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Crystalline siliconPERCswith dot or line openings on rear surfacewere studied here. Bymeasuring theminor carrier lifetimes of the
PERCs with dot and line openings, passivation effects of rear surface with dot and line openings were discussed. The performance
affected by dot and line openings was analyzed in detail by testing the open-circuit voltages, short-circuit current densities, fill
factors, and conversion efficiencies of the PERCs.The results show that the wider space resulted in better minor carrier lifetimes on
the rear surface. And the cells with a line opening space of 0.5mm had an average of 0.22% improvement of conversion efficiency,
compared with the cells with full-area Al-BSF. On the other hand, the dot opening PERCs exhibited only a conversion efficiency of
17.4%, although there had been good rear surface reflectivity.The bad Al-Si alloy layer and large hollow densities in dot Al-contacts
resulted in bad performance of the PERCs with dot openings.

1. Introduction

In industrial solar cell manufacturing processes, crystalline
silicon solar cells (c-Si-SC) typically apply a full-area alu-
minum back surface field (Al-BSF) at the rear surface,
which is screen-printed and sintered at temperatures of
700–900 Celsius degree [1–4]. The Al-BSF provides a good
ohmic contact. However, the rear surface passivation is only
moderate on p-type silicon substrates. And, with a full-area
Al-BSF, the effective rear surface recombination velocities are
typically large, ranging from 200 to 600 cm/s. Theoretical
analysis has indicated that back light absorption and rear
surface recombination losses are totally around 4% in this
kind of c-Si-SC [5]. In order to improve the rear surface
internal reflectivity and passivation, local Al-contacts with
dielectric layer passivated rear surface, that is, passivated
emitter and rear cell (PERC) architecture, are performed [6–
9]. After PClO

3
diffusion, a dielectric layer is passivated on

the rear surface or both sides.Then, local windows are opened
by laser or chemical etching techniques on the dielectric

layer of rear surface, usually dot or line openings. And the
local Al-contacts are formed by Al screen printing techniques
on the rear opened windows. The opened Al-contact sizes
and the openings’ spaces on dielectric layer have significant
impact on the contact formation and the effective rear
surface recombination.The reported results have shown that,
regardless of dot or line openings, the conversion efficiencies
of PERCs are improved up to 2% [10, 11]. Many researches
about these had been done in laboratory, but few had been
done in solar cell manufacturers.

In this work, crystalline silicon PERCs with dot and line
openings of local Al-contacts were fabricated in a commercial
production line. The local Al-contracts were formed on the
dot or line openings of the rear surface of PERCs.The dot and
line openings had the same sizes and different dot-dot or line-
line spaces. By studying the minor carrier lifetimes of their
local Al-contact rear surface, the open-circuit voltages (Voc),
the short-circuit current densities (Jsc), the fill factors, and
conversion efficiencies of the PERCs,wider space can result in
better minor carrier lifetimes of rear surface, and the PERCs
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Figure 1: The schematic diagram of experimental wafers.

with line openings had better performance than the c-Si-SC
with full-area Al-BSF and the PERCs with dot openings. Our
experimental results showed that the line opening PERCs
with a space of 0.5mmhad an average of 0.22% improvement
of conversion efficiency. On the other hand, because of bad
Al-Si alloy layer and hollows existing in the dot Al-contacts,
the dot opening PERCs had a bad performance, comparing
with the solar cells with full-area Al-BSF and line openings.

2. Experimental Process

All wafers used here were p-type crystalline silicon wafers
with a thickness of 200𝜇m and bulk resistivity of 2.0Ω⋅cm
around.Thewafer size was 125mm× 125mm, and their entire
bulk minor carrier lifetimes were in ranges of 120 to 180 𝜇s,
measured by microwave photoconductivity decay method.
After normal cell processes, including washing, texture, and
POCl

3
diffusion, front and rear SiNx layers were deposited

by PECVD. Then, the wafers were used to open windows
on the rear surface by chemical etching technique. In our
experiments, the dot opening diameter and line opening
width were fixed at 100 𝜇m, and only dot-dot and line-line
spaces were changed. After opening, by Al screen printing
and rapid thermal process, PERCs with different openings
were fabricated out.

3. Results and Discussion

In order to study the PERCs with dot and line openings in
commercial processes, eachwaferwas divided into nine areas.
To the wafer with dot openings, the Number 2 to Number 8
areas were dot opening PERCs with different opening spaces.
For comparison, the Number 1 area was full size Al-BSF
c-Si-SC structure and the Number 9 area was not etched
for Al-contact. Similarly, the same layouts were distributed
for line opening wafer. Their schematic diagram was shown
in Figure 1 and their space values were listed in Table 1. In
our experiments, the dot opening space was changed from
0.14mm to 0.51mm, and the line opening space was from
0.25mm to 3.33mm.

Figure 2 showed two typical minor carrier lifetime maps
of PERCs’ rear surfaces ((a) line opening PERC and (b) dot
opening PERC). Seen fromFigure 2(a) (line opening PERCs),
the minor carrier lifetimes of the full Al-BSF rear surface

Table 1: Line and dot opening spaces of each area on SC wafers.

Number Line opening space (mm) Dot opening space (mm)
1 Full Al-BSF Full Al-BSF
2 0.25 0.14
3 0.33 0.16
4 0.5 0.2
5 1.0 0.28
6 1.43 0.33
7 2.0 0.4
8 3.33 0.51
9 No etching No etching

(Number 1 area) were comparable with the line opening
PERCs of the Number 5 to Number 8. And the minor carrier
lifetimes of the PERCs’ rear surface with narrow line-line
spaces (Number 2 area with 0.25mm; Number 3 area with
0.33mm; Number 4 area with 0.5mm) were much shorter
than the others with full-area Al-BSF and wide line-line
spaces (Number 5 to Number 8 areas). At the same time,
seen from Figure 2(b), the minor carrier lifetimes of dot
opening PERCs had similar results. Obviously, wider dot-dot
and line-line spaces had longer minor carrier lifetime, which
indicated that wider spaces of local Al-contacts resulted in
better passivation effects.

Figure 3(a) showed the measured minor carrier lifetimes
of nine pieces of dot opening wafers and ten pieces of line
opening wafers. At the same time, the mean values of minor
carrier lifetimes were also shown in Figure 3(b) according
to their area number on the wafers. As mentioned above,
since the PERCs with narrow space had much shorter minor
carrier lifetime than the c-Si-SC with full-area Al-BSF, their
measured lifetimes were not shown in Figure 3. Firstly, seen
from Figure 3, line opening PERCs had better minor carrier
lifetimes and passivation than the dot openings. Secondly,
the PERCs with narrower space had a short minor carrier
lifetime and worse passivation. On the other hand, seen from
the average minor carrier lifetimes of dot and line opening
PERCs as a function of space (as shown in Figure 3(b)), the
lifetime was almost increased monotonously. In particular,
theNumber 4 area of line opening PERCs had aminor carrier
lifetime of 29.5 𝜇s, which was between the Number 7 and
Number 8 dot opening PERCs (27 and 32.1 𝜇s, resp.). And as
we knew above, theNumber 4 area of the line opening PERCs
had a similar space with the Number 7 andNumber 8 areas of
the dot opening PERCs. Therefore, from the above analyzed
results, it was indicated that the dot-dot and line-line spaces
had very important effect on the rear surface passivation of
PERCs. Larger space had better passivation effect.

In order to exhibit the results of PERCs with different
openings, the testing results of c-Si-SC with full-area Al-
BSF (the 1st area in Figure 1), the PERCs with line openings
of 0.5mm space (the 4th area), and the dot openings of
0.51mm space (the 8th area) were used to compare. Figure 4
showed their statistical average results of Voc, Jsc, fill factors,
and conversion efficiencies (10 pieces per group). Seen from
Figure 4, the performance of the PERCs with line openings



Journal of Nanomaterials 3

26𝜇s 105𝜇s

(a)

19𝜇s 119𝜇s

(b)

Figure 2: 2D maps of minor carrier lifetimes of PERCs with line (a) and dot (b) openings.
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Figure 3: (a) Statistical minor carrier lifetimes of cells with different openings; (b) statistical mean minor carrier lifetimes as a function of
neighbored local-contact space.

showed better Voc, Jsc and conversion efficiency. In partic-
ular, the average conversion efficiency of PERCs with line
openings had a 0.22% up, comparing with the cells with full-
area Al-BSF. While the PERCs with dot openings have bad
performance, their average conversion efficiency had only
17.4% and 0.8% loss to the cells with the full-area Al-BSF.
Therefore, although the measured total reflectivity and rear
surface reflectivity of PERCs’ rear surface were much better

than the cells with full-area Al-BSF (as shown in Figure 5),
the PERCs with dot openings exhibited still bad.

Figure 6 showed the cross sections of local Al-contacts
of above PERCs with line and dot openings. Seen from the
SEM pictures, the local contact with line openings had a very
distinct and thick Al-Si alloy layer (Figure 6(a)), while the
local contact with dot openings had only a very unclear and
thin Al-Si layer. Seen from Figure 6, the average thickness of
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Figure 4: Open-circuit voltages, short-circuit current densities, fill factors, and conversion efficiencies of cells with full Al-BSF and PERCs
with dot and line openings.
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Figure 5: (a) Total reflectivities of cells with full Al-BSF and PERCs with dot and line openings; (b) rear surface reflectivities of cells with full
Al-BSF and PERCs with dot and line openings.

the local contact with line openings was 3.9 𝜇m, while the
local contact with dot openings is around 0.8 𝜇m.Theunclear
and thin Al-Si layer in the local contact of PERC resulted in
worse Ohm contacts than the cells with line openings and
full Al-BSF. On the other hand, both in the PERCs with line
and dot openings, Kirkendall hollows were observed very
often [12]. By checking large amount of cross section SEM
pictures, there were almost the same hollow densities existing
in the wafers of the PERCs with line and dot openings.
Considered with the total Al-Si alloy surface, the PERCs
with line openings had also better Ohm contact than the dot
openings.Therefore, the bad Al-Si alloy layer on the local Al-
contacts and large hollow densities in the dot openings might
be the important factors resulting in the bad performance of

the PERCswith dot openings in our testing industrial product
line.

4. Conclusions

Crystalline silicon PERCs with local Al-contact rear surface
were studied here. The local Al-contracts were formed on
the dot or line openings of the rear surface by chemical
etching technique. The minor carrier lifetimes of the local
Al-contact rear surface with different dot-dot or line-line
space were measured by microwave photoconductivity decay
technique, and the open-circuit voltages short-circuit current
densities, fill factors, and conversion efficiencies of the PERCs
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Figure 6: Cross section SEM pictures of PERCs with line (a) and dot (b) openings.

were measured by online solar cell module testing setup. The
experimental results suggested that the wider space resulted
in better minor carrier lifetimes of rear surface. And The
PERCs with a line opening space of 0.5mm had an average
of 0.22% improvement of conversion efficiency, compared
with the solar cells with full-area Al-BSF and dot openings.
On the other hand, the dot opening PERCs exhibited only a
conversion efficiency of 17.4%, although there had been good
rear surface reflectivity. The bad Al-Si alloy layer and a lot of
hollows existing in dotAl-contacts resulted in comprehensive
bad performance of PERCs with dot openings.
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