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Abstract 
Carbon neutral is a key word which is an important target for many countries to be 

achieved to prevent further global warming by next a few decades. To realize the target, 

reductions of exhausts of greenhouse effect gases during the generation of electricity by using 

renewable energies is one of key topics. Among the renewable energies, photovoltaic (PV) 

technologies are known to have advantages such as low-cost maintenances with long-term 

lifetime. However, further reduction of power generation costs of PV systems is an important 

issue to enhance their installation as a main power source. PV modules based on single 

crystalline silicon (c-Si), or multi-crystalline (Mc-Si) solar cells are widely used because of 

their low cost and high energy conversion efficiencies. However, degradation of PV modules 

with various modes has been reported, such as corrosion of cell electrodes, discoloration, and 

delamination of encapsulants, breakage of cover glass, and cracking of solar cells in PV 

modules. 

As one of the degradation modes, shunt-type potential-induced degradation (PID) occurs 

with PV systems operated at high system voltage and occasionally reduces energy conversion 

efficiency quickly and drastically compared with other degradation modes. The shunt-type 

PIDs have been observed in mega-solar system consisting of p-type crystalline Si based PV 

modules with Al frame. In high temperature and humidity environments, the operating 

voltage gives rise to the migration of metal ions such as Na+ from the soda-lime cover glass 

toward the solar cells in PV modules. The metal ions migrate further into solar cells. The 

above process is considered to form shunt passes in p-n junctions and to result in PID. Hence, 

the development of a recovery method as well suppression method are key issues to extend 

their lifetime and, therefore, minimize power generation costs. In this study, we developed a 

simple PID recovery method by the application of a reverse DC bias and a technique to delay 

the PID occurrence by coating a glass layer (GL) on a cover glass of PV modules. 

As a general recovery method, the application of a voltage bias opposite the bias wherein 

PID occurred is well known. Reportedly, this method reduces Na concentrations around the 

solar cells and restores the conversion efficiency of PV modules. This recovery method is 
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performed at high voltage (~  1000 V) and high temperature (~85 C) for several hours. The 

recovery process is generally conducted in the laboratory because it requires a high-voltage 

source with a large equipment for temperature control while the PV modules are removed 

from the PV system. Therefore, a new recovery method which can be conducted easily in 

short time is required. In this study, we developed a simple recovery method by an application 

of a reverse bias voltage (RV) of -20 and -30 V between p-n junctions of PID affected PV 

modules at room temperature. The recovery occurred within a few minutes. Such a low 

voltage application in a short time without the need for temperature control is expected to be 

a low-cost recovery method. Additionally, during the recovery process, nonuniform 

temperature increase of the PV modules appeared after the recovery. We considered the RV 

are possibly induced the slight shifts of the Na ions in the p-n junctions. Such shifts of Na 

ions reduced the leakage current of the p-n junction and photovoltaic characteristics are 

recovered. However, many Na ions Na remained around the p-n junction which possibly 

affected nonperfect recoveries of PID. 

Many ways to suppress the occurrence of PID have been proposed such as the use of Na-

free front cover glass and Na barrier at a surface of cover glass. Moreover, high-electrical 

resistance encapsulants such as ethyl-vinyl acetate (EVA) encapsulants with high cross-

linking conditions, ionomer or thin polyethylene films are also known to delay PID. However, 

the most of anti-PID techniques are not applicable to practical PV systems because of their 

high costs, and the techniques must be applied during the manufacture process of PV modules. 

Furthermore, PV technologies are still now developed not only on the conversion efficiency 

but also on the structure and shape adoptable to various locations such as at building walls 

and car roofs. Therefore, the alternative low-cost and simple technique for anti-PID 

applicable to various structures and shapes is now highly required for acceleration of the 

spread of the solar PV system. In this study, anti-PID technique was developed by formations 

of glass layer (GL) on the surface of cover glass using liquid glass. Conventional p-type 

multi-crystalline Si PV module prepared with the GLs at the bottom side of cover glass 

showed up to 4 times slower occurrence of PID compared with that of the PV module without 

GL. Additionally, less anti-PID effects were observed even if the GL was formed at top side 
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of cover glass. We considered that the GL acts not only as the barrier to prevent Na ion 

moving from the cover glass to the solar cell but also as the high resistivity material which 

lower the voltage distributed to the cover glass. We considered that this technique is one of 

the powerful tools to suppress the occurrence of PID with low cost in the various PV modules. 
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Chapter 1  
Introduction  
 Carbon neutral became a key issue for the world as the global warming came to be 

recognized as a critical problem for our daily life. Developments of the technologies for 

renewable energies have been considered to be crucial to reduce the emission of a gas, carbon 

dioxide, which is known as a main cause of the greenhouse effect. Among the renewable 

energies, technologies for the conversion of solar power into electricity, photovoltaic (PV) 

technologies, arose great attentions of researchers, because the techniques have possibilities 

to reduce the levels of power generation costs same with or lower than those of fossil fuels. 

Additionally, PV systems can be installed wherever the sunlight is irradiated without the 

necessity of massive facilities such as electric power grid, and of difficult maintenances. 

Therefore, not only the developed countries but also the emerging countries started to install 

the power generation systems. However, as the installations spread in the world and the 

systems has been enlarged into megawatt, degradation phenomena originated from the 

system structures and components became apparent. Such degradations induce shortenings 

of the system lifetime and therefore the increases of power generation costs. Therefore, many 

researchers started to investigate the mechanism of degradation phenomena and to develop 

their recoveries and suppression techniques. This dissertation aims to develop a recovery and 

suppression techniques of potential-induced degradation (PID) which is known as one of 

degradation phenomena occurring on PV modules, a component of PV system. In the 

introductory part 1.1 provides some historical background of solar cells and related 

information on it. Section 1.2 explained PV system briefly and section 1.3 summarize the 
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potential-induced degradation of PV modules. Chapter 1 end us with section 1.4 which 

explains the purpose of this study. 

 

1.1 Solar cells 

1.1.1 Photovoltaic phenomena 

A photovoltaic (PV) cell is a solid-state device that converts the energy of sunlight 

into electricity by the photovoltaic effect. The physical effect of photovoltaic was first 

observed by Becquerel [1] in 1839, when he produced a current by exposing silver electrodes 

to radiation in an electrolyte. The effect was described in more detail by Adams and Day [2] 

in 1877. The first solid state materials that showed a significant light-dependent voltage 

between two contacts were selenium in 1876 and later cuprous oxide [3-6], which indicated 

already that semiconductors would eventually be the most promising class of materials for 

photovoltaic energy conversion. Technological development began with the development of 

a diffuse silicon p-n junction in 1954 [7], a forerunner of the present silicon solar cell which 

converted light into electricity with reasonable efficiency. 

The working principle of a PV cell is bases on the photovoltaic effect which converted 

light energy into electrical energy as illustrated in Fig.1.1. A PV cell is a p-n junction diode 

which are formed by joining n-type and p-type extrinsic semiconductor materials. N-type and 

p-type extrinsic semiconductor materials are formed by adding different atoms to intrinsic 

semiconductor materials and known as adding impurities. In the case of a silicon (Si), by 
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adding a phosphorus (P) atom and a boron (B) atom as an impurity result in a p-type 

semiconductor and an n-type semiconductor, respectively. Si atoms are tetravalent atoms, 

but phosphorus belongs to Group III elements and therefore has five valence electrons. On 

the other hand, boron (B) has three valence electrons because it is a group III element. 

Therefore, n-type semiconductor was formed by adding a phosphorous which has an excess 

of electrons. On the other hand, by adding boron which has an excess of hole to intrinsic 

semiconductor, p-type semiconductor was formed as shown in Fig.1.2. 
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Fig. 1.1 Photovoltaic effect of a p-n junction. 

 

 

Fig.1.2 Schematic view of the inside of the semiconductor before and after the p-n junction 
(a) before p-n junction formation, (b) after p-n junction formation, (c) before energy 
band diagram formation, (d) after energy band diagram formation. 
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1.1.2 PV cell parameters 

 The main parameters that are used to characterize the performance of solar cells are 

the peak power, Pmax, the short-circuit current density, JSC, the open-circuit voltage, VOC, and 

the fill factor, FF. These parameters are determined from the illuminated J-V characteristic 

as illustrated in Fig.1.3. The conversion efficiency η can be determined from these parameters. 

(a) Short-circuit current density, Jsc 

The short-circuit current Isc is the current that flows through the external circuit when 

the electrodes of the solar cells are short circuited. The short-circuit current of a solar 

cell depends on the photon flux density incident on the solar cell, which is determined 

by the spectrum of the incident light. For a standard solar cell measurement, the 

spectrum is standardized to the AM 1.5 spectrum. Isc is measured in ampere (A) or 

milli-ampere (mA). The current density is denoted by J and the short circuit current 

density is denoted by Jsc. The short current density is obtained by dividing the short 

circuit current by the areas of the solar cells. The maximum current that the solar cell 

can deliver strongly depends on the optical properties of the solar cell, such as 

absorption in the absorber layer and reflection. 
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(b) Open-circuit voltage (VOC) 

The open-circuit voltage is the voltage at which no current flows through the external 

circuit. It is the maximum voltage that a solar cell can deliver. It is measured in volt 

(V) or milli-volt (mV). VOC is mainly dictated by various recombination processes that 

determine the bulk lifetime of minority charge carriers in crystalline silicon (c-Si) wafer. 

 

(c) Fill factor (FF) 

Fill factor gives a measure of the maximum power that can be extracted from a solar 

cell. The fill factor is the ratio between the maximum power generated by a solar cell, 

Pmax, and the product of Voc with Jsc. This parameter is mainly limited by parasitic 

series and shunt resistances in the device.  

  1.1 

 

(d) Conversion efficiency ( ) 

The conversion efficiency is calculated as the ratio between Pmax and the incident power. 

As mentioned above, solar cells are measured under the standard test condition (STC), 

where the incident light is described by the AM1.5 spectrum and has an irradiance of 

Iin= 1000 W/m2 at the temperature of 25 C. Mathematically, it is written as- 

 (%) 1.2 
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(e) Degradation rate ( ) and recovery rate ( ) 

The reduction in conversion efficiency of a tested PV module after PID test is defined as 

the degradation rate. Then, the recovery rate in conversion efficiency after recovery tests 

using RV and HV were defined as follows.  

  (1.3) 

and 

  (1.4) 

(f) Current at maximum power (IMP) 

It is the current that results in maximum power. IMP is also called the rated current of the 

cell. 

(g) Voltage at maximum power (VMP)  

The voltage that results in maximum power output is called voltage at maximum power. 

VMP is also called rated voltage of the cell. 

(h) Maximum power output (Pmax, PMP) 

It is the maximum power that can be delivered from the cell under specific environmental 

conditions. The point at I-V curve at which the maximum power is also called maximum 

power point (PMP). 
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Fig.1.3 Photo J-V characteristics of a one cell PV module under 1 sun illumination. 

 

1.1.3 Equivalent circuit of a PV cell  

 To understand the electronic behavior of a solar cell, it is useful to create a model 

which is electrically equivalent and is based on discrete electrical components whose 

behavior is well known. An ideal solar cell may be modelled by a current source in parallel 

with a diode, in practice no solar cell is ideal, so a shunt resistance and a series resistance 

component are added to the model. The resulting equivalent circuit of a solar cell is shown 

in Fig.1.4. Fig.1.5 is the schematic representation of a solar cell for use in circuit diagrams. 
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Fig.1.4 The equivalent circuit of a solar cell. 

Fig.1.5 The schematic symbol of a solar cell. 

 

From the equivalent, circuit it is evident that the current produced by the solar cell is equal 

to that produced by the current source, minus that which flows through the diode, minus that 

which flows through the shunt resistor is, 

 I = IL – ID -ISH (1.5) 

Where, I = output current (Amperes) 

IL = photogenerated current (Amperes) 

ID = diode current (Amperes) 

ISH = shunt current (Amperes). 
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The current through these elements is governed by the voltage across them: 

 Vj = V + IRS (1.6) 

Where, Vj = voltage across both diode and resistor RSH (Volts) 

V = voltage across the output terminals (Volts) 

I = output current (Amperes) 

RS = series resistance (Ω). 

By the Shockley diode equation, the current diverted through the diode is: 

 D  (1.7) 

Where, I0 = reverse saturation current (Amperes) 

n = diode ideality factor (1 for an ideal diode) 

q = elementary charge 

kB = Boltzmann's constant 

T = absolute temperature 

By Ohm's law, the current diverted through the shunt resistor is: 

 SH  (1.8) 

Substituting (1.8) into (1.5) produces the characteristic equation of a solar cell, which relates 

solar cell parameters to the output current and voltage is, 
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 L 0  (1.9) 

When the cell is operated at open circuit, I = 0 and the voltage across the output terminals is 

defined as the open-circuit voltage, VOC, 

  (1.10) 

Similarly, when the cell is operated at short circuit = 0 and the current I through the terminals 

is defined as the short-circuit current, ISC is, 

 ISC = IL (1.11) 

 

1.1.4 Types of PV cells  

 PV cells can be made of only one single layer of light-absorption materials (single-

junction) or use multiple physical configuration (multi-junction) to take advantage of various 

absorption and charge separation mechanisms. PV cells can be classified into first, second 

and third generation PV cells as summarized in Fig.1.6. In addition, reported timeline of 

research solar cell energy conversion efficiencies since 1976 also shown in Fig.1.7[8]. 

 The first generations PV cells also called conventional, traditional, or wafer-based 

PV cells are made of crystalline silicon. It is the oldest and the most popular technology due 

to high power efficiencies. The silicon wafer-based technology is further categorized into 

two subgroups named as [9-13], 
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  (i) Single/ mono-crystalline silicon solar cells 

  (ii) Poly/multi-crystalline silicon solar cells. 

 Most of thin film PV cells and a-Si are second generation solar cells and were 

considered more economical as compared to the first-generation silicon wafer solar cells. 

Silicon-wafer cells have light absorption layers up to 350 mm thick, while thin-film solar 

cells have a very thin light absorption layers, generally of the order of 1 m thickness [14]. 

Thin film solar cells are classified as, 

  (i) a-Si 

  (ii) CdTe 

  (ii) CIGS (copper-indium gallium di-selenide). 

 Third generation PV cells are the new promising technologies but are not 

commercially investigated in detail. Most of the developed third generation PV cell types are 

[9], 

  (i) Nanocrystal based solar cells  

  (ii) Polymer based solar cells 

  (iii) Dye sensitized solar cells  

  (iv) Concentrated solar cells  
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Fig.1.6 Various types of solar cell technologies and current trends of development. 
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1.1.5 Crystalline silicon PV cells  

 The crystalline silicon PV cell is one of many silicon-based semiconductor devices. 

Crystalline silicon PV cells are the most popular solar cells on the market and provide the 

highest energy conversion efficiencies of all commercial solar cells and modules. The 

structure of typical commercial crystalline-silicon PV cells is shown in Fig.1.8. Standard 

cells are produced using one of two different boron-doped p-type silicon substrates: mono-

crystalline and poly-crystalline. The cell sizes are typically 125 mm (5 inches) or 156 mm (6 

inches) square. Mono-crystalline solar cells are produced from pseudo-square silicon wafer 

substrates cut from column ingots grown typically by the Czochralski (CZ) process. Poly-

crystalline (multi-crystalline) cells, on the other hand, are made from square silicon substrates 

cut from poly-crystalline ingots grown in quartz crucibles. The efficiencies of typical 

commercial crystalline silicon solar cells with standard cell structures are in the range of 16–

18% for mono-crystalline substrates and 15–17% for poly-crystalline substrates. The current 

technologies used for the production and application of crystalline silicon PV cells are 

broadly discussed in [15]. 
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Fig.1.8 Typical mono-crystalline silicon solar cell (left), and multi-crystalline silicon solar    

cell (right) [15]. 

 

1.2 PV systems  

1.2.1 Component and layout of PV system  

 As discussed in previous section 1.1.1, a solar cell can convert the energy contained 

in the solar radiation into electrical energy. Due to the limited size of the solar cell, it only 

delivers a limited amount of power under fixed current-voltage conditions that are not 

practical for most applications. To use solar electricity for practical devices, several solar 

cells must be connected to form a PV module, sometimes called as solar panel. A PV module, 

as illustrated in Fig.1.9 (b) consists of PV/solar cells as shown in Fig.1.9 (a) that are 

electrically connected in series and parallel connections. For large-scale generation of solar 
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electricity, PV modules are connected into a solar array. An example of such an array is 

shown in Fig.1.9 (c). A PV array is a series connected PV modules. A PV system is PV arrays 

with power conditioner. This array consists of strings, where string means PV modules 

connected in series. Thousands or even millions of PV modules are arranged into a vast solar 

farm which provides electricity to large urban populations. Such kind of solar panels 

arrangement is called mega solar system as shown in Fig.1.10.  

PV systems can be classified in three main types; stand-alone, hybrid and gird 

connected PV system as shown in Fig.1.11. Stand–alone PV systems required battery energy 

storage for DC mode or with inverter for AC mode but others without battery bank and linked 

directly to a load [18,19]. hybrid PV system is composed of PV solar panels with other source 

of energy like wind farm, fuel cell or water turbines [18, 20-22]. Grid connected PV system 

is the best option that using PV panels directly with grid to supply any reduction in electrical 

energy from solar panel array with or without battery storage [18, 23, 24]. Detailed 

explanations are summarized in [15]. 
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   Fig.1.9 Illustration of (a) solar cell, (b) PV module, (c) PV arrays [15]. 

 

Fig.1.10 An example of mega power solar plants which is in Yokkaichi, Japan [16]. 
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Fig.1.11 Classification of PV system [17]. 

 

1.2.2 Structure of PV module  

 In this section, the typical components of a usual crystalline silicon PV module are 

briefly explained. The layer stack may consist of different materials dependent on the 

manufacturer. The typical components are soda-lime glass, two layers of encapsulants, a solar 

cell, a back sheet layer, a frame usually made from aluminum and a junction box which is 

usually placed at the back of PV module. Fig.1.12 shows the components of a typical c-Si 

PV module. One of the most important steps during module production is laminating where 

EVA is used as encapsulant. The choice of the layers that light traverses before entering the 

solar cell is also very important from an optical point of view. If these layers have an 
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appropriate refractive index, they deliver the sun light to solar cells as much as possible, and 

thus increases the current produced by the solar cell. 

 

Fig.1.12 The components of a typical c-Si PV module [16]. 

 

In this study, one cell PV module which is consisted with one solar cell was fabricated 

to conduct the experiments in the laboratory. All the components and fabrication process 

were the same with those of a commercialized PV module as explained in previously. Please 

note that an Al frame and junction box was not prepared in this study. Detailed explanation 

for the fabrication process of one cell PV module is presented in section 2.1.   

1.2.3 Power generation cost of PV systems  

 As already explained in section 1.1, PV is the technology that generates direct current 

(DC) electrical power measured in watts (W) or kilowatts (kW) from semiconductor 

materials when they are illuminated by photons. As long as sunlight shining on the solar cell 
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or PV modules, it will generate electrical power. A PV system consists of PV modules and 

other electrical and hardware components such as inverter, electrical cabling, module mounts, 

and controls, which are mounted on rooftops or in fields. The cost of PV system initially 

measured by $/Watt which lacks many aspects (e.g., financial policies, system lifetime and 

solar equipment performance) [25]. LCOE, also called Levelized Cost of Electricity is a more 

accurate energy cost calculation; well-known, accepted and widely used technique and it has 

been adapted by many researchers and agencies [26,27]. 

 

Fig.1.13 Example of how non-linear degradation rate can affect levelized cost of energy 

(LCOE) [28]. 

The cost of solar PV modules can also be reduced by efficiency improvements, such 

as the reduction of materials costs, increased efficiency in converting sunlight into electricity 

and development in recovery and prevention for the occurrence of degradation in PV system. 
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1.2.4 Various degradation modes of PV modules  

PV modules based on crystalline Si are the most reliable component of a photovoltaic 

system, and according to the manufactures, the PV modules have a lifetime from 25 to 30 

years. However, some modules degrade or fail along their services time under outdoor 

exposure. Identification of degradation failure modes on PV modules is important to evaluate 

its performance along time and lifetime. The main factors which cause the degradation are 

temperature, humidity, irradiation, and mechanical shocks. The degradation causes can be 

divided into following three levels [29]. 

(i) Packaging degradation: This degradation mode occurs when there is a damage on the 

packaging material or when it degrades along normal operation. This category 

includes the glass breakage, dielectric breakdown, bypass diode failure, encapsulant 

discoloration, and backsheet cracking or delamination [30]. 

(ii) Interconnect degradation: The interconnect degradation is the result of the segregation 

of metals, such as SbPb, in the soldering alloy causing structural changes on it.  

(iii) Devices level degradation: The semiconductor device has shown performance 

stability in operation. However, it can degrade during operation due to environmental 

conditions such as UV light exposure, temperature, moisture, thermal cycling, high 

voltage etc. [31]. Currently, the potential-induced degradation (PID) has 

systematically been topic of discussion by photovoltaic researchers and will discuss 

from the various point of view in the next section. 
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Fig.1.14 Various possible photovoltaic module degradation modes belonging to packaging, 

interconnect, and device levels [29]. 

 

1.3 Potential-induced degradation (PID) of PV modules 

1.3.1 PID of PV modules based on p-type crystalline Si  

The term “potential-induced degradation” (PID) was first introduced in English 

language by S. Pingel and coworkers in 2010 [32]. It was introduced as a degradation mode 

resulting from voltage potential between the cells in the photovoltaic module and ground. 

Research in this PID field was pioneered by the Jet Propulsion Laboratory for both crystalline 

and amorphous silicon photovoltaic modules [32]. Currently, the term PID is used widely in 

the PV industry for the degradation effect of standard p-type multi-crystalline silicon solar 

cells [32]. As one of the degradation modes, potential-induced degradation (PID) occurs with 
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PV systems operated at high system voltage and occasionally reduces energy conversion 

efficiency quickly and drastically compared with other degradation modes. Fig.1.15 shows a 

schematic diagram of the PID occurrence in the PID system. It has been proposed that Na 

ions arising from the front cover glass of the PV modules drift through the encapsulant by 

the electric field due to the electric potential difference between the cell and the grounded Al 

frame, and also diffuse inside of the cells. Such Na ions migration is a possible origin of PID 

for p-type crystalline Si PV modules. The source of the sodium could be either from soda-

lime glass that is commonly used as a PV module glass [33-38], or the contaminants entered 

during the cell fabrication process [39]. Therefore, the stacking faults in the cell are decorated 

by Na impurities. It is known that this Na migration results in the significant shunting of the 

cell and degrades its efficiency, and shunting is the most common feature of PID in standard 

p-type crystalline Si PV modules. 

Several PID mechanisms have been suggested, and the most probable PID 

mechanisms is the shunting-type mechanism which was intensively studied by Naumann and 

coworkers [40-45]. Fig.1.16 presents a schematic drawing of a cross section of a PV module 

that is undergoing PID. Due to the assistance of an electric field between the grounded frames 

and the cells, Na+ in the cover glass or in contaminants in other components of PV module 

migrates toward cells and reaches the SiNx passivation layers and reaches the SiNx/Si 

interface. Consequently, some of the Na accumulating in the SiNx/Si interface is localized to 

dislocations and is segregated laterally on {111} planes as Na-decorated stacking faults. The 

Na-decorated stacking faults produce multiple defect levels within the c-Si bandgap. If the 

local defect concentration in the stacking faults is considerably high, then the orbitals of 
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neighboring defect levels (“Process 1” in Fig.1.16). Consequently, the Na-decorated stacking 

faults penetrating the p-n junction might behave as 2D electrically conductive layers, which 

leads to short-circuiting of the p-n junction. At low defect concentrations, one can observe 

recombination via defect levels of different energies located at the same place in the depletion 

region (“process 2” in Fig.1.16). More detailed concerning with PID phenomena in 

conventional p-type c-Si PV modules are available in a comprehensive review presented by 

Luo et al [32]. 

 

Fig.1.15 Proposed PID mechanism by migration of Na ion from front cover glass to PV cell. 
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Fig.1.16 (a) Cross Section of Solar Cell and (b) Band Diagram of the Proposed PID 

Mechanism Using the Stacking Fault [41,42]. 
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1.3.2 Recovery from PID of PV modules based on p-type crystalline Si  

 Recovery phenomena are also a remarkably feature of PID of PV modules-based p-

type crystalline Si compared with other degradation modes. As a general PID recovery 

method, the application of a voltage bias opposite the bias where PID occurred is well known 

[39, 46-49] Reportedly, this method reduces Na concentrations and restores the conversion 

efficiency of PV modules. This recovery method is performed at high voltage (HV), 1000 

V, and high temperature, 85 °C, for several hours [39]. The recovery process is generally 

conducted in the laboratory because it requires a high-voltage source with large equipment 

for temperature control and the PV modules are removed from the PV system. Therefore, it 

is difficult to apply the method to commercialized PV modules.  

 It was also reported that PID can be recovered by storage at a high temperature even 

without a positive high bias application [50]. After thermal recovery by heating to 250 C for 

2.5 h to PID-affected PV cells, the out-diffusion of Na was observed [51]. It was also 

observed that PD recovery accelerates with an increase in module temperature [47,52-56]. 

Moreover, Oh et al., carried out the recovery test of without high voltage at room temperature, 

and they found that residual Na remains in the stacking fault and causes the incomplete 

recovery [48-49]. 

Another recovery method reported by Jonai et al. [57] included the application of a 

reverse bias voltage (RV) of − 20 and − 30 V between p-n junctions of PID-affected PV 

modules without temperature control. The recovery occurred in a few minutes. A low-voltage 

application in a short time, without the need for temperature controls, is expected to be a low-
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cost recovery method. However, details regarding the PID recovery phenomena of this 

method have not yet been reported. In this study, a detailed analysis of the recovery process 

by the application of reverse bias voltage (RV) to the p-n junction of PID-affected PV 

modules.   

1.3.3 Suppression for PID of PV modules based on p-type crystalline Si  

 To prevent PID and improve the long-term stabilities of PV modules, new techniques 

for the suppression of PID is crucial. Several ways to suppress the occurrence of shunting-

type PID have been reported as follows. The use of Na-free front cover glass can suppress 

the PID diminishing migrations of Na ions [58,59]. A thin TiO2 film deposited on the cell 

side surface of cover glass performed as a Na barrier to suppress the drifting of alkali ions 

[60]. An ALD-grown Al2O3 layer of 30 nm also acts as an ion diffusion barrier, and it could 

effectively suppress PID [61]. In addition, high-electrical resistance ethyl-vinyl acetate 

(EVA) encapsulants [62-63] and high cross-linking conditions can delay PID [64].  

 To suppress Na migration, inserting ionomer [65] or thin polyethylene films between 

the EVA and the cover glass or cells were also reported [66,67]. Glass materials is well 

known to have a strong effect on PID. Borosilicate glass [68], quartz glass [69-71], and 

chemically strengthened glass [72] are also able to prevent PID. However, the most of anti-

PID techniques are not applicable in practical PV systems because of their high costs. In 

practice, the Si-rich SiNx film used as an anti-reflection (AR) coating on the Si solar cell also 

functions to suppress PID [73-79]. However, the optimum composition of SiNx for 

suppression of PID is different from that for AR coating. More Si rich is required for anti-
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PID. Such the modification of SiNx film results in increase of refractive index and light 

absorption which possibly reduce the conversion efficiency of solar cells.[80] Solar PV 

technologies are still now developed not only on the conversion efficiency but also on the 

structure and shape adoptable to various locations such as at building walls and car roofs. 

Therefore, the alternative low-cost and simple technique for anti-PID applicable to various 

structures and shapes is now highly required for acceleration of the spread of the solar PV 

system. 

 In this research, a new technique to delay the PID occurrence was developed by 

coating a glass layer (GL) on a cover glass of PV module. By forming a glass layer with high 

volume resistance at the surface of cover glass is considered to suppress PID. The glass layer 

is almost the same material with the coating for car bodies, and easily formed by using a 

chemical solution containing poly-siloxane.  Schematic image of the suppression technique 

studied in this work is shown in Fig.1.17. 

 

Fig.1.17 A new suppression method by forming a glass layer with high volume resistance. 
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1.3.4 PID occurring on other PV modules 

Understanding the behaviors and mechanisms of PID occurred in PV cells also crucial 

from the viewpoint of the application of PV cells in large-scale PV systems. An earlier 

comprehensive review presents more detailed information related to PID [32]. Although 

significant progress has been made towards understanding the PID in PV modules, there are 

still many questions that remain unanswered. PID effects are influenced by many factors such 

as the properties of the solar cell's antireflective (AR) coating encapsulation materials, 

module construction (e.g., frame or frameless) and system topologies. Even for the same type 

of modules, different extents of power degradation may be induced, depending on the 

environmental stress (temperature, humidity, condensation, etc.), grounding conditions of the 

glass surface (wet or dry), and exposure to light. 

The root causes of PID are different for different types of module technologies. 

Different PID modes may also occur when the same type of PV modules is stressed under 

different conditions. Hence, PID mechanisms for both c-Si based, and thin-film PV modules 

are briefly summarized in this section, 

(i) c-Si based technologies: PID-shunting (PID-s) is the most common type of 

PID in conventional p-type c-Si PV modules. Decrease in shunt resistance of 

PV modules owing to influence of Na+ ion on p-n junction seems to be main 

reasons leading to PID in p-type based c-Si PV modules.  Depending on the 

PV cell structures, n-type c-Si PV modules can be affected by polarization 

type PID, Na-penetration-type PID and corrosion-type PID. Discussion of 
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PID in several kinds of n-type c-Si PV modules are extensively presented by 

Yamaguchi et al. [81].  

(ii) Thin film technologies: Amorphous silicon (a-Si), copper indium gallium 

selenide (CIGS) and cadmium telluride (CdTe) thin-film modules have all 

been reported in the literature to be suffering from PID, when the solar cells 

are negatively biased [82-85]. In thin-film modules is principally attributed to 

Na ion migration The root cause of PID of thin-film Si PV modules is thought 

to be the delamination between a transparent conductive oxide film and a glass 

substrate. Detailed analysis of PID on thin film technologies were seriously 

discussed in [32].    

1.4 Purpose of this study  

 Over the last decade, PV systems, which directly convert solar energy to electricity, 

have attracted considerable attention as one of the promising clean and renewable energy 

resources. Recently, potential-indued degradation (PID) in Si-based PV modules has been 

observed and reported especially in large PV systems, where huge numbers of PV modules 

are serially interconnected. To reduce the power generation cost by increasing the lifetime of 

PV system, to prevent PID on PV modules and recover on PID-affected PV modules is 

crucial with, a series of systematic investigations. Furthermore, the extension of the PV 

modules results in the reduction of PV module wastes which will be disposed in large amount 

in near future due to the end of field in tariff. Hence, in this study, two main research was 

conducted to extend the lifetime of PV modules. The first one is optimization of recovery 
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techniques by the application of reverse bias voltage (RV) to p-n junction of PID-affected 

one cell PV module. Detailed discussion concerning with this recovery method was presented 

in Chapter 3 of this thesis. The second research one is about the development of suppression 

method for one cell PV modules as explained in section 1.3.3. Step by step experimental 

approach and results were described in Chapter 4 of this thesis. Experimental methodologies 

such as once cell PV module fabrication, evaluation methods and development of recovery 

and suppression method were clearly explained in Chapter 2. General conclusions and future 

scope were summarized in the last chapter, Chapter 5. 
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Chapter 2 
Experimental methods  
 In this study, one cell PV modules with and without glass layer (GL) were fabricated. 

The PV modules without GL is denoted by a standard PV module in this thesis. Followings 

are the explanations of the PV module components and how to prepare the PV modules and 

GL. Then the characterization methods of the PV modules and the components are explained 

later. 

2.1 PV module preparation 

2.1.1 Fabrication of once cell PV module 

 One cell PV modules were prepared by using a vacuum laminator. Fig.2.1 shows the 

components of conventional PV module. Vacuum lamination is the process that bonds each 

component of PV modules such as cover glass, EVA, solar cell, and back sheet layers under 

high temperature. The major components used to prepare PV module are explained as follows.  
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Fig.2.1 Schematic diagram of a one cell PV module and its components [86]. 
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(a) Cover glass 

Soda-lime glass with a thickness of 3.3 mm is used as a cover glass of PV module to 

protect solar cells from chemical and physical degradation caused by wind, rain, snow, 

hail, dust, sand and so on. The bottom side of cover glass has a rough surface to avoid a 

formation of bubbles between the cover glass and EVA during the lamination process. It 

is also important that glass should include low iron content because irons lead to 

absorption of light in the glass [16]. The cover glass needs to offer low reflection, high 

transmission, and high strength for safety reason. In this study, cover glasses with the 

sizes of 18 × 18 mm2 or 180 × 180 mm2 from AGC were used depending on the 

experiments. Specific and detailed explanation of cover glass used in this study was 

summarized in [87].  

(b) Encapsulant 

EVA is the abbreviation for the ethylene vinyl acetate which is a thermoplastic polymer 

that possess good radiation transmission and low degradability to sunlight. EVA sheet is 

a milky-white colored rubbery substance and a key material to bond between cover glass, 

a solar cell and back sheet layer. EVA sheet prevents air and moisture from reaching solar 

cells and degrading it. EVA sheets are transparent and flexible, have excellent durability 

and water resistances. In this study, EVA sheet with the size of 180 × 180 mm2 with a 

thickness of about 0.45 mm were used.  

(c) p-type multi-crystalline Si solar cell 

In this study, one cell PV module was fabricated using a multi-crystalline Si solar cell of 

one cell size (156 × 156 mm2). Multi-crystalline also known as polycrystalline silicon or 
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poly-Si is a high purity, polycrystalline form of silicon used as a raw material by the 

photovoltaic and electronic industry. In solar cells, there are metallic contacts called 

busbars which conduct the direct current generated by the solar photovoltaic cells. These 

busbars are constructed from copper, coated with silver. The silver coating is necessary 

to enhance current conductivity (front side) as well as to lower oxidation (rear side). 

Perpendicular to the busbars are the metallic and thinner gird fingers also called fingers 

electrode which collect the generated current for delivery to the bus bars. The distance 

between the finger electrode is 1.4 mm.  

(d) Back sheet  

Back sheet is on the outermost layer of the PV module. The back sheet is designed to 

protect the inner components of the module, specifically the photovoltaic cell and 

electrical components from external stresses as well as an electrical insulator. The color 

of back sheet is white, and it reflects light passing through the gap between the solar cell 

in PV module and light transmitted through the solar cells and causes sunlight to enter 

the solar cells again. 

(e) Laminator  

A laminator is a device that heats PV module components in a vacuum and seals it by 

pressure. To laminate a PV module, two layers of EVA are used in the following 

sequence: glass/ EVA/ solar cell/ EVA/ back sheet. During lamination process, the 5-

layers are placed in the lamination machine and heated to maximum temperature about 

135 C or a period of approximately 15 minutes. The vacuum laminator used in this study 
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was shown in Fig.2.2. Figs.2.3 and 2.4 show a photo image of a one cell PV module and 

cross-sectional structure of the PV modules used in this study.  

Fig.2.2 Vacuum Laminator (left chamber, right: operation panel). 

 

Fig.2.3 Photographic image of one cell PV module after lamination. 
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Fig.2.4 Cross-sectional image of one cell PV module after lamination. 

 

2.1.2 Fabrication of one cell PV module with glass layer (GL)  

  In this study, glass layer (GL) was formed in PV modules as anti-PID technique as 

shown in Figs. 2.5. Cover glass coated with GL on the top side (light incidence side) and the 

bottom side (EVA side) were prepared to investigate the effect of GL for the suppression of 

PID. The starting material of GL is a chemical solution based on poly-siloxane and 

isopropanol called as liquid glass (Naruse Seijo). The solution of 100 μL was dropped by a 

pipette on a cover glass or a substrate and spread by using a tissue (Kim Wipe). Then, the 

liquid glass is solidified into a GL by keeping in air at room temperature (RT) for 24 h. The 

cover glasses with GL were used to prepare one cell PV module by a vacuum lamination 

method as explained in section 2.1.1. Photo image of chemical solution and drying process 

of liquid glass at RT was shown in Fig. 2.6. 

 

 



39 
 

 

Fig.2.5 Cross-sectional images of one cell PV module: (a) without glass layer, (b) with glass 

layer at the top side of cover glass and (c) with glass layer at the bottom side of 

cover glass. 

 

 

 

 

 

 

 

Fig.2.6. (a)Photographic image of liquid glass solution and (b)Solidification of liquid glass 

solution into glass layer on the top and bottom side of cover glass by keeping at RT. 
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2.2 PID tests and PID recovery tests  

2.2.1 PID tests by Al plate method  

PID acceleration tests were conducted on PV modules using the Al-plate method 

[39,46,57]. High stress voltages of −1000 V were applied between the electrically shorted 

interconnector ribbons, terminates, of the PV modules and the grounded Al plate placed on 

the light incidence side of the cover glass. A conducting rubber film was used for uniform 

electrical contact between the cover glass and the Al plate. During PID acceleration tests, the 

PV modules were placed in an electric furnace and the module temperature was kept at 85 °C 

by using apparatuses as shown in Fig.2.7. The degradation rate of each PV module was 

controlled by changing the duration of the HV application time of PID tests. 

Polytetrafluoroethylene (PTEF) was attached to prevent the inclusion of water vapor into the 

PV modules during the PID acceleration tests. 
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Fig.2.7 Photographic images of PID acceleration test by Al-plate method. (a) PID insulation 

test, (b) constant temperature dryer, (c) one cell PV module inside of constant 

temperature dryer for PID test. 

 

Fig.2.8 Schematic diagram of PID test by Al-plate method. 
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2.2.2 PID recovery test by the application of high voltage (HV) 

In the case of the recovery test using HV which is conventional recovery method, a 

positive voltage of +1000 V was applied between electrically shorted electrodes of PV 

modules and grounded Al plate on the light incidence side of the cover glass [39,46]. 

Recovery using HV was conducted at 85 ℃, whereas the relative humidity was kept below 

2%. High voltage application time might be taken from a few hours to several hours [39,46]. 

Note that the sign of voltage applied for the PID recovery test were opposite to that for PID 

test. Schematic setup of the PID recovery test is shown in Fig. 2.9.  

 

Fig.2.9 Schematic diagram of PID recovery test by using HV method. 

 

2.2.3 PID recovery test by the application of reverse bias voltage (RV) 

In the case of the recovery process using reverse bias voltage (RV), DC voltages were 

applied to the p-n junction of a solar cell in reverse direction. Reverse bias, VR, were applied 

in the range from -6 to -19 V between the electrodes of the PV modules at room temperature 

environment. RV application time, tR was varied from 10 to 600 min. The p-layer and n-layer 
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electrodes of a solar cell were directly connected with positive and negative terminals of DC 

stabilized power supply as shown in Fig.2.10. For the application of RV, a DC stabilized 

power supply (TEXIO PSW – 360 L80) was used, connected to a PC, and controlled with 

function of excel software. The value of voltage and current were set to appropriate values 

and intermittently applied as recovery process. Note that characterization of the PV modules 

was conducted after each RV application after the PV modules were cooled down to room 

temperature.  

Fig.2.10 Photographic images of PID recovery by HV method. (a) A DC stabilized power 

supply and (b) one cell PV module under reverse bias application at RT. 

Fig.2.11 Schematic diagram of PID recovery test by using RV method. 
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2.3 Resistance measurements 

2.3.1 RT resistance measurement system 

To investigate the influence of glass layer formations on the cover glass, the 

resistances were measured as a leakage current for cover glasses with and without glass layer 

at RT. The setup of resistance measurements at RT is schematically shown in Fig.2.12. 

During the measurement, conductive rubber sheets (ρv = 1.2×10 2  cm) with the thickness 

of 1 mm were inserted at the top and bottom side of cover glass because of the non-flat 

surface structure of the cover glass. A voltage of -100 V was applied from the bottom side of 

cover glasses for 3 h while the electrodes pressed the cover glass together with the rubber 

sheets by 3 kg weight to obtain better contacts between the electrodes of the resistivity 

chamber and cover glass for the homogeneous voltage applications. A high resistance 

measurement system (ADC Corp., 5450) was used with a resistivity chamber (ADC, 

12702B) in a Faraday cage as shown in Fig.2.13. 
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Fig.2.12 Schematic diagram of RT resistance measurement system. 

 

 

Fig.2.13 Photographic image of RT resistance measurement system with a resistivity 

chamber inside a Faraday cage. 
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2.3.2 Resistance measurement with PID test system 

 To investigate the effects of the GL insertions in PV modules as the anti-PID 

technique, the resistance between the Al plate and the electrode of solar cell was measured 

by using a function of the insulation resistance measurement system with a data logger during 

the PID tests. Schematic diagram of resistance measurement during PID test system was 

shown in Fig.2.14. 

 

Fig.2.14 Schematic diagram of resistance measurement with PID test system. 
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2.4 Characterization methods  

2.4.1 Photo J-V measurement  

Photo J-V characterization was carried out with the use of a solar simulator (YSS-

50A, Yamashita Denso Co., Ltd.). A solar simulator is a device that irradiate the artificial 

sunlight by using xenon as a light source. The current and voltage of the solar cell during 

light irradiation were measured under computer control using an automatic measurement 

program constructed by programming software LabVIEW. DC voltage current source 

(R6243) manufactured by ADVANTEST was used as a voltage source. All measurements 

were carried out at standard test conditions (STC). This means, that the total irradiance on 

the solar cell is equal to 1000 W/m2. Further, the spectrum should resemble the AM 1.5 

spectrum. Additionally, the temperature of the solar cell should be kept constant at 25 ℃. 

Photo J-V characterization measurement system set up was shown in Fig.2.15. Each 

parameter of solar cell under light irradiation such as JSC, VOC, FF, is already explained in 

section 1.1.2. 

 

Fig.2.15 Photographic image of a solar simulator used in this study. 
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2.4.2 Dark J-V measurement (Leakage current measurement)  

Leakage current was measured to estimate the leakage resistance, RL, from the slope 

of the dark J–V measurements in the range from − 0.5 to 0 V. Note that, in this study, we 

investigate the recovery phenomena of PV modules by applying voltages to the p-n junction. 

Therefore, shunt resistance was not employed to characterize the p-n junction because the 

photo J–V measurements of PID-affected PV modules could also possibly induce partial 

recovery of the PV characteristics. 

2.4.3 Electroluminescence imaging (EL imaging) 

Electroluminescence (EL) imaging technique is a powerful photographic diagnosis 

tool to provide spatially resolved information about the electronic material properties of solar 

cell [89-91]. EL testing brought to the attention of the PV community by Fuyuki and his co-

workers in 2005, has become a very popular technique for inspecting PV modules minority 

carrier lifetimes [92], micro cracks, shunts, and a voltage difference [93]. EL principle is 

based on the radiative recombination of excited charged carrier when forward bias is applied. 

The luminescence intensity depends exponentially on the energy separation of the electron 

and hole Fermi level in the bulk material. Hence, the output of luminescence imaging is the 

local lifetime distribution or the diffusion length. In this study, EL imaging is used to identify 

module failures and defects such as cell cracks, disconnected cell areas, broken ribbons and 

fingers, increased series resistance regions, PID, shunted cells, humidity corrosion, or cell 

manufacturing defects. In this study, Nikon D70) camera was used for taking the 

electroluminescence images of PV module and DC power supply source of TEXIO, PSW-
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360M160 was used as a voltage and current supplier. A typical set up for EL imaging was 

shown in Fig.2.16, and the photo and EL images of one cell PV modules is shown in Fig. 

2.17. 

 

Fig.2.16 Experimental set up of an electroluminescence imaging. 

 

Fig.2.17(a)Optical image and (b) EL image of one cell PV module. 
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2.4.4 Infrared imaging (IR imaging) 

Infrared thermography is an equipment which detects infrared energy emitted from 

object converts it to temperature and displays image of temperature distribution. It captures 

as a temperature distribution on a surface, and it can display as a visible information. 

Temperature can be measured from a distance without contacting an object in real time. 

Infrared thermography has been used for detecting shunts in solar cells under reverse 

bias in the dark since 1990 [94]. According to the black-body radiation law, any object above 

absolute zero will emit infrared radiation and its characteristics can be used to measure the 

temperature. Therefore, infrared measuring devices acquire infrared radiation emitted by an 

object and transform it into an electronic signal [95]. The detected radiation from the objects 

can be images from IR camera and abnormalities in the temperature of the objects can be 

observed. In this study, infrared thermography was used as a tool for better understanding of 

the various degradation mechanisms and their impact on the thermal behavior of PV modules. 

Surface temperature variation of PV module during the application of reverse DC bias was 

captured by using an infrared thermography camera (R300-SR-H, Nippon Avionics Co., 

Ltd.). Fig.2.18 shows the infrared image of the one cell PV module used in this study. 
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Fig.2.18 Infrared image of one cell PV module. 

 

2.4.5 Scanning electron microscope (SEM) 

Scanning electron microscope (SEM) is a type of electron microscope that uses an 

electron beam to scan the sample. The scanning electron microscope works on the principle 

of applying kinetic energy to produce signals on the interaction of the electrons. These 

electrons are secondary electrons, backscattered electrons, and diffracted backscattered 

electrons which are used to view crystallized elements and photons. Secondary and 

backscattered electrons are used to produce an image. The secondary electrons are emitted 

from the specimen play the primary role of detecting the morphology and topography of the 

specimen while the backscattered electrons show contrast in the composition of the elements 

of the specimen. A schematic diagram of the interaction between electron beams and the 

sample is shown in Fig.2.19. In the present research work, Hitachi-4300 device has been used 
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for the characterization of surface morphology of the GL formed on cover glass. Fig.2.20 

shows the schematic diagram of a typical SEM device configuration [96].  

 

 

 

 

 

 

 

 

  

Fig.2.19 Electron sample interaction.  
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Fig.2.20 Set up of scanning electron microscope (SEM) [96]. 
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2.4.6 X-ray photon spectroscopy (XPS) 

X-ray photoelectron spectroscopy (XPS), also referred to as electron spectroscopy for 

chemical analysis (ESCA) is one of the most widely used surface sensitive analytical 

techniques in which x-rays bombard the surface of a material and the kinetic energy of the 

emitted electrons is measured. All materials have surfaces, and it is those surfaces that 

interact with other materials. Studying and understanding surfaces are important because all 

factors such as surface wettability, adhesion, corrosion, charge transfer, and catalysis are all 

determined by surface and surface contamination. All elements except hydrogen and helium 

can be detected, and XPS has been used to study the surface of almost every material from 

plastic to textiles to soil to semiconductors. The two major characteristics of XPS that make. 

it powerful as an analytical method are its surface sensitivity and its ability to reveal chemical 

state information from the elements in the sample. 

 XPS is based on the photoelectric effect, first discovered by Heinrich hertz in 1887. 

In XPS, the sample is irradiated with soft x-rays (energies lower than ~ 6 keV) and the kinetic 

energy of the emitted electrons is analyzed as shown in Fig.2.21. The emitted photoelectron 

is the results of complete transfer of the x-ray energy to a core level electron. This is 

expressed mathematically in Eq 2.1. 

 (2.1) 

 (2.2) 

It simply states that the energy of the x-ray is equal to the binding energy (BE) of the 

electron (how tightly it is bound to the atom/orbital to which it is attached.), plus the kinetic 
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energy (KE) of the electron that is emitted, plus the spectrometer work function, a constant 

value. To determine the binding energy of an electron, Eq. (2.1) can be rearranged to obtain 

Eq. (2.2), where the terms on the right are either known (  and ) or measured in the 

XPS experiment (KE), 

Note that the photoelectron binding energy is measured with respect to the sample 

Fermi level (not the vacuum level) which is the reason that  is included. Photoelectron 

peaks are notated by the element and orbital from which they were ejected. For example, “O 

1s” describes electrons emitted from the 1s orbital of an oxygen atom. Any electron with a 

binding energy less than the x-ray source energy should be emitted from the sample and 

observed with the XPS technique. The binding energy of an electron is a material property 

and is independent of the x-ray source used to eject it. When experiments are performed with 

different x-ray sources, the binding energy of photoelectrons will not change; however, the 

kinetic energy of the photoelectrons emitted will vary as described by Eq. (2). The detailed 

description of instruments components is summarized in [97]. 

 

 

 

 

 

Fig.2.21 Working principle of XPS. 
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2.4.7 Laser microscopy 

 Laser microscope uses laser illumination to generate high-resolution, high-contrast 

3D imagery of samples by scanning them point by point. Two common types of laser 

scanning microscopes include confocal laser scanning microscopes and multiphoton laser 

scanning microscopes. Confocal laser scanning microscope is commonly used for various 

observations and analyses such as surface roughness, three-dimensional shape and so on.  In 

this study, a 3D Laser scanning microscope (Keyence, VK-X200K) was used to estimate the 

thickness of transparent glass layer formed on the surface of cover glass. 

2.4.8 UV-vis spectroscopy  

 The principle of UV-vis spectroscopy is based on the absorption of ultraviolet light 

or visible light by chemical compounds, which results in the production of distinct spectra. 

Spectroscopy is based on the interaction between light and matter. When the matter absorbs 

the light, it undergoes excitation and de-excitation, resulting in the production of a spectrum.  

 UV-Vis spectroscopy is a type of absorption spectroscopy in which a sample is 

illuminated with electromagnetic rays of various wavelengths in the ultraviolet (UV) and 

visible (Vis) ranges. Depending on the substance, the UV or visible light rays are partially 

absorbed by the sample. The remaining light, i.e., the transmitted light, is recorded as a 

function of wavelength by a suitable detector. The detector then produces the sample's unique 

UV-vis spectrum (also known as the absorption spectrum). In this study, UV-3100 PC was 

used to analyze the transmittance of GL. The detailed explanation concerning with UV-vis 

spectrum were presented in [99]. 
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Chapter 3 
Development of recovery method for PID-affected PV 
module by the application of reverse bias voltage (RV) 

Development of a recovery method for PID-affected PV modules is a key issue to 

extend the lifetime of PV modules and to minimize power generation costs. In this chapter, 

a detailed analysis of the recovery process by the application of reverse bias voltage (RV) to 

the p-n junction of PID-affected PV modules was presented. To understand conventional 

recovery on PID-affected PV module occurred by using high voltage (HV), analysis of 

recovery phenomena by the application of HV was presented in section 3.1. Influenced by 

the recovery tests with the application of various reverse bias voltage (RV) and duration were 

explained in section 3.2. Recovery model by RV method was proposed in section 3.3. 

Conclusions of this chapter is presented at section 3.4. 

3.1 Recovery test by using HV method  

To understand the differences in the recovery methods, recovery by using HV method 

was conducted as a conventional recovery process. Fig.3.1 shows photo J-V characteristics 

before and after the PID test and after recovery test by HV method. Parameters such as Jsc, 

Voc, FF and   which were obtained from photo J-V curve, and Rleak which was obtained from 

dark J-V characteristics were summarized in table 3.1. PID test was carried out for 30 min 

by Al-plate method (as explained in Chapter 2). A decrease in  was observed mainly with 

the decrease in Voc and FF. This suggests that PID was occurred on the PV module by PID 

test. 
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Fig.3.1 Photo J-V characteristics for a one cell PV module (a) before and (b) after 
PID acceleration test and (c) after recovery test by HV application for 60 min.  

 

Table 3.1 Summary of photo J-V and dark J-V parameters of one cell PV module under 
applied voltage of + 1000 V at 85 ℃ for 60 min. 

Condition Jsc(mA/cm2) Voc (V) FF D(%) R(%) Rleak( ) 
Before PID 30.33 0.56 0.77 12.7 - - 2000 

After 30 min PID  30.15 0.25 0.29 1.1 8.7 - 0.5 
After 60 min recovery  30.21 0.55 0.71 10.3 - 81 3.8 
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Fig.3.2 EL images before and after the PID test and after recovery test by the application of 
HV for 60 min. 

 

Fig.3.2 shows the EL images of PV module before and after the PID test and after the 

recovery by using HV method. Darkening of the EL image appeared after the PID test 

suggests the weak photovoltaic phenomenon appeared by the degradation of solar cell after 

the PID test. After the recovery process by HV method, the EL images became brighter and 

is suggesting the photovoltaic effects of solar cells was recovered by the HV method. 
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3.2 Evaluation of the effect of recovery by RV method  

As already explained in section 1.3.2, Jonai et al.,[57] conducted recovery test by the 

application of a RV in the range of from – 20 V to – 30 V. We focused the phenomena as a 

low-cost recovery method because of the low-voltage application in a short time without the 

necessity of temperature controls by the furnace. However, the detailed analysis of recovery 

phenomena by using the RV is still not reported. In this section, details analysis regarding 

with recovery by the various RV application are shown. Recovery tests were caried out by 

the application voltage of – 6 V, – 10 V, – 17 V and – 19 V. RV application time tR was also 

varied up to 600 min to understand the time dependence of the recovery phenomena. 

 

3.2.1 Analysis on photo J-V parameters by using various RV applications  

To analyze the effect of the application of various RV on PID-affected PV module, 

recovery tests were carried out to four PV modules. The RVs were limited up to VR = – 19 V 

to avoid breakdown of the p-n junction of solar cells. The duration of voltage application 

time tR was changed from a few minutes to 16 hours to analyze the increases of the module 

temperature by RV application [57].  

Fig.3.3 (a)-(d) show photo J-V before, after PID tests and after recovery tests with 

various RV applications under the illumination of light of AM 1.5. By the application of VR 

= – 19 V, recovery with % R = 90 % was observed after tR = 5 min as shown in Fig.3.3 (a). 

In Fig.3.3(b), an almost complete recovery was also observed after tR = 10 min by the 
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application of VR = – 17 V. In addition, % R was slightly increased with tR and reached % R 

= 92 % with tR = 360 min. However, % R with VR = – 10 V and – 6 V was 74 % and 70 % 

even after tR = 360 min, respectively.  
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Fig.3.3 Photo J-V characteristics before and after PID tests and step by step recovery tests by 

the application of various RV. (a) Recovery test by VR = -19 V, (b) recovery test by 

VR = -17 V. 
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Fig.3.3 Photo J-V characteristics before and after PID tests and step by step recovery tests by 

the application of various RV. (c) recovery test by VR = -10 V and (d) recovery test 

by VR  = -6 V.  
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Table 3.2 Summary of photo J-V and dark J-V parameters of one cell PV module obtained   

from the J-V curves shown in Fig.3.3. 

 

 

 

 

VR= -19 V Jsc(mA/cm2) Voc (V) FF D (%) R (%) Rleak ( ) 

Before PID 30.9 0.56 0.77 13.3 - - 799.7 
After 90 min PID  30.7 0.37 0.33 3.8 29 - 11.8 

After 5 min recovery  30.9 0.54 0.73 12.0 - 90 165.4 
After 55 min recovery  30.7 0.54 0.74 12.2 - 92 205.7 

After 205 min recovery 30.1 0.54 0.74 12.0 - 90 151.4 
VR= -17 V Jsc(mA/cm2) Voc (V) FF D (%) R (%) Rleak ( ) 

Before PID 30.3 0.55 0.78 12.9 - - 3230 
After 90 min PID  29.81 0.24 0.28 2.0 16 - 13.5 

After 10 min recovery  30.15 0.54 0.71 11.5 - 89 43.6 
After 60 min recovery  30.19 0.54 0.72 11.6 - 90 64.3 

After 360 min recovery 30.3 0.54 0.73 12.0 - 93 55.8 

VR= -10 V Jsc(mA/cm2) Voc (V) FF D (%) R (%) Rleak ( ) 
Before PID 30.27 0.54 77.26 12.6 - - 3333.3 

After 60 min PID  28.56 0.31 28.77 2.5 20 - 0.9 
After 10 min recovery  29.73 0.52 54.76 8.5 - 67 6.2 
After 60 min recovery  29.59 0.52 59.83 9.2 - 73 14.1 

After 360 min recovery 29.53 0.52 61.4 9.4 - 75 20.3 

VR= -6 V Jsc(mA/cm2) Voc (V) FF D (%) R (%) Rleak ( ) 
Before PID 30.71 0.54 77.38 12.9 - - 3333.3 

After80 min PID  28.62 0.32 28.1 2.6 20 - 0.9 
After 10 min recovery  29.34 0.48 35.54 5.0 - 39 1.9 
After 60 min recovery  29.51 0.52 54.39 8.3 - 65 6.3 

After 360 min recovery 29.76 0.52 57.81 8.9 - 69 11 
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Fig.3.4 shows time dependence of the photovoltaic parameters of PID affected PV 

modules with application of various VR. tR was ranged from 10 to 360 min. It was observed 

that an increase in JSC appeared after a short RV application time like tR = 10 min, whereas 

long RV application times resulted in a slight decrease of JSC in some PV modules as 

summarized in Table.3.3. 

When tR was extended up to 960 min with VR = -6 V using different PV modules as 

shown in Fig.3.5, further decrease in JSC was observed, whereas VOC did not change 

significantly. This suggests that long hours of RV application cause some damages to the PV 

module components and optical constants of the materials may have changed such as peeling 

off of EVA.  

 

Table 3.3 Summary of photo J-V and dark J-V parameters of one cell PV module under 

recovery test by the application of VR = -17 V up to 600 min.  

 

 

 

 

 

VR= -17 V Jsc(mA/cm2) Voc (V) FF D (%) R (%) Rleak ( ) 
Before PID 30.59 0.55 76.8 12.8 - - 1227.5 

After 80 min PID  28.1 0.35 32.2 3.1 24 - 13.4 
After 60 min recovery  29.6 0.53 66.6 10.3 - 81 68.6 
After 240 min recovery  28.71 0.53 67.6 10.2 - 80 43.1 
After 600 min recovery  28.47 0.53 68 10.1 - 79 35.5 
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Fig.3.4 The change of photovoltaic characteristics ( , FF, VOC, JSC) of PV modules recovered 
using various VR as a function of tR. 
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Fig.3.5. Photo J–V characteristics for a PV module (a) before and (b) after PID acceleration 

test and after recovery tests by RV application at VR= − 6 V, 4A with tR=(c) 10 min, 

(d) 60 min, (e) 360min, (f) 600 min, (g) 720 min and (i) 960 min. 
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3.2.2 Analysis on dark J-V parameters by using RV method   

Here, effect of voltage application on leakage current resistance, Rleak estimated from 

dark J-V characteristics was discussed. Fig.3.6 show the normalized Rleak  value as a function 

of RV application time. The Rleak was normalized by the Rleak obtained before PID test. The 

Rleak before and after PID acceleration tests were 799.7  and 11.8  , and the Rleak after 

recovery tests using VR = -19 V with tR = 5, 55, 250 min were 165.4 , 205.7 , 151.4 , 

respectively.  

Table 3.4 shows the before and after the PID tests and after the application of RV 

with various voltage and application time. Under the RV application of VR = -17 V, Rleak was 

recovered gradually until tR = 60 min. However, when tR = 360 min. slight decrease in the 

Rleak appeared. In the case of RV application with VR = –10 V and – 6 V, recoveries of Rleak 

were saturated with values of below 1% of initial values. It is suggested that some of shut 

paths still exist in the p-n junction even after the recovery. 
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Table 3.4 Summary of the value of Rleak obtained from dark J-V characteristic. The unit of 

Rleak is  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Condition VR = -17 V VR = -10 V VR = -6 V 

Before PID 3230 3333.3 3333.3 

After PID 13.5 0.9 0.9 

After 10 min recovery 43.6 6.2 1.9 

After 60 min recovery 64.3 14.1 6.3 

After 360 min recovery 55.8 20.3 11 
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Fig.3.6 Normalized Rleak as a function of voltage application time after recovery tests with 

VR= − 17 V for tR = (c) 10, (d) 60, and (e) 360 min. Each initial parameter before 

the PID test was normalized to one.  
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3.2.3 EL images before and after recovery using RV method  

Characterization of PV modules before and after the PID tests and after the recovery 

by using RV method was conducted by using EL imaging. Fig.3.7 shows the EL images 

before and after the PID tests and after the application of VR= −17 V for tR = 10, 60 and 360 

min. As shown in Fig.3.7 (a) and (b), darkening of EL-illuminance was observed after the 

PID test, suggesting the occurrence of PID on the PV module. However, by applying RV, 

the El intensity is recovered to near that before the PID acceleration test, whereas no 

significant change in the dark spots was observed, as depicted as white circle in Fig.3.7. 

Similar darkening and brightening of EL images were observed after the PID test and 

recovery using HV method. 
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Fig.3.7 EL images of PV modules (a) before and (b) after PID acceleration tests, and after 

recovery tests with VR = −17 V for tR = (c) 10, (d) 60, and (e) 360 min. 
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3.2.4 Effect of surface temperature distribution during RV application   

The surface temperature of PV modules during the recovery process using RV was 

analyzed using IR imaging. Fig.3.8 shows the IR images obtained by the application of VR = 

-6, -10 and -17 V for tR = 60 min. During recovery test by the application of various RV, non-

uniform surface temperature distribution was observed as shown in Fig.3.8. Fig.3.9 shows 

the time dependence of the maximum surface temperatures of PV modules observed by the 

application of VR = -6, -10 and -17 V for tR = 10, 60 and 100 min. The maximum temperature 

was increased with the VR and the temperature during recovery test reached almost 115 ℃ 

after 60 min recovery when the application of VR = -17V as shown in Fig.3.9. It is also worthy 

to note that the higher temperature distributions area did not corresponding to the positions 

of the bass bar but to the edges of the solar cell. All the temperature trends showed that 

surface temperature was decreased after 60 min voltage application time. 

  

 

 

 

 

Fig.3.8 Module surface temperature distribution during recovery test by various RV. 
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Fig.3.9 Module surface temperature distribution of PV modules during recovery tests by the 

application of various RV. 

To analyze further the influence of RV application, the surface temperature of the PV 

modules was measured during RV application with and without PID tests with various VR. 

Fig.3.10 shows IR images of the one cell PV module with and without PID test with the 

application of various VR. Note that the points in the figure denoted by from “a” to “d” 

correspond to the measured points where near the edge of PV modules and the points denoted 

by “e” correspond to the center of PV modules. Additionally, in Fig.3.10 (b), the point 

denoted by a black circle corresponds to the position where the highest temperature was 
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observed in the PV module. In the case of one cell PV module without PID test, VR = -17 V 

was applied for 60 min and no significant temperature increase was observed at all points. 

However, in the case of RV application on the PV modules after the PID test, distributions 

of surface temperature appeared as shown in Fig.3.10 (b) – (d). The surface temperature was 

increased with VR.  

 

  

 

 

 

 

 

 

 

Fig.3.10 Module surface temperature distribution of PV modules with the application of RV 

(a) before PID acceleration test with tR = 60 min and after PID acceleration tests 

with PID recovery tests at (b) VR = −17 V, tR = 30 min; (c) VR = − 12 V, tR = 30 min; 

and (d) VR = − 6 V, tR = 30 min. The black circle in Fig. 3.10 (b) is the point where 

the temperature reached around 130 C. 
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To analyze the temperature changes depending on tR, an additional surface 

temperature measurement was conducted to PID affected PV module by using VR = -17V. 

Fig.3.11 shows time dependent changes of the surface temperature of PV modules obtained 

by thermography data at various points. In the figure, note that the points denoted from “a” 

to “c” correspond to near the edges of the PV module and the points denoted by from “d” to 

“g” correspond to the points where a few centimeters closer to the center of the PV modules 

than the points near the edges. An increase of surface temperature at all measured points was 

observed from the start of RV application, and the temperature were saturated after ~ 1500 s 

(25 min). Therefore, RV application to PV module is considered to induce Joule heating at 

the solar cells, and several tens of minutes were required to reach a stable temperature for 

entire PV module. Compared with the saturation time of  shown in Fig.3.4, the recovery of 

PV modules occurs much faster than temperature saturation at the surface of the PV modules.  
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Fig.3.11 Time-dependent changes of surface temperature measured at various points on PV 

modules with VR = −17 V. 
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3.3 Recovery models by HV and RV applications  

 In this section, the PID recovery models of PV modules by the applications of HV 

and RV are discussed. Fig.3.12 shows recovery models by HV and RV applications. When 

the HV was applied to terminals of PID affected PV modules, the Na ions around the solar 

cells are migrate towards the cover glass as shown in Fig.3.12 (a). The reductions in the Na 

ions in solar cells results in the reductions of shunt-path and the conversion efficiency is 

recovered. On the other hand, as shown in Fig.3.12 (b), when a reverse bias was applied to 

the p-n junction after the PID test, a current possibly flowed though shunt-path in the p-n 

junction as a leakage current, and induced Joule heating. As a consequence, application of 

RV to p-n junction induced Na ions migrations toward the p-type Si slightly. In addition, an 

increase in temperature possibly caused in longer migrations of Na ions and resulted in the 

decrease of shunt-path. This recovery model suggests that many Na ions remain in the p-n 

junctions, even after the recovery, and the residual Na possibly affected nonperfect recoveries 

of PID. Finally, PID recovery can be accelerated since Na ions within p-n junction may drift 

to the p-type base region, leading to a reduction in deep impurity level in the depletion layer 

in p-n junction. In the case of recovery by HV application, Na back diffusion occurred not 

only from the surface of solar cells but also from the inside of solar cells. It is suggested that 

reductions of Na ions in solar cells by the application of HV resulted in the reduction of shunt 

paths. 
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Fig.3.12 Schematic diagram of a cross section of recovery models of p-type c-Si PV module. 

(a) Na ions back diffusion process under HV application and (b) Drifting of Na ions 

to the p-type region under RV application.  

 

 

 

 

 

 

 

 

 



80 
 

3.4 Conclusions  

The followings can be concluded from this study. 

1. Recovery of PID affected PV modules were conducted with various VR and tR. 

2. Higher VR resulted in the higher and faster recovery. In the cause of VR = -17 V, the 

recovery was saturated in 10 min application. 

3. Non uniform temperature increase during RV application was observed. 

4. Long hours of RV application of VR = -17 V resulted in the maximum temperature 

about more than 130 C with the slight decrease in the Jsc. The RV applications for 

long hours possibly cause some damage to the PV module components.  

5. RV application of VR = -17 V with short time, about 10 min, is the best recovery 

conditions in this research to obtain better recovery and to avoid the damage to solar 

cells and other module components. 
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Chapter 4 
Development of suppression method for PV module by 
the application of glass layer (GL) 

To achieve the long-term operations of PV modules for the low power generation 

cost, anti-PID techniques have been increasingly required. In this chapter, development of a 

new technique to delay the PID occurrence by using a glass layer (GL) on a cover glass of 

PV module was presented. In the section 4.1, the physical properties of GL were investigated 

from the viewpoint of atomic composition, surface morphology, thickness estimation, 

resistance measurement and transmittance spectra. In the section 4.2, PID suppression effect 

on PV modules were mainly discussed by photo J-V measurement results. Discussions of 

PID suppression effects by the formation of GL in PV modules were presented in section 4.3. 

This chapter was ended with conclusion section 4.4. 

 

4.1 Physical properties of GL 

4.1.1 Atomic compositions of GL and cover glass 

Analyses for atomic composition of GL and cover glass were performed by using 

XPS measurements. Fig.4.1 shows XPS spectra of GL measured at the surface and inside of 

GL. According to the wide scan spectra as shown in Fig.4.1(a), no peaks originated from 

metallic elements appeared while the peaks originated from the elements of silicon, oxygen 

and carbon appeared. Note that the peaks appeared at 242 eV in the spectrum of inside of GL 
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is originated from argon which was used for the etching of GL during the XPS measurements. 

Additionally, the narrow scan spectra for Na 1s shown in Fig.4.1(b) shows no peak around 

at 1072 eV. Furthermore, no significant difference in the spectra were obtained at the surface 

and the inside of GL. The detection limit of XPS is known as below 0.1%. Therefore, we 

concluded that the GLs prepared from liquid glass include the metal elements with atomic 

compositions of below 0.1%. Table 4.1 shows atomic ratio of GL measured at the surface 

and the inside. The atomic ratio was obtained from the narrow scan measurement of Si 2p, O 

1s, and C 1s. The element of carbon was included about a few tens of % with elements of 

silicon and oxygen which is possibly originated from the residual element of the organic 

solvent in the liquid glass.  

 

Table 4.1 Atomic composition of glass layer 

 

  

Position C 1s O 1s Si 2p 

Surface of GL 38.8 38.8 24.0 

Inside of GL 36.5 36.0 28.3 
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Fig.4.1 (a) Wide scan spectra and (b) Na 1s narrow scan spectra of the surface and inside of 

GL. 
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 Analysis of atomic compositions of a bare cover glass before and after the PID tests 

was also performed with a depth profile by XPS to compare the composition of Na in cover 

glass with GL and to understand the Na ion migrations by the PID tests. Fig.4.2 shows the 

wide scan spectra of cover glass before and after PID test. Peaks originated from Na, Si, O, 

C Mg and Ca were observed. Note that the peaks originated from Ar were observed by the 

Ar ion etching for the depth profile. The observed elements by the XPS showed good 

agreements with the atomic compositions of cover glass shown by the company, AGC [87]. 

Fig.4.3 shows the atomic ratio of Na, Si, O and C with etching time. Before the PID test, the 

atomic ratio of Na was about 5 to 6 %. It is also suggested that Na from Na2O existed in the 

cover glass even before PID tests. After the PID acceleration test, atomic ratio of Na was 

increased at near the surface of the cover glass where the -1000 V was applied by the PID 

test. It is suggested that the large amount Na ions are existed in the cover glass and the Na 

ions migrate by the applications of high voltage.  
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Fig.4.2 Wide scan XPS spectra of cover glass (a)before PID test and 

                              (b) after PID test conditions. 
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Fig.4.3 Depth profile of atomic ratio of cover glass (a) before PID test and 

                 (b) after PID test conditions. 
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4.1.2 Surface morphology of cover glass with and without GL  

Surface morphologies of cover glass with and without GL were analyzed by using 

SEM. Fig.4.4 shows SEM images of cover glass measured at the light incident side (top side) 

and the side where EVA is contacting (bottom side) with and without GLs. The cover glass 

of top and bottom side without GL shows a clear difference in the surface morphology as 

shown in Fig.4.4 (a). The top side was relatively flat while the bottom side showed a grid 

structure that is visible with naked eyes. It is known that the grid is constructed in order to 

avoid forming of air bubbles in the PV modules on vacuum lamination. Note that the height 

of the grid structure was about 0.3 mm which is about the one tenth of the thickness of cover 

glass. 
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Fig.4.4 (a) SEM images of top and bottom side of cover glass without GL. 
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Fig .4.4 (b) SEM images of top and bottom side of cover glass with GL. 
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The surface morphologies of GL were quite different between the top and bottom 

sides of the cover glass even after the GL was formed. In the case of GL formed on the top 

side, many scratch-like hair lines were observed all over the surface. These lines were 

probably formed during spreading the liquid glass by using tissues. On the other hand, in the 

case of bottom side, the GL had the hair lines only around the ridge of the grid. This means 

that there are bumps and dips on the GL surface. The tissue probably contacts only to the 

ridge of the grid. Since the component of GL (the liquid glass) is accumulated in the dent of 

the grid during spreading the liquid glass solutions, the averaged thickness is likely to be 

larger than that for the top side. Additionally, during the SEM measurement, sudden 

darkening appeared, and no SEM images were obtained when the SEM measurements were 

conducted for the cover glass coated more than double GL. This is suggesting that the GL 

has large resistance, therefore, the surfaces of cover glass were charged up quickly by 

exposing electron beams during the SEM measurements which disables the emitting of 

secondary electrons for the imaging when the thick GL existed at the surface of cover glass. 
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4.1.3 Thickness of glass layer (GL) 

Since the surface morphology of cover glass makes difficult to estimate the thickness 

of GL, the thickness of GL was measured by forming the GL on a flat slide glass (Asone, 

ASLAB) prepared with the same way. The thickness measurement was conducted by using 

a 3D Laser scanning microscope (Keyence, VK-X200K) as shown in Fig.4.5. According to 

the measurement the thickness of GL was estimated approximately as about 1  2 μm. 

Compared to the height of the grid structure shown in the previous section by SEM, the 

thickness of GL is much smaller. Additionally, the difference between the thickness of cover 

glass and GL is about three orders of magnitude. 

 

Fig.4.5 Analytical image at the boundary between the glass layer and the cover glass surface 

using a laser microscope.  
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4.1.4 Resistance measurement of cover glass with and without GL 

The resistances measurements were conducted for the cover glass itself by applying 

-100 V up to 3 h from bottom side of cover glass at RT. Schematic diagram of resistance 

measurement set up was shown in Fig.2.12 in chapter 2. Note that the -100 V was used to 

suppress the migrations of Na ions by the voltage application during the measurement which 

occurs during the PID test conditions of -1000 V at 85 C. Additionally, the resistance values 

were not converted to resistivity because of the difficulty to estimate the exact thickness of 

GLs on the cover glass because of grid structures on the bottom side of cover glass. 

Fig.4.6 shows the time dependence of resistances of the cover glasses with and 

without GL. According to Fig.4.6, the resistances of all the samples were increased in the 

first 10 minutes, then no more significant changes were observed after 10 minutes to 180 

hours. The increases in resistances in the first 10 minutes possibly originates from the charge 

accumulations and/or polarizations by applying the voltage. Thus, the intrinsic resistances of 

the cover glasses with and without GLs were obtained after 10 minutes. The resistance of 

cover glass after 10 minutes of voltage applications showed about 4  1010 . The resistances 

were increased to 2  1011 , about one order of magnitude, by forming GLs at both top and 

bottom side of cover glass. It is noted that no significant difference was observed in the 

resistances of cover glass with GL at top and bottom side, although the surface morphologies 

were quite different as shown in the section 4.1.2.  
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Fig.4.6 Time dependence of resistance values of cover glass with and without GLs 

measured at RT. 
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4.1.5 Transmittance spectra of quartz substrate with GL 

One of the main roles of cover glass in one cell PV module as well as in 

commercialized PV module is to transmit sunlight as much as possible to expose the sunlight 

to the cell. However, the cover glass has grid structure, and the thickness is about 3.3 mm. 

Such structures make difficult to measure the light transmission measurement because of 

light scattering by the structures. Therefore, in this section, to understand the influence of GL 

for the light transmission, transmittance spectra of the glass layer with and without GL was 

analyzed using a quartz glass substrate. Fig.4.7 shows transmittance spectra of quartz 

substrate with and without GL. Measured wavelength range is 400 to 2500 nm. In both 

transmission spectra, the transmittance decreased significantly from around 500 nm to the 

shorter wavelength side which is originated from absorption of quartz substrates. 

Additionally, the transmittance of quartz without GL is slightly higher than with GL. 

However, the difference around the 1% and is near limit of the accuracy of measurement. 

Therefore, we concluded that formation of GL on the surface of cover glass is almost 

negligible for the transmittance of light into the solar cell. However further light transmission 

measurement is needed by using thick GL to understand the influence of GL to the conversion 

efficiency of PV modules.  
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Fig.4.7. Transmittance spectra of quartz substrate with and without GL. 
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4.2 PID suppression effect on PV module 

4.2.1 Photo J-V measurement with and without GL 

 To evaluate the PID suppression effect on PV modules by forming GLs at the top and 

bottom side of cover glass, PV characteristics of PV modules were analyzed before and after 

the PID tests. In this study, a standard PV module and PV modules coated with GL on top 

and bottom side of cover glass were mainly used to investigate the influence of GL insertions 

on PID. A voltage of -1000 V was applied up to 12 h to the terminals of PV modules while 

the Al plate was grounded. Figs.4.8 (a) – (c) show the J-V characteristics of the PV modules 

prepared with and without GL for before and after the PID tests conditions. Additionally, the 

numeric photovoltaic characteristics of the PV modules obtained from these measurements 

are summarized in table 4.2. Note that, in these experiments, the short circuit current (Jsc) of 

PV modules prepared with GL before the PID tests appeared about 4 to 5% smaller than 

those of PV modules prepared without GL before PID. According to the light transmittance 

measurements as shown in section 4.1.5, difference in the transmittances of the quarts 

substrates with and without GL was less than 1%. Therefore, we considered that the 

differences in the JSC with and without GL were mainly originated from the individual 

properties of PV cells used in this research. 
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Fig.4.8 Photo J-V curves for PV modules before and after the PID test by applying -1000V 

at 85 ℃for 6 h: (a) PV module without GL, (b) PV module with GL at top side of 

cover glass and (c) PV module with GL at bottom side of cover glass. 
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Table 4.2 Power generation characteristics of PV modules prepared with and without GL 

before and after the PID tests obtained from the J-V curves shown in Fig.4.8. 

 

 

 

 

 

 

 

For PV module without the GL (Fig.4.1(a)), the open circuit voltage (VOC), the current 

density (JSC), the fill factor (FF), and the conversion efficiency (η) was decreased to about 

18%, 89%, 36%, 6% of initial values after the 6 h PID test, respectively. The drastic 

degradation of η was induced mainly by decreases in VOC and FF. This is the typical 

phenomenon reported previously as PID [39]. On the other hand, for PV modules with GL 

(Figs.4.1 (b) and 4.1 (c)), less degradations were observed after the PID tests. For the PV 

module with GL at the top side of cover glass (Fig.4.1 (b)), the VOC, JSC, FF and η were 

decreased to about 66%, 97%, 37% and 24% of initial values, respectively. For the PV 

module with GL at the bottom side of cover glass (Fig. 4.1(c)), the VOC, JSC, FF and η were 

decreased to 98%, 100%, 96% and 94%, respectively, after the 6 h PID test, and to 80%, 

98%, 42% and 33% after the 12 h PID test, respectively. It was observed that the insertions 
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of GL maintained better PV characteristics after the 6 h PID tests. In particular, the GL 

insertion at bottom side of cover glass is found to be much effective to suppress the PID. 

 

4.2.2 Time dependence of PV characteristics of PV modules with and 

without GL  

Figs.4.9 (a) and 4.2(b) show the solar-cell parameters (VOC, JSC, FF and η) of PV 

modules without and with GL as a function of PID test durations. All parameters were 

normalized by those of initial values. Note that each PID test was conducted for 1 h, and the 

photo J-V characteristics were measured at RT after each PID test. In the case of PV modules 

without GL (Fig. 4.2 (a)), the η was decreased to about 80% of the initial values after 1 h PID 

test, and further degradation occurred by following the decreases of the VOC and FF. On the 

other hand, for PV module with GL at the bottom side of cover glass, the η was still 

maintained over 80% even after the 4 h PID test (the bottom of blue parts in the figures 

depicts the 80%). These results demonstrate that the formation of the GL at the bottom side 

of cover glass of PV modules delays the occurrence of PID about 4 times. 
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Fig.4.9 Normalized PV properties as a function of PID test duration for (a) without GL and 

(b)with GL at bottom side of cover glass. Each PV parameter before PID test was 

normalized by using the values obtained before PID tests. 
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4.2.3 Leakage current through cover glass of PV modules during PID 

tests   

 To analyze the influence of GL on anti-PID, leakage currents flowing from the Al 

plate to the solar cells through the cover glass and EVA was measured under the conditions 

of -1000 V at 85 ℃ as shown in Fig.2.14. The resistances were estimated from the leakage 

current. Fig.4.10 shows the time dependence of the resistances in the case of the cover glasses 

without and with formation of GL at the bottom side. According to the measurements, the 

resistance value of PV module without GL showed about 3  108  and the value was 

gradually decreased with the PID test time. On the other hand, in the case of PV module with 

GL formed at the bottom side, the resistance value was about 4  109  when the PID test 

was started. Then the value was increased in the first 1 h PID test and decreased later. The 

difference in the resistance values of the PV module prepared with GL were almost one order 

of magnitude larger than those without GL which is well consistent with the resistance 

measurements on the cover glass at RT as shown in the section 4.1.4. In addition, measured 

resistance values at RT were much higher than those measured during PID. The reason why 

the resistance value is quite different between RT and 85℃ originates from the temperature 

dependence of electrical conductivity of glasses (SiO2). Usually, the electrical conductivities 

of glasses vary one or two magnitudes in this temperature range [100]. Thus, the large 

difference in the resistance originates from the formation of GL on the cover glass. The 

increase of the resistance in first 1h PID test using PV modules with GL appeared possibly 

by the decrease of Na ions in the cover glass while subsequent gradual decrease appeared 

possibly by the migrations of Na ions into the SiNx films at the surface of the cells in the 
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modules. The migrations of Na ions into SiNx films results in the decreased of resistivity of 

SiNx films and increase of effective area where the leakage current flow as reported by F. 

Ohashi et al.  [39] 

 

Fig.4.10 Time dependence of resistance values measured between Al plate and electrodes of 

PV module with and without GL. 
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4.3 Discussions of PID suppression effects by using GL on PV 

modules 

4.3.1 Position of GL in PV modules 

 The PID suppression effect appeared not only at the bottoms side but also the top side, 

while the formation of GL at the bottom side of cover glass showed higher suppression 

effects. By the formation of GL on top or bottom the cover glass, the resistance values of the 

cover glass was increased about one order of magnitude. Additionally, the leakage currents 

through the cover glass and EVA during the PID tests were decreased by the formations of 

GLs on the cover glass. However, the thicknesses of GLs were estimated about a few m 

while the thickness of cover glass is about 3.3 mm. This is indicating that the volume 

resistivity of GLs is about 4 orders of magnitude higher than that of cover glass (2.4   1011 

.cm,). Inserting of such the high-resistivity GL is able to decrease the voltage distributed to 

the cover glass, giving rise to decrease in the electric field in it. This suppresses the drift of 

metal ions, leading to anti-PID. Additionally, according to the XPS measurements, the GL is 

almost free from metal ions and includes large amount of carbon. Therefore, the GL formed 

at the bottom of cover glass possibly acted as a barrier to avoid the migration of metal ions 

from the cover glass. 
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4.3.2 For the practical use as the PID suppression technique 

 In this study, a new technique to delay the PID occurrence was developed by 

formations of a GL on a cover glass of PV module. The GL is almost the same material with 

the car coating. The formation of GL at the bottom side of cover glass leads to the better 

performance for the anti-PID compared to that formed at the top side of cover glass. 

However, the GL at the bottom side of cover glass should be prepared before fabrication of 

PV modules. That means only the PV module manufacturers or cover glass manufacturers 

can prepare GL and can apply the technique to the PV modules. These situation limits wider 

use of the technique to the PV modules. On the other hand, in the case of GL formation at 

the top side of cover glass, anti-PID effects were observed and the GL at the top side can be 

formed even for the PV modules which are already installed as a part of PV system. In the 

viewpoint of the technique with wider use, this technique is more easily to be introduced. To 

obtain better anti-PID effects by the formation of GL at the top side of cover glass, further 

optimization work is necessary such as the change in the thickness, atomic compositions or 

use of multiple layers to obtain higher resistance values.  
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4.4 Conclusions  

 The followings can be concluded from this study. 

1. A new PID suppression method was developed by the formation of a glass layer (GL) 

on the surface of cover glass using liquid glass.  

2. According to XPS measurements, atomic composition of metals was below the 

detection limit while the caron was included with more than 36 at. % . 

3. Thickness of GL was estimated as approximately 1 ~ 2 m. 

4. According to the UV-vis measurement, the formation of GL resulted in the no 

significant difference in the transmittance spectrum. 

5. Resistance value of cover glass were increased from 4  1010  to 2  1011  by the 

formation of GLs at top or bottom side of cover glass.  

6. Leakage current flowing through the cover glass and EVA during the PID tests were 

decreased about one order of magnitude. 

7. Both the GLs formed at top or bottom side of cover glass suppressed the occurrence 

of PID.  

8. Results of time dependence of PV characteristics of PV modules demonstrate that the 

formation of the GL at the bottom side of cover glass of PV modules showed better 

suppression effect 

9. PV module with the GL formed at the bottom side of cover glass delayed the 

occurrence of PID about 4 times compared with that without the GL. 
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10. Inserting of high resistivity GL is able to decrease the voltage distributed to the cover 

glass, giving rise to decrease in the electric field in it. This suppresses the drift of 

metal ions, leading to anti-PID.  

11. GL formed at the bottom of cover glass possibly acted as the Na barrier. 
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Chapter 5  
Conclusions  

5.1 PID recovery technique 

Potential-induced degradation (PID) of photovoltaic (PV) modules based on p-type 

crystalline Si occurs in large-scale PV systems. In this work, we studied a simple PID 

recovery method for PID-affected one cell PV module based on p-type mc-Si. PID recovery 

was conducted by applications of a reverse DC-bias voltage to the p-n junction of solar cells 

in PV modules without temperature control devices. The conversion efficiency of a one cell 

PV module reduced prior to approximately 20 % of their initial value by the PID test was 

recovered up to 92 % by using a reverse DC-bias voltage. Additionally, nonuniform 

temperature increases at the surface of PV modules were observed during the voltage 

application. Clear recovery was observed with a 10 min application, which is faster than the 

conventional recovery process in which high voltage is applied between the surface of cover 

glass and terminals of PV modules. However, when a reverse DC-bias voltage of − 17 V was 

applied for 360 min, the PV module temperature was elevated to the temperature higher than 

that for vacuum lamination and a slight decrease in the JSC appeared. These phenomena 

suggests that the components of the PV modules were damaged by the high temperature at 

these settings. To the best of our knowledge, in our experiments, the optimum recovery 

conditions a reverse DC-bias voltage is the voltage of − 17 V for about 10 minutes. 
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From the viewpoint of the application of this technique to commercialized PV 

modules, further optimization works are crucial. To maximize the recovery and to minimize 

damage to the PV module components. Furthermore, in our experiment, we used one cell PV 

modules while the commercialized PV modules include bypass diodes which are connected 

in parallel with series-connected solar cells. The bypass diodes possibly cancel the effects of 

the reverse DC-bias voltage applications, and series connections of solar cells results in the 

partial applications of the voltages. To avoid the effect of bypass diode, a system for the 

application of a reverse DC bias voltage has to be attached in the junction box of PV modules. 

Additionally, the optimization of recovery process for the series connected solar cells are still 

necessary. 

 

5.2 Anti-PID technique 

 In this paper, a new suppression technique of the PID was developed by a formation 

of glass layer (GL) on the top or bottom surface of cover glass using a chemical solution 

known as liquid glass. PID tests were conducted using PV modules prepared with and without 

GL. A clear suppression effects of the PID were observed by forming the GLs, and the 

occurrence of the PID was delayed about 4 times by the formation of GL at the bottom side 

of cover glass in PV modules. We considered the GL are worked to reduce the voltage applied 

to the cover glass by the high resistance of GL. Additionally, Na barrier effects possibly 



109 
 

appeared when the GL was formed at the bottom side of cover glass which resulted in the 

better anti-PID effect. 

 Although the GL formation at the bottom side of cover glass leads to the best 

performance for the anti-PID, the GL should be prepared before the fabrications of PV 

modules. As mentioned above, the anti-PID effects were observed even when the GL was 

formed at the top side of cover glass. Since the GL can be formed at top side of cover glass 

even for the PV modules which are installed already as the PV system, anti-PID technique 

by the formations of GL at the top side of cover glass is more likely to be commercialized. 

To obtain better anti-PID effects by the formation of GL at top side of cover glass, 

optimization work for the conditions of GL formations is necessary such as formations of 

thicker GL to obtain the higher resistance. Anyway, these anti-PID technique are considered 

to be one of the powerful tools to suppress the occurrence of PID with low cost in the various 

PV modules.  
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