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ABSTRACT 

Synergistic effects from simultaneous phosphorus- 
diffusionlaluminum-alloy gettering are investigated in 
three different crystalline-silicon substrates. The silicon 
materials, experimental design, characterization, and 
analysis are presented. Some evidence for synergism is 
observed in the finished cells on all three substrate types. 
These results are combined with complementary 
observations of the effects of oxidation on bulk properties 
of previously gettered substrates to suggest a high- 
volume, low-cost process implementation which could 
give u p  to 9% relative increase in efficiency. 

INTRODUCTION 

Recent work by Tan, et al. [I] predicts beneficial 
synergism with simultaneous phosphorus-diffusion and 
aluminum-alloy gettering in crystalline-silicon (c-Si) 
substrates. Enhanced release of impurities by 
phosphorus-diffusion combined with impurity-sink 
properties of the AI:Si eutectic should provide an 
optimum gettering scenario for fast-diffusing impurities 
such as  Fe, Cu, and Nil that is superior to either process 
used alone. Tan and coworkers also predict that n 
repetitions of an aluminum-alloy process with a given 
aluminum thickness are more effective than a single 
treatment with the aluminum thickness increased by n 
times. 

It is generally accepted that use of such gettering 
processes for commercial production-line cells must be 
done at almost no extra cost (there is a natural trade-off 
between cost and performance improvement) [2]. 
Therefore, besides simply demonstrating effective 
gettering in silicon, it is desirable to determine a cost- 
effective implementation for use in the industrial setting. 

The purpose of the present work was to see if Tan’s 
gettering predictions could be verified in complete cells 
made with a variety of substrates. This paper describes 
the substrates, experimental design, and characterization 
methods used to test the gettering hypotheses. We 
present evidence for synergistic phosphorus- 
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diffusionlaluminum-alloy gettering effects in all three 
substrates tested. However, we were unable to 
discriminate between repetitive aluminum treatments and 
single thick aluminum treatments in the finished cells. 

In addition to the gettering experiment, results are 
presented from some complementary work dealing with 
the effects of oxidations on the bulk properties of 
previously phosphorus-diffused commercial substrates. 
This work is important because emitter passivation is 
another area of weakness for most commercial cells. 

Finally, the gettering results along with the oxide 
passivation results are used to define a cell process 
which should optimize the spectral response across the 
entire terrestrial spectrum. This process is very similar to 
our standard process which has produced high-efficiency 
large-area cells in solar-grade Cz [3] and mc-Si [4] 
substrates. Suggestions are made for how to further 
improve the gettering capabilities of that process and 
incorporate it into a commercial cell line. 

MATERIALS AND METHODS 

Substrates 

Three different types of c-Si substrates were used in 
the present study; prime quality Cz (CZP), commercial 
solar-grade Cz from Siemens Solar Industries (SSI), and 
commercial multicrystalline-Si (mc-Si) from Solarex 
Corporation (SLX). All three materials were p-type with 
resistivity between 0.8 and 1.2 R-cm. Substrate 
thicknesses were about 650, 300, and 250 microns for 
the CZP, SSI, and SLX substrates respectively. The SSI 
substrates came from several different boules grown over 
a number of years. The SIX substrates were all taken 
from the top few centimeters of a single mc-Si ingot. 
Material from the top of the directionally solidified ingot 
was used because it solidifies last and should have the 
highest relative impurity content. Such material should 
be more amenable to gettering improvements. To stay 
within the upper ingot region, substrates were taken from 
two different bricks from. this ingot. Each separate 
process lot using SSI andlor SLX substrates used 
material from the same boule or brick (sequential slices 
in the case of SLX to match the grain structures). 
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Experimental Design 

Material 
CZP 
SSI 
SLX 

Phosphorus-diffusion gettering (PDG) and 
aluminum-alloy gettering (AAG) were investigated 
separately and simultaneously (PDGlAAG). For the PDG 
studies, the three substrate types were co-processed 
through a series of heavy phosphorus diffusions (15- 
2 0 m ,  900°C, 3.5 hours) using POCb a s  the dopant 
source. PDG substrates were subjected to zero, one, or 
two PDG treatments. The zero split only received our 
standard light emitter diffusion process (70 !30, 875OC, 
15 min. diffusion, followed by 2-hour oxidation) which has 
shown no significant gettering potential in earlier studies 
[5]. The first PDG layer was stripped before doing the 
second PDG treatment. The emitters on all PDG cells 
were etched back to about 70-100 S2/U for cell 
fabrication. Diffusions were done from one side only. 
AAG substrates were also subjected to zero, one, or two 
AAG treatments which were done in a nitrogen ambient 
for 3.5 hours at 900°C. Aluminum layers were either 0.25 
or 1.5 pm thick, and were thermally evaporated using 
99.99% pure AI. First AAG layers were stripped before 
doing the second alloy. All AAG substrates received the 
same light emitter diffusion process described above. 
PDGlAAG substrates were also subjected to zero, one, or 
two treatments. The PDGlAAG treatment used the same 
heavy gettering diffusion described above, but with a thick 
or thin aluminum layer present on the back side during 
the diffusion. As with the PDG substrates, the heavy 
diffusions were etched back to 70-100 rU0 to make the 
cells. 

All cells were finished with evaporated aluminum 
back contacts and photolithographically defined TiPdAg 
front grids, sintered at 4OO0C, and then covered with a 
TiO~lA1203 antireflection coating. The cells were 42-cm2 
in area. A thorough discussion of our baseline cell 
fabrication sequence can be found in [4]. A total of 15 
processing lots, 60-70 substrates of each type, and 45 
furnace runs were used for this experiment. 

PDG PDGlAAG AAG 
0.8-1.5 0.8-2.0 0.7-1.5 

0.98-1.02 1.2-1.8 0.8-0.9 
0.7-1.0 0.7-1.3 1.1-1.5 

Cell Characterization 

All cells were tested in the Photovoltaic Device 
Measurement Laboratory (PDML) at Sandia. 
Characterization included one-sun and dark current- 
voltage (I-V) measurements, absolute spectral response, 
and hemispherical spectral reflectance. The spectral 
response and reflectance data were analyzed to 
determine the internal quantum efficiency (IQE) and the 
effective minority-carrier diffusion length (La). Matched 
grain structures in the sequential mc-Si slices were used 
for the spectral response and reflectance measurements 
to minimize areal nonuniformity effects in determining 
Lff. 

RESULTS AND DISCUSSION 

Table 1 summarizes the general results from this 
study. The table lists the full range of LA, values for 
each material and gettering procedure. The Lo values are 

the average effective minority-carrier diffusion lengths 
determined for the ungettered (baseline) cells in each lot. 
Normalized data are presented to minimize the effects of 
differences in the starting material properties for each 
processing lot. Results from all gettered splits involving a 
process such as AAG, PDG, or PDGlAAG, are lumped 
together in the column for that process because analysis 
at the split level showed that the other factors (such a s  
aluminum thickness or the number of repetitions) were 
insignificant. First, notice that the PDGlAAG treatment 
shows beneficial effects for each substrate type. PDG 
alone was beneficial for the CZP material only, and was 
neutral to slightly detrimental for the SSI and S M  
substrates. We have other evidence that heavy PDG 
improves the bulk properties of both of these materials, 
but the present results indicate we are not able to 
maintain this improvement to the end of our cell process. 
AAG was beneficial for both CZP and SLX substrates, but 
detrimental to the SSI substrates. These general results 
may hint at the synergistic effects of a simultaneous 
PDGlAAG process suggested in [I]. 

As mentioned above, there is considerable scatter in 
the results shown in Table 1, which precludes a definitive 
test of some of the finer points of the gettering model of 
[I]. There was no consistent trend with regard to thick 
versus thin aluminum, andlor single versus double 
gettering treatments. This could occur for a number of 
reasons. Wafer-to-wafer variability and areal 
inhomogeneity could play a role, even though we tried to 
minimize this by using "matched substrates." Process- 
induced contamination could introduce scatter, but co- 
processed control wafers indicated no general 
contamination problems. We observed occasional 
degradation due to contaminated aluminum depositions 
(indicated by high resistivity in the evaporated film). This 
problem caused most of the Ldb values below one in 
the PDGlAAG and AAG columns of Table 1. It is also 
possible that the gettering treatments did not achieve a 
steady state (as assumed in [I]), though this seems 
unlikely for fast-diffusers with the high temperatures and 
long times used here. 

Fig. 1 shows composite IQE graphs for PDG, 
PDGlAAG and AAG gettering in SIX substrates. 
Improvement due to gettering should show up as 
increased IQE, particularly from 860-980 nm, where the 
IQE analysis is done to determine the L a  value. Small 
improvements in IQE for the S M  substrates are visible in 
this wavelength range for the PDGlAAG and AAG 
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Fig. 1 Composite IQE graphs showing the effects of (a) PDG, (b) PDGIAAG, and (c) AAG on Solarex mc-Si. Right 
hand panels show a blown-up version of the region from 800-1000 nm where the IQE data is analyzed to determine the 
minority-carrier diffusion length. 

treatments (right hand panels of (b) and (c)). Spectral 
response below 700 nm is lower for the etched back cells 
(panels (a) and (b)) because the emitter junction is still 
deeper than for the baseline cells (1 pm compared to 
0.7 pm). Also, the cell fabrication process used in this 
study did not include surface passivation, so blue 
response is poor in all of the cells. Similar plots for the 
CZP and SSI substrates support the results summarized 
in Table 1 for those materials. 

The results summarized in Table 1 indicate that for 
all three materials it might be beneficial to incorporate a 
simultaneous PDGlAAG treatment in the cell process. 
Potential gains are modest (I 6% relative gain in 
efficiency), so this must be done at minimal additional 
cost. 

In a separate set of experiments, we investigated the 
oxidation of commercially diffused substrates in order to 
passivate the emitter and improve the blue response. 
Emitter passivation gave the expected boost in blue 
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Fig. 2 Composite IQE graph showing the effects of 
growing the passivation oxide with aluminum on the back 
(x's), or without aluminum (open squares). Also shown 
for reference is a cell without emitter passivation (solid 
line). 

response, but preserved the red response only when an 
AI layer was present on the back side during the 
oxidation. To our surprise, oxidations as low as 750°C 
without AI degraded Lea in cells which showed PDG 
benefits prior to the oxidation. For the case shown in Fig. 
2, Lea was degraded from a starting value of 185 pm to a 
post-oxidation value of 120 pm. With AI the PDG- 
enhanced Lea was preserved even at temperatures up to 
850°C (we did not test higher). We postulate that the 
A1:Si eutectic layer recaptures impurities released from 
the PDG region during the oxidation. 

CONCLUSIONS 

Although synergistic effects may have been observed 
with the PDGlAAG gettering process, the gain in 
performance due to improved red response would be 
modest according to the present results. This 
observation combined with the emitter passivation results 
of Fig. 2, suggest that the optimal incorporation of PDG 
and AAG in a commercial cell process might be 
sequential rather than simultaneous. This would allow 
one to achieve and maintain improved red response while 
also boosting the blue response with a simple process 
sequence. The current results indicate successful 
implementation could result in up to 9% relative 
improvement in efficiency over ungettered cells with no 
emitter passivation. This is in agreement with our past 
experience using a sequential phosphorus- 
diffusionlaluminum-alloy sequence to produce 18%- 
efficient cells in SSI material [3] and >16%-efficient large- 
area mc-Si cells on material from Crystal Systems which 
were used in a 15.3%-efficient module [4]. However, our 
baseline process uses only a light emitter diffusion rather 
than a heavy PDG step. Future work should develop 
process integration for PDG followed by etchback and 
AAGloxidation to achieve and maintain high spectral 
response across the whole AM-1.5G spectrum. The 

poorer response below 700 nm of the etched back 
diffusions compared to the standard emitter diffusion (left 
hand panels of (a) and (b) in Fig. 1) indicates the need for 
further optimization of the etched back junction profile. In 
addition, wet etching of the heavy diffusions is difficult to 
control and probably not a production-worthy approach to 
etchback. We have begun investigating potentially high- 
throughput plasma processes for selective etchback, 
defect passivation, and in-situ deposition of the 
antireflection coating [6]. 
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