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Summary

The International Technology Roadmap for Photovoltaics (ITRPV) is a globally
recognised annual report discussing and projecting photovoltaic (PV) industry trends.
Over the past decade, the silicon PV manufacturing landscape has undergone several
rapid changes. By analysing ITRPV reports from 2012 to 2023, we highlight some key
discrepancies between projected industry trends and estimated actual market share.
Some technologies have vastly exceeded the expected trends, e.g., the passivated
emitter and rear cell and the use of gallium as the dominant p-type dopant. Yet, other
projections have not occurred as quickly as expected, e.g., adopting silicon
heterojunction cells and shifting to n-type wafers. In this work, we provide insights into
the fidelity of projected trends by discussing some of the factors causing such rapid
technological changes. By reflecting on ten years of roadmap data, we highlight the
fast-moving nature of the PV industry, meaning that business-as-usual projections must

be assessed with caution.



Introduction

The ITRPV annual reports highlight developments and trends in the PV market and are
considered a guide for the crystalline silicon PV industry." The ITRPV reports are
published by a group of international experts from across the entire PV supply chain.
The data in the reports are gathered via questionnaires sent to individuals and
companies operating in all sectors of the PV industry up to the creation of the PV
module. These include polysilicon, wafers, cells, modules, and PV manufacturing
equipment. In this article, we analyse the historical ITRPV predictions for silicon solar
cell technologies, and for silicon wafer types. The analysis presented here is based on:
(i) silicon wafer crystalline structure, (ii) silicon solar cell technology, (iii) silicon wafer
polarity, and (iv) p-type silicon dopant element. For each category, the market share
projections from ITRPV reports spanning 2012 to 2023 are analysed.'™ Compiling
historical data allows ITRPV market projections to be compared with annual market
share estimates issued since 2012, which permits assessment of the accuracy of such
projections. Furthermore, a decade of market projections provided a means to identify
trends in such projections for different technologies over time. We examine the
underlying technological factors contributing to the observed trends and discrepancies
in market projections for silicon wafers and cell technologies. Based on our
observations, we discuss the potential impact of recent technological advances on the

future composition of the silicon PV market.

Silicon wafer crystal structure

The silicon wafers used in solar cell manufacturing can have different crystal structures
based on the crystal growth technique employed. The first mainstream commercial
silicon solar cells (based on the aluminium back surface field, Al-BSF technology) were
manufactured with both monocrystalline and multicrystalline silicon wafers.
Multicrystalline wafers are cut from solid ingots formed by directionally solidifying
molten silicon. Due to the lack of a seed crystal to define the growth, the resulting
wafers contain many crystals of different orientation, which leads to more

crystallographic defects. In contrast, monocrystalline wafers are typically fabricated



using the Czochralski (Cz) method, where a seed crystal with a particular crystal
orientation is dipped into molten silicon, held by a pulling rod. As the seed is slowly
removed from the molten silicon and rotated, an ingot is formed with a crystal
orientation matching that of the seed. Consequently, monocrystalline silicon wafers
exhibit lower concentrations of impurities and crystallographic defects than
multicrystalline material. Yet, larger concentrations of interstitial oxygen are
introduced in monocrystalline wafers during wafer growth using the Cz method." Due
to the high concentrations of oxygen and boron (the latter was commonly used as p-
type dopant), monocrystalline wafers were affected by a metastable defect which
caused light (more precisely carrier) induced degradation (LID), known as boron-
oxygen (BO) LID (hence, BO-LID).">!* BO-LID was initially reported to reduce the
conversion efficiency of passivated emitter and rear cell (PERC) and p-type silicon

heterojunction (SHJ) solar cells by 3.5%,, ' and 14.3%.. '®, respectively.

In 2012, multicrystalline silicon wafers represented over 60% of the solar cell market.
The dominance of multicrystalline wafers during that period was related to the lower
processing costs associated with directional solidification '°, lower susceptibility to BO-
LID *°, and higher packing factor of square wafers in solar modules.*" Hence, the use of
multicrystalline silicon increased between 2012 and 2015. The predicted (future) and
current estimated actual market shares for monocrystalline and directionally solidified
silicon wafers as reported in successive ITRPV roadmaps are displayed in Figure 1. In
the figure, Monocrystalline silicon includes Cz, magnetic Cz and float-zone silicon
wafers. Yet, Cz wafers represent over 99% of the monocrystalline silicon market.
Directionally solidified silicon includes traditional multicrystalline, high-performance
multicrystalline, and monolike (also known as cast- and quasi-mono) silicon wafers.
For a comprehensive discussion on crystalline silicon wafer types and processing

approaches see the excellent review by Ballif et al.*
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Figure 1: Silicon wafer crystal structure market projections
Market share projections (colour markers) for monocrystalline and directionally
solidified silicon wafers extracted from the International Technology Roadmap for
Photovoltaics (ITRPV) annual reports. The black markers represent the estimated
actual market share of the year prior to each report. The overlap between black and
colour markers indicates an accurate prediction. The lines serve as a guide to the eye.
Monocrystalline silicon includes Cz, magnetic Cz and float-zone silicon wafers.
Directionally solidified silicon includes traditional multicrystalline, high-performance

multicrystalline and monolike wafers.

Figure 1 indicates a consistent underestimate by the PV industry participants of the
extent to which monocrystalline silicon would overtake directionally solidified silicon
as the preferred wafering technology. When PERC solar cells were first commercialised,
p-type multicrystalline silicon wafers still dominated the solar cell market. The
transition in cell design (from AI-BSF to PERC) was accompanied by the introduction
of additional hydrogen in the wafer’s bulk. The additional hydrogen originates from
the rear dielectric passivation layers and diffuses into the wafers during fast firing.*
This additional hydrogen facilitates the passivation of BO defects (in monocrystalline
silicon)**, electronically active defects introduced by transition metal impurities (e.g.
interstitial iron)*, and crystallographic defects (particularly present in multicrystalline
silicon).* However, the additional hydrogen incorporated in the wafers during PERC
manufacturing introduced a then novel degradation mechanism, referred to as light-

and elevated temperature induced degradation (LETID).**® LETID was initially



reported to reduce the conversion efficiency of PERC solar cells by up to 16%;q.>’
Despite all silicon wafers being susceptible to LETID, the negative impact of the defect
was found to be more severe in p-type multicrystalline silicon wafers.’®*' During that

d **** and the cost of

period, practical solutions for BO-LID were develope
monocrystalline silicon wafers decreased due to improvements in ingot growth and
processing throughput by manufacturers (including the introduction of diamond wire
sawing).* Additionally, passivating both emitter and rear provided a pathway to fully
utilise the high-lifetime (low recombination) potential of monocrystalline wafers.
Combined with LETID concerns in p-type multicrystalline silicon, these factors
contributed to a fast transition towards monocrystalline silicon wafers from 2018. The
short-term predictions for monocrystalline and directionally solidified silicon wafers
usage agreed well with the estimated actual market shares until 2018, after which the
trends rapidly changed in favour of monocrystalline silicon. The market share of
directionally solidified silicon wafers was approximately 3% in 2022, despite
predictions of 2022 market shares of 10-45%. This highlights that the industry shifted

toward monocrystalline silicon much faster and to a broader monocrystalline silicon

usage than predicted.

Solar cell architecture

The main silicon solar cell technologies can be grouped into six categories: (i) Al-BSF,
(ii) PERC, (iii) tunnel oxide passivating contact/polysilicon on oxide (TOPCon/POLO)
where TOPCon is the name most adopted for the technology, (iv) SHJ, (v)
interdigitated back contact (IBC) which includes metal-wrap-through designs, and (vi)
tandem solar cells. A schematic diagram of each cell design is depicted in Figure 2.
Note the schematics illustrate the overall characteristics of each cell design, and design
variations might be observed in commercial products. Commercial tandem solar cells
are not illustrated as the architecture of the first product to enter the market is still to
be determined. Recent progress by OxfordPV, with a conversion efficiency of 28.6% for
a commercial-sized (258.15 cm®) tandem solar cell, suggests that a two-terminal

perovskite on silicon heterojunction solar cell might be the first commercial tandem.*
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Figure 2: Overview of silicon solar cell architectures
Schematic illustration of different single junction silicon cell architectures. *The IBC
structure is presented based on a SHJ contacting scheme; however, multiple different

approaches are possible.

The first mainstream commercial silicon solar cells were based on the Al-BSF cell
design. Al-BSF solar cells are named after the back surface field formed during the fast-
firing step required for contact formation. The conversion efficiency of Al-BSF is
severely limited by recombination losses at the full area silicon to metal rear contact.
The PERC design, which features localised silicon to metal contacts, provided a cost-
effective alternative to AI-BSF in mass production environments,” with better
performance due to much lower rear surface recombination. The significant gain in
performance, combined with inherent similarities in cell designs, meant the transition
to PERC was favourable. Essentially, two additional processing steps (rear passivation
and local opening of rear contacts) are required to transition from Al-BSF to PERC.”’
The benefits associated with the transition are illustrated in the record conversion

efficiency of each cell design. The record PERC solar cell fabricated in 1999 exhibited



a conversion efficiency of 25.0%,°® whereas the record Al-BSF solar cell fabricated in
2017 had a conversion efficiency of 20.3%.% For these reasons, the market share of Al-
BSF solar cells rapidly decreased over the ensuing years, while the market share of

PERC solar cells rapidly increased post-2015.

Figure 4 displays the market share predictions and estimates of actual share for silicon
solar cell technologies based on the ITRPV annual reports. The plot highlights that
predictions for Al-BSF and PERC solar cells were in reasonable agreement with
estimated actual market shares in the short-term. However, the long-term predictions
for PERC were underestimated, as the market share of other technologies (e.g., SHJ,
IBC and tandems) was predicted to rapidly increase. The reports issued between 2013
and 2020 estimated that the predicted adoption of other cell technologies would limit
the market share of PERC to approximately 40-70%. Yet, while the market share of Al-
BSF rapidly decreased from 75% to 10% between 2018 and 2021, the market share of
PERC increased from 35% to over 80%. Several technical factors can help explain the
rapid transition from AI-BSF to PERC. First, a technological breakthrough occurred with
the development of a thin aluminium oxide passivating layer for the rear p-type silicon,
which was soon transferred from research to an industrial scale. Secondly, equipment
manufacturers quickly developed high throughput tools for the additional processing
steps, enabling the new cell design to be implemented without significant disruptive
changes to the cell processing know-how.* Meanwhile, the cost of solar modules
decreased substantially, making improvements in cell efficiency a substantial
contributor to reductions in the levelized cost of electricity. Thus, manufacturers
established brand-new PERC manufacturing lines with new tools (featuring a much
higher throughput) and a cleaner production environment, enabling the technology's
full potential. These factors led to a rapid decommissioning of Al-BSF production. The
rapid decommissioning of Al-BSF technology was well captured in the first China
Photovoltaic Industry Association (CPIA) Development Roadmap from 2016, where
projections indicated a market share of ~ 10% by 2022 for the technology.*' The report
also projected a rapid uptake of PERC and its variants, for which market share would
surpass 75% by 2022.*" In contrast, the market projections on the 2017 ITPRV report
(2016 data) indicated that Al-BSF would still retain a market share > 10% in 2027,



with a much slower PERC uptake reaching = 65% in 2027. The comparison of market

share projections issued by the 2016 CPIA and 2017 ITRPV is depicted in Figure S1.

The practical conversion efficiency limit of PERC solar cells in mass production
environments is estimated to be approximately 24%.* Trina Solar has already reported
a conversion efficiency of 24.5% for a full-area > 441 cm?® industrial PERC solar cell.”
This suggests a new cell technology with greater efficiency potential will be required if
the industry is to maintain the constant =~ 0.5%,,/year historical growth in cell
efficiency.'”* Cell technologies featuring passivating contacts have the potential to
enable conversion efficiencies above 26% in mass production environments. In such
devices, a thin passivation layer is inserted between the silicon wafer and metal cell
contacts, minimising recombination losses at the contact interface.** Currently, two
commercial solar cell technologies feature passivating contacts in their design, namely
TOPCon/POLO and SHJ. Conversion efficiencies of 26.4% and 26.8% were recently
demonstrated for large-area TOPCon *° and SHJ “° solar cells, respectively. The broad

commercial adoption of both technologies is discussed next.

The market share of TOPCon solar cells has been rapidly increasing since they were
first introduced. This is assisted by similarities between the TOPCon and PERC

technologies®>***

, which have similar cell designs, processes and production
equipment. The ITRPV predictions for the TOPCon solar cell market closely match the
estimated actual market shares for the technology so far. This suggests that the rapid
growth in TOPCon market share might be maintained, potentially approaching 60%
within a decade. Yet, the transition from PERC to TOPCon might be even faster, like
the transition from AI-BSF to PERC. This rapid transition is illustrated in recent
announcements by leading manufacturers. JinkoSolar shipped 17.8 GW of solar
modules in the second quarter of 2023, of which 10.4 GW (=58%) were n-type
modules.* While total module shipments rose 36.2% compared to the previous quarter,

n-type module shipments increased 74.1%.* Trina Solar cell capacity is forecast to

reach 75 GW by the end of 2023, with 40 GW based on n-type TOPCon cells.*



Al-BSF, PERC and TOPCon technologies share many similarities, namely diffused
emitters, high-temperature metallisation (well above 600 °C), and surface dielectric
passivation layers. These features however are not shared with SHJ technology, where
the emitter, BSF and passivation layers are formed via deposition of thin amorphous
(or nano-/micro-crystalline) silicon or silicon-rich thin films, and the metallisation is
realised at approximately 200 °C.*° The excellent surface passivation provided by such
films enables high Voc values (> 750 mV reported),” which in turn enable high
conversion efficiencies (well above 25%). The current world record conversion
efficiency of 26.8% for a single junction silicon solar cell based on n-type SHJ
technology clearly illustrates its potential.”> However, this promise has not yet
translated into wide commercial adoption. This is highlighted by the large discrepancy
between the predictions outlined in the ITRPV reports and the actual market share
estimations for SHJ. We also note a similar discrepancy between the predictions
outlined in the CPIA reports and the actual market estimations for SHJ. Despite the
current small market share of SHJ being accurately captured in the 2016 CPIA report,
the 2019 edition predicted a similar growth rate to the ITRPV (see Figure S2). The
2022 CPIA report, however, predicts a more aggressive growth for SHJ technology.
According to the report, SHJ solar cells will approach a market share of 20% by 2025
before passing the 30% mark in 2030 (see Figure S3).>

Several factors contribute to the slow adoption of SHJ technology. The first is related
to the higher capital expenditure (CapEx) of SHJ technology, which, according to the
CPIA, was 360 million RMB/GW for SHJ in 2022.°In the same period, the CapEx of
TOPCon and PERC were of 190 and 150 million RMB/GW, respectively.”> While
turnkey solutions with a guaranteed efficiency level can reduce the entry requirements
for new players, this does not lead to significant reductions in equipment cost. The
second barrier to the uptake of SHJ technology relates to module efficiency, which is
currently at the same level (~22.5%) for leading SHJ and TOPCon products.>* The lack
of significant module efficiency gains over TOPCon makes it hard to justify new
investment in SHJ, given the higher investment in equipment required. The third
relates to sustainability concerns over the use of indium and larger amounts of silver in

SHJ solar cells. Enormous progress has been made recently in the development of low-



indium (e.g., AZO/ITO stacks)*>**® SHJ solar cells in R&D, and some manufacturers are
now implementing measures to reduce indium usage in mass-production.’” However,
further work is required to reduce indium concentrations to a level that could support
multi-terawatt production.”® Similarly, there has been significant progress in the
development of silver-lean® and silver-free®** SHJ solar cells, and the wide adoption
of such technologies by industry could contribute to the uptake of SHJ in the future. A
fourth barrier to the uptake of SHJ technology is the limited number of players. Yet,
several companies have made the move from p-type technology to SHJ. These include
but are not limited to: Risen, Jinergy, Akcome, REC, URECO and Canadian Solar, where
the latter two are transitioning from PERC to both TOPCon and SHJ.>* The last barrier
to the uptake of SHJ technology is their dependence on n-type wafers, which, for a
given thickness are about 6% more expensive than p-type wafers.® However, SHJ
technology uses much thinner wafers than PERC, which contributes to reducing the
wafer cost in SHJ manufacturing. This relates to the low-temperature fabrication
sequence and symmetrical structure of SHJ solar cells. The low temperature
manufacturing enables the use of thinner wafers without incurring additional yield
losses associated with traditional high-temperature processing routes (e.g., PERC,
TOPCon). Thus, some wafer manufacturers now offer 110-um-thick n-type wafers for
SHJ manufacturing at a lower price than 150-um-thick p-type wafers for PERC
manufacturing.®® Yet, switching to p-type at the same thickness could bring costs down

even further.

Here it is important to note that the current record conversion efficiencies for both n-
and p-type single-junction silicon solar cells were achieved using SHJ technology. The
conversion efficiency of the record p-type SHJ solar cell is approximately 0.2%,,s lower
than its n-type counterpart.”® Work from Chang et al. indicates that for this efficiency
gap and a n-type wafer cost premium of 8%, replacing n- by p-type silicon wafers might
be cost-effective for SHJ technology.®® However, the potential advantage of switching
to p-type wafers in SHJ technology becomes less attractive as the cost premium
between n- and p-type wafers diminishes. Challenges to replacing n- by p-type wafers
in SHJ technology include minimising the concentration of interstitial iron in the as-

grown wafers, which even in concentrations as low as 10° cm™ can pose significant



limitations to carrier lifetime in cell concepts where surface recombination is

minimised.®*

To illustrate the key difference in cell processing used in manufacturing, the overall
processing sequences for Al-BSF, PERC, TOPCon and SHJ are depicted in Figure 3. We
note that variations in cell processing/materials occur for different manufacturers,
however, the processing sequences in Figure 3 highlight the key processes used in each
technology. For a detailed cell processing overview see the excellent review article by
Ballif et al.** Here, it is possible to visualise the incremental steps required to move from
Al-BSF to PERC and finally to TOPCon. These similarities in cell processing enabled the
know-how developed over the years to be carried on through the technologies. The
vastly different processing of SHJ solar cells might help to explain their relatively slow
adoption. The same applies to IBC technology. The sequence for IBC solar cells is not
illustrated here due to the many possible approaches for cell fabrication, which can be
achieved via homojunction, high-temperature passivating contacts, or SHJ approaches.
The common feature between all approaches is the use of masking to form the

interdigitated back contacts.
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Figure 3: Silicon solar cell fabrication sequences
Fabrication sequences for AlI-BSF, PERC, TOPCon and SHJ solar cells. This schematic
illustrates the overall similarities and differences in cell processing across silicon solar
cell technologies. The blue boxes indicated processes in common with Al-BSF
technology. The green and pink boxes indicate the additional processes required by
PERC and TOPCon, respectively. The orange boxes indicate processes exclusive to

SHJ. We note that variations in cell processing by different manufacturers occur.

The adoption of IBC cell technology has been less rapid than anticipated. However,
recent product launches by LONGi Solar, Aiko, and Maxeon indicate that this trend
may soon change. Although some p-type PERC manufacturers are shifting toward SHJ
technology, other manufacturers, like LONGi Solar and Aiko, have started offering IBC

modules. LONGi Solar reported module conversion efficiencies of up to 23.2% using



their hybrid passivated back contact (HPBC) design, which combines p-type silicon
wafers with an IBC cell structure.®® This illustrates the potential of applying p-type
silicon wafers to industrial solar cells featuring passivating contacts (interdigitated on
the back side). Aiko Solar reported a maximum mass production module conversion
efficiency of 24% for their n-type all back contact (ABC) technology, based on n-type
silicon wafers and a silver-free IBC structure.®® Maxeon recently reported a commercial
IBC module conversion efficiency of 23% for their Maxeon 6 technology, drawing on

the expertise of over 20 years of manufacturing by SunPower.®’

Finally, we note that silicon tandem solar cells are yet to gain a share in the market,
lagging well behind earlier expectations. The leading tandem product architecture is
still to be determined. A promising candidate is perovskite-on-silicon tandem solar
cells in two- or four-terminal configurations, although lack of the required stability
remains a major obstacle for perovskite-based PV. If perovskite materials are required
for the first tandem PV product to reach the market, then the most recent ITRPV
predictions may well be optimistic in suggesting growth from 2025. Most markets
directly or indirectly require PV modules to have passed the =~ 50 stress tests specified
in the two relevant standards (IEC 61215 for quality and IEC 61730 for safety - note
soon to be amalgamated into a larger IEC 61730). Even if/when laboratory testing
shows the technology can pass these tests, there are still at least two barriers to formal
qualification: (1) metastability in perovskite cells affects the reproducibility of
performance measurements *°, making it difficult to discern the effects of stress testing
definitively; and (2) these standards contain stabilisation requirements that are defined
specifically for the recognised PV material technology types, and no such definitions
are included for perovskites yet. However, Babics et al. recently reported encouraging
results on the outdoor stability of perovskite-on-silicon monolithic tandem solar cells.”
The cells were formed by depositing a p-i-n perovskite on top of a silicon heterojunction
bottom cell, which is the configuration used in record perovskite-on-silicon tandems
with conversion efficiencies exceeding 30%.”"7® In their study, encapsulated cells
retained over 80% of their initial power outdoors in harsh environmental conditions
after one complete calendar year. Yet, the stability of such devices still needs to match

that of commercial silicon modules, where some manufacturers provide guaranteed



power outputs greater than 88% of the module's initial power after 40 years of
operation.”
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Figure 4: Silicon solar cell architecture market projections
Market share projections (colour markers) for silicon solar cell technologies based on
the International Technology Roadmap for Photovoltaics (ITRPV) annual reports. The
black markers represent the estimated actual market share of the year prior to each
report. The overlap between black and colour markers indicates an accurate

prediction. The lines serve as a guide to the eye.

Silicon wafer polarity

In silicon PV, crystalline silicon wafers are doped with group III (e.g. boron or gallium)
or group V (e.g. phosphorus) atoms to increase their conductivity and to provide the
base side of the p-n junction. Doping crystalline silicon with group V atoms increases

the number of available free electrons, and the resulting material is referred to as n-



type silicon. Conversely, doping crystalline silicon with group III atoms creates an
excess of free holes, thus producing p-type silicon. When the first commercial silicon
solar cells were developed, p-type doping was preferred over n-type doping. This was
related to the superior stability of p-type silicon during irradiation studies for space
applications,’® which were the first commercial applications for silicon solar cells. Later,
the terrestrial silicon PV industry was developed drawing on the expertise from early
space PV industry. Thus, the first commercial silicon solar cells for terrestrial
applications were based on p-type silicon wafers, which also benefited from the
manufacturing advantages of phosphorus doped emitters, uniformly doped ingots (B
segregation coefficient), and higher electron minority carrier mobility. Yet,
commercially available n-type wafers normally offer a higher minority carrier lifetime
than p-type wafers of the same resistivity. This is related to the greater sensitivity of p-
type silicon wafers to common metal point defects such as interstitial iron and the

susceptibility of boron-doped Cz-grown silicon to BO-LID.”®

The quality of the bulk wafer becomes more critical to cell performance once other
recombination mechanisms (e.g., surface related) are minimised. Once research for
terrestrial PV applications began, and through the early days of industrial
manufacturing, n-type monocrystalline wafers doped with phosphorus were the wafer
of choice for high-efficiency stable solar cells, due to their inherent immunity to BO-
LID. These wafers are about 6% more expensive than their p-type counterparts of
identical thickness.®* The main factors contributing to the higher cost of n-type wafers
are their still limited market share,”” the lower yield,”® and the lower number of
acceptable recharges during ingot growth’® compared to p-type wafers. The lower yield
and acceptable recharges are related to the inherent requirement of high carrier
lifetime (i.e., low bulk recombination) wafers by SHJ and TOPCon architectures, where
surface-related recombination is much lower than traditional p-type architectures.”
The yield losses arise in variations in minority carrier lifetime and resistivity along an
ingot, which relates to the segregation coefficient and accumulation of impurities
present during crystal growth.”” This creates an impurity-rich region in the tail end of
Cz-grown ingots, which is unmarketable due to the strict lifetime requirements of n-

type technologies.”®” Similarly, impurities can accumulate in the residual melt after



each ingot growth.*® Thus, the accumulation of impurities can negatively impact the
carrier lifetime after each recharging/pulling cycle. This limits the number of ingots

pulled from each crucible to maintain acceptable carrier lifetimes.

Due to the predicted rapid adoption of SHJ technology in industry since 2014, the
market share of n-type silicon was also predicted to rapidly increase (see Figure 5). The
predicted increase in n-type silicon usage however was significantly overestimated, and
it was pushed forward over the years in parallel with the predicted increased adoption
of SHJ solar cells. Consequently, the n-type silicon market share remained stable at
approximately 5% until 2018. During this period, the quality gap (e.g., minority carrier
lifetime and stability) between p- and n-type silicon wafers resulted in a premium
market for n-type based solar cells. Despite SHJ solar cells (also traditionally based on
n-type silicon)®' being in the market since 1997 ®, it was actually the introduction of
the TOPCon design that boosted n-type silicon adoption. The introduction of TOPCon
technologies in the solar cell market led to an increase in the use of n-type silicon,
approaching 17% in 2022. As discussed in the previous section, the market share of
TOPCon solar cells is likely to rapidly increase in the upcoming years. Consequently,
the market share of n-type silicon wafers is also expected to increase. The market
predictions issued in the last ITRPV reports indicate that n-type technologies will
become the mainstream PV products sometime between 2026 and 2029. PV Tech
research also suggests n-type based technologies will become the mainstream product
by 2026, before completely replacing p-type based technologies in 2030.** However,
the adoption of n-type silicon, driven by the rapid adoption of TOPCon technology,
might be even faster than predicted. This will contribute to reducing the cost of n-type

silicon wafers, benefiting all n-type based technologies.
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Figure 5: Silicon wafer polarity market projections
Market share projections (colour markers) for silicon wafer type (polarity) extracted
from the International Technology Roadmap for Photovoltaics (ITRPV) annual
reports. The black markers represent the estimated actual market share of the year
prior to each report. The overlap between black and colour markers indicates an

accurate prediction. The lines serve as a guide to the eye.

Dopant elements for p-type silicon

One key difference between industrial PERC and TOPCon solar cells is the wafer type
used. The main drawback of using commercial-grade p-type boron-doped (B-doped)
Cz-grown silicon wafers in TOPCon devices is their susceptibility to BO-LID. This could
be avoided by switching to gallium as the doping element,** and this change has been
widely adopted by wafer manufacturers since the patents blocking its use expired in
2020.% Figure 6 illustrates the rapid transition toward gallium as the dopant for p-type
silicon in industry. The market share of gallium-doped (Ga-doped) wafers increased
from approximately 10% in 2019 to over 95% in 2021. The latest ITRPV report
indicates that boron as a dopant for p-type material disappears in 2023." This rapid
transition was enabled by the ease of replacing p-type B- by Ga-doped silicon wafers in
PERC solar cells, where no modifications to the cell structure were required. Applying
p-type Ga-doped wafers to TOPCon cells, for example, would likely require changes to

the cell structure.
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Figure 6: Dopant elements for p-type silicon market projections
Market share projections (colour markers) for p-type silicon doping agents extracted
from the International Technology Roadmap for Photovoltaics (ITRPV) annual
reports. The black markers represent the estimated actual market share of the year
prior to each report. The overlap between black and colour markers indicates an

accurate prediction. The lines serve as a guide to the eye.

By modifying the TOPCon structure to accommodate a p-type silicon wafer, Richter
et al. demonstrated a 26.0% p-type TOPCon solar cell, which performed better than n-
type TOPCon solar cells (25.8%) fabricated in parallel.®® A key aspect of the structure
used by Richter et al. is the relocation of the p-n junction to the rear of the device. This
takes advantage of the high-lifetimes now observed in low-resistivity p-type silicon
wafers to realise the minority carrier lateral transport in the wafer’s bulk. As a result,
the opto-electrical requirements of the front surface layers (including emitter and
dielectric films) can be relaxed, reducing parasitic absorption and recombination losses
in these layers. For example, the hard-to-make lightly doped emitters (especially boron
for an n-type wafer) are omitted with the rear-junction p-type TOPCon approach. This
front surface emitter is currently a barrier to pushing TOPCon efficiencies higher in
industrial manufacturing. The rear-junction approach was also adopted in n-type SHJ
in the past and has become the standard SHJ solar cell design.*” The additional lateral
transport also provides an opportunity to increase finger spacing, which reduces

shading losses. Another interesting aspect of the proposed p-type rear-junction TOPCon



solar cell is the potential use of alloyed aluminium underneath the front contact, which
avoids both the use of silver and front boron diffusion. These design and processing
advantages combined with stability, high-lifetimes and lower cost of p-type wafer
processing could directly impact the wide adoption of TOPCon solar cells and n-type
silicon wafers by industry. Min et al. reported a conversion efficiency of 23.1% (and
Voc of 717 mV) for a full-area p-type rear-junction TOPCon solar cell using industry
compatible materials and processes.*®® These included a commercial-grade 0.8 Q-cm
p-type Ga-doped Cz-grown silicon wafer, alloyed aluminium front contacts and fully
screen-printed contacts. Yet, the efficiency of p-type TOPCon still needs to improve to
be competitive with n-type TOPCon solar cells, which have already achieved an
efficiency of 26.4%.* Challenges to further increase p-type TOPCon cell efficiency
include but are not limited to: improving the lifetime of low-resistivity p-type wafers,
preventing wafer contamination during cell processing, and reducing recombination in
the aluminium/silicon contacts.” Despite the inherent immunity of p-type Ga-doped
silicon wafers to BO-LID (provided they are not co-doped with large concentrations of
boron), instabilities in solar cells fabricated with such wafers have been reported.®*?*>
However, this observed degradation is much less severe than for BO-LID.
Understanding the defect(s) and mechanism(s) responsible for the observed
degradation behaviours is a prerequisite for adopting p-type Ga-doped wafers in a new
cell design. This also applies to modifications done to PERC solar cells, where
degradation under carrier-injection has been reported in some instances.” Yet, stable
SHJ solar cells fabricated with commercially available p-type Ga-doped wafers

commonly used in PERC solar cell manufacturing have already been demonstrated.”**

Conclusion

In this perspective, we analyse the historical projections for silicon solar cells from the
ITRPV reports and compare these with the corresponding estimated actual market
share. The scope of the analysis includes the silicon crystal structure, cell architecture
and dopant types. This analysis highlights some significant discrepancies between the
historically projected market shares and the market shares that were eventually

realised. The discrepancies come in two forms. First, the market share for some



technologies transitioned much more rapidly than the projections. Examples of this
include the adoption of PERC as the mainstream cell technology and the shift to gallium
as the dominant p-type dopant. The reasons for these rapid transitions were very
different, being a sudden improvement and availability for PERC manufacturing tools
and the expiration of patents for gallium doping, respectively. These rapid transitions
tell us that business-as-usual evolution does not always describe the reality of the fast-
moving PV industry and thus, projections for the future must be approached with some
caution. The second kind of discrepancy is seen when some technologies projected to
gain market share over time do not take off. Examples of this include the projected
growth in market share for both SHJ cells and n-type wafers. In both cases the lack of
observed growth is linked to the rapid and sustained success of p-type PERC cells. We
also note that despite optimistic predictions of tandem products entering the market as
early as 2019, the first commercial tandem product is still to be announced. Recent
improvements in the conversion efficiency and stability of perovskite-on-silicon tandem
solar cells indicate that such cells might be the first commercial tandem product.
Looking into the future, the adoption of TOPCon technology is closely following the
projections outlined in the ITRPV reports, which indicate a market share of 20% to 60%
within the next decade. Yet, TOPCon technology might experience an even more rapid
uptake, as occurred with PERC. This could see the growth in n-type wafer market share
as previously projected. High-lifetime Ga-doped monocrystalline silicon wafers are now
commercially available. These wafers might provide a cost-effective alternative to n-
type silicon wafers in industrial solar cells featuring passivating contacts. However,
further work is required to bring the efficiency of such devices to the same level as

commercial n-type technologies.
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