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Abstract

Cell mismatch occurs in Photovoltaic (PV) modules when a cell in a series connected string
produces lower current than the other cells in that string. The current output of the string is
limited by the weakest cell in the string. The effects of cell mismatch are visible in the
current-voltage (I-V) characteristic curve of the module. Electroluminescence (EL) occurs in
wavelength range of around 1000 to 1200 nm when a solar cell is forward biased and can be
detected and imaged using a cooled CCD silicon camera. The EL signal intensity is related
to cell performance and identifies material defects, bad contacts and broken cells.

In this study the cell mismatch in three single crystalline silicon modules was investigated.
Two modules have visible degradation and signs of mechanical damage while the third
module acts as a reference as it has no visible signs of damage. The |-V characteristic of
the three modules was measured using outdoor I-V tracer equipment. The |-V curves
indicate the presence of current mismatch in the degraded modules which is supported by
the EL images of these modules. The EL images used, in conjunction with the I-V curves,
allow the degradation in the modules to be characterised.
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1. Introduction

Photovoltaic (PV) technology has great potential as an alternative energy source. Cell
Mismatch is a condition that arises from unbalanced current production of some cells in a
series connected string. This mismatch results from degradation in the cell due to
mechanically damaged cells or shading due to shadows or the accumulation of dirt [1]. Cell
mismatch affects the current production of the cell and, hence, the string.

1.1. Current- Voltage (I-V) Characteristics and Cell Mismatch

The electrical performance of a PV module can be determined by measuring the current-
voltage (I-V) characteristics using |-V tracer equipment. Cell mismatch has a substantial
effect on the I-V curve of the whole module. A cell with a current output lower than the rest
of the cells in the string is referred to as a “weak cell’. When cells are connected in series
the total current is limited by the weakest cell while the voltages add as normal. The weak
cell in a series connection will become reverse biased with respect to the other cells and
change from a power generator to a power dissipater [2]. The heat generated further
damages the cell by creating a hot-spot which can cause the cell to crack or delaminate from
the encapsulation material. The combined output of the series connected cells is dependent
on the reverse voltage behaviour of the weak cell [3].

The effects of mismatch can be mitigated by using bypass diodes connected in parallel over
a series connected cell or string of cells. The bypass diode is activated when the reverse
bias in the weak cell or string of cells containing weak cells is equal to the transmission
voltage of the diode [2]. The activation of the bypass diode results in a step in the I-V curve.



The relative position of the step in the |-V curve is related to the behaviour of the weak cell in
reverse bias [3]. When cells are connected to together to form modules it is impractical to
have bypass diodes over each cell so they are connected over strings of series connected
cells.

1.2. Electroluminescence

Electroluminescence (EL) is a non destructive characterisation technique that provides
spatial information about the solar cell material properties. This technique has been used to
provide quantitative measurements of minority carrier lifetime, diffusion length [4][5][6] and
series resistance [7]. The minority carrier diffusion length and lifetime are related to the
collection efficiency of the cell material and is thus, an important material property.

EL occurs when a silicon solar cell is forward biased. The applied potential difference injects
additional carriers into the junction. These carriers then move in the material until they
recombine. The radiative recombination of carriers emits energy in the form of
electromagnetic radiation, electroluminescence, in a range of 1000 to 1200 nm. The
intensity of the EL signal is related to the material properties such as the surface
recombination velocity, minority carrier lifetime and diffusion length [4]. Extrinsic defects that
have occurred in the cell or module manufacturing process can also be detected.

EL signal is detected using a cooled charge-coupled device (CCD) camera which provides a
greyscale spatial representation of defects in the cell. EL imaging easily identifies cell
defects such as micro-cracks and finger defects.

1.3. Single Crystalline Silicon Modules

Three single crystalline silicon modules were used in this investigation all with the same cell
material and configuration. The modules have 44 cells connected in two strings of 22 cells
with bypass diodes connected in parallel across the strings. The specified power output is
65W. Two of the modules have a visible grey-white discolouration that affects both modules
to an equal extent. This is thought to be due to degradation in the anti-reflective coating on
the cell surfaces. The effects of this degradation can be determined by comparing these
modules with a third reference module that has no visible degradation.

1.4. Objectives:

The objectives of this investigation are to identify and characterise cell mismatch in PV
modules by comparing the results of the I-V characteristics with EL images. The EL images
allow defective cells in a module to be identified and used to account for the decrease in
output power observed.

2. Research methodology

I-V curves were measured using a calibrated outdoor I-V tracer. The tracer equipment
consists of a programmable power supply and an electronic load that allows the output
current to be measured through a range of voltages. The current produced by the module is
measured at each voltage point and this is plotted as the I-V curve of the module. The
irradiance and the back-of-module temperature were measured while the I-V curve is
measured. These were used to correct the results to standard operating conditions of 25€C
and 1000 W/m?,

The I-V curve of the entire module was measured with and without bypass diodes. The |-V
curves of the individual strings can also be measured allowing the current mismatch
between the two strings to be identified. These I-V curves were measured for all three
modules.



The EL image was measured by applying a forward bias of 30 V such that a current greater
than the short circuit current of the module is applied. In this case approximately 4 A.

The wavelength of the emitted luminescence of a silicon sample has a peak at about 1150
nm and a portion of this peak can be detected by a Silicon CCD camera which has a
detection range of 300-1000 nm. The CCD camera has a resolution of 3300 x 2500 pixels..
Cooling the CCD chip to -50 € prevents noise in th e signal due to dark currents. The data
acquisition time is in the range of 1.5 to 2.5 seconds. The experimental set-up is illustrated
in figure 1. The DC power supply provides the forward bias. In order for the
electroluminescence signal to be detected the setup must be placed in a dark room as any
other light source will affect the results. The CCD camera is connected to the computer
where the Sensovation image processing software, which is supplied with the camera, is
used to capture and analyse the images.
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Figure 1. Schematic outline of EL experimental setup

Visual images of modules 1 and 2 and the reference module are shown in figure 2. The
modules have a specified maximum power (P.x) of 65 W, open circuit voltage (Vo) of 25 V
and short circuit current (ls;) of 3.6 A.

Figure 2. Optical image of a) Module 1, b) Module 2 and c) Reference Module



3. Results
3.1. Reference Module
3.1.1. |-V curves

The I-V curve of the reference module with bypass diodes and the individual strings is shown
in figure 3. The I-V curve shows that the performance of the two strings is evenly matched.
From the I-V curve it is clear that the voltages of the two strings add at equal currents,
resulting in the |-V curve (blue) of the whole module which does not show any signs of
mismatch.
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Figure 3. I-V curves of reference module and the individual strings

3.1.2.EL images

The EL image of the reference module, figure 4(a), corroborates the results of the I-V curve
as there are no large severely damaged areas visible and the two cell strings are evenly
matched. Common cell defects that affect small areas can be detected in the module and
are highlighted in figure 4(b).

Fingers are metallic contact areas that shade the cell and that run perpendicular to the
busbars across the cell. Finger defects in the module are indicated in figure 4(b). A break
across the finger results in the area between the fingers of the cell having decreased
electrical contact. These defects are visible in the EL image as the area around the broken
finger appears darker in the image. Finger defects occur in the majority of the cells in the
module possibly due to problems in the manufacturing process.

Micro-cracks in the module are highlighted in figure 4(b). Silicon solar cells are made of
thin fragile wafers, the occurrence of micro-cracks is fairly common. Micro-cracks can
occur in the manufacturing process of the cell but more frequently in assembly process of
the module.

The effect of these cracks on the module power output depends on the extent of the cracks
and whether the cracks prevent portions of the cells from achieving electrical contact. A
crack in the cell material prevents electrical contact to the area and results in either fewer
carriers being generated or none at all. The resulting lack of radiative recombination in
these areas causes these defects to have a lower intensity EL signal than the rest of the
cell. The micro-cracks indicted by label (ii) are visible in the EL but do not cause inactive
areas in the cells. These cracks have a minimal effect on the performance on the module.
The micro-crack labelled (iii) completely removes areas of the cell from electrical contact
which appear completely dark in the EL image. This inactive area indicates that this area
of the cell has poor photoresponse lowering the performance of the cell. It has been



shown that with time and thermal cycling micro-cracks can become more serious and result
in inactive areas [9], which, in turn, results in performance degradation.
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Figure 4. The EL image of (a) the entire reference module with (b) a section enlarged
to illustrate common cell defects

3.2. Module1l
3.2.1. |-V curves

The I-V curve of module 1 and the cell strings is shown in figure 5. String 1 has a lower Isc
and power output than string 2. This results in current mismatch between the two strings
which causes the bypass diode across string 1 to be activated. The step in the |-V curve of

the module is due to the activation of the bypass diode resulting from the reverse bias
behaviour of the damaged cells.
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Figure 5. I-V curve of Module 1 and the individual strings.



3.2.2. EL images

The EL image of this module is seen in figure 6(a) with several defects highlighted and
enlarged in figures 6(b), (c) and (d).

In figure 6(b) the effect of the degradation in the anti-reflective coating is visible in the EL
image. Areas that have been discoloured correspond with areas of lower EL signal intensity.
This could mean that the cell material in these regions is damaged or that the discolouration
of the coating blocks the EL signal from being detected. Either way this degradation results
in poor photo-response and, ultimately, performance degradation in the affected areas.

Figure 6(c) highlights a cell where a micro-crack has prevented electrical contact between
the one side of the cell and the other. The high current density in the one third of the cell
results in a higher intensity EL signal.

Figure 6(d) highlights the area of the module where several cells and been cracked. These
cracks cause large inactive areas which result in lower performance of these cells. The
cause of this damage is most likely due to mechanical damage as the cracks line up with
scratches that have been observed along the back surface of the module.

The EL images explain the mismatch seen in the two strings as there are more damaged
cells in string 1 than in string 2.

Figure 6. The EL image of (a) module 1 with EL images of defects enlarged b)
degradation of anti-reflective, ¢) micro-cracks resulting in high current density and d)
micro-cracks resulting in inactive areas



3.3. Module 2
3.3.1. |-V curve

The I-V curve of module 2 and the individual strings is shown in figure 7. The strings both
have similar current output but the shape of the I-V curve of string 1 indicates the significant
influence of the shunt resistance of one string on the I-V curve of the module. In an ideal
solar cell the shunt resistance is infinite. The shunt resistance results in the slope of the
graph changing in the region between short circuit and the maximum power point or “knee”
of the I-V curve.
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Figure 7. 1-V curve of module 2 and the individual strings
3.3.2. EL images

The EL image of module 2 is shown in figure 8(a). Highlighted in the figure 8(b) is the most
damaged cell in the module. This cell has cracks which result in large inactive areas which
lower the performance of the module. The I-V curve of the string containing this cell
suggests that the damage to this cell results in lowering of the shunt resistance of the cell,
causing more photo generated current to bypass the cell's diode junction.

Figure 8. The EL image of the (a) entire module 2 with (b) the most damaged cell
highlighted



3.4. Comparison of performance of modules

Figure 9 shows the I-V curves of the 3 modules compared without the bypass diodes
included in the configuration. The reference module has the best power and current output
as expected and has a measured P, of 63W. The variation from the specified 65W is due
to the defects that were only visible in the EL image.

The I-V curves of module 1 and 2 look very similar even though module 1 has a greater
number of severely cracked cells. Since these |-V curves were taken without bypass diodes
the current output is limited by the weakest cell in each string and this implies that the
weakest cell in both modules have a similarly poor photo-response.
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Figure 9. The |-V curves of modules 1 and 2 and the reference module without bypass
diodes

4. Conclusions

Electroluminescence is a fast and effective technique in identifying defects and degradation
in PV modules. It is able to quickly detect cell defects that would not be detected in visual
module inspections. These defects can account for a decrease in the module performance
in a module that would otherwise appear to be undamaged like the reference module.
Defects in a module can be detected at the manufacturing stage enabling manufacturers to
increase the reliability of PV modules. Cell mismatch can be observed in the I-V curves of a
module but the EL image of the module allows the identification of cells and the exact
nature of the defects to be determined.

The EL images of module 1 clearly indicate the causes of the cell mismatch which is seen in
the I-V curve of the module. The cracked cells and inactive areas in one string result in a
lower current output and lower shunt resistance which is visible in the I-V curve. Similarly a
damaged cell in module 2 results in a lower current output and shunt resistance visible in
the I-V curve of the module.

Collaboration between the I-V characterisation and EL imaging allows the lower power
outputs of the module compared to the manufactures specification to be fully explained.
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