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Abstract 

This paper deals with the behavior of the poten-
tial-induced degradation (PID) of photovoltaic modules 
fabricated using p-type flat mono-crystalline silicon 
cells with (100) and (111) surface orientations. PID tests 
are performed by applying a voltage of −1000 V to con-
nected interconnector ribbons of the modules. A de-
crease in the normalized maximum power of the mod-
ules with (100)-oriented cells is more significant than 
that with (111)-oriented cells, implying that the 
(111)-oriented cells have the higher PID resistance. 
 
1. Introduction 

Photovoltaic (PV) modules in very large-scale (VLS) 
PV systems often suffer from potential-induced degradation 
(PID). PID for crystalline silicon (c-Si) modules can be 
attributed to alkali metals, e.g. sodium, migrating from 
module cover glass due to high system voltages [1]. Re-
cently, it has been shown that groove-rounded-textured 
cells, which partially have (100) surface, show relatively 
high PID-resistance, compared with the cells with standard 
textured surface [2]. Their findings indicate that PID may 
have a dependence on surface orientations. In this study, we 
have investigated the dependence of PID on the surface 
orientation. 
 
2. Method 
2.1 Cell and module fabrication 

(100)- or (111)-oriented, one-side polished p-type c-Si 
wafers were cleaved to 20 × 20 mm2-sized substrates. The 
front surface of the substrates was coated with liquid phos-
phorus silicate glass source by spin coating, and the sub-
strates were subsequently annealed at 850 °C in N2 atmos-
phere in order to form n+ emitters. The emitters on the flat 
c-Si surfaces had a sheet resistance of ∼30 Ω/sq. After the 
removal of the phosphorus silicate glass remaining on the 
c-Si surfaces, SiNx antireflection coatings with a thickness 
of ∼70 nm were deposited onto the n+ emitter surfaces by 
catalytic chemical vapor deposition. Ag and Al pastes were 
printed onto the front and rear surfaces of the c-Si sub-
strates by screen printing, followed by firing at a peak 
temperature of 800 °C under air atmosphere in a tube fur-
nace. 

Interconnector ribbons were soldered onto cell’s front 

and rear Ag contacts. Stacks composed of cover 
glass/ethylene-vinyl acetate copolymer (EVA) encapsul-
ant/c-Si cell/EVA encapsulant/typical backsheet were pre-
pared. The cover glass has a size of 45 × 45 mm2 and con-
tains alkali metals such as sodium. The modules were fab-
ricated from the stacks in a module laminator. Our lamina-
tion process had two steps: degassing step for 5 min and 
adhesion step for 15 min. The stacks were placed with the 
cover glass side down on the heater maintained at 135 °C 
during lamination. 
2.2 PID tests and characterization 

PID tests were performed by applying a voltage of 
−1000 V to shorted module contacts using an Al plate 
placed on the cover glass of modules at 85 °C. We use the 
term “PID stress” here to refer to such voltage and temper-
ature stress. In order to evaluate the degradation, current 
density–voltage (J–V) measurements were conducted under 
dark and 1-sun-illuminated conditions for the modules be-
fore and after the PID tests. Saturation current density J0, 
parallel resistance Rp, and ideality factor n were determined 
by fitting the dark J–V data to the following single-diode 
equation: 

 J(V ) = J0 exp
q(V − JRs )
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where q is elementary charge, Rs series resistance, k Boltz-
mann constant, and T absolute temperature. Here, we did 
not restrict n to ≤ 2. 

 
3. Results and Discussion 

Figure 1 shows the dependence of the normalized 
maximum power Pmax/Pmax,0 of the modules fabricated using 
(100) and (111) cells on PID-stress duration, where Pmax is 
maximum power, and Pmax,0 is initial maximum power. As 
can be seen in Fig. 1, the Pmax/Pmax,0 of both (100) and (111) 
modules decreases with PID-stress duration, demonstrating 
that PID occurs regardless of surface orientations. The de-
crease in Pmax/Pmax,0 of the modules with (100)-oriented 
cells is, however, more significant than that of the modules 
with (111)-oriented cells. This implies that the PID behav-
ior of p-type c-Si modules depends on the surface orienta-
tion of the cells, and cells with (111) surface orientations 
have higher PID resistance than that with (100) surface 
orientations. 
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Figure 2 shows the dependence of J0, n, and 1000/Rp of 
the modules with (100) and (111) cells on PID-stress dura-
tion. All J0, n, and 1000/Rp of the (100) modules are signif-
icantly increased by PID-stress, compared with those of the 
(111) modules. In particular, inverse Rp shows clear de-
pendence on the surface orientation of cells. This indicates 
that cells with (111) surface tend to be less influenced by 
shunts caused by PID stress. PID-affected modules show 
significantly high n values (exceeding 2), as displayed in 
Fig. 2. These significantly high n values have been obser-
ved in PID of c-Si PV modules [3] and originate from a 
significantly high defect density in the depletion region 
introduced by PID stress [4]. 

It has been reported that PID shunts originate from 
Na-decorated intrinsic stacking faults penetrating the n+ 
emitter of solar cells [4]. Based on this fact, PID behavior 
can be influenced by the number of such stacking faults. 
First, we should therefore consider the depth of pn junction 
formed by the phosphorus diffusion process. We were not 
able to observe a clear difference between the values of 
sheet resistance of n+ emitters on (100) and (111) substrates. 
In addition, it has been reported that the diffusion coeffi-
cients of P in Si(100) and Si(111) are almost the same [5]. 
These suggest that the junction depth is independent of 
surface orientation, and that we should discuss other ef-
fects. 

We consider the number of intrinsic stacking faults in 
unaffected cells as the second candidate. One lattice point 
is included in four {111}-related planes. In (100) substrates, 
these four types of planes can penetrate the pn junction. On 
the other hand, in (111) substrates, one of the four planes 
does not penetrate the pn junction, since the plane is paral-
lel to the front surface. Assuming that the intrinsic stacking 
faults occur with the same probability per {111}-related 
plane, this might suggest the fewer number of PID-related 
stacking fault in (111) cells than that in (100) cells. Much 
additional work is required for the complete understanding 
of this phenomenon. 
 
4. Conclusions 

We have investigated the dependence of PID on the cell 

surface orientations. The results demonstrate that inverse Rp 
of the (100) cells is significantly increased by PID-stress, 
compared with those of the (111) modules. This suggests 
that (111) cells have higher PID resistance. 
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Fig. 1. Dependence of Pmax/Pmax,0 of the modules with (100)- 
and (111)-oriented cells on PID-stress duration. Each data 
point shows the mean value for three modules, and each error 
bar corresponds to the standard error of the mean. 

 

 
 

Fig. 2. Dependence of J0, n, and 1000/Rp of the modules with 
(100)- and (111)-oriented cells on PID-stress duration. Each 
data point shows the mean value for three modules, and each 
error bar corresponds to the standard error of the mean. 
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