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a  b  s  t  r  a  c  t

We  employ  laser  scribing  combined  with  chemical  etching  process  to isolate  the  shunts  in industrial
off-spec  or  non-prime  crystalline  solar  cells.  Liquid  crystal  sheet  and  Infrared  camera  measurements
have  been  carried  out  to reveal  the  existence  of the shunts  and  hot  spot  temperature  under  reverse  bias.
Following  laser  scribing  with  proper  laser  parameters,  chemical  etching  has  been  used  to further  optimize
vailable online 2 June 2014
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the  isolation  effect.  Through  illuminated  current–voltage  characteristic  measurements,  the  improved
open  circuit  voltage,  fill  factor  and  efficiency  have  been  obtained.  These  results  demonstrate  that  this
combined  shunt  isolation  process  has  great  potential  for  its application  in the  solar  cells.

©  2014  Elsevier  B.V.  All  rights  reserved.
hemical etching

. Introduction

With the extensive application of solar power produced by crys-
alline silicon solar modules, a significant percentage of solar cells
re classified as off-spec or non-prime cells as a result of elec-
rical shunts. Usually, the electrical shunts will act to electrically
y-pass the devices internal p-n junction within the crystalline sil-

con solar cells. In this paper, all the bright features visible in liquid
rystal sheet (LC) or infrared (IR) camera measurement have been
alled “shunts”, which are caused by material or process. Several
ypes of shunts have been found and classified into the following
ypes: linear/nonlinear edge shunts, cracks and holes, Schottky-
ype shunts, etc. [1]. Shunts can be presented in different localized
egions in solar cells, which will decrease the cell conversion effi-
iency (�) under forward bias by decreasing short circuit current
nd fill factor (FF). Meanwhile, the shunt in a solar cell will result
n “hot spot” formation under reverse bias conditions, which is due
o the local dissipation of power through the shunt, and the hot
pot temperature relates to the local reverse current density [2]. If
he temperature generated by the shunt exceeds a critical value,

he solar module in which the cells are integrated can be damaged.
ccording to IEC qualification testing procedure for hot spot testing
t module level, a module should be maintained at a temperature

∗ Corresponding author. Tel.: +86 21 67791474.
E-mail address: huilian.hao@sues.edu.cn (H.L. Hao).

ttp://dx.doi.org/10.1016/j.apsusc.2014.05.078
169-4332/© 2014 Elsevier B.V. All rights reserved.
of 50 ± 10 ◦C during a five hours exposure in simulated or nature
sunlight with an irradiance of 1000 W/cm2 ± 10% [3]. Therefore, it
is a major challenge facing PV manufactures to minimize the shunt
influence on silicon solar cells.

Traditionally, the shunted silicon-based cells are discarded, or
disposed by chemical solutions and then re-undergo the fabrica-
tion process, during which metal contamination is hard to get rid
of, and the reprocessed wafers become very thin, thus making
handling operation and screen-printing difficult. As a result, more
effective methods are needed to repair shunted areas. By isolating
the shunted regions from the active areas, a non-prime cell will
be possibly up-graded, which can be accomplished by either phys-
ically removing the shunt itself or by eliminating the conductive
paths connecting the shunt to the rest of the cell [2,4–9].

Up to now, laser scribing is widely used to isolate shunts, it is
perfectly suitable for inline processing and the solar cells needs
not to be touched, which is an important to handle thin wafers.
However, due to the recast of molten or new shunts induced by the
laser scribing, the reported results cannot be satisfied. In this paper,
by adopting chemical etching after laser scribing, we can further
improve the laser scribing isolation effect, and the enhanced cell
efficiency could be expected.
2. Experimental details

The studied multi-crystalline solar cells with dimension of
156 × 156 mm2 were named by Sx (x = 1, 2, 3, 4), all of them were

dx.doi.org/10.1016/j.apsusc.2014.05.078
http://www.sciencedirect.com/science/journal/01694332
http://www.elsevier.com/locate/apsusc
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ig. 1. Liquid crystal images (a), (b), (c), (d) under reverse bias 10 V, corresponding 

n  text, the reader is referred to the web version of the article.)

abricated from p-type wafers with conventional structure of front
unction and back surface fields: Ag/n+–Si/p–Si/P+–Si/Al. Due to the
ower efficiencies than those of the normal products, all of them

ere rejected by the manufacture. LC measurement was performed
nder reverse bias to detect the shunts in the samples. The 1064 nm
-switched Nd:YAG pulsed laser was used to isolate shunted areas
ithin the cells. Profiler meter (NT9080) measurement with 20×

bjective was carried out to characterize the depth and width
f the scribing groove. After laser scribing, the electrochemical
tching was implemented with 12% NaOH solution. An IR camera
ith FLIR systems was used to measure the hot spot temperature

Th) at reverse bias of 10 V. Finally, illuminated current–voltage
I–V) characterization was carried out under standard conditions
under AM 1.5 G illumination at 25 ◦C) with a Gsolar XJCM-

 I–V tester to characterize the electrical properties of all the
amples.

. Results and discussion

We  firstly employ LC sheets measurement to detect the shunts

n the samples. The LC sheet containing a thermo chromic LC layer
lm is about 160 �m thick with the sensitive temperature range
f 25–30 ◦C, the color of which will change when the temperature
ises in shunt positions under a reverse bias. Note that the visual
 samples of S1, S2, S3, S4, respectively. (For interpretation of the references to color

appearance of hot spots in LC sheet imaging strongly depends on
the heating power and measuring time on the solar cells. Fig. 1
gives the LC imaging of the samples under reverse bias 10 V. During
the LC measurement, the temperature of shunt increases with test
time under a certain voltage, thus the color scale of LC sheet around
shunt region goes from black across red, yellow, green to blue. The
blue color represents the highest temperature, and then instantly
dark dip appears inside the blue region, which displays the shunt
position [10]. We  can see from Fig. 1 that the shunts are lying in
different positions in different samples, three of them locate on the
edge of the solar cells, indicating that the edge of the solar cells
were not well-passivated. It is clear that the color regions are much
larger in S1 and S2 than those in S3 and S4, which means that shunts
in S1 and S2 are much stronger than those in S3 and S4.

In order to upgrade these samples, the shunt isolation was
performed by laser scribing to eliminate the conductive paths con-
necting the shunt to the rest of the solar cell. Incorrect laser settings
can result in the metal residues or other dirty stains going into the
scribing grooves, especially when the laser scribes cross a contact
finger. As a result, these residues will produce very low resistive

paths that easily cause shunts across the junction. To identify the
suitable laser parameters for good shunt isolation, laser scribing
was first performed on several non-shunted solar cells to obtain
the optimized laser parameter. As confirmed by LC sheet and IR



872 H.L. Hao et al. / Applied Surface Science 311 (2014) 870–875

F easure

c
i
c
r
r
s
T
N
l
s
l
c
l
t
n
w
t
W
a
b
r

d
t
a
t
s
d
t
s
s
3
s

ig. 2. Plan and corresponding 3-D profiles of the laser grooves by profiler meter m

amera measurements, the non-shunted solar cells before scrib-
ng had no localized shunts. Under reverse bias 10 V, the reverse
urrent (Irev) of all the cells was below 0.1 A. The deduced shunt
esistances Rsh, which are referred as the leakage path of the cur-
ent in a solar cell and represented in parallel with the current
ource in equivalent circuit model [11], were larger than 100 �.
he scribing processes were done with Q-switched (nanoseconds)
d:YAG pulsed laser pumped by the krypton light. The effects of

aser parameters (laser average power-Paverage, repetition rate-Rrep,
canning speed-Vscanning, pulse duration-Wpulse, spot size-Dsize and
oop count number) on the processed samples were evaluated by
omparing the changes of shunt resistance and Isc before and after
aser scribing. The I–V testing was performed under standard condi-
ion for all the samples to get Rsh and Isc. During the laser process on
on-shunted cells, a square with size of 5 mm × 5 mm was  scribed,
hich includes the contact finger. In the area of SiN-coated silicon,

he laser groove width and depth are 50 and 32 �m,  respectively.
hile in the area of gridlines, the laser groove width and depth

re 35 and 26 �m,  respectively. The Rsh for all non-shunted cells
efore and after laser scribing is 135.0–266.3 � and 128.6–251.3 �,
espectively.

Note that the laser scribing groove depth should be much
eeper than the thickness of gridlines to guarantee proper scribing
hrough the gridlines, which is a balance between good isolation
nd strength properties. During our experiments, we found that
he depth of the laser groove mainly depended on the scanning
peed and pulse duration. A trade-off between the new shunts pro-
uced by the laser scribing and the suitable groove depth should be
aken into account to obtain the smallest changes of Rsh and Isc. For

cribing in the middle and at the edge of the samples, we  got the
mallest Isc loss around 1.4% and 0.6%, with Rsh decrement 15 � and

 �,  respectively. Then the above optimized corresponding laser
ettings were used to isolate the shunts. For the samples S1–S3, the
ments: in the areas of SiN-coated silicon (a) and (b), as well as gridlines (c) and (d).

laser parameters used are: Paverage (20 W),  Rrep (30 KHz), Vscanning
(400 mm/s), Wpulse (175 ns) and Dsize (20 �m).  While for the sam-
ple S4, the laser parameters used are: Paverage (50 W),  Rrep (50 KHz),
Vscanning (600 mm/s), Wpulse (256 ns) and Dsize (30 �m).  When scrib-
ing the shunted cells, the laser light firstly focused on the emitter
surfaces and then scribed with double laser passes. The shunted
areas were scribed by a square shape, until the shunted areas were
electrically isolated from the rest of the cells. The square size is
5 mm × 5 mm,  which can surround the shunted areas completely,
the laser groove crosses through the contact fingers. The isolation
grooves through emitter and through metal grid lines were formed
by overlapping these pulses to produce a continuous groove, and
the start-end point overlap is 65%. Finally, the depth and width
measurements of the laser grooves were carried out at different
locations.

Fig. 2 presents the plan and corresponding 3-D profiles of the
laser grooves in the areas of SiN-coated silicon and gridlines by
profiler meter measurements. Both the scribing depth and width
were measured in 10 different places away from the gridlines and
in 5 places where the scribe crossed a gridline. The laser groove
width is ∼48 �m in the area of SiN-coated silicon and 35 �m in that
of gridlines, the corresponding groove depth is 32 �m and 25 �m,
respectively. The ridges on each side of the scribe rose to a height
about 10 �m above the mean surface level of the cell. The height of
ridge can influence the scribing effect, low ridge will decrease the
debris collapsing probability to form new shunts when handling the
cells. Usually, the height of the gridlines was  found to be 10–15 �m,
so the laser scribing can completely disconnect the metal connect-
ing the shunted area to the rest of the solar cells. We  can see that all

the laser grooves are quite clean, which indicates that laser scribing
has been well implemented.

To further improve the isolation effect, electrochemical etching
was carried out to etch print paste stains or other dirties induced
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Fig. 3. IR images under reverse bias 10 V of all the samples: (a1)–(a4) before 

y the laser scribing with 12% NaOH solution. The cell was laid on
 copper plate and connected to a power supply by means of two
andheld electrodes. Then, 12% NaOH was dropped inside the laser
rooves. Under a bias voltage, the current started running through
he cell, and some bubbles can be seen in the grooves during etch-
ng process, which indicates that some reactive chemical reactions

ccur there.

During the chemical etching, the print paste stains or other dirt-
es (e.g. Al, SiO2, SiC, etc.) induced by the laser scribing can be got

Fig. 4. Illuminated I–V characteristic curves of all the sam
 isolation, (b1)–(b4) after laser scribing, and (c1)–(c4) after chemical etching.

rid of. The following electrochemical reactions can be expected to
occur:

2Al + 2OH− + 2H2O → 2AlO−
2 + 3H2 ↑

− 2−
SiC + 2OH + H2O → SiO3 + CH4 ↑

SiO2 + 2OH− → SiO2−
3 + H2O

ples: (a) after laser scribing and (b) after etching.
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Table  1
The hot spot temperature and reverse current at −10 V for all the samples before isolation, after laser scribing, and after etching.

Samples Before isolation After laser scribing After etching

T (oC) Irev (A) T (oC) Irev (A) T (oC) Irev (A)

S1 167 7.50 45.4 0.46 30.2 0.37
S2  132 6.48 46.3 0.33 27.1 0.27
S3  76.9 4.33 36.0 0.26 26.5 0.02
S4  53.5 2.56 28.7 0.15 22.1 0.007

Table 2
Comparison of the electrical performance of all samples at various processing stages.

Samples Before isolation After laser scribing After etching

Voc(mV) Isc(A) FF(%) �(%) Voc(mV) Isc(A) FF(%) �(%) Voc(mV) Isc(A) FF(%) �(%)

S1 542.1 5.29 50.8 6.9 580.7 7.32 75.9 11.8 606.2 7.55 78.1 12.3
S2  554.9 5.71 55.2 7.5 602.9 7.55 78.4 13.8 606.1 7.70 80.8 14.1
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S3  587.4 6.12 61.3 9.4 608.5 

S4  591.1 7.25 68.5 10.4 612.9 

he etching process was kept 5 min, and then the etch paste and
eaction products were removed by rinsing the cell with deionized
ater. Finally, the ethanol was sprayed on the cells to avoid marks.

Through LC sheet experiment, the position of the shunts can be
dentified on the solar cells, while the temperature of hot spot can-
ot be determined under a reverse bias. The hot spots temperature

s related to the local reverse current density, if the temperature
enerated by shunt is too high, the solar module in which the cell
s integrated can be damaged. The temperature under a reverse
ias can be determined by an IR measurement, which was carried
ut to obtain Th under a reverse bias. Fig. 3 shows IR images under
everse bias 10 V of all the samples before isolation (a1–a4), after
aser scribing (b1–b4), and after etching (c1–c4). It can be seen that
he shunted areas (bright zones) lie on the edge and in the middle
f the samples for S1–S3 and S4, respectively, which are consistent
ith those in Fig. 1. From IR images, Th and Irev at reverse bias 10 V

an be read for all the samples at different process stages, all the
easurements were under the same condition. For clarity, Th and

rev obtained from IR measurement under −10 V were summarized
n Table 1. It is obvious that Th and Irev decrease significantly after
aser scribing, moreover, further decrement can be still observed
fter electrochemical etching treatment, due to that the possible
etal or small quantity of drains driven into the junction by laser
ere peeled off during the etching. The final Irev is below 0.5 A for

ll the samples, and the deduced Rsh is larger than 20 �,  which can
ompletely meet the hot spot test that is routinely carried out on
very cell by the manufactures.

Fig. 4 shows the illuminated I–V characteristic curves for the
amples after laser scribing (Fig. 4(a)) and after etching (Fig. 4(b)),
espectively. Some electrical data of all the samples determined
rom the illuminated I–V measurements are summarized in Table 2.
he significant improvement in the electrical properties of the
amples after etching demonstrates the potential of the proposed
echnique. The improvement in the electrical properties can be
xplained as the follows: the laser scribing removes shunted
egions electrically from the main part of cell, thus the direct
onductive paths from the emitter at shunted regions to the rear p-
ontact are eliminated. Therefore, a portion of the photo-generated
urrent cannot directly flow through the emitter to the back con-
act but flow through the external circuit. According to two-diode
quivalent circuit model [5], Rsh will increase due to the para-
itic current path interrupted by the shunt isolation process, thus

educes the influence of the shunt on FF and open circuit voltage
Voc), which also results in the isolated area no longer being able
o contribute to the current [12]. Therefore, the increment in effi-
iency for all the samples can be obtained due to the increase of Isc,
87 81.6 15.5 615.7 8.06 82.5 15.7
04 82.1 16.1 615.9 8.17 82.8 16.3

Voc and FF.  After etching processes, the electrical properties are sus-
tainably improved for all the samples, indicating that the etching
can further optimize isolation effect through chemically treating
the scribing grooves. All these results confirm that the localized
shunts can be well isolated by a combination of laser scribing and
chemical etching technique.

4. Conclusion

In summary, we employed LC sheet and IR camera to reveal
the existence of the localized shunts, reverse current and hot spot
temperature under a reverse bias. The optimized laser settings and
chemical etching were applied to isolate the shunted regions in
industrial off-spec solar cells. After shunts isolation, the electrical
parameters (FF,  Isc, Voc, �) of these samples obtained from illumi-
nated I–V characteristic curves were recovered to the acceptable
levels by the manufactures. It is shown that the localized shunt
isolation through laser scribing combined with chemical etching
can yield functional solar cells in terms of thermal and electrical
properties, demonstrating the application prospect of the proposed
isolation technique.
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