe'; and B’ under illumination, which increases the
recombination activity of the defect as Fe; is associated with an energy level deeper than the
one associated with FeB pair [63]. Consequently, the Fe; defect limits the minority carrier
lifetime to a greater extent then FeB pairs and it is more detrimental for solar cell
performance. The Fe-B repairing rate is proportional to the acceptor concentration, Ny, i.e. B
[64]. Hence, due to a generally greater concentration of B, the impact of Fe-B interaction in
compensated SoG-Si can be expected to be higher. It is worth noting that the possible
interaction between FeB pairs and P in compensated materials has been discussed in Section
2.2. A clear correlation between lifetime and iron concentration in mc-Si ingot with 27 ppma
(1.3-10" ¢cm™) Fe addition to the melt has been shown by Coletti et al. [65], although the Fe;
density was limited to 10% of the total iron concentration. In that study an increased crystal
defect concentration was observed, and consequently the effect of iron on material properties
is not limited to its dissolved state. However, this concentration is much higher than in the
materials studied in the present work, and therefore iron is expected to have a limited
contribution. As a reference, the Fe; measured in CZ-Si ingots cast from feedstock materials
similar to those used in this work was below 10'° cm™ along all ingot height [66].

The impact of dissolved iron in mc-Si materials can be reduced through tailored post-
solidification treatments, which aim at modifying the distribution of iron in the bulk, i.e.
internal gettering of Fe, or in the P-rich region of the solar cell, i.e. external gettering of Fe.
The effectiveness of internal gettering treatment on as-grown wafers taken from the
deteriorated area of the ingot has been shown by Boulfrad ef al. [67]. External gettering of
me-Si ingot contaminated with 27 ppma (1.3:10'® ¢cm™) Fe in the melt by means of P-
diffusion and hydrogenation during cell processing showed an increase in lifetime up to 50
times compared to the as-grown value [65]. More details on gettering and its impact on
material properties are discussed in Section 2.4.1.
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2.3.3 Chromium

Another transition metal that might be present in greater concentrations in compensated SoG-
Si than in EG-Si is chromium [19]. Davis ef al. [11] reported that Cr concentrations exceeding
10" cm™ (~ 2 ppba) lead to reduction in solar cell efficiency in monocrystalline, non-
compensated Si. Nevertheless, Coletti et al. [68] reported comparable solar cell efficiencies
for me-Si materials deliberately contaminated with 1.1-10"® cm™ (22 ppma) compared to me-
Si references, for solid fractions between 40% and 70%. Chromium can also be externally
gettered by heat treatment, due to heterogeneous precipitation [69].

Similarly to Fe, dissolved chromium is generally present as an interstitial impurity, i.e. Cr;,
and it is therefore a fast diffuser. As a donor, under thermal equilibrium conditions Cr; pairs
with acceptors, i.e. it forms CrB pairs, which introduce shallow energy levels in the bandgap
[70]. As discussed above, FeB pairs dissociate under standard illumination conditions, unlike
CrB pairs. The latter are dissociated into Cr; and Bs under heat treatment at 200 °C, which
dissociates the FeB pairs as well. Hence, the impact of Cr on minority carrier lifetime can be
distinguished from that of Fe through a comparison of lifetime values after illumination (i.e.
FeB pairs dissociated), after heat treatment (i.e. both FeB and CrB pairs dissociated) and in
the dark (i.e. no pairs dissociated) [19]. Similarly to the effect reported on FeB pairs,
compensation reduces the detrimental effect of Cr on minority carrier lifetime by shifting the
Fermi level towards mid bandgap, i.e. most of the Cr will remain paired with B and therefore
have a lower recombination strength [70]. This increase in minority carrier lifetime with
increasing compensation has been computed by Dubois et al. [19], where Shockley-Read-Hall
statistics are used to calculate the recombination due solely to the interaction of Fe and Cr
with B (see Figure 2.5). Computational studies on compensated c-Si solar cells showed that
the concentration of CrB pairs should not exceed ~10'> cm™ (~1 ppba) in order to have a
positive impact on the minority carrier lifetime [71].

SRH Carrier Lifetime (us)
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Figure 2.5. Dependence of the minority carrier lifetime on the compensation level. The
limitation to lifetime is calculated from Shockley-Read-Hall statistics and is limited to the
effect of FeB and CrB pairing. A general increase in minority carrier lifetime with increasing
compensation is observed. Reproduced from [19].

The effect of Cr has been investigated for some of the materials presented in this work by
Hystad [72]. The comparison of two ingots directionally solidified from similar test materials,
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with and without 27 ppma (1.3-10"® em™) Cr addition, allowed studies of the effect of Cr on
compensation. The Cr concentrations in the lower part of the ingot were low (units of ppba)
due to segregation, but they were already detrimental for minority carrier lifetime, with a
reduction of more than one order of magnitude compared to the non-contaminated ingot. On
the other hand, after a standard gettering treatment, the lifetime values increased to acceptable
levels and solar cells processed from the contaminated material showed no drastic decrease in
cell performance. This proves that most of the Cr is present as interstitially dissolved and not
strongly segregated at extended defects. Studies of CrB pairs formation in this material
confirmed it, as no clear evidence of their existence could be obtained. Similarly to these
results, a drastic reduction in minority carrier lifetime and a comparable solar cell efficiency
was also observed by Saynova et al. [73] in compensated mc-Si ingots deliberately
contaminated with 20 ppma (10" ¢cm™) Cr in the melt and compared to ingots from similar
feedstock without Cr addition.

2.3.4 Carbon

Carbon is an impurity generally incorporated in directionally solidified mc-Si materials during
crystal growth. Carbon from furnace graphite parts, e.g. susceptor and/or insulation, reacts
with oxygen in the atmosphere of the furnace to form CO gas [74, 75]. This in turn can
dissolve into C and O, and contaminate the Si melt. Moreover, SiO gas evaporating from the
melt surface can react with the graphite parts and contaminate the melt as SiC precipitates and
CO gas. For this reason, compensated SoG-Si feedstock materials are not expected to
introduce a greater C contamination level. Carbon can be present in Si as substitutionally
dissolved impurity, Cs, or in precipitates, usually as SiC. Dissolved carbon is not considered
detrimental for the electronic properties as it is electrically inactive, whereas SiC precipitates
can cause shunting of the semiconductor device. Moreover, SiC precipitates can nucleate in
the melt ahead of the solidification front and hence cause growth instabilities and/or constitute
nucleation sites for other impurities. Based on a critical review of the solubility values
published in the literature, Seiland [74] reported the liquid solubility of carbon at the melting
point to be 93 + 23 ppma (4.7-10" £ 1.2:10"® cm™). This is a value well above the levels
generally measured in compensated SoG-Si ingots, and also for the materials studied in this
work. It is therefore safe to assume that carbon precipitation plays a marginal role in these
materials. Nevertheless, carbon plays an important role due to its enhancement of oxygen
precipitation, as it constitutes a heterogeneous nucleation site [76]. Moreover, enhanced
carbon solubility at extended defects or the presence of nucleation sites, e.g. SisNs-based
precipitates [77], enhancing the formation of SiC precipitates are relevant in mc-Si materials.

An attempt at evaluating the acceptable C contamination levels in UMG-Si feedstock
materials has been reported by Geerligs et al. [78]. Multicrystalline Si ingots with addition of
35 ppma (1.7-10'® ecm™) and 65 ppma (5.8:10'® cm™) C to the melt showed solar cell
parameters not directly related to the C content. An interaction of SiC with metal precipitates
in the neighbourhood was suggested as a possible explanation for the unexpected behaviour of
the internal quantum efficiency. High carbon concentrations can also enhance the
precipitation of boron at grain boundaries as B-O complexes [43], although the concentrations
in that study were greatly higher than those commonly observed in compensated SoG-Si
feedstocks. Dubois et al. [29] argued that the effect of the interaction between Cs and Oy, to
form CO complexes in silicon, and consequently its indirect effect on the formation of B-O
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complexes, should also be taken into account when evaluating the acceptable C content in
compensated SoG-Si feedstock.

2.4 Effect of compensation on electronic properties

Understanding the effect of compensation on the electronic properties is of paramount
importance for the overall assessment of compensated solar grade silicon to be used for PV
applications. The electronic properties are the most relevant material properties as they are
strongly influencing the field performance of the solar cells produced from these feedstock
materials. The effect of compensation on the electronic properties of interest in this work is
discussed in the following sections.

2.4.1 Minority carrier lifetime

Minority carrier lifetime is related to the carrier diffusion length in a solar cell, and therefore
closely related to the cell performance. The effect of single impurities (e.g. Fe, O) on lifetime
has been discussed in the previous sections, whereas the overall contribution of different
impurities in SoG-Si materials and their interaction is discussed in this section.

The bulk minority carrier lifetime in c-Si materials is the overall result of several lifetime-
limiting contributions, e.g. recombination at metals and at extended defects, or degradation
due to acceptor-donor complexes. As discussed above, Fe and O have a detrimental effect on
the minority carrier lifetime in p-type c-Si materials due to their interaction with B atoms.
Nevertheless, injection-dependent modelling of minority carrier lifetime showed that in
practice lifetime is limited also by other mechanisms [79]. That study showed that the lifetime
values would be much greater than what generally observed if only the degradation due to Fe
and O were occurring. Moreover, the impact of surface recombination is greater for
compensated material than for non-compensated material of similar resistivity, i.e. the
effective lifetime measured in compensated material would be lower [80].

Compensated c-Si materials are generally observed to have lower minority carrier lifetime
compared to non-compensated materials of similar net doping (i.e. resistivity) [64]. Other than
the effect mentioned above, it has been suggested that the high concentration of the minority
carrier species, i.e. P in the vast majority of p-type compensated SoG-Si, could lead to an
appreciable total carrier recombination, even though the recombination mechanism is rather
weak in itself [64].

The evolution of minority carrier lifetime with compensation has been computed by Dubois et
al. [19], through Shockley-Read-Hall statistics at low injection levels. The authors observed
that the recombination strength of doping species decreases with increasing compensation.
This occurs because the reduction in the free carrier density with increasing compensation,
due to the increase in donor density, leads to a shift of the Fermi energy level towards mid-
bandgap. This in turn leads to a reduction of the recombination strength of the shallow energy
levels, such as those introduced by B neutral atoms. Veirman et al. [81] showed that measured
effective lifetimes in p-type compensated SoG-Si ingots indeed increase with increasing
compensation (see Figure 2.6). The authors modelled the Shockley-Read-Hall lifetime in the
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materials, and observed that the increase in P concentration with increasing compensation
introduced a defect with a shallow energy level, which excludes any contribution from metals.
A similar behaviour has been also reported by Macdonald and Cuevas [82], where the
injection-level-dependent Shockley-Read-Hall lifetime due to Fe; is observed to increase with
increasing compensation levels (i.e. decreasing net doping). In that study, the increase in
lifetime with increasing compensation has been related to deep-energy levels with a wider
capture cross-section for minority- than for majority carriers, such as Fe; in p-type Si. The
increase in minority carrier lifetime with increasing compensation was also measured by Peter
et al. [66] for materials similar to those studied in this work.

As mentioned above, dislocations and extended defects have strong impact on the minority
carrier lifetime in mc-Si materials, as they can be recombination active centres [83].
Consequently, compensated SoG-Si materials could affect lifetime through the interaction of
dopants with extended defects, i.e. by precipitating in electrically active compounds at
favourable sites. Boron has been observed to precipitate at grain boundaries in B-O
complexes by SIMS measurements [43]. Nevertheless, the B concentration in that study was
greatly higher than those for the materials presented in this work, and it is therefore safe to
assume that any effect of dopants segregation on carrier lifetime would be negligible in most
compensated SoG-Si materials commercially available. This is supported by the fact that,
even at the rather low concentrations generally observed in these materials, the electronic
properties of the c-Si are limited mainly by metals [11].
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Figure 2.6. Effective lifetime along growth direction for compensated SoG-Si materials. The
experimental results are fitted to Shockley-Read-Hall simulations. Reproduced from [81].

The materials studied in this work showed a clear decrease in minority carrier lifetime, with a
decrease in the average value at half ingot height by about 50 % for the materials cast from
the less clean test compensated SoG-Si feedstock. At this height, the concentrations of the
main metal impurities were measured to be similar to the EG-Si references. Consequently,
this reduction is believed to be mainly related to the lower resistivity in the compensated
samples. Nevertheless, variations in the carrier mobility due to compensation were not taken
into account in the measurements and could therefore have influenced the comparison. The
effect of compensation on carrier mobility is discussed further in the following section.
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Gettering is one of the steps in standard solar cell processing. It can be defined as a three-step
process that, without physically removing the unwanted impurities from the bulk material,
segregates them into favourable sites with enhanced solubility, thus removing them from the
active regions of the device [84]. The impurities are turned into a less harmful state, such as
segregated at extended defects or at energetically favourable (precipitation) sites [85], and
device performance can be improved. Gettering is particularly effective for metal impurities,
provided that they are distributed homogenously over the bulk [84]. For a similar total
concentration of metals, their impact on electronic properties is lower when the metals are
precipitated at clusters of average bigger size and lower spatial density [62]. This effect has
also been observed for materials similar to those presented in this work, where a strong
improvement in lifetime was observed after a multi-step gettering involving P-diffusion [85].
The minority carrier lifetime in the compensated SoG-Si samples was improved up to 100 us
after gettering, i.e. comparable to the commercial mc-Si reference. For the materials studied in
this work, gettering treatments were carried on compensated SoG-Si materials, with and
without Cr addition [72]. The average minority carrier lifetime was observed to improve for
both types of materials, although the biggest improvement was observed for the Cr-
contaminated materials. Similar gettering treatments performed in UMG-Si and compensated
SoG-Si materials showed similar lifetime improvements [86, 87].

2.4.2 Majority carrier mobility and density from Hall effect measurements

Carrier mobility determines the manner charge carriers move through a semiconductor under
an external electric field [88]. In a semiconductor, the carrier mobility, p, can be expressed as
[89]:

Vd
=L Eq. (2.9
k=7 q. (2.9)
where v, is the drift velocity of the charge carrier (i.e. the average velocity increase of the
carrier between two consecutive collisions caused by the electric field) and E is the external

electric field.

Diffusivity of the charge carriers and the carrier mobility are interconnected via the Einstein
relation [89]:

Dy = kT un  for electrons Eq. (2.10)
q

Dy= k—T/zp for holes Eq. (2.11)
q

where D, and D, are the diffusion coefficients and p, and p, the mobilities of electrons and
holes, respectively; kT/q is the thermal voltage (k is Boltzmann constant, 7 is the temperature
and ¢ is the elementary charge).
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The charge carrier diffusivity in turn relates the carrier lifetime in the bulk, t, to the diffusion
length, L, according to the equation [89]:

Ly=~Dn-7»  for electrons Eq. (2.12)
Ly=+/Dp-tp forholes Eq. (2.13)

The diffusion length L is an important parameter for PV solar cells as it indicates the distance
the charge carriers travel through the bulk of the solar cell before recombination takes place,
and consequently relates to the amount of electric current that can be extracted from the solar
cell. Considering Eq. (2.10) to Eq. (2.13), one can observe that the carrier mobility relates to
the diffusion length and hence affects the solar cell performance. Carrier mobility itself is
affected by both types of doping species in the semiconductor material, and therefore it is
essential to understand the effect of compensation on it.

Different carrier scattering mechanisms influence the majority carrier mobility in silicon
materials, e.g. lattice (phonon) scattering, defect scattering (extended crystal defects, ionized
or neutral impurities), and carrier-carrier scattering. The overall carrier mobility, L, that
takes into account all these different mechanisms can be approximated through Matthiesen’s
rule [90]:

— =Y Eq. (2.14)

where y; is the mobility related to the i-th scattering mechanism. The balance between these
mechanisms varies with temperature, and it has been shown that the dominant scattering
mechanisms in a non-compensated CZ-Si material at room temperature are ionized impurity
scattering and lattice scattering, as reviewed in [18].

Compared to non-compensated materials of similar resistivity, compensated Si materials have
been reported to have lower carrier mobility (at room temperature). As partially reviewed by
Rougieux et al. [18], this decrease has previously been observed in several studies, with an
average reduction of conductivity mobility by about 25% compared to uncompensated
samples at similar acceptor density. This reduction has been reported to occur in both mono-
and multicrystalline compensated Si materials, but no agreement has been reached yet on the
reason behind it. Different mechanisms have been suggested, such as a reduction of the
screening effect [18], or a decrease of free carriers that causes a reduced screening of the
ionized scattering centres [91], or that compensation could induce fluctuations of the electric
potential that cause carrier trapping and introduce deep-level recombination centres within the
bandgap [92]. The studies available in the literature have used different techniques to measure
or calculate carrier mobility in compensated c-Si, such as Hall effect [17, 23, 60, 81, 92-94],
free carrier absorption [25, 32], electrochemical capacitance voltage (ECV) [32, 58, 85, 91,
93, 94] or Fe-acceptor pairing [21]. The reduction in majority carrier mobility has been
observed also in this work, where temperature-dependent Hall-effect measurements of
compensated samples of different Rc values showed a limited decrease in majority carrier
mobility above room temperature, compared to non-compensated references.
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The Hall effect refers to the generation of a voltage difference across a semiconductor under
the application of external magnetic field and electric current at right vector directions, i.e.
magnetic field and current are perpendicular, and the voltage thus generated is mutually
perpendicular to both of them [90]. The potential difference is referred to as Hall voltage. Hall
effect measurements can be carried out on van der Pauw geometry according to the standard
ASTM F76-86 [95]. The Hall coefficient, Ry, depends on the Hall voltage, AVy, the applied
current, I, the applied magnetic field, B, and the sample thickness, t:

AVt
I B

R Eq. (2.15)

where AVy is the potential difference between zero and the applied magnetic field conditions.

Ry relates the conductivity, o, to the Hall mobility, py [90]:

Ro=lHe K Eq. (2.16)
(e O

where 7y is the Hall factor and u. is the conductivity mobility. Therefore, the majority carrier
mobility is calculated from the measured resistivity, p (p = 1/0), and Ry. The dependence of
ry on carrier compensation is discussed further below.

As mentioned above, the different carrier scattering mechanisms have different relevance at
various temperatures. Therefore, temperature-dependent carrier mobility measurements can
be used to investigate this balance, and the influence of compensation. The Hall effect
measurements carried out in this work allowed comparing the behaviour of the compensated
and non-compensated samples over a wide temperature range (70 K to 373 K). It was
observed that the compensation-induced reduction of majority carrier mobility at low
temperatures compared to the non-compensated references is much more pronounced than at
high temperatures (above room temperature). This shows that the contribution from impurity
scattering likely increases with decreasing temperature, and that above room temperature
lattice scattering dominates over other scattering mechanisms, to the extent that the
compensated samples have mobilities much closer to the non-compensated samples.
Moreover, the Hall mobility profile for the compensated samples is clearly scaling with the
compensation ratio Rc, rather than with the net- or total doping density.

The Hall effect measurements can also be used to calculate the majority carrier density, p, as:

1 ru

p: =
q-ppie q-ppn

Eq. (2.17)

For compensated materials, this value corresponds to the net acceptor density, py. Eq. (2.17)
shows that the calculated p value depends linearly on the value of ry. The Hall factor is
generally constant and considered equal to unity for non-compensated (single doped)
materials, i.e. the contribution to the carrier mobility is from either electron or holes, whereas
for compensated materials it is lower due to the interaction between charge carrier types. The
ry for compensated samples has been reported in the literature with values in the range 0.66 -
0.88 [18, 96], and the value of 0.71 has been presented as an average. This constant value has
been used in all the Hall-effect measurements presented in this work, as it has negligible
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variations for the compensation levels studied [18] and over temperature. These
measurements show that compensation leads to a stronger decrease in majority carrier density
with decreasing temperature compared to non-compensated samples. This behaviour is related
to both resistivity and mobility, as the increase in resistivity with decreasing temperature is
greater for the compensated samples, and the concurrent increase in carrier mobility alone
does not fully counterbalance this.

The samples selected for the Hall effect measurements presented in this work were samples
with twin boundaries selected from mc-Si ingots. The comparison of the measurements with a
CZ-Si reference showed that no contribution from the twin boundaries affected the resistivity
and carrier mobility measurements, i.e. the behaviour of the samples with twin boundaries
resembled that of single crystal samples.

2.4.3 Bulk resistivity

The bulk resistivity of the mc-Si ingots has practical implications for the solar cell processing.
For non-compensated c-Si, the optimum bulk resistivity has been empirically determined to
be approximately 1 Q-cm, a value which balances the requirements for carrier recombination,
operating voltage of the solar cell and surface passivation [79]. Brody ef al. [97] modelled the
optimal base resistivity for different mc-Si solar cell concepts, and they concluded that for
low-bulk-lifetime materials (i.e. below 20 us bulk lifetime) the optimum resistivity value
increases with increasing impurity of the bulk material, due to greater dopant-defect
interaction. Geerligs and Macdonald [79] have considered the optimal base resistivity due to
recombination related to Fe; and B-O defects (see Figure 2.7), showing that the optimal value
increases with increasing defect concentration and it is related to the larger capture cross-
section for electrons than for holes in p-type c-Si materials. This finding can be broadly
applied to compensated materials. In the industry mc-Si materials with bulk resistivity in the
range 1-3 Q-cm are usually processed.

The vast majority of the compensated solar grade silicon materials available today are
produced through directional solidification, where Czochralski and Bridgman/vertical
gradient freeze (VGF) techniques are the most used for mono- and multi-crystalline materials,
respectively. In directional solidification, one has to consider the segregation profile of the
different impurities over solid fraction. In this prospect, the different segregation behaviour of
boron and phosphorus impacts on the resulting resistivity profile, which is not constant over
the growth direction. The equilibrium segregation coefficient, ko, of an impurity is defined as
the ratio of the concentration in the solid, C, over the concentration in the liquid, C;[98]:

C

k=g

Eq. (2.18)

Boron and phosphorus have different ko values, ko = 0.8 and kop = 0.35 [99]. The
segregation profile along the growth direction can be calculated with Scheil segregation
equation [98].
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Figure 2.7. Optimal base resistivity calculated as a function of (a) the Fe; defect concentration
and (b) the BO complex concentration. The defect concentration is representative of mc-Si
commercial materials. Reproduced from [79].

Hence, by considering the effect of the segregation behaviour and the requirements over the
bulk resistivity mentioned above, one can estimate the acceptable resistivity profile along
growth direction. Two significant examples are reported below, with R¢ values of 10.4
(highly compensated material) and 3.0 (moderately compensated), referred to the dopants
concentrations in the melt prior to solidification. The initial concentrations of B and P in the
melt are selected according to the criteria considered by Enebakk ef al. [20], i.e. an ingot yield
above 90 % and lower resistivity limit of 0.5 Q-cm for compensated feedstock to be directly
used for solidification, and are reported in Table 2.4. Moreover, the initial concentrations are
approaching the ones of some of the compensated SoG-Si materials investigated in this work.
The segregation profiles of B and P over growth direction for both cases are shown in Figure
2.8, together with the resulting net doping concentration, i.e. as the difference between B and
P atom concentrations. It can be observed that the highly compensated material reaches the
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carrier type transition much earlier than the other material, where the transition occurs at the
point where P overcomes B. The presence of the carrier type transition can be observed also
in the resistivity profile along the growth direction (see Figure 2.9). The B and P
concentrations shown in Figure 2.8 have been used to calculate the resistivity profile using
ASTM standard F723-99 [100], under the assumption that the conversion formula could
represent the net doping density, i.e. [B]-[P] for the p-type region and [P]-[B] for the n-type
region. This carrier type transition is not desired in compensated materials, because it
decreases the ingot yield, as generally only the p-type part is processed into solar cells.
Moreover, as observed in Figure 2.9, the resistivity profile along growth direction increases
for the compensated materials, in contrast to the non-compensated EG reference, and at the
same time the spread in the values (limited to the p-type region) is rather larger.
Consequently, the properties of the material tend to be less homogeneous at the various solid
fractions, and this decreases the fraction of the ingot which is suitable for PV processing.

Table 2.4. Initial concentrations of boron and phosphorus in the melt, prior to directional
solidification. The R¢ value is referred to the melt, i.e. null solid fraction.

Boron- Cyp Phosphorus - Cop
Rc 3 3
ppba cm ppba cm
Rc=104 | 1430 | 7.1-10° | 1180 | 5.9-107
Rc=3.0 650 3.3-107 325 1.6:107

As discussed in Section 2.3.1.2, the possible presence of thermal donors in the bulk crystalline
material has to be taken into account when evaluating the resistivity and its relation to the
doping density [52]. Nevertheless, as the formation of TD is considered to be negligible in the
materials studied in this work, the comparison of the resistivity with the dopants concentration
([B] and [P]), does not introduce significant inaccuracy, i.e. no contribution from TD to the n-
type conductivity.

2.4.4 Solar cell characteristics

An overview of the effect of compensated SoG-Si feedstock on cell performance and cell
processing is presented in this section.

It has been shown that cell parameters of solar cells obtained from compensated CZ-Si ingots
of different compensation levels/purity in the feedstock are strongly dependent on the net
doping, po [24]. This occurs as net doping influences the resistivity, which in turn influences
the open circuit voltage, V., and thus the cell efficiency, n. Moreover, a relation between the
short circuit current density, Ji, and po has been observed in UMG-Si materials, where the
increase in Jg at the top of the ingot compared to the centre part has been related to the lower
carrier recombination, in turn related to the lower net doping [86]. However, this behaviour
has also been related to the decrease in the minority carrier mobility rather than to the net
doping density [81]. The authors measured carrier mobility, cell characteristics and minority
carrier lifetime in compensated mc-Si ingots, and observed that the decrease in J at high
compensation levels could be due to a decrease in minority carrier mobility, to an extent high
enough to overbalance the increase in lifetime, i.e. the diffusion length would be decreasing
with increasing compensation.
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Figure 2.9. Resistivity profile along solid fraction. Calculated from the net doping
concentration in Figure 2.8 and ASTM F723-99 [100]. The peak for the compensated
materials corresponds to the carrier type transition, where the region on the left is p-type, the
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Solar cell processing for the highly doped compensated materials (i.e. low resistivity) needs to
be modified compared to the standard cell processing. This is due to the fact that the net
acceptor concentration of the base requires to be offset by the heavily n-type doped emitter
[101], which is done by the standard P-diffusion step in solar cell processing. Therefore, the
thickness of the emitter for compensated materials should increase with decreasing base
resistivity. In order to obtain these conditions for the emitter, compensated SoG-Si materials
should undergo a higher temperature and longer time for the emitter diffusion heat treatment
[101].

Other than dopants, compensated silicon materials are generally thought to have greater
concentrations of other impurities, especially transition metals, e.g. Fe, Ti, Cr, Ni and Cu, are
of particular interest due to their influence on the electrical properties. The direct correlation
between impurity concentration and impact on device performance has been recently
addressed by Coletti [102]. As shown by Buonassisi et al. [103], the impact of metals strongly
depends on their chemical nature and spatial distribution over the bulk of the wafer. This, in
turn, depends on several factors related to growth conditions, grain orientation and post-
solidification treatment. As a general distinction, impurities with low solubility and low
diffusivity tend to be more detrimental for cell performance as they tend to form more finely
distributed precipitates and, if present as point defects, they also introduce deep-level
recombination centres [62]. The presence of recombination-active metal precipitates in UMG-
Si based solar cells has also been identified as the source for current breakdown [104].
Moreover, the cell performance of directionally solidified B-doped c-Si materials with
addition of different metal impurities, such as Fe, Ti, Cu, showed a direct dependence on the
total concentration as predicted through the Scheil segregation equation along the growth
direction [68]. As discussed in Section 2.4.1, the impact of metal impurities on electronic
properties can be lowered through gettering treatments. This effect can easily explain the
behaviour of SoG-Si wafers, whose electronic properties are improved during solar cell
processing. The impact of grain boundaries on performance of mc-Si solar cells have been
modelled by Kassis and Saad [105], who showed that recombination at grain boundaries is
one of the dominant mechanisms influencing I-V curves in mc-Si solar cells, especially at low
illumination. This simulation is valid only on a general basis, as it does not take into account
any effect of grain orientation, i.e. it does not consider the enhanced metal precipitation
observed at high angle random grain boundaries [103].

An attempt at relating the solar cell efficiency to specific impurities in the bulk material was
made by Geerligs et al. [78]. The authors modelled the solar cell efficiency reduction due to
specific impurities in a UMG-Si feedstock, under the assumption of an inversely linear
dependence of minority carrier lifetime on the impurity concentration (see Figure 2.10). The
modelled values show a significant impact of Ti (on carrier recombination) and Al (on dopant
segregation). In the same study, a 20 % relative reduction in cell efficiency was measured for
materials cast from UMG-Si with addition of 5.9 ppma (2.9-10'” cm™) Ti, 8.0 ppma (4.0-10"
cm™) Fe and 117 ppma (5.8:10" e¢cm™) C to the melt, and compared to reference mec-Si
materials. The reduction was primarily due to the high concentration of Ti, with limited
contribution from Fe. It is worth noting that these concentrations are greatly higher than the
values generally observed in compensated feedstock materials.
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concentration. Reproduced from [78].

In the present work wafers from compensated materials with various R¢, [B] and [P] were
processed into solar cells under a standard process. The solar cells were produced at the
International Solar Energy Research Center (ISC), Konstanz (Germany), and more details
about the processing steps used for the materials in this work are reported in Ref. [30]. For the
ingots with the highest dopants concentrations (1260 ppba B and 762 ppba P in the melt), the
maximum cell efficiency and fill factor are 15.5% and 78%, respectively. These values are
comparable to the maximum obtained for the reference EG-Si ingots, even though the as-
grown lifetime in the compensated ingot was greatly lower. Mc-Si solar cells processed from
feedstock materials similar to those used in the present work showed maximum cell efficiency
of 16.8%, thus comparable to standard non-compensated mc-Si solar cells [66]. These results
confirm that gettering occurs during cell processing for these compensated materials, where
the metals, possibly present, change their status into a less recombination-active one, i.e.
precipitated. Hence, the total concentration of metals is of less importance than their spatial
distribution and chemical status. As mentioned above, this gettering was proven to be
particularly effective for the compensated material with Cr addition. Similar cell
improvements have also been observed by Saynova et al. [73] in Cr-contaminated mc-Si solar
cells.
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Chapter 3

Experimental work and characterization techniques

This chapter provides a description of the materials investigated in this work and of the main
characterization techniques used.

3.1 Castings

Several ingots were directionally solidified in a lab-scale Bridgman furnace, Crystalox DS
250 at SINTEF/NTNU. A detailed description of the furnace and the solidification process
can be found in reference [106]. The ingots weighed 12 kg and were cylindrical (250 mm
diameter and approximately 105 mm height). The majority of the ingots were solidified under
standard conditions for the furnace used in this work [106], otherwise any modifications in the
process parameters are reported in the articles. An overview of all the ingots, including the
feedstock and crucible materials that were used, is shown in Table 3.1. The compensated
SoG-Si feedstock was produced through the Elkem Solar metallurgical refining process
mentioned above. Note that the feedstock used for ingots ES1, ES2 and MH2 was produced in
Elkem Solar lab/pilot line and not in the industrial factory since this feedstock was delivered
in 2008 before the factory was finished. The feedstock used for ES3 was produced in the
industrial line; in particular the dopant levels were reduced during the last years. A Cr
addition of 50 ppmw (1.3-10"® cm™) was deliberately added to the Si charge prior to casting
of ingot MH2, with the aim of investigating its effect on the material properties. The poly-Si
feedstock used in all the remaining ingots was produced through the standard Siemens
process, and 128 ppbw of B (1.6:10'® cm™) were added to the Si charge with the aim of
obtaining a resistivity of 1.0 Q-cm at 50 % ingot height.

3.2 Material characterization

Each ingot was cut according to the cutting plan sketched in Figure 3.1. Four blocks, named
Ql to Q4, were cut close to the centre of the ingot. Each block was 50x50 mm in cross
section. Generally, block Q1 was wafered and processed into solar cells, block Q2 was used
for chemical analysis, and block Q3 was wafered and used for Hall mobility measurements,
among others. The central slice was used for oxygen- and carbon measurements, whereas side
slices were used for lifetime measurements. A short description about the characterization
techniques and the parameters used during the measurements are reported in the following
sections.
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Table 3.1. Overview of the ingots investigated. Feedstock and crucible materials for each
ingot are reported.

]

analysis

© 250 mm

chemical
analysis

Ingot name Feedstock material Crucible | Feedstock delivery | Ingot casting
material | (year / production)
ES1 - Al compensated SoG-Si SiO, 2008 lab/pilot lab/pilot scale
ES2 - A2 compensated SoG-Si SiO, 2008 lab/pilot lab/pilot scale
ES3 - A3 compensated SoG-Si SiO, 2010 industrial line | lab/pilot scale
MH2 -M2 compensated SoG-Si + Cradd. | SiO, 2008 lab/pilot lab/pilot scale
S1 compensated SoG-Si SisNy 2008 lab/pilot lab/pilot scale
R5 poly-Si SiO, N/A lab/pilot scale
R6 poly-Si SiO, N/A lab/pilot scale
CrulR - PIR | poly-Si SizNy N/A lab/pilot scale
CruP1 - P1 poly-Si SisNy N/A lab/pilot scale
CruP4 - P4 poly-Si Si3Ny N/A lab/pilot scale
CruP5 - PS5 poly-Si SisNy N/A lab/pilot scale
lifetime,
— chemical

lifetime

Figure 3.1. Side view (left) and top view (right) of an ingot. The cutting plan is shown, with a
description of the various characterizations carried out on the different areas.

3.2.1 Resistivity

The bulk resistivity of the samples was measured with a JANDEL linear four-point probe
(FPP) apparatus. The operating principle is shown in Figure 3.2. The four tips are connected
to the sample, a constant current is applied through the external electrodes (number 1 and 4 in
the figure) and the voltage difference is measured between the internal electrodes (number 2
and 3 in the figure).
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Figure 3.2. Schematic of the four point probe measurements. Electrodes 1, 2, 3 and 4 are all
physically connected to the sample, and current is supplied through electrodes 1 and 4,
whereas the potential difference is measured between electrodes 2 and 3. Reproduced from
[107].

For thick samples, i.e. thickness >> 2 mm, the bulk resistivity, p, is calculated using the
following formula:

p:2-7r~s-¥ Eq. 3.1)

where s is the distance between the electrodes (0.635 mm in this work), V is the mean
measured voltage and / is the applied current. The measured voltage is averaged over forward
and reverse voltage, in order to rule out any asymmetric behaviour in the current path. The
applied current was usually set to 500 pA in order to increase the sensitivity for samples with
low resistivity. All resistivity measurements presented in this work were carried out on thick
samples.

Resistivity measurements were further used to calculate the dopant concentration in the
samples, through ASTM standard F723-99 [100]. Under the assumptions considered in this
standard, the measured resistivity p (in Q-cm) in B-doped, p-type crystalline silicon materials
can be converted into a boron concentration Ng (in cm™) according to the following empirical
equation:

_1.330x10°  1.082x10"

N P p[1+(5456p)"" ]

Eq. (3.2)

B

Hence, an increase in resistivity reflects a decrease in the net doping density, as expected. It is
worth noting that the formula used in ASTM F723-99 does not allow a separate calculation of
acceptor and donor concentrations, as for compensated materials similar net doping densities
(and so resistivities) can be obtained from various combinations of N4 and Np values [80].
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3.2.2 Chemical analyses

Due to the different feedstock materials used in this work, measurements of the chemical
composition were given particular focus in order to establish the concentrations of dopants
and various harmful impurities. Glow discharge mass spectrometry (GDMS) and Fourier-
transform infra-red spectroscopy (FTIR) were the main analysis techniques employed.

3.2.2.1 Glow discharge mass spectrometry (GDMS)

A Thermo Scientific Element GD instrument [108] was used in this work. The operating
principles for the glow discharge source and the mass spectrometer are shown in Figure 3.3
and Figure 3.4, respectively. The glow discharge is established by applying a potential
difference between the anode and the cathode (the sample) in a closed system flushed with
pure Ar gas at low pressure. The surface of the sample is therefore sputtered by the incoming
Ar ions, with the neutral sputtered atoms being ionized in the plasma. The ionized atoms are
subsequently extracted through the cone and are accelerated towards the magnet. The high
magnetic field allows separation of the various ions according to their m/q ratio, where m is
the mass and ¢ is the electric charge. The ions are finally counted by detectors. The mass
resolution of the instrument used in this work goes down to 0.2 amu (atomic mass units), and
the detection limits are generally in the order of tenths of ppbw [109]. The analysed area has a
diameter of approximately 8 mm, thus providing a good average bulk concentration for the
impurities.

The major advantage of the GDMS instrument is the capability to quantify a large number of
elements during a single analysis, while at the same time allowing for low detection limits.

A semi-quantitative analysis of the concentration of the ion, C*, can be carried out as the ion
beam ratio, IBR, as defined in the following equation:

II/A]
1o/ As

where /; and I are the intensities in cps (counts per second) of the impurity isotope (i.e. ion)
and Si isotope (i.e. beam), respectively; A;and Az are the relative abundances of the isotopes,
as a fraction of the naturally occurring isotopes. Note that the Si isotope used for all
calculations is 2*Si, which has an abundance of 92.2%, well above the two other Si isotopes,
»Si and *°Si, which have 4.7% and 3.1% abundance, respectively. On a general basis, the
isotopes chosen for the analysis are the ones to provide the best trade-off between a high
abundance and a low interference with other isotopes or molecules, thus allowing for a lower
detection limit.

C =IBR = Eq. (3.3)

The quantitative analysis requires the knowledge of the relative sensitivity factor, RSF. This
factor expresses the capability of the mass detector to analyse isotopes with different atomic
mass units and is, therefore, unique for each isotope and each matrix element for the given
instrument. RSF’s for several impurities in silicon matrix have been determined for the
instrument used in this work and are reported in reference [109]. RSF’s values are also
dependent on the tuning conditions during the analysis, which were maintained as close as
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possible to the reference values in order to avoid any instrument-related error in the
quantification.
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Figure 3.3. Schematic of the glow discharge operating principle. Reproduced from [110].
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Figure 3.4. Main components of the glow discharge mass spectrometer. Modified from [110].

The concentration of the impurities, C;, in the samples were hence quantified using the
following formula:

C, (ppbw)=10"-IBR-RSF, Eq. (3.4)

Through out this work, the quantification of impurities was performed manually, with a peak-
by-peak evaluation of the resulting signals. The peaks of each analysed isotope were
compared to a Si sample, deliberately contaminated with several impurities of interest for PV
silicon, thus used as reference, and analysed in the GDMS under similar conditions for the
investigated samples. This allowed univocally locating the position of the given isotope, i.e.
no confusion between isotopes and interference peaks. This comparison becomes particularly
relevant for isotopes that are approaching the detection limit for the instrument, as in this case
the background noise can significantly alter the measured signal intensity.
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In this work, the GDMS instrument was used to quantify dopant concentrations (B and P), and
main metal impurities (e.g. Al, Ti, Cr and Fe). The possibility to use GDMS measurements to
establish the net doping density has been argued to be too unreliable, especially for high
compensation levels [32]. Nevertheless, in this work the total concentrations of both B and P
have been measured by GDMS, while the net doping density, pg, has been calculated from the
measured resistivity using ASTM standard F723-99, as discussed in Section 3.2.1. This value
has been compared to the net density as measured by GDMS, i.e. [B]-[P], and the deviation
between these two techniques was observed to be within the error of the measurements.
Hence, for the relative low dopant concentrations in the compensated materials studied in this
work the difference in the total concentrations of B and P corresponds closely to po.

Concentration profiles along ingot height were obtained, and a comparison with the
equilibrium Scheil segregation profile was carried out in order to evaluate the measured
concentrations. A 10 min pre-sputtering was used in all analyses, thus avoiding the effect
from possible surface contamination. The sputtering rate in the analysis of silicon samples is
assumed to be approximately 1 pm/min.

3.2.2.2 Fourier transform infra-red spectroscopy (FTIR)

A Thermo Scientific Nicolet 6700 FT-IR spectrometer [111] was used in this work. The
operating principle of an infra-red spectrometer is based on the fact that, at these wavelengths
(i.e. 2.5-25 pm), the atomic bonds in molecules are excited and absorb energy through
vibration at specific wavelengths. These wavelengths therefore constitute the fingerprint of
the given atomic bond, as they can be generally univocally associated to a specific atomic
bond. A (near-) infrared laser passes through the silicon sample and the outgoing
interferogram is measured by a detector on the other side. The absorption spectrum is then
calculated through a fast Fourier transform and used for the quantification. A simplified
layout of an FTIR spectrometer is shown in Figure 3.5.
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Figure 3.5. Simplified layout of an FT-IR spectrometer. Reproduced from [112].
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Transmittance, 7, is more frequently used instead of measured absorbance, 4, in the
quantification of the concentration of the molecule. Transmittance is defined as:

I

wn

T=S=¢'¢ Eq. (3.5)

—
w

where /; is the intensity of the light transmitted through the sample, /5 is the intensity of the
incoming light (i.e. background), @ is the molar absorptivity, ¢ is the thickness of the sample
(defined as the optical path travelled by the incoming light), and ¢ is the concentration of the
species.

The FTIR measurements presented in this work were carried out at room temperature. Under
these conditions, interstitial oxygen, O;, and substitutional carbon, Cs, can be quantified, and
their absorption peaks are centred at 1107 cm™ and at 605 cm™, respectively. A typical
spectrum recorded for the samples studied in this work is shown in Figure 3.6. Note that the
two spectra reported in the figure are from two heights in the same ingot and hence differ in
resistivity. Thus they show that an increased scattering occurs at low energy (i.e. low
wavenumber region). In order to limit the contribution from the noise due to low resistivity, a
higher number of scans was used for samples with low resistivity, i.e. primarily the ingots
from the compensated SoG-Si feedstock. The number of scans was 64 for the higher
resistivity samples and 128 for the lower resistivity samples. Nevertheless, it is worth noting
that a higher dopant concentration, especially in compensated samples, introduces a further
source of uncertainty in the carbon measurements that ought to be taken into account. The
detection limit for oxygen in float zone silicon samples can be estimated to 1 ppma, whereas
the detection limit for me-Si samples and especially for compensated mc-Si samples is
somewhat higher.

224
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Figure 3.6. Typical FTIR spectrum for the samples investigated in this work. Two spectra
from different heights of ingot R6 are shown, the red spectrum has higher resistivity (lower
ingot height). The O; and C, peaks are centred at 1107 cm™ and 605 cm™, respectively.

Different international standards provide various calibration factors that relate the measured
transmittance to the concentration of interstitial oxygen and substitutional carbon in a
crystalline silicon material. The measurements reported in this work were quantified using
SEI\I/II standard MF1188 [113] for O; and MF1391 [114] for C,. The resolution was set to 4
cm’.
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3.2.3 Minority carrier lifetime

Minority carrier lifetime in a semiconductor is defined as the average time required for an
excited minority carrier to recombine [115]. Various recombination mechanisms are
contributing to the recombination rate of minority carriers in crystalline silicon, such as
radiative recombination, Auger recombination, recombination through traps and surface
recombination [116].

Carrier lifetime is an important property to measure in silicon for PV applications because it is
closely related to the solar cell performance. Different established techniques are available for
measuring minority carrier lifetime in crystalline silicon materials for PV applications, both in
the steady-state and in the non-steady-state (transient) conditions. Steady-state conditions are
satisfied when the generation rate and the recombination rate for the charge carriers are in
balance, i.e. lifetime can be determined for a given carrier injection level. Under non-steady-
state conditions the injection level is time dependent and lifetime can be determined through
the measured time decay constant. In this work, two measuring techniques were mostly used,
namely  quasi-steady-state  photoconductance decay (QSSPC) and microwave
photoconductance decay (uw-PCD). Their operating principles and measuring parameters are
described in the following sections. A comparison of different techniques to measure minority
carrier lifetime and of their advantages and disadvantages is found in [83].

3.2.3.1 Quasi-steady-state photoconductance decay (QSSPC)

This technique measures the minority carrier lifetime as a function of carrier injection level
[117].

Under steady-state illumination, the generation rate of electron-hole pairs in a semiconductor
is in balance with the recombination rate. This can be expressed as current densities:
Jph = Jrec Eq (36)

where J,;, and J.. are the current densities due to photogeneration and recombination,
respectively.

Jon can be then expressed as a function of the excess minority carrier density, An, and of the
effective minority carrier lifetime, Teg:

_AngqW
ph T

eff

Eq. (3.7)

where g is the electric charge and W is the thickness of the sample.

Under steady-state illumination conditions, the change in the photoconductance, Aoy, in a
sample of thickness /¥ can be expressed as:

Ao, =q-W-(y"+,up)-An Eq. (3.8)
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where q is the electric charge, 4, and u, are the mobilities of electrons and holes, respectively,
and 4n is the excess carrier density averaged over the sample thickness. For silicon
semiconductors, electron and hole mobilities as a function of the excess carrier densities are
well known.

Consequently, for a given An, the effective minority carrier lifetime, combining Eqgs. (3.7) and
(3.8), can be expressed as [117]:

o,

Jph'</1n +1Llp)

T Eq. 3.9)

In a QSSPC instrument, a silicon sample is subjected to a light pulse, where the variation in
the light source intensity is much slower than the effective lifetime of the sample, i.e. the
excess electrons and holes generated by the light source have time to relax back to
equilibrium concentrations. Hence, the steady-state conditions are approached at all times due
to the slow decaying intensity of the light source. A coil connected to the sample allows
measuring the decay over time in the photoconductance of the sample. The minority carrier
lifetime is then determined via means of Eq. (3.9).

The measurements presented in this work were carried out on a WCT-100 photoconductance
tool from Sinton Consulting Inc. The size of the coil is approximately 25 mm in diameter,
therefore the measurements are averaged over a wide area. The spatial resolution is hence
limited by the size of the coil connected to the sample. The measured samples were blocks,
i.e. the thickness was well above 10 mm in order to avoid any contribution from the back-
surface scattering. The surface was ground down to 1200 SiC grit size, thus any light
scattering effect due to surface roughness was reduced. As the samples were not passivated,
the effective lifetime determined according to Eq. (3.9) was corrected for the surface
recombination. This correction is performed automatically in the software operating the
instrument, which runs a PC1D simulation described in [118]. The injection level for the
measurements reported in this work was 10> ¢cm™, a value widely used in literature for p-
type, mc-Si materials. The values are averaged over 5 repetitions.

3.2.3.2 Microwave photoconductance decay (uw-PCD)

This technique is a non-steady-state method that measures the time constant of the decay in
conductivity of a sample illuminated by a short and intense light pulse. It allows fast lifetime
scans on the samples. The spatial resolution is limited by the size of the laser source.

Carriers are introduced in the sample through a laser pulse. A microwave antenna emits a
microwave signal towards the sample, and the signal is reflected back by the sample. The
microwave antenna measures the decay over time of the reflected signal, which depends on
the conductivity of the sample. The minority carrier lifetime, 1, is calculated from the
measured conductivity decay, opn, which follows an exponential behaviour and can be
expressed as:

o =kl Eq. (3.10)

ph
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where k is a constant, 7 is the time and 7 is the effective lifetime.

The signal reflected back from the sample to the microwave antenna generally comes from an
area of the sample wider than the pulsed laser, especially for laser spot size << 1 mm?®. This
contributes to a reduction in the signal-to-noise ratio, and the lateral resolution is increased by
acquiring repeated measurements from the same spot.

A Semilab Microwave Photo Current Decay WT-200 Wafer Scanner instrument was used in
the measurements reported in this work. The measurements were performed at the Institute
for Energy Technology (IFE) in Oslo and the parameters are reported in Table 3.1. Each pixel
in the lifetime maps reported in this work is an average of 16 measurements. The lifetime
maps are reported with a colour scale representing 80 % of the measurements, i.e. the
remaining 20 % of the measured values are either below the minimum or above the maximum
in the map. The samples were passivated and the preparation procedure is reported in Table
3.2. The surface recombination effects are strongly decreased through the passivation of the
sample surface. Therefore, the contribution from surface recombination can be overlooked
and the pw-PCD lifetime maps reported in this work are dominated by bulk lifetime.

Table 3.1. Parameters for the pw-PCD measurements.

Spot size (excited area) 1 mm’
Resolution in X-Y mapping | 500 um
Laser pulse duration 200 ns
Laser penetration depth 30 pm
Laser frequency 10.4 GHz
Laser wavelength 904 nm
Number of repetitions 16

Table 3.2. Sample preparation for uw-PCD measurements. Courtesy of IFE.

Step # | Treatment Purpose
1 Chemical polishing - CP5 | Removal of organics
2 Etching in HF Removal of contaminations
3 Piranha solution Cleaning
4 HF etch Removal of surface oxides
5 a-Si:H layer deposition Deposition of the passivation layer
6 annealing Stabilization of passivation layer
7 uw-PCD measurement -
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3.2.4 Hall mobility

Carrier mobility in crystalline silicon for PV applications is of great interest due to its
correlation with minority carrier lifetime and, consequently, with solar cell performance.
Moreover, the effect of compensation on the scattering mechanisms influencing carrier
mobility has not been fully understood yet, and especially its temperature dependence.
Various techniques have been developed to measure carrier mobility, either conductivity
mobility or Hall effect mobility. This section will focus on the latter.

The Hall effect in a semiconductor sample consists in the generation of a potential difference
across the semiconductor under an external magnetic field applied at given angle to the
applied electric current; the electric field generating the potential difference is perpendicular
to both the current and the magnetic field vectors [90]. The potential difference is defined as
the Hall voltage, Vy, and can be expressed as following:

vV, =¥ Eq. (3.11)

where Ry is the Hall coefficient, / is the applied electric current, B is the applied magnetic

field, and ¢ is the sample thickness. For a p-type, uncompensated material, the Hall coefficient
is defined as:

R, =-—+% Eq. (3.12)
where 7, is the Hall factor, which is constant and generally assumed to be equal to unity under

high field conditions [90]. p and ¢ are the acceptor density and electric charge, respectively.

Furthermore, the conductivity ¢ can be expressed as 6 = p.'N-q, where u. is the conductivity
mobility and N is the carrier density. Hence, the Hall coefficient can be formulated as:

e

o

R, = Eq. (3.13)

and consequently the Hall mobility, py, can be related to the conductivity mobility, pc,
through the Hall factor, rj:

Ly =T, He Eq. (3.14)

The temperature-dependent Hall effect measurements reported in this work were carried out
on square samples of 9x9 mm? size, laser cut from bigger wafers. Aluminium contacts were
evaporated at the corners of the sample, and a short annealing at 400 °C was carried out to
stabilize the ohmic contacts between the deposited Al layer and the bulk of the Si samples.
The van der Pauw geometry was adopted [119]. The setup for the instrument and the
quantification of the measured material properties were carried out according to ASTM
standard F76-86 [95]. First resistivity was measured under no-field conditions, then the value
of the Ry coefficient was calculated from the measured Hall voltages under the applied
magnetic field, and consequently it was possible to calculate the majority carrier mobility. For
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this purpose, the simplifying assumption of a Hall factor constant and equal to unity was
considered. Finally, majority carrier density was calculated from the measured resistivity and
Hall mobility.

3.2.5 Solar cell properties

The three parameters that are widely used to characterize the performance of a solar cell are
the short-circuit current density, J, the open-circuit voltage, V., and the fill factor, FF [116].

The short-circuit current density, Jg, is ideally equal to the light generated current density, J.

[116]. Js can be expressed as follows, under the approximation of a constant generation rate
of electron-hole pairs, G:

Joe=J,=¢G(L,+W+L,) Eq. (3.15)

where ¢ is the electric charge, W is the thickness of the depletion region and L, and L, are the
diffusion lengths of electrons and holes, respectively.

The open circuit voltage V. is then expressed as:

Vocz%T:ln[I—Lﬂj Eq. 3.16)

0

where [}, and I are the light generated current and the saturation current, respectively.

The fill factor, FF, is a parameter that measures how close to the ideal conditions the solar cell
is operating and is defined as following:

— Vm Im

FF=—2n_
VSC' Isc

Eq. (3.17)
where V,, and I, are the voltage and the current at the maximum power output, respectively.
The maximum power output (i.e. P, = Vp, - 1) is also defined as the optimum operating load.

The conversion efficiency of the solar cell, 1, can be then defined as a function of the three
parameters described above:

Voo Igo-FF

Eq. (3.18)

where P, is the power at the operating point and P;, is the total power in the incident light.

The solar cell processing and the determination of the current-voltage characteristics
presented in this work were performed at International Solar Energy Research Center (ISC)
Konstanz, Germany. The processed wafers were 50 x 50 mm®, a non-standard size for the cell
processing. The cell size and the fact that cells from different ingots were processed in
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different batches ought to be taken into account when comparing the solar cells from wafers
of the various ingots. In particular, the reproducibility of the various steps in the processing,
e.g. edge isolation, is a clear source of scattering in the results. Standard, mc-Si wafers of
known cell properties were cut down to the same size and processed in the same batch along
with the materials presented here, with the aim at discerning the effect of cell processing from
the material properties. The solar cell processing sequence used here was adapted from the
standard sequence reported in reference [30]. Current-voltage characteristics were measured
under standard illumination conditions (1.5 AM). Js, Ve, 1 and FF values are reported in this
work.
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Chapter 4

Summary of the publications

The main results of the articles included in this work are presented in this chapter.

4.1 Compensation in SoG-Si

Articles 1, 2 and 3 report on compensation in solar grade silicon and the resulting material
properties.

The aim of Article 1 was to evaluate the impact of compensated SoG-Si feedstock on bulk and
cell properties, and therefore its suitability for solar cell applications. This was performed
through comparison of two compensated ingots with two reference ingots, cast under similar
conditions from EG-Si feedstock. Hence differences in materials properties could be related
primarily to the feedstock, although the cast-to-cast variability is to be considered as well. The
compensated ingots had initial dopant concentrations which lead to a lower base resistivity
until the semiconductor type transition, i.e. above 90 % ingot height. Lower effective minority
carrier lifetime was measured and this could be due to the combined contribution of
compensation and of higher concentration of recombination active impurities, e.g. transition
metals. Nevertheless, the measured concentrations of main metal species (i.e. Al, Ti, Fe) at
50% ingot height approached the detection limits for the GDMS instrument. The dissolved
oxygen concentration was comparable to the reference materials, whereas the dissolved
carbon concentration was significantly higher and showed significant differences between the
parallel ingots. It is worth noting that the dissolved carbon was measured by FTIR and
consequently increased scattering and uncertainty in the measurements on the compensated
materials is expected due to lower resistivity and hence greater free carrier absorption. Solar
cells were processed and showed comparable efficiency, with maximum value of 15.5%. The
strong improvement in the performance of the material during cell processing could mean that
gettering occurred to a great extent in the compensated materials.

The purpose of Article 2 was to provide a novel and simple method to measure the net doping
density in compensated materials. International standards are available for the conversion
between resistivity and doping density for non-compensated materials. In this article, the
standard ASTM F723-99 was applied to compensated materials for the quantification of the
net doping density, i.e. Na-Np. This was compared to the net dopant concentration as
measured by glow discharge mass spectrometry (GDMS). The comparison was done under
the assumption of full ionization of the doping species present in the material. This
assumption has been found to be valid for the dopant concentrations in the materials studied
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in the present work. The deviation between the net doping density calculated from the
measured resistivity and measured by GDMS showed no significant difference between
compensated and reference materials. Impurities, such as oxygen or metals present in
different concentrations in the materials, are known to lead to electrically active atoms and/or
complexes. No clear evidence of such electrically active species was observed among the
investigated materials.

The objective of Article 3 was to study the impact of compensation on majority carrier
mobility and majority carrier density. Hall-effect measurements were performed on samples
with different degrees of compensation and/or different concentrations of acceptor and donor
species, and compared to reference materials. The measurements were carried out over a
broad temperature range, in order to distinguish the contribution from the two main carrier
scattering mechanisms, i.e. ionized impurity scattering and lattice scattering. The mobilities
were observed to increase with decreasing temperature for both materials. It was concluded
that the contribution from ionized impurity scattering has a strong effect at low temperature
(<150 K), where the increase in majority carrier mobility compared to room temperature is 2
to 5 times lower for the compensated materials. At high temperatures (>250 K), lattice
scattering was confirmed to be the main scattering mechanisms, and the difference between
the compensated materials and the references is small. In particular, the sample with the
lowest degree of compensation showed comparable mobility. The temperature profile of the
majority carrier mobility showed a dependence on the compensation ratio R¢, where the
mobility increase with decreasing temperature is more pronounced for the materials with low
Rec.

4.2 Silicon nitride crucibles

The scope of Article 4 was to investigate the effect of silicon nitride (Si3N4) crucible materials
on bulk properties of the grown ingots. Silicon nitride crucibles are an alternative to the
widely used silica crucibles for directional solidification of mc-Si ingots due to the possibility
of reusability for successive castings (re-runs), and consequently of a lower cost of the
solidification step. The different thermal properties of the Si3N4 crucibles lead to different
melting temperature for the Si charge and a possible furnace modification for obtaining
standard casting conditions was discussed. Another potential advantage of the Si3Ny4 crucibles
is the absence of a contamination source for oxygen compared to silica crucibles. It was
shown that, with the coating concept employed in this study, this advantage could not be
utilized. In order to avoid sticking of the ingot to the crucible walls, the SizN4 crucible coating
layer required to be oxidized and, consequently, oxygen contamination of the ingot occurred
through reaction between the melt and the coating. Moreover, it was shown that the oxygen
concentration depended primarily on the melting temperature and the coating firing
temperature. Unwanted boron and phosphorus contamination of the melt due to reaction with
the crucible occurred during the high temperature steps. The boron contamination was
eliminated through the selection of pure raw materials for the production of the crucibles. The
phosphorus contamination was strongly reduced within few re-runs of the crucibles.
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4.3 Impact of Cr in compensated SoG-Si

Article 5 focused on the impact of chromium on the bulk and electronic properties of
compensated solar grade silicon. Two parallel multicrystalline ingots directionally solidified
from similar feedstock, with and without 27 ppma (1.3-10"® ¢m™) Cr addition to the SoG-Si
charge, were studied. Chromium is a detrimental impurity in crystalline Si, both in the
dissolved and in the precipitated state. When present in the dissolved state, Cr introduces a
deep level in the band gap and, hence, leads to carrier recombination and lifetime degradation.
Cr-rich precipitates can also be electrically active and limit minority carrier lifetime. In this
study it was shown that the Cr addition caused a significant decrease in the as-grown minority
carrier lifetime, and its values were below the detection limit of the mw-PCD instrument used.
Nevertheless, a lifetime improvement of 2 orders of magnitude was obtained after a P-
diffusion step, which showed that for this material external gettering is likely occurring. This
diffusion step was similar to the step commonly used during solar cell processing, and solar
cells showed efficiencies approaching the undoped reference ingot. Consequently, it was
concluded that good solar cells could be produced at high levels of chromium contamination.
Moreover, the effective segregation coefficient for Cr was calculated from the measured
concentrations along the growth direction. The calculated value was observed to be
approximately 40 times higher than the reported equilibrium value.
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Chapter S

Further work

The majority of the characterization techniques and standards widely used today for silicon
for solar cells have been developed and optimized for electronic grade, non-compensated
materials. It is therefore extremely important to develop tools and procedures for compensated
materials, as this would allow a more meaningful comparison with reference materials and a
more precise determination of the compensation related effects.

In the recent years, several studies have been dedicated to the manner specific impurities
and/or defects in compensated materials are behaving compared to non-compensated
references, e.g. B-O complex or carrier mobility. A big challenge would be to assess the
contribution of various impurity and defect sources on the overall performance of the
material. For example how ingot growth parameters, doping species content, metal impurities
content or extended defect density, interact with each other. In this manner, one could obtain a
better understanding of the main mechanisms that dominate the performance in a
compensated material.

The majority carrier mobility presented in this work showed how the contributions from
different carrier scattering mechanisms over a wide range of temperature are influenced by
compensation. Nevertheless, minority carrier mobility should be measured as well in order to
get a better understanding of the behaviour of compensated SoG-Si solar panels in the field.
This is due to the fact that minority carrier mobility influences minority carrier diffusivity.
This in turn relates to minority carrier lifetime, which is the bulk property that is widely used
to evaluate the material quality of crystalline silicon for solar cells.

The compensated SoG-Si materials investigated in this work showed higher dissolved carbon
concentration than the reference EG-Si materials, as measured by FTIR. Due to the higher
doping density, the increased free carrier absorption increases the signal-to-noise ratio and
hence the accuracy of the measurements can be questioned. Understanding the accuracy is
important with relation to the presence of silicon carbide precipitates. They can be detrimental
for solar cell performance since they might cause shunting when located across the p-n
junction. Moreover, since cast-to-cast variations have been observed for both the reference
and the compensated materials, it is important to understand how the greater scattering in the
dissolved carbon concentration measurements in the compensated materials is dependent on
the feedstock and/or the process conditions (e.g. nucleation phase and reactions with furnace
atmosphere).

The advantages related to the use of silicon nitride crucibles over the widely used silica
crucibles are limited by the requirements related to the chemistry of the crucible coating layer.
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The coating concept used in this work has shown not to be favourable for low oxygen
contamination of the Si ingot. Hence, the development of new coating concepts which allow
obtaining easy ingot release, crucible reusability and low oxygen contamination at the same
time could provide the necessary input for a wide adoption of these crucibles materials.
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