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Abstract The presence of dark swirls or rings in luminescence image of a solar cell

is usually caused by oxygen precipitate during fabrication of a solar cell. This is not

desirable as it could cause a drop in efficiency of the cell. An application of gray level

co-occurrence matrix (GLCM) is presented to detect such dark swirls or rings in both

photoluminescence (PL) and electroluminescence (EL) images. It was found that the

energy values calculated from a GLCM has a good separation between defective and

non-defective images. A threshold was established based on the energy values and

was then used to perform classification. Experiments have shown that this method

provides a good result with minimal under-rejection and over-rejection rate for both

PL and EL.
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1 Introduction

Since the advent of luminescence techniques such as photoluminescence (PL) [7]

and electroluminescence (EL) [3], defects in crystalline silicon solar cells that were

previously invisible to the naked eye can now be observed with the presence of cer-

tain distinct patterns in the captured image.

One such defect is the appearance of dark swirls or rings in PL and EL images of

monocrystalline silicon solar cells as shown in Fig. 1. This phenomenon is caused

by the formation of oxygen precipitation in a monocrystalline silicon wafer that was

used to fabricate the solar cell [6]. Although oxygen is one of the main impurities
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Fig. 1 Example of dark swirl or rings in luminescence images. a a cell under photoluminescence,

b the same cell under electroluminescence

in silicon and cannot be avoided during crystal growth [1], the formation of oxygen

precipitates can be minimised by controlling the thermal treatment process during

solar cell fabrication [2]. The presence of oxygen precipitates in solar cells is not

desirable as it could cause a drop in efficiency [5].

Solar cell manufacturers are increasingly demanding automated machine vision

systems in a production line to detect defects and the capability to automatically

detect dark swirls or rings in luminescence images is not an exception. Haunschild

et al. defined a specific circle to cover the largest extension of rings in their study

and the presence of swirls or rings is defined by the ratio of the luminescence signal

between the inside and outside of the circle [5]. However this approach will fail

should the dark swirls or rings cover the entire solar cell or being too faint although

it still can be identified by a human observer.

We have found that the swirls or rings can vary greatly in terms of size and gray

level intensity as shown in Fig. 2. It is also difficult to define the edges of the swirls

or rings as there are no clear boundaries between defective and non-defective areas.

However, the presence of swirls or rings in both PL and EL images will create a

distinct circular texture in contrast to the homogeneous nature of a non-defective

solar cell. Texture analysis has not been used to classify this defect so far. Therefore,

we propose to use the gray-level co-occurrence matrix (GLCM) [4] method in the

attempt to distinguish defective and non-defective cells.
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Fig. 2 Dark ring variations. a a faint dark ring, b a broad semi circular dark ring

2 Methodology

2.1 Gray-Level Co-occurrence Matrix

Given that the texture of swirls or rings in PL and EL images is circular in nature,

it is useful to use a statistical approach such as GLCM to provide information about

the relative position of neighbouring pixels in an image. Haralick [4] proposed 14

statistical features that can be extracted from GLCM. The most relevant feature in

the interest of dark swirls or rings in luminescence images was determined to be

energy, also called the “uniformity” measure. Energy is calculated as follows:

Energy =
width∑

i,j=0
c2i,j (1)

where width is width of the GLCM, i and j are the horizontal and vertical pixel

coordinates respectively while cij the matrix value in i and j coordinate. It should be

noted that the energy value calculated in this study is the mean of the four different

directions of GLCM at 0◦, 90◦, 45◦ and 135◦.

2.2 Energy Value Threshold

A set of 25 PL images of monocrystalline solar cells containing dark swirls or rings

along with another set of 25 non-defective cells was studied. It was found that the
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Table 1 Energy value dataset

Number of defective samples 25

Average energy value of defective samples 0.91423

Lowest energy value of defective samples 0.45547

Number of non-defective samples 25

Average energy value of non-defective samples 0.24125

Highest energy value of non-defective samples 0.36330

cells containing dark swirls or rings will return a high energy value while non-

defective cells will have a lower energy value. The details are summarised in Table 1.

It was discovered that there is a good separation between the energy values of

defective and non-defective cells, therefore a threshold value T of 0.45000 which

represents a value slightly below the lowest energy value for defective cells while

still being much higher than the highest energy value of a non-defective cell can

then be set. This threshold can then be used for classification as follows:

Defective =

{
1, if Energy > T
0, otherwise

(2)

where a Boolean value of 1 is returned if the cell is defective and 0 if it’s non-

defective.

3 Experimental Results

3.1 Photoluminescence Images

A dataset containing 100 PL images of known defective cells and another with 1500

PL images of known non-defective cells was tested against the algorithm. The result

of this experiment is tabulated in Table 2.

Table 2 PL test dataset
Number of defective samples 100

Correct classification 99

Under-rejection rate 1.0 %

Number of non-defective

samples

1500

Correct classification 1488

Over-rejection rate 0.8 %
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Fig. 3 Under-reject and over-reject images. a under-reject due to atypical homogeneous textured

dark ring (Energy value: 0.28995), b over-reject on other noises (Energy value: 0.57350)

This experiment has shown that by using the energy values calculated from a

GLCM, the algorithm is capable of separating defective and non-defective samples

with minimal under-rejection and over-rejection rates, even for dark swirls or rings

that cover the entire cell.

As a comparison with previous methods that calculates the ratio of luminescence

intensity inside and outside of a predefined circle; most defective cells within this

sample set will be under-rejected as they contain dark swirls or rings that cover the

entire cell.

Further investigation into the one particular cell that was under-rejected shows

that the dark ring was atypically homogeneous in texture and therefore has a low

energy value as shown in Fig. 3a. Meanwhile, over-rejected cells has shown that

certain noises that could be present in a cell can cause the calculated energy level

from a GLCM to increase beyond the threshold. An example of such a cell is shown

in Fig. 3b. Nevertheless, the under-rejection and over-rejection rate suggests that the

occurrences of such cells are relatively low.

3.2 Electroluminescence Images

The experiment was repeated with the same sample set but with EL images instead.

However it should be noted that the threshold value T was adjusted slightly higher as

EL images contain higher energy values for both defective and non-defective sam-

ples. Nevertheless, the ratio of average energy values for defective and non-defective

samples still remains the same. The result of this experiment is tabulated in Table 3.
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Table 3 EL test dataset
Number of defective samples 100

Correct classification 99

Under-rejection rate 1.00 %

Number of non-defective

samples

1500

Correct classification 1486

Over-rejection rate 0.93 %

The results of the experiment were almost identical, with marginally more over-

rejection. This experiment has shown that the proposed method also works in exactly

the same way with EL images as well.

4 Conclusion

The results of this study shows that the energy value calculated from a GLCM can

be effectively used to detect the presence of dark swirls or rings in both PL and EL

images of a solar cell. There is a good separation of energy values between images

of defective and non-defective cells and by using a threshold; they can be easily

separated with minimal under-rejection and over-rejection.
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