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RAPID THERMAL PROCESSING OF CONVENTIONALLY AND 
ELECTROMAGNETICALLY CAST 100 cm2 MULTICRYSTALLINE SILICON 

S. Sivoththaman, W. Laureys, P. De Schepper, J. Nijs, R. Mertens . Inter-university Micro Electronics Center (IMEC), Kapeldreef-75, Leuven 3001, Belgium 

ABSTRACT 

100 cm2 n+pp+ solar cells have been fabricated by 
rapid thermal processing (ATP) on conventi~nally c~st 
(CC) and electromagnetically cast (EMC) mult1crystalhne 
silicon (me-Si). All thermal steps were carried out by fast­
ramp (>30'C/s) ATP using tungsten-halogen lamps. 
Emitter and BSF were simultaneously formed by ATP co­diffusion of phosphorous and boron I or aluminum (50 • 
60 seconds) and surface passivation by rapid thermal 
oxidation, RTO (40 • 50 seconds). The all-ATP process 
resulted in 14.1% and 13.3% efficient cells on CC and EMC me-Si respectively. The EMC cells, when subjected 
to an additional plasma hydrogen treatment, impr~ved to 
give the same efficiency as the CC mc-S1 cells. 
Systematic lifetime measurements 1?9rformed on thE:~e materials show that the degradation In the EMC mc-S1 Is 
mainly due to the activated crystal!ographic defects, 
responding favourably to hydrogenation treatments but 
poorly to RT-gettering treatments. On ~he other h_and, 
significant gettering effects are observed in CC mc-S1. 

INTRODUCTION 

Rapid thermal processing (ATP) is used in various 
stages of integrated circu(t _ _Pro~essi_ng _such _as implantation damage anneal, sIhcIdatIon, smtenng, oxide 
anneals etc., where a low thermal budget is essential to 
have strict control on junction profiles and to avoid lateral dopant diffusions etc .. A more recent application of ATP 
is the development of silicon solar cells (1-5]. Recently we 
reported realisation of 15.4% efficient solar cells made 
entirely by ATP on 100 cm2 industrial Cz-Si wafers [6]. 
The degradation in the bulk Si by the activation of 
crystallographic defects and residual impurities due to 
very fast temperature ramps is an issue of concern. 
These effects are expected to be minimal in single crystal 
Si. However, the case of me-Si, which contains variety of 
inter-grain and intra-grain crystallographic defects a~d residual impurities is more complicated. Further, the gram 
structure and residual impurities (metals, 0 , C) depend 
also on the casting method used. In the present paper, we report on the response of differently cast me-Si 
materials to fast-ramp RT-anneals, and on the presence 
of gettering effects during RT-dopant diffusion. Also 
reported is the performance of 100 cm2 me-Si cells fabricated by ATP without involving any conventional furnace processes. 
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EXPERIMENTAL 

Investigation on minority carrier lifetime 

To study the influence of ATP on the minority carrier lifetime of me-Si wafers we chose two different kinds of 
materials from different manufacturers. One is 
conventionally cast (CC me-Si) with larger grains (1.5 • 2 
cm2), while the other electroma~netically cast (EMC mc­
Si) with very small (0.25 cm ) grains. To take into account the lateral non-uniformities in the properties and 
to have a statistical approach, 100 cm2 wafers were 
used. 

Sample preparation 

The surface damage of the as-cut wafers was first 
removed by removing 10-15 µm of Si from each side in a 
solution containing HNO3:HF:CH3COOH. The resulting 
sur1ace was mirror-like. All the wafers were then 
subjected to a cleaning sequence, (i) 4H 2SO4:H 202, (ii) 
5H2O:NH4OH:H2O2, (iii) 5H2O:HCl:H2O2 with 1% HF 
dips in between. Initial lifetime measurements were 
performed on all wafers (see section below). Following 
the lifetime measurements, another 1 -2 µm of Si was 
etched away from both surfaces of the wafers in a weak 
HF:HNQs solution, and the same cleaning sequence was 
performed again. The wafers were then divided into two 
groups: The first group of wafers underwent an RT­
annealing (RTA) treatment in pure N2 ambient. A 
commercial ATP furnace was used. All the quartzware 
was carefully etch-cleaned prior to the experiments to 
avoid any external contaminations. RT-anneals were 
performed in the temperature range 875-950'C for 
various samples. The temperature ramps were typically 50'C/s up and 30'C/s down. After the RTA treatments, 
the samples were cleaned again and lifetime 
measurements performed. For the second group of wafers, approximately 5000A of phosphosilicate glass 
PSG (P2O5:SiO2) was deposited on one side in an 
APCVD reactor at 400'C with SiH4, PH3, and O2 as 
process gases. 1 µm of pure aluminum was then 
evaporated at 10-6 Torr on the other side of the wafers in 
an e-beam chamber. Rapid thermal diffusion (RTD) was 
then carried out using the same thermal cycles as before, 
simultaneously diffusing P and Al into the two sides of the 
wafers. Excess PSG and Al-Si alloy were stripped away in HF and HCI solutions respectively. At least 10 µm of Si 
was then removed from each side of the RT-diffused 
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wafers in a polishing HN03:HF:CH3COOH solution. All 
the wafers underwent the cleaning sequence once again 
and the lifetime measurements were performed on all 
group II wafers. 

Carrier llfetlme measurements 

Time-resolved microwave photoconductivity (TRMC) 
measurements were used to evaluate the effective 
minority carrier lifetime ('teff) distributions. A µ-wave PCD 
measurement system with a laser beam of 1057 nm 
wavelength was used. The 'teff that Includes both the 
surface and bulk recombinations (1/'teff = 1/'fb + 1/'ts) can 
be extracted from the decay of the µ-wave 
photoconductivity. In our case, the surfaces were 
passivated by 20 vol% HF. Measurements were 
performed on a large number of points in each wafer 
covering the whole 100cm2 area. The diameter of the 
laser-illuminated area was approximately 2mm. For all 
wafers, Teff measurements were carried out before and 
after the ATP treatments with the surface preparations as 
described above. 

Solar cell fabrication 

Both conventionally cast (0.75, 0.9 and 2.8 0-cm), 
and electromagnetically cast (1 0-cm) me-SI materials 
from different manufacturers were used to fabricate 100 
cm2 all-ATP cells. The wafers were saw-damage etched 
and cleaned as described above. For the emitter 
formation by RTD, APCVD deposited PSG was used as 
diffusion source. For the BSF, either APCVD borosilicate 
glass (BSG), or evaporated aluminum was used as RT -
diffusion sources. The emitter and BSF were formed in a 
single RTD step in N2 ambient. After removing the 
remains of the diffusion sources In appropriate chemical 
solutions, the samples were HF-dipped and rapid thermal 
oxidation (RTO) was carried out In an 02 ambient for 
emitter surface passivation. During the RTO, 1 O seconds 
before the end of the high temperature plateau, the 
ambient was switched back to N2 . Most of the RT­
diffusions were carried out in the temperature range 900 -
925'C, for durations upto 60 seconds and the RT­
oxidations at 900"C for upto 50 seconds. Some of the 
EMC wafers underwent a plasma hydrogenation 
treatment after the RTO. Direct hydrogenation was 
carried out from the rear side of the wafers in an rf (13.56 
MHz) plasma system at 350'C. This treatment was limited 
only to the EMC wafers to see the effect of hydrogenation 
after the ATP treatments. The frontside contacts were 
formed by photolithography/lift-off technique and the rear 
contact was evaporated aluminum. Finally, a double layer 
antireflection coating of ZnS/MgF2 was evaporated onto 
the frontside of the wafers. 

RESULTS AND DISCUSSION 

'teff after RTA without Involving dopant diffusion 

Figure 1 shows an example for the distribution of teff 
in 100 cm2 CC me-Si before and after an RT A treatment 
of 925'C, 60s, without involving any dopant diffusion. 
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Considerable diversity in 'teff is observed in 100 cm2 
virgin wafers even before the ATP treatment. Regions of 
high and very low lifetimes are due to the randomness of 
various crystallographic defects and recombination 
centers in cast me-SI material. 
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Figure 1. Distribution of 'teff in CC me-Si, (a) before, and 
(b) after an RTA treatment of 925' C, 60s, without 
involving any dopant diffusion 
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Figure 2. Distribution of 'teff in EMC me-Si, (a) before, 
and (b) after an RTA treatment of 925'C, 60s, without 
involving any dopant diffusion 

From figure 1, it seems there occurred a severe 
lifetime degradation after the RT A treatment. More than 
half of the points measured showed 'teff below 4 µs. 
Since external contamination In these experiments is 
highly unlikely, the main reason for the lifetime 
degradation should be the activation of crystallographic 
defects & metallic impurities as a result of quenching 
effect inflicted by the high cooling rates of >30'C/s. 
Similar degradations In 'teff was also noted in the case of 
EMC me-Si. Figure 2 shows the distribution bar-chart of 
Te1 measured on EMC me-SI before and after an RTA of 
925'C, 60s. Due to the cold crucible casting method, it is 
generally beleived that the EMC me-Si material contains 
much less amounts of oxygen and metallic impurities as 
compared to CC me-Si material. However, the EMC me­
Si contains a very high density of grain- and sub grain­
boundaries, whose activation due to the rapid thermal 
ramps might have contributed to the lifetime degradation 
after the RTA. Similar tendencies were observed in other 
temperatures as well. The above results indicate that 
RTA of me-SI wafers without involving any dopant 
diffusion can result In strong degradations in minority 
carrier lifetime. 



'teff after RT anneals Involving dopant diffusion 

Figure 3 shows the lifetime distribution of a CC me-Si 
wafer before and after RT co-diffusion of phosphorous 
and aluminum (900·c, 50s.). Unlike the cases described 
above, when the RT annealing involved RT-diffusion of 
dopants such as P and Al, an improvement in "t eff is 
noted. This evidences the presence of ~n RT-gettering 
effect after co-diffusion of P and Al. The resulting 
distribution chart after RTD shows a much wider spread 
in teff as compared to the virgin wafers. Unlike what was 
reported for single crystal Si (7), some points still showed 
a degradation after the RTD treatment of CC me-Si. This 
tendency was observed in all the CC me-Si wafers that 
were subjected to RTD above 875'C. 
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Figure 3. Distribution of "teff in CC me-Si, (a) before, and 
(b) after an RT co-diffusion of P/AI at 925'C, 60s. 
0unctions were removed after RTD). 
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Figure 4. Distribution of "teff in EMC me-Si, (a) before, 
and (b) after an RT co-diffusion of P/AI at 925•c, 60s. 
0unctions were removed after RTD). 

Figure 4 shows a typical example of RTD gettering 
treatment on an EMC me-Si wafer (900'C, 50s). In the 
case of EMC me-Si, however, the improvement in "teff is 
not as pronounced as in the case of CC me-Si. These 
results suggest that, (i) a strong gettering effect exists in 
the case of CC me-Si after RT co-diffusion of P and Al, 
whereas this effect is very marginal in the case of EMC 
me-Si, and (ii) the RT-induced degradations can be 
attributed to activation of residual Impurities and/or 
crystallographic defects, the latter being more dominant 
in the case of EMC me-Si, which might require treatments 
like hydrogenation for further improvement. 

Performance of 100cm2 ATP me-SI cells 

Table 1 shows the performance of the CC me-Si cells 
fabricated by ATP. In the case of P and Al co-diffused 
samples, the RTO treatment Increases the Voe by more 
than 13 mV. The 40s RTO followed by 10s N2 anneal 
results In good quality oxides. Ramping down in 02 
results in less good Interface quality. Figure 5 compares 
the internal quantum efficiency (IQE) of two ATP CC me­
Si cells with and without RTO surface passivation. The 
blue response is further increased by the RT-oxidation of 
the shallow emitter surface. RTO treatment was found to 
be beneficial for p-type (boron) emitters as well (8). 
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Figure 5. Internal quantum efficiency (IQE) of two ATP 
CC me-Si cells showing the effect of RTO surface 
passivation 

In Table 1, the comparison between the n+pp+ (P/AI) 
and n+p cells show also the beneficial effects of 
aluminum. However, the 2.8 ohm-cm me-Si material did 
not give a high enough V oc with an oxide passivated 
n+pp+ strucrute, even though it gave the highest Jsc• 
One of the reasons for the low Voe may be higher base 
saturation currents due to low substrate doping level. The 
main results of the EMC me-Si cells are given In Table 2. 
The improvement brought about by the hydrogen plasma 
treatment is quite large. Figure 6 compares the IQE of 
two ATP EMC me-Si cells with and without hydrogen 
passivation. From Table 2, it seems that the incorporation 
of aluminum BSF does not help much in the EMC cell 
performance. Comparing these results with the lifetime 
measurements mentioned above, it seems that RT• 
induced degradation can be conveniently minimized to 
acceptable levels by RT-gettering of metallic impurities in 
the case of large grain CC me-Si materials. For EMC rnc­
SI, however, treatments like hydrogenation might be 
necessary to recover the degradations in materials like 
EMC me-Si which contains a large density of grain 
boundaries and crystallographic defects, whose activation 
can be the main mechanism for the "t eff degradation. 



Table 1. Performance of 100 cm2 ATP CC me-Si cells 

Resistivity structure dopant(s) RTD RTO Jsc Voe FF Tl (Q-cm) T('C) / t(s) T("C) / t(s) (mA/cm2) (mV) (%) (%) 

0.75 n+pp+ P/B 925/60 900/50 31.4 595 75.1 14.0 
0.90 n+pp+ P/AJ 925/50 925/50 30.8 592 77.3 14.1 
0.90 n+pp+ P/AJ 925/50 925/50 30.5 592 n.3 13.9 
0.90 n+p p 925/50 925/50 29.7 587 TT.1 13.4 
0.90 n+pp+ P/AJ 925/50 30.2 579 76.1 13.3 
2.8 n+pp+ P/AJ 900/50 900/50 322 581 75.2 14.1 

Table 2. Performance of 100 cm2 ATP EMC me-Si cells 

structure dopant(s) plasma RTD RTO Jsc Voe FF 
hydrogen T("C) I t(s) Tl T("C) / t(s) (mA/cm2) (mV) (%) (%) 

n+pp+ P/AJ 
p 

no 
yes 
yes 

925/50 
925/50 
925/50 

900/50 29.6 583 76.9 13.3 
n+p 900/50 30.8 595 76.6 14.0 

n+pp+ P/AJ 900/50 30.9 593 77.1 14.1 
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Figure 6. Internal quantum efficiency (IQE) of two ATP 
EMC me-Si cells showing the effect of hydrogen plasma 
passivation 

In general, the Jsc values obtained in all our me-SI cells 
seem quite moderate. Better surface texturing and/or 
optical confinement techniques can further Improve J SC· 

CONCLUSIONS 

The influence of ATP treatments on minority carrier 
lifetime of me-Si materials has been studied. RT anneals, 
when not accompanied by diffusion of dopants such as P 
and/or Al, cause serious degradation in minority carrier 
lifetime by RT-induced activation of impurities, grain 
boundaries, and other crystal defects. Significant impurity 
gettering effects have been observed in large grain me-Si 
material, whereas small grain EMC material was not very 
sensitive to gettering treatments. On the other hand, grain 
boundary passivation by hydrogenation treatment is very 
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efficient in the case of EMC material. 100 cm2 me-Si cells 
have been fabricated using only rapid thermal processes. 
n+pp+ cells with RTO surface passivation demonstrated 
>14% conversion efficiencies, using CC me-Si wafers. 
Comparable efficiencies have been obtained with all-ATP 
EMC me-Si cells after a plasma hydrogenation treatment. 
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