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Abstract

Plasma-enhanced chemical vapor deposition (PECVD) is now widely recognized as a
potentially cost-effective, performance-enhancing technique that can provide surface
passivation and produce an effective antireflection coating layer at the same time. In order to
gain the full benefit from improved emitter surface passivation on cell performance, it is
necessary to tailor the emitter doping profile so that the emitter is lightly doped between the
gridlines, but heavily doped under them. This is especially true for screen-printed gridlines,
which require very heavy doping beneath them for acceptably low contact resistance. This
selectively patterned emitter doping profile has historically been obtained by using expensive
photolithographic or screen-printed alignment techniques and multiple high-temperature
diffusion steps. We have built on a self-aligned emitter etchback technique first described by
Spectrolab. In addition to the gridline-masked, plasma-etchback of the emitter they developed,
we have included PECVD-nitride deposition because the low-recombination emitter produced
by the etchback requires good surface passivation for improved cell performance. The nitride
also provides a good antireflection coating and can be combined with plasma-hydrogenation
treatments for bulk defect passivation.

We studied whether plasma-etching techniques can use standard screen-printed
gridlines as etch masks to form self-aligned, patterned-emitter profiles on multicrystalline (mc-
Si) cells from Solarex Corp. We conducted an investigation of plasma deposition and etching
processes on full-size mc-Si cells processed in commercial production lines, so that any
improvements obtained would be immediately relevant to the PV industry.

This investigation determined that reactive ion etching (RIE) is compatible with using
standard, commercial, screen-printed gridlines as etch masks to form self-aligned, selectively-
doped emitter profiles. This process results in reduced gridline contact resistance when
followed by PECVD treatments, an undamaged emitter surface easily passivated by plasma-
nitride, and a less heavily doped emitter between gridlines for reduced emitter recombination.
This allows for heavier doping beneath the gridlines for even lower contact resistance, reduced
contact recombination, and better bulk defect gettering. Our initial results found a statistically
significant improvement of about half an absolute percentage point in cell efficiency when the
self-aligned emitter etchback was combined with the PECVD-nitride surface passivation
treatment. Additional improvement is expected when the successful bulk passivation treatment
is also added to the process.

Introduction

The use of plasma-enhanced chemical vapor deposition (PECVD) as a low-

temperature surface passivation technique for silicon solar cells is a topic of increasing
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importance. PECVD is now widely recognized as a potentially cost-effective, performance-
enhancing technique that can provide surface passivation and produce an effective
antireflection coating layer at the same time [1]. For some solar-grade silicon materials, it has
been observed that the PECVD process results in the improvement of bulk minority-carrier
diffusion lengths as well, presumably due to bulk defect passivation [2].

In order to gain the full benefit from improved emitter surface passivation on cell
performance, it is necessary to tailor the emitter doping profile so that the emitter is lightly
doped between the gridlines, but heavily doped under them [3]. This is especially true for
screen-printed gridlines, which require very heavy doping beneath them for acceptably low
contact resistance. This selectively patterned emitter doping profile has historically been
obtained by using expensive photolithographic or screen-printed alignment techniques and
multiple high-temperature diffusion steps [3,4].

We have attempted to build on a self-aligned emitter etchback technique first described
by Spectrolab [5]. In addition to the gridline-masked, plasma-etchback of the emitter they
developed, we have included plasma-hydrogenation treatments for bulk defect passivation
followed by PECVD-nitride deposition for surface passivation and antireflection coating.

Experimental Procedure

The plasma-nitride depositions were performed using a modified Pacific Western
Coyote PECVD reactor. This is a commercial, RF parallel-plate reactor operating at 13.56
MHz with large batch-size and high-throughput potential. Reaction gases for nitride
deposition were a 3% mixture of silane in nitrogen and pure ammonia.

These cells were made using Solarex cast multicrystalline silicon and received Solarex’s
standard production line processing through the printing and firing of the gridlines. Then, the
cells underwent reactive ion etching (RIE) for 3 minutes to increase the sheet resistance of the
emitters to 80-100 ohms/square. They were plasma-etched in a Technics PE II-A reactor
using pure SFs at a power of 10W and a pressure of 100 mTorr. Then, the cells received either
an ammonia-plasma hydrogenation (H-passivation) treatment or a silicon-nitride deposition
(PECVD-nitride), both found to be effective for bulk and surface passivation in String
Ribbon™ mc-Si [2]. They were then returned to the Solarex production-line for final cell
processing.

1. Heavy phosphorus diffusion --
good for gettering.

3. Plasma etch emitter and use grid to mask etch
beneath grid -- self -aligned.
Hydrogen-plasma for bulk passivation.

Crid

2. Apply front grid - 4. PECVD film for surface passivation and ARC -
standard commercial metallization. same reactor for fow cost.

Figure 1. Process sequence for self-aligned emitter etchback. The emitter etchback can be
performed after the hydrogen-plasma treatment to remove surface damage. However, in this
work, the plasma-etching was done first.




Results
Table 1. Four processing sequences were applied to twelve 102.6-cm® Solarex me-Si cells
using matched material from the same ingot and in most cases with the same grain structure.

Eff (%) | Isc(A) | VocmV) | FF(%) | Rs(mQ)
Group 1. Control Cells: No emitter etchback, TiO, ARC
12.610.1 | 2.91+02 | 58641 | 755407 |  9.2%05
Group 2. Plasma Etchback, TiO, ARC

12.240.1 [2.93+.02 | 58041 |73.4104 |15.0+1.0
Group 3. Plasma Etchback, H-passivation, TiO, ARC

12.8103 | 2.97+.02 | 58541 | 75415 | 107405
Group 4. Plasma Etchback, PECVD-nitride ARC, FGA
13.040.1 | 3.00001 | 58741 | 753202 | 107405

The cells from Group 2 suffered an efficiency loss due primarily to loss of Voc, as
expected, since the etched-back emitter is now transparent to minority carriers, which now
recombine at the unpassivated front surface. An additional loss in FF is due to the increase in
series resistance because of the extra sheet resistance of the etched-back emitter. In an
optimized sequence, the cells would have more closely-spaced gridlines to compensate for this.
In addition, an extra-heavy emitter doping could be performed, possibly resulting in additional
gettering of bulk impurities, which could then be etched away. Also, heavier doping under the
gridlines would better isolate them and reduce contact recombination. Finally, the heavier
doping would also reduce the contact resistance that often limits screen-printed cell
performance. The lack of current loss in these cells indicates that any increase in surface
recombination is compensated for by reduced emitter recombination in the now lightly doped
emitter.

The Group 3 cells have regained most of the Voc loss, probably due to the
compensating effect of reduced bulk recombination from the hydrogenation treatment.
Interestingly, this is accompanied by a reduction of the series resistance, which is in agreement
with observations by Wenham et al., who attributed this to a decrease in the contact resistance
of the screen-printed gridlines [7]. This, in combination with the benefits of heavier emitter
doping mentioned above, would address many of the shortfalls that have been ascribed to the
screen-printing process.

The cells from Group 4 have totally regained their initial Voc values and show a
significant 3% gain in Isc now that the surface of the transparent emitter is passivated by the
nitride film. The effect of the plasma-nitride deposition on reducing the gridline contact
resistance is still apparent, resulting in an overall average increase in efficiency of almost half an
absolute efficiency point. Even better results are expected when the nitride passivation is
combined with bulk hydrogenation and the benefits of heavy emitter doping.

Internal quantum efficiency curves of typical cells from Groups 1, 3, and 4 are shown
in Figure 2. LBIC scans showed that the cells from Group 2 did not have the same grain
structure as the others, and so it was not possible to find the same “median” grain from cells of
Group 2 on which to measure the IQE.
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Figure 2. IQE curves of three Solarex cells representative of Groups 1, 3, and 4 described in
Table 1.

The IQE curves show that while both plasma treatments increased the red-response
relative to the control cell, the NH;z-hydrogenation treatment had the biggest effect. It is also
clear that the nitride-ARC resulted in the best blue response due to its better passivation of the
emitter surface. In fact, the IQE(400-nm) value (73%) is almost as high as that obtained
previously on this material (78%) using a nitride coating optimized for low surface
recombination [6]. This shows that the RIE process may not have damaged the emitter surface
significantly, if at all.

Conclusions

This investigation determined that RIE is compatible with using standard, commercial,
screen-printed gridlines as etch masks to form self-aligned, selectively-doped emitter profiles.
This process results in reduced gridline contact resistance, an undamaged emitter surface easily
passivated by plasma-nitride, and a less heavily doped emitter between gridlines for reduced
emitter recombination. It allows for heavier doping beneath the gridlines for even lower
contact resistance, reduced contact recombination, and better bulk defect gettering. Future
work in this area will incorporate the heavier emitter doping as well as performing the bulk
hydrogenation before the RIE step so that surface damage from the bulk passivation step can
be removed or reduced. This will be compared with the use of a protective nitride film before
hydrogenation. Finally, all three plasma processes, the bulk passivation, emitter etchback, and
nitride surface passivation, will be combined for the synergistic additive effect of their benefits.
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Abstract

Plasma-enhanced chemical vapor deposition (PECVD) is now widely recognized as a
potentially cost-effective, performance-enhancing technique that can provide surface
passivation and produce an effective antireflection coating layer at the same time. In order to
gain the full benefit from improved emitter surface passivation on cell performance, it is
necessary to tailor the emitter doping profile so that the emitter is lightly doped between the
gridlines, but heavily doped under them. This is especially true for screen-printed gridlines,
which require very heavy doping beneath them for acceptably low contact resistance. This
selectively patterned emitter doping profile has historically been obtained by using expensive
photolithographic or screen-printed alignment techniques and multiple high-temperature
diffusion steps. We have built on a self-aligned emitter etchback technique first described by
Spectrolab. In addition to the gridline-masked, plasma-etchback of the emitter they developed,
we have included PECVD-nitride deposition because the low-recombination emitter produced
by the etchback requires good surface passivation for improved cell performance. The nitride
also provides a good antireflection coating and can be combined with plasma-hydrogenation
treatments for bulk defect passivation. ‘

We studied whether plasma-etching techniques can use standard screen-printed
gridlines as etch masks to form self-aligned, patterned-emitter profiles on multicrystalline (mc-
Si) cells from Solarex Corp. We conducted an investigation of plasma deposition and etching
processes on full-size mc-Si cells processed in commercial production lines, so that any
improvements obtained would be immediately relevant to the PV industry.

This investigation determined that reactive ion etching (RIE) is compatible with using
standard, commercial, screen-printed gridlines as etch masks to form self-aligned, selectively-
doped emitter profiles. This process results in reduced gridline contact resistance when
followed by PECVD treatments, an undamaged emitter surface easily passivated by plasma-
nitride, and a less heavily doped emitter between gridlines for reduced emitter recombination.
This allows for heavier doping beneath the gridlines for even lower contact resistance, reduced
contact recombination, and better bulk defect gettering. Our initial results found a statistically
significant improvement of about half an absolute percentage point in cell efficiency when the
self-aligned emitter etchback was combined with the PECVD-nitride surface passivation
treatment. Additional improvement is expected when the successful bulk passivation treatment
is also added to the process.

Introduction

The use of plasma-enhanced chemical vapor deposition (PECVD) as a low-

temperature surface passivation technique for silicon solar cells is a topic of increasing
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importance. PECVD is now widely recognized as a potentially cost-effective, performance-
enhancing technique that can provide surface passivation and produce an effective
antireflection coating layer at the same time [1]. For some solar-grade silicon materials, it has
been observed that the PECVD process results in the improvement of bulk minority-carrier
diffusion lengths as well, presumably due to bulk defect passivation [2].

In order to gain the full benefit from improved emitter surface passivation on cell
performance, it is necessary to tailor the emitter doping profile so that the emitter is lightly
doped between the gridlines, but heavily doped under them [3]. This is especially true for
screen-printed gridlines, which require very heavy doping beneath them for acceptably low
contact resistance. This selectively patterned emitter doping profile has historically been
obtained by using expensive photolithographic or screen-printed alignment techniques and
multiple high-temperature diffusion steps [3,4].

We have attempted to build on a self-aligned emitter etchback technique first described
by Spectrolab [5]. In addition to the gridline-masked, plasma-etchback of the emitter they
developed, we have included plasma-hydrogenation treatments for bulk defect passivation
followed by PECVD-nitride deposition for surface passivation and antireflection coating.

Experimental Procedure

The plasma-nitride depositions were performed using a modified Pacific Western
Coyote PECVD reactor. This is a commercial, RF parallel-plate reactor operating at 13.56
MHz with large batch-size and high-throughput potential. Reaction gases for nitride
deposition were a 3% mixture of silane in nitrogen and pure ammonia.

These cells were made using Solarex cast multicrystalline silicon and received Solarex’s
standard production line processing through the printing and firing of the gridlines. Then, the
cells underwent reactive ion etching (RIE) for 3 minutes to increase the sheet resistance of the
emitters to 80-100 ohms/square. They were plasma-etched in a Technics PE II-A reactor
using pure SFs at a power of 10W and a pressure of 100 mTorr. Then, the cells received either
an ammonia-plasma hydrogenation (H-passivation) treatment or a silicon-nitride deposition
(PECVD-nitride), both found to be effective for bulk and surface passivation in String
Ribbon™ mc-Si [2]. They were then returned to the Solarex production-line for final cell
processing.
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1. He 3. Plasma etch emitter and use grid to mask etch

d fi ttering. .
good for gstiefing beneath grid -- self -aligned.
Hydrogen-plasma for bulk passivation.
Grid CVD nitride
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2. Apply front grid -- 4. PECVD film for surface passivation and ARC --
standard commercial metallization. same reactor for low cost.

Figure 1. Process sequence for self-aligned emitter etchback. The emitter etchback can be
performed after the hydrogen-plasma treatment to remove surface damage. However, in this
work, the plasma-etching was done first.




Results
Table 1. Four processing sequences were applied to twelve 102.6-cm® Solarex mc-Si cells
using matched material from the same ingot and in most cases with the same grain structure.

Ef (%) | Ic(A) | VocmV) [ FF(%) | Rs(mQ)
Group 1. Control Cells: No emitter etchback, TiO, ARC
12.6+0.1 | 2.91+02 | 58641 | 755:07 | 92105
Group 2. Plasma Etchback, TiO, ARC

122401 |2.93+02 | 580+1 |73.4404 |15.0+1.0
Group 3. Plasma Etchback, H-passivation, TiO, ARC

128403 | 2.97+02 | s585+1 | 754415 | 107405
Group 4. Plasma Etchback, PECVD-nitride ARC, FGA
13.040.1 | 3.00401 | s87+1 | 753102 | 10.740.5

The cells from Group 2 suffered an efficiency loss due primarily to loss of Voc, as
expected, since the etched-back emitter is now transparent to minority carriers, which now
recombine at the unpassivated front surface. An additional loss in FF is due to the increase in
series resistance because of the extra sheet resistance of the etched-back emitter. In an
optimized sequence, the cells would have more closely-spaced gridlines to compensate for this.
In addition, an extra-heavy emitter doping could be performed, possibly resulting in additional
gettering of bulk impurities, which could then be etched away. Also, heavier doping under the
gridlines would better isolate them and reduce contact recombination. Finally, the heavier
doping would also reduce the contact resistance that often limits screen-printed cell
performance. The lack of current loss in these cells indicates that any increase in surface
recombination is compensated for by reduced emitter recombination in the now lightly doped
emitter.

The Group 3 cells have regained most of the Vo loss, probably due to the
compensating effect of reduced bulk recombination from the hydrogenation treatment.
Interestingly, this is accompanied by a reduction of the series resistance, which is in agreement
with observations by Wenham et al., who attributed this to a decrease in the contact resistance
of the screen-printed gridlines [7]. This, in combination with the benefits of heavier emitter
doping mentioned above, would address many of the shortfalls that have been ascribed to the
screen-printing process.

The cells from Group 4 have totally regained their initial Voc values and show a
significant 3% gain in Isc now that the surface of the transparent emitter is passivated by the
nitride film. The effect of the plasma-nitride deposition on reducing the gridline contact
resistance is still apparent, resulting in an overall average increase in efficiency of almost half an
absolute efficiency point. Even better results are expected when the nitride passivation is
combined with bulk hydrogenation and the benefits of heavy emitter doping.

Internal quantum efficiency curves of typical cells from Groups 1, 3, and 4 are shown
in Figure 2. LBIC scans showed that the cells from Group 2 did not have the same grain
structure as the others, and so it was not possible to find the same “median” grain from cells of
Group 2 on which to measure the IQE.
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Figure 2. IQE curves of three Solarex cells representative of Groups 1, 3, and 4 described in
Table 1.

The IQE curves show that while both plasma treatments increased the red-response
relative to the control cell, the NH;z-hydrogenation treatment had the biggest effect. It is also
clear that the nitride-ARC resulted in the best blue response due to its better passivation of the
emitter surface. In fact, the IQE(400-nm) value (73%) is almost as high as that obtained
previously on this material (78%) using a nitride coating optimized for low surface
recombination [6]. This shows that the RIE process may not have damaged the emitter surface
significantly, if at all.

Conclusions

This investigation determined that RIE is compatible with using standard, commercial,
screen-printed gridlines as etch masks to form self-aligned, selectively-doped emitter profiles.
This process results in reduced gridline contact resistance, an undamaged emitter surface easily
passivated by plasma-nitride, and a less heavily doped emitter between gridlines for reduced
emitter recombination. It allows for heavier doping beneath the gridlines for even lower
contact resistance, reduced contact recombination, and better bulk defect gettering. Future
work in this area will incorporate the heavier emitter doping as well as performing the bulk
hydrogenation before the RIE step so that surface damage from the bulk passivation step can
be removed or reduced. This will be compared with the use of a protective nitride film before
hydrogenation. Finally, all three plasma processes, the bulk passivation, emitter etchback, and
nitride surface passivation, will be combined for the synergistic additive effect of their benefits.
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