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Abstract 
As it is impossible to completely prevent the presence of impurities in semiconductor device 
processing, various defect engineering strategies are needed. The purpose of this thesis is to 
increase the level of understanding of different impurity gettering techniques in silicon, 
especially from solar cell point-of-view. 
  
Experiments made with single crystalline silicon provide new data for both boron diffusion 
gettering (BDG) and phosphorus diffusion gettering (PDG). In the case of PDG, the presented 
steady state data at the temperature range of 650-800°C enables the determination of an 
accurate value for segregation coefficient of iron. For BDG, gettering efficiencies even  
comparable to PDG are achieved. In this case, the prevailing mechanism is found to be B-Si 
precipitate gettering, which requires that the boron concentration at the emitter exceeds its 
solubility at the annealing temperature for a sufficiently long time for nucleation and growth 
of B-Si precipitates. 
  
Studies made on multicrystalline silicon (mc-Si) show that both BDG and PDG lead to a 
significant increase in minority carrier lifetime and a substantial reduction of the red zone area. 
Due to the high amount of precipitated metals, the higher in-diffusion temperature of boron is 
found to be beneficial in mc-Si. After BDG, the average lifetime in the red zone is increased 
from 5 us up to 270 us. 
  
The phosphorus implantation gettering experiments reveal that the obtained gettering 
efficiency for implanted emitters is significantly lower in comparison to conventional PDG.  
However, if precipitation at the emitter is activated, considerable improvement in the gettering 
efficiency is achievable. This requires low gettering temperatures and/or high initial 
contamination level. 
  
Finally, gettering processes optimized based on the material parameter results are applied on 
device level in solar cell processing. With initial bulk iron concentration as high as 
2 × 1014 cm-3, conversion efficiencies comparable with non-contaminated cells are obtained. 
The results clearly demonstrate the importance of careful process parameter design: to achieve 
best results, the gettering parameters used for high purity silicon should be chosen differently 
as for a material with high impurity content. 
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Tiivistelmä 
Erilaiset getterointitekniikat ovat tärkeitä puolijohdekomponenttien valmistuksessa sillä 
epäpuhtauksien läsnäololta prosesseissa on mahdotonta kokonaan välttyä. Tämän työn 
tarkoituksena on syventää nykyisille piiaurinkokennoille tärkeimpien getterointitekniikoiden 
ymmärtämystä teoreettisia ja kokeellisia tutkimusmenetelmiä käyttäen. 
  
Yksikiteiselle piimateriaalille tehdyt tutkimukset tarjoavat uutta tietoa sekä booridiffuusio-
getteroinnista (BDG) että fosforidiffuusiogetteroinnista (PDG). Fosforin tapauksessa 
esitettävät tasapainotilan rautatulokset lämpötila-alueelta 650-800°C mahdollistavat raudan 
segregaatiokertoimen tarkan arvon määrittämisen. Boorilla saavutetaan fosforiin verrattavissa 
oleva getterointitehokkuus. Tämän korkean tehokkuuden on todettu aiheutuvan B-Si 
erkaumista, joiden ydintymisen käynnistyminen ja kasvu kuumennuksen aikana vaativat 
liukoisuusarvon ylittävää boorikonsentraatiota sekä kuumennuksen riittävän pitkää kestoa. 
  
Monikiteiselle piimateriaalille tehdyt kokeet osoittavat sekä BDG:n että PDG:n pidentävän 
huomattavasti vähemmistövarauksenkuljettajien elinaikaa ja merkittävästi pienentävän 
kiekkojen erityisen huonoa reuna-aluetta. Suuresta metallierkaumien määrästä johtuen, 
boorin vaatiman korkeamman sisäändiffuusiolämpötilan havaitaan olevan eduksi. BDG:n 
seurauksena elinajan keskiarvo kiekon reuna-alueilla nousee arvosta 5 us jopa arvoon 270 us. 
  
Fosforia ioni-istuttamalla suoritetut getterointitutkimukset paljastavat, että kyseisellä 
tekniikalla saavutettava tehokkuus on huomattavasti matalampi kuin tavanomaisella 
diffuusiolla. Toisaalta, jos erkautuminen seostetussa kerroksessa saadaan aktivoitua, voi 
saavutettava tehokkuus parantua merkittävästi. Erkautumisen käynnistyminen vaatii matalia 
prosessilämpötiloja ja/tai korkeaa alkuperäistä kontaminaatiotasoa. 
  
Lopuksi saavutettujen tulosten avulla optimoituja getterointiprosesseja sovelletaan 
komponenttitasolla aurinkokennojen valmistuksessa. Hyvinkin korkeasta alkuperäisestä 
rautakontaminaatiosta (2 × 1014 cm-3) huolimatta kyetään saavuttamaan yhtä hyviä 
hyötysuhteita kuin puhtailla aurinkokennoilla. Tulokset osoittavat selvästi 
prosessiparametrien suunnittelun merkityksen: parhaan tuloksen saavuttamiseksi tulisi 
korkean puhtauden piin getterointiparametrien poiketa huomattavasti korkean 
epäpuhtaustason materiaalin vastaavista. 
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1. Introduction

Impurities are, and have always been, an issue in silicon technology due to their detrimental 
effects on device performance. As typical sources for impurities in device processing are 
both the starting material, i.e. silicon wafers, and the processing environment itself, it is 
impossible to prevent their presence completely. Czochralski-growth (Cz) from 
microelectronic grade feedstock results in monocrystalline silicon ingots without 
significant amount of metal contamination. However, incorporation of oxygen impurities 
into the growing ingot, and therefore also into the wafers, is considerable. On the other 
hand, multicrystalline silicon (mc-Si) ingots contain substantially higher levels of metal 
impurities due to diffusion from the crucible during crystal growth. Independent of the 
crystal growth method, the device fabrication lines, consisting of e.g. steel parts, act as
sources of contamination. Therefore, methods to reduce the harmful effects of impurities 
are constantly needed. For this purpose different gettering techniques are developed. The 
essential idea in gettering is to relocate the impurities in silicon wafers to regions where 
their detrimental effect on the device performance is minimal.

In silicon photovoltaics the most common gettering technique, by far, is phosphorus 
diffusion gettering (PDG). It is based on the increase of impurity solubility in a highly
doped region, which in the case of silicon solar cells is usually the emitter. During 
phosphorus diffusion, segregation drives the impurities from the bulk to the highly doped 
emitter. Therefore, in p-type silicon solar cells, PDG occurs conveniently during the 
formation of a standard emitter. PDG has been intensively studied, e.g. [1, 2, 3, 4], and 
proven to be very effective against many transition metals. However, despite the extensive 
studies, the exact mechanisms behind PDG have remained ambiguous [5, 6, 7] and an 
accurate value for the segregation coefficient kseg of iron between the phosphorus doped 
emitter and wafer bulk is still missing. Carefully planned experiments could provide a 
reliable value for kseg which would also help to clarify the gettering mechanisms. This 
knowledge would allow quantitative modeling of PDG efficiency and enable further cell 
efficiency optimization e.g. when introducing new processes.

Recently, the possibility to process solar cells using n-type silicon wafers has started to 
interest the photovoltaic community. n-type has superior characteristics of over p-type, 
such as the absence of light induced degradation [8] and insensitivity to common metal 
impurities [9, 10, 11]. However, there are also some metal impurities, which have very 
strong recombination activity in n-type silicon [12, 13], raising a need for metal impurity 
gettering in n-type as well. The emitter formation in n-type solar cells is often realized by 
boron diffusion. Therefore boron diffusion gettering (BDG) would be the natural choice 
for the gettering process. In comparison to PDG, BDG has been studied much less. Some 
studies suggest that typical gettering efficiency of boron emitters is lower than for 
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phosphorus emitters [14]. Another possible drawback is the higher thermal budget of boron 
emitter formation, which leads to further complications in the process. Therefore, the 
questions whether a boron emitter could act as an effective gettering sink and what would 
the related gettering mechanisms be, are essential and interest the silicon solar cell 
community.

As the solar cell architectures develop all the time, also the requirements for the processing 
techniques increase accordingly. In developing the emitter, ion implantation, a doping 
technique used widely in integrated circuit processing, has potential to bring the 
performance to a new level due to better process control [15, 16, 17]. However, regarding 
the gettering capability, there is only very limited information available on implanted 
emitters. Is the gettering efficiency comparable to that of diffused emitters? To thoroughly 
answer this question, the effect of the lower phosphorus concentration in implanted emitters,
and the possible role of the absence of electrically inactive phosphorus at the emitter, need 
to be studied.

The efficiency of different gettering techniques is often evaluated solely based on material 
parameters such as minority carrier lifetime, diffusion length and/or the bulk impurity 
concentration [1, 2, 18, 19, 20, 21, 22]. On device level, these parameters do not 
necessarily tell the whole story as the best bulk lifetime or the lowest bulk impurity 
concentration do not necessarily lead to the best cell performance, e.g. publication VI and 
[23]. Another approach is to determine the impurity tolerance of specific predefined 
industrial solar cell process [24, 25, 26, 27]. This is not ideal either as the optimization of 
gettering parameters is often totally neglected. Therefore, there is a clear need for a study 
concentrating on optimization of the gettering parameters on device level. This approach 
should result in the best combination of gettering parameters for a wide variety of starting 
materials.

By addressing all the issues above, this thesis aims to push forward the level of
understanding of different impurity gettering techniques in silicon, especially from solar 
cell point-of-view. In publication I steady state PDG data from low temperature range is 
presented and an accurate value for the segregation coefficient of iron in phosphorus doped 
Cz-Si is defined. Publication II concentrates on BDG of iron in Cz-Si. In addition to
determining the obtainable gettering efficiency, the related active gettering mechanisms are 
also investigated. Publication III addresses the influence of oxygen in BDG and PDG. 
Gettering in mc-Si is the main focus of publication IV. The response of wafer regions with 
different initial quality to BDG and PDG is presented. Special emphasis is put on the 
extremely challenging red zone, i.e. the ingot volume of particularly low quality near the 
crucible walls. In publication V phosphorus implantation gettering of iron in Cz-Si is 
investigated. The gettering efficiency and mechanisms are determined and compared to 
corresponding PDG. Finally, in publication VI, the parameters of PDG are optimized on 
device level for different wafer impurity levels.
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2. Segregation coefficient of iron in PDG

Phosphorus diffusion gettering (PDG), utilized especially in p-type silicon solar cells 
during emitter diffusion, is an intensively studied, e.g. [1, 2, 3, 4], and widely used effective 
technique to relocate transition metals, such as iron, in silicon. It is well-known that the 
gettering of iron to the highly phosphorus doped layer is based on a segregation effect, 
which arises from the increase of iron solubility with phosphorus concentration. However, 
despite of the extensive research, the exact mechanisms behind the iron solubility increase, 
and thus also PDG, have remained ambiguous [5, 6, 7].

One of the main challenges has been the lack of an accurately determined segregation 
coefficient kseg of iron between the phosphorus doped layer and bulk silicon. The 
segregation coefficient is defined as the ratio of iron solubility in the phosphorus doped 
layer to the iron solubility in bulk silicon. In the absence of proper kseg, either the 
segregation coefficient of iron into boron doped silicon [28] or the properties of cobalt [29]
have been used. Haarahiltunen et al. [20] have proposed a general method to determine the 
segregation coefficient of iron from the PDG experiments. However, only limited 
experimental data, especially at low temperatures, has been available. In addition, the 
previously published data have not necessarily been steady state values, i.e. the iron 
concentration has not necessarily reached thermal equilibrium, which is critical when 
determining the segregation coefficient.

In publication I steady state PDG data from the temperature range of 650- C is 
presented and used for accurate determination of the segregation coefficient of iron in 
phosphorus doped silicon. In the experiments, p-type magnetic Czochralski silicon (MCz-
Si) wafers with low initial oxygen concentration (7 - 9 ppma) were intentionally iron 
contaminated to the level of 2 × 1013 cm-3 by the procedure described in detail in publication 
VI. The wafers were divided into two series with different phosphorus content, which was 
realized by different phosphorus in-diffusion times at constant in-diffusion temperature of 

C. The in-diffusion was directly followed by various low temperature anneals. The 
resulting sheet resistance Rs was measured by a four-point probe. The parameters of the 
PDG anneals and the resulting sheet resistances are presented in Table 1. The interstitial 
iron concentration [Fei] in the wafer bulk after gettering was measured using the surface 
photovoltage (SPV) method, which is well-known to measure accurately interstitial iron at 
low concentrations. The measurement procedure is described in more detail in publication 
VI.
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Table 1. The phosphorus diffusion gettering treatment parameters and the resulting sheet 
resistances.

Wafer series In-diffusion Rs [ ] Low temperature anneal

P, high Rs 30 min at 87 C 45 2 h at 80 C

3.5 h at 75 C

5.5 h at 70 C

8 h at 65 C

P, low Rs 60 min at 87 C 25 2 h at 80 C

3.5 h at 75 C

5.5 h at 70 C

8 h at 65 C

Fig. 1 presents iron concentrations in the wafer bulk after the PDG treatments with different 
low temperature anneals. As expected, the bulk iron concentration decreases with the 
anneal temperature. After each anneal, the iron concentration is well below the iron solid 
solubility, which confirms that the gettering is caused by a segregation type equilibrium 
effect, not by relaxation. The difference in the gettering efficiency between the two data 
series can be explained by the difference in the phosphorus content and wafer thickness, of 
which the former clearly dominates. The phosphorus content does not seem to affect the 
temperature dependency of the gettering efficiency. The obtained activation energies of 
iron gettering are ~ 2.6 eV and ~ 2.5 eV in the wafer series diffused for 30 min and 60 min, 
respectively. These values are close to the value of 2.4 eV, which was determined 

C. [1]

Fig. 1. Measured bulk iron concentrations of both wafer series after PDG as a function of the low 
temperature anneal. The solid solubility of iron [30, 31] is also shown. (Reprinted with permission 
from H. Talvitie, V. Vähänissi, A. Haarahiltunen, M. Yli-Koski, and H. Savin, Phosphorus and boron 
diffusion gettering of iron in monocrystalline silicon, Journal of Applied Physics 109, 093505 (2011).
Copyright 2011 American Institute of Physics)
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The general method of Haarahiltunen et al. [20] to determine the segregation coefficient of 
iron from the PDG experiments utilizes the assumptions of (1) constant supersaturation, i.e.
the relation between dissolved iron concentration and solid solubility of iron, and (2) the 
conservation of mass. As the phosphorus concentration is not constant but decreases 
towards the wafer bulk, also the segregation coefficient depends on the distance from the 
wafer surface. Since all the other parameters are known, with the following equation

( ) = + 1 (1)

where xd is the depth of the diffused phosphorus layer, Fe init the initial iron concentration, 
Febulk the iron concentration in the bulk after gettering and Tw the wafer thickness, the 
depth-dependent segregation coefficient can be obtained based on the presented 
experimental data. As an example, Fig. 2 presents the obtained segregation coefficient of 
iron as a function of wafer depth for two different phosphorus profiles at two different 
temperatures. The phosphorus profiles are also shown. The first phosphorus profile with a 
sheet resistance of ~ 45 represents a typical diffused emitter used frequently in the 
experiments. The second phosphorus profile with a sheet resistance of ~ 95 represents
the implanted emitter presented in publication V. C

C, represent typical gettering temperatures used frequently in the experiments. The 
link between the segregation coefficient and phosphorus concentration is clearly visible in 
Fig. 2. Not only do the two different phosphorus profiles result in two different segregation 
coefficients, but also the segregation coefficients follow the phosphorus profiles as a 
function of wafer depth. In addition, the expected temperature dependency is seen as higher 
kseg at lower temperature.

Fig. 2. The obtained segregation coefficient of iron as a function of wafer depth for two different 
phosphorus profiles at two different temperatures. The first phosphorus profile with a sheet 

represents a typical diffused emitter used frequently in the experiments. The 
represents the implanted emitter 

presented in publication V.
gettering temperatures used frequently in the experiments.
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3. BDG of iron in monocrystalline silicon

3.1 Gettering efficiency and mechanisms

Even though most of the current silicon solar cells have a p-type base and an n-type emitter,
the use of n-type silicon as a base material is continuously under serious consideration. It 
is well known that n-type silicon has some superior characteristics over p-type, including 
better electrical transport properties and the absence of light induced degradation [8]. 
Moreover, the recombination activity of common metal impurities, such as iron, is lower 
in n-type, which often results in higher bulk lifetimes of charge carriers [9, 10, 11].
However, there are also some metal impurities which have been found to have a very strong 
recombination activity in n-type silicon [12, 13].

The formation of the emitter in an n-type silicon solar cell is often realized by boron 
diffusion. Typically the temperature needed for boron diffusion is higher than for 
phosphorus. The higher temperature leads to a higher risk of external contamination and 
dissolution of metal precipitates. The contamination can become a problem since the 
gettering capability of the boron doped area is not very high during typical emitter 
formation [14]. As a consequence, the boron emitter formation can result in lifetime 
degradation in the material.

In publication II it is investigated whether or not a boron diffused layer can act as an 
effective gettering sink for iron. The achievable gettering efficiency of BDG of iron in
monocrystalline silicon is determined. In addition, the presented results provide valuable 
information on the various physical mechanisms behind BDG. In the experiments MCz-
wafers with low initial oxygen concentration (7 - 9 ppma) were intentionally iron 
contaminated to the level of 2 × 1013 cm-3. Five different BDG treatments, whose 
parameters are presented in Table 2, were used. The BDG treatments consisted of a high 
temperature diffusion and a low temperature anneal. The annealing times were chosen in 
such a way that according to simulations [20], a steady state iron concentration was reached. 
The resulting sheet resistance Rs was determined by four-point probe to be ~ 40 . The 
interstitial iron concentration [Fei] was measured using the SPV method. In addition, both 
boron and iron profiles close to the boron diffused surface were measured by secondary ion 
mass spectrometry (SIMS).
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Table 2. The boron diffusion gettering treatments.

Treatment Temperature profile

BDG_800 60 min at 93 C + 2 h at 80 C

BDG_750 60 min at 93 C + 3.5 h at 75 C

BDG_700 60 min at 93 C + 5.5 h at 70 C

BDG_650 60 min at 93 C + 8 h at 65 C

BDG_600 60 min at 93 C + 15 h at 60 C

Fig. 3 presents the measured average iron concentration in the bulk of the wafers after 
different low temperature anneals. It also shows the simulated values obtained using the 
well-known solubility model [28] that takes into account the segregation of iron due to high 
boron doping concentration (black line). In addition, simulation results from the model 
taking into account both segregation and heterogeneous precipitation of iron to the surface 
of the wafer [32] are shown (blue line). As can be seen from Fig. 3, the measured iron 
concentrations are well below the simulated values.

Fig. 3. Measured iron concentration in the bulk (black squares) after low temperature anneals and 
fitted Arrhenius relation with an activation energy of 2.2 eV (red line). Black line represents iron 
concentrations calculated by using the solubility model [28] and blue spheres represent iron 
concentrations calculated by using the model including both segregation and precipitation [32].
(Reprinted with permission from V. Vähänissi, A. Haarahiltunen, H. Talvitie, M. Yli-Koski, J. 
Lindroos, and H. Savin, Physical mechanisms of boron diffusion gettering of iron in silicon, Physica 
Status Solidi – Rapid Research Letters 4, 136-138 (2010). Copyright 2010 WILEY-VCH Verlag 
GmbH & Co. KGaA.)

The Arrhenius fit of the gettering results (represented by the red line in Fig. 3) gives an 
activation energy of about 2.2 eV. This value fits quite well to the activation energies of 
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2.1 eV [33] and 2.27 eV [34] obtained previously for iron gettering by electrically inactive 
boron and B-Si precipitates, respectively. This, together with the fact that the deactivation 
of boron most likely occurs by precipitation [35], implies that the observed high gettering 
efficiency of BDG is due to the formation of B-Si precipitates. The SIMS results of boron 
and iron concentrations after the BDG_800 anneal presented in Fig. 4 further support this 
conclusion, as iron seems to be collected to the region close to the surface, where the boron 
is supersaturated, e.g. C
[36].

Fig. 4. Iron (red line) and boron (black line) concentrations at the diffused surface measured by 
SIMS after the treatment BDG_800. The boron solubility at C [36] is shown as a vertical blue 
line. (Reprinted with permission from V. Vähänissi, A. Haarahiltunen, H. Talvitie, M. Yli-Koski, J. 
Lindroos, and H. Savin, Physical mechanisms of boron diffusion gettering of iron in silicon, Physica 
Status Solidi – Rapid Research Letters 4, 136-138 (2010). Copyright 2010 WILEY-VCH Verlag 
GmbH & Co. KGaA.)

Fig. 3 shows the three different mechanisms that can take place during boron diffusion 
gettering. In B-Si precipitate gettering, the iron concentration decreases below the solid 
solubility, which is a clear fingerprint of the segregation based mechanism. It is proposed 
that the segregation in this case is due to chemisorption of some metals, like Fe, Cu, Co, to 
solution sites within the B-Si precipitates [34]. For iron, the sinks at the solution sites within 
the B-Si precipitates remain unsaturated and therefore the gettering is quantified by the 
temperature dependent equilibrium coefficient [34]. It should be kept in mind that in this 
case efficient gettering requires that the boron concentration exceeds its solubility at the 
annealing temperature for a sufficiently long time. Otherwise, the nucleation and growth 
of B-Si precipitates are substantially diminished and the mechanism is no longer active.

If the boron concentration remains lower than the solubility, surface precipitation and 
conventional segregation induced by the solubility difference become the dominating 
mechanisms during BDG [32]. The surface precipitation mechanism (blue line in Fig. 3)
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and the conventional segregation mechanism (black line in Fig. 3) are actually related to 
each other as follows: Segregation to the p+ layer increases the concentration of mobile iron 
near the wafer surface, which enhances the iron precipitation rate in the p+ layer as 
compared to bare silicon surface. This kind of gettering is robust since the iron 
concentration can always be reduced to the solubility limit [32], provided that the iron 
supersaturation is sufficiently high. This is a clear benefit compared to pure segregation 
gettering, in which the final iron concentration depends on the initial iron concentration.

As mentioned above, iron does not precipitate to the surface if the supersaturation of iron 
at the boron emitter is not high enough for nucleation of iron precipitates. Obviously, this 
is the case if the initial iron concentration is too low or the temperature is too high. The 
latter one is demonstrated in Fig. 3, in which the significant nucleation occurs only at 

C. It is important to note that also in a very low temperature range
(< 400- C), the iron supersaturation remains too low due to the limited diffusion of iron 
from the bulk [32]. This was the case e.g. in the experiments of Macdonald et al. [37], who 
observed that only 65 % of the iron concentration was gettered by BDG from the wafer 

C.

3.2 Applicability to solar cells

When looking at Fig. 3, it seems that the B-Si precipitate gettering mechanism has the 
highest potential to be efficiently utilized in silicon solar cell fabrication. However, B-Si 
precipitate gettering requires high boron concentration at the emitter. The high boron 
concentration increases the Auger recombination which, in the case of solar cells, leads to 
increased emitter saturation current. On the other hand, in the case of a moderately doped 
emitter a similar problem can occur: The emitter saturation current is now increased due to 
the dissolved iron that is gettered at the emitter [37]. However, in the latter case, the 
increased recombination due to dissolved iron, can be reduced by employing the previously 
mentioned surface precipitation gettering technique. The precipitation treatment can be 
relatively short, even just a modified contact firing step, as instead of collecting iron from
the bulk the purpose is only to transform the iron at the emitter to a less recombination 
active precipitated state. In principle this is the same method which can be used to minimize 
the detrimental effect of iron at boron doped bases [38]. Overall, it seems that instead of 
getting rid of iron related problems in an n-type base, the problems are only transferred (at 
least partially) to the emitter.

To conclude, with specific anneals, a diffused boron emitter can be used as an effective 
gettering sink for iron, thereby resulting in a drastic increase in the bulk lifetime. This is 
accomplished if the formation of B-Si precipitates during BDG is activated. The utilization 
of B-Si precipitate gettering in solar cells is however not that straightforward as long 
annealing times and high boron concentrations are needed.
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3.3 Comparison of BDG and PDG efficiency

The in-depth evaluation whether p-type or n-type silicon is the best choice for silicon solar 
cell base material requires a direct comparison of the achievable efficiencies between the 
dominant gettering techniques for both materials. The dominant technique is naturally PDG 
in the case of p-type and BDG in the case of n-type. Fig. 5 presents the comparison of bulk 
iron concentrations after BDG and PDG as a function of the low temperature anneal. The 
comparison is quite straightforward as the material parameters of the samples are identical 
since the wafers were taken from the same ingots. In addition, the in-diffusion times for 
boron and phosphorus were chosen so that the sheet resistances were comparable: ~ 40 
with boron versus ~ 45 with phosphorus. BDG is usually reported to be less effective 
in iron gettering than PDG [4, 28]. However, as discussed earlier, here B-Si precipitate 
gettering is activated and as a result, gettering efficiencies comparable to PDG are achieved. 
With identically processed but thinner wafers, the gettering efficiency of BDG is even 
higher than that of PDG.

Fig. 5. Measured bulk iron concentrations after BDG in 525 μm thick wafers (B, high Rs) and
corresponding PDG (P, high Rs) as a function of the low temperature anneal. BDG results of 400 
μm thick wafers (B, high Rs, 400 μm) are also shown. (Reprinted with permission from H. Talvitie, 
V. Vähänissi, A. Haarahiltunen, M. Yli-Koski, and H. Savin, Phosphorus and boron diffusion 
gettering of iron in monocrystalline silicon, Journal of Applied Physics 109, 093505 (2011).
Copyright 2011 American Institute of Physics)

Achieving an effective PDG is fairly easy with a low temperature anneal. In contrast, as 
discussed earlier, effective BDG necessitates either boron precipitation or iron precipitation 
during low temperature anneal. Therefore, BDG conditions must be more accurately 
optimized. Iron gettering by B-Si precipitates requires high boron concentration and a long 
anneal time, which may also create a practical disadvantage in comparison to PDG.

3.4 Impact of oxygen

In addition to transition metals, there are also numerous other impurities that can degrade 
the minority carrier lifetime / diffusion length in silicon wafers and thus negatively affect 
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the solar cell performance. One example of such an impurity is oxygen. [39] The presence 
of oxygen in silicon is unavoidable, e.g. in the Czochralski growth process oxygen is 
incorporated into the silicon directly from the silica crucible. It is well-known that oxygen 
precipitates and related defects are formed at temperature ranges relevant to the low 
temperature anneal of phosphorus and boron diffusion gettering. In publication III the 
effect of oxygen in low temperature phosphorus and boron diffusion gettering of iron in 
silicon is studied. The previously presented PDG and BDG experiments were done on 
MCz-wafers with low initial oxygen concentration (7 - 9 ppma). In publication III the 
experiments are repeated for Cz-wafers with high initial oxygen concentration (14 - 16 
ppma).

Minority carrier diffusion lengths obtained from low and high initial oxygen level PDG 
wafers with different low temperature anneals are presented in Fig. 6. In the wafers with 
high initial oxygen levels, the diffusion lengths decrease at low temperatures C),
whereas in the wafers with low initial oxygen levels, the diffusion lengths do not decrease 
but instead continue increasing at low temperatures due to more efficient gettering of iron. 
This difference in the trends can be explained by oxygen precipitation which is naturally 
stronger in high oxygen level wafers. As the anneal temperature is lowered, more and more 
oxygen precipitates are formed. These oxygen precipitates act as effective recombination 
centers and thus the minority carrier diffusion length decreases in spite of the more efficient 
gettering of iron.

Fig. 6. Minority carrier diffusion lengths obtained from the SPV measurements of phosphorus 
diffusion gettered wafers with different low temperature anneals. (Reprinted with permission from 
V. Vähänissi, A. Haarahiltunen, H. Talvitie, M. I. Asghar, M. Yli-Koski, and H. Savin, Effect of 
oxygen in low temperature phosphorus and boron diffusion gettering of iron in Czochralski-grown 
silicon, Solid State Phenomena 156-158, 395-400 (2010). Copyright 2010 Trans Tech Publications 
Ltd.)
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Minority carrier diffusion lengths obtained from low and high initial oxygen level BDG 
wafers with different low temperature anneals are presented in Fig. 7. As in the case of 
PDG, also here the trends of the minority carrier diffusion lengths as a function of anneal 
temperature are different for low and high initial oxygen level. In contrast to PDG, the 
diffusion lengths in the high initial oxygen level wafers start to decrease already at 
temperatures lower than C. As in the case of PDG, the difference in the trends between 
low and high oxygen level wafers can be explained by oxygen precipitation. However, in 
BDG, oxygen precipitation in the bulk has a much stronger effect due to the higher thermal 
budget needed to obtain a sheet resistance similar to that of PDG.

Fig. 7. Minority carrier diffusion lengths obtained from the SPV measurements of boron diffusion 
gettered wafers with different low temperature anneals. (Reprinted with permission from V.
Vähänissi, A. Haarahiltunen, H. Talvitie, M. I. Asghar, M. Yli-Koski, and H. Savin, Effect of oxygen 
in low temperature phosphorus and boron diffusion gettering of iron in Czochralski-grown silicon, 
Solid State Phenomena 156-158, 395-400 (2010). Copyright 2010 Trans Tech Publications Ltd.)
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4. BDG and PDG in n-type multicrystalline silicon

4.1 Gettering efficiency comparison

The most common wafer material of today’s photovoltaic market is mc-Si, comprising 

roughly 65 % of the market at the end of 2015 [40]. The single most important feature of 

mc-Si wafers is their low production cost in comparison to e.g. Cz-wafers. However, there

is a trade-off in the form of lower minority carrier lifetimes due to higher contamination 

levels and increased amount of defects. Furthermore, vast majority of mc-Si ingots are 

grown by casting, during which impurities diffuse from the crucible walls resulting in the 

well-known red zone, i.e. an ingot volume of particularly low quality near the crucible 

walls. The need for metal gettering in mc-Si is thus evident. The most common gettering 

method in the current solar cell industry, PDG, works also in mc-Si, e.g. [21, 41, 42]. The 

low temperature anneal after the phosphorus in-diffusion leads to the familiar improvement 

also in mc-Si [19, 43, 44].

Due to the previously mentioned benefits of n-type over p-type, it has been natural to 
consider using also n-type mc-Si wafers in photovoltaics. The most obvious choice for 
gettering in n-type solar cells is BDG. In the case of mc-Si, the red zone and the higher 
contamination level in general significantly emphasize the aforementioned drawbacks of 
BDG, i.e. the need for higher temperature and the questionable gettering capability during 
typical emitter formation. On the other hand, BDG has also been reported to be efficient 
when high enough boron concentration to form boron precipitates or boron rich layer is 
used, as in publication II or in references [22, 45, 46]. E.g. Libal et al. [45] observed more 
than a 30 % increase in lifetime in n-type mc-Si after boron diffusion, although they did 
not report any results on the red zone. In publication II, similarly to PDG, the low 
temperature anneal was observed to improve the BDG efficiency further in monocrystalline 
silicon. For n-type mc-Si there is only limited data on this. However, since chromium, 
cobalt and nickel are fast diffusers [47], similarly to iron, there is no specific reason why 
adding a low temperature anneal after the diffusion should not work in BDG in n-type mc-
Si as well.

In publication IV, the potential of BDG in n-type mc-Si is determined and compared to 
PDG. Specific emphasis is put on the reduction of the red zone area. Wafers for the 
experiments were taken from an edge position brick of an n-type mc-Si ingot at 30 % brick 
height. All the wafers were so-called sister-wafers. Before the actual process, the wafers 
were divided into three groups: (i) wafers experiencing BDG, (ii) wafers experiencing PDG 
and (iii) reference wafers experiencing no diffusion gettering treatment. Four different 
diffusion gettering treatments, whose parameters are presented in Table 3, were used. Each 
of the treatment consisted of a 60-min in-diffusion step followed by unloading to room 
temperature or an optional lower temperature anneal. Boron and phosphorus in-diffusion 
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times and temperatures were chosen in such a way that the resulting sheet resistances were 
comparable: ~ 40 with boron versus ~ 25 with phosphorus. After diffusion, the 
heavily doped layers were removed in order to prevent them interfering with the bulk 

C
for 60 min. The minority carrier lifetime was measured by microwave detected 
photoconductance decay (μ-PCD).

Table 3. The diffusion gettering treatments.

Treatment Temperature profile

BDG_S 60 min at 93 C + ramp down 4 C/min + pullout at 80 C

BDG_LT 60 min at 93 C + ramp down 4 C/min + 3 h at 70 C

PDG_S 60 min at 87 C + ramp down 4 C/min + pullout at 80 C

PDG_LT 60 min at 87 C + ramp down 4 C/min + 3 h at 70 C

Fig. 8 (a) presents the minority carrier lifetime map of the reference sample, i.e. just after 
the crystal growth followed by surface passivation. Separate regions of different qualities 
resulting from the crystal growth and crucible contamination are marked with dashed lines 
and numbers 1-3. Fig. 9 presents the response of these regions to the different diffusion 
gettering treatments. The presented lifetime values are arithmetically averaged over the 
regions. Similar trends appear also in harmonically averaged lifetime values.

Fig. 8. The lifetime maps of the samples after various treatments: (a) reference sample, (b) BDG_S, 
(c) PDG_S, (d) BDG_LT, and (e) PDG_LT. The sample size is 6.25 × 12.5 cm2. Notice the different 
scale in the lifetime maps. (Reprinted with permission from V. Vähänissi, M. Yli-Koski, A. 
Haarahiltunen, H. Talvitie, Y. Bao, and H. Savin, Significant minority carrier lifetime improvement 
in red edge zone in n-type multicrystalline silicon, Solar Energy Materials and Solar Cells 114, 54-
58 (2013). Copyright 2013 Elsevier B.V.)
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Fig. 9. The response of various wafer regions to the different diffusion gettering treatments. The 
presented lifetime values are arithmetically averaged over the selected regions. (Reprinted with 
permission from V. Vähänissi, M. Yli-Koski, A. Haarahiltunen, H. Talvitie, Y. Bao, and H. Savin, 
Significant minority carrier lifetime improvement in red edge zone in n-type multicrystalline silicon, 
Solar Energy Materials and Solar Cells 114, 54-58 (2013). Copyright 2013 Elsevier B.V.)

The lifetime in the reference sample (no diffusion gettering, Fig. 8 (a)) is quite low 
throughout the wafer and a strong red zone (lifetime ~ 5 μs) is clearly visible. The increase 
in lifetime at the outermost edge of the red zone (region 1) can be attributed to a reduced 
concentration of dissolved metals through precipitation [48], i.e. internal gettering. The 
total metal concentration increases towards the edge due to crucible contamination and 
thereby metals tend to precipitate in that area during the ingot cooling. Similar phenomenon 
has been observed also in p-type as-grown silicon [49, 50, 51]. It is noteworthy that the 
lifetime map of the reference sample is not actually the as-grown lifetime map since the 
surface passivation was done by thermal oxidation at C. During this high temperature 
step, as-grown metal precipitates are dissolved in areas that contain metals less than their 

C. Presumably, as-grown precipitates remain insoluble only at the edge of 
the wafer (region 1), where metal concentration is high enough. During cooling down from 

C, internal gettering to the remaining precipitates takes place. Thereby, the dissolved 
metal concentration is greatly reduced near the edge and the corresponding increase in 
lifetime is further enhanced.

Lifetime maps after boron and phosphorus diffusion gettering treatments (Fig. 8 (b)-(e)) 
show that both BDG and PDG are able to significantly increase the lifetime as expected. In 
the initially good region 3 BDG is slightly more effective than PDG: with the LT treatments 
the average lifetime is increased from 25 μs up to 195 μs and 250 μs for phosphorus and 
boron respectively. In good grains lifetime values even up to 650 μs and 850 μs are 
achieved correspondingly. In the red zone, BDG is clearly better than PDG (Fig. 9 regions 
1 and 2). After BDG_LT the average lifetime in the red zone is increased from 5 μs up to 
270 μs and locally values even up to 670 μs are achieved (corresponding values after 
PDG_LT 180 μs and 400 μs).
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4.2 Influence of in-diffusion temperature

The better performance of BDG in comparison to PDG in the red zone is the result of two 
things. Firstly, here boron is most likely supersaturated leading to a gettering capability 
comparable to PDG. Secondly, boron was diffused C) than 

C) leading to faster dissolution of precipitated metals [52]. The dissolved 
metals move easily and thereby can be gettered by the boron layer. Consequently, the total 
metal concentration in the bulk is greatly reduced, which finally results in higher lifetime.

The above phenomenon also supports the low temperature anneal results. In general, the 
low temperature anneal enhances the diffusion gettering of dissolved metals but has only a 
minor effect on the precipitated metals [52]. Thereby, at low temperature the metals 
approach the dynamic equilibrium between dissolution and segregation to the emitter. The 
amount of getterable metals through dissolution differs from region to region but also 
depends on the in-diffusion temperature. Therefore, in PDG samples low temperature 
anneal has almost no impact on the red zone as the precipitates remain insoluble. In the 
good region 3 there are soluble metals to be gettered, so the benefit of using low 
temperature anneal is clear. In the case of boron, the impact of the low temperature anneal
extends to the red zone. At region 1, not all precipitates are dissolved (but still significant 
amount) so the improvement is not as pronounced as in region 2, where the initial 
concentration of precipitated metals is lower and the improvement is higher due to the more 
complete dissolution during in-diffusion. In region 3, the total amount of metals after 
BDG_S is already so low that the impact of low temperature anneal is again reduced.

As explained above, the lifetime results from the red zone samples can be completely 
understood by utilizing the dissolution-gettering idea proposed by Plekhanov et al. [52]. 
Research on such a high temperature process has been done also elsewhere, however, on 
p-type only, and the results regarding the general effectiveness and the possible benefits 
have been controversial. For instance, Macdonald et al. [53] observed lifetime degradation 
due to generation of dislocations at high temperatures, when they applied the high-low 
temperature PDG process. Hartman et al. [54] obtained just the opposite result: their 
extremely high temperature-anneal increased the quality of mc-Si by the reduction of 
dislocation density. More promising results were obtained by Joshi et al. [ 55], who 
observed an improvement in diffusion length, especially in areas with initially short 

C. Schön et al. [56] and Michl et al. [57]
C before 

a standard PDG. Schön et al. attributed the increase in lifetime to a reduced density of iron 
precipitates [56] while Michl et al. showed that a reduction of interstitial iron concentration 
takes place due to the dissolution peak [57]. These results are actually related to each other 
since the reduced density of iron precipitates leads to the lower final interstitial iron 
concentration. This effect was most pronounced after a contact firing step [57], i.e. after a 
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similar albeit much shorter high temperature step as the surface passivation oxidation used 
here.

4.3 Discussion

The presented results show that in n-type mc-Si similar advanced gettering is needed as in 
p-type to minimize the effect of the red zone. In this respect, n-type seems not to have a 
significant benefit over p-type. On the other hand, in wafers with initially high lifetime (e.g.
no red zone), the final solar cell performance is limited by the contamination resulting from 
the actual cell process. In that case the main question is what the most common metal 
contaminants are in the solar cell process. If the main contaminant during processing is iron, 
then n-type has a clear benefit compared to p-type, but, e.g. in the case of chromium, the 
situation is different.

To conclude, the results clearly show that in n-type mc-Si both boron and phosphorus 
diffused layers can be used as effective sinks for impurities during gettering leading to a 
drastic increase in lifetime and a substantial reduction of the red zone area. BDG was found 
to be significantly more efficient due to the higher in-diffusion temperature that led to more 
complete dissolution of metal precipitates thus enhancing the diffusion gettering to the 
emitter. The results also indicated that n-type mc-Si could be a promising material for solar 
cell manufacturing even though the benefit of high tolerance to metal impurities (over p-
type) is case sensitive.
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5. Phosphorus implantation gettering of iron in p-type 
monocrystalline silicon

5.1 Gettering efficiency and mechanisms

In today’s photovoltaics emitter formation and impurity gettering are practically always 
combined to a single step. The techniques described in the previous chapters, PDG and 
BDG, are by far the most popular methods to realize this. However, as the solar cell 
architectures develop all the time, also the demands for the emitters increase. Therefore ion 
implantation, a doping technique used widely in integrated circuit processing, has recently 
started to interest also the photovoltaic community. In comparison to conventional emitter 
formation techniques, ion implantation could offer some benefits such as better process 
control and the possibility for fewer processing steps [15, 16, 17].

In addition to the possible benefits, the utilization of ion implantation raises also some 
issues. As mentioned many times earlier, conventional PDG is an intensively studied and 
well-established method with high efficiency against common metal impurities. On the 
other hand, there is only very limited amount of information available about the gettering 
capabilities of implanted emitters. Implanted emitters have typically lower phosphorus 
concentration than diffused emitters, which is likely to decrease the obtainable gettering 
efficiency. In addition, there is usually electrically inactive phosphorus present at the 
emitter after diffusion, as in publication III or in references [ 58 , 59], but not after 
implantation. This might further increase the gettering efficiency difference.

In publication V the obtainable gettering efficiency and the gettering mechanisms in an
implanted emitter are determined as a function of both initial iron level and gettering anneal.
The results are compared to the case of a conventional diffused phosphorus emitter. Two 
well-defined iron concentration levels: 1) medium-Fe 1 × 1013 cm-3 and 2) high-Fe 2 × 1014

cm-3, and varying gettering anneals, whose parameters are presented in Table 4, were used. 
The phosphorus implantation was done with a dose of 1 × 1015 cm-2 and an energy of 50 

C for 30 min to activate the implant and to remove 
C for 10 min to passivate the back surface, and 

C/min down to the gettering anneal temperature. Gettering anneals 
A through C followed the implantation anneal directly. In gettering anneal D, the wafers 
were rapidly cooled down to room temperature, i.e. C
after the implantation anneal, and then loaded again into the furnace at the gettering 

C. Interstitial iron concentration in the wafer bulk was measured using the 
SPV method. In addition, both the total iron concentration in the phosphorus-doped layer 
and the phosphorus profile were measured by SIMS.
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Table 4. Temperatures and times of the gettering anneals and the resulting sheet resistances.

Group Temperature profile Rs [ ]

A C 96

B C 94

C C 94

D C 85

Fig. 10 shows a summary of the measured interstitial iron concentration in the bulk after 
different gettering anneals. The obtained low gettering efficiency in the medium-Fe wafers 
with the anneals A and B could be explained by segregation to the emitter. With lower 
temperature (anneal C) a significant improvement is seen indicating the presence of another 
gettering mechanism. The gettering efficiency seems to have a steep temperature 
dependence, independent of the iron concentration. This, together with the facts that 1) in 
the high-Fe wafers gettering takes place at higher temperatures, 2) gettering is faster, and 
3) “inversion” occurs, supports the conclusion that the enhanced gettering in medium-Fe
wafer with anneal C and in high-Fe wafers with anneals A to C takes place due to iron 
precipitation. It seems that in the medium-Fe wafer, the bulk iron reduction rate in anneal 
C is limited by the iron precipitation rate. In the case of high-Fe wafers, the iron reduction 
rate seems to be limited either by the precipitation rate (anneal A) or the diffusion and 
segregation of iron to the precipitation sites (anneals B and C).

Fig. 10. Measured interstitial iron concentration in the bulk after different gettering anneals. The 
error estimate of the interstitial iron concentration value is ± 2 % when iron concentration is below
1 × 1012 cm-3 and ± 4 % when iron concentration is above 1 × 1012 cm-3. The solid solubility of iron 
at the gettering anneal temperature [30, 31] is marked with a dotted line. (Reprinted with permission 
from V. Vähänissi, A. Haarahiltunen, M. Yli-Koski, and H. Savin, Gettering of iron in silicon solar 
cells with implanted emitters, Journal of Photovoltaics 4, 142-147 (2014). Copyright 2013 IEEE)
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The iron precipitation behavior with anneal C seems to be directly linked to the iron 
supersaturation level at the emitter. Most likely, iron nuclei are already formed at the 
emitter during the ramp down from the implant anneal. Since this is a slow cooling, only a 
few iron precipitates form, which then grow further in size when the amount of gettered 
iron increases. Thus, after the gettering anneal, there are only a few iron precipitates at the 
emitter, but they are large in size.

Even though the anneal D is almost identical to anneal C, the results are quite different. 
With the medium-Fe wafers, the gettering efficiency is significantly higher, which implies 
that the prevailing gettering mechanism in anneal D must be precipitation. In anneal D, the 
rapid cool down to the room temperature allows iron to nucleate fast creating a higher 
density of iron precipitates [60]. Subsequently, the higher density of iron precipitates 

C. In the best case, the 
precipitation rate or the gettering of iron can be limited only by diffusion of iron from the 
bulk.

5.2 Comparison to PDG

In publication I, corresponding gettering anneals were done with diffused emitters and the 
prevailing gettering mechanism was found to be segregation. Fig. 11 (a) compares the 
gettering efficiencies of the implanted and diffused emitters after gettering anneals A, B, 
and C and, Fig. 11 (b) the phosphorus profiles of the implanted and diffused emitters 
measured by SIMS. The gettering efficiency is naturally lower in implanted emitters due 
to the lower phosphorus concentration. However, this difference cannot be entirely 
explained by the lower electrically active phosphorus concentration 

. The phosphorus concentration difference can be taken into account by using the 
segregation coefficient from publication I and the measured phosphorus profile to calculate 
a corresponding interstitial iron concentration value. After anneals A and B the calculated 
values (7 × 1012 cm-3 and 2 × 1012 cm-3, respectively) are significantly lower than the 
measured concentrations.
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Fig. 11. (a) Comparison of interstitial iron concentration in the bulk after gettering with implanted 
and diffused emitter. The red lines show the calculated interstitial iron concentration in the bulk 
obtained using the segregation coefficient from publication I and the phosphorus profile. (b) 
Phosphorus profiles of the implanted and diffused emitters measured by SIMS. (Reprinted with 
permission from V. Vähänissi, A. Haarahiltunen, M. Yli-Koski, and H. Savin, Gettering of iron in 
silicon solar cells with implanted emitters, Journal of Photovoltaics 4, 142-147 (2014). Copyright 
2013 IEEE)

One possible reason for the difference in the measured and calculated values is the role of 
the electrically inactive phosphorus, e.g. publication III and references [58, 59]. In 
publication I, the phosphorus concentration near the emitter surface exceeded the solid 
solubility value, leading to the formation of electrically inactive phosphorus, whereas here 
at the implanted emitter, there is no electrically inactive phosphorus present. This raises the 
question if the presence of the dead layer is important at least for the segregation based 
gettering. Another possibility is that the segregation coefficient scales down much faster 
with decreasing electrically active phosphorus concentration than assumed in publication 
I.
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5.3 Discussion

The gettering efficiency obtained for an implanted emitter in publication V is much lower 
than the one obtained for a diffused emitter in publication I. However, if the nucleation of 
iron precipitates takes place in the implanted emitter, the gettering is robust, and the iron 
concentration should always be reduced to the solubility limit. One drawback is that the 
iron concentration in the material may not be high enough to reach sufficient 
supersaturation for fast precipitation. Another thing to consider is the size of the precipitates 
at the emitter. By doing the implant anneal and the gettering anneal as separate steps, very 
fast emitter precipitation can be maintained. Thereby, the gettering process is limited only 
by the diffusion of iron from the bulk. This allows the size of the precipitates to be kept 
small, and thus, the possible problems related to large iron precipitates, e.g. leakage 
currents at the emitter, could be avoided. However, it should be kept in mind that eventually 
the increasing amount of precipitated iron at the emitter starts to limit the operation of the 
solar cell.

To conclude, the prevailing mechanisms behind the implantation gettering, i.e. gettering 
with a low phosphorus concentration emitter, were found to differ from those present in 
typical conventional diffused emitters. In addition, the prevailing gettering mechanisms 
were found to be case sensitive, i.e. the activated mechanisms depend on the initial 
contamination level and the gettering anneal parameters. In the case of high initial iron 
concentration, gettering takes place mainly through precipitation, while in the case of lower 
iron concentration, precipitation becomes dominating only at relatively low temperatures. 
Thus, to reach the best solar cell efficiency, the gettering anneal should be designed to 
activate the most effective mechanism within the limits of the staring material.

Generally, when the emitter phosphorus concentration is lowered below a certain value (as 
a result of e.g. implantation), precipitation begins to dominate. In order to reach the best 
gettering result in this case, the low-temperature anneal at the end of the process is crucial, 
annulling the role of a slow cooling. This is opposite of the diffused emitter, in which 
segregation dominates, emphasizing the role of the slow cooling to the actual gettering 
temperature.
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6. PDG in solar cells

6.1 Background

As in the previous chapters, gettering efficiency is often evaluated solely based on material 
parameters. The studies are concentrated on minority carrier lifetimes / diffusion lengths 
and/or the remaining bulk impurity concentrations, which were used as figures of merit 
also in this thesis. PDG, by far the most common gettering method in today’s solar cell 
industry, is a good example of this [1, 2, 18, 19, 20, 21, 22]. Material parameters are of 
course of vital importance when e.g. determining the gettering mechanisms or maximizing 
the gettering efficiency. However, in device processing, material parameters do not 
necessarily reveal the whole truth. In solar cells, the best bulk lifetime or the lowest bulk 
impurity concentration does not automatically lead to the highest conversion efficiency. At
some point e.g. iron gettered to the emitter might start to increase emitter recombination or 
the maximized phosphorus content, that was seen to increase the gettering efficiency also 
in this thesis, could start to deteriorate the cell performance.

Another relatively common approach is to study the final solar cell tolerance to impurities. 
Dubois et al. [24] and Laades et al. [25] have e.g. experimentally shown that in an industrial 
single crystalline silicon solar cell process ( - 17 %), silicon with moderate initial 
interstitial iron concentration (below 2×1012 cm-3) can be used without affecting the final 
conversion efficiency. Similar research has also been performed for mc-Si ( - 16 %).
Coletti et al. [26] and Dubois et al. [27] have experimentally shown that an initial iron 
concentration at or below 1×1013 cm-3 has no observable influence on the conversion 
efficiency. However, this approach also has drawbacks since the experiments usually 
concentrate on a single industrial cell process with very little emphasis on gettering 
parameters and their optimization.

Instead of optimizing PDG efficiency solely based on material parameters or determining 
the tolerance to iron for one predefined industrial solar cell process, in publication VI, a
systematic study concentrating simultaneously on both the gettering efficiency and the final 
device parameters is reported. Publication VI presents how the impurity tolerance can be 
affected by changing the phosphorus gettering parameters. The impact is evaluated by 
measuring the final solar cell parameters as a function of iron level in the bulk.

6.2 Voc, Jsc and 

To fabricate solar cells, p-type MCz-wafers with three different initial iron contamination 
levels: i) 1 × 1013 cm-3 (medium), ii) 2 × 1014 cm-3 (high) and iii) no intentional iron, were 
used. Together with the cells, reference wafers, without cell structures but with identical 
contamination and heat treatments were processed. Emitter formation was done by 
application of phosphorus spin-on dopant and a subsequent phosphorus diffusion gettering 
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treatment. Five different PDG treatments, whose parameters are presented in Table 5, were 
used. SiNx antireflection coating (ARC) was deposited by plasma-enhanced chemical 
vapor deposition (PECVD). Backside metallization was done by aluminum sputtering. For 
the front side metallization, Ti/W and Cu layers were sputtered and patterned with lift-off 
followed by Cu electroplating. The cross-section of a finished cell is presented in Fig. 12.
Iron concentrations in the wafer bulk were measured from the reference wafers using the 
SPV method. In addition, phosphorus and iron profiles near the wafer surface were 
measured by SIMS. The electrical device properties of the finished cells were measured 
under the standard illumination condition (AM1.5G, 1000 Wm-2 C) with the irradiance 
decay cell analysis method (IDCAM) [61]. The cells were also characterized by external 
quantum efficiency (EQE) measurements.

Table 5. The PDG treatments used in the experiments and the resulting sheet resistances.

Group Temperature profile Rs [ ]

30A 30 min at 87 C + pullout at 87 C 36

30B 30 min at 87 C + pullout at 80 C 35

60A 60 min at 87 C + pullout at 87 C 27

60B 60 min at 87 C + pullout at 80 C 26

60C 60 min at 87 C + 2 h at 80 C 24

Fig. 12. The solar cell structure used in the experiments. (Reprinted with permission from V.
Vähänissi, A. Haarahiltunen, H. Talvitie, M. Yli-Koski, and H. Savin, Impact of phosphorus 
gettering parameters and initial iron level on silicon solar cell properties, Progress in Photovoltaics: 
Research and Applications 21, 1127-1135 (2013). Copyright 2012 John Wiley & Sons, Ltd.)

Fig. 13 presents the measured electrical device properties: (a) open-circuit voltage Voc, (b) 
short-circuit current Jsc and (c) conversion efficiency , of the final solar cells after different 
PDG treatments. The device properties are presented both as a function of the PDG 
treatment and the final bulk iron concentration.
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Fig. 13. The measured electrical device properties: (a) open-circuit voltage Voc, (b) short-circuit 
current Jsc and (c) conversion efficiency measured under the standard 
illumination condition (AM1.5G, 1000 Wm-2 C). (Reprinted with permission from V. Vähänissi, 
A. Haarahiltunen, H. Talvitie, M. Yli-Koski, and H. Savin, Impact of phosphorus gettering 
parameters and initial iron level on silicon solar cell properties, Progress in Photovoltaics: 
Research and Applications 21, 1127-1135 (2013). Copyright 2012 John Wiley & Sons, Ltd.)

The measured Voc values seem to be directly affected by the final iron level in the bulk 
leading to a strong correlation between Voc and iron concentration. A substantial increase 
in Voc with diminishing bulk iron concentration is clearly noticed. By comparing the non-
contaminated cells, it is clear that the obtainable Voc is nearly independent on the used PDG 
treatment. Notice that with the most efficient gettering treatment used here, 60C, the Voc of 
the highly contaminated cells is totally recovered, with an increase of up to 20 mV, back to 
the same level as the open-circuit voltages of the non-contaminated cells.

The obtained Jsc values are also interesting (Fig. 13 (b)). A correlation between the Jsc and 
the iron concentration is obtained but Jsc is also clearly dependent on the used PDG 
treatment. This can be seen by comparing the non-contaminated cells, where the Jsc values 
decrease with increasing PDG duration. Thus an individual correlation between Jsc and the 
final iron concentration for each PDG treatment is obtained. With the highly contaminated 
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cells, a significant improvement in the Jsc value is seen only with the most efficient PDG 
treatment (60C). With this treatment, Jsc is equal compared to a non-contaminated cell. 
However, this value is notably lower than the best one, which is obtained from the non-
contaminated cells with the 30A treatment.

The behavior of the conversion efficiency of the cells with different bulk iron 
concentrations and PDG treatments is a result of the combined effects of the Voc and Jsc

described above. As can be seen from Fig. 13 (c), the efficiency values indeed correlate
with the bulk iron concentration and the applied PDG treatment. Similarly as in the case of 
Voc, the efficiency of the highly contaminated cells significantly improves as the bulk iron 
concentration decreases. However, there is a significant decrease in the conversion 
efficiency of the non-contaminated cells with longer PDG treatments, which is dominated 
by the Jsc behavior. With medium contamination level the improvement in Voc is balanced 
by a decrease in Jsc between PDG treatments 30A and 30B, but with longer P in-diffusion 
the cell efficiency is reduced due to the decrease in Jsc.

Before the cell measurements, the bulk iron was let to pair up with boron forming FeiBs

pairs. The pairs were not split up before the measurements and thus they determined the 
recombination properties. According to Schmidt [62] the dissociation of FeiBs pairs leads 
to degradation in most cell parameters, including Voc, Jsc, fill factor (FF) and . Had the 
FeiBs pairs been dissociated before the measurements by e.g. illumination, the observed 
degradation of the cell parameters as a function of final bulk iron concentration would have 
been even stronger.

6.3 External quantum efficiency

Fig. 14 shows the influence of the PDG treatments and iron levels on the EQE of the 
selected cells. The EQE results are comparable to each other, since the optical properties 
of the ARCs were measured to be identical from cell to cell. In addition the light 
transmission through the device can be neglected due to the thickness (400 μm) and the 
used cell structure.
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Fig. 14. The influence of different PDG treatments and iron levels on the EQE of the cells. Results 
are shown for (a) 30A-treated non-contaminated and highly contaminated cells, (b) 60C-treated 
non-contaminated and highly contaminated cells and (c) 30A-treated and 60C-treated non-
contaminated cells. (Reprinted with permission from V. Vähänissi, A. Haarahiltunen, H. Talvitie, M. 
Yli-Koski, and H. Savin, Impact of phosphorus gettering parameters and initial iron level on silicon 
solar cell properties, Progress in Photovoltaics: Research and Applications 21, 1127-1135 (2013).
Copyright 2012 John Wiley & Sons, Ltd.)
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At short wavelengths, the light is absorbed in the emitter region, and thus the EQE at 
corresponding wavelengths describes the recombination behavior of carriers there. The 
EQE curves obtained from the non-contaminated and highly contaminated cells after PDG 
treatment 30A (Fig. 14 (a)) overlap totally at short wavelengths. The poor cell performance 
at those wavelengths can be explained by significant Auger recombination and the presence 
of a dead layer. According to SIMS, the phosphorus concentration near the emitter surface 
~ 1 × 1021 cm-3 exceeds the solid solubility value [63 C. With emitter phosphorus
concentration above 1020 cm-3 the Auger recombination limited lifetime drops below 1 ns 
[64], which corresponds a diffusion length of about 300 nm. In addition, the formation of 
electrically inactive phosphorus results in an extremely high recombination rate dead layer 
near the cell surface. At wavelengths longer than 700 nm, where the absorption depth of 
light is deeper than , the 
EQE curves clearly deviate. This is due to the increased amount of iron in the bulk, 
unquestionably linking also the considerable conversion efficiency difference seen in Fig. 
13 to the iron concentration.

The EQE curves of the non-contaminated and highly contaminated cells that have gone 
through the most efficient PDG treatment used here, 60C, overlap at all wavelengths, and 
there is no deviation even at long wavelengths indicating that the final cell performance of 
the initially highly contaminated cell is not limited by the iron contamination. This confirms 
the previous almost identical IV-results and proves that the used gettering treatment truly 
erases the negative effect of the initially high iron concentration.

The EQE curves of 30A treated and 60C treated non-contaminated cells overlap at 
wavelengths longer than 700 nm and then start to deviate at shorter wavelengths. The 
overlapping at long wavelengths indicates that the bulk recombination lifetime and back-
surface recombination in the cells are identical. The difference in the final cell 
performances seen in Fig. 13 is explained entirely by the deviation at shorter wavelengths 
and more closely by the recombination behavior in the emitter region. A longer high 
temperature in-diffusion step and a long low temperature anneal results in increased emitter 
phosphorus concentration and expanded emitter region enhancing the recombination. The 
SIMS results showed that the thickness of the highly doped area (> 1020 cm-3) was almost 
doubled and the junction depth increased from 0.55 μm to 0.75 μm after the treatment 60C.

6.4 Discussion

Surprisingly, even in the highly contaminated samples, the cell efficiency did not start to 
decrease due to the increased emitter recombination influenced by the iron impurities 
gettered there. This agrees with the results reported by Macdonald et al. [37]. According to 
their studies phosphorus-diffused emitters are immune to the presence of high levels of iron 
(1016 cm-3). Even though emitter recombination due to gettered iron does not seem to be a 



33

problem, there is inevitably a compromise between cell efficiency and the gettering 
efficiency. If rather clean cells go through a gettering step designed for highly contaminated 
cells and vice versa, the resulting efficiencies will not be as high as could be achievable. 
Notice that no improvement in cell efficiency was achieved by increasing the gettering 
efficiency with medium contamination level cells. The weight of the emitter phosphorus
profile in comparison to gettering efficiency seems to increase with the decreasing 
contamination level. The optimum treatment for different silicon material (e.g. upgraded 
metallurgical-grade Si and solar-grade Si) therefore varies a lot. One possibility is to split 
the wafers into different batches based on their initial iron concentration. Each batch should 
be then treated with different phosphorus in-diffusion and gettering steps for maximum 
performance. Since the contamination level in a silicon ingot usually changes with position, 
the splitting could be easily done based on the ingot position.

Adding the selective emitter capability in high-efficiency crystalline silicon solar cell 
turnkey lines could remove the need for the aforementioned compromise between 
phoshorus profile and gettering efficiency. In selective emitters only the areas under the 
contacts are heavily doped, approximately to the same phosphorus level as used here, 
ensuring a low contact resistance. Elsewhere the doping level is much lower optimizing the 
emitter saturation current and diffusion length. The selective emitter enables the 
exploitation of more effective PDG treatments at lower temperatures without deteriorating 
the emitter performance. This could compensate the loss in gettering efficiency at high 
temperatures. However, in selective emitters the finger separation could limit the total 
obtainable gettering efficiency to some extent: with short gettering treatments not 
necessarily all the metals have enough time to diffuse to the gettering site. This fact should 
be taken into account when designing the optimal PDG treatment. Overall, the combination 
of a selective emitter and a well-designed PDG treatment could be very beneficial to the 
final cell performance.

To conclude, by using a special PDG treatment, the conversion efficiency of highly iron-
contaminated cells (2 × 1014 cm-3) can be restored to a level comparable with the non-
contaminated cells. Even high amounts of gettered bulk iron do not increase the emitter 
recombination. These results clearly show that with suitable PDG, it is possible to increase 
the maximum tolerable impurity concentration and prevent the otherwise obvious 
degradation of the cell performance. In addition, the presented results evidently show that 
the most efficient gettering treatment is not always the best option for the solar cell 
operation. A PDG treatment, which was not optimized for the initial contamination level 
of the cell, was seen to negatively affect the emitter quality and thus the performance of the 
cell was deteriorated. All in all, the results demonstrate the enormous potential of PDG but 
also emphasize the importance of designing both phosphorus in-diffusion and gettering 
steps together well for the optimum net effect.
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7. Conclusions

In this thesis the relocation of harmful impurities in silicon by phosphorus and boron 
diffusion gettering as well as by phosphorus implantation gettering has been studied. The 
obtained results consist of both material parameters, such as minority carrier lifetime / 
diffusion length and bulk impurity concentration, and device parameters, such as solar cell 
Voc, Jsc and . The conducted experiments determine the obtainable gettering efficiencies 
and help to clarify the exact mechanisms behind gettering. Special emphasis was put on
analyzing the applicability of the different gettering techniques to silicon solar cells. Many 
of the covered themes, e.g. n-type silicon, oxygen precipitation and related defects, red 
zone removal and implantation gettering, coincide closely with the topics under current 
debate in the photovoltaic community.

Despite the prevalence of phosphorus diffusion gettering (PDG), the exact mechanisms 
behind it have remained ambiguous. The steady state PDG results from the temperature 
range of 650- presented in this work filled a gap in the existing experimental data and 
allowed the accurate determination of the segregation coefficient kseg for iron between the 
phosphorus doped layer and bulk silicon. In addition to providing important information 
on the exact physical mechanisms behind PDG, the accurate kseg can be used in future for 
quantitative modeling of gettering efficiency of iron at various processing conditions and 
enables further cell efficiency optimization e.g. when introducing new processes.

Due to the proliferated interest towards n-type silicon solar cells, the importance of boron 
diffusion gettering (BDG) has significantly increased. In this work, against the common 
expectations, high gettering efficiencies for BDG were achieved. Iron concentrations of 
more than an order of magnitude lower than solid solubility were obtained and thus the 
resulting gettering efficiencies were even comparable to PDG. The high gettering 
efficiency was achieved by activating the formation of B-Si precipitates during BDG. This 
necessitates the use of high boron concentrations and long annealing times creating a 
practical disadvantage in comparison to PDG. In general, obtaining an effective PDG is 
fairly easy with a low temperature anneal whereas BDG conditions must be more 
accurately optimized. Furthermore, the higher thermal budget of boron diffusion might 
generate further impurity related complications. As an example of that, oxygen 
precipitation in the bulk was seen to have a much stronger effect in BDG than in PDG.

The potential of n-type is certainly not confined only to Czochralski-grown silicon (Cz-Si).

In this work the applicability of both BDG and PDG to n-type multicrystalline silicon (mc-

Si) wafers containing the red zone was studied. The obtained results clearly showed that 

boron and phosphorus diffused layers can be effectively used for metal gettering in n-type 

mc-Si as well. Both of the processes led to a significant increase in minority carrier lifetime 

and a substantial reduction of the formerly unusable red zone area. In contrast to Cz-Si, in 
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mc-Si the higher in-diffusion temperature of BDG was found to be beneficial. The higher 

temperature led to a more complete dissolution of metal precipitates thus enhancing the 

diffusion gettering to the emitter. Hence, BDG was found to be clearly more efficient in 

mc-Si than PDG. According to the results, n-type mc-Si is a promising material for solar 

cell manufacturing. However, the benefit resulting from the insensitivity to certain metal 

impurities proved to be case sensitive.

Ion implantation offers an intriguing option for emitter improvement. The phosphorus 
implantation gettering results presented in this work provided valuable information on the 
obtainable gettering efficiency of implanted emitters and the prevailing mechanisms behind 
implantation gettering. The gettering efficiency was naturally lower in implanted emitters 
due to the lower phosphorus concentration. However, the results indicated that also the lack 
of electrically inactive phosphorus after implantation plays a role. The prevailing 
mechanisms behind the implantation gettering were found to differ from those present in 
typical conventional diffused emitters. In addition, the mechanisms were found to be case 
sensitive and dependent on the initial contamination level and the gettering anneal 
parameters. Therefore, in implantation gettering, the anneal should always be tailored 
according to the starting material.

Finally, gettering processes optimized based on the presented material parameter results 
were applied on device level in solar cell processing. The obtained results clearly showed 
that with a correctly tailored PDG, the maximum tolerable impurity concentration 
increased and the otherwise obvious degradation of the cell performance was prevented. 
On the other hand, an ignorantly optimized PDG was seen to negatively affect the cell 
quality: the most efficient gettering treatment was not automatically the best option. To 
achieve the best solar cell results, one should always consider the initial contamination 
level of the cell, and based on that design both the phosphorus in-diffusion and gettering 
steps wisely together.
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