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Abstract

The tunneling oxide passivating contact (TOPCon) solar cell concept is
one of the most promising ways to realize carrier-selective contacts, as it
offers an evolutionary upgrade to today’s mainstream PERC. Currently,
the PV industry is looking into different technologically feasible options
for transferring this cell concept from laboratory research to industrial
manufacturing. This paper gives an overview of the technological
maturity of various TOPCon approaches with the goal of achieving the
most cost-effective, resource-conserving and mass-production-capable
implementation.

Introduction

The time required for new processes or process
chains to transition from a successful laboratory
demonstration to industrial mass production
has been steadily reduced in the last 30 years.

“An accelerated transition of many production
lines based on PERC technology to TOPCon can be
expected in the coming years.”

While it took considerably more than 10 years for
a successful transfer of the passivated emitter
and rear cell (PERC) concept to industrial
production, solar cell concepts with passivating
contacts, such as tunnel oxide passivating
contact (TOPCon), have required less than five
years between the demonstration of the principal
potential in the laboratory to mass production
capability (see Fig. 1).

As aresult of this rapid development and the
enormous expansion of (PERC-based) production
capacities in recent years to currently more than
200GWp worldwide, an accelerated transition of
many production lines based on PERC technology
to TOPCon can be expected in the coming
years. For this changeover to happen, various
process routes are currently still being evaluated
with regard to their suitability for the most
cost-efficient, resource-conserving and mass-
production-capable implementation possible. This
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Figure 1. Evolution of laboratory and commercial solar cell conversion efficiencies. From PERC laboratory record cells to volume mass production, it
took about ten years, while for TOPCon this time frame has already shortened to less than five years. (Graph adapted and extended from M. Hermle,

ETIP PV Conference, Brussels (2017).)
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Figure 2. Technology readiness level (TRL) definition (adapted and extended from Baliozian et al. [1]) for assessing technological maturity.
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paper presents the different process options and
solar cell concepts and evaluates them with respect
to their technological maturity.

Approach for assessing technological
maturity

For the purpose of assessing the maturity of
different PV technologies, Fraunhofer ISE has
introduced a technology readiness scale for internal
use that consists of ten different levels (gates) [1].
In comparison to earlier definitions by NASA [2] or
the European Commission [3], Fraunhofer’s scale

is more quantitative and uses important selected
parameters, namely area and conversion efficiency
of the device as well as throughput (i.e. number

of devices produced per unit time of production).
Further, the definitions of these levels can be
integrated into road-mapping in order to obtain
better future projections. Fig. 2 shows the different
technology readiness levels (TRL), or gates, used for
the analysis in this work.

Principal process flow and
upgradability from existing PERC
production lines

Currently, the industrial version of the front-
junction TOPCon cells on n-type c-Si, referred to
as the industrial TOPCon (i-TOPCon) cell [4,5], is
widely seen as the potential evolutionary upgrade
to the incumbent p-PERC cells. The i-TOPCon cell
design envisions a process route that benefits from
processing similar to that for a PERC cell, thus
requiring integration of only few additional process
steps in the cell process chain. The cell architecture
is reported to yield high efficiencies of greater

than 24.0% in volume production [6] by leading cell
manufacturers, with record efficiency claims of up
to 25.5% on industrial wafers of sizes up to
210 x 210mm [7—9].

Fig. 3 summarizes the typical process steps
used in creating an i-TOPCon cell. Note that
the process flow is non-exhaustive and various
process routes and a wide range of technology
options for the TOPCon concept are currently
under consideration by the PV industry in terms
of both their technological and their economic
viability. The process flow is largely dictated by
the choice of the tunnel oxide (TO) formation
and the amorphous (a-Si) or poly-silicon (poly-
Si) layer deposition technology, and depends on
whether the a-Si or poly-Si layers are doped in situ
or require a subsequent external doping process. If
technologically feasible, two or more process steps
are combined within a single tool to ensure a lean
process flow.

As a rule, boron doping is performed using a
tube diffusion process to form the p* emitter on
a textured n-type c-Si substrate. This is followed
by an inline wet-chemical process for single-sided
removal of the rear-side emitter. During emitter
removal, the borosilicate glass (BSG) layer is usually
kept intact at the front to act as a barrier against
wet or dry chemicals, which are used later during
wrap-around removal of the parasitic a-Si or poly-Si
layer at the front side. Typically, a wet-chemical, UV
light, plasma or thermal process then forms a thin
TO layer at the rear surface, followed by deposition
of the Si layer [10]. In some cases, the TO formation
and Si layer deposition might be performed in situ
in one process using a single tool.




The deposited Si layer itself might be intrinsic
(nominally undoped) or phosphorus doped in situ.
Intrinsic layers require a successive doping process
ex situ, conventionally performed in a POCI,-based
tube furnace process that simultaneously also
crystallizes the Si layer to form a fully crystalline
poly-Si layer. For phosphorus-doped in situ layers,
crystallization is achieved by a thermal annealing
step. If single-sided poly-Si deposition is not
warranted, a wrap-around removal process is
required to remove unwanted poly-Si residuals on
the textured front side. The wrap-around removal
is normally performed using a wet-chemical
process [10], although a dry alternative was
reported recently [11]. In both cases, the remaining
BSG layer on the front side serves as an etch
barrier and is subsequently removed, typically in a
wet-chemical process.

The next steps are dielectric surface passivation
and anti-reflective coating (ARC) of the front
and rear sides and a hydrogenation stage, which
aims to improve the passivation property of the
TOPCon structure. In an industrial scenario,
the latter is generally performed by depositing
hydrogen-rich dielectrics, for example an
amorphous silicon nitride layer (a-SiN_:H) by
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plasma-enhanced chemical vapour deposition
(PECVD), which act as an efficient hydrogen
source during the contact-firing step. Front and
rear metallization is typically achieved by using
screen-printed Ag-based pastes, followed by a fast-
firing process to form the external contacts. This
process yields a bifacial cell structure, as shown in
Fig. 3(e).

Solar cell concepts based on TOPCon
device features
Besides the ‘standard’ configuration of an industrial
TOPCon solar cell featuring a diffused front
junction (FJ) [12], with a TRL classification of 9 in
Fig. 4, there are other options for implementing
passivating contacts in a device structure: as the
rear emitter in a back-junction (BJ) configuration
[13,14] or as both contacts of an interdigitated back-
contact (IBC) solar cell [15]. Currently, the highest
conversion efficiencies achieved on a laboratory
scale using these architectures are 25.8% (TOPCon
F]) [13], 26.0% (TOPCon BJ) [13] and 26.1% (IBC) [15].
Among the above-mentioned cell architectures,
the IBC concept offers the highest potential in
terms of monofacial conversion efficiency, as both
contact polarities are located at the rear of the cell.
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Figure 3. (a) Typical process flow for an i-TOPCon cell with the potential combination of two processes in a single process step. Schematic cross
sections of cell precursors after some crucial process steps in typical TOPCon processing: (b) after texturing, boron emitter diffusion and single-sided
emitter removal; (c) after TOPCon deposition, doping and annealing; (d) after wrap-around removal of poly-Si(n) at the front and the edges; (e) after

dielectric layer deposition and contact formation.

However, it is also the most complex architecture
for transfer to mass production, because several
structuring steps are required during fabrication. Up
to now, only the company SunPower/Maxeon has
mastered the transition of such an IBC cell structure
to industrial mass production, also demonstrating
the highest efficiencies available in the market

[16]. Known realizations of IBC with passivating
contacts, such as the POLO IBC cell from ISFH [15],
have been demonstrated on large-area industrial
wafers in a laboratory environment, therefore
having a designated TRL of 4 (Fig. 4).

Both-side contacted cells, on the other hand, have
an additional advantage of high bifacial power gain,
which is especially relevant for large-scale power
plants. For the BJ cell concept (TOPCoRE), the
n-TOPCon stack acts as a rear emitter on a p-type Si
substrate. The main advantage of this configuration
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is that the whole c-Si substrate contributes to the
charge-carrier transport towards the local front-side
contacts, which makes a full-area highly conductive
layer at the front surface obsolete, such as the full-
area B diffusion in the case of the n-TOPCon cell.
Consequently, the front-surface recombination can be
significantly reduced. However, a localized p™ region
is placed under the contact to limit the recombination
and allow the formation of a low-ohmic contact. Since
the minority carriers (here electrons) are collected

at the rear junction, a high diffusion length (ie. a
high-quality base material with a diffusion length
much greater than the cell thickness) is a primary
requirement for the BJ concept. Additionally, the

“The IBC concept offers the highest potential in
terms of monofacial conversion efficiency.
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omission of a conductive front surface (p* front-
surface field) has been found to not limit the majority
transport to the front contacts unless very high
resistive wafers are being used [13].

The cell architecture yielded conversion
efficiencies of up to 26% in small-area devices with
evaporated contacts on a laboratory scale, with a
clear advantage in fill factor FF (more than 1% )
and open-circuit voltage V, (8mV) achieved by the
n-type front-junction TOPCon cell. The transfer
of this process to mass production is expected to
encounter challenges in solving light and elevated
temperature-induced degradation (LeTID), which
is more critical for industrial standard p-type Cz
Si than for n-type Cz Si; therefore, the overall TRL
readiness of the TOPCoRE cell concept is not higher
than 3 (Fig. 4).

Silicon layer deposition as the main
differentiator — technical maturity of
the different approaches

Typically, amorphous or partly crystalline silicon
layers are first deposited and then subjected to

a high-temperature step to form a poly-Si layer.
Depending upon the deposition technology, the
doping of poly-Si is performed either during

the deposition process (in situ doping) or in a
subsequent process, such as gas phase diffusion or
ion implantation (ex situ). Importantly, the choice
of the Si deposition technology dictates almost all
the other important cell processing steps before
metallization, especially based on whether the
technology allows an in situ TO formation, in situ
doping and a true single-sided deposition. Although
several deposition methods are under investigation,

Figure 4. Different cell architectures featuring passivating contacts and their classification within the TRL scheme.

most notable are chemical vapour deposition (CVD)
and physical vapour deposition (PVD). CVD is
performed either at low pressure (LPCVD), by means
of PECVD, or at atmospheric pressure (APCVD),

all using silane (SiH,) as a silicon precursor and
optionally phosphine (PHs) or diborane (B H,) as
dopant gases.

LPCVD

Currently, industrial screen-printed TOPCon solar
cells on n-type substrates are almost all based

on LPCVD a-Si/poly-Si deposition technology, to
which a TRL of 9 is assigned (see Fig. 5). LPCVD

has been used as one of the important established
processes in semiconductor facilities to deposit
highly conformal layers of a-Si/poly-Si layers in low-
pressure conditions [17]. The main advantages of this
technology are:

1. Possibility of in situ TO formation by thermal
oxidation.

2. Excellent thickness uniformity along the wafer
and the boat in the case of intrinsic layers.

3. Pin-hole-free layers with good step coverage.

4. Large number of wafers per batch.

5. Option of in situ doping with a constant doping
profile [18].

The last of the above advantages, however, still
comes at the expense of reduced layer uniformity
and deposition rates, and therefore lower
throughput.

Some of the most promising technologies that are
close to production readiness apart from LPCVD are
briefly discussed below.
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Figure 5. Technology readiness level (TRL) of different approaches for the formation of the poly-Si layer.

PECVD

PECVD is a well-proven technology in the PV
industry for depositing dielectric passivation layers,
and one of the most promising candidates for a-Si
deposition. In fact, the International Roadmap for
Photovoltaics (ITRPV) predicts a rapid adoption

of this technology for a-Si deposition rather than
LPCVD in the near future [19].

PECVD deposition of a-Si layers offers higher
deposition rates than with LPCVD technology,
thus promising greater cost effectiveness. Another
advantage of using PECVD is the possibility of
doping a-Si layers in situ; however, it should be
pointed out that layer homogeneity and deposition
rates in that case are also impacted. One of the
challenges is to avoid blistering in thick layers
(d >100nm), which are currently still required for
industrial TOPCon architecture because of the
potential penetration of the poly-Si layer by the
metallization.

Although PECVD is loosely considered a single-
sided deposition process, avoiding the wrap-
around of a-Si layers in an industrially feasible
manner remains a major technological challenge
for equipment manufacturers. Industrial tools
allowing depositions in either batches [20] or an
inline mode [21] are available, and cell integration
results have also been published in the literature
[20]. An advantage of the PECVD approach might
be the option to implement a plasma oxidation
step for in situ TO formation before the deposition
of the a-Si layer, enabling a lean combined process
for TO formation and Si layer deposition, similar to
the LPCVD approach. To the authors’ knowledge, a
PECVD deposition process for TOPCon structures
has not yet been implemented in any cell
production, which is why a TRL of 4 to 6 is assigned
to this technology (Fig. 5).

www.pv-tech.org

“Currently, industrial screen-printed TOPCon solar
cells on n-type substrates are almost all based on
LPCVD a-Si/poly-Si deposition technology, to which
a TRL of 9 is assigned.”

APCVD

Atmospheric pressure chemical vapour deposition
(APCVD) is another potential technology for
depositing intrinsic and doped amorphous or
partly crystalline layers in an inline mode at high
deposition rates [22]. The process utilizes thermal
dissociation of silane (SiH4), which is inserted in

a heated chamber using injector heads. Since the
chemical reactions occur directly at the heated
substrate, APCVD is also expected to provide good
single-sidedness with a small wrap-around similar
to that for the PECVD process.

Furthermore, in situ doping is reportedly easily
achieved by directly inserting doping precursors
in the SiH, flow, and cell integration results have
been demonstrated [23]. Here, the TO layer needs to
be formed before the APCVD process, for example
in a wet-chemical process subsequent to the rear
emitter removal. APCVD of silicon layers appears to
have not yet been implemented in cell production,
indicating a similar TRL as PECVD.

PVD

PVD as another industrial applicable production
method and is capable of depositing high-quality
a-Si layers using a silicon target, with the major
benefit of providing true single-sidedness [24]. Both
the silicon and an appropriate dopant element can
be deposited using solid, non-toxic targets. Since




PVD is a vacuum-based inline process, a plasma
oxidation for TO formation might be implemented
in a separate chamber before the deposition.

The company Jolywood, a pioneer in industrial
TOPCon cell manufacturing, is presumably also
using PVD in their most recent production lines
as their primary deposition technique (based on
a technology called POPAID (plasma oxidation
and plasma-assisted in situ doping deposition)
introduced by the equipment manufacturer Jiangsu
Jietai Optoelectronics Technology Co., Ltd. — JTech)
[25]. PVD is therefore already in use industrially,
but not yet as a mainstream technology, which is
reflected in its TRL level of 8 (Fig. 5).

Metallization — decisive for cost and
silver usage reduction

A key challenge in industrially upscaling the
TOPCon solar cell concept lies in the metal
contacting of the solar cells. The metallization on
the TOPCon side especially has revealed itself to
be challenging, as the tunnel oxide should not be
damaged in order to guarantee its full functionality
as a carrier-selective contact. As a state-of-the-art
metallization technique for i-TOPCon solar cells,
screen printing of Ag—Al and Ag is used on the
front and rear sides, respectively.

The dominant loss mechanism of an i-TOPCon
solar cell is associated with recombination induced
by the metal electrodes on the emitter side and,
to a reduced degree, on the TOPCon side [26].

The contact formation process, which typically
takes place at peak temperatures in excess of
700°C, is industrially performed using a fast-firing
oven (FFO). At those temperatures, the dielectric
capping layers, mostly amorphous SiN , covered by
the screen-printed electrode, are etched by glass
frit components within the paste. Then, oxygen
ions on both sides react with the crystalline or
poly-Si, creating etching pits that facilitate the
creation of an ohmic contact [27]. On the front,
the metallization significantly increases carrier
recombination, while on the rear, the etching pits
consume the poly-Si, potentially reaching the thin
oxide layer and consequently de-passivating the
contact. The contact formation process on both
sides is fuelled by elevated firing temperatures.
On the one hand, the higher temperature leads

to low-ohmic contacts and thus a high fill factor
FF; however, on the downside, this comes with
increased metal-induced recombination, mainly
decreasing V, and ultimately limiting the
conversion efficiency potential.
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LECO
At Fraunhofer ISE, laser-enhanced contact
optimization (LECO) [28] as a post-firing
treatment is applied to reduce the contact firing
temperature, which enables higher V, and
simultaneously higher FF values on i-TOPCon
solar cells. The LECO process locally applies a very
intense laser pulse to the solar cell, which is held
at a constant reverse voltage of 10V or higher. The
resulting local current flow of several amperes is
responsible for significantly reducing the contact
resistivity between the semiconductor and the
metal electrode [29].

By using a lower firing temperature in
combination with LECO post treatment,

an efficiency gain of up to +0.6%_ can be

abs
demonstrated, compared with the optimum for

a firing temperature variation [30]. This gain
originates from decoupling the dependence on
temperature of V_ and short-circuit current density
/.. on the one hand and F'F on the other during the
contact firing procedure. The LECO process enables
one to benefit from high V, and/_values using
low firing temperatures, while simultaneously
achieving high FF values as if the firing had

taken place at higher temperatures. As a result, a
reduction in the optimal peak firing temperature
of 20—40°C is observed. Moreover, metal-induced
recombination is lowered because of the reduced
firing temperatures of up to 40°C, mainly on the
boron emitter side, leading to the observed gains

in V. _[30]. On both sides of the solar cell, the lower
temperatures allow thinner and lighter-doped
layers, and potentially the use of additional or
thicker dielectric layers, which are more resilient

to penetration by metal pastes, reduced metal area
fraction and extended co-firing conditions.

Finally, LECO-treated i-TOPCon solar cells do not
show any signs of LeTID using accelerated testing
conditions. Furthermore, the LECO improved state
does not degrade under these conditions, giving
significant confidence in enduring, high module
performance for these kinds of solar cell.

Ni/Cu/Ag contacts
Recent publications point out that the limited
supply of silver and the increasing cost of raw
materials will be critical factors for an increasing
PV market heading towards terawatt scale within
the next decade [31,32]. Conventional technology
evolution (as expected according to the ITRPV [19])
is not sufficient to overcome these limitations,
especially in the case of solar cell designs with silver
contacts on both sides.

Electroplating of Ni/Cu/Ag contacts has been
found to be a suitable candidate for metallizing

“The limited supply of silver and the increasing
cost of raw materials will be critical factors for an
increasing PV market heading towards terawatt
scale within the next decade.”

bifacial TOPCon solar cells [33,34]. Plating is a
lead-free metallization technique which allows
narrow contact geometries (<25um) and low contact
resistivities (p, <1mQcm’) [35]. Furthermore, with
the use of mainly Cu as the main conductive
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Figure 6. Structure and process sequence for the manufacture of a bifacial TOPCon solar cell, based on laser structuring and Ni/Cu/Ag plating.

Cell area 267.85cm” (full area) n (%] J.. [mA/cm’] Vv, [mV/em?] FF [%)
Screen printing 23.5 40.7 705 819
Plating 24.0 410 715 82.0

it 20

Table 1. Certified record efficiencies for full-area (M2), nine-busbar, industrial TOPCon solar cells (the poly-Si layers were fabricated by LPCVD) [37].

component, a significant cost reduction is realizable, ~ the more advanced stage in the learning curve
resulting in a cost of ownership (COO) advantage of  for screen-printing-tool manufacturing means

around 45%, compared with screen printing [35]. that equipment costs are fairly low. Since plating
The electroplating process developed at technology is at the beginning of its learning
Fraunhofer ISE is illustrated in Fig. 6. Laser contact curve in PV, the equipment costs are significantly
ablation of the ARC on the front and rear defines higher than for screen printing, but the costs of
the grid pattern. After the necessary TOPCon consumables are much lower.
activation via a short high-temperature firing
step, single-side plating processes are applied to Conclusion
deposit a stack of a thin nickel seed layer (<o.5um), The paper has summarized the current status
copper bulk finger (1-1oum) and a thin surface- of TOPCon implementation in industrial mass
finish layer (<o.5um) of either silver or tin. On manufacturing and is intended to offer guidelines
industrial precursors, this plating approach yielded for the technology readiness levels of various
record efficiencies of up to 24.0%, compared with process technologies along the process chain.
23.5% using the suppliers R&D screen-printing While technology progress is visible in all steps
metallization approach shown in Table 1. of the process chain options, to date LPCVD still
A further advantage of the process, demonstrated ~ represents the only viable and industrially fully
in Kluska et al. [36], is the low contact adopted process solution for the Si layer deposition,
recombination of the local contact opening (LCO) which represents the core process of any new
patterning, even for poly-Si thicknesses of down to TOPCon greenfield installation or upgrade from

6onm on the TOPCon rear side. This would enable a  existing PERC. For future growth, technology
reduction in the poly-Si thickness, and consequently  development drivers are not only production-cost
an increase in process throughput, in the TOPCon

deposition process.

Fig. 7 takes a closer look at the COO for the While technology progress 1s visible in all steps
metallization backend for TOPCon solar cells. of the process chain thions, to date LPCVD still
Th i t driver f -printed contact . . .
| IC mmen oSt GIVEr 0T scieetpred contacts represents the only viable and industrially fully
is the cost of silver paste and its dependency on
the volatile raw material price of silver. However, adopted process solution for the Si layer deposmon."

30  www.pv-tech.org
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Figure 7. Cost of ownership (COO) comparison of a screen-printed-based metallization (120mg total Ag consumption) and the proposed Ni/
Cu/Ag plating approach. Different Ag source material prices (indicated by the horizontal dashed lines) highlight the significant impact on

metallization cost.

related but also arise from resource-criticality
aspects. In metallization, therefore, alternative
approaches for the current mainstream silver usage
in screen printing will be one of the major topics for
development in the near future.

References

[1] Baliozian, P. et al. 2016, “Photovoltaic development
standardizing based on roadmaps and technology
readiness levels”, Proc. 32nd EU PVSEC, Munich,
Germany.

[2] Azizian, N. Sarkani, S. & Mazzuchi, T. 2009, “A
comprehensive review and analysis of maturity
assessment approaches for improved decision
support to achieve efficient defense acquisition’,
Proc. WCECS, San Francisco, California, USA.

[3] EU Commission 2007, “EU strategic energy
technology plan (SET Plan)”

[4] Chen, D. et al. 2020, “24.58% total area efficiency
of screen-printed, large area industrial silicon solar
cells with the tunnel oxide passivated contacts
(i-TOPCon) design’, Sol. Energy Mater. Sol. Cells, Vol.
2006, 110258.

[5] Feldmann, F et al. 2020, “Industrial TOPCon solar
cells realized by a PECVD tube process’, Proc. 37th EU

PVSEC (virtual event), p. 120.

[6] Osborne, M. 2020, “Jolywood touts 24.5%
TOPCon cell efficiency for volume manufacturing’,
News Report (Dec. 14) [https://www.pv-tech.org/
jolywood-touts-24-5-topcon-cell-efficiency-for-
volume-manufacturing/].

[7] JinkoSolar 2021, “JinkoSolar large-area n-type
monocrystalline silicon solar cell reaches record-
breaking new high efficiency of 25.25%”, Press
Release [https://irjinkosolar.com/news-releases/
news-release-details/jinkosolar-large-area-n-type-
monocrystalline-silicon-solar-o].

[8] LONGI Solar 2021, “LONGI breaks three more
world records for solar cell efficiency’, Press Release
(Jun. 2) [https://enlongi-solar.com/home/events/
press_detail /id/335.html].

[9] TaiyangNews 2022, “Trina Solar claims world
record for large area industrial n-type mono-Si
i-TOPCon cell’, News Report (Mar. 15) [https://
taiyangnews.info/technology/25-5-efficiency-for-
210mm-i-topcon-cell].

[10] Glunz, SW. et al. 2021, “Silicon-based passivating
contacts: The TOPCon route’, Prog. Photovolt: Res.
Appl., doino.1002/pip.3522.

[11] Kafle, B. et al. 2021, “Atmospheric pressure dry
etching of polysilicon layers for highly reverse bias-

Photovoltaics International 31



M Cell Processing | PV technology readiness

stable TOPCon solar cells”, Solar RRL, doi:10.1002/
solr.202100481.

[12] Feldmann, F et al. 2014, “Passivated rear contacts
for high-efficiency n-type Si solar cells providing
high interface passivation quality and excellent
transport characteristics”, Sol. Energy Mater. Sol. Cells,
Vol. 120, pp. 270-274.

[13] Richter, A. et al. 2021, “Design rules for high-
efficiency both-sides-contacted silicon solar

cells with balanced charge carrier transport and
recombination losses”, Nature Energy, Vol. 6, No. 4, pp.
429-438.

[14] Min, B. et al. 2020, “A 22.3% efficient p type back
junction solar cell with an Al printed front side
grid and a passivating n" type polysilicon on oxide
contact at the rear side”, Solar RRL, Vol. 4, No. 12,
2000435,

[15) Haase, . et al. 2018, “Laser contact openings for
local poly-Si-metal contacts enabling 26.1%-efficient
POLO-IBC solar cells”, Sol. Energy Mater. Sol. Cells, Vol.
186, pp. 184-193.

[16] Smith, D.D. et al. 2016, “Silicon solar cells with
total area efficiency above 25%’, Proc. 43rd IEEE PVSC,
Portland, Oregon, USA, pp. 3351-3355.

[17] Plummer, ].D,, Deal, M.D. & GCriffin, P.B. 2000,
Silicon VLSI Technology: Fundamentals, Practice and
Modeling. Upper Saddle River, NJ: Prentice Hall.

[18] Baudrant, A. & Sacilotti, M. 1992, “The LPCVD
polysilicon phosphorus doped in situ as an
industrial process’, J. Electrochem. Soc., Vol. 129, pp.
1109—-1116.

[19] VDMA 2021, “International technology roadmap
for photovoltaic (ITRPV): 2020 Results’, 12th edn
(Apr.) [https://itrpvvdma.org/en/].

[20] Feldmann, F et al. 2019, “Large area TOPCon
cells realized by a PECVD tube process’, Proc. 36th EU
PVSEC, Marseille, France.

[21] Temmler, J. et al. 2018, “Inline PECVD deposition
of poly-Si-based tunnel oxide passivating contacts,
physica status solidi (a), Vol. 215, doi101002/
Pssa.201800449.

[22] Buchner, C. 2019, “Role of equipment in PV
evolution’, PV CellTech 2019, Penang, Malaysia.

[23] Merkle, A. et al. 2018, “Atmospheric pressure
chemical vapor deposition of in-site doped
amorphous silicon layers for passivating contacts’,
Proc. 35th EU PVSEC, Brussels, Belgium.

[24] Yan, D. et al. 2018, “23% efficient p-type
crystalline silicon solar cells with hole-selective
passivating contacts based on physical vapor
deposition of doped silicon films”, Appl. Phys. Lett,,
Vol. 113, 061603, d0i:10.1063/1.5037610.

[25] Jolywood 2020, “Jolywood releases next-
generation J-TOPCon 2.0 technology’, Press

Release (Oct. 23) [http://wwwjolywood.cn/tnf/
NewsDetails-99-868 html].

[26] Stodolny, M.K. et al. 2016, “N-type polysilicon
passivating contact for industrial bifacial n-type
solar cells”, Sol. Enerqy Mater. Sol. Cells, Vol. 158, pp.
24—28, d0i:10.1016/j.s0lmat.2016.06.034.

[27] Ciftpinar, H.E. et al. 2017, “Study of screen

www.pv-tech.org

printed metallization for polysilicon based
passivating contacts’, Energy Procedia, Vol. 124, pp.
851-861, d0i10.1016/j.egypro.2017.09.242.

[28] Mayberry, R. et al. 2019, “Laser enhanced contact
optimization (LECO) and LECO-specific pastes — A
novel technology for improved cell efficiency’, Proc.
36th EU PVSEC, Marseille, France.

[29] Groser, S. et al. 2022, “Microscale contact
formation by laser enhanced contact optimization’,
IEEE ]. Photovolt, Vol. 12, No. 1, pp. 26—30, doi:10.1109/
JPHOTOV.2021.3129362.

[30] Fellmeth, T. et al. 2021 [submitted], “Laser
enhanced contact optimization on i-TOPCon solar
cells”, Prog. Photovolt: Res. Appl.

[31] Haegel, N.M. et al. 2019, “Terawatt-scale
photovoltaics: Transform global energy’, Science, Vol.
364, pp. 836—838, doi:10.1126/science.aawl845.

[32] Verlinden, PJ. 2020, “Future challenges for
photovoltaic manufacturing at the terawatt

level’, J. Renew. Sustain. Energqy, Vol. 12, 53505,
doi:10.1063/5.0020380.

[33] Gribel, B. et al. 2021, “Direct contact
electroplating sequence without initial seed layer
for bifacial TOPCon solar cell metallization”, IEEE].
Photovolt, pp.1—7, doi101109/JPHOTOV.2021.3051636.
[34] Gribel, B. et al. 2021 [submitted for publication],
“Plating metallization for bifacial i-TOPCon silicon
solar cells”

[35] Gritbel, B. et al. 2019, “Plated Ni/Cu/Ag for
TOPCon solar cell metallization”, Proc. 36th EU
PVSEC, Marseille, France, pp. 1-5.

[36] Kluska, S. et al. 2020, “Plating for passivated-
contact solar cells” Photovoltaics International, Vol.
44, pp. 98-110.

[37] Kluska, S. et al. 2022, “TOPCon solar cells with
plated contacts on poly-Si thickness below 100 nm’,
Proc. 12th SiliconPV, Konstanz, Germany.

About the Authors
Jochen Rentsch is head of the
Production Technologies — Surfaces
and Interfaces department at
Fraunhofer ISE. He studied physics at
the Technical University of
Braunschweig, obtaining his diploma
degree in 2002. He then received his Ph.D. in physics
in 2005 from the Albert Ludwig University of
Freiburg, Germany. His research at Fraunhofer ISE
focuses on the development of rear-passivated solar
cells, new wet- and dry-chemical processing
technologies, and the coordination of cell
technology transfer projects.

Tobias Fellmeth studied physics at
the University of Konstanz, and
received his diploma degree in 2009
for his work at Fraunhofer ISE on
the development and
characterization of MWT



M Cell Processing | PV technology readiness

concentrator solar cells. He received his Ph.D.
from the University of Tiibingen in 2014 for his
research on silicon-based, low-concentrator solar
cells. He is currently a scientist and project

manager at Fraunhofer ISE, where he focuses on
the development of bifacial PERC and TOPCon
solar cells.

Sebastian Mack studied physics at
the University of Jena, Germany. In
2008 he joined Fraunhofer ISE, where
he carried out research for his

doctoral degree on thermal oxidation
processes for industrial silicon solar
cells. Since then, he has been working as a scientist
in the Thermal Processes group. Over the last few
years, he has been responsible for the development
of process sequences for industrial p- and n-type
TOPCon solar cell fabrication.

Bishal Kafle works as a scientist at
Fraunhofer ISE. He received his M.Sc.
and Ph.D. degrees in microsystems
engineering from the University of

Freiburg, Germany, in 2011 and 2017
respectively. His current research
focuses on the integration of industrial relevant
processes into novel cell architectures, such as
passivated contact solar cells, and techno-economic
assessment of various cell architectures in terms of
cell/module/system costs and levelized cost of
electricity (LCOE).

Sebastian Nold is head of the
Techno-economic and Ecological
Analyses team at Fraunhofer ISE. He
studied industrial engineering at the
Karlsruhe Institute of Technology

(KIT), Germany, and at the University
of Dunedin, New Zealand, earning his diploma in
industrial engineering at the KIT in 2009. In 2018 he
completed his doctoral thesis at the Albert Ludwig
University of Freiburg (Germany). Since 2008 he has
been working at Fraunhofer ISE in the areas of cost
modelling, technology assessment and techno-
economic and ecological evaluation of new concepts
for the production of silicon solar wafers, cells and
modules as well as emerging PV technologies.

Baljeet Goraya is a project manager
within the Techno-economic and
Ecological Analyses team at
Fraunhofer ISE. He completed his
BEng. in mechanical engineering at
MSRIT, India, in 2011, and studied
renewable energy engineering and management at

the Albert Ludwig University of Freiburg, receiving
his M.Sc. in 2016. Since joining Fraunhofer ISE in

www.pv-tech.org

2019, his work has focused on the techno-economic
evaluation of established and emerging, next-
generation solar PV technologies as well as
evaluating production processes for PEM fuel cells.

a

Germany, for his work on sintered porous silicon

Andreas Wolf studied physics at the
Technical University of Darmstadt,
Germany, and at the Royal Institute
of Technology, Stockholm, Sweden.
In 2007 he received his Ph.D. from
the Leibniz University of Hannover,

and layer transfer silicon solar cells, which he
carried out at the Institute for Solar Energy
Research Hamelin, Germany. Since 2008 he has
been with Fraunhofer ISE, where he currently
heads the Thermal Processes group in the
Photovoltaics division.

Sven Kluska studied physics at the
Albert Ludwig University of
Freiburg and received his Diploma
in 2010. He joined Fraunhofer ISE to
pursue a Ph.D. in the field of laser
chemical processing for silicon solar
cells, and received his Ph.D. from the Albert Ludwig
University of Freiburg in 2011. His research
interests include electrochemical processing for
solar cell applications, with a focus on plating
metallization. He is currently co-head of the
Electrochemical Processes group.

S

economics at the University of Hagen, and received

Ralf Preu joined Fraunhofer ISE in
1993 and is director of the
Photovoltaics division, with a focus
on production technology. He
studied physics at the Universities
of Freiburg and Toronto, and

his Ph.D. in electrical engineering and electronics
from the University of Hagen in 2000. He has been
teaching photovoltaics at the University of
Freiburg since 2008, and has published more than
300 papers in scientific journals and at
international conferences.

Enquiries

Dr. Jochen Rentsch

Fraunhofer Institute for Solar Energy Systems (ISE)
Heidenhofstrasse 2

79110 Freiburg, Germany

Email: jochenrentsch@ise fraunhoferde
Tel: +49 (0)761 4588-5199





