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Introduction
Real microcrystalline silicon is a mixture of small crystalline grains (also known as 

crystallites) and amorphous phase silicon. It is distinct from monocrystalline and amorphous 
silicon. Microcrystalline (more general polycrystalline) silicon is being used in large-area 
electronics and as a raw material by the solar photovoltaic industry (multicrystalline solar 
cells are the most common type of solar cells in the photovoltaic market). Solar cells prepared 
from this material are attractive for production cost and suitable solar cell efficiencies. 
Properties of formed solar cells are determined by the properties of device microstructure. 
The importance of the microstructure properties can be illustrated by the following example 
showing enormous complexity of the problem. For the intrinsic hydrogenated microcrystalline 
Si layers in solar cells, promising solar cell efficiencies were obtained at the transition from 
microcrystalline to amorphous growth [1]. This transition occurs in a very narrow range 
of silane-to- hydrogen ratio in the process gas and depends on the surface morphology of 
the substrate. Near the transition from crystalline to amorphous growth the defect density 
of the intrinsic material decreases rapidly. An accompanying effect is the increase in the 
concentration of the silicon-hydrogen bonds [2-6]. Exact control of the microstructure during 
the deposition is therefore a crucial requirement.

In this work we analyse properties of the microcrystalline silicon surfaces etched by the 
hydrofluoric acid. The surface microstructure of prepared structures was experimentally 
determined by the Electron Microscope (EM). Obtained EM images were represented by the 
random height function h(x,y) providing information about the height position of atom above 
the reference plane h at surface position (x,y). We studied properties of the h(x,y) functions by 
the fractal geometry methods. Fractal characteristics used in texture analysis (fractal dimension, 
lacunarity and succolarity) explore different aspects of the EM images in a complementary 
way. Two images could present the same fractal dimension but different succolarity and 
similar other combinations. The fractal dimension is a measure that characterizes how much 
an object occupies the space. It does not change with scale, translation, or rotation. Lacunarity 
measures the size and frequency of gaps on the image. Succolarity indicates the capacity of 
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Summary
Properties of the microcrystalline silicon surfaces etched by the hydrofluoric acid were analysed by 
different fractal methods. The surface microstructure of prepared samples was experimentally studied 
by the electron microscope. Obtained images were represented by the random height function and used 
in the determination of fractal characteristics useful in surface texture analysis (fractal dimension and 
succolarity). Obtained results were used in study of the influence of etching steps on the properties of 
formed surface microstructure.
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a flow to cross the texture. On fractal textures it can be defined as 
evaluation of the degree of filaments that allow percolations. In this 
paper we present results of the multifractal singularity, generalized 
fractal dimension and fractal succolarity analysis important for 
evaluation of microstructure properties development during the 
technological treatment steps.

Theory
In our approach the computation of multifractal singularity 

spectra f(α) and generalized fractal dimension Dq is based on 
multifractal detrended fluctuation methods [7-9]. The computation 
of fractal succolarity is based on implementation of box counting 
idea [10]. The method relates to relevant differentiating images 
with some directional information associated with it. Determined 
succolarity could be used as a new feature in pattern recognition 
processes for the identification of natural textures and provides 
complementary information not discriminated by other fractal 
geometry concepts - fractal dimension or lacunarity [11]. In 
evaluation of the relation among direction and percolation the 
pressure of a virtual fluid is considered. The input of the box-
counting method is binary image.

To describe the box-counting method for the succolarity analysis 
let us consider the image on Figure 1a as an example. Each image 
pixel can be considered as empty (blue) or filled with impenetrable 

mass (white). Let us simulate the percolation capacity of a fluid 
through the image. On the image of Figure 1b, the original image 
was flooded horizontally in left to right direction. Other directions 
can be also applied to generate different overflowing images.

Succolarity σ can be estimated by covering given image with 
boxes of various sizes. We have two ways to divide the image of 
Figure 1b into equal sized boxes. With a dividing factor, d=9 we 
obtain boxes of 1x1 pixels and by d=3 we obtain boxes of 3x3 
pixels. After creating covering boxes, the occupation percentage O 
is measured in each box size. For selection of box size equal to 1 
pixel and direction left to right (Figure 1b) each box corresponds 
to a pixel. The occupation percentage could 0 (pixel without fluid) 
or 100% (pixel with fluid). We can see that 12 boxes have 100% of 
occupation (white) and 69 boxes have 0% occupation. Beside the 
occupation percentage the pressure P is computed. For each box-
size the pressure is computed as centroid of selected box. Figure 
1b presents 7 occupied boxes on the first column and 5 boxes on 
the second column. Pressures for pixels in the first column are 
P=0.5 and in the second column P=1.5. Fractal succolarity σ is then 
computed by equation:

                                         

.

.(max( ))
n

n

O P

O P
σ =

∑
∑

                                                                          

(1)

Figure 1: Implementation of the box-counting method: a) original image, b) image obtained after the first step 
of succolarity computation: left to right.

where we sum over all boxes n. In previous example the 
numerator is 7×0.5+5×1.5=11 and the denominator is 9×(0.5+1.5
+2.5+3.5+4.5+5.5+6.5+7.5+8.5) = 364.5. Fractal succolarity for the 
box size 1×1 and left to right computation is then σ=11/364.5 ≈ 
0.0302.

Results And Discussion
Microcrystalline silicon samples were etched in hydrofluoric 

acid for 1, 2.5, 5 and 10 seconds. Surface microstructure of 
prepared samples was examined by electron microscope (Figure 2) 
and properties of observed surfaces were analysed by fractal and 
statistical methods.
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Figure 2: The electron microscopy scans of microcrystalline Si samples etched by the HF acid: a) reference 
sample, b) etching time 2.5min., c) etching time 5.0min., d) etching time 10min.

The shape of multifractal singularity spectra f(α) and 
generalized fractal dimension Dq shown in Figure 3 & Figure 4 
indicate multifractal properties of formed surfaces (humped shape 
of f(α) function and nonlinear decreasing ‘S’ shape behaviour of Dq 
function). The width of the f(α) spectra increases with etching time 

and show emphasized fractality of formed surfaces, especially after 
10 minutes of etching. Identical trend of the surface fractality after 
the 5 minutes of etching is observed on the Dq curves presented on 
Figure 4.

Figure 3: Multifractal singularity spectra f(α) of etched μc-Si structures.
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Figure 4: Generalized fractal dimension Dq of etched μc-Si structures.

Distribution of values represented at the EM images of etched 
surfaces by the 8-bit grayscale model were described by histograms 
shown on Figure 5. With the prolongation of etching time small 
heights of the surface features are generally formed and beside 
wide fraction of relative high features very intensive and narrow 
distribution of small heights is significant for structure formed 
by surface etching for 10 seconds (see curve ‘10’ at Figure 5). 

Etching of microcrystalline Si samples produces lower surface 
features with narrower distribution of observed shapes. Increased 
fractality of etched surfaces show that formed shapes possess self-
similarity and scaling property not revealed by classical Euclidean 
geometry. These multifractal properties are often observed for 
structures formed by technological operations of surface treatment 
of semiconductor systems.

Figure 5: Histograms of the h(x,y) values.

Average fractal succolarity curves σAVG computed by the box-
counting method described above are shown in Figure 6.

Increasing of etching time systematically increases the 
intensity of forming surface percolations (see fractal succolarity 
behavior for etching time below 5 minutes on Figure 6. With further 

prolongation of etching time the fractal succolarity values decrease 
(see the succolarity curve for 10 minutes of etching on Figure 
6). This is directly connected to drastic suppression of surface 
percolations which is important for the quality of surface structure 
for the photovoltaic applications.
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Figure 6: The values of average fractal succolarity σAVG = 105*σ.

Conclusion
The properties of surface microstructure of etched 

microcrystalline silicon are substantially influenced by the 
technological treatment operations. Produced etched surfaces show 
multifractal properties connected with the distributions of surface 
features, self-similarity and scaling properties not described by the 
Euclidean approach. The development of the multifractal singularity 
spectra, generalized fractal dimension and fractal succolarity with 
the prolongation of etching time show systematic changes in the 
distribution of surface features with the etching conditions and 
can be used for optimization of technological treatment of formed 
samples for required applications.
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