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1. Introduction

Passivating contacts realized by a thin interfacial oxide and a
heavily doped poly-Si layer (hereafter referred to as TOPCon)
have demonstrated excellent surface passivation capabilities
and cell efficiency potential.[1–5] The TOPCon technology is
therefore considered for next generation solar cell concepts.
The common industrial implementation—typically called
i-TOPCon—features a boron emitter passivated by Al2O3/SiNx

at the front side on top of an n-type crystalline silicon base.
The rear side is passivated by a TOPCon/SiNx stack. This concept
already achieved excellent efficiencies of above 24%.[5–8] While
both sides are typically contacted by screen printing and

subsequent fast-firing, other methods to
create the metal contacts are considered
as well: as a viable alternative Grübel
et al. successfully demonstrated, bifacial
laser contact opening (LCO) and subse-
quent plating of nickel, copper, and sil-
ver.[9] A sketch of this cell concept is
shown in Figure 1 (left). Copper-plated con-
tacts allow for a significant reduction of sil-
ver consumption resulting in an overall
lower cost of ownership.[10,11] However,
damage to the TOPCon layer due to LCO
can be a critical factor. Haase et al. and
Arya et al. demonstrated that the severity
of this laser damage is dependent on the
thickness of the poly-Si layer.[3,12] In case
of LCO on a phosphorus emitter, it is
known that a main source for increased
recombination is due to amorphization of

parts of the region treated by the laser.[13] The laser-induced
amorphization and defects can be thermally annealed such
that the additional recombination due to the laser treatment that
can be minimized.[14–16] For laser processing of poly-Si, it is
known that such amorphization can take place as well.[17]

However, for poly-Si surface passivation, the interfacial oxide
(SiOx) plays a crucial role and pinholes can result in increased
recombination rates.[18,19] While amorphization is reversible,
damage to the SiOx by laser process could therefore lead to per-
manently reduced surface passivation performance. Damage to
the SiOx could result in an irreversible increase of the contact
recombination due to the laser process. Therefore, the state
and integrity of the SiOx after LCO are of high interest. This
can be investigated by defect etching in tetramethylammonium
hydroxide (TMAH), an etch that has a high etch rate for silicon,
but a very low etch rate for SiOx.

[20] It can be used to create local
etch pits that magnify and highlight defects in the silicon oxide,
as was demonstrated for poly-Si/SiOx/c-Si interfaces by Wietler
et al.[21] Here, the high selectivity in the etching behavior is
important to pin down the defects in the SiOx and prevent exces-
sive widening of the point defects or even creating new ones due
to etching.

2. Results and Discussion

The main objective of this investigation is to acquire more infor-
mation about the recombination properties of LCO on poly-Si/
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Herein, an analysis on the impact of laser contact opening of TOPCon/SiNx

stacks is presented. By etching in tetramethylammonium hydroxide (TMAH), the
defect distribution in the interfacial tunnel oxide is accessed and analyzed. The
defect density is significantly increased in areas where adjacent laser contact
openings (LCO) overlap. Using microscopic photoluminescence (μ-PL) spec-
troscopy, it is verified that correlates with an increase in the local recombination
rate and thus an increase in the J0,Met. Therefore, overlapping LCO of SiNx in
TOPCon/SiNx stacks should be avoided as much as possible. Furthermore, the
investigations indicate that defects in the interfacial oxide are dominantly created
along exposed structures like tips and edges of (etched-back) pyramids. A
comparison of TOPCon/SiNx stacks with a variation of TOPCon thicknesses
indicate that etch pits, and thus the defect density, related to LCO become more
significant at lower thicknesses.
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SiNx stacks. The samples used for this investigation were already
studied by Arya et al.[12] The basic structure of these samples is
shown in Figure 1 (right). The rear-side surface was textured
with random pyramids, but the texture is etched-back as done
commonly in the fabrication of industrial silicon solar cells.
Both sides of the samples are passivated by TOPCon/SiNx stacks.
Figure 2 shows the recombination J0,Met after LCO and thermal
treatment in a fast-firing oven (FFO) as determined by Arya
et al.[12] The J0,Pass of the passivated surface was �7 fA cm�2.
For an in-depth discussion of the general trends, please refer
to the cited paper.[12] In the figure, J0,Met is shown for a variation
of the poly-Si thickness from 35 to 110 nm as well as the laser
pulse energy from 0.8 up to 2.8 μJ. It should be noted that the
plotted value accounts only for additional J0 recombination on
top of J0,Pass of the passivated surface and J0,Bulk of the bulk.
A value of J0,Met¼ 0 would mean that the laser had no additional
impact on the recombination and a laser-processed area would
exhibit the same recombination as a non-treated, passivated
surface. For 60, 90, and 110 nm poly-Si, it can be observed that
for laser pulse energies in the range of �1.4–2.2 μJ, the deter-
mined J0,Met is generally lower compared to laser pulse energies
outside this range. For 35 nm poly-Si, the J0,Met is generally high

and no clear trend was observed. For lower pulse energies, an
increase in J0,Met was observed. Arya et al. concluded that this
was caused by the pulse-to-pulse overlap being too high for
the spot size. An indication for this is that in Figure S1,
Supporting Information, for a laser energy of 1.2 μJ, the size
and position of the single laser pulses cannot be estimated.
The excessive overlap would be the result of overadjustment,
due to the necessity of adjusting the pulse-to-pulse distance
for each laser pulse energy separately, as the opening size
changes with the laser energy. Such overlap is necessary for
LCO to form a line that results in a nearly homogeneous
finger width after subsequent plating. If the pulse-to-pulse
distance is increased too much, a significant limitation in the
finger conductivity could be the result. If LCO is combined with
other metallization techniques like screen printing or evapora-
tion, it might be possible to avoid overlap completely. For the
very high laser pulse energies, the increase in J0,Met is explained
by the increased damage to the poly-Si layer. In the following, we
investigate the plausibility of these theses.

First, the TMAH etch is applied to reference samples. Figure 3
(left) therefore shows the etch pit distribution on a sample that
was not treated by LCO. Here, the SiNx layer was removed

Figure 1. Left: schematic of the target cell design. Right: schematic of the investigated simplified sample design. Both sides are passivated by TOPCon/
SiNx stacks. The bulk material is n-type, no emitter diffusion took place. Both sides were textured, but on one side, the texture was etched-back as done for
solar cells to remove the emitter on the rear side.

Figure 2. J0,Met in the laser processed area after laser contact opening (LCO) and fast-firing oven (FFO) for a variation in the TOPCon thickness as well as
the laser pulse energy. The J0,Met corresponds to the local increase in the recombination on top of J0,Bulk and J0,Pass determined from passivated reference
fields and being subtracted in the evaluation. Therefore, J0,Met¼ 0 would appear exactly like a passivated surface since the laser processing in this case
resulted in no change in the recombination. Even for low, nonzero J0,Met the uncertainty in the evaluation is high. Therefore, values below the dashed red
line (10 fA cm�2) should be treated with caution. The graph was taken from Arya et al.,[12] some minor adjustments were made. Reproduced under the
creative commons license CC-BY 4.0.[24].
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wet-chemically before applying the TMAH etch for 240 s. A
significant amount of etch pits was determined on the sample
randomly distributed over the investigated area. Figure 3 (right)
shows a series of low-magnification overview images for a selec-
tion of samples including the used poly-Si thickness, laser pulse
energy, and TMAH etch time. For all five shown samples, large
etch pits were observed. These etch pits are periodically distrib-
uted along the LCO line. For the upper two cases, the etch pit
distribution shows stronger variation in size, shape, as well as
positioning. For the lower three cases, the etch pits are very com-
parable in size and shape. The first investigation in Figure 3 (left)
was important, since it indicates what kind of etch pit
distribution—and therefore defect distribution in the oxide—
would be expected for the used combination of sample surface,
tunnel oxide, TOPCon layer, and postdeposition anneal. Since
the defect distribution in this case seems to be random, etch
pit patterns can—with high certainty—be attributed to the laser
processing. The investigations in Figure 3 (right) were impor-
tant, since discussing local effects at high resolution are only
meaningful if the conclusions of the investigation can be applied
to the majority of laser pulses at this poly-Si thickness and laser

pulse energy. While—as shown in the upper two lines—some
inhomogeneities were observed, the structures for most lines
were found to be very regular indicating a high reproducibility
of the laser treatment for subsequent pulses.

With the usefulness of the method being verified, the next
investigation focuses on the differences in the defect distribution
for the various poly-Si thicknesses. Figure 4 shows the created
etch pits for each poly-Si thickness. For 35 nm poly-Si, the
LCO line is clearly visible, but almost no structure was found
within the width of the line after etching. For 60 and 90 nm, large
etch pits were found periodically. Smaller etch pits can be spotted
in between the large etch pits. For the largest poly-Si thickness of
110 nm, no comparable structures were observed, even though
the etch time was much longer than for the smaller poly-Si
thicknesses. Instead, many small etch pits as well as some
medium-sized etch pits can be observed in the scanning electron
microscope (SEM) image.

Especially, this last image of the 110 nm sample clarifies the
formation of the large etch pits, since an accumulation of
medium-sized etch pits can be observed in the connecting area
of pulses. Thus, in areas where the defect density in the oxide is

Figure 3. Left: etch pit distribution determined by scanning electron microscope (SEM) on a reference sample without laser processing. Right: collage of
various lines investigated after the tetramethylammonium hydroxide (TMAH) etch using a SEM. The additional information gives the thickness of the
TOPCon layer, the used laser energy, and the TMAH etching time.

Figure 4. Etch pit distribution determined by SEM for a variation in the poly-Si thickness from 35 to 110 nm poly-Si. For 35 and 110 nm, there were no
SEM images available for 1.4 μJ pulse energy and 90 s TMAH etch time. Thus, images for a different parameter set are shown for comparison. The
magnification for the 110 nm sample is higher by a factor of 1.5. It is mainly for this reason that the laser spot size appears to be much larger and
not due to the higher pulse energy.
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high, the small etch pits grow enough to connect to neighboring
etch pits, lifting off the oxide in between. They then merge into
medium-sized etch pits and finally, if the defect density is high
and the etching time is long enough, large etch pits. This is fur-
ther supported by a comparison of samples featuring the same
poly-Si thickness and laser pulse energy but a variation in the
etch time from 90 to 240 s. This variation is not shown but
was performed to verify the thesis. This effect also helps to
understand the result observed for 35 nm poly-Si. In this case,
the defect distribution must have been so high that the oxide
was removed completely even for the shortest etching time.
The result is a very large “etch pit” that spans the whole line.
These observations are in-line with the results for J0,Met, which
was found to be much larger for 35 nm poly-Si compared to the
higher thicknesses (see Figure 2). Furthermore, the high defect
distribution is not surprising as 35 nm poly-Si thickness is
significantly later the damage-free threshold of �60 nm on
planar surface according to Haase et al.,[3] especially considering
that the surface of our samples was rougher than a planar
surface. In contrast, the defect distribution in the tunnel oxide
must be much lower for 110 nm poly-Si since despite the slightly
higher laser pulse energy and significantly higher etching time
no large etch pits were formed. Instead—apart from a couple of
medium-sized etch pits—the distribution seems more compara-
ble to the reference sample in Figure 2 (left). This matches the
determined J0,Met for this thickness and laser pulse energy,
meaning that the increase in recombination due to the laser
processing is very low.

As mentioned earlier, large etch pits can be observed
periodically in Figure 4 for 60 and 90 nm poly-Si. This was fur-
ther analyzed for a sample with 60 nm poly-Si and a variation of
the laser pulse energy, as shown in Figure 5. The figure shows
the etch pit distribution for six laser pulse energies ranging from
1.2 to 2.2 μJ. The lowest pulse energy of 1.2 μJ is close to the abla-
tion threshold of�0.9 μJ on these structures. In our experiments,
1.2 μJ was the lowest pulse energy for which the contact opening
was of sufficient size. In addition, orange ellipses were added to
each image indicating the approximate position and shape of

LCO pulses. Due to the Gaussian distribution of the pulse
energy, pulse position and boundary are not absolute but extend
to some degree beyond orange lines. For the lowest laser pulse
energy of 1.2 μJ, almost the whole line is covered by large etch
pits that do not seem to be regularly distributed. The position of
the laser pulses could not be determined. For 1.4–1.8 μJ, regu-
larly distributed large etch pits were observed. The positions
of the large etch pits correlate with the approximate region in
which the laser pulses overlap. For the laser pulse energy of
1.6 μJ in between, large etch pits were observed but not as
regularly distributed and the laser pulse position could not be
approximated. For the higher laser pulse energies of 2.0 and
2.2 μJ, again large etch pits were observed, but in this case, they
extend toward the middle of the laser spots.

The images shown for 1.4 and 1.8 μJ in Figure 5 clearly hint
that the large etch pits form mainly in the overlap region of
pulses. Due to the overlap of the laser pulses, these regions
receive multiple laser treatments. While there is no direct
pulse-to-pulse interacting—meaning that the time between the
pulses is significantly higher than the cool-down time—this still
seems to affect the tunnel oxide significantly resulting in a higher
etch pit density and therefore a higher defect density. While
usually—due to the Gaussian distribution of the laser energy—
the highest defect density would be expected in the middle of the
laser spot, the impact of the multiple treatment is larger for
medium laser pulse energies. As shown in Figure 5 for pulse
energies of 1.2 and 1.6 μJ, this could not be observed for these
cases. This is likely due to the overlap being chosen too high. For
this reason, the position of the laser spots cannot be clearly
defined and the etch pits due to pulse overlap cover most of
the line.

At the higher pulse energy of 2.0 and 2.2 μJ, the large etch pits
extend toward the middle of the laser spot. This indicates that at
these high pulse energies, the pulse energy in the middle is large
enough to create a high defect density, which is in accordance
with the increase in J0,Met that was observed in Figure 2.

The investigations in Figure 5 indicate that the defect density
in the overlap regions is significantly increased. However, it

Figure 5. Etch pit distribution determined by SEM for a variation in the laser pulse energy. The poly-Si thickness for these samples was 60 nm, the TMAH
etch time was 90 s. The approximate laser pulse position and size is indicated by orange ellipses. In case of 1.2 and 1.6 μJ, the laser pulse positions remain
unclear. The magnification for all images was 2000�. For reference, Figure S1, Supporting Information, shows corresponding images acquired by optical
microscopy directly after LCO.
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could be possible that the impact on the recombination is insig-
nificant. To investigate this, Figure 6 shows the scan performed
by microscopic photoluminescence (μ-PL) for 60 nm poly-Si and
1.4 μJ laser pulse energy. The sample was not treated with TMAH
meaning that the scan shows the remaining integrity of the
surface passivation after laser processing and firing. Again,
the approximate positions of the laser pulses are indicated as blue
ellipses. The color bar scale indicates the PL intensity correlating
to the local recombination rate, that is, a black area indicates very
high and yellow very low recombination rate. With the used com-
bination of laser processing and poly-Si thickness, the line is
clearly visible indicating the significant impact of laser process-
ing, which is in accordance with the high J0,Met in the range of
200–300 fA cm�2 observed for this combination (see Figure 2).
While not as clearly visible as the etch pit distribution in
Figure 5, it can be observed that in the overlap region the recom-
bination rate is significantly increased. It is therefore expected
that the localized J0,Met within this area is increased as well.
This means that the increased defect density in the overlap area
has significant impact on the recombination and therefore pulse
overlap should be avoided as much as possible. It should be
noted that a modification in the surface morphology by the laser
could also lead to a variation in the observed PL signal. However,
according to images by optical microscopy, the area in the overlap

region indicates lower surface roughness than in the mid-pulse
area (where the laser energy is the highest). Thus, the morphol-
ogy seems more comparable to the passivated surface not
modified by the laser.

One additional conclusion that can be drawn from the results
is that placing multiple laser pulses at the same spot is expected
to have negative consequences. Such an approach of consecutive
laser pulses was investigated by Brand[15,16] for LCO of SiNx on
phosphorous emitters and found to reduce the laser damage.
However, in case of poly-Si—based on our findings—an advan-
tage due to consecutive laser pulses is not expected.

Apart from the impact of pulse overlap another observation
can be made when investigating these samples. Figure 7 shows
large-magnification images of two samples. Here, the poly-Si
thickness and laser pulse energy are of minor interest.
Instead, the images indicate that etch pits are—at these low
TMAH etching times—formed dominantly at tips or edges of
the (partially) removed pyramids of the former texture. This
can be explained by self-interaction of the laser pulses at these
exposed structures resulting in a local increase in the induced
energy.[22] Due to this local increase in the energy, it is expected
that the threshold for damage-free LCO on such etched-back
surfaces is increased compared to an actual planar surface.
This is in accordance with the findings in Figures 2 and 4 where
the impact of LCO for 60 nm and even 90 nm is higher than
110 nm, meaning that the penetration depth of the laser pulse
is more than 60 nm and thus higher than the threshold estimated
by Haase et al. for planar surfaces.[3] In addition, it should be
considered that differences in the sample processing like the
deposition technique and process for the capping layer (SiNx)
and the used laser system could influence the threshold as well.

3. Conclusion

Lifetime samples passivated by TOPCon/SiNx stacks were
analyzed after laser contact opening. TMAH etching was used
to analyze the defect distribution and density in the interfacial
tunnel oxide. It was found that the defect density is significantly
increased in areas where neighboring laser pulses overlap.
This increased defect density leads to an increase in the local
recombination rate and thus an increase in the J0,Met.

Figure 6. Scan of the photoluminescence signal acquired by microscopic
photoluminescence (μ-PL). The blue ellipses indicate the approximate
position of the laser pulses. The sample featured 60 nm poly-Si and
was treated with a laser pulse energy of 1.4 μJ. No TMAH etch was
performed on this sample meaning that the recombination state after
LCO and FFO is captured.

Figure 7. Etch pit distribution determined by SEM indicating that etch pits form often at tips or edges of the etched-back pyramids.
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Therefore, laser pulse overlap should be avoided as much as
possible for laser ablation of SiNx in TOPCon/SiNx stacks.
Furthermore, the investigations indicated that defects in the
interfacial oxide are dominantly created along exposed structures
like tips and edges of (etched-back) pyramids. This was attributed
to the self-interaction of the laser pulses. Furthermore, the
comparison of different TOPCon thicknesses indicated that
etch pits, and thus the SiOx defects, related to LCO become
more significant for lower thicknesses. This influence of the
TOPCon thickness could also mean that there is a lower
limitation on the usable TOPCon thickness for LCO/plating.

4. Experimental Section
Czochralski-grown silicon wafers of M2 size (156.75 mm length and

210mm diameter) with a base resistivity of 1Ω cm were used. Detailed
results of these wafers, for example, on the recombination and contacting
properties, were reported and discussed by Arya et al.[12]

After saw damage removal, the wafers were textured in KOH. The
texture on one side (hereafter referred to as “rear side”) was then removed
in a solution of HNO3 and HF to create a rear surface comparable to
industrial tunnel oxide passivated contact (i-TOPCon) solar cells (after
the etch-back of the emitter diffusion on the rear side). After cleaning
the wafers in SC1 (8% NH4OH with added H2O2), SC2 (8% HCl with
added H2O2) and HNO3, each followed by a dip in HF, a thin tunnel oxide
layer was thermally grown in a tube furnace. Both sides were then coated
by direct-plasma plasma-enhanced chemical vapor deposition (PECVD) of
the TOPCon layer followed by a nitrogen anneal at 900 �C for crystalliza-
tion. On the rear side, the TOPCon layer thickness was varied from 35 to
110 nm. SiNx with n¼ 2.03 and a thickness of 70 nm was deposited on
both sides as an optical layer as well as a hydrogen source. For the depo-
sition of SiNx, a MeyerBurger MAiA in-line PECVD tool was used featuring
a microwave, quasi-remote plasma source. The SiNx was then removed
again by LCO using an UV ultrashort-pulse laser (355 nm wavelength,
200 kHz repetition rate, less than 15 ps pulse duration) on the rear side
in a chessboard-like layout featuring a wide variation in the used laser
energy (see Arya et al.[12] for details). The spot size was 24 μm, the scan-
ning speed was adjusted between 0.6 and 3.5m s�1 depending on the
pulse energy and thus the size of the opening in the SiNx. To reverse some
of the damage due to the laser processing as well as hydrogenation of the
TOPCon layer, the samples were fired in a fast-firing furnace at an actual
wafer temperature of approx. 720 �C. The wafer temperature profile during
firing was determined on a reference sample of the same design using a
type-K thermocouple.

For the investigations of the defect distribution single laser fields were
cut out of the chessboard-like structure using a laser cutting process
creating samples of �2� 2 cm2 size, each featuring LCO lines processed
with a single laser pulse energy. These samples were then first dipped in
1% HF to remove any exposed oxide and subsequently etched in 15%
TMAH at 80 �C. The TMAH-etching time was varied from 60 to 210 s.
The samples were then investigated using a SEM to gather information
about the created etch pit structures. The acceleration voltage in the
SEM was kept constant at 5 kV. For the reference sample that was not
processed by the laser, the SiNx was first removed in buffered HF and then
the sample was etched in TMAH with an etching time of 210 s. To examine
the lateral differences in the recombination rates, a sample was scanned
by microscopic μ-PL. This sample was processed as outlined earlier but
without etching the poly-Si and SiNx, meaning that the poly-Si is still in
place and the recombination state after LCO and FFO is captured. A
detailed description of the experimental μPL setup was given by Heinz
et al.[23] For the measurements shown here, an excitation wavelength
of 785 nm with a power of 40mW on the sample surface was used.
The laser light was focused using a 50�, NA¼ 0.65 lens. The step size
of the map was 250 nm and the integration time per pixel was 0.5 s.
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