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Abstract: This study investigates the polarization-type Potential-Induced 

Degradation (PID-p) of bifacial glass/glass p-type Passivated Emitter Rear Contact (p-

PERC) modules in the field and their recovery behavior. Modules were installed with 

three mounting configurations providing different albedo conditions. System voltage 

(-600 V, -1500 V, +1500 V) was applied to the cell circuits, with respect to the 

grounded module frames. No degradation was observed for positively-biased modules 

but PID-p was identified on the rear side when cells are negatively-biased, with 

maximum power dropping during the first days and stabilizing at values up to 8% loss. 

Electroluminescence images revealed a variation of the cells’ PID-p suscepti-bility 

within a module. Three parameters were shown to impact the degradation rate: rear 

albedo light, voltage, and wetness conditions. Degraded modules were recovered either 

by: 1) a positive bias (+1500 V), 2) outdoor illumination with the front side facing 

sun, 3) outdoor illumination with the rear side facing sun, or 4) dark storage. A 

recovery pattern was identified with I-V parameters decreasing to a local min-imum 

before increasing to full recovery. The proposed mechanism is based on the band 

bending at the rear p-type Si/AlOx/SiNx interface, going from inversion to depletion 

and accumulation states. Full recovery was achieved in: 2 to 7 hours for the modules 

recovered with the rear side facing sun; 4 to 8 nights for the modules positively-biased 

at night; 10 to 20 days for the modules with the front side facing sun. Dark storage 

showed slower recovery rates as I-V parameters were not improv-ing even after one 

month. The recovery rates were correlated with the net Coulombs transferred during 

the preceding PID stress: when more Coulombs are transferred during the degradation, 

the extent of degradation is greater, leading to slower recov-ery rates. 
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1 Introduction 

In the last few years, polarization-type Potential-Induced Degradation (PID-

p) has been increasingly studied as it can affect emerging technologies, such 

as Passivated Emitter Rear Totally diffused (PERT), Tunnel Oxide Passivated 

Contact (TOPcon) and bifacial Passivated Emitter Rear Contact (PERC) 

modules [1–14]. While a brief state of the art on PID-p is given below, the 

reader can refer to the following review paper for more details [1]. 

PID-p studies, mainly performed indoors, enabled the identification of 

important aspects of the degradation mechanism that involve the accumulation of  

charged species in the passivation layers. When cells are positively-biased, it 

is suggested that positive charges are pushed away from the cells, leav-ing 

behind negative charges in the passivation layers that increase surface 

recombination velocity (SRV) of minority carrier holes at n-doped silicon (Si) 

surfaces[15]. This case has been less studied and the mechanism have not been 

demonstrated yet. For p-type Si, when cells are negatively-biased, an electric 

field directed towards the cells is created, leading to the accumulation of pos-itive 

charges in the passivation layers increasing the SRV of minority carrier electrons 

at the surfaces. Sodium ions (Na+) contribute to the degradation by migrating 

from the glass to the dielectric layers but they are not the only species  involved, 

as PID-p can occur within minutes (such that Na+ ions do not have the time 

to diffuse to the passivation layers) and even in the absence of Na+ ions. The 

role of K-centers present in the SiNx layer was further demon-strated [4, 16]. A 

K-center is a dangling bond of Si atoms to three N atoms and it can be 

electrically neutral, negative, or positive (K0, K+, K−). The electric field 

created when cells are negatively-biased can effectively change the K-centers 

polarity from neutral or negative into positive. The combined effect of Na + ions 

accumulation and K-center polarity change shifts the net charge in the passivation 

layers to a more positive value, inducing more SRV of the minority carriers. 

According to some authors, if enough positive charge develops in the passivation 

layers, the band bending at the Si surface is such that an inversion layer is created, 

reducing the SRV [11, 17] but this effect is not always observed. The properties 

of the passivation layers and encapsulant play a crucial role in the PID-p 

susceptibility [11, 13, 18–21]. Also, some stud-ies report a preventive effect of 

light on PID-p [2, 10, 11, 19, 22–25]: through UV-light absorption in the 300–

390 nm wavelength range, the conductivity of the SiNx layer can be increased, 

allowing the accumulated charges to dissi-pate. This effect is not always 

observed but happens more likely with an AlOx layer rather than a SiOx layer 

under the SiNx layer [22]. As SiO2 layers gen-erally have an higher resistivity 

than AlOx layers, they will tend to prevent positive charge dissipation [16]. 

However, cells with an AlOx/SiNx stack might not show this effect depending on 

the manufacturing process [22]. PID-p can often, but not always, be recovered 

under light, reverse bias or dark storage [5, 11, 17, 26], but few studies have 

investigated the recovery mechanism, espe-cially in the field. There is a lack of 

outdoor studies investigating both the degradation and the recovery mechanism 

of PID-p. 
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This work provides useful data on commercially-available bifacial glass/-

glass p-PERC modules affected by PID-p in the field under various voltages and 

albedo conditions. It is also the first of its kind to investigate the recovery of PID-

p in the field. Four different recovery conditions are examined: 1) posi-tive bias 

recovery at night, 2) outdoor light-recovery with the front side facing sun, 3) 

outdoor light-recovery with the rear side facing sun, and 4) dark stor-age. The 

dark storage recovery is relevant to replicate how modules in the field will behave 

at night. The outdoor light-recovery results will enable assessment of the impact 

of light during power plant maintenance events for instance. The positive bias 

recovery will inform on the efficiency of this preventive solution. A recovery 

mechanism is proposed along with a discussion on the recovery rate as a 

function of the recovery method and the conditions the module was degraded. 

These results will serve the PV community to better understand how PID-p 

occurs in operating conditions, help differentiate PID-p from other degradation 

mechanisms that lead to reduced minority carrier lifetime, develop predictive 

models, develop PID-p preventive solutions, and improve standard accelerated 

PID-p tests to accurately reproduce what happens in the field. 

 

2 Methods 

2.1 Materials 

40 framed bifacial glass/glass p-PERC modules (420 W nominal) with ethylene-

vinyl acetate (EVA) encapsulant on both sides were purchased from one 

manufacturer. The rear passivation stack was identified by transmission electron 

microcopy and consists of a thin (≈ 10 nm) AlOx with a SiNx of about 70 nm. In 

a previous work [27], the PID-p susceptibility was evidenced in envi-ronmental 

chamber testing using the Al foil method of IEC TS 62804-1:2015, “Test methods 

for the detection of potential-induced degradation – Crystalline silicon” [28]. 

When cells are negatively-biased with respect to the grounded frame, PID-p is 

observed on the rear side with no shunting-type PID on the front side. When 

cells are positively-biased, a small degradation attributed to PID-p is observed 

on the front side. Results are detailed in reference [27], where the modules used 

in the present work are designated as ”MB” in that reference. 

 

2.2 High-voltage (HV) testbed 

The HV testbed located at the Florida Solar Energy Center (FSEC) (humid 

subtropical climate) introduced in [29, 30] is designed to test modules in out-door 

conditions while applying voltages in the range of -3500 V to +1500 V. Four 

mounting racks can each accommodate 10 modules and rolling structures placed 

under each rack provide various albedo conditions (Figure 1). Each module is 

facing sun and slightly inclined with 3° tilt angle so that water does not pool, 

which results in a relatively stressful but realistic installation for the occurrence  

of PID. This same tilt angle was used for all our module to provide 
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comparable wetting condition, in particular when it is raining. The different 

mounting racks are designed as follows: 

• Simulated ground mounting (SIM ground) - 1 Rack: It mimics the albedo 

conditions of modules mounted in the field with grass growing tall enough 

to touch the rear side of the modules (which is a very common occurrence in 

solar power plants). Modules are mounted 30 cm above a rolling structure 

containing soil and grass, 

• Simulated residential rooftop (SIM roof) - 1 Rack: It mimics the albedo con- 

ditions of modules on a typical flat commercial roof in America. Modules are 

mounted 30 cm standoff over a rolling structure covered by a black roofing 

material known as ethylene propylene diene monomer (EPDM) membrane, 
• Open Racks - 2 Racks: They mimic the albedo conditions of modules 

mounted 2 meters above the ground (no structure placed under the 

modules). 

 

 

Fig. 1: Pictures of the three mounting configurations on the HV testbed (4 racks 

in total). 

 

 

These three mounting configurations were chosen to mimic real-world sce-

narios while providing significantly different albedo light conditions (see Figure 

). The objective was to observe differences in the PID-p degradation or recov-ery 

rate on the different mounting configurations and establish a potential 

relationship between PID-p degradation or recovery rate and albedo light. It 

is worth mentioning that translating the results of this study to real-world 

case scenarios has some limitations. The 3° tilt angle used in this study differs 

from what is generally used in real world open racks scenarios (25-45°). As 
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the albedo light received on the backside of the module depends on the mod-

ule tilt angle [31], it will be necessary to estimate the increase of albedo dose 

received by the module for higher tilt angle. Also, other parameters such as 

the temperature and humidity might have an impact on the PID-p degrada-

tion or recovery rate and are not investigated in this paper. Moreover, using a  

different cell technology or module construction might give different results 

even if the environmental parameters and mounting configuration are strictly 

the same. 

A dedicated shielded leakage current cable is fitted to each module frame. 

On each mounting rack, there is one control unbiased module and 8 modules 

out of 10 modules can be I-V traced. A meteorological station measures the 

wind speed and direction, the ambient temperature and humidity, and the 

precipitation. Sensors are installed on the HV testbed: 1) leaf wetness sensor, 

2) plane-of-array (POA) UV sensor, 3) POA irradiance sensor (Licor POA), 

4) irradiance sensors placed under each rack to measure the albedo irradiance 

(Licor albedo), 5) UV sensors placed under each rack to measure the UV albedo, 

6) thermocouples on the rear side of some modules. 

 

2.3 Outdoor data filtering and I-V correction procedure 

Any data impacted by maintenance or equipment failure was removed from 

the analysis. A sky stability filter was applied to the I-V data such as the 

standard deviation of the Licor POA one minute before and 30 seconds after 

an I-V trace did not exceed 3 W/m2. Correcting the I-V to Standard Testing 

Conditions (STC; AM1.5G, 25°C, 1000 W/m2) can induce significant errors 

when the module is degrading [32], in particular for low irradiance I-V traces 

where the smaller output of the module makes it more susceptible to the impact 

of shunt resistance, temperature variations, and spectral discrepancies [33]. 

Therefore, maximum power (Pmax), short-circuit current (ISC) and open-

circuit voltage (VOC) were normalized to the closest respective unbiased 

control module (Pmax control, ISC control and VOC control) using equations 1,2, 3, 

respectively. This way, only the degradation due to high voltage will be 

reflected in the corrected I-V parameters. As irradiance conditions might 

slightly change between the time a module is I-V traced and the time its con-

trol is I-V traced, the difference of Licor POA irradiance (GP OA) between 

a module and its control was considered to correct Pmax and ISC. The nor-

malization did not account for the temperature as there was no significant 

temperature difference between biased and unbiased modules. I-V traces mea-

sured more than 3 minutes apart from a control module were not considered 

as important change of the environmental conditions could happen and lead 

to significant error of the I-V correction. 

 Pmax    GPOA  P = × 
 

(1) 

max normalized Pmax control GPOAcontrol 

 ISC   GPOA  I = × (2) 
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SC normalized ISC control GPOA control 
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VOC normalized 

 VOC  
= 

VOC control 

(3) 

2.4 Indoor characterization 

Indoor illuminated I-V were measured with a Sinton FMT-350 and elec-

troluminescence (EL) imaging was performed using a modified consumer DSLR-

CMOS camera with a 950 nm longpass filter. Each side of the modules was 

measured individually by blocking the opposite side (e.g., front side mea-

surements are taken with the rear side blocked to minimize rear reflection of the 

measurement apparatus). 

 

2.5 PID degradation and recovery protocols 

Two rounds of outdoor degradation were performed to test various high volt-

ages. Modules degraded in the first round of exposure (Round 1) were used for 

the recovery experiments. To avoid any light-induced recovery during removal 

and reinstallation of the modules for indoor measurement, a cardboard sheet 

was secured on the rear side when voltage was turned off and transport from 

the field to the lab was done immediately after each module was uninstalled 

with the rear side facing down. In the next sections, we describe the two degra-dation 

rounds performed in sequential years followed by a description of the 

recovery testing. 

 

2.5.1 Outdoor degradation: Round 1 and Round 2 

The first round (Round 1) of degradation was performed on 20 modules (5 per 

rack) from June, 9th, 2023 to May 2024. The module layout is given in Figure 

2. -1500 V was applied to the cells on the SIM ground (Rack A), Open Rack B 

and SIM roof (Rack E). On the Open Rack D, +1500 V was applied to the cells. 

All frames were connected to ground via a current-sensing resistor circuit and 

one control module (unbiased) was installed per rack. After 3 months of light 

soaking with the modules connected to load resistors, HV was applied starting 

June, 9th, 2023 during the day and turned off at night. All modules except 

M7, M17, M31 and M41 were I-V traced. Due to equipment complications, 

the negative voltage on the SIM roof was applied with an 8-week delay and the 

I-V capability for M35 and M43 was lost. Indoor I-V and EL were performed in 

approximately 3-month intervals. 
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Fig. 2: Module layout for Round 1 outdoor degradation. 

 

 

The second round (Round 2) of outdoor degradation was performed on 

another batch of 20 modules to test lower high-voltages. The module layout 

is given in Figure 3. -600 V was applied to the cells on the SIM ground (Rack A), 

Open Rack D and SIM roof (Rack E). The Open Rack B was stressed with 

the same voltage (-1500 V) and mounting configuration as Round 1. Based on 

Round 1 results, testing was reduced to 3 weeks (September, 27 th, 2024 to 

October 7th, 2024). All frames were grounded and one control module (unbiased) 

was installed per rack. Modules were light-soaked before applying the HV during 

the day (turned off at night). All modules except M4, M6, M14, M16, M28 and 

M38 were I-V traced. 

 

Fig. 3: Module layout for Round 2 outdoor testing. 
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2.5.2 Recovery experiments 

PID-p degraded modules from Round 1 were used to investigate four recovery 

methods. Indoor I-V and EL measurements were done at the end of Round 1 

and, for each rack, one module underwent one of the four recovery experiment 

summarized in Figure 4: 

• Dark storage recovery (M7, M17, M41): modules were kept in the laboratory with 

indoor I-V and EL performed once a week; 
• Nighttime positive bias recovery (M1, M11, M35): modules were reinstalled 

in the field on Open Rack D with +1500 V applied at night. During the day, 

the modules’ rear side was covered to avoid light-induced recovery. Indoor I-

V and EL were performed every morning; 
• Light-induced recovery with the front side facing the sun (M9, M19, M43): 

modules were reinstalled in the field with the front side facing sun with no 

applied voltage bias. Outdoor I-V tracing was performed every 5 minutes; 
• Light-induced recovery with the rear side facing the sun (M5, M15, M39): 

modules were reinstalled in the field with the rear side facing sun with no 

applied voltage bias. Outdoor I-V tracing was performed every 5 minutes. 

The module layout for the recovery experiment is given in Figure 5. For 

the light-induced recovery experiments, the modules were installed at the same 

location used for degradation, except for the SIM Roof modules because no I-V 

tracing was possible on this Rack at the time, so M39 and M43 were recovered 

on the Open Rack B. Control modules M3 and M13 were reinstalled to enable 

correction of Pmax, ISC and VOC of the recovering modules using equations 

1,2 and 3. 

 

Fig. 4: Process flow of the four recovery experiment performed on modules 

affected by PID-p in Round 1. 
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Fig. 5: Modules layout for the recovery experiments on modules affected by PID-

p in Round 1. 

 

 

3 Results and Discussion 

3.1 Evidence of PID-p in the field 

3.1.1 Round 1 outdoor degradation: impact of light on PID-p 

Outdoor I-V data were normalized to their respective control module (see section 

2.3) and the daily median value of Pmax normalized over time is given in Figure 

6 for the negatively-biased modules on SIM Ground, Open Rack B and SIM roof. 

No degradation was observed on the positively-biased modules on Open Rack 

D (data not shown here). The daily median ISC normalized and VOC normalized 

over time are shown in supporting information SI.1 and SI.2. Modules were 

uninstalled for indoor I-V and EL on 22-Aug-2023, 05-Oct-2023, 16-Jan-2024, 

and 17-Apr-2024 which corresponds to 10, 16, 31, and 44 weeks of system 

voltage application for the modules on SIM ground and Open Rack 

B. For the SIM roof rack, this corresponds to 1, 7, 22, and 35 weeks of system 

voltage application. Corresponding Pmax are displayed in Figure 7 while ISC 

and VOC can be found in the supporting information sections SI.3 and SI.4, 

respectively. EL images of one representative module per rack are shown in 

Figure 8. 
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Fig. 6: Outdoor I-V Pmax normalized over time during Round 1 degradation 

for negatively-biased modules on SIM Ground, Open Rack B and SIM Roof 

(daily median). 

 

 

 

 
Fig. 7: Indoor I-V Pmax data during Round 1 degradation for negatively-biased 

modules on SIM Ground, Open Rack B and SIM Roof. Each row is labeled 

based on which side of the module is measured (front or rear). Each of these 

parameters is normalized to the values of the respective rack control modules. 

p-values between successive measurements are indicated on the right scale. 
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Fig. 8: EL images for one representative module per rack during Round 1. 

Images shown are taken at nameplate ISC on the rear side of the module. The 

image for rack E at 0 weeks of bias is at 70% nameplate ISC due to poor image 

quality at higher currents on that date. 

 

 

As shown in Figure 6, Pmax quickly drops after -1500 V is applied and 

stabilizes in the range of 5 to 8 % loss after about 2 to 3 weeks. The same 

trends are observed for ISC and VOC with a stronger impact on ISC, which 

is typical of PID-p [1]. Indoor data (Figure 7) (when flashing the front side) 

show the same level of degradation compared to what is observed outdoors. 

Performance losses are more pronounced when flashing the rear side of the 

module where the degradation happens. The EL images in Figure 8 display a 

checkerboard pattern of cells’ brightness indicating a variability of the PID-p 

susceptibility for the different cells of the module. 

For each mounting rack, the mean Pmax degradation rate of the four biased 

modules (% Pmax loss/day) during the Pmax dropping phase (first 10 days) was 

calculated using a linear regression. Results are reported in Table 1 along with 

the mean daily Licor albedo dose (Wh/m2/day) for the same period. We notice 

a slower degradation rate with greater albedo light doses: modules on the 

Open Rack receive more albedo light and degrade more slowly than the one 

on the SIM Ground, which degrade more slowly than the modules on the SIM 

Roof, having received the least albedo light. This confirms the preventive effect 

of light on PID-p in the field. Round 1 data were used to develop a sigmoidal 

model describing the module power as a function of charge incoming 
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from the negative voltage applied and countered by dissipation from incident 

irradiation. This model is presented in reference [34]. 

 

 

Table 1: Pmax degradation rate (mean value of 4 modules) as a function of the 

mean daily Licor albedo dose during the first 10 days of voltage in Round 1. 
 

Mounting 

configuration 

Mean Licor Albedo dose 

(Wh/m2/day) 

Mean degradation rate 

(%Pmax loss/day) 

SIM Roof (-1500 V) 26.46 -7.612 x 10−1 

SIM Ground (-1500 V) 359.07 -3.525 x 10−1 

Open Rack (-1500 V) 710.56 -2.497 x 10−1 

 

 

A slight seasonal effect was noticed with lower median value of Pmax 

normalized between mid-September and April (see Figure 6). The Licor and UV 

albedo dose per day during Round 1 are given in Figure 9 and support-ing 

information SI.5, respectively. They seem to mirror the Pmax normalized 

behavior with a dip between mid-September and April, suggesting that lower 

irradiance conditions in fall and winter are responsible for slightly greater 

PID-p. 

 

Fig. 9: Evolution of the Licor albedo dose (Wh/m2/day) for each mounting 

configuration during Round 1 degradation. 

 

 

3.1.2 Round 2 outdoor degradation: impact of voltage on 

PID-p 

Outdoor I-V data were normalized to their respective control module and the 

hourly median value of Pmax normalized over time is given in Figure 10 for 

the modules stressed at -600 V on SIM Ground, Open Rack D and SIM roof. 

Similarly, Figure 11 compares modules stressed on the Open Rack B (-1500 

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted manuscript. 
The published version of the article is available from the relevant publisher.



14  

V) and Open Rack D (-600 V). The corresponding graph for hourly median 

ISC normalized are given in supporting information SI.6 and SI.7. In Table 2, the 

mean daily Licor albedo dose, the mean daily UV albedo dose, and the mean 

Pmax degradation rate (%Pmax loss/day) during the Pmax dropping phase (first 

3 days) are reported for each rack. 

 

Fig. 10: Hourly median of outdoor I-V Pmax normalized over time during Round 

2 degradation for the modules stressed at -600 V with different mount-ing 

configuration. 

 

 

 

Fig. 11: Hourly median of Pmax normalized over time during Round 2 degra-

dation for the modules stressed on Open Racks. 
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Table 2: Pmax degradation rate (mean value of 4 modules) as a function of the 

mean daily Licor and UV albedo dose during for each mounting configuration 

during the first 3 days of stress in Round 2. 
 

Mounting 

configuration 

Mean daily Licor 

albedo dose 

Mean daily UV 

albedo dose 

Mean 

degradation rate 

 (Wh/m2/day) (Wh/m2/day) (%Pmax 

   loss/day) 

SIM Roof (-600 V) 10.69 0.044 -1.296 

SIM Ground (-600 V) 158.17 0.046 -1.270 

Open Rack (-600 V) 307.92 0.407 -1.019 

Open Rack (-1500 V) 307.92 0.407 -1.486 

 

 

Pmax in Round 2 quickly drops when a negative voltage is applied and 

stabilizes after 3-4 days with Pmax loss up to 8%. The mean Pmax degradation 

rates in Round 2 (Table 2) are almost the same for SIM Ground and SIM Roof 

stressed at -600 V. While the mean daily Licor albedo dose was significantly 

different between SIM Ground and SIM Roof, the mean daily UV albedo doses were 

similar. This suggests that the UV albedo conditions correlate better with the 

PID-p degradation rate than the Licor albedo conditions. As the UV 

component of light is responsible for the PID-p preventive effect[22], these 

results make sense. With a mean daily UV albedo dose ≈ 10 times greater on 

the Open Rack stressed at the same voltage, the mean Pmax degradation rate 

slows down by a factor of ≈ 1.27, confirming the impact of the mounting 

configuration on PID-p as observed in Round 1. When comparing the Open 

Racks at -1500 V and -600 V in Round 2 (Table 2), the mean Pmax degradation 

rate is ≈ 1.45 times faster when the voltage is increased by a factor of 2.3. 

This highlights a greater impact of the voltage on the PID-p degradation rate 

than the UV-light. 

 

3.1.3 Comparison Round 1 and Round 2 outdoor 

degradation: impact of modules’ wetness on PID-p 

To evaluate the underlying factors governing the Round 1 and Round 2 degra -

dation rates, the wetness conditions measured by the leaf wetness sensor during 

the Pmax degradation phases are given in supporting information SI.8 for both 

rounds. The percentage of wetness data reporting ’Dry’ conditions was 36% in 

Round 1 (from 09-June-2023 to 19-June-2023) and 16% in Round 2 (from 26-

Sep-2024 to 29-Sep-2024). Mean ambient temperature and %RH were similar 

(28.2 °C ± 3.6 and 69.5 % ± 14.6 in Round 1; 28.9 °C ± 1.86 and 78.0 % ± 11.7 

in Round 2). During Round 1, the mean Pmax degradation rate at -1500 V on 

the Open rack was -2.497 x 10−1 %Pmax loss per day with a mean daily Licor 

sensor albedo dose of 711 Wh/m2/day. During Round 2, the mean Pmax degra-

dation rate at same voltage and mounting configuration was -1.486 %Pmax 

loss per day with a mean daily Licor sensor albedo dose of 308 Wh/m2/day. 
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This represents a Pmax degradation rate during the Pmax dropping phase ≈ 6 

times faster in Round 2 for a daily Licor albedo dose ≈ 2.3 times lower. A dif-

ference in irradiance conditions seems insufficient to explain the significantly 

faster degradation in Round 2. While the ambient temperature and %RH were 

similar, the wetness conditions in the first days of voltage application were sig-

nificantly different with 2 times more readings of dry conditions in Round 1 

based on the leaf wetness sensor. When modules are wet, the impact of voltage 

difference between the cells and ground potential extended over the surface 

of the module glass from the frame is more uniformly distributed, which is 

favorable for the occurrence of PID-p. 

 

3.2 Identification of a PID-p recovery pattern 

3.2.1 Outdoor light-induced recovery front side facing sun 

Modules M9, M19 and M43 (degraded during Round 1 on SIM Ground, Open 

Rack B, and SIM Roof, respectively) were recovered under sunlight with the 

modules’ front side facing the sun. The resulting Pmax normalized over time 

are given in Figure 12. The three modules show a similar recovery pattern where 

Pmax first drops, reaches a local minimum and then increases until full recovery. 

M43 recovers the fastest (≈ 10 days), followed by M19 (≈ 17 days) and then M9 

(≈ 20 days). M19 and M43 have a different recovery rate, even though they were 

both recovered on an Open Rack (meaning that they received the same amount 

of UV albedo light during recovery). This seems to indicate that the degradation 

history plays a role in the recovery rate. In the case of M9 recovered on the SIM 

Ground rack, a lower recovery rate is reported, which could be attributed to 1) 

the difference of degradation history with M19 and M43 and, 2) the lower UV 

albedo dose measured during recovery on the SIM Ground. 
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Fig. 12: Pmax normalized over time during outdoor light-recovery with front 

side facing sun on Round 1 degraded modules (M9, M19, M43).  

 

 

A significant variation of Pmax normalized was observed over the day (see 

Figure 12) until modules fully recovered. A comparison of Pmax normalized at 

the beginning of M19 recovery with the corresponding Licor albedo values is 

shown in supporting information SI.9. A strong correlation is observed, 

suggesting a dependence of Pmax normalized on the irradiance conditions, which 

is unusual for Pmax normalized to the control module. It has been reported that 

measured degradation (by either flashing the degraded or non-degraded side) 

associated with PID-p is greater when I-V flashing the module at low 

irradiance [11, 27]. This injection-level dependent behavior could be explained 

by the dependency of the effective SRV with the excess carrier concentration 

(i.e., injection level), as demonstrated by Aberle et al. on p-type silicon samples [35]. 

Therefore, a greater difference of Pmax between a PID-p degraded module and 

its control would be observed with lower albedo irradiance condition (i.e., in 

the early morning). Not only the irradiance intensity but also the associated 

solar spectrum could be involved in the phenomenon observed in Figure 12 as 

higher concentration of infrared wavelengths are often reported in the solar 

spectrum in the early morning. Further analysis would be need to explore this 

hypothesis. As the variation of Pmax normalized over the day reduces with the 

progression of the recovery, this behavior could be used to specifically detect 

PID-p in the field. 

As shown in Figure 12, full outdoor recovery front side facing sun takes 

at least 10 days. This recovery method does not seem desirable in a real PV plant 

as disconnecting modules for such a long period would cause significant financial 

losses. 
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3.2.2 Outdoor light-induced recovery rear side facing sun 

Modules M5, M15 and M39 (degraded during Round 1 on SIM Ground, Open 

Rack B and SIM Roof, respectively) were recovered under sunlight with the rear 

side facing the sun. Due to a rain event, modules were covered for two days with 

an opaque tarp for safety. Pmax normalized over time is given in Figure 13 

(before the rain event) and Figure 14 (after the rain event). Here again, Pmax 

normalized first decreases, reaches a local minimum and then increases until 

full recovery. The slopes of the dropping and increasing phases are indi-cated on 

the graphs. The module that was degraded on the SIM Roof (M39) recovered the 

fastest and the one degraded on the SIM Ground (M5) recov-ered the slowest. 

For instance, Pmax normalized drops 2.6 times faster at the beginning of the recovery 

process for M39 compared to M5. As the modules are flipped with the degraded 

side (rear) facing sun, and as all racks have the same tilt angle, the amount of 

light involved in the recovery process will be the same whichever rack the 

modules are mounted on. The albedo light might vary but it is not impacting the 

recovery since it reaches the non-degraded (front) side. Consequently, 

differences in recovery speed can be attributed to the different degradation 

history of the modules. 

This confirms the impact of the degradation history on the recovery rate 

as M5, M15 and M39 were degraded under different mounting configuration (see 

Figure 2) resulting in more albedo light for M15, followed by M5 and then M39. 

It is important to note that M39 was also stressed 8 weeks after the other 

modules, resulting in a shorter PID stress. Full recovery is obtained in a matter 

of hours: 2.5 hours for M39 originally mounted on the SIM Roof, 6 hours for 

M15, originally on the Open Rack and 9 hours for M5, originally on the SIM 

Ground (end of the experiment performed another day on M5 due to another rain 

event, data not shown here). 

Recovering the PID-p impacted modules with the rear side facing sun gave 

promising results as full recovery can be achieved in a couple of hours. While it 

is not feasible to completely flip the modules on a real PV plant as we did in 

this study, modules on a tracking system could be tilted for a short period of 

time when the irradiance is high and angle of incidence is low. 
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Fig. 13: Pmax normalized over time during outdoor light-recovery rear side 

facing sun of Round 1 degraded modules (M5, M15, M39) (before rain event). 

 

 

 

Fig. 14: Pmax normalized over time during outdoor light-recovery rear side facing 

sun of Round 1 degraded modules (M5, M15, M39) (after rain event). 

 

 

3.2.3 Dark storage recovery 

Modules M7, M17 and M41 (degraded during Round 1 on SIM Ground, Open 

Rack B and SIM Roof, respectively) were kept in the lab for 1 month. Weekly 

indoor I-V were performed and Pmax values are reported in Figure 15. ISC, VOC 

and EL images are given in supporting information SI.10, SI.11 and SI.12. Here, the 

recovery rate is significantly slower: I-V parameters dropped and might have 

reached a local minimum but no significant increase is observed even after 1 

month. EL images show a checkerboard pattern even if the cells’ EL 
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intensity changed, indicating that the recovery process is ongoing. These results 

confirm that PID-p recovery can occur without light but at a significantly slower 

rate than when light is used. Longer dark storage would be necessary to 

confirm the ability to fully recover and determine a recovery rate. 

 

Fig. 15: Indoor I-V Pmax data during dark storage recovery on Round 1 

degraded modules (M7, M17, M41). Pmax is obtained by flashing the modules’ 

rear side and normalized to the baseline taken before degradation.  

 

 

3.2.4 Nighttime positive bias recovery 

Modules M1, M11 and M35 (degraded during Round 1 on SIM Ground, Open 

Rack B and SIM Roof, respectively) were recovered by applying a positive 

bias (+1500 V) at night. Indoor I-V were performed every morning and Pmax 

are reported in Figure 16. ISC and VOC are given in supporting information 

SI.13 and SI.14. EL images are displayed in supporting information SI.15 for 

M1, SI.16 for M11 and SI.17 for M35. The same pattern as the other recovery 

experiments can be noticed: I-V parameters decrease, reach a local minimum, 

and increase until full recovery. After one night, all three modules show their 

Pmax local minimum and this is characterized on the corresponding EL images 

by the highest number dark cells (high surface recombination). This indicates 

that even during recovery, the surface recombination losses first increase before 

being reduced. While the recovery conditions are the same for the three mod-

ules, M35 that was degraded on the SIM Roof is recovering the fastest and 

M1 that was degraded on the SIM Ground seems to recover the slowest. Full 

recovery occurs between ≈ 5 to 7 nights for all three modules as confirmed by 

the EL images. 
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Fig. 16: Indoor I-V Pmax data during positive bias recovery at night (+1500 

V) on Round 1 degraded modules (M1, M11, M35). Pmax is obtained by 

flashing the modules’ rear side and normalized to the baseline taken before 

degradation. EL images of corresponding to the boxed data points are given 

in Figure 20. 

 

 

3.3 Correlation between PID-p recovery rate and PID-p 

degradation history 

All the recovery experiments performed have resulted in a faster recovery rate 

for the modules degraded on the SIM Roof, followed by the modules degraded 

on the Open Rack and then the modules degraded on the SIM Ground (except for 

dark storage recovery that was not long enough to determine the recovery rates). 

Since the modules degraded on the SIM Roof in Round 1 were stressed with few 

weeks delay, it is likely that fewer positive charges were accumulated on these 

modules. This possibility is examined further in Figure 17. For Each recovery 

experiment, Pmax normalized after a time of recovery corresponding to a certain 

extent of band bending at the rear surface (an index for the state of the module), 

is compared to the total net Coulombs transferred during Round 1 degradation. 

The recovery duration was chosen such as Pmax normalized were already increasing, 

which corresponds to 2.5 hours of rear side facing sun recovery, 10 days of front 

side facing sun recovery and 4 nights of positive bias recovery. It can be observed 

in Figure 17 that less Coulombs were transferred for the modules degraded on 

the SIM Roof, followed by the modules degraded on the Open Rack and then 

the modules degraded on the SIM Ground. For all three recovery experiment, 

smaller Pmax normalized (after the chosen time of recovery) are associated with 

more Coulombs transferred during Round 1 degradation. For instance, M35-

M11-M1 were degraded in different conditions but recovered the same way 

(positive bias at night) and M35 having the least Coulombs transferred during the 

degradation recovers the fastest while M1 having the more Coulombs transferred 

during the degradation recovers the slowest. 
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When more Coulombs are transferred during PID stress, the recovery is 

slower which could be related to a greater extent of PID stress. A greater extent 

of PID-p on the SIM Ground compared to the Open Rack can be explained by 

lower albedo light reaching the backside of the modules. While the modules on 

the SIM Roof should have shown the greater extent of PID-p (lowest albedo light 

condition), the delayed voltage stress is responsible for the opposite trend 

observed: SIM roof modules had the least net Coulombs transferred during 

PID stress, leading to the fastest recovery rate. 

 

Fig. 17: Pmax normalized after a chosen period of recovery, such as Pmax in the 

increasing phase, as a function of the net Coulombs transferred during Round 

1 degradation. 

 

 

3.4 Proposition of a PID-p degradation and recovery 

mechanism 

Three band bending states can exist at the p-Si/AlOx/SiNx interface depend-

ing on the amount of positive charges accumulated in the dielectric stack: 

Accumulation (state A), depletion (state B) and inversion (state C). These 

states are schematized in Figure 18. They are associated with higher or lower 

SRV and will therefore impact differently the Pmax and EL intensity as rep-

resented in Figure 19. While a depletion state is unfavorable for SRV, the 

inversion state actually tends to reduce SRV. Pmax and the EL intensity are at 

their minimum value during the transition between depletion (state B) and 

inversion (state C). 

PID-p degradation would consist of going from accumulation (state A) to 

depletion (state B) and eventually inversion (state C). The different states  during 

PID-p are described below, assuming that the cells are negatively-biased 

respectively to the grounded frame: 
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• Accumulation: Before any stress, the fixed negative charges in the AlOx layer 

repel the minority-carrier electrons from the Si surface and create an upward 

bending of the Si bands through a redistribution of majority-carrier holes that 

accumulate in the Space Charge Region (SCR). This results into an electric 

field (E⃗1) also repelling minority-carrier electrons, 
• Depletion: When positive charges accumulate in the passivation layers, the 

overall net charge in the passivation layers shifts to more positive values, 

reducing the ability to repel minority-carrier electrons. Meanwhile, the Si 

band bends downward as majority-carrier holes are depleted from the SCR, 

creating an electric field (E⃗2) unfavorable to repel electrons. This state is 

induced by Na+ accumulation and K-center polarity change into K+. The 

further the depletion progresses, the more the SRV increases, resulting in a 

decrease of Pmax and EL intensity, 
• Inversion: Once enough positive charges are accumulated, the semiconductor 

Fermi level Ef,p crosses the minority-carrier band Ec, leading to an accu-

mulation of mobile minority-carriers at the surface. An electric field (E⃗3) 

is created, repelling minority-carrier electrons from the Si surface and bal-

ances the effect of positively charged AlOx/SiNx stack. This results in an 

increase of Pmax and EL intensity while progressing into the inversion (state 

C). Inversion is limited by the generation of minority-carriers and unlikely 

achieve SRV as low as in the accumulation state. 

This mechanism implies that a local minimum for Pmax is observed as 

schematized in Figure 19, which has been reported in some papers [11, 17] but 

not others [2, 5, 18]. Pmax often decreases and stabilizes, which was the case 

in this work, and it is still not clear why a local minimum is not systematically 

observed during degradation. 

Through the dissipation of the accumulated charges (out-diffusion of Na+ 

ions and K+ centers going back to their initial state), PID-p recovery occurs by 

going backwards from inversion to depletion and accumulation. The process is very 

slow in dark storage but can be accelerated by the application of a positive bias or 

by sunlight illumination. Direct illumination of the degraded side is the most 

effective method to recover the modules in a matter of few hours. It can be 

hypothesized that the direct illumination of the degraded side allows faster 

recovery than the application of a positive bias due to a different mechanism 

of positive charge dissipation. With a positive bias, positive charge would be 

drifted out of the passivation layers towards the encapsulant with an impact 

of the passivation layers’ resistivity on the diffusion rate. A direct illumination 

of the degraded side would decrease the resistivity of the passivation layers 

stack, allowing a faster and lateral dissipation of the positive charges.  
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Fig. 18: Illustration of existing band bending states at the p-Si/AlOx/SiNx 

interfaces during PID-p degradation and recovery processes (degradation 

under a negative bias applied to the cells, respectively to the grounded frame). 
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Fig. 19: Schematic representation of Pmax and EL intensity changes during 

PID-p degradation and recovery processes with corresponding band bending 

states at the p-Si/AlOx/SiNx interfaces (A: Accumulation, B: Depletion, C: 

Inversion). 

 

 

EL images performed during positive recovery support this recovery mech-anism 

and indicate that some cells might not have been in inversion yet after PID-p 

degradation. In Figure 20, EL images were selected to reflect different stages 

during recovery for M1, M11 and M35. The top row shows EL images before 

recovery, the middle row corresponds to EL images when Pmax is close to its 

local minimum, and the bottom row shows EL images when Pmax is increasing 

(see data points boxed in black in Figure 16). We can distinguish two 

categories of cells: 

• Cells getting darker from the beginning of the recovery to the Pmax local 

minium point (1 night of positive bias) and then getting brighter after pass-

ing the local minimum (see examples circled in red in Figure 20). These cells were 

probably in the inversion state after degradation. When the recovery 

progresses, Pmax and EL intensity decrease as the Si surface is less and less 

inverted (state A) before reaching a local minimum when transitioning into 

depletion (state B) and then increasing as the Si surface is less and less 

depleted. 
• Cells that only get brighter during the recovery process (see examples cir-

cled in yellow). These cells were still probably in depletion (state B) after 

degradation so that the recovery process only consists into improving Pmax 

and EL intensity as the Si surface is less and less depleted. 

The overall behavior of the modules during recovery will depend on the pro-

portion of cells in depletion and inversion, which can only be clarified through 

EL measurement. In this case, the vast majority of cells in M1 and M11 were 

in inversion after PID-p degradation. For M35, most cells seems to only get 

brighter but it is likely that the initial darkening phase occurs during the first 

night of positive bias and was not captured by our measurement. 
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Fig. 20: EL images for M1, M11 and M35 after zero, 1 and 3 nights of positive 

bias recovery. Images shown are taken on the rear side of the module at name-

plate ISC. Cells circled in red are in the inversion state before recovery. Cells 

circled in yellow are in the local minimum or depletion state before recovery.  

 

 

4 Conclusion 

PID-p was observed in the field on the rear side of bifacial glass/glass p-PERC 

modules for cells negatively-biased at -1500 V and -600 V with respect to the 

grounded frame. EL images are characterized by a checkerboard pattern 

attributed to a difference of PID-p susceptibility of the cells within a module. 

When the -1500 V negative voltage is applied, Pmax quickly drops the first few 

days and then stabilizes at ≈ 5% loss when outdoor I-V are taken at irradiance 

above 500 W/m2 (up to 8% loss at irradiance below 500 W/m2). Greater 

degradation rates during the Pmax dropping phase were reported for increased 

voltages and wetness on the module surface. A slight impact of the mounting 

configuration with slower degradation rates when more UV light reaches the 

modules’ backside was also demonstrated. Lower irradiance conditions in fall 

and winter were correlated with slightly lower Pmax values. While the front 

side experienced PID-p in the dark during chamber test, no field degradation 

was observed due to the important amount of UV light received on the front 

side of the modules. 

Recovery experiments performed on PID-p degraded modules showed a 

common recovery pattern with Pmax decreasing to a local minimum before 

increasing until full recovery. The fastest recovery rates are obtained on mod-

ules recovered outdoors with the rear side facing sun, followed by the modules 

recovered at night under a positive bias, then the modules recovered outdoors 

with the front side facing the sun. After 1 month of dark storage, Pmax had 

dropped but the increasing phase was not observed yet. A relationship between 

the recovery rate and the total net Coulombs accumulated during degrada-

tion was found. When more charge is transferred during degradation (sign of 

greater PID-p extent), the recovery rate is slower. 

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted manuscript. 
The published version of the article is available from the relevant publisher.



27  

A PID-p degradation and recovery mechanism was explained based on the 

band bending states at the p-Si/AlOx/SiNx interfaces: PID-p degradation con-sists 

of going from accumulation to depletion and eventually inversion with the 

recovery being a reverse process. This results in a specific power curve shape 

(clearly observed during recovery) characterized by drop, a local min-imum and 

an increasing phase. This can be helpful for differentiating PID-p from other 

minority carrier lifetime-reducing mechanisms and characterizing the relative 

extent of PID-p-inducing charge that has been transferred during PID-p 

degradation in the field. 
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