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Abstract. Potential-induced degradation (PID) is recently recognized as one of the most important degradation
mechanisms in crystalline silicon cells as well as in photovoltaic (PV) modules. The ability of solar cells to resist PID
effect is one of the key indicators of product quality monitoring. Traditional PID testing methods are complex and require
up to 96 h in treating. To accelerate the PID test, a rapid PID treatment technology was urgent for PV field, which can
extremely decrease the time expense. Hence, we have introduced a novel rapid PID treating technology, which reduced
the treatment time from nearly 100 h to less than 8 h. This technology was applying an electric field directly on the solar
cells to simulate the PID process of the modules. The process was named as electric field treatment (EFT). The effect of
the applied EFT voltage on the solar cells was investigated from 1 to 1.8 KV. The degradation rate of the solar cells
increased with increase in EFT voltage. The result of the energy dispersive spectrometer showed that the sodium element
was found in the shunt area of the cell. It indicated that the microscopic principle of the power loss of the cell caused by
the EFT was in accordance with that of the traditional PID. The electric performances of the cells treated by EFT showed
that the PID test time can be accelerated to less than 8 h.
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Introduction

In large photovoltaics (PV) power plants, tremendous PV
modules are connected to supply sustainable energy to
the global market. To achieve commercial grid requirements, modules are usually bonded together to generate
high voltage stress (HVS) relative to the ground potential
[1]. According to the application in PV power plants, the
long-term stability of crystalline silicon cells will be
strongly affected by HVS [1]. Recently, the output voltage of the PV modules has been gradually increased due
to the iterative update of PV technology routes [2]. HVS,
which induces leakage current, has significantly degraded
the performance of the PV modules [3–5]. This phenomenon has been known as potential-induced degradation (PID) [1,6,7].
The term ‘PID’ was first noticed by Pingel et al in 2010
[1]. PID-shunting (PID-s) is the deadliest reason for conventional p-type c-Si PV modules [3]. The reduction of the
shunt resistance (Rsh) due to PID can cause serious power

loss of the solar cells [1,6–9]. According to the study by
Naumann et al [10,11], it was found that the sodium (Na)
element played an important role in PID process. The
stacking faults in the cell decorated by Na? have induced a
shunt-resistance reduction [12].
According to the available studies, the preventive measures against PID in PV modules can be divided into three
levels: system, module and solar cell [3,13]. (1) At the
system level, recent PV power plants have designed the
system grounding in order to avoid a strong HVS effect and
then suppress the PID [14]. (2) At the module level, through
tremendous solar modules production, PID was found to be
related to the materials of module accessories. For instance,
Hacke et al [8] have reduced PID damages by replacing
soda-lime glass with borosilicate glass in the modules. (3)
At the solar cell level, the SiNx anti-reflective coatings
(ARC) play a crucial role in PID [1,6]. ARC are the last line
of defence to stop the diffusion of Na? into the cell.
Research by Koch et al [15] showed that adjusting the
composition of the ARC layer can effectively suppress PID.
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Based on the negative effects of PID, PV companies need
to carry out PID testing on PV modules. According to IEC62804, the standard of PID test requires 1000 V applied on
the module for 96 h at 358 K and 85% humidity. Silicon
cells must be packaged into the module for the PID test.
Many companies often double the PID treatment time to
192 h to ensure product quality. However, 96 h or 192 h are
precious for the production company. For just one solar cell
production line, tens of thousands of PV cells have been
produced and jammed before the PID treatment. If the
results of the PID test are not satisfactory, these produced
cells are at the risk of being scrapped. Consequently, PV
companies need to improve the timeliness of PID tests. The
PID technique for accelerated test in cells level simplifies
the testing process and reduces the test time. This technique
can help companies dramatically reduce expenses in solar
cells productions.
In this article, we have introduced a technique to accelerate the PID test for crystalline silicon cells. This technique
significantly reduces the PID treatment time. Meanwhile,
this technique characterizes silicon wafers directly, which
improved the efficiency in the test session of the production
by avoiding the setups of module packings.
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(VCC) tuned from –2000 to ?2000 V. As the conductive
layer on the surface of the ITO glass was in close contact
with the copper electrode, the entire surface of the ITO was
considered as a conductive electrode when the voltage
potential was applied to the copper electrode. The sample
silicon solar cell was placed between the ITO glass and the
soda-lime glass. The experimental setup also joined a hot
plate at the bottom to control the temperature during the
treatment. The maximum temperature during the test can be
heated up to 473 K (±2 K).
The experiment procedure, named electric field treatment
(EFT), has been developed for stimulating the PID treatment. The EFT produce included 4 steps: (1) Adjust the hot
plate to the specified temperature; (2) place the silicon cell
into the setup and wait for about 1 min until the system
temperature remains stable; (3) control the HV power
source to the expected voltage for certain time; (4) switch
off the power of HV source and rapidly cool the silicon cell
to room temperature (T = 300 K). The duration of EFT is
based on the time of step (3), i.e., the time records when
voltage was applied until the HV power source was switched off.

3.
2.

Experiment and analysis

PID treatment for cells

The schematic diagram of the setup for the stimulating PID
treatment for cells is shown in figure 1. It includes a sample
platform to contact the back electrode, a high voltage (HV)
power source to generate a high intensity of electric field
within millimetres, a voltage metre to trace the voltage
between two pieces of transparent electrodes, a thermal
coupler to monitor the instant temperature during the PID
treatment. At the top of the sample, platform was a sodalime glass coated with indium-tin-oxide (ITO) transparent
conductive thin film. A copper electrode closely in contact
with the ITO film was connected to the positive side of the
high voltage source, which generated constant voltage

The solar cells that were analysed in this study were
monocrystalline silicon (mono-Si) passivated emitter and
rear contact (PERC) solar cells, provided by Wuxi Suntech
Power Co. Ltd. All cells were produced by the same process
and were from the same batch. The cells had a power
conversion efficiency (PCE) between 22.0 and 22.2%. The
average open circuit voltage of the cells was 668 mV.
All the silicon cells were sequentially treated in EFT by
the setup in figure 1. The temperature setting in the EFT
procedure was 303 K, the output range of VCC was from
?1000 to ?1800 V, and the time was up to 8 h. The conditions were changed in order to study the performance of
the solar cells under different conditions of EFT.
The electroluminescence (EL) and photoluminescence
(PL) images could reflect the effect of EFT based on
luminescence phenomena. Microstructure and chemical
information of the cells were measured by scanning electron
microscopy (SEM), which was equipped with an energy
dispersive spectrometer (EDS) system. The PCE were
measured by the standard solar simulator for analysing
electrical properties of silicon solar cells after treatment.

3.1

Figure 1.
EFT.

The schematic diagram of the experimental setup for

EL and PL analysis

During the EFT procedure, the voltage was set to VCC =
?1500 V, and the hot plate was maintained as constant at
303 K. The test time was extended from 0 to 8 h. The EFT
influences on the cells were investigated using EL test. EL
images of the cells being measured at 2-h intervals are
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Figure 2. (a) The EL image of the solar cell without EFT. The EL image of the solar cell after (b) 2 h, (c) 4 h,
(d) 6 h and (e) 8 h EFT treatments.
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shown in figure 2. The EL images of the cells in the
figures gradually darken with the extension of the EFT time
and several dark spots appeared on the originally bright
zone. This phenomenon indicated that a large number of
defects were induced after EFT, as drawn in the red rectangle of figure 2. The number of dark spots in the image
increased along with the increasing EFT time. Comparing
figure 2a and b, the number of dark spots slightly increased.
However, once the treatment time was over 4 h, the spots
rapidly emerged as shown in figure 2c. When EFT time was
extended to 8 h, a large number of dark spots appeared in
figure 2e. The existence of dark spot was caused by defects
under the EFT. With the increase of the EFT time, the
density of the defects was excited. These defects affected
the carrier recombination and reduced the carrier lifetime,
which was reflected in the reduction of the EL brightness
and the appearance of more black spots [16–18]. The EL
images of the cell showed the typical feature of PID.
After more than 4 h of EFT at 1500 V, the cell exhibited
similar effects as that of PID. And the increase in EFT time
strongly excites deeper traps on the solar cell. To accelerate
the EFT process and achieve fast PID treatment, the effect
of applied voltage VCC on solar cells during EFT was further investigated in the next part.
Four cells were divided into four groups for EFT. The
EFT time for each group was 2 h with a constant temperature up to 373 K. The applied voltage VCC selected was
1500, 1600, 1700 and 1800 V for the four groups
respectively.
EL images of the cells of the four groups are shown in
figure 3. The change of the cell was invisible in figure 3a
when the VCC was 1500 V. As previously stated, 2 h of EFT
at 1500 V was weak to significantly excite traps in the EL
image of the cell. However, when the voltage was increased
to 1600 V, abundant dark spots can be seen clearly, especially in the blue-dashed circles in figure 3b. And more bad
spots were significantly appeared when the voltage was
increased to 1700 V. A severe damage could be on the cell
in the red square in figure 3c. It indicated that the defect
generation ratio was raised by the increase in EFT voltage.
When the cell was treated at 1800 V for 2 h, the solar cell
treated by EFT was turned total black in the EL image, as
shown in figure 3d. This black image was caused by traps in
the p–n junction, where the traps captured carriers injection
during the EL. Hence, the radiation complex was substantially weakened [19,20]. Damages created by the EFT were
total black and cannot be seen in the EL test. Thus, the PL
analysis was applied for digging details of damage on the
cells. The PL image of the cell (setup of 1800 V in EFT) is
shown in figure 4. Abundant black dots can be seen in
figure 4, which is similar to the results in EL test. The
existence of dots indicated that there are a large number of
defects in the cell affected by EFT. These defects influenced
the p–n junction and form conductive channels along the
longitude side of cells [1,11,16]. When EL was measured,
the injected carriers were conducted and driven away from
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the defect area. Thus, the EL image of the cell treated by
1800 V EFT is invisible. The EL and PL images of the cells
treated by EFT were similar to that of the PID treatment.

3.2

SEM-EDS analysis

As the previous assumed, conductive channels were
formed due to the effect of EFT on the silicon solar cells,
which was similar to that of the PID treatment, whereas
the reliability of stimulated PID processes during EFT
experiments was still unclear. To further verify the efficiency decay of the cells after EFT as well as for the
better understanding for PID, SEM and EDS analyses
were applied for the cells after EFT.
The most prominent form PID acts as a drastic
reduction of the shunt resistance in silicon solar modules
[1]. According to the results of Naumann and his team
[12], the shunt resistance of a PID affected cell was
reduced due to many localized shunts. These shunting
defects can only affect a limited area in micrometre range
[12], thus resulting in the localized dark spots in PL and
EL images.
The area with dark spots in the EL and PL images of the
silicon cells was selected, and a small silicon cell (1.5 9 1.5
cm) of this dark area was cut by laser (preventing material
sputtering caused by mechanical cutting) for SEM analysis.
The results (nominated as area A and area B) are shown in
figure 5. Area A in figure 5 was the area with dark spots
in EL image, and area B was the control area that was bright
in EL image. EDS analysis was characterized separately for
areas A and B, and the results are shown in figure 6.
According to the results in figure 6, it was clear that the
largest proportion was silicon, because of the silicon solar
cell itself. The plasma-enhanced chemical vapour deposition (PEVCD) technology was introduced for the growth of
SiNx and AlOx layers in cell manufacturing. The raw
materials for PECVD were SiH4, NH3, Al(CH3)3 and N2O.
The nitrogen (N) and oxygen (O) elements in areas A and B
were mainly from the SiO2 and SiNx layers due to the
PEVCD processes. Note, small amounts of Na element were
detected in area A, recognized as a defect. By contrast, Na
element was never found in area B.
According to previous publications, Na element plays a
crucial role during the PID [8,21]. The Na? at the defects
drift through SiNx layers under the action of the applied
electric field [10,11]. The defects can be attributed to
stacking faults [12]. The electronic structure reported by
Ziebarth et al [23] revealed that the presence of Na? in
the stacking faults gave rise to partially occupied defect
levels with the Si bandgap [3]. These defect levels in the
PID-affected area can offer additional sites for Shockley–
Read–Hall (SRH) recombination in the depletion region
[11]. Thus, the power loss of the PID-affected cells was
due to the additional defects during PID procedure. The
process of Na? being drifted by electric field in ETF was
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Figure 3. The EL images of solar cells suffer VCC at (a) 1500, (b) 1600, (c) 1700 and (d) 1800 V during the
EFT procedure.

in accordance with PID. In other words, the EFT procedure can be considered as the stimulation of PID
procedure for the cells.

A simple circuit model suggested by Naumann et al [22]
might describe the electric field of the cell during EFT as
shown in figure 7. The model assumed that the circuit of the
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continued

Figure 5. The SEM image of the small silicon wafer, area A is
the defect area with dark spots shown in EL image and area B was
the control area that was bright in EL image.
Figure 4.

The PL image of the cell after EFT (1800 V–2 h).

setup was in a steady-state situation during the EFT. The
partial voltage (VPID) at the ITO glass and SiNx layers
played a major role in PID. The partial voltage of SiNx
directly affect its electric field strength. We can relate the
electric field to the system leakage current J through Ohm’s
law as:
ESiNx ¼ JqSiNx ;

ð1Þ

where ESiNx is the electric field strength and qSiNx the
resistivity of the SiNx layer.
The result in figure 3 can be perfectly simulated and
approached by this model. The system leakage current J

increases when VCC increased. Therefore, the electric field
strength ESiNx of the SiNx layer was also increased, which
further resulted in the increase in the PID of the cell.
In conventional PID testing methods, Na? must travel
through the encapsulation material, such as EVA, and then
reach the front surface of the cell when PID occurs. The
encapsulation layer requires an ability that blocks ionic
penetration such as Na?. Hence, the PID can be suppressed
based on the blocking ability [24]. During the EFT procedure, the ITO glass and the silicon cell were directly contacted. The sodium ions were transferred from the glass to
the surface of the silicon cell by corona discharge under the
high voltage condition, where a high-intensity electric field
was formed by EFT procedure. According to the study by
Naumann et al [22], the sodium-decorated crystal defects
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Figure 6.

The EDS result of (a) area A and (b) area B in figure 5.

Figure 7.

The circuit model for the solar cell during EFT.

based on corona discharge were similar to the normal case
of PID. But it has also been suggested that the ions in the
corona discharge may damage the surface of the solar
cells [3]. Similar damage could be found in the EFT area.
Figure 8 showed the SEM image of the solar cells before
and after EFT. The crystal structure of the cell without EFT
is perfectly intact, as shown in figure 8a. The random small
‘pyramids’ on the surface were due to the alkali texture
processes in the production of the cells. A crack was
found in the EFT-affected area, shown in the PL area, the
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length of the crack was 6.8 lm, as shown in figure 8b.
Thus, the EFT procedure was not only the simulation of
the PID of the cell but also had a higher defect generation rate in this process.

3.3

The performances of cells after EFT

As mentioned above, EFT can be seen as a simulation of
PID for solar cells. In this part, the degradation of solar cells
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Figure 8.
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The SEM image of the cell surface (a) before and (b) after EFT, the length of the crack is 6.8 lm.

was analysed, especially the decay of PCE to determine the
range of parameters required for EFT procedure to replace
traditional PID treatment.
Solar cells were characterized in parallel on the formation
of modules and cells, meanwhile, they were divided into
two groups, one group were treated as conventional PID
test, and the other group were placed in the EFT procedure.
The PID tests at the module level were conducted to compare the results of EFT. To ensure the quality of the product,
the commercial providers usually propose tough test conditions during the PID test. Thus, all the module was tested
double for PID treatment under the IEC-62804 standard.
The average power loss of the modules after the test was
4.037%rel..
To the cell treated by EFT, the voltage applied during the
treatment was 1000 V and the temperature was 358 K. The
humidity in the experiment was controlled at a range of
20%RH–30%RH. The conditions in the EFT procedure
were designed to correspond to those specified in the IEC-

62804 standard. The results of the electrical analysis are
shown in figure 9.
The shunt resistance (Rsh) of the cells gradually
decreased as the test time increased, which can be seen in
figure 9. The high correlation between shunt resistance and
power loss of cell is shown in figure 9. It was reported that a
lower Rsh would result in a lower open circuit voltage,
thereby further decreasing the conversion efficiency
[25,26]. The dashed lines in figure 9 indicate the average
efficiency loss of the modules, which is 4.037%rel.. The cell
treated by EFT had a similar power loss (4.426%rel.)
compared to the modules treated by the standard PID process. The duration spent compared to 96 h92 was reduced
to 1/24, i.e., 8 h. Therefore, the EFT method requires much
less time than the conventional PID test method.
Although the cells can achieve similar results to the
module treated by the standard PID process after 8 h of EFT
at 1000 V, but the time during EFT was still too long.
Although the cells’ degradation after EFT was similar to

Figure 9. The electric performance parameters of the cell during
the EFT procedure. The dashed line represents the average
efficiency loss of the module treated by standard PID procedure,
which is 4.037%rel..

Figure 10. The power loss of the cells is treated by the EFT
procedure at different times and voltages. The red dashed line
represents the average efficiency loss of the module treated by
standard PID procedure, which is 4.037%rel..
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that of the module PID, 8 h of EFT time was still a little
long. According to the result in figure 3, increasing the
voltage applied during EFT processing can accelerate the
decay of the cell. Therefore, further experiments were
conducted to reduce the time cost in the EFT procedure. In
this experiment, the applied voltage (VCC) during the EFT
procedure was adjusted from 1000 to 1500 V, and other
experimental conditions were the same as in figure 9. The
change in the efficiency of the cell after the treatment is
shown in figure 10.
The power conversion efficiency degradation ratio of the
cells with EFT was controlled around 4.5%rel., close to
the module PID data (the red dashed line in figure 10). But
the time required for EFT was much shorter than that of
module PID treatment. According to the results in figure 10,
as the voltage increases, the power efficiency degradation
ratio was further accelerated. When the voltage raised to
1500 V, the degradation ratio of 4.772%rel. can be achieved
in only 3 h. This result indicated that by further increasing
the voltage, the time required in the EFT can be further
reduced. In other words, the PID tests can be further
accelerated to only a few hours.

4.

Conclusion

In commercialized production, the ability of solar cells to
resist the PID effect is one of the most important indicators
of product quality monitoring. In the current IEC standard
test method, a complete PID test process takes 96 h, while
most companies usually adopt double or treble treatment.
And a long test time will introduce higher quality supervision costs in the actual production. Therefore, an EFT
procedure based on the PID principle was designed in this
paper. The EFT was used in this paper for the experimental
treatment of silicon cells. The EL results have similar
characteristics to that of the cells after PID treatment. And
the EL and PL results indicated the defect generation ratio
of the cell during EFT was raised by the increasing of EFT
voltage. The microstructure of silicon cells after EFT was
studied by SEM-EDS characterization. The EDS results
showed the evidence that the Na? drifted through SiNx
layers under the action of the applied electric field during
EFT procedure. It indicated that the microscopic principle
of the increased defect generation rate of the cell due to
EFT was consistent with the PID. The electric performance
parameters of the cell during EFT procedure were compared
with the modules that were treated by the standard PID
process according to IEC 62804. During EFT procedure, the
treatment time can be reduced from 96 9 2 h to 8 h (1/24 of
the original time) or even 3 h. The time required for processing was further reduced by adjusting the voltage, temperature and other conditions applied in the EFT.
The EFT process at the cell level tested the performance of
the ARC layer directly against PID. Due to the absence of
encapsulation materials of the modules, the EFT processing
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was strictly independent of the PID processing of the
modules. Compared to the cells, PCE degradation after the
EFT and the modules PCE degradation after being treated by
the standard PID test, the modules made by the cells accessing
the EFT test have reliable PID resistance performance.
Based on the above results, the EFT method was proposed in this paper, which can be used to quickly test the
PID suppression performance of silicon wafers before cells
were packaged into modules. If the method is applied to
actual production, it can effectively reduce the time cost and
reduce the quality risk during the production process.
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