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Development of the PERC Solar Cell

Andrew Blakers

Abstract—This paper reviews the development of the passivated
emitter and rear cell (PERC) silicon solar cell in the 1980s, which
set several efficiency records, but was not taken up commercially at
the time. Following extensive development of suitable fabrication
processes, materials, and production tools, the PERC solar cell
is now on track to become the dominant commercial solar cell.
Since photovoltaics (PV) itself is on track to become the dominant
energy generation technology, the PERC is having a global impact
in both energy generation and greenhouse gas emission reduction.
Assuming an average growth rate of annual PV installations of
25%, PV mitigation of greenhouse gases will reach about 5% in
2022, including 2 % from PERCs, with much higher values expected
later in the 2020s. This review focuses on the period of development
of the PERC during the 1980s.

Index Terms—Passivated emitter and rear cell (PERC), photo-
voltaics (PV), silicon solar cell.

1. INTRODUCTION

N 2017, solar photovoltaics (PV) constituted 40% of global
I net new electricity generation capacity additions with fos-
sil, nuclear, wind, hydro, and other renewables constituting the
balance (see Fig. 1). PV is growing much faster than the other
generation technologies and may exceed half of global net new
generation capacity annual additions by 2020.

Continued rapid growth of PV (and wind energy) would have
a major impact on global emissions of greenhouse gases by dis-
placing coal and gas electricity generation. The average growth
rate of PV in terms of annual new deployment has been about
30% per year over the past ten years [1]. This growth rate, if
continued until 2025, would result in PV producing 10% of the
world’s electricity.

For decades, about 90% of global solar cell production has
been of the aluminum back surface field (Al-BSF) design. This
cell design offers moderate efficiency and simple and reliable
fabrication, and utilizes vast experience in terms of manufactur-
ing tools, materials, and procedures.

The cell manufacturing cost (separate from polysilicon and
wafering) represents about one-quarter of the module cost, while
the module cost is about one-half of the system cost [8]. Thus,
the cell fabrication process is about one-eighth of the completed
system cost. Most module and system costs depend upon the area
of cell deployed and, hence, depend inversely on cell efficiency.
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Fig. 1. PV has experienced sustained rapid exponential growth over decades,
while other generation technologies are currently experiencing static or negli-
gible sales [1]-[7].
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The cost of a solar cell as a proportion of the cost of a com-
plete PV system continues to fall. This is because most sys-
tem components (such as transport, land, fencing, steel support
structures, wiring, aluminum frames, and glass) have greater
commercial maturity than the solar cell and, hence, have fewer
opportunities for price reduction. This places a premium on cell
efficiency, since an increase in cell efficiency leverages cost re-
ductions across most of the value chain by reducing the area of
components that needs to be deployed for a given power rating.
In contrast, a corresponding decrease in cell cost in terms of
dollars per square meter has substantially less impact.

Approaches such as back contact cells and heterojunctions
offer high performance for commercial cells (approaching 25%
efficiency) albeit at relatively high cost and requiring substantial
changes to standard industrial cell processing technology. The
passivated emitter and rear cell (PERC) design offers current
and future commercial cell efficiency in the range 21-24% [8]
and requires relatively few changes to standard Al-BSF pro-
cessing. This allows existing industrial equipment, materials,
and processes to continue to be used.

The PERC solar cell design is rapidly gaining market share
in the PV industry. The main motivation for the shift to the
PERC is improved efficiency compared with the incumbent Al-
BSF cell. The major advantages of the PERC over the Al-BSF
cell are reduced rear-surface recombination and improved rear-
surface reflectivity. According to the International Technology
Roadmap for PV, the PERC constituted 20% of the PV industry
in 2017 and will reach 50% of the global PV industry in the
2020s (see Fig. 2) [8].
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Fig. 2. Worldwide market shares for different silicon cell technologies.
Reprinted from [8].

A move fromreliance on 18-19% efficient AI-BSF multicrys-
talline solar cells in 2017 to 22-24% efficient monocrystalline
PERCs in 2025 offers an efficiency increase of one-quarter,
which translates to a substantial decrease in the price of elec-
tricity from large-scale PV systems.

In 2017, PERC sales were about 20 GW, which constituted
about 8% of global net new generation capacity additions from
all sources. Cumulative sales of PERC modules to the end of
2017 were about 37 GW with a value of about US$16 billion.
These calculations draw upon historical volume and price data
for PV and the PERC sales fraction [8]. Much larger PERC
fractions and cumulative sales could occur in the near future.

At the end of 2017, PERC modules were mitigating about
60 million tons of COy emissions per year (about 0.16% of the
global total) through displacement of coal burning. This rough
estimation assumes annual PV output of 1500 kWh per kilo-
watt installed (averaged across rooftop and ground-mounted
systems) and displacement of coal that has an average emis-
sion intensity of 1 t of carbon dioxide per megawatthour. The
PV industry as a whole is currently mitigating about 2% of
global greenhouse gas emissions, and the wind energy industry
is mitigating 3%. Assuming an average growth rate of annual
PV installations of 25%, PV mitigation will reach 5% in 2022,
including 2% from PERCs, with much higher values expected
during the 2020s.

In light of the global impact of the PERC solar cell design,
it is interesting to review the development of PERCs at the
University of New South Wales (UNSW) in Australia during
the 1980s.

II. DEVELOPMENT OF THE PASSIVATED EMITTER
AND REAR CELL

The 1980s was a period of steady improvement in silicon
solar cell performance in several research laboratories. UNSW
entered the field following work to develop metal-insulator—
semiconductor (MIS) solar cells by Green and Godfrey [9].
The key feature of the MIS cell is continuous passivation of the
upper surface including under the metal contacts via a thin oxide
that allows tunneling of current between the wafer and the metal
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Cross section of the reported 18% efficient solar cell. Reprinted from

contact. A V. of 678 mV (AMO, 25 °C) was reported by Blakers
and Green in 1981 [10] for a cell that used a combination of an
MIS contact and a light surface phosphorus diffusion (“metal-
insulator-N-P (MINP)”).

An 18% efficient cell was reported by Blakers et al. in 1984
[11]. Features of the cell were a 0.1-0.2-2-cm p-type float-zone
substrate, light phosphorus diffusion (>100 €2 per square), pas-
sivation of the top surface of the cell with thermal oxide, reduced
optical reflection losses by using a double-layer antireflection
coating (ZnS/MgF5), and silver electroplating to reduce resistive
losses in the cell. The cell had a polished front surface. In order
to reduce recombination at the front metal contact (Ti/Pd/Ag),
the cell used the MINP design and had a moderate contact area
(4.6%). The rear surface comprised an alloyed aluminum layer.
Fig. 3, taken from the original paper, shows the cell in cross
section. The V. was 643 mV at 28 °C.

An improvement to 19% efficiency was reported soon after-
wards by Green et al. [12] for cells independently measured at
the Solar Energy Research Institute (SERI, the forerunner of
the National Renewable Energy Laboratory). Cell design was
similar, and efficiency improvement came from tweaking the
cell fabrication process. The best cells dispensed with the MIS
contact because the oxide layer added to process complexity but
did not increase efficiency (at this modest V). The acronym
“PESC” (passivated emitter solar cell) was introduced. The top
metal contact fraction (around 1%) was lower than in the 18%
MINP cell, and the V,. was a little higher at 653 mV. Both
the MINP and PESC design reached a V,. of 690 mV (AMO,
25 °C) in test cells.

Addition of photolithographically defined micro grooving to
reduce front surface reflection and introduce light trapping re-
sulted in the first report of a 20% efficient cell by Blakers and
Green [13] in 1986. Fig. 4, taken from the original paper, shows
the cell in cross section. The SERI measured the cell as 20.9%
efficient with a V. of 661 mV at 28 °C.

Development of high-efficiency cells at UNSW was guided
by a philosophy of “improve the V. first and the current and fill
factor will follow.” Passivation of the front surface suppressed
recombination and allowed voltages to rise. Minimization of re-
combination at the front metal contact was achieved by variously
minimizing the contact area, by interposing a thin passivating
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Fig. 4. Cross section of the first reported 20% efficient solar cell. Reprinted
from [13].

tunnel oxide between the silicon and metal, and by diffusing the
region beneath the metal. The area between the metal fingers
(about 99% of the front surface) was passivated with a thermal
oxide, which also prevented the silver-plating on the fingers
(which spilled out beyond the contact openings as illustrated in
Fig. 4) from contacting the silicon.

As V,. rose above 650 mV, demonstrating that the front sur-
face passivation was effective and that minority carrier diffusion
lengths were comparable with the wafer thickness, attention
turned to minimizing recombination at the rear surface. The rear
surface of these early cells comprised alloyed aluminum—a so-
called back surface field (BSF). It was known (by analogy with
the front surface) that oxide passivation (rather than metalliza-
tion) of most of the rear surface would reduce recombination.
Thus, the Al-BSF layer on the rear surface was recognized as
limiting progress toward higher cell efficiency because of high
recombination rates and poor reflectivity.

The aluminum-silicon alloy is a good gettering layer, which
was important for coping with poor cleanliness in diffusion and
oxidation furnaces. Typically, the alloying occurred simultane-
ously with the passivation oxidation for the front surface. Impor-
tantly, deletion of the aluminum alloying step caused reduced
cell performance due to degradation of the minority carrier life-
time during furnace steps.

Reducing the metal—silicon contact area on the rear would
reduce rear-surface recombination, by analogy with the low-
area metal contact on the front surface. A bifacial design in
which the rear metal is restricted to 5—10% of the surface, with
a passivation dielectric covering the rest of the rear surface, was
one possibility. Another was to extend the rear metal across the
entire rear surface to create an effective mirror, but to restrict
the metal contact fraction by including a passivation dielectric
between the silicon and the aluminum. The overlap of plated
silver over the passivation oxide on the front surface (see Fig. 4)
partially used this concept. The optical advantage of a high-
quality rear-surface mirror was appealing.

The introduction of chlorine processing to UNSW for con-
tamination control, initially using compressed HCI and later
using 111 trichloroethane [14], was important because high mi-
nority carrier lifetimes (~1 ms) could then safely and reliably
be achieved without the use of rear-surface aluminum alloy
gettering.

oxide
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Fig. 5. The PERC cell. Reprinted from [16].

In 1988, promising cells with the PERC structure were devel-
oped, and cell efficiencies of 22-23% were reported by Blakers
et al. in 1989 [15]-[18]. The PERC acronym was introduced
as an extension of the previous PESC acronym. The distinctive
feature of PERC:s is the rear surface, where optical and recombi-
nation losses were greatly reduced compared with BSF cells by
using an aluminum reflector atop a rear passivation dielectric.
Contact between the silicon and aluminum was achieved via
an array of small holes in the dielectric covering about 1% of
the rear surface with spacing of around 1 mm. The rear contact
fraction and spacing is a tradeoff between recombination and
resistance losses. Fig. 5 taken from an original paper shows the
PERC in cross section. This simple structure is capable of high
efficiency.

In the early PERCs, a thermal passivating oxide was grown on
the rear surface, and an array of small holes were opened using
photolithography. Aluminum was then evaporated onto the rear
surface followed by sintering in forming gas at 250-400 °C.

Inverted pyramids (via photolithography) and random pyra-
mid texturing were introduced to reduce reflection losses com-
pared with micro grooves at the nontextured “ridge-tops” of the
grooves, and to improve light trapping due to scattering of light
by pyramid facets into the third dimension.

The front surface included a selective phosphorus emitter
(heavier beneath the metal contacts), antireflection coating, and
thermal oxide passivation. Oxide passivation of the front and
rear surface was improved by aluminum annealing or wet form-
ing gas annealing at 400 °C, and the best voltage observed was
705 mV.

The initial high-performance PERCs had no p+ layer at the
rear contact points. This was a simple design that took advantage
of the fact that nonalloyed aluminum can make low resistance
contact directly to a low-resistivity p-type wafer (0.1-0.5 2-cm)
without surface diffusion, whereas similarly doped n-silicon is
difficult to contact so simply. A rear contact fraction in the range
0.1-10% worked well for low-resistivity p-type silicon and was
later refined using spreading resistance calculations.

The simplicity and speed of the PERC fabrication process was
important—it allowed rapid progress to be made. It was soon
obvious that the PERC could produce high open-circuit voltage
and was better than alternatives, and a team of six people began
working on the cell.
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In some cells, the aluminum was alloyed into the silicon at the
rear point contacts at temperatures above 600 °C. However, the
results without alloying were better, and this approach was not
continued. Problems encountered included voids and damage
to the rear oxide. Later work by many others has resulted in a
commercially feasible method of implementing this approach,
as described in Section IV.

It was clear that including a boron diffusion at the back
surface had the potential to further improve cell performance,
albeit at the expense of added complexity. Boron diffusions
(from solid sources, spin-on films, and boron tribromide) cov-
ering a few percent (passivated emitter, rear locally diffused—
“PERL”) or the entire rear surface (passivated emitter, rear to-
tally diffused—“PERT”) were explored during 1988. At the
time, there was insufficient knowledge at UNSW of techniques
to preserve minority carrier lifetime during boron diffusion,
and cell performance was slightly below cells without boron
diffusion.

Some cells were made using n-type substrates with an MIS
contact at the rear with indifferent results. The great convenience
of using a well-understood and reliable phosphorus diffused
emitter on a p-substrate would have to be eschewed in favor of a
boron-diffused emitter on an n-substrate. For this reason, the fo-
cus remained on p-type substrates, which the PV manufacturing
industry has favored throughout its history.

In the 1990s, further improvements to PERL and PERT labo-
ratory cells were made at UNSW, leading to cells in the 24-25%
efficiency range, by the authors of [19]-[23]. These cells fea-
tured excellent light trapping and reflection control, optimized
grid design to maximize the fill factor, excellent surface passi-
vation, and high minority carrier lifetimes. The silicon solar cell
efficiency record remained at UNSW until recently.

III. INTERDIGITATED BACK CONTACT AND BIFACIAL
SOLAR CELLS

The work at UNSW was paralleled by work elsewhere
covering improved surface passivation, cell design, and other
features. The UNSW group benefited substantially from
concurrent work in developing bifacial and interdigitated back
contact (IBC) cells.

In 1985, a startling V,. of 720 mV was achieved in a test
structure comprising a 50-pum-thick 0.5-§2-cm p-type wafer pas-
sivated with a mixture of silicon dioxide and microcrystalline
silicon [24]. The p-contact was made with Ga—In metal at the
edge of the wafer. This demonstrated that much higher cell ef-
ficiencies were possible than hitherto demonstrated.

Cuevas has reviewed the development of bifacial solar
cells [25]. An innovation reported in 1977 by Chevalier and
Chambouleyron was a device in which the rear metal grid made
contact to the substrate, while the rest of the rear surface was
passivated (and unmetallized) [26]. Notable contributions to
bifacial cells including rear-surface diffusions and improved
cell efficiencies came from the University of Madrid [27],
[28], the Fraunhofer Institute for Solar Energy Systems,
Comsat, Solarex, and AEG Telefunken. In 1988, Knobloch
et al. reported bifacial cell test structures with a widely spaced
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Fig. 6. IBC cell. Reprinted from [32].

rear-surface grid that included a local BSF beneath the grid
with surface passivation elsewhere [29].

Novel MIS structures and the use of charged dielectrics (alu-
minum oxide and silicon nitride) for low-temperature surface
passivation were investigated by Hezel and Jaeger [30]. These
films have found widespread application and were applied to
PERC and other cells at the Institute for Solar Energy Research
with good results [31].

Research groups, particularly those from Stanford University
and the University of Louvain, developed excellent IBC silicon
solar cells during the 1980s, primarily for concentrator appli-
cations [32]-[35]. Both contact polarities were located on the
rear surface (see Fig. 6) to eliminate obscuration of light (which
is helpful for a concentrator cell). These groups faced similar
problems to the UNSW group, and the device designs converged
in many respects.

These IBC cells featured excellent surface passivation on
both surfaces, boron and phosphorus point-contact (small-area)
diffusions for electrical contact, lightly doped substrates, high
minority carrier lifetimes, surface texturing for reflection con-
trol and light trapping, and reflection of infrared light by the
rear-surface metallization. Cell efficiencies of 22% (with V. of
681 mV) under one-sun illumination and 27.5% under concen-
tration were reported in 1986 [32]. In 1989, the SERI confirmed
one-sun efficiency of 22.3% and V,. of 703 mV for an IBC
cell [34]. The IBC cell fabrication process used in this research
was complicated. Subsequently, a simplified version was devel-
oped and commercialized for nonconcentrator applications by
the SunPower company.

Good control over device processing and detailed character-
ization allowed the Stanford group to adapt IBC cells to have
metal contacts on both surfaces (see Fig. 7). In 1990, bifacially
contacted cells with an efficiency of 22% and V,. of 700 mV
under one-sun illumination, and 26% under concentration, were
reported [36].

IV. COMMERCIAL PASSIVATED EMITTER AND REAR CELLS

Many of the materials and processes used in laboratory
PERCs were unsuitable for commercial production. A period of
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Fig. 7. Adaptation of IBC cells to bifacial metal contacting. Reprinted
from [36].
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Fig.8.  Typical commercial PERC solar cell with AlOy/SiNy rear passivation

and local screen-printed Al rear contacts formed by laser-opening of the rear
dielectric. Reprinted from [38].

25 years elapsed between the first laboratory cells and the first
substantial production of PERCs. During this period, most com-
mercial solar cells were fabricated on p-type silicon substrates
with an alloyed aluminum rear surface—the Al-BSF approach.

Centrotherm announced its Centaurus PERC in 2011 fea-
turing a local Al-BSF rear contact, PECVD passivation layer
deposition on the rear surface, laser patterning, and efficiencies
above 19% for 156-mm-diameter wafers [37]. Importantly, “an
easy integration in existing and future production technology
was a main precondition” for the design of the Centaurus cell.

Several variations of the PERC are now under commercial
production. This has been achieved through contributions from
many people and companies to materials, process techniques,
and production machinery. Dullweber and Schmidt have pub-
lished an excellent review of the development of commercial
PERCs [38]. Liu et al. [39] have recently reviewed high-
efficiency cell designs, and Schmidt et al. [40] have reviewed
developments in surface passivation. Key points relating to
the development of commercial PERCs are described here in
summary only. Refer to [38] for a detailed review including
original references.

A typical commercial PERC is illustrated in Fig. 8. The sub-
strate is boron-doped (p-type) single- or multicrystalline silicon.
The front surface has texturing, phosphorus diffusion, screen-
printed silver fingers, and a silicon nitride (SiN) layer. The SiN
layer is simultaneously an antireflection coating and a passiva-
tion coating for the region between the silver fingers. This front
surface design is similar for both Al-BSF and PERCs, which
avoids the need to develop new tools, materials, and processes.

Solar cells made using thick wafers with poor minority carrier
diffusion lengths (less than the wafer thickness) do not benefit
significantly from improved rear-surface passivation. In recent
years, there has been steady progress in improving wafer quality
and reducing wafer thickness, including through the shift to dia-
mond wire sawing and increasing use of high-quality Czochral-
ski monocrystalline silicon wafers. The rear-surface passivation
and improved optical reflectivity provided by the PERC design
now makes a significant difference (around 1.5% absolute [8])
to cell performance compared with the Al-BSF design. This gap
is expected to widen.

The early PERC laboratory cells explored several methods
for making electrical contact between aluminum and silicon
at the rear surface, including nondoped low-temperature direct
contact (sintered at 300-400 °C), alloying the aluminum (at
600-800 °C) and boron diffusions [either at the point contacts
(PERL), or across the entire rear surface (PERT)]. Of these, al-
loying the aluminum proved to be most commercially effective.

The rear surface of the Al-BSF cell comprises alloyed alu-
minum with relatively poor passivation quality and optical re-
flectivity. In contrast, the PERC design features a screen-printed
aluminum layer that makes periodic alloyed contact with the sili-
con surface. Between these regions is a dielectric layer, typically
aluminum oxide and silicon nitride, that passivates most of the
rear surface and also prevents the aluminum from touching the
silicon except in the contact regions (see Fig. 8). Thus, the PERC
design offers reduced rear-surface recombination and improved
rear-surface reflectivity.

The original PERCs had SiO- dielectric passivation on the
rear surface. This can be problematical for commercial produc-
tion for several reasons: the positive charges generally found in
SiO; can cause a depletion region or an n-type inversion layer
to appear at the rear surface, which has the effect of increasing
rear-surface recombination; SiO» by itself cannot readily with-
stand the firing step for the overlying screen-printed aluminum
paste; and high temperature thermal oxidation can cause life-
time degradation in some substrates. Several methods have been
developed to overcome these problems, including the use of
AlO,/SiNy . The AlOy contains negative charges, which causes
accumulation of holes and depletion of electrons at the rear sur-
face, which assists with rear-surface passivation; SiNy is a tough
dielectric that can withstand the firing step for the screen-printed
aluminum paste. While SiNj is already widely used on the front
surface of silicon solar cells, commercial deposition of AlOy
required the development of new tools.

Opening contact windows in the rear-surface dielectric in lab-
oratory PERCs was by photolithography, which is expensive.
The development of high-speed laser ablation of the rear di-
electric to make contact opening allowed low-cost rear-surface
patterning. Substantial work was required to develop suitable
high-speed tools and processes.

The phosphorus diffusion step in production of Al-BSF cells
typically dopes both front and rear surfaces. The subsequent
aluminum alloying at the rear surface overrides the rear-surface
phosphorus doping. In a PERC, only local aluminum alloying
takes place and so phosphorus doping must be excluded at the
rear surface. Commercial processes were developed to deposit



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

a protective dielectric on the rear surface prior to phosphorus
diffusion or to selectively remove the rear phosphorus layer
postdiffusion using a single-sided wet etching process.

The rear metal in laboratory PERCs was evaporated alu-
minum, which is not an economic proposition. Its replacement
by screen-printed aluminum, similar to the Al-BSF cell, al-
lowed continued use of a leading low-cost mass-production
technique.

Silicon and aluminum forms a eutectic alloy in the contact
openings during the firing step, and a thin aluminum doped
region can form at the interface between the eutectic alloy and
the bulk of the silicon wafer. This reduces contact resistance
and recombination at the contact points. Considerable work was
required to reliably form aluminum alloy contacts, including the
development of specialized metal pastes.

V. CONCLUSION

The development of the PERC built upon earlier work at
UNSW and elsewhere in the development of high-efficiency
silicon solar cell technology. The parallel development of high-
performance IBC and bifacial cells shared many features in
common, including high-lifetime wafer processing, dielectric
passivation of most of both cells’ surfaces, small-area metal
contacts, and rear-surface reflectors.

There was a 25-year gap between development of the PERC
and its widespread commercial adoption. Strong drivers for
more efficient cells have recently arisen due to the falling share
of cell costs as a proportion of total PV system costs. Tech-
niques that allowed low-cost commercial fabrication of PERCs
were developed during the intervening years by many people
and companies. The closeness of the current PERC process and
the older Al-BSF process has allowed a smooth and rapid com-
mercial transition to the PERC.
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