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Abstract 

Solar cell’s performance degradation leads to a reduction in the performance of photovoltaic 

(PV) power generation systems over time. Recently, potential induced degradation (PID) has 

been an exciting topic for PV experts due to its significant impact on the performance 

deterioration of solar modules. Notably, the severe power loss level due to PID has been 

dominantly observed in crystalline silicon (c-Si) solar modules. On the other hand, micro-

cracks could cause inactive regions in solar cells, leading to the degradation of their electrical 

performance and mechanical stability. Currently, the PID effect and its mechanism were found 

in intact solar modules after conventional PID stress tests under three main conditions 

composed of high voltage, temperature, and humidity. However, the actual PID effect occurring 

in outdoor installed modules is affected by not only the above conditions but also UV light 

radiation. Besides, outdoor installed modules also can simultaneously suffer from PID stress 

and mechanical stress, such as micro-cracks. Therefore, a more precise understanding of the 

PID phenomenon has to be investigated for such issues. This study progresses three crucial 

points as follows: Understanding and proposing a model of PID mechanism related to micro-

cracks, Presenting and discussing recovery possibility and method for PID-affected micro-

cracked solar cells, Clarifying the effect of UV light for solar cells within PID stress tests and 

utilizing it to control PID behavior.  

In chapter 2, the PID effect was observed at micro-cracked regions as a hot spot phenomenon 

through electroluminescence (EL), lock-in thermal (LIT) images. The deterioration of 

maximum power (Pmax) contributed by fill factor (FF), open-circuit voltage (Voc), and short-

circuit current density (Jsc) of PID-affected micro-cracked solar cells was monitored by current 

density-voltage (J–V) characteristics before and after PID stresses. The PID level due to micro-

cracks depends not only on the length but also on other factors such as width and depth of 
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micro-cracks in solar cells. The PID shunting phenomenon introduced the performance 

deterioration at micro-cracked regions. Under a high potential, Na+ ions drift from the front 

cover glass to the active cell surface and penetrate to the pn junction at the micro-cracked 

regions where they accumulate and decorate the whole cross-section site of micro-cracks. It is 

assumed that the Na-decorated micro-cracked areas act as local defects. When the local defect 

concentration is high enough, the local defects form shunting paths across the p-n junction, 

leading to the reduction of shunt resistance (Rsh) as well as FF and Voc. The model of the PID 

mechanism due to micro-cracks was confirmed by energy-dispersive X-ray (EDX) 

spectroscopy mapping, secondary-ion mass spectrometry (SIMS), and scanning electron 

microscope (SEM) images. 

In chapter 3, the author reveals that the PID shunting path due to the decoration of Na+ ions 

at micro-cracked areas acts as the primary PID mechanism causing the losses of Voc and FF for 

p-type c-Si solar modules. Besides, micro-cracks also serve as the additional recombination 

center, which reduces Jsc, Voc, and effective carrier’s lifetime (τeff) of solar modules after PID 

stress processes. This hypothesis is confirmed by an external quantum efficiency (EQE) 

response, and microwave photo-conductance decay (μ-PCD) method at the micro-cracked 

regions before and after PID stresses. This work shows a challenge of the PID recovery process 

for un-laminated solar cells with or without micro-cracks. In contrast, the PID recovery has 

been made significantly but incompletely for both laminated intact and micro-cracked solar 

cells by the electrical PID recovery method (biasing a reverse high voltage). The incomplete 

power recovery behavior of PID-affected solar cells is attributed to be due to the partial 

recovery of Rsh and FF. In this work, the author supposes that the degradation and regeneration 

of the τeff value are a function of the PID stress and recovery processes. The μ-PCD response 

also plays a critical role in indicating the PID effect due to micro-cracks of solar cells. Besides, 

the author discusses the decreasing tendency of the loss of electrical characteristics due to the 
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PID stress process after PID degradation/recovery cycles (cyclic PID test). Possibility, the 

cyclic PID test with suitable conditions becomes a promising method to control the PID effect. 

Chapter 4 shows that irradiating UV light in the 300–390 nm wavelength range on p-type c-

Si solar cells during the PID stresses can slow down the PID effect. The silicon nitride (SiNx) 

layer absorbs the UV light to generate electrons and holes, resulting in increasing of SiNx 

conductivity and reducing the electrical field applied in SiNx, which prevents or minimizes Na+ 

ions penetration into the c-Si solar cell. Therefore, the increased SiNx conductivity under UV 

light in the 300–390 nm wavelength range is the key mechanism to delay the power loss rate 

due to PID. Also, the τeff values, rapid (τ1), and slow (τ2) decay time constants were important 

indicators to observe the PID behavior in this study. Under the effect of the UV light during the 

PID stress, the values of τeff, τ1, and τ2 could be slowed down because fewer Na ions penetration 

into crystal defects of the active cell layer, the lower formation of deep-level states owing to 

the penetration of Na ions into the active Si layer, and less number of defects acting as traps, 

respectively. 

In the final chapter, the author elucidates the PID mechanism and the PID recovery 

possibility for micro-cracked solar cells and demonstrates the PID delay effect of UV light in 

the 300–390 nm wavelength range. The achieved PID behavior in this work is more realistic 

and accurate for solar modules in the field. Also, UV light should be considered as an essential 

factor for both outdoor and indoor PID tests.   
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Chapter 1 | Introduction 

1.1. Photovoltaic (PV) reliability 

Solar energy is radiant light and heat from the Sun applied to technologies such as solar heating, 

PVs, solar thermal energy, solar architecture. Currently, solar energy is one of the primary 

renewable energy sources which could address many of the challenges for the world. It would 

become a significant contributor to the world's energy mix up to 2050, as shown in Figure 1. 1 

[1].  

 

Figure 1. 1. Higher penetration of solar power in electricity grids is foreseen in various 

countries by 2030 and 2050 [1]. 

A solar cell is an electric device that converts solar energy into electrical power based on 

the PV effect, which was discovered by Becquerel in 1839 [2]. A variety of PV cell 

technologies are developed based on PV materials such as mono-crystalline, poly-crystalline, 

and amorphous silicon (a-Si), as well as dye sensitizer, organic-inorganic lead halide, etc. The 

production share of c-Si solar cells dominates the global solar market with more than a share 

of 95% in 2017, as shown in Figure 1. 2 [3]. 
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Figure 1. 2. Percentage of global annual production [3]. 

Solar cells need solar energy to generate electricity, so they need to be installed outdoors. 

However, severe environmental factors such as high temperature and humidity, irradiation, 

dirt, and soil adversely affect the performance and reliability of solar cells. To protect the solar 

cells from unfavorable environmental factors, a solar module as an encapsulated construction 

of a solar cell is made by adding several packaging materials, such as glass, encapsulant, and 

back-sheet. For conventional crystalline silicon (c-Si) solar modules, an aluminum frame is set 

up around the edge of connected cell series to mount and protect them. To optimize the solar 

cell performance, a large number of solar modules connected in series or parallel form a PV 

system.  

PV reliability is one of the critical parameters which distribute the reduction of the cost and 

simultaneously the enhancement of the performance of the PV system. So far, although the 

price of a PV system is higher than the rate for traditional energy sources [4], solar energy 

would be more cost-effective by increasing reliability, simultaneously leading to a longer 

lifespan of the PV system in the future. Therefore, PV reliability, which becomes one of the 

most urgent issues for PV technology, attracts more attention from researchers, industries, and 

policymakers. The PV reliability problem is not only for solar cells but also for materials of 
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solar modules composed of glass, encapsulation materials as ethylene-vinyl acetate (EVA), and 

back-sheet. Because these materials are in close contact with the solar cells, their characteristics 

directly affect the ultimate reliability of PV systems. 

The solar module performance can be degraded by several factors, such as heat, humidity, 

UV light irradiation, and mechanical shock [5][6][7]. Each one of these various mentioned 

factors may induce one or more typical types of degradation for c-Si solar modules such as 

corrosion, delamination, deterioration caused by UV light irradiation (discoloration, acetic 

acid), breakage, micro-cracks, potential induced degradation (PID). Degradations caused by 

corrosion, delamination, and breakage are briefly presented in this Section. Degradations 

caused by UV light irradiation, micro-cracks, PID are shown and discussed in the next Sections 

in detail. 

1.1.1. Corrosion degradation 

Corrosion is caused by moisture ingression to the module edge of the sheet material, leading 

to an increase of the electrical conductivity of the material and leakage currents. The corrosion 

at the metal frame causes deterioration of the solar modules, as shown in Figure 1. 3. Therein, 

the dislocation of the metal structure also induces adverse problems such as electrical hazards 

and corrosion. Kemp showed that the moisture in the solar module is correlated with the rate 

of degradation, especially in damp-heat geographic locations [8]. Also, Wohlgemuth and Kurtz 

found out that corrosion appeared after 1000 h of exposure of PV module under 85oC and 85% 

of relative humidity [9]. Carlson et al. demonstrated that the sodium contained in the glass is 

reactive with moisture, causing the corrosion of solar module edges [10]. The ingress of the 

moisture into the solar modules remains significant during their lifetime due to the relatively 

fast water diffusion in the EVA layer, leading to more rapid and considerable corrosion 
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degradation. The method to prevent moisture ingress is to seal the solar modules by low 

diffusive gaskets with a large quantity of desiccant [8].  

 

Figure 1. 3. Corrosion of metallic contact [11]. 

1.1.2.  Delamination degradation 

Delamination, which occurs between the encapsulating polymer and the cells or between cells 

and the front glass, causes the increase of the light reflection and water penetration into the 

solar module structure [7]. Skoczek et al. investigated the delamination degradation for the 

solar modules from tests based on the IEC 61215 standard [12].  

 

Figure 1. 4. Delamination in a PV module [13]. 

Delamination becomes more significant at the edges of the solar modules, as shown in 

Figure 1. 4, because of electrical risks for the entire installation. When solar modules operate 
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in damp-heat climates, delamination causes moisture penetration in the solar modules, resulting 

in various chemical and physical degradations such as metal corrosion of the module structure. 

Jansen and Delahoy demonstrated that salt accumulation and moisture penetration into the solar 

modules might be a cause of the delamination. Also, etched interfacial connections by 

hydrofluoric acid in the solar modules lead to delamination [14].  

1.1.3. Degradation caused by breakage 

 

Figure 1. 5. A solar module with a broken glass [13]. 

One of the significant adverse degradation factors for solar modules is glass breakage, which 

commonly occurs in several cases such as installation, maintenance, and the transportation of 

modules on the installation sites. For example, a crystalline solar module was broken during 

operation for five years, as shown in Figure 1. 5. The performance degradation of solar modules 

caused by the breakage becomes more significant under damp-heat conditions due to moisture 

ingress. Other degradation types, such as corrosion, discoloration, and delamination, also may 

result in the breakages of solar modules [15]. To reduce the fabrication costs of solar cells and 

enhance the solar cell performance, the thickness and the surface of cells decreased from 300 

µm to 200 µm to even less than 100 µm while the cell size increased to 210 mm × 210 mm. 

Therefore, solar cells become more fragile and sensitive to breakages.  
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1.2. Degradation due to ultraviolet (UV) light 

The encapsulating layer of solar modules made from polymeric materials is utilized as an 

electrical insulator to protect solar modules from harsh conditions of temperature, humidity, 

electrical and mechanical stresses, thermal cycling, and UV light radiation. However, the 

polymeric materials of solar modules are gradually deteriorated during the operating lifetime 

of solar cells. UV light radiation existing in sunlight from the Sun in the form of UVA (320–

400 nm) and UVB (280–320 nm) is responsible for this deterioration [16]. Besides, the UV 

light exposure on solar cells is also considered as the primary cause of the aging of solar cells, 

leading to the degradation of solar modules.  

1.2.1.  Discoloration degradation 

Discoloration degradation often occurs in the encapsulant of solar modules, EVA, and adhesive 

materials between the glass and the solar cells. Discoloration, which is a change in the color of 

the material from white to yellow or brown, modifies light transmittance through solar cells, 

leading to reduced performance in solar modules. The primary causes of EVA discoloration 

degradation are UV light irradiation combined with damp-heat conditions of more than 50 oC 

[17]. This degradation may also happen in various regions of solar modules due to the different 

characteristics of encapsulating polymers. Discolored solar cells are shown in Figure 1. 6.  

Kojima and Yanagisawa showed that radiation of 4000 W/m2 of the UV light in the 280-

380 nm wavelength range could cause the rapid discoloration degradation for solar cells after 

400 h exposure. Meanwhile, no change occurred under a 1000 W/m2 radiation in the same 

wavelength range even after 500 h of exposure [18]. Wohlgemuth and Kurtz found that the 

discoloration of the encapsulant occurs at a temperature of 60 oC under global UV irradiation 

of 15 kWh/m2 where the UV power intensity in the 280-385 nm wavelength range is not more 

than 250 W/m2 [9]. Most reports highlighted the degradation of c-Si solar modules caused by 
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EVA discoloration degradation related to UV irradiation exposure in the long term 

[9][19][20][21]. Mainly, Realini found out the correlation between the electrical characteristics 

of the module and the discoloration of its encapsulant [22]. Discoloration reduces the short-

circuit current (Isc) of the solar modules from 10% to 13% for complete discoloration, leading 

to the significant degradation of maximum power (Pmax)of solar modules.  

 

Figure 1. 6. Discoloration of the encapsulant due to UV light and heat [23]. 

1.2.2.  Degradation by acetic acid 

UV light irradiation combined with moisture and high temperature on solar modules 

contributed to accelerating the PV power degradation [24]. In this case, the PV deterioration is 

induced by acetic acid, which is generated in EVA under UV light irradiation based on the 

photochemical reaction [20][25] and under the damp-heat conditions due to the hydrolysis 

reaction [20][26][27]. In combined acceleration tests for the degradation of solar modules, T. 

Ngo et al. reported that the combination of UV light irradiation and damp-heat conditions could 

generate a higher acetic acid concentration in the EVA layer [24]. They proposed that the acetic 

acid made in the solar modules produces the chemical reactions with electrode materials, 

leading to the corrosion effect on Ag electrodes. This effect causes some characteristic changes 
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of Ag electrodes such as the increase in contact resistance as well as the decrease in adhesion 

strength, resulting in the power loss of solar modules. Herein, UV light irradiation plays a 

critical role in the acetic acid generation, which causes the power degradation of solar modules. 

1.3. Degradation caused by micro-cracks 

1.3.1. Classification of cracks 

Cracks with various shapes and sizes in c-Si solar cells can be classified by their size, shape, 

position, direction [28], and severity [29]. For example, line-shaped cracks are formed by 

scratches due to wafer sawing or laser cutting [30]. Star-shaped cracks are composed of several 

line cracks with a tendency to cross each other. Based on the size of cracks, they are divided 

into two main categories: macro-cracks and micro-cracks. A crack with a width of less than 

100 µm is considered as a micro-crack [26]. Based on the position of cracks, there are visible 

cracks (edge cracks) on the wafer surface, interior cracks below the wafer surface.  

 

Figure 1. 7. Crack types of solar cells (from left to right): no crack, perpendicular, parallel, 

dendritic, multiple directions, +45o, -45o [31]. 

In terms of the crack direction, various crack types are composed of diagonal, parallel to 

busbars, perpendicular to busbars, +45o, -45o, and multiple directions cracks, as shown in 

Figure 1. 7.  For the crack severity, cracks of solar cells consist of modes of A, B, and C, as 

shown in Figure 1. 8. Mode-A cracks cause insignificant performance degradation because of 

no connection to the cell area. Meanwhile, mode-B and C cracks result in partially and wholly 

broken solar cells, respectively, leading to severe power loss and forming hot spots [32].  
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Figure 1. 8. Electroluminescence (EL) images of the same solar cell with crack modes A, B, 

and C [29]. 

1.3.2. Origin of micro-cracks 

Micro-cracks can be formed in some processes of cutting Si ingots, manufacturing cells, 

transportation, installation. Besides, they also can be induced by environmental factors during 

the operation period of cells, such as snow, wind, storm, etc. Sawing Si ingots is the first step 

resulting in micro-cracks in the surface or subsurface of the Si wafers. Two Si wafer sawing 

technologies are widely utilized based on the diamond wire (DWS) and the conventional slurry 

wire (SWS). Micro-cracks with the typical crack depths of about 2-13 µm appear periodically 

along the direction of sawing due to DWS [33]. However, micro-cracks with an average depth 

between 10 and 20 µm were found out with random distribution in the case of SWS [34]. 

Several vital processing steps during the production of solar cells composed of the firing 

process, the soldering process induce the residual stress, the thermo-mechanical stress, 

respectively, which can cause micro-cracks. The laminating (encapsulation) process shows 

high residual stresses in solar modules, tending to form micro-cracks. This process causes the 

maximum strains close to the edge of the copper interconnector, thus micro-cracks commonly 

occur in this area. 
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Furthermore, micro-cracks due to lamination are typical of the ±45o orientation [35]. 

Packaging and transportation of solar modules also cause micro-cracks, causing a power loss 

lower than 1% based on simulation tests [36]. Also, harsh outdoor conditions, such as deep 

thermal cycles, high wind speeds, snow loading, and hail impacts may cause micro-cracks, 

leading to performance degradation and reduced reliability of solar modules during their 

lifetime. Although it is difficult to avoid the formation of micro-cracks during both the 

manufacturing process and the operating process of solar modules, mitigating the formation 

and propagation of micro-cracks is essential. EL, LIT images, and current-voltage (I–V) 

measurements are conventional methods to detect and determine the electrical and mechanical 

characteristics of micro-cracks.  

1.3.3. Impact of micro-cracks on solar module performance 

The current generated by a solar cell is proportional to the active area of the cell. The active 

area becomes the inactive area when the current collection from the finger to the busbars is 

blocked by micro-cracks, leading to the degradation of the electrical performance, and the 

mechanical integrity of the cell. Grunow et al. reported that micro-cracking occurs in parallel 

and is centered between the busbars, resulting in a power loss of up to 4%. The micro-cracking 

was parallel on both sides of both busbars, causing the highest power loss of 60% [37].   

As mentioned above, there are three (A, B, and C) modes of cell micro-cracks in Figure 1. 

8. Kontges et al. presented the dependence of the power degradation of a solar module on the 

number of mode-A micro-cracks, as shown in Figure 1. 9a. Mode-A micro-cracks cause little 

power loss for the solar module since they do not generate inactive cell areas. If there are some 

solar cells with mode-A micro-cracks, the power loss is negligible. The power loss of a 60-cell 

solar module is from 1 to 2.5 % when the number of micro-cracks increases. The power loss 

due to micro-cracks becomes higher after the mechanical load, and accelerated aging by 200 
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humidity freeze cycles is a function of the number of micro-cracked cells, as shown in Figure 

1. 9b. The highest power loss is less than 9.6 % in this case. After the solar module aging 

process, some cell micro-cracks changed from mode A to mode B, or mode C, leading to more 

significant power loss [29].   

Khatri et al. investigated the long-term reliability of PV modules and the power loss using 

accelerated aging tests and revealed that the increase of the series resistance (Rs) (about 7 %) 

in the cell due to micro-cracks could cause a power loss of 4% and a FF reduction of 3% [38]. 

Micro-cracks could be critical for the long-term reliability of solar modules and thus should be 

suppressed as much as possible. 

 

Figure 1. 9. a) The power loss for a 60-cell solar module with a cell size of 15.6 × 15.6 cm2 

caused by mode-A micro-cracks, b) the power loss after the mechanical load and 200 humidity 

freeze cycles versus the number of micro-cracked cells [29]. 

1.4. Potential induced degradation 

To meet the large power requirements around the world, solar modules are connected in a series 

and parallel to generate the maximum PV system voltage up to 1000 Vdc. When a solar module 



12 
 

frame is grounded for safety reasons, the solar modules in these systems are subjected to high 

voltage stress, leading to their performance degradation. The Jet Propulsion Laboratory found 

out the high voltage stress for both c-Si modules and a-Si thin-film modules in the 1980s [39]. 

Then, National Research Energy Laboratory, Florida Solar Energy Center, investigated the 

high voltage stress on various types of solar modules in the early 2000s [10][40][41]. Recently, 

the high voltage stress was observed in rear-junction n-type c-Si PV modules at an outdoor test 

array of SunPower company in Germany [42] in 2005.  

The term PID was first introduced by Pingel et al. in 2010 [43]. PID is a high voltage stress 

type wherein the electric potential difference between the solar cells and the module frame 

causes leakage currents, leading to the drift and diffusion of alkali metal ions (Na+) within the 

module between the cell-active layer and other elements of the module (e.g., glass, mount, and 

frame). In standard p-type c-Si solar modules, leakage currents can flow from the module frame 

to the solar cells through six different pathways, as illustrated in Figure 1. 10 [44] [43][45]. 

Therein, the path one is the most detrimental because solar modules often operate outdoor 

under harsh environmental conditions, such as rain and high humidity conditions, resulting in 

significantly increased surface conductivity of the front glass [44][46]. Besides, the relative 

importance of different leakage current pathways depends on various range of factors, such as 

temperature, humidity, dew condensation, and encapsulation materials. 

 

Figure 1. 10. The possible pathways of leakage currents [44]. 



13 
 

1.4.1. Main factors influencing the PID behavior 

The PID effect is affected by many factors, such as the properties of the anti-reflective (AR) 

coating layer, encapsulation materials, module construction, system topologies, grounding 

conditions of the glass surface, and UV/light radiation. Mainly, three crucial factors influence 

and accelerate the PID effect composed of temperature, humidity, and applied voltage. 

1.4.1.1. Temperature factor 

 

Figure 1. 11. Arrhenius plot of the leakage current at 1000 V negative bias at 85% relative 

humidity [46]. 

Temperature accelerates PID progression by activating the processes of the drift and 

diffusion of alkali metal ions, which form the Arrhenius-type relation, as shown in Figure 1. 

11 [46] [47]. It is noted that the relationship is valid at fixed humidity levels because the 

activation energy increases versus humidity [40][42]. Also, the relationship differs for different 

types of solar modules. Generally, the activation energy is in the range of 0.7 to 0.9 eV for 

standard p-type c-Si solar modules at high relative humidity levels [46][48][49]. 
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1.4.1.2. Humidity factor 

In addition to temperature, humidity is another important environmental factor affecting PID 

progression. Firstly, humidity influences on the dominant leakage current paths in the solar 

module. Leakage currents mainly occur at the module edges under dry conditions. In contrast, 

the surface conductivity of the front cover glass is relatively high under high humidity or wet 

conditions, so the leakage current path is dominant through the surface and bulk of the front 

glass [41]. Secondly, leakage current increases with an increased humidity level. At a given 

temperature, the magnitude of the leakage current at a high relative humidity is more significant 

than that at a low relative humidity [39][46].  

 

Figure 1. 12. Leakage current as a function of the relative humidity at 85 oC at 300 V negative 

bias [46]. 

Hoffmann et al. reported that the leakage current is higher than usual on rainy days during 

the early morning [50][44][46]. However, on rainy days, solar radiation causes increased 

module temperature, resulting in the decreased humidity within the solar modules. Under high 

temperature combined with low humidity within the solar modules, the surface conductivity is 

small, and the leakage current paths concentrate at the module edges [46][51]. Finally, 

humidity also influences PID in the long term due to moisture penetration into the solar 

modules causing the reduced bulk resistivity of the encapsulation materials [19][52]. A 
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sigmoidal growth function of the leakage current versus relative humidity was modeled by 

Hoffmann et al. [46], as shown in Figure 1. 12. 

1.4.1.3. Voltage factor 

PID is dependent on both the polarity and magnitude of the applied voltage. For standard p-

type c-Si solar modules, PID is caused by negative voltage bias, whereas it is not affected by 

positive voltage bias. Positive ions (Na+) drift through the anti-reflective coating (ARC) layer 

to the interface of the active cell layer due to the negative voltage bias, leading to a solar power 

loss [43][45]. Still, the positive ions move away from the active cell.  As shown in Figure 1. 

13, Xiong et al. revealed that positive bias caused slight PID effects, whereas negative bias 

caused severe power degradation for the standard p-type c-Si PV modules [53][54]. However, 

the opposite is valid for the back-contact n-type solar module.  

 

Figure 1. 13. Normalized solar module efficiencies after the positive or negative voltage bias 

during damp-heat conditions [53]. 

Hattendorf et al. reported that the severity of PID is non-linear proportional to the magnitude 

of the applied voltage (-250 V to -750 V) under the same climatic conditions for the same test 
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period [55]. However, further investigations are necessary to evaluate the potential risks for 

grid-connected systems with 1500 Vdc voltage in the future. 

1.4.2. PID test methods 

Solar panels are usually tested indoors under harsh conditions to ensure that they can operate 

20 to 25 years under field conditions. Different indoor test methods, combined with varying 

parameters of stress, were developed to test PID susceptibility for solar modules. The test 

methods can induce the damage severity for the solar modules. Furthermore, the indoor PID 

tests are relatively different from the outdoor PID tests, but their relationship is still not clear. 

The development of the different PID test methods is essential to assess the PID stability for 

solar modules. Herein, the author outlines laboratory PID test methods at both the module level 

and the cell level.  

1.4.2.1. PID tests in a climatic chamber for the module level 

This method allows conducting PID tests by applying a high voltage to solar modules under 

high temperature and relative humidity in a climatic chamber [56][50][57], as shown in Figure 

1. 14. Humidity and temperature can be controlled carefully to guarantee repeatability in each 

specific case. The negative and positive electrodes of the high voltage power source are 

connected to the two shortened leads and the grounded frame of the solar module, respectively. 

An additional apparatus is utilized to monitor the leakage current during PID tests. Besides, 

some other individual climatic chambers allow determining the module performance in situ 

without removing the modules from the chambers [58]. 

The primary procedure of this test method is based on the IEC 62804-1 standard for solar 

modules in a climatic chamber, including a temperature of 60 oC, relative humidity of 85%, 

and an applied specific voltage (typically -1000 V) for a test duration of 96 h [59]. The selective 

values of the PID test parameters are dependent on the purpose of the work. According to 
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experiments of Koentopp et al., if temperature and humidity in the climatic chamber cannot be 

controlled stably, the results of the PID tests will be invalid [60]. Based on IEC 62804-1 

standard, the temperature and the relative humidity of solar modules should be stabilized in 

turn before the application of voltage bias. 

 

Figure 1. 14. Schematic diagram of the PID test setup in a climate chamber [61]. 

Besides, PID tests could be performed by employing a conductive layer on the top of the 

solar modules instead of the module frame [50]. According to IEC 62804-1, the conductive 

layer, such as aluminum (Al) or copper (Cu) foil, covers the front surface of the solar modules. 

However, Al foil is commonly utilized in most cases. Moreover, the pressure is also put on the 

Al foil to ensure uniform contact between the Al foil and the glass surface.  

1.4.2.2. PID tests at the cell level 

a. PID tests with a corona discharge assembly 

Testing PID at the solar cell level is more convenient for researchers to investigate the root 

cause of PID than that at the module level because it is easy to get the damaged cell to do 

microscopic investigations after PID tests. The corona discharge technique with the schematic 
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diagram shown in Figure 1. 15 is employed to cause the PID effect directly to solar cells 

[62][63]. Positive ions, which are generated and deposited onto the front surface of the test cell 

by the tip of a thin wire due to a high applied potential, resulting in an electrical field across 

the test cell. However, the nature of the deposited charges is different from Na ions and not 

representative of their transport in solar modules. It is noted that Na ions in the method exist 

on the cell surface before PID and might be variable later. The positive ions in the corona 

discharge cause damages for the SiNx film and change its characteristics over time, making the 

method less valid. Furthermore, the approach ignores the strong influence of the encapsulation 

material and the glass sheet on the electric field distribution, leading to changes in realistic PID 

behavior.  

 

Figure 1. 15. Schematic diagram of a corona-discharge assembly for PID tests [61]. 

b. Cell-level PID tests with module-like layer stacks 

As mentioned above, PID tests with a corona discharge assembly provide a various range of 

advantages, but they also have obvious drawbacks. Another cell-level PID test method 

considering the impacts of the packaging materials needs to be developed to overcome the 

disadvantages of the corona discharge PID test method [52][64]. Recently, Fraunhofer Center 

for Silicon PVs has developed a cell-level PID test method based on the module-level PID test 

methodology, as shown in Figure 1. 16 [64].  
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Figure 1. 16. A cell-level PID test method with a module-like structure [64]. 

The solar cell is put on a temperature-controlled Al chuck to achieve a uniform temperature 

distribution. Then, an encapsulating layer and a glass plate are placed in turn on the top of the 

test cell. A high voltage applied between the metal block and the Al chuck to induce the 

potential difference across the stacked layers. The PID-affected solar cells in this method can 

be easily removed from the encapsulation material and the glass sheet without contamination 

for the microscopic investigations. Furthermore, this method allows monitoring in-situ Rsh as 

well as the PID progression in the test cell during the PID test period. 

1.4.3. PID mechanisms in c-Si solar modules  

1.4.3.1. PID-shunting in p-type c-Si solar modules 

PID-shunting (PID-s) is the primary PID type in conventional p-type c-Si solar modules. PID-

s is closely related to a reduction of the Rsh [43][45][60] and the increased dark saturation 

current due to recombination in the space-charge region (J02) and the ideality factor (n2) of the 

second diode term [64][65]. Here, Na+ ions are supposed to be a dominant cause in the PID-s 

progression of PID-s [50][48]. It has been suggested that Na contamination originates from the 

soda-lime glass sheet, even exists on the Si substrate surface before PID. Na+ ions migrate 

towards the interface between the Si substrate and the ARC layer due to the negative voltage 

bias, and ingress into crystal defects, such as stacking faults, throughout the p-n junction, 
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leading to significant ohmic and non-linear shunting of the cells and their performance 

deterioration [50][66][67][68][69]. The stacking faults with the length of about a few 

micrometers extend from the SiNx/Si interface across the p-n junction into the Si wafer bulk. 

Stacking faults are supposed to be formed and grown during phosphorus pre-deposition [70]. 

Naumann et al. reported that stacking faults are created and developed through the penetration 

of Na ions [71]. 

As illustrated in Figure 1. 17a, Na+ ions penetrating the stacking faults are neutralized by 

free electrons in the n+ emitter, leading to continuous ingression of Na+ ions into the stacking 

faults. The Na decoration of the stacking faults induces a band of defect states within the 

original bandgap, as sketched in  Figure 1. 17b. Therein, shunting paths, as marked in process 

1, might be formed across the p-n junction when the concentration level of local defects in the 

PID-affected regions is sufficiently high. In contrast, if the concentration level of local defects 

in the PID-affected areas is not high enough, these defects act as Shockley-Read-Hall (SRH) 

recombination centers in the depletion region, as marked in process 2 [64][69]. The bulk area 

is not affected by the PID effect because the depth of the stacking faults across the p-n junction 

is shallow about a few micrometers.  

 

Figure 1. 17. a) Schematic drawing of Na+ ion diffusion into the stacking faults, b) the proposed 

band structure along a Na decorated stacking fault [69]. 

 



21 
 

1.4.3.2. PID-polarization in n-type c-Si solar modules 

The surface polarization effect occurs in n-type high-efficiency back-contact c-Si cells with 

silicon dioxide (SiO2) for surface passivation [42]. Therein, current leaks from the active cell 

through the EVA layer and the glass plate to the grounded frame due to high positive potential 

leads to the accumulation of negative charges on the surface of the ARC layer, as illustrated in 

Figure 1. 18a [42]. The electrons (negative charges), which are trapped within the SiNx layer 

due to the high resistivity of the SiO2 and/or SiNx film, attract the photon-generated holes 

(positive charges) in the front region of the cell to the front surface of the cell. Therefore, the 

recombination of electrons and holes occurs on the front surface of the cells, resulting in an 

increase of the surface recombination and the decrease of the photon-generated current and 

voltage [42]. Besides, the mismatch between the cells in the module also causes significant FF 

and efficiency losses.  

 

Figure 1. 18. The schematic diagram for the proposed PID mechanism in n-type c-Si solar 

modules: (a) n-type high-efficiency back-contact c-Si cells [42] and (b) a n-type high-efficiency 

front-junction c-Si cells [72]. 
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Furthermore, the surface polarization effect also occurs in n-type high-efficiency front-

junction c-Si cells, as illustrated in Figure 1. 18b [72]. However, different from the n-type high-

efficiency back-contact c-Si cells, the performance degradation of the high-efficiency n-type 

front-junction c-Si cells was caused by the increased surface recombination due to the 

accumulation of positive charges in the passivation [42][72].  

Apart from the surface polarization effect in n-type c-Si solar modules, Na contamination 

in Si under the negative voltage bias is considered as another candidate causing additional SRH 

recombination centers, leading to increased surface recombination [70][71]. Nevertheless, 

further research needs to be performed to clarify this hypothesis. 

1.4.4. PID recovery in standard p-type c-Si solar cells 

Thermal methods, electrical methods, and their combination can also be utilized for PID 

recovery. However, all of these PID recovery methods cannot completely recover the 

efficiency of c-Si solar modules. So far, there is still no complete recovery method developed.  

 

Figure 1. 19. Schematic diagram of the PID recovery process: a) by thermal method (250 oC), 

b) by the electrical approach (+ 600 V) [73].  

Thermal recovery is temperature-activated regeneration of the power lost due to the PID-s 

effect. The rate of the regeneration process is proportional to the increase of module 
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temperature compliant with the Arrhenius relation [74]. Under the thermal process, Na+ ions 

diffuse out of the PID-affected areas due to the concentration difference, leading to the 

performance generation of the PID-affected solar cells, as illustrate in Figure 1. 19a [73]. Thus, 

a higher temperature results in a faster generation rate [47]. Also, the regeneration process is 

affected by the extent of the PID pre-damage and dependent on the PID-damaged level [74]. 

The electrical recovery method is used by applying a reserve voltage (commonly +1000 V) 

to the PID-affected solar cells. The methodology of this method is based on the out-diffusion 

model, as shown in Figure 1. 19b. Therein, Na+ ions diffuse out of from the interface under an 

applied reverse voltage bias, leading to a higher concentration gradient of Na+ ions between 

the Na-decorated stacking faults and the interface [73].  

Apart from the methods mentioned above, PID recovery can also be conducted by storing 

the PID-damaged modules in darkness at room temperature. However, it spends about several 

hundred days for the degraded performance to be recovered by this method [75].  

1.5. Motivation 

As mentioned in the previous sections, a various range of reliability issues has been found out 

in c-Si solar cells/modules. So far, after a long time in research, theoretical and experimental 

scientists all over the world have investigated and developed a lot of solutions to overcome 

some of the reliability issues significantly. One of the degradations, as mentioned above types, 

is called PID, which has been discussed and paid attention from many PV specialists because 

PID causes a severe failure of the solar modules under outdoor conditions. 

The PID effect dominantly occurs in solar modules based on the c-Si technology, which 

dominates the global solar energy share. So, the PID effect needs to be overcome for the c-Si 

technology in three levels of cell, module, and system. To date, PV experts have investigated, 

developed, and employed many methods for preventing or minimizing PID in both the 
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laboratory and industry. However, the commonly utilized methods for PID mitigation are to 

establish new PID-free c-Si technologies in the cell, module, and system levels. Thus, that is 

not enough to overcome PID for the existing c-Si technologies. 

As presented in the above subsection, UV light is a detrimental factor to PV reliability and 

stability. Generally, the UV light mainly leads to the acceleration of PV performance 

deterioration during the damp-heat (DH) tests because it causes the aging degradation of PV 

modules such as chemical corrosion degradation, discoloration degradation, acetic acid. The 

actual PID effect occurring in outdoor installed modules should be affected by not only high 

temperature, humidity, and high voltage but also the UV light radiation. However, so far, the 

UV light irradiation has not been utilized in the conventional indoor PID tests combined with 

the DH tests because of the limited apparatus and cost. Therefore, the PID effect, combined 

with the impact of UV light irradiation on PV performance, has not yet been investigated. Also, 

the mechanism of PID-s observed in outdoor (indoor PID tests together with UV light 

irradiation) has not been discussed and compared with the indoor PID mechanism.  

Besides, it is well-known that the stacking fault contaminated by Na ions is the primary 

mechanism of the PID-s behavior in p-type c-Si solar cells. However, we have not known 

whether other candidates cause the PID-s effect. Indeed, outdoor installed modules may be 

subjected to mechanical stress, such as micro-crack, which results in the PV performance 

deterioration dependent on micro-cracking types. In particular, the PV performance 

degradation due to micro-cracks becomes more severe under aging processes. However, the 

power loss behavior due to micro-cracks combined with the PID stress process has not been 

considered and examined. The PID mechanism related to micro-cracks has not been understood 

clearly. So a more precise understanding of the PID phenomenon should be investigated 

comprehensively. 
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1.6. Dissertation outline 

The first chapter briefly outlined the relevant issues of PV reliability, including degradation 

types composed of aging degradation, mechanical degradation, and high voltage stress 

degradation. Also, the effects of UV light irradiation and micro-cracks on the degradation of 

solar modules were discussed in detail. Notably, this chapter presented the background, the 

status of current research, and development for PID. Also, this chapter highlighted limited 

issues for PID investigation, leading to perform this study.  

Chapter 2 shows the PID shunts at micro-cracked regions observed by EL, LIT images, 

external quantum efficiency (EQE) responses, current density-voltage (J–V) curves, and 

microstructure analysis. Also, this chapter proposes the decoration of sodium (Na) ions in 

micro-cracks as the primary mechanism resulting in PID for p-type c-Si solar cells.  

Chapter 3 demonstrates that apart from acting as shunting defects as mentioned in chapter 

2, micro-cracks also serve as the additional recombination center, leading to the deterioration 

of Jsc, and τeff in PID-affected solar cells. This chapter presents the PID recovery method by 

applying a reverse bias voltage for PID-affected solar cells related to micro-cracks. The 

performance of PID-affected solar cells at micro-cracked regions was regenerated significantly, 

albeit incompletely. Furthermore, this chapter also assesses and models the dependence of the 

PID behavior after degradation/regeneration cycles on the duration of PID stress and recovery 

processes.  

Chapter 4 suggests that irradiating UV light in the 300–390 nm wavelength range on p-type 

c-Si solar cells during the PID test can delay the degradation of the solar cell performance 

caused by PID. Also, in this chapter, the author proposes a mechanism of the PID delay effect 

by UV light irradiation during the PID test in p-type c-Si solar cells.  
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The final chapter summarizes the work, including the elucidation of the PID mechanism 

related to micro-cracks, the PID recovery for solar cells with micro-cracks, and the finding of 

the PID delay method by using the UV light irradiation. This chapter also discusses further 

research directions for PID in c-Si solar cells/modules in the future. 
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Chapter 2 | PID mechanism related to micro-cracks 

2.1.  Introduction  

PID results in significant performance degradation, as well as reduced durability in levels of 

solar cells, modules, and systems. Understanding the PID mechanisms will enable researchers 

and manufacturers to remedy the defects present in common types of solar cells, as well as 

manufacture robust next-generation cells that can prevent and limit the effects of PID. There 

are many types of commercial solar cells, and each type has a unique degradation mechanism. 

PID mechanisms for these different kinds of cells have been published such as conventional p-

type c-Si [48][45][43], front-emitter n-type c-Si [72][76][77][78], rear-emitter n-type c-Si 

[79][80], n-type back-contact c-Si [42][81], a-Si thin-film [40][82], c-Si/a-Si heterojunction 

[83], cadmium telluride thin-film [84][85], and copper indium gallium selenide thin-film 

[84][86][87] solar modules. The major cause of PID defects for p-type Si solar cells is sodium 

(Na) ion migration from the soda-lime glass through the encapsulation layer into the solar cell. 

For conventional p-type c-Si solar modules, the PID shunt defect is the most common type of 

PID mechanism as it is closely associated with the degradation of the Rsh. 

 

                                      a) The top view          b) The cross-sectional view 

Figure 2. 1. Shape comparison between stacking fault and micro-crack in a solar cell. 

Crystal defects are considered as the root cause of PID behavior. To date, stacking fault 

(intrinsic crystal defect) plays a dominant role causing the PID effect for p-type c-Si solar cells. 

Also, micro-crack (extrinsic crystal defect) could be another critical candidate that might lead 
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to a severe PID effect for c-Si solar cells. However, no investigation has reported on the 

influence of micro-crack on PID behavior as well as its mechanism. Figure 2. 1 shows the 

difference in terms of shape between stacking fault and micro-crack. Micro-crack, which has a 

width below 100 μm [88] with unlimited length, could extend from the SiNx surface to the 

back-side electrode of solar cells. Meanwhile, the stacking fault (depth of a few μm) has a tiny 

dimension compared with micro-crack. Micro-cracks result from processes such as 

manufacturing, storage, transportation, installation, etc. It is noted that if micro-cracks cause 

inactive regions in the cells, they degrade the electrical performance as well as the mechanical 

stability of these cells themselves, resulting in cell damages and the solar module performance 

deterioration. the PID phenomenon could occur in both intact and micro-cracked solar cells 

installed in the field.  

This chapter focuses on the effect of micro-cracks on the PID phenomenon and presents the 

influence of Na ion decorated micro-cracks on the evolution of PID in p-type c-Si solar cells 

as well as proposing a degradation mechanism. Regions of the solar cells with PID shunts were 

detected by EL and lock-in-thermal (LIT) images. The local J–V curve characteristics in micro-

cracked areas of the solar cells, which were measured before and after PID stress tests indicated 

the presence of micro-crack related PID shunts. Analyzes and evaluations from SEM images, 

energy dispersive X-ray (EDX) spectroscopy mapping, and secondary-ion mass spectrometry 

(SIMS) were also conducted to show the Na ion decoration in micro-cracked regions as the 

critical cause of PID defects. 

2.2. Experimental procedure 

2.2.1. Crystalline Si cell-based modules  

To examine the role of Na ion decorated micro-cracks on the evolution of PID for Si solar cells, 

commercial p-type based c-Si solar cells with a size of 156 mm × 156 mm and the thickness of 
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200 μm were utilized. First, micro-cracks were formed in the solar cells by the mechanical 

method. Then, solar modules were done based on the micro-cracked Si solar cells. The structure 

of solar modules similar to the standard solar modules consists of the following: two soda-lime 

glasses with the size of 200 mm × 200 mm and the thickness of 3.2 mm to cover the front and 

rear sides of solar modules, two commercial encapsulation EVA films with the thickness of 

0.45 mm, and one Si solar cell between two EVA films. However, it is essential to note that 

these solar modules were un-laminated during the experimental processes. Herein, an un-

laminated solar module is a stacked structure of glass/EVA/c-Si cell/EVA/glass without a 

laminating process, as shown in Figure 2. 2a. The advantage of un-laminated solar modules is 

that it is easy to separate layers of solar modules without containing the residue of the EVA 

films on the solar cell surface after the PID stress tests. The structure of un-laminated solar 

modules was also demonstrated in the work of V. Naumann et al. [69]. The structure mentioned 

above facilitates the analysis of other microstructural characteristics to clearly understand the 

PID mechanism related to Na ion decorated micro-cracked regions of the solar cells. 

 

Figure 2. 2. a) un-laminated solar module, b) PID setup in a climatic chamber. 

2.2.2. PID stress tests 

In this chapter, PID stress tests were performed following the common PID stress test 

procedure for the module-level PID stress tests. An aluminum plate with a thickness of 0.5 cm 

and a conductive rubber layer were put in front of the soda-lime glass were connected with the 
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positive high voltage of a power supply (Kikusui, PID insulation Tester, TOS721OS). This was 

done to cover the whole front side of the solar module to homogeneously apply a voltage to 

the surface of the Si solar module [72][89][90][91]. Meanwhile, negative and positive 

electrodes of the solar modules were short-circuited and connected with the negative high 

voltage of the power supply. PID stress tests were performed by applying a high voltage of 

1000 V in a climatic chamber (LH-113, Espec Corp.), as illustrated in Figure 2. 2b, with the 

following conditions: temperature of 65 oC, relative humidity of 85%, for 50 h and 100 h.  

2.2.3. Electrical characteristics of the solar modules 

Characteristics of solar modules such as one sun-illuminated J–V curves, EL, and LIT images 

were characterized before and after forming micro-cracks and PID stress tests. Electrical 

characteristics such as Pmax, Voc, Jsc, FF, and Rsh in these micro-cracked regions of the solar 

cells were extracted from one sun-illuminated J–V curves measured by using CEP-2000RP 

system (Bunkokeiki Co., Ltd.). Besides, this system was used to characterize EQE responses. 

To make a more precise measurement of the electrical characteristics in the micro-cracked 

regions, a shadow mask with a slot of 1 cm × 1 cm in size was used in all measurements. Each 

data point in each area was calculated by the mean value of three measurements received in 

each region and at the same time. It is noted that the illuminated J–V characteristics, which 

were locally measured in micro-cracked areas, could be not really accurate but with the aid of 

the shadow mask during measurements. Thus, the normalized local characteristics showed that 

the tendency of degradation behavior caused by micro-cracks after PID stress tests was 

acceptable.  

Meanwhile, EL and LIT images of solar modules were characterized by a THEMOS-1100L 

(Hamamatsu Photonics Inc.) measurement system. EL and LIT images of this work were taken 

by InGaAs camera cooled around minus 70oC, applied current density of 20 mA/cm2 (applied 
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maximum current density of 40 mA/cm2), exposure time of 200 ms, and the use of InSb camera, 

respectively. Because the THEMOS-1100L system has no function to measure the exact 

temperature, the color bar was not shown in all of the LIT images. All these measurements 

were directly performed for the bare solar cell without having the glass and the EVA films.   

The regions of micro-crack related PID shunt were observed from EL and LIT images. 

Pieces of the PID shunt regions that were cut by a laser scribing system were further 

investigated by employing electron microscopy methods. A low vacuum scanning electron 

microscopy (SEM, Hitachi SU 6600) system integrated EDX spectroscopy measurement was 

used to find the regions of micro-crack related PID shunt. Characterizations of these PID 

regions were performed with acceleration voltages of 5 kV for SEM measurement, and 15 kV 

for EDX measurement. 

2.2.4. Background of EL and LIT methods 

a) Principle of the EL method 

EL imaging is utilized as a diagnostic tool for determining the optical and electrical 

characteristics of photovoltaic modules [92][93]. It could detect defects such as PID-shunting, 

micro-cracks, macro-cracks, cell fractures, etc. Figure 2. 3 shows the configuration of the EL 

imaging system. EL images could be taken when radiative recombination of charge carriers 

(electrons and holes) due to an applied forward voltage causes a light emission. So, EL intensity 

is proportional to the applied forward voltage, the number of minority charge carriers, and 

parasitic resistances Rs, Rsh of solar cells. Also, EL intensity depends on the presence of crystal 

defects which restrict the radiative recombination processes. That means EL intensity at 

defected locations is relatively low. 

The Rsh reduction can cause a decrease in the local voltage of PID-affected locations of solar 

cells, leading to a decrease in their EL intensity. Therefore, the EL image of the PID-affected 
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solar cell has a weaker signal compared with a PID-free solar cell, i.e. the EL image of the PID-

affected cell is darker. Furthermore, there is also an increase in non-radiative recombination in 

the p-n junction of more severe PID-affected cells. So, these solar cells will have a very weak 

EL intensity regardless of the number of injected carriers.  

 

Figure 2. 3. The configuration of an EL imaging system. 

b) Principle of the LIT method 

LIT method is considered as a useful characterization tool widely used in solar cell research. 

The principle of lock-in thermography is based on the application of a periodic input energy 

wave to the surface of the object which is examined and analyzing the local temperatures on 

the surface of the object. The LIT principle consists of three basic steps, as shown in Figure 2. 

4. Firstly, periodic excitation sources such as voltage, current, light sources are introduced into 

a  solar cell. Secondly, a cooled infrared camera with a certain frame rate can capture a stream 

of temperature images of the solar cell. Finally, all captured images are transferred to a 

computer, in which they could be evaluated and averaged based on the lock-in principle [47]. 

The final resulting images could be considered as a map of heat generation.  

 

Figure 2. 4. The configuration of a LIT imaging system. 
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The LIT technique can detect the periodic local surface temperature variation in local 

shunting areas by biasing a pulsed voltage to the cell in the dark [47]. This technique may not 

only capture the shunting position with an accuracy of 5 mm but also determine shunting types 

(linear or non-linear) [94]. 

2.3. Results and discussions 

2.3.1. Micro-crack related PID shunt regions via LIT and EL images 

Figure 2. 5a showed EL and LIT images for the whole solar cell (sample #1) before and after 

forming micro-cracks, and after the PID stress tests for 50 h, 100 h. Three main micro-cracked 

regions are generated by the mechanical method in sample #1. After being formed by the 

mechanical method, micro-cracks cannot be seen with the naked eye but can be observed 

through EL images of Figure 2. 5b. The dark regions in Figure 2. 5c and d. can be seen in the 

micro-cracked areas after the PID stress test for 50 h and 100 h. The images also reveal that 

the PID formed shunts were related to micro-cracks. In particular, it is clear from EL images 

that these regions become darker and broader over the PID stress test duration. The three main 

hot spots in the LIT images were the corresponding micro-cracked regions in the EL images. 

The hot spots observed in the LIT image of Figure 2. 5b arise from the micro-cracked areas in 

sample #1. Research has shown that because the Isc of the micro-cracked region is lower than 

the operating current of the whole solar cell, which gives rise to reverse biasing[95][96]. Thus, 

dissipating the generated power into energy in the form of heat, which is an indication of 

performance degradation in the micro-cracked regions. The hot spots were continuously 

observed in the LIT image of Figure 2. 5c, while the rest regions of Figure 2. 5c became much 

cooler than that of Figure 2. 5b. It is proposed that the performance degradation of sample #1 

in the micro-cracked regions became more severe. Notably, the dark areas of the EL images 

and the hot regions of LIT images in the micro-cracked regions are the evidence of PID by 
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junction leakage due to the Rsh decrease. In this case, there is no evidence to reveal that the Rs 

resistance increase can cause PID.  

 

Figure 2. 5. EL (the top row) and LIT (the bottom row) images of PID shunt related to micro-

cracks of sample #1; a) fresh, b) after forming the micro-cracks, c) after the PID stress test for 

50 h; d) after the PID stress test for 100 h.  

2.3.2. Electrical characteristics of micro-crack related PID shunt 

regions 

To confirm the repeatability of the micro-crack related PID and the influence of geometric 

properties and types of micro-cracks on the performance degradation of PID, PID stress tests 

were performed in another solar cell (sample #2) with the same PID conditions as for the 

previous solar cell. A portion of sample #2 with micro-cracks indicated in Figure 2. 6 was 

selected to measure and analyze electrical characteristics of micro-crack related PID shunt 

regions in this section.  Electrical characteristics were characterized in four regions marked by 

the red squares in Figure 2. 6, which consist of three micro-cracked regions and one intact 

region to compare the influence of micro-cracks with that of the intact region on PID shunts. 



35 
 

 

Figure 2. 6. EL images of PID shunt related to micro-cracks of sample #2; a) fresh, b) after 

forming the micro-cracks, c) after testing PID for 50 h; d) after testing PID for 100 h. 

Figure 2. 7 clearly indicates the dependence of normalized local electrical characteristics 

such as Pmax, Voc, Jsc, FF, and Rsh in micro-crack related PID shunt regions on PID stress test 

durations and on geometric properties of micro-cracks. The local electrical characteristics in 

the micro-cracked regions of sample #2 degraded significantly after PID stress tests. It seems 

that FF was degraded as much as Voc, which is uncharacteristic of the PID shunting mechanism. 

This might be due to using the shadow mask in the one sun-illuminated J–V measurements. 

However, important information can still be obtained from the degradation behavior.  

 

Figure 2. 7. The dependence of normalized Joc, Voc, Pmax, FF, and Rsh via PID durations on 

micro-crack related PID shunt regions. 
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The length of the micro-crack line in Si solar cells causes an effect on the PID shunt 

behavior, as demonstrated in the work of J. Käsewieter et al. [97]. Though the length of a 

micro-crack line in region 2 is slightly longer than that in regions 1 and 3, the micro-crack 

related PID shunt area in region 1, which is larger than that in regions 2 and 3, can be clearly 

seen via EL images in Figure 2. 6 after the PID stress test for 50 h. It can be observed that the 

electrical characteristics, which significantly degraded in the micro-cracked regions 1, 2, and 

3 after the PID stress tests, are proportional to their own PID shunt affected areas. Meanwhile, 

it can be seen from the data that the PID shunt was not observed in region 4 of Figure 2. 6, and 

electrical characteristics in Figure 2. 7 of this region reduced insignificantly. It is assumed that 

the micro-crack related shunt area depends not only on the length but also on other factors such 

as width and depth of micro-cracks in solar cells. The electrical characteristics of these regions 

are in good agreement with the EL intensity of the corresponding regions. This means that the 

higher the intensity and areas of dark regions are, the larger the degradation level of electrical 

characteristics in corresponding regions.   

 

Figure 2. 8. EL images (left) and J–V curves (right) of sample #3 before and after PID stress 

tests of 50 h and 100 h. 

Sample #3, an intact mini solar cell  (30 mm  30 mm) was subjected to PID stress tests for 

50 h and 100 h to confirm if micro-cracked regions are related to PID. EL images and one sun-

illuminated J–V curves were shown in Figure 2. 8, and electrical characteristics were indicated 

in Table 2. 1. It is clearly observed that the performance degradation of sample #3 is negligible 
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after PID stress tests. Thus, this indicates that the PID defect might not occur in the intact 

regions of Si cells but occur in micro-cracked regions. 

Table 2. 1. Electrical characteristics of sample #3 before and after PID stress tests. 

  Pmax (mW) Voc (V) FF Jsc (mA/cm2) Rsh (Ω) 

Fresh 16.2 0.619 0.682 38.51 572.6 

After PID 50 h 16.1 0.617 0.679 38.10 546.9 

After PID 100 h 16.0 0.612 0.671 38.22 535.9 

Degradation after PID 100h 1.48% 1.13% 1.61% 0.75% 6.41% 

 

The larger the width and the depth of micro-cracks are, the higher the resistance across the 

micro-cracks becomes [98]. These high resistances block the generated charge carrier 

transportations to the fingers and then to bus bars of the solar cell. Hence, the carrier collecting 

probability strongly reduces in these regions. Blocked carriers at the edges of the micro-cracks 

are rapidly recombined. As such, these regions become high recombination centers, which 

results in strongly degrading their EQE responses. Consequently, the larger the width and depth 

of the micro-crack region are, the more strongly the EQE responses and electrical 

characteristics degrade in the micro-cracked region.  

Figure 2. 9 showed EQE responses of 4 regions of sample #2 marked in Figure 2. 6 after 

forming micro-cracks and after PID stress test for 100 h. After micro-cracked regions were 

formed in sample #2, EQE responses of regions 1, 2, 3 started to reduce from region 3 to region 

1 slightly. This indicates that micro-crack related PID regions were most severely affected from 

region 3 to region 1 under high temperature, high humidity, and high voltage [29][99] (the 

micro-crack related PID mechanism discussed in Section 2.3.4 in detail). This resulted in 

severely deteriorated electrical characteristics from region 3 to region 1.   
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Figure 2. 9. EQE of 4 regions of the solar cell marked in Figure 2. 6. 

2.3.3. SEM and EDX mapping analysis 

To understand the micro-crack related PID mechanism of crystalline solar cells in detail, SEM 

and EDX measurements were performed. The micro-cracked regions in which PID shunts were 

observed through EL and LIT images were cut into smaller pieces of solar cells to facilitate 

SEM images and EDX mapping analysis. A laser scribing system was used to avoid making 

another crack caused by micro-cracks, thus preserving the initial nature of PID shunts. Cracks 

at the edges of pieces of solar cells after laser beam cutting are not observed in EL images (not 

shown here). Figure 2. 10 shows an SEM image of the micro-cracked region with high PID 

shunt density. The width of micro-cracks is in the range of 15-40 μm, which satisfies the 

standard of micro-cracks [19].  

 

Figure 2. 10. SEM image of a micro-cracked region. 
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Figure 2. 11a illustrated the EDX mapping on the surface of an intact region before PID 

stress tests. Meanwhile, the EDX mapping on the surface of the micro-cracked region affected 

by PID is shown in Figure 2. 11b. Also, EDX mapping on the cross-section site of the micro-

cracked region was indicated in Figure 2. 11c. Elemental composition information was 

obtained by EDX mappings in scanning SEM mode. 

 

Figure 2. 11. EDX mappings: a) on the surface of an intact region before PID stress tests; b) 

on the surface of the micro-cracked region affected by PID; c) on the cross-section site 

corresponding to the micro-cracked region. 

The corresponding EDX mappings on the surface as well as on the cross-section site of 

micro-cracked regions indicated the elemental distribution of Na, O, N (Si is not mentioned as 

it is the primary component). A high EDX signal of N can be clearly observed in Figure 2. 11a 

and b but almost not observed in Figure 2. 11c which shows the SiNx layer of the solar cell. 

Especially, before the PID stress tests, the concentration of Na ions is very low on the surface 

of the solar cell, as shown in Figure 2. 11a, because Na is one of the common impurities of 
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solar cells. However, the Na ion concentration increases significantly after PID stress tests on 

not only the surface but also the cross-section site of the solar cell, which will be explained in 

Section 2.3.4 in detail. A SIMS (secondary-ion mass spectrometry) profile was characterized 

and employed to confirm the increase of the Na ion concentration on the surface of the active 

cell layer after the PID test, as presented in Figure 2. 12. On the solar cell surface, the Na ion 

concentration is closed to 1018 atom/cc before the PID test, while it is up to around 1020 atom/cc 

after PID of 300 h. Evidently, the Na ion concentration may not increase to such the value after 

PID of 100 h (in this work), but this implied that the Na ion concentration also enhances 

significantly after the PID process.  

 

Figure 2. 12. Na concentration on the surface of a solar cell before/after a PID test. 

Besides, the concentration of the O element in Figure 2. 11b and c is higher than that in 

Figure 2. 11a. That means the O elemental concentration increases on the cell surface and the 

cross-section of micro-cracks in the solar cell after the PID test. This is because H2O and O2 

penetrated easily into the active Si cell layer through the gaps between the cell layer and EVA 

layers of the un-laminated solar module under damp-heat conditions. Therein, Na-O, Si-O 

species were formed on the cell surface even on the cross-section of the micro-cracks. No 

evidence reveals that oxygen can affect the PID effect at micro-cracked regions.  
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These findings of EDX mapping show that after PID stress tests, Na ions were located on 

the surface and the whole cross-section site from the surface to the interface between the Si 

base and the back-side electrode of the solar cell. 

2.3.4. The PID shunting mechanism caused by Na decorated micro-

cracks 

As PID shunts of micro-cracked regions have been identified in the above samples, typical 

degradation of Rsh in the corresponding regions was observed after the same PID stress test, 

under conditions for the module based PID stress tests [66][68][67]. The above-presented 

results have shown that micro-cracks play an important role in the evolution of PID shunts. It 

is essential to note that micro-cracks with a thickness of 15-40 μm have extended from the Si 

surface through the p-n junction to the back-side electrode. The EDX mapping proves that Na 

ions were found in the entire cross-section site of the micro-cracks of the solar cells after the 

PID stress tests. Sodium ions drift into the Si surface from the soda-lime glass through the 

encapsulation EVA layer under the effect of the strong electric field, as demonstrated by PID 

shunt progresses in ref. [69][100][64][101]. In the micro-cracked regions, Na ions diffusing 

into p-n junction were neutralized by the free electrons of the n+ emitter region, which helps 

other Na ions to continue migrating to the depth of the micro-cracked regions as illustrated in 

Figure 2. 13. Possibly, Na ions might not penetrate deeply into the Si cell from the surface in 

the intact vicinities where there is no sign of significant deterioration of the local electrical 

characteristics. Thus, the Na ion decorated micro-cracks of the solar cells are attributed to 

making PID shunts across the p-n junction after the PID stress tests.   

Before the PID stress tests, the presence of micro-cracks blocked the transportation of 

electrons and holes towards the electrodes of solar cells, hence micro-cracked regions were 

inactive or low-active parts of solar cells observed through the degradation of electrical 
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characteristics in Figure 2. 7. After the PID stress tests, the Na ions at the edge of the micro-

cracked regions capture the free electrons in both the n+ emitter and p base layers. 

Consequently, the Na ion decorated micro-cracked region became recombination centers, 

which degraded the output power and the efficiency of solar cells. On the other hand, after the 

PID stress tests, the Na decorated micro-cracked regions act as local defects. Due to Na ions 

decorating the entire cross-section site of the micro-cracked regions from the Si surface to the 

back sheet of the solar cell, the local defect concentration in the PID shunt region is high enough 

to form shunting paths across the p-n junction, which leads to ohmic conductivity across the p-

n junction. Shunting paths reduced the Rsh of solar cells, so the amount of current flowing 

through the solar cell junction and the voltage from the solar cell was decreased. 

 

Figure 2. 13. The scheme of the PID mechanism at the micro-cracked regions of solar cells 

after the PID stress tests. 

2.4. Conclusions 

This chapter investigated the PID shunting type related to micro-cracks on solar cells. The 

degradation of typical Rsh is an important cause, which may lead to PID of p-type crystalline 

Si solar cells. Local PID shunts related to micro-cracks are revealed via EL images and LIT. 

We have shown the influence and mechanism of Na-ion-decorated micro-cracks on the 

evolution of PID through detailed analysis and evaluation from measurements of electrical 

characteristics, SEM images, and EDX mappings.   
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Chapter 3 | Recover possibilities of PID caused by the 

micro-cracked locations in solar cells 

3.1. Introduction  

Outdoor installed modules may be subjected to mechanical stresses, such as macro and micro-

cracks, which results in the PV performance deterioration dependent on cracking types. 

Although the naked eye cannot see micro-cracks with a small width (< 100 µm), they still cause 

the degradation of the performance and reliability in solar cells. The influence level of micro-

cracks on the degradation depends on the length, width, depth, and type of micro-cracks. The 

micro-crack induced deterioration becomes more significant after the aging process by 

humidity freeze cycles [98][29]. In particular, the PID phenomenon has been observed in 

micro-cracked areas of p-type c-Si solar cells, where the local electric characteristics of solar 

cells have deteriorated more severely [102]. The critical cause of the PID effect in micro-

cracked regions is related to the decoration of the Na ions at the cross-sectional site of micro-

cracks [102]. Herein, PID shunting (PID-s), which is the primary PID mechanism related to 

micro-cracks, causes the severe reduction of Rsh as well as the degradation of the performance 

and lifetime of the solar cells.  

However, there is no research to overcome the performance deterioration owing to the PID 

effect related to micro-cracks. Therefore, a PID recovery process should be examined for the 

PID-affected micro-cracked solar cells.  A PID recovery method by biasing a reversed voltage 

for PID-affected micro-cracked p-type c-Si solar cells with and without lamination was utilized 

in this work. PID stress/recovery cycles were also performed for micro-cracked solar cells. The 

electrical characteristics of the solar cells were measured and analyzed before and after PID 

stress and recovery processes. Furthermore, characterizations composed of EL, lock-in 
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thermography (LIT) images, dark and illumination current densityvoltage (JV) curves, EQE 

responses, and τeff were utilized to support analyses and conclusions of this work. 

3.2. Experimental procedure  

3.2.1. PID stress and recovery processes of solar modules 

Two commercial p-type based c-Si solar cells with large size of 156 mm × 156 mm and a 

thickness of 200 μm were utilized in this work. The first large cell was cut into small pieces 

with a size of 15 mm × 15 mm by a micromachining system (Oxford Lasers Ltd.). Six similar 

small pieces called mini-cells were employed in this work as well. Three mini-cells had 

 micro-cracks induced by the mechanical method, and the rest of the mini-cells were kept intact.  

 

Figure 3. 1. a) The diagram of the PID stress setup and b) the diagram of a laminating process. 

As shown in Figure 3. 1a, the structure of a mini solar module consists of one mini-cell 

between two commercial first-cure-type EVA films, one soda-lime glass plate on the top of 

EVA film, and one back-sheet below the bottom EVA film. The thickness of the EVA film and 

glass plate is 450 μm and 3.2 mm, respectively. The EVA film, the glass, and the back sheet 

has a size of 60 mm × 60 mm. The back-sheet is composed of polyvinyl fluoride (PVF) of 38 

μm/polyethylene terephthalate (PET) of 250 μm/PVF of 38 μm. It is noted that six mini solar 

cells were laminated by heating and load (laminating process) for 1 h before all experimental 

tests, as illustrated in Figure 3. 1b. 
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On the other hand, we formed several micro-cracked areas in the other large cell by the same 

mechanical method and made one large module from the micro-cracked large cell. The 

structure of the large module is composed of one large micro-cracked cell located between two 

EVA films and two soda-lime glasses with a size of 200 mm × 200 mm covering both top and 

bottom EVA films. However, the micro-cracked large module was not laminated during the 

experimental processes. Such a structure of un-laminated solar modules was examined and 

utilized for both PID stress and recovery tests in the works of Naumann et al. [64][73]. This is 

to easily separate the active solar cell from the EVA films for the analysis of other 

microstructural characteristics in PID-affected solar cells [102]. 

 

Figure 3. 2. The flow chart of the PID stress/recovery cycles. 

A PID stress test of solar modules was carried out in a climatic chamber (LH-113, Espec 

Co.), as illustrated in Figure 3. 1a. Herein, an aluminum (Al) foil acts as the grounded frame 

of a solar module. The negative and positive terminals of the high voltage power source (PID 

insulation Tester, TOS721OS, Kikusui Electronics Co.) are connected to the two shortened 

leads and the grounded frame of a solar module, respectively. The mini-modules were 

subjected to PID stress tests with a duration of up to 96 h under a high voltage of 1000 V, a 

temperature of 85 oC, a relative humidity (RH) of 85%. Meanwhile, the large module was 

subjected to a PID stress test with a duration of 150 h under a high voltage of 1000 V, a 

temperature of 65 oC (<85 oC to avoid the melting of EVA films), RH of 85%. PID recovery 
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tests were performed by biasing a reverse high voltage between a solar cell and the Al foil with 

a recovery duration of 72 h for mini-modules and 150 h for large solar modules. In this study, 

the cyclic PID stress tests with the same duration of 72 h for stress and recovery were also 

performed in eleven cycles for mini intact and micro-cracked solar modules, as shown in  

Figure 3. 2. It is noted that measurements were conducted immediately after cooling down to 

room temperature (25 0C).  

3.2.2. The measurement of electrical characteristics of solar modules 

EL and LIT images were taken by a THEsMOS-1100L (Hamamatsu Photonics K. K.) with the 

InGaAs camera before and after the PID stress and recovery processes with the applied current 

density of 10 mA/cm2 at room temperature. Dark currentvoltage (IV) and illumination JV 

curve characteristics of solar modules were measured by a solar simulator under standard test 

conditions (1 sun, AM 1.5, 25 °C). EQE responses were characterized by a CEP-2000RP 

(Bunkokeiki Co., Ltd.). Notably, to get acceptable measured results at local areas of the large 

micro-cracked solar module, measurements of the electrical characteristics and EQE responses 

at the micro-cracked region were made by using a shadow mask with a slot of 15 mm × 15 mm 

in size [102].  

3.2.3. Microwave photo-conductance decay signal curves and 

carriers’ effective lifetime 

Microwave photo-conductance decay (μ-PCD) is a measurement method of the charge carrier’s 

lifetime used in semiconductor. The measurement principle of the μ-PCD method is based on 

the temporal change of the microwave reflectivity, as illustrated in Figure 3. 3. A sample 

(semiconductor wafer) is irradiated by a laser (its energy over the energy bandgap of silicon), 

excess carriers in the sample are generated. Then, these excess carriers disappear by electron-
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hole recombination within a time constant (carrier lifetime) which depends on the physical 

properties of the sample. The carrier lifetime is very sensitive to the presence of defects in the 

sample. A microwave antenna transmits an incident wavelength and receives a reflected 

microwave. In principle, μ-PCD uses the reflected microwave as a probe. The number of excess 

carriers increases by laser irradiation and then decreases due to recombination. This changes 

the conductivity of the sample, leading to the change of the microwave reflectivity. Herein, the 

microwave reflectivity of a sample is equivalent to the ratio between the reflected microwave 

intensity and the incident microwave intensity. 

 

Figure 3. 3. A schematic diagram of the μ-PCD method. 

In this work, the μ-PCD signal curves and τeff values of solar cells were directly measured 

by a commercially available μ-PCD measurement system (WT-1000B, Semilab Inc.). In the μ-

PCD measurement system, excess carriers were generated by 200-ns-width pulsed light with 

the photon flux of 1.2×1013 cm-2s-1 from a 904 nm diode laser, and the penetration depth of the 

904-nm-wavelength light is about 30 μm in Si. The microwave signal frequency within the 

range of 10 and 11 GHz depends on each sample to get the highest μ-PCD signal curves from 

the decayed minority carrier density. The μ-PCD measurement system could be used as a 

method that indicates the PID behavior of c-Si solar cells, as reported in some publications 

[103][104].  

Generally, μ-PCD is utilized for wafer, but in this work, it was used for solar cells that have 
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an entirely different structure composed of a highly doped emitter, p-n junction, and bulk. The 

surface and bulk recombination coexist and affect each other in the measurement of the 

effective carrier’s lifetime. The measured value of τeff with μ-PCD is contributed by the bulk 

lifetime (τbulk), the diffusion lifetime (τdiff), and the lifetime of two surfaces (τsurf). τeff values are 

estimated based on the μ-PCD signal curve, as illustrated in Figure 3. 4.  

       

Figure 3. 4. An estimated effective lifetime based on the μ-PCD signal curve. 

3.3. Results and discussion 

3.3.1. The behavior of PID stress and recovery in micro-cracked 

large solar modules 

Figure 3. 5 showed EL and LIT images of the micro-cracked large solar module before and 

after the PID stress for 150 h, and after the PID recovery for 75 h and 150 h. The micro-cracked 

large solar module is subjected to PID stress for 50 h, and 100 h had been reported in our 

previous work [102]. In this work, the PID-shunting defect extending at around the micro-

cracked areas after PID duration of 150 h was also observed in the dark regions of EL images 

as well as the corresponding hot spots in LIT images. Notably, after PID recovery tests for 75 

h and 150 h, PID recovery behavior was not seen in EL and LIT images. It seems that the risk 

of high voltage stress becomes more severe. Also, the dark areas in EL images appear at the 
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edges of the cell. Measurements of J–V characteristic curves and EQE responses were made at 

the micro-cracked region A marked by red-square in the EL images.  

 

Figure 3. 5. EL (the top row) and LIT (the bottom row) images of large micro-cracked solar 

modules before and after PID stress and recovery processes.  

Figure 3. 6a shows the relative losses of Pmax, Voc, FF, Jsc, and Rsh before and after PID stress 

and recovery processes. After a PID duration of 150 h, Pmax degradation was 81.32% attributed 

to the losses of 47.71%, 58.15%, and 14.67% in Voc, FF, and Jsc, respectively. Notably, the loss 

of electrical characteristics continued reducing even after the PID recovery process for 75 h 

and 150 h. The deterioration of Pmax, Voc, FF, and Jsc after the PID recovery process for 150 h 

was 86.66%, 56.77%, 61.06%, and 20.74%, respectively. 

Furthermore, EQE response was lost in the full wavelength range of 400 nm to 1100 nm 

after a PID duration of 150 h, but it was not recovered after the PID recovery process for 75 h 

and 150 h, as shown in Figure 3. 6b. The PID effect occurring at micro-cracked areas is due to 

PID shunting caused by the decoration of sodium (Na+) ions on the across-section site of micro-

cracks [102]. It is the crucial PID effect related to micro-cracks in p-type c-Si solar cells, which 

mainly causes the degradation of Voc and FF. This effect is confirmed by the Rsh reduction of 

99.31% measured at the micro-cracked region A after a PID duration of 150 h. However, Rsh 
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is not recovered after the PID recovery process for 150 h. Also shown in Figure 3. 6c, Rs 

increased 56.96% after PID duration of 150 h and even continued increasing 158.23% after 

PID recovery duration of 150 h. The elevated humidity within the package of the un-laminated 

solar module associated with acetic acid formation from the encapsulation layer [105][25] 

under the high applied voltage bias causes electrolytic corrosion mainly at micro-cracked areas 

and the cell edge of the solar module [48][39]. Electrolytic corrosion causes the Rs increase, 

leading to the reduction of FF and Jsc at the micro-cracked region after both PID stress and 

recovery processes. This phenomenon also explains why dark areas appeared at the edges of 

the module in EL images. Furthermore, corrosion and dissolution of cell metallization due to 

electrochemical reactions at micro-cracked regions under the high voltage stress combined with 

damp-heat stress [20] are also considered as other causes for the performance degradation after 

the PID recovery process. 

 

Figure 3. 6. a) Relative losses of electrical characteristics, b) EQE responses and c) relative 

increase of Rs at the micro-cracked region A shown in Fig. 2 before and after PID stress and 

recovery processes.  

Likewise, we predicted that the elevated humidity at micro-cracked areas causes the increase 

of the surface conductivity on the cross-section site of micro-cracks. Under a high voltage bias 

combined with the high conductivity condition, Na+ ions with high concentration could 

drift/diffuse into the deep inside of the micro-cracked areas. So, it is difficult for a reverse 
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voltage bias to push Na+ ions out of micro-cracks during the PID recovery process. However, 

explicit evidence from further investigations should be essential to clarify this hypothesis. 

Thus, the PID recovery is a big problem for the PID-affected un-laminated solar module, 

especially, at micro-cracked areas and the edges. The un-laminated solar module is convenient 

for microscopic analysis but adverse for PID recovery tests. 

3.3.2. The behavior of PID stress and recovery in intact and micro-

cracked mini solar modules 

The comparison of PID stress and recovery behavior between mini micro-cracked and intact 

solar modules was observed through EL images, as shown in Figure 3. 7. The dark region in 

the micro-cracked solar cell was found mainly at the micro-cracked position and expended to 

nearby locations after a PID duration of 48 h and 72 h, respectively. Meanwhile, the dark region 

in the intact solar cell slightly changed mainly in the vicinity of the bus-bar after PID duration 

of 48 h, and in the added corner area after 72 h.  

 

Figure 3. 7. EL images of mini intact and micro-cracked solar modules before and after PID 

stress and recovery processes. Note that points 1 and 2 (at the micro-cracked region) and 

points 3 and 4 (at the intact area) were marked for measurement of the effective carrier’s 

lifetime. 

So, it could be seen that PID behavior occurs more severely at micro-cracked locations. The 
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obtained results indicated that micro-cracks play a critical role in PID behavior, which is in 

good agreement with our previous work [102]. It is worth noting that the dark areas in the EL 

images of both mini solar cells disappeared after the PID recovery process. Thus, PID recovery 

could be performed well in both mini micro-cracked and intact modules.  

Figure 3. 8 shows one-sun illumination JV curves of six intact and micro-cracked solar 

modules before and after PID stress and recovery processes. It is observed that the deterioration 

level of electrical characteristics after the PID stress process in the micro-cracked modules was 

much more significant than that in the intact modules. The deterioration of electrical 

characteristics in the mini micro-cracked modules, which was contributed by the losses of not 

only Voc, FF, but also Jsc, is similar to the PID behavior at the micro-cracked areas of the before-

mentioned large module. This result is also in good agreement with the achieved results of our 

previous work [102]. Notably, electrical characteristics in the PID-affected intact and micro-

cracked modules were recovered well. 

 

Figure 3. 8. One-sun illumination J–V curves of the intact and micro-cracked solar modules 

before and after PID stress and recovery processes. 
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Electrical characteristics of solar cells, including Pmax, Voc, FF, and Jsc, were extracted from 

the above one-sun illumination JV curves and averaged in three samples in each case for intact 

and micro-cracked modules. Meanwhile, Rsh was estimated according to the equivalent circuit 

of the double diode model for the slope of the dark I–V curve at V = 0 [106] and also averaged 

in three corresponding samples. Figure 3. 9 compares the averaged relative losses of Pmax, Voc, 

FF, Jsc, and Rsh between the intact modules and the micro-cracked modules before and after 

PID tress and recovery processes.  

 

Figure 3. 9. Comparison of relative losses of Pmax, Voc, FF, Jsc, and Rsh in tested solar modules 

micro-cracks before and after PID stress and recovery processes. 

In the micro-cracked modules, Pmax severely deteriorates by 78.68 % after the PID stress 

duration of 72 h, which was attributed to a Voc loss of 44.51 %, FF loss of 57.74 %, and Jsc loss 

of 14.08 %. All electrical characteristics regenerated significantly but incompletely by the PID 

recovery process of 72 h, which have relative losses of 18.97 %, 3.41 %, 16.67 %, and 0.64 % 

in Pmax, Voc, FF, and Jsc, respectively. The change of all electrical characteristics is negligible 
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even after the PID recovery process up to 96 h, with relative losses of 18.63 %, 4.03%, 15.81%, 

and 0.71% in Pmax, Voc, FF, and Jsc, respectively. Also shown in Figure 3. 9, PID recovery 

behavior occurs quickly at an early stage. The performances gradually improve by the time and 

eventually saturates regardless of the increasing PID recovery duration. In the intact modules, 

Pmax reduces by 15.43 % contributed by degradations of 2.78 % and 14.15 % in Voc and FF 

after PID stress duration of 72 h, respectively. The relative losses in Pmax, Voc, and FF are 6.15 

%, 0.84 %, and 5.92 % after the PID recovery duration of 72 h, and 5.98 %, 0.72 %, and 5.28 

% after the PID recovery duration of 96 h, respectively. Thus, the PID recovery was 

accomplished well but incompletely as well. After the PID stress process of 72 h, the Rsh 

relative loss of approximately 100% in the micro-cracked modules is more severe compared 

with the Rsh relative loss (66.94%) in the intact modules. After the PID recovery process of 72 

h even 96 h, Rsh regenerated slightly (the Rsh relative loss of 90.41%) in the micro-cracked 

modules, while Rsh in the intact modules was recovered more significantly (the Rsh relative loss 

of 44.09%). This is because the decoration of Na ions in micro-cracks is more severe than that 

in other crystal defects (dominant stacking faults), so it is more difficult for Na ions to diffuse 

out of micro-cracks compared with other crystal defects. However, the incomplete regeneration 

of Rsh in micro-cracked even intact modules due to the PID recovery process is good agreement 

with the literature [73]. This observation revealed that the PID-affected level in the micro-

cracked solar modules is more severe than that in the intact ones. Possibly, only a specific 

portion of Na+ ions was diffused out of shunted regions such as stacking faults and micro-

cracks after the PID recovery. Therefore, the Rsh regeneration in the intact and micro-cracked 

modules after the PID recovery is incomplete regardless of increasing the PID recovery 

duration, leading to their non-full PID recovery behavior.  

Furthermore, the comparison of EQE responses before and after PID stress and recovery 

processes between intact module no. 1 (intact 1) and micro-cracked module no.1 (micro-crack 
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1) was indicated in Figure 3. 10. It is noted that the EQE response in the micro-cracked area of 

the mini micro-cracked solar module after PID stress of 72 h is noisy because of the EQE 

scaling error when measuring severely shunted cells, as demonstrated in the literature [75]. It 

could be seen that the EQE response in the intact module shows no change before and after 

PID stress and recovery processes. This observation indicates that only the electrical shunt path 

influences the performance degradation due to PID in p-type c-Si solar cells without micro-

cracks, as investigated in works [50][66][67]. It is also important to mention that the EQE 

response in the micro-cracked modules dropped significantly after the PID stress process but 

was almost completely recovered. The loss of the EQE response after PID stress revealed that 

micro-cracked areas decorated by Na ions act as recombination centers. Possibly, the EQE 

regeneration caused by the PID recovery process is due to the Na-ion out-diffusion from micro-

cracked areas under high applied reverse voltage. The decrease and increase of the EQE 

response cause degradation and regeneration of Voc and Jsc after PID stress and recovery 

processes, respectively.  

 

Figure 3. 10. EQE response behavior of intact and micro-cracked solar modules before and 

after PID stress and recovery processes. 

The µ-PCD signal and the τeff value were measured at two points (1 & 2) for the micro-

cracked region of each micro-cracked module, at two points (3 & 4) for the intact region of 
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each intact module. Herein, four points from 1 to 4 were marked in Figure 3. 7. Figure 3. 11a, 

and b show the µ-PCD signal for the intact module no.1 (intact 1) and the micro-cracked 

module no. 1 (micro-crack 1), respectively. It is observed that the µ-PCD signals, including 

rapid and slow time constant decay components, in both cases, presented faster decay profile 

after the PID stress process. However, the reduction level of the µ-PCD signal for the micro-

cracked module is much more significant than that for the intact module after the PID stress 

process. Also, the µ-PCD signal due to the PID recovery process for the intact module was 

almost completely regenerated while that for the micro-cracked module was retrieved 

incompletely.  

Table 3. 1. Average τeff values at the intact and micro-cracked positions before and after the 

PID stress and recovery processes. 

 Averaged effective carrier’s lifetime τeff [µs] 

 At the intact position At the micro-cracked position 

Initial 11.53 ± 0.47 12.10 ± 0.19 

PID 48 h 11.04 ± 0.62 4.67 ± 1.27 

PID 72 h 10.42 ± 0.47 2.91  ± 0.97 

Rec. 48 h 11.07 ± 0.47 9.52 ± 0.62 

Rec. 72 h 11.24 ± 0.43 10.15 ± 0.49 

Rec. 96 h 11.35 ± 0.37 10.26 ± 0.46 

 

In each case, the τeff values were averaged in three modules and listed in Table 3. 1. The 

average τeff relative losses at the intact and micro-cracked positions after the PID stress and 

recovery processes were presented in Figure 3. 11c. The average τeff reduction in the intact 
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modules is suspected to be influenced by the Na-decorated stacking faults, which act as 

shunting defects across the p-n junction. However, the τeff loss in the micro-cracked modules 

is thought to be due to both shunting defects and additional recombination centers at the micro-

cracked areas. After the PID recovery process, the τeff value in both cases was regenerated 

effectively but did not reach the original value, in particular, for the micro-cracked modules. 

The out-diffusion of Na+ ions from micro-cracked areas, resulting in the suppression of carrier 

recombination, could be considered a possibility which regenerates the τeff value. However, the 

minimizing of carrier recombination centers is not efficient enough to fully recover the τeff 

value at micro-cracked areas. It could be seen the τeff degradation and regeneration behavior at 

the micro-cracked positions is a good correlation with the solar module performance behavior 

of the micro-cracked module before and after the PID stress and recovery processes. It is 

supposed that the µ-PCD response and the τeff value act as indicators to examine the electrical 

characteristics of solar modules before and after PID stress and recovery processes for solar 

modules with and without micro-cracks. 

 

Figure 3. 11. Normalized µ-PCD responses of the intact and micro-cracked solar modules (a, 

b), and τeff relative losses at the intact and micro-cracked areas (c) before and after the PID 

stress and recovery processes. 
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3.3.3. The degradation and regeneration behavior of micro-cracked 

mini-modules due to the PID effect after PID stress/recovery 

cycles 

Biasing high negative potential will result in the performance loss, whereas applying high 

positive potential will regenerate the module performances partially. The PID stress/recovery 

cycles are an essential first step to examine the cyclic PID behavior of the solar modules and 

to choose the best scenario for degradation and recovery. Three principle rate scenarios for 

solar modules after the PID stress/recovery cycles could be conducted by Pingel [107], as 

illustrated in Figure 3. 12.  

 

Figure 3. 12. Three scenarios resulting from the PID stress/recovery cycles. 

Firstly, the regeneration rate of the PID recovery process is slower than the degradation rate 

of the PID stress process, i.e. the relative loss of electrical characteristics due to the PID stress 

process tends to increase after cyclic PID stress/recovery tests. In this scenario, the solar 

modules are susceptible to PID. Secondly, the regeneration rate of the PID recovery process is 

similar to the degradation rate of the PID stress process, i.e. the relative loss of electrical 

characteristics due to the PID stress process tends to be stable after cyclic PID stress/recovery 

tests. Herein, the PID effect is stable over PID stress/recovery cycles. Thirdly, the regeneration 

rate of the PID recovery process is faster than the degradation rate of the PID stress process, 
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i.e. the relative loss of electrical characteristics due to the PID stress process tends to decrease 

after cyclic PID stress/recovery tests. In this case, the performance of the PID-affected solar 

module will increase over time, which is the best scenario for the solar modules to control the 

PID effect. 

 

Figure 3. 13. The degradation and regeneration behavior of electrical characteristics for the 

micro-cracked solar module over eleven PID stress and recovery cycles. 

Figure 3. 13 shows the degradation and regeneration behavior due to the PID effect for the 

micro-cracked solar modules over eleven PID stress/recovery cycles. The values of electrical 

characteristics were averaged in three modules. Herein, the relative losses of the average 

electrical characteristics were calculated by their initial values (before PID stress). Although 

the deterioration caused by the PID effect related to micro-cracks is severe, the relative losses 
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of Pmax, Voc, FF, and Jsc due to the PID stress process tends to decrease gradually and stable 

after stress/recovery cycles. The stable relative losses of Pmax, Voc, FF, and Jsc due to the PID 

stress process after nine PID stress/recovery cycles are 19.65%, 5.77%, 18.87%, and 0.44%, 

respectively. The above findings are likely because of the following reason. With an 

appropriate PID recovery duration, the penetration of Na ions into the cell active layer and then 

crystal defects (micro-cracks…) due to the PID test process is reduced gradually after each test 

cycle. This eliminates the PID effect gradually after each test cycle. However, its detailed 

mechanism needs further investigations.  

Meanwhile, the regeneration of Pmax, Voc, FF, and Jsc due to the PID recovery process is 

incomplete but relatively stable after each stress/recovery cycle. Also, the stable relative losses 

of Pmax, Voc, FF, and Jsc due to the PID recovery process after nine PID stress/recovery cycles 

are 14.89%, 2.31%, 11.95%, and 1.86%, respectively. In this work, the PID stress and recovery 

processes have a similar duration; the performance loss of tested solar modules tends to subside 

after the PID stress/recovery cycles. This result coincides with the third scenario and then the 

second scenario above. It is evidence to believe that the performance degradation of intact or 

micro-cracked solar modules due to PID could be controlled after PID stress/recovery cycles. 

It is noted that this scenario was activated by the electrical recovery method but not triggered 

by temperature even for intact modules [108].  

It was observed that the relative losses of Pmax, Voc, FF, and Jsc due to the PID stress process 

decreases with increasing the number of PID stress/recovery cycles. However, the correlation 

between the relative losses of Pmax, Voc, FF, and Jsc due to the PID stress process and the number 

of PID stress/recovery cycles has not been revealed. In this work, the authors investigated the 

correlation based on an exponential decreasing model: 

y = A0e(-x/τ) + y0      (3.1) 
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where A0, x, y, and τ parameters are amplitude, cycle number, the relative loss of electrical 

characteristics, and exponential time constant, respectively. The fitted curves of the relative 

losses of Pmax, Voc, FF, and Jsc due to the PID stress process versus the number of the PID 

stress/recovery cycles, as illustrated in the fitted curves of Figure 3. 13. As listed in Table 3. 2, 

although the fitted coefficients (R2) of determination in the cases of Voc
 and Jsc are lower than 

that in the cases of Pmax, FF, generally, R2 for each case is relatively highly correlated. 

Table 3. 2. Fitted parameters for the exponential decreasing model of relative losses. 

y = A0e(-x/τ) + y0 

Relative loss  (%)  A0 (%) τ y0  (%) 

Decreasing rate  

(λ = 1/τ) 

Fitted coefficient 

(R2) 

Pmax  96.23 4.06 10.03 0.25 0.98 

Voc 79.68 1.02 6.19 0.98 0.83 

FF 72.89 7.56 4.83 0.13 0.98 

Jsc 22.76 2.87 1.24 0.35 0.88 

 

This finding verifies that the relationship of the relative losses of Pmax, Voc, FF, and Jsc due 

to the PID stress process and the number of the PID stress/recovery cycles actively complies 

with an exponentially decreasing function. According to the exponential model, the relative 

losses of Pmax, Voc, FF, and Jsc due to the PID stress process could reach to the critical points 

of 10.03 %, 6.19 %, 4.83 %, and 1.24 % after a certain number of the PID stress/recovery 

cycles, respectively. The critical point (10.03 %) of the Pmax relative losses coincides with the 

experimental result in the literature [107], which reported power regeneration to over 90% after 

PID stress/recovery cycles in a time frame of several years. Thus, the cyclic PID test could 
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prevent solar modules from the PID effect significantly. Remarkably, the decreasing rate (0.98) 

of the Voc relative loss is the highest, i.e., the Voc regeneration rate is the fastest. Whether the 

cyclic PID test method is a feasible solution for minimizing the PID effect, it depends on 

relevant factors such as PID duration, PID recovery duration, the number of PID 

stress/recovery cycles, temperature, humidity, etc. Further investigations of the cyclic PID test 

will realize a more stable performance, even receiving PID conditions. 

3.4. Conclusions 

This work demonstrated that the PID shunting path due to the decoration of Na+ ions at the 

micro-cracked areas acts as the primary PID mechanism causing the losses of Voc and FF for 

p-type c-Si solar modules. The micro-cracked regions are also supposed as the additional 

recombination centers, leading to the reduction of Jsc and Voc of solar modules after PID 

stresses. Furthermore, the PID recovery possibility is difficult to achieve by biasing a high 

reverse voltage for un-laminated solar cells regardless of with or without micro-cracks, even 

the more significant degradation due to the high voltage stress. However, the PID recovery has 

been made significantly but incompletely for both laminated intact and micro-cracked solar 

cells by the same PID recovery method above. The average loss of Pmax is about 78.68 % after 

a PID stress duration of 72 h, but it is 18.97% and 18.63% after a PID recovery duration of 72 

h and 96 h, respectively. The authors supposed that the PID recovery behavior occurs quickly 

at an early stage then subsides after time and eventually saturates regardless of increasing PID 

recovery duration. The incomplete recovery behavior of PID-affected solar cells is attributed 

to the incomplete recovery of Rsh and FF. The degradation and regeneration of the τeff value are 

a function of the PID stress and recovery processes. The µ-PCD response also plays a critical 

role in indicating the PID effect due to micro-cracks of solar cells. Finally, this work also 

performed the cyclic PID tests for 11 cycles with the same stress/recovery duration of 72 h. 

The achieved results showed the decreasing tendency of the loss of electrical characteristics 
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due to the PID stress process after PID degradation/recovery cycles. Notably, the correlation 

between the relative losses of Pmax, Voc, FF, and Jsc due to the PID stress process and the number 

of the PID stress/recovery cycles was modeled by the exponential decreasing function. This 

model revealed that the cyclic PID test method could maintain Pmax of solar cells up to 90% 

(as shown in Table 3. 2) in solar cells after a long time of several years. Thus, the cyclic PID 

test method can suppress/reduce PID behavior effectively. Therefore, we suggest that the cyclic 

PID test with suitable conditions might be an easy and cost-effective way to control the PID 

effect.  
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Chapter 4 | The PID delay effect of UV light  

4.1. Introduction 

Outdoor-installed solar modules are subjected to harsh conditions such as high temperature, 

moisture, electrical and mechanical stress, and UV light radiation during their lifetime. Therein, 

the UV light is one of the critical candidates, which causes the aging of solar cells, resulting in 

the degradation of solar modules. This is because the UV light gradually deteriorates the quality 

of the encapsulating layer of solar modules made from polymeric materials over time. Notably, 

the UV light with wavelength ranges of 320-400 nm (UVA) and 280-320 nm (UVB) existing 

in the sunlight is responsible for the deterioration [16]. Furthermore, UV light irradiation, along 

with a high temperature of more than 50 oC, resulted in the EVA discoloration degradation 

[17]. Also, UV light irradiation combined with damp-heat (DH) conditions induced acetic acid 

in solar modules, which causes the corrosion effect on Ag electrodes, leading to the 

acceleration of the PV power degradation [24].  

As well known, PID causes the reduction of PV reliability and stability. Currently, the 

conventional indoor PID stress tests with conditions, such as high temperature, humidity, and 

voltage, have been conducted to examine the PV performance due to the PID behavior. 

However, the actual PID effect occurring in outdoor installed modules should be affected by 

not only high temperature, humidity, and high voltage but also the UV light radiation. So far, 

few works utilized the UV light irradiation in the conventional indoor PID tests combined with 

the DH tests. Notably, several publications reported that light radiation could slow down the 

PID effect [109][56][110]. Therein, Masuda and Hara, furthermore, highlighted that only UV 

light irradiation of wavelengths shorter than 400 nm during PID stress tests could induce the 

PID delay effect. Inversely, Koentopp et al. reported that light radiation on solar cells before 

the PID test could accelerate the PID susceptibility of the solar cells. However, the PID 



65 
 

recovery rate is not affected [60]. As such, conclusions of previous works on the UV light 

effect for different PID phenomena are still contentious. Therefore, further research on the 

influence of UV light irradiation on PID as well as its mechanism need to be conducted.    

This work presents and discusses the PID delay effect by UV light irradiation during the 

PID test for p-type c-Si solar modules in detail. EL images and J–V characteristics were utilized 

to confirm these findings. The μ-PCD technique was used to estimate τeff values as well as rapid 

(τ1) and slow (τ2) decay time constants, and to monitor performance deterioration induced by 

PID test. Besides, the conductivity measurements of the SiNx thin films in the cases of light 

irradiation with various wavelengths and no-light irradiation were also conducted to prove the 

conductivity increase of the SiNx thin films with UV light irradiation during PID tests, which 

relates to the mechanism causing the PID delay effect for p-type c-Si solar cells. 

4.2. Experimental procedure  

4.2.1. PID tests and characteristics measurements of solar modules 

before and after PID tests 

To examine the PID delay effect during the PID test, commercial square p-type single c-Si 

solar cells with a size of 30 mm  30 mm and a thickness of 200 μm were utilized in this work. 

The top-to-bottom structure of single-solar module as shown in Figure 4. 1a consists of the 

following: a semi-tempered cover glass with the size of 60 mm  60 mm and the thickness of 

3.2 mm, two sheets of a fast-cure-type EVA encapsulant of 450-μm thickness, one 

aforementioned solar cell between two EVA sheets, and a back sheet composed of PVF of 38 

µm/PET of 250 µm/ PVF of 38 µm. Lamination was carried out at 135 oC for 20 min using a 

vacuum laminator. The edges of the solar module were covered by aluminum (Al) foil, which 
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acts as an Al frame, as illustrated in Figure 4. 1b.  

 

Figure 4. 1. a) The structure of the solar module, b) the solar module with edge covered by an 

Al foil, c) the light-PID test system. 

Meanwhile, Figure 4. 1c shows a light-PID test system by which PID tests with light 

irradiation were performed. A high negative voltage of -1000 V was applied between shorted 

electrodes of the solar module and the grounded Al frame. PID test temperature was controlled 

at 85 oC by a hot plate. Relative humidity (RH) during the PID test was controlled below 60 % 

in all experiments. Monochromatic UV and visible lights irradiated by a xenon lamp with the 

aid of band-pass filters through the lens were divided into two groups: group 1 (UV-light) 

including wavelengths of 300 nm, 320 nm, 370 nm, and 390 nm, and group 2 (visible light) 

including wavelengths of 460 nm and 500 nm. The full width at half maximum (FWHM) of 

the transmission for each filter was 10 nm. Because our purpose is to investigate the correlation 

between the PID delay effect level and the wavelength of UV light irradiation, so we utilized 

different wavelengths and fixed the same photon flux in every wavelength. The similar photon 

flux of 9.26  1014
 cm-2s-1 for the irradiated UV and visible lights, which corresponds to power 

densities of 613 μW/cm2 (0.8 SUN), 575 μW/cm2 (0.65 SUN), 497 μW/cm2 (0.4 SUN), 472 

μW/cm2 (0.32 SUN), 400 μW/cm2 (0.31 SUN) and 368 μW/cm2 (0.31 SUN) for wavelengths 
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of 300 nm, 320 nm, 370 nm, 390 nm, 460 nm and 500 nm, were subjected, respectively. As 

discussed in the literature [110], they addressed that the PID delay occurred when the UV light 

intensity more than 0.3 SUN was irradiated, but 0.3 SUN case has almost similar delay effect 

with the 1.0 SUN case. So, the photon flux of 9.26  1014
 cm-2s-1 for the irradiated UV and 

visible lights is suitable to induce the PID delay effect. 

Each PID test with and without light irradiation of different wavelengths was carried out 

twice in two different samples, so fourteen solar modules were prepared for all PID stress tests 

with the whole test duration up to 24 h (7 modules/experiment chain). A solar simulator 

measured J–V curve characteristics before and after the PID tests under standard test conditions 

(1 sun, AM 1.5, 25°C). EL images were also taken by a THEMOS-1100L (Hamamatsu 

Photonics K. K.) measurement system before and after the PID tests with the applied current 

density of 10 mA/cm2. In particular, τeff values, lifetime constants τ1 and τ2 were extracted from 

the μ-PCD signal curves before and after the PID tests, which were characterized by a 

commercially available μ-PCD measurement system from Semilab (WT-1000B). The 

components of the μ-PCD signal curves can be utilized as an indicator of PID for p-and n-type 

c-Si solar cells, as reported in the works of Islam et al. [111] and Ishikawa et al. [112].  

4.2.2. Conductivity measurement of SiNx thin films under UV and 

visible light irradiation 

A SiNx layer known as an ARC has a significant influence on the PID resistance of p-type c-

Si solar cells. This could be obtained by increasing the refractive index (i.e., increase Si/N 

ratio) during the deposition process [43] [113] [62]. It could be explained that decreasing 

resistivity or increasing conductivity of the SiNx layer causes a low electric field across SiNx, 

leading smaller Na ions to drift across SiNx, and then avoiding PID [114]. Investigating the 

influence of UV light on the change in the SiNx properties is necessary for this work. To clarify 



68 
 

the mechanism of the PID delay effect by UV light irradiation during the PID test, research on 

conductivity change in SiNx thin films under the UV light was carried out. In this work, three 

SiNx thin film samples with different refractive indexes (n) were deposited by a plasma-

enhanced chemical vapor deposition (PE-CVD) method. These samples were fabricated in 

Toyota Technology Institute, Japan, by Prof. Kyotaro Nakamura. The specific deposition 

conditions, electrical and optical characteristics of the SiNx thin films are shown in Table 1.  

Table 1. Deposition conditions, electrical and optical characteristics of SiNx thin films. 

Refractive 

index, n 

SiH4 

(sccm) 

NH3 

(sccm) 

N2 

(sccm) 

Deposition 

time (s) 

Thickness 

(nm) 

Band 

gap 

(eV) 

Dark 

conductivity 

(pS/cm) 

1.95 20 140 135 285 91.8 3.56 0.37 

2.12 39 120 135 285 86.6 3.18 0.23 

2.20 44 110 135 285 85.7 2.97 0.48 

 

 

Figure 4. 2. The absorption spectra of SiNx thin films with various refractive indexes. 
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The Si/N ratio (not shown here) of the utilized SiNx thin films was controlled by SiH4 and 

NH3 flow rates. Herein, the refractive index estimated at a 600-nm wavelength (λ) was 

measured by a spectroscopic ellipsometer (Horiba Jobin Yvon Uvisel, HORIBA, Ltd.; 190 nm 

< λ < 2100 nm) for all samples. The absorption spectra of the SiNx thin films were measured 

by optical spectroscopy (V-570, Jasco Corp.). The bandgap of the SiNx thin films with different 

refractive indexes was estimated based on the absorption edge, as shown in Figure 4. 2. 

The conductivity of the SiNx thin films with and without light irradiation was estimated by 

a two-probe measurement with the applied voltage of 40 V, which allows evaluating SiNx to 

act as conductive materials. The utilized UV and visible light wavelengths were 300 nm, 320 

nm, 370 nm, 390 nm, 460 nm, and 500 nm with 10-nm FWHM. The photon flux was controlled 

to be a similar value around 9.26  1014 cm-2s-1. During the conductivity measurement at room 

temperature, SiNx thin films were placed in a vacuum chamber with a pressure of 2.310-2 Pa, 

which avoids the conductivity change in SiNx owing to possible current leak through the 

adsorbed moisture on the surface.  

4.2.3. The rapid and slow time constant decay components  

In this chapter, the μ-PCD signal curves were also measured by a commercially available μ-

PCD measurement system (WT-1000B, Semilab Inc.). So far, it has been shown that the μ-

PCD signal curves in various semiconductor materials can be described with several 

components [115][116][117][118]. A standard μ-PCD signal curve consists of two following 

primary components, including rapid and slow time constant decay components. In this work, 

the μ-PCD signal curve, as shown in Figure 4. 3, was normalized by the peak value with the 

aim of comparison of the rapid and slow decay components before and after PID tests. The μ-

PCD signal curve is expressed by the double-exponential function below: 

                                            ∆A= A1 exp(-t τ1⁄ ) +A2 exp(-t τ2⁄ ),             (4.1) 
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where A1 and A2 are the numbers of the excited carrier for the rapid decay and the slow decay, 

respectively, τ1 and τ2 are rapid and slow decay time constants, respectively. The rapid decay 

usually includes surface recombination and rapid trapping of carries at defects, while the slow 

decay is governed by bulk recombination. The slow decay is also influenced by the rapid decay 

behavior, suggesting induced deterioration that can affect carrier transportation is detected by 

the time constants 1 and 2.   

 

Figure 4. 3. The rapid and slow time constant decay components extracted from the normalized 

μ-PCD signal curve. 

4.3. Results and discussion  

4.3.1. PID behavior in the cases with and without light irradiation 

Figure 4. 4 shows EL images for the tested solar modules before and after PID stress duration 

up to 24 h with and without light irradiation of wavelengths above and comparison of their 

normalized EL intensities, which were averaged in two experiment chains. The behavior of the 

EL intensity reduction can be observed after the PID tests, and the EL intensity reduction is 

likely as a function of the PID stress duration. However, the EL intensity reduction rate in the 

case of UV light irradiation in the 300-390 nm wavelength range is slower than that in the cases 
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of no-light irradiation (in the dark) and visible light irradiation (460 nm and 500 nm). 

Meanwhile, the EL intensity reduction rate in the cases of no-light irradiation and visible light 

irradiation (460 nm and 500 nm) are similar to each other.  

 

Figure 4. 4. EL images (experiment chain 1 and 2) of the tested solar modules before and after 

PID tests up to 24 h in the cases of light irradiation with different wavelengths and no-light 

irradiation (left), and the comparison of their normalized average EL intensity (right). Note 

that points 1 and 2 marked in the left picture are the locations at which the effective lifetime of 

solar cells would be measured, as described in Section 3.3 below. 

Moreover, it seems that the reduction rate of the EL intensity depends on the UV light 

irradiation in the 300-390 nm wavelength range. It could be observed that the reduction rate of 

the EL intensity is slower by UV light irradiation with a shorter wavelength. The EL intensity 

can predict some performances of solar cells since the EL intensity correlates with Voc [119]. 

Our results show that the degradation rate of EL intensity in the case of irradiating UV light in 

the 300-390 nm wavelength range is slower than that in the other cases after the PID stress 

duration, suggesting similar degradation trends, especially in Voc presented below.   

J–V characteristics under one-sun illumination (100 mW/cm2, AM 1.5) for the tested solar 

modules before and after PID tests up to 24 h were performed. The behavior of J–V curves in 

two experiment chains is similar to each other, so J–V characteristics in experiment chain 1 
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(representative) are shown in Figure 4. 5. It is observed that the PID-based deterioration level 

in terms of electrical characteristics became apparent gradually with increasing the duration 

time in all cases. Still, the deterioration level in the cases of UV light irradiation in the 300-390 

nm wavelength range has relatively slowed down. The deterioration level of the electrical 

characteristics needs to assess quantitatively by normalizing by the initial values. 

 

Figure 4. 5. One-sun illumination J–V characteristics of the tested solar modules before and 

after PID tests up to 24 h for various light irradiation conditions in experiment chain 1. 

Figure 4. 6 indicates the normalized average electrical characteristics of the tested solar 

modules in both experiment chains, composed of Pmax, Voc, FF, and Rsh before and after the 

PID tests. Therein, Rsh was determined from the slope of the illumination J–V curve at J = Jsc 

at V = 0 based on the equivalent circuit of the double diode model for the solar cell [106] [120] 

[121]. Generally, the degradation rate of Pmax, Voc, FF, and Rsh in the case of UV light irradiation 

in the 300-390 nm wavelength range is significantly slower in comparison with that in the 

other cases, which is in agreement compared with the normalized average EL intensity as 

shown in Figure 4. 4. Thus, this suggests that the PID delay effect occurred during the 

irradiation of UV light in the 300-390 nm wavelength range during the PID test. It coincides 

with the suggestion, as shown in the work of Masuda and Hara [110], that the PID delay effect 
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only occurs in the case of irradiating UV light with the wavelengths below 400 nm. 

Furthermore, the PID delay effect might be more effective under the shorter wavelength UV 

light. The delay rate of the solar cell performances’ deterioration might be investigated in 

further PID experiments with a longer duration.  

 

Figure 4. 6. Degradation behavior of normalized Pmax, Voc, FF, and Rsh in the cases with and 

without irradiating light of different wavelengths. 

4.3.2. The proposed mechanism of the PID delay effect by UV light 

irradiation during PID test 

As shown in Figure 4. 7, in comparison with no light irradiation (in dark case), the 

conductivity of SiNx thin films increases due to UV light irradiation with the case of a 

wavelength range of 300-320 nm for SiNx with n = 1.95 (SiNx bandgap 3.56 eV) and with the 
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case of a wavelength range of 300-390 nm for SiNx with n = 2.12 (SiNx bandgap 3.18 eV).  

 

Figure 4. 7. The conductivity change in SiNx thin films with different refractive indexes at 

different wavelength light irradiation. 

 

Figure 4. 8. The photosensitivity change in SiNx thin films with different refractive indexes at 

different wavelength light irradiation. 

The same behavior of photosensitivity (photoconductivity/dark-conductivity) was also 

indicated in Figure 4. 8. Thus, the conductivity and photosensitivity increase of SiNx thin films 

under UV light irradiation depend on their refractive indexes and are limited by their bandgap. 

With n = 2.20, the conductivity and photosensitivity increase strongly under visible light 

radiation with wavelength up to 500 nm, since the light absorption in that range happens in the 

SiNx with such high refractive index. Also shown in Figure 4. 8, the increased level of 

photosensitivity is proportional to the increased level of refractive index. This revealed that a 

SiNx thin film with a higher refractive index has higher light absorption. Therefore, SiNx thin 

films used in solar cells with higher refractive indexes (but limited by 2.2) could suppress PID 
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more significantly. These results are in good agreement with previous results using SiNx thin 

films prepared by catalytic chemical vapor deposition (Cat-CVD) method reported by our 

group [122]. The SiNx conductivity increases under UV light irradiation regardless of SiNx thin 

films prepared by Cat-CVD or PE-CVD method. Thus, PID delay effects could be observed 

independent of preparation methods of ARC SiNx, that is, PE-CVD or Cat-CVD. As a result, 

the UV light with the wavelength range of 300–390 nm is very useful to delay or suppress PID 

for p-type c-Si solar cells.  

 

Figure 4. 9. A schematic diagram for the mechanism of the PID delay effect by irradiating UV 

light during the PID test. 

The mechanism of the PID delay effect by UV light irradiation during PID tests in p-type c-

Si solar cells is proposed in Figure 4. 9. Under UV light irradiation, the SiNx ARC layer of the 

solar cell is attributed to prevent or restrict the penetration of Na ions into the solar active layer, 

leading to slow down the PID effect. The mechanism has two following critical points. Firstly, 

after absorbing the UV light in the 300-390 nm wavelength range, the SiNx ARC layer 

generates charge carriers (electrons and holes), increasing the SiNx conductivity, i.e. decreasing 

the SiNx resistance (RSiNx). Note that a high voltage is applied between the glass and the active 

cell layer in the structure of the solar module during the PID test. Then, there are corresponding 

voltages across the glass (Vglass), the EVA layer (VEVA), and the SiNx layer (VSiNx), as illustrated 
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in Figure 4. 9. Herein, VSiNx is estimated by the following formula [123]: 

VSiNx=
RSiNx

Rglass+REVA+RSiNx
Vext      (4.2) 

Most reports highlighted the degradation of c-Si solar modules caused by EVA discoloration 

degradation related to UV irradiation exposure with a high power intensity in the long term 

around several hundred even thousands of days [9][19][20][21]. So, the properties of the glass 

and the EVA layer are considered to be constant within this work. According to the above 

formula, the voltage across the SiNx layer is proportional to the SiNx resistance. Thus, the SiNx 

resistance is decreased by UV light irradiation, leading to reduced VSiNx, i.e. the reduction of 

the electrical field across the SiNx layer. The reduced electrical field will cause the drop of the 

electromotive force (F), which pushes positive ions like Na ions (mainly from the cover glass) 

towards the active Si layer of the p-type c-Si solar cells [114][124][56]. A well-known 

mechanism of PID in p-type c-Si solar cells is that the penetration of Na ions into the p-n 

junction of the solar cell causes leakage current. Therefore, less Na+ ions can drift across the 

SiNx layer, restricting the PID effect. Although Swanson et al. discussed a model that is related 

to the UV effect on the conductivity increase of the SiNx layer, the model is still not clear and 

detailed. It has not been supported by the measurement of the conductivity increase of SiNx by 

UV light.  

Secondly, charge carriers (electrons and holes) induced by UV light is separated by the 

electromotive force. The electrons are pulled towards the EVA/SiNx interface while the holes 

are pushed towards the SiNx/Si interface. Then, the electrons can neutralize Na+ ions on the 

EVA/SiNx interface, which might contain a large number of Na+ ions up to 1021 cm-3 [125]. As 

a result, the neutralization could reduce a lot of free Na+ ions before they drift across the SiNx 

layer into the active cell layer. This results in the restriction of the PID effect. 

Furthermore, based on the proposed mechanism of the PID delay effect by UV light, the 
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more strongly the SiNx conductivity increases the higher the ability to avoid the PID effect is. 

As shown in Figure 4. 7, the SiNx thin film has a higher refractive index, its conductivity 

increase under UV light is stronger. Therefore, the ability to avoid the PID effect is proportional 

to the SiNx refractive index. This coincides with the works of literature [62] [123]. However, 

the SiNx refractive index employed in solar cells should be less than 2.2 to avoid their power 

loss due to the parasitic light absorption in the SiNx layer.   

4.3.3. μ-PCD signal analysis in the cases with and without light 

irradiation during PID test 

The μ-PCD signals for the samples without light irradiation, with light radiation of 460-nm 

wavelength (representing a wavelength’s group 2), and with UV light irradiation of 370-nm 

wavelength (representing a wavelength’s group 1) were analyzed. Figure 4. 10 illustrates the 

normalized μ-PCD signals in experiment chain 1 (representative) for the tested solar modules 

before and after PID tests in the above-mentioned light irradiation cases.  

 

Figure 4. 10. Normalized μ-PCD signals for the tested solar modules before and after PID tests 

in the cases of no-light irradiation, UV light irradiation of 370 nm, and visible light irradiation 

of 460 nm. 

It could be seen that the μ-PCD signals in three cases show a reduced tendency over the PID 

test duration. The reduction rate of the μ-PCD signals in the cases of no-UV light irradiation 

and visible light irradiation with 460-nm wavelength presented faster than that in the case of 
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UV light irradiation with 370-nm-wavelength. These behaviors are very similar to the behavior 

of the degradation of solar cell performances over PID stress duration in the above three cases. 

To analyze the correlation between the reduction of the components of the μ-PCD signal and 

the degradation of the solar cell performances after the PID test, the μ-PCD signals were fitted 

with Eq. (4.1) to estimate the τ1, τ2 constants while the τeff value was also estimated from the 

decay profile, for the solar cells before and after PID tests at two points 1 and 2 as shown in 

EL images in Figure 4. 4. The τ1, τ2 constants, and the τeff values listed in Table 2 were averaged 

at both points 1 and 2 in two experiment chain 2. Meanwhile, the normalized τ1, τ2, and τeff 

values were calculated according to the initial values before the PID stress test at each point in 

each experiment chain, and then they were averaged. Therefore, the deviation of the normalized 

τ1, τ2, and τeff values before PID stress tests has not seen, as illustrated in Figure 4. 11. 

 

Figure 4. 11. The comparison of the normalized average values before and after PID tests in 

the cases of no-irradiating and irradiating light of different wavelengths for an effective 

lifetime a), rapid decay constant τ1 b), and slow decay constant τ2 c). 

The normalized τ1, τ2, and τeff values after the PID test in three cases decreased as increasing 

of PID stress duration time. Furthermore, the reduction rates of the τ1, τ2, and τeff values have 

the same behavior in two cases without and with irradiating light of 460-nm wavelength. In 

contrast, the case of UV light irradiation with 370-nm wavelength recorded the suppressed 

behavior. These reveal that the reduction behavior of the τ1, τ2, and τeff values is a good 

correlation with the performance degradation of p-type c-Si solar modules in the PID tests. It 
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is noted that the τeff values of solar cells measured by the μ-PCD technique depend on many 

factors such as surface recombination, recombination in the emitter layer and bulk, and the 

effect of charge separation field due to the p–n junction. The τeff values might not be absolute 

values, but they are considered as relative values to understand the cell performance 

deterioration after PID tests. 

Table 2. The average effective lifetime and the average rapid and slow decay time constants 

before and after PID tests. 

PID 

stress 

duratio

n 

Average τeff values (μs) Average τ1 and τ2 constants (μs) 

No 

UV 

UV 

370 

nm 

Visible 

460 

nm 

No UV UV 370 nm Visible 460 nm 

τ1 τ2 τ1 τ2 τ1 τ2 

Initial 

12.87 

±1.26 

12.15 

±0.36 

13.43 

±1.05 

0.94 

±0.01 

11.70 

±0.56 

0.99 

±0.00 

11.96 

±0.28 

0.92 

±0.00 

11.29 

±0.87 

PID 12 h 

2.69 

±1.54 

5.67 

±0.50 

3.18 

±0.61 

0.63 

±0.02 

3.13 

±0.11 

0.79 

±0.06 

6.39 

±0.91 

0.56 

±0.03 

2.91 

±0.03 

PID 18 h 

2.07 

±0.50 

4.37 

±0.41 

2.41 

±0.80 

0.56 

±0.02 

2.72 

±0.14 

0.76 

±0.06 

5.63 

±1.51 

0.51 

±0.05 

2.29 

±0.28 

PID 24 h 

1.91 

±0.43 

3.97 

±0.12 

2.16 

±0.47 

0.54 

±0.03 

2.66 

±0.16 

0.76 

±0.06 

5.22 

±1.50 

0.50 

±0.06 

2.14 

±0.18 

 

As a mechanism of PID for p-type c-Si solar cells, Na ions drift through the SiNx ARC layer 

towards the interface between the Si solar cell surface and the SiNx ARC layer. Na ions could 
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penetrate crystal defects such as micro-cracks, stacking faults, and so on, leading to the 

generation of electrically active surface and defect levels, thus reducing the effective carrier 

lifetime becomes gradually apparent. The τeff reduction rate in the case of irradiating UV light 

of 370-nm wavelength during the PID test is slower than that in the other cases because fewer 

Na ions penetrate crystal defects of the active cell layer owing to the UV light irradiation in the 

300-390 nm wavelength range as mentioned in Section 4.3.2. 

Crystal defects as dislocations, which are formed/grown through the penetration of Na ions 

into the active Si layer, act as defect nuclei as well as recombination centers [71][126]. The Na 

ion decoration of the crystal defects creates a sub-band of defect states which act as deep level 

states within the original bandgap. The defect level by Na is somewhat deep around 0.35 eV 

above the valence band in Si [127]. We assume that the recombination centers appear more at 

the deep energy level states after the PID test, so the SRH recombination processes take place 

more at the deep energy level states after PID test. It is known that the rapid decay component 

is related to the recombination processes that involve defects at the surface [126]. Therefore, 

the τ1 constant decreases gradually after the PID test in three cases. Notably, the reduction rate 

of the τ1 constant in the case of irradiating UV light of 370 nm is the slowest in three cases after 

PID tests. This could be interpreted as such because possibly, the Na ion number, which 

penetrates the c-Si solar cell due to the 300-390 nm-wavelength UV light effect, is the least in 

three cases after the PID test. Consequently, the deep energy level states are the least formed 

in the case of irradiating UV light of 370 nm. 

In μ-PCD measurement progress, the photoconductivity of solar cells rapidly increases due 

to the irradiation of laser light and then saturates by trapping the carriers at defects [128]. It is 

observed that carrier traps do not lead to rapid carrier recombination and prevent carriers from 

reaching recombination centers as well as extends carrier lifetime. After the active laser light 

turns off, the rapid decay occurs through the surface states and deep energy level states, and 
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then the slow decay occurs. The τ2 constant is mainly dominated by the remission rate of the 

trapped carriers [129][130][131][132][133]. Nevertheless, if the number of the trapped carriers 

increases, recombination in bulk occurs at a higher rate, leading to the shorter τ2 constant. As 

indicated in Figure 4. 11c, the normalized τ2 constant in the case of irradiating UV light of 370 

nm is highest at the same time after PID tests. In other words, the reduction rate of the τ2 

constant in the case of irradiating UV light of 370 nm is slowest in three cases. This might be 

assumed that UV light irradiation in the 300-390 nm wavelength range contributes to reducing 

or suppressing the formation of carrier traps after PID tests, leading to postponing the 

performance degradation of solar cells after PID tests. However, this proposal needs more 

detailed researches in terms of defect level, the defect density in the future. 

4.4. Conclusion 

This chapter presented that irradiating UV light in the 300-390 nm wavelength range on p-

type c-Si solar cells during the PID test can delay the degradation of the solar cell performance 

caused by PID. The mechanism of the PID delay effect by UV light irradiation during PID test 

in p-type c-Si solar cells is proposed that the conductivity increase of the SiNx ARC layer under 

the 300-390 nm-wavelength UV light, which prevents or reduces many Na ions from 

penetrating the c-Si solar cell, slows down the degradation rate of the solar cell performance. 

The μ-PCD technique was also utilized to analyze the PID delay mechanism of UV light 

irradiation during the PID test for p-type c-Si solar cells in detail. The reduction of the τ1, τ2 

and τeff components of the μ-PCD signal in the cases of no-irradiating and irradiating UV and 

visible light, which is a good correlation with the performance degradation of p-type Si solar 

cells, acts as a function of PID stress duration. The reduction rate of the τ1 constant in the case 

of irradiating the 300-390 nm-wavelength UV light is slowest because of the formation of 

deep-level states owing to the penetration of Na ions into the active Si layer under UV light, in 
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that case, is lowest. The reduction rate of the τ2 constant in the case of irradiating the 300-390 

nm-wavelength UV light is also slowest because the number of such defects acting as traps is 

lowest by UV light irradiation. Na ions could penetrate crystal defects, which lead to the 

generation of electrically active surface and defect levels, gradually reducing τeff over time.  
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Chapter 5 | Summary 

5.1. Conclusion 

This study has focused on three crucial issues as follows: Understanding and proposing a 

model of PID mechanism related to micro-cracks, presenting and discussing recovery 

possibility and method for PID-affected micro-cracked solar cells, clarifying the effect of UV 

light for solar cells within PID stress tests and utilizing it to control PID behavior.  

Chapter 1 briefly outlined the relevant issues of PV reliability, including failure types such 

as discoloration, delamination, corrosion, and breakage & cracks. Notably, PID was introduced 

in detail. This chapter presented the status of current research and development for PID. 

Therein, the background of PID covered definition, main factors affecting and elevating PID, 

techniques testing PID, and some PID mechanisms for c-Si solar cells/modules. Besides, this 

chapter also showed several PID recovery methods used in both the laboratory and industry. 

Finally, this chapter highlighted limited issues for PID investigation, leading to perform this 

study.  

Chapter 2 shows the PID shunts at micro-cracked regions observed by EL, look-in thermal 

images, and confirmed by EQE responses before and after PID stress tests. At micro-cracked 

areas, local electrical characteristics composed of Pmax, Voc, FF, and Jsc deteriorated after PID 

stress tests. It is hypothesized that the degradation of typical Rsh at local micro-cracked regions 

is a root cause leading to PID. This chapter suggests that the micro-crack related shunt area 

depends not only on the length but also on other factors such as width, and depth of micro-

cracks in solar cells. Furthermore, this chapter also proposes the decoration of sodium (Na) 

ions in micro-cracks as the primary mechanism resulting in PID for p-type c-Si solar cells. The 

micro-cracked region with the degradation of Na ions become recombination centers, and act 
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as local defects, leading to ohmic conductivity across the p-n junction. This PID mechanism 

was confirmed by the EDX mapping on the surface of an intact region, the surface, and the 

cross-section site of micro-cracked areas. 

Chapter 3 demonstrates that micro-cracks act as the additional recombination center, which 

reduces Jsc, and τeff of solar modules after PID stress processes. Besides, micro-cracks also act 

as shunting defects, resulting in the reduction of Rsh, which is the root cause of the degradation 

of Voc, FF. Thus, PID becomes more severe for solar cells with micro-cracks compared to intact 

solar cells. The performance degradation of solar cells caused by PID at micro-cracked regions 

could be regenerated effectively but incompletely by applying a reverse bias voltage. The 

behavior of the PID degradation and recovery was observed by EL images, confirmed by EQE 

responses before and after PID stress tests. The incomplete recovery of solar cell performance 

is attributed to be due to the incomplete recovery of Rsh and FF. The degradation and 

regeneration of the τeff value are a function of the PID stress and recovery processes. The µ-

PCD response plays a critical role in indicating PID behavior induced by micro-cracks of solar 

cells. Finally, this chapter assesses and models the dependence of the PID behavior after 

degradation/regeneration cycles on the duration of PID stress and recovery processes. The 

results show the decreasing tendency of the loss of electrical characteristics caused by PID after 

PID degradation/regeneration cycles. This trend, which is favorable for minimizing the PID 

effect, needs to be investigated further. 

Chapter 4 shows that irradiating UV light in the 300–390 nm wavelength range on p-type 

c-Si solar cells during the PID test can delay the degradation of the solar cell performance 

caused by PID. Also, in this chapter, the author proposes a mechanism of the PID delay effect 

by UV light irradiation during the PID test in p-type c-Si solar cells. Therein, the conductivity 

increase of the SiNx ARC layer under the 300–390 nm-wavelength UV light, which prevents 

or reduces many Na ions from penetrating the c-Si solar cell, slows down the degradation rate 
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of the solar cell performance. The μ-PCD technique was also utilized to analyze the PID delay 

mechanism of UV light irradiation during the PID test for p-type c-Si solar cells in detail. The 

reduction of the τ1, τ2 and τeff components of the μ-PCD signal in the cases of no-irradiating 

and irradiating UV and visible light, which is a good correlation with the performance 

degradation of p-type Si solar cells, acts as a function of PID stress duration. The reduction rate 

of the τ1 constant in the case of irradiating the 300–390 nm-wavelength UV light is slowest 

because of the formation of deep-level states owing to the penetration of Na ions into the active 

Si layer under UV light, in that case, is lowest. The reduction rate of the τ2 constant in the case 

of irradiating the 300–390 nm-wavelength UV light is also slowest because the number of such 

defects acting as traps is lowest by UV light irradiation. Na ions could penetrate crystal defects, 

which lead to the generation of electrically active surface and defect levels, gradually reducing 

τeff over time. 

Thus, this work suggested the more realistic and accurate PID mechanism with the 

combination of factors, including high potential, mechanical, and damp-heat stresses and UV 

light irradiation for solar modules installed in the field. Apart from stacking-fault, micro-crack 

is also a critical candidate, leading to the severe PID-s phenomenon for p-type c-Si solar cells. 

This work recommends micro-cracks must be inspected and controlled strictly, and micro-

cracked solar cells should be removed to minimize the PID effect for commercial solar panels. 

Furthermore, this dissertation proposed a cyclic PID stress/recovery test method as a long-term 

solution to minimizes/ eliminates the PID effect over time. By using this method, a model was 

built to predict the PV performance after a long time of operation. Possibly, this model allows 

determining the warranty period of commercial solar panels, at least in terms of performance 

deterioration caused by the PID effect. Finally, this dissertation also showed the critical 

influence of UV light on PID behavior. Therefore, UV light should be added in the 

conventional PID tests as an essential factor to achieve more precise experimental results. 
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5.2. Research directions in the future 

The research plan, including three important issues, need to be addressed in the next five 

years as follows: 

1. Model development for potential stress in the free field 

Correlation of environmental conditions and high voltage stress of the solar cells with PID 

behavior. 

The data from the free field are continuously evaluated and analyzed to provide a basis for 

understanding when there is a stress load between the module surface and solar cells. In 

particular, the data from a surface potential measuring system and climate data are assessed. 

The evaluation shows systematic relationships, from which the model development is derived. 

Model development for the simulation of the high voltage stress for the environmental 

conditions.  

For the development of test procedures, a parameterized model is required based on the 

above data. The model can map the stress state for the various environmental conditions from 

the free field measurements. The variables, including temperature, humidity, UV/light 

irradiation intensity, soil, and dirt, are inserted into the modeling process in different methods. 

Another possibility is to use a neural network as a model basis. Since the influence of partly 

unknown parameters, such as degree of contamination and airflow direction over the module 

surface are not known or incomplete, this type of modeling offers flexible customization 

options. 

Review of the developed model.  

The model review should be based on independent data. A part of the modules performing 

free-field measurements is used to build the model. Other modules are used for validation. 
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Furthermore, the model is applied using measurements in climatic chambers and adjusted if 

necessary.  

2. Dependence of PID behavior with cyclic degradation and regeneration on the material 

characteristics 

Cell level PID tests with cyclic degradation and regeneration. 

In the module layer stack, consisting of glass, encapsulation film, and cell, the electrical 

potentials are measured as a function of polarity (degradation/regeneration) and time sequence. 

For this purpose, the PID test series with mini-modules (single-cell solar module networks) as 

well as with non-encapsulated solar cells (PID cell tests) are carried out.  

Ratios of degradation and regeneration rates are determined for various combinations of cells 

and encapsulant sheets. 

Dependencies are modeled and correlated with the material characteristics (e.g., the resistivity 

of the encapsulant films) based on the findings of the two above steps.  

3. Model development for degradation/regeneration behavior 

Development of a cross-scale model. 

First, a set-up model allows the PID test results to be correlated at the cell, module, and 

system level. Particular attention is paid to the simulation of power loss depending on the 

specific potential stress. 

Implementation of the model in a calculation program. 

The developed model will be transferred to a program for calculating the yield forecast as a 

function of the cyclic stress load. The input data for the program are, on the one hand, weather 

data prevailing at the respective location and, on the other hand, the reaction of the type of 

module considered to degradation/regeneration cycles. 
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Review of the model 

The established calculation model is checked by comparing the simulated/calculated yield 

curves with the real measured ones without countermeasures and with applied 

countermeasures. If necessary, adjustments to the model or program are made. 
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