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ABSTRACT: The transition of the passivated emitter and rear cell (PERC) from laboratory to industrial production is
one of the most important chapters in photovoltaic (PV) technology. PERC-based technologies started to dominate the
PV industry in 2018. However, considering the long-time span between the first laboratory prototypes in 1984, the
introduction in industrial pilot lines in 2011, and the subsequent successful implementation in mass production since
2012, this development is also an excellent lesson of the challenges that must be overcome in the development of
efficient industrial PV technology. Fraunhofer ISE has advanced this path over the past decades and has provided
important technological and scientific impulses. This paper gives an overview about milestones in the more than 30
years lasting research activities on PERC at Fraunhofer ISE. With a conversion efficiency progress of +0.4%abs per
year achieved for PERC devices since 2007, Fraunhofer ISE’s PV-TEC pilot-line is close to the progress reported from
industrial pilot lines. We present insights into our latest process optimizations for PERC devices. Our champion power
conversion efficiency of 23.4% is achieved on monofacial M2-format gallium-doped Cz-Si PERC solar cells with

homogeneous emitter and front silver contacts featuring core finger widths of only 14 um.
Keywords: PERC, milestones, efficiency improvement, screen printing, Cz-Si

1 INTRODUCTION

In 1989, the concept of passivated emitter and rear
cells (PERC) was introduced by Blakers et al. [1].

It then took more than 20 years, until 2011, before
PERC solar cells were introduced in industrial pilot lines
by solar cell manufacturers like, e.g., Q CELLS [2-4],
SolarWorld [5], SCHOTT Solar [6], or Bosch Solar [7].

Only one year later, as of 2012, volume production of
monofacial PERC devices started.

With glass-glass module production in place,
SolarWorld was the first to implement bifacial PERC
modules in record time initiated by collaboration with
Fraunhofer ISE in early 2014 [8].

Almost 30 years after its introduction, the PERC
technology took over the majority of global photovoltaic
(PV) solar cell production in 2018 [9].

Fraunhofer ISE has been researching this cell
technology almost from the beginning and can now look
back on a PERC era spanning more than 30 years.
Beginning in 1989 with small area PERC solar cells
fabricated in clean room environment [10], the PERC
concept was transferred to industrial cell formats in the
course of the opening of the Photovoltaic Technology
Evaluation Center (PV-TEC) pilot-line in 2006 [11]. Since
then, large-area PERC devices have been a steady
companion in everyday laboratory life at the PV-TEC.

As an example, in 2011, Fraunhofer ISE could surpass
the “20% efficiency barrier” for large wafer formats as one
of the first and achieved 20.1% energy conversion
efficiency for a 149 cm? metal wrap through boron-doped
Czochralski-grown silicon (Cz-Si) PERC solar cell
metallized by dispensing on the front side [12].

This paper gives a brief overview on the most
important milestones regarding PERC research at
Fraunhofer ISE and shares close-up insight into the latest
p-type silicon PERC technology that has been developed
with industrial focus. A technical cell structure for a mono-
facial PERC solar cell is exemplified in Figure 1.

Detailed reviews on the PERC technology can be
found in the literature, e.g., in [8,13—16].
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Figure 1: Schematic cross section of a monofacial PERC
solar cell with homogeneous emitter.

2 PERC MILESTONES AT FRAUNHOFER ISE

2.1 Progress in energy conversion efficiency

The performance of the PERC development in the
Fraunhofer ISE PV-TEC pilot line since 2007 is illustrated
in the graph shown in Figure 2.

With a mean energy conversion efficiency progress of
+0.4%abs per year (from 2007 to 2023), the PV-TEC pilot-
line is close to the value reported for, e.g., the (pilot) line of
Q CELLS with +0.5%abs per year (from 2014 to 2021) [17].

2.2 Overview on milestones

Table I gives an excerpt on important milestones re-
garding PERC research at and/or by Fraunhofer ISE.

PERC became industrially viable, when the front side
recombination could be sufficiently reduced by, e.g.,
narrower screen-printed front side contacts, improved
silver pastes, improved emitter doping optionally combin-
ed with selective emitters, etc. As example for those de-
velopments, the reduction of screen-printed finger width
over time is reported in [8,18,19], which supported the
benefit of a low recombination active rear side.

Further important roles have played bifacial modules
and half cells and, above all, the cost reduction/quality
improvement of the mono-crystalline silicon wafers
through diamond wire sawing, crystallization improve-
ments, and gallium doping as well as an improved under-
standing of LID and its mitigation.

Fraunhofer ISE was involved in almost all these
developments.
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Figure 2: Development of maximum energy conversion
efficiency within the PV-TEC pilot-line for PERC solar
cells (partly determined at CalLab PV Cells). The
efficiency progress is +0.4%abs per year.

Table I: Excerpt on PERC milestones at/by Fraunhofer ISE.

Year

Description

1988

1989

1993

1994

1997

1999

2000

2001

2003

Introduction of clean room-based research activi-
ties. Originally, they had been directed to work on the
so-called local back surface field (LBSF) solar cell
process, which was introduced as a local AI-BSF [20].

Early use of aluminum as local dopant. First solar
cells with local Al-BSF yielded open-circuit volt-
ages of 660 mV [10].

A 35-step boron-LBSF (B-LBSF) process was im-
plemented [21].

Implementation of a front random pyramid texture
(standard since then until today) and omitting the
B-LBSF [22]. This solar cell type, denoted as RP-
PERC, had to be paid by an efficiency reduction to
21.6%, but helped to omit photo-lithographical (PL)
structuring steps.

Optimization of this B-LBSF process led to an
efficiency of 23.3% on float-zone silicon (FZ-Si)
and 22.0% on high-resistivity Cz-Si [23]. With single
layer and double layer ARCs, a Voc = 700 mV and
a short-circuit current density jsc= 42.0 mA/cm?
were reached, respectively.

Ga-doped Cz-Si proved to be free of light-induced
degradation (LID) [24].

Substantial attention gained the introduction of the
laser ablation of the dielectric [25] and the laser
fired contact (LFC) [26,27] processes on the rear
side, which form disc-like local contact structures.
Both approaches substituted the complex PL-struc-
turing process and have then later been implement-
ed in mass production.

For front SiO2 passivation, an efficiency up to
21.3% was demonstrated [27].

LFC successfully applied to fabricate high-
efficiency ultra-thin solar cells with an efficiency of
20.1% for a wafer thickness of 37 pm [28].

2004

2006

2009

2010

2011

2014

2016

2017

2018

Important milestone for multicrystalline silicon
solar cells: demonstration of an efficiency of 20.3%
(later corrected to 20.4%) for a plasma-textured
multicrystalline silicon solar cell with LFC, a world
record for multicrystalline silicon cells that lasted
10 years [29].

The combination of screen-printed front contacts
with laser-fired local rear contacts through a thick
thermal SiO2 passivation layer was first demon-
strated [30].

PERC processing was transferred to the PV-TEC
pilot-line, incorporating latest technologies [11].

Proof-of-concept of the FoilMet approach, in which
an aluminum foil is used to realize the rear side
contact [31,32].

Demonstration of high-throughput inline PECVD
of Al2O3 [33] being implemented in a pilot line tool
by tool manufacturer Roth&Rau [34]. PECVD
AlO3 became then (one) standard for PERC rear
side passivation in mass production.

Laser doping from phosphosilicate glass after
POCI; diffusion offers the possibility to fabricate a
selective emitter in a single additional processing
step [35]. The implementation of a selective emitter
can improve the energy conversion efficiency by
decoupling the requirements of the emitter for light
conversion and metallization.

Introduction of the thermal oxide passivated all
sides (TOPAS) approach, which became the indus-
try standard in PERC surface passivation [36,37].

Surpass of the “20% efficiency barrier” for large
wafer format (149 cm?) using screen printing or dis-
pensing for the font side finger metallization on a
selective emitter [12].

First solar cell with LFC FoilMet metallization with
an efficiency larger than 21% and fully automatic
integration of the FoilMet technology into an
industrial tool [38].

The introduction of bifacial PERC cells and
modules was generally supporting the successful
transition to PERC [39].

Investigation of the impact of in-situ oxidation,
second deposition and further parameters on the
phosphosilicate glass (PSG)/silicon dioxide (SiOz)
stack layer properties grown on the silicon surface
during POCI; diffusion [40].

Development of an ultrafast regeneration (UFR)
process to prevent up to 98% of the LID effect in
less than 4 seconds process-time [41].

Re-establishing of a PERC baseline after the fire in
the PV-TEC laboratory in February [42].

Development of the passivated edge technology
(PET) to address the cutting losses in today’s solar
cells by a simple, high-throughput post-processing
on separated solar cells [43]. This proprietary
development for reduction of edge recombination
was initially trialed on bifacial PERC shingle solar
cells [44].
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2022 PERC solar cells fabricated out of 100% recycled
silicon (without the addition of commercial ultra-
pure silicon) [45].

2023 Champion monofacial PERC solar cell with homo-
geneous emitter in M2 format (156.75 mm edge
length, 210 mm diameter) achieves an energy con-
version efficiency of 23.4%; see Chapter 3.

3 RECENT PERC TECHNOLOGY

The latest cell efficiency improvements at the end of
2023 have been achieved thanks to an optimized front side
texture and ultra fine line front side metallization, taking
advantage of the high-quality homogeneous emitter
formation and passivation.

3.1 Process flow

Figure 3 shows our most recent PERC baseline
process flow. Pseudo-square p-type gallium-doped Cz-Si
wafers with M2 format and a base resistivity of about
0.6 Qcm serve as starting material. After alkaline textur-
ing, a tube furnace diffusion with phosphorus oxychloride
(POCls) as liquid dopant precursor and in-situ oxidation
forms the homogeneous emitter with an emitter sheet
resistance Rsh ~ 100 Q/sq.

Subsequently, the rear side phosphosilicate glass
(PSG)/silicon dioxide (SiOz2) layer stack [40] is removed
in an inline wet-chemical etching process followed by the
alkaline etching of the rear emitter and the PSG etching on
the front side in a batch process. A wet-chemical batch
cleaning step precedes thermal oxidation, in which a SiOz
layer is grown on the silicon surface.

The rear surface passivation is then formed by plasma-
enhanced chemical vapor deposition (PECVD) and
consists of a layer stack including aluminum oxide (AlOx),
silicon-oxynitride (SiOxNy), and silicon nitride (SiNx).

The front side is capped by a dual layer anti-reflection
coating consisting of PECVD SiNx and PECVD silicon
oxide (SiOx), serving as anti-reflection coating and
surface passivation.

An infrared laser process locally ablates the rear layer
stack to form the disc-shaped laser contact openings (LCO)
with a pitch of 600 pm in a periodic square arrangement.

The front and rear metallization is applied by screen
printing using commercially available metal pastes. For
the formation of the rear electrode, an aluminum paste is
printed on the full area of the laser structured rear
dielectric layer stack. The busbarless front silver grid
features either (Grl) a nominal screen opening width of
Wesereen = 20 pm with 120 fingers or (Gr2) wescreen = 15 pm
with 156 fingers. For both groups, a 520/11-knotless mesh
is used. The nominal metallization fraction is almost equal
for both screens.

Finally, contact formation by inline furnace firing with
temperature variation, laser-enhanced contact optimiza-
tion, and current-voltage testing are performed.

3.2 Results

With the optimizations discussed at the beginning of
this chapter and the process flow depicted in Figure 3, we
could achieve an energy conversion efficiency # = 23.4%
with open-circuit voltage Voc = 693 mV, short-circuit cur-
rent density jsc = 41.5 mA/cm?, and fill factor FF = 81.5%
for a monofactial PERC solar cell from Gr2 (measurement
at CalLab PV Cells on a black chuck: ‘grn|grn, nrc’

according to [46]). A photograph of a sister to the
champion cell is shown in Figure 4.

The measured current-voltage data for both groups is
given in Figure 5. The PERC solar cells from Gr2 yield a
mean efficiency benefit of about Amean = +1.0%abs. While
the values for jsc and Voc are very similar for both groups,
the mean FF' in Gr2 is increased by AFFmean = +3.3%abs.
This corresponds to a mean series resistance reduction of
ARS mean = - 0.58 Qcm (not shown in Figure 5) for Gr2
with the screen with Wesereen = 15 wm and the larger finger
number.

As can be seen in Figure 6, the silver finger of Grl
shows mesh marks, while for Gr2, the finger contour is
quite straight. For the latter, a core finger width of about
14 pm is found. The benefit in Rs for Gr2 not only
originates from the increased finger number, but also from
the fact that the silver paste used showed an improved
printability for the narrower finger openings for Gr2. As
can be seen in the scanning electron microscope (SEM)
image depicted in Figure 7, the silver fingers of Gr2
feature a desirable homogeneity.

The SEM image of the cross section of this finger,
shown in Figure 8, illustrates the core finger width being
about 14 um with a similar value for the finger height.

Cz-Si:Ga (M2 wafer format, p, = 0.6 Qcm)
Alkaline texture
( POCI, diffusion
( Removal rear PSG/SiO, layer (inline)
[ Alkaline etching rear emitter (batch)
PSG etching front side (batch)
Wet-chemical cleaning (batch)
Thermal oxidation
Rear side PECVD: AlO, / SiOyxNy / SiNy
Front side PECVD: SiNy / SiOy (dual-layer ARC)
Rear side local laser contact opening
( Rear side full-area aluminum screen printing
Front side silver screen printing (520/11-knotless mesh)
20 um, 120 finger

15 um, 156 finger
Fast firing

( Laser-enhanced contact optimization
( Current-voltage measurement

Figure 3: Schematic illustration of the latest PERC base-
line process flow with homogeneous emitter at the PV-TEC
pilot-line of Fraunhofer ISE as of the end of 2023.

Ty

Figure 4: Photograph of one of the PERC solar cells with
dual layer anti-reflection coating from Gr2.
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Figure 5: Current-voltage data for the monofacial PERC
solar cells fabricated according to Figure 3. The data is
corrected with respect to the CalLab PV Cells measure-
ments.

—— Core width: 16.15 pm —— Core width: 13.64 um

—— Shading width: 19.48 um | — Shading width: 17.03 pm

Figure 6: Confocal laser-scanning microscope images of
a front silver finger for both groups from Figure 3. The
widths are evaluated using the image analysis software
“Dash” developed at Fraunhofer ISE [47,48].
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Figure 7: Scanning electron microscope image of a front
silver finger from Gr2 at an angle from above.

Figure 8: Scanning electron microscope image of a cross
section of the front silver finger from Figure 7 (Gr2).

4 SUMMARY AND CONCLUSION

The PERC technology has been a constant topic of
research since its introduction 35 years ago. After achieving
several milestones, the technology was successfully trans-
ferred to mass production 12 years ago.

We review these milestones in the light of our most
recent progress and share our insights gathered from more
than 30 years PERC experience with the community.

PERC technology is supposed to remain an industrially
interesting and important cell architecture for the foresee-
able future. Until today, PERC is the most deployed PV
technology ever since.

However, the largest capacity increase today occurs
with the very related tunnel-oxide passivated contact
(TOPCon) technology. Thereby, the TOPCon device is a
hybrid of a PERC-like front side and a poly-silicon rear
side.
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