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Abstract—The efficiency of a mono-like solar cell depends on 

the size of the largest crystal in the silicon wafer. We propose an 

image processing algorithm that calculates the area of this 

crystal. Using this algorithm in an automated optical inspection 

system gives solar cell manufacturers the opportunity to improve 

the overall yield by implementing process control early in the 

production process. 

I. INTRODUCTION AND CONTEXT 

In times where environmental problems are daily news 
items and Western countries are facing an economic crisis, a lot 
of emphasis is put on finding new, green and affordable energy 
sources. The biggest challenge for these green energy sources 
like solar energy is to become cost-effective since the 
efficiency of solar cells is still quite low nowadays while the 
production process is expensive. 

The past 10 years, industry focus has been on Silicon mono 
or multi-crystalline solar cells. The conversion efficiency of a 
cell heavily depends on the wafer process that is used.  The 
Silicon multi-crystalline wafer process is cheaper but results in 
less efficient cells while the mono-crystalline wafer process 
produces more efficient cells at a higher cost. This is especially 
true for the n-type mono-crystalline wafers. [1] With rooftop 
space limitations in mind, a new trend is emerging in the 
industry.  

The mono-like wafer process produces a wafer that is a 
hybrid between the mono and multi-crystalline wafer. These 
wafers are very promising since their performance is close to 
conventional Czochralski mono-crystalline wafers but this at a 
production cost close to multi-crystalline wafers. [2]  
By 2016 25% of all solar cell production is expected to be 
mono-like. [3] Research shows that the magnitude of the 
efficiency shift of mono-like solar cells compared to multi-
crystalline is determined by the share of mono crystal on the 
wafer.[4] 

II. OVERVIEW 

In this report we propose an image processing algorithm 
that can be used in a solar cell production line to reject or 
classify mono-like wafers which have a mono area less than a 
certain percentage of the total area of the wafer.  
This way the manufacturer can improve overall yield by 
implementing process control early in the process and ensure 
that all successive production process steps will only be done 
on wafers that can reach optimal efficiency.  
 

 

Overview of the proposed method: 

 Capture images 

o Take an image with homogeneous 
illumination across the wafer. 

o Take 4 images with the wafer illuminated 
from left, right, top and bottom respectively. 

 Alignment 

o Align wafer on the image taken with 
homogeneous illumination. 

o Extrapolate the results of the wafer 
alignment to the other four images and 
remove the background from the image. 

 Filter & Merge 

o Apply a smooth filter on each of these 4 
images taken with a different illumination 
angle. 

o Apply a special variance filter on each of the 
4 smoothed images. 

o Merge these images into one max image by 
taking the maximum GV of the 4 images 
pixelwise. 

 Segment 

o Binarize the filtered image using a user 
definable threshold. 

o Use skeletonization to thin the edges 

o Calculate the size of the crystals and define 
the largest crystal 

 Classify 

o Define all other crystals with the same 
average grayvalue 

 Result 

o Calculate the total area of all labeled crystals 
in percentage of the total area of the wafer 

 

 



III. IMAGE ACQUISITION 

To identify all crystals in a wafer we need to identify the 
crystal boundaries. One of the difficulties is that not all 
boundaries are clearly visible under normal homogeneous 
direct illumination conditions. Some crystal boundaries have a 
transition of only a few GV which makes robust edge detection 
almost impossible. To overcome this problem we exploit the 
anisotropic properties of the crystals. Depending on the 
orientation of both the crystal and the illumination angle a 
different reflection will be observed. Tests show that for 
visualizing all crystal boundaries on a wafer, capturing images 
with direct illumination from different angles is required. Some 
crystals will be visible when illuminated under a certain angle 
while other crystals need different angles to be clearly detected. 

We looked for the minimal required number of images to 
visualize all crystal boundaries and obtained good results when 
illuminating under 4 different angles; left, right, top and 
bottom. Since we also need an image to do the wafer alignment 
we acquire a fifth image illuminated from the 4 angles 
simultaneously resulting in a homogeneous illumination across 
the wafer. Later in the algorithm we can also use this image to 
determine the number of mono-like crystals. This test ensures 
that we don’t falsely label some crystals as being multi-
crystalline because the mono-like crystal got separated due to 
an intersecting crystal on the wafer. 

IV. ALGORITHM 

A. Wafer alignment 

In a first step we will define the position of the wafer in the 
homogeneous image using contour based alignment. We define 
a search window around every theoretical position of the edge 
of the wafer and look for transitions in the profile taken at a 
number of defined places in the search windows.  Fitting a line 
through these transitions and defining the corners as the 
intersections of these lines gives us all the information we need 
to define the wafer position in the image. We can extrapolate 
this data to the other 4 images because the wafer did not 
change position during image capturing. This method is robust 
and time efficient since orientation is easy to extract in a 
reliable and consistent manner[5]. These are valuable 
properties of an algorithm to be used in a production 
environment. Typically every wafer pauses on more or less the 
same position underneath an automated optical inspection 
system integrated in a production line. This gives us the 
opportunity to minimize the search windows around the 
expected position of the edges of the wafer in the image. 

Once we know the position of the wafer in the 
homogeneous image we will use this info to perform bilinear 
interpolation on all 5 images. In this way, we can remove the 
background of the images and keep only the image of the wafer 
itself. 

B. Creation of a max image 

The max image will contain the maximum transitions in 
GV between crystals generated from a comparison of the 4 
images taken under a different illumination angle. To achieve 
this we first apply a mean filter on every raw image to decrease 

the noise. We used a kernel of 5x5 pixels for our results. 
Next we apply a special variance filter with a kernel size of 5x5 
as a crystal edge detector. Since the wafer is only illuminated 
from one angle we have to make up for the inhomogeneous 
graylevels across the image. This normalization will be done 
by the special variance filter, which is a normal variance filter 
multiplied by a scaling factor and divided by a mean filter of 
the same size. We do not use the more popular Canny edge 
filter because a variance filter for edge detection will work 
better than image derivative based or moment based methods 
on images with low contrast edges [6][7]. We see this effect in 
particularly in the darker regions of the inhomogeneous 
images. In those regions the image becomes so dark that the 
contrast of the edges is no longer visible for the human eye. We 
use a scaling factor to increase the contrast of the very low 
contrast edges. Since noise is reduced by the mean filter we 
will almost only put emphasis on the low contrast edges by 
using the scaling factor. 

 

 

  

      

             

  

         

       

       

                 

      

       

 

 
 

 

 

 

 

²

,

,

n

x

x

nn

ji

ij


 

yn

torscalingfacyy
nn

ji

ij

².

.
,

,

2

 

²

,

,

n

y

y

nn

ji

ij


smooth filter 

special variance filter 

image visible 

edges 

raw image 



Subsequently, we compare the 4 images pixelwise and keep 
the maximum grayvalue to generate the max image. 

 

  

  

 

 

C. Calculate the area of the  largest crystal 

Once we have the image showing all the boundaries we 
will binarize this image in order to label every crystal as an 
object of a certain area. The multiplication with a scaling factor 
in the special variance filter makes it easier for the user to 
determine the right threshold for binarization. However, as a 
side effect our edges will become very thick. Therefore, we use 
a skeletonization method to reduce the width of the edges to 
one pixel wide without opening them, i.e. without reducing the 
number of objects in the image[8]. Inverting this image makes 
it possible to label all crystals as objects of a specific area. 

The mono-like crystal we are looking for will have the 
same crystal orientation in all wafers (Miller index <100>). 
Our test show that this orientation results in crystals with lower 
GV in the image compared to crystals with a different 
orientation. If we transfer the object information from the 
binarized image to the image taken with homogeneous 
illumination from 4 angles we can look for crystals having 
similar average GV as the largest crystal. This way we can 
calculate the mono-like area of the wafer in a more accurate 
way by adding the area of those parts of the mono-like crystal 
that have been cut off from the rest of the crystal by an 
intersecting crystal with a different orientation. 

V. RESULTS 

We analyzed the robustness and accuracy of our algorithm 
on a sample set of 6 different wafers. We took images of these 
samples in a test setup simulating a production environment. 
Of every sample 30 sets of images were taken under a slightly 
altered center position and angle in order to analyze robustness 
and repeatability of the algorithm. The area of the largest 
crystal should stay the same no matter the orientation of the 
wafer on the production belt. To mimic this situation we turned 
the wafer 90 degrees every 7 or 8 repeats. 

As seen in Table 1 the repeatability does not differ much 
from sample to sample. The largest value for 3 sigma is 1.6%, 
which is very acceptable. The fact that the repeatability value 
for this sample is a little bit higher than those of the other 
samples is due to the fact that sometimes a tiny crystal is 
missed because the edge transition did not have enough 
contrast to be detected.  

TABLE I.  REPEATABILITY OF THE AREA CALCULATION 

Sample Mono-like area (%) Repeatability (%) 

Sample 1 64.1 1.6 

Sample 2 67.8 0.4 

Sample 3 74.2 0.7 

Sample 4 77.4 0.4 

Sample 5 90.0 0.2 

Sample 6 89.3 0.1 
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