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Efficiency-Limiting Defects in Silicon Solar Cell Material 
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The precipitation rate of intentionally introduced iron during low-temperature 
heating is studied among a variety of single-crystal and polycrystalline silicon 
solar cell materials. A correlation exists between the iron precipitation rate and 
the carrier recombination rate in dislocation-free as-grown material, suggesting 
that diffusion-length-limiting defects in as-grown material are structural de- 
fects which accelerate iron precipitation. Phosphorous diffusion gettering was 
found to be particularly ineffective at improving diffusion length after inten- 
tional iron contamination in materials with high iron precipitation rates. We 
propose that intragranular structural defects in solar cell silicon greatly 
enhance transition metal precipitation during cooling from the melt and become 
highly recombination-active when decorated with these impurities. The defects 
then greatly impair diffusion length improvement during phosphorus gettering 
and limit carrier lifetimes in as-grown material. 
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INTRODUCTION 

The efficiency of a silicon solar cell depends to a 
large extent on its bulk minority-carrier diffusion 
length, especially for low-diffusion-length silicon. 
Among the variety of cell fabrication techniques, the 
highest-efficiency cells are consistently produced from 
high-diffusion-length material, typically single-crys- 
tal float-zone (FZ) silicon. 1 Less expensive alterna- 
tives to FZ material exist (Czochralski [CZ] silicon 
and various types of large-grained polycrystalline 
silicon) 2,3 but they typically exhibit lower diffusion 
lengths and higher defect densities than FZ silicon, 
and therefore yield less efficient solar cells mainly 
due to increased bulk carrier recombination. 

Yet, even between solar cells made from single 
crystals, differences in as-grown diffusion length and 
cell efficiency exist. For example, Czochralski silicon 
cell efficiencies are typically lower than FZ efficien- 
cies and are rivaled by the highest cell efficiencies 
from cast polysilicon silicon. 4 This suggests that mi- 
nority-carrier diffusion-length-limiting defects are 
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present in Czochralski silicon that are not present in 
FZ material, and that similar defect concentrations 
are found in CZ and polysilicon. 

Many factors may cause low diffusion lengths in 
these materials. Dissolved transition metals decrease 
carrier lifetime through Shockley-Read-Hall recom- 
bination, ~,~ although they are rarely found in con- 
centrations high enough to account for observed low 
diffusion lengths in solar cell silicon. However, the recom- 
bination activity of dislocations in silicon is believed 
to be a strong function of the degree to which the 
dislocations are decorated by transition metals. 7,s 
Since dislocations appear in some materials with 
densities as high as 10Scm -2.9 it would appear possible 
that dislocations limit diffusion length in silicon that 
contains them. Furthermore, grain boundaries in 
large-grained silicon can reasonably be ruled out as 
efficiency-limiting defects.l~ Additionally, FZ silicon 
growth-related microdefects, known as swirl defects 11-14 
which can be identified with Cu decoration and pref- 
erential etching, 1~17 have a pronounced effect on 
diffusion length in FZ materials, is 

In polycrystalline silicon, defects include grain 
boundaries, dislocations, and transition metals. Which 
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Fig. 1. Concentration of unprecipitated iron in a subset of samples, 
normalized to the concentration after quenching, as a function of 
235~ heating time. 
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Fig. 2. Iron precipitation rate (inverse of precipitation time constant) vs 
as-grown minority-carrier recombination rate for all samples. 

of these defects account for the poor performance of 
polysilicon silicon is unclear. As mentioned above, 
dislocations certainly play a role, but  the effects of 
intragranular  microdefects are unknown. A high den- 
sity (-1012 cm -3) of microdefects has been detected in 
polysilicon via Cu decoration, preferential etching 
and contrast in electron beam induced current (EBIC) 
images. 19 EBIC contrast demonstrates  the ability of 
these microdefects to lower diffusion length when 
sufficiently decorated, although their effects in as- 
grown material  and processed cells were not deter- 
mined. 

Previously, Gilles and Weber demonstrated that  by 
controllably precipitating intentionally added inter- 
stitial iron in oxygen-precipitated Czochralski sili- 
con, information is made available about the concen- 
tration of structural  defects. 2~ (Iron is preferred 
because it is the most technologically important  me- 
tallic impurity and, compared to Cu, is a slow diffuser 
at room temperature.  Iron will diffuse considerably 
above about 200~ thus allowing highly controlled 
precipitation.) High densities of structural  defects 
(e.g., oxygen precipitates, dislocations) increase the 
rate of iron precipitation, which is thus roughly pro- 

portional to the defect concentration. 22 Recently, Bailey 
and Weber 23 used this technique of iron precipitation 
rate studies in EFG polysilicon to identify a high 
concentration of intragranular  microdefects in both 
dislocated and dislocation-free material. Present  in 
concentrations near 1011 cm -3, these defects provide 
an alternative to dislocations as the diffusion-length- 
limiting defect in EFG silicon. 

In this paper, we report the results of similar 
experiments extended to a wider variety of poly- 
crystalline and single-crystal materials. We display a 
relationship of the interstitial iron precipitation rate 
to the carrier recombination rate in the as-grown 
state and the response of these materials to phospho- 
rous diffusion gettering after intentional iron con- 
tamination. P-N junctions in silicon solar cells are 
typically formed by a phosphorus diffusion, which is 
intended to getter transition metals out of the bulk. 
The degree to which the diffusion length increases 
after phosphorus diffusion in intentionally contami- 
nated material  can provide additional information 
about the recombination activity of structural  de- 
fects, namely the degree of impuri ty decoration of the 
defects. 

EXPERIMENTS 

The materials chosen for this s tudy included EFG 
ribbon polycrystalline silicon from ASE Americas, 
cast polycrystalline silicon from Bayer Corporation 
produced by the solidification by planar interface 
(SOPLIN) technique, Siemens solar Czochralski sili- 
con, magnetic Czochralski material  (MCZ), and FZ 
silicon. EFG and cast polycrystalline silicon are com- 
mon substrates  for lower cost solar cells. MCZ silicon 
is single crystal material  grown by the Czochralski 
method with an applied magnetic field to suppress 
melt convection. Carrier lifetimes in MCZ material  
are known to rival those in FZ silicon. 25,26 

Iron was diffused into samples of each material  at 
1050~ for one hour, after which the samples were 
rapidly quenched to room temperature  in ethylene 
glycol. This prevents essentially all precipitation of 
iron during cooling, 2~ and results in a high concentra- 
tion (1015 cm -3) of interstitial iron uniformly distrib- 
uted through the thickness of the wafer. Essentially 
all of the dissolved iron forms immobile Fe-B pairs 
with substi tutional boron after several hours. 26,27 The 
iron concentration was measured as the concentration 
of Fe-B pairs using deep level t ransient  spectroscopy 
(DLTS). Diffusion length measurements  of all samples 
were obtained via the surface photovoltage (SPV) 
technique. 28,29 Iron precipitation kinetics were ob- 
served by measuring the Fe-B concentration between 
periods of 235~ heating. This temperature  was cho- 
sen to compare data  with Gilles et alY ~ After each 
heating, several microns of the surface were chemi- 
cally etched to eliminate any possible surface-related 
precipitation effects. 

Gettering experiments were performed on MCZ 
and FZ silicon and large-grained dislocated and dislo- 
cation-free EFG. Samples of each material  were satu- 
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rated with iron at 750,850, and 950~ and quenched 
to room temperature.  The iron solubility at  these 
temperatures  is roughly 1012, 1013, and 1014 cm -3, 
respectively. 3~ The gettering step consisted of a phos- 
phorus diffusion (POC13 source) for 2 h at 950~ 
followed by a 750~ anneal in N 2 for 2 h and a chemical 
etch to remove the surface diffused region. The diffu- 
sion length was measured in each sample by SPV in 
the as-grown state, after contamination, and after P- 
gettering. DLTS was used to measure  residual dis- 
solved Fe after gettering. 

R E S U L T S  

Iron precipitation curves for a subset  of samples are 
shown in Fig. 1, containing results for one MCZ, one 
CZ, two SOPLIN, and three EFG samples. A sum- 
mary of results for all samples is shown in Fig. 2, 
showing the relationship between as-grown carrier 
recombination rate (proportional to 1/L 2, where L is 
the minority-carrier diffusion length ~ ) and iron 
precipitation rate (inverse of precipitation time con- 
stant). Several points are notable about the data  in 
Fig. 2. The greater  uniformity in diffusion length and 
precipitation rate among SOPLIN material  compared 
with EFG is apparent,  as is the similarity between CZ 
and SOPLIN silicon. The most notable feature, how- 
ever, is the strong correlation between the iron pre- 
cipitation rate and the carrier recombination rate in 
the as-grown state among all materials. 

Table I shows the effects of intentional contam- 
ination and phosphorus gettering on the diffusion 
length in FZ, MCZ, and EFG silicon. While the FZ and 
MCZ regain most of their original diffusion length 
after the gettering step, the EFG samples hardly 
recover at all, even in the dislocation-free samples. No 
dissolved Fe was detected after gettering in these 
samples with DLTS. This result  demonstrates the 
greater susceptibility of EFG polysilicon to diffusion 
length degradation after metal  contamination, even 
in large-grained dislocation-free material.  The data 
labeled "MCZ-850 (no P)" are for a control sample 
subjected to iron contamination at 850~ and an 
identical thermal cycle as the gettering step but  
without the phosphorus source. The diffusion length 
increase after heat  t rea tment  in the control sample is 
only very slight, demonstrat ing that  the recovery of 
the FZ and MCZ gettered samples is caused by the 
removal of iron during the phosphorus gettering rather 
than the thermal cycle alone. 

D I S C U S S I O N  

P r e c i p i t a t i o n  K i n e t i c s  

Bailey and Weber 23 described the accelerated iron 
precipitation kinetics in EFG silicon as a competition 
b e t w e e n  d i s loca t i ons  and  o t h e r  u n i d e n t i f i e d  
intragranular  microdefects. The same correlation be- 
tween diffusion length and iron precipitation rate was 
observed in EFG material  alone and can be at t r ibuted 
to the fact that  dislocations are recombination-active 
in EFG silicon and are known to act as nucleation 

sites for iron precipitation. The data shown here, 
however, express what  appears to be a more general 
trend in which the diffusion length in low-dislocation- 
density silicon is correlated with the concentration of 
defects that  enhance iron precipitation. This is a 
strong suggestion that, as in as-grown EFG silicon, 
microdefects in dislocation-free silicon are the life- 
time-limiting defects. 

To unders tand the quanti tat ive relationship be- 
tween the minority-carrier recombination rate and 
low-temperature iron precipitation rate, it is useful to 
consider two points. First, since structural  defects in 
any one of the as-grown materials may be fundamen- 
tally different from those in another, the recombina- 
tion properties of all defects cannot be expected to be 
identical, especially since the recombination activity 
of a defect is also a strong function of its level of 
impurity decoration. 7,8,1s~19 Second, Ham showed that  
the precipitation rate of a solute scales linearly with 
the density of precipitation sites. 22 So if the carrier 
lifetime is dominated by recombination at these sites, 
then the recombination rate should also be propor- 
tional to the defect density and the precipitation and 
recombination rates should be proportional to one 
another. Such a relationship is not observed in Fig. 2; 
however, the recombination rate has a greater than 
linear dependence on the observed precipitation rate. 
Therefore, while the evidence clearly shows a higher 
intragranular  defect density in as-grown low-lifetime 
silicon, it is likely that  defects in this material  are 
characterized by a greater level of impurity deco- 
ration than the defects in high-lifetime silicon. An 
alternative explanation that  a higher concentration 
of dissolved metallic impurities exists in low-lifetime 
materials---can be rejected for the following reason: a 
high defect density entails a high metallic impurity 
precipitation rate, which in turn entails few dissolved 

Table I. Effects of Intent ional  Iron Contamination 
at Three Temperatures and Subsequent  

Phosphorus-Diffusion Gettering on 
Minority.Carrier Diffusion Length for 

Three Types of Materials 

L n after Fe 
L n Diffusion Ln After 

Material/Fe As-Grown and Quench P Getter- 
Diffusion Temp. (pro) (~m) ing (~m) 

EFG/750~ 82.9 15.9 19.1 
EFG/850~ 100.5 0.4 17.3 
EFG/950~ 69.7 6.5 21.5 
MCZ/750~ 272 48.9 115 
MCZ/850~ 274 23.7 149 
MCZ/950~ 271 16.4 195 
MCZ/850~ (no P) 226 24.7 50.2 
FZ/750~ 232 48.4 201 
FZ/850~ 230 24.5 161 
FZ/950~ 211 16.5 132 
EFG/850~ (dislocated) 20.2 14 12 

Note: "No P" indicates no phosphorus was used during the get- 
tering heat treatment. 
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impurities after cooling from the melt. This relation- 
ship has been demonstrated in EFG silicon, in which 
the highest dissolved Fe and Cr concentrations in as- 
grown material  are found in regions with the highest 
diffusion length. 31 

It is noteworthy that  the similar efficiencies of solar 
cells from CZ and cast silicon are expressed here as 
essentially identical iron precipitation rates and as- 
grown diffusion lengths. While the nature of the 
actual intragranular  defects will depend on the de- 
tails of the growth methods and may be different, the 
defect concentrations appear to be similar in the two 
materials. Based on their iron precipitation rates, 
MCZ and float zone silicon show the lowest bulk 
defect concentration and highest as-grown diffusion 
length; FZ material  typically produces solar cells with 
the highest efficiency. EFG silicon shows accelerated 
iron precipitation even in dislocation free regions, and 
typically yields even lower peak cell efficiencies than 
CZ or cast silicon. 

At least part  of the difference in precipitation rates 
among these materials can be accounted for by differ- 
ences in total oxygen concentration. CZ silicon was 
found to contain 18 parts per million (ppma) dissolved 
oxygen as measured by room temperature  Fourier 
transform infrared (FTIR) ("new ASTM" standard 
F121-83) 32 and MCZ material  only 6.3 ppma. Record 
carrier lifetimes of nearly 10 ~ts have been measured 
in oxidized high-resistivity MCZ silicon. 24,2~ The supe- 
rior lifetimes in some MCZ silicon compared to both 
CZ and even FZ material  have been previously attrib- 
uted to lower densities of grown-in point defects in 
MCZ silicon, 33 believed to result  from of the suppres- 
sion of convection and oscillatory flow in the melt by 
the applied magnetic field. 34 The defects responsible 
for the observed differences in both carrier lifetime 
and iron precipitation rate between CZ and magnetic 
CZ must  be structural  defects--very likely oxygen- 
related microprecipitates. The results presented here 
reveal a substantial  reduction in bulk structural  
defect concentrations between standard CZ and mag- 
netic CZ silicon, due no doubt in par t  to the difference 
in total oxygen concentration. 

An explanation for the nature of microdefects in 
EFG silicon comes from a model for the formation of 
SiC microprecipitates in carbon-rich EFG, presented 
by Kalejs. 35 The dominant impurity in EFG silicon is 
substitutional carbon, present in a concentration near 
20 ppma, and the oxygen concentration is less than 
0.2 ppma. Gettering at carbon-based microdefects in 
EFG material  had earlier been proposed to explain 
changes in carrier lifetime after high-temperature 
annealing. 36,37 Also, carbon-related defects in silicon 
are thermally stable, 3s making dissolution of these 
defects extremely unlikely. 

The oxygen concentration in SOPLIN silicon was 
found to be 4.5 ppma, even less than MCZ silicon and 
one-fourth the concentration in CZ material. There- 
fore, the similar iron precipitation rates in CZ and 
SOPLIN material  cannot be understood by simple 
comparison of oxygen concentrations and indicate an 

alternative defect formation mechanism in SOPLIN 
cast silicon to that  in high-oxygen materials. 

Phosphorus Gettering 
The impaired gettering efficiency of EFG silicon is 

further confirmation of the presence of intragranular  
defects even in dislocation-free material. Given the 
accelerated iron precipitation kinetics in EFG silicon, 
this important  result  demonstrates the difficulty with 
which precipitated transition metals are redissolved 
and gettered in EFG silicon. Presumably the dis- 
solved iron present  after the indiffusion and quench 
precipitated at the beginning of the phosphorous 
diffusion stage had it not it would have been gettered 
as it was in the FZ and MCZ samples. Moreover, little 
dependence of the final diffusion length on the iron 
contamination temperature  was observed. It appears 
that  a concentration as low as 1012 cm -3 is sufficient to 
saturate  the electrical activity of the iron precipita- 
tion sites. 

Low-diffusion-length regions of as-grown EFG sili- 
con are also highly resistant  to diffusion length im- 
provement with phosphorus gettering, even without 
intentional metal  contaminat ionY The similarity of 
this observation to the experimental results reported 
here further suggest that  the s t ructural intragranular  
defects in EFG silicon are already decorated with 
precipitated metallic impurities that  enhance their 
recombination activity. Moreover, our results taken 
together allow the following model to be proposed: 
intragranular  structural  defects in solar cell silicon 
greatly enhance transition metal  precipitation dur- 
ing cooling from the melt, become highly recombina- 
tion active when decorated with metallic impurities, 
greatly impair diffusion length improvement during 
phosphorus gettering, and limit carrier lifetimes in 
as-grown material  without high densities of disloca- 
tions. 

C O N C L U S I O N S  

Although EFG silicon can be effectively hydrogen- 
passivated during processing, 4~ defects responsible 
for the high iron precipitation rate in EFG silicon may 
constitute its greatest  impediment for improved cell 
efficiency. Compared with defect concentrations in 
other silicon photovoltaic materials,  this concentra- 
tion is high; no other material  was identified that  
exhibited as high an iron precipitation rate seen in 
dislocation-free EFG. Additionally, dislocation-free 
E FG responded poorly to P-gettering t reatments  com- 
pared with FZ and MCZ silicon. This suggests that  
polysilicon microdefects precipitate metallic impuri- 
ties even in the presence of s tandard gettering mecha- 
nisms; thus they must  be seriously considered as 
potential causes for low-diffusion-length regions in 
fully processed material. 

In revealing the presence of structural  bulk defects 
and their effect on minority-carrier diffusion length, 
this s tudy provides a model that  helps explain the 
superior electrical properties of float-zone and MCZ 
silicon and the lower solar cell efficiency of cells made 
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f r o m  e i t h e r  i n e x p e n s i v e  p o l y c r y s t a l l i n e  o r  d i s l o c a -  
t i o n - f r e e  CZ s i l i con .  I r o n  p r e c i p i t a t i o n  k i n e t i c s  a r e  
s e e n  to  be  a u s e f u l  m e t h o d  for  s i l i con  s o l a r  cel l  m a t e -  
r i a l s  c h a r a c t e r i z a t i o n  i n  w h i c h  s t r u c t u r a l  d e f e c t s  t h a t  
n o r m a l l y  e s c a p e  d e t e c t i o n  in  o t h e r  c h a r a c t e r i z a t i o n  
t e c h n i q u e s  a r e  e a s i l y  r e v e a l e d .  A d d i t i o n a l l y ,  p h o s -  
p h o r u s  g e t t e r i n g  is  s h o w n  to  p r o v i d e  a m e a n s  for  
d e t e r m i n i n g  t h e  p r e c i p i t a t i o n  s i t e  s t a b i l i t y  of  s t r u c -  
t u r a l  d e f e c t s  i n  a v a r i e t y  of  s i l i con  s o l a r  cel l  m a t e r i a l s .  
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