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Abstract: This paper reports on the correlation between broken contact fingers and the shape of the
current—voltage (I-V) curve of a photovoltaic (PV) module. It was found that the broken contact fingers
of a solar cell in the PV module cause a noticeable change in the I-V curve of the PV module when the
solar cell was partially shaded. The broken contact fingers were inspected by microscopic imaging and
electroluminescence (EL) imaging, and a further investigation was carried out using a single solar cell.
The results show that the fill factor of the cell decreased from 0.75 of full contact to 0.47 after 16 contact
fingers were broken, confirming the correlation between the I-V curve shape and broken contact fin-
gers. This result reveals that the shape of the I-V curve of a PV module under individual-cell partial
shading may be used as an indicator of broken contact fingers, which offers an alternative approach
to EL imaging for detecting broken contact fingers in PV modules in daylight.

Keywords: solar cells; photovoltaic modules; partial shading; broken contact fingers; solar cell
degradation; fault detection; electroluminescence imaging

1. Introduction

With a long lifetime of about 20 years [1], crystalline silicon (c-Si) photovoltaic (PV)
modules dominate the PV market [2]. However, manufacturers of PV modules tend to
reduce the wafer thickness in order to reduce the manufacturing cost, which makes solar
cells prone to cell breakage and cracks [3,4]. Broken contact fingers of solar cells occur
frequently in PV modules. They are usually caused by cracks that cut the contact fingers
[5]. Cracks and broken contact fingers may occur during different stages of the module
manufacturing, such as the soldering of solar cells [6], lamination [7], transportation and
handling [8]. Furthermore, they could develop during operation as a result of temperature
cycles, snow and wind loads [9]. Degradation due to installation on a concrete base within
high- and low-humidity environments was also assessed [10,11].

In a study performed in [5], the orientation of the cracks produced by mechanical
load testing was investigated. The authors found that 50% of the cracks are parallel to the
busbars of the cells, which is the orientation of the cracks that cause broken contact fingers
[5,12]. In another study reported in [13], the cracks appearing parallel to the busbar rep-
resented 21% of the total observed cracks in a PV installation.

Broken contact fingers have a significant impact on the performance of PV modules.
Kontges et al. performed a simulation study on power loss due to broken contact fingers
in a PV module consisting of 60 solar cells connected in a series [12]. The results revealed
that about 20% of the module power output is lost when only one cell has broken contact
fingers that disconnect half of its area. Furthermore, it was shown in [12] that the power
loss becomes even worse for the cells with a higher breakdown voltage. In an experi-
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mental study involving thermal cycling and mechanical load tests on a PV module, Cha-
turvedi et al. [6] found that the maximum power reduced from 236 W to 228 W due to
mechanical loading, and from 241 W to 226 W due to thermal cycling, respectively. Elec-
troluminescence (EL) imaging in [6] revealed that the power reduction was due to broken
contact fingers and cracks. In addition, it was confirmed by Dhimish [14] that there is a
correlation between broken contact fingers and hot spots. Hot spots in PV modules could
damage single solar cells or even the entire PV module [15].

It is therefore imperative to detect the broken contact fingers of PV modules while in
operation in the field. Several detection techniques were proposed in the past [16]. They
differ in terms of their reliability, applicability, complexity and cost. The most widely used
technique is EL imaging, proposed by Fuyuki et al. [17]. The EL inspection of solar cells is
based on capturing the infrared (IR) light emitted by solar cells when they are forward-
biased [18]. A cooled silicon charge-coupled device (CCD) camera is usually utilized to
capture the EL radiation within a dark environment [19]. This technique is easy to imple-
ment and has a high accuracy, as shown in [18,20,21]. However, a main disadvantage is
its incapability to detect faults in daylight because EL radiation is much weaker than sun-
light [22,23]. EL imaging in daylight requires special hardware, filtering techniques and
capturing background images with the EL images [23], which is not a straightforward
task. Photoluminescence imaging (PL) is another imaging technique that is starting to gain
attention for PV module inspection [24,25]. Line-scan PL was proposed in [26], in which
light excitation and PL images are performed within thin lines along the width of the solar
cell. This technique showed better performance than EL imaging in the detection of bro-
ken contact fingers. In addition, it can distinguish between broken contact fingers and
recombination defects. However, all thin-line images need to be combined to produce the
final complete image of the PV device, which is not a simple process.

The detection of cracks using the I-V curve of PV modules has been recently pub-
lished [27]. However, this approach, which does not require the shading of individual
solar cells, is only effective for detecting severe cracks that can introduce a clear step in
the I-V curve of PV modules. As a result, the less severe cracks cannot be detected by this
technique. Furthermore, this method cannot identify the specific solar cell in a PV module
that has developed cracks. To overcome these limitations, here, we propose incorporating
the partial shading of individual cells in the I-V measurements to improve the capability
of detecting the health state of contact fingers.

The incorporation of I-V measurement with the partial shading of an individual solar
cell is not new, and has been reported for applications such as hot-spot endurance tests
[28], hot-spot detection [29-31], determining the series resistance [32] and the shunt re-
sistance of individual cells [33,34]. However, to the best of our knowledge, the possibility
of using the I-V curve with individual-cell shading for the detection of broken contact
fingers in PV modules has not been previously investigated.

This paper experimentally investigates the effect of broken contact fingers on the
shape of the I-V curves of PV modules when individual cells are partially shaded. It aimed
to provide the proof-of-concept of using partially shaded I-V curves for the detection of
broken contact fingers.

2. Experimental Procedure
2.1. Preparations of PV Devices

The PV technology employed in this work was mono-crystalline silicon (mono-Si). Two
PV devices were prepared for this experimental investigation. Figure 1a shows a 10 W PV
module supplied from Betop-camp, which has an area of 34 cm x 24 cm and 36 mono-Si solar
cells connected in a series. Bypass diodes were added to the module, with one diode per 18
cells [35]. To facilitate the identification of individual cells, each cell was numbered, as shown
in Figure 1a. In order to monitor the temperature of the module during I-V curve measure-
ments, a K-type thermocouple was connected to the back side of the module. The open circuit
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voltage (V,.), short circuit current (I.) and maximum power output (Pp,,4) of the PV module
were measured at a module temperature of 25 °C and an irradiance of 1000 W/m? at the middle
point of the module, which are 23.643 V, 0.516 A and 9.77 W, respectively [35].

The second PV device employed for this study was a single mono-5i solar cell with
an active area of 6.25 cm? (2.5 cm x 2.5 cm), which has a single-edge busbar, as depicted in
Figure 1b. The back electrode of the solar cell was soldered on a printed circuit board
(PCB), which was mounted on a water heat exchanger [36]. The cell’s temperature was
measured during I-V measurements using a K-type thermocouple mounted on the PCB
close to the cell, as shown in Figure 1b. This solar cell had a V., I, and P, of 0.6260
V, 0.213 A and 100.4 mW, respectively, under standard test conditions (STCs).

Cell-string 1 Cell-string 2

K-type thermocouple

(a) b

Figure 1. Photographs of the PV devices used in this investigation: (a) 10 W PV module; (b) single
solar cell mounted on the PCB with a K-type thermocouple close to it.

2.2. Setup for I-V Characterization

Figure 2 shows a schematic diagram of the setup for the I-V measurement used in
this experiment [35]. The PV devices tested were placed in an environmental chamber that
is equipped with a light source (ARRISUN 60) and a test table. The temperature of the PV
devices was controlled by a circulating water bath and monitored using a K-type thermo-
couple and data logger (TC-08) connected to a computer. I-V curve measurements were
performed by a Keithley source meter (model 2601) ( see ref. [35] for detailed information
regarding this test rig).
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K-type thermocouple for
monitoring PV device
temperature
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Figure 2. Schematic diagram of the setup for I-V curve measurement.
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2.3. EL Imaging Setup

El imaging was used to visualize the broken contact fingers in the PV module and sin-
gle solar cell. A commercial digital single-lens reflex (DSLR) camera was used in this work
with its IR filter removed to allow for the detection of IR radiation [21]. The camera was
Nikon D40 with a standard lens that has a focal length of 18-55 mm and a resolution of 3008
x 2000 pixels. The schematic of the EL imaging setup is shown in Figure 3. The PV device
under test was put inside the testing chamber in a dark environment. To capture the EL
images, the camera was mounted on a tripod with the lens facing down, and the PV device
was forward-biased at a current approximately equal to the I, under STCs [6]. The camera
settings were adjusted iteratively until good-quality EL images were captured.

ﬂkon D40 digital cameraon a tripch

Dark chamber

™\

DC power supply
tl—

\ PV device /

Figure 3. Schematic diagram of the setup for EL imaging.

3. I-V Curve under Individual-Cell Partial Shading

The I-V curves of the PV module shown in Figure 1a were obtained for cases when
each cell of the module was subjected to half-shading in turn using an adhesive tape. The
measurements were taken at a module temperature of 40 °C and an irradiance of 1000
W/m? (measured at the middle point of the module). Using the testing system described
in Section 2.2, we found that the most stable temperature over a long testing period of >4
h is around 40 °C. Consequently, all tests reported in this work were carried out at a tem-
perature of 40 °C. Figure 4 depicts the I-V curves, together with an I-V curve without
shading. The I-V curves under individual-cell shading are clearly divided into two re-
gions, as indicated in the figure due to the conduction of the bypass diodes.

Figure 4 shows the discrepancy among the I-V curves at region 1. The majority of
them have an almost identical shape but with a parallel shift along the vertical axis. This
can be attributed to the non-uniformity of irradiance incident on the cells, which was
found to be 18.9% for an area of 40 cm x 40 cm [35], calculated according to the E927-10
standards [37].

Although a majority of the curves in region 1 exhibited a similar shape, three cells
displayed distinctively different shapes. The I-V curves of cells 3 and 4 had higher slopes
at region 1, which were due to the low shunt resistance of the cells [33,38,39]. The low
shunt resistance caused the current of unshaded cells to flow through the shaded cell in
the reverse direction, resulting in a higher slope in region 1. More interestingly, the I-V
curve corresponding to cell 24 (solid red line) had a noticeably less sharp knee at the max-
imum power point (MPP) of region 1. This shape is clearly different from those of the
majority of the cells, indicating the unique characteristic of cell 24. The experiment of ap-
plying the half-shading of this cell was repeated 12 times over three different days (four
measurements each day), and the results confirm that this observation is repeatable (note:
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only the average of three consecutive I-V measurements obtained in one day is shown
here for the sake of clarity).
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Figure 4. I-V curves of the 10 W PV module obtained experimentally with half-shading on each
individual cell. The I-V curves were measured at a module temperature of 40 °C and an irradiance
of 1000 W/m? at the middle point of the module. Each I-V curve shown is the average of three con-
secutive measurements. The I-V curve without shading is also included for comparison.

Cell 24 in the PV module was inspected to identify the cause of the change in its I-V
curve. Figure 5a shows an image of the cell captured using a 12-megapixel camera (Nikon
D40, UK). A scratch mark, which is perpendicular to the contact fingers, can be seen on
the top-right surface of the cell, as indicated by the red circle. In order to examine the
damage in detail, the cell was inspected using a microscope (Olympus model SZ, UK)
equipped with a 10-megapixel camera (GXCAM-5, GT Vision Ltd, UK). Figure 5b shows
the image of a scratch that affected nine contact fingers. A closer image in Figure 5c clearly
shows that the contact fingers are broken. A detailed inspection confirms that all nine con-
tact fingers that are affected by the scratch are broken.

The images of cell inspection indicate that the change of the I-V curves of cell 24 is
associated with the broken contract fingers. This result provides a possibility to pinpoint
the exact cell in a PV module that has broken contact fingers. This can only be achieved
by measuring the I-V curves with consecutive partial shading of each single cell in a PV
module, as shown in Figure 4. Although the usual I-V measurement of a PV module with-
out shading may reveal the severe damage to the contact fingers, as discussed in [27], less
severe damage to the contact fingers cannot be detected from the usual I-V curve without
shading, as shown in Figure 4. In addition, the shading test can identify the specific cell
that has broken contact fingers. Clearly, the discovery presented in Figure 4 offers a viable
method to provide information on the health of individual cells in a PV module, particu-
larly associated with broken contact fingers. It is to be noted that the results of I-V tests
can also be presented as the J-V curves of the PV panels. The advantage of using J-V
curves needs to be further investigated.
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Figure 5. Images of the cell surface show the damage to the contact fingers of cell 24 in the 10 W PV
module: (a) photograph of cell 24 taken by a 12-megapixel camera, which has a total cell area of 15
cm? (3 cm x 5 cm); (b) a microscopic image shows a scratch mark affecting nine contact fingers; (c) a
microscopic image shows the breakage of the contact fingers.

To provide further evidence, the PV module used to obtain Figure 4 was inspected by
EL imaging using the setup described in Section 2.3. Figure 6 shows the EL image of the PV
module. A dark region can be seen clearly in the top-right corner of cell 24, which coincides
precisely with the position of the damaged contact fingers, as shown in Figure 5a. Without
the presence of a sufficient electrical current due to broken contact fingers, the EL image of
this part becomes much darker. This provides strong evidence to confirm the cause of the
shape change in the partially shaded I-V curves observed in Figure 4 (i.e., due to the broken
contact fingers).

el
v

Figure 6. EL image of the 10 W PV module shows that cell 24 has a dark region due to broken contact
fingers.
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4. Influence of Broken Contact Fingers on a Single Solar Cell

The correlation between the change of shaded I-V curves and broken contact fingers,
observed in cell 24 of the PV module was further investigated using a solar cell with in-
tentional damage to its contact fingers. The solar cell shown in Figure 1b was employed
for this study, which had 16 contact fingers. Before damage, the solar cell was inspected
by EL imaging using the same setup described in Section 2.3. The measured EL image is
shown in Figure 7a and the corresponding I-V curve is shown by the black solid line in
Figure 8a. The EL image shows no dark region because the electrical current is uniformly
distributed over the whole surface due to satisfactory electrical contacts. The intentional
damage was carried out by scratching the cell surface along a direction perpendicular to
contact fingers. Initially, six contact fingers were intentionally broken from the center—
bottom of the cell. Then, its EL image was captured, as shown in Figure 7b. A dark region
clearly appeared that coincides with the area where the contact fingers were damaged.
This was accompanied by a shape change in its corresponding I-V curve, as shown by the
red dashed line in Figure 8a. This process was repeated by breaking the next 5 contact
fingers (a total of 11 contact fingers damaged), and then the last 5 contact fingers (a total
of 16 contact fingers damaged). The corresponding EL images are shown in Figure 7c,d,
and the I-V curves are shown by the blue and green dashed lines in Figure 8a, respec-
tively. The I-V curves are the average of 12 measurements obtained over three days with
four measurements each day to ensure reproducibility. The error bars represent the stand-
ard deviation of the measured current at given voltage points. The change in the fill factor
(FF) corresponding to the I-V curve measurements is shown in Figure 8b.

(b) (c) (d)

Figure 7. Normal images (top) and EL images (bottom) of a single solar cell showing four cases of
broken contact fingers: (a) no broken contact fingers; (b) 6 broken contact fingers; (c) 11 broken con-
tact fingers; (d) 16 broken contact fingers.
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Figure 8. The effect of broken contact fingers on (a) the I-V curve; (b) fill factor of the solar cell. The
I-V curves were measured at a cell temperature of 25 °C and an irradiance of 1000 W/m?. Each I-V
curve shown is the average of 12 measurements obtained over three days, with four consecutive
measurements each day.

The results of Figures 7 and 8 confirm the correlation between the shape change in I-
V curves and damaged contact fingers. The curvature of the I-V curves at MPP in Figure
8a becomes gradually less sharp with an increasing number of broken contact fingers. This
is clearly correlated to the increasing size of the dark part of EL images shown in Figure
7b—c, which indicates poorer electrical contact due to damage. As a result, the FF of the
solar cell is reduced, as shown in Figure 8b. These results provide supporting evidence,
confirming that the shape change of the partially shaded I-V curve in Figure 4 was caused
by a decrease in the FF of cell 24 as a result of damaged contact fingers. It is to be noted
that the short-circuit current I, is not significantly affected by the number of damaged
contact fingers, as shown in Figure 8a. However, the load current corresponding to the
maximum power output is significantly reduced.

5. Conclusions

This study discovered a correlation between broken contact fingers and the shape of
I-V curves under individual-cell partial shading, offering a possibility for the detection of
solar cell broken contact fingers which cannot be detected from usual I-V measurements
without shading. It was observed that one of the I-V curves resulting from individual-cell
shading exhibited a reduced curvature at the MPP of region 1. This behavior has been
investigated using microscopic imaging and EL imaging, and it was found to be correlated
to the broken contact fingers of the cell. Further investigation carried out on a single solar
cell shows that the FF decreases with an increasing number of broken contact fingers,
which explains the shape of the I-V curve observed in cell 24 when it was partially shaded.

The study shows that the I-V curves of a PV module under individual-cell partial
shading can identify the specific solar cell in a PV module that has broken contact fingers.
This offers a possibility to develop a new method for the detection of broken contact fin-
gers using partial-shading I-V measurements in daylight. It is to be noted that the change
in the I-V curve can be caused by other defects (such as an increase in series resistance)
and is not only associated with broken contact fingers.
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