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Abstract  Original Research Article 
 

This review reframes photovoltaic (PV) devices through a light–matter engineering lens, treating the absorber stack as 

an active medium whose optical, electronic, and thermal pathways must be co-optimized for both efficiency and 

operational reliability. It surveys how mature platforms (Si, CIGS, CdTe, III–V) and emerging absorbers (perovskites, 

organics, quantum dots, and 2D semiconductors) respond to optical-field design strategies, and why these strategies 

become more critical in tandem and multifunctional architectures where spectral and electrical matching govern 

performance. The methodology emphasizes linking ultrafast and spatially resolved spectroscopy (e.g., carrier relaxation, 

diffusion, and recombination signatures) to device-relevant loss channels, enabling diagnosis of interface- and grain-

boundary-limited operation. Building on this foundation, the review compares plasmonic and dielectric nanostructures, 

metasurfaces, and photonic textures for light trapping while accounting for parasitic absorption and stability tradeoffs. 

It then consolidates laser-enabled photonic structuring (ns/ps/fs regimes, LIPSS, direct writing, local defect healing and 

contact formation) as a scalable route to pattern, repair, and tune thin-film PV stacks. Finally, it outlines fabrication and 

passivation options and discusses how laser steps can be integrated into manufacturing lines with inline metrology and 

yield control. Overall, the article provides a device-to-process roadmap for designing PV stacks where optical gains 

translate into durable, manufacturable performance. 

Keywords: Photovoltaics, Light–Matter Engineering, Active Medium Architecture, Ultrafast Spectroscopy, 

Nanophotonics/Metasurfaces, Laser Material Processing (LIPSS), Thin-Film Passivation, Perovskite Solar Cells. 
Copyright © 2025 The Author(s): This is an open-access article distributed under the terms of the Creative Commons Attribution 4.0 International 

License (CC BY-NC 4.0) which permits unrestricted use, distribution, and reproduction in any medium for non-commercial use provided the original 

author and source are credited. 
 

1. INTRODUCTION 
In the last decade, photovoltaics has evolved 

from a niche option to a major pillar of the global energy 

system, driven by steady improvements in device 

physics, materials engineering, and large scale 

manufacturing (Green et al., 2023). Crystalline silicon 

solar cells at the research level now report efficiencies 

above about 26 percent, while commercial modules 

routinely exceed 22 percent, indicating that this 

technology is operating only a few absolute percentage 

points below its theoretical radiative limit for a bandgap 

near 1.12 eV (Green et al., 2023; Saive, 2021). At the 

same time, metal halide perovskite devices have 

progressed from early prototypes to single junction cells 

with efficiencies around 26 to 27 percent, and perovskite 

silicon tandem architectures have surpassed roughly 33 

percent, putting them among the most efficient 

photovoltaic systems ever demonstrated (Duan et al., 

2023; Huang et al., 2025). These achievements make it 

clear that further advances will depend less on 

incremental improvements in bulk material quality and 

more on deliberate control of how light interacts with 

complex semiconductor stacks in space, time, and energy 

(Garnett et al., 2021; van der Burgt et al., 2020). 
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The classical detailed balance analysis of 

Shockley and Queisser shows that even an ideal single 

junction solar cell is fundamentally limited by sub 

bandgap transmission, incomplete absorption near the 

band edge, thermalization of photoexcited carriers, and 

radiative emission at open circuit, which together restrict 

the maximum efficiency to roughly one third of the 

incident solar power for an optimally chosen bandgap 

(Shockley & Queisser, 1961; Zanatta, 2022). Crystalline 

silicon, with a lower bandgap, has a somewhat reduced 

but still high radiative limit, and current record cells lie 

close to this ceiling, confirming that this technology is 

already exploiting a large fraction of its 

thermodynamically allowed performance (Green et al., 

2023; Saive, 2021). When realistic non radiative 

recombination, series and shunt resistances, and parasitic 

optical losses in contacts and encapsulation layers are 

included, the gap between practical devices and their 

radiative limits can be understood as the sum of many 

small but coupled loss channels rather than a single 

dominant deficit (Saive, 2021; Zanatta, 2022). As record 

efficiencies continue to climb, loss mechanisms that 

were once considered secondary, such as photon 

recycling, angular and spectral control of emission, hot 

carrier cooling rates, and interface specific 

recombination, become central design targets for the next 

generation of devices (Garnett et al., 2021; van der Burgt 

et al., 2020). 

 

Emerging absorber families introduce 

additional light matter phenomena that can be either 

exploited or must be controlled. Metal halide 

perovskites, organic bulk heterojunctions, colloidal 

quantum dots, and low dimensional semiconductors 

exhibit strong excitonic effects, defect tolerance, polaron 

formation, and in some cases relatively slow hot carrier 

cooling, making their photophysics highly sensitive to 

local fields, microstructure, and interface chemistry (Li 

et al., 2020; Qiu et al., 2023). Ultrafast spectroscopic 

studies reveal that carrier cooling, trapping, and 

interfacial charge transfer in these materials often occur 

on femtosecond to nanosecond timescales and can be 

significantly modified by compositional tuning, 

passivation treatments, and contact engineering (Li et al., 

2020; Gong et al., 2023). As a result, the distribution of 

the optical field inside the device, including interference 

patterns, scattering resonances, and guided modes, 

directly influences not only how many photons are 

absorbed but also how carriers relax, migrate, and 

recombine before extraction (Garnett et al., 2021; Li et 

al., 2020). This situation makes the electromagnetic 

environment an active design variable that must be 

engineered with the same care as band structure and 

defect landscape (Garnett et al., 2021; van der Burgt et 

al., 2020). 

 

These considerations are especially acute in 

tandem and multi junction architectures, where different 

subcells share the solar spectrum and must be optically 

and electrically matched. In perovskite silicon tandems, 

for example, the thickness and bandgap of the perovskite 

top cell, the refractive indices of transport and 

recombination layers, and the morphology of textured 

interfaces together determine current matching, voltage 

retention, and parasitic absorption, as well as the strength 

of local electric fields that drive ion migration and 

interfacial degradation (Duan et al., 2023; Huang et al., 

2025). Stability studies show that local heating and field 

distributions created by optical design and encapsulation 

can accelerate or slow key degradation pathways, so 

photon management strategies cannot be evaluated 

purely on the basis of initial efficiency (Baumann et al., 

2023; Duan et al., 2023). Similar couplings arise in 

organic and quantum dot devices, where nanostructuring 

intended for light trapping also alters morphology, phase 

segregation, and interfacial energetics, with direct 

consequences for recombination dynamics and long term 

reliability (Li et al., 2020; Qiu et al., 2023). 

 

At the same time, advanced light matter 

concepts must remain compatible with industrial 

constraints. Long term deployment requires that devices 

withstand decades of illumination, temperature cycling, 

humidity, and mechanical stress while maintaining 

acceptable power output, especially for emerging 

materials that are more chemically and mechanically 

fragile than crystalline silicon (Baumann et al., 2023). 

Techno economic analyses indicate that decisions about 

optical design, interconnection schemes, and laser 

processing steps strongly influence levelized cost of 

electricity once technologies move from champion cells 

to large scale module production, because they affect 

material consumption, process complexity, yield, and 

repair strategies (Cordell et al., 2023). In this context, 

photonic and laser based structuring need to be assessed 

not only for their impact on current, voltage, and fill 

factor but also for their effects on processing windows, 

encapsulation strategies, and integration into existing 

production lines (Jamaatisomarin et al., 2023; Palma, 

2020). 

 

Taken together, these developments motivate a 

light matter framework for next generation solar cells 

that is built on three tightly connected pillars. The first 

pillar is the concept of active medium architectures, 

which encompasses the absorber and all adjacent 

functional layers that participate in light absorption, 

charge generation, transport, and recombination, and 

which determines the spatial distribution of both the 

optical field and electronic potentials (Green et al., 2023; 

Duan et al., 2023). The second pillar is ultrafast carrier 

dynamics, probed by techniques such as transient 

absorption, time resolved photoluminescence, and time 

resolved terahertz conductivity, which reveal how 

photoexcited carriers evolve on femtosecond to 

microsecond timescales and which microscopic 

processes limit quasi Fermi level splitting and current 

extraction (Li et al., 2020; Gong et al., 2023; Qiu et al., 

2023). The third pillar is laser enabled photonic 

structuring, including nanophotonic textures, 
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metasurfaces, and laser processed features that tailor 

reflection, absorption, emission, and local morphology 

and that can be implemented in scalable manufacturing 

flows (Garnett et al., 2021; Jamaatisomarin et al., 2023; 

Palma, 2020). In this review, light matter strategies refer 

to deliberate combinations of these three pillars designed 

to push photovoltaic devices closer to their 

thermodynamic limits while simultaneously satisfying 

the demands of stability, scalability, and techno 

economic viability (Garnett et al., 2021; Baumann et al., 

2023; Cordell et al., 2023). 

 

2. Active-Medium Architectures for Advanced 

Photovoltaics 

2.1 Conventional Platforms Revisited: Si, CIGS, 

CdTe and III-V in the Light-Matter Engineering Era 

Crystalline silicon remains the workhorse of the 

photovoltaic industry and a prime example of how 

active-medium design has evolved over decades. 

Modern high-efficiency cells use passivated emitter and 

rear structures, tunnel-oxide-passivated contacts 

(TOPCon) or silicon heterojunction architectures in 

which ultra-thin dielectrics and doped polysilicon or 

amorphous silicon layers simultaneously passivate the 

surface and provide carrier-selective contacts (Allen et 

al., 2019; Yu et al., 2018). Textured front surfaces, often 

random pyramids on (100) wafers, in combination with 

antireflection coatings, reduce front reflection and 

couple incoming light into oblique paths through the 

wafer, while rear reflectors and locally opened metal 

contacts enhance internal reflection without excessive 

recombination (Saive, 2021; Um et al., 2021). At the 

module level, as sketched on the right-hand side of 

Figure 2.1, the cell stack is laminated between glass and 

polymer encapsulants with backsheet foils and busbars, 

turning the entire assembly into an extended optical and 

thermal environment that governs angular response, 

operating temperature, and mechanical reliability under 

field conditions (Green et al., 2023). 

 

Even in this mature platform, light-matter limits 

and thermal constraints are still being actively 

engineered. Detailed loss analyses show that residual 

front reflection, parasitic absorption in antireflection 

coatings and metallization, as well as incomplete 

luminescence extraction and free-carrier absorption in 

heavily doped regions, still cost several tenths of a 

percentage point each in absolute efficiency (Saive, 

2021; Green et al., 2023). Under high irradiance or in 

concentrator operation, local heating around metallized 

regions and at cell interconnects leads to additional 

thermalization losses and accelerated degradation, which 

has motivated new encapsulant formulations and 

backsheet designs with improved thermal conductivity 

and reflectance (Pakhanov et al., 2018). Crystalline 

silicon therefore illustrates that, even when bulk lifetimes 

and surface passivation are close to optimized, there is 

still meaningful room for improvement by tuning the 

active medium as a coupled optical-electronic-thermal 

system. 

CIGS thin-film technology, represented on the 

left-hand side of Figure 1, offers a contrasting example 

where a very thin, strongly absorbing semiconductor 

must be supported by carefully engineered window, 

buffer and back-contact layers. A typical high-efficiency 

CIGS stack consists of a glass substrate, a molybdenum 

back contact that also acts as a partial reflector, a 1.5-3 

µm Cu(In,Ga)Se2 absorber with bandgap grading 

through the Ga profile, a CdS buffer and a ZnO/ZnO:Al 

bilayer as transparent conductor (Elhady et al., 2021; 

Kovacic et al., 2019). The high absorption coefficient of 

CIGS allows such thin layers to absorb most of the 

above-bandgap light, but only if parasitic absorption in 

the CdS window and TCO is minimized and if back 

reflection is strong over the relevant spectral range 

(Oliveira et al., 2022; Manzoor et al., 2017). Light-

management studies have shown that textured back 

reflectors, diffractive patterns and high-index interlayers 

at the rear interface can significantly enhance path length 

and current in ultra-thin CIGS, especially when absorber 

thickness is pushed below 1 µm for material savings and 

mechanical flexibility (Kovacic et al., 2019; Oliveira et 

al., 2022). 

 

From the active-medium viewpoint, CIGS also 

demonstrates how composition and microstructure 

couple to optical design. Bandgap grading, achieved by 

varying the Ga/(In+Ga) ratio, not only optimizes current-

voltage tradeoffs but also shapes the internal electric 

field and reduces back-surface recombination, which 

interacts with rear mirror design to determine where 

photogenerated carriers are collected or lost (Elhady et 

al., 2021; Oliveira et al., 2022). Grain boundaries and 

secondary phases, which are inherent to polycrystalline 

growth, introduce local variations in refractive index and 

defect density, so passivation and alkali treatments (for 

example Na and K incorporation) play dual roles in 

improving both electronic and optical homogeneity 

(Elhady et al., 2021). As efficiencies approach 23 

percent at the cell level, remaining losses in CIGS are 

increasingly attributed to parasitic absorption in 

window/buffer layers, incomplete rear reflection, and 

thermalization in high-energy parts of the spectrum, all 

of which are targets for more refined light-matter 

engineering (Oliveira et al., 2022; Light Management 

Tutorial, 2024). 

 

CdTe thin-film modules share many structural 

similarities with CIGS but have their own characteristic 

active-medium challenges. Standard designs employ a 

glass/transparent-conductor/CdS/CdTe/back-contact 

stack, often with SnO2:F or Cd2SnO4 as the front 

transparent conductor and a thin CdS window to balance 

optical losses with junction quality (Romeo et al., 2021; 

Ahmad et al., 2023). As in CIGS, the CdTe absorber can 

be only 3-8 µm thick due to its large absorption 

coefficient, so textures on the superstrate glass, 

intentional roughness at the TCO interface, and reflective 

back contacts are used to scatter light and extend optical 

path length (Oliveira et al., 2022; Hall et al., 2021). 
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Recent efficiency gains to above 22 percent have come 

from a combination of better front-window design, more 

transparent and conductive TCOs, CdS thinning, and 

back-contact optimization, including the use of copper-

containing layers and advanced buffer materials that 

provide good band alignment while maintaining low 

recombination rates (Romeo et al., 2021; Hall et al., 

2021). 

 

In CdTe, the back contact is a particularly clear 

example of an active-medium bottleneck. The large 

valence band offset between CdTe and many metals 

makes it difficult to form low-resistance ohmic contacts 

without inducing recombination-active defects or 

copper-driven instability (Hall et al., 2021; Romeo et al., 

2021). Back-contact engineering therefore 

simultaneously targets band alignment, defect 

passivation, optical reflectance and chemical robustness, 

often through multi-layer stacks that combine a p+-type 

back surface region, a high-work-function interlayer and 

a metallic reflector. This multi-functional design directly 

affects how long-wavelength photons are recycled 

between front and rear interfaces and how efficiently 

minority carriers are collected, linking optical 

management to long-term stability and module lifetime 

(Hall et al., 2021; Ahmad et al., 2023). 

 

III-V technologies, widely used in space and 

concentrator photovoltaics, push the idea of active-

medium design to its logical extreme through monolithic 

multijunction stacks that are finely tuned in bandgap, 

thickness and refractive index. State-of-the-art devices 

combine InGaP, GaAs, InGaAs and Ge subcells grown 

epitaxially on a single substrate with tunnel junctions in 

between, and employ carefully designed double 

antireflection coatings and back reflectors to manage 

light across a broad spectral range under high 

concentration (Li et al., 2021; Yamaguchi et al., 2021; 

Baiju et al., 2022). Because each subcell absorbs a 

specific part of the spectrum, the thickness and optical 

constants of every layer in the stack must be co-

optimized so that current matching is achieved while 

minimizing parasitic absorption and reflection at internal 

interfaces (Li et al., 2021; Raisa et al., 2025). High 

external luminescence efficiency and photon recycling 

are critical for approaching the detailed-balance limits in 

these devices, so emission control and refractive-index 

engineering are core elements of their active-medium 

design (Yamaguchi et al., 2021). 
 

Despite their high efficiencies, III-V cells face 

practical limitations in terms of material cost, lattice-

mismatch strain, thermal management under 

concentration and mechanical robustness in space 

environments. These constraints have motivated 

extensive work on lightweight III-V-on-foil concepts, 

inverted metamorphic stacks and advanced thermal 

spreading layers that can dissipate heat while preserving 

optical performance (Baiju et al., 2022; Yamaguchi et 

al., 2021). As in the thin-film technologies, textured or 

patterned interfaces, distributed Bragg reflectors and 

wavelength-selective filters are increasingly used to fine-

tune both absorption and emission, showing that even in 

these premium devices, light-matter strategies are central 

to both performance and reliability. 

 

Taken together, crystalline silicon, CIGS, CdTe 

and III-V technologies demonstrate that "conventional" 

platforms already embed sophisticated active-medium 

architectures where passivated contacts, graded 

compositions, textured interfaces and back reflectors 

have been refined over decades. Figure 2.1 distills some 

of these ideas by contrasting wafer-based and thin-film 

modules in terms of stack structure, absorber thickness 

and interconnection schemes. Revisiting these 

technologies through a light-matter lens highlights both 

the robustness of existing design rules and the remaining 

optical, electronic and thermal losses that motivate the 

more aggressive nanophotonic, ultrafast-dynamics and 

laser-structuring strategies discussed in later sections. 

 

Here you re-examine mature technologies such 

as crystalline silicon, CIGS, CdTe and III–V cells as 

benchmarks for light–matter engineered design. The 

subsection can discuss how passivated contacts, back 

reflectors, textured interfaces and graded compositions 

already implement hidden “active-medium” strategies. 

You then identify where optical, electronic and thermal 

limits still remain, motivating why even these classic 

platforms benefit from more deliberate light–matter 

control. This also provides a reference point for 

comparing emerging materials. 
 

2.2 Emerging Absorbers: Perovskites, Organics, 

Quantum Dots, and 2D Semiconductors 

Metal halide perovskites have rapidly 

transformed from a laboratory curiosity into a leading 

class of emerging absorbers because they combine 

solution processability, strong optical absorption, long 

carrier diffusion lengths, and an unusual degree of defect 

tolerance compared with conventional semiconductors 

(Ma et al., 2023; Basumatary, 2022). Defect tolerance 

arises from a band structure in which many common 

point defects create shallow states near band edges rather 

than deep traps, so moderate defect densities do not 

immediately quench open-circuit voltage or fill factor 

(Basumatary, 2022; Abbas et al., 2024). Recent work has 

extended this concept to “dynamic” defect tolerance, 

showing that in halide perovskite nanocrystals and thin 

films, fluctuating defect configurations and polaronic 

screening allow even hot carriers to remain relatively 

insensitive to certain trap populations on ultrafast time 

scales (Ye et al., 2024; Mosquera-Lois et al., 2025). 

Bandgap engineering through cation alloying, halide 

mixing, dimensional reduction, and even pressure tuning 

enables perovskites to cover a wide spectral range from 

the near ultraviolet to the near infrared, which is central 

for both single-junction optimization and tandem design 

(Miah et al., 2024; Ma et al., 2023). 
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Figure 1: Conventional thin-film and crystalline silicon module architectures as active media 

 

Ultrafast spectroscopic studies reveal that 

photoexcited carriers in perovskites typically thermalize 

within hundreds of femtoseconds to a few picoseconds, 

but retain long diffusion lengths due to low trap-assisted 

recombination and relatively benign grain boundaries (Li 

et al., 2020; Ma et al., 2023). These dynamics are highly 

sensitive to composition, microstructure, and interfacial 

energetics, so transport layers and passivation schemes 

must be co-engineered with the absorber to preserve 

quasi-Fermi level splitting and minimize nonradiative 

losses (Abbas et al., 2024; Chen et al., 2024). At the 

same time, the soft ionic lattice and mixed ionic–

electronic conduction introduce vulnerabilities, 

including ion migration under bias or illumination, phase 

segregation in mixed halide compositions, and interfacial 

chemical reactions with metal contacts or transport 

layers that can accelerate degradation (Abbas et al., 

2024; Ma et al., 2023). Compositional and interfacial 

engineering strategies, such as low dimensional 

perovskite capping layers, Lewis acid–base surface 

treatments, and 2D material interlayers, are therefore 

used as design knobs to stabilize interfaces, suppress 

deep defects, and control light absorption and emission 

simultaneously (Miah et al., 2024; Miao et al., 2022; 

Imran et al., 2025). 

 

Organic solar cells treat the active layer as a 

molecularly designed bulk-heterojunction of donor and 
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acceptor species, where strong excitonic effects and 

nanoscale phase separation are central features rather 

than complications (Li et al., 2022; Solak et al., 2023). 

Excitons must dissociate at donor–acceptor interfaces, so 

the morphology of interpenetrating domains and the 

energetic offset between donor and acceptor frontier 

orbitals control both charge generation efficiency and 

voltage losses (Scharber & Sariciftci, 2013; Asanov et 

al., 2024). The shift from fullerene to non-fullerene 

acceptors has enabled much stronger absorption, more 

favorable energy level alignment, and reduced 

nonradiative losses, pushing single-junction organic 

solar cell efficiencies close to or above 19 percent in 

recent reports (Li et al., 2022; Liu et al., 2023; Fu et al., 

2024). Because these materials are intrinsically flexible, 

mechanically compliant, and amenable to low-

temperature coating, they are attractive active media for 

semi-transparent, flexible, and building-integrated 

photovoltaics, where optical design and mechanical 

robustness must be balanced (Solak et al., 2023; Zhu et 

al., 2024). 

 

Organic absorbers are, however, sensitive to 

oxygen, moisture, and photochemical degradation, and 

they typically exhibit lower dielectric constants than 

inorganic semiconductors, which increases Coulomb 

binding and makes exciton dissociation more demanding 

(Li et al., 2022; Asanov et al., 2024). This vulnerability 

is increasingly addressed through molecular design that 

optimizes backbone rigidity, noncovalent locking, and 

end-group chemistry, as well as through the introduction 

of multi-component or ternary blends that can 

synergistically broaden absorption and enhance 

morphological stability (Fu et al., 2024; Li et al., 2022). 

Interlayers and electrodes are also treated as active parts 

of the optical and electronic medium, with work-

function-tuned contacts, self-assembled monolayers, and 

2D materials used to improve band alignment, reduce 

interfacial recombination, and tailor angular and spectral 

response (Solak et al., 2023; Imran et al., 2025). 

 

Colloidal quantum dots (QDs) and perovskite 

quantum dots represent another powerful class of tunable 

active media, where quantum confinement enables 

precise control of bandgap and absorption spectrum by 

adjusting particle size and composition (Shilpa et al., 

2023; Lee et al., 2024). QD-based solar cells and 

quantum-dot-sensitized architectures have progressed 

from sub-percent efficiencies to values exceeding 18 

percent in optimized devices, while maintaining the 

potential for low-temperature, solution-processed 

fabrication on diverse substrates (Shilpa et al., 2023; 

Kim et al., 2019; Jang et al., 2024). Core–shell 

structures, ligand exchange, and surface passivation are 

key levers to suppress nonradiative surface 

recombination and improve carrier transport between 

dots, effectively transforming a collection of 

nanocrystals into a coherent electronic and optical 

medium (Lee et al., 2024; Kumar et al., 2023). QDs can 

also be integrated as intermediate bands, spectral 

converters, or energy-transfer layers in multi-junction 

and hybrid devices, where their tunable absorption and 

strong interaction with local fields are exploited for light 

management and hot-carrier harvesting concepts (Shilpa 

et al., 2023; Albaladejo-Siguan et al., 2021; Kim et al., 

2019). 

 

Stability remains a central challenge for QD-

based devices, since surface ligands, interfaces, and grain 

boundaries are highly reactive under illumination, heat, 

and electric fields, leading to trap formation and 

performance loss over time (Albaladejo-Siguan et al., 

2021; Kumar et al., 2023). Encapsulation strategies, 

inorganic ligand shells, and hybrid architectures in which 

QDs are embedded within more robust matrices are 

being developed to mitigate these issues while 

preserving bandgap tunability and processability (Lee et 

al., 2024; Shilpa et al., 2023). In parallel, ultrafast 

spectroscopy is being used to map energy-transfer 

pathways, carrier cooling, and multi-exciton generation 

in QD films, providing guidance for designing QD-based 

active media that best exploit light–matter interactions in 

the visible and infrared (Lee et al., 2024; Shilpa et al., 

2023). 

 

Two-dimensional semiconductors and related 

layered materials add yet another dimension of 

tunability, since their electronic structure, exciton 

binding energies, and optical response are strongly 

thickness-dependent and can be manipulated by 

stacking, twisting, or forming van der Waals 

heterostructures (Wang et al., 2024; Imran et al., 2025). 

In photovoltaic applications, 2D materials can act as 

ultrathin absorbers, carrier-selective contacts, 

passivation layers, or charge-transport interlayers, with 

reported devices ranging from 2D–2D homojunctions 

and p–n junctions to 2D–3D heterostructures that 

combine layered materials with silicon or perovskites 

(Cho et al., 2018; Miao et al., 2022; Ding et al., 2025). 

For example, MoS₂, WS₂, and related transition-metal 

dichalcogenides can be used to passivate perovskite 

surfaces, enhance crystallization, and improve band 

alignment, leading to gains in both efficiency and 

operational stability (Miao et al., 2022; Ali Ahmad et al., 

2021; Imran et al., 2025). 

 

2D materials also introduce new routes for 

light–matter engineering, because their high refractive 

indices, anisotropic optical response, and strong 

excitonic resonances enable integration into photonic 

cavities, metasurfaces, and waveguides at nanometer 

thicknesses (Wang et al., 2024; Gatade et al., 2024). 

However, environmental sensitivity, interfacial 

contamination, and contact resistance remain persistent 

issues, so encapsulation, surface cleaning, and contact 

engineering must be tailored with the same care as band-

structure design (Imran et al., 2025; Wang et al., 2024). 

When combined with perovskites, organics, or QDs in 

hybrid stacks, 2D materials can thus be viewed as 

multifunctional components that modulate absorption, 
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passivate defects, and tune carrier extraction, fully in line 

with the active-medium concept that underpins this 

review (Miao et al., 2022; Imran et al., 2025). 

 

2.3 Device-Level Architectures: Single-Junction, 

Tandem, and Multi-Functional Stack Designs 

Single-junction architectures remain the 

foundational configuration for both conventional and 

emerging photovoltaic technologies, and they are 

typically optimized around a single absorber whose 

bandgap and thickness are chosen to balance current and 

voltage under a standard solar spectrum (Ma et al., 2023; 

Li et al., 2022). In crystalline silicon and perovskite 

single-junction devices, continued gains have come from 

integrating passivating contacts, optimizing front and 

rear textures, and carefully managing parasitic 

absorption in transport and encapsulation layers so that 

the active medium operates close to its radiative limit 

(Ma et al., 2023; Abbas et al., 2024). For emerging 

absorbers such as organics, QDs, and 2D materials, 

single-junction layouts provide clean testbeds for 

understanding how exciton diffusion, interfacial 

dissociation, and thickness-dependent absorption 

constrain device performance and how optical design can 

compensate for limited diffusion lengths or suboptimal 

mobilities (Li et al., 2022; Shilpa et al., 2023; Wang et 

al., 2024). 

 

As laboratory efficiencies of single-junction 

perovskites approach and surpass 26 percent and organic 

devices exceed 19 percent, the motivation for tandem 

and multi junction architectures becomes increasingly 

strong, because these configurations can reduce 

thermalization and transmission losses by splitting the 

spectrum between absorbers of different bandgaps (Ma 

et al., 2023; Liu et al., 2023; Jamesh et al., 2025). 

Perovskite–silicon tandems are the most developed 

example, with reported power-conversion efficiencies 

above 32 percent and projections that practical modules 

could significantly beat the single-junction silicon limit 

once stability and manufacturing are matured (Huang et 

al., 2025; Jamesh et al., 2025). In these architectures, the 

perovskite top cell is typically tuned to a bandgap of 1.7–

1.8 eV, while the silicon bottom cell retains its 1.1 eV 

bandgap, and the combined optical and electrical design 

must ensure current matching, minimal optical losses at 

interfaces, and effective recombination in the 

interconnection region (Huang et al., 2025; Ma et al., 

2023). 

 

From a circuit perspective, perovskite-based 

tandems are usually categorized as two-terminal 

monolithic, four-terminal mechanically stacked, and 

three-terminal hybrid configurations, each of which 

imposes different constraints on the active medium and 

light-management strategy (Huang et al., 2025; Rafiq et 

al., 2024). Two-terminal monolithic tandems connect 

subcells in series, requiring strict current matching and a 

well-designed recombination junction that 

simultaneously serves as an optical spacer, electrical 

interconnect, and often a diffusion barrier (Ma et al., 

2023; Suman et al., 2025). Four-terminal tandems, by 

contrast, allow each subcell to operate at its own 

maximum power point and relax current-matching 

requirements, but they introduce additional optical 

interfaces, packaging complexity, and cost (Rafiq et al., 

2024; Cordell et al., 2025). Three-terminal designs 

represent an intermediate approach in which some 

degree of independent current extraction is possible 

while preserving a compact stack, and they are 

particularly interesting when one of the subcells is based 

on an emerging absorber such as an organic or QD layer 

(Huang et al., 2025; Rafiq et al., 2025). 

 

Tandem devices are not limited to perovskite–

silicon combinations; perovskite–perovskite, 

perovskite–CIGS, perovskite–organic, and perovskite–

TMDC tandems have all been proposed and 

experimentally demonstrated in various forms (Rafiq et 

al., 2024; Suman et al., 2025; Shilpa et al., 2023). In 

many of these stacks, the top absorber is a wide-bandgap 

perovskite or organic material that captures high-energy 

photons, while the bottom cell is based on a narrower-

bandgap inorganic or QD absorber that harvests longer 

wavelengths, so light-management and spectral splitting 

become explicit design variables of the active medium 

(Jamesh et al., 2025; Li et al., 2022). The introduction of 

2D materials as transport layers, passivation interlayers, 

or even active subcells in such tandems adds further 

tunability, because their thickness, work function, and 

optical constants can be adjusted to optimize both 

electronic selectivity and optical interference (Imran et 

al., 2025; Miao et al., 2022; Wang et al., 2024). 

 

Multi-functional stack designs push the active-

medium concept further by demanding that individual 

layers simultaneously perform optical, electronic, 

mechanical, and stability roles. For instance, in many 

perovskite–silicon tandems the recombination junction 

and adjacent transport layers are designed to act as 

optical spacers that enhance constructive interference in 

the perovskite top cell, as electrical recombination 

regions with minimal voltage loss, and as chemical 

barriers that block ion migration and interdiffusion 

between subcells (Huang et al., 2025; Abbas et al., 

2024). Similarly, organic and QD interlayers can be 

engineered to both passivate defects and serve as spectral 

converters or luminescent coupling layers that recycle 

sub-bandgap or off-angle photons back into the active 

regions, improving current and open-circuit voltage in 

complex stacks (Lee et al., 2024; Shilpa et al., 2023). 

MXene and other 2D materials provide examples where 

a single nanometer-thick layer can increase conductivity, 

tune contact work function, enhance optical absorption 

via plasmonic or interference effects, and improve 

environmental stability when used as a barrier or 

encapsulation layer (Pandey et al., 2025; Imran et al., 

2025). 
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In all these architectures, the interplay between 

optical design, ultrafast carrier dynamics, and long-term 

reliability is increasingly being evaluated through 

combined experimental and techno-economic analyses. 

For example, cost models for perovskite–silicon tandems 

show that the choice of stack architecture, subcell 

integration strategy, and laser or patterning steps for 

interconnection can have impacts on levelized cost of 

electricity that are comparable in magnitude to the raw 

efficiency gains (Cordell et al., 2025; Huang et al., 

2025). At the same time, stability studies reveal that 

certain design decisions that are favorable for light 

trapping or current matching, such as strong field 

concentrations at textured interfaces or high operating 

voltages in wide-bandgap top cells, can accelerate 

degradation unless carefully managed by passivation and 

thermal design (Abbas et al., 2024; Jamesh et al., 2025; 

Albaladejo-Siguan et al., 2021). Consequently, next-

generation device architectures are increasingly planned 

as multi-functional active media in which light–matter 

interaction, carrier dynamics, and durability are co-

optimized rather than treated as separate stages in the 

design process (Ma et al., 2023; Imran et al., 2025). 

 

3. Semiconductor Materials and Interface Physics 

under Optical Excitation 

3.1 Band Alignment, Built-In Fields, and Charge-

Selective Contacts 

According to Figure 2, modern crystalline-

silicon solar cells rely on carefully engineered band 

alignment and built-in fields at the contacts to turn a bare 

c-Si wafer into a carrier-selective photovoltaic stack. In 

a simple TCO/c-Si junction, the band bending at the 

interface is set mainly by the wafer doping and the TCO 

work function, so both electrons and holes can reach the 

contact and recombine, which limits the open-circuit 

voltage. By contrast, silicon heterojunction (SHJ) and 

passivating-contact devices introduce thin passivating 

layers and carrier-selective contact stacks that reshape 

the conduction and valence bands so that electrons and 

holes follow different preferred pathways out of the 

device (Allen et al., 2019; Lin et al., 2023). 

 

In the classical SHJ architecture sketched in 

Figure 2(a–b), intrinsic hydrogenated amorphous silicon 

(a-Si:H(i)) is first deposited on the textured c-Si surface 

to chemically passivate dangling bonds and reduce 

interface defect density. On top of this, p-type and n-type 

a-Si:H layers are added as hole- and electron-selective 

contacts. Their wider bandgap and suitable electron 

affinity create valence- and conduction-band offsets that 

bend the c-Si bands near each interface. At the hole 

contact, the valence band aligns so that holes see only a 

small barrier while electrons face a large barrier; at the 

electron contact, the situation is reversed. Under 

illumination, these built-in fields steer photogenerated 

holes and electrons toward their respective contacts 

while maintaining a large quasi-Fermi level splitting in 

the c-Si bulk (Allen et al., 2019; Zhou et al., 2022). 

 

Figure 2(d–f) then illustrates how poly-Si/SiOₓ 

passivating contacts (often referred to as TOPCon-type 

structures) refine this idea. Here, an ultrathin SiOₓ tunnel 

oxide provides excellent chemical and field-effect 

passivation, and a heavily doped n⁺ or p⁺ poly-Si layer 

on top fixes the contact work function and drives strong 

band bending in the underlying c-Si. Majority carriers 

tunnel through the thin oxide with low resistance, 

whereas minority carriers are blocked by the barrier and 

repelled by the electric field. When the SiOₓ thickness, 

poly-Si doping and hydrogenation are optimized, these 

contacts reach extremely low recombination currents 

while keeping contact resistivity in the milliohm-

centimeter-squared range, enabling cell efficiencies 

above about 24–26% in industrial SHJ and TOPCon 

devices (Lin et al., 2023; Wei et al., 2023; Yan et al., 

2021; Zhou et al., 2022). 

 

The lower panels of Figure 2 also highlight 

dopant-free asymmetric heterocontact concepts, where 

thin wide-bandgap metal oxides or fluorides replace 

doped silicon as the selective contact layer. Electron-

selective oxides such as TiOₓ or Ta₂O₅ are chosen so that 

their conduction band lies close to that of c-Si while their 

valence band sits far below, giving a small barrier for 

electrons but a large barrier for holes. Conversely, high-

work-function oxides such as MoOₓ align favorably with 

the valence band of c-Si and strongly block electrons, so 

they act as hole-selective contacts (Wang et al., 2023; 

Zeng et al., 2022). Work from the Javey research lab has 

shown that, when combined with a thin intrinsic 

passivation layer, such dopant-free electron and hole 

contacts can support high open-circuit voltages and low 

series resistance without any high-temperature diffusion 

steps, yielding efficient “DASH” (dopant-free 

asymmetric heterocontact) silicon solar cells (Bullock et 

al., 2016, 2018; Allen et al., 2019). 

 

Overall, Figure 2 makes clear that band 

alignment and built-in fields are practical design knobs 

rather than fixed material properties. Intrinsic or wide-

bandgap layers are used to decouple surface passivation 

from carrier selectivity, while the choice of doped or 

dopant-free contact materials, their work functions, and 

any interfacial dipoles are tuned so that c-Si experiences 

strong, well-oriented internal fields and each terminal 

behaves as an almost ideal electron or hole filter. Under 

optical excitation, this engineered energy-band 

landscape allows the device to harvest most of the 

internal quasi-Fermi level splitting with minimal contact 

recombination—providing a concrete silicon benchmark 

for the broader discussion of carrier-selective interfaces 

in other semiconductor and perovskite systems. 
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Figure 2: Energy-Band Landscape and Built-In Fields in a Silicon Heterojunction with Carrier-Selective Contacts 

 

Cross-sections of crystalline-silicon 

heterojunction solar cells using amorphous or poly-Si 

carrier-selective contacts (top) are shown together with 

representative energy-band diagrams (bottom). The 

intrinsic amorphous or tunnel-oxide layers chemically 

passivate the c-Si surface, while adjacent n- and p-type 

layers plus transparent conducting oxides create band 

offsets and strong built-in fields that selectively extract 

electrons and holes. The comparison between different 

heterocontact stacks illustrates how work-function 

engineering, band alignment and layer sequence control 

the internal electric field and allow efficient harvesting 

of quasi-Fermi level splitting in modern silicon 

heterojunction architectures. 

 

3.2 Defects, Traps, and Non-Radiative 

Recombination at Bulk and Interfaces 

Under illumination, any departure from an 

ideal, defect-free lattice opens non-radiative loss 

channels that shorten carrier lifetimes and limit the 

achievable quasi-Fermi level splitting. In both crystalline 

semiconductors and metal–halide perovskites, most of 

these losses are well described by Shockley–Read–Hall 

(SRH) statistics, where deep defect levels in the bandgap 

capture and emit carriers asymmetrically and thus act as 

efficient recombination centers (Shockley & Read, 

1952). When such traps lie near midgap and possess 

large capture cross-sections, they strongly compete with 

radiative bimolecular and Auger recombination, 

especially at the low and moderate carrier densities 

relevant for photovoltaic operation (Herz, 2016; 

deQuilettes et al., 2019). 

 

In bulk crystalline silicon, typical SRH centers 

arise from transition-metal impurities (such as Fe, Ni, 

and Cu) and from point-defect complexes introduced 

during growth, gettering, or high-temperature 

processing. Their impact is routinely quantified via 

effective minority-carrier lifetime measurements and 

modeled using SRH lifetimes that depend on defect 

energy levels, capture cross-sections, and defect 

densities. Related physics applies in metal–halide 

perovskites, but here the defect chemistry is dominated 

by halide vacancies, interstitials, antisites, and under-

coordinated Pb or Sn sites created by slight deviations 

from stoichiometry, incomplete crystallization, or ion 

migration (Herz, 2016; Manser, Christians, & Kamat, 

2016). Despite relatively high nominal defect densities, 

several perovskite compositions exhibit a degree of 

“defect tolerance,” where many traps are shallow or 

weakly coupled to phonons and therefore have a reduced 

impact on non-radiative recombination. 

 

Extended defects aggravate non-radiative losses 

by clustering traps into specific regions. In 

polycrystalline perovskite and thin-film silicon 

absorbers, grain boundaries, dislocations, and secondary 

phases often exhibit higher trap densities than the 

surrounding grains. Nanoscale photoluminescence 

mapping directly visualizes highly non-uniform carrier 

lifetimes, with “bright” grains separated by “dark” 

recombination-active boundaries that dominate device-

scale performance (deQuilettes et al., 2015; Doherty et 

al., 2020). These defective regions can also act as fast 

diffusion pathways for mobile ions, coupling defect 

chemistry to local electric-field redistribution and 

hysteresis under bias and illumination (Shi et al., 2016; 

deQuilettes et al., 2016). 

 

Interfaces in carrier-selective stacks, such as the 

amorphous/crystalline silicon heterojunction of Figure 2, 

introduce their own spectrum of electronic states. At the 

c-Si/a-Si:H(i) interface, unpassivated dangling bonds act 

as efficient recombination centers, and their effect is 

often parameterized via an interface recombination 

velocity rather than a bulk lifetime. Even when the 
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crystalline bulk is of very high purity, such interface 

states can dominate the open-circuit voltage. In 

perovskite devices, analogous interfacial traps at the 

perovskite/transport-layer and transport-layer/electrode 

contacts are now recognized as major loss channels, 

often associated with under-coordinated ions, 

interdiffusion, or chemical incompatibility between 

adjacent layers (Herz, 2016; Stranks et al., 2019). 

 

Spatially resolved luminescence tools have 

become central for diagnosing these losses. Full-device 

photoluminescence and electroluminescence imaging 

correlates local emission intensity with implied open-

circuit voltage, enabling identification of interface-

limited regions and buried defects in both perovskite and 

silicon heterojunction cells (Hameiri et al., 2015; 

Breitenstein et al., 2014). For perovskites, time-resolved 

photoluminescence and transient absorption 

spectroscopy are routinely used to disentangle trap-

assisted monomolecular recombination from radiative 

and Auger processes, revealing how post-treatments or 

interface layers suppress non-radiative channels and 

push materials closer to the radiative limit (Herz, 2016; 

Stranks & Snaith, 2015). 

 

In the context of Figure 2, the combined picture 

is that defects and traps, whether in the bulk or at 

interfaces, locally reduce the quasi-Fermi level splitting 

and effectively shrink the built-in potential landscape 

available to photocarriers. This directly erodes the 

voltage and fill factor that would otherwise be achievable 

with ideal carrier-selective contacts. The next subsection 

therefore turns to how interface engineering through 

dipoles, 2D layers, and passivating interlayers can 

mitigate these losses while simultaneously shaping 

light–matter interactions at the heterointerfaces. 

 

Table 1: Representative defect classes and mitigation strategies in semiconductor photovoltaic stacks 

Region in stack 

(relative to Fig. 

2) 

Dominant defects / traps Main non-radiative 

mechanism 

Typical diagnostics Example mitigation 

/ engineering 

c-Si bulk (wafer) Metal impurities, 

vacancies, interstitial 

complexes 

SRH via deep 

midgap levels 

Quasi-steady-state 

lifetime, injection-

dependent τ 

High-purity growth, 

gettering, 

hydrogenation 

a-Si:H(i) / c-Si 

interface 

Dangling bonds, under-

coordinated Si 

Surface-limited 

SRH, high surface 

recomb. 

Lifetime vs. 

thickness, interface 

recombination vₛ 

a-Si:H(i) passivation, 

optimized H content 

Perovskite bulk Halide 

vacancies/interstitials, 

Pb/Sn under-coordination 

Trap-assisted 

monomolecular 

recombination 

Time-resolved PL, 

transient absorption 

Stoichiometry 

control, additives, 

ligand treatments 

Grain boundaries 

/ trap clusters 

Disordered phases, 

segregated impurities 

Localized SRH at 

extended defects 

Nanoscale PL, 

PEEM, KPFM 

2D capping layers, 

grain-boundary 

passivation 

Perovskite / ETL 

interface 

Under-coordinated ions, 

rough morphology, 

interdiffusion 

Interfacial SRH, 

charge-transfer 

bottlenecks 

PL quenching, 

impedance 

spectroscopy, EL 

imaging 

SAM-modified 

oxides, fullerene 

interlayers 

Perovskite / HTL 

interface 

Chemical incompatibility, 

dopant diffusion 

Interface-assisted 

recombination, ion-

assisted 

Ultrafast charge-

transfer studies, EL 

efficiency 

Dipolar SAMs, 

graded 2D/3D 

perovskite, buffer 

layers 

 

3.3 Interface Engineering for Light–Matter Control: 

Dipoles, 2D Layers, and Interfacial Passivation 

Because interfaces govern both recombination 

and built-in fields, modern carrier-selective device 

architectures increasingly treat them as active design 

elements rather than passive boundaries. The 

heterojunction in Figure 2 already illustrates this: 

ultrathin intrinsic a-Si:H layers chemically passivate the 

c-Si surface, while doped a-Si:H or poly-Si layers act as 

hole- and electron-selective contacts whose work 

functions and band offsets are tuned to shape the band 

bending and internal electric fields. The goal is to create 

interfaces that are simultaneously electrically benign 

(low trap density, low recombination), energetically 

selective (favorable level alignment for one carrier type), 

and optically transparent to the incoming solar spectrum 

(Allen et al., 2019; Yan et al., 2021). 

 

A powerful route to such control is the use of 

interfacial dipoles formed by self-assembled monolayers 

(SAMs) or other polar molecular layers. When 

chemisorbed on metals or metal oxides, SAMs establish 

a well-defined molecular dipole at the interface, shifting 

the substrate work function by several hundred 

millielectronvolts and thereby tuning the barrier height 

for electrons or holes (Ford et al., 2014). In perovskite 

and organic photovoltaics, phosphonic-acid or 

carboxylic-acid SAMs on SnO₂, TiO₂, or ITO are used 

to raise or lower the contact work function, align 

transport-layer levels with the perovskite bands, and 

reduce interfacial recombination (Casalini et al., 2017; 
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Qiao & Zuo, 2018). Recent work shows that such 

monolayers can simultaneously influence film 

morphology, suppress interfacial traps, and enhance 

long-term stability, all while adding negligible parasitic 

absorption because their thickness is on the molecular 

scale (Fu et al., 2025; Yuan, Zhang, & Yang, 2025). 

 

Two-dimensional layers provide a 

complementary strategy to control light–matter 

interaction and recombination. In halide perovskites, 

quasi-2D Ruddlesden–Popper layers grown on top of a 

3D absorber act as wide-bandgap caps that passivate 

surface defects and create graded band edges, funneling 

photocarriers into the underlying bulk and increasing 

photoluminescence quantum yield (Milot et al., 2016; 

Stranks, 2019). In silicon and III–V devices, atomically 

thin materials such as hexagonal boron nitride, MoS₂, or 

graphene can be inserted as tunneling layers that 

suppress direct chemical recombination while still 

allowing efficient carrier tunneling, or as optical spacers 

that modify the local optical mode structure. By properly 

choosing thickness, dielectric constant, and band offset, 

these 2D interlayers allow simultaneous tuning of 

reflection, absorption, exciton dissociation, and carrier 

selectivity. 

 

Classical dielectric passivation remains 

essential, especially in silicon heterojunctions. Atomic-

layer-deposited Al₂O₃ on c-Si combines low interface-

state densities with a high density of negative fixed 

charges that repel minority carriers from the surface, 

dramatically reducing SRH recombination (Hoex et al., 

2008; Schmidt et al., 2008). Advanced dielectric stacks 

such as POₓ/Al₂O₃ or SiOₓ/poly-Si further enhance field-

effect and chemical passivation, achieving extremely 

low effective surface recombination velocities on both p- 

and n-type substrates (Black et al., 2018; Veith-Wolf et 

al., 2018; Meyer et al., 2021). In the context of Figure 2, 

these dielectrics can be combined with carrier-selective 

contact stacks so that a thin, high-quality oxide provides 

passivation, while an overlying doped poly-Si or TCO 

layer provides lateral conduction and tailored band 

bending. 

 

In both silicon and perovskite technologies, the 

state of the art is moving toward multifunctional 

interfacial stacks that combine dipolar SAMs, 2D layers, 

and dielectric passivation. For example, inverted 

perovskite solar cells that use SAM-based hole-selective 

layers on top of NiOₓ or other wide-bandgap oxides have 

achieved very high open-circuit voltages and improved 

stability, illustrating the synergy between molecular 

dipoles and inorganic passivation (Kim et al., 2020; 

Chen et al., 2025; Yang et al., 2025). In silicon 

heterojunctions, textured front surfaces coated with 

TCO/dielectric/SAM stacks are being explored to jointly 

optimize anti-reflection, contact resistivity, and surface 

recombination. 

 

Overall, interface engineering for light–matter 

control can be viewed as co-optimizing three intertwined 

roles: (i) chemical passivation, to suppress defects and 

traps; (ii) electrostatic design, using dipoles and fixed 

charges to sculpt band alignment and built-in fields; and 

(iii) photonic design, using optical spacers, refractive-

index contrast, and 2D layers to manage absorption and 

emission. When these roles are jointly addressed, the 

interfaces in Figure 2 cease to be simple boundaries and 

become active components that help to preserve the 

quasi-Fermi level splitting generated in the absorber and 

to funnel both light and charge toward the carrier-

selective contacts. 

 

4. Ultrafast Carrier Dynamics: From Photon 

Absorption to Charge Extraction 

4.1 Hot-Carrier Generation, Thermalization, and 

Cooling Pathways 

When a photon with energy ℎν > 𝐸𝑔 is 

absorbed, electrons and holes are not born in thermal 

equilibrium with the lattice but in a highly non-thermal 

distribution, typically carrying excess kinetic energy of 

order ℎν − 𝐸𝑔. Ultrafast spectroscopy consistently 

reveals three generic stages in the subsequent evolution. 

First, during coherent excitation and dephasing on a 

femtosecond timescale, the initially created polarization 

decays and the carriers begin to lose memory of the 

driving field. Second, rapid carrier–carrier scattering 

redistributes energy among electrons and holes, bringing 

them to a hot Fermi–Dirac distribution characterized by 

an elevated carrier temperature. Third, these hot carriers 

cool toward the lattice temperature through carrier–

phonon interactions, primarily by emitting longitudinal 

optical (LO) phonons followed by slower coupling to 

acoustic modes. 

 

In conventional direct-gap semiconductors such 

as GaAs, and in crystalline silicon under above-bandgap 

excitation, carrier–carrier thermalization is extremely 

fast, typically occurring within about 10–100 fs. Cooling 

from this hot distribution down to the band edge then 

proceeds over roughly 0.2–2 ps through LO-phonon 

emission and subsequent acoustic-phonon–mediated 

energy loss. Under 1-sun–like excitation, this means that 

most carriers reach near-band-edge energies long before 

they have diffused more than a few nanometres, so 

device operation can often be described using near-

equilibrium transport at the band edge. 

 

Metal-halide perovskites, both in bulk films and 

as nanocrystals, deviate markedly from this picture by 

exhibiting anomalously slow hot-carrier cooling, 

especially at higher excitation fluences. Femtosecond 

pump–probe and transient-absorption experiments 

frequently report hot-carrier lifetimes extending to tens 

of picoseconds, far longer than in GaAs for comparable 

excess energies. This slowdown is generally attributed to 

a combination of large polaron formation, which screens 

carrier–phonon coupling; a hot-phonon bottleneck, in 

which emitted LO phonons are re-absorbed before they 
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can dissipate their energy; and phonon up-conversion 

processes that recycle vibrational energy back into the 

electronic system (Fu et al., 2017; Herz, 2016). Pressure-

dependent studies on 𝑀𝐴𝑃𝑏𝐼3 further show that 

compressing the lattice can accelerate hot-carrier cooling 

by roughly a factor of two above the Mott transition 

density, highlighting that electron–phonon coupling and 

lattice stiffness can be used as design parameters to tune 

the cooling window (Muscarella et al., 2021). Alloyed 

and mixed-metal perovskites extend this design space 

even further: mixed Pb–Sn compositions and low-

dimensional nanocrystals often combine slow cooling 

with reasonably high mobilities, making them attractive 

testbeds for hot-carrier photovoltaic concepts (Monti et 

al., 2020). 

 

Across all of these materials, hot-carrier 

dynamics are typically probed using femtosecond 

transient absorption and time-resolved 

photoluminescence, which track spectral shifts and 

linewidths to infer carrier temperatures; time-resolved 

terahertz and optical-pump/THz-probe spectroscopy, 

which directly measure the mobility and conductivity of 

hot carriers; and, in a growing number of cases, operando 

ultrafast measurements on complete devices that link 

hot-carrier cooling to internal fields and contact 

extraction. Together, these studies make clear that any 

realistic hot-carrier photovoltaic architecture must 

synchronize carrier extraction with the finite cooling 

window on the order of a few to a few tens of 

picoseconds in perovskites while simultaneously 

suppressing trap-assisted and Auger recombination that 

would otherwise dissipate the stored excess energy 

before it can be harvested. 

 

Table 2: Characteristic ultrafast carrier timescales in representative PV absorbers 

Material class Thermalization (carrier–

carrier) 

Hot-carrier cooling to 

band edge 

Typical probe techniques 

c-Si, GaAs (bulk) 10–100 fs 0.2–2 ps TA, TRPL, TR-THz 

Metal halide perovskites 

(3D) 

20–200 fs 1–50 ps (fluence 

dependent) 

TA, TRPL, TR-THz, 2D 

spectroscopy 

Mixed Pb–Sn or low-

dimensional perov. 

20–200 fs 5–100 ps TA, TRPL, magneto-

optical probes 

Organic donor–acceptor 

blends 

10–100 fs <1 ps to CT states; few ps 

to band edge 

TA, time-resolved EL 

 

4.2 Excitons vs Free Carriers: Binding, Dissociation, 

and Transport in Different Active Media 

Immediately after photoabsorption, the nature 

of the primary excitation whether a tightly bound exciton 

or a nearly free electron hole pair is set by the 

competition between Coulomb attraction and dielectric 

screening. This balance is commonly quantified by the 

exciton binding energy 𝐸B, which scales roughly as μ/ε𝑟
2

, where 𝜇 is the reduced effective mass and ε𝑟 the relative 

dielectric constant (Sugie et al., 2023; Yang et al., 2017). 

In classical inorganic semiconductors such as crystalline 

silicon and GaAs, large dielectric constants and 

relatively small effective masses yield Wannier–Mott 

excitons with binding energies of only a few meV, 

comparable to or smaller than 𝑘B𝑇 at room temperature. 

Under solar illumination, these excitons ionize 

essentially instantaneously, so transport is well described 

in terms of free carriers undergoing drift and diffusion in 

the band structure. Radiative recombination and quasi-

Fermi level splitting in such media can therefore be 

analyzed using textbook semiconductor statistics, with 

excitonic corrections entering primarily at low 

temperature or under high magnetic fields (Herz, 2016). 

 

Organic semiconductors, by contrast, combine 

low dielectric constants (ε𝑟 ∼ 3 − 4) with relatively 

localized π–π* orbitals. This combination leads to 

Frenkel-like excitons with typical binding energies of 

0.3–0.8 eV, well above thermal energy at room 

temperature (Sugie et al., 2023). As a result, 

photoexcitation produces neutral excitons that are 

metastable with respect to free charges and must diffuse 

to regions with a strong local electric field or a sharp 

energetic offset most often a donor–acceptor 

heterojunction before dissociating. Exciton diffusion 

lengths in state-of-the-art organic photovoltaic blends 

typically lie in the 5–20 nm range, with recent precision 

measurements emphasizing how sensitive these values 

are to energetic disorder, morphology, and measurement 

technique (Riley et al., 2024). Efficient organic devices 

therefore rely on nanoscale bulk heterojunction 

architectures in which the domain size is of the same 

order as the exciton diffusion length, so that a large 

fraction of excitons can reach an interface before 

decaying radiatively or via non-radiative channels. 

 

Hybrid metal halide perovskites occupy an 

intermediate, but highly favorable, position in this 

landscape. Their large static dielectric constants and 

moderate effective masses produce Wannier-like 

excitons with binding energies on the order of 10–30 

meV in 𝑀𝐴𝑃𝑏𝐼3 and related compositions, so that at 

room temperature the population is dominated by free 

carriers, even though excitonic resonances are clearly 

resolved in low-temperature spectra (Yang et al., 2017; 

Soufiani et al., 2015). Time-resolved optical experiments 

show that any initially formed excitons rapidly ionize 

into free carriers on sub-picosecond timescales, 

supported by strong polaronic screening and dynamic 

disorder. Consequently, transport in perovskite solar 
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cells resembles that in high-quality inorganic 

semiconductors: electrons and holes diffuse with 

micrometre-scale diffusion lengths and can be described 

by effective-mass models, while excitonic effects enter 

mainly through subtle modifications of absorption edge 

shape, radiative recombination coefficients, and photon 

recycling (Herz, 2016; Johnston & Herz, 2016). 

 

Dissociation and transport mechanisms also 

depend strongly on the interfacial energetics and 

dimensionality of the active layer. In organic bulk 

heterojunctions, charge separation is often framed in 

terms of Onsager–Braun physics: an exciton reaching the 

donor–acceptor interface forms a charge-transfer (CT) 

state, whose fate dissociation into free charges versus 

geminate recombination depends on the driving-force 

(energy offset between donor HOMO and acceptor 

LUMO), local electric field, and energetic disorder. 

Modern work shows that even “small-offset” systems 

with 𝛥𝐸 ≲ 0.1 𝑒𝑉 can achieve efficient charge 

generation if exciton diffusion is long enough and the CT 

state is sufficiently delocalized, but such architectures 

become more sensitive to interfacial traps and 

morphology. In perovskites, by contrast, built-in fields at 

the perovskite/transport-layer interfaces typically 

separate charges without needing large band offsets, so 

reducing interfacial energy losses and preserving the 

quasi-Fermi level splitting becomes more important than 

driving exciton dissociation (Johnston & Herz, 2016; 

Wang et al., 2021). 

 

Across these material classes, the competition 

between exciton binding, dissociation, and transport sets 

the microscopic routes by which photogenerated energy 

is converted into extractable charge. Organic absorbers 

exemplify an exciton-limited regime in which optimizing 

exciton diffusion length, interfacial energetics, and 

nanoscale morphology is essential for minimizing 

geminate and non-geminate losses (Riley et al., 2024; 

Sugie et al., 2023). Perovskites and classical inorganics, 

in contrast, operate in a predominantly free-carrier 

regime in which the key figures of merit become 

mobility, diffusion length, and the suppression of non-

radiative recombination at defects and interfaces. A 

unified description of ultrafast carrier dynamics therefore 

has to explicitly track which regime a given absorber 

occupies, since the relevant design levers for device 

optimization dielectric engineering, dimensionality, 

nanostructuring, or interface energetics depend 

sensitively on whether the primary excitation is an 

exciton or a free electron–hole plasma. 

 

4.3 Recombination Channels: Radiative, Shockley–

Read–Hall, and Auger Processes in Advanced PV 

Once excitons have dissociated or free carriers 

have been generated directly, their subsequent fate is 

governed by a hierarchy of recombination channels. In 

the radiative limit, electrons and holes recombine by 

emitting photons whose spectrum mirrors the 

semiconductor’s absorption edge. This purely radiative 

band-to-band recombination sets the Shockley–Queisser 

limit and is described via a radiative recombination 

coefficient BBB, which depends on the joint density of 

states, transition matrix elements, and optical 

environment (Kirchartz & Rau, 2018). In direct-gap 

materials such as GaAs, large optical matrix elements 

and strong absorption lead to relatively high radiative 

rates. In indirect-gap materials like crystalline silicon, by 

contrast, phonon assistance is required, suppressing BBB 

and making radiative processes slow compared to non-

radiative channels under typical device conditions (Fell 

et al., 2021). Hybrid perovskites fall between these 

extremes: although nominally direct-gap, they may 

exhibit a slightly indirect character and strong photon 

recycling, which effectively reduces the radiative 

coefficient relevant for open-circuit conditions while still 

enabling high external luminescence yields in optimized 

devices (Johnston & Herz, 2016; deQuilettes et al., 

2019). 

 

Real photovoltaic absorbers, however, seldom 

operate in the ideal radiative limit. Defects, impurities 

and imperfect interfaces introduce localized states in the 

band gap that mediate Shockley–Read–Hall (SRH) 

recombination. In the classic SRH picture, 

recombination proceeds via sequential capture of 

electrons and holes into a defect level at energy 𝐸T, with 

rates set by capture cross sections, thermal velocities, and 

trap densities (Shockley & Read, 1952). Mid-gap defects 

are particularly detrimental because they maximize the 

SRH recombination rate at a given carrier concentration, 

thereby shortening the minority-carrier lifetime and 

reducing the open-circuit voltage. Modern loss analyses 

across III–V, Si, organic, and perovskite devices 

consistently show that to approach within 1% of the 

internal radiative efficiency limit, SRH lifetimes must 

reach the microsecond–millisecond range, which 

constrains the allowable defect densities to 1012 cm−3 

depending on cross sections and operating injection 

levels (Nakamura et al., 2020; Kirchartz & Rau, 2018). 

 

In perovskite solar cells, trap-assisted 

recombination is still the dominant non-radiative loss 

channel in many architectures, even though trap densities 

are already lower than in typical organic or thin-film 

inorganic absorbers. Time-resolved photoluminescence, 

transient photovoltage, and impedance spectroscopy 

measurements consistently point to deep-defect and 

interfacial states as key recombination centres, 

particularly at grain boundaries and at the 

perovskite/transport-layer interfaces (deQuilettes et al., 

2019; Wang et al., 2021). Chemical passivation 

strategies—such as Lewis-base additives, alkali halide 

treatments, or self-assembled monolayers—have been 

shown to increase effective SRH lifetimes by one to two 

orders of magnitude, translating directly into improved 

open-circuit voltages and fill factors. Similar interface-

engineering ideas carry over to silicon heterojunctions 

and tandem devices, where high-quality amorphous 

passivation layers and carefully tuned contact stacks are 
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required to keep SRH current densities below a few fA ·
𝑐𝑚 − 2−2. 

 

Auger recombination constitutes a third, 

intrinsically non-radiative channel that becomes 

important at high carrier concentrations, for example 

under concentrated sunlight, in thick high-doping 

regions, or near the maximum power point of high-

efficiency devices. In a band-to-band Auger process, the 

energy released when an electron and hole recombine is 

transferred to a third carrier, which is excited to a higher 

energy within the same band. The rate therefore scales as 

𝐶𝑛2𝑝 𝑜𝑟 𝐶𝑛𝑝2, depending on which carriers dominate, 

where C is the Auger coefficient. In crystalline silicon, 

Auger recombination is a major efficiency limiter at high 

injection, and accurate parameterizations of C as a 

function of doping and injection level have been crucial 

for reliably predicting the ultimate efficiency limits of 

advanced cell designs (Richter et al., 2012). Recent 

reassessments of intrinsic recombination in silicon 

further highlight that Auger losses, together with 

radiative processes and photon recycling, fully determine 

the achievable voltage once extrinsic SRH contributions 

are minimized (Niewelt et al., 2022; Fell et al., 2021). 

 

In halide perovskites and wide-bandgap III–V 

materials, Auger recombination frequently appears in a 

more complex, defect-assisted variant. Here, a localized 

trap participates as one of the three states involved in the 

process, leading to “trap-assisted Auger” or “Auger–

Meitner” kinetics that can mimic bimolecular 

recombination over a broad range of carrier densities 

(Staub et al., 2018). Simulations and experiments on 

mixed-cation perovskites show that even modest Auger 

capture coefficients can significantly depress the open-

circuit voltage and fill factor when trap densities remain 

above 1014 cm−3, particularly under concentrated 

illumination or in thick active layers (Hossain et al., 

2023; Baloch et al., 2018). For multi-junction and 

tandem architectures, where top cells often operate at 

higher effective concentrations, managing Auger 

coefficients through band-structure engineering and 

careful doping control becomes a critical design lever. 

 

From the perspective of ultrafast carrier 

dynamics, these recombination channels unfold over 

very different timescales. Radiative recombination 

lifetimes can range from nanoseconds in high–radiative-

efficiency III–V materials to microseconds or longer in 

indirect-gap or strongly photon-recycling systems. SRH 

lifetimes span from sub-nanosecond in defect-rich films 

to the microsecond–millisecond regime in state-of-the-

art perovskites and silicon heterostructures with carefully 

passivated surfaces (Johnston & Herz, 2016; deQuilettes 

et al., 2019). Auger processes are typically negligible at 

low injection but can dominate on sub-nanosecond 

timescales once carrier densities approach 1018 cm−3. 

For advanced PV, “approaching the radiative limit” thus 

means simultaneously suppressing SRH and trap-

assisted Auger recombination, while accepting a 

residual, well-understood radiative and intrinsic Auger 

loss floor. In the broader context of this review, these 

recombination pathways form the final stage in the 

ultrafast sequence that begins with photon absorption 

and hot-carrier relaxation: they determine how long 

quasi-Fermi level splitting can be sustained and, 

therefore, how much of the initially absorbed photon 

energy can ultimately be harvested as electrical work. 

 

5. Ultrafast Spectroscopy as a Probe of Light–Matter 

Interactions 

5.1 Transient Absorption, Time-Resolved PL, and 

THz Spectroscopy for PV Materials 

TA, TRPL and TRTS form a complementary 

triad for characterizing carrier dynamics in advanced PV 

absorbers. In TA, a femtosecond pump pulse excites the 

sample and a delayed broadband probe measures the 

differential transmission or reflectance ΔA(t,λ). Ground-

state bleach, stimulated emission and excited-state 

absorption features track the population of electronic 

states and their energy relaxation pathways, enabling 

direct observation of hot-carrier cooling, state filling and 

charge transfer to transport layers (Ponseca Jr. et al., 

2016; Monti, 2020). In perovskite solar cells, TA has 

mapped sub-picosecond carrier generation, polaron 

formation and interfacial charge transfer to electron and 

hole transport layers, as well as slow nanosecond tail 

dynamics associated with traps and grain boundaries 

(Chen et al., 2024; Srivastava et al., 2023). 

 

TRPL monitors the time-dependent 

spontaneous emission following pulsed excitation, 

giving direct access to radiative and non-radiative 

recombination channels. By varying excitation density, 

researchers separate mono-, bi- and Auger 

recombination contributions, fit rate equations and 

extract effective recombination coefficients and charge-

carrier lifetimes (Peters et al., 2019; Bowman et al., 

2022). In perovskites and other PV absorbers, TRPL 

studies have shown that increasing material quality and 

interface passivation can push effective lifetimes into the 

microsecond regime, consistent with quasi-radiative 

operation at open circuit (Ning et al., 2018; Ochoa et al., 

2022). 

 

TRTS or optical pump–THz probe 

spectroscopy completes the picture by measuring the 

complex photoconductivity σ(ω,t) with sub-picosecond 

resolution. A THz pulse probes how photocarriers 

respond to an oscillating electric field, allowing 

extraction of carrier mobility, scattering times and 

localization via Drude or Drude–Smith models (Hempel 

et al., 2022; Cinquanta et al., 2019). In perovskite thin 

films and nanocrystals, TRTS has revealed high 

mobilities, polaronic effective masses and how trapping 

or phase segregation reduces the mobile carrier fraction 

(Ponseca Jr. et al., 2016; Gatto et al., 2021). The 

combination of TA, TRPL and TRTS thus provides a 

multi-dimensional view of carrier generation, 
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thermalization, transport and recombination in PV 

materials across 12–15 orders of magnitude in time. 

 

 
Figure 3: Ultrafast Spectroscopic Windows on Carrier Dynamics in Perovskite Solar Cells. 

 

Dynamical processes in a perovskite solar cell, 

from charge generation and relaxation to extraction, 

transport, recombination and collection. Time-scale dial 

from femtoseconds to milliseconds, with each process 

mapped onto its characteristic window.Table of 

measurement techniques (TA, TRPL, TRTS and related 

methods) assigned to each process, highlighting how 

their combination reconstructs the complete carrier-

dynamics picture. 

 

5.2 Probing Buried Interfaces and Heterostructures: 

Pump–Probe and Time-Resolved Microscopy 

Standard ultrafast measurements average over 

the illuminated volume and are often dominated by the 

bulk response. However, in thin-film and heterostructure 

PV devices, key loss channels originate at buried 

interfaces, transport layers and grain boundaries that 

occupy a small fraction of the volume but strongly 

influence performance (Pu et al., 2023; Srivastava et al., 

2023). To access these regions, researchers have 

developed spatially resolved pump–probe and time-

resolved microscopy techniques. 

 

Time-resolved PL microscopy (TRPLM) 

images the spatiotemporal evolution of 

photoluminescence with sub-micrometre resolution, 

allowing direct visualization of carrier diffusion, 

trapping and non-radiative recombination at grain 

boundaries, interfaces and inclusions (Ochoa et al., 2022; 

Jariwala et al., 2019). By fitting the broadening of PL 

spots over time to diffusion models, one can extract local 

diffusivities and observe how grain boundaries either 

block carriers or, in optimized films, act as transport 

channels (Ning et al., 2018; Gatto et al., 2021; Chen et 

al., 2024). Transient absorption microscopy and near-

field optical pump–probe variants extend these ideas to 

non-emissive states and deeply buried interfaces, using 

contrast from excited-state absorption or local refractive-

index changes. 

 

A recent wave of work has focused specifically 

on buried charge-selective interfaces in perovskite solar 

cells, where non-radiative recombination and trapped 

carriers can strongly limit open-circuit voltage and fill 

factor. Time-resolved spectroscopies that selectively 

excite or probe near the interface—using wavelength, 

incidence angle or waveguiding effects—have revealed 

nanosecond to millisecond trapped-carrier dynamics and 

identified interfacial passivation strategies that recover 

radiative behaviour (Hu et al., 2025; Khan et al., 2024). 

When combined with spatial mapping, these methods 

provide a “defect cartography” of buried interfaces and 

heterostructures, guiding engineering of transport layers, 

passivation molecules and compositional grading. 
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Figure 4: Time-Resolved Photoluminescence Microscopy of Carrier Diffusion in Thin-Film Absorbers 

 

Illustration of transient/time-resolved PL 

microscopy where a localized excitation spot broadens 

with time delay while the PL amplitude decays, 

capturing the coupled action of diffusion + 

recombination. Successive-delay spatial line profiles are 

fit (e.g., Gaussian/variance growth) to extract diffusivity 

(D) and an effective lifetime, and the plot of mean-

squared displacement vs time shows how different 

regimes appear (approximately linear growth for 

diffusion-dominated transport; deviations/curvature 

when recombination kinetics, nonlinear PL–density 

scaling, or localized quenching become important. 

 

5.3 Extracting Device-Relevant Quantities: Lifetimes, 

Mobilities, Diffusion Lengths, and Rate Constants 

While ultrafast measurements yield rich time- 

and wavelength-dependent signals, their ultimate value 

for photovoltaics lies in extracting quantitative 

parameters that can feed into drift–diffusion or 

equivalent-circuit simulations. For TRPL and TA, this 

typically involves fitting kinetic models rate equations 

for carrier populations that include radiative, Shockley–

Read–Hall and Auger terms to the measured decays as a 

function of excitation density (Peters et al., 2019; 

Bowman et al., 2022). By combining quantum-

efficiency data with time-resolved measurements, one 

can disentangle absolute radiative and non-radiative 

rates, providing a direct measure of internal 

luminescence efficiency and quasi-Fermi level splitting 

under operating conditions. 

 

Carrier mobilities and scattering times are 

extracted from TRTS by fitting the complex 

photoconductivity to Drude or Drude–Smith models, 

sometimes extended to account for polaronic effects or 

localization (Cinquanta et al., 2019; Hempel et al., 2022; 

Ponseca Jr. et al., 2016). Once both mobility μ and 

effective lifetime τ are known, diffusion lengths follow 

from 𝐿 = √𝐷τ 𝑤𝑖𝑡ℎ 𝐷 = μ𝑘B𝑇/𝑞. For perovskites, such 

analyses have revealed diffusion lengths of tens to 

hundreds of micrometres in high-quality single crystals 

and optimized polycrystalline films, consistent with their 

exceptional photovoltaic performance (Ning et al., 2018; 

Hodes, 2015). 

 

Spatially resolved techniques refine these 

estimates by providing local parameters rather than 

global averages. TRPL microscopy and related methods 

can be inverted to yield diffusivities and lifetimes as a 

function of position, using robust fitting strategies that 

account for finite instrument response and complex 

geometries (Robust Estimation of Charge Carrier 

Diffusivity, 2022; Ochoa et al., 2022). These local values 
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feed directly into models of grain-boundary resistance, 

interface recombination velocities and lateral transport in 

modules. New interfacial spectroscopies that monitor 

trapped carriers at buried interfaces extend this 

parameter set to include trap densities, capture cross 

sections and detrapping times (Hu et al., 2025; Khan et 

al., 2024). 

 

Ultimately, a consistent workflow emerges: TA 

and TRPL define radiative and non-radiative rate 

constants; TRTS provides mobilities and carrier effective 

masses; and spatially resolved variants distribute these 

parameters across grains and interfaces. When fed into 

physically realistic device simulations, this hierarchy of 

quantities allows one to predict open-circuit voltage, fill 

factor and efficiency from spectroscopic data alone, 

closing the loop between ultrafast light–matter 

interaction and steady-state PV performance (Hempel et 

al., 2022; Srivastava et al., 2023). 

 

6. Nanophotonics and Metasurfaces for Optical Field 

Engineering 

6.1 Plasmonic vs Dielectric Nanostructures: Light 

Trapping, Scattering, and Parasitic Losses 

Plasmonic nanostructures exploit the collective 

oscillation of free electrons in metals—localized surface 

plasmon resonances (LSPRs) in nanoparticles and 

surface plasmon polaritons (SPPs) at metal dielectric 

interfaces to concentrate optical fields into deep-

subwavelength volumes. When integrated into solar cells 

(e.g., as front nanoantennas, rear gratings, or embedded 

particles), they can strongly scatter incident light into 

guided modes, extend the optical path length in ultrathin 

absorbers, and even selectively enhance specific spectral 

bands (e.g., near the band edge of organic or perovskite 

absorbers) (Hsiao et al., 2012; Erwin et al., 2016; Subhan 

et al., 2025). 

 

However, metallic strategies carry an intrinsic 

trade-off: the same enhanced near fields that boost 

absorption in the semiconductor also drive Ohmic losses 

in the metal. For noble metals like Au and Ag, this 

parasitic absorption can become substantial in the 

visible, reducing the net current gain, especially when 

metal coverage or overlap with the active region is high 

(Maier, 2007; Dunbar et al., 2012). Ageing, diffusion, 

and chemical instability of metal nanoparticles under 

operation further complicate long-term stability. 

Consequently, plasmonics tends to be most beneficial in 

niche regimes very thin absorbers, spectrum-selective 

designs, or architectures where metals can be spatially 

separated from the highest-field regions. 

 

Dielectric nanostructures instead use high-

index, low-loss materials (e.g., Si, TiO₂, GaP, Si₃N₄) to 

support Mie-type resonances that combine electric and 

magnetic dipoles, enabling strong scattering and local 

field enhancement with negligible absorption in the 

structure itself (Brongersma et al., 2014; Amalathas & 

Alkaisi, 2019; Ju et al., 2023). These resonant scatterers 

or textures can: 

• Suppress front-surface reflection across broad 

spectra via graded effective refractive index. 

• Couple light into lateral waveguide modes and 

higher-order resonances that increase path 

length in thin films. 

• Shape the angular distribution of light inside the 

absorber, approaching or surpassing classical 

Yablonovitch-type limits in the nanophotonic 

regime (Yu et al., 2010; Yu et al., 2011). 

 

Because dielectric nanophotonics largely 

avoids Ohmic losses, it is now generally preferred for 

high-efficiency, large-area solar technologies, with 

plasmonics reserved for specialized functionalities (e.g., 

upconversion, infrared harvesting, or local field-

enhanced chemistry at electrodes). Table 6.1 summarizes 

the main contrasts. 

 

Table 3: Plasmonic vs dielectric nanostructures for light trapping in PV devices 

Aspect Plasmonic nanostructures Dielectric nanostructures 

Typical materials Au, Ag, Al, Cu Si, TiO₂, GaP, Si₃N₄, oxides, nitrides 

Dominant 

resonances 

LSPRs, SPPs (free-electron plasmon modes) Mie-type electric & magnetic multipoles 

Main mechanism Near-field enhancement, strong scattering 

into modes 

Low-loss scattering, effective-index grading, 

mode coupling 

Spectral tunability Strong, via size/shape/embedding medium Strong, via geometry and index contrast 

Parasitic absorption High (Ohmic losses in metal) Very low (bandgap-above operation) 

Stability 

considerations 

Diffusion, oxidation, morphology evolution Often compatible with existing dielectric stacks 

Best suited use-

cases 

Ultrathin cells, localized enhancements, 

upconversion 

Broadband light trapping, AR coatings, tandem 

integration 

Integration 

challenges 

Metal–semiconductor quenching, contact 

design 

Nano-fabrication tolerances, pattern transfer 
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6.2 Metasurface Architectures for Spectral, Angular, 

and Polarization Control 

Metasurfaces are 2D arrays of subwavelength 

“meta-atoms” that impart tailored amplitude, phase, and 

polarization responses to incident light. In PV, 

metasurfaces can serve as multifunctional front or rear 

optics that simultaneously reduce reflection, steer light 

into high-absorption modes, and control the angular and 

polarization dependence of both absorption and emission 

(Mascaretti et al., 2023; Brongersma et al., 2014). 

 

Spectral Control and Broadband Absorption 

Broadband solar absorbers based on metasurfaces use 

multi-resonant nanoantennas, graded period 

distributions, or a-periodic patterns to achieve near-unity 

absorption over the solar spectrum. All-metal or metal–

dielectric metasurface absorbers have demonstrated 

>90–97% absorption across the visible and near-infrared 

using simple disk or elliptical nanoantenna arrays on 

metal back reflectors, while maintaining low aspect ratio 

for manufacturability (Wu et al., 2025; Ashrafi-Peyman 

et al., 2024). In solar cells, similar concepts can be used 

either as stand-alone thermal absorbers (e.g., 

thermophotovoltaics) or as “photon funnels” that couple 

broadband sunlight into a thinner semiconductor. 

 

Angular Control and Wide-Acceptance Optics 

Metasurfaces can also shape the angular response of PV 

devices. Designs with weakly angle-dependent 

resonances can maintain high absorption up to large 

incidence angles (>70–80°), which is critical for 

stationary modules without sun tracking (Huettenhofer, 

2022; Chen et al., 2018). Conversely, angularly selective 

metasurfaces can restrict the escape cone of luminescent 

photons, improving photon recycling and VOC while 

still allowing efficient in-coupling of sunlight from 

relevant angles—a concept that directly connects 

metasurface design to reciprocity-governed efficiency 

limits (Rau, 2014; Yu et al., 2010). 

 

Polarization Engineering. Although sunlight is 

essentially unpolarized, polarization-insensitive 

metasurfaces ensure robust performance under real-

world conditions, while polarization-selective designs 

are useful for integrated optics and tandem architectures 

where different polarizations may be directed into 

different subcells. Recent reviews of polarization-

controlling metasurfaces highlight the use of anisotropic 

meta-atoms (e.g., nanorods, split-ring resonators, rotated 

dielectric bricks) to realize quarter-wave plates, 

polarization rotators, and spin-selective responses over 

broad bandwidths (Khan et al., 2025). 

 

Table 4: Representative metasurface architectures for PV-relevant optical control 

Metasurface function Typical architecture / 

meta-atoms 

Design features PV-relevant benefit 

Broadband 

antireflection & 

absorption 

Metal or dielectric 

nanodisks / nanocones on 

back mirror 

Multi-resonant, subwavelength 

period, low aspect ratio 

Reduced front reflection, 

enhanced path length 

Spectrum splitting / 

color-selective 

Dispersive gratings, 

phase-gradient 

metasurfaces 

Spatially varying phase to 

separate wavelengths 

Direct different spectral 

bands to tandem subcells 

Angularly robust 

absorbers 

Quasi-random or 

gradient-period 

metasurfaces 

Weak angle dependence of 

resonances 

High absorption over 

large incidence angles 

Angularly selective 

emitters/absorbers 

Leaky-mode or guided-

mode metasurfaces 

Narrow angular 

transmission/emission windows 

Reduced emission losses, 

improved photon 

recycling 

Polarization-insensitive 

light trapping 

Symmetric meta-atoms 

(disks, squares) 

Rotational symmetry Uniform performance for 

unpolarized sunlight 

Polarization-control 

metasurfaces 

Anisotropic rods, split-

rings, rotated bricks 

Birefringence, geometric phase 

(Pancharatnam–Berry phase) 

Tailored polarization for 

integrated optoelectronics 

Bifacial / tandem 

coupling metasurfaces 

Double-sided meta-

optics, interlayer 

metasurfaces 

Different responses for front vs 

rear illumination 

Improved utilization of 

diffuse and albedo light 

 

6.3 Photon Recycling, Emission Engineering, and 

Reciprocity-Based Device Optimization 

High-performance solar cells must not only 

absorb light efficiently; they must also manage emission 

efficiently. In the radiative limit, any recombination 

event produces a photon, and a fraction of these photons 

is re-absorbed within the device—a process known as 

photon recycling. When radiative recombination 

dominates and parasitic optical losses are minimized, 

photon recycling increases the quasi-Fermi level splitting 

and hence the open-circuit voltage and maximum power 

point voltage (Raja et al., 2021; Brenes et al., 2019). 

 

Metal halide perovskites are exemplary in this 

regard: they combine strong absorption, sharp band 

edges, and long non-radiative lifetimes, enabling sizable 

internal radiative efficiencies and measurable photon-

recycling effects even at moderate thickness (Cho et al., 

2021; Zeder et al., 2022; Bowman et al., 2020). Optical 

and electrical modelling indicate that under realistic 
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conditions, photon recycling can boost the maximum-

power-point voltage by tens of millivolts, translating into 

several absolute percentage-points of power conversion 

efficiency—provided that optical design suppresses 

parasitic absorption in transport layers, electrodes, and 

textured interfaces (Raja et al., 2021; Brenes et al., 

2019). 

 

Rau’s thermodynamic framework for light 

management formalizes these ideas by relating the open-

circuit voltage to an ideal radiative limit minus entropy-

producing losses from imperfect light trapping, parasitic 

absorption, and non-radiative recombination (Rau, 

2014). In this picture, optimizing a device means 

maximizing its external radiative efficiency (ERE)—the 

fraction of recombination events that yield photons 

escaping the device—while also maximizing the 

probability that escaped photons are re-directed back into 

useful optical paths by mirrors, textured interfaces, or 

metasurfaces. DeQuilettes and co-workers showed that 

systematically improving ERE in perovskite devices (via 

defect passivation, better contacts, and reduced parasitic 

absorption) correlates strongly with record-low voltage 

losses and near-radiative-limit behavior (deQuilettes et 

al., 2020). 

 

Reciprocity principles provide a powerful 

design rule: the same optical structure that enhances 

absorption of sunlight at a given wavelength and angle 

will, in reverse, enhance emission into those channels 

under electrical injection or photogenerated carrier 

populations. Thus, metasurfaces and nanophotonic 

textures must be engineered to: 

➢ Trap sunlight efficiently over the desired 

angular and spectral range, 

➢ Limit parasitic absorption of both incident and 

re-emitted photons, and 

➢ Shape the emission pattern to maximize useful 

photon recycling and external luminescence 

while respecting module-level constraints. 

 

Photon-recycling-aware nanophotonic design 

often favors high-index dielectric structures and 

reflective mirrors that keep luminescent photons within 

the absorber, combined with angular-selective elements 

that narrow the escape cone, thereby reducing entropy 

generation in the emission process (Yu et al., 2010; Rau, 

2014; Raja et al., 2021). Table 6.3 summarizes 

representative strategies. 

 

7. Laser-Enabled Photonic Structuring and Laser–

Material Processing 

7.1 Laser–Material Interaction Regimes: ns, ps, and 

fs Processing of PV Films 

In the nanosecond regime, the laser pulse 

duration is much longer than the electron–phonon 

relaxation time, so deposited energy largely thermalizes 

during the pulse. Heat diffuses over a characteristic 

thermal diffusion length Lth∼√𝟒𝛋𝛕, leading to melting, 

resolidification and a relatively wide heat-affected zone 

(HAZ). For PV manufacturing, ns lasers are widely used 

for P1–P2–P3 scribing in CIGS, CdTe and perovskite 

modules, where efficient ablation and throughput 

outweigh the need for ultraclean edges (Jamaatisomarin 

et al., 2023; Huang et al., 2024; Nanosecond Laser 

Scribing of CIGS, 2018). Typical applications include: 

P1 scribing of the front transparent conducting oxide 

(TCO), P2 interconnect scribing through absorber layers, 

and P3 back-contact isolation, often with 1064–532 nm 

ns sources. 

 

Picosecond lasers shorten the interaction time 

and reduce heat diffusion, partially decoupling energy 

deposition from lattice heating. Experiments on WOₓ, 

VOₓ and MoOₓ passivating films on crystalline silicon 

show that ps pulses can cleanly remove transition-metal 

oxides at fluences where ns pulses already damage the 

underlying Si, yielding a wider “process window” 

between ablation onset and substrate damage (Muñoz 

García et al., 2022). Picosecond scribing of ITO and 

AZO TCOs likewise improves edge quality, reduces 

micro-debris and narrowing of HAZ compared to ns 

processing, which is attractive for high-resolution P1 

lines in narrow-pitch modules (Zuo et al., 2025; 

Jamaatisomarin et al., 2023). 

 

In the femtosecond regime, pulse durations are 

shorter than the electron–phonon coupling time, so 

energy is initially deposited in the electronic subsystem. 

If fluence exceeds the ablation threshold within tens to 

hundreds of femtoseconds, material removal and phase 

change can occur before significant thermal diffusion—

often described as “cold ablation” (Varlamov et al., 

2024; Banik et al., 2025). Fs pulses are particularly 

suited to: 

• Fabricating LIPSS and sub-wavelength 

nanostructures for light trapping with minimal 

HAZ. 

• Precision scribing of multilayer stacks where 

underlying layers must remain pristine. 

• Local phase transformation (e.g., a-Si → nc-Si 

nanopillars) with controlled crystallinity and 

surface passivation (Dostovalov et al., 2020). 

 

Recent comparative work on ns vs ps 

processing of silicon and TCOs suggests that ns sources 

remain cost-effective for large-area scribing and doping, 

whereas ps/fs tools enable higher fidelity and smaller 

pitch—important for tandem or micro-module 

architectures (Rebegea, 2018; Nanosecond vs 

Picosecond JAP, 2025). 
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Table 5: Qualitative comparison of ns, ps and fs laser regimes for PV-relevant processing 

Pulse 

regime 

Typical PV uses Interaction 

characteristics 

Advantages Limitations / risks 

Nanosecond P1–P2–P3 scribing, 

large-area ablation 

Strong thermal diffusion, 

melting, resolidification 

High throughput, 

robust, mature tech 

Wider HAZ, more 

debris, risk of 

delamination 

Picosecond Fine scribing of 

TCO/TMO, micro-

pattern 

Reduced HAZ, partial non-

thermal contributions 

Cleaner edges, larger 

process window 

Higher tool cost, 

tighter alignment 

Femtosecond LIPSS, nano-

texturing, precision 

drilling 

Strongly non-thermal, 

“cold” ablation, self-

organization 

Sub-wavelength 

features, minimal 

damage 

Complex beam 

handling, lower 

throughput 

 

7.2 LIPSS, Direct Writing, and Interference 

Patterning 

Laser-induced periodic surface structures 

(LIPSS) emerge when a surface is irradiated near the 

ablation threshold by linearly polarized ultrashort pulses. 

Interference between the incident field and surface-

scattered waves leads to self-organized ripples with 

periods close to, or smaller than, the laser wavelength 

(Müller et al., 2016; Balachninaitė et al., 2025). For PV 

applications, LIPSS on silicon, diamond and metals have 

been shown to: 

• Reduce reflectance via hierarchical micro-

/nano-texturing, acting as broadband anti-

reflection surfaces. 

• Increase light trapping by coupling incident 

light into guided and quasi-random modes 

(Light Trapping by Light Treatment, 2020). 

• Drive local phase transitions, such as 

transforming amorphous Si into nanocrystalline 

Si nanopillars with conformal SiO₂ passivation, 

thereby simultaneously improving optical and 

electronic properties (Dostovalov et al., 2020). 

 

In perovskite and organic PV, fs-LIPSS on glass 

or TCO substrates can create sub-wavelength relief that 

acts as a “photon funnel,” enhancing absorption without 

invasive processing of the fragile active layer. Early 

studies also explore LIPSS on transport layers like TiO₂ 

or SnO₂ to modulate local field intensity and charge 

extraction pathways (Song et al., 2025). 

 

Direct laser writing uses a focused beam 

scanned across the surface to define arbitrary 2D or 3D 

patterns. In PV, direct writing has been applied to: 

• Form interdigitated back-contact patterns and 

local openings in passivation layers. 

• Write conductive tracks or isolation lines in 

flexible modules. 

• Pattern selective absorber removal in tandem 

architectures, enabling monolithic series 

interconnection without photolithography 

(Carlson, 2012; Jamaatisomarin et al., 2023). 

 

By shaping the beam (e.g., Bessel, Airy or 

cylindrical lens geometries) and tuning scan strategies, 

direct writing can generate quasi-1D gratings, 2D lattices 

or quasi-random patterns that mimic metasurfaces, but 

produced in a single processing step. 

 

Interference and holographic patterning 

represent a complementary approach: two or more 

coherent beams form a stationary interference pattern 

that simultaneously exposes large areas. In laser 

interference lithography (LIL), the resulting periodic 

intensity distribution is transferred into resists or directly 

into photo-sensitive layers, defining gratings, photonic 

crystals or metasurface-like structures over centimetre 

scales (Müller et al., 2016). Combining LIL with etching 

or lift-off enables cost-effective fabrication of diffractive 

couplers, spectrum-splitting gratings and angular-

selective surfaces for PV modules, without scanning a 

focused beam. 

 

7.3 Laser-Assisted Doping, Contact Formation, 

Defect Healing, and Local Phase/Strain Engineering 

Beyond geometrical structuring, lasers can 

locally modify composition, doping and defect states, 

enabling highly selective electrical and optoelectronic 

engineering. 

 

In crystalline silicon technology, laser doping 

and laser-fired contacts (LFC) have become key for 

advanced PERC/PERT and n-type cell concepts. In laser 

doping, a dopant source (e.g., spin-on, doped dielectric, 

or doped paste) is locally melted with a laser pulse, 

allowing rapid in-diffusion and formation of heavily 

doped regions (Molpeceres et al., 2012; Review of Laser 

Doping, 2025). LFCs use a similar principle to form local 

rear contacts: through a thin passivation dielectric, a laser 

pulse melts the underlying Si and metal stack, creating a 

small contact “spike” while preserving passivation 

elsewhere (Yen, 2016; Carlson, 2012; Chang et al., 

2022). Properly optimized LFCs significantly reduce 

rear-surface recombination by confining high 

recombination to small contact points, while preserving 

low surface recombination velocity on the passivated 

areas (Muñoz García et al., 2022; Laser-Fired Contact 

for n-type Si, 2014). 

 

In thin-film technologies, laser-assisted doping 

and contact formation similarly offer maskless, selective 

processing. Nanosecond laser scribing and local melting 

can activate dopants in TCOs, TMO passivation layers 
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or CIGS/CdTe back contacts, while simultaneously 

defining isolation trenches (Huang et al., 2024; Ishteev 

et al., 2024). 

 

For perovskite solar cells, laser processing is 

emerging as a powerful tool to tune crystallization, heal 

defects and engineer interfaces without exposing films to 

prolonged thermal budgets. Recent work shows that 

scanned laser annealing under ambient conditions can 

rapidly convert wet perovskite precursors into highly 

crystalline films, while avoiding degradation pathways 

observed in conventional furnace or hot-plate annealing 

(Chu et al., 2025; Song et al., 2025). Pulsed laser 

annealing combined with 2D MoS₂ doping has been 

reported to improve carrier extraction, reduce non-

radiative recombination and enhance operational 

stability, by simultaneously enlarging grain size and 

passivating grain boundaries (Sun et al., 2023). 

 

Laser-induced defect healing can proceed 

through several mechanisms: local heating that activates 

diffusion of passivating species; phase re-ordering (e.g., 

from defect-rich to defect-poor phases); or controlled 

volatilization of unstable components followed by 

replenishment from a capping layer. In lead-halide 

perovskites, where halide vacancies and surface under-

coordination dominate non-radiative loss, such laser-

assisted treatments are particularly attractive for in-line 

repair of partially degraded modules (Ye et al., 2021; 

Khadka et al., 2024). 

 

Finally, fs/ps lasers can induce local phase and strain 

engineering: 

• Driving amorphous-to-crystalline transitions in 

Si and chalcogenides via controlled melt–

recrystallization, as demonstrated in LIPSS-

templated nc-Si nanopillars with favourable 

optical response (Dostovalov et al., 2020). 

• Introducing residual tensile or compressive 

strain fields that shift bandgaps or tune carrier 

effective masses, potentially valuable for band-

edge engineering in tandem cells or photonic-

crystal absorbers (Banik et al., 2025; 

Balachninaitė et al., 2025). 

 

Taken together, these laser-enabled processes 

form a toolbox for co-designing optics, electronics and 

mechanics at the device level: light-trapping textures, 

selective contacts, local passivation and bandgap/strain 

landscapes can now be written or rewritten directly into 

PV modules with micron-scale precision and industrially 

relevant throughputs. 

 

8. Thin-Film Fabrication, Passivation, and Laser-

Integrated Process Flows 

8.1 Low-Temperature and Scalable Thin-Film 

Deposition (Solution, Vapor, and Hybrid Routes) 

Solution-based coating. Lab-scale perovskite 

solar cells are still dominated by spin coating, but 

essentially all scalable routes replace spin with blade, 

slot-die, spray or inkjet coating, often at temperatures 

below 150 °C. Blade-coating of all functional layers 

except electrodes has been demonstrated with low 

thermal budget, achieving uniform films over several 

square centimetres while preserving device efficiencies 

above 18 %. Reviews of spray-coating emphasize that 

perovskites can be crystallized from solution by mild 

thermal annealing or gas-assisted drying, and summarize 

process windows for droplet size, substrate temperature 

and gas-knife conditions that are compatible with large-

area modules. 

 

Slot-die and R2R printing. Slot-die coating is 

now considered the most R2R-compatible deposition 

method for perovskite modules, offering low material 

waste, precise thickness control and straightforward 

integration into continuous lines. Fully slot-die-coated 

devices on rigid substrates have reached stabilized 

efficiencies around 18 %, while flexible, fully R2R-

printed perovskite cells already exceed 13 % under 

ambient processing. Mechanism-informed R2R/roll-to-

sheet slot-die systems emphasise uniform wet-film 

profiles, solvent-engineering to avoid ribbing, and 

synchronized drying zones, which together enable high-

coating speeds without sacrificing morphology. 

 

Vapor and hybrid routes. Vapor-based methods 

(thermal evaporation, co-evaporation, CVD) remain 

central to CdTe, CIGS and some all-inorganic perovskite 

processes, providing dense, pinhole-free films and 

excellent uniformity over large areas. Hybrid solution–

vapor approaches—for example, slot-die coating of 

PbI₂:CsI precursor films followed by vapor or gas-phase 

conversion to perovskite—offer tighter control of crystal 

growth and stoichiometry, improving stability and 

reducing Pb waste. These hybrid routes are especially 

attractive for tandems on textured Si, where conformal 

coverage over rough substrates is required. 

 

Table 6: Representative low-temperature, scalable deposition routes for thin-film PV 

Route / 

method 

Typical 

materials 

Substrates Key features Scale potential 

Spin coating Perovskites (lab), 

organics 

Small rigid 

(glass/Si) 

Excellent control; not 

scalable; high material waste 

Research/screening only 

Blade coating Perovskites, 

transport layers 

Glass, flexible 

glass 

Simple hardware, meter-

scale coating, low temp 

Sheet-to-sheet; proto-R2R 

Slot-die coating Perovskites, 

organics, TCOs 

Plastic foils, 

glass 

Precise thickness; low waste; 

inline drying; R2R-ready 

High (roll-to-roll and roll-

to-sheet) 
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Spray coating Perovskites, 

oxides 

Textured, 3D 

surfaces 

Conformal on rough 

surfaces; parameter-rich 

Medium–high (with 

process control) 

Inkjet printing Perovskites, 

organics 

Small/medium-

area 

Digital patterning; materials-

efficient 

Module interconnects, 

patterned stacks 

Vapor 

deposition 

CdTe, CIGS, 

some perovskites 

Glass, metal foils Dense films; excellent 

uniformity; higher capex 

Industrial thin-film 

modules 

Hybrid 

solution–vapor 

Perovskites Textured Si, foils Controlled crystallization; 

reduced waste 

Emerging for tandems & 

modules 

 

8.2. Chemical, Field-Effect, and Photonic Passivation 

in Thin-Film Devices 

In thin-film and tandem devices, passivation 

must simultaneously address electronic defects, 

interfacial band alignment and optical losses. Three 

complementary levers chemical, field-effect and 

photonic passivation are increasingly combined within 

single stacks. 

 

Chemical passivation. Chemical passivation 

reduces the density of electronically active defects at 

surfaces and grain boundaries. In crystalline silicon, thin 

Al₂O₃ or POₓ/Al₂O₃ layers deposited by ALD or 

PECVD provide excellent chemical passivation of 

dangling bonds at both p-type and n-type surfaces, 

contributing to the first >20 % laboratory cells and now 

standard PERC rear stacks. In perovskites, small-

molecule surface modifiers, halide-salt treatments, and 

2D perovskite capping layers can fill halide vacancies, 

coordinate undercoordinated Pb and suppress non-

radiative recombination, as shown for benzenamine-

modified MAPbI₃ where synergistic passivation yields 

>21 % efficiency with improved moisture stability. 
 

Field-effect passivation. Field-effect 

passivation uses fixed charges or dipoles in dielectric or 

interfacial layers to repel minority carriers from 

recombination-active interfaces. Al₂O₃ is the textbook 

example in c-Si: its negative fixed charge at the Si 

surface repels electrons at p⁺-emitter surfaces, reducing 

surface recombination velocity when combined with 

adequate chemical passivation. In perovskite devices, 

LiF or other dipole-forming interlayers at the electron-

selective contact introduce fixed charges and interfacial 

dipoles that enhance VOC via field-effect passivation, as 

demonstrated by Menzel and co-workers and in recent 

scalable MAPbI₃ and tandem architectures. 

 

Photonic passivation. Photonic passivation 

refers to engineering the optical environment so that 

parasitic optical channels are suppressed while radiative 

recombination into useful modes is enhanced. Back 

reflectors based on photonic crystals or dielectric Bragg 

stacks can simultaneously act as excellent electrical 

passivation layers and as spectral/ angular reflectors that 

keep photons within the absorber, boosting both current 

and voltage. In thin-film Si and perovskite devices, such 

photonic-crystal back reflectors have been shown to 

increase long-wavelength EQE and JSC while also 

reducing rear-surface recombination through improved 

passivation and reduced parasitic absorption in the metal 

back contact. 

 

These mechanisms are not independent: recent 

“full-scale” and “dual-field” passivation strategies 

explicitly combine surface reconstruction, chemical 

passivation and field-effect layers in wide-bandgap 

perovskites and perovskite/CIGS tandems, 

demonstrating that carefully designed stacks can 

simultaneously restrain ion migration, improve band 

alignment and maintain long-term stability. 

 

Table 7: Comparison of chemical, field-effect and photonic passivation 

Passivation 

type 

Physical principle Typical 

implementations 

Main benefits Representative 

systems 

Chemical Reduce defect 

density (Dit, grain 

boundaries) 

Al₂O₃, POₓ/Al₂O₃, 

SAMs, small molecules, 

salts 

Lower SRH 

recombination, higher 

lifetime/VOC 

c-Si, perovskites, 

CIGS, CdTe 

Field-effect Fixed charge/dipole 

repels minority 

carriers 

Al₂O₃, SiNₓ stacks; LiF, 

ionic interlayers 

Reduced surface 

recombination without 

heavy doping 

c-Si emitters, 

perovskite ETL/HTL 

interfaces 

Photonic Shape LDOS and 

optical path (light 

trapping) 

Photonic-crystal back 

reflectors, DBRs, 

metasurfaces 

Enhanced EQE, photon 

recycling, lower optical 

loss 

Thin-film Si, 

perovskite, tandems 

 

8.3. Integrating Laser Steps into Manufacturing 

Lines: Roll-to-Roll, Inline Metrology, and Yield 

Scaling from laboratory cells to metre-scale 

modules requires that laser processing—P1/P2/P3 

scribing, local annealing, defect repair—be tightly 

integrated into continuous production lines without 

sacrificing yield. For thin-film CdTe, CIGS, OPV and 

perovskites, laser patterning has become the de facto 

standard for monolithic series interconnection, because it 

is non-contact, maskless and compatible with both sheet-

to-sheet and R2R webs. 
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In R2R perovskite manufacturing, slot-die 

coating, gas-knife drying, intermediate annealing and 

laser scribing must be carefully sequenced to avoid 

mechanical tension issues and local overheating. Recent 

demonstrations of fully R2R-processed perovskite cells 

and roll-to-sheet slot-die systems highlight the 

importance of synchronizing web speed, drying profiles 

and laser dwell times, enabling “ink-in, module-out” 

lines that can, in principle, run continuously. 

 

To maintain high yield under such conditions, 

inline metrology is essential. Photoluminescence (PL) 

and electroluminescence (EL) imaging have emerged as 

powerful, contactless tools to monitor layer quality, 

detect shunts and quantify local recombination during or 

immediately after processing. Industrially oriented PL 

imaging setups now correlate spatial PL intensity and 

lifetime maps with IV parameters across multi-cell CIGS 

and perovskite modules, using automated Python-based 

data analysis pipelines. Such systems can flag defective 

regions arising from misaligned laser scribes, incomplete 

ablation, or local film defects, triggering real-time 

process corrections. 

 

Laser processing itself can be coupled with in 

situ electrical measurements. Markauskas and co-

workers, for example, used a direct electrical monitoring 

technique during P2/P3 scribing to optimize pulse 

duration, repetition rate and fluence, showing that 

properly tuned laser conditions minimize interconnect 

resistance and dead area while avoiding substrate 

damage. In perovskite lines, similar approaches combine 

fast IV/EL checks after each major step (e.g., perovskite 

deposition, transport-layer deposition, final laser 

scribing) to confine yield losses to early stages where 

rework is cheaper. 

 

Looking forward, closed-loop process control 

that couples inline optical metrology (PL, EL, 

reflectance, scatterometry) with adaptive laser 

processing (dynamic fluence, spot size, and patterning 

strategy) is likely to be central to industrializing 

perovskite and tandem modules. R2R-oriented reviews 

emphasise that the combination of low-temperature 

deposition, sophisticated passivation stacks and 

integrated laser/inspection steps is key to unlocking low-

cost, high-throughput and high-yield manufacturing at 

GW scale. 

 

9. Opto-Electronic Modeling and Inverse Design for 

Light–Matter Engineered PV 

9.1 Coupled Optical–Electrical Simulation: Transfer-

Matrix, FDTD, and Drift– Diffusion Frameworks 

Light–matter engineered photovoltaics (PV) 

including textured interfaces, nanophotonic scatterers, 

metasurface electrodes, and photon-recycling stacks are 

fundamentally governed by two coupled maps: (1) 

Maxwell’s equations determine the position- and 

wavelength-dependent optical fields and absorption, and 

(2) that absorption sets the carrier-generation profile that 

drives transport, recombination, and the resulting J–V 

characteristics in the device (Deceglie, Ferry, Alivisatos, 

& Atwater, 2012). In practice, opto-electronic simulation 

computes a spatially resolved generation 

𝐺(𝑟)(𝐺(𝑧)𝑖𝑛 1𝑑) from the optical solution and injects it 

as the source term in the semiconductor continuity 

equations, enabling nanostructure optimization while 

explicitly guarding against “optical wins” that 

inadvertently increase parasitic absorption in lossy layers 

or shift absorption into regions with poor collection 

(Deceglie et al., 2012). For laterally uniform multilayer 

stacks, the transfer-matrix method (TMM) provides a 

fast and interpretable route to optics: by enforcing 

electromagnetic boundary conditions at each interface, 

TMM yields reflectance/transmittance and the layer-

resolved field intensity |E(z, λ)|²from which absorption 

in layer iii can be written in the common form 𝐴ᵢ(𝜆) ∝

∫ 𝛼ᵢ(𝜆)|𝐸(𝑧, 𝜆)|2
𝑧∈𝑖

 dz_and then converted into a 

generation profile via spectral integration (Yeh, 1988). 

Because TMM 𝐴ᵢ(𝜆) ∝ ∫ 𝛼ᵢ(𝜆)|𝐸(𝑧, 𝜆)|2
𝑧∈𝑖

 dz is 

computationally inexpensive, it is routinely paired with 

1D drift–diffusion device solvers for rapid sweeps over 

thickness, interference conditions, and angle/spectrum—

an approach used explicitly in combined optical–

electrical perovskite modeling pipelines (Bendib, 

Bencherif, Abdi, Meddour, Dehimi, & Chahdi, 2020). 

When the architecture is genuinely nanophotonic 

(gratings, nanopores, photonic crystals, plasmonic 

elements, nanoimprinted electrodes), full-wave field 

solvers such as finite-difference time-domain (FDTD) 

are typically required to capture diffraction, guided-

mode resonances, strong near-fields, and absorption hot 

spots, including parasitic loss in metals or TCOs 

(Taflove & Hagness, 2005; Yee, 1966). In FDTD, the 

Yee-grid discretization advances Maxwell’s equations in 

time under stability constraints and absorbing boundaries 

(e.g., PML), and the absorbed power density 

pabsp_abs(r, λ)is converted to carrier generation through 

𝐺(𝑟) = ∫ 𝑝𝑎 𝑏𝑠(𝑟, 𝜆)/(ℎ𝑐/𝜆)𝑑𝜆 within the active 

absorber (Taflove & Hagness, 2005). The electrical 

response is then modeled with drift–diffusion (DD), 

typically solving Poisson’s equation coupled to electron 

and hole continuity equations with drift–diffusion 

currents and recombination terms (SRH, radiative, and 

Auger as appropriate), producing J–V curves, internal 

quantum efficiency trends, and loss attribution under 

realistic contacts and doping (Ren, Wang, Sha, & Choy, 

2017; Selberherr, 1984). Numerically, the Scharfetter–

Gummel discretization remains a widely used stable 

scheme for high-field junction transport (Scharfetter & 

Gummel, 1969). Finally, “coupled” modeling often 

needs to go beyond a one-way handoff of G(r) carrier-

density-dependent optical effects (e.g., free-carrier 

absorption or index changes) can matter in some active 

media, and optics can also modify recombination physics 

through photon recycling, which changes the effective 

radiative saturation current and can boost Vo and 

performance as devices approach radiative limits (Brenes 

et al., 2019; Kirchartz et al., 2016; Wu et al., 2021). 
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Figure 5: FDTD-based absorption enhancement in a photonic-crystal-assisted perovskite solar cell 

 

FDTD-based absorption enhancement in a 

photonic-crystal-assisted perovskite solar cell means 

using finite-difference time-domain (FDTD) simulations 

to calculate how a photonic crystal structure (periodic 

nanostructure) changes the electric-field distribution in a 

perovskite solar cell. The photonic crystal can trap and 

scatter light, increase the optical path length, and create 

resonant modes, which leads to higher absorption in the 

perovskite layer and potentially a higher photocurrent. 

 

9.2 Bridging Ultrafast Observables to Steady-State 

Performance and Inverse Design Strategies 

Ultrafast experiments probe carrier physics on 

femtosecond–nanosecond timescales (thermalization, 

trapping, hot-carrier cooling, and early recombination), 

whereas PV performance is ultimately judged under 

millisecond-to-steady-state operation where quasi-Fermi 

level splitting, drift–diffusion transport to contacts, 

interfacial recombination, and resistive losses determine 

Voc, fill factor, and efficiency. The central multiscale 
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challenge is to convert what ultrafast (often contactless) 

measurements directly observe into device-ready 

parameters that remain physically consistent when used 

in steady-state device solvers (Li et al., 2020). In 

practice, transient absorption is commonly interpreted in 

terms of population decay channels (e.g., trapping, 

bimolecular and Auger recombination) and spectral 

signatures linked to band-edge and carrier-temperature 

effects; time-resolved photoluminescence separates 

radiative versus nonradiative contributions and 

constrains injection-dependent recombination; and 

THz/microwave photoconductivity provides early-time 

mobility/scattering information and (with decay 

dynamics) mobility–lifetime–type figures of merit. A 

notable community “predictive” approach explicitly 

combines contactless THz/microwave metrics with 

drift–diffusion modeling to anticipate current–voltage 

trends, offering a structured bridge from ultrafast 

observables to expected device behavior (Hempel et al., 

2022). 

 

A practical “translation layer” typically 

proceeds by fitting ultrafast kinetics with a minimal but 

physically grounded rate model (free carriers + traps + 

radiative channel, adding Auger if needed) to extract 

effective rate constants and injection-dependent 

lifetimes; these are then mapped into the coefficients 

used by steady-state drift–diffusion (DD) solvers 

effective SRH lifetimes (or trap parameters), radiative 

BBB, Auger CCC, and mobility 𝜇 followed by validation 

under device-relevant boundary conditions such as 

selective contacts, built-in fields, and interfacial 

recombination velocities (Li et al., 2020; Ren et al., 

2017). Because a single simulation spanning 

femtoseconds to seconds is numerically stiff, multiscale 

PV modeling usually uses time-scale separation: an 

ultrafast block to determine early-time 

relaxation/trapping and generate effective initial 

conditions and rate coefficients, an intermediate block 

for diffusion/field-assisted separation and interfacial 

transfer (sometimes reduced-rate or kinetic approaches), 

and a device block where DD produces steady-state J–V 

and loss partitioning. This “stitching” becomes 

especially useful when early-time mobility/lifetime 

constraints are propagated into diffusion lengths and 

recombination currents that ultimately set Voc and fill 

factor in the steady-state regime (Hempel et al., 2022). 

 

Machine-learning (ML) and inverse design 

become compelling in light–matter engineered PV 

because brute-force electromagnetic + DD co-

optimization becomes expensive as design degrees of 

freedom grow (pixel/voxel geometries, multi-material 

stacks, broadband/angle constraints, and tolerance 

requirements). ML surrogates can learn fast forward 

mappings from structure to spectrum/fields, while 

inverse models attempt to map a target response back to 

candidate structures; because inverse problems are often 

ill-posed (many designs can yield similar responses), 

modern workflows frequently stabilize inverse design 

through constraints, tandem training (inverse + forward 

consistency), or by sampling multiple solutions with 

generative models (Liu et al., 2021; Moon et al., 2023). 

In parallel, adjoint and topology-optimization methods 

provide reliable gradient information for local 

improvement in high-dimensional photonic design 

spaces, and hybrid schemes combine gradient-based 

search with ML (for initialization, feasibility priors, or 

accelerated evaluation) to reduce the number of 

expensive full simulations (Christiansen & Sigmund, 

2021; Deng et al., 2022; Molesky et al., 2018). For PV, 

the key point is that the objective is rarely “maximize 

absorption” alone: PV-real inverse design typically 

targets metrics such as maximizing Jsc while 

constraining parasitic absorption in metals/TCOs, 

improving Voc via reduced nonradiative recombination 

and/or photon-recycling-friendly photonics, and 

optimizing weighted efficiency under angular spectra, 

fabrication tolerances, and electrical constraints like 

collection probability and series resistance hence the 

need for opto-electronic co-optimization (Molesky et al., 

2018; Ren et al., 2017). 

 

10. Bridging Ultrafast Observables to Steady-State 

Performance and Machine-Learning Inverse Design in 

Light–Matter Engineered PV 

Ultrafast experiments probe photovoltaic (PV) 

materials on femtosecond–nanosecond timescales where 

carrier thermalization, trapping, hot-carrier cooling, and 

early recombination occur, while device performance is 

ultimately determined under millisecond-to-steady-state 

operation where quasi-Fermi level splitting, carrier 

transport to contacts, interfacial recombination, and 

resistive losses govern Voc, fill factor, and efficiency (Li 

et al., 2020). The key multiscale modeling challenge is 

to translate ultrafast observables into device-ready 

parameters without losing the underlying physics, so that 

spectroscopic signatures can be propagated into steady-

state J–V behavior in a consistent way (Hempel et al., 

2022). 

 

Different ultrafast and contactless probes 

constrain different parts of the recombination–transport 

landscape. Transient absorption can resolve multi-

component population dynamics and spectral signatures 

linked to trapping/detrapping, bimolecular and Auger 

recombination, state filling, and carrier-

temperature/band-edge effects; time-resolved 

photoluminescence helps separate radiative versus 

nonradiative channels and constrain injection-dependent 

quasi-Fermi level splitting; and THz/microwave 

photoconductivity connects early-time 

photoconductivity to mobility and scattering while its 

decay reveals how mobility and lifetime evolve together 

as traps and recombination pathways become active (Li 

et al., 2020). A practical and increasingly adopted 

approach is to combine these contactless 

mobility/lifetime-type metrics with device-level 

modeling to predict current–voltage trends and screen 

materials in a way that better reflects operating 
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conditions than any single ultrafast metric alone (Hempel 

et al., 2022). 

 

A robust “translation layer” typically begins by 

fitting ultrafast kinetics with a minimal, physically 

grounded rate model (free carriers + traps + radiative 

channel, adding Auger when high-injection behavior 

demands it) to extract effective rate constants and 

injection-dependent lifetimes. These outputs are then 

mapped into steady-state drift–diffusion inputs effective 

SRH lifetimes or trap parameters, radiative coefficient 

BBB, Auger coefficient C, and mobility μ\muwhich 

together set diffusion lengths, recombination currents, 

and quasi-Fermi level splitting under illumination (Li et 

al., 2020; Hempel et al., 2022). Because a single 

simulation spanning femtoseconds to seconds is 

numerically stiff, multiscale PV modeling commonly 

relies on time-scale separation: an ultrafast block 

supplies initial conditions and effective 

recombination/trapping rates, intermediate modeling 

captures diffusion/field-assisted separation and 

interfacial transfer when needed, and a device block uses 

drift–diffusion with realistic contacts and series 

resistance to produce steady-state J–V curves and loss 

attribution (Hempel et al., 2022). 

 

Machine-learning (ML) and inverse design are 

especially valuable when light–matter engineered PV 

introduces large design spaces (textures, resonant 

photonic structures, metasurfaces, multilayer optical 

stacks) where brute-force electromagnetic simulation 

plus device-level optimization becomes computationally 

expensive (Molesky et al., 2018). Common paradigms 

include surrogate forward models that learn structure 

rightarrow spectrum/field responses to accelerate 

evaluation, inverse models that learn target response 

right candidate structures (often requiring regularization 

because the inverse problem is non-unique), and 

generative approaches that propose multiple diverse 

designs consistent with a target so that manufacturability 

and robustness constraints can be applied downstream 

(Liu et al., 2021; Ma et al., 2022; Molesky et al., 2018). 

In parallel, adjoint and topology-optimization methods 

remain a backbone for high-dimensional photonic 

inverse design because they compute sensitivities to 

many degrees of freedom efficiently and can be extended 

to enforce discreteness and fabrication constraints 

(Christiansen & Sigmund, 2021; Molesky et al., 2018). 

For PV, the objective is rarely “maximize absorption” 

alone; instead, device-real inverse design targets metrics 

like maximizing Jsc while limiting parasitic absorption 

in metals/TCOs, improving Voc by suppressing 

nonradiative recombination and enabling photon-

recycling-friendly optics, and optimizing performance 

under angular spectra, tolerances, and electrical 

constraints such as collection probability, contact 

selectivity, and series resistance—so the most reliable 

workflows incorporate opto-electronic (not optical-only) 

objectives, either through coupled solvers or electrical-

response surrogates (Liu et al., 2021; Molesky et al., 

2018). 
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