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Abstract: As the importance of the levelized cost of electricity (LCOE) increases in the solar
cell industry, the demand for high-efficiency solar cells is rapidly increasing. Typically, p-type
passivated emitter rear contact (PERC) solar cells are the most commonly used in the industry,
and their efficiency is approximately 22-23%. P-type solar cells are reported to exhibit a light-induced
degradation (LID) phenomenon, in which their output constantly decreases during power generation
under solar radiation, and the output significantly reduces as their reference efficiency increases.
Ultra-high-efficiency solar cells, which are on high demand, have a considerable output reduction
due to the LID phenomenon; hence, technologies to prevent the LID phenomenon are required.
However, research on this phenomenon has not been conducted because there is no method to
transfer heat to solar cells inside the encapsulant when the modules are produced. In this study,
a regeneration state was formed by remotely heating solar cells without damaging the encapsulant
of the solar cell module. This was accomplished by using a heating method based on an induction
magnetic field. A half-bridge resonance circuit was used to apply the induction magnetic field,
and the temperature of the solar cell was controlled by adjusting the magnitude of the current flowing
through the coil. To determine whether only the solar cell was heated, the temperature distribution
inside the module was analyzed using an IR camera. The minority carrier lifetime was examined
by real-time observation of the open-circuit voltage pattern of the solar cell. Finally, the observed
real-time open-circuit voltage data were used, and dynamic simulation of the regeneration process
was applied to analyze the LID activation energy generated in the regeneration process of the solar
cell module. In conclusion, research was conducted on applying the regeneration state to prevent
the LID phenomenon in the solar-cell-module stage, and the LID activation energy of the solar cell
module was extracted. Based on this, a nondestructive degradation prevention technology for the
solar cell module was developed.

Keywords: solar cell; solar module; light-induced degradation; regeneration; remote heating;
half-bridge resonance circuit

1. Introduction

In the solar cell industry, the economic efficiency of the energy of a power source has been
compared using the levelized cost of electricity (LCOE) of the solar cell rather than its power output.
In the case of solar cells, which are used as power sources, the performance warranty period is
longer than 25 years. Thus, most of them are installed for long-term power generation. The ratio

Energies 2020, 13, 110; doi:10.3390/en13010110 www.mdpi.com/journal/energies


http://www.mdpi.com/journal/energies
http://www.mdpi.com
https://orcid.org/0000-0002-9144-7355
http://dx.doi.org/10.3390/en13010110
http://www.mdpi.com/journal/energies
https://www.mdpi.com/1996-1073/13/1/110?type=check_update&version=3

Energies 2020, 13, 110 2 0of 10

of the produced power to the initial installation cost has been considered in many cases to improve
the power generation performance over time [1]. Therefore, despite its high initial cost, a solar cell
module with long-term stability is economical because of its lower LCOE. From the perspective of
the LCOE, the most vital element is the technology for degradation prevention. The main causes of
degradation include encapsulant corrosion, potential-induced degradation (PID), and light-induced
degradation (LID). Among them, PID can be prevented by improving the properties of the encapsulant.
Therefore, solutions for the improvement of materials are being researched in the solar-cell-module
field. As the improvement of the encapsulant improves the performance degradation caused by
moisture penetration and discoloration, most degradation prevention technologies have been focused
on improving the encapsulant.

When the degradation characteristics of industrially used solar cell modules were analyzed, it was
found that the annual degradation rate of the modules reached 0.7%. A road map to reduce it to 0.5%
by 2021 is being established [1]. Outdoor solar cell modules exhibit nonlinear degradation, where more
degradation occurs at the beginning rather than during the linear performance degradation each year.
When solar cell modules are installed outdoors for power generation, the degradation rate during the
first year is approximately 2.5% [1]. This initial degradation appears to be mostly caused by the LID
phenomenon, and there is still no appropriate LID mitigation technology.

Generally, solar cells that use p-type Czochralski (Cz) silicon substrates containing boron,
the LID phenomenon, where the output continuously decreases under solar radiation, has been
reported. The LID phenomenon, which was first reported by Fischer in 1974, is caused by the boron
oxide complex (BsO;;), which is generated by the combination of the substitutional boron (Bs) and
interstitial oxygen dimer (Oy;) of silicon substrates [2-4]. The boron oxide complex continuously
disintegrates the electron-hole pairs, which are generated when photons enter the solar cell, through a
self-trapping-enhanced carrier recombination mechanism [2—-4]. The LID phenomenon has a larger
impact on high-efficiency solar cells, such as PERC solar cells, and it has been reported, based on
laboratory data, that an output degradation of approximately 10% of the overall efficiency occurs [5-7].

Various methods have been researched to address the LID phenomenon, and the representative
method is the application of a 200 °C temperature for 10 min in the dark state, which was found to
recover the reduced output to the original state. However, this LID recovery process cannot be used as
a fundamental solution, because the LID phenomenon occurs again when sunlight is irradiated [8].

As the LID process of solar cells occurs because of the bi-stable state of the boron oxide
complex, research was conducted on using substances other than boron for solar cell doping [4].
The representative substances include germanium, gallium, and phosphorus. Unlike the boron oxide
complex, they were found to have a monostable state and did not exhibit the LID phenomenon.
However, it is difficult to use germanium and gallium dopant because they are expensive materials.
Phosphorus is used to produce n-type solar cells, but it has a low yield because the variation in
resistivity according to the height is large during the formation of ingots compared to the p-type that
uses boron; this is due to the difference in the segregation factor.

Because a method to resolve the LID phenomenon permanently could not be achieved through an
industrial breakthrough, Herguth et al. published a new recovery method [9,10]. This work described
a regeneration state in which solar cells exhibit the LID phenomenon at the beginning of continuous
exposure to an AM1.5G solar source while exposed to temperatures higher than 90 °C. However,
this later showed slow recovery, resulting in no additional occurrence of the LID phenomenon at
room temperature.

However, the regeneration state does not persist. The initial state is recovered when annealing is
performed in the dark state (>100 °C), and the LID phenomenon later occurs [11]. The regeneration
process is a metastable state because of the initialization phenomenon, and further research on the
formation of the regeneration state has been conducted. Problems with the initialization phenomenon
are created during the solar-cell-module production process. Even if the regeneration state is activated
in the solar cell stage by consuming considerable energy, the lamination process (>160 °C, 20 min) of
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the solar cell module causes initialization, resulting in the LID phenomenon. In conclusion, methods
for activating the regeneration state upon the completion of the solar-cell-module process are required
to address this problem, but no specific method has been published.

In this study, a method of inducing the regeneration state in a solar-cell-module structure was
developed to address this problem, and a system for monitoring the regeneration state induction
process in real time was constructed. Furthermore, the real-time induction process measured through
kinetic modeling was analyzed, and it was found that the results agreed with those of previous studies
on LID activation energy. Air heating is used to increase the temperature of the solar cell module stage.
In this method, heat is transferred from the outside of the module to the inside. Therefore, when the
temperature of the solar cell is maintained at a high level, the encapsulant is exposed to a higher
temperature, resulting in higher deformation or damage risk. Moreover, it takes a considerable amount
of time to sufficiently heat the solar cell inside the module owing to the low thermal conductivity
of the encapsulant, and cooling after regeneration activation also requires a long time, which may
cause complications.

In this work, only the solar cell inside the module was selectively heated using remote heating
based on an induction magnetic field. To perform remote heating, a half-bridge resonance circuit
and a copper coil with the same size as the solar-cell-area size were applied. When remote heating
through the resonance circuit was applied, only the aluminum used as the electrode on the back of the
solar cell was selectively heated. A uniform temperature distribution on the silicon solar-cell substrate
with high thermal conductivity was observed. When remote heating using the resonance circuit was
applied, only the aluminum used as the electrode at the back of the solar cell was selectively heated.
A uniform temperature distribution on the silicon solar-cell substrate with high thermal conductivity
was observed. Unlike air heating, remote heating can minimize damage to the encapsulant because
heating is applied to the inside. Energy efficiency is improved because only the targeted solar cell is
selectively heated, and there is economic efficiency because the temperature can be increased rapidly
using resonance heating. In the resonance heating method, the regeneration process signal of the solar
cell was filtered by removing the alternating current (AC) noise generated by a regular change in
the direction of the electric field. To analyze the filtered signal, the measured signal was fitted to the
estimated signal by means of kinetic modeling.

2. Materials and Methods

2.1. Solar Cell Module Regeneration System

To heat the solar cell module remotely, a system for the regeneration state application and real-time
monitoring was developed, as shown in Figure 1. When the temperature of the solar cell module
increases, the structure is likely to collapse because of a reduction in the strength of the ethylene-vinyl
acetate (EVA) film. Thus, the front glass that bears the module load was placed at the bottom. Copper
coils for applying the induction magnetic field were placed at the bottom of the solar cell module, and a
half-bridge resonance circuit for applying alternating current to the coils was connected. A DC power
supply for supplying current to the coils was connected to the resonance circuit, and the operation of
the resonance circuit was controlled by a proportional-integral-differential (PID) controller. To measure
the temperature of the solar cell, a thermocouple was attached to the surface of the Al electrode at the
back of the solar cell.

The difference between the temperature emitted to the back sheet and the temperature of the solar
cell was measured by assuming a general solar-cell module without a thermocouple. The operation of
the resonance circuit was controlled through the feedback of the results of the infrared (IR) temperature
sensor measured from the back of the back sheet. The operation of the resonance circuit was controlled
by the feedback of the results of the infrared temperature sensor measured from the back of the back
sheet. To examine the temperature distribution of the solar cell inside the module, image analysis was
simultaneously conducted using a thermal imaging camera. After the target temperature was reached,
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a reverse-bias current was applied continuously to the solar cell by the source measure unit (SMU)
through the ribbon connected at the front and rear electrodes of the solar cell.
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Figure 1. Passivated emmiter rear contact (PERC) solar cell module real-time regeneration state
application and monitoring system.

2.2. Solar Cell Module

Figure 2 shows the solar cell module used in this study. The module was 200 mm x 200 mm
and included a five-busbar PERC solar cell. Ribbon strings were attached to the front and back of the
PERC solar cell, and the strings were extended to the outside of the module for connection. To examine
resonance heating by the induction magnetic field, a thin thermocouple was attached to the surface of
the Al electrode at the back of the solar cell, and a lamination process was performed.

Cathode

[ [ " @ o

Thermocouple

Figure 2. Small-area module specimen for experiment on applying regeneration state to PERC solar
cell module.

The regeneration state was applied to the completed solar cell module by heating it to
temperatures of 85, 110, and 120 °C using the induction heater. The open-circuit voltage of the
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solar cell module was measured and recorded in 20 ms intervals to observe the real-time application
state. The measurement error was less than 1 puV.

2.3. Cyclic Reaction Model and Mathematical Process

As for the LID and regeneration processes in the p-type PERC solar cell, the Herguth research
group presented a three-state model based on the contents revealed so far, as shown in Figure 3. As can
be seen from the figure, the three-state model defines the three states of initialization, degradation,
and regeneration. In addition, the transition rates of each state are defined as ky, k, k3, ki1, kip, and
kiz. The process of changing from state A to state B represents the LID phenomenon that occurs when
light is irradiated onto the solar cell. The rate of k; can be defined as the rate of LID occurrence.
The rate of k;j; that occurs in the opposite direction can be defined as the recovery state in which the
LID state returns to the initial state. The rate of kp, a process where state B changes to state C, can be
defined as the regeneration state, and the rate of k;, that occurs in the opposite direction can be defined
as redegradation. k3, a process where state C changes to state A, can be defined as destabilization,
while that in the opposite direction can be defined as stabilization. The Herguth research group could
not observe the paths of k3 and k;j3, and thus, insisted on a consecutive reversible reaction model
assuming they are nonexistent. In this study, all change paths were considered, and a numerical
analysis model was created by applying a cyclic reaction model. The governing equations of the cyclic
reaction model used in this study can be described as follows:

aC

atu = k3Cc — kisCa — k1Ca + ki Gy (1a)
oC
=7 = kiCa—kinCy — kaCy + kinCe (1b)
aC,

5 = koCp — kipCe — k3Ce + ki3Ca (1c)

where C; (i = a,b,c) is the concentration of each state. The reaction rate constants can be expressed
as k; (i =1,2,3), and the reverse reaction rate constants can be defined as kij (j =1,2,3). As shown
in Equation (1), cyclic reactions cannot be analyzed using general linear equations. In this study,
Equation (1) was converted into the following matrix form by applying the eigenvalue method:

A —kiz =k ki1 ks Ja
kq A —ki —k ki Ih| =0 )
ki ko A—kip—ks) \Jc

The three values of A; can be defined by obtaining the determinant of the first matrix of
Equation (2). If the general solution is applied, the change in concentration over time can be defined

as follows:
Cy = ]a,lei/xlt + Iu,ZeiAzt + ]a,3ei)\3t (3a)
Cp = Jppe Mt + Jyoe 2 4 Jj e (3b)
Ce = Jepe M+ Jope M2 + Joze™ ! (€

To solve Equation (3), an inverse Laplace transform was performed. Finally, the kinetic reaction
model can be expressed as a function of the concentrations of states A, B, and C; the reaction rate
constants of ki, ko, k3, ki1, kip, and kj3; and time [12]. In this study, the regeneration process observed in
real-time through the converted model was fitted using the cyclic reaction model.
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Figure 3. Three-state model structure related to light-induced degradation (LID) and regeneration of a
solar cell.

3. Results

Prior to the regeneration process experiment, the temperature distribution at the back of the solar
cell module was measured using a thermal imaging camera to examine whether only the solar cell
inside the solar cell module was selectively heated. For the case where the temperature of the solar
cell was set to 100 °C, the temperature distribution at the back of the solar cell module was examined.
Figure 4a shows the measurement results for the thermal imaging temperature. As can be seen from
the figure, the distribution of the heat selectively applied to the solar cell inside the module was
relatively uniform. Thus, an experiment on the application of the regeneration state was conducted.

As shown in Figure 4b,c, the experiment was performed at 85, 110, and 120 °C, and the real-time
monitoring results were examined using an induction heater to examine the regeneration state behavior
with temperature. In the case of the real-time monitoring of the regeneration process of the solar cell
module, signal processing was performed using high-pass and low-pass filters to remove the noise
caused by the induction magnetic field, and it was possible to observe the changes in the open-circuit
voltage in milliseconds through ultra-high-speed measurement at 20 ms intervals. For the fitting of the
measured real-time analysis results with the cyclic reaction model, a nonlinear curve fitting method
using the least-squares technique in MATLAB was applied.
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Figure 4. Cont.
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Figure 4. Real-time observation results of experiment on applying regeneration state to PERC solar
cell module and cyclic reaction model simulation fitting. (a) Thermal image observation results of
temperature distribution in one-cell PERC solar cell module subjected to remote heating using induction
resonance circuit. Temperatures of (b) 85 °C, (c) 110 °C, and (d) 120 °C.

4. Discussion

In this study, an experiment on applying the regeneration state to a solar cell module using
remote heating was conducted, and kinetic modeling was performed using real-time analysis results.
Figure 4a shows that the temperature variation of the solar cell was within £5 °C for the remote
heating method using an induction magnetic field. This confirmed that the solar cell inside the module
could be uniformly heated without using air heating. In addition, the amorphous polymer materials
that were not targeted by resonance heating exhibited a temperature of 34.6 °C under the condition
that the temperature of the experimental space was maintained at 25 °C. This temperature increase did
not appear to be caused by heating from the induction magnetic field, but caused by the conduction of
the heat applied to the solar cell. A slight temperature increase appeared to be due to low heat transfer
efficiency in the horizontal direction of the module surface, because the thermal conductivity of the
encapsulant was extremely low.

This confirms that resonance heating has little impact on the damage to a solar cell module, and it
appears that rapid cooling is also possible after the completion of the regeneration process because
the average temperature of the encapsulant that surrounds the solar cell is low. While air heating
consumes tens of hours and considerable energy until the solar cell is heated owing to the low thermal
conductivity of the encapsulant, induction heating can selectively heat the target solar cell. Resonance
heating can dramatically reduce the energy consumption because the heating duration is reduced to a
few minutes and can minimize damage to the module owing to the short heat exposure time.

As shown in Figure 4b,c, the characteristics of the open-circuit voltage of the solar cell were
normalized to analyze the process of applying the regeneration state to the solar cell module through
the kinetic reaction model. The cyclic reaction model is a fully reversible state, in which the three states
are fully circulated, and the sum of all the states is 100%. To examine the simulation results of the
inverse Laplace transform, the change in the normalized open-circuit voltage observed in real-time as
a boundary condition, was defined as the sum of the change in the concentration of state A and that of
state C. Moreover, the concentration of state B was defined as the value obtained by subtracting the
concentrations of states A and C from 100%. Under the above boundary conditions, nonlinear curve
fitting was performed using the least-squares method. The results were found to be almost consistent
with the measured real-time open-circuit voltage data. The type of regeneration state varied depending
on the temperature, as shown in Figure 4b,c. The results were in good agreement with those of the
cyclic reaction model as the magnitude of the temperature applied to the solar cell increased.
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To identify the results of the kinetic reaction model that agreed with the experiment results,
cases that reached the steady state were compared, as shown in Figure 5a. As shown in the figure,
the open-circuit voltage positions of the degradation point increased to 94.5%, 96.7%, and 99.16% as the
heat applied to the solar cell increased. This appeared to occur because the rates of recovery (k;;) and
regeneration (k;) followed the Arrhenius equation with increasing temperature compared to that of
degradation (k1) in the three-state model. As the position of the degradation point increased, the time
to reach the final regeneration stage decreased. It sharply decreased from 4554 s to 948 s and 101 s
as the temperature increased. According to Equation (3), six reaction rate constants corresponding
to transfer rates between each state were extracted by matching experimental data and calculated
results with various temperatures. The activation energy of each reaction path was calculated from the
reaction constants by using the Arrhenius equation:

E, 1

Log (k) = Log (A) — 230259 x ky < T (4)

Here, k is the reaction rate constant, A is a frequency factor that has the same units as the rate
constant, E, is the activation energy, and ky, is the Boltzmann constant. In Figure 5b, we calculated the
activation energy of degradation (such as light-induced degradation) with temperature-dependent
rate constants k;. Plotting these reaction rates against the inverse temperature allows us to
extract an activation energy of 0.414 £ 0.07 eV, which agrees with results from other groups
(0.3-0.475 eV) [4,13-18].
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Figure 5. (a) Real-time regeneration application observation results and fitting dynamic simulation
results of PERC solar cell module. (b) Rate constant distribution results by temperature for extracting
LID activation energy generated during experiment on applying regeneration state to PERC solar
cell module.

5. Conclusions

In this study, a regeneration process was applied to remove the light-induced degradation (LID)
phenomenon generated in the p-type PERC solar cell module stage. Application of the regeneration
process to the module stage has not previously been attempted because damage to the module
encapsulant could not be avoided. In this study, air heating was not used, and remote resonance
heating was applied using an induction magnetic field. Remote resonance heating can selectively heat
the solar cell without heating the encapsulant through a reaction with the Al electrode at the back of
the solar cell inside the module.

When the PERC solar cell module was fabricated in a small size and induction heating was
applied, it was confirmed by thermal imaging camera analysis that only the solar cell was heated,
and that other parts outside the solar cell were not heated because of the low thermal conductivity



Energies 2020, 13, 110 90f 10

of the encapsulant. After a system was constructed to apply the regeneration state to the solar cell
module, changes in the open-circuit voltage were measured and recorded in real-time. To analyze the
measured real-time analysis data, a kinetic simulation analysis was conducted using the cyclic reaction
model. A nonlinear curve fitting method that used the least-squares method was applied to fit the
measurement and simulation results.

The results of applying 85, 110, and 120 °C to the solar cell were in agreement with the simulation
results. The activation energy of the degradation process was extracted using the rate constants
obtained from the simulation results and the Arrhenius equation depending on the temperature,
and the results were in agreement with those of previous studies. Based on the results of this study,
a means of applying LID prevention after the solar-cell-module process was developed, and it was
confirmed that the regeneration state can be applied through controlled temperature application
conditions. The results of this study are expected to be utilized in various areas, such as applying the
regeneration state to old solar cell modules and providing module distributors with LID prevention
processing technology.
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Abbreviations

The following abbreviations are used in this manuscript:

LCOE Levelized Cost of Electricity
PERC Passivated Emitter Rear Contact

LID Light-Induced Degradation
PID Potential-Induced Degradation
IR Infra-Red

Cz Czochralski

BsOy; Boron Oxygen Dimer Complex
Bs Substitutional Boron

O,; Interstitial Oxygen Dimer
AM1.5G Air Mass 1.5 Global tilt

AC Alternating Current

DC Direct Current

EVA Ethylene Vinyl Acetate

PID Proportional-Integral-Differential

SMU Source-Measure Unit
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