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Abstract: Photovoltaics—a mature technology—is set to play a vital role in achieving a carbon-
free energy system. This article examines the pivotal role of optics in advancing photovoltaics.
We identify key scientific research areas where the optics community can make significant
contributions. We are guided by the central question: How can optics facilitate the large-scale
deployment of photovoltaics necessary for decarbonizing our societies?
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1. Introduction

C. BECKER, K. JÄGER

Photovoltaics (PV) installations reached a global capacity of two terawatt (2 TW) by November
2024 [1], and the rates of growth and cost reduction are remarkably high [2]. We took these
achievements as an opportunity to reflect on how the optics research community can contribute
to the further growth of PV, which is crucial for the transition to a carbon-free energy system.
We were guided by the questions:

How can optics help to further support the growth of PV?
Which innovations in the field of optics are needed today to overcome current
limitations in efficiency, distribution, and social acceptance?

We also identified optical concepts that might not yet be economically viable and where yet not
all open questions have been answered, but which are developing very dynamically and have
great potential for further pushing PV technology. Figure 1 outlines this article, which is based on
the optical challenges derived from the current pressing needs of photovoltaics on terawatt scale.

The pivotal Chapter 2 deals with the current status of Photovoltaics on terawatt-scale. From
this chapter we derive the topics to which the optics community can contribute to facilitate
such a large-scale exploitation. The chapter summarizes the different PV technologies ranging
from crystalline silicon photovoltaics and thin-film solar cells to multi-junction solar cells. As
illustrated in Fig. 1, the following major challenges are identified (colored arrows): sustainable
PV production, increasing the power conversion efficiency (PCE) of PV modules, maximizing the
energy yield of PV systems, and the integration of PV in the environment. From these challenges
we derive research topics (rectangles) that are discussed in the chapters of this article.

Chapter 2

Photovoltaics on Terawatt Scale

Challenges

Optical research topics

Chapter 4
Earth-abundant
optical materials

Chapters 5 & 6
Luminescence

Chapter 7
Multi-junction solar cells

Chapter 8
Spectral shaping

Chapter 9
Thermal management

Chapter 10
Accurate energy-yield

predictions

Chapter 11
Color and aesthetics
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Fig. 1. Outline of the article. Optical research topics derived from the current challenges
of photovoltaics entering the terawatt scale.
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Chapter 3 summarizes important Optical concepts that have been used in photovoltaics in the
past. This includes anti-reflective coatings, random and periodic textures for anti-reflection and
light trapping, and concentrating photovoltaic systems. Further, illumination conditions different
from standard testing conditions are discussed.

Chapters 4–11 delve into the research topics outlined in Fig. 1, forming the core of this article.
Each chapter concludes with a summary of the identified Advances Needed.

Because the global PV production is growing exponentially, using earth-abundant materials is
of utmost importance. However, in state-of-the-art silicon solar modules, large amounts of rare
materials such as indium and silver are used. In Chapter 4, Ecodesign for solar cells by using
earth-abundant optical materials, we address the development of alternative optical materials
based on earth-abundant elements.

Luminescence of solar cells, discussed in Chapter 5, has been identified as vivid research
area giving insights into both the electrical and optical solar cell properties. With increasing
opto-electronic quality of current solar cell absorber materials in terms of photoluminescent
quantum yield, the exploration of internal luminescence to increase the voltage in single-junction
solar cells, and luminescent coupling in multi-junction solar cells is picking up speed. Further, a
new perspective on luminescence in solar cells is introduced considering Luminescence as Two
Distinct Photon Gases Present Inside Every Solar Cell in Chapter 6.

Silicon solar cells have been dominating the PV market with a current share of more than
90%. Silicon technology is already so far developed that it reaches PCEs close to its physical
limit. Multi-junction solar cells are regarded as the most promising concept to surpass the
single-junction efficiency limit. Chapter 7 introduces the general multi-junction solar cell concept
and summarizes recent multi-junction solar cell technologies based on III–V semiconductors,
silicon, CIGS and perovskites. At the end, we discusses the specific optical challenges and
specific scientific and technological questions to be addressed in the future.

While multi-junction solar cells are the most promising route to overcome the efficiency
limitation of single-junction solar cells, Spectral shaping aims to convert the solar spectrum into
a spectrum that better matches to bandgap of the solar cell, which has a similar effect on the
achievable efficiency. Chapter 8 discusses developments on down-conversion of high-energy
photons into a larger number of lower-energy photoexcitations, up-conversion of below-bandgap
photons into a (lower number) of above-bandgap photons, and concentration of the sunlight in
luminescent solar concentrators.

Thin-film and photonic strategies can increase the front surface emissivity of the cover glass
on the module, thereby allowing the module to take better advantage of Thermal Management of
Photovoltaic Modules and maintain a lower steady-state temperature. Further, enhancing the
reflectance of sub-bandgap photons can prevent these photons from penetrating into the module
and cause parasitic heating. Chapter 9 discusses, how optimizing both elements in a low-cost
and scalable way represents an important opportunity for optics to improve thermal aspects of
photovoltaic modules.

The performance of PV systems is assessed by a variety of key performance indicators such as
levelized cost of electricity (LCOE), energy payback time, specific CO2 emissions, or resource
efficiency. All these performance indicators require the total amount of energy harvested from the
PV installation, taking into consideration seasonal and daily variations in irradiation conditions,
spectrum, temperature, as well as all the details of the installation (e.g. module orientation,
type of tracking, shadows, soiling, etc.). Therefore, accurately predicting the Energy yield (EY),
discussed in Chapter 10, is pivotal for PV system and device architecture design of solar modules.

An appealing Color and aesthetics of photovoltaic modules has been identified as essential
for social acceptance of PV, because stakeholders in rural and urban areas prefer to harmonize
the aesthetic appearance of photovoltaic modules with their surroundings. The final Chapter 11
summarizes the most commonly used coloring techniques in the production of PV modules.
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2. Advancing photovoltaics to the terawatt scale

I. GORDON, A. FEJFAR

In this chapter, we will give an overview of the state-of-the-art of photovoltaics, the main
PV technologies currently being industrially produced and being developed, and the main
technological challenges still remaining for a massive production and deployment of PV
technology in the future.

2.1. Global PV production in 2023

The number of worldwide installed PV systems has grown almost exponentially since 2010,
resulting in a cumulative installed PV capacity of roughly 1.5 Terawatt peak (TW?) at the end
of 2023 [2], compared to only 39 GW? installed at the end of 2010 (1 TW? = 1000 GW?

and W? denotes the maximum power a PV module can deliver when it is illuminated with the
standardized AM1.5 solar spectrum at a module temperature of 25°C). In 2023, around 300 GW?

of PV modules were installed worldwide and it is expected that this yearly installation rate will
rapidly increase in the coming decade to 1-3 TW? per year.

In terms of PV module technology, around 95% of PV modules currently produced are based
on crystalline-silicon technology, while the remaining 5% are based on thin-film technology.
Crystalline-silicon technology uses crystalline silicon wafers with a thickness of 150-180 microns
as the absorber material for the incoming light. Thin-film technology, on the other hand, is based
on the use of thin layers of a light absorber (mostly CdTe or chalcopyrite materials), grown on a
substrate such as glass, a polymer, or a metal sheet. The thin-film absorber thickness is typically
in the range of 100 nm to 2 microns.

Fig. 2. The learning curve for crystalline silicon PV modules (reprinted from Ref. [3]
with permission from VDMA).
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Fig. 3. Market shares for di�erent crystalline silicon cell technologies (reprinted from
Ref. [3] with permission from VDMA).

The rapidly growing PV market is driven by the decreasing cost of PV technology. Figure 2
shows the learning curve for crystalline silicon PV modules from 1976 to 2023 [3]. Prices have
fallen by almost 25% with each doubling of installed volume, accelerating to 40% since 2006
due to increased global production. At the end of 2023, the average calculated spot market price
for silicon PV modules cost was as low as 0.12 USD per, ? . This cost reduction results from
upscaling, manufacturing improvements, and technological innovations in materials and device
structure, including optics and light management (Chapter 3).

In 2023, PV modules for systems over 10 MW? made up about 1/3 of system costs, with the
balance of system (BoS) contributing 2/3 [4]. BoS includes components like racking, wiring,
inverters, and maintenance. The PV module cost share is expected to drop to 20% in the next
decade [4]. Higher e�ciency PV modules reduce BoS costs by generating more power per area.

2.2. Main and upcoming PV technologies

In this section, we will present the various PV technologies and device architectures that are in
mass production in 2024, as well as those PV technologies and device structures that are currently
being developed and that can be expected to become mass produced relatively soon.

2.2.1. Crystalline Silicon PV technologies

Crystalline silicon PV technology uses crystalline silicon wafers as the active light-absorbing
material for the PV devices. Typically, large-area monocrystalline silicon wafers with near perfect
crystal structures are processed into individual solar cells, which are then interconnected and
laminated into a solar module [5]. The crystalline silicon solar cells can be classi�ed based on
the device architecture that is used.

Figure 3 shows an overview of the current and anticipated future market shares of the main
crystalline-silicon PV cell architectures [3]. BSF stands forBack Surface Fieldcell which was
the main workhorse of the PV industry until around 2018. In 2023, more than 70% of crystalline
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Fig. 4. Evolution of the market share for bifacial modules (reprinted from Ref. [3] with
permission from VDMA).

silicon solar cells processed worldwide were based on the PERC device architecture which is
an acronym forPassivated Emitter and Rear Cell. Upcoming silicon device architectures in
industrial production are the TOPCon cells (Tunnel Oxide Passivated Contacts) and SHJ cells
(Silicon HeteroJunction). Finally, backcontact technologyrefers to solar cells where the metal
contacts of both polarities are placed at the backside of the solar cell.

Currently, there is a trend in the photovoltaic industry to produce more and more bifacial
cells and modules (see Figure 4). In 2023, the market share for bifacial silicon solar cells was
around 85% [3], meaning that the light can enter the solar cell both from the front as well as
from the rear side. To make silicon solar cells bifacial, the electrical contacts need to be designed
appropriately and the light management and optics of the device need to be adapted. The market
share of bifacial solar cells is expected to increase further to 90% within the next decade [3].

PERC. These solar cells have replaced BSF cells in industrial production in recent years because
they show much higher energy conversion e�ciencies, mainly because of a much better rear
surface passivation and a better rear surface light re�ection enabling increased carrier densities
leading to higher open-circuit voltages (+oc) (see Chapters 5 and 6). This is achieved using rear
surface passivation by dielectric layers and a smaller metal/semiconductor contact area [6]. The
insertion of a dielectric passivation layer between metal and silicon also substantially increases
the re�ection of light at the rear silicon surface. Although the �rst paper describing a PERC cell
architecture (see Figure 5a) already appeared in 1989 [7], it took more than three decades before
the technology could be industrialized [8]. Typical energy conversion e�ciencies at cell level
that can be reached by this technology are above 24%.

TOPCon. In 2013, a new silicon solar cell technology called TOPCon was developed by
Fraunhofer ISE in Germany [9]. The schematic of the TOPCon solar cell is depicted in Figure
5b. In the TOPCon cell architecture, the entire rear surface of the n-type silicon solar cell
is passivated by a thin SiOG layer of around 1�2 nanometers. In addition, an n-type doped
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Fig. 5. Four of the main silicon solar cell architectures currently in production: a)
PERC solar cell, b) TOPCon solar cell, c) 2-side contacted silicon heterojunction solar
cell, and d) IBC solar cell [(a) reprinted from Ref. [7], with the permission of AIP
Publishing; (b) reprinted from Ref. [9], with permission from Elsevier; (c) reprinted
from Ref. [11]; (d) reprinted from Ref. [12]].

polysilicon layer is formed on top of the SiOG layer to further enhance the passivation at the rear
surface by �eld-e�ect passivation. This cell structure is an example of a so-called passivated
contact cell structure. The charge carriers can move through the thin interfacial SiOG by either
pure tunneling or pinhole-assisted tunneling [6]. Moreover, due to band bending and high doping
of the poly layer, the structure provides carrier selectivity. Advantages of TOPCon technology
over PERC technology are among others a higher energy conversion e�ciency potential (at the
moment of writing, the highest reported e�ciency for a TOPCon solar cell is 26.7% [10]) and
the absence of the need to make point-contact holes at the rear surface. As a result, it is expected
that TOPCon devices will soon replace PERC as the dominant technology in industrial silicon
PV production (see Figure 3).

Silicon heterojunction (SHJ). The SHJ solar cell is another example of a so-called passivated
contact cell structure that is �nding its way into mass production. The schematic structure of a
2-side contacted SHJ solar cell is shown in Figure 5c. The main feature of SHJ cells is the use of
thin intrinsic and doped a-Si:H layers of a few nanometers on both sides of the crystalline silicon
absorber to passivate the silicon and to create emitter and back surface �eld (or front surface
�eld) layers. This symmetric cell structure allows to extract electrons and holes selectively and
can be created via low temperature processing, which makes SHJ cells compatible with the use of
thin crystalline-silicon wafers. The highest energy conversion e�ciency obtained at the moment
of writing this article with the 2-side contacted SHJ cell architecture is 26.8% [11].

Backcontact solar cells. Finally, silicon backcontact solar cell architectures aim at achieving
even higher energy conversion e�ciencies by placing both n-type and p-type contacts at the
rear of the cells, thereby reducing the shadowing losses at the front of the cell [4]. There are
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di�erent types of silicon backcontact solar cells that can be divided into three classes [13], namely
back-junction cells (e.g. interdigitated backcontact cells, see Figure 5d), emitter-wrap-through
cells (EWT) and metallisation wrap-through cells (MWT). In this section, we will focus on
interdigitated backcontact cells (IBC) since these cells are currently the closest to mass-scale
industrialization and have the highest e�ciency-potential. To reach the highest energy conversion
e�ciencies, the IBC architecture can be combined with the use of carrier-selective contacts
(TOPCon or SHJ). In May 2024, the company Longi broke the world record energy conversion
e�ciency for a single-junction crystalline silicon solar cell with an SHJ-IBC solar cell showing
an e�ciency of 27.3% [14].

2.2.2. Thin-�lm PV technologies

Thin-�lm photovoltaics refers to photovoltaic devices that are based on the use of a thin �lm
of material as sunlight absorber. Since crystalline silicon has an indirect bandgap, crystalline
silicon wafers used in photovoltaics are typically around 150�200µm thick to enable su�cient
absorption of the incoming light without the need of very advanced light trapping schemes.
However, when a material with a direct bandgap is used as sunlight-absorbing layer, much thinner
absorbers can be used and these absorbers can then be deposited as thin �lms on top of a substrate
(e.g. glass, metal foil, . . . ).

The basic architecture of a thin �lm solar cell consists of a sunlight-absorbing layer sandwiched
between two contact layers [6]. One or more layers may be further required to passivate the
interfaces between the layers. Thin �lm solar cells can be grown in two di�erent con�gurations,
namely substrate or superstrate con�guration [6]. In substrate con�guration, the sunlight enters
the device from the opposite side of the substrate onto which the device has been grown. In
superstrate con�guration, the sunlight enters the device through the substrate onto which the
device has been grown and hence that substrate needs to be transparent in this case. In this
section we brie�y describe the main thin-�lm PV technologies.

Cadmium telluride. In 2023, CdTe photovoltaics had the second biggest market share
worldwide after crystalline silicon photovoltaics. One of the reasons of the success of CdTe
photovoltaics lies in its combination of a high energy conversion e�ciency potential with low
processing costs. CdTe is a polycrystalline p-type semiconductor material belonging to the
II�IV group with a direct bandgap of 1.45 eV [6]. Whereas the theoretical maximum energy
conversion e�ciency is above 30%, the highest e�ciency demonstrated for a small area CdTe cell
is currently 23.1% [15]. Because of its direct bandgap, a CdTe layer thickness of around 1 micron
is su�cient for sunlight absorption purposes, which also relaxes the minority carrier lifetime
requirements of the material. Typically, a CdTe solar device consists of a heterojunction between
p-type CdTe and n-type CdS [6]. Some of the main challenges of CdTe photovoltaics are directly
related to the absorber material used, namely toxicity issues related to cadmium and the scarcity
of tellurium. Both issues limit the mass production and widely spreading of the technology.

CIGS. Cu(In, Ga) (S, Se)2 is another thin �lm solar cell technology that is being industrially
produced, be it still in relatively small quantities compared to crystalline silicon PV and even CdTe
PV. The CIGS semiconductor material has a chalcopyrite crystal structure with a tunable bandgap
in the range of 1.0�1.6 eV [6]. CIGS is a direct bandgap material with p-type conductivity
that arises due to Cu vacancies [6]. The conductivity of the material can therefore be tuned by
changing the ln to Cu ratio during deposition. Similar to CdTe, a CIGS solar device also makes
use of a heterojunction with an n-type material such as CdS or Zn(O, S) [6]. At the end of 2023,
the highest independently con�rmed energy conversion e�ciency demonstrated for a small area
CIGS cell was 23.6% [15]. Some of the main challenges of CIGS photovoltaics are the use of
the scarce element In, and homogeneity problems of the compound material when grown on
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large areas which typically leads to much lower energy conversion e�ciencies for large devices
compared to small lab-scale devices.

III�V semiconductors. Materials such as InP and GaAs are direct bandgap semiconductors
with signi�cantly higher sunlight absorption compared to silicon [16], and have been used for
photovoltaic devices for many decades. Their high sunlight absorption allows for the fabrication
of ultra-thin, reliable, and highly e�cient solar cells. III-V solar cells can be single junction
devices (such as a GaAs cell), or they can be multi-junction devices in which multiple III-V
semiconductor materials with di�erent bandgaps are grown or stacked on top of each other [17].
The cost of III-V solar devices is signi�cantly higher (up to two orders of magnitude) than that of
silicon solar cells, making them mostly used in niche applications such as space solar cells and
concentrated photovoltaics (CPV) [16]. The highest energy conversion e�ciency ever reached
with a solar cell to date is 47.6% which was achieved in 2022 with a four-junction wafer-bonded
III-V solar cell (GaInP/GaInAs ; GaInAsP/GaInAs) under an irradiance of 665 suns [15,18].

Amorphous silicon. Hydrogenated amorphous silicon (a-Si:H) has been used since the 1970s
for photovoltaic applications. It has a direct bandgap of around 1.6�1.8 eV (tunable by changing
the hydrogen content) and can be deposited at low temperatures on a variety of substrates [6].
Due to its direct bandgap and comparatively high sunlight absorption coe�cient, a-Si:H layer
thicknesses of just a few 100 nm are su�cient for solar cell purposes. The main drawback of
a-Si:H solar cells are their low energy conversion e�ciencies and their instability under light
illumination called the Staebler-Wronski e�ect [6]. Since the highest stabilized energy conversion
e�ciency reached with an amorphous silicon solar cell is only 10.2% [15], multi-junction devices
have been investigated in which the a-Si:H material is combined with so-called nano-crystalline
silicon (nc-Si) or amorphous SiGe alloys to boost the e�ciency. This had led to tandem devices
with a best e�ciency of 12.7% and triple junctions with a best e�ciency of 14.0% [15].

Organic photovoltaics. These cells make use of thin �lms of organic semiconductors to
convert sunlight into electricity, and o�ers the potential of low cost, �exible devices and semi-
transparency [19]. The organic semiconductors used arec-bonded small molecules or polymers
that are made up of carbon, hydrogen, and other atoms such as nitrogen, sulfur, and oxygen [19].
Light absorption in these organic materials generates tightly bonded Frenkel excitons instead
of free charges in inorganic semiconductors [19]. Organic solar cells typically consist of a
bulk heterojunction formed by a donor material and an acceptor material to enhance exciton
dissociation and charge collection. Over the last two decades, many di�erent photo-active organic
materials have been synthesized and tested for organic photovoltaics. The resulting energy
conversion e�ciency of organic solar cells is highly dependent on the materials used. Moreover,
morphological control of donor and acceptor domains on the nanoscale is needed to enhance
e�cient exciton di�usion and dissociation, carrier transport and suppression of recombination
losses [20]. The highest certi�ed energy conversion e�ciency reported for organic photovoltaics
to date is 19.2% [15,20].

Perovskites. The term perovskite refers to a class of materials with the general chemical formula
ABX3 that typically have a cubic or octahedral crystal structure [21]. Perovskite materials with
photovoltaic properties are typically hybrid organic-inorganic perovskites containing both organic
(e.g. methylammonium CH3NH3) and inorganic components (e.g. inorganic cations like Pb and
Sn, as well as halides based on I, Cl and Br). One of the most widely used perovskite materials
for photovoltaics are methylammonium lead iodides (CH3NH3PbI3) with an energy bandgap
of 1.55 eV [21], but by tuning the material composition (e.g. mixing various halides) di�erent
material properties such as di�erent bandgaps or di�erent electrical transport characteristics can
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be achieved. The most successful perovskite-based solar cells have the planar heterojunction
device structure in which the perovskite light-absorbing layer is sandwiched between an electron
transport layer (ETL) and a hole transport layer (HTL). Electron-hole pairs are generated in the
perovskite layer by sunlight absorption and charge carrier separation and collection is facilitated
by the band alignment between the HTL, perovskite and ETL. Depending on whether the sunlight
�rst enters through the ETL or the HTL, the solar cell is called a n-i-p or a p-i-n device respectively.
The highest certi�ed energy conversion e�ciency reported for single-junction perovskite solar
cells to date is 26.7% [15].

2.2.3. Multi-junction PV technologies

In the previous two sections, we shortly described the main single-junction photovoltaic
technologies based on crystalline-silicon wafers or thin-�lm absorber materials. In this section,
we will discuss so-called multi-junction solar cells in which two or more sunlight absorbers with
di�erent bandgaps are placed or grown on top of each other to increase the energy conversion
e�ciency of the solar device. The main energy losses in a single-junction solar device come from
the non-absorption of the photons with an energy below the bandgap of the absorber material
and from thermalization losses of the excess energy of the absorbed photons. As a result, the
upper theoretical energy conversion e�ciency limit of the most common single-junction solar
cells is in the range 29%�33%, depending on the bandgap of the absorber material used [22].
By stacking multiple junctions made of materials with a di�erent bandgap on top of each
other, the upper theoretical energy conversion e�ciency limit can be pushed upwards (e.g. to
a value well above 40% for devices with 2-junctions, so-called tandems) by a more e�cient
conversion and utilization of the incoming photon energy. Since the last few years, tandem devices
based on a crystalline-silicon bottom cell are heavily being investigated because single-junction
crystalline-silicon solar devices, even those in industrial production, are rapidly nearing their
practical energy conversion e�ciencies, and tandems are seen as the way forward to crystalline-
silicon-based device e�ciencies beyond the single-junction limit [3]. Especially perovskite
materials are attracting a lot of attention as potential high-bandgap top cell for silicon-based
tandem devices. Currently, the highest independently con�rmed energy conversion e�ciency
for a perovskite/silicon tandem device is 34.6% [15], which is indeed well above the record
e�ciencies for single-junction crystalline-silicon and perovskite solar cells.

2.3. Challenges related to the further deployment of photovoltaics

To keep the Earth's average temperature rise to less than 1.5°C, as set by the Paris agreement
in 2015, requires rapid defossilisation coupled with a transition of the energy system to 100%
renewable energy, using solar photovoltaic energy along with wind, hydro, geothermal, and
biomass energy, to power directly or indirectly all sectors of the economy and society [23].
A massive electri�cation of the world's energy system is therefore needed, with an estimated
required global PV generating capacity of about 50�70 TW? by 2050 [23,24], whereas at the
end of 2023 only 1.5 TW? was installed (see Section 2.1). The PV industry therefore needs to
rapidly grow its production capacity to about 3 TW? per year to reach this objective [23], which
is roughly a ten-fold increase from the current yearly production rate. This required massive
deployment of PV modules in the coming three decades with production and installation rates
of several TW? per year, will lead to important socio-economical challenges as well as to new
challenges in the �eld of material and system technology besides the traditional R&D-subjects
like performance increase and cost reduction.

In the following subsections, we will describe the main technological challenges and how
optics can help resolve those challenges. For the socio-economic challenges we refer to Ref. [25].
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2.3.1. Sustainable production of PV systems

Although solar radiation is an inexhaustible renewable energy source, the future required
large-scale production and deployment of photovoltaic technology demands a sustainability
analysis in terms of raw materials demand, energy required to manufacture the PV systems,
and environmental impacts of production and operation of the PV systems [26]. In particular,
sustainable PV production should ensure the proper usage of materials (e.g. minimizing the
use of rare materials, avoiding toxic materials, etc.), the minimization of energy usage and
greenhouse gas emission during the production process, and the proper way of dealing with the
end-of-life of PV modules and systems. Ensuring a true long-term sustainable production of
PV systems in the future will require new materials, adapted device concepts, and improved
production technologies.

Advanced and novel optics can be of help here in many di�erent ways, as we will illustrate in
Chapter 4 of this article. That chapter will show that by a smarter ecodesign of the PV devices, we
can make use of less amounts of critical rare materials like indium and silver while maintaining
high device performance. Chapter 3 on the other hand will illustrate the general optical concepts
in photovoltaics that can help to reduce the thickness of the silicon solar cell wafers which will
reduce the CO2 footprint of the technology.

2.3.2. PV modules with higher energy conversion ef�ciencies

In 2023, the cost of a large-scale PV system (> 10 kW?) was determined for 70% by the cost of
the Balance-of-System (BOS) and only for roughly 30% by the cost of the modules [4]. It is
expected that the relative cost of the PV modules in the total PV system cost will lower even
further in the coming years to roughly 20% [4]. Since the BOS cost typically scales with the area
needed for the system, this increases the need for producing PV modules with very high energy
conversion e�ciencies. As a result, the industry is currently switching from the production of
PERC-like devices towards the production of devices with passivated contacts (such as TOPCon
and SHJ, see section 2.2.1) [3], since the latter lead to PV modules with higher conversion
e�ciencies. On the medium to long term, multi-junction solar devices will be needed to reach
energy conversion e�ciencies at module level beyond 30%.

2.3.3. PV systems with higher energy output

With the rapidly increasing number of PV systems installed worldwide, it becomes more and
more important for these systems to operate at maximum performance and for the energy system
operators to be able to accurately predict the energy output of the PV systems connected to
the electrical grid. The higher the energy output of a given PV system or PV power plant
over its period of operation, the lower the resulting levelized cost of electricity (LCOE). The
maintenance and analysis of failures of PV systems and PV power plants are therefore becoming
more and more important [27]. To further lower the LCOE of PV systems, one possible way
is the enhancement of the operational lifetime well beyond 30 years. In the past, PV modules
were made in mass production without discrimination to the climate in which the modules would
be used. This has sometimes led to systems that showed an actual operational lifetime of only
10�12 years instead of the typical 20�25 years warranty lifetime [27]. To avoid early failure of
PV modules and systems, especially for integrated applications where the operational conditions
might be completely di�erent from those in standard PV powerplants, the PV module design and
the materials used need to be tuned to the speci�c operation conditions (e.g. climatic conditions)
that the system will likely undergo during its lifetime. Currently, a lot of research is ongoing into
advanced energy yield and lifetime prediction models that will help to increase the operational
lifetime and energy yield of various standard and integrated PV applications.

Again, optics can contribute a lot to increase the energy output of PV systems hence decrease
their LCOE. Chapter 10 deals with state-of-the-art illumination models that can accurately predict
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the (spectral) irradiance of PV modules, which is crucial to obtain reliable energy-yield modelling
tools for both standard as well as integrated PV applications. Moreover, thermal management,
as described in Chapter 9, will also help to extend the operational lifetime of PV modules and
systems, while also increasing the energy yield of the system.

2.3.4. Integration of PV systems in their environment

The massive deployment of photovoltaic systems also raises the question of where all these
systems should be installed, especially in densely populated areas like Western Europe. The
ability to use a certain space or land for multiple uses including energy generation is therefore very
important. So-called integrated photovoltaics, in which the PV system is seamlessly integrated
into its environment, provides this possibility. Examples are among others building-integrated
PV, vehicle-integrated PV, infrastructure-integrated PV, and agrivoltaics (the combination of
agriculture with photovoltaics). Integrated photovoltaics have an enormous potential and typically
have better aesthetics and therefore can also lead to easier social acceptance. For these applications,
the PV technology needs to be adapted to the speci�c operating conditions in which it will be used
and a customized fabrication technology is needed to meet customer requirements for aesthetics
(color, layout and shape), �exibility in shape and size, and integration (facades, canopies).

2.4. Summary

In this chapter, we described the various device architectures in production for crystalline-silicon
PV as well as the various absorber materials being used and developed for thin-�lm PV. We also
explained why multi-junction PV technology is considered the future of PV technology. We
identi�ed four major technological challenges (Fig. 1) for future mass production and deployment
of photovoltaic technology in order to achieve the goal of climate neutrality and indicated how
optics could help resolve these challenges. The four main challenges (Fig. 1) are

ˆ Sustainable production of PV systems

ˆ Higher energy conversion e�ciencies

ˆ Higher energy output and operational lifetime

ˆ Integration of PV systems in their environment

The next chapters will delve deeper into the details of how optics will further improve photovoltaic
solar energy technology in the future.
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3. Optical concepts in photovoltaics

K. J ÄGER , B. B LÄSI , H. HELMERS , R. SAIVE , M. SCHMID

For a highly e�cient PV module the absorption of light in the absorber layer of the solar cells
must be maximized. To maximize the absorption, �rst, re�ective losses should be minimized�or,
vice versa�coupling of the incident light into the solar cell should be maximized. Second,
for weakly absorbing semiconductors, such as silicon, the absorption should be maximised,
which is known aslight trapping. Third, parasitic absorption in the supporting layers must be
minimized. These three strategies are often summarized under the term �light management.� For
multi-junction solar cells optical concepts are used to redistribute the light between the junctions.
Further, optics also can be used to improve the aesthetics of solar cells, for example by making
them appear in a certain color.

In this chapter, we explain the di�erent optical concepts, mention historical milestones and we
discuss the relevance of these concepts for PV on terawatt scale. The chapter starts with the very
basic concept ofantire�ective coatingsin Section 3.1, we discuss the probably most relevant
concept oftextured interfaces and structured materialsin Section 3.2 and also emphasize the
importance ofparasitic absorptionin Section 3.3. After that we elaborate onspectrally selective
conceptsin Section 3.4, look at optimizing theenergy yieldin Section 3.5 and concepts using
concentrated lightin Section 3.6.

3.1. Antire�ective coatings

Antire�ective coatings, illustrated in Fig. 6a, are applied to the surface of solar cells and cover
glass for photovoltaic modules to increase light absorption and conversion into electricity. They
reduce the re�ectance of the solar cell, allowing more light to enter the cell. The coating is
designed to have a refractive index between that of air and the front material of the solar cell or
PV module. Re�ection is minimized, when the thickness of the coating is one quarter of the
wavelength. Then the phase shift between the beams re�ected from the front and rear is� q = c.

In the early years after the �rst `modern' crystalline silicon (c-Si) solar cell was produced in
1954 [30], antire�ective coatings (ARC) fromSiO2 andTiO2 were used. In 1972, an optimized
ARC made from tantalum oxide (Ta2O5) was used to build a �violet� solar cell with a signi�cantly
boosted optical performance [31]. Other materials used for antire�ective coatings are silicon
nitride (Si3N4), lithium �uoride (LiF) and magnesium �uoride (MgF2). SiO2, TiO2 andSi3N4
also are used as passivating layers in silicon solar cells [32].

3.2. Textured interfaces and structured materials

Texturing the front of a solar cell has a antire�ective e�ect for a large angular and spectral range.
Especially for large incident angles textures can outperform ARC. For wavelength much shorter
than the typical dimensions of the texture, the antire�ective e�ect can be explained with the
e�ective medium approach. For textures much larger than the wavelength, the antire�ective
e�ect can be explained with geometrical optics [33]. Further, texturing increases the absorption
in the low-absorbing region because of path-length enhancement, as illustrated in Fig. 6b. In
the very low absorbing region of the wavelength spectrum close to the bandgap, texturing can
increase the absorption up to a factor of4=2, where= is the refractive index of the absorber [34].

Random texturesare created by etching or crystal growth processes. However, depending
on the thickness of the solar cell layers, the typical dimensions of these textures di�er largely
and therefore cover di�erent optical regimes: while the interaction of light with the large
pyramids used in c-Si solar cells, illustrated in Figs. 6c and 6d, can be described withgeometrical
(ray) optics, the interaction of the small textures used for thin-�lm silicon solar cells is in the
wave-optical regime.

Already in 1974, Haynos and coworkers presented a c-Si solar cell with square-shaped pyramids
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Fig. 6. Optical concepts used in photovoltaics. (a) In antire�ective coatings the
strongest antire�ective e�ect is achieved, when the phase shift� q between the beams
re�ected from the front (1) and rear (2) isc, 3c, 5c. . . (b) Schematic of light with
energy close to the bandgap passing through a thin silicon slab with ideal Lambertian
re�ector on the rear side. The escape cone with opening angle\ = 16•3� within the
silicon and the air escape/acceptance cone that corresponds to the full hemisphere are
shown. Depending on its angle, scattered light reaching the front surface will (1) either
escape or (2) encounter total internal re�ection (adapted from [28]). (c�d) Random
textures: (c) Scanning electron microscopy (SEM) image of a textured silicon solar
cell. (d) Schematic of three ways in which pyramids randomize light: (1) re�ecting on
textured front, (2) transmission through textured front, and (3) re�ection on textured
rear. (adapted from [28]). (e) E�ects of nanoparticle�light interaction: scattering,
near-�eld enhancement, and coupling into waveguide modes. [(a), (b) and (d) adapted
from Ref. [28]. (e) redrawn from Ref. [29], Fig. 3, DOI: 10.1088/1361-6641/aa59ee;©
IOP Publishing. Reproduced with permission. All rights reserved.]
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on top, which were created by etching [35]. As of 2024, anisotropically wet-etched pyramids are
still a benchmark for light trapping in c-Si technology [11], because they reduce re�ective losses
across the whole wavelength range and are almost perfect Lambertian scatterers, enlarging the
light path in the absorber. Therefore they enhance the absorption in the long wavelength range,
where silicon is weakly absorbing.

For c-Si solar cells, alsoinverted pyramids were investigated [36]. Combining pyramids with
smallnanoconesleads to almost perfect light trapping. Here, special attention must be put on
passivating the textured surface to preserve the electronic quality of the solar cell [37].

Since the 2000s,advanced photonic conceptshave been studied. Numerical studies suggest
that nanophotonic textures can enhance absorption even much stronger than4=2 within narrow
spectral and angular boundaries [38�40].

Despite extensive e�orts to develop various photonic textures for improved light trapping,
they have typically exhibited limitations, o�ering enhanced light trapping only within speci�c
wavelength ranges or narrow incident angle tolerances [28]. For thin-�lm silicon solar cells,
periodic structures yielded comparable optical performance as standard random nanotextures
under broadband solar irradiation [41]. In some applications light trapping is only relevant within
a limited spectral range, such that the restricted wavelength range is no considerable limitation.
In fact, rear side gratings have contributed to record e�ciencies [42,43].

Quasiperiodic structuresenable broadband and wide-angle light trapping capabilities. In
contrast to random pyramid textures, quasiperiodic photonic structures with feature sizes on the
order of 100 nanometers present a viable approach also for thin �lm solar cell designs [44�49].

Another concept to realize strong absorption enhancement was the introduction ofplasmonic
metal nanoparticlesthat support surface plasmons, which are excitations of electrons at the
interface between a metal and a dielectric [50� 53]. Despite the positive e�ects of large-angle
scattering, coupling into waveguide modes, and �eld enhancement, illustrated in Fig. 6e,
plasmonic nanoparticles have only found restricted applications in solar cells [54� 56]. For
thin-�lm silicon solar cells, they could not outperform standard random nanotextures for
thin-�lm [57,58].

As an alternative approach,dielectric nanoparticlesmay be inherently stable and absorption-
free while equally o�ering antire�ection behavior, resonance e�ects, �eld localization, and
light redirection [59]. They have found successful integration into di�erent types of solar cells
including e.g., thin-�lm Si, GaAs and CIGSe solar cells [60�63].

The tunable wavelength-selective response of photonic structures makes them attractive for
tailoring the re�ected, absorbed, and transmitted spectrum. However, so far only very few
concepts have been able to demonstrate their potential to improve solar cell performance beyond
the state of the art. Furthermore, the cost e�cient production of photonic structures on large
scale necessary for terawatt PV remains an open challenge.

3.3. Reducing parasitic absorption

To maximize the optical performance of solar cells, it is essential that light is predominantly
absorbed within the active absorber layer. Hence, unintended absorption must be minimized
in supporting structures such as antire�ective coatings, textured interfaces, photonic structures,
nanoparticles, re�ectors, and electric contacts. For instance, parasitic absorption can by
signi�cantly reduced utilizing lowly absorbing transparent conductive oxides (TCOs) [64]
like zirconium-doped or hydrogen-doped indium oxide (In2O3) [65, 66], and low-doped zinc
oxide (ZnO) [67, 68]. Parasitic absorption in the back metal is caused by the excitation of
surface plasmons and can be strongly reduced by interlayers consisting of TCOs [69, 70] and
dielectrics [70].
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3.4. Spectrally selective concepts

3.4.1. Semitransparency

While in most cases, re�ection and transmission are to be minimized, for some applications
absorption is desired only in a very speci�c spectral range. Partial transmission or semitrans-
parency �nds a variety of applications like solar windows, agrivoltaics, or multi-junction solar
cells. On purpose, not all of the incident light is absorbed by the solar cell but the spectrum
required for, e.g. indoor lighting, crop cultivation, or bottom solar cell operation is transmitted.
For semitransparent solar cells, wavelength-selective optical concepts like thin-�lm coatings or
nanophotonic concepts, as outlined above, can be used. Finally, semitransparency may also be
exploited for bifacial operation [71,72].

3.4.2. Multi-junction solar cells

In multi-junction solar cells, solar cells with di�erent bandgaps are stacked onto each other.
Besides light incoupling and light trapping, here light management has to account for a third task:
optical structures that redistribute the light between the subcells, and increase the transmission of
light into the bottom cell. The role of optics for multi-junction solar cells is discussed in detail in
Chapter 7.

3.4.3. Spectral shaping

An e�ective strategy to counteract the challenges posed by the broadband nature of sunlight
involves altering the incident spectrum impinging onto the solar cell, achievable through down-
shifting, down-conversion, or up-conversion processes. Down-shifting involves the absorption of
a high-energy photon followed by the emission of a low-energy photon. In down conversion,
one high-energy photon can result in the emission of two lower-energy photons. Conversely,
up-conversion entails the absorption of two or more photons that excite a state within a material,
leading to the emission of a single photon of higher energy upon radiative recombination. These
techniques can be integrated into layers in front or behind of the active solar cell layer, respectively,
or employed within luminescent solar concentrators (LSCs) to which solar cells are attached or
optically coupled through free space, as outlined in Ref. [73]. This approach not only mitigates
losses due to sunlight's broad spectrum but also enhances the e�ciency of solar cells by more
e�ectively harnessing the available light. Spectral shaping is discussed in detail in Chapter 8.

3.4.4. Color appearance

With the further integration of solar modules in buildings, alsoaestheticsbecome more relevant.
Di�erent optical concepts have been used to make solar modules with attractive color appearances.
Chapter 11 is devoted to the role of aesthetics and color for photovoltaics.

3.5. Optics for optimized energy yield

To be relevant for terawatt scale, optical concepts not only must perform well in laboratory
settings under standard testing conditions, but also demonstrate enhanced performance under
real-world outdoor conditions. Outdoors, light not only reaches a solar module directly from
the sun but is also scattered by clouds and surroundings, resulting in what is known as scattered
light, incident from various angles and with spectral distributions deviating from the standard
solar spectrum.

To assess the performance of PV modules in the outdoors, the concept of energy yield (EY) is
used, which is the total amount of energy harvested from a PV system installation, taking into
consideration seasonal and daily variations in irradiation conditions, spectrum, temperature, as
well as other relevant details of the PV system.
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Fig. 7. Illustration of the main functional bene�ts of micro-CPV modules compared
to conventional CPV. The reduction of the solar cell size and the optical aperture
result in shorter optical paths, lower resistive losses and better thermal management.
An additional bene�t is more �exibility for di�erent interconnection schemes and for
tracking, which can avoid power losses generated by misalignments between solar cells
and optics. (Reprinted from Ref. [77]).

An elegant solution to capture light from diverse angles is the utilization ofbifacial solar
panels, which accept light not only from the front but also from the rear. It's noteworthy that
around 85% of currently produced solar cells are bifacial, and it is projected that the majority
of modules will follow suit within a few years [3]. The energy yield also can be increased by
texturing the module cover for improved in-coupling of radiation incident under large angles.
Light-redirecting �lms can increase the performance from guiding light away from solar-cell
edges [74]. For multi-junction solar cells, �ne-tuning of bandgaps and absorber thicknesses can
increase the yield under di�erent illumination conditions.

The increased acceptance of light from di�erent angles underscores the importance of consid-
ering ground-re�ected light, known asalbedo light. Moreover, there is potential to strategically
design albedo to achieve enhanced energy yields under realistic conditions. Understanding,
bench-marking, and designing the e�ects of albedo remain active areas of research, demanding
robust optics knowledge and modeling capabilities. More details on these topics can be found in
Chapter 10.

3.6. Concentrating photovoltaics

In concentrating photovoltaic(CPV) systems [75] direct sunlight is concentrated by factors in
the range of several hundreds to a thousand, so that the amount of required energy intensive and
costly semiconductor material for solar energy conversion is greatly reduced. As a consequence,
CPV has shown the lowest embodied energies and fastest energy payback times of all PV
technologies [76]. Moreover, the solar cell e�ciency increases under concentration due to
higher carrier concentrations and resulting gain in output voltage. Record e�ciencies have been
demonstrated with III-V based multi-junction concentrator solar cells (see Chapter 7).

In micro-concentrating photovoltaics [77� 80] the solar-cell size is reduced to the sub-mm
range, as illustrated in Figure 7. This reduction in size reduces the heat load per cell, eliminating
the need for speci�c heat sinks and enabling the use of simple and low-cost circuit board substrates.
Additionally, reduced current lowers series resistance losses and very high-voltage modules
become feasible, while series/parallel interconnection schemes o�er �exibility in adjusting for
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cell to cell tolerances [81].
However, miniaturization also leads to an increasing in�uence of perimeter recombination,

which is counterbalanced by high enough concentration: For a 500-µm cell and a concentration
ratio of 1000 the related voltage loss is below1%rel [78]. In terms of manufacturing, minia-
turization requires accurate assembly and interconnection of thousands of micro-concentrator
solar cells per square meter. In this regard, parallelized and/or high throughput processes from
other industries, such as panel level packaging in micro- and optoelectronics, micro-/mini-light-
emitting diode (LED) display technology, and advanced circuit board technologies can be applied
and promise low-cost. For example, surface tension driven self-alignment [82� 85] enables
µm-precision without the need for accurate chip placement. In fact, the forced motion of the
chip during solder melting caused by an initial displacement has been shown to even increase the
self-alignment accuracy [84,85]. ForCu(In, Ga)Se2 microabsorbers both top-down [86,87] and
bottom-up [88,89] fabrication processes were explored.

Another concept areluminescent solar concentrators(LSC), which consist of large sheets of
transparent materials embedded with pigments known as dyes or luminophores. Luminophores
absorb sunlight and subsequently re-emit �uorescent light, which is then guided and concentrated
towards small solar cells positioned either at the back or at the edges of the sheet. This dramatically
reduces the area of solar cells needed, as in traditional concentrators. Unlike conventional light
concentrating methods (i.e. with lenses), LSCs can e�ectively concentrate di�use irradiance, a
signi�cant component of solar radiation scattered by the atmosphere and terrestrial surfaces, and
thus it eliminates the need for tracking. More details on LSCs are given in Section 8.3.

3.7. Summary

In this chapter we brie�y discussed essential optical concepts for photovoltaics. After introducing
antire�ective coatingsin Section 3.1, we discussedtextured interfaces and structured materialsin
Section 3.2 andparasitic absorptionin Section 3.3. Then, we elaborated onspectrally selective
conceptsin Section 3.4, looked at optimizing theenergy yieldin Section 3.5 and concluded the
chapter with optics forconcentrating photovoltaicsin Section 3.6. The concepts presented in this
chapter establish a foundational understanding that will support the advanced topics explored in
the subsequent chapters.
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4. Eco-design for solar cells by using earth-abundant optical materials

D. MUNOZ, H SAI , T. GAGEOT, W. FAVRE

4.1. Introduction to eco-design

Eco-design is de�ned by the International Organisation for Standardisation (ISO 14006, 2011) [90]
as "the integration of environmental aspects into the design and development of products, with
the aim of reducing negative environmental impacts throughout the life cycle of a product".
Therefore, eco-design is an approach that reduces the negative impacts of a product throughout
its life cycle while maintaining its quality of use (cost, technical performance, etc.). Adopting
an eco-design approach consists in three steps [91]. Firstly, an environmental assessment is
necessary to provide a good initial understanding of the environmental problems caused by the
reference product. Secondly, eco-design strategies are suggested to reduce the environmental
impacts in the development of the new solution. Finally, these strategies need to be validated from
social, technical, and economic points of view. It is important to highlight that the eco-design is
not limited to environmental evaluation but must also include strategies to improve the product
before production.

The life cycle assessment (LCA) approach allows for the assessment of environmental impacts
by using relevant and appropriate information about the product for each phase of its life cycle:
raw material extraction, manufacturing, distribution, use, and end of life. The carbon footprint is
one of the many output parameters [92].

4.2. Eco-design de�nition in PV

Regarding PV technology development, carbon footprint reduction is key but depends mostly on
the energy mix in the production country [92], which has little impact on technology design. On
the contrary, raw material use is extremely relevant in the design phase. The eco-design criteria
de�ned by the French government consider the reduction of critical raw material (CRM) as a
mandatory step for the eco-design approach (among others). Several CRMs as assessed by the
European Commission [93] are used commonly in PV. Their criticality is de�ned according to
supply risk and economic importance, some examples are shown in Table 1, which also includes
a composite index for a global ranking of critical materials as de�ned by the International
Renewable Energy Agency (IRENA) [94].

As shown in Table 1, indium, which is commonly used in heterojunction (SHJ), thin �lm, and
perovskite solar cells, is the most critical material today, followed by copper and silver. Metal
silicon is a CRM because of its economic importance, supply risks, and signi�cant environmental
impact during production, even though silicon is among the most abundant elements. The
challenges of PV community today are to reduce or even replace these materials with more
abundant ones and to ensure their 100% recyclability in the context of an rapidly growing demand
for the upcoming years.

4.3. High ef�ciency solar cells and raw materials limitations

Crystalline silicon (c-Si) solar cells dominate the current PV market, and this trend is expected
to continue in the coming decades, whether in single junction or tandem con�guration. To
date, the highest e�ciency among various types of c-Si solar cells has been achieved with SHJ
architecture [11].

One of the optical functional materials used in SHJ cells is transparent conductive oxides (TCOs),
which provide both high light transmittance and high electrical conductivity simultaneously.
TCOs are also important building blocks for thin-�lm solar cells including metal-halide perovskite
and perovskite/c-Si tandem cells. The most common TCO material is indium oxide.In2O3-
based TCO o�ers the best opto-electronic performance among various TCOs, but as a CRM,
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Table 1. Supply risk and economic importance for di�erent critical raw materials
(CRM) used in PV technology, as assessed by the European Commission in 2023 [93];
and a composite index for a global ranking of critical materials, as de�ned by the
International Renewable Energy Agency (IRENA) in 2024 [94]. A larger number
means a larger supply risk, economic importance, or criticality, respectively.

Material Supply risk Economic importance Composite index

Indium (In) 0.6 2.6 0.68

Copper (Cu) 0.1 4.0 0.52

Silver (Ag) 0.8 4.6 0.49

Silicon metal (Si) 1.3 4.9 0.40

Cadmium (Cd) 0.2 4.1 0.38

it signi�cantly limits the production capacity of SHJ, perovskite and perovskite/c-Si tandem
cells [95]. In response to this issue, R&D toward In-lean or In-free SHJ cells is currently
underway to pave the way for the massive industrialization of the technology, as discussed in
section 4.3.1. The concern about silver (Ag) usage pertains to the metallization of all silicon
based solar cell technologies, as the demand for this element in PV manufacturing has already
reached 13% of the global demand [96]. The PV community is following a similar strategy
for reducing In usage: both Ag usage reduction or complete replacement are being explored
through di�erent technological approaches, as discussed in section 4.3.2. Regarding silicon,
many improvements are ongoing to reduce and optimize material use (thickness, kerf loses,
recycling, etc.), and proposals for the next technology of direct wafer manufacturing are being
explored. However, this is beyond the scope of this work. The usage of poly-Si for a Si PV cells
has decreased from 6.8 g/W in 2010 to 2.3 g/W in 2022 [97].

4.3.1. Indium concerns & optical improvements

Figure 8 summarizes the state of the art of the conversion e�ciencies of SHJ solar cells as a
function of indium (In) reduction in TCO layers. The highest e�ciency of front/back contact
SHJ cells is 26.8%, achieved by Linet al. with In-rich TCOs on both sides [11], as plotted in the
top left corner of this �gure. Other reference cells with In-rich TCOs are also aligned at an In
fraction of 100%, with a wide range of e�ciencies [98�100].

There are several approaches for reducing In consumption in SHJ cells. The simplest approach
is to replace In-rich TCOs with In-free TCOs, such as ZnO-based [103,109,110,114� 119] or
SnO2-based [108,120] TCOs (In-free approaches). Another approach is to reduce the thickness of
In-rich TCOs (In-lean approach) [70,101� 113]. In this approach, thin In-rich TCOs are combined
with dielectric layers or other TCOs to meet optical requirements, such as anti-re�ection e�ect on
the front. The advantage of this approach is the possibility to leverage the extensive knowledge
about standard In-rich TCO-based SHJ cells, though it still requires a certain amount of In.
Another interesting approach to eliminate In consumption is TCO-free solar cells, which do not
incorporate any TCO layers, whether In-based or not [121� 123]. All approaches can be applied
either one side or both sides of the cells. Hereafter, we discuss these approaches. It should be
noted that hetero back-contact (HBC) approach [14,124,125] is also regarded as an In-lean SHJ
cell since it does not use any TCOs on the front side. However, it is out of scope in this section
due to the additional technological di�culties of rear-side �ne patterning.
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Fig. 8. State of the art of the conversion e�ciencies of SHJ solar cells as a function of In
reduction in TCO layers. Symbols at In reduction = 0% indicate benchmark SHJ cells
with In-rich TCOs [11,98� 100]. The di�erent symbols indicate di�erent approaches
to reduce In consumption in SHJ cells: thin In-rich TCOs with dielectric layers or
other TCOs [70,101� 113], In-free TCOs (ZnO orSnO2) [103,108� 110,114� 120], and
TCO-free SHJ cells [121� 123]. All the approaches can be applied either one side or
both sides of the cells. 100% In-reduction means completely In-free SHJ cells. Hetero
back-contact (HBC) approach [14,124,125] is also regarded as an In-lean SHJ cell as it
does not use any TCOs on the front side. The name next to each symbol indicates the
�rst author of the corresponding publication.

Fig. 9. Schematic illustrations of SHJ cells with In-rich TCOs on both sides (a), In-free
TCO on single side (b), and both sides (c).
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a) In free TCOs Here, we discuss the study of replacing the TCO on one or both sides of the
SHJ cell with an In-free TCO, as schematically shown in Fig. 9. This family of In-free materials
mainly concerns ZnO-based andSnO2-based materials [64]. Zn has a much larger resource
availability than In, and therefore ZnO-based TCOs have been expected and developed as an In
substitute material for many years [126]. An important advantage of ZnO-based TCO materials
is that high conductivity TCOs can be obtained by low-temperature processes such as sputtering,
similar toIn2O3-based materials, though they are slightly inferior toIn2O3-based materials in
terms of opto-electronic properties. This is crucial to apply TCOs to solar cell devices with low
heat resistance, such as SHJ cells and perovskite cells. In SHJ cells, many groups have reported
studies on the use of Al-doped ZnO as a TCO. In fact, high initial e�ciencies comparable to
those ofIn2O3-based TCO have been reported, as shown in Fig. 8 as the downward triangle
symbols [103,109,110,114� 119]. In-free AZO-based SHJ cells with e�ciencies of 21.2�23%
were reported in 2019 [103,115� 117]. Recently, an excellent example of In-free ZnO-based SHJ
cell with an e�ciency of 25.4% was reported by LONGi [119].

However, a problem inherent to ZnO-based materials is their weakness to moisture and
poor long-term stability. Therefore, ZnO-based SHJ cells have not been commercialized yet.
As described later, the chemical stability of ZnO-based TCOs can be improved by capping
with In2O3-based ones, compared to ZnO-based alone. Alternatively, there is an approach
to compensate for this lack of chemical stability in the module sealing technology. In fact, a
double glass structure is used to achieve robust sealing in thin-�lm Si solar cells [127] and
CuInGaSe solar cells [128] that were commercialized using ZnO-based TCO. For full-scale
commercialization, further research is expected to improve the optoelectronic properties and
chemical stability.

SnO2-based TCOs can also be interesting to replaceIn2O3-based ones. Indeed,SnO2-based
TCOs (SnO2:F, SnO2:Sb andSnO2:Ta) are excellent TCO materials and widely used in various
applications, including thin-�lm Si and CdTe solar cells [129,130]. SuchSnO2-based TCO �lms
are typically deposited by CVD or sputtering at high temperatures of 400�600°C. The resulting
�lm is polycrystalline with excellent chemical stability. However, the electrical properties of
theSnO2-based �lm decrease signi�cantly when the deposition temperature is lowered [131]
Therefore,SnO2-based TCOs have not yet been applied to temperature-sensitive devices such as
SHJ and perovskite/Si tandem cells. Recently, it has been reported that amorphousSnO2 (0-SnO2)
can achieve high transparency and reasonable electrical properties even at low-temperature
deposition.0-SnO2 �lms deposited by reactive plasma deposition (RPD) method have shown
resistivity in the order of 10� 4 
 cm [120]. The potential of In-free0-SnO2-based SHJ cells
has demonstrated by a lab-scale SHJ cell with a-SnO2 �lms on both of front and rear sides by
Koida et al [120] as plotted as the blue diamond symbol in Fig. 8. Moreover, the development of
0-SnO2 �lms by sputtering method is also progressing. Although the resistivity is still higher
than that of RPD method, a RJ SHJ cell with sputtered0-SnO2 on the front side with an excellent
e�ciency of 24.9% was reported by Yu et al [108] as plotted as the half-�lled blue square (In
reduction = 50%) in Fig. 8. One advantage ofSnO2 over ZnO is its high tolerance to humidity,
which leads to long-term stability for solar cell applications [120].

In short summary, the research and development of TCO materials without In, such as
ZnO-based andSnO2-based materials, is steadily progressing. For the relaxation of resource
constraints, early commercialization of c-Si solar cells and perovskite/c-Si tandem solar cells
with these materials are expected. Today, those TCOs raise issues with poor contact with Ag or
a-Si:H [109,117,118,132], FF losses [109,110,112,117,118,132], higher sputtering damage
leading to lower+oc [109, 110, 112, 132, 133], lower� sc [109, 110, 112, 118, 132], and poor
reliability against humidity [109,117] compared to In-rich TCOs. Potentially,SnO2-based TCOs
are supposed to be more reliable than ZnO-based ones from the material point of view, but this
must be con�rmed by extensive reliability tests.
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Fig. 10. a) classical SHJ cell, b) In-free + In-rich TCO multilayer cells and c) Thin
In-rich + dielectric layer or multiple anti-re�ective coating). Note that the TCO changes
are represented on both side of the cells, which is not the case in all the cited studies.

b) In lean approach To overcome issues with In-free TCOs, other approaches have been
studied in recent years, such as multilayer anti-re�ection coatings. Indeed, it is also possible to
reduce the indium content by reducing the In-rich TCO layer thickness. On the rear side, the
thickness can be lowered by 60% without e�ciency losses [134]. However, on the front side,
since the TCO acts as an anti-re�ection coating, the thickness reduction needs to be compensated
by adding another layer. In this case, two di�erent approaches exist:

In-free + In-rich TCO multilayer To circumvent the poor contact of AZO with0-Si:H layers,
some studies added a thin In-rich layer between the two layers, as shown in Fig. 10(b)
[109, 110, 112, 132, 135, 136]. When the In-rich contact layer is used below the AZO
layer, it also protects the0-Si:H layer from the higher sputtering damage of AZO. On
another hand, to cope with the poor damp heat reliability of pure AZO and allow a better
contact with the Ag grid, a thin In-rich TCO layer can be used as a capping layer, thus
providing a barrier against humidity [109]. By using two contact layers, Tang et Al.
reached e�ciencies as high as 23.6% (compared to 23.7% for the ITO references) with an
85% In reduction [110]. Donget al. achieved an impressive certi�ed cell e�ciency of
25.62% with a 50% In reduction on the front side (only an In-rich contact layer between
the selective layer and the AZO layer) [112].

Thin In-rich TCO + dielectric layer or multiple anti-re�ective layer Another solution is to
use a completely transparent but non-conductive layer as a dielectric layer (SiNG, SiONG,
SiOG, MgF2 or AlOG) [70,101,102,105� 107,113] to compensate the thickness reduction
of the TCO layer as shown in Fig. 10(c). Using this solution, the lateral transport is carried
out only in the thinner TCO layer (and in the substrate), so optimization of the thinner TCO
towards high conductivity is necessary to avoid �ll-factor losses. Indeed, since the sheet
resistance is inversely proportional to the thickness, a thinner TCO leads to higher sheet
resistance. It must be noted that the deposition of a hydrogen-rich dielectric can improve
the underlying TCO electrical properties by hydrogen doping: the resistivity of the TCO
layer can be reduced by up to a factor 3 [101, 113]. On the other hand, since dielectric
layers are more transparent than TCOs, current gains can compensate for small FF losses:
the thinner the TCO layer, the lower the parasitic light absorption. Thus, a compromise
between FF losses and current gains will dictate the thickness reduction potential. It
was also shown that a dielectric capping can improve the damp heat reliability of the
cells [104,113,137] and that in some case, the thinner ITO layers can show an enhanced
UV reliability [113]. Using this type of architecture, Cruzet al. [70] reached a remarkable
cell e�ciency of 23.9% (while the 100% In rich TCO reference is 0.2% lower) using a
20 nm thick In-rich layer on both sides and aSiO2 capping layer. Another recent study
showed that lowering the TCO thickness on the rear side below 20 nm a�ects dramatically
the e�ciency, but that it is possible to use ITO layers as thin as 10 nm on the front side
without e�ciency losses (90% In reduction) [113].
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Fig. 11. Representation of bifacial PERC, TOPCon and SHJ devices and corresponding
layers, including metallization approaches with direct, partial or no contact with the
silicon absorber.

c) TCO free approach The last approach we discuss here is TCO-free solar cells, in which no
TCO layers are used, regardless of whether they are In-based or not. This might be a promising
approach in SHJ solar cells because the photo-generated carrier density in c-Si cells under
illumination becomes rather high by applying state-of-the-art passivating contact technologies
such as SHJ. Therefore, the sheet resistance of the base c-Si wafer can be low and comparable to
that of TCO layers [138]. In such a situation, the lateral carrier transport could be supported by
the c-Si wafer itself without the help of TCO layers. Besides, a TCO-free approach is attractive
for cost reduction since the TCO deposition process occupies a non-negligible portion of the
production cost of SHJ cells.

TCO-free approach was �rst demonstrated by Liet al., showing an e�cient rear-junction SHJ
cell with a TCO-free front contact structure [121]. In addition, Heet al. took one step further
and realized TCO-free SHJ cells using dopant-free contacts on both sides [122]. Saiet al. also
developed both-side TCO-free SHJ cell with an initial e�ciency of > 22% [123]. In that work, it
was found that low contact resistivity at carrier selective contacts is more crucial in TCO-free
SHJ cells than in normal SHJ cells. It was also pointed out that TCO-free cells su�er from metal
di�usion into Si layers, which deteriorates the long term photovoltaic performance of SHJ cells.
These results suggest that TCO-free SHJ cells with a high initial e�ciency are achievable, and
many examples for TCO-free devices are given, but issue of stability was not discussed. New
metallization process/architecture are required to solve this reliability problem in the future.

4.3.2. Silver concerns

Metallization of c-Si based solar cells must allow charge carriers collection and transport up to
the interconnection ribbons or wires while ensuring low recombination, resistive and optical
losses, and be reliable under thermal and mechanical stresses. The mainstream process for
metallization is screen-printing using conductive pastes, which are a mix of metallic particles,
solvents and other components depending on the cell technology. For high-temperature Si
devices like Passivated Emitter and Rear Cell (PERC), with dielectric passivating layers (SiOG,
SiNG:H, AlOG), etching agents are needed to ensure a connection to the silicon through these
insulating layers (activated during the �ring step). Al-Ag based pastes enable contact on p-type
silicon, while Ag based pastes are used for contact on n-type Si [139]. For high e�ciency
cells technologies such as Tunnel Oxide Passivating Contact (TOPCon) and SHJ, there is a
limited (TOPCon) or no (SHJ) direct contact with silicon, which allows for drastically reducing
recombination losses and achieving higher open-circuit voltages (+oc) [140]. In the currently
developed TOPCon technologies, both front and rear sides of the device are contacted with pastes
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involving a high temperature �ring step. For SHJ, both sides' metallization the deposition is on
top of TCO layers, followed by drying and low temperature sintering steps (<200°C). A major
drawback of this technology is the higher silver content compared to higher curing temperature
pastes. The schematic illustrations of PERC, TOPCon, and SHJ cells are shown in Fig. 11.

PERC devices use Al on the rear side and Ag on the front side [3]. TOPCon and SHJ require
di�erent metallization-paste properties, leading to increased Ag usage, with typical laydown of
160 mg and 200 mg, respectively. Table 2 summarizes the metal content in these mainstream
devices considered as M10 size in 2022.

Projections on silver demand for the PV sector to meet the net-zero emission by 2050 underline
the need to drastically limit the silver content per cell, with an upper limit proposed at 5 mg/W
and corresponding Ag demand upper limit at 5 kt/a [96].

Table 2. Aluminum and Silver usage for the di�erent silicon based solar cells mainstream
technologies as taken from Ref. [4] for year 2022 as reference. The area is 330.69 cm2

(M10 wafer size) for all,< and2 in the table stand for �mass� and �content per watt�
respectively.

E�ciency Power < Al 2Al < Ag 2Ag

(%) (W) (mg) (mg/W) (mg) (mg/W)

m-PERC 23.2 7.7 900 117 84 11

b-PERC 23.2 7.7 300 39 84 11

TOPCon 23.9 7.9 0 0 160 20

SHJ 24.2 8.0 0 0 200 25

Metal laydown using screen-printing technique has been signi�cantly reduced in recent years,
mainly due to an increase in the number of busbars (BB). This strategy allows for the deposition
of narrow �ngers (improving shadowing) with higher line resistance, as the charge carriers will
be transported over shorter distances. The transfer of metal particles through narrow screen
openings could lead to non-conform or cut lines, but the development of knotless screens with
new emulsions enables the processing of lines less than 20µm in width. Current technologies
generally use 9 BB to 12 BB for M10 devices, and some suppliers are expected to release products
up to 24BB for G12 wafer size soon. Reducing the silver content at the �ngers level implies a
greater metal usage for the busbars, increasing the complexity and costs for interconnection and
metal consumption at the module level (more ribbons or wires). At some point, this becomes
detrimental to photon collection by the PV module, as more ribbons or wires generate more
shadowing, even with speci�c non-�at structures (see Chapter 3). Furthermore, the module
reliability can be impacted by the most aggressive metal laydown.

Alternatively, interesting results have been found for TOPCon with direct contact of new Al
based pastes compatible with n+ poly-Si or lines deposited in two steps: (i) Ag paste dots in
contact with the poly-Si layer (ii) a copper full line on top [141]. For SHJ, metal pastes loaded
with Ag coated Cu particles have recently attracted much attention, as they are compatible with
screen-printing and can reduce Ag lay-down by more than 40%. Integration of such pastes at
the rear side or on both sides in 6BB SHJ devices shows that it is possible to reduce the Ag
content by 30% with only a slight impact on e�ciency. Thus, 11 mgAg/W is reached with less
than 0.3% absolute e�ciency loss, as presented in Figure 12. These results are very promising,
and e�ciency loss related to higher line resistances (compared with the pure Ag ones) can be
reduced using higher quantity of BB or busbar-less designs.

Alternatives techniques for metallization of Ag pastes, allowing narrow �ngers with high
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Fig. 12. In�uence of Ag content reduction in Ag coated Cu low curing temperature
pastes on relative e�ciency for 6 busbars SHJ devices prepared on CEA SHJ pilot line.
The reference (blue symbol) is a standard Ag paste and the Cu/Ag pastes have been
applied only at the rear side (open symbols) or on both sides (solid symbols).

aspect ratio, such as Pattern Transfer Printing (PTP) also referred as Laser Transfer Printing
(LPT), Dispensing, Rotary printing and Inkjet printing have been proposed [139,142]. While the
LTP has been used to allow front side shadowing lower than 2% and reach record e�ciency for
SHJ devices, their compatibility with high throughput and reduced silver usage still needs to be
demonstrated [143].

Copper plating processes for Si based solar cells allow for reducing or removing Ag usage.
Several works show possible process �ows compatible with the di�erent existing Si cells
technologies and record e�ciencies. The higher cost of this metallization technique compared to
screen-printing, together with possible process issues such as parasitic plating and reliability
losses, are some of the points preventing its entrance into mass production [144� 146]. It is
worth noting that in the approaches involving the usage of Cu, its di�usion into silicon must be
avoided as it could cause strong reliability issues (local shunts, bulk lifetime degradation). Laser
contact opening (LCO) process optimization or the presence of a barrier such as TCO for SHJ
are possible strategies for this purpose. There may also be a need to have the Cu metal layer
covered by another metal, as its oxidation could strongly a�ect its conductivity and color, and
also lead to reduced module reliability. Finally, moving to Interdigitated Back solar Cells (IBC)
technologies enable to suppress entirely front side re�ections due to metallization and some have
already demonstrated their compliance with strong Ag reduction [12,147].
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4.4. Summary and Advances needed

In conclusion, considering the impressive trend of solar PV installations reaching� 1•5 TW
worldwide in 2023 [97], the PV community needs to rethink PV solar systems based on an
eco-designed approach where e�ciency, reliability and environmental constraints are mandatory.
This means that strategies for CRM reduction (or removal) should be at the core of research and
innovation activities in the lab to make these processes and technologies possible. Moreover,
designing for 100% recyclability is also necessary to maximize material recovery in a circular
ecosystem for PV. In the future, the optical challenges in this context can be summarized as
follows:

CRM reduction or removing Reduction or alternative technologies for CRMs used in main-
stream crystalline silicon solar cells and modules. Typically, the development of device
and module technologies that reduce Ag, In, Bi, etc., are required. As for optoelectronic
materials, urgent tasks include the development of low-temperature-formed TCO materials
with reduced or no In, applicable to heterojunction solar cells and perovskite/Si tandem
solar cells, control of interface properties, and veri�cation of long-term stability.

Recycling technologiesRecycling technologies for PV modules, or the development and dis-
semination of PV modules that are easy to recycle. In relation to optics, laser processes are
widely used in the manufacturing process of solar cells, and e�cient module disassembly
technologies utilizing lasers are also an interesting research subject.
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5. Luminescence I

P. MANLEY, U. AEBERHARD , M. LEDINSKY, S. BURGER

5.1. Introduction

This chapter covers luminescence, the light leaving the cell or sub-cell of a multi-junction device.
We will see that the luminescence of a solar cell gives us insight into both the electrical and
optical properties. Furthermore, internal luminescence can be exploited to increase the voltage
in single junction solar cells and the current in multi-junction solar cells via the luminescent
coupling e�ect.

5.2. Luminescence

In the detailed balance analysis of Shockley and Queisser many loss channels are assumed to be
negligible in order to obtain upper limits of solar cell performance [22]. One loss channel that
cannot be set to zero is the emission of photons from the solar cell, called luminescence. This is
due to the fundamental reciprocity between absorption and emission [148]. For light to enter the
solar cell, we must allow for the fact that it will also be able to leave the solar cell. An interface
that is perfectly transmissive for light from one direction and perfectly re�ective from the other
direction requires rather exotic physics and is not applicable to a solar cell [149,150]. Secondly,
if we allow that light can be absorbed in the solar cell, thereby producing an electron-hole pair, it
must be possible for electrons and holes to radiatively recombine and emit light [22].

When an ideal solar cell is illuminated under open circuit conditions, all of the generated
electron-hole pairs recombine radiatively and produce luminescence. In reality, both Auger
and Shockley-Read-Hall (SRH) recombination will lower the amount of luminescence by non-
radiative recombination [151,152]. The luminescence is a measure for how close our real system
is to an ideal one. By increasing the measured luminescence of a solar cell operating at open
circuit, we imply that the non-radiative recombination rates have been reduced in comparison to
the radiative recombination rates [148].

The real-time monitoring of luminescence may serve as a direct indicator of the evolution of
defect states contributing to non-radiative recombination during the growth or crystallization
of semiconductor thin �lms. A notable example involves the utilization of combined in-situ
photoluminescence and grazing-incidence wide-angle X-ray scattering (GIWAXS) measurements
for investigating the deposition of halide perovskite �lms through the solution process [153].
The �ndings allowed for the delineation of two distinct stages in halide perovskite growth. The
initial stage is characterized by the rapid growth of individual perovskite grains, as revealed
by GIWAXS, accompanied by a linear increase in the luminescence signal. In contrast, the
second stage exhibits a signi�cant decrease in growth speed detected by GIWAXS, coupled with
a pronounced quenching of the luminescence signal. This phenomenon arises from the formation
of grain boundaries when the individual grains begin to interconnect. Grain boundaries, being
regions of high defect density, result in a substantial quenching of luminescence by two orders of
magnitude due to non-radiative recombination. Interestingly, similar observations have been
made through in-situ measurements of evaporated halide perovskite [154] and �lms prepared
using so called pizza oven deposition [155].

Due to the wealth of information that is gained from the spectrum, overall intensity and
lifetimes of the photoluminescence from a solar cell, this will become a key characterization
technique, especially for high e�ciency devices.

5.3. Radiative ef�ciency

The external radiative external e�ciency[ ext of a solar cell is the ratio of the external emission
rate' ext to the combined total of the external emission rate and non-radiative recombination rate

29



Fig. 13. Schematic description of (a) photon recycling and (b) luminescent coupling in
solar cells at the operating voltage. (a)(1) Solar radiation (yellow arrows) incident to
the solar cell (blue) is absorbed, generating electron hole pairs. Some charge carriers
are collected at the contacts. (2) Some charge carriers recombine to emit luminescence
(red arrows). (3) Depending on the emission angle, the luminesence can be trapped
via total internal re�ection. (4) The corresponding internal photon may be reabsorbed
creating a new electron hole pair. (5) Another recombination event leading to (6) a
photon that is extracted via luminesence. (b) Steps (1-2) are the same as in (a). (3) Due
to low re�ection between the upper (blue) and lower (green) absorber, the internally
emitted photon is able to enter the lower absorber and to generate an electron hole pair.
(4) Some fraction of the incident solar radiation will also reach the lower absorber.

' nonrad,

[ ext =
' ext

' ext ¸ ' nonrad
• (1)

Increasing the external radiative e�ciency, which is primarily achieved by reducing the non-
radiative recombination rates, will reduce the voltage loss of the solar cell at open circuit,+oc,
compared to the ideal radiative open circuit voltage+oc–rad,

+oc = +oc–rad ¸
:)
@

ln [ ext– (2)

where:) •@is the thermal voltage. The open circuit voltage is determined by the quasi-Fermi
level splitting in the absorbing material upon illumination, which in turn depends on the density
of generated charge carriers and recombination mechanisms [152,156]. When charge carriers
recombine radiatively, their emission with respect to the angle inside the absorber may be
isotropic, in-plane, or out of plane polarized, depending on the material system and photonic
environment. Due to the higher refractive index of the absorbing layer compared to the exterior,
some of the internal emission is trapped within the device due to total internal re�ection. This is
reabsorbed to create an electron-hole pair, which restarts the cycle that is also termedphoton
recycling. A schematic overview of this process is given in �g. 13(a), which does not show
non-radiative recombination e�ects present in realistic devices. Note that �g. 13(a) represents
operation at a voltage below+oc as some carriers are collected at the contacts. For planar layers,
most of the internal emission is trapped due to the very small escape cone [148]. This leads to a
higher photon density inside the absorbing layer, resulting in a higher charge carrier density. As
previously established, this will directly increase the+oc [157,158]. This e�ect has been studied
in GaAs, Si and Perovskite devices [159� 162]. Due to weak absorption at the band edge, Auger
recombination in crystalline silicon is dominant, and thus the radiative e�ciency remains far
from the ideal limit [151].

The+oc of a solar cell can be brought closer to the ideal value by an optical design that more
readily traps light inside the absorbing layer. This requires large[ ext, since otherwise the photon
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and charge carrier densities do not signi�cantly build up with repeated emission and reabsorption
events. For low[ ext, the energy is instead lost as heat. The optical design must also not trap light
for those angles corresponding to the external solar illumination, otherwise light would not be
able to enter the solar cell. In order to reach the e�ciency limit for single junction devices, the
optical design must also take into account the photonic environment for light emission inside the
absorbing layer. This involves including a high re�ectivity rear side with low parasitic absorption
(favouring dielectric mirrors over metallic re�ectors), suitable modi�cation of the front side
to provide anti-re�ection in the narrow band of angles that receives solar radiation and high
re�ection of all higher angles [148,158,163]. Such a system would be suitable for very low levels
of di�use light and would require a two axis tracking system. Chapter 10 contains a discussion
on modelling the di�usivity of sunlight based on average local weather conditions and including
aspects such as tracking into cost calculations.

5.4. Luminescent coupling

Multi-junction solar cells have two or more layers absorbing sunlight. Typically, they are arranged
from front to back in descending band-gap energies. This allows all of the light with energies
below the band gap to be naturally transmitted to the underlying cells. In such a con�guration,
the luminescence produced by each sub-cell will also be absorbed by the underlying cells but not
by those that are closer to the front. If the luminescence from a sub-cell is absorbed by a lower
lying sub-cell, it will contribute as an extra illumination source, thereby increasing the current in
the lower lying sub-cell. This process is called luminescent coupling and is shown schematically
in �g. 13(b). Note that the extra current in the underlying sub-cell comes from the incomplete
conversion of absorbed light to current in the upper sub-cell. The luminescence absorbed in the
lower lying sub-cell will undergo thermalization of the charge carriers that reduces the energy
yield. Despite this, it is still preferable for the luminescence of sub-cells to be absorbed by lower
lying sub-cells rather than to be emitted to the environment. This e�ect has been experimentally
veri�ed in high quality multi-junction systems, typically involving III-V materials [164,165], but
also in perovskite tandems [166].

Chapter 7.1 describes the challenge of current matching in series connected multi-junction
devices. This requirement is easily met for a given illumination spectrum, incidence angle
distribution and temperature. Under real world conditions, the solar irradiance will change its
angular spectrum throughout the day and year. Cloud cover may dramatically reduce the intensity,
spectral weighting and angular distribution of the solar irradiance. Furthermore, the temperature
dependence of the current and �ll factor will generally not be equal for the two sub-cells. Due to
overall current being limited to the lowest current of all sub-cells in a multi-junction device, such
�uctuations in the illumination or temperature can reduce the overall e�ciency much more than
for a single junction.

The voltage increase due to the external radiative e�ciency has also been studied for multi-
junction solar cells [167]. The key challenge here is to include wavelength selective re�ectors to
con�ne the luminescence for each sub-cell while allowing the transmission over photons with
lower energies.

Luminescent coupling may act as a stabilising e�ect to counteract �uctuations in the illumination
[168, 169]. Often, these �uctuations cause an absorption that is too high in the higher lying
sub-cells and a too low absorption in the underlying sub-cells. If the conversion of absorption
into current in the upper sub-cell is incomplete, it may luminesce and emit light to lower lying
sub-cells. Thereby directly increasing the absorption there, as shown in �g. 13(b). Note that
this also requires a high radiative e�ciency in the upper sub-cell. Additionally, the photonic
environment should be constructed to allow light to be preferentially emitted to lower lying
sub-cells. For a two junction solar cell this is usually the case as the refractive index of the
lower lying cell is much higher than that of air outside the device. This means the escape
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cone for light is much larger for emission to lower sub-cells. For devices with more than two
junctions, the situation is signi�cantly more complicated, and requires a careful design to ensure
the luminescence is primarily directed downwards to increase the luminescent coupling.

By tailoring the amount of luminescent coupling, the current in a multi-junction device can
be more easily balanced. This can directly raise the e�ciency under ideal conditions, i.e. a
clear day with the sun at the optimal azimuth and altitude, in the case of a bottom-limited
device, for instance a perovskite-silion tandem with insu�cient primary photogeneration in the
low-absorbing silicon sub-cell. Luminescent coupling can also reduce the e�ciency drop seen for
non-ideal conditions, i.e. cloudy day or sun at a non-optimal azimuth and altitude. To quantify
the e�ect of luminescent coupling under ideal and non-ideal conditions, it should be included in
energy yield models discussed in chapter 10. This includes modelling of both the electrical and
optical properties [170,171].

5.5. Modelling internal emission

We have seen that modelling the luminescence of solar cells is crucial for reaching the highest
e�ciency devices. There is a lot to gain by an optical design that preferentially manipulates the
luminescence. To achieve such an optimal design, modelling tools are required. Approaches
present in the literature have handled the light emission via ray optics with either planar interfaces
or approximations to structured interfaces using the idealised Lambertian scattering law [172].
For structures much larger than the wavelength of light, a ray optical picture is appropriate. An
approach based on �rst determining the scattering matrix of such an interface and using this
to determine the self-consistent internal �eld of the absorbing layer can model the radiative
e�ciency. With knowledge of the SRH recombination rate, the Auger coe�cient for the material
and the angular dependent rear re�ectivity, the luminescence at open circuit can be determined.
This directly relates how close the device+oc is to the ideal limit. If the absorbing layer is thick
compared to the internal wavelength, interference e�ects may be neglected. For thin �lms, the
escape probability will be dependent on the position of the photon emission within the absorber
due to phase e�ects.

If the device structuring is on the same order or below the size of the internal wavelength,
rigorous simulations are needed to realistically model the wave optical nature of light. Due
to the stochastic nature of the internal light emission, we may treat individual emission events
as independent from and incoherent with one another. A wide-spread model to describe the
characteristics of light emission in thin-�lm optical cavities is dipole radiation theory [173,174],
heavily used in the �elds of organic light emitting devices (OLED) [175,176] and of the emerging
perovskite LEDs [177,178]. Assessment of photovoltaic performance at the radiative limit - which
includes consideration of photon recycling - requires quanti�cation of both, internal emission
and external light-outcoupling [179]. Conventionally, internal emission and re-absorption is
evaluated by measuring the power dissipated by a radiating dipole in the active medium, while
the out-coupled �ux is measured via the Poynting vector of the electromagnetic �elds generated
by the radiating dipoles [180]. In contrast to the situation in optically bulk-like media, where
the Van Roosbroeck-Shockley relation linking absorption coe�cient and local emission rate can
be used [172,181], the internal emission in thin �lms depends on the local density of photon
states in the cavity. A consistent description regarding dependence on the cavity modes of both,
internal emission rate and external �ux is found on the basis of the electromagnetic Green's
tensor of the dipole �elds [180]. An important challenge remains in the propagation of the
optical rates of emission, re-absorption and out-coupling to the electrical performance of the
solar cell. To this end, the expressions for the local rates and the Poynting-vector in terms of the
Green dyads need to be connected to the local value of the quasi-Fermi level splitting [182,183].
This consistent formulation of light emission, propagation, and re-absorption can also be used
to assess on equal-footing the contributions of photon-recycling and luminescent coupling in
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Fig. 14. Optical modeling of internal emission and re-absorption in an all-perovskite
tandem solar cell based on the Green tensor formalism: (a) Sub-cell contributions
to the total photon �ux due to internal emission (blue: top, red: bottom, magenta:
sum/total). (b) Spatial pro�les of secondary photogeneration rates due to PR and LC.
(c) Spectrum (dashed), layer-resolved re-absorptance (green: PR and LC, red: parasitic)
and out-coupling (blue) of internally emitted light. (Adapted from Ref. [184], Fig. 5
© 2024 Wiley-VCH GmbH.)

multi-junction solar cells based on thin �lms, such as all-perovskite tandems [184] (Fig. 14).
For tandems including sub-cells with incoherent optics, such as perovskite-silicon tandems, the
Green dyad formalism can be coupled to net-radiation or even ray-tracing models (in the presence
of scattering at large scale textures) for this purpose [185].

At the same time, device structuring on the nano-scale often results in periodic structures.
Models of periodic structures are typically restricted to a single unit cell of the repeating structure.
Such a model is valid for a periodically repeating coherent ensemble of sources that di�er only
by a phase factor. Since we instead wish to model a single incoherent source, we need either to
simulate a large supercell of the repeating periodic structure [186,187] or integrate over values of
the phase in reciprocal space [188]. While large supercells are conceptually more straightforward,
the reciprocal space integration may o�er more room for an e�cient approach. The integrand
involved is typically highly singular which requires special mathematical treatment, but opens the
door to adaptive schemes and rational function interpolation schemes, which may vastly reduce
the computational e�ort required. It should be noted that such issues also appear in integrals of
the angular spectrum of simpler structures such as planar interfaces due to the bound waveguide
modes. There, reciprocal space integration techniques could also be applied to reduce the
computational e�ort. Indeed, divergences in dissipated power at large values of in-plane photon
wave vector in absorbing media are a common issue in dipole radiation theory, and are usually
mitigated by a rather arbitrary wave-vector cut-o� [177] or the introduction of non-absorbing
domains around the dipole position [180,189]. Since these divergences originate in the presence
of near-�eld energy transfer by longitudinal components of the Green tensor related to the use of
a continuum model of the dielectric medium response at microscopic distances, they are removed
by transition to a purely transverse Green tensor [182].

Simulation of the entire opto-electronic response of solar cells is crucial to achieving the highest
e�ciencies. The challenges highlighted in this chapter will require the continued development of
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multiphysics approaches in order to accurately and e�ciently evaluate device performance.

5.6. Advances needed

Luminescence will play a key role both as an analytical tool and as a design parameter for high
e�ciency solar cells. The following aspects will be crucial for improving devices e�ciencies:

In-Situ Measurements Luminescence will be used as an analytical tool both for fully completed
devices and for manufacturing processes through real-time monitoring of in-situ device
deposition. This allows for fast and low-cost measurements that provide direct information
on how well the device is functioning, allowing for challenges that develop during the
deposition process to be investigated and overcome.

Radiative E�ciency Future designs of high performance solar cells will need to incorporate
strategies to increase the radiative e�ciency. This will primarily bring the open circuit
voltages and hence the e�ciency closer to the theoretical limit.

Luminescent Coupling For multi-junction devices, luminescent coupling will be included in
the design process, thereby allowing multi-junction devices with monolithic connections
to obtain higher e�ciencies and to operate over a wider range of illumination conditions.

Modelling Internal Emission For luminescence to be included in the design process, improved
optical and electronic models are required. These models need to include a range of factors
including the statistically incoherent light sources, full wave propagation, nanostructuring,
multi-physics, etc. The Green dyad presented in this chapter provides an approach
combining many of these components, with the development of further models needed to
incorporate other speci�c factors, e.g. nanostructuring.
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6. Luminescence II—There Are Two Distinct Photon Gases Present Inside Every
Solar Cell

E. YABLONOVITCH , Z. OMAIR

6.1. Introduction

It has gradually been recognized that incoming sunlight can be trapped within a high refractive
index semiconductor,= � 3•5, owing to the narrow 16° escape cone. The solar light inside a
semiconductor is4=2 times brighter than incident sunlight [34]. This is called light trapping and
has increased the theoretical and practical e�ciency of solar panels. But there is a second photon
gas of equal importance that has been overlooked. Inside every forward-biased solar cell there is
a gas of infrared luminescence photons, also trapped by total internal re�ection. We introduce
the idea ofsuper-equilibrium, when the luminescence photon gas freely exchanges energy with
the two quasi-Fermi levels.

Nonetheless, the loss of a single photon from either gas is equivalent to the loss of a precious
minority carrier. Therefore, optical modeling and design become equally important as electron-
hole modeling in high e�ciency solar cells. It becomes possible to approach the idealistic
Shockley-Queisser limit [22], by proper material selection and design of the solar cell optics.

6.2. The two distinct photon gases

Inside a solar cell, the incoming solar photons tend to be trapped by total internal re�ection. As
illustrated in Fig. 15(a), weakly absorbed rays of sunlight experience multiple internal re�ections,
forming a photon gas with4=2 absorption enhancement [34], increasing both current and voltage.
At the same time, there is second photon gas, illustrated in Fig. 15(b), inside every solar cell.
The presence of a non-zero voltage is accompanied by an infrared luminescence photon gas,
signi�cantly brighter than Planck's black-body radiation.

These two photon gases are very important for solar cell operation. If a single photon is lost
from either photon gas, it is equivalent to the loss of a precious minority carrier. Thus the photon
gases need to be included in solar cell modelling, and must be treated on an equal footing with
the electron gas, and with the hole gas, that are also present in every solar cell.

6.3. The generalized Planck theorem

In thermodynamic equilibrium, there is only one Fermi level (or chemical potential` ) for
electrons in a system. Semiconductors are unusual in that they separately sustain both, an electron
gas and a hole gas. In the best materials, the electrons and holes recombine rarely compared to
their individual momentum relaxation rates, and they barely interact. The electrons and holes
fail to mutually equilibrate, and they have separate Fermi Levels. Since they are out of global

Fig. 15. (a) The photon gas formed by weakly absorbed solar photons (in green),
re�ected from the random scattering rear surface. The internal brightness is4=2 larger
than the incoming sunlight. (b) The other internal photon gas (in red) formed by
luminescent infrared photons (adapted with permission from Ref. [158],© 2012 IEEE).
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equilibrium, the separate Fermi Levels are called quasi-Fermi levels,� F= and� F? respectively,
where� F= � � F? = ` = @+with the elementary charge@and the voltage+. The quasi-Fermi
level separatioǹ = @+represents the internal free energy buildup by sunlight.

In a solar cell there is a further type of equilibrium: The internal luminescent photon gas
exchanges energy with the electrons and holes, and can establish a form of equilibrium that
includes photons, electrons and holes. We suggest the name�super-equilibrium� when the
infrared photon gas exchanges energy between the two quasi-Fermi Levels. The photon gas
brightness,B, then deviates from the Planck black-body formula,

B¹a– `– )º =
8c=2a2

22

1

exp
�

�a � `
:)

�
� 1

• (3)

where the brightnessB is the photon number per area, per unit bandwidth, per unit time, and
per4c steradians;= is the refractive index,a is the photon frequency,) is the temperature, and
:) is the ambient thermal energy. This is sometimes called the �Generalized Planck formula�.
It was �rst derived by Ross [157], and further elaborated by Henry [190], and in Ref. [191].
If there is no excess carrier concentration, and only a single quasi-Fermi level, there is global
equilibrium,` = @+= 0, and the ordinary Planck formula would apply. But if` < 0, then the
�super-equilibrium� would apply, as represented by the �Generalized Planck formula�, Eq. (3).

It is odd that a photon spectral distribution, Eq. (3), would contain a chemical potential,` .
Since the photon number is not conserved�photons can be freely created and destroyed�it
is usually understood that the creation of photons costs zero free energy,` = 0. But that only
applies to perfect thermal equilibrium. In our case, the photons are closely coupled with, and
exchange energy with, the carriers of an excited semiconductor. The photon distribution, Eq.
(3), then contains the chemical potential of the semiconductor carriers, the quasi-Fermi level
separation.

The quasi-Fermi level separation can be regarded as causing the luminescent infrared photon
gas. In �super-equilibrium�, this infrared gas brightnessB, can be reinterpreted as measuring the
voltage+ in the photovoltaic cell,

@+= ` = � 6 � :) ln
�
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¸ 1

�
• (4)

In human experience, we rarely confront light at or near thermal equilibrium. In virtually all
human experience, light is much brighter than the thermal equilibrium intensity, except perhaps
on a very dark starless night. To the extent that there is su�cient ambient light, Eq. (4) can
assign a chemical potential` ¡ 0 to the light brightness we deal with in our daily lives. It is
perfectly reasonable to ask on a sunny day: �What is today's chemical potential as given by Eq
(4)?� It would be like a weather report, and combined with ambient temperature, would provide
an upper physical limit for that day's photovoltaic cell voltage.

Luminescent infrared photons are not lost to photovoltaics. Owing to light trapping, only
the small fraction1•4=2 � 2% of the internal infrared luminescence escapes. 98% of the
infrared luminescence is trapped upon each front surface re�ection and is subject to re-absorption.
Therefore modeling of solar cell performance must include a full optical analysis, on an equal
footing with the analysis of minority carrier transport. Indeed, in a good solar cell, the minority
carrier properties are usually close to ideal, and the performance is completely determined by the
photovoltaic optics [158]. This is certainly true for the current �at-plate record solar cell, [15],
which surpassed the previous record by further improving rear-surface re�ectivity.

The remaining 2% of internal infrared luminescence photons, lost to escape from the front
surface, are not really lost. The front surface of a solar cell must be open to allow the entry
of sunlight. At open-circuit conditions no current is drawn. According to the detailed balance
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Fig. 16. (a) Non-ergodic: The term ergodic refers to the time average trajectory of a
light ray being the same as the phase-space average. The simple geometric shapes,
sphere, rectangle, parallelogram fail this test. A light ray that enters such a shape but
rapidly escapes, and fails to �ll all possible internal angles. (b) Ergodic: In the case of
odd shapes, the trapezoid, or the race track, light rays scatter at unusual angles, �lling
the full internal angle space. The light intensity builds up increasing brightness by4=2,
and free energy by:) ln¹4=2º, and the photovoltaic output voltage by¹:) •@º ln¹4=2º.
Almost all but the simplest geometric shapes are ergodic.

limit [22], those incoming solar photons are replaced by outgoing luminescent photons, from the
internal photon gas that is4=2 times brighter than the incident sunlight. Thus the 2% photon
escape is a necessity, not a loss mechanism. This also led to the slogan: �A great solar cell also
needs to be a great Light Emitting Diode� [158].

In some forms of photovoltaic cell modeling, it is necessary to know the� -coe�cient, where
�=? is the rate of spontaneous emission from electron/hole recombination. But the spontaneous
emission coe�cient can be bypassed by using detailed balance [181] to compute the spontaneous
emission; where luminescent emission! ¹a– `– )º = U¹a– `– )º � B¹ a– `– )º is exactly balanced
by optical absorption of the internal luminescence photons. Then spontaneous luminescence is

! ¹a– `– )º =
8c=2a2
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When the material is only moderately excited,` � a� , the absorption spectrum is unchanged
from that of unexcited material, replacingU¹a– `– )º with U¹a–0– )º. Thus the spontaneous
emission can be known without a knowledge of either the� -coe�cient, nor the intrinsic carrier
density,=8, in the semiconductor. Indeed only the conventional absorption coe�cientU¹a–0– )º
is needed, and Eqs. (3�5) in this chapter apply equally well to dye molecules as to semiconductors.
A dye molecule can have an internal chemical potential determined by the excess probability?ex
of being in the excited state, relative to?0 the usual Boltzmann probability,` = :) ln¹?ex• ?0º.

6.4. Ergodic light trapping

Light trapping inside the solar cell improves the voltage, current, and �ll-factor. But it was not
exploited in the �rst 40 years of the photovoltaic industry. One reason is that the �rst generations
of photovoltaic cells consisted of a plane-parallel slab. In semiconductors, the refractive index is
high,= � 3•5 in silicon. By Snell's Law, the refraction inside the slab would always be within
an anglearcsin¹1•3•5º � 16� , a cone adjacent to normal. As shown in Fig. 16(a), the simple
geometry of a plane parallel slab fails to scatter light rays in directions outside this narrow
cone which only accounts for¹1•4=2º � 2%of 4c steradians. The other 98% of angles remain
inaccessible.

This problem is solved by simply leaving the rear surface of silicon rough, as saw-cut, to break
the plane parallel slab symmetry. The light propagation becomes ergodic as discussed in Fig.
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16(b), and shown in Fig. 15(a). Scattering the internal light by¡ 16� , which would require
an8� rear facet, is usually su�cient. While Lambertian rear light scattering is su�cient for
4=2 ergodic light trapping, it is not necessary. Any deviation from perfect symmetry by more
than 8°generally converts a non-ergodic geometric shape into an ergodic light trapping shape,
providing a voltage and current boost.

Light trapping was not generally adopted by the photovoltaic industry until the late 1990s, but
it was already thoroughly exploited in Martin Green's PERC cell [7] a decade earlier. The bene�t
is to increase the internal optical brightness by4=2, and the optical free energy by:) ln¹4=2º,
and the photovoltaic output voltage by¹:) •@º ln¹4=2º.

In their analysis of fundamental solar cell e�ciency, Shockley and Queisser, S&Q, idealized
the optical situation [22]. Optical absorption jumped from zero to in�nity at the bandedge.
The material itself had 100% luminescence e�ciency, and the luminescence was immediately
re-absorbed with no losses. There was no need for a distinction between internally trapped light
and external luminescence. All of the solar cell optical physics were e�ectively idealized away,
and there was no need to talk about the two internal photon gases.

Shockley and Queisser achieved their goal of placing an upper limit on solar e�ciency. The
purpose of this chapter is to consider the parasitic optical e�ects, and to show that these deleterious
e�ects can be largely overcome by proper optical management and design. By maximizing the
optical re�ectivity in the context of ergodic optics, and selecting materials with very high internal
luminescence yield, we can approach the idealized S&Q performance.

6.5. Non-ideal solar cells

We now consider a series of non-ideal solar cells, shown in Figs. 17(b�d). But Fig. 17(a)
is an exception: there, we have done the best possible job with the optics. There is a high
re�ectivity mirror, so that none of the photons are lost. Ergodicity is provided in two ways:
by the textured rear re�ector, and by the re-absorption and random angle re-emission of the
infrared luminescence. The spectral shape of optical absorption and re-emission can be taken
into account using the Shockley-Van Roosbroeck [181] principle. The result for GaAs is 33.5%
e�ciency [158] for standard Air Mass 1.5 illumination [192], similar to the S&Q result, but
without the idealistic assumptions. In GaAs, a dirct bandgap semiconductor, we bene�t from the
very low Auger recombination relative to internal luminescence.

The non-idealities in GaAs solar cells prior to 2011 are represented by several cases in Fig.
17. In Fig 17(b), the material is of top epitaxial quality, but the �lm rests on the original growth
substrates. The substrate is thick, relatively impure, and has no proper rear mirror. The optical
quality is assumed poor. The substrate is essentially a sink for bandedge luminescence. This
immediately wastes 98% of the luminescent photons, like losing 98% of the minority carriers at
open-circuit. The main e�ect is to lose� ¹ :) •@º ln¹4=2º in open-circuit voltage,+oc. Eliminating
this problem by epitaxial lifto� was the reason for all the new solar cell e�ciency records in the
2010s.

Consider the opposite non-ideality in Fig. 17(c). The optics are good as in modern c-Si
solar cells, but the material is handicapped by being indirect. Although Si is indirect, it still
luminesces, and can be an LED [193]. Nonetheless, Si is not e�cient enough to build up a high
brightness of luminescent photons, which requires an internal luminescence e�ciency¡ 90%
owing to the multiple absorption/re-emission events. The loss of luminescent photons reduces
luminescent brightness and by Eq. (3.4) leads to a corresponding drop in open-circuit voltage+oc
by � ¹ :) •@º ln¹1• [ º, where where[ is the internal luminescence yield in the material.

But there is ample motivation for good optical design, in Fig. 17(c), despite Si being an
indirect semiconductor. Good optical design increases the e�ective optical absorption coe�cient
by about4=2 � 50, and allows the silicon to be thinner by the same factor. The photo-carriers
from the sun are e�ectively compressed into a thinner layer, and reside at a higher density by
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Fig. 17. A comparison of the e�ect of light-trapping optics on the operating point
voltage penalty� +op from poor internal luminescence e�ciency,[ , and/or poor optical
design. Case (a) is the ideal case of a perfect scattering rear mirror for ergodicity,
combined with the record-breaking internal luminescence e�ciency of epitaxial thin
GaAs �lm separated from their growth substrates by epitaxial lifto�. Case (b) represents
epitaxial GaAs solar cells before 2011, which were still attached to the original GaAs
growth substrates, that were so thick as to e�ectively absorb bandedge luminescence.
Case (c) is a modern Si solar with good light management, but the material is labelled
bad since the indirect gap prevents high (>90%) internal luminescence e�ciency. Case
(d) represents the older generation of Silicon solar cells, (pre-1990), still indirect, but
also with no implementation of light trapping.

� 4=2 times. The higher density corresponds to less entropy and more voltage. The designer
who to uses good optics to make his Si-solar cell thinner would then gain� ¹ :) •@º ln¹4=2º in
+oc. But good optical design is already assumed in both Figs. 17(a) and 17(c).

Such good optical design is one of the reasons that Si-solar cells are far exceeding the
theoretical limits that were projected in the 1970s [194, 195]. The other reason is that higher
performing cells require good material quality. But good material quality also includes low
recombination on the surfaces and interfaces. If the surfaces and interfaces dominated the
electron-hole recombination, there would be no bene�t in making the solar cell thinner. This was
�rst achieved by Swanson [196,197] using point contact openings on oxidized Si, e�ectively
creating the �rst double heterostructure [198,199] on silicon. The oxide coating was particularly
compatible with good optical mirror re�ectivity.

The remaining case is shown in Fig. 17(d), corresponding to the old-fashioned silicon solar
cells before light-trapping and Si heterojunctions became standard. In those days, the rear
re�ectivity was rather poor, i.e. bad optics, and the material being indirect was yet a second
penalty. The material had to be thick enough to absorb the solar photons, with no help from light
trapping.
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A thicker solar cell means a lower minority carrier concentration, since the same in-
jected carriers occupy a larger volume. Thus, the open-circuit voltage is penalized by
� ¹ :) •@º

�
ln¹1• [ º ¸ ln¹4=2º

�
, once for the poor luminescence e�ciency, and again for poor

optical absorption, necessitating greater thickness.

6.6. Conclusions and Advances needed

For the reasons given in this chapter, the photovoltaic industry employs solar light-trapping in
almost all cases. But there is now a second mechanism with the recognition of the internal
infrared luminescent photon gas that can build up to a high brightness, many suns, inside direct
bandgap materials. If this infrared luminescent photon gas is properly conserved, absorbed,
re-emitted, and re�ected, then the Shockley-Queisser limit can be approached even under a
realistic practical optical design.

In lower performing solar cells, the Luminescent photon gas is very weak, hardly drawing any
current away. Nonetheless this second photon gas is present, inextricably linked to voltage by Eq.
(4), and that voltage is boosted by� ¹ :) •@º ln¹4=2º using sound optical management.

We now know how to approach the Shockley-Queisser Limit, but it does require material with
a high internal luminescence yield, such as GaAs or perovskites. As we have argued in this
chapter, these solar cells need good light management to utilize the full luminescent potential.
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7. Light management for multi-junction solar cells

C. BECKER , B. EHRLER , H. HELMERS , O. HÖHN, K. J ÄGER , M. SCHMID

The photovoltaic (PV) module right now accounts for only one third of the total costs of a PV
system, as the �xed cost essentially scales with the installed module area (see Ref. [4] and Chapter
2). Therefore, the increase in solar cell e�ciency is the most e�ective parameter for the further
reduction of the levelized cost of electricity (see Chapter 2). Silicon PV technology is already so
far developed that it reaches e�ciencies close to its physical limit. Multi-junction solar cells are
regarded as the most promising concept to surpass this limit.

In this chapter, we brie�y introduce the general multi-junction solar cell concept (Section
7.1) and provide a brief overview of recent multi-junction solar cell technologies based on
III�V semiconductors, silicon, CIGS and perovskites, and identi�es the speci�c scienti�c and
technological questions to be addressed to meet the optical requirements (Section 7.2). In the
end, we discuss the speci�c optical challenges occurring in such devices (Section 7.3).

7.1. The multi-junction solar cell concept

Figure 18a illustrates the spectral irradiance of the sun under standard testing conditions
(AM1.5G, grey area) and an upper limit estimation of the usable energy by a solar cell based on a
semiconductor with electronic bandgap� 6 = �2 •_6 considering the detailed balance limit [22].
� , 2 and_ denote Planck constant, vacuum speed and wavelength of light, respectively. The
sketch next to Figure 18a visualizes that photons with energies below the bandgap cannot be
absorbed at all, whereas higher-energy photons lose a part of their energy due to thermalization
to the band edges. As an example, the red area marks the exploited irradiance of a solar cell with
� 6 = 1•1eV. In addition to the aforementioned non-absorption and thermalization losses also
extraction losses according to the detailed balance limit are considered. When a second solar
cell, here with� 6 = 1•7eV, is added on top of this bottom cell, thermalization losses are reduced
and higher energy photons are converted more e�ciently (blue area).

The electrical connection of the subcells in a multi-junction device is an essential point to
consider. Figures 18b and c represent example con�gurations of four-, and two-terminal (4T
and 2T) tandem devices. In the simplest approach, the top and bottom cells are electrically
independent (i.e. four connections in total�4T, Figure 18b), and are only optically, possibly
mechanically, stacked. The main bene�ts are the opportunity to manufacture top and bottom cell
separately, which is particularly interesting when high-temperature processes in combination
with temperature-sensitive layers are involved, as well as the independent operation of the two
cells in their respective maximum power points. Neither concerns about junction directions
are needed, nor is the e�ect of changing performance with varying irradiation conditions. Yet,
parasitic losses will be high since the full number and thicknesses of contacts are required for
lateral charge carrier extraction in the top-cell whereas the lower current in the bottom cells
relaxes slightly the conductivity requirements to the contacts.

In 2T tandems, the top and bottom cell are � mostly monolithically � connected in series
(Figure 18c). The orientation of the two cells' junctions has to be aligned. The current will
directly pass from one to the other cell e.g. via a recombination junction. Thus, the intermediate
layers and with them parasitic optical absorption are minimized, allowing for maximum light
exploitation. In return, the current between top and bottom cell needs to be matched because
the lower current of the two will dictate the device performance. The current matching in 2T
con�guration is a key aspect of the optical design of multi-junction solar cells next to minimizing
parasitic absorption.

Figure 18d and e show the theoretical e�ciency limits for tandem solar cells as functions of the
top and bottom cell bandgap energies for 4T cells and for 2T cells, respectively. In this theoretical
e�ciency limit calculation, we consider the detailed balance approach for single-junction solar
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Fig. 18. Multi-junction solar cell concept. a) Exploitation of the solar irradiation
(AM1.5G spectrum in grey) by a multi-junction solar cell composed of two subcells
with bandgaps� 6 = 1•1eV (red) and� 6 = 1•7eV (blue) considering extraction losses
according to the detailed balance limit. Inset: Unabsorbed photons with energy lower
than the bandgap and thermalization losses of higher energetic photons. b) and c)
Tandem con�gurations with four terminals (4T) and two terminals (2T) respectively. d)
and e) The theoretical e�ciency limits for tandem solar cells as functions of the top
and bottom cell bandgap energies in 4T and 2T con�guration, respectively. [(d) and e)
adapted with permission from Ref. [200],© 2022 Wiley-VCH GmbH.]
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cells [22]. For 4T cells the e�ciencies of the two subcells can be treated nearly independently.
That means only the bandgap of the top cell a�ects the short-circuit current density of the
bottom cell. In contrast, for 2T cells the two subcells are electrically connected and the same
current density �ows through both subcells. Due to this current-matching constraint for the 2T
con�guration, the power conversion e�ciency depends much more on the subcell bandgaps
than for the 4T con�guration. Details on the calculation can be found in references [200,201].
While 2T tandem solar cells can act as direct replacement for single junction solar cells, the
implementation of 4T devices is more challenging, requiring e.g. more cabling and more complex
module design.

7.2. State-of-the-art multi-junction solar cell technologies

Here we give a brief overview of the four classes of semiconductor materials, which are currently
leading to the highest power conversion e�ciencies in multi-junction solar cells. We describe
selected state-of-the-art multi-junction devices, which are currently discussed in the photovoltaics
community. Figure 19 summarizes the highest power conversion e�ciencies as of October 2024
of a) single-junction and b) 2T multi-junction solar cells as a function of bandgap (a) and bottom
cell bandgap (b), respectively.

7.2.1. Absorber materials for multi-junction solar cells

Crystalline Silicon is the most widely used material in photovoltaics for good reason. It is
non-toxic, earth-abundant, and stable. Further, silicon is well-known due to its long history in
research and development in semiconductor chip industry and photovoltaics. In comparison
to the other solar cell materials described above, it has one special feature: It is anindirect-
bandgap semiconductor, that means to excite charge carriers from valence to conduction band
(� 6 = 1•12eV) they must not only change energy but also momentum. For the optical properties
of silicon, this has far-reaching consequences. The absorption coe�cient is comparatively low
with around103 cm� 1 for a wavelength of 800 nm. Even if considering perfect Lambertian light
trapping (see Chapter 3), absorbers with several tens of micrometer thickness are required to
ensure¡ 95%absorption of sunlight with� ¡ � 6. Further, radiative recombination and all e�ects
associated with it, such as luminescent coupling and photon recycling, can be neglected. Auger
recombination and Shockley-Read-Hall recombination will dictate the achievable open-circuit
voltage. The detailed balance e�ciency limit of silicon single-junction solar cells considering
Auger recombination has been calculated to 29.43% [203] and 29.56% [204] without and with
exact calculation of an ideal Lambertian light trapping scheme, respectively.

MostIII-V compound semiconductor materials, such as gallium arsenide (GaAs) and indium
phosphide (InP) are direct semiconductors. With an e�ciency of 29.1% for a single-junction
GaAs solar cell [15], III-V semiconductors have demonstrated the overall highest e�ciency
among single-junction solar cells (Fig. 19a). Due to their direct bandgap nature, they have much
stronger absorption than silicon. Typically, only a few micrometers are su�cient to absorb the
targeted sunlight.

Due to their high radiative e�ciency, photon recycling [158,205� 207] and in multi-junction
solar cells also luminescent coupling [207] are relevant (see chapter 7.3). This high radiative
e�ciency in combination with excellent rear side re�ectors enabled e�ciencies close to the
thermodynamic detailed balance limit. It should be noted that luminescent coupling is also of
particular relevance for multi-junction solar cell measurements, especially of external quantum
e�ciencies (EQEs). If the devices are highly radiative even at low irradiances, the determination
of absolute EQEs becomes challenging [43]. Measured EQE can have an artifact caused by
luminescence coupling that is similar to an artifact caused by low parallel resistance [208]. A
key advantage of III-V semiconductors extends beyond the highest radiative e�ciency and is the
tunability of the bandgap. Adjusting the composition of ternary, e.g., AlGaAs and InGaP, and
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Fig. 19. Power conversion e�ciencies for a) single-junction and b) two-terminal
multi-junction photovoltaic research cells including up to three junctions as a function
of the absorber bandgap energy of the single-junction cell (a) or the bottom subcell
of the multi-junction device (b), respectively, for various photovoltaic materials as of
October 2024. Materials that are not explicitly considered in this chapter are shaded.
The solid, dashed, and dotted lines in the e�ciency graph indicate the single junction,
the top-subcell-optimized and top- and middle-subcell-optimized detailed balance
e�ciency limits for one junction, double junction, and triple junction photovoltaic
cells, respectively. (Adapted from Ref. [202]. Data by courtesy of the emerging-pv.org
database.)
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quaternary compounds, such as GaInAsP, allows for tuning the bandgap of III-V semiconductor
from 0.7 eV to 2 eV by changing the composition. To decrease material consumption and
cost, ultrathin solar cells utilizing multi-resonant photonic structures receive more and more
attention [209� 211]. Remarkable e�ciencies of 19.9% have been achieved using only 205 nm of
active III-V absorber material [212].

Chalcopyrite materials Cu(In,Ga)(S,Se)2 (short CIGSSe) are characterized by a direct band
gap and a related absorption coe�cient in the range of105 cm� 1. Compared to crystalline
silicon, they can hence be fabricated as thinner �lms of approximately 2µm thickness while
maintaining complete absorption of photons above the band gap and simultaneously enabling
�exible, lightweight, and semitransparent applications with tunable thickness. The challenge
of containing rare indium and gallium may be tackled by ultra-thin absorbers joint with light
management strategies that are indispensable for e�cient multi-junction devices [213]. One
major bene�t of the Cu(In,Ga)(S,Se)2 (CIGSSe) material system is the tunability of the band gap,
ranging from 1.04 eV for pure CISe over 1.45 eV for CIS and 1.68 eV for CGSe up to 2.38 eV
for CGS [214]. CIGSSe may hence be used for any absorber of the multi-junction device and
all-chalcopyrite devices appear feasible. It has to be noted that for CIGS materials, the increase
in band gap above 1.4 eV is a remaining challenge as the+oc de�cit signi�cantly rises when the
gallium to gallium plus indium ratio surpasses 0.3 [215]. The reasons are amongst others deep
defects, grain boundaries, interfacial recombination, and microdomains [216]. Besides, CIGSSe
stands out due to its high radiative recombination and high stability making it suitable even for
space applications [217].

Metal halide perovskites, characterized by theABX3 structure, are particularly suited for
multi-junction solar cells because of their wide bandgap tunability and excellent optoelectronic
properties for many of these bandgaps. The A-site cation can be a small organic molecule or Cs,
the B-site metal is typically lead or tin, and the X-site anion is typically a halide, often a mixture
of bromide and iodide. Much of the research has been focused on bandgaps that are suitable for
tandem combination with crystalline silicon (1.5-1.6 eV), and those solar cells perform close
to the detailed balance limit (see Figure 19) [202]. These perovskites typically contain a large
fraction of iodide, and their remarkable performance is a result of the so-called defect tolerance,
originating in the fortunate incidence that the valence band contains a large fraction of anti-
bonding orbitals [218]. As a result, materials made with simple procedures show remarkably high
photoluminescence quantum yield (PLQY) [219]. The high PLQY and small Stokes shift has led
to interesting light-management questions, for example the luminescent coupling between various
sub-cells [169], the e�ect of photon recycling [161], and self-absorption [220]. The research
�eld is increasingly focusing on improving the e�ciency of the narrow- and wide-bandgap
compositions. These are necessary for all-perovskite multi-junction solar cells, but there is a
gap between the performance of perovskite solar cells with these bandgaps and the detailed
balance limit (see Figure 19). For the narrow-bandgap solar cells, the tin-based compositions
show a reduced photocurrent, related to the de�ciency in charge transport. Conversely, the wide-
bandgap compositions su�er from a voltage loss that is partially related to the tendency for the
(bromide-rich) compositions to phase segregate [221] and partially to the lack of suitable transport
layers [222]. While the performance of perovskite semiconductors remains remarkable, the
long-term stability does not match other solar-cell materials. Extrinsic factors such as sensitivity
against water and oxygen can be managed by proper encapsulation [223], intrinsic factors such as
ion migration [224] and the phase segregation [221] might pose a more fundamental challenge,
whereas issues with reverse bias instability pertain to tandem applications [225].

7.2.2. Selected multi-junction solar cell technologies

Here we give a brief overview about selected multi-junction solar cell technologies that are
currently widely discussed in the photovoltaics community (see Figure 7.2b) and where we
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believe that they shall play an important role in future photovoltaic energy conversion.
III-V/Silicon multi-junction solar cells are suited for both 2T and 4T operation. Champion

e�ciencies of 2T III-V-on-silicon devices (record 36.1% [43]) are currently higher than their
4T counterparts [226]. While the optical interface between the two stacked cells of 4T tandems
requires careful investigation, 4T tandems promise to be less sensitive for spectral variation
outdoors and thus show an increased energy yield in the �eld. However, it has been shown that
this di�erence can be small if the 2T devices are well designed [227, 228]. In the last years,
the focus was on GaInP/GaAs/Si triple junction solar cells as they show the highest e�ciency
potential, but 2-junction devices with an AlGaAs based top solar cell [229] are of interest because
of their potential for lower epitaxy cost. The currently best 2T GaInP/GaAs/Si are realized
utilizing a direct wafer bond. To this end the top solar cell is usually grown invertedly on a growth
substrate � i.e. GaAs or Ge wafers � and then wafer-bonded to a polished silicon bottom solar
cell [42]. Afterwards, the growth substrate can be lifted and potentially be re-used, and the cell
structure can be processed into a solar cell. Whether this approach can lead to an economically
attractive solution remains to be shown, but the method clearly proves the e�ciency potential of
the concept. Another option is to use the silicon bottom cell itself as the growth substrate [230].

One option is to use transparent conductive adhesives [231,232] to bond a III-V cell onto the
silicon bottom cell. In this case, a challenge lies in the optics at the interface. The adhesive
usually has a low refractive index leading to two counterbalancing e�ects: re�ection losses of the
incident light, but also strong internal re�ection of radiatively emitted light supporting photon
recycling and thus increasing device voltage.

Last, e�ective light trapping is especially important for the silicon bottom cell. Several di�erent
structures have been tried here. The mature random pyramids at the front side cannot easily be
used, as for all three sketched routes �at surfaces are required. Thus, light trapping needs to be
implemented at the rear side. Here wet chemically etched structures such as random pyramids
or the acidic texture as used formerly for multi-crystalline silicon are one candidate. Another
option is a metallic photonic grating that scatters light into de�ned modes [233]. This approach
is especially interesting if a planar rear side of the silicon bottom cell is desired, e.g. when using
the TOPCon silicon technology.

All-III-V multi-junction solar cells are a very mature technology delivering highest e�ciencies
so far. Due to the relatively high costs they are used mainly in space applications, but are
also being considered for vehicle-integrated photovoltaic applications, drones, and high-altitude
pseudo satellites (HAPS) [234]. It can be bene�cial to grow III-V subcells on a Ge substrate,
which then also yields an active Ge bottom subcell by using a di�used emitter. One standard
product has been a triple-junction GaInP/Ga(In)As/Ge solar cell on Ge substrate, however, also
approaches with more stacked junctions are available for space.

A distributed Bragg re�ector below the Ga(In)As helps to reduce the subcell thickness,
mitigating degradation in space and enhancing end-of-life performance, crucial for space solar
cell e�ciency [235]. Alternatively, invertedly grown metamorphic cells on metal foil allow
direct rear-side processing and mirror implementation, improving performance [236] but adding
fabrication complexity and cost [237].

III-V multi-junctions also have terrestrial applications, where high e�ciencies or superior
power-to-mass ratios are required. Here, a GaInP/GaAs tandem cell � also often grown invertedly
� with rear side mirror is an interesting option [238]. Also in these devices, the mirror enhances
the absorption in the bottom cell, but even more importantly it severely improves photon recycling
and thus increases the voltage of the device. The currently best device of this approach has an
e�ciency as high as 32.8% [15] under the AM1.5G spectrum. A triple junction solar cell even
allows for 37.9% [15,239], or even 39.5%, where the middle cell bandgap was modi�ed using
thick GaInAs/GaAsP strain-balanced quantum well (QW) solar cells [15,240]. This is the overall
highest e�ciency under one sun.
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While those multi-junction devices for one sun on earth are still a niche, 4-6 junction solar cells
are state of the art in concentrating photovoltaics (CPV, see Chapter 3). The highest e�ciency,
47.6%, was achieved with a wafer-bonded 4-junction solar cell under the AM1.5D spectrum [18].
A 6-junction solar cell reached 47.1% e�ciency under 143-fold concentrated sunlight [241].
While these cells are lab cells, industrial 5-junction solar cells on germanium are available for
CPV. Lab records are often optimized for 25°C, but CPV operating temperatures are around
60-90°C. Here, the bandgaps can be tailored in a way to ensure that the subcell absorptances do
not shift into the absorption lines of the solar spectrum avoiding current mismatch [242].

Perovskite/Silicon tandem solar cellsare currently attracting a great deal of attention
worldwide. They present an excellent extension to the well-established silicon technology for
large-scale applications, meanwhile demonstrating power conversion e�ciencies of more than
34% [243,244], clearly exceeding the e�ciencies, which are demonstrated - and theoretically
possible - in silicon-only devices. Regarding optical optimization, many research and development
e�orts concentrate on the compatibility of perovskite top cell growth on silicon bottom cells with
industrial standard micrometer-sized pyramidal surface textures (see Chapter 3). Such textures
are necessary for optimum light in-coupling and light absorption. A combination of perovskite
solution processing, so far leading to the highest perovskite single-junction e�ciencies, with
these large pyramidal silicon textures is not easily possible. Here, the silicon front surface
textures have to be adapted by decreasing their size below the perovskite layer thickness, using
nanopyramids [245� 248], tailored nanophotonic structures [249], or adpated black silicon [250].
Alternatively, the perovskite deposition method is adapted, for example by using the so called
hybrid approach, where the perovskite top cell is conformally grown on the pyramidal textures by
evaporation and subsequent in�ltration with solution [251], or by evaporation only [252].
Multi-junction-speci�c optical topics (see Figure 20) discussed in the context of perovskite-
silicon tandem solar cells are the consideration of realistic outdoor illumination conditions
(see Chapter 10) including spectral deviations from the AM1.5G solar spectrum and bifacial
illumination [253� 257]. An accurate knowledge of the spectral illumination is crucial in order to
ensure current-matching in monolithic 2T devices. Further, the above mentioned high PLQY of
perovskites leads to interesting e�ects via luminescent coupling in 2T [166,200,258,259] and
4T [260] tandem solar cells, which can relax current-matching constraints. Further, e�ective
spectral splitters have been discussed conceptually [261].

Perovskite/CIGS tandem solar cellsare currently the most popular and highest e�cient
tandems with CIGSSe bottom cells, even though the material system would also be suitable for
various other combinations as outlined above. We will focus here on the recent development of
perovskite/CIGSSe tandems from 2022 onwards as earlier literature is summarized in reference
[200]. In 2022 a 2-terminal tandem made of a Cs(MA,FA)Pb(I,Br)3 top cell (� 6 = 1•68eV)
and a CIGSe bottom cell (� 6 = 1•1eV) with 24.2% certi�ed e�ciency was reported [262].
The remaining current mismatch was assesed numerically and an e�ciency of 30% was
predicted. A slight variation in material compositions and hence band gaps led to 23.5% certi�ed
e�ciency [263]. The triple-cation perovskite had a band gap of 1.59 eV and the bottom CIS
1.03 eV, which together with perovskite layer thickness optimization and application of an AR
coating allowed an improved current match. Current matching as well as the remaining challenges
of CIGSe surface roughness, and hence the risk of shunting due to a non-compact hole-selective
layer of the perovskite top cell, can be circumvented in 4-terminal con�guration. An extensive
optimization of a CsFAPb(IBr)3/CIGSe tandem (band gaps 1.64/1.04 eV) was conducted through
signi�cantly reducing parasitic absorption by replacement of the front and rear ITO by IO:H and
IZO, respectively, and through minimizing re�ections by the application of MgF2 AR coatings,
leading to 27.3% calculated (top plus shaded bottom cell) e�ciency [264]. The latest record of
(equally calculated) 28.4% 4T-e�ciency was achieved for aCsFAPb(IBr)3/CIGSetandem (band
gaps 1.67/1.04 eV) with improved perovskite material quality [265]. An e�ciency maintained
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over 600 h underlines the persistent challenge of stability. A way out of stability issues may
be all-chalcopyrite tandems if the challenge of low top-cell performance is overcome. Whilst
the e�ciency for the CGSe/CIGSe tandem remains below 10% (2T mechanical stack of 8.5%
reported [266]), the integration of Ag enables (Ag,Cu)(In,Ga)Se2/CIGSe tandems approaching
higher e�ciencies (13.9% in 2T beam-splitting con�guration [267]). Further optimization
appears feasible by improved material quality of wide-gap chalcopyrites, including alternative
compositions.

All-perovskite multi-junction solar cells o�er cost-e�ective fabrication and lightweight,
�exible solutions [268, 269]. Their optical challenges fall into two categories: general light
management tasks and multi-junction-speci�c issues.
Losses by re�ection and parasitic absorption losses must be reduced, and - particularly in thin
narrow bandgap perovskite layers - measures must be taken to increase the light path. Re�ection
reduction is mainly achieved by low refractive index antire�ective layers or by using surface
textures. In independently connected multi-junction solar cells, such as 4T tandems, additional
and thicker transparent electrodes cause parasitic absorption in the longer wavelength regime.
This can be mitigated by the use of high mobility, low free-carrier absorption transparent
conductive oxides like indium zinc oxide [270]. Narrow bandgap lead-tin (Pb-Sn) perovskites
as used in all-perovskite multi-junction solar cells exhibit a low near-infrared absorptivity. A
compensation by increasing the layer thickness is challenging because of low carrier di�usion
lengths. Solutions for light path enhancement include light scattering resin particles in the narrow
bandgap Pb-Sn perovskite layer [271]. Yuet al. developed a SnOCl-basec hole transporting
layer with a textured structure that reduces optical losses, simultaneously boosting the carrier
di�usion length in the narrow bandgap perovskite subcell [272]. Also the optical improvement
potential of nanotextures has been assessed numerically [273,274].

One major multi-junction-speci�c challenge of all-perovskite solar cells is the bandgap
engineering of di�erent subcells. Perovskites of di�erent bandgap cannot be fabricated with
equally high quality, and hence there are certain bandgap regimes where the single-junction
e�ciencies lag behind the others (Figure 19a). Narrow bandgap perovskites are mainly limited
by collection losses and low di�usion lengths, while wide bandgap perovskites su�er from open-
circuit voltage losses due to phase segregations and a lack of suitable transport layers. Luminescent
coupling has been demonstrated experimentally in all-perovskite layer designs [166] and has
shown to relax the current-matching constraint in 2T devices [166,275]. Studies also investigate
the in�uence of realistic illumination conditions, such as bifacial illumination [271,276,277] or
deviations of the solar spectrum from AM1.5G [166,278] in all-perovskite tandem solar cells.

7.3. Advances needed

In conclusion, multi-junction solar cells are currently developing at a rapid pace, which is
re�ected in rapidly increasing power conversion e�ciency records. In the future, the optical
challenges in the �eld can be summarized by:

a) Reduction of optical losses:In every solar cell, regardless of the number of junctions,
optical losses via re�ection, transmission, and parasitic absorption in contact and re-
combination layers must be reduced to a minimum (see Chapter 3). The technological
implementation of these measures varies greatly depending on which absorber materials
are involved in the multi-junction solar cell. For instance, random micro-pyramidal textures
as used for the minimization of optical losses in silicon solar cells are not directly transfer-
able to solution-processed perovskites or III-V semiconductors. Creative scienti�c and
technological solutions are required enabling the implementation of optical loss reducing
measures, which are compatible with the respective absorber material fabrication method.

As detailed in part 7.1 the distribution of solar photons to the di�erent subcells is crucial
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