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2. Inhoudelijk eindrapport

Samenvatting

Because of the rapid recent improvement of n-type solar cells thanks to the application of polysilicon based
contacts at the rear, the front of the solar cell, having usually (particularly in industry) a uniform diffused
boron emitter, has become limiting and needs to be improved more urgently than ever.

The objective of this project was to develop a novel diffused boron emitter process, and implement a
selective emitter that is easy to manufacture. An efficiency improvement of 1%abs has been targeted, aiming
for 23.0% efficiency at project end, with a low complexity process suitable to realize a cost reduction at
module level.

The project focused on uniform and selective boron emitter diffusion processes, dielectric-layer surface
passivation, and contacting technology for a diffused selective emitter with very low recombination. This also
included the application of polysilicon passivating contact layers. All steps were supported by extensive
characterization, analysis and modelling, and finally innovations based on the learnings have been integrated
into completed solar cells.

Main results of the project are

e Boron diffusion tool and process optimizations enabling Industrially feasible uniform deep emitters
for reduced contact recombination and . Such emitters have recently enabled efficiencies >22% for
PERPoly cells in the Polaris project.

e Assessment and follow-up options for selective emitters based on either laser doping or screen-
printed masks combined with chemical patterning.

e Improved understanding of emitter contacts enabling the insertion of an intrinsic polysilicon layer
reducing the contact recombination of AgAl fire-through screen printed contacts from >1500 fA/cm?
to ~500 fA/cm?.

e Device concepts with 23% cell efficiency potential based on these innovations combined with
busbarless contacting schemes.

Inleiding

Because of the rapid recent improvement of n-type solar cells thanks to the application of polysilicon based
contacts at the rear, the front of the solar cell, having usually (particularly in industry) a uniform diffused
boron emitter, has become limiting and needs to be improved more urgently than ever.

Doelstelling

The objective of this project was to develop a novel diffused boron emitter process, and implement a
selective emitter that is easy to manufacture. An efficiency improvement of 1%abs has been targeted, aiming
for 23.0% efficiency at project end, with a low complexity process suitable to realize a cost reduction at
module level.



Werkwijze

The BEACON project is fully in line with the ECN and TKI roadmaps towards higher efficiencies and cost
effective industrial cell concepts, which include e.g. a bifacial cell efficiency of 23% in 2020 at TRL6. It is a
natural follow up of the TKI Nexpas (ended Q3 2017) and Antilope (ended Q4 2017) projects that both focused
on the n+ polySi process on the rear of n-PERT cells. The Beacon project focused on the front side of these
cells, which became the efficiency limiting factor, and developed a high-quality, industrial boron emitter and
contacting technology. In the Antilope project, initial simulation studies on more advanced boron emitters
structures were performed and demonstrated the potential. The ambition of the BEACON project was to
provide the necessary developments, IP and knowhow to enable industrial, cost effective n-PERT or PERPoly
cells based on high-quality emitter passivation (both surface and contact regions) and screen-printed contacts
with cell efficiencies up to 23%.

The project focused on uniform and selective boron emitter diffusion processes, dielectric-layer surface
passivation, and contacting technology for a diffused selective emitter with very low recombination. This also
included the application of polysilicon passivating contact layers. All steps were supported by extensive
characterization, analysis and modelling, and finally innovations based on the learnings have been integrated
into completed solar cells.

Execution of the project was done in very close cooperation between ECN.TNO and Tempress. Brainstorming
on the most promising strategies to follow, as well as design and practical execution of the experiments took
place in mixed teams from both partners.

Resultaten en discussie

Throughout the project, device simulations served as valuable tool for steering the development towards the
most promising direction. At the project start, it was soon concluded that highly resistive emitters (150-170
Ohm/sq) can only be beneficial in combination with very narrow (<<20 um) fingers for the cell metallization.

As this was (and still is) not yet in sight for industrial processing, the project focused on emitters of around
100 Ohm/sq that are compatible with mainstream screen printing technology.

Figure 1 shows the calculated cell efficiency as function of the recombination parameter of the emitter
surface (J0,em) and of the emitter contacts (J0,c). In the upper right the starting point of PERPoly cells with
21.5% can be seen.
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Figure 1. Calculated solar cell efficiency as function of the recombination parameters (JO em, JO cont), starting from ~21.5% PERPoly cell
(left) and JO,em (solid lines) and JO,c (dashed lines) as function of sheet resistance for deep (red) and shallow (blue) emitter profiles.

The graph on the right shows the J0,em as function of the sheet resistance (solid lines). It can be seen that for
100 Ohm/sqg emitters, values are between ~20 fA/cm2 and 70 fA/cm2 for deep emitters with low surface
concentration, and shallow emitters with high surface concentration, respectively. Also shown in the graph
are the JO,c values of these emitters (dashed lines), which show an opposite trend with emitter sheet
resistance compared to Jo,em.



Throughout the project, activities aimed at different strategies to improve the cell efficiency (see also Figure
2).

- developing deep uniform emitters as next industrial upgrade with the potential to gain ~0.5%
efficiency

- developing selective emitters to reduce the contact recombination under the fingers further

- applying polysilicon to reduce the recombination of the emitter contacts.

For these concepts, research was done on the emitters themselves (WP1), on the contacts (WP2), and also on
integration into working solar cells (WP3).
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Figure 2. Overview of the different strategies to improve the solar cell efficiency by improving emitter passivation and contacting. The
graph on the right shows a summary of different emitters available at the beginning of the project.

WP1 Development of Boron emitter diffusion

1.1 Lightly doped emitter with ultra low JO, and 1.2 Passivation of the emitter

As will be discussed in section 2.1, a strategy to reduce the recombination in the emitter can be to make a
deeper, lowly-doped emitter. This can be achieved by having a drive-in at elevated temperatures for
prolonged times. Such approach has been tuned for different drive-in temperatures in a Tempress BBr;
diffusion furnace. A high uniformity can be achieved both across the full 600 wafer load as well as within a
wafer. A deep (~0.9 um) and lowly doped (1E19 cm=3) emitter has been achieved.

Emitter passivation by polySi

While the above results on emitters are all with AlOx/SiNx passivation stacks, one of the main developments
in Beacon was the application of intrinsic polysilicon to reduce contact recombination (JO,c). This concept is
shown in Figure 3. Implied Voc values for PERPoly half fabricates without metallization in Figure 4 and Figure 5
also show a (small) benefit of the polysilicon layer on the emitter passivation (implied Voc).
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Figure 3. Concept of inserting an intrinsic polysilicon layer under the emitter contacts between emitter and dielectric layer stack.
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Figure 4. implied Voc before (blue) and after (red) firing for PERPoly half-fabricates with a standard p+ emitter with (A) and without (B)
Al>,0s passivation below the SiNx, and a p+ emitter passivated by intrinsic polysilicon and capped with (C) and without (D) Al,O3 layer
below the SiNx .
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Figure 5. Detailed statistical analysis comparing distinct selections of the experiment, showing significant improvement of emitter
passivation by the insertion of an intrinsic polysilicon layer between the emitter and the dielectric layers.



1.3 Emitter profiles for metal contacts and 1.4 bulk lifetime effects

In order to reduce the contact recombination, the highly recombinative contacts need to be shielded from the
bulk by a highly doped and/or deep emitter. This can also be seen in the right graph of Figure 1, and is further
detailed in section 2.1 below. While deeper uniform emitters with 100 Ohm/sq are described above in 1.1, a
selective emitter allows for much lower sheet resistances under the fingers, yielding even better shielding.

Therefore, several efforts were undertaken in the BEACON project to develop such deep profiles with high
doping concentration, and also the patterning of selective emitters.

Figure 6, Figure 7, and Figure 8 show the emitter profiles, sheet resistance, and uniformity of the sheet
resistance when increasing the drive-in temperature from 900 to 10009C.
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Figure 6. ECV profiles of deep emitters diffused for 1h at temperatures varying from 900°C to 1000°C.
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Figure 7. Sheet resistance decreasing as function of diffusion temperature when keeping other parameters constant.
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As expected, emitters get much deeper (from 300 nm to almost 1 um), sheet resistance decreases drastically
due to heavier drive-in of the dopants from > 100 Ohm/sq to around 30 Ohm/sq, and a very promising
observation was that all these emitters show excellent uniformity.
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Figure 8. Sherescan plots showing excellent uniformity of the deep emitters.



Unfortunately, the diffusion parameters required to achieve such deep emitters, especially for industrially
acceptable throughput times, bring too high thermal budgets and high temperatures such that the bulk of the
wafer can be affected. The defects generated during these boron diffusions lead to drastically decreased
lifetimes and (implied) Voc, which make these processes incompatible with industrial n-type CZ wafers.

.
Figure 9. PL images of samples diffused at 1000, 925, and 900°C showing ring patterns indicating severe damage to the
bulk.(Rectangular shapes are from defined test patterns applied on the samples).

In order to fabricate structures with selective emitters, it is important to find an industrially compatible
process flow that generates a deeper, higher doped profile under the metallization, and a lower doped area in
between the fingers.

An elegant solution for this was developed in BEACON: After a standard boron diffusion, the boron containing
glass (BSG layer) is patterned, such that in a following drive-in step, BSG is only present at positions where
later the metal fingers are applied. During the long second drive-in at high temperature, a deep profile is
formed with high (surface) concentration, as required for effective shielding of the contacts and thus low JO,c.
During this drive-in, also the emitter profile between the fingers becomes deeper, and the surface
concentration decreases, enabling lower J0,em for the same sheet resistance ~100 Ohm/sq. Figure 10 shows
the combination of such profiles as obtained with a drive-in at 9602C for 16 h.
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Figure 10. ECV showing emitter profiles for samples where drive-in was done with and without Boron glass (BSG) present.

In a next step, it was also shown that such diffusions can indeed be done on one sample, with BSG patterned

in lines, see the THz image on the left in Figure 11. As follow-up, a DoE has been designed to come to more
industrial, that means shorter — drive in times, as sketched in the table on the right in Figure 11.
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Figure 11. Successful proof-of-principle for a selective emitter process based on patterning boron glass before drive-in, and original DoE
agreed for the selective part of the emitters aiming at effective shielding of the contacts to reduce recombination.

Unfortunately, several unexpected issues have been observed when processing this experiment with a larger
batch of wafers, see Figure 12. The sheet resistance of the resulting emitters, and also their within-wafer-
uniformity, was not uniform over the different positions in the diffusion tube. In addition, an unexplained
observation was that depending on the thickness of the BSG layer before drive-in, the (non-)uniformity was
qualitatively different.
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Figure 12. Sherescan (top) and ECV (botto) showing non-uniform doping profile and sheet resistance after long drive in.

Figure 13 summarizes the findings of a series of experiments with variation of loading, BSG layer, and drive-in
conditions. Conclusion was that this process sequence is not well enough controlled and would require efforts
beyond the scope of this project to optimize. Further efforts for selective emitters therefore focused on laser
doping, and alternatively intrinsic polysilicon was introduced as means to reduce the recombination under the
emitter contacts, see below and section 2.1 of this report.
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Figure 13. Overview of trial runs for selective emitters in different configurations and with different boron glasses, showing poor
uniformity and reproducibility of the process, probably due to variations in the boron glass before diffusion.

Laser doping

Another route to reduce contact recombination is through making area-selective boron emitters, where BBr3
is locally driven-in underneath the metal contacts, e.g., by a laser pulse. This has been briefly explored within
the Beacon project. Figure 15B provides an overview of the sheet resistance and Jo for homogenously laser
doped BBr; emitters. It is clear that laser settings can be found which severely reduce the Rsheer (reaching <50
Ohm/sq while starting from a uniform 85 Ohm/sq BBrs-diffused emitter) while simultaneously the J, can still
be reasonably low (<400 fA/cm?) for a region below the metal contact. After initial promising results, it was
decided to discontinue the laser doping experiments because the laser equipment at a partner company was
not available anymore. Without this equipment, we had no route to further evaluate the laser doping.

90 F T T T T T = 6x10° T T T T T T T T
L A 10 E a ;
851 - . H . A T -
N
- 4 ax10°F | e ®m A ]
5 . o« "
— - — .
g sr 1 E 3x10° F * . . 3
- . E
=) 70k - - 4 < LI
3 = "
2 = e -
% 65 4
& . 2x10° F - e
60 | A A 4,
] . o =2 .
55|l = 1pulse , 53% overlap ] = 1 pulse ,53% overlap 4
e 2pulses, 7% overlap N . ® 2pulses, 7% overlap A
501 4 1pulse ,7% overlap :\:/: . 4 1pulse , 7% overlap| . )
1 1 1 1 1 45 50 55 60 65 70O 75 BO 85 90
50 60 70 80 90
Rsheer(leq}

Laser power (%)

Figure 14. Rsheet of boron doped emitter as a function of laser power and pulse setting (left) and JO of the emitter as function of Rsheet
(right).

Intrinsic poly-Si as buffer layer

Another approach to reduce contact recombination developed in Beacon is the application of an intrinsic
polysilicon layer. This lead to an improved bulk lifetime compared to the baseline samples without intrinsic
polysilicon on the emitter. As is shown inFigure 14 excellent bulk lifetimes of ~> 3 ms are obtained with
polysilicon, compatible with cell efficiencies well above 23%.
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Figure 15. Bulk lifetime exceeding 2 ms for all PERPoly cells, and boosted by the presence of polysilicon to ~>3 ms.
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milestone

WP2 Metallization processes
In this workpackage, contacts to the emitters, including samples with polysilicon under the contacts, have
been studied, simulated and further developed.

2.1 Models and characterization for contact recombination

The shielding of the contacts to reduce recombination by deeper and higher doped emitters were modeled
with the software: EDNA2, from Pvlighthouse.com.au. The following assumptions/input parameters were
used:

=  Substrate: 5 ohmcm n-type Si
= Boron doping profile: errorfunction. Peak concentration was varied, as well as depth. Zpeak=0.1 um



= Surface texture: Total Jo is multiplied by 1.7

= Metal coverage: 2.5%

= Surface passivation: not ideal, Jos=10 fA/cm?

=  Physics: Fermi-Dirac statistics, Yan &Cuevas band-gap narrowing model, Richter Auger model
* Metal recombination has Sez=10" cm/s (thermal velocity)

Results of the simulations are shown in Figure 16 as function of emitter depth for different peak doping
profiles, and in Figure 17 as function of the emitter sheet resistance.
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Figure 16. Simulated JO,contact as function of emitter depth for different peak doping levels. Left: assuming 200 nm penetration of
metal paste, right: neglecting penetration of metal paste (ideal non-fire-through contact).
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Figure 17. Total JO as function of emitter sheet resistance (data shown for 200nm etching depth).

From these simulations, it has been concluded that

- alower peak doping level is an effective route to reduce Jo

- For low peak doping levels (e.g., 1E19 cm3) the emitter should be as deep as possible
-Lowly doped, deep emitters can enable a lower Jo, butshould be found .butshould be found .
- but routes should be found to enable contacting of lowly doped surface.

The reduction of contact recombination with a deeper emitter has been also found experimentally on the
samples fabricated at different drive-in temperatures between 900-10002C (see section 1.1, Figure 6)
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Figure 18. Reduction of contact resistance with deeper and higher doped emitters fabricated with higher drive-in temperature.

Scanning electron microscopy (SEM) analysis has mainly be performed to understand the origin of high
contact recombination of baseline emitter contacts, and the reduction in JO,c when introducing polysilicon as
sketched in Figure 3. The sample preparation for investigating different aspects of the contacts is stepwise
illustrated in Figure 19.
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Figure 19. Overview of SEM analysis at different stages of sample preparation.

As can be seen in Figure 20 on the left, in a baseline sample the dielectric layers are fully removed under the
metal contact. In contrast, when inserting an intrinsic polysilicon layer, only the tip area of the pyramids is
damaged, while the slopes and valleys of the pyramids are still well passivated. This explains also why the
contact recombination is reduced from >1500 fA/cm2 for the baseline sample to around 500 fA/cm2 with the
polysilicon layer without large influence on the contact resistance, see below..



Figure 20. Damaged pyramids due to contact with Ag/Al paste that fully removes the SiNx layer under the contact (left) and reduction
of the damaged area to the pyramid tips in presence of an intrinsic polySi layer (right).
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Figure 21. Reduction of JO,c of emitter contacts by inserting intrinsic polysilicon. The effect is comparable to contacts with p-type
polysilicon.

Efforts were also undertaken to study in more detail the intrusion of the metal into the cell, and potentially
visualize the shielding by a deeper emitter. For this purpose, 3-d x-ray tomography scans have been recorded
at MASER b.v. Unfortunately the desired information could not be deduced from the cross-sections generated
from these scans. Natural restrictions in resolution of the technique, combined with difficulties in imaging due
to high contrast between the Si wafer and the metal contacts, only allowed more macroscopic observation of
the samples as shown in Figure 22.

Figure 22. Cross section(s) of a 3-d x-ray scan showing the silicon cell wafer with metal contacts on top and bottom of the solar cell.



2.2 and 2.3 Fire-through and non-fire through contact development

Contacting of deeper emitters which have a lower dopant concentration by screen printing pastes, is not
straightforward, as the contact itself requires a high enough dopant concentration. At the beginning of the
project, it was considered highly problematic to find a promising combination of a uniform emitter which
could be contacted with sufficiently low JO,em..

Figure 23 shows that this has been solved in the BEACON project. While the image on the left shows for a
particular paste A high absolute values for contact resistance, and also large variation over the wafer (in line
with non-uniformity of the experimental boron emitter used here), paste B shows reasonably low contact
resistance (down to 3 mOhm.cm?, average 5 mOhm.cm?) and far less spread.
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Figure 23. TLM analysis of the contact by Ag/Al pastes on deep Boron emitters (note the different scales in the graphs).

As the presence of Al in commercial paste for contacting B emitters is generally considered a source of
enhanced contact recombination, an interesting idea has been tested in the BEACON project to make contact
to the B emitter with Al free Ag screen printing paste. As the paste does not contact the B emitter directly, an
n-type polysilicon layer has been inserted, and the idea was to obtain an ohmic contact to the n-polysilicon
layer, while the junction between the highly doped n-type polySi layer and the B emitter should act as tunnel-
recombination-junction with low resistance as in a Zehner diode. In practice, this concept could not be
realized within the framework of the project, actually several issues were observed leading to a poor IV
characteristics (Figure 24):

- the boron profile is probably too much depleted to form a proper tunnel junction

- the contact by the Ag paste to the n-polySi layer was too resistive in itself

- the sample showed non-uniform lifetime and dopant profiles
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Figure 24. IV curve (bottom), PL image and ECV curves of a solar cell with n-polysilicon/B emitter tunnel junction and Ag contacting the
n-polysilicon. Unfortunately the tunnel junction between (n)polysilicon and the B emitter is not effective and leads to a reverse diode
resulting in excessive series resistance.

When writing the project proposal, non-fire-through screen printed metallization was considered a promising
alternative to reduce contact resistance and contact recombination.

In other projects ECN.TNO had found that damage due to opening of contacts e.g. by laser increased the
contact recombination to the level of fire through pastes, and that the contact resistance of non-fire through
pastes was not better than that of fire-through pastes. Only non-fire-through contacts fabricated with non-
industrial techniques as used for laboratory record devices, like patterning by photolithography, and PVD
metallization can achieve these improvements.

Therefore it was decided to introduce another concept for reducing JO,c: The intrinsic polysilicon layer already
mentioned above. Figure 25 summarizes the performance of these contacts and the improvements with
respect to the baseline without polySi.
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Figure 25. Reduction of JO,contact while keeping low Rcontact when inserting an intrinsic polysilicon layer under the emitter contact.



Deliverable/ | Description

milestone

WP3 PERPoly cell process integration

3.1 Process flow integration

Due Owner | Explanation

The concept shown in Figure 3 to introduce an intrinsic polysilicon layer in the passivating stack for reduced
contact recombination has been successfully demonstrated also in complete devices. In first instance a
blanket layer of polysilicon was introduced, in order to analyze the concept without being affected by

potential processing complexities. Later on, the polysilicon layer has been patterned into polysilicon fingers to
reduce parasitic absorption in the polysilicon layer. Figure 26 shows the IV data of the four experimental splits

in the first cell experiment.
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Figure 26. IV parameters of solar cells with two different dielectric passivation stacks, and with and without an additional intrinsic

polysilicon layer.



As expected, Jsc is >10% lower due to absorption in the polySi layer. The benefit of better emitter passivation
and lower contact recombination results in 6 mV higher Voc (see also Figure 27). An interesting observation is
that the FF increases with the introduction of the polySi layer, despite a slightly higher contact resistivity (see
above in section 2.2, Figure 21). This can be explained by the higher pseudo fill factor obtained with the polySi
layer present (Figure 27), which is attributed to better uniformity probably as a result of additional thermal
annealing and more uniform emitter surface passivation by the intrinsic polySi. Analysis showed that the bulk
lifetimes cannot explain this large gain in pFF of 1% absolute.
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Figure 27. Benefit of the intrinsic polySi layer for implied Voc (emitter passivation) and Voc (emitter + contact passivation).
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Figure 28. Benefit of the intrinsic polySi layer for the pseudo fill factor (pFF), and resulting gain in fill factor (FF).

In a next step, the polysilicon layer was patterned to be present only under the metal fingers, and leaving
some tolerance for alignment. As shown in

Figure 29, the Jsc of the samples with patterned polySi (splits on the right of the graph) is comparable to the
Jsc of the cells without polySi on the left side of the graph. As in the previous experiment, samples with
blanket polySi (middle) show >10% lower current density due to parasitic absorption.
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Figure 29. Increase in Jsc due to patterning of the intrinsic polysilicon (splits E1 ,E2 and F2 compared to C1, C2 and D2).

In summary, the Beacon project has yielded an n-type cell (PERPoly) process with a deep uniform emitter, and
the application of an intrinsic polysilicon layer to reduce J0,em and JO,c to values as low as 20-30 fA/cm2, and
~500 fA/cm2, respectively

In the Polaris (HER) project, 5-busbar PERPoly cells have been fabricated with >22% efficiency [C.J.J. Tool et
al., Asian PVSEC 2019] and FF > 80-80.5% making use of a similar deep uniform emitter. Tempress has
achieved, together with a customer and processing at ECN.TNO, 22.4% cell efficiency with a multi-busbar cell.
Figure 30 (right) shows calculations for busbarless cells yielding ~22.7-22.8% efficiency already with a FF of
80% for the currently obtained JO, em and JO,c values. With measured FF above 80-80.5% on 5-busbar cells, it
is expected that a FF of >81% and an efficiency >23% can be achieved with a busbarless PERPoly cell

An alternative route to >23% efficiency in a 5-busbar cell could be explored by further reduction of JO,c or the
application of much narrower fingers (e.g. by plating) as assumed for the calculations on the left in Figure 30.
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Figure 30. Calculated Voc and efficiency depending on JO,c and JO,em for busbarless PERPoly cells, on the left with lower metal fraction
as expected for advanced metallization like plating.



3.2 Evaluation industrial feasibility and cost assessment

- Cost vs benefit of uniform deep emitter

o

Deep emitters can be fabricated by either increasing the temperature or extending the drive in time.
Higher drive in temperatures require longer cooldown times. So either way will result in longer
processing times. From the cost models we can obtain the relationship between cost and
processing time.

For the economic feasibility a clear relation between emitter depth and efficiency is required.
However in practice we see that a lot of factors are in play and interacting with each other. For
example as described above higher tempreatures might lead to material degradation, so the initial
material quality is an important parameter.

Looking at industry practice we have observed that boron processing times are accepted up to 3
hrs processing time. It is clear that also the industry recognized the importance of having a deep
boron diffusion profile. From this we can calculate the added cost for a boron step.

The value for efficiency is a volatile factor which is strongly related to market conditions. For the
analysis described here we assume a value of €0,35 per Wp, which is based on the ASP of a
module.

This means that adding a 3 hrs boron diffusion process adds 1,9 €ct per cell, so in order to be
economically viable it needs to add 0,05 Wp per cell which translates to an absolute efficiency
increase of about 0,2-0,3%, before it becomes economically viable to use.

- Intergating the deep emitter with other steps

o The deep emitter process can be combined with the other steps that are required to make a cell
with carrier selective poly contacts, like the poly depositon, etch resist print, etching and cleaning
tool. For economic viability this technology should yield 1-1,2% higher absolute efficiency
compared to the current state of the art PERC lines. Meaning the efficiency should be in the range
of 23,2-23,7%

Deliverable/ | Description Due Owner Explanation
milestone
D3.1 Process flow for 22.5% PERPoly cell M12 ECN PERPoly cell with Beacon innovation(s) and
multibusbar design.
D3.2 Process flow for 23.0% PERPoly cell M24 ECN PERPoly cell with Beacon innovations and
busbarless design.
D3.3 Cost assessment and industrial M24 Tempress | Deep emitter is feasible if 0.2-0.3% efficiency is
feasibility of PERPoly with novel gained
emitter and contacting schemes
M3.1 Selective emitter integrated in M12 ECN Selective emitter replaced by patterned
PERPoly cell process polysilicon fingers
M3.2 Decision on use of wet oxidation in M18 Tempress | Wet oxidation is used for advanced emitters
emitter process

Mogelijkheden voor spin off en vervolgactiviteiten

As described above, the findings within the Beacon project have already been applied to optimize the front
side of PERPoly cells fabricated in the HER Polaris project.

The use of (intrinsic, doped) polysilicon fingers to reduce JO,contact can be beneficial and further
investigated/improved in other TKI projects like Bright, Saturnia, CORE, etc., including also other device types
like IBC cells.

Tempress has now improved the boron diffusion recipe of the BBrs diffusion system, allowing customers to
reach higher solar cell efficiencies using Tempress Systems equipment.




Conclusie en aanbevelingen

The main conclusions of the project are

e with today’s diffusion and metallization technology, a deep uniform emitter is on short term the best cost
effective solution for high-efficiency PERPoly (industrial TOPCon) solar cells

e multi-busbar or busbarless cells pave the way to achieve >22.5-23% efficiency with such cells

e  Fire-through metallization will remain the work horse for the industry, as alternatives are far more
challenging to realize, and progress is still being made. Polysilicon has a dominant role to (further) reduce
JO,c.

Recommendations

e use and promote deep uniform emitters

e further develop processing and concepts of polysilicon fingers

e Anindustrial solution for fabricating polysilicon fingers is still lacking, both processing and process flow
wise. This could be the topic for (higher-TRL) follow-up projects

e laser doping is still an interesting concept for selective emitters with even better JO,c. This will require
dedicated projects, preferably in international context to optimize the uniformity of the dopant source in
high-throughput diffusion tools at full load, and the laser process itself.

3. Uitvoering van het project

De problemen (technisch en organisatorisch) die zich tijdens het project hebben voorgedaan

en de wijze waarop deze problemen zijn opgelost

Technically as well as organizationally the project went quite smoothly, and cooperation between ECN.TNO
and Tempress was excellent. Main (technical) challenges were related to the selective emitter processing both
based on drive-in at high temperature and/or long times as well as with laser doping. Also the non-fire-
through metallization was not promising (enough) anymore after the project had started.

All these issues have been tackled by focusing on the deep industrial emitters and intrinsic polysilicon (fingers)
in the later phases of the project.

Toelichting op wijzigingen ten opzichte van het projectplan
n.v.t.

Toelichting wijze van kennisverspreiding
Nationally, the results have been presented and discussed at the semi-annual TKI Urban Energy days, in the
recent editions also including other project teams and partners beyond the Beacon team.

In addition to that results have been presented at the recent international PV conferences:

IEEE PVSC in Chicago, June 2019. Oral presentation by Jochen Loffler and paper by M.Stodolny et al., and
EUPVSEC in Marseille, September 2019, oral presentation and paper by X. Lu et al.

Toelichting PR project en verdere PR-mogelijkheden

Tempress uses their existing marketing channels and sales network to promote among other things the
results that are of interest for the industry. In Sept. 2019 Tempress organized a so called Topcon workshop to
show customers the capability of boron diffusion, poly silicon deposition and annealing tools, these can be
used for cell technologies similar to what is described here.

Toelichting op de verschillen tussen de begroting en de werkelijk gemaakte kosten
Only minor differences between planning and actual cost, see separate financial reporting for details.



