


Environmental Corrosion and Long-Term Degradation of Crystalline Silicon Solar Cells: Mechanisms, Climate Effects and Mitigation Strategies


ABSTRACT

	Crystalline silicon solar cells form the backbone of modern photovoltaic technology, yet their long-term performance is increasingly threatened by environmental degradation. This review examines the mechanisms of corrosion and chemical deterioration in crystalline silicon absorbers, focusing specifically on the silicon layer rather than broader module-level failures. The article integrates both laboratory-based accelerated testing and long-term field studies conducted in humid, coastal, and desert climates. Key stressors such as moisture ingress, ionic contamination, ultraviolet radiation, and thermal cycling were found to accelerate surface oxidation, dopant migration, shunting pathways, and microstructural damage. Microcracks and encapsulant defects further intensified corrosion by promoting localized degradation. Field evidence indicates that degradation patterns vary by climate, with salt-induced corrosion being dominant in coastal environments, while thermal cycling and dust effects are more critical in desert regions. The review also evaluates emerging mitigation strategies, including advanced passivation, corrosion-resistant metallization, and improved encapsulants, with emphasis on their relevance across different climates. By linking corrosion mechanisms with climate-specific impacts, this article provides a framework for predicting absorber-level degradation, guiding design improvements, and informing durability assessments for next-generation silicon photovoltaics.
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1. INTRODUCTION

Crystalline silicon (c-Si) solar cells produce more than 90% of the global photovoltaic (PV) market, driving development of renewable energy in utility, commercial, and residential applications [1]. They are dominant because they have higher conversion efficiencies, produce on a large scale, and have decreasing costs compared to other technologies such as thin films and emerging perovskites [2]. Nonetheless, as installations are typically designed to last for 25–30 years, long-term reliability and resilience remain essential drivers of economic viability. Even minuscule, progressive forms of chemical or mechanical degradation at the level of the absorber will accumulate to become significant losses in efficiency over time, water down the levelized cost of electricity (LCOE) and investor confidence [3]. This makes specialist understanding of absorber-specific degradation mechanisms not only theoretical but essential to the sustainability of solar deployment. It is important to note that degradation processes predominantly occur in the surface layers and interfaces associated with crystalline silicon such as passivation films, metallization layers, and encapsulant interfaces, rather than within the chemically stable silicon bulk itself. These interfacial reactions indirectly impair the absorber’s performance and long-term reliability.

The silicon absorber is a compound structure of interfaces rather than a monolithic semiconductor block. Bulk crystalline silicon cells integrate textured wafers, dielectric passivation and antireflection coatings, and fine metallization contacts for current collection [4, 5]. Each of these interfaces (silicon/antireflection layer, silicon/passivation, and silicon/metal contacts) provides unique pathways of environmental degradation. Moisture ingress, UV exposure, and ionic contamination trigger chemical reactions that lead to surface oxidation, degradation of passivation, or metal corrosion [6]. Simultaneously, thermal cycling causes microstructural stress in the delicate wafer and dielectric coatings, causing microcracking that damages both mechanical stability and electrical conductance [7, 8]. These cracks not only reduce mechanical integrity but also facilitate localized water and ion penetration, thus connecting mechanical and chemical degradation mechanisms.

Environmental conditions play an important role in these degradation pathways. In humid tropical climatic conditions, sustained moisture promotes damp-heat degradation, hydrolyzes encapsulants, and facilitates ion movement toward the silicon surface [9]. Marine environments introduce additional stress in the form of salt fog and chloride aerosols that mercilessly corrode metallization in silver and create shunt paths [10]. Desert environments expose modules to intense UV irradiance and severe daily temperature fluctuations, leading to encapsulant brittleness, enhanced crack growth, and enhanced photochemical reactions in surface finishes [11]. The net effect is a climatically-dependent spectrum of modes of absorber degradation which routine laboratory tests are likely to be inadequate to replicate. Accelerated stress testing such as potential-induced degradation (PID), light-induced degradation (LID), damp-heat, and thermal cycling has been central to mechanistic understanding of silicon cell degradation. For instance, PID happens when sodium ions migrate from the glass through encapsulants into the cell at higher system voltages, reducing shunt resistance and efficiency of the cell [12 – 14]. LID, typically associated with boron-oxygen complexes in p-type silicon, reduces output after cycle lighting is repeated [15 – 17]. Such experiments are designed to isolate individual mechanisms but would not be expected to replicate the complicated interactions under real conditions. Long-term field observations indicate that degradations of absorber materials are rarely caused by an individual stressor but via synergistic exposure to thermal, photonic, mechanical, and chemical drivers over several decades [18]. Combining laboratory acceleration with field-derived reliability data is therefore necessary to advance predictive modeling.

Economic and environmental significance of absorber degradation overwhelmingly surpasses technical interests. Solar energy has been leading the world's decarbonization drive, and crystalline silicon technology boasts the highest installed capacity [19, 20]. Any initial corrosion or chemical instability-driven degradation is a setback not just financially, but also to the general energy transition objectives set by governments globally. Recent research shows that the LCOE may rise by 5–10% during the life of a project from a mere 1% annual loss of module efficiency through absorber degradation [3, 21]. The increased cost reduces competitiveness with conventional sources of energy and delays payback for investors. Besides, end-of-life recycling and management of degraded absorber modules incur additional environmental expenses if absorber degradation increases replacement cycles. Improving absorber durability is hence as much of a circular economy and sustainability matter as a technology performance concern.

Another dimension of absorber degradation pertains to the confines of existing qualification and certification standards. International testing standards, such as IEC 61215, emphasize module-level accelerated stress tests but may not well represent absorber-specific failure modes [22]. Though these standards emulate damp-heat, thermal cycling, and humidity freeze, these often overlook synergistic effects such as UV with salt-fog and microcracking, whose significance is increasingly reported in field studies. Consequently, modules will properly pass test for certification but still be susceptible to absorber-induced failure when deployed in the field. This disparity is an indication that novel test design has to be developed with urgency, which includes absorber-specific stress pathways in reliability prediction. By designing such tests, manufacturers will reliably verify mitigation steps and offer end-users more accurate estimates of long-term performance.

Though extensive in its breadth, there are still significant gaps in absorber-level degradation studies. Current literature frequently focuses on module-level degradation such as glass corrosion, delamination, or frame oxidation and, to a lesser extent, systematically documents the silicon absorber itself [19]. Where degradation in the absorber is in view, investigation divides between particular laboratory processes and broad field surveys, with no organizing frameworks connecting microstructural chemical phenomena to macroscopic performance loss across climates [46]. Furthermore, the interaction between mechanical stress (e.g., microcracks) and chemical corrosion at the silicon absorber is not well understood, but field data suggest such interactions play essential roles in real-world degradation [23]. Indeed, there are a number of promising mitigation approaches, their effectiveness in a climate-specific context has not been thoroughly tested and compared, thus constraining their effectiveness in real-world application for global PV deployment. Filling these loopholes is crucial to engineer crystalline silicon solar cells resilient in varied environments and maintaining stable performance over their desired lifespan.

2. METHODOLOGY

The methodology for this review was to provide a structured and comprehensive integration of existing studies on environmental corrosion and long-term degradation of crystalline silicon photovoltaic cells. The study utilized a structured literature review approach in which relevant, credible, and up-to-date evidence was considered. To achieve this, the search strategy was guided by three primary objectives: to identify studies that compared corrosion and chemical degradation mechanisms in the crystalline silicon absorber, to capture experimental and field-based studies addressing the impact of the environment, and to examine novel mitigation strategies that can be applied across different climatic conditions.

Relevant studies and references were retrieved from five major databases, including Google Scholar, Scopus, Web of Science, ScienceDirect, and IEEE Xplore. These databases were selected because of their extensive coverage of materials science, energy technologies, and photovoltaic engineering, making them highly relevant for the scope of this review. The results included peer-reviewed journal articles published up to the time of submission, ensuring the review captures the latest advancements and highlight’s reliability concerns in crystalline silicon photovoltaics.

The studies included for assessment covered a broad range of methodologies, ranging from laboratory-accelerated testing (for instance, potential-induced degradation, light-induced degradation, damp-heat exposure, and salt-fog tests) to long-term field experience across a range of climates, such as humid tropical climates, coastlines, and arid desert climates. The merging of experimental and field data was of highest importance for developing correlations between mechanistic insight and real-world reliability performance. Furthermore, thematic grouping of findings was employed, grouping the studies within three general categories: (i) material- and device-level corrosion mechanisms, (ii) effects of environmental stressors across climatic zones, and (iii) mitigation strategies targeting silicon absorber degradation. This structured approach allowed for coherent synthesis and comparison of evidence while maintaining a clear focus on absorber-level processes.

This methodology, though rigorous, is not without its limitations. Limiting the search to English-language sources might have excluded important research from non-English-speaking nations, especially considering that photovoltaic deployment has become a global endeavor with increasing presence in countries such as China, Japan, and Germany. The chosen databases are also extensive, but there is a possibility that industry-specific reports and unpublished information were not included, potentially constraining observations of newer commercial patterns. These limitations highlight the importance of future reviews adopting wider inclusion criteria as well as incorporating multilingual studies and industry-level data to more critically explore the topic. The method employed here, though, presents a structured, credible, and focused platform for the study of corrosion and degradation of crystalline silicon absorbers under diverse environmental conditions.


3. FINDINGS AND DISCUSSION

3.1 Corrosion Mechanisms in the Crystalline Silicon Absorber

The review indicates that corrosion in crystalline silicon absorbers depends greatly on environmental stressors that destabilize bulk and interfacial regions. Although crystalline silicon itself is largely inert and not prone to direct chemical decomposition under normal climatic conditions, performance deterioration arises from the degradation of its surrounding interfaces such as metallization, passivation, and encapsulation layers, which interact with environmental stressors and influence absorber stability. Moisture entry, particularly through encapsulant degradation, remains the primary cause of absorber-level chemical degradation. Encapsulants such as ethylene-vinyl acetate (EVA) undergo hydrolysis under humid and elevated temperature conditions, yielding acetic acid and other byproducts that readily interact with metallic solder constituents such as Pb and Sn. These metal ions dissolve and diffuse to the silicon surface, where they deposit as oxides, hydroxides, and chlorides, thereby activating recombination centers and shunt paths, reducing the performance of devices [24–26]. The corrosive action is further increased by ionic contamination; e.g., Na⁺ ions from glass substrates and Cl⁻ ions from atmospheric aerosols diffuse to the silicon interface, destabilize passivation layers, and increase surface recombination velocities [25, 27]. Classic studies highlighted that EVA discoloration and degradation are not single-factor processes but arise from coupled chemical and physical stressors, including UV filtering, chromophore formation, and additive depletion, all of which contribute to accelerated module corrosion pathways [28]. Subsequent work further elaborated the underlying mechanisms, linking acetic acid generation and chromophore buildup to photodegradation, while also demonstrating that formulation modifications could improve EVA photostability [29].
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Figure 1: Corrosion Mechanisms in the Crystalline Silicon Absorber

At the microstructural level, damp-heat and salt-fog accelerated tests support the evidence that interstitial oxygen and hydrogen defects are mobile in humid, heat-stressed conditions, causing mid-gap states that act as strong non-radiative recombination centers [30]. Grain boundaries, especially for multicrystalline silicon, are privileged locations for oxygen and metal impurity segregation, which escalates carrier lifetime degradation at these localized domains [31]. Mechanical stress contributes to this susceptibility as well: thermal cycling induces microcracks that extend across wafers and interfaces, providing preferential pathways for the entry of ions and accelerating localized corrosion. These cracks not only increase the density of electrically inactive areas but also destabilize metallization contacts, raising series resistance over time [32]. Findings by Kim et al. [47], and Xiong et al. [48] demonstrated that solder joint and metallization corrosion play a significant role in long-term silicon cell degradation. These observations reinforce the role of interfacial and solder-layer stability as critical factors in absorber-level corrosion behavior. Together, these findings indicate that corrosion of the crystalline silicon absorber is not a singular process but a complex, interrelated chain of chemical, electrochemical, and mechanical mechanisms, whose intensity depends on both intrinsic material properties and external stressors.

3.2 Climate-Specific Degradation Paths

Climate dependence of absorber degradation is highlighted in the analysis of long-term field data. In hot and wet humid tropical environments, degradation of encapsulants is favored by elevated temperatures and sustained moisture, accelerating the decomposition of encapsulants and heightening acetic acid emission, thereby increasing aggressive metal dissolution and migration conditions. Modules installed in such places show greater than 1% per year power loss, primarily due to absorber-adjacent recombination losses and contact corrosion [24]. Arid desert weather conditions are less chemical corrosion but more optically and mechanically degradable. High day-night temperature gradients increase thermomechanical stress, generating wafer microcracking and delamination at interfaces, while high UV intensity fosters accelerated encapsulant yellowing [33, 34]. These multiplicative effects reduce carrier collection efficiency as well as optical transmission but are exacerbated by reduced chemically driven absorber corrosion from limited ambient moisture. Early UV-aging studies showed that encapsulant yellowing observed under accelerated Xe-lamp exposures correlated well with outdoor exposure of PV modules, confirming climate-dependent degradation trends [35]. Beyond mechanical stress and UV aging, recent desert-climate investigations reveal that dust abrasion, soiling-induced hotspots, and high thermal cycling rates significantly accelerate interconnect corrosion and encapsulant oxidation [11]. Integrating these desert-specific degradation factors into corrosion models remains a major gap in current predictive frameworks. Considering microclimate variables such as sand particle composition, diurnal temperature variation, and spectral UV intensity is critical for developing more representative degradation assessments for desert-deployed PV systems. 
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Figure 2: Climate-Specific Degradation Paths in PV Modules

Maritime climates encourage salt aerosol development and generate a distinctive degradation pattern. The lab simulations demonstrate that elevated chloride conditions greatly accelerate the metallization corrosion in tunnel-oxide passivated contact (TOPCon) cells with efficiency losses of up to 90% under damp-heat, NaCl exposure conditions [30]. Corrosive behavior by Cl⁻ is particularly damaging as it not only ruins silver-aluminum pastes used in metallization but also destabilizes transparent conductive oxide films, both electrical and optical interfaces with the silicon absorber suffering. The findings emphasize that absorber-level degradation cannot be extrapolated universally for all environments but rather climate determines which of moisture-assisted chemical attack, UV-assisted encapsulant degradation, or ion-mediated metallization corrosion will dominate in the long-term failure mechanism.

3.3 Implications for Reliability and Lifetime Predictions

The combined evidence indicates that crystalline silicon absorbers, although chemically stable in vacuo, are rendered susceptible within the module stack where interfaces with metallization, passivation layers, and encapsulants mediate environmental exposure. The mechanisms outlined above map directly to measurable performance degradation: increased series resistance due to metallization corrosion, decreased open-circuit voltage due to recombination-active defects, and declining fill factors due to shunting paths. Climate-material interaction also makes durability predictions challenging. Standard accelerated stress tests such as 85°C/85% relative humidity damp-heat tests only test a section of the degradation spectrum and may be low-balling damage in high-salt exposure climates or extreme thermal cycling climates. Recent evidence therefore underscores the need for climate-relevant reliability modeling incorporating synergistic stressors—like the synergy between UV, salt aerosols, and humidity—rather than considering them in a stand-alone manner [25, 29, 33, 36]. Historic encapsulant development programs, such as the NREL-sponsored Advanced EVA project, already emphasized the need for accelerated tests that better mimic regional exposures, a lesson still highly relevant today [37].

3.4 Emerging Mitigation Strategies

Enhancements of encapsulation and passivation are found to be the most immediate mitigation pathways for absorber-specific degradation. Polyolefin elastomer (POE) encapsulants, due to their lower susceptibility to hydrolysis than EVA, exhibit improved resistance to the formation of acetic acid and thus delay moisture-aided contact corrosion [38 – 41]. Glass-glass module designs and the use of barrier coatings also reduce the permeability of moisture, delaying ionic contamination formation at the silicon interface. On the absorber surface, newer passivation stacks such as aluminum oxide in combination with silicon nitride exhibit greater chemical stability under damp-heat stress, reducing the incidence of recombination-active defects. In addition, metallization paste optimization, for example, in maintaining the level of reactive aluminum in Ag/Al contacts low, has been shown to avoid chloride-induced corrosion in coastal deployments [27]. Notably, mitigation is not only about material substitution but also design adaptability to regional climatologies. Modules for coastal applications benefit most from metallization with chlorides and enhanced barrier layers, while desert locations require UV-stable encapsulants and stress-resistant wafer topologies to withstand thermal cycling. This weather-dependent approach is based on mounting evidence that blanket reliability qualification cannot predict absorber degradation to sufficient accuracy across diverse deployment environments. By the merging of mechanistic insight built up within laboratory experiments with extended field measurements, scientists can design predictive schemes for predicting absorber-level corrosion and recommending material choice for future silicon photovoltaics.

3.5 Research Gaps and Future Directions

Although enhancements reported in both field and laboratory experiments have been significant, considerable areas of knowledge gaps still linger that limit the predictive utility of absorber-level degradation models. Most of the existing literature still focuses on module-level issues such as corrosion of glass, yellowing of encapsulants, or oxidation of frames, with comparatively fewer systematic investigations of crystalline silicon absorber itself. If absorber degradation is addressed, evidence is still fragmented as accelerated laboratory experiments provide atomistic or interfacial insight under idealized conditions, while field surveys map long-term trends in module performance without clarifying causative microstructural processes. This decoupling makes it difficult to bridge mechanistic discovery to robust durability predictions that can be extrapolated over deployment conditions [32, 42]. Equally unexplored is the interaction between mechanical stress and chemical corrosion at the absorber scale. Field experience consistently links wafer microcracking to increased ionic penetration and localized shunting, but lab test procedures rarely subject it to this concurrent stress, focusing instead on applying mechanically and chemically separate effects [43 – 45]. Closing this gap is critical to understanding how corrosion under stress develops over decades of operation. An additional weakness lies in the geographic and climatic extent of field data. Field tests for the majority of data sets available are from tropical or temperate facilities, with arid and high-latitude sites being under-represented, even though increasing deployment in deserts and cold climates is increasingly important to world photovoltaic capacity.

It is also important to recognize that valuable studies on crystalline silicon degradation are published in non-English languages and regional journals, particularly from Asia and the Middle East where large-scale desert PV installations are common. Incorporating such multilingual and region-specific literature will strengthen the global relevance and comprehensiveness of future degradation assessments [47, 48]. Mitigation strategies also require more thorough cross-climate evaluation. While certain materials such as polyolefin elastomers, ALD-based passivation layers, and chloride-resistant metallization have been promising, they have rarely been systematically compared for their effectiveness under diverse climates with standardized techniques. Without such inter-comparative benchmarks, it is difficult to propose solutions confidently for deployment across the globe. Bridging these gaps involves inter-disciplinary approaches combining advanced atomistic simulations, coupled accelerated testing protocols, and coordinated long-term field trials across diverse climates. This research trajectory will enable the building of coupled predictive models for absorber degradation and accelerate the translation of laboratory advances into durable and climate-resilient photovoltaic technologies.

4. CONCLUSION

Crystalline silicon solar cells are intrinsically stable but become vulnerable to corrosion once integrated into the module stack, where interactions with encapsulants, passivation layers, and metallization expose the absorber to environmental stress. Evidence from laboratory, theoretical, and field studies demonstrates that degradation is climate dependent and arises from coupled processes rather than isolated mechanisms. These processes translate directly into efficiency losses, highlighting the absorber as a critical site of long-term reliability challenges. Mitigation measures are becoming more focused on climate-targeted material choices and design principles, yet the effectiveness of these measures remains unevenly demonstrated in deployment contexts. Major knowledge gaps exist in connecting mechanical and chemical stress effects, extrapolating field observations to extratropical and polar regions, and systematically comparing mitigation measures. Connecting these gaps by means of integrated tests and concerted field experiments will be vital to establishing predictive frameworks that render crystalline silicon photovoltaics robust in diverse global environments.
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