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We investigated the impact of the photoconductive properties of crystalline silicon solar cells, having a SiNx passivation
film, on potential induced degradation (PID) using voltage-corona (V-Q) and self-adjusting stead state (SASS) tests. The
experimental results show that the conductivity of SiNx on the cell surface was gradually enhanced by the increase in
refractive index, which effectively decreased the accumulated charge on the cell surface. Thus, changes in the conductivity
of SiNx were found to be the cause of the different PID performance of the modules. The present work provides a
theoretical basis for solving the PID problem of solar modules and power stations, and the exploration of the V-Q and
SASS techniques provides a new, convenient method and corresponding basis for testing the PID performance of solar

cells during industrial production.
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1. INTRODUCTION

In recent years, solar energy has become a hot area of
competitive development among many countries. In solar
power stations, to meet load requirements, modules must be
connected in series and parallel to build arrays. However,
the connection of single modules in series may produce a
high voltage relative to the plane of zero potential (ground).
The efficiency of the modules degrades prematurely under
the long-term effect of this high voltage. This phenomenon
is known as potential induced degradation, PID [1]. The
phenomenon was discovered and first investigated by R.
Swanson in 2005 [2]. The occurrence of this phenomenon
has gradually increased as PV power stations have become
more and more widely used, and has had a huge impact on
PV power station stability. In recent years, some large scale
domestic and overseas PV power stations have suffered PID
to different degrees after several years’ operation. The
probability of this phenomenon occurring and the degree of
degradation may greatly differ between locations because of
the differences in temperature and humidity in different
areas and environments. The Camania power station in Italy
exhibited the PID phenomenon after installation in
September 2010, which caused the power of the modules to
decrease by about 20 %. The situation may have been
worsened by continued use; the highest power degradation
reached 70 %. In October 2010, the PV power station of
Sheyang, Jiangsu Province, China began to exhibit PID, and
the power of some modules degraded by 49 % —91 %,
which brought huge losses to the station.

At present, the available research indicates that the PID
phenomenon may be related to parameters such as the
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design of the power station, the encapsulation and material
of the modules, and the cell production procedure [3-6].
In terms of power station design, the probability of PID
occurring is increased by the high voltage, which modules
bear near the negative pole of the power station. In terms of
module encapsulation, although the performance of the cells
in a module may be the same, the cells at the edge may be
more easily influenced by the temperature and humidity of
the surrounding environment, and thus will more obviously
suffer from PID (as shown in Fig. 1). Cells are the core
component of PV modules, and are the primary cause of
PID. General research has shown that the passivation
dielectric layer, especially the SiNy layer, greatly influences
the PID phenomenon. Pingel et al. verified the presence of
a relationship between PID and the Si/N ratio of the SiNy
antireflection coating (ARC) layer1, but did not analyze the
relationship deeply. Some reports [7, 8] have claimed that
the destruction of the passivation layer by Na+ is the origin
of PID, but evidence for this may be lacking. In this paper,
we verified the relationship between PID and the
conductivity of SiNy passivation film by adjusting the
production procedure of SiNy ARC film. At the same time,
the voltage-corona (V-Q) and self-adjusting steady state
(SASS) tests were used to verify the primary cause of PID.
The current method used to test for PID in industrial
manufacture involves first encapsulating the cells into
modules, then testing them for 96 h under identical
conditions of temperature, humidity, and bias voltage. This
complicated test procedure is insufficient for the timely and
effective monitoring of anti-PID performance during
industrial manufacture. Therefore, as well as revealing the
primary reason why the refractive index [9, 10] of SiNy
influences PID, which provides a theoretical basis to solve



the PID problem of PV power stations, the shorter duration
of the proposed test method based on V-Q and SASS and
the coherence of the results are expected to have great
significance for the monitoring of anti-PID performance
during the industrial manufacture of cells.

s

Fig. 1. Electroluminescent (EL) images of PV module before and
after typical PID phenomenon [1]

2. EXPERIMENTAL

P-type polycrystalline silicon wafers from the same
batch were used in this experiment. The wafers had a
resistivity of 1-3 Q-cm and thickness of about 190 um.
Industrial texturing, diffusion, and edge isolation were used
to prepare the samples. By adjusting the ratio of the silane
and ammonia precursor gases, SiNx films of different
refractive index were produced on the silicon samples by
plasma-enhanced chemical vapor deposition (PECVD). The
depositing process includes two steps. In the first step, the
pressure and power are set at 1500 mTorr and 6100 W, the
flow of NHzand SiH4is 6.2 sim and 1450 sccm respectively,
the depositing time is 165 s. In the second step, the pressure
and power are same with step 1, the flow of NHzand SiH4 s
6.8 slm and 780 sccm respectively, the depositing time is
550 s. A spectroscopic ellipsometer was used to measure the
refractive index and film thickness of the SiNy films. All
samples were divided into two groups. One group was
characterized via V-Q and SASS remnant voltage tests
using a WT-2000 (Semilab, Hungary). During V-Q
measurement, the surface of solar cell is charged by a
scanning linear charger, the surface potential measurements
are performed with a Kelvin probe after each charging step.
SASS measurement also includes two steps. The first step is
corona charging, in this step, positive corona charges are
deposited on the wafer. The second step is surface potential
degradation, in this step, there is no corona charge, surface
potential decreased with time, the retained voltage is
measured with time.
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The second group was encapsulated into modules after
electrode printing and sintering, which were then PID tested
under identical temperature and humidity conditions. The
PID tests were carried out for 96 h at 85 °C, 85 % humidity,
and —1000V backward voltage. Finally, the electrical
performance of the small modules before and after PID tests
was compared using |-V and electroluminescence (EL)
measurements.

The present experiments were designed to mainly study
the relationship between the saturation voltage and voltage
drop ratio and the refractive index of the SiNy passivation
layer on the cell wafer, as well as reveal the primary reason
why the refractive index affects PID.

3. RESULTS AND DISCUSSION

3.1. Relationship between photoconductivity and
refractive index of the silicon nitride

To verify the relationship between charge conductivity
and SiNy refractive index, a V-Q charging test was carried
out on the surface of SiNy films with different refractive
index. While the silicon wafer was charged continuously, a
Kelvin probe [11] was used to measure the change in the
silicon surface voltage with increasing electric charge. As
the electric charge was increased from 0O, the SiNy surface
voltage first increased quickly and then gradually saturated,
until it stabilized at VB, the extra charges were lost after it
reached VB, which is called the saturation voltage (VIimit).
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Fig. 2. a—surface voltage vs corona charge density at different
refractive index; b —Viimit of samples vs refractive index



Fig. 2 a shows the trends of the change in silicon surface
voltage with corona electric charge for SiNy passivation
films of different refractive index, which were prepared by
adjusting the flow rate of silane and ammonia gases during
its deposition process. The plot shows that increasing the
refractive index of the SiNx caused the surface voltage of
the silicon to reach saturation more easily when a positive
corona charge was applied to the thin film. Additionally,
once the saturation voltage had been reached, the surface
voltage did not change with further increases in corona
charge. This means that after saturation, the excess positive
charge would have left the film as the electric leakage, and
did not contribute to the silicon surface voltage. Fig. 2 b
shows the relationship between saturation voltage (VIimit)
and the refractive index of the SiNx. The saturation voltage
at the wafer decreased as the refractive index of the SiNx
was increased. When the refractive index was increased
from 2.00 to 2.10, the saturation voltage decreased quickly
from 25.00 V to 6.45 V (as shown in Fig. 2 b). Then by the
increasing of refractive index, the curve reached to a stable
status gradually. When the refractive index was increased to
2.20, the saturation voltage was just 2.19 V, which meant
that the influence of the external corona charge on the
silicon energy band was weak.

Table 1. SASS remnant voltage test

Refractive Vat
index | 1s | 3s | 5s | 305 | 605 |Y2e0s/Vatss
2 28.4 | 282 | 28.0 | 27.1 | 26,5 96 %
2.05 16.3 | 15.7 | 154 | 139 | 13.2 89 %
2.1 7.0 6.5 6.2 5.2 4.8 80 %
2.15 4.6 4.2 4.0 3.2 2.9 76 %
2.2 2.6 2.3 2.2 1.7 1.5 71 %
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Fig. 3. Relationship between SASS test results and SiNx refractive
index

A SASS voltage test was carried out to verify the
reliability of the V-Q test results. For the test, charging was
stopped when the wafer voltage reached saturation, and the
subsequent change in the silicon surface voltage was then
measured under illumination. The obtained voltage drop
data is given in Table 1, in which Vat30s/Vat3s refers to the
voltage drop ratio. Fig. 3 shows a plot of the relationship
between the voltage drop and the refractive index, and
reveals that the degradation of the silicon surface voltage
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increased with the refractive index of the SiNx under
illumination. This result can be explained by the higher
silicon concentration of the SiNy thin films with greater
refractive index [12]. As the photoconductive effect of thin
film was improved, the photo-generated carriers were
neutralized by the external charge on the surface of thin
film, which increased the rate of degradation of the silicon
surface voltage and further weakened the influence of the
external charge on the silicon energy band.

3.2. Impact of SiNy refractive index on the PID of

the modules
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Fig. 4. Relationship between extent of PID and refractive index of
single layer SiNx

Fig. 4 shows the influence of the refractive index of the
SiNy layer (deposited film thickness 85 nm) on the trend in
PID extent, PID extent is the degradation of solar efficiency
after testing. SiNx films with different refractive index were
prepared by adjusting the flow rate of silane and ammonia
gases during the deposition process. The results indicated
that the extent of PID can be decreased by increasing the
refractive index of the SiNy single layer. There was an
obvious linear downward trend in PID as the refractive
index was increased from 2.05 to 2.15, after which the
extent of PID gradually stabilized. Overall, changing the
refractive index from 2.05 to 2.20 decreased the extent of
PID from 86.35 % to 3.02 %. The images obtained during
EL tests confirmed this trend in degradation. The EL light
intensity of the modules observed after PID increased with
the refractive index of the SiNx. When the refractive index
was increased to 2.20, there appeared to be no significant
change in EL intensity before or after the PID test, which
indicated good anti-PID performance for this sample.

3.3. Results discussion

In most pre-existing reports on the effect of SiNx
refractive index on the anti-PID performance of cells and
modules, the authors mostly just verified the relationship
using experimental results, instead of with deeper analysis
based upon fundamental principles. With respect to cells,
the main cause of PID is high voltage, at which large
numbers of carriers concentrate on the surface of the cells
and change the surface charge distribution [13]. This charge
redistribution destroys the original passivation of the cell
surface.
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Fig. 5. EL pictures of cells with SiNx layers of different refractive index before and after PID test

Taking the above experimental results into account,
when the SiNy refractive index is increased, not only may
the electric current leakage increase, which decreases the
charge accumulation ability of the SiNy surface, but the
photoconductive properties of thin film also may increase,
which can generate carriers and additional charge under
illumination, decreasing the voltage of the surface.

Together, these effects can decrease the amount of
charge accumulated on the surface of the cell, which
weakens the impact on the active layer of the cell and its
passivation by the external electric field. Thus, it can
fundamentally remit the extent of PID, and effectively
suppress it.

Moreover, the traditional test of cell anti-PID
performance requires the encapsulation of modules and
testing for 96 h under identical temperature, humidity, and
bias voltage conditions [14]. The whole process (from cell
selection to the test result acquisition) involves a
complicated preparation and long time, which is not good
for the effective monitoring of anti-PID performance and
adjusting of production processes. However, the whole V-Q
and SASS test used here takes less than 20 s, and is thus
suitable for real-time and on-line monitoring during cell
manufacture. The present results therefore have great
significance to the monitoring of cell quality.

4. CONCLUSION

This study has investigated the impact of SiNx film
refractive index on PID through V-Q and SASS tests. The
results confirm that the change in SiNx conductivity with
refractive index affected the amount of electric charge
accumulated on the surface of the cells. Accordingly,
changing the applied voltage to change the passivation of
the cells affected the observed PID of the prepared cells and
modules. When the refractive index of the SiNx layer was
increased to 2.2, the saturation voltage of the cell surface
decreased to 2.5V, indicating good photoconductive
properties. As a result, the extent of PID observed for this
sample decreased to about 2 %. Moreover, we also
investigated the monitoring of anti-PID performance during
cell production based on the V-Q and SASS tests, which is
expected to simplify the testing process for the industrial
production of solar cells.
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