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Summary

This report summarizes the progress made by Georgia Tech in the 2002-2006 period
towards high-efficiency low-cost crystalline silicon solar cells under NREL Project
# RCQ-1-31605 entitled Development of Low-Cost High-Efficiency Silicon Cells Through
Fundamental Understanding of Critical Material and Technology Issues”. The overall goal
of the program is to improve the cost effectiveness of crystalline silicon photovoltaics by
advancing the current understanding of hydrogen passivation and removal of harmful
defects in silicon along with the development of novel conductive pastes and technologies
for low resistance screen printed contacts. This program emphasizes fundamental and
applied research on commercial substrates and manufacturable technologies. A
combination of material characterization, device modeling, technology development, and
complete cell fabrication are used to accomplish the goals of this program. This report is
divided into five sections that summarize our work on i) PECVD SIN-induced defect
passivation (Sections 1 and 2); ii) the effect of material inhomogeneity on the performance of mc-Si
solar cells (Section 3), iii) a comparison of light induced degradation in commercially grown Ga-
and B-doped Czochralski Si ingots (Section 4);and iv) the understanding of the formation of high-
quality thick-film Ag contacts on high sheet resistance emitters (Section 5).

In Section 1, we investigate bulk defect hydrogenation via PECVD SiN deposition and
anneal. We have found that a PECVD SiN film deposited at a frequency of ~150 KHz at
~400 °C is superior to the SiN deposited with a frequency of 13.56 MHz at 300 °C, despite
the fact that the high-frequency SiN film contains more atomic hydrogen in the form of Si-
H and N-H bonds. This suggests an additional source of hydrogen for the low-frequency
SiN film, which is attributed to NH; pre-treatment during the low-frequency SiN
deposition. The low-frequency SiN film showed an optimum hydrogenation temperature of
~750 °C while the high-frequency SiN film showed the optimum at ~800 °C in RTP. A ~2
us as-grown lifetime increased to ~25 ps after 850 °C firing and ~50 ps after ~750 °C
firing of the high- and low-frequency SiN films, respectively. A complete process
sequence was developed through fundamental understanding to achieve record-high
efficiency EFG Si cells. RTP contact firing with fast ramp-up and cooling gave ~1.4% increase
in absolute cell efficiency compared to the slow belt firing used in production. This
improvement was largely due to bulk lifetime enhancement associated with rapid cooling
in RTP, which enhances the retention of hydrogen at the defects in EFG Si cells. It was
found that the RTP contact firing (~700 °C/1 s) of the low-frequency SiN film with fast
cooling rate (= 40 °C/s) could preserve the hydrogenated bulk lifetime due to higher
retention of hydrogen a the defects. A two-step RTP processes, involving defect
passivation at ~750 °C/60 s and screen-printed contact firing at ~700 °C/1 s, produced a
record-high cell efficiency of 15.9% on Si ribbon.

In Section 2, we analyze the electrical activity of defects in ribbon mc-Si by scanning
room-temperature photoluminescence spectroscopy before and after hydrogen passivation.
This analysis revealed a strong inhomogeneity in the increase of minority carrier lifetime
caused by the hydrogen defect passivation in mc-Si. We present experimental evidence
that RTP-Al/SiNy processing leads to strong lifetime enhancement caused by hydrogen
defect passivation in low lifetime regions of mc-Si wafers. Additional details on the
hydrogenation mechanism are revealed in a course of the de-hydrogenation study.
Hydrogen out-diffusion shows a different rate or activation energy between high and low
lifetime regions on the wafers.

The effect of material inhomogeneity on open-circuit voltage of String Ribbon Si solar
cells is investigated by a combination of experimental results and a simple analytical
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model in Section 3. Light beam-induced current measurements showed that a cell with no
detectable defective region gave an efficiency of 15.9% with Voc of 616 mV. However, a
neighboring cell with highly defective regions covering 38% of its area, as determined by
LBIC measurements, gave an efficiency of 14.1% with Voc of 578 mV. Another cell with
19% highly defective regions gave an efficiency of 15.0% with Voc of 592 mV. A simple
and approximate analytical model was developed to quantify the loss in Voc on the basis
of recombination intensity and the area fraction of defective regions. This model showed
that the majority of the loss in Voc is associated with the most defective region, even if its
area fraction is relatively small.

A systematic study of the variation in resistivity and lifetime on cell performance,
before and after light-induced degradation in commercially grown B- and Ga-doped Cz
ingots is presented in Section 4. Manufacturable screen-printed solar cells were fabricated
and analyzed from different locations on the ingots. Despite the large variation in
resistivity (0.57 to 2.5 Q-cm) and lifetime (100-1000 ps) in the Ga-doped Cz ingot, the
efficiency variation was found to be < 0.5% with an average efficiency of ~17.1%. No LID
was observed in these cells. In contrast to the Ga-doped ingot, the B-doped ingot showed a
relatively tight resistivity range (0.87 Q-cm to 1.22 Q-cm), resulting in smaller spread in
lifetime (60-400 ps) and efficiency (16.5-16.7%) along the ingot. However, the LID
reduced the efficiency of these B-doped cells by about 1.1% absolute. Additionally, the use
of thinner substrate and higher resistivity (4.3 Q-cm) B-doped Cz was found to reduce the
LID significantly, resulting in an efficiency reduction of 0.5-0.6% as opposed to >1.0% in
~1 Q-cm ~17% efficient screen-printed cells. As a result, Ga-doped Cz cells gave 1.5%
and 0.7% higher stabilized efficiency relative to 1 Q-cm and 4.3 Q-cm B-doped Cz Si
cells, respectively.

Finally in Section 5, the physical and electrical properties of screen-printed Ag thick-
film contacts are studied in an effort to understand and achieve good ohmic contacts to
high sheet-resistance emitters. A combination of cross-sectional SEM/TEM, AFM, and
SIMS measurements is used to analyze the Ag-Si interface and explain the electrical
performance of three different screen-printed Ag pastes (A, B, and PV168) subjected to
high and low-temperature firing conditions. Contact-resistance measurements and the solar
cell parameters are used to establish a correlation between the electrical and physical
properties of screen-printed contacts. Interface analyses showed that Ag does not make a
full area contact to Si. Instead, there are dispersed Ag crystallites that are in direct contact
to a small fraction of Si underneath the Ag grid. It was also found that larger Ag
crystallites are formed at higher firing temperature, thus increasing the Ag-Si contact area
fraction. At 750°C firing, all three pastes failed on a 100 ()/sq emitter; PV168 and paste A
failed because of a much smaller Ag crystallites and Ag-Si contact area fraction at the
interface, and paste B failed because of excessive Ag penetration into the p-n junction. At a
higher firing temperature of ~835°C, conventional paste A failed because of excessive
diffusion of Ag and impurities into the emitter region which degraded the contact quality.
Paste B failed because of the formation of very large (0.6-1 um) Ag crystallites, which
shunted the p-n junction. Of the three pastes, only the PV168 paste from DuPont gave
acceptable contact quality on a 100 €)/sq emitter with a solar cell fill factor (FF) of 0.782.
This was the result of a more uniform distribution of re-grown Ag crystallites at the Ag-Si
contact interface, in conjunction with significantly reduced Ag penetration into the Si
emitter region.
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1. PECVD SiN-Induced Defect Passivation and Rapid Thermal
Processing for High-Efficiency EFG Silicon Solar Cells

1.1 Hydrogen Content and Defect Passivation Capability of Low- and High-
Frequency PECVD SiN Films

Hydrogenation capability of a PECVD SiN can be a function of the deposition
conditions such as plasma excitation frequency, deposition temperature, a ratio of NH; to
SiH,, or a pre-deposition NH; treatment. In this report, we investigated two different
PECVD SiN films for defect passivation of EFG Si solar cells. A PECVD SiN film
deposited with a plasma excitation frequency of 13.56 MHz at 300 °C is referred to as SiN-
(1) while the SiN-(2) film was deposited at ASE Americas, using a frequency of 150 KHz
and at temperatures of > 400 °C in a tubular reactor.

Table 1-1 shows the difference in the important deposition variables for the two
different SiN films used in this investigation. FTIR measurements were performed on the
two SiN films, which showed that the SiN-(1) contains ~2.5 times more atomic hydrogen
than the SiN-(2) after deposition but slightly less after the annealing at 850 °C for 2 min. It
is important to note that FTIR only detects the atomic hydrogen in the form of Si-H and N-
H bonds. Since the data in Table 1-1 indicates that much more atomic hydrogen is released
from the SiN-(1) after 850 °C anneal, one would expect more hydrogenation from the SiN-
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Table 1-1. Deposition variables and characteristics of two different PECVD SiN films.

Variable SiN-(1) SiN-(2)
Excitation frequency 13.56 MHz 150 KHz
Deposition temperature (°C) 300 ~400
Thickness (A) as-deposited ~830 ~780
Thickness (A) after anneal ~750 ~750
H content (cm™) as-deposited 2.5x10% 1.1x10*
H content (cm™) after anneal ~5x10%! ~7x10”'
NH; gas flow
Surface pre-treatment None prior to SiN
deposition

However, Figure 1-1 shows that this is not the case for the two different heat treatments
in RTP: 700 °C/1s and 850 °C/120 s. These treatments were established for front contact
and BSF formation, respectively. It was found that the SiN-(1) produced greater lifetime
enhancement at 850 °C than 700 °C. On the contrary, the SiN-(2) showed that
hydrogenation at 700 °C is much more effective than at 850 °C. In addition, the final
lifetime values for the SiN-(2) passivation are much higher than the SiN-(1) for both the
annealing conditions. This seems contrary to the FTIR data, which showed greater release
of hydrogen from the SiN-(1). Furthermore, dehydrogenation seems more important for the
SiN-(2) than the supply of hydrogen because 700 °C anneal gives superior passivation than



850 °C. This could happen if there is another large source of atomic hydrogen, in addition
to the Si-H and N-H bonds inside the film, which makes the defect passivation
dehydrogenation-limited rather than supply-limited. At low frequencies, the ions in the
plasma can follow the excitation frequency and hence are expected to have higher energy
and cause more damage to the wafer surface. In addition, the surface pre-treatment with
NH; gas during the SiN-(2) deposition can implant hydrogen into the Si surface.
According to Sopori et al. [NCPV Review Meeting, Colorado, 2001], surface damage in Si
can absorb (or trap) a lot of atomic hydrogen. This form of hydrogen may not show up in
the FTIR measurements but may be readily available for release and diffusion. Thus defect
passivation using the SiN-(2) may not be limited by the supply of atomic hydrogen from
the SiN film but by the retention of hydrogen at the defects. In order to support this
hypothesis, a study was conducted in the next section, with and without the NH;3 surface
pre-treatment.
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Figure 1-1. Comparison of bulk lifetimes in the EFG Si samples coated with two
different PECVD SiN films. After SiN deposition on the front and Al screen-
printing on the back, the samples were annealed simultaneously at 700 °C and
850 °C in RTP.

1.1.1 Impact of Surface Pretreatment with NH3 Prior to PECVD SiN Deposition

A systematic experiment was designed and conducted to understand the role of NHj
surface pre-treatment on the degree of defect passivation of EFG Si. In this experiment,
EFG Si wafers with the as-grown bulk lifetime of ~2 us were used. After P diffusion at
930 °C for 6 min in the belt furnace, the bulk lifetime of the samples increased to ~6 ps
due to P gettering. Then, the SiN-(2) film was deposited without (Scheme A) and with
(Scheme B) the surface pre-treatment with NHj3 followed by 700 °C anneal in RTP to
induce hydrogen passivation of defects.

It was found that annealing of SiN-(2) without the NH; pre-treatment (Scheme A)
increased the bulk lifetime to ~18 ps while annealing of SiN-(2) with the NH; pre-



treatment (Scheme B) raised the bulk lifetime to ~36 ps (Figure 1-2). This clearly shows
that the NH; pre-treatment helps the hydrogenation of defects in EFG Si. More research
needs to show that this is due to hydrogen implantation or absorption of more atomic
hydrogen at the Si and SiN interface.

40 T

35 +
30 &
25 &
20 +

15 +

Bulk Lifetime (ps)

10 +

51 2

o f 03

36

18

o]
I

As-grown P A B

diffused

Figure 1-2. Effect of the surface pre-treatment with NH; during SiN-(2)
deposition of EFG Si without the pre-treatment (A) and with the pre-

treatment (B).

Figure 1-3 shows an identical experiment performed for the SiN-(1) film, which was
deposited at 13.56 MHz PECVD reactor. Contrary to the SiN-(2), the SiN-(1) did not show
the beneficial effect of the NHj3 pre-treatment. This could be related to lower surface
damage or less hydrogen implantation due to lower ion energy at this high frequency.
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Figure 1-3. Effect of the surface pre-treatment with NH; on SiN-(1)-induced

defect passivation of EFG Si.



In order to understand the relative importance of the release and diffusion of hydrogen
versus retention of hydrogen for the defect passivation induced by the two SiN films,
annealing temperatures were varied in the range of 600-900 °C in RTP. Figure 1-4 shows
that the optimal annealing temperature for SiN-(2) was found to be ~750 °C as opposed to
~800 °C for SiN-(1). In addition, SiN-(2) increased the bulk lifetime to ~48 ps at ~750 °C
while SiN-(1) gave a bulk lifetime of ~25 ps at ~800 °C, indicating that SiN-(2) is more
effective in passivating defects in EFG Si. These results reveal that the optimal cell process
sequence should be quite different for the two SiN films in order to maximize the hydrogen
passivation of defects.
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Figure 1-4. Bulk lifetime enhancement in EFG Si after annealing of SiN-(1)
and SiN-(2) in RTP.

1.1.2 Impact of As-Grown Bulk Lifetime on SiN-(2)-Induced Defect Passivation of
Screen-Printed EFG Silicon Solar Cells

In this section, screen-printed solar cells were fabricated on the SiN-(2)-coated EFG Si
wafers with as-grown bulk lifetime in the range of 1-5 ps to study the impact of as-grown
bulk lifetime on SiN-(2)-induced defect passivation. Since the two SiN films showed a
very different degree of defect passivation as a function of the annealing temperature
(Figure 1), the cells were fabricated using different firing schemes to maximize
hydrogenation. The SiN-(1)-coated cells were fabricated, involving AI-BSF firing at
850 °C and Ag front contact firing at 740 °C in belt processing. For the SiN-(2)-coated
cells, screen-printed Al on the back and Ag grid on the front were fired simultaneously at
700 °C for 1 s in RTP to achieve > 30 us bulk lifetimes (Figure 1).

Figure 1-5 shows the cell efficiency of the screen-printed EFG Si solar cells with two-
different SiN films. It was found that the SiN-(2)-coated cell efficiencies were much less
dependent on the as-grown bulk lifetime compared to the SiN-(1)-coated cells. For
example, the SiN-(2)-coated cells showed an absolute efficiency variation of less than 1%
as opposed to ~3% for the SiN-(1)-coated cells for the as-grown bulk lifetimes in the range



of 1-5 ps. However, the efficiency difference between the two gradually decreased as the
as-grown bulk lifetime increased. There was very little efficiency difference for the as-
grown bulk lifetime of > 5 us, which increased to ~50 us for both the SiN films, using the
different process sequences. For the as-grown lifetime of ~1 ps, the SiN-(1) gave a cell
efficiency of ~11% while the SiN-(2) resulted in ~14% efficiency. Thus the SiN-(2) is
more effective in improving poor quality as-grown EFG Si wafers compared to the SiN-
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As-Grown Lifetime (us)

Figure 1-5. Efficiency of the screen-printed EFG Si cells with two-
different SiN films as a function of as-grown bulk lifetime.

1.2 Process Design, Fabrication, and Analysis of High-Efficiency Screen-
Printed EFG Si Solar Cells

A co-firing process in a conveyor belt furnace is commonly used in the PV industry to
manufacture low-cost Si solar cells, where PECVD SiN AR coating and screen-printed (or
pad-printed) AI-BSF and contacts are fired simultaneously. However, a short-and low-
temperature belt co-firing could sacrifice the quality of AI-BSF in favor of contact quality.

EFG Si solar cells (2x2 cm?) were fabricated using the two SiN films according to the
four process sequences shown in Figure 1-6. The complete solar cells were analyzed to
quantify the effect of each process sequence on bulk lifetime and solar cell parameters.
Three separate solar cell runs were made for each process to account for the statistical
variation in the as-grown property of EFG Si and validate the reproducibility of the cell
parameters.
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Figure 1-6. A design of four process sequences examined in this study
for achieving effective defect passivation, Al-BSF, and contacts in EFG
Si cells.

1.2.1 Development of Optimal Process Sequence for EFG Si Solar Cells with High-
Frequency PECVD SiN

Table 1-2 summarizes the I-V results of the SiN-(1)-coated EFG Si cells fabricated
using the four different process sequences outlined in Figure 1-6. The table shows the
average, highest, and lowest efficiencies for about 55 EFG Si cells fabricated for each
process scheme.

Table 1-2. I-V results of the screen-printed SiN-(1)-coated EFG Si solar cells for four
different process schemes.

Process Voc Jsc FF Efficiency (%)

scheme (mV) (mA/cm?) Average High Low
B-C 534.1 26.8 0.740 10.6 12.4 9.5
R-C 547.3 29.1 0.741 11.8 12.8 11.1
B/B 553.6 30.1 0.743 12.4 13.1 11.1
B/R 572.9 32.1 0.749 13.8 14.6 12.9

It was found that the co-firing schemes in the belt (Scheme B-C) and RTP (Scheme R-C)
were less effective than the two-step firing schemes in the belt (Scheme B/B). Scheme B/R
resulted in an average efficiency of 13.8%, which is ~1.4% higher in absolute efficiency
than the scheme B/B, due to significantly higher Voc and Jsc. This indicates that the B/R



process scheme not only improves the Al-BSF quality but also enhances the defect
passivation in the EFG Si cells.

Bulk lifetime is not so important for the FZ Si cells because the minority carrier
diffusion length is much greater than the substrate thickness, both before and after cell
processing. However, in low-cost EFG Si, the diffusion length in the as-grown state is
generally much smaller than the substrate thickness, and it improves during the cell
processing. As a result, both Voc and Jsc become very sensitive to process-induced bulk
lifetime enhancement. Therefore, bulk lifetime measurements were performed on selected
EFG Si samples before and after the cell processing to evaluate the effect of each process
scheme on final bulk lifetime. In order to decouple the impact of contact firing induced
hydrogenation, bulk lifetime was also measured after the 850 °C firing in the belt. This
sample or process will be referred to as “B”. Figure 1-7 shows the final bulk lifetime for
the five different process schemes along with the as-grown bulk lifetime, which was
somewhat low (1-2 ps) in this experiment. The figure shows the average values along with
the standard deviation for 24 measurements.
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Figure 1-7. Bulk lifetime measurement results of the SiN-(1)-coated EFG
Si for five different process schemes.

The average bulk lifetime went up from 1-2 ps to only 6.8 us and 6.6 us after the co-
firing schemes B-C and R-C, respectively. This indicates that the co-firing of the SiN-(1)
and Al at 700-740 °C is not very effective for the bulk lifetime enhancement in EFG Si.
After firing the SiN-(1) and the Al simultaneously at 850 °C in the belt furnace, without a
subsequent contact firing (Scheme B), the average bulk lifetime increased to 13.7 us,
indicating that the 850 °C firing in the belt furnace is much more effective in passivating
defects than the co-firing at 700-740 °C either in the belt or RTP. A subsequent contact
firing in the belt (Scheme B/B) was found to reduce the hydrogenated bulk lifetime to ~11
ps while the RTP contact firing (Scheme B/R) retained the hydrogenated bulk lifetime at
~14 ps. This difference is attributed to a higher retention probability of hydrogen at defects
during the shorter and faster RTP contact firing at ~700 °C for ~1 s compared to the longer
and slower belt contact firing at ~740 °C for 45 s, after the hydrogenation by the process B.



We found that, in very few cases, the average bulk lifetime did not correspond to the
cell efficiency (Table 1-2 and Figure 1-7) because of the spatial non-uniformity of bulk
lifetime in EFG Si. This is because very low lifetime regions, if present, can have greater
influence on the cell performance. Since the average bulk lifetime values for the co-firing
schemes B-C and R-C correspond to much smaller diffusion length (L < 200 pm)
compared to the ~300 pm thick EFG Si substrates, the Al-BSF quality is not expected to
have a significant effect on the cell efficiency. This is also supported by PC1D simulations,
which showed a calculated efficiency difference of less than 0.5% for 300 pum-thick
devices with diffusion length of less than 200 um and BSRV values in the range of 102 to
104 cm/s. Thus the higher quality Al-BSF produced by the two-step firing scheme B/R,
compared to the B/B and co-firing schemes, should have negligible effect on these EFG Si
cells because diffusion length to the substrate thickness (L/W) ratio is much less than one.
However, the EFG Si cell data in Table 1-2 show that the two-step firing scheme involving
the RTP contact firing (Scheme B/R) produced 3.2% and 1.4% increase in absolute
efficiency compared to the B-C and B/B processes, respectively. Since improved BSF due
to the RTP contact firing cannot fully account for such huge increase in EFG Si cell
efficiency, the RTP contact firing-induced improvement has to be attributed to the bulk
lifetime enhancement. This is directly supported by the measured bulk lifetime data in
Figure 1-7. The greater retention of the hydrogen at the defects during the RTP contact
firing is the result of shorter firing time as well as the faster cooling rate (> 40 °C/s)
compared to the slow cooling (< 10 °C/s) in the belt contact firing used in this study.
Higher cooling rates help in retaining more hydrogen at the defects, resulting in a more
effective defect passivation and higher bulk lifetime. Therefore, we conclude that the RTP
contact firing improves the AI-BSF quality (or BSRV) due to high ramp-up rate and
enhances bulk lifetime due to fast cooling. High-quality FZ Si cells, where L/W is much
greater than one, primarily benefit from the improved BSRV; while the low-cost EFG Si
cells, where L/W is smaller than one, benefit mostly from the improved bulk lifetime due to
higher retention of hydrogen at defects.

It is important to note that this study was conducted using SiN-(1) film, which is not as
effective as SiN-(2) when the as-grown lifetime value is low (1-2 ps), as shown in Section
1. Since the as-grown lifetime of EFG Si used in this study was less than 2 s, the
processed lifetime values with the SiN-(1) were well below 50 ps and the cell efficiencies
were less than 15%. In Figure 1-5, we were able to achieve 14.5-15% efficient cells with
SiN-(1) because the as-grown bulk lifetime was ~5 ps, as opposed to less than 2 ps. Thus
SiN-(1) is not capable of raising the bulk lifetime of average EFG Si to over 50 us using
low-cost manufacturable technologies. Since Section 6.9 showed that SiN-(2) is more
effective in hydrogenating low-lifetime EFG Si, the next section will focus on the
fabrication and analysis of SiN-(2)-coated EFG Si cells to achieve higher efficiencies.



1.2.2 Development of Optimal Process Sequence for EFG Silicon Solar Cells with Low-
Frequency PECVD SiN

The previous section showed that the best process sequence for SiN-(1)-coated EFG Si
cells involved two-step firing (Scheme B/R). This process produced good BSF and
contacts. However, hydrogenation was not sufficient to raise bulk lifetime to ~50 ps
because of the fairly low as-grown lifetime of 1-2 ps. This resulted in average cell
efficiencies below 14.0% with a maximum of ~14.5%. Therefore, in this section, EFG Si
cells (2x2 cm?) were fabricated using SiN-(2) using the same four process schemes (Figure
1-6). The as-grown bulk lifetime of the EFG Si used in this study was in the range of 1-2
us.

Table 1-3 shows the I-V results of the EFG Si cells with SiN-(2) for the four different
process schemes. The two-step firing scheme B/R, which was found to be best for SiN-(1),
produced an average efficiency of 13.8% with a maximum efficiency of 14.9%. Contrary
to SiN-(1) coating, the RTP co-firing (Scheme R-C) was found to be best for the SiN-(2)-
coated EFG cells, resulting in an average efficiency of 14.3% with a maximum efficiency
of 15% due to appreciably higher Jsc and Voc. Even the belt co-firing (Scheme B-C) was
found to be more effective than the two-step B/B process. Thus the co-firing schemes seem
to be better for SiN-(2) as opposed to two-step firing schemes for SiN-(1) for these four
process schemes.

Table 1-3. I-V results of the screen-printed SiN-(2)-coated EFG Si solar cells for four
different process schemes

Process Average Average Average | Efficiency (%)

Scheme Voc (mV) | Jsc (mA/crnz) FF Average | High Low
B-C 571.0 31.1 0.760 13.5 13.8 12.9
R-C 588.6 32.0 0.761 14.3 15.0 13.4
B/B 572.1 30.5 0.742 13.0 14.0 11.3
B/R 582.9 31.6 0.752 13.8 14.9 13.0

It is important to recognize that the overall cell efficiency of the SiN-(2)-coated EFG Si
cells is appreciably higher than the SiN-(1)-coated cells for all the corresponding process
schemes. These results are supported by the bulk lifetime measurements in Figure 1-8. The
R-C process increased the average bulk lifetime from 1-2 us to ~35 ps but is still less than
50 us. Therefore, in the next section, we tried to optimize the hydrogenation temperature
for SiN-(2) using the R-C process to achieve bulk lifetime over 50 ps.
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Figure 1-8. Bulk lifetime measurement results of the SiN-(2)-coated EFG
Si for four different process schemes.

1.2.3 Optimization of Hydrogenation Temperature in RTP for Low-Frequency PECVD
SiN to Achieve High-Efficiency EFG Si Cells with Photolithography Contacts

Since the optimum hydrogenation temperature of ~850 °C for the SiN-(1) in the belt
furnace, the resulting optimum process sequence involved two-step firing (850 °C/2 min in
the belt furnace and 700 °C/1 s in RTP), as discussed earlier. This sequence produced good
contacts, BSF, and fairly effective hydrogenation. In the previous section, for the SiN-(2)
we found that a relatively low temperature (700 °C) and short time (~1 s) RTP firing with
fast cooling rate (> 40 °C/s) was very effective in producing good EFG Si cells (~15%
efficiency). However, the firing condition may not be optimal for hydrogenation because
the 700 °C/1 s firing condition was tailored to maintain good FF or screen-printed Ag
contacts. Therefore, in this section, a study was conducted to determine the precise
optimum hydrogenation temperature for the SiN-(2) in RTP and utilize it to achieve high-
efficiency EFG cells first by using photolithography contacts, where we don’t have to
worry about the post-hydrogenation heat treatment because they are formed at the end.

1.2.4 Optimization of Hydrogenation Temperature for SiN-(2) in RTP

In this study, 10x10 cm? EFG Si wafers from the same growth were subjected to the P
diffusion followed by the PECVD SiN-(2) coating on top of the emitter. After the screen-
printing of Al on the back, the samples were fired in the RTP system at temperatures in the
range of 600-850 °C for 60 s with two different cooling rates. To evaluate the degree of the
SiN-(2)-induced hydrogenation, the fired samples were etched down to bare Si and
immersed in the iodine-methanol solution for surface passivation for the bulk lifetime
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measurement. The bulk lifetime was measured on ten different locations on each wafer and
two wafers were used for each firing condition to account for nonuniformity.

Figure 1-9 shows the average bulk lifetime of the samples after the RTP firing of SiN-
(2) and Al with two different cooling rates. The fast cooling rate (~40 °C/s) was ~40 times
greater than the slow cooling rate. It was found that the slow cooling condition showed
maximum bulk lifetime improvement at ~650 °C with the average lifetime of ~36 us, as
opposed to ~48 us with a maximum of 74 ps for the ~750 °C anneal with fast cooling. This
is the result of the competition between the release of atomic hydrogen from SiN, its
diffusion through the bulk, and retention of hydrogen at the defects. These results show
enhanced hydrogen passivation of defects at faster cooling rate due to higher retention of
hydrogen at the defects. In addition, the 700 °C/60 s annealing increased the average bulk
lifetime to ~40 ps, but the 850 °C/60 s annealing resulted in an average lifetime of only
~17 us. This result explains why the two-step firing, involving the 850 °C hydrogenation in
the previous section, was not very effective as it could be for SiN-(2). Furthermore, it also
shows that 850 °C RTP firing is not appropriate for the SiN-(2)-induced hydrogenation.
Figure 1-9 reveals that the 700 °C/1 s co-firing, which gave ~15% efficiency in the
previous section, is sub-optimal for SiN-(2)-induced hydrogenation. In addition, the 750°C
RTP firing, which is the optimum for the SiN-(2)-induced hydrogenation, is not good for
screen-printed contacts because it gave low FF. These conflicts show the challenge of
developing an optimal process sequence for EFG Si cells. Therefore, in the next section,
EFG Si cells were fabricated with photolithography contacts first, using the optimum
hydrogenation condition of ~750 °C/60 s in RTP.
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Figure 1-9. The average bulk lifetime along with standard deviation of EFG
Si after the simultaneous firing of SiN-(2)/Al at temperatures of 600-850 °C
in RTP. The firing time was fixed at 60 s.
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1.3 Fabrication and Analysis of 15.8% Efficient EFG Si Solar Cell with
Photolithography Contacts

In the previous section (Figure 1-9), we established that the optimal hydrogenation
condition for SiN-(2) involved 750 °C /60 s firing in RTP, which could give the average
bulk lifetime of ~50 ps required for ~16% efficient EFG Si cells with BSRV of 500-1000
cm/s. Unfortunately, the ~750 °C firing in the RTP is not suitable for screen-printed Ag
grid contacts because it drives the metal too deep, causing junction shunting and low FF.
Therefore, in this section, we decided to form evaporated metal contacts using lift-off
photolithography after the hydrogenation of the cells at ~750 °C, Figure 1-10. This should
result in the best hydrogenation and good contacts.

| P diffusion |
|

| PECVD SiN deposition |
|
| Alprinting on the back |
| |
| Ag grid printing | RTP firing
. (700-850°C/60s)
RTP co-firing l
(700 °C/15s)

I Metal evaporation I
]

l Lift-o ff |
|
| 1-V measurement |

Figure 1-10. Process sequence and conditions used for fabricating the record-
high efficiency EFG Si cells with the SiN-(2) and RTP firing. The left-hand
side shows an industry screen-printed cell processing.

Table 1-4 shows the average efficiencies of the EFG cells (2x2 cm?) as a function of
the peak firing temperature in the range of 700-850 °C. As expected from the lifetime
results in Figure 1-9, the ~750 °C firing was found to be best for maximum defect
passivation, resulting in an average efficiency of 15.7% with a maximum of 15.8%. The
efficiency drops on either side of ~750 °C. The reason for this optimum is that less
hydrogen is released and diffused at temperatures below 750 °C while more hydrogen is
dissociated from the defects at temperatures above 750 °C. This is supported by the bulk
lifetime in Figure 1-9 and Ji. and V. values in Table 1-4. LBIC measurements were
performed to map the electrical activity of defects over the cell area. In this technique, a
He-Ne laser with wavelength of 905 nm is used to generate carriers, and the generated
carriers are collected in short circuit mode to assess the recombination. Dark regions reflect
less current collected or higher recombination. LBIC measurements in Figure 1-11 clearly
show less recombination (more lighted regions) and higher spectral response (A/W) for the
15.8% efficient cell fired at ~750 °C.
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Table 1-4. The result of I-V measurements on the EFG Si cells with photolithography
contacts, in which the SiN-(2)/Al firing temperature was varied in the range of 700-850 °C

in RTP.

. Voc Jsc Eff. Rs Rsh
?g?g Temp- vy | maremd) | FF 0 @) | @em?) | (©@-emd)
700 534 | 32.82 0771 | 148 ] 0.89 44193
750 603 | 33.19 0.785 | 157 | 0.60 50778
300 500 | 3291 0772 | 149 [ 0.79 41321
850 567 | 30.26 0.764 | 13.1 | 0.64 42794

It is important to point out that once the SiN film was fired at ~750 °C it became very
difficult to etch for a good lift-off photolithography. This caused appreciable amount of
undercutting, resulting in somewhat wider openings than the photolithography grid design.
In fact, the loss of current due to wider grid and FF of only < 0.77 for these
photolithography cells suggests that manufacturable screen-printed cells, which have wider
grid and lower FF, with this hydrogenation condition could also give ~16% efficient cells.
Therefore, in the next section, we developed a new process sequence using two-step firing
in RTP to retain maximum hydrogenation while maintaining good screen-printed contacts.
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Figure 1-11. LBIC response of EFG Si cells fired at 700 °C, 750 °C, and 800 °C for 60 s
in RTP. The values in the legend represent photo-response in A/W.
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1.4 Fabrication and Analysis of Record-High Efficiency Screen-Printed EFG
Silicon Solar Cell

Since low-cost screen-printed contacts are much more desirable and cost effective than
the photolithography contacts, a new process sequence was established in this section that
not only retains maximum defect passivation but also produces high-quality screen-printed
contacts. Since the optimal hydrogenation condition (750 °C/60 s firing in RTP) is not
appropriate for screen-printed contacts, we decided to use two-step firing: one for optimal
hydrogenation and the second for good screen-printed contacts without loosing the
hydrogen at the defects. Since post-hydrogenation anneal at high temperatures can cause
dehydrogenation of defects, in this study, first we examined the extent of rapid cooling
required for retaining the hydrogen at the defects.

EFG Si wafers were subjected to P diffusion, SiN-(2) deposition, and Al screen-
printing, followed by an RTP annealing at ~750 °C for 60 s for maximum hydrogenation
of the samples. After the hydrogenation, the samples were re-annealed in RTP to simulate
contact firing at 700 °C for 1 s with four different cooling rates. Bulk lifetime
measurements were performed to assess the impact of cooling rate associated with the RTP
contact firing. This is important because hydrogen dissociates from the defects in EFG Si
during post-hydrogenation annealing.

Figure 1-12 shows the relative change in bulk lifetime of hydrogenated EFG Si due to
the RTP contact firing. As expected, the hydrogenated bulk lifetime decreased sharply for
slow cooling rates. The slowest cooling rate (~1 °C/s) caused more than 50% reduction in
bulk lifetime. This is attributed to reactivation of defects, resulting from evolution of the
hydrogen from defects. At the cooling rate of ~30 °C/s, the reduction in the bulk lifetime
was only ~3%. The hydrogenated bulk lifetime was completely preserved at the cooling
rates of > 40 °C/s.
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Figure 1-12. Relative bulk lifetime change of hydrogenated EFG Si
due to RTP contact firing at ~700 °C for ~1 s with four different
cooling rates.
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In the previous sections, optimum hydrogenation condition for the SiN-(2) was found
to be ~750 °C/60 s with a cooling rate of > 40 °C/s, and the 700 °C/1 s RTP firing with >
40 °C/s cooling rate could preserve hydrogenated bulk lifetime. In addition, we found that
it could also produce good screen-printed contacts. This led to EFG Si cell fabrication with
two-step RTP firing, involving ~750 °C/60 s for defect passivation using the SiN-(2)
followed by ~700 °C/1 s for screen-printed contacts. Fast cooling rate of 40 °C/s was
implemented for both steps.

Figure 1-13 shows a process sequence designed to take full advantage of the two
optimized RTP firing steps for defect passivation and screen-printed contacts. Fabrication
of EFG Si cells (2x2 cm?) involved manufacturable P diffusion, PECVD SiN-(2)
deposition, screen-printed metals, and two-step RTP firing. In this experiment, the RTP
hydrogenation temperature was varied in the range of 730-780 °C to reestablish and
support maximum defect passivation temperature of 750 °C for complete solar cells. As
many as 61 EFG Si cells in three separate runs were fabricated to account for the statistical
variation in property of EFG Si. The as-grown bulk lifetime was 1-2 us, which represents
average-quality EFG Si wafers.

| P diffusion (930 °C/6 min) in belt processing |
|

| PECVD SiN-(2) deposition |

| Al screen-printing on the back |

| SiN-(2)/Al firing (730-780 °C/60 s) in RTP |
I Ag grid screen-pl‘inting on the front I
I Contact firing (;00 °C/1s) in RTP I
| I-v mealsurement |

Figure 1-13. A process sequence for record high efficiency screen-
printed EFG Si cells, involving two-step RTP for defect passivation and
good contacts.

Tables 1-5A and 1-5B summarize the results of the screen-printed EFG Si cells as a
function of the RTP hydrogenation temperature. Both average (Table 1-5A) and best
(Table 1-5B) cell parameters for each hydrogenation temperature are shown. Note that
~750 °C hydrogenation in RTP was again found to be the optimum for defect passivation,
resulting in average cell efficiency of 15% with a maximum of 15.9% for about 60 cells.
Figure 1-14 shows that 15.9% represents the highest efficiency for screen-printed (or pad-
printed) Si ribbon solar cells to date. Figure 1-15 shows the lighted I-V data for this record-
high efficiency (15.9%) EFG Si cell (verified by National Renewable Energy Laboratory).
This cell has excellent Voc of 615 mV, Jsc of 33.7 mA/cm?, and FF of 0.769. This is the
result of high bulk lifetime of > 50 s, fairly good BSF, and high-quality screen-printed
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contacts. Tables 1-5-A and 1-5-B show that for hydrogenation temperatures above 750 °C,
the cell efficiency decreases rapidly because of reduced retention of hydrogen at defects.
This is reflected in decrease of the Jsc and Voc values, despite better AI-BSF at higher
temperature. It is noteworthy that the FFs are in the range of 0.761-0.783 because of very
good contacts with low Rs ( 0.6-0.8 Q-cm?®) and high Rsh (> 5x10* Q-cm?). This
demonstrates that the short RTP contact firing at 700 °C is beneficial to both
hydrogenation and screen-printed contacts due to fast cooling and heating rates.

Table 1-5A. The average parameters of the screen-printed EFG Si cells, in which two-step
RTP firing was involved for defect passivation and contacts.

Hydrogenation | Voc Jsc FF Efficiency
Temp. (°C) (mV) (mA/cm?) (%)
730 591 31.6 0.771 14.4
740 595 31.8 0.776 14.7
750 601 32.2 0.773 15.0
760 596 31.7 0.768 14.5
770 590 31.2 0.763 14.1
780 583 30.9 0.765 13.8

Table 1-5B. The best parameters of the screen-printed EFG Si cells, in which two-step RTP
firing was involved for defect passivation and contacts.

Hydrogenation Voc Jsc FF Efficiency
Temp. (°C) (mV) (mA/cm’) (%)
730 605 32.6 0.771 15.2
740 607 32.8 0.773 15.4
750 615 33.7 0.769 15.9
760 610 33.1 0.770 15.5
770 600 32.2 0.781 15.1
780 598 31.6 0.771 14.6
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Figure 1-14. Efficiencies of screen-printed Si ribbon solar cells,
involving the highest efficiency of 15.9% achieved in this thesis.
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Figure 1-15. I-V curve for the 15.9% efficient screen-printed EFG Si
solar cell, measured by National Renewable Energy Laboratory.
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Figure 1-16 shows the efficiency distribution of the screen-printed EFG Si cells that
were hydrogenated at the optimum temperature of ~750 °C. Efficiencies of about 60 cells
were in the range of 14-16% with the most number of cells at ~15.2. The wide spread in
efficiency is attributed to non-uniform distribution of impurities and defects in EFG Si.
Figure 1-17 shows LBIC measurement on nine 2x2 cm” cells made on one 10x10 cm® EFG
Si wafer. LBIC measurements show considerable nonuniformity of electrically active
defects over the full wafer, even after the optimum hydrogenation. Although the efficiency
of most cells on this wafer is > 15%, Figure 1-17 shows a good correlation between the cell
efficiency and the LBIC map.
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Figure 1-16. An efficiency distribution of 61 screen-printed
EFG Si cells involving two-step RTP firing scheme.
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Figure 17. LBIC maps along with cell parameters of nine 2x2 cm® cells on a 10x10 cm®

EFG 31, which were hydrogenated at 750 °C in RTP.

Cell Voc Jsc FF Eff. LBIC response
No. (mV) (mA/cm?) (%) (A/W)
1 599 32.6 0.759 14.9 0.532
2 600 32.7 0.758 14.9 0.541
3 614 33.2 0.764 15.7 0.593
4 604 32.8 0.762 15.0 0.554
5 609 32.5 0.759 15.1 0.580
6 617 33.3 0.767 15.7 0.593
7 573 31.3 0.762 13.7 0.538
8 607 33.2 0.758 15.3 0.579
9 616 33.5 0.769 15.9 0.601
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1.5 Conclusion

Hydrogenation due to PECVD SiN deposited with a frequency of ~150 KHz at ~400 °C
was found to be superior to the SiN deposited with a frequency of 13.56 MHz at 300 °C,
despite the fact that the high-frequency SiN film contained more atomic hydrogen in the
form of Si-H and N-H bonds. This suggested an additional source of hydrogen for the low-
frequency SiN film, which was attributed to NHj3 pre-treatment during the low-frequency
SiN deposition. The low-frequency SiN film was found to be more effective in passivating
defects in EFG Si with low as-grown bulk lifetimes (< 3 ps). The cell efficiency difference
between the two SiN films decreased as the as-grown bulk lifetime increased to ~ 5 us.
The low-frequency SiN film showed an optimum hydrogenation temperature of ~750 °C
while the high-frequency SiN film showed the optimum at ~800 °C in RTP. A ~2 ps as-
grown lifetime increased to ~25 us after 850 °C firing and ~50 ps after ~750 °C firing of
the high- and low-frequency SiN films, respectively.

A complete process sequence was developed through fundamental understanding to
achieve record-high efficiency EFG Si cells. For SiN-(1)-coated EFG Si cells, a two-step
process scheme (~850 °C/2 min in the belt + ~700 °C/1 s in RTP) was found to be optimal
for defect passivation and screen-printed contacts, resulting in an average efficiency of
~13.5% with a maximum of 14.6%. RTP contact firing with fast ramp-up and cooling gave
~1.4% increase in absolute cell efficiency compared to the slow belt firing used in
production. This improvement was largely due to bulk lifetime enhancement associated
with rapid cooling in RTP, which enhances the retention of hydrogen at the defects in EFG
Si cells.

While a two-step firing, involving hydrogenation at 850 °C, was found to be best for
EFG Si cells with SiN-(1), it was not appropriate for SiN-(2). This is because optimal
hydrogenation temperature was found to be ~750 °C for SiN-(2)-induced defect
passivation, compared to ~850 °C for SiN-(1). Since ~750 °C was too intense for screen-
printed contacts, a two-step firing scheme was developed by optimizing the firing of
screen-printed contacts after the hydrogenation. It was found that the RTP contact firing
(~700 °C/1 s) with fast cooling rate (= 40 °C/s) could preserve the hydrogenated bulk
lifetime due to higher retention of hydrogen a the defects. The two-step RTP processes,
involving defect passivation at ~750 °C/60 s and screen-printed contact firing at
~700 °C/1 s, produced the record-high cell efficiency of 15.9% on Si ribbon to date.
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2. RTP-Enhanced Hydrogen Passivation in Ribbon
Multicrystalline Silicon Studied by Scanning Room-
Temperature Photoluminescence Spectroscopy

2.1 Introduction

Impressive growth in the photovoltaic market over the past decade has been
predominantly driven by advances in crystalline silicon technology. Multi-crystalline
silicon (mc-Si), which is produced by many competing techniques, can meet low-cost
production, high solar cells throughput and high efficiency requirements. The importance
of the defect passivation or elimination in low-cost mc-Si wafers is recognized as a key
requirement for achieving high efficiency solar cells. Solar cell production employs a set of
process steps, which realize improvement in material’s quality. These manufacturing steps
include (a) phosphorous diffusion, (b) hydrogenation from the amorphous SiNy:H layer,
and (c) Al back contact firing. It was established recently that combined effect of
simultaneous (b) + (c) steps using rapid thermal processing (RTP) technique provides
additional benefits to solar cell efficiency through the hydrogen mediated defect reduction
[2-3]. This new hydrogen passivation approach tentatively accounted for increased
hydrogen incorporation in defect-enriched regions of mc-Si wafers and solar cells. In this
paper, we report on scanning room-temperature photoluminescence (PL) spectroscopy
study of the simultaneous rapid thermal annealing of Al on the back and SiNy on the front
(RTP-AIl/SiNy) hydrogenation mechanism.

2.2 Solar Cell Fabrication And Photoluminescence Analysis Procedures

For the PL excitation, the 800nm pulse AlGaAs laser diode with 140 mW peak power
was used. PL mapping set-up and procedure are published elsewhere [2-4]. Materials used
in this study were boron doped ~300 pum thick ribbon mec-Si wafers grown by Edge-
defined Film-fed Growth (EFG) method. A set of commercial EFG wafers was prepared
and processed as specified in Table 1. Each processing step was followed with PL mapping
measurement at two principal luminescence bands as described below.

The PL spectrum of mc-Si wafers at room temperature is composed of two
luminescence bands. First band (Igg) shows a spectral maximum at 1.09¢V and
corresponds to band-to-band recombination in silicon. This band was characterized in a
broad temperature range up to 750 K and attributed to direct recombination of free and
bound to exciton electron-hole pairs [2-5]. The second “defect” band at 0.8 eV (Ipef) is
observed only at selected regions on the wafer, and corresponds to deep luminescent
defects located around the dislocation lines in mc-Si [2-6]. This defect band is a finger
print of the low lifetime regions on wafers and caused by dislocations contaminated by
impurity precipitates [2-4]. PL maps with reasonable spatial resolution can be used to
deduce (a) the distribution of the effective minority carrier lifetime (teg) [2-7], (b) the
lifetime variation after a solar cell processing, and (c) the maps of the defect centers
causing 0.8eV PL band. The t. is composed of radiative, non-radiative, and surface
recombinations and in general, dominated by non-radiative recombination in Si. In a
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simple case neglecting a diffusion of the photo-generated minority carriers, the Igg and Ipes
can be expressed as following [2-4]:

I = Ci X G X Tegr/ Trad (1-2)
Iper = Ca X G X Tegr/ TsrH (2-2)

where G is the electron-hole pair’s photo-generation rate, T,q iS the radiative
recombination lifetime, zsry = (Npef Vin csn)'1 is the Shockley—Read—Hall radiative lifetime,
Nper 1s the radiative defect concentration, vy, and o, are the electron thermal velocity and
capture cross section, C; and C, are temperature dependent Si constants. A new parameter,
R = Iper / Igp, can be introduced, to measure the point-by-point ratio of two PL intensities.
Following Egs. (2-1) and (2-2) it is clear that

R = Iper/ Igg = const X Nper 3)

i.e. R-parameter allows directly accessing the PL defect concentration and their spatial
distribution with the PL mapping procedure. Notice that the R-value is independent on
other recombination defects in the bulk and at the surface, which contribute to ..

Table 2-1. Flow-chart of processing steps and PL results in EFG wafers. Average across the
wafer values of the band-to-band PL (Igg), defect band PL (Ip.r) and R-parameter (R= Ip.¢/
Igg) on sample #2 before and after each processing step are summarized.

Sample stage Processing Igp Ipes R

Initial 28.8 *) %)

SiN, deposition, Al
back contact screen-
print, RTP annealing at

2 Hydrogenation 750°C for lsec, and 126.3 0.71 0.011
removing SiN, layer in
50% HF solution.
. RTP  annealing at
3 De-hydrogenation | (50 £ 1 sec in Ny/O, 1125 0.61 0.013
(600°C) .
ambient
. RTP  annealing at
4 De-hydrogenation | 6500 1 cec in Ny/O, 42.8 0.34 0.024
(700°C) .
ambient

*) Defect band intensity is below sensitivity limit of the PL system.
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2.3 Characterization of Defects in EFG Si Before and After Hydrogenation by
Room Temperature PL Mapping

Figs. 2-1a and 2-1b show two PL maps, Igg and Ip.f, respectively, collected at identical
sample spots on 50 mm x 22 mm EFG wafer after the 750 °C RTP-AI/SiNy hydrogenation
step. The distribution of Igg maintains a profile of the effective lifetime according to Eq.
(2-1) as published in [2-4]. The areas with low I intensity correspond to high
recombination activity of all defects (low lifetime regions), while the high Igg values
represent “good” or high lifetime regions. It was established previously that low Igp
regions are specified also by intense Iper band, while in high Igg regions this band is
negligible [2-4]. This reverse contrast of Igg and Iperis illustrated in Figs. 2-1a and 2-1b
after the hydrogenation was completed.

Hydrogenation leads to a significant increase in the band-to-band PL intensity (28.8 to
126.3) averaged across the sample, as presented in Table 2-1 (wafer #2). This effect can be
interpreted as effective lifetime (1) upgrade due to RTP-Al/SiNy processing [2-8]. In
different samples we observed from 1.5 to 4.3 times hydrogenation-induced increase in
average Igp values. Notice that the defect band, which at initial stage had intensity below
the PL system detection limit also increased in intensity after the hydrogenation due to the

200
i 180
i 160
140
i 120
100

a0
| _ “ H ﬂz
| mﬂ ﬂ

Figure 2-1. Room temperature PL mapping (a) band-to-band (b) defect band PL, and (c)
point-by-point ratio of Izp (hydrogenated)/Igp(initial) representing lifetime upgrade effect.
The mapping size is 50 mm x 22 mm, step=0.5 mm.
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same effective lifetime upgrade according to Eq. 2-2. We observe that high PL and low PL
areas on EFG wafers respond differently to the RTP-AI/SiNy processing. Specifically, high
Igp areas prior to the hydrogenation show quite small, up to 30%, lifetime upgrade effect.
In contrast, low Igg areas show a spectacular lifetime upgrade, up to two orders of the
magnitude, after the hydrogenation. Evidently, the average across the sample values of Igg
increase (Table 2-1) caused by hydrogenation represents a superposition of both areas. To
illustrate the lifetime upgrade effect over the wafer one can introduce the upgrade
coefficient as the point-by-point ratio of two band-to-band PL intensities, before and after
the hydrogenation:

Kyp = Igg (hydrogenated) / Igg (initial) = z.¢ (hydrogenated) / zes (initial) (2-4)

The K., map on the wafer #2 is plotted in Fig. 2-1c. To further quantify the lifetime
upgrade, we show in Fig.2 PL data analyzed on two different areas on sample #2 with (a)
“low” and (b) “high” band-to-band PL. Consistent with entire mapping in Fig. 2-1, low
band-to-band PL area (a) shows in average 20-fold lifetime increase, while high band-to-
band PL area (b) shows only 10% upgrade in lifetime. Notice that the y-axis on Fig. 2-2
has a logarithmic scale.

T . T FET T
100 | . \
£ ®a & s L e .
& "'a 1- I:
- oy
10 p AR e
e L
x‘ﬂ -
B 1 E
0.1 _ X
o ____Qlé@__&g:) SSRINCINE - S
SN o
001¢ @ (b)
F T T T T T //// T T T T ]
0 30 60 120 160 200

| intensity [arb.un]
Figure 2-2. Lifetime up-grade and down-grade coefficients measured in areas with (a) low

and (b) high band-to-band PL intensity; (1) corresponds to RTP-Al hydrogenation; (2) 600
°C RTP de-hydrogenation, and (3) 700 °C RTP de-hydrogenation.
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Based on the above study, we conclude that RTP-Al/SiNy hydrogenation significantly
improves “bad” regions in EFG wafers, and has a little effect on the high lifetime areas.

To further explore the hydrogen incorporation mechanism in mc-Si, we performed two
consecutive RTP annealings at 600 °C and 700 °C on the previously hydrogenated wafers
after etching off the SiNy:H layer (see Table 2-1 for the processing details). It was
demonstrated recently that the average effective lifetime decreased after this processing
step due to hydrogen out-diffusion, and reduction of bulk lifetime can lead to significant
loss in solar cell efficiency [2-3]. In Table 2-1, we show PL results of such a de-
hydrogenation experiment on wafer #2. Consistent with the lifetime data in literature, the
RTP at 600 °C and 700 °C led to a gradual decrease in the PL intensity of both the
luminescent bands, which is consistent with the hydrogen out-diffusion model for the
observed lifetime down-grade [2-8].

Similar to the hydrogenation case, we analyzed the Igp variation across the wafers after
each de-hydrogenation anneal step. We calculated at every mapped spot the ratio of the
band-to-band PL intensities after the RTP with respect to the hydrogenated stage by
introducing the down-grade coefficient

Kaown= Ip (de-hydrogenated) / Igp (hydrogenated)
= ter (de-hydrogenated) / 7. (hydrogenated) (2-5)

In Fig. 2-2, the Kgown data points are shown for the same wafer regions as in the
hydrogenation experiment, allowing comparing them with K, distributions. In addition to
the PL degradation across the entire sample, two other effects were observed. First, the low
PL intensity region “a” showed much stronger lifetime downgrade than high PL region
“b”. Specifically, we observed up to 50-fold decrease in the PL intensity in the area “a”
versus only a factor of two decrease in the area “b”. Secondly, the PL intensity degradation
due to RTP dehydrogenations anneal showed a different temperature annealing rate in “a”
compared to “b” regions. This is evident by comparing points labeled as (2) and (3) in both
areas. This indicates that the activation energies of the hydrogen out-diffusion process are
quite different in both regions; lower in the low-lifetime regions and higher in the high
lifetime regions. Moreover, the rapid decrease in Igg in area “a” is in general agreement
with the reported lifetime degradation [2-8]. To elaborate on details of the hydrogenation
and de-hydrogenation processes, we present in Fig. 2-3 three PL line scans measured and
calculated at identical wafer location. Data (a) represents the line-scan for the downgrade
coefficient after the 700 °C RTP de-hydrogenation anneal. Notice that Kgown shows up to
10 times reduction in lifetime in the areas marked by arrows. Data points in Fig. 2-3b
represent R-parameter calculated according to Eq. (2-3) after the hydrogenation (open
circles) and subsequent de-hydrogenation (closed circles) at 700 °C. First, notice that a
clear inverse correlation between Kgown and R-parameter or the radiative defect
concentrations. Secondly, comparison of R-parameter distribution after the RTP-AI/SiNy
hydrogenation and spatial match of strongest down-grade lifetime effect and R-parameter
peaks indicated by arrows. Subsequent 700 °C de-hydrogenation reveals that the increase

in R-parameter or the PL defect concentration is caused by hydrogen out-diffusion. This
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line-scan experiment is statistically in agreement with the behavior over entire EFG wafer
area as illustrated in Table 2-1.
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Figure 2-3. Lines scans of (a) down-grade coefficient after de-hydrogenation cased by 700 °C RTP;
and (b) R-parameter after RTP-Al hydrogenation (open circles) and after 700 °C de-hydrogenation
(closed circles).

2.4 Conclusions

In conclusions, scanning spectroscopic PL experiments on hydrogenated and de-
hydrogenated EFG mc-Si wafers identified that the major effect of the RTP-Al/SiNy anneal
process consists of hydrogen incorporation into the regions with high recombination
activity of defects involving contaminated dislocations. Hydrogenation passivates radiative
and non-radiative dislocation defects in the low lifetime regions, improving the local
minority carrier lifetime, which benefits the solar cell efficiency.
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3. Effect of Material Inhomogeneity on the Open-Circuit Voltage
of String Ribbon Si Solar Cells

3.1 Introduction

The cost of photovoltaic (PV) systems needs to decrease by a factor of 2-4 to compete
with traditional energy sources. Cast and ribbon multicrystalline Si (mc-Si) are promising
low-cost materials for cost-effective PV systems. Since the Si substrate accounts for about
40% of the total cost of crystalline Si PV modules [3-1], the use of cheaper mc-Si materials
without appreciable loss in efficiency should help in cost reduction. In general, mc-Si
materials are cheaper than monocrystalline Si because of the simpler and less expensive
crystal growth technique and equipment. The ribbon mc-Si growth techniques offer an
additional cost benefit by eliminating the kerf loss associated with the mechanical sawing
process and subsequent deep chemical etching used for saw damage removal [3-2],[3-3].

Table 3-1 Characteristics of PV-grade Si materials [3-2].

Thickness Resistivity Carbon Oxygen Dislocations
Material
(um) (Q-cm) (em™) (em™) (em™)
Czochralski 200~400 1-3 0.5~2.5x 10" 0.1~2.0x 10™ 500
Directional
300 0.8-1.5 <5.0x10" <2.5% 10" 1.0x 10°
solidification
EFG 300 1-3 10" 2.4~4.0x 10" <1.0x10°
String Ribbon 300 1-3 4.0x 10" <5.0x10" 5.0x 10°

Table 3-1 lists important characteristics of these mc-Si materials along with the PV-
grade monocrystalline Czochralski Si [3-2]. Unlike monocrystalline Si, cast and ribbon
mc-Si suffer from high concentrations of impurities and crystallographic defects that are
distributed inhomogeneously [3-2],[3-3]. These defects lead to relatively low as-grown
carrier lifetimes, typically <30 ps in cast mec-Si wafer and <5 ps in ribbon Si, such as edge-
defined film-fed growth and String Ribbon Si [3-4]. These minority carrier lifetime values
are not sufficient to produce high-efficiency screen-printed Si solar cells. Therefore, it is
necessary to enhance the carrier lifetime during the solar cell fabrication process in order to
achieve high-efficiency and cost-effective screen-printed Si solar cells. P diffusion-induced
impurity gettering and the SiNy-induced hydrogen passivation of defects are routinely used
as part of the solar cell fabrication sequence to enhance the carrier lifetime in these
defective Si materials [3-4]-[3-9].
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Inhomogeneously distributed electrically active defects are frequently found to be
present in the mc-Si materials, even after effective P diffusion gettering and the SiNi-
induced hydrogen passivation of defects. Therefore, understanding and assessing the
impact of the inhomogeneous distribution of defects on solar cell performance has become
an area of active investigation. For example, Sopori [3-10] made an attempt to quantify the
influence of material inhomogeneities on solar cell performance by developing a
methodology and technique to extract an effective minority carrier diffusion length (Leg)
from the lateral and vertical distribution of defects to assess their impact on open-circuit
voltage (Voc). Mijnarends et al. [3-11] performed numerical simulations to investigate the
lateral variations in material quality on solar cell characteristics and found that the wider
distribution of diffusion length is detrimental to cell performance. In [12], a practical
investigation was performed by fabricating multiple mini solar cells (0.9 x 0.9 mm?) to
examine Voc across the mc-Si wafer. A strong correlation between local Ve and minority
carrier diffusion length was confirmed in these mini solar cells. It was concluded that a
narrow distribution of diffusion length is desirable. Bell et al. [3-13] concluded that
material inhomogeneities can significantly limit the voltage output, and grains with the low
carrier lifetime determine the Voc of mc-Si cells. Warta et al. [3-14] pointed out the
limitations of the 1D simulation tools for predicting the performance of a mc-Si solar cell
with a defective crystal structure. A diode network model was proposed and applied to
compare the simulated and measured mc-Si solar cell performance. Nagel et al. [3-15] used
the diode network model developed in [3-14] to simulate the solar cell performance
parameters on the basis of lifetime mapping on commercial cast material, neglecting the
surface recombination and metal contact effects. In [3-16], the diode network model was
also used to demonstrate that a 20% defective region can lead to a 30 mV reduction in Voc.
Donolato [3-17] applied the Voronoi network model to mc-Si with columnar grains and
showed that the grains with low carrier lifetime are responsible for the reduction in Voc.
Isenberg et al. [3-18] showed by 2D DESSIS simulation that the network model is not
applicable if the lateral size of defective structures is smaller than the thickness or diffusion
length in good regions.

In this section, an effort is made to improve the experimental and theoretical
understanding of the impact of spatial distribution of defect inhomogeneities on fully
processed high-performance screen-printed ribbon mc-Si solar cells. Since ribbon Si
materials generally have an as-grown carrier lifetime below 5 ps, an attempt is made to
enhance the gettering and passivation techniques to raise the average carrier lifetime above
90 ps in order to increase the sensitivity and the impact of low diffusion length regions
(bad regions). Several 4 cm? screen-printed String Ribbon Si solar cells are fabricated and
a simple methodology is developed to approximately determine the loss in V¢ in these
cells resulting from a small fraction of bad region mixed with a large fraction of good
region. Model calculations are performed by developing and using simple and approximate
analytical expressions to assess the impact of recombination intensity and area fraction of
bad regions on Voc. Model calculations are compared with the experimental data to
demonstrate that loss in Voc resulting from material inhomogeneity can be predicted with
reasonable accuracy by dividing the cell into two regions (best and worst) and using this
simple analytical model.
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3.2 Experiment

In this study, 300 pm thick, p-type 3-4 Qcm String Ribbon Si material from Evergreen
Solar (Marlboro, MA) was used. After the initial cleaning process, the wafers were P
diffused in a POCI; furnace to form 40-50 Q/sq n' emitters. A SiN, anti-reflection coating
with a thickness of 800 A and a refractive index of 2.0 was deposited in a low-frequency
plasma-enhanced chemical vapor deposition (PECVD) reactor. A commercial Al paste was
then screen printed on the entire back surface and an Ag grid was screen printed on the
front, followed by an anneal in a rapid thermal processing (RTP) system to (i) form an Al-
doped back surface field (Al-BSF) on the rear surface, (i1) form a screen-printed Ag ohmic
contact on the front surface, and (iii) promote the SiNy-induced hydrogen passivation of
defects. Several 4 cm” solar cells were fabricated on each wafer and isolated using a dicing
saw, followed by a forming gas anneal at 400 °C for 10 min. The solar cell parameters
were extracted by illuminated and dark current-voltage (I-V) measurements. The light
beam-induced current (LBIC) scans were performed on selected solar cells to map the
spatial non-uniformity of photoresponsivity using the PVSCANS5000 system [3-19]
equipped with a 980 nm laser. Several regions on each solar cell were then selected to
perform local light-biased internal quantum efficiency (IQE) measurements to quantify the
difference in material quality in those regions in terms of L.y, which includes bulk and
surface effects.

3.3 Results and Discussion
3.3.1 LBIC Scans and IQE Measurements

The LBIC scan was performed on each cell to detect the material inhomogeneity and
measure the recombination intensity of electrically active defects. Since several 4 cm” solar
cells were fabricated on each large-area String Ribbon Si wafer, we selected the wafer
containing cells with high, moderate, and low V¢ to conduct our study and evaluate the
impact of inhomogeneously distributed electrically active defects on Voc. Fig. 3-1 shows
the LBIC maps of three String Ribbon Si solar cells on the same wafer with high,
moderate, and low Voc. These cells were selected because they also showed maximum
contrast between defective and defect-free regions. Table 3-2 shows the performance
parameters of these three String Ribbon Si solar cells. The LBIC maps in Fig. 3-1 show
that cell 1 has relatively uniform current collection over the entire cell area, compared to
the other two, with little or no detectable bad regions. This is also reflected in the high
area-averaged LBIC response of 0.568 A/W along with a high Voc of 616 mV and a cell
efficiency of 15.9%. Cells 2 and 3 had a much lower Voc of 592 and 578 mV with cell
efficiencies of 15.0% and 14.1% and corresponding area-averaged LBIC response of 0.504
and 0.454 A/W, respectively (Table 3-2).
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Fig. 3-1. LBIC maps of String Ribbon Si solar cells. High, moderate, and low V¢
cells are shown in left, center, and right sides, respectively.

Table 3-2 Measured String Ribbon Si solar cell parameters and LBIC responses.

Cell ID (m‘\’,‘;c (mijccmz) FF Eff. (%) A /{;V?IC
1 616 33.5 0.773 15.9 0.568
2 592 32.7 0.774 15.0 0.504
3 578 31.4 0.778 14.1 0.454

After the illuminated I-V measurements and LBIC scans, light-biased IQE measurements
were taken in selected areas of these String Ribbon Si solar cells, indicated by the circles in
Fig. 3-1. Circles drawn are for visual aid and larger than the actual spot size (~1 mm in
diameter) used for the IQE measurements. The circled regions A1, A2, and A3 on cells 1,
2, and 3, respectively, were selected based on the LBIC maps because they had the highest
and nearly equal LBIC responses. These represent the best regions on the three cells. On
the other hand, regions C2 and C3 on cells 2 and 3, respectively, gave the poorest LBIC
response, indicating that these regions are the most defective regions on the cell. Fig. 3-2
shows the light-biased IQE response of all five regions (Al, A2, A3, C2, and C3). As
expected, regions C2 and C3 showed a significant degradation in the IQE response in the
long-wavelength range (>650 nm) relative to regions Al, A2, and A3. The IQE response in
the long-wavelength range is indicative of the combined effect of carrier lifetime and back
surface recombination velocity (BSRV) for 300 um thick Si cells [3-20]. Consistent with
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the LBIC response, there was no appreciable difference in the IQE response of regions Al,
A2, and A3 in the long-wavelength range, supporting the fact that the best regions on the
three solar cells (1, 2, and 3) are nearly identical, despite the significant difference in Voc
and defect inhomogeneity.
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Fig. 3-2. Light-biased IQE response of selected regions (A1, A2, A3, C2, and C3)
in String Ribbon Si solar cells and simulated (PC1D) IQE response corresponding
to Leg values of 870, 95, and 90 um.

3.4 Extraction of Effective Diffusion Length L.s+ from the IQE Response

Voc is a strong function of recombination in the emitter, base, and at the surfaces.
According to theory, the Voc can be expressed as follows [3-21]:

) ET Jso
Voo = — - Inf —— + 1.
oc — =g

ob

(-1

where k is the Boltzmann constant, T is the temperature, Jsc is the short-circuit current
density, Jo, is the base components of saturation current density, and J.. is the emitter
component of saturation current density. Since the three solar cells were selected from the
same wafer, they should have identical emitters, and their J.,., which is a function of
emitter doping profile and surface recombination velocity, can be assumed to be identical.
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Thus, the J,., which is a function of carrier lifetime and BSRV, must account for the
majority of the difference in Voc. The Jq, is expressed as follows [3-22]:

2T
’_-'-"';gl'r*'ln

S - .
oh A B J'I.eff (3_2)

where q is the electron charge, n; is the intrinsic carrier concentration, D, is the diffusion
coefficient of electron, and Ng is the background doping concentration. The effective
minority carrier diffusion length, L, is defined as

SLy . W
| / | yom lcl]Jlll—h
.E'H .b SL.I_. | I l .H.

_DT all 11?

(3-3)

where S represents the BSRV, Lb (=,/D,z, ) is the bulk minority carrier diffusion length,

tb is the bulk carrier lifetime, and W is the cell thickness. According to Eq. (3-3), Lesr is
primarily a function of bulk and surface recombination for the fixed resistivity and
thickness.

The L value in any region of a solar cell can be extracted by matching the measured
and simulated local area IQE response in the long-wavelength range (700-920 nm for
300 um thick cells) using the PC1D simulation program [3-23]. This was done by
determining and/or using the realistic inputs for the PC1D simulations. For example, front
surface recombination velocity (FSRV) was extracted from the measured IQE response in
the short-wavelength range [3-24]. Front doping was determined by the spreading
resistance measurement. Base contact (or series resistance) and internal conductor (or
shunt resistance) values were obtained from illuminated I-V measurements. The internal
diode or junction leakage current J,, value was extracted from the dark I-V measurement,
assuming the second diode ideality factor of 2.0. Uniform distribution of D, was assumed
during the L extraction using PC1D. Sontag et al. [3-25] reported a factor of two lower
D, value in ribbon Si material compared to monocrystalline Si material. The IQE response
in long-wavelength range represents the correct value of L, which is composed of L, and
BSRV, regardless of the D, and 1, values. Figure 3-2 also shows the match between the
measured and simulated IQE response from all five regions, resulting in an L¢gr of ~870 pm
for regions Al, A2, and A3, ~95 um for region C2, and ~90 um for region C3. This was
done by fixing the BSRV at 250 cm/s and varying the Ly (or 1) in PC1D until a good
match in the long-wavelength range was achieved. BSRV and L;, were then used to obtain
Lesr from Eq. (3-3). Note that these BSRV and L, values do not necessarily represent the
true BSRV and L, values, but they still give the correct value of L. This is because the
Lt is a function of both Ly (or 1) and BSRV [Eq. (3-3)]. This was validated by choosing
different values of BSRV and performing the same procedure on IQE. As expected,
different combinations of L, and BSRV led to the same L. value.
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Table 3-3 PC1D input parameters for String Ribbon Si solar cell simulation.

Device Parameter Input

Base resistivity 3.0 Qcm

Thickness 300 um

FSRV 150,000 cm/s

Broadband reflectance 6.0%

Front surface coating 78 nm, index = 2.0

Rear internal reflectance 55%, diffuse

Front doping Spreading resistance
measurement

Base contact 0.75 Q

(Series resistance) (0.75 Qcm?)

Internal conductor 5.0x107 S

(Shunt resistance) (2.0x 10* Qcm?)

Jo2 2.6x10° A

The Legr value of 870 um in region A1, in conjunction with the PC1D inputs in Table 3-
3, was used to obtain the simulated solar cell I-V parameters, which agreed very well with
the measured parameters of cell 1 (Table 3-4), which was nearly uniform. However, there
was a significant difference between the measured solar cell parameters of the defective or
poor solar cell 3 (Table 3-4) and the simulated cell parameters when a L¢g of 870 um was
used for the entire cell. Table 3-4 shows that there is a difference of 37 mV in Voc. This
difference is largely attributed to the existence of electrically active defects.

Table 3-4 Measured and simulated solar cell parameters on String Ribbon Si using extracted
Legr of 870 pum.

Cell ID Voc(mV)  Jsc (mA/em?®) Eff. (%)
Simulated 615 33.6 15.9
1 616 33.5 15.9
3 578 31.4 14.1

The next section shows the development of a simple analytical model to calculate the
loss in Voc from the area fraction and intensity of the recombination of the electrically
active defects. The simulated results are then compared with the experimental data in
Table 3-4.
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3.5 Theoretical and Experimental Assessment of the Impact of Electrically
Active Defects on Solar Cell Performance

3.5.1 Development of the Analytical Model to Assess the Loss in Voc Resulting from
Inhomogeneity

The non-uniform distribution of defects, such as grain boundaries, impurities, and
dislocations, is common in mc-Si materials. Many of these defects act as localized carrier
recombination centers resulting in spatial variation in Legy.

The first step was to develop a simple and approximate analytical model for the
quantitative assessment of the effect of distributed L on Voc. A mce-Si solar cell is
essentially composed of a number of small solar cells (good and bad regions) in parallel,
operating at a constant potential across the junction as a result of the electrical connection
through grid, emitter, and substrate [3-26]. The total cell current, I, can be expressed as the
summation of currents from local area cells:

IF'=h+1a+--+ 1
(3-4)
Assuming the two-diode model, Eq. (3-4) can be expressed as
fal“ix'lﬂf%— L)+ Tog expi ll_.,rﬂ;,'f- -1 Ual.l"‘?ﬂlﬂf% =14 foz.l"f\']"f_”zl_«f- =i
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tlot2expls — 1)+ a2 xpl paveaal
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booe {x'rol.i"?'é]".?r— L)+ Jo2jexpi — L.
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where V is the junction potential, I,; and I, are the dark saturation current and the junction
leakage current, respectively, and n; is the second diode ideality factor [3-27]. Since the I,
component generally has a much smaller contribution to total current at Voc compared to
I, component, Eq. (3-5) can be expressed as

It = 1Ia11 +1o12 + -+ Io1i. 56

Since Iy 1s composed of I, and I, and I, can be independent of the defective region
because carrier lifetime in the emitter region is generally dictated by the Auger
recombination. Equation (6) can now be expressed as

fob = b1 H a2+ + lapi

(3-7)
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(3-9)

36



where Jop avg 15 the area-weighted average of Job, a is the actual area, and A is the area
fraction (a;/a) of each region. Since J,, 1s inversely proportional to the Lerr [Eq. (3-2)], Eq.
(3-9) can be written as

1 1 1 1
I'Eﬁ.ﬂ,‘.'g 11 : "Ireﬂ'-]_ | 12 : 'IIrE'HE B .']JZ' ' .IIrEH] (3-10)
The area-weighted average value of Lt (Lefrave) can now be expressed as
n
| cr—1 o a4
L eff ave ZI' Jlr‘E-ff.i X Ag).
i=1 (3-11)

The effective Jop (Jobefr) can now be determined by Eq. (3-2) using the Lefsave. Finally, the
Jobefr can be used as follows to obtain the Voc.
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Jobeff — ——tt
’ -\"'El'r-eﬁ.m'g (3 13)

Note that Eq. (3-12) ignores the effect of J,., which is the case for these relatively low
Voc (<620 mV) solar cells where base quality dominates the Voc. To support this
assumption, J,. was measured on high-resistivity (500-1000 Qcm) n-type FZ Si using a
photoconductance decay technique after double-sided P diffusion, SiNy deposition, and
firing in an RTP unit without the metallization. The measured J,. of 187 fA/cmz, without
metallization, corresponds to a Voc of 671 mV (assuming Jgc of 33.5 mA/cmz), which is
much higher than the measured Voc of these cells. The presence of a front grid is expected
to lower the emitter-limited value of Voc somewhat, but it will still be much higher than
the actual V¢ of these cells.

The loss in V¢ can now be calculated using the following analytical expression:
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where Voc (defect-freey cOTTesponds to the Voc value in the absence of localized bad regions
with uniformly distributed high L value (Lefrnigh=870 um in this study). Voc(defective)
corresponds to Lefrave and includes the combined effect of bad regions. The Jschign and
Jsc,avg values, corresponding to Leghigh and Legravg Were obtained from PCI1D simulations
by fixing the BSRV to the same value (250 cm/s) and adjusting the carrier lifetime to
obtain the desired Lqs for PC1D simulation. Note that the choice of BSRV does not alter
the PC1D output or Jsc significantly as long as the L is the same.

3.5.2 Model Calculations to Assess the Loss in Voc of a Cell With Two Regions of
Different Recombination Intensity

Model calculations were performed using Egs. (3-11), (3-13), and (3-14) to quantify the
impact of inhomogeneous material quality on the Voc of a cell by first dividing it into two
regions (good and bad). The Lefrnign for the good region was fixed at 870 pm (Legr = 3 times
cell thickness W), the Lesrjow for bad region was varied, and the ratio of Legtjiow/Lefrnigh Was
used as a measure of the recombination intensity in the bad region. This ratio represents
the recombination activity in bad region, and it increases with the increase in Lesjow. The
Lettiow values of 44, 87, 174, and 435 pum were selected for model calculation,
corresponding to recombination intensities (Lefsjiow/Lettnign) of 0.05, 0.1, 0.2, and 0.5,
respectively. To generate model curves, the area fraction of the bad region was varied from
0 to 50% for each recombination intensity and Eqgs. (3-11), (3-13), and (3-14) were used in
sequence to calculate Lefravg, Jobe, and AVoc. Jschigh and Jscave were calculated from
PC1D using Lefrnigh and Legavg as inputs. All other inputs (Table 3-3) were kept the same.
Figure 3-3 shows the results of analytical model calculations. It shows that 10% of the
defective area with a recombination intensity of 0.05 can reduce Voc by 28 mV of a device
that is capable of producing Voc of 623 mV, which was obtained from Eqgs. (3-12) and (3-
13) using Lefravg of 870 pm and Jsc of 33.5 mA/cm?. Figure 3-3 also shows that we need to
get below a 5% area fraction with a recombination intensity of 0.5 to avoid any appreciable
loss in Voc. To determine the error associated with neglecting J,., the Voc values were also
calculated with Jo of 187 fA/cm? using the following equation:
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The error was found to be 3 mV in this model calculation.
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Fig. 3-3. Calculated loss in V¢ as a function of defective area with different L
ratio or recombination intensity. Cell was divided into two regions (good and bad).
Base resistivity was assumed to be 3.0 Qcm.

3.56.3 Model Calculations to Assess the Loss in Voc of a Cell With Three Regions of
Different Recombination Intensity

To estimate the error associated with dividing the cell into just two regions, rather than
multiple regions, model calculations were performed to include a third region, referred to
as the moderate region. In this calculation, the area fractions of all three regions (good,
moderate, and bad) were varied. Each curve was obtained by fixing the area fraction of the
bad region first and then varying the area fraction of the moderate region from 0% to 50%.
The Leg of the good and bad regions were kept at 870 um and 95 um. The L in the
moderate region was fixed at 400 um and calculations were performed using Egs. (3-11),
(3-13), and (3-14) in sequence to obtain Leave, Job,ave, and AVoc. The modeling results in
Fig. 4 reveal that the bad region has the biggest influence on the loss in Voc (17 mV) even
when its area fraction is 10%. This is because, as the moderate area fraction increases from
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0% to 50%, for the 10% bad area fraction, the loss in Voc increases from 17 mV to only
24 mV. Figure 3-4 also shows that if the bad area fraction approaches or exceeds 40%,
then it essentially dominates the loss in V¢, which reaches ~40 mV in this example. Thus,
an approximate analysis using the best and the worst regions can give a reasonable idea of
the loss in Vo resulting from the inhomogeneous distribution of electrically active defects.
One can choose more than two or three regions for better accuracy using the same
methodology. For a more exact analysis, point-by-point LBIC and IQE maps are needed
over the entire cell area to calculate Legave and Jop err.

Bad Area Fraction
yivi| 40%
——30%
—2—20%
——10%

AVoc (mV)
[F%)
S

0 20 40 60 80 100
Area of moderate region (%)

Fig. 3-4. Calculated loss in V¢ for each area fraction of defective region as a function
of area fraction of moderate region. Base resistivity was assumed to be 3.0 Qcm.

3.5.4 Application of the Analytical Model to Defective Cells

A statistical analysis of LBIC maps in Fig. 3-5 was used to assess the area fraction of
defective regions. The LBIC output gives a map or range of spectral responses in A/W,
which was divided into 16 equal size bins. Figure 3-5 shows the resulting histograms of the
LBIC response for the three cells. Next, each cell was divided into two regions: good
region with a spectral response ranging from 0.48 to 0.62 A/W and bad region with a
spectral response ranging from 0.32 to 0.46 A/W. The area fraction of the two regions was

determined by
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where B; is the count in the i bin, N is the number of bins in that region (e.g., 0.32-0.46
A/W for region 2), and K is the total number of bins (=16 in this study). This analysis gave
the area fractions of 0.02, 0.19, and 0.38 associated with the bad regions for cells 1, 2, and
3, respectively. Note that the grid coverage (6% of cell area) was removed from the
histogram in Fig. 5 since there is no carrier generation below the grid. It is important to
note that the same procedure can be used to divide the LBIC output into multiple regions
instead of just two.

Recall that the light-biased IQE response in Fig. 3-2 showed a significant degradation
in the long-wavelength IQE response of regions C2 and C3, relative to regions A2 and A3,
and the measured and simulated IQE match gave L.k values of 95 um and 90 um for
regions C2 and C3, respectively, as opposed to 870 pm for regions A2 and A3. According
to Eq. (3-2), this results in significantly higher Jo, values of 10-12 to 10-13 A/cm? in
regions C2 and C3 relative to the good regions A2 and A3 where J of 10-14 A/cm? is
obtained.

Using Eq. (3-11) and a Legrpigh 0of 870 pm and Leggjow 0f 95 um with an area fraction of
81% and 19% for the good and bad regions for cell 2 gives a Lefraye value of 342 pum.
Using the Lggr values of 870 and 342 pum along with the PC1D inputs in Table 3-3, Jsc
values of 33.6 mA/cm? (Jscnigh) and 32.6 mA/cm? (Jsc,avg) are obtained from the PC1D
simulations. Note that these Jsc values are in good agreement with the measured values of
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Fig. 3-5. Histograms of LBIC response shown in Fig. 1. The Ag grid
coverage effect (6.0% of cell area) was removed from <0.32 A/W bin.
Maximum LBIC response was 0.62 A/W for all three cells.
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33.5 mA/cm” and 32.7 mA/cm® for cell 1 and 2, respectively (Table II). Finally, using
these Jsc and Legr values in Eq. (14) gives a AVoc of 25 mV, which is in good agreement
with the measured V¢ difference of 24 mV between cell 1 and 2 (Table 3-2).

Cell 3 was also analyzed using the same methodology described above. An Legtpign of
870 um and Legjow of 90 um with a good and bad area fraction of 62% and 38% for cell 3
gave a Legravg value of 203 um, which resulted in a Jgc v value of 31.6 mA/cm? from the
PC1D simulation. Note that this Jsc value is in good agreement with the measured value of
31.4 mA/cm® for cell 3 (Table 3-2). Equation (3-14) gave a AVoc of 39 mV, which is again
in good agreement with the measured Voc difference of 38 mV between cells 1 and 3
(Table II). Cells 2 and 3 are mapped in Fig. 3-3 to show the agreement between cell data
and model calculations. Even though the model and the procedure outlined above are valid
for multiple-region analysis, a simple two-region analytical model gave a fairly good idea
of the loss in Voc resulting from the material inhomogeneity in these high-performance
screen-printed mc-Si solar cells.

3.6 Conclusions

The effect of electrically active defects on Voc was quantified and evaluated through a
simple and approximate analytical model. Model calculations were performed to reveal the
relationship between the area fraction, recombination intensity of defective region, and the
loss in Voc. In this study, three String Ribbon Si solar cells were used to test this model
and understand the impact of defect inhomogeneity. A two-region analysis using the model
developed in this study gave a reasonable estimate of the loss in V¢ resulting from defect
inhomogeneity. LBIC and IQE measurements were used to estimate the area fraction and
recombination intensity of the defective regions. Model calculations showed that a cell
with a 38% area fraction of bad region with a recombination intensity of 0.1 can reduce the
Voc by 39 mV. This agreed well with the experimental data for cell 3, which showed a loss
in Voc of 38 mV. There was also a good agreement between the experimental data and
model calculations, which showed that a 19% area fraction of bad region with a
recombination intensity of 0.11 can reduce the Voc by 25 mV. Model calculations revealed
that in order to keep the loss in Voc below 5 mV in high-performance devices, the area
fraction of the defective region should be below 20% with a recombination intensity of 0.5
or greater.
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4. Resistivity and Lifetime Variation along Commercially Grown
Ga- and B-Doped Czochralski Si Ingots and Its Effect on Light-
Induced Degradation and Performance of Solar Cells

4.1 Introduction

It is well known that solar cells fabricated on conventional B-doped Czochralski (Cz) Si
suffer from degradation caused by the illumination or injection of carriers [4-1,4-2]. It has
also been established that this light-induced degradation (LID) effect results from the
presence of B and O simultaneously in Si [4-3,4-4]. Therefore, the LID effect can be
removed by eliminating either B or O from Si. Several alternatives have been suggested
and attempted in the literature to avoid LID in Cz Si including the 1) use of alternative
dopants such as P for n-type and Ga for p-type Cz Si [4-3,4-5,-6] 2) reduction of interstitial
oxygen to an acceptable level by growing Magnetic Cz [5] Si 3) use of higher resistivity B-
doped Cz [4-2,4-7] and 4) process optimization [4-4,4-8 - 4-13]. Doping the Si ingot with
Ga has advantages over other methods as it provides complete elimination of LID without
modifying the cell structure or processing equipment. However, there are some drawbacks
associated with the implementation of Ga. First, use of Ga dopant gives rise to a
complication of managing the silicon feedstock [4-14]. Most Cz Si manufacturers for solar
cells application rely on externally supplied remelt or potscrap. As Ga-doped remelt is not
available on the open market, this situation likely necessitates the recycling of internally
produced remelt, subsidized with virgin Si. Relying on virgin suppliers is not a cost-
effective option and creates a significant risk since the availability and, more importantly,
the cost of virgin Si fluctuates greatly. The other basic drawback of using Ga as a dopant is
the low segregation coefficient of Ga in Si (k=0.008). This results in a much wider
variation in resistivity along the Ga-doped ingot. If the solar cell fabrication process cannot
tolerate this wider resistivity distribution, a significant yield loss in the crystal growth
process would result in a substantial cost addition. Many research groups have tried to
investigate the solar cell performance as a function of resistivity or the position in the ingot
[4-11,4-15,4-16]. However, such relationship has never been established for the widely
manufactured screen-printed solar cells on Si wafers obtained from B- and Ga-doped
commercial Cz ingots grown in the same puller. Therefore, in this study, B- and Ga-doped
Cz ingots were grown in an industrial environment at Shell solar industries, and the Cz Si
wafers from different locations along the Ga- as well as the B-doped ingots were analyzed.
Both the ingots were targeted to have resistivity of ~1 Q-cm. In addition to the wafers from
these two ingots, some B-doped thin wafers with higher resistivity (~4.3 Q-cm) were
included in the study to explore the reduction in the LID effect as proposed in the literature
[4-17,4-18]. All three ingots were grown using the exact same growth method and
equipment. The bulk lifetime in all the samples was determined by the contactless
photoconductance measurement [4-19,4-20]. Manufacturable screen-printed solar cells
were fabricated and analyzed using light IV-measurement.
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4.2 Experimental Procedures

The Si wafers used in this study were taken from different locations along the two Cz
Si ingots: six locations from the 950 mm long, ~1 Q-cm, B-doped ingot and nine locations
from the 925 mm long, 0.5-2.5 Q-cm, Ga-doped ingot were selected (Table 4-1).
Additional wafers were taken from a higher resistivity B-doped ingot (~4.3 Q-cm) and
thinned down to ~230 um from ~290 um. Table I summarizes all the wafers used in the
study. The lifetime was measured on each sample both in the as-grown state and after the
phosphorus emitter diffusion. The post-diffusion lifetime was measured on each sample
after POCls diffusion at ~880°C followed by etching of the sample down to Si bulk. The
lifetime measurements were performed after 1) 200°C anneal to remove any LID effect [4-
1] and 2) light-soaking for >20 hrs to obtain the stabilized lifetime after LID. The surface
was passivated by iodine/methanol solution during the lifetime measurements.

Screen-printed Al-back surface field (BSF) solar cells (4 cm?) were fabricated on all
the wafers in Table 4-1 using an industrial process. First, the samples were textured in an
alkaline etch and then POCI; diffused to obtain a ~45 Q/sq emitter. Subsequently, SiNy
AR-coating was deposited on the front. All the samples were then subjected to full-area Al
screen-printing on the backside, followed by Ag gridline printing on the front. The samples
were then co-fired using rapid thermal processing. No special heat treatment was
performed to minimize LID as proposed in the literature [4-4,4-8 — 4-13].

The I-V measurements were taken after annealing the cells at 200°C to remove the LID
effect and to determine the cell performance without the LID. The I-V measurements were
repeated on all the cells after light soaking them for >20 hrs to obtain the stabilized cell
performance after LID.

4.3 Results and Discussion
4.3.1 Growth of Ga-doped Cz Ingots

The crystal growth process appears to be transparent to the use of Ga dopant because
same method and equipment was used successfully for B- and Ga-doped Cz growth. In
comparison with B-doped Cz Si, the growth of Ga-doped Cz Si does not require an extra
effort on the growth control, melt contamination or maintaining structure loss. Maintaining
the rate of structure loss is especially important for cost control since it is typically the
highest loss category in a Cz crystal growth process. Consequently, no changes to the
crystal growth process were necessary to achieve similar yields on Ga-doped ingot.

4.3.2 Resistivity Distribution Along Commercially Grown B-doped and Ga-doped Cz
Ingots

Table 4-1 shows that the growth of low-resistivity B-doped ingot provides samples with
a tight resistivity control, ranging from 0.87 Q-cm to 1.22 Q-cm. However, the resistivity
variation is much larger (0.57-2.54 Q-cm) in the case of the Ga-doped ingot compared to
the B-doped ingot. The resistivity decreases appreciably from seed to tail end of the Ga-
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doped ingot because of the low segregation coefficient of Ga (k=0.008) compared to B
(k=0.8) in Si.

Table 4-1. Description of Cz Si samples used in the study.

Ingot | Thickness Tail end Seed end

Low-p Location 1 2 3 4 5 6

B- 290um

doped p (Q-cm) 0.87 0.82 0.90 0.95 1.00 1.22

Ga- Location 1 2 3 4 5 6 7 8 9
290um

doped p(Q-cm) | 0.57 | 0.63 | 0.84 | 0.99 | 1.19 | 1.46 | 1.82 | 2.17 | 2.54

Hi-p

B- 230um p (Q-cm) 4.3

doped

4.3.3 As-grown and post-diffusion lifetime in wafers from B- and Ga-doped Cz ingots

4.3.3.1 B-doped ingots

The as-grown and post-diffusion lifetimes for the B-doped Cz samples are summarized in
Figure la and 1b, respectively. The low-resistivity B-doped ingot showed a very tight
distribution of the lifetime except at the seed end, where the lifetime was somewhat lower
probably due to the swirl defects that occur in macroscopically dislocation-free Si with a
high density of point defects [4-21]. All the bulk lifetime measurements in Figure 4-1 were
performed at an injection level of 2x10'* cm™.
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M Light-soaked[ — ]
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S
o
S
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Lifetime (ps)

S
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o

Tail end Seed end Tail end

0.87 Q-cm low-p B-doped ingot 122 Ooem High-p 0.87 Q-om low-p B-doped ingot ?ezezdg‘gm High-p
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a) b)

Figure 4-1. (a) As-grown and (b) post-diffusion lifetime before and after LID on wafers
from different locations in the low- and high-resistivity B-doped Cz ingots.
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Figure 4-1 shows that the phosphorus diffusion enhances the light-soaked lifetime
significantly. This is attributed to 1) impurity gettering by phosphorus diffusion [4-22] and
2) the reduction of metastable defects (responsible for LID) by high-temperature treatment.
For this reason, the lifetime in the finished cell correlates better with the post-diffusion
lifetime rather than the as-grown lifetime. To consider the effectiveness of the high
temperature process in the reduction of LID, it is useful to first calculate the normalized
metastable defect concentration, defined as N, = o,v,,N,[4-23]. This can be calculated

from the lifetime in annealed and light-soaked states as follows:

[N SE— (4-1)

Tlight—soaked Tannealed

N¢ was calculated using eq. (4-1) and the measured lifetime before and after LID at an
injection level of 2x10™ c¢cm™ for all samples. The N, values for as-grown and post-
diffusion states are shown in Figure 4-2. Smaller value of Nt* reflects lower concentration
of metastable defects (N) that are responsible for LID. Our data shows that the phosphorus
diffusion reduced the metastable defect concentration effectively by a factor of 2.8-3.1 in
the low resistivity B-doped samples and by a factor of 2.4 in the high-resistivity B-doped
sample. In spite of this respectable improvement, the LID managed to lower the post
diffusion lifetime by a factor of 15-20 (from ~300-400 ps to ~20 ps) in the low-resistivity
(~1 Q-cm) B-doped wafers (Figure 1b). The high-resistivity B-doped sample, on the other
hand, exhibited a much weaker LID effect due to lower B concentration, resulting in about
a factor of three degradation in lifetime from ~500 ps to ~170 ps.
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ingot

Figure 4-2. Normalized metastable defect concentration before and after diffusion process in
B-doped Cz wafers.
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4.3.3.2 Ga-doped ingot

The as-grown and post-diffusion lifetimes measured at the injection level of 2x10™ cm’
3 for the Ga-doped Cz samples are summarized in Figure 4-3a and 4-3b, respectively.
Unlike the B-doped wafers, Ga-doped wafers did not show any LID. However, the post-
diffusion lifetime in Ga-doped ingot varied significantly from ~100 to ~1000 ps from seed
to tail end partly because of the variation in the resistivity. Both resistivity and lifetime
increased gradually from tail to seed end except for a drop at the seed end for the same
reason (swirl defects) as the B-doped ingot. Notice that the phosphorus diffusion improved
the lifetime of Ga-doped wafers by about a factor of 1.3 due to gettering of impurities.
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Figure 4-3. (a) As-grown and (b) post-diffusion lifetime before and after LID on wafers
from different locations in Ga-doped Cz ingot.

4.4 LID and Performance of Screen-Printed Solar Cells

4.4.1 B-doped Ingots

Simple manufacturable 4 cm?® screen-printed cells were fabricated with texturing, Al-
BSF and SiNy PECVD single-layer AR coating (Section 2). The efficiency of the solar
cells fabricated on wafers taken from different locations on B-doped ingots is plotted in
Figure 4-4. Both annealed (no LID) and light-soaked (after LID) states are included in the
figure to assess the LID effect.

The efficiency prior to the LID in the low-resistivity B-doped ingot was quite uniform
(~16.7%), except at the seed end where the efficiency dropped slightly to 16.5%. This is
entirely consistent with the lifetime data in Figure 4-1b, which showed fairly uniform
lifetime except at the seed end. However, the efficiency of all the low-resistivity B-doped
cells decreased significantly by about 1.1% absolute after the light soaking, resulting in a
final efficiency of only ~15.6%. This is also consistent with Figure 4-1b which shows that
after the diffusion and light-soaking, the lifetime in all the wafers dropped to ~ 20 ps after
LID. The high-resistivity (4.3 Q-cm) thin (230 um) B-doped Cz cell gave an efficiency of
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Figure 4-4. Screen-printed AI-BSF solar cells efficiency of samples from different
locations from low- and high-resistivity B-doped Cz ingots.

17%, which is ~0.3% better than the low-resistivity B-doped cells. In addition, the LID
effect was substantially reduced with an efficiency loss of <0.6% absolute as opposed to
1.1% for the low-resistivity thick cells, resulting in the stabilized efficiency of 16.4%. The
reduced LID effect is attributed to 1) the reduction of B concentration in the higher
resistivity material, resulting in fewer LID traps and 2) higher diffusion length to thickness
ratio due to thinner material, resulting in decreased sensitivity to loss in diffusion length.

Thus, higher resistivity and thinner material provides another strategy for reducing LID in
B-doped Cz cells.

Device simulations were performed using PC1D program [4-24] to establish that the
impact of LID on the cell efficiency is entirely based on lifetime degradation at maximum
power point (MPP). Some of the key inputs used for PC1D simulation are summarized in
Table 4-2. The simulated efficiency as a function of lifetime for a 300 um thick 1.0 Q-cm
substrate and 230 um thick 4.3 Q-cm are plotted in Figure 4-5. Due to a strong asymmetry
of the capture time constants for electrons and holes (1./1,~0.1), specific for boron-oxygen-
related recombination center [4-13], the bulk lifetime of a p-type material strongly depends
on the injection level. This dependence of lifetime on injection level needs to be taken into
account to assess the accurate and full impact of LID on cell efficiency. Therefore, first we
measured the lifetime as a function of injection level in these samples as shown in Figure
4-6. This was done on diffused samples after the emitter was removed. Figure 4-6 confirms
the asymmetric capture time constant because lifetime does vary strongly with injection
level after LID. Notice that prior to LID, lifetime is high and is not a strong function of
injection level. This measured lifetime data was used in conjunction with PC1D calculation
of efficiency as a function of lifetime (Figure 4-5) to assess the loss in efficiency due to
LID. To do this accurately, the loss in bulk lifetime was determined at the MPP. The
device simulations were performed to determine the approximate injection level at the

50



injection level is not completely uniform along the device thickness. Carrier concentration
profiles reveal that in the 1 Q-cm cell, the injection level varied from 3x10" cm™ to
1.2x10" ¢cm™ at MPP for 10-30 ps bulk lifetime. Figure 6 shows that in spite of this large
variation in injection level, the lifetime should remain nearly constant at about 15 ps.
Similarly for the 4.3 Q-cm cell, the injection level at MPP was found to vary from 2.0x10"
to 3.1x10" cm™ for 80-200 ps bulk lifetime, resulting in a nearly constant lifetime of 105
us at the MPP. These lifetime values were used in Figure 4-5 to obtain the predicted cell
efficiency after LID of 15.7% for 1.0 Q-cm and 16.6% for 4.3 Q-cm cells. These
efficiencies were in good agreement with the experimental data in Figure 4 (~15.6% for
1.0 Q-cm and 16.4% for 4.3 Q-cm Cz). Note that in Figure 4-5, if the measured lifetime at
an injection level of 2x10" cm™ was used (which is closer to the open circuit voltage (Vo)
condition of the cells), the simulation would have underestimated the LID effect on
efficiency due to the strong lifetime dependence on injection level. Figure 4-5 also shows
that before LID, predicted efficiencies are ~16.7% and ~17.0% for 1.0 Q-cm and 4.3 Q-cm
cells, which is again in good agreement with the experimental data even though the
measured lifetime at 2x10' cm™ was used. This is because, prior to LID, measured
lifetime is not a strong function of injection level. Thus, in order to predict the LID effect
by simulation, one needs to recognize the strong injection level dependence of lifetime and
use the measured lifetime at the injection level around the peak power point. Lifetimes in
solar cell materials are often measured at the V. condition or even at higher injection level
(>1x10"° cm™) to avoid trapping effects on lifetime data [4-25].

(1) Before LID
17 4 (2) After LID at injection level of 2x10" em™
0.35%
S
2
g 0.99%
5 16+ (3) After LID at MPP
=
Lu ............................................
15.5 A
— 1 Q-cm (300 um thick)
4.3 Q-cm (230 um thick)
15 T T T T T T
0 100 200 300 400 500 600

Lifetime (us)

Figure 4-5. Simulated solar cell efficiency as a function of lifetime for a) 1.0 Q-cm 300 um
thick Si substrate and b) 4.3 Q-cm 230 pum thick Si substrate. Simulated curves are used to
show the predicted cells efficiencies based on measured lifetime (1) before LID, (2) after
LID but at injection level of 2x10'* cm™, and (3) after LID at an injection level at MPP.
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Table 4-2. PC1D input parameters for screen-printed cell simulation.

Input
Textured, 54.74°, 3.535 um

Device Parameter
Front surface

Front surface reflectance

From measurement

Broadband reflectance 6.75-7.00 %

Rear internal reflectance 60%, diffuse

Base contact 0.75-0.80 Q

Internal conductor 1x10*S

Jo2 3.2-3.5x10° A

Front doping 45 Q/sq, Erfc

FSRV 95,000-120,000 cm/s
BSRV 750 cm/s for 1.0 Q-cm

150 cm/s for 4.3 Q-cm
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4.4.2 Ga-doped Ingot

The variation in efficiency of the screen-printed AI-BSF solar cells fabricated on wafers
from different ingot locations of Ga-doped ingot is plotted in Figure 4-7. Both annealed
(no LID) and light-soaked (after LID) states are included in the figure.

17.5 1| O Annealed
M Light-soaked

Efficiency (%)
o)
S

155 +1 B -- -- - 1 S 5
150 +1 B} -- -- - 1 S 5
14.5
1 2 3 4 5 6 1 8 9
057 e Ga-doped ingot >t rem

Figure 4-7. Screen-printed Al-BSF solar cells efficiency of samples from different locations
from Ga-doped Cz ingot.

Unlike the B-doped ingots, the efficiency spread in Ga-doped ingot prior to the LID is
somewhat larger (16.8%-17.3%), with the higher resistivity seed end producing slightly
higher efficiency. This variation in efficiency is generally acceptable for production and is
within the range of process-induced effects. Detailed analysis of cell parameters in Figure
8 shows that, despite the very wide variation in resistivity over the entire length of the
ingot, the spread in Ga-doped cell efficiency is reduced because of the increase in V. and
the decrease in short circuit current density (Js.) as the resistivity decreases. Note that
spread in current due to resistivity variation in Ga-doped cells may add to the spread in
current due to the processing effects. However, if the cells are binned according to current
and efficiency combination, rather than just current, then it will be possible to separate
different resistivity cells in appropriate bins, to avoid cells’ voltage mismatch losses, prior
to module fabrication. Moreover, there is essentially no LID observed in the Ga-doped
cells, resulting in ~1.5% higher absolute efficiency after light soaking relative to the low-
resistivity B-doped Cz ingot. This gap in stabilized efficiency was reduced to ~0.7% when
higher resistivity and thin B-doped Cz was used. These results show that the Ga-doped Cz
ingot offers great potential for higher stabilized Cz cell performance (= 17%). In addition,
a high-quality Ga-doped ingot can be grown in the same puller used for the B-doped ingot,
without any modification.
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Figure 4-8. J. and V,. as a function of ingot position in Ga-doped ingot.

Table 4-3 summarizes the average efficiency of solar cells from the three Cz Si ingots.
These data demonstrate the potential of using Ga-doped Cz instead of B-doped Cz.

Table 4-3. Summary of averaged efficiency from different Cz ingots.

Dopant | Resistivity Efficiency (%)
Type (2-cm) Annealed | Stabilized
~1.0 16.7 15.6
Boron
~4.3 17.0 16.4
Gallium 0.57-2.54 17.1 17.1

4.5 Conclusions

This paper demonstrates the potential of using Ga dopant instead of B in p-type Cz Si
to achieve high efficiency manufacturable screen-printed cells with no LID. Despite a large
resistivity variation (0.57-2.54 Q-cm) in the Ga-doped Cz ingot resulting from a small
segregation coefficient of Ga in Si, the absolute efficiency of screen-printed Al-BSF solar
cells was found to vary by <0.5% absolute over the entire length of the 925 mm long ingot.
This is the result of the competing effect of increasing V,. and decreasing Js. as the
resistivity decreases. In the 1 Q-cm B-doped Cz, lifetimes decreased from 300-400 to ~20
us after LID. In the 4.3 Q-cm B-doped Cz, lifetimes decreased from 500 ps to 170 ps after
LID. In the Ga-doped ingot, lifetimes were in the range of 100-1000 us from seed to tail
end, respectively, and showed no LID at all. This resulted in ~1.5% higher average
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stabilized efficiency compared to the cells made on a 1 Q-cm B-doped Cz and about 0.7%
higher than efficiency with respect to 4.3 Q-cm thin B-doped cells. These results were
found to be in good agreement with device simulations performed using the measured
lifetime at the injection level at MPP.

The use of thinner and high-resistivity B-doped Cz lessened the detrimental effect of
LID. However, the LID remained appreciable and accounted for ~0.6 % absolute reduction
in efficiency. Ga doping completely eliminated the LID in Cz cells and gave > 17%
efficient screen-printed solar cells.
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5. Understanding the Formation of High-Quality Thick-Film Ag
Contacts on High Sheet-Resistance Si Emitters for Solar Cells

5.1 Introduction

Screen-printed solar cells have been around for about three decades; however, little is
understood about the physics and chemistry of the formation of thick-film silver contacts
to the Si emitter, as well as carrier transport at and near the Ag-Si interface and its precise
correlation with the quality of the ohmic contact. Reasonably good quality screen-printed
Ag contacts are routinely achieved on 45 ()/sq emitters for solar cells. However, making
good ohmic contacts to high sheet-resistance (80-100 €3/sq) emitters is still a challenge.
Several manufacturers around the world are working and partly succeeding on the
development of Ag pastes that work for high sheet-resistance emitters [5-1]. Silver thick-
film pastes typically contain silver powder, glass frit, and organic binder. The glass frit is
important in influencing the contact quality because it can affect adhesion, conduction, and
contact formation. The glass frit normally consists of lead oxide containing silicate glass. It
has been shown that Ag dissolution in the glass frit occurs upon firing [5-2]. Recently, Ag
crystallites have been shown to grow into the Si surface from the glass [5-3, 5-4]. The lead
borosilicate glass layer over most of the interface is assumed to be insulating because of its
high resistivity. Thus, current transport is projected to take place via islands of Ag and Si
contact [5-5]. Ballif et al. validated the presence of Ag crystallites at the Ag-Si interface
along with very low contact resistivity (~2x107 Q-cm?) between these Ag crystallites and
the Si emitter coupled with the very high resistivity (10° Q-cm) of glass and thus current
transport from the Ag crystallites to the Ag bulk through ultrathin glass regions has been
proposed [5-6]. It has also been proposed [5-4] that conduction takes place via multi-step
tunneling via metal precipitates in the glass layer between Ag crystallites at the Ag-Si
interface and the Ag bulk of the grid. Moreover, the chemistry of glass frit/modifiers can
greatly influence junction shunting and the junction leakage current because of etching of
Si by the glass frit during the contact firing cycle and possible migration of metal
impurities present in the glass into the emitter region [5-7- 5-9]. The above ideas have been
used and expanded to explain why, of the three Ag pastes we have studied in this paper,
PV168 paste from Dupont gave high fill factors (FFs) while the other two pastes did not
work as well on 100 Q/sq emitters [5-10, 5-11]. To gain a better understanding of the
requirements for achieving good screen-printed ohmic contacts, two other widely used
commercial thick-film pastes (A and B) were studied in an attempt to analyze and correlate
the electrical and physical behaviors of screen-printed contacts.

5.2 Experimental Method

In this study, screen-printed n"-p-p” solar cells (4 cm?) were fabricated on single crystal
Si using different Ag pastes and firing conditions on a 100 €/sq emitter. P-type, 0.6 Q-cm,
300-pum-thick (100) float-zone (FZ) substrates were used for all the experiments. Silicon
wafers were first chemically cleaned, followed by POCI; diffusion to form the n'-emitter.
After the phosphorus-glass removal and another clean, plasma-enhanced chemical vapor
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deposited (PECVD) SiNy antireflection (AR) coating was deposited on the emitter. Next,
an Al paste was screen-printed on the backside and dried at 200°C. A Ag grid was then
screen-printed on top of the SiNy film, and Ag and Al contacts were co-fired (single firing
step) in a lamp-heated three-zone belt-line furnace. All the cells were then isolated using a
dicing saw and were annealed in forming gas at 400°C for ~15 minutes. Cross-sectional
scanning electron microscopy (SEM) and plane-view atomic force microscopy (AFM)
measurements were taken to study the structure of the Ag-Si interface. Cross-sectional
conductive AFM (CAFM) images were taken to investigate the conductivity through the
bulk of the PV168 Ag gridline for high and low firing temperatures. The CAFM technique
uses a bias voltage applied between a highly conductive tip and the Al back contact as the
tip passes over the cross-sectional grid. No etching was found necessary for the cross-
sectional SEM and CAFM measurements. However, the Ag grid was etched prior to the
AFM using HF, HNO; and HF acids in sequence to remove the metal and the glass to
delineate the footprints of the etched Ag crystallites by removing the metal and the glass.
The plane-view AFM images of the surface morphology were acquired in intermittent
tapping mode. Cross-sectional TEM was performed on selected samples. The sample
preparation for the TEM measurement involved standard mechanical polishing down to
about 50 um followed by dimple polishing down to a thickness around Sum. The samples
were then ion beam milled using a Gatan precision ion polishing system (PIPS) at low
energy, and low angle. Secondary-ion mass spectroscopy (SIMS) measurements were
taken on selected samples to determine the Ag and P concentration profiles in the silicon
directly underneath the Ag grid using a CAMECA IMS-5F ion microscope. The Ag grid
was etched in HCI for the SIMS measurements to prevent any Si etching. The samples
were bombarded with 5.5 KeV O," primary ions for the analysis of Ag whereas14.5 KeV
Cs' primary ions were used for P. The primary ion beam was rastered over an area of 150
pm x 150 pm. Positive or negative secondary ions were collected from a ~20-um-diameter
area in the center of the rastered crater for Ag and P, respectively. Contact resistance was
determined by wusing the transfer-length method (TLM) pattern [5-12], printed
simultaneously with the grid, while the cell parameters were measured by dark and light
[-V measurements.

5.3 Results and Discussion

Three different screen-printing pastes (A, B, and PV168) were investigated using SEM,
AFM, and SIMS analysis in conjunction with contact resistance and solar cell performance
measurements to understand and establish a correlation between physical and electrical
properties of screen-printed contacts on a high sheet-resistance emitter (100 €2/sq). Two of
the pastes (A and B) are widely used in industry, and the third paste (PV168) is
commercially available from Dupont, but its use is not as widespread. All the three pastes
contained some P which could result in self-doping. Therefore, SIMS measurements were
first taken to check the formation of selective emitter via the injection of P underneath the
gridlines. This was determined by printing and firing the three pastes on an undiffused
wafer (no emitter). Figure 5-1 shows that all three pastes introduced limited amount of P
near the Si; thus, for the high-temperature (835°C) firing condition used in this study
injected P profiles resulted in sheet resistance of 900-5000 €)/sq. More important, the
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Figure 5-1. SIMS profiles of P detected in Si after 835°C fast firing of pastes A, B, and
PV168 on undiffused Si. P profile for a 100 (3/sq emitter is also shown for comparison.

self-doping P concentration is much smaller than the P concentration associated with the
diffusion of 100 €/sq emitter (Fig. 5-1). Since the injected P concentration does not alter
the net P concentration underneath the grid, selective emitter formation can be precluded
(unless it is within a few atomic layers, which may be affected or dissolved during the
removal of Ag with HCI). Figure 5-1 also shows that the PV168 paste introduces much
less P into Si compared to pastes A or B when fired at high temperatures. Thus, we can
ignore self-doping as the basis for any similarity and differences between the contacts
formed by these pastes. This led to the SEM and AFM investigation of Ag crystallites and
interface structure in the following sections to explain the difference in the electrical
performance of the contacts.

5.3.1 Effect of Firing Temperature on the Ag-Si Contact Interface for PV168 Paste

Table 5-1 summarizes the electrical performance of contacts and solar cells fabricated
with PV168 Ag paste on 100 €)/sq emitter using conventional 750°C firing and a higher-
temperature (835°C) firing. It is clear from Table 5-1 that the lower-temperature (750°C)
co-firing of PV168 paste results in unacceptably high contact resistance (45 mQ-cm?) in
conjunction with low FF (0.643) and poor cell efficiency (14.37%). However, the 835°C
firing produced excellent ohmic contacts with specific contact-resistance of ~2 mQ-cm?

and series resistance of 0.7 Q-cm?, resulting in a FF of 0.77 on a 100 Q/sq emitter and a FZ
Si cell efficiency of 17.4%.

Table 5-1. The electrical performance of contacts and Si solar cells formed with paste
PV168 on a 100 €2/sq emitter using low- (conventional) and high-temperature firing.

Paste  |Peak Temp.| Emitter {Qsg)| Vi, (mV)|Js, imAem3| FF | ER (%) |n factor|R; (Q-cm3| Ry, (Q-cm3|p, (mQ-cm’)|; (ndVem)
PV1ES 750 100 Bd3 75 | 0643 1437 | 108 | 4390 | 143900 | 45A9 14
P\V163 i 100 B46 M3 (0782 742 | 108 | OB | 131404 1.98 15
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To gain a better understanding of the cell results, contact interface analysis was
performed using SEM, AFM, and SIMS. The SEM image (Fig. 5-2(a)) of the interface of
the Ag-Si contact fired at 835°C revealed the presence 50-200-nm wide re-grown Ag
crystallites. Figure 5-2(b) shows the AFM image of the plane view of the same sample (for
835°C firing) after etching the Ag and the glass frit. Distributed pits observed in the AFM
image are indicative of the footprints of the Ag crystallites, which were removed during
the Ag etching prior to AFM. The AFM image in Figure 5-2(b) also reveals that the depth
of these crystallites in the Si is on the order of 50 nm (notice that the depth scale goes from
0-100 nm), which is much smaller than the junction depth of ~0.28 um for the 100 2/sq
emitter. This is in good agreement with the slight shift observed in the SIMS P profiles for
regions with and without the gridline, which showed a displacement of ~55 nm,
approximately equal to the penetration depth of the Ag crystallites for the PV 168 paste [5-
11]. The Ag crystallite penetration depth of only ~50 nm also explains why there was no
appreciable shunting in the case of PV168 paste even after the 835°C firing. The Ry, and
Jo2 values were very reasonable (131.4 kQ-cm” and 15 nA/em?, respectively), contributing
to the observed high FF of 0.782 (Table 5-1).

The AFM images in Figures 5-2(b) also reveals a larger number of Ag crystallites than
reported in [6] for a conventional paste and firing scheme. The regular transfer of dissolved
Ag through the glassy layer to the Si surface, resulting in a regular distribution of a large
number of Ag crystallites (shown in Fig. 5-2(a) and 5-2(b)) could be attributed to the lower
glass transition temperature which has been shown to precipitate a larger amount of Ag
crystallites [5-1]. The higher-temperature firing (835°C) dissolves more Ag into the glass
frit, possibly reaching saturation, and upon cooling; the excess Ag may precipitate at the
Ag-Si interface as crystallites. PV168 paste composition is such that even at ~835°C firing,
which was necessary to give acceptable contact and series resistance, Ag crystallites were
small enough (much less than the 0.28 um junction depth) to avoid junction shunting. This
was the key to achieving high FF on a 100 €)/sq emitter with PV168 paste. For the lower
temperature firing of 750°C Ag crystallites were very rare or generally not observed at all
using high-magnification SEM. Hence, to explain this behavior TEM analysis was
performed on the 750° C-fired sample. The TEM micrograph in Fig. 5-3 shows that a
SiNO layer, which has a variable thickness, is not completely etched by the glass frit
indicating a less aggressive glass frit chemistry compared with conventional pastes, which
achieve good ohmic contacts at conventional firing temperatures. The thickness of the lead
borosilicate glass varies extensively as shown in Fig. 5-3. The thickness of the SiNO layer
is ~65 nm which is too thick for tunneling to take place. Full penetration of the
antireflection coating is necessary for a good contact with the emitter leading to low
contact resistance [5-7]. This explains the high contact resistance observed for the PV168
Ag paste when fired at conventional firing temperatures of ~750°C. Regions where the
SiNO is completely etched could be very sparse at this firing temperature.

Over-firing increases the aggressiveness of the etching reaction between the glass frit
and the SiNO layer. Thus, the SiNO is completely etched (in most regions), allowing the
glass frit to reach and dissolve the underlying Si which recrystallizes upon cooling with the
Ag crystallites growing epitaxially as shown in Fig. 5-2(a).
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Figure 5-2(a). SEM image of the Ag-Si interface for PV168 fired at 835°C.

Figure 5-2(b). AFM plane-view of the Si interface for PV168 fired at 835°C.

Figure 5-3. TEM micrograph of a 750°C-fired PV168 Ag/Si contact.
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Figures 5-4(a) and 5-4(b) show the cross-sectional conductive AFM images of the bulk
of the Ag gridline and the Si beneath it for 750°C and 835°C firing temperatures. This
technique can probe the variation in the conductivity of the gridline from top to bottom.
The presence of a glass layer in the grid or at the interface can lower the grid conductivity
in those regions. The bright contrast shows high conductivity or high current between the
probes for the same probing voltage applied between the back Al and the probing point in
the grid. CAFM conductivity results can also be influenced by (a) the conductivity of the
grid Ag, which could be a function of Ag grain size and sintering, (b) the area fraction of
the Ag crystallites at the interface, (c) the number of direct contact points between the bulk
of the Ag grid and the Ag crystallites at the interface, and (d) the conductivity of the frit or
tunneling through the glass layer (where it is thin enough) to complete the current path
between Ag crystallites at the interface and the bulk of the grid. Although a few direct
interconnections between the interface Ag crystallites and the Ag bulk might exist, none
were observed using both the high magnification SEM and TEM. The observed non-
homogeneous conductivity of the Ag gridline in Figure 5-4, particularly near the Ag-Si
interface, is attributed to the presence of varying thickness of high-resistivity glass between
Si and the Ag grid.

The CAFM measurements also confirmed that both firing temperatures gave non-
rectifying ohmic contacts because similar current values were obtained when the applied
voltage polarity was switched. However, for the lower firing temperature of 750°C,
absolute conduction through the bulk of the PV168 gridline was lower (~350 nA current at
200 mV) compared to 1800 nA current at 200 mV. To achieve the same current (=1800
nA) for the 750°C-fired grid, the voltage applied to the grid had to be increased
significantly from 200 mV to 1000 mV.

The Ag particle size, shape, surface area, surfacant treatment, as well as the glass frit all
affect the sintering behavior of the Ag gridline [5-13,5-14]. The characteristics of the Ag
particles and glass frit in PV168 are such that the Ag particles do not sinter as well at
750°C to produce higher Ag grain size within the bulk of the grid. It has been shown in
[5-15] that the Ag grain growth increases with firing temperature, yielding denser films
and causing the sheet resistivity of the Ag thick films to decrease with higher sintering
temperatures in the range of 450°C -800°C. We found similar behavior for the PV168 Ag
paste (Figs. 5-5(a) and 5-5(b)) where Ag grain size was of ~4.5 um after the 835°C firing
as opposed to ~2.1 um for the 750°C firing. In addition, the grains formed at 835°C firing
showed a very compact structure. This yielded a lower gridline resistivity of ~1.9 uQ-cm,
which is close to the resistivity of pure Ag (~1.7 uQ2-cm). The gridline resistivity after the
750°C firing was ~2.5 pQ-cm.
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Figure 5-4(a). Cross-sectional conductive AFM of the Ag gridline fired at 750°C.
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Figure 5-4(b). Cross-sectional conductive AFM of the Ag gridline fired at 835°C.

63



Figure 5-3 shows that 835°C firing produces larger Ag crystallites with increased Ag-Si
contact fraction. If current transport mostly takes place via tunneling through ultra thin
glass regions as proposed in [5-6], an increase in the area coverage of the Si emitter by the
Ag crystallites would also increase the probability of encounter of these regions. Also, if
the current transport takes place via direct interconnection between the Ag bulk and
interface crystallites, an increase in the Ag-Si area coverage due to a larger number of Ag
crystallites would also decrease the contact resistance. Finally, the relative conductivity of
the darker regions near the Ag-Si interface in Figure 5-4, may be indicative of glass
conductivity which is lower than that of the Ag. The electrical conductivity model for
discontinuous metal structures is based on the tunneling process between metal granules
[5-16]. Pb atoms usually agglomerate into large Pb crystallites, and thus, tunneling is
difficult to occur; Bi ions have been found to decrease the conductivity of lead-silicate
glasses significantly because they act as tunneling centers [5-16]. Bi has been observed in
the glass frit in PV168 Ag paste (Fig. 5-3), which would explain why the glass is
conductive, although not as well as Ag, as shown in Fig. 5-4. The conductivity is lower for
both the Ag and glass regions for the 750°C firing due to the incomplete etching of the
SiNO layer. Thus, the effective series resistance for the 835°C firing is only 0.854 Q-cm?
as opposed to 4.39 Q-cm® for the 750°C firing (Table 5-1). The improvement in the
sintering of the Ag particles for the higher firing temperature (835°C) is not significant
enough to yield the observed improvement in conductivity shown in the CAFM images in
Figure 5-4(b). From Figs 5-3 and 5-4 limited current transport between the Si emitter and
the Ag bulk can be attributed as the main reason for the high contact resistance for the
750°C fired cell because of the incomplete etching of the dielectric layer. By increasing the
aggressiveness of the glass frit in PV168 the SiNO layer could be completely etched at
750°C. Regions where the glass is very thin (Fig. 5-3) could help improve the current
transport via tunneling or by facilitating the existence of a direct connection between the
Ag crystallites and Ag bulk.

To understand the role of the frit we investigated another DuPont paste (PV167), which
is analogous to PV168 but without the glass frit. We did not get proper adhesion with
PV167 paste when fired at 835°C for a few seconds. This suggests that for the fast firing
condition, the presence of the glass frit plays an important role in achieving proper contact
even at the Ag-Si eutectic temperature of 835°C [5-17]. Thus, the glass frit helps to
adequately dissolve Ag at the Ag-Si eutectic temperature to produce large uniformly
distributed crystallites. In addition, the Ag also sinters well at 835°C to give large Ag
grains. Even though the PV168 Ag paste was initially designed to operate as a self-doping
paste at temperatures greater than the Ag-Si eutectic of 835°C, it appears that the Ag-Si
alloying temperature is also significant in that it is the temperature where the glass frit and
Ag particles of PV168 were designed to operate to give better contact quality [5-18]. This
is why the PV168 performs well around the Ag-Si eutectic temperature and fails at the low
firing temperature for high sheet-resistance emitters.
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5.3.2 Investigation of Screen-Printed Contacts to 100 (¥sq Emitter Using Widely Used
Commercial Pastes A and B and Conventional Firing Temperature

After establishing that PV168 can form good contacts to a 100 (2/sq emitter at 835°C,
we investigated the performance of two widely used Ag pastes A and B. Commercial
pastes are generally fired at sample temperatures around 750°C to avoid junction shunting.
This process works well for the 45 QO/sq emitter. Table 5-2 shows that pastes A and B gave
reasonably low Ry (~0.8 Q-cm?), Jo» (~25 nA/cm?®), and high Ry, (>7 kQ-cm?) on 45 Q/sq
emitter, producing FFs of greater than 0.77 and cell efficiency >16.7% on FZ Si. However,
Table 5-3 shows that both pastes failed on the 100 Q/sq emitter with the 750°C firing
condition.

Table 5-2. Electrical performance of contacts and solar cells formed with Ag pastes A and B
using 45 Q/sq emitters and conventional firing temperatures of 750°C

Paste |Peak Temp.| Emitier (Q/sq) Vi, (mV)|J;, (mAfom3| FF | EF (%) |nfactor|R; (0-cm3|Ry, (Q-cm?)|p, (mQ-cm’)|J.z (n&Vem’)
Paste A 740 45 B3 3310|0762 'B34 | 140 | 0@ 753 0.24 5
Paste B 750 45 B34 374 |07816) 1671 | 109 | 0830 | 96782 0.43 X5

Table 5-3 Electrical performance of contacts and solar cells formed with Ag pastes A and B
using 100 €3/sq emitters and conventional firing temperature of 750°C.

Paste | Peak Temp | Emitter (Q/sq) |V (mV)|Js, imA/cm3| FF | ER{%) |n factor|R, {Q-cm3|Ry, {Q-cmd|p, (mQ-em%)| )y (nAvemd)

Paste A 74l 100 k34 [ | 073 1eF7 e 20 11,454 158 ol

Paste B 74l 100 i .19 | 0475 144 | 388 | 0449 43518 04 &7

The plane-view AFM photograph in Figure 5-5(a) shows that the 750°C firing of paste
A produced a highly irregular distribution of Ag crystallites. In addition, the contact area is
quite small, which may not be suitable for high sheet-resistance emitters. This observation
is consistent with reference [5-6] for conventional paste and firing conditions and explains
the higher specific contact-resistance of ~4 mQ-cm” on 100 Q/sq emitter (Table 5-3).
Table 5-2 shows that the same firing condition produced a contact resistance of 0.24 mQ-
cm” on the 45 Q/sq emitter, indicating the need for more or larger Ag crystallites for high
sheet-resistance emitters.

The AFM image in Figure 5-5(b) shows that paste B behaves quite differently than
paste A for the 750°C firing. Paste B showed a fairly uniform distribution of small Ag
crystallites (~25 nm in width). A regular distribution of small Ag crystallites is better for
lower contact resistance compared to an irregular distribution of larger Ag crystallites,
which are limited to certain regions only. The SEM image in Fig. 5-7 reveals that the Ag
crystallites formed at the Ag-Si interface for paste B are on the order of 25-120 nm in size;
thus, in some cases they are as large as those formed in the case of PV168 when fired at a
higher temperature of 835°C. However, paste B consists of a more aggressive glass frit
than PV168 Ag paste, which leads to excessive Ag penetration into the junction. This was
confirmed by the SIMS measurements in Fig. 5-8, which reveal the presence of ~3x10"’
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cm™ Ag at or near the n*-p junction which is ~0.28 um deep. This increased the leakage
current to 2678 nA/cm? (Table 3) and gave a lower FF of 0.635.

(a) (b)
Figure 5-5. AFM plane-view of the Si interface for (a) paste A and (b) paste B both fired at
750°C.

It has been demonstrated [5-19 — 5-21] that, in addition to promoting adhesion, proper
glass frit chemistry can actually retard the Ag migration into the emitter, reducing
shunting. Unlike the glass frit in paste PV168, the glass frit in paste B is not effective in
arresting Ag close to the Si surface to provide good-quality contact to the shallow high
sheet-resistance emitter even at 750°C firing.

200nm 120000X

Figure 5-7. SEM of the Ag-Si interface for Paste B fired at 750°C.

Thus, the above analysis explains why pastes A, B and PV168 all failed on the 100
()/sq emitter at the conventional firing temperature of 750°C. Paste A failed because of
higher contact resistance, attributed to non-uniform distribution of Ag crystallites and low
contact area fraction; paste B failed because of the high junction leakage associated with
excessive Ag and impurity penetration into the emitter; PV168 failed because of the sparse
distribution of smaller Ag crystallites and low contact area fraction, resulting in high
contact resistance.
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Figure 5-8. SIMS Ag and P profiles in Si for paste
B at 750°C firing.

5.3.3 High Temperature (835 <C) Firing of Conventional Pastes A and B on the 100 (¥sq
Emitter

The final step in applying this methodology to explain the performance of screen-
printed contacts involved the study of the contact interface resulting from 835°C firing of
pastes A and B. This is because PV168 worked at high temperature even though it failed at
low temperature. The solar cell and contact data in Table 5-4 show that both the pastes
failed again at 835°C, with the ideality factor (n) rising above three in conjunction with
very high leakage current exceeding 14,000 nA/cm®. At 835°C, paste A gave very good
contact resistance of 0.59 mQ-cm” in conjunction with series resistance of 0.83 Q-cm?, but
it failed because of a very high junction leakage current (J,;). The EDS measurements (Fig.
5-9) detected the presence of several metal elements in the glass frit of paste A at a very
high concentration, deep into the emitter region. In addition, the SIMS measurements (Fig.
5-11) showed the presence of high Ag concentration at the junction.

Paste B failed again because of excessive shunting after the 835°C firing. The SEM
image in Figure 5-10 shows a significant increase in the size of Ag crystallites,
approaching 0.6-1 um. Since this is larger than the junction depth of ~0.28 um, it explains
why the 835°C-fired paste B cells were so badly shunted. A comparison of Figs. 5-7 and 5-
10 show that the Ag crystallites grew almost 10 times in size (~100 nm=> ~1000 nm) when
the paste B firing temperature was raised from 750°C to 835°C. This is probably because
the glass frit in paste B was able to dissolve a lot more Ag at the higher temperature and
became highly supersaturated, producing large precipitates or crystallites at the interface
upon cooling. This is also consistent with the Ag-Pb phase diagram [5-22]. The Ag SIMS
profiles in Figure 5-11 clearly show that pastes A and B failed because of Ag-induced
junction shunting while PV168 survived 835°C firing because of the significantly reduced
penetration of Ag into the 100 €)/sq emitter.
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Paste

Table 5-4. Electrical performance of solar cells made with pastes A and B on 100 2/sq
emitters using high-temperature firing.

Peak Temp | Emitter (Q/sq)

Vo (mY)

J;; (mbiem?| FF

Eff (%) |n factor

R; {Q-cm?| R, (Q-cm)

Pe (mD-cm2)

J.: (nVem’)

Paste A

B35

100

579

3405

0.&71

112 | 343

0.534

521

23

14,398
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B35

100
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Figure 5-9. EDS analysis of the elements in the emitter
region underneath the Ag contact for paste A.
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Figure 5-10. SEM images of the Ag-Si interface for paste B fired at 835°C.
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Figure 5-11. SIMS analysis of the three pastes fired at 835°C.

5.4 Conclusion

A combination of SEM or TEM with EDS, and AFM are very useful for understanding
the contact structure and composition. These techniques along with the high detection limit
of the SIMS analyses has been used to understand and explain the electrical behavior of the
screen-printed contacts to high- and low-sheet-resistance emitters. Glass frit chemistry, Ag
particle size and shape, and surface treatment of Ag particles should be tailored to
minimize Ag migration into the emitter while producing uniform distribution of Ag
crystallites with sufficient contact area fraction, which can give good contact resistance
without junction shunting. Higher firing temperatures produce larger Ag crystallites.
Proper glass frit chemistry can allow for complete etching of the SiNy layer while arresting
the diffusion of Ag into the junction as well.

We found that all the three pastes (A, B, and PV168) investigated in this study failed on
the 100 Q)/sq emitter at a firing temperature of ~750°C. Paste A failed because of the non-
uniform distribution of Ag crystallites with small contact area fraction. Paste B failed
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because of excessive Ag penetration. PV168 failed because of low contact area fraction
resulting from incomplete etching of the SiNx coating. At a firing temperature of 835°C,
pastes A and B failed on 100 Q/sq emitter because of junction shunting. Paste A failed
because of an aggressive frit allowing excessive penetration of Ag along with other
impurities into the emitter while paste B produced Ag crystallites larger than the junction
depth. However, PV168 succeeded on the 100 Q/sq emitter because the 835°C firing
allowed the formation of uniform Ag crystallites of reasonable size, ~50 nm or much
smaller than the junction depth of ~0.28 um, while the frit chemistry maintained the Ag
penetration below 0.2 um. Thus, the combination of SEM, AFM, and SIMS measurements
is quite effective in understanding the electrical behavior of screen-printed contacts and
can lead to the development of screen-printed pastes that can produce high FF and cell
performance at appropriate firing temperatures.
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