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Past, present and future of commercial silicon photovoltaic technologies 
 
The photovoltaic (PV) market continues to evolve rapidly. Over the past decade, silicon PV 
technology has changed significantly across the entire supply chain. These developments 
are tracked in the International Technology Roadmap for Photovoltaics (ITRPV) annual 
reports, which serve as a guide to the PV industry. Here, we analyse historical trends and 
future projections based on the last decade of ITRPV reports. We evaluate the accuracy of 
past forecasts and highlight shifts in market adoption and technology for (i) silicon solar cells, 
(ii) silicon wafer types and polarities, and (iii) tandem solar cells. 
 
Silicon solar cell technology 
Early commercial solar cells were based on aluminium back surface field (Al-BSF) 
technology, which featured full-area rear aluminium contacts. The full-area metal/silicon 
contact caused high surface recombination, limiting cell efficiency. This, however, allowed 
the use of lower-quality p-type multicrystalline silicon wafers without heavy penalties in cell 
performance. In contrast, the full-area opaque rear contact of Al-BSF did not allow for cell 
bifaciality. In 2015, passivated emitter and rear cell (PERC) technology emerged in the 
market. While similar in design to Al-BSF, PERC introduced localised rear contacts, 
reducing surface recombination and enabling the full potential of using p-type 
monocrystalline wafers. These localised contacts also allowed for bifacial cell production 
with over 70% bifaciality factors. Although bifacial modules already existed earlier (e.g., 
Panasonic/Sanyo in the 2000s), PERC enabled large-scale adoption. It quickly became the 
dominant technology, surpassing 80% market share by 2021 - far exceeding early ITRPV 
forecasts in 2019 of 60% market share by 2026.[1] The fast uptake of PERC is illustrated in 
Figure 1. 
 

 
 Figure 1: Estimated market share of commercial crystalline silicon solar cell 

technologies over time. Data was collated from the International Technology Roadmap for 
Photovoltaics (ITRPV) reports issued between 2014 and 2025. 
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TOPCon (Tunnel Oxide Passivated Contact) cells entered the market in 2019. While 
processing is similar to Al-BSF and PERC (e.g., high-temperature diffusion, dielectric 
passivation), TOPCon replaces the phosphorus-diffused emitter with a silicon oxide and 
doped polysilicon stack, significantly reducing surface recombination. This architecture is 
well-suited to n-type wafers and offers higher efficiency than PERC. Adoption of TOPCon 
outpaced projections, and it became mainstream by 2024 (Figure 1). 
Silicon heterojunction (SHJ) and interdigitated back contact (IBC) cells have been 
commercially available for over 20 years, yet their market share remains below 5% each. 
ITRPV reports have historically overestimated their adoption.[1] The main reasons behind 
the lag in SHJ and IBC market adoption include the higher capital expenditure, the similar 
module efficiencies to those reported for TOPCon modules, the sustainability concerns 
related to the use of indium and higher amounts of silver, and the limited number of players. 
These will be discussed in detail in our presentation. SHJ cells enable high open-circuit 
voltages due to excellent surface passivation, while IBC cells reduce shading losses by 
placing all contacts on the rear, boosting short-circuit current. A record efficiency of 27.8% 
was achieved using IBC with SHJ contacts.[2] Similar efficiencies (27.03%) have also been 
reached with IBC cells using TOPCon-like contacts.[3] The 2025 ITRPV report, for the first 
time, provides separate projections for IBC solar cells using either SHJ or TOPCon contact 
architectures. As of 2024, SHJ-IBC and TOPCon-IBC hold estimated market shares of 1% 
and 3%, respectively, with projections reaching 6.5% and 9% by 2029. Front and rear 
contact SHJ cells are projected to reach 11% by 2029. Integrating SHJ contacts into IBC 
cells may support wider SHJ adoption, which has lagged behind projections since 2014. 
However, the rise of TOPCon-based IBC cells could limit SHJ growth. 
 
Silicon wafer technology 
Historically, Al-BSF and PERC cells used p-type wafers, while SHJ used n-type. ITRPV 
projections anticipated rapid n-type adoption based on SHJ growth. In reality, it was 
TOPCon that drove this shift (see Figure 2).  
 

 
Figure 2: Estimated market share of n-type silicon wafers and TOPCon solar cell over 
time. Data was collated from the International Technology Roadmap for Photovoltaics 

(ITRPV) reports issued between 2014 and 2025. 
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Meanwhile, p-type wafers experienced a major change in dopant use. Boron was long 
dominant, but a patent expiration enabled the widespread adoption of gallium doping. 
Gallium quickly replaced boron, reaching full market penetration by 2023, far ahead of the 
2030 projection for 50% adoption. Phosphorus has been the preferred dopant agent for n-
type wafers since the early days of n-type wafer manufacturing. However, antimony-doped 
wafers have been recently introduced in production, offering excellent wafer quality while 
allowing for more homogenous doping along the ingot. [4] We may therefore see a rapid 
uptake of antimony-doped wafers in n-type manufacturing, much like the swift transition from 
boron to gallium in p-type wafers. 
 
Tandem solar cells 
Tandem solar cell adoption was first projected in the 2015 ITRPV report, which expected 
market entry by 2019 and 5% share by 2025. These projections have since been delayed. 
The latest forecast expects market entry by 2029 and an 11% share by 2035.	Perovskite-
on-silicon monolithic tandem has the potential to be the first commercial technology to enter 
the market. Yet, despite record efficiencies approaching 35% reported for small-area 
laboratory cells, the long-term field stability of these cells remains a concern. Promising 
results have been demonstrated – with cells retaining 80% of their initial power after one-
year of outdoor field testing.[4] Still, the stability of such devices needs to improve to match 
that of commercial silicon modules, where some manufacturers guarantee power outputs 
>88% of the initial module nameplate power after 40 years of operation. 
 

 
Figure 3: Projected market share of tandem solar cells. Data was collated from the 

International Technology Roadmap for Photovoltaics (ITRPV) reports issued between 
2014 and 2025. 
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