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Abstract: Metal halide perovskite solar cells have experienced unprecedented growth over the last fifteen years. 

The certified single-junction efficiency has now reached 26.95%, while perovskite-silicon tandems have already 

exceeded the practical Shockley-Queisser limit by achieving efficiencies above 34.6%, as confirmed by certified 

measurements. Nevertheless, bankable perovskite modules are still lacking. The central challenge is no longer 

simply material degradation, but the absence of a validated approach that links laboratory performance metrics, such 

as power conversion efficiency in small-area cells or ISOS L-1 T80 lifetime, to certified performance metrics, such as 

power conversion efficiency in large-area cells, which must be statistically reproducible and IEC-qualified before they 

can be accepted by financiers and independent engineers in decision-making processes. This work addresses that 

gap by introducing a qualification-oriented analytical framework. A systematic literature search was conducted on 

peer-reviewed papers published between 2018 and 2025 using databases such as Web of Science, Scopus, and 

ScienceDirect, with keywords related to perovskite solar cell efficiencies, ISOS L-1 stability, IEC qualification, 

encapsulation, scalable deposition techniques, and techno-economic studies. Only papers in which test conditions, 

active area, and encapsulation state were clearly defined were included in the review. Device-level and module-level 

data were treated as distinct types of evidence. Separate tables are provided for certified performance, operational 

stability, qualification-relevant module tests, and techno-economic studies to avoid misleading comparisons between 

different evidence types. A four-domain translation framework is introduced to connect efficiency, degradation 

physics, engineering readiness, and financial bankability within an analytical structure that includes explicit cross-

domain dependencies. To standardise comparison across research groups and pilot-scale demonstrations, a 

composite Perovskite Module Readiness Index is proposed. The analysis also defines the critical validation 

milestones that must be achieved before commercially viable implementation and outlines the baseline technical 

evidence needed to support bankability assessments. 

Keywords: Perovskite Solar Cells, Module Stability, Scalable Deposition, Encapsulation, ISOS Protocols, IEC 

Qualification, Bankability, Tandem Photovoltaics, Ion Migration, T80/T90 Lifetime. 

 

1. Introduction 

Metal halide perovskite solar cells have 

progressed faster than any other photovoltaic 

technology in recorded history [1]. In 2009, organometal 

halide perovskites were first demonstrated as visible-

light sensitisers in photovoltaic devices, reporting a 

power conversion efficiency of 3.8% [2]. Within fifteen 

years, Certified single-junction efficiency reached 

26.95%, as reported in the NREL Best Research-Cell 

Efficiency Chart (Solar Cell Efficiency Tables, Version 

66) [3], and perovskite-silicon tandem devices crossed 

34.6% certified efficiency [4]. These values exceed the 

practical efficiency limit of single-junction silicon defined 

by the Shockley–Queisser framework. The photovoltaic 

potential of perovskite materials is therefore clearly 

established. However, this efficiency progress has not 

yet translated into products that the photovoltaic 

industry, project financiers, and independent engineers 

will accept as commercially viable. The concept of 

bankability has a precise technical meaning in the 

photovoltaic industry. The concept of bankability, as 

defined in photovoltaic financial risk assessment 
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literature [5], refers to its long-term energy yield with 

actuarial confidence over a project life of 20 to 35 years.  

This confidence depends on certified power 

measurements based on aperture area, independently 

validated stability under IEC 61215 and IEC 61730 

qualification sequences, outdoor field data with 

statistically supported degradation rates, and warranty 

backing from financially stable manufacturers. It took 20 

years of work and many reliability failures before 

crystalline silicon met this standard. Perovskite 

technology is progressing rapidly; however, the 

comprehensive evidence package required for financial 

endorsement is still lacking in most published reports [6]. 

Stability studies conducted in accordance with IEC 

61215 have clearly delineated the existing gap between 

current laboratory demonstrations and formal 

qualification criteria [6]. 

Several reviews have addressed individual 

dimensions of this challenge. Some focus on 

degradation mechanisms in single-junction cells [7], 

others on encapsulation strategies [8], on tandem 

integration [9], or on scalable deposition processes [10]. 

No previous review has created a single, analytically 

structured translation framework that connects efficiency 

scaling, degradation physics, qualification logic, and 

financial risk into one predictive pathway. Table 1 

compares the range of representative previous reviews 

to the framework suggested in this paper. The 

unaddressed gap is the lack of a systems-level 

connection from laboratory metrics, like small-area 

power conversion efficiency and ISOS-L-1 T80, to 

bankable module performance, which is defined as IEC-

qualified durability, statistically reproducible 

manufacturing yield, and warranty-compatible annual 

degradation rates below 1% [11].  

A four-domain translation framework has been 

constructed to formalise this process. The first domain 

deals with efficiency scaling losses, while the second 

focuses on degradation mechanisms and stressor 

interactions. Engineering solutions, such as 

interconnection design and encapsulation techniques, 

are included in the third domain. The fourth domain 

considers broader techno-economic drivers, warranty 

structures, and financial bankability thresholds. 

Crucially, this translation framework serves as an 

operational model for cross-domain decision-making 

and goes beyond a purely descriptive role. 

The translation framework is useful only if the 

four domains remain linked through explicitly defined 

analytical relationships, as described in Section 1.3. 

Section 9 introduces the Perovskite Module Readiness 

Index, which converts this translation scheme into a 

single metric and operationalises the framework. The 

review also outlines the minimum data package required 

for assessment by a financier or independent engineer 

in the event of a warranty claim. 

 

1.1 Comparative Positioning of Existing 

Reviews and Novel Contribution 

A direct comparison with the existing body of 

perovskite review literature is necessary to establish the 

novelty of this review. Previous reviews can be grouped 

into five main themes. The first category includes cell-

level instability studies, such as the work of Duan et al. 

[7], which analyses photochemical stabilization 

pathways at the device level but does not discuss 

module-level interconnect losses, manufacturing yield, 

or financial risk. The second category focuses on 

encapsulation and environmental sealing strategies. 

Dipta et al. investigated lead containment and moisture 

barriers [8]. The third category concerns tandem-device 

integration [9]. It presents certified efficiency milestones 

and architecture comparisons, but it does not translate 

these advances into financial risk metrics or bankability 

thresholds. The fourth category covers scalable 

manufacturing and process development [10], 

evaluating deposition methods and pilot-line progress 

without systematically linking process-yield statistics to 

degradation-informed lifetime models. The fifth category 

comprises qualification-focused reviews [6], which 

examine IEC protocol gaps but do not extend the 

analysis to financial warranty structures or investment 

risk. 

The current review offers a four-domain 

analytical framework that none of the preceding studies 

provides, either separately or collectively. It makes three 

specific contributions that are not found in the existing 

review literature. First, it establishes clear cross-domain 

dependencies: the efficiency domain constrains the 

financial domain through module-level aperture 

efficiency targets; the degradation domain constrains the 

engineering domain through encapsulation WVTR 

requirements; and the qualification domain constrains 

the financial domain through warranty-compatible 

degradation-rate thresholds. Second, it separates 

evidence by class, treating certified performance, 

operational stability, qualification-relevant module tests, 

and techno-economic studies as separate datasets 

rather than combining them in a single comparison table. 

Third, it introduces a composite readiness metric, the 

Perovskite Module Readiness Index, that 

operationalises the transition from research 

demonstration to a bankable product. These distinctions 

are summarised in Table 1.  

 

1.2 Standardised Terminology 

To compare findings from different studies, 

several definitions are necessary. Inconsistent 

terminology creates confusion and also permits 

exaggerated efficiency claims. The definitions of the key 

terms used in this review are listed in Table 2. 
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Table 1. Scope Comparison of Representative Perovskite Review Articles Against the Present Framework 

Reference Efficiency & 
Scaling 

Degradation 
Physics 

Qualification 
Logic 

Financial 
Risk 

Cross-Domain 
Analytical Links 

[6] No Yes Yes No No 

[7] Limited Yes No No No 

[8] No Yes Yes No No 

[9] Yes Yes No No No 

[10] Yes Limited No No No 

Present 
review 

Yes Yes Yes Yes Yes (explicit) 

 

Table 2. Standardised Area and Stability Definitions for Perovskite Photovoltaic Devices and Modules 

Term Definition Measurement Basis Relevance to Bankability 

Cell area Total physical substrate area 
of a photovoltaic device, 
including active region, 
contact pads, and non-
illuminated regions. 

Measured geometrically from 
device layout; includes all 
patterned regions. 

Overestimation of performance 
may occur if efficiency is 
reported using smaller active or 
aperture areas without 
disclosure.  

Active 
area 

Area of the device that 
contains the functional 
photovoltaic junction and 
contributes to photocurrent 
generation. 

Typically defined by mask 
during J–V measurement or 
photolithographic patterning. 

Enables fair comparison of 
intrinsic device efficiency; 
however, does not reflect 
module-scale interconnect 
losses. 

Aperture 
area 

Illuminated area exposed to 
simulated or natural sunlight 
during measurement. 

Defined by calibrated shadow 
mask during performance 
testing under standard test 
conditions (STC). 

Certified module efficiencies for 
bankability must be based on 
aperture area greater than 100 
cm². 

Dead 
area 
fraction 

Percentage of total module 
area rendered inactive due to 
laser scribing, interconnect 
spacing, and edge borders. 

Calculated as (inactive area / 
total module area) × 100%. 

Directly reduces geometric fill 
factor and module power 
output. Dead area above 5% 
undermines economic viability. 

T80 / T90 Time required for a device or 
module to retain 80% or 90% 
of its initial power conversion 
efficiency under defined 
stress conditions. 

Determined under specified 
ISOS or IEC protocols; must 
state illumination mode, 
temperature, atmosphere, and 
bias condition. 

Core lifetime metric used to 
estimate degradation rate and 
warranty compatibility; must be 
measured under MPP for 
financial relevance. 

ISOS-L-1 Continuous one-sun 
illumination at open-circuit 
condition with periodic 
performance measurement. 

Indoor light soaking under 
controlled temperature. 

Useful for mechanistic 
comparison but underestimates 
degradation relative to MPP 
operation. Limited predictive 
value for warranty modelling. 

ISOS-L-2 Continuous one-sun 
illumination with maximum 
power point tracking and 
real-time monitoring of 
stabilised output. 

Indoor light soaking under 
active MPP operation. 

More representative of 
operational stress. Preferred 
protocol for projecting annual 
degradation and assessing 
bankability readiness. 

Area 
basis 

The specific area definition 
used as the denominator for 
efficiency reporting. 

Must be explicitly stated in 
every published result. 

Reviewers and financiers 
cannot compare studies that 
use different area bases 
without disclosure. 
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Stability claims and efficiency reports may not 

be useful for financial evaluation in the absence of 

standardised definitions. For each comparison entry in 

this review, the definitions listed in Table 2 are applied 

uniformly. 

 

1.3 The Four Domain Translation Framework 

and Cross Domain Dependencies 

The cell-to-module translation problem is 

divided into four analytically connected domains in this 

review. Active-area power conversion efficiency, 

resistive scaling losses during area expansion, and the 

dead-area percentage brought about by laser scribing 

and connection design are all included in the Efficiency 

Domain. Ion migration energetics, phase instability in 

mixed-halide and mixed-cation systems, and the effects 

of combined environmental and electrical stressors 

under operating conditions are all covered in the 

Degradation Domain. Encapsulation techniques, 

connection design, and IEC-compliant qualification-style 

reliability testing are all integrated in the Engineering 

Domain. The Financial Domain includes explicit 

bankability thresholds necessary for investment 

confidence, statistical production yield, and deterioration 

warranty curves. 

The four domains are interconnected. Each 

domain constrains the others in analytically specific 

ways by defining the minimum performance criteria for 

bankable projects. The Efficiency Domain constrains the 

Financial Domain, such that if aperture efficiency is 

below 20%, with an area greater than 100 cm², it cannot 

meet levelized cost of electricity targets for utility-scale 

project approvals, as costs are proportional to module 

area, not peak power [12]. The Degradation Domain 

constrains the Engineering Domain, such that the 

required rate of water vapour transmission through an 

encapsulant is determined by the composition of the 

perovskite absorber material, which is moisture-

sensitive, and is limited by the maximum degradation 

rate, itself determined by warranty conditions in the 

Financial Domain [8]. The Engineering Domain 

constrains the Financial Domain, such that if individual 

stress tests are passed but sequential qualification is 

failed, it cannot support a bankable warranty claim, as 

sequential qualification is more representative of outdoor 

stress than individual failure modes [6, 13]. The 

Efficiency Domain constrains the Degradation Domain, 

such that increased cell pitches, to improve geometric fill 

factor by reducing scribe line density, also increase both 

lateral current flow and local joule heating, thereby 

accelerating ion motion and phase instability [14]. These 

cross-domain dependencies mean that optimising any 

single domain in isolation will not produce a bankable 

module. A translation framework must address all four 

domains simultaneously and define the minimum 

acceptable performance in each relative to the 

thresholds of the others. Figure 1 shows the conceptual 

framework of the cell-to-module translation model, with 

domain interdependencies indicated. 

 

2. State of the Art and the Cell-to-Module 

Translation Gap 

2.1. Certified Performance Landscape and 

Architecture Snapshot 

In 2025, certified data demonstrate very high 

efficiency for small-area perovskite cells but 

considerably lower values at module scale. Solar Cell 

Efficiency Tables, Version 66, reports a certified 

efficiency of 26.95% for a halide perovskite solar cell [3]. 

Earlier tables reported 26.7% for a 0.05 cm² p-i-n 

perovskite cell in Version 64 [15] and 26.1% in Version 

63 [16].

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Conceptual framework for perovskite modules
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Efficiency progression from 26.1% (Version 63) 

to 26.7% (Version 64) and 26.95% (Version 66) reflects 

incremental improvements in device passivation and 

interface engineering. These results confirm steady 

progress in device optimisation. The p-i-n architecture 

has gained importance because of its compatibility with 

low-temperature processing and reduced hysteresis, 

and it supports self-assembled monolayer hole contacts 

suitable for scalable production [17]. For perovskite-

silicon tandem devices, certified efficiency has exceeded 

34.6% [4]. All-perovskite tandems have reached 29.7% 

under laboratory conditions [9]. At module level, a 216 

cm² lead-halide perovskite submodule achieved 20.6% 

certified efficiency [4], and a minimodule of 20 cm² with 

eight cells in series reached 22.6% [15]. The gap 

between small-area cells at approximately 27% and 

large modules at approximately 20-21% is therefore 6-7 

percentage points for single-junction devices. This gap 

represents the central scale-up challenge and motivates 

the loss-budget analysis in Section 2.2. 

 

2.2. Module Level Loss Budget 

The efficiency difference between a laboratory 

cell and a commercial module arises from four distinct 

and quantifiable loss mechanisms. Understanding their 

individual contributions is essential for defining 

engineering priorities. The following loss decomposition 

is based on analytical modelling and data from 

representative module studies [19]. The total cell-to-

module efficiency gap of approximately 6-7 percentage 

points can be apportioned as follows: dead-area loss 

from laser scribing accounts for approximately 2.5-3.5 

percentage points; resistive loss from transparent 

conducting oxide sheet resistance accounts for 

approximately 1.5-2.5 percentage points; optical losses 

at interconnect regions account for approximately 0.5-

1.0 percentage points; and processing non-uniformity 

over large substrates accounts for approximately 1.0-2.0 

percentage points. These values represent ranges 

observed across published module studies and will vary 

with specific device architecture and process conditions. 

The geometry of laser scribing determines 

dead-area loss. Monolithic modules define isolated 

subcells and join them in series using a three-step 

scribing sequence, P1, P2, and P3 [20]. Each laser line 

removes material over a width typically between 100 and 

400 micrometres. For a scribe width of 300 micrometres 

and a cell width of 7 millimetres, the geometric fill factor 

is approximately 0.91, meaning that nearly 9% of the 

module area does not generate current. Laser damage 

and debris at scribe edges can also create shunts that 

further reduce performance. Optimised scribing can 

reduce total dead width below 200 micrometres, yielding 

geometric fill factors above 0.95, which is the target 

defined in Section 9. The relationship between cell width 

and total dead-area fraction can be expressed as,  

𝐷𝑒𝑎𝑑 − 𝑎𝑟𝑒𝑎 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 =  (𝑛 ×  𝑠𝑐𝑟𝑖𝑏𝑒 𝑤𝑖𝑑𝑡ℎ) /

 𝑚𝑜𝑑𝑢𝑙𝑒 𝑙𝑒𝑛𝑔𝑡ℎ                                                                         (1) 

Where n is the number of interconnect lines per 

module. 

Resistive loss from transparent conducting 

oxide electrodes is determined by sheet resistance, cell 

width, and current density. For indium tin oxide with a 

sheet resistance of 12 ohms per square and a current 

density of 20 mA cm⁻², a cell width of 8 millimetres 

produces a fill factor loss of approximately 2-3% 

compared to an ideal zero-resistance case [19]. 

Narrower cells reduce this resistive loss but increase 

dead-area fraction because more scribe lines are 

needed. This relation defines an optimal cell width 

between approximately 5 and 10 millimetres for standard 

indium tin oxide substrates. Alternative transparent 

electrodes with lower sheet resistance, such as 

hydrogen-doped indium oxide, can shift this optimum 

toward wider cells and lower overall loss [21]. 

Optical losses arise from light absorption or 

reflection at metal grid connections and scribe lines. 

Although this contribution is smaller than resistive and 

dead-area losses, it becomes more important as scribing 

optimisation reduces mechanical dead area [22]. 

Processing non-uniformity is the most difficult loss 

mechanism to quantify because it depends on 

equipment, substrate size, ambient conditions, and 

operator skill. Fill factor can be reduced by 1-2% 

because of local current mismatches caused by film-

thickness variations of more than 10% across a 

substrate. In-line metrology during deposition is the 

primary method for identifying and correcting these 

discrepancies before they propagate to the final module. 

 

2.3. Classification Framework of Uniformity, 

Yield, and Reproducibility 

One important and often overlooked aspect of 

module performance is reproducibility. Numerous 

papers report data from only a limited number of 

substrates and highlight a single high-efficiency device. 

Manufacturing yield above ~95% is generally required 

for industrial production [23–25]. This evaluation divides 

the available research into three groups to 

systematically assess repeatability. Category A studies 

report champion values from fewer than ten devices and 

do not provide batch statistics. Category B studies report 

the mean and standard deviation from 10 to 50 devices, 

although the data may still come from a single batch or 

substrate. 

Category C studies assess the coefficient of 

variation across several production runs with sample 

sizes greater than 50 devices. Most module-efficiency 

reports exceeding 20% fall into Category A under this 

classification scheme. Category C data are still largely 

absent from the current literature, and only a small 

number of studies meet the requirements for Category 
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B. Tables 3–6 provide the details of these categories and 

organise the evidence by type and reproducibility. 

The lack of Category C data directly affects 

bankability. Financial actuarial models require 

statistically validated degradation distributions rather 

than single-device lifetime claims. For warranty pricing, 

batch-variability data for power conversion efficiency, 

open-circuit voltage, short-circuit current, and fill factor 

across several production runs must show a coefficient 

of variation below 5%. This standard has not yet been 

demonstrated at scale for perovskite modules. A study 

on blade-coated modules suggests that careful control 

of interface morphology and additive chemistry may 

reduce efficiency fluctuations [24]. However, maintaining 

stable batch conditions required repeated optimisation. 

Bridging this repeatability gap will require a deeper 

understanding of nucleation and crystal growth. 

2.4. Evidence Classification of Performance, 

Stability, Qualification and Cost Data 

Evidence from different study types must be 

assessed independently because they cannot be directly 

compared. Fundamentally distinct evidence types 

include certified record cells, tandem devices, 

minimodules, stability reports, damp-heat tests, outdoor 

monitoring results, laser-scribing investigations, cost 

models, and broader review articles. Their differing 

levels of certainty and relevance to bankable 

deployment are obscured when they are combined into 

a single comparative dataset. Accordingly, this review 

presents the evidence in four separate tables. Certified 

performance records are included in Table 3. Active-

area and aperture-area efficiencies are reported 

separately and should not be directly compared without 

correction for geometric and interconnection losses. 

Operational stability and lifetime studies are covered in 

Table 4. Qualification-relevant module tests are 

summarised in Table 5. Table 6 lists the techno-

economic studies. T80 represents time to 80% initial 

efficiency, while retention values indicate remaining 

performance at a fixed time; these metrics are not 

interchangeable. 

Table 3. Certified and Laboratory Performance Records for Perovskite Cells and Modules 

Year Device Type Architecture Area 
(cm²) 

Area 
Basis 

PCE 
(%) 

Certification 
Status 

Repro. 
Cat. 

Reference 

2025 
Single-
junction 

p-i-n 0.06 Active 26.95 
Certified 
(NREL) 

A [3] 

2025 Tandem (Si) 2T monolithic 1.0 Aperture 34.6 
Certified 
(NREL) 

A [4] 

2025 
All-

perovskite 
tandem 

2T 0.05 Active 29.7 
Laboratory 

(Not certified) 
A [9] 

2024 
Single-
junction 

p-i-n 0.05 Active 26.7 Certified A [15] 

2024 Minimodule p-i-n (8-cell) 20.0 Aperture 22.6 Certified A [15] 

2024 
Single-
junction 

n-i-p 0.10 Active 26.1 Certified A [16] 

2025 Submodule 29-cell series 216 Aperture 20.6 Certified A [4] 

 

Table 4. Operational Stability and Lifetime Studies (Standardised ISOS Reporting with Explicit Metrics) 

Year Device / 
Module 

Area 
(cm²) 

ISOS 
Protocol 

Operation 
Mode 

Stress 
Condition 

Metric 
Type 

Value Encapsulation Ref. 

2026 
Perovskite-
Si module 

65.1 ISOS-L-2 MPP 1 sun T80 >1000 h Glass-glass [25] 

2024 
Blade-
coated 
module 

110 ISOS-T-1 Thermal 85°C air Retention 
84% 

@1000 h 
Encapsulated [26] 

2025 
Slot-die 
FA-Cs 
module 

100 ISOS-L-2 MPP 
1 sun, 

65% RH 
Retention 

94% 
@1000 h 

Encapsulated [27] 

2024 
Module 

(60.84 cm²) 
60.84 ISOS-L-2 MPP 1 sun T90 >1000 h Encapsulated [28] 

2023 
Carbon 

electrode 
cell 

Small ISOS-L-1 
Open 
circuit 

1 sun T80 >2000 h Encapsulated [29] 

2024 
Outdoor 

minimodule 
Small ISOS-O Outdoor 

Real 
conditions 

Qualitative Reported Encapsulated [30] 
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Table 5. Qualification-Relevant Module Tests (IEC-Referenced) 

Year 
Device / 
Module 

Area 
(cm²) 

Test 
Type 

Stress 
Condition 

Retention 
Qualification 

Status 
Reference 

2022 
Glass-glass 

module 

Not 
reported 

(NR) 

Damp 
heat 

85°C / 85% 
RH 

>95% @1566 
h 

IEC-relevant [31] 

2024 
Strain-

compliant 
module 

NR 
Damp 
heat + 

TC 

85°C / 85% 
RH; -40 to 

+85°C 

98% @1000 h; 
95% @220 

cycles 
Partial IEC [32] 

2024 
Shellac 
module 

NR 
IEC UV 
+ hail 

Outdoor Passed IEC-qualified [33] 

2022 
Qualification 

review 
N/A 

IEC 
61215 

Framework Gap identified Review [6] 

 

Table 6. Techno-Economic and Sustainability Studies 

Year Study Focus Key Assumption Key Outcome Reference 

2023 Single-junction LCOE 
model 

PCE >24%, yield 
>95% 

LCOE 2.8-9.1 ct/kWh by 2050 
[34] 

2025 Cost competitiveness 
model 

20-24% PCE, 20-30 
yr lifetime 

Requires PCE >24% with 20-yr 
lifetime for European markets 

[35] 

2025 Tandem LCOE 
projection 

Module PCE >30% LCOE 10-20% lower than Si 
[36] 

2023 Recycling and 
sustainability 

Glass and ITO 
recovery 

Significant energy and material 
savings at end-of-life 

[37] 

2025 Manufacturing cost 
analysis 

Yield 95%, scale-up Yield loss from 95% to 85% 
increases cost per watt by 10-18% [38] 

 

Each entry includes the area basis, ISOS or IEC 

protocol name, stress condition, operational mode, 

encapsulation state, certification status, and 

repeatability category, following the reporting template 

used in this review. 

 

3. Degradation and Failure Physics under 

Realistic Stressors 

3.1. Degradation Pathways Ranking by Module 

Bankability Relevance 

Numerous degradation mechanisms are 

discussed in the literature on perovskite solar cells, but 

not all are equally important for the deployment of 

bankable modules. This section distinguishes 

mechanisms that are primarily cell-level concerns from 

those that pose a serious risk to module bankability and 

ranks the major degradation processes according to 

their relevance to module-level durability under 

operating conditions. The ranking is based on the 

degree of efficiency loss, the reversibility of the 

mechanism, and the availability of engineering mitigation 

strategies. 

For single-junction perovskite modules, the 

three degradation mechanisms most critical to 

bankability are interface degradation at the metal back 

contact, ion migration under operating electric fields, and 

moisture ingress caused by encapsulation failure. 

Moisture ingress is especially important because 

controlled laboratory humidity tests cannot fully 

reproduce realistic encapsulation failures, and because 

moisture infiltration causes rapid and largely irreversible 

phase degradation [39]. Ion migration is also critical 

because it causes gradual efficiency loss under 

maximum power point operation, directly affects 

bankable energy yield, and introduces hysteresis that 

complicates performance measurement [14]. Likewise, 

interface degradation at silver or gold contacts can 

increase series resistance over time in ways that are 

difficult to detect early and are not fully captured by 

single-stressor accelerated tests. 

The ranking changes for tandem perovskite-

silicon modules. Photoinduced halide segregation in the 

wide-bandgap perovskite top cell is an additional crucial 

process. Halide segregation under illumination creates 

iodide-rich and bromide-rich domains that reduce open-

circuit voltage and cause progressive bandgap 

narrowing under sustained operation [14, 40]. This 

mechanism is particularly relevant for tandems because 

the top cell operates at high photon flux and requires a 

wider bandgap than single-junction optimum 

compositions. Tin oxidation in the narrow-bandgap 

subcell of all-perovskite tandems represents a further 
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unique pathway. Tin (II) oxidises rapidly to tin (IV) under 

even trace oxygen exposure, creating deep traps that 

degrade carrier lifetime in the Sn-Pb absorber [9]. This 

pathway requires more stringent encapsulation and 

more careful ambient processing controls than single-

junction lead-only compositions. 

A degradation mechanism that is frequently 

reported in cell-level studies but is less critical at the 

module bankability level is thermal decomposition of 

methylammonium-based compositions above 80°C. 

This pathway is largely mitigated in current high-

efficiency formulations by the replacement of 

methylammonium with formamidinium and cesium 

cation mixtures, which raise the thermal stability 

threshold to above 120°C [29]. Similarly, superoxide-

mediated degradation at titanium dioxide electron 

transport layers is a significant cell-level concern that is 

effectively addressed at the module level by replacing 

titanium dioxide with tin (IV) oxide. These mechanisms 

therefore have lower priority in the module bankability 

ranking despite their prominence in the cell-level 

literature. 

 

3.2. Moisture and Oxygen Degradation 

Moisture is one of the most critical factors in the 

degradation of perovskite solar cells. Hydration occurs in 

stages. At moderate humidity, a monohydrate phase 

forms and the process is partly reversible. With higher 

humidity or longer exposure, a dihydrate phase 

develops, followed by irreversible decomposition into 

lead iodide, hydrogen iodide, and methylamine gas. 

Under high humidity conditions (~80% RH), surface 

changes can begin within four hours [42]. The type of 

electron transport layer strongly influences moisture-

related degradation. Titanium dioxide can generate 

superoxide species under UV light, thereby accelerating 

interfacial decomposition. 

Tin oxide exhibits lower photocatalytic activity 

and therefore provides better stability in most 

configurations than TiO₂ [43]. If its surface is not properly 

controlled, however, NiOₓ, which is frequently used in p–

i–n devices, can absorb water and create local 

degradation sites. 

When combined, moisture and oxygen are more 

harmful than when used separately. The partial pressure 

of oxygen determines their combined effect, which is not 

well documented in many studies. Moisture and oxygen 

primarily infiltrate practical modules through edge seals 

and tiny flaws in the encapsulation layers. Outdoor 

studies have confirmed that real environmental 

exposure leads to faster degradation than predicted by 

single-stressor laboratory tests [39]. This result is a 

central argument for replacing single-stressor testing 

with coupled-stressor protocols that better represent 

field conditions. 

 

3.3. Thermal Stress and Phase Stability 

In methylammonium lead iodide, temperatures 

above approximately 80°C lead to the release of 

methylamine and hydrogen iodide gases and to 

irreversible conversion into lead iodide. Formamidinium-

based and mixed-cation compositions show better 

thermal stability, with the active-to-inactive phase 

transition occurring only above 120-140°C [29]. Thermal 

cycling creates mechanical stress through mismatches 

in the coefficients of thermal expansion of adjacent 

layers. IEC 61215 requires 200 cycles between -40°C 

and +85°C. Figure 2 illustrates how a strain-compliant 

encapsulation method maintained 98% efficiency after 

1000 hours of damp heat and 95% efficiency after 220 

thermal cycles [44]. This result confirms that suitable 

encapsulation design can substantially reduce thermal 

damage at the module level. 

 

3.4. Light-Induced Effects and Photo-Activated 

Defect Chemistry 

Perovskites exhibit photoinduced ion 

redistribution within seconds to hours of light exposure, 

as well as gradual degradation over thousands of hours 

of sustained illumination. Under continuous illumination, 

iodine can oxidise and leave the lattice, creating 

vacancies that act as recombination centres. In wide-

bandgap compositions used in tandem cells, halide 

segregation under light creates iodide-rich and bromide-

rich regions that reduce open-circuit voltage through 

local bandgap narrowing [14]. Contradictory reports exist 

regarding reversibility: some studies report partial re-

homogenisation during dark storage, while others show 

cumulative irreversible bandgap narrowing under 

sustained maximum power point operation. This 

disparity most likely results from variations in carrier 

density, strain state, and bromide fraction during 

illumination. Although strain-relaxed crystal formation, 

two-dimensional/three-dimensional interface 

confinement, and compositional engineering are 

promising mitigation strategies, long-term tandem 

voltage stability beyond 1000 hours has not yet been 

well verified at module scale. 

 

3.5. Ion Migration, Hysteresis and Bias Stress 

Ion migration is an inherent characteristic of 

halide perovskites. In methylammonium lead iodide, 

iodide vacancies migrate with activation energies 

between 0.3 and 0.6 eV depending on composition. Ion 

migration has a significant impact on operational 

stability, as demonstrated by the direct correlation 

between hysteresis magnitude and T80 lifetime [14]. Ion 

redistribution enhances recombination and reduces 

charge transport, as shown by accelerated aging under 

forward bias in the dark [45]. Although some recovery 

occurs during dark storage, lasting damage remains. 

Reversible ion redistribution also drives daily efficiency 
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fluctuations under outdoor conditions, as confirmed by 

two years of outdoor monitoring that showed daytime 

degradation at high temperatures and partial nocturnal 

recovery [46]. 

 

3.6. Mechanical Stress and Module-Level 

Failure Propagation 

The fracture toughness of perovskite films is 

significantly lower than that of silicon, ranging from 0.1 

to 0.3 MPa·m^0.5. In flexible designs, stress can arise 

from bending, film deposition, thermal-expansion 

mismatch, and wind loading. Metal halide perovskites 

(MHPs) are promising candidates for high-performance 

tandems and next-generation thin-film photovoltaics; 

however, solution-processed MHP films are vulnerable 

to residual stress, which can cause unwanted surface 

wrinkling. One proposed film-formation model suggests 

that a perovskite top crust forms on a semirigid sol 

capable of transmitting mechanical forces. Phase 

transition then generates tension in the MHP crust, while 

continued shrinkage of the sol induces additional 

compression and surface wrinkling. When the forces 

between the sol and the crust are dynamically balanced, 

wrinkle-free films can be obtained [47]. 

Electroluminescence images of aged modules 

frequently show dark lines originating at scribe edges, 

indicating contact loss due to delamination or cracking in 

interconnection regions. Non-destructive imaging 

techniques are therefore needed to detect these 

mechanically induced failure signals before catastrophic 

performance loss occurs.

 

 

Figure 2. ISOS-D-1/D-2 and ISOS-L-1 stability tests. (a) Structure of the mesoscopic n-i-p PSCs. (b) Schematic of 

the cell layout. (c) Photograph of a mesoscopic PSC encapsulated with PIB:h-BN. (d) JV curves. (e) (f) PV 

parameters of the mesoscopic PSCs [44]. 
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Table 7. Perovskite Module Failure-Mechanism Matrix 

Mechanism Stressor Origin Diagnostic Module Risk Mitigation Ref. 

Moisture 
hydrolysis  

RH > 60% Hydrate 
formation 

XRD, EL 
imaging 

Rapid decay, 
irreversible 

Glass-glass 
encapsulation, 
PIB seal 

[39, 
42] 

Iodide vacancy 
migration  

Electric 
field, heat 

Low Ea (0.3-
0.6 eV) 

Impedance 
spectroscopy 

Hysteresis, T80 
reduction 

Interface 
blocking, FA-
based 
composition 

[14] 

Metal contact 
decomposition  

Ion diffusion Ag-I or Au-I 
reaction 

SIMS depth 
profile 

Series resistance 
increase, FF 
drop 

Diffusion barrier 
layer (Cr, Ni) 

[29] 

Halide 
segregation  

Illumination 
(wide-
bandgap) 

Phase 
separation 

Hyperspectral 
PL 

Voc loss, 
bandgap 
narrowing 

Compositional 
tuning, 2D/3D 
interface 

[14] 

Tin oxidation  Air / O2 
exposure 

Sn2+ to Sn4+ XPS analysis Carrier lifetime 
loss 

Reducing 
additives, strict 
encapsulation 

[9] 

Damp heat 
ingress 

85°C / 85% 
RH 

WVTR 
diffusion 

Damp heat 
test 

Delamination, 
edge 
degradation 

PIB seal, glass 
lamination 

[31] 

Interconnect 
shunt 

Laser debris Thermal 
damage at 
P2 

EL dark lines FF drop Optimized P2 
scribing 

[20] 

Thermal 
decomposition 

T > 80°C 
(MA-based) 

MA 
volatilization 

TGA, mass 
spec 

PbI2 formation FA/Cs 
composition 
replacement 

[29] 

UV 
degradation 

UV dose, 
280-455 nm 

Bond 
breaking in 
ETL/HTL 

UV aging, 
EQE 

Encapsulant 
yellowing 

UV filter in 
encapsulant 

[48] 

Lead leaching Mechanical 
damage 

Pb solubility 
in water 

Leach test Regulatory risk Ion-binding 
polymer 
encapsulant 

[33] 

Mechanical 
cracking 

Thermal 
cycling 

CTE 
mismatch 

EL imaging Crack 
propagation from 
scribes 

Strain-compliant 
interlayers 

[32] 

Coupled stress 
synergy 

Light + heat 
+ MPP 

Nonlinear 
kinetics 

Outdoor 
monitoring 

Underestimated 
T80 

ISOS-O and 
ISOS-L-2 
testing 

[39] 

 

3.7. Perovskite Failure Mechanism Matrix 

A schematic representation of the Multiphysics 

Degradation Map under Coupled Stress is presented in 

Figure 3. Sophisticated diagnostic technologies aid the 

identification of failure mechanisms. 

Electroluminescence imaging under forward bias 

reveals non-uniform current collection, with dark areas 

indicating shunts or degraded regions. 

Photoluminescence mapping reveals the distribution of 

carrier lifetime. By examining peak positions and widths, 

hyperspectral PL can distinguish phase segregation 

from general quenching. Impedance spectroscopy uses 

frequency response to differentiate ionic and electronic 

processes. SIMS and XPS depth profiling track iodide, 

lead, dopants, and metal atoms across layers. These 

methods reveal chemical events and diffusion pathways 

that are not visible to optical inspection. The 

predominant degradation mechanisms documented in 

current research are summarised in Table 7, which links 

module-level risks, physicochemical origins, diagnostic 

signs, triggering stressors, and the most relevant 

mitigation techniques. The objective is to provide a 

structured failure-mechanism matrix that clearly 

identifies which pathways are primarily cell-level 

phenomena and which critically affect module 

bankability, as discussed in Section 3.1. 
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Figure 3. Multiphysics Degradation Map under Coupled Stress

4. Charge Transport Interfaces and Contact 

Stability 

Grain boundaries and surface regions in 

polycrystalline perovskite films contain many more 

defects than the bulk material. Trap density at surfaces 

can be nearly two orders of magnitude higher than inside 

the grains. Such defects reduce carrier lifetime and limit 

efficiency. Combined bulk and surface passivation 

strategies have helped increase single-junction device 

performance from approximately 22% to nearly 26% [49-

51]. Post-treatment with benzylammonium iodide 

applied by slot-die coating improved carrier lifetime and 

spatial uniformity in large-area films, confirming that 

scalable passivation methods can maintain high 

performance at module scale [50]. Two-dimensional 

perovskite capping layers formed by large organic 

cations such as phenethylammonium or butylammonium 

provide an effective strategy for surface passivation. 

These layers reduce surface traps, block ion movement, 

and increase moisture resistance. Devices based on this 

two-dimensional/three-dimensional structure achieved 

efficiencies above 23% and maintained 99% of their 

initial performance for more than 2000 hours under 

ISOS-L-1 conditions [29]. Bulk passivation through 

additive engineering targets defects inside the film. A 

thiourea-based additive formed a self-assembled layer 

at the buried interface, producing a certified cell 

efficiency of 23.75%. A blade-coated module with a 

60.84 cm² aperture area reached 20.18% efficiency and 

retained more than 90% of its performance for over 1000 

hours under maximum power point operation, as shown 

in Figure 4 [51]. This study demonstrated that efficiency 

and stability can improve together at module scale. 

Tin oxide has become the preferred electron 

transport layer in high-efficiency n-i-p devices because 

of its suitable conduction-band alignment, efficient 

electron extraction, and better UV stability compared 

with titanium dioxide [43]. In p-i-n devices, fullerene 

materials such as C60 serve as electron transport layers. 

Self-assembled monolayer hole contacts, such as 

carbazole-based phosphonic acid materials like 4PACz 

and MeO-4PACz, provide a thin and uniform alternative 

to Spiro-OMeTAD. These layers reduce interface 

recombination, enable open-circuit voltage close to the 

radiative limit, and are compatible with scalable 

fabrication [17]. Gold and silver back electrodes used in 

laboratory devices are susceptible to iodide diffusion and 

the formation of low-conductivity halide compounds. 

Barrier layers between transport layers and metal 

contacts slow halide diffusion and improve long-term 

stability [41]. Carbon electrodes provide a corrosion-

resistant alternative and show strong stability, although 

efficiency may be slightly reduced because of limited 

hole-extraction kinetics. 

 

5. Scalable Manufacturing Pathways and 

Process Windows 

The shift from laboratory spin coating to 

industrial deposition methods is a major challenge for 

perovskite commercialisation. Spin coating wastes 

nearly 90% of precursor solution and does not support 

continuous production on substrates larger than 

approximately 10 cm by 10 cm. Scalable techniques 

including blade coating, slot-die coating, spray coating, 

inkjet printing, and vapour-based processes have 

therefore attracted significant attention [20, 52]. 
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Figure 4. (a) J–V characteristics of the perovskite solar module with an aperture area of 60.84 cm². (b) Steady-

state PCE of the perovskite solar module (Inset 1 is a photograph of the fabricated perovskite solar module; inset 2 

shows microscope images of the P1, P2, and P3 scribe lines in the dead area of the PSMs). (c) Summary of PCE 

for solar modules based on blade coating in recent years. (d) MPPT performance of the perovskite solar module 

[51]. 

Blade coating offers material utilisation above 

90% and supports substrates up to at least 15 by 15 

centimetres. A blade-coated NiOx p-i-n module with 110 

cm² active area achieved 12.6% efficiency and retained 

84% of its performance after 1000 hours at 85°C under 

ISOS-T-1 conditions [52]. Slot-die coating delivers ink 

through a narrow slot onto a moving substrate, allowing 

precise wet film thickness control and supporting roll-to-

roll production [53]. Common laboratory solvents such 

as dimethylformamide and dimethyl sulfoxide are 

classified as reproductive toxins under regulatory 

guidelines. Safer solvent systems are necessary for 

large-scale production. Recent study indicates that 

green solvent systems can achieve comparable 

efficiencies while improving reproducibility [24]. Gas 

quenching directs dry nitrogen or air over the wet film to 

control nucleation in a manner compatible with 

continuous processing. With optimised flow and 

temperature, gas quenching can produce uniform films 

over areas up to 60 cm². This approach was 

demonstrated using a thiourea-based additive 

engineering strategy, achieving a blade-coated module 

efficiency of 20.18% [51]. 
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Figure 5 shows an R2R-processed roll with the 

constituent layers of PSCs after each layer was manually 

removed. 

Ambient-air processing is necessary for 

economic viability at gigawatt scale. A slot-die deposition 

study using a pyrrodiazole additive and controlled lead 

iodide immobilisation produced 10 cm × 10 cm modules 

with certified 20.3% efficiency, retaining 94% of their 

efficiency after 1000 hours under illumination at 65% 

humidity [27]. Through continuous monitoring of key film 

properties, in-line metrology enables real-time process 

control during deposition. Wet-film thickness and 

solvent-evaporation dynamics can be monitored by 

optical reflectometry, which provides rapid feedback on 

coating homogeneity. This is further supported by in-line 

photoluminescence imaging, which allows early 

detection of non-uniformities by mapping carrier lifetime 

across the substrate immediately after film formation. In 

addition, defective films can be automatically identified 

by machine-vision systems trained on validated 

reference datasets before further processing. This 

strategy is supported by a two-year outdoor study that 

demonstrated the value of data-driven process 

optimisation by estimating power production from 

monitored operational data using a regression-based 

predictive model [46]. 

 

6. Module Design, Interconnection, and 

Encapsulation 

Monolithic perovskite modules use a P1-P2-P3 

laser scribing sequence to define and connect subcells. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. (a) Diagram showing R2R processing for the fabrication of flexible PSCs. (b) Photograph of fully R2R-

processed PSCs. (Inset) Image of an R2R-processed roll showing the constituent layers of PSCs after each layer 

was manually removed. (c) Cross-sectional SEM image of fully R2R-printed PSCs, with each layer shown in a 

different colour. (d) J–V curves of a champion device made from R2R-processed SnO₂/perovskite and Spiro-

OMeTAD (shear-coating: purple; spin-coating: indigo). (e) J–V curves of fully R2R gravure-printed PSCs. FAPbI3 

denotes (FAPbI3)0.95(MAPbBr3)0.05 [55]. 
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Figure 6. (a) Fabrication process of a perovskite solar module with all-laser scribing (the scribing steps are 

composed of P1–P2–P3). (b) Equivalent circuit of a monolithically interconnected module (Iph: photocurrent, ID: 

diode current, Rs: series resistance, Rsh: shunt resistance). (c) Comparison of efficiency and VOC in the reference 

cell and module under low-power and low-laser-overlap conditions over time. (d) J–V curve of the best perovskite 

module using an optimised P3-scribing condition. The module efficiency is 20.24% (after 18 days of aging). The 

active area of the module is 5 cm², and the inset shows a photograph of the perovskite module [55]. 

Figure 6 shows the fabrication process of a 

perovskite solar module with all-laser scribing (P1-P2-

P3) [55]. This process determines dead-area fraction, 

shunt resistance at scribe edges, and possible damage 

to underlying layers. Laboratory-optimised scribing 

typically creates total dead widths between 300 and 600 

micrometres per interconnect. For cell pitches of 5-10 

millimetres, this produces a dead-area fraction of 

approximately 5-10% [56]. Silicon thin-film modules 

have reduced dead area below 4% after many years of 

optimisation, indicating that further improvement is 

possible in perovskite interconnect design [57]. Module 

series resistance arises from transparent electrode 

sheet resistance, contact resistance at P2 interconnects, 

and metal back contacts. For a module with an 8 

millimetre cell pitch, 12 ohms per square indium tin 

oxide, and 20 mA cm⁻² current density, the electrode 

resistance alone can reduce fill factor by approximately 

2-3%. The optimal cell width for standard indium tin 

oxide lies between 5 and 10 millimetres [19]. 

Encapsulation is critical for long-term stability. 

Perovskite devices require water-vapour transmission 

rates close to 10⁻⁴ to 10⁻⁵ grams per square metre per 

day, much lower than the values acceptable for silicon 

modules [58, 59]. Glass-glass lamination designs meet 

this requirement. Among polymer materials, polyolefin 

elastomers and polyisobutylene-based encapsulants 

show good performance. A comparison between 

commercial glass-glass lamination and laboratory glue 

sealing showed that commercially laminated devices 

retained more than 95% efficiency after 1566 hours at 

85°C and 85% relative humidity and maintained 

performance for more than 10 months during rooftop 

outdoor exposure [58]. A low-temperature encapsulation 

method using a viscous adhesive laminated below 80°C 

achieved 98% efficiency retention after 1000 hours of 

damp heat and 95% retention after 220 thermal cycles 

[44]. 
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Conventional ethylene-vinyl acetate 

encapsulant is not suitable for many perovskite systems 

because it releases acetic acid during processing. 

Ionomer materials have high stiffness and can promote 

delamination during thermal cycling. Edge seals based 

on polyisobutylene butyl rubber control moisture ingress 

at the module perimeter. Perovskite modules contain 

approximately 0.5-2 grams of lead per square metre. 

Rainwater can readily dissolve methylammonium lead 

iodide. Impact-testing studies show that unprotected 

perovskite modules can release lead concentrations that 

exceed legal leachate limits when the modules are 

broken. Leached lead concentrations are reduced by 

more than 90% in encapsulation systems that include 

ion-binding polymers based on phosphonate, 

carboxylate, or amino groups [59]. By keeping lead 

release within legal limits, shellac-based encapsulation 

has enabled modules to pass mechanical and UV tests 

under IEC 61215 standards [59]. The development of 

standardised impact-leach testing procedures for 

perovskite modules is still ongoing. 

 

7. Reliability, Standardisation, and 

Qualification-Style Testing 

7.1. Why Stability Claims Are Often Not 

Comparable 

According to the stability literature, T80 values 

for perovskite solar cells range from less than 100 hours 

to more than 10,000 hours. Because testing conditions, 

measurement techniques, and encapsulation strategies 

differ substantially across studies, these figures cannot 

be directly compared. The primary causes of 

inconsistency were outlined in a consensus statement 

on ISOS protocols [60]. These include whether efficiency 

was measured at maximum power point or from current-

voltage scans, the scan rate, the encapsulation 

technique, the test atmosphere, temperature, light 

intensity, and spectrum, and whether T80 was 

determined directly or extrapolated from partial data. 

Because performance, stability, qualification, and 

techno-economic studies represent fundamentally 

different evidence types, they are presented separately 

in this review. 

Particular attention should be given to the 

distinction between the ISOS-L-1 and ISOS-L-2 

protocols. ISOS-L-1 uses continuous one-sun 

illumination under open-circuit conditions. Under 

otherwise comparable lighting conditions, ISOS-L-2 

employs maximum power point tracking. Because the 

internal electric field differs substantially between these 

two conditions, ion redistribution and degradation rate 

are also affected. Compared with ISOS-L-2 

measurements on the same devices, T80 values 

obtained under ISOS-L-1 consistently overestimate 

operational lifetime. Only ISOS-L-2 data have actuarial 

significance for bankable warranty claims because they 

reflect the conditions under which a module in a solar 

power plant actually operates and generates revenue. 

 

7.2. Recommended Reporting Checklist 

For meaningful inter-study comparisons and 

informed bankability evaluations, clear reporting 

requirements are essential. The ISOS consensus 

guidelines [60] and the IEC qualification framework [6] 

both specify the information that must be reported to 

ensure the validity of performance claims. 

 

 

Figure 7. Rows correspond to different atmospheres, columns correspond to different combinations of light and 

electrical bias, and sub-columns depict different temperature regimes. Arrows alongside the table guide the eye for 

comparing protocols to identify the effects of atmosphere, temperature, light or electrical bias [60]. 
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These include the number of devices tested, the 

effective aperture area of the module together with any 

inactive (dead) areas, and the corresponding mean 

values and standard deviations for key metrics such as 

initial efficiency and stability indicators like T80 or T90. It 

is also essential to state whether the reported lifetime 

numbers were obtained by direct measurement or by 

extrapolation. The analysis should be supported by 

imaging data, such as electroluminescence or 

photoluminescence maps recorded before and after 

aging. If a study does not include these basic elements, 

its findings should be treated only as preliminary 

(Category A) evidence and should not be used for 

detailed or quantitative bankability assessments. 

 

7.3. Accelerated Stress Tests: 

Light/Heat/Humidity/Bias and Coupled 

Stressors 

Thermal cycling, outdoor testing, light exposure, 

and dark storage are all covered by the ISOS protocol 

family. However, these protocols do not fully address the 

sequential qualification logic outlined in IEC 61215, 

which considers module-level stresses such as 

encapsulation failure, framing stress, and 

interconnection degradation. IEC 61215 requires only 15 

kWh/m² of UV exposure, which is substantially lower 

than the cumulative UV dose expected over 25 years of 

outdoor operation. The standard was developed for 

silicon modules and does not account for ionic migration 

effects unique to perovskites [6]. A long-term study of UV 

effects showed that wavelengths between 280 and 455 

nm contribute substantially to degradation; however, 

isolating UV effects from other stressors during outdoor 

exposure remains challenging [61]. A two-year outdoor 

study of minimodules under ISOS-O conditions 

observed degradation during sunlight and partial 

overnight recovery, with accumulated degradation 

showing a linear relationship with total irradiance dose 

[46]. These results confirm that single-stressor tests 

systematically underestimate field degradation. 

 

7.4. Linking Accelerated Testing to Field 

Performance 

One major outstanding issue is translating 

accelerated-test results into actual outdoor lifetime. 

Some sources have claimed a 20-year lifespan by 

extrapolating from wet-heat tests lasting several 

thousand hours. Such extrapolation has been criticised 

because degradation mechanisms under accelerated 

conditions may differ from those operating outdoors [39]. 

Although the number of studies on the outdoor stability 

of PSCs has increased, much more work is needed to 

establish acceleration factors for different aging 

protocols and to link accelerated-test results with real-

world performance. It is therefore necessary to examine 

the relationship between outdoor and accelerated aging 

results across different solar-cell types. To build robust 

degradation models and determine reliable acceleration 

factors, more data must be gathered from extensive 

outdoor testing of different perovskite devices under 

standardised conditions. More credible evidence comes 

from studies that directly compare accelerated IEC 

damp-heat results with the outdoor performance of the 

same devices [62]. This practice should become 

standard in publications intended to inform bankability. 

 

7.5. Toward PV Qualification Logic 

Regulatory backing and technological 

consensus are needed to develop a formal qualification 

standard for perovskite modules. A tiered qualification 

approach offers a practical and useful path forward. To 

meet the requirements for pre-bankable demonstration 

status, Tier 1 modules must exhibit light and UV stability 

together with effective moisture protection under ISOS 

conditions. Tier 2 modules must individually satisfy IEC 

61215 requirements for mechanical load, damp heat, 

and thermal cycling. Tier 3 modules must pass the Tier 

2 tests sequentially and demonstrate at least 12 to 24 

months of outdoor monitoring in at least two 

representative climate zones, with annual degradation 

below 1% supported by statistical confidence intervals. 

Completion of Tier 3 is necessary for bankable 

deployment. Financial bankability also requires warranty 

structures to be defined in actuarially priceable terms. 

Standard photovoltaic warranties typically guarantee 

less than 2% first-year efficiency loss and less than 0.5-

0.8% annual degradation thereafter. Translating 

perovskite stability metrics into such warranty structures 

requires statistically validated outdoor degradation 

distributions from multiple modules across multiple 

climate zones, not single-device T80 claims. Without 

quantified variance in degradation rate across a 

production batch, actuarial risk pricing for perovskite 

warranties remains infeasible. The bankability evidence 

package defined in Section 9.2 specifies the minimum 

data requirements needed to support such pricing. 

 

8. Techno-Economic and Sustainability 

Considerations 

8.1. Cost Drivers, Yield Sensitivity and 

Bankable Economics  

The economic potential of perovskite 

photovoltaics rests on two foundations. First, higher 

efficiency reduces area-related balance-of-system 

costs. Second, low-temperature and solution-based 

processing can reduce manufacturing cost relative to 

silicon. A bottom-up cost analysis showed that single-

junction perovskite modules can compete with silicon if 

module efficiency reaches 25% and production yield 

exceeds 95% [63]. A sensitivity analysis indicates that 

increasing the annual degradation rate from 0.5% to 

1.5% raises levelised cost of electricity by approximately 
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8-15% under constant efficiency assumptions. Similarly, 

reducing manufacturing yield from 95% to 85% 

increases module cost per watt by 10-18% [63]. These 

are not arbitrary engineering targets. They are economic 

inflection points that define the boundary between 

competitive and uncompetitive products in utility-scale 

solar markets. A techno-economic model for European 

markets indicated that cost competitiveness requires 

either efficiency above 24% with a 20-year lifetime or 

efficiency above 20% with a 30-year lifetime [12]. For 

perovskite-silicon tandems, levelised cost of electricity 

can decrease by 10-20% compared to silicon modules 

under a scenario of module efficiency above 30% and 

manufacturing cost only slightly higher than silicon [64]. 

 

8.2. Environmental and Regulatory 

Considerations 

Environmental performance and regulatory 

compliance are not peripheral concerns for perovskite 

modules; they are integral components of the bankability 

framework. A module that achieves excellent certified 

efficiency and passes IEC qualification tests is still not 

bankable in regulated markets if its regulatory 

acceptance remains unresolved. This review therefore 

treats environmental and regulatory readiness as a fifth 

dimension of bankability assessment, alongside 

efficiency, stability, manufacturing yield, and 

qualification compliance. Life-cycle assessments show 

that perovskite modules have competitive energy 

payback times and greenhouse gas emissions 

compared with other thin-film technologies [65]. 

However, lead containment during operation and at end-

of-life remains a critical regulatory requirement. Lead 

use in photovoltaics is currently exempt from EU 

regulations under the Restriction of Hazardous 

Substances framework, but this exemption is reviewed 

regularly. An unfavourable future review could effectively 

prohibit the sale of perovskite modules in European 

markets, posing a significant financial risk to investors 

and developers. Perovskite manufacturers operating in 

or targeting regulated markets must therefore remain 

compliant with evolving regulations. 

Lead containment in the event of module 

breakage is a technical requirement that must be 

incorporated into encapsulation design rather than 

treated as a secondary concern. Impact-testing studies 

show that, under simulated breakage conditions, 

unprotected modules can release lead concentrations 

that exceed regulatory leachate standards. 

Encapsulation systems that use ion-binding polymers 

can reduce leached lead concentrations by more than 

90% [59]. The bankability evidence package outlined in 

Section 9.2 should include this technical solution as a 

minimum requirement. The bill of materials for bankable 

modules should also include predefined end-of-life 

recycling routes. A proven recycling strategy for glass, 

indium tin oxide substrates, and other recoverable 

materials can reduce both the life-cycle cost and the 

regulatory risk of perovskite modules [65]. In markets 

with extended producer-responsibility laws, developers 

may face difficulties in obtaining construction licences 

and project insurance if they cannot present an 

approved end-of-life management plan. 

 

8.3. Manufacturing Readiness Levels and 

Commercialisation Pathways 

According to manufacturing-readiness 

assessments, perovskite photovoltaic technology 

currently lies between Manufacturing Readiness Levels 

4 and 5. Large-scale yield control, consistent throughput, 

and supply-chain integration have not yet been 

demonstrated, but the technology has been validated at 

relevant laboratory scale and initial pilot-line production 

has begun. It is important to distinguish among four 

stages of manufacturing maturity, which are often 

conflated in peer-reviewed journals and the commercial 

press. The first stage is pilot-line existence, meaning that 

a facility has been built and preliminary modules have 

been produced. This demonstrates technical capability 

and ambition, but it provides no information about 

production control. The second stage is stable 

throughput, which refers to the ongoing production of 

modules at a defined rate with acceptable equipment 

uptime. This indicates competent process engineering, 

but it does not prove product quality. The third stage is 

yield-controlled production, defined as statistically 

monitored batch yield consistently above 95% with a 

coefficient of variation below 5% over several months of 

production runs. This is the minimum requirement for 

credible bankable cost models. The fourth stage is 

independent field validation, which requires modules 

from the same production line to be independently 

verified, deployed in the field, and monitored for at least 

12 months using publicly accessible performance data. 

Only at this level does an evidence base exist for 

actuarial warranty pricing. 

At least one gigawatt-scale manufacturing line 

has been announced, and other companies have 

launched pilot lines for single-junction modules ranging 

from 10 to 150 megawatts per year [10]. These 

announcements correspond to Level 1 manufacturing 

maturity. Progress toward Level 2 is indicated by a 

perovskite-silicon tandem installation demonstrating 

module-scale products operating in real outdoor 

environments [66]. At present, there is no evidence that 

perovskite modules have reached Level 3 or Level 4 

maturity. Before IEC standardisation, crystalline silicon 

experienced multiple reliability failures and took around 

20 years to progress from Level 1 to Level 4. Compared 

with the historical trajectory of silicon, perovskites have 

advanced more quickly in efficiency but remain at an 

earlier stage of reliability maturity. 
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9. Roadmap: What Will Move the Needle in 

the Next 24 Months 

9.1. Top Technical Priorities 

The gap analysis performed in this review 

identifies specific technical priorities for the next two 

years. In the stability domain, single-stressor testing 

must give way to coupled-stressor conditions. Under 

ISOS-L-1, many devices already achieve T80 values 

above 1000 hours. The next essential milestone is a T80 

above 1000 hours under simultaneous light exposure, a 

temperature of about 65°C, and maximum power point 

operation. This threshold represents about 25% of the 

4000 hours often used as a proxy for a 20-year lifetime 

under accelerated conditions. It is therefore a necessary, 

though not sufficient, milestone for bankable lifetime 

claims. A more credible benchmark would be a T80 

above 5000 hours under ISOS-L-2 at 65°C. Long-term 

outdoor data from at least two different climate zones 

must also be collected and made publicly available to 

build the statistical basis for actuarial warranty pricing. 

Module efficiencies greater than 20% must be 

demonstrated through scalable manufacturing using 

fully scalable processes on substrates larger than 200 

cm². A threshold of 20% on substrates above 200 cm² 

represents the minimum performance level at which 

perovskite modules can economically compete with 

high-end crystalline silicon products in utility-scale 

applications. Process variation between batches should 

remain below a 5% coefficient of variation. Meeting this 

target would demonstrate that performance is not limited 

to isolated laboratory samples and would move the field 

from Category A to Category B reproducibility evidence. 

In module design, reducing dead-area fraction below 5% 

and achieving geometric fill factors above 95% are 

realistic engineering goals given recent progress in 

scribing optimisation. 

In encapsulation, glass-glass structures must 

pass IEC 61215 damp-heat and thermal-cycling tests 

sequentially rather than individually. For tandem 

modules, certified efficiency above 30% on aperture 

areas greater than 100 cm² is the next key target. All-

perovskite tandems remain particularly challenging 

because of tin oxidation in the narrow-bandgap subcell 

[9]. For perovskite-silicon tandems, uniform 

crystallisation and effective buried-interface passivation 

on textured silicon substrates have enabled certified 

24.5% efficiency on a 20.25 cm² module [18], providing 

a benchmark from which 30% module efficiency on 100 

cm² can be framed as the next major milestone. 

 

9.2. Minimum Data Package for Bankable 

Claims 

The following evidence package represents the 

minimum dataset that an independent engineer, insurer, 

or project financier would require before accepting a 

warranty-backed commercial claim for a perovskite 

module. These requirements are derived from the 

financial-risk assessment standards used in photovoltaic 

projects by major independent engineering firms and 

from the qualification framework discussed in Section 7. 

The package has five mandatory components. The first 

component is certified module efficiency. A certified 

aperture efficiency must be obtained from an accredited 

third-party laboratory on modules with an aperture area 

greater than 100 cm². The certification must include 

current-voltage curves, stabilised power output under 

maximum power point tracking for at least 5 minutes, 

and a clearly stated uncertainty analysis. The aperture-

area basis specified in Table 1 must be used for the 

measurements. This criterion is not satisfied by 

measurements made on smaller active areas or under 

non-standard illumination conditions. 

The second component is statistical 

manufacturing data. Performance data must be provided 

for at least 50 modules produced over three consecutive 

production cycles. The dataset must include power 

conversion efficiency, open-circuit voltage, short-circuit 

current density, and fill factor, together with the 

corresponding mean, standard deviation, and coefficient 

of variation. For power conversion efficiency, the 

coefficient of variation must be below 5% in every run. 

This is the minimum amount of data needed to price 

actuarial warranty risk and validate a cost model. The 

third component is sequential IEC qualification evidence. 

Modules must pass IEC 61215-related tests in the 

following order: humidity-freeze testing, 200 thermal 

cycles between -40°C and +85°C, and damp heat for 

1000 hours at 85°C and 85% relative humidity. Outdoor 

studies indicate that degradation rates can differ 

significantly from single-stressor laboratory tests [39]. 

Electroluminescence imaging must document device 

condition before, during, and after each test. Throughout 

the sequence, efficiency retention must remain above 

95% of the initial value. 

The fourth component is outdoor-monitoring 

data. Performance monitoring must cover at least 12 

months in two distinct climate zones, including one 

temperate location and one high-irradiance location. To 

calculate performance ratio and annual degradation 

rate, monitoring must use maximum power point tracking 

together with continuous irradiance measurement. 

Based on the distribution of degradation rates across the 

monitored module population, the annual degradation 

rate must be below 1%, with a stated 95% confidence 

interval. A single-module result is insufficient for this 

component. The fifth component is regulatory and end-

of-life documentation. Lead content per square metre 

must be specified in the bill of materials. An authorised 

end-of-life management plan that complies with local 

laws in the intended market must also be provided. 

When ion-binding encapsulants are used to address 

lead containment, the evidence package must include 
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third-party leach-test results demonstrating compliance 

with relevant regulatory criteria. 

 

9.3. Perovskite Module Readiness Index (PMRI) 

This review proposes a Perovskite Module 

Readiness Index to quantitatively combine 

manufacturability, durability, efficiency, and certification 

progress within a single evaluation framework. The 

index comprises four normalised parameters: the ratio of 

certified aperture module efficiency to a 30% 

benchmark, the ratio of T80 under maximum power point 

operation to 10,000 hours, the ratio of statistically 

validated batch manufacturing yield to 95%, and the 

fraction of required sequential IEC qualification tests that 

have been successfully completed. The formula is 

expressed as: 

𝑃𝑀𝑅𝐼 =  (𝐶𝐴𝑀𝑚𝑜𝑑𝑢𝑙𝑒 / 30%)  ×  (𝑇80𝑀𝑃𝑃  / 10,000 ℎ)  ×

 (𝑌𝑖𝑒𝑙𝑑 / 95%)  × (𝐼𝐸𝐶𝑝𝑎𝑠𝑠_𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛)                                   (2) 

The multiplicative structure of the index is 

justified by the cross-domain dependency analysis in 

Section 1.3. A deficiency in any single parameter 

proportionally reduces overall readiness because the 

domains are not independently optimisable. A module 

with excellent efficiency but poor qualification 

compliance cannot obtain bankable warranty coverage. 

A module with excellent stability but poor yield cannot 

achieve the cost targets required for utility-scale project 

approval. The multiplicative form ensures that the index 

captures this interdependence and appropriately 

penalises single-domain failures. The normalisation 

targets are calibrated against the bankability thresholds 

developed in Section 9.2. The 30% efficiency standard 

aligns with next-generation tandem-module targets that 

would provide clear levelised cost-of-electricity 

advantages over high-end silicon products. A T80 of 

10,000 hours under ISOS-L-2 conditions provides a 

minimally credible extrapolation basis for a 20-year 

outdoor lifetime warranty. The 95% yield level is the 

economic turning point identified in Section 8.1, below 

which module cost per watt rises by more than 10% 

compared with the bankable scenario. Sequential 

qualification compliance is normalised by the IEC pass 

fraction against the complete test sequence defined in 

Section 9.2. 

The following illustrative values are obtained by 

applying the PMRI to representative published module 

examples. The 216 cm² lead-halide perovskite 

submodule reported in reference [4] has a certified 

aperture efficiency of 20.6%. However, because the 

same source does not provide matched ISOS-L-2 

operational-stability data, manufacturing-yield statistics, 

or sequential IEC qualification evidence, a reliable PMRI 

cannot be calculated from that record alone. The 60.84 

cm² blade-coated module in reference [28], with 20.18% 

efficiency, a T90 above 1000 hours under ISOS-L-2, and 

similarly incomplete qualification evidence, yields only a 

partial readiness picture rather than a full PMRI. A pre-

bankable threshold of PMRI greater than or equal to 0.7 

corresponds to conditions in which efficiency exceeds 

20%, T80 under ISOS-L-2 exceeds 7000 hours, yield 

exceeds 90%, and at least 70% of the sequential IEC 

test sequence has been completed. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8. Perovskite Module Readiness Index 
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No published module currently meets this 

threshold. A bankable threshold of PMRI equal to or 

greater than 1.0 corresponds to full satisfaction of the 

minimum evidence package defined in Section 9.2. 

Figure 8 compares the current and target bankable 

readiness index for perovskite modules. 

 

9.4. Open Challenges and Research 

Opportunities 

Several research challenges remain open. The 

most important is the development of predictive lifetime 

models that link ion-migration parameters, including 

activation energy, defect density, and diffusion 

coefficients, to quantitative T80 predictions under 

outdoor conditions. Ion migration has been identified as 

a dominant cell-level degradation factor [14], but 

module-level lifetime modelling still lacks quantitative 

validation against outdoor field data. A second challenge 

is achieving Category C reproducibility, as defined in 

Section 2.3, at pilot-scale manufacturing volumes. A 

third challenge is the development of lead-free 

perovskite compositions based on tin, bismuth, or 

antimony that can match the efficiency of lead-based 

systems without suffering severe instability caused by 

defect formation or tin oxidation [60]. Whether perovskite 

photovoltaics can meet the reliability threshold needed 

for widespread utility-scale deployment will depend on 

progress in all three areas. 

 

10. Conclusion 

The efficiency gains achieved in perovskite 

photovoltaics represent one of the most rapid advances 

in the history of semiconductor solar technology. 

Certified single-junction perovskite efficiency has 

surpassed 26.95%, while perovskite-silicon tandems 

have reached efficiencies above 34.6%. Yet the central 

issue highlighted in this review is not efficiency itself; 

rather, it is the absence of validated, statistically 

reproducible, and financially priceable evidence needed 

to support a commercial module warranty claim. The gap 

between small-area cell measurements and large-area 

module performance, the inconsistency in degradation 

reports, and the lack of Category C reproducibility data 

do not merely represent short-term technical obstacles. 

They define the distance between the current state of the 

art in perovskite photovoltaics and the requirements of 

photovoltaic project finance. This review makes three 

key contributions. First, it presents a four-domain 

translation framework with explicit cross-domain 

analytical dependencies, showing how the efficiency, 

degradation, engineering, and financial domains interact 

in ways that cannot be resolved by optimising a single 

domain in isolation. Second, it separates the evidence 

into four distinct classes: certified performance, 

operational stability, qualification-relevant module tests, 

and techno-economic studies. This avoids misleading 

comparisons between fundamentally different evidence 

types. Finally, it proposes a Perovskite Module 

Readiness Index that translates the four-domain 

framework into a measurable composite metric 

calibrated against the bankability criteria defined in the 

minimum evidence package. It also defines the five-

component minimum evidence package that an 

independent engineer, insurer, or project financier would 

require before accepting a warranty-backed commercial 

claim. 

For perovskite photovoltaics to reach true 

commercial readiness, several key performance and 

reliability targets must be achieved simultaneously. First, 

devices should demonstrate a certified aperture 

efficiency above 20% on substrates larger than 200 cm² 

using processes that can be scaled for industrial 

production. In addition, operational stability must be 

demonstrated with a T80 lifetime exceeding 5000 hours 

under ISOS-L-2 conditions, where devices are exposed 

to combined light, heat, and maximum power point 

stress. From a manufacturing perspective, consistency 

is equally important, with batch yields expected to 

exceed 95% and variation kept below 5% across 

repeated production cycles. The technology must also 

pass standard reliability tests, including the IEC 61215 

sequence for damp heat, thermal cycling, and humidity 

freeze, while maintaining more than 95% of its initial 

efficiency. Finally, real-world performance should be 

validated through at least one year of outdoor testing in 

two different climate zones, with annual degradation 

below 1% and clearly reported statistical confidence. 

Together, these benchmarks define a practical pathway 

toward bankable commercialisation. Recent literature 

shows progress toward these five milestones, although 

no published result yet satisfies all of them 

simultaneously. The path forward for the photovoltaic 

community should therefore be guided by these five 

conditions rather than by overly optimistic forecasts that 

cannot yet be substantiated. 
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