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Περίληψη 

 

Στη νανοτεχνολογία η μορφολογία των νανοδομημένων επιφανειών επηρεάζει 

αποφασιστικά τις ιδιότητές των διατάξεων και συστημάτων που συμμετέχουν και κατά 

συνέπεια η μέτρηση και ο χαρακτηρισμός της αποτελεί  ένα από τα βασικά ζητούμενα της 

νανομετρολογίας. Στην παρούσα εργασία διερευνούμε μία νέα συμμετριο-κεντρική 

προσέγγιση αυτού του προβλήματος, η οποία βασίζεται στον χαρακτηρισμό του βαθμού 

και του είδους της απόκλισης της μορφολογίας μίας πραγματικής επιφάνειας από τα 

πλησιέστερα συμμετρικά ανάλογά της.  Η προσέγγιση εφαρμόζεται στο πρόβλημα του 

χαρακτηρισμού της ανισοτροπίας με έμφαση στην επίδραση της κλίμακας της 

εξεταζόμενης περιοχής. Αφού παρουσιάσουμε την καθιερωμένη μεθοδολογία και 

εντοπίσουμε τους περιορισμούς της, συγκεκριμενοποιούμε τη νέα προσέγγιση 

προτείνοντας έναν αλγόριθμο υπολογισμού του λόγου ανισοτροπίας ως συνάρτηση του 

μεγέθους (κλίμακας) της εξεταζόμενης περιοχής. Εφαρμόζουμε τη μεθοδολογία σε 

πραγματικές κυρίως νανοδομημένες επιφάνειες και δείχνουμε τη νέα πληροφορία που μας 

παρέχει για τα χαρακτηριστικά της ανισοτροπίας τους.  
 

Λέξεις-Κλειδιά: Νανομετρολογία, Ανισοτροπία, Κλιμάκωση, Νανοδομές, Τραχύτητα  
 

Abstract 

 

In nanotechnology, the morphology of nanostructured surfaces plays a critical role in their 

functionalities and properties and thus its measurement and characterization is a key 

objective of nanometrology. In this paper, we investigate a new symmetry-based approach 

to this objective which considers real surfaces with complex nanomorphology as 

deviations from fully symmetric ideal surfaces putting attention on the quantitative 

characterization of the extent and type of these deviations. The proposed approach is 

applied to the problem of anisotropy characterization with emphasis on the dependencies 

on the scaling of the inspection surface area. After a short presentation of the established 

methodology and its limitations, we give some examples of the new approach presenting 

the anisotropy ratio of rms values and its scaling dependence for a wide spectrum of 

nanostructured surfaces.   
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1.  Introduction 

 

The surface of an object plays a significant role in its functionality since it is the part that 

mostly interacts with the environment or with other objects coming to contact with it. 

Thus, for example, the fate of a liquid drop fallen on an object (i.e. to stick or to run away) 

is determined by the surface morphology and chemical composition of the object. In some 
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cases, the proper surface morphology is the only way to achieve targeted behavior such as 

super-hydrophobicity where surface chemistry alone is not enough (Bhushan et al. 2009, 

Liang et al. 2015). Usually, the desired morphology for super-hydrophobic behavior has 

hierarchical structures as shown in the example of Figure 1. 

 

Figure 1.  (a) Images from an electronic microscope of a surface with hierarchical morphology 

demonstrated by the increased magnifications in (ii) and (iii), b) a drop with almost perfect 

spherical shape stand on the surface of Fig. 1a illustrating its super-hydrophobicity (Bhushan et al. 

2009). 

The surface morphology is also the main factor controlling the resistance an object meets 

when sliding on the surface of another object i.e. in tribology. Furthermore, it plays a 

principal role in the interaction of inorganic objects with biological matter (proteins, cells, 

bacteria, microorganisms etc.) as well as in their catalytic behavior. Needless to say, that 

at nanoscale structures, the surface governs more effectively their behavior since the ratio 

of surface to volume increases dramatically at such small scales. The critical importance 

of surface morphology in nanotechnology leads to the need for developing techniques and 

methodologies for its accurate measurement and comprehensive characterization at 

nanoscale details. The measurement techniques include direct approaches like scanning 

probe/beam microscopies of various types (electronic, atomic, tunneling, ion-beam) along 

with indirect optical methods. Both have been developed with fast pace during the last 

years and a very rich gallery of microscopy images illustrating nanostructures of different 

materials and degree of complexity aiming at a wide spectrum of applications have been 

formed.  

 

 

Figure 2. a) Fully ordered surface Si nanostructures defined by three parameters (period of pattern, 

height and width of cylindrical nanostructures) b) surface roughness with stochastic appearance on 

a polymer film etched in oxygen plasma 
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The characterization of these images and consequently of the depicting surface 

morphologies requires mathematical methods and tools as well as algorithms for their 

implementation. For deterministic morphologies with well-defined nano-features at well-

defined positions (see Figure 2a), the characterization is equivalent to estimate the 

parameters defining the shape and periodic spatial arrangement of morphological features. 

However, for morphologies with more random characteristics, the characterization is 

much harder and requires more attention (Figure 2b). In most cases, the surface 

nanostructures present complex morphologies combined ordered with random aspects. 

Sometimes, these morphologies are named stochastic, a term borrowed from kinetics 

when regular and random forces contribute jointly to the motion of a particle. 

 
2.  The role of symmetries in the characterization of nanostructured surface  

 

A fundamental task in surface characterization is the definition of the symmetries its 

morphology obeys. These can be accurate in deterministic surfaces or approximate in 

stochastic surfaces. One can distinguish three kinds of symmetries in surface 

morphologies. The first is the transfer symmetry in which a surface mound or fluctuation 

is repeated exactly the same around the points of a specific periodic lattice. Such a surface 

is characterized as completely periodic with identical features at perfectly periodic spatial 

arrangements (see Image 2a). The second symmetry is the rotational symmetry in which 

the surface fluctuations remain invariant in all directions (Image 3a). When a surface 

exhibits this symmetry then it is called isotropic, while when it deviates from it and 

possesses directional dependencies, it is called anisotropic.  In stochastic surfaces, the 

directional invariance is meant in a statistical sense, i.e. what remain invariant along 

different directions is the statistical parameters describing various morphological aspects 

(Figure. 3b). 

The third symmetry, which has attracted much attention recently, is the fractal symmetry 

which concerns morphologies with self-similar or more accurately self-affine 

characteristics (Figure 4). Such kind of symmetry has been observed in numerous natural  

                              

Figure 3. a) Circular sinusoidal surface exhibiting full isotropicity only with respect to its central 

point. b) Surface with randomly distributed Gaussian mounds with no preferential direction 

exhibiting statistical isotropicity around any point. 

and artificial surfaces and is characterized by the fractal dimension. In most cases, we 

have random or stochastic fractal surfaces, although in some artificial surfaces one can get 

deterministic fractal morphologies. Recently, an extension of this symmetry, called 

multifractalty, has been appeared in order to encompass surfaces with many co-existing 

fractal symmetries. One can have surfaces with mixtures of the above symmetries or 
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deviations (for example periodic and anisotropic or fractal and isotropic surfaces) although 

this does not mean that all combinations are possible. For instance, we cannot have both 

fractal and periodic surfaces or fully isotropic and perfectly periodic ones.      

 

                             

Figure 4. Isotropic (left) and anisotropic (right) surfaces which also exhibit fractal self-affine 

symmetry.  

The great benefit of a symmetry-based approach to surface characterization is that it 

provides a more concise and economic description of surface morphology. Thus, for fully 

periodic surfaces, one needs the characteristics of the repeated surface unit and the period 

or periods of pattern. For isotropic surfaces one actually can be limited to the 

characterization of a single 1D profile. In fractal surfaces the statistical description of 

morphology is scale-independent and therefore information from a scale can be transferred 

to other scales. However, as we noticed earlier, real surfaces are not usually fully 

symmetric though may be approximately close to one or more symmetries. The ways a 

surface can deviate from a specific symmetry, and the effects this “deviation path” may 

have on its characterization parameters and metrics, remain an almost unexplored issue. 

For example, we know nothing or very little about the ways or modes that a surface 

morphology may follow to move away from a perfectly periodic surface, or from a fully 

isotropic or fractal surface. The deviation from symmetries in real surfaces is usually done 

with the involvement of stochastic components although sometimes it can be done 

deterministically. 

In this paper, we focus on the isotropic symmetry of surface morphologies since the 

anisotropic degree of a surface texture is one of its fundamental characteristics dominating 

its appearance and functionality. Our approach is in the spirit of the symmetry-based 

consideration to morphology characterization described briefly above. 

 

3. Characterization of surface anisotropy 

 

3.1 Standard approach 

 

According to ISO:25178-2 (ISO 2012) and the standard approach (Leach 2013) surface 

anisotropy should be mainly characterized by the texture aspect ratio Str. To define this 

parameter first it is necessary to define the normalized autocorrelation function (fACF) as 

the correlation between a surface and the same surface translated by (tx, ty), given by 
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Texture aspect ratio (Str)  is the ratio of the horizontal distance of the fACF(tx,ty) which has 

the fastest decay to a specified value s to the horizontal distance of the fACF(tx,ty) which 

has the slowest decay to s, with 0 ≤ s < 1. 

 

                       

 

Though many practical applications consider s=0.2 as the most appropriate s value, other 

values can be used depending on the application. In principle, Str has a value between 0 

and 1. Large values (> 0.5) indicate isotropic texture, i.e. surface morphology remain 

unaltered in all directions. Smaller values (< 0.3) reveal strong anisotropic surface texture 

i.e. for a sinusoidal curtain-like surface. It may happen for some anisotropic surfaces, the 

slowest decay of fACF never reaches 0.2 within the sampling area. In this case, Str  cannot 

be defined. Some alternative ways for anisotropy characterization have also proposed and 

summarized in Petrolopoulos et al. 2010. 

The standard measurement of anisotropy suffers from two drawbacks. The first is that it 

does not make distinction between the different origins of anisotropy. Anisotropy can be 

induced either by some external effect with global range of application or by the local 

correlations between the surface points. The second issue refers to the scaling dependence 

of anisotropy. Usually, we encounter nanostructured surfaces with anisotropy limited to a 

specific spatial range (see the example shown in Fig. 5) which cannot be detected by Str.  

                                                     

Figure 5. AFM image of a polymer (PMMA) surface after etching treatment with oxygen plasma 

at high temperature for 1 min. The overall image is isotropic but there are segments with strong 

local anisotropy such as 1 and 3. The local anisotropy is also positional dependent since the 

segments 2,4 although they are of similar size to 1,3 do not exhibit anisotropy.  

This leads to the need for scaling analysis of various anisotropic aspects of a surface, 

which can be done in the context of the symmetry-based approach. The latter can provide 

means for the characterization of the scale-dependence of various deviation modes from 

full symmetry.  
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In this paper, we will focus on the second issue of characterizing the anisotropy of a 

surface including its scaling dependence. 

 

3.2 Symmetry-based approach 

 

According to the symmetry-based approach, the deviation of from a fullsymmetry can be 

quantified by a properly defined parameter which can exhibit local and scaling 

dependencies. In the case of isotropic symmetry, this parameter can be the anisotropy ratio 

AR varying between 0 (fully isotropic) and 1 (fully anisotropic). To provide sensitivity to 

scale, AR can be defined as shown in Fig. 6.  First, a sufficient number of points on the 

central part of the surface are chosen and for each point we calculate the parameter P 

along the profiles starting from this point and pointing out towards different directions. 

The length of the profiles is kept fixed and defines the scale of the measurement s.  The 

anisotropy ratio is then defined as 

                                                    

where Pi are the values of P of the profiles directing along different directions and 

intersecting at the specific lattice point.  The length of the profiles defines the scale s of 

the calculation. By taking the average of AR over all points on the central lattice we obtain 

the anisotropy ratio AR for the specific scale. Then, we change the scale, we repeat the 

measurement and we get the curve AR versus s.  

The parameter P can be any parameter describing some aspect of profile roughness (rms, 

skewness, correlation length, fractal dimension,…). Here, we present results for the rms 

value characterizing the amplitude (vertical) aspect of profile roughness.  

 

Figure 6. A typical top-down image of a surface morphology. (a): The lattice points on which P 

values are calculated. (b): The directions around a specific point (i,j) along which Pi,j components 

are calculated.  

 

  4. Anisotropy characterization of experimental surfaces 
 
In this paragraph we analyze nano-surfaces which are taken from various optical and measuring 

systems, the morphology of which has electronic, material, medical and biological implications. 

Also, for the sake of completeness, we examine two image textures one natural and one artificial 

texture which we took from Brodatz Textures database. The surfaces along with a short description 

of their features are shown in Table 1. 
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The first case is an experimental surface with carbon nanowalls (CNW) acquired by a Scanning 

Electron Microscope (SEM). They are actually graphite nanostructures with edges comprised of 

stacks of plane graphene sheets standing almost vertically on the substrate. These sheets form a 

wall structure with a high aspect ratio. The thickness of CNWs ranges from a few nm to a few tens 

of nm. The next surface has been produced by the Discrete Self-Assembly lithography (DSA) 

which isbased   f self-assembling materials with conventional manufacturing procedures. The basic 

element of DSA is to use the good self-assembling properties of materials in order to use them in 

nano scale but also to satisfy the production standards. The next surface is a silicon totally 

uncorrelated flat surface and three films that created with Ion beam sputtering method. Next we 

present two Plasma Etching Polymers. With this process, some material is removed from the 

surface and if the etch rate is equally distributed in all directions then the surface will be isotropic 

or else it will be anisotropic. The last two images are taken from  Brodatz Textures database. The 

first image that shows a bark of a tree and the second is an artificial image that consists of multiple 

textures. 

Table 1. Experimental Surfaces 

 

Surface Image Details of Surface 

 

Name : CNW (Carbon Nano Walls) 

Imaging Technique : SEM 

Material: graphite  

Image Pixel size: 1700 x 1700 

Calculation Window size: 89 x 89 

 

Name : DSA (Directed self-assembly) 

Imaging Technique : SEM 

Material: Di-block polymer (PMMA – SA) 

Image Pixel size: 700 x 700 

Calculation Window size: 87 x 87 

 

Name : Flat Si 

Imaging Technique : SEM 

Material: Silicon (Flat Unpatented Silicon) 

Image Pixel size: 900 x 900 

Calculation Window size: 86 x 86 

 

Name : Ion Beam 1 (Ion Beam Sputtering) 

Imaging Technique : SEM 

Material: Silicon 

Image Pixel size: 900 x 900 

Calculation Window size: 86 x 86 
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Name : Ion Beam 2 (Ion Beam Sputtering) 

Imaging Technique : SEM 

Material: Silicon 

Image Pixel size: 800 x 800 

Calculation Window size: 120 x 120 

 

Name : Ion Beam 3 (Ion Beam Sputtering) 

Imaging Technique : SEM 

Material: Silicon 

Image Pixel size: 700 x 700 

Calculation Window size: 87 x 87 

 

Name : Plasma Etch A (Plasma etch polymer) 

Imaging Technique : AFM 

Material: PMMA 

Image Pixel size: 500 x 500 

Calculation Window size: 94 x 94 

 

Name : Plasma Etch A (Plasma etch polymer) 

Imaging Technique : AFM 

Material: PMMA 

Image Pixel size: 500 x 500 

Calculation Window size: 94 x 94 

 

Name : Wood Texture (Bark)  

Imaging Technique : Optical 

Material: Wood 

Image Pixel size: 700 x 700 

Calculation Window size: 87 x 87 

 

Name : Mosaic Texture  

Imaging Technique : Insilco  

Material: - 

Image Pixel size: 500 x 500 

Calculation Window size: 24 x 24 
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Figure 7. AR of rms values versus scale for the experimental images in double logarithmic axes. 

 

From the ARs of the experimental surfaces shown in Fig. 6 and Fig. 7, we can notice the 

following: 

a. Generally, all AR curves of all images are decreased as the scale is increased. 

b.  In totally random surfaces, AR can be proved that drops with 1/Scale. The Si flat 

surface shows this behavior due to the fact that consists of totally random SEM 

noise. 

c. The surfaces with morphologies can be divided into two categories. In the first 

category including DSA and PE B surfaces, AR versus scale curves show 

decreased rate of AR reduction. In the second category (i.e. this category consists 

of the CNW, Flat SEM, PE A, Ion beam 1,2,3, Wood and Mosaic Texture) all 

curves exhibit increased rate and at large scales degrease similarly to random 

surfaces (as 1/Scale). 

d. In the first category at small scales Afr goes down faster than random case, while 

at large scales the decrease slows down and Afr is almost stabilized. For DSA 

surface, one can distinguish an intermediate regime scale at which goes down 

(1/Scale). In this category one can define two characteristic scales: the first 

defines the end of the fast decrease and the second the start of the slow regime.  

e.  Additionally, in the second category one can define the characteristic scale above 

which, the anisotropy behavior resembles that of random surface. This 

characteristic scale is unique for each surface and quantifies the extent of 

anisotropy in surface morphology. For example, in the first surface with the CNWs 

the characteristic scale is found to be ~100 pixels defining the average linear 

dimension of the cells formed by CNWs.  
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5. Summary 

 

In this work, we discussed the characterization of complex surface nanostructures and 

proposed a symmetry-based approach exploiting the definition and measurement of 

parameters quantifying the deviation paths from fully symmetric surfaces. The focus has 

been on the characterization of anisotropy, which constitutes a fundamental feature of 

surface morphologies with dominant role in their appearance and functionalities. The 

symmetry-based approach can provide metrics for the characterization of specific aspects 

of anisotropy as well as for their dependence on the inspection scale. Here, we have 

limited to the rms anisotropy and we calculated the concomitant Anisotropy Ratio versus 

scale for a large variety of surfaces. Quite interestingly, we found that a comparison with 

the baseline behavior of fully uncorrelated morphologies can lead to the definition of a 

characteristic anisotropic length above which anisotropy fades out and the surface can be 

considered isotropic. 

Future work can investigate AR values and behavior of other surface metrics such as 

skewness, correlation length or fractal dimension. Furthermore, the symmetry-based 

approach can be extended to other examples of symmetries and prominently to the 

translational symmetry aiming at quantifying in spatial domain the path from full order to 

full randomness.  
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