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ABSTRACT: For SiO2 layers underneath the SiNx antireflection/passivation layers of
front-emitter p-type c-Si solar cells, this paper presents an investigation into their effects
on polarization-type potential-induced degradation (PID), in addition to a comparison
of polarization-type PID behavior in front-emitter p-type c-Si cells and front-emitter n-
type c-Si cells. After PID tests with a bias of +1000 V, p-type c-Si cells without SiO2
layers underneath the SiNx layers showed no degradation, although p-type c-Si cells
with approx. 10 nm thick SiO2 layers showed polarization-type PID, which is
characterized by a reduction of the short-circuit current density and the open-circuit
voltage. This result implies that highly insulating layers such as SiO2 layers play an
important role in the occurrence of polarization-type PID. Comparison of polarization-
type PID in p-type and n-type c-Si cells with SiO2 layers indicated that degradation in
the n-type cells is greater and saturates in a shorter time than in the p-type cells. This
result is consistent with an earlier proposed model based on the assumption that
polarization-type PID is caused by charge accumulation at K centers in SiNx layers. The findings described herein are crucially
important for elucidating polarization-type PID and verifying the degradation model.

1. INTRODUCTION
Recently, potential-induced degradation (PID) has been
identified as a central reliability issue of photovoltaic (PV)
cell modules.1−8 Causing marked degradation in a short time,
such as several months, PID is triggered by potential
differences between grounded frames and the active circuit
of cells in modules in the field. The PID behavior varies to a
considerable degree depending on PV cell material, structure,
and PID-stress intensity.7,8 For instance, sodium-penetration-
type PID (including shunting-type PID),1−9 polarization-type
PID,9−22 and corrosion-type PID19,23−27 are known to occur
depending on these factors.
Particularly, polarization-type PID is regarded as the fastest

degradation mode among all PID modes.8 It has been observed
for crystalline silicon (c-Si) cells of several types including n-
type passivated emitter and rear totally diffused (PERT)
cells9−19 and n-type interdigitated back-contact cells with a
front-surface field20,21 or a front floating emitter.22 Polar-
ization-type PID is characterized by reduction of the short-
circuit current density, JSC, and reduction of the open-circuit
voltage, VOC. Polarization-type PID starts to occur within the
first few seconds in an accelerated PID test in which a bias of
−1000 V is applied at 85 °C.11,12 Additionally, it occurs even
when the applied voltage in the PID test is extremely low, e.g.,
−50 V.10 This finding indicates that such PID can occur in
small-scale PV systems with low system voltages, such as
rooftop PV systems.

As its mechanism, positive (or negative) charge accumu-
lation in the front SiNx layers of solar cells might cause
polarization-type PID.20 The accumulated charges attract
minority carriers and enhance interface recombination via
interface defects, leading to reduced JSC and VOC.

20 Charged K
centers in SiNx have been proposed to date as charge sources
causing polarization-type PID.11,12 Based on those mecha-
nisms, conventional p-type c-Si solar cells such as aluminum
back surface fields (Al-BSFs) and passivated emitter and rear
cells (PERCs) are expected to suffer polarization-type PID
under a positive bias. This is because K centers in SiNx can also
be negatively charged under a positive bias and enhance the
surface recombination of minority carriers in the n-type
emitters. However, few reports have described polarization-
type PID at the front side of such conventional p-type c-Si
cells.28 (Note that there are some reports on polarization-type
PID at the rear of PERCs under a negative bias.16,29 On the
other hand, this study deals with polarization-type PID at the
front side, which is distinguished from the rear-side
degradation.) This lack of results from experimentation is
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probably attributable to the fact that apparent polarization-type
PID does not occur in front-emitter p-type c-Si cells. This lack
of occurrence might be partly attributable to the fact that
polarization-type PID in front-emitter p-type c-Si cells occurs
under opposite bias to that causing shunting-type PID,1−7

which has been studied most actively. Jonai et al. have briefly
reported that polarization-type PID occurs under a positive
bias in p-type Al-BSF cells with SiNx/SiO2 stacked passivation
layers28 and that SiO2 layers underneath SiNx layers play an
important role in the occurrence of polarization-type PID.
Additionally, although a brief comparison of the degradation
behaviors of p-type and n-type c-Si cells has been made, no
sufficiently detailed comparison has been reported.
This report describes polarization-type PID occurring in

front-emitter p-type c-Si cells and discusses effects of SiO2
layers underneath SiNx layers on polarization-type PID with
more detail than presented earlier.28 The discussion shows that
front-emitter p-type c-Si cells with SiNx/SiO2 stacked
passivation layers exhibit polarization-type PID, supporting a
fair comparison of p-type and n-type cell degradation behaviors
by the use of such cells. Subsequently, we made a detailed
comparison between polarization-type PID behaviors of the p-
type c-Si cells and that of n-type c-Si cells, demonstrating that
differences exist in the degradation rate and magnitude. These
findings are crucially important for elucidating polarization-
type PID and verifying the model proposed previously.

2. EXPERIMENT PROCEDURES
2.1. Solar Cells and Modules. We prepared front-emitter

c-Si solar cells of the kinds shown in Figure 1: p-type Al-BSF
cells with SiNx passivation layers, p-type Al-BSF cells with
SiNx/SiO2 stacked passivation layers, and n-type PERT cells
with SiNx/SiO2 stacked passivation layers. Their emitter sheet
resistances were approximately 60 Ω/□ regardless of the cell
type. The SiO2 layers improve the passivation quality by
reducing the interface defect density30 and are frequently used
as passivation layers in n-type PERT cells. The cells without
thermally grown SiO2 layers probably had native oxides.
However, such SiO2 layers are very thin and could not affect
the degradation behavior significantly. Therefore, we dis-
regarded the effect of native oxide on the degradation behavior
of the cells. These Al-BSF cells and PERT cells were,
respectively, those of front-emitter p-type and n-type cells.
The solar cells were made of 156 mm × 156 mm pseudo-
square wafers. The SiNx layer and SiO2 layer thicknesses were,
respectively, approximately 80 nm and approximately 10 nm.
These thicknesses were applied to both the p-type and n-type
cells. The SiNx layers were deposited using plasma-enhanced
chemical vapor deposition (PECVD). The SiO2 layers were
grown by thermal oxidation.
Full-size cells were cleaved into small cell pieces of 20 mm ×

20 mm. Standard interconnector ribbons were soldered onto
the busbars on both sides of the cells. After soldering, we
prepared stacks composed of conventional cover glass/
ethylene−vinyl acetate copolymer (EVA) sheet/cell/EVA
sheet/typical white backsheet. Mini modules were prepared
by laminating the stacks in a module laminator. The lamination
process consisted of a degassing step for 5 min and an
adhesion step for 15 min. During both steps, the stacks were
placed on a stage maintained at 135 °C.
2.2. PID Tests and Characterizations. Accelerated PID

tests on the fabricated PV modules were performed by
application of a bias of +1000 V for the p-type cells and −1000

V for the n-type cells to connected interconnector ribbons with
respect to a grounded aluminum plate placed on the cover
glass via an electrically conductive rubber sheet in a chamber
maintained at 85 °C. Three identical samples were used for
each PID test condition. During the PID tests, the chamber
humidity was not controlled. However, the relative humidity in
a similar setup was very low (<2%).31 Consequently, the
influence of moisture ingress was disregarded in this study.
To evaluate cell degradation, current density−voltage (J−V)

measurements under one sun illumination and in the dark were
taken before and after the PID tests. The JSC, the VOC, the fill
factor (FF), and the maximum output power (Pmax) were
acquired from the one sun illuminated J−V curves. From the
dark J−V curves, the saturation current density of the first
diode (J01) was derived by fitting the curves to a two-diode
model.32 In this two-diode fitting, the ideality factor of the first
diode was fixed at 1. External quantum efficiency (EQE)

Figure 1. Schematic diagrams of cross sections of the PV cells used
for this study: (a) p-type c-Si cells with single-layered SiNx passivation
films, (b) p-type c-Si cells with double-layered SiNx/SiO2 passivation
films, and (c) n-type c-Si cells with double-layered SiNx/SiO2
passivation films.
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measurements were also taken before and after the PID tests.
All measurements were conducted at 25 °C.

3. RESULTS
This study specifically examined the behaviors of polarization-
type PID in conventional front-emitter p-type and n-type c-Si
cells. First, we clarified the polarization-type PID behaviors of
the Al-BSF c-Si cells under a positive bias and elucidated the
effects of SiO2 layers underneath SiNx layers on the
polarization-type PID. Subsequently, we compared the
behaviors of polarization-type PID in p-type Al-BSF c-Si cells
and n-type PERT cells.
3.1. Polarization-Type PID in p-Type Cells and Effects

of SiO2 Layers. We first performed the PID tests in which a
bias of +1000 V was applied on p-type Al-BSF cells without
(Figure 1a) and with (Figure 1b) the SiO2 layers underneath
the SiNx layers. Figure 2 shows the dependence of JSC/JSC,0,
VOC/VOC,0, FF/FF0, and Pmax/Pmax,0 on the PID-stress duration,
where subscript 0 denotes the initial values. The p-type cells
without the SiO2 layers exhibit only tiny reductions in the JSC
and VOC. The p-type cells with the SiO2 layers show apparent
degradation, as characterized by marked reductions in JSC and
VOC. Additionally, the degradation is rapid and tends to
saturate within the short time of 16 min. This result implies
that the SiO2 layers underneath the SiNx layers play an

important role in polarization-type PID. The degraded cells
recovered their performance losses by application of a negative
bias; however, the FF was adversely affected by the recovery
treatment (see Figure S1 in the Supporting Information).
Figure 3 shows the J01 values of the p-type cells without and

with the SiO2 layers as a function of the PID-stress duration.
The initial J01 values are high. These high values might be
attributable to enhanced edge recombination because of
unpassivated edges, which were formed by the cleaving
process. The J01 of the p-type cells without the SiO2 layers is
almost unchanged before and after the PID tests. However, the
J01 of the p-type cells with the SiO2 layers increases
considerably after the PID stress. Additionally, the J01 of the
p-type cells with the SiO2 layers shows similar saturation
behavior to the degradation in the JSC and VOC. This finding
indicates that reductions in the JSC and the VOC are caused by
enhancement in the interface and/or bulk recombination.
Figure 4a shows the EQE in a short wavelength range of the

p-type cells without and with the SiO2 layers. Figure 4b shows
the EQEs at 390 nm of both cells as a function of the PID-
stress duration. A difference is evident in the initial EQE, which
is probably attributable to an optical loss because of the
insertion of the SiO2 layers. The p-type cells without the SiO2
layers show almost no reduction in the EQE because of the
PID stress. However, the EQE of the cells with SiO2 is

Figure 2. Changes in (a) JSC/JSC,0, (b) VOC/VOC,0, (c) FF/FF0, and (d) Pmax/Pmax,0 of the modules fabricated from the p-type c-Si cells with the
SiNx single-layered passivation films and with the SiNx/SiO2 double-layered passivation films undergoing PID tests, for which a bias of +1000 V was
applied. Data points show mean values for three identical modules. The error bars correspond to the standard deviation of the mean. Solid and
broken lines are guides to the eye.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c03866
ACS Omega 2022, 7, 36277−36285

36279

https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c03866/suppl_file/ao2c03866_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c03866?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c03866?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c03866?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c03866?fig=fig2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c03866?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


markedly lower in the range of approximately 300−600 nm,
concomitantly with increasing PID-stress duration. The
reduction ceases within 16 min, similarly to the JSC and VOC
reductions in Figure 2. These results indicate that the increase
in J01 and therefore the reductions in JSC and VOC originate
from an interface recombination enhancement at the interface
between the n+ emitters and the passivation layers.
3.2. Comparison of Degradation Behaviors of p-Type

and n-Type Solar Cells. Here, we compare the degradation
behaviors of the p-type Al-BSF cells with SiO2 (Figure 1b)
with those of the n-type PERT cells with SiO2 (Figure 1c). It is
noteworthy that the p-type Al-BSF cells were subjected to PID
tests with a bias of +1000 V, whereas the n-type PERT cells
were subjected to PID tests with a bias of −1000 V. This
finding indicates that negative and positive charges are
injected, respectively, to SiNx of the p-type cells and n-type
cells during the PID tests. Figure 5 presents the JSC/JSC,0, VOC/
VOC,0, FF/FF0, and Pmax/Pmax,0 of the p-type Al-BSF cells and
the n-type PERT cells as a function of the PID-stress duration.
Data of the p-type cells are the same as those labeled as “w/
SiO2” in Figure 2. Two main differences exist between the
degradation behaviors of the p-type cells and the n-type cells
found in Figure 5. One is in the time necessary for the
degradation’s saturation. Degradation of the p-type cells

saturates within 16 min. Degradation of the n-type cells
saturates almost completely within 8 min. The other is in the
degradation magnitude. After saturation, the degradation in the
n-type cells is twice that in the p-type cells. These results
indicate that polarization-type PID in n-type PERT cells is
greater and tends to saturate within a shorter time than that in
p-type Al-BSF cells.
Figure 6 shows the J01’s of the p-type cells and n-type cells as

a function of the PID-stress duration. The J01 values of both
cells increase rapidly and saturate within a short time.
However, the increase in J01 of the n-type cells is greater and
leads to more rapid saturation than that for the p-type cells.
This trend is consistent with the JSC and VOC degradation
behavior shown in Figure 5.
Figure 7a shows an EQE reduction in a short wavelength

range of the n-type cells caused by PID stress. The EQE of the
n-type cells reduces rapidly in the range of approximately 300−
600 nm. The reduction is almost complete within 8 min. As
shown in Figure 7b, the EQE at 390 nm of the n-type cells
decreases considerably. The reduction stops within a shorter
time than that of the p-type cells, which is a similar trend to the
JSC and VOC reduction displayed in Figure 5.

4. DISCUSSION
4.1. Effects of SiO2 Layers on Polarization-Type PID in

p-Type Cells. Based on the proposed mechanisms,11,12

conventional front-emitter p-type c-Si solar cells are expected
to undergo polarization-type PID under a positive bias.
However, few reports have described polarization-type PID
in such p-type c-Si cells.28 One earlier brief report28 explained
that polarization-type PID occurs under a positive bias in p-
type Al-BSF cells with SiNx/SiO2 stacked passivation layers
and that SiO2 layers underlying the SiNx layers play an
important role in the occurrence of polarization-type PID.
Herein, we further discuss the polarization-type PID in
conventional p-type c-Si cells and the effects of SiO2 layers
on the occurrence of polarization-type PID based on the
proposed degradation mechanism.11,12

Figure 2 shows that the p-type cells exhibit apparent
degradation under a positive bias only when having SiO2 layers
underneath the SiNx layers. The degradation occurred rapidly
and saturated in a short time. Additionally, the modules
showed recovery under negative bias, which was the opposite
bias used for the PID tests. The observed degradation was
characterized by reductions in the JSC and VOC. As Figures 3

Figure 3. Changes in the J01 of the modules fabricated from the p-type
c-Si cells with SiNx single-layered passivation films and with SiNx/
SiO2 double-layered passivation films undergoing the PID tests, for
which a bias of +1000 V was applied. Data points show the mean
values for three identical modules. Error bars correspond to the
standard deviation of the mean. Solid and broken lines are guides to
the eye.

Figure 4. (a) PID-stress duration dependence of the EQEs in a short wavelength range of the modules fabricated from the p-type c-Si cells without
and with SiO2 passivation films. (b) Changes in the EQEs of both modules at 390 nm wavelength. Solid and broken lines are guides to the eye.
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and 4 show, the reductions in JSC and VOC were accompanied
by an increase in J01 and a decrease in EQE at short
wavelengths, indicating that the degradation was attributable to

enhanced interface recombination at the passivation layer/
emitter interfaces. These features correspond to those of
polarization-type PID reported previously.11,12 Therefore, the
degradation was fundamentally identical to polarization-type
PID that has been observed frequently in n-type c-Si solar cells
to date. This discussion suggests that conventional p-type c-Si
cells undergo polarization-type PID when having thin SiO2
layers underneath the SiNx passivation and antireflection
layers.
Based on the “K-center model” proposed earlier in the

literature,11,12 we can consider why the SiO2 layers cause
polarization-type PID in p-type c-Si cells. Figure 8 presents the
schematic diagrams of charge accumulation and dissipation
processes in p-type c-Si cells without and with SiO2 layers. By
application of a positive bias, negative charges reach the SiNx
surface (Figure 8a-1 and b-1). These negative charges extract
holes from neutral K centers (K0 centers) and positively
charged K centers (K+ centers) in the SiNx layer, where the K
centers are dangling bonds backbonded to three nitrogen
atoms. Thereby, negatively charged K centers (K− centers) are
left in the SiNx layer; the net charge of the SiNx layer is shifted
toward negative (Figure 8a-2 and b-2). This negative shift of
the net charge causes upward band bending in the surface
region of the emitter and reduces the JSC and VOC. If there is

Figure 5. Dependence of (a) JSC/JSC,0, (b) VOC/VOC,0, (c) FF/FF0, and (d) Pmax/Pmax,0 of the modules fabricated from the p-type and n-type c-Si
cells with the SiNx/SiO2 double-layered passivation films on the PID-stress duration. The p-type cell modules were subjected to the PID tests with
a bias of +1000 V, whereas the n-type ones were subjected to the PID tests with a bias of −1000 V. Data labeled as “p-type” were extracted from
Figure 2. Data points show mean values for three identical modules. The error bars correspond to the standard deviation of the mean. Broken and
chain lines are guides to the eye.

Figure 6. Changes in the J01’s of the modules fabricated from the p-
type and n-type c-Si cells with the SiNx/SiO2 double-layered
passivation films in the PID tests. The p-type cell modules underwent
PID tests with a bias of +1000 V, whereas the n-type cell modules
underwent the PID tests with a bias of −1000 V. Data labeled as “p-
type” were extracted from Figure 3. Data points represent mean values
for three identical modules. Error bars correspond to the standard
deviation of the mean. Broken and chain lines are guides to the eye.
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no SiO2 layer underneath the SiNx layer, then negative charges
accumulated in the SiNx layer are regarded as dissipated by
charge transport between the SiNx layer and the n+ emitter.
Then, no apparent degradation is observed (Figure 8a-3 and a-
4). However, if the cell has a SiO2 layer, then the charge
transport between the SiNx layer and the n+ emitter is
prevented. Most of the negative charges remain (Figure 8b-3
and b-4). These remaining negative charges attract minority
carriers, holes, to the passivation/emitter interface. Thereby,
interface recombination is enhanced. (In other words, the
upward band bending that enhances interface recombination
of minority carriers is maintained.)
Apart from the mechanistic aspect, one can discuss the

effects of the application of SiO2 in practical terms. Several
groups have proposed that SiO2 layers underneath the SiNx
layers prevent shunting-type PID.33,34 Therefore, such SiO2
layers might be used as preventive measures against the
shunting-type PID that is known to occur under a negative
bias. However, the application of SiO2 layers might lead to
some unfavorable outcomes. As discussed above, one is that
such SiO2 layers might cause polarization-type PID. Actually,
p-type cells with SiO2 layers are resistant to shunting-type PID.
However, cells near the positive end of the string show
polarization-type PID because of the SiO2 layers. Another
unfavorable outcome is related to the recovery of the shunting-
type PID by a positive bias. The shunting-type PID is

reportedly recovered by application of a positive bias.2,3 If this
recovery treatment is applied to p-type c-Si cells with SiO2

layers, then the shunting-type PID can be recovered effectively,
but polarization-type PID occurs instead. Figure 9 presents an
example, showing the one sun illuminated J−V curves of a p-
type c-Si cell with a SiO2 layer underneath the SiNx layer

Figure 7. (a) PID-stress duration dependence of the EQEs in a short wavelength range of the modules fabricated from the n-type c-Si cells with the
double-layered SiNx/SiO2 passivation films. (b) Changes in the EQEs at 390 nm wavelength of modules from p-type and n-type cells with double-
layered passivation films. Data labeled as “p-type” were extracted from Figure 4b. Broken and chain lines are guides to the eye.

Figure 8. Schematic diagrams of effects of the SiO2 layers underneath the SiNx layers: degradation processes in p-type cells (a) without SiO2 and
(b) with SiO2. Circles, “+” symbols, and “−” symbols in this figure respectively represent K centers, positive charges, and negative charges. The red
× symbols in panel (b-3) indicate that carrier transport across the SiO2 layer does not occur. This figure presents the cross-sectional diagrams near
the emitter surfaces of the p-type cells. Therefore, n+-Si emitter layers are portrayed in these figures.

Figure 9. One sun illuminated J−V curves of modules fabricated from
p-type cells with the double-layered SiNx/SiO2 passivation films
before and after PID tests with −1000 V for 16 h and after subsequent
recovery tests with +1000 V for 16 h.
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before and after a PID test with −1000 V at 85 °C for 16 h and
after recovery treatment with +1000 V at 85 °C for 16 h. After
the PID test, the p-type c-Si cell shows shunting-type PID,
which is caused mainly by a reduction in the FF. After the
recovery treatment, the FF reduction is recovered. However,
the JSC and VOC are reduced instead. In addition to these, an
additional process must be applied to fabricate SiO2 layers. For
these reasons, other means such as the use of high-refractive-
index SiNx layers

35 are more favorable as preventive measures
against shunting-type PID.
4.2. Origins of Differences in Degradation Behaviors

of p-Type and n-Type Solar Cells. As described above, p-
type c-Si cells were found to undergo polarization-type PID
when SiO2 layers are situated underneath the SiNx layers. This
finding enables a fair comparison between the polarization-type
PID behavior of p-type c-Si cells and the behavior of n-type c-
Si cells. For this study, we used Al-BSF cells and n-type PERT
cells, respectively, as p-type and n-type c-Si cells. Fundamen-
tally, findings in this study are applicable to cells of other types
that have similar front-surface structures. For example, p-type
PERCs have almost the same front-side structure as the Al-BSF
cells. Therefore, the findings obtained for the p-type cells in
this study are applicable to polarization-type PID in p-type
PERCs and other cells with a similar front-surface structure.
Results show that polarization-type PID in the n-type c-Si

cells saturated more rapidly and that the saturation was greater
than that in the p-type cells (Figure 5). As in JSC and VOC
degradation, the J01 and EQE of the n-type cells degraded more
rapidly and to a greater degree than those of the p-type cells
(Figures 6 and 7). First, one can consider why the polarization-
type PID in the n-type c-Si cells saturates more rapidly.
Figure 10 portrays a schematic diagram explaining why the

times necessary for the saturation of polarization-type PID

differ in p-type and n-type c-Si cells. Based on the proposed
model,11,12 the saturation of degradation can be explained as
the saturation of the density of K− or K+ centers. The p-type
cells are degraded under a positive bias. The saturation of their
polarization-type PID corresponds to saturation of the K−

center density (Figure 10a). However, the saturation of the
polarization-type PID of the n-type cells is attributable to
saturation of the K+ center density (Figure 10b). Generally,
SiNx layers on c-Si substrates tend to be positively charged.36

Therefore, the SiNx layers in both cells are slightly positively
charged (Figure 10a-1 and b-1). For p-type cells, positively
charged SiNx layers are expected to be completely negatively
charged to achieve saturation of degradation. However, for the
n-type cells, the saturation of degradation is achieved by
further positively charging SiNx layers that were originally
positively charged to a certain degree. For this reason,
degradation in the n-type cells can saturate by supplying
fewer charges, which explains the difference in the saturation
times.
Based on the results of our earlier study,12 we estimated the

difference in the times required for p-type and n-type cells’
polarization-type PID to saturate. For that study,12 we used
SiNx layers similarly fabricated in the PECVD apparatus, the
same as used in the present study. Therefore, the K-center
densities measured in the respective studies are regarded as
similar. In the earlier study,12 the positive charge density was
approximately 2 × 1012/cm2 before PID tests. After PID tests,
the positive charge density saturated to approximately 7 ×
1012/cm2. In this case, the positive charge density that should
be supplied on the SiNx in the n-type cells for polarization-type
PID to saturate is therefore just approximately 5 × 1012/cm2.
For p-type cells, the necessary negative charge density is
approximately 9 × 1012/cm2, which is markedly higher than the
necessary positive charge density for n-type cells. This result is
consistent with the fact that the time necessary for saturation
of the degradation in the n-type cells was half that in the p-type
cells. This result showing consistency also verifies our K-center
model.
The reasons behind the difference in the magnitude of the

degradation remain unclear. The magnitude of polarization-
type PID depends on many factors, such as the quality of
chemical passivation, the junction depth, and the emitter-
surface doping concentration. However, the same SiO2 layers
were used in the p-type and n-type cells in this study, and the
interface recombination velocities are considered not to be
significantly different. One possible candidate is the emitter-
surface doping concentration. The B emitters of our n-type
cells experienced a B-rich-layer removal process, which might
result in low emitter-surface doping concentrations. Also, the
low solubility of B in Si may contribute to the low emitter-
surface doping concentrations. Such a low emitter-surface
doping concentration is sensitive to changes in the fixed charge
density. Therefore, it is also sensitive to polarization-type
PID.17 This hypothesis is not inconsistent with the results
obtained from our experiments. However, we have not
identified the actual reasons for the difference in the magnitude
of the degradation. Much additional work is necessary for
complete understanding.

5. CONCLUSIONS
This study investigated the effects of SiO2 layers underneath
the SiNx layers of conventional p-type c-Si cells on their
polarization-type PID. In addition, a comparison of the
behaviors of polarization-type PID in p-type c-Si cells and n-
type c-Si cells was made.
Results show that, under a positive bias, p-type c-Si cells

show apparent degradation characterized by reductions in JSC
and VOC when having SiO2 layers underneath the SiNx layers.

Figure 10. Schematic diagrams of charge accumulation processes
before and after saturation for (a) p-type and (b) n-type c-Si cells.
The circles, the “+” symbols, and the “−” symbols in this figure
respectively represent K centers, positive charges, and negative
charges. This figure illustrates the cross-sectional diagrams near the
emitter surfaces of the cells. Therefore n+-Si emitter layers and p+-Si
emitter layers appear respectively for p-type and n-type cells.
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We also found that degradation occurs rapidly and saturates
within a short time. Additionally, dark J−V and EQE
measurements revealed that the degradation is caused by
enhancement of interface recombination at the passivation
layer/emitter interface. From these results, the degradation was
identified as polarization-type PID. Based on the “K-center
model”, such SiO2 layers prevent charge transport between the
emitters and the SiNx layers and maintain accumulated charges
in the SiNx layers. Thereby, stable polarization-type PID
occurs.
By comparison of polarization-type PID in the p-type and n-

type c-Si cells with SiO2 layers, we found that n-type cell
degradation is greater and that it saturates in a shorter time
than in the p-type cells. This difference in the saturation time is
explained as follows. The SiNx layers on c-Si substrates
generally tend to be positively charged. The number of positive
charges necessary to convert all the K centers into K+ centers is
regarded as less than that of negative charges necessary to
convert all of the K centers into K− centers. This finding is
consistent with those of the K-center model. The magnitude of
polarization-type PID depends on various factors such as the
quality of chemical passivation, the junction depth, and the
emitter-surface doping concentration. Much additional work
must be undertaken to understand the phenomenon
completely.
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