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ABSTRACT

We conducted an investigation of plasma deposition and
etching processes on full-size multicrystalline (mc-Si) cells
processed in commercial production lines, so that any
improvements obtained will be immediately relevant to the
PV industty. In one case, we performed a statistically
designed multiparameter . experiment to determine the
optimum PECVD-nitride deposition conditions specific to
EFG silicon from ASE Americas, Inc. in a related effort, we
studied whether plasma-etching techniques can use standard
screen-printed gridlines as etch masks to form self-aligned,
patterned-emitter profiles on mc-Si cells from Solarex Corp.
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
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 gridiines which require
very heavy doping beneath them for acceptably low contact
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resistance. This selectively patterned emitter doping profile
has historically been obtained by using expensive
photolithographic or screen-printed alignment techniques and
muttiple 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
included plasma-
hydrogenation treatments for bulk defect passivation followed
by PECVD-nitride deposition for surface passivation and
antireflection coating.

EXPERIMENTAL PROCEDURE
ASE Americas EFG-silicon

We conducted our investigation on EFG cells using a
response surface methodology approach described in Ref. 6.
We began with a main-effects experimental design. Then, a
quadratic interaction experiment foliowed which varied only
the most important factors to find conditions for peak
efficiency. Finally, a deposition using the predicted optimum
parameters was performed to confirm the prediction.

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% m:xture of silane in
nitrogen and pure ammonia.

Full-area solar cells were processed in the standard manner
on the ASE production line except for when the cells were
extracted for the nitride depositions. In this way, any
improvements in performance could most easily be
incorporated into ASE's process.

Solarex cast multicrystalline silicon
These cells received Solarexs standard production line

processing through the printing and firing of the gridiines.
Then, the cells underwent Reactive lon Etching (RIE) for 3
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minutes to increase the sheet resistance of the emitters to
80-100 ohms/square. They were plasma-etched in a
Technics PE {I-A reactor using pure SFg at a power of 10W
and a pressure of 100 mTorr. Then, the cells received either
an ammonia-plasma hydrogenation treatment (H-
passivation) 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.

RESULTS - Solarex

The selective-emitter plasma etchback process is described
in Figure 1.
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1. Heavy phosphorus diffusion --
good for gettering.

Grid

2. Apply front grid --
standard commercial metallization.

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

PECVD nitride

4. PECVD film for surface passivation and ARC -
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.

There were four groups of 102.6-cm? Solarex cells processed
as described in Table 1.

Table 1.
Solarex mc-Si celis using matched material from the same
ingot and in most cases with the same grain structure.

Four processing sequences each applied to 12

Eff. (%) [ Isc(A) [ Voc(mV) | FF(%) | Rs(mQ)

Group 1. Control Cells: No emitter etchback, TiO; ARC
1264101 | 29102 | 586+1 | 755:0.7 | 9.2405
Group 2. Plasma Etchback, TiO2 ARC

122401 | 2.93+02 | 580+1 | 73.4+0.4 | 15.041.0
Group 3. Plasma Etchback, H-passivation, TiO2 ARC
12.840.3 | 2.97+02 | 585+1 | 75.441.5 | 10.740.5
Group 4. Plasma Etchback, PECVD-nitride ARC, FGA

13.0400.1 | 3.00:01 | 587+1 | 75.3+0.2 | 10.7405

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
gridiines 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
which have been ascribed to the screen-printing process.

The cells from group 4 have totally regained their initial Voc
values and begin to show a significant 3% gain in lsc 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
NHs-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.

RESULTS - ASE Americas
Main-Effects Experiment

The parameters investigated in the main-effects experiment
are shown in Table 2. Because previous work has shown
that an in-sifu hydrogen or ammonia rf-plasma treatment
prior to a PECVD-nitride deposition promotes bulk defect
passivation [2], we included a hydrogen or ammonia rf-
plasma pretreatment as a factor. We also studied whether
the predeposition of a thin, 20-nm silicon-nitride protective
layer before performing the plasma treatment would serve to
minimize surface damage. We also included the duration of
the plasma pretreatment as a factor. The other variables are
shown in the table.

It was found that a 30-minute plasma pretreatment resulted
in both higher Voc and Jsc, but the choice between whether
hydrogen or ammonia -should be used can be based upon
cost of implementation. The protective film resulted in
marginally higher currents, but had no effect on voltage, as
might be expected if its main benefit was to protect the
emitter surface. The plasma power had no effect. The
pretreatment and deposition temperature had the largest
effect on cell performance, with the higher temperature
preferred for both Voc and Jsc. The -higher silane-to-
ammonia ratio was also preferred for both parameters, while
the higher deposition power resulted in higher currents only.
Cells using the preferred conditions had Voc's up to 47 mV

100 Table 2. Parameters used for the Main-Effects Experiment
£ : Ao [ Parameter [units], Minimum | Maximum
> {’,7 i \‘\-\\ Value Value
§ 70 f/ \.\\ Hydrogen or ammonia plasma| Hydrogen | Ammonia
S 80 pretreatment
‘g 50 \W Duration of plasma pretreatment 0 30
.E 0 — Controls N [min]
5 . - Thickness ~ of  silicon-nitride 0 20
92 30 (/ / :Z:::aft::m \ protective film [nm}
g 20 - RF-power  during plasma 40 100
=, 0 \1\ pretreatment (W]
Temperature of pretreatment and 275 375
0 deposition [°C]
300 400 500 600 700 800 S00 1000 1100 1200 Silanefammonia flow ratio during 10 18
Wavelength (nm) deposition [sccm/scem]
RF-power during depasition {W] 70 100

higher and Jsc's 6.5 mA/em? hlgher than cells using the.
poorest conditions.

Quadratic Experiment

The main-effects results led to the retention of 4 of the
original 7 factors. The pretreatment type was set to
ammonia for convenience using a low power of 40W to
reduce the potential for surface damage, and the deposition
power was set to 70W for best uniformity. Because it was
thought that the speed of the belt through the gridline firing
furnace would interact with the various densities of nitride
films obtained, the belt speed was varied from 15% lower to
16% higher than its standard value. A post-deposition
Forming Gas Anneal (FGA) was omitted from the main-
effects experiment, but included as a factor in the quadratic
since it was shown to be important in previous studies {6].

Table 3. Parameters used for the Quadratic Experiment

Parameter [units] Minimum | Maximum
Value Value

Duration of ammonia plasma o 45

pretreatment {min]

Thickness of silicon-nitride 0 20

protective film [nm]

Temperature of pretreatment and 300 400

deposition [°C]

Silane/fammonia fiow ratio during 10 22

deposition [sccm/scem]

Post-deposition FGA temperature 300 400

Gridline-firing belt speed Std.-15% | Std.+15%

The results of the quadratic experiment are contour plots of
the measured variables, which in this case were illuminated
cell performance parameters. The response surface for cell
efficiency near the highest maximum is shown in Figure 3. It
predicts an efficiency over 13.5% in a comer of the
parameter space where all the parameters are set to their
maximum or minimum values. This behavior suggests that
even better results may be obtainable by extending the
ranges of these parameters.
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Figure 3. Response surface plot of cell efficiency showing
contours of constant efficiency (%) as a function of plasma
pretreatment duration (min) and silicon-nitride deposition
temperature (°C). The protective film thickness is fixed at its
maximum value while the other variables are set to their
minimum values.

Unfortunately, the 95% confidence limits associated with this
contour plot show a statistical uncertainty of 3 percentage
points in the upper-right corner due to material and process
variability,
parameters could have an efficiency anywhere between 10.5
and 16.5%. Indeed, when 5 cells were processed using this
recipe, the average efficiency was only 9.8%, with the best
cell reaching 10.5%. While this is marginally within the
expected uncertainty limits, it is not as good as we had hoped
for. It was found that these § cells suffered from low fill-
factors due to higher non-ideal diode recombination (n>2)
compared to the best cells in the quadratic experiment that
formed the basis for the prediction. Apparently, the fill-factor
is a very sensitive function of the deposition parameters
which cannot be modeled accurately using a simple
quadratic approximation. Higher order models will have to
be used to cotrectly predict the optimum combination. f the
fill factors of these five cells had been comparable to those in
the quadratic, their average efficiency would have been
11.2%, still low, but well within the confidence limits.

CONCLUSIONS

This investigation has determined that RIE is compatible with
using standard, commercial screen-printed gridlines as eich
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,

implying that cells fabricated using these.

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.

A more sophisticated model of higher order than a quadratic
which takes into account the sensitive interactions between
all of the processing variables is needed to predict the
behavior of overall solar cell performance. In addition, larger
sample sizes are needed to reduce the amount of uncertainty
in the predictions.
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