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It is well-known that at the nano-scale, morphology can play a crucial role in the properties of nanomaterials
and there is still a challenging task to control it during the synthesis. In this work, the morphology of carbon
nanowalls (CNWs) is studied and evaluated on the basis of fractal analysis and Minkowski functionals.
Synthesis of CNWs was carried out using ICP-PECVD method at different growth times. The obtained
samples were examined using atomic force microscopy (AFM) with subsequent processing of the obtained
data using the Gwyddion 2.55 program, which provides a fractal analysis including the height-height
correlation function and the power spectral density function. The Minkowski functionals were plotted
for evaluation of the morphology of the CNWs. The process of the formation of CNWs was considered
depending on the synthesis duration. A possible time-dependent growth mechanism with certain stages of
nanostructures formation is proposed. The correlation between the calculated parameters of morphology
and the electrical properties of CNWs was revealed.
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1 Introduction

Today, nanomaterials and nanotechnology play
an increasingly important role in many key sectors of
human activity in the new millennium [1]. An analy-
sis of the state and trends in the current developing
nanotechnology allows us to assert that nanostruc-
tured carbon materials are very promising objects
for practical application in various industries [2-5].
One of the promising carbon nanomaterials is carbon
nanowalls, which are a type of carbon nanostructure
consisting of graphene sheets arranged vertically on
a substrate in the form of walls with a wall thickness
of several to tens of nanometers [6, 7]. To date, ma-
terials based on CNWs have already been applied in
various electronic devices, such as solar cells [8, 9],
LEDs [10, 11], gas sensors [12,13], etc.

Currently, work on the synthesis of carbon
nanowalls with a predefined morphology is being
actively carried out [6, 14, 15]. Recently the effect

of morphology on various physical properties (op-
tical, electrical, etc.) of CNWs has been revealed
[16]. In this regard, one of the important issues of
nanotechnology is the characterization of morpho-
logical properties of nanomaterials. It is well known
that today the study of morphology is carried out
using scanning electron microscopy and scanning
probe microscopy [17], etc. However, the results
obtained require additional interpretation; therefore,
Minkowski functionals and fractal analysis cur-
rently used for these purposes provide information
on the geometrical parameters of the structure and
morphology of the nanomaterial system [18-20].
This work emphasizes on the study and the evalua-
tion of the morphological characteristics of CNWs
synthesized on a quartz substrate [16] based on the
Minkowski functionals and fractal analysis. In ad-
dition, the correlation of the electrical properties of
CNWs with the obtained morphological parameters
is analyzed.
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2 Methods and analysis

CNW films on quartz substrates were synthesized
by the ICP-PECVD method. The synthesis process
and characteristics of the resulting material are pre-
sented in more detail in our previous work [16]. Since
this article is aimed at the evaluation of the morpho-
logical characteristics of CNWs depending on the
synthesis time and assessing the relationship between
morphology and electrical properties, the results of
the morphology analysis were processed using the
Gwyddion 2.55 program [21, 22], where the height-
height correlation function, the power spectral den-
sity function and Minkowski functionals were calcu-
lated. More details about the analysis methods and
the Gwyddion 2.55 program are described in [20].

3 Results and discussion

The electrical properties of the synthesized
CNWs as a function of growth time were previously
reported in [16] and are given in Table 1. As can be
seen, there is a trend towards an increase in height
and a decrease in surface resistance as a function of
synthesis time. The specific conductivity of the sam-
ples is approximately the same depending on the syn-
thesis time, with the exception of the sample grown
for 50 min, which demonstrates a small minimum.
In [16], this effect was explained by a change of the
morphological and structural properties (ratio of Ra-
man peaks and degree of graphitization) of CNWs
depending on the synthesis time. However, a com-
plete morphological analysis based on the calculated
height-height correlation function, power spectral
density function, and Minkowski functionals was not
carried out.

Figure 1 shows 3D models of the CNWs at dif-
ferent synthesis durations. As can be seen, the mor-
phology of the obtained CNWs differs significantly,
both in height and in the topology. As in previously
reported papers [20,23,24], the fractal analysis was
carried out by means of the height-height correlation
H(r) and power spectral density (PSD) functions.
Figure 2a shows log plots of H(r) for four surfaces.
H(r) is a function for determining fractal dimension
using the power of difference between the points on
different surface structural units (roughness). The re-
sultanting plots are characterized by two modes; the
first is a linear region at small » values and the second
is a nonlinear region at large » values. Nonlinear re-
gions have oscillatory characteristics. Such observa-
tions are typical for self-affine surfaces [20,23,24].
The graph shows an increase in the value of H (r)
depending on the time of CNWs synthesis. It is note-

worthy that the curve of the sample obtained at 50
min differs from the others. The value of a for the
samples synthesized at 30,40,60 min is very similar
and has a value of the order of ~1.2, while for the
case of 50 min it equals to ~1.3. An increase in the
value of a indicates a higher surface roughness [25].

Table 1 — Thickness and electrical properties of CNWs as
a function of growth time [16]

i Sheet Electrical
Synthesis . > ca
duration | Height.nm | resistance, | conductivity,

Q/cm Qlcm?!
40 min 85 ~1600 ~70
50 min 160 ~900 ~60
60 min 190 ~600 ~70

Next, fractal analysis was performed using Pow-
er Spectral Density Functions (PSDF), correspond-
ing results are presented in logarithmic scales in Fig-
ure 2b. The plots are characterized by approximately
constant PSDF values, which is smooth region at
very low spatial frequencies, an area of constant
slope, and a plateau at very high spatial frequencies.
These characteristics are typical for surfaces with
dominant random properties (self-affine) and less pe-
riodic behavior [26]. In addition, an increase in the
PSDF value depending on the time of synthesis of
CNWs is observed. The slope of the PSDF curve (y)
corresponds to various evolutionary processes occur-
ring on the surface [27]. The y value was estimated
from the slope of the linear approximation of the
high-frequency region of the PSDF curve (see Fig.
2b). The value of y is ~2.4 for CNW films synthe-
sized at 30-40 min. While in the case of synthesis at
50-60 min, an increase in the y value up to ~2.5 of is
observed. Thus, the obtained values of y, which are
rather close ~2.4-2.5, indicate diffusion processes
associated with the morphological evolution of CNW
films [25, 28].

Two-dimensional ~ Minkowski  functionals,
volume (V), boundary length (S), and connectivity/
Euler characteristic (y), depicted in Figure 3, are
used to describe morphological features that cannot
be determined using classical image analysis
methods. Minkowski functionals imply the division
of the received images into two parts (upper and
lower) based on a threshold value. The upper and
lower regions correspond to plateaus and valleys,
respectively.
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Figure 2 — (a) Double log plots of height-height correlation (H) as a function of shift (r) for CNWs,
(b) double log plots of power spectral density (PSDF) as a function of the spatial frequency for CNWs

The Minkowski volume functional V, which
basically shows surface coverage, varies across the
samples. Figure 3a shows that the distributions in
the samples obtained at 30, 40 and 60 minutes are

6

very similar and the functionals are symmetrical.
While the functional of the sample synthesized at
50 min is very different and asymmetric. Large
V values indicate the dominance of high regions
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(plateaus), while small values are due to the
dominance of trenches and tiny holes (valleys) on
the surface.

The Minkowski boundary length (S) characterizes
the global perimeter of any region (low or high region)
and has the dimension of length. This parameter
describes the character of the morphology of the film
surface. Figure 3b shows curves similar for samples
obtained at 30-, 40- and 60-minutes growth times,
however, with increasing duration of synthesis of the
CNWs leads to decrease in the value of S, which also
indicates a decrease in the specific surface area and in
roughness. The analysis results for the samples at 50
min are quite different. A shift of the peak is observed
and the intensity is much greater compared to that for
the samples at 40 and 60 min. This is apparently due
to an increase in the roughness of the sample and a
decrease in the density of the walls.

The Minkowski connectivity () characterizes
the difference in the number of high- and low-level

regions and describes the topological pattern (fractal
nature) of a microphotograph.  is a characteristic
of properties that depend on the relationship of
nanostructures in the network, such as the percolation
threshold, conductivity, and others associated with
the transfer of gas, heat, electrons, etc. between
nanostructures [29].

Positive values of y mean the predominance of
high-domain features on the surfaces. Negative values
indicate the prevalence of valleys, a minimum indicates
the highest density of valleys, and a maximum value
corresponds to the densest peaks. As it is seen from
Figure 3c, the y value decreases depending on the
synthesis time at 30, 40, and 60 min, which also
indicates a decrease in the degree of roughness. There
is a considerable difference at the synthesis time of
50 min, which is not consistent with other curves of
connectivity. In particular, there is a noticeable shift
in the peak position, which most likely describes the
distinctive morphology of this sample.

-02 00 02
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Figure 3 — Two-dimensional Minkowski functionals of carbon nanowalls (a) volume,
(b) boundary length, (¢) connectivity
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The significant difference in the morphology of
the samples obtained at 50 min from the rest is prob-
ably can be explained by the fact that depending on
time a kind of cyclic growth process occurs during
the synthesis of CNWs [30-32]. After the formation
of initial CNWs, an increase in time leads to vertical
growth of certain walls, the density of which com-
paratively low. A further increase in time leads to a
growth of the CNWs in the horizontal direction, i.e.,
the wall density increases. Thus, an increase in syn-
thesis time leads to the synthesis of CNWs with dif-
ferent morphology and structure, which in turn leads
to a change in the electrical properties. Analysis of
the results based on fractal analysis and Minkowski
functionals (see Figure 2-3) indicate a distinctive
morphology for the sample synthesized at 50 min,
the density of CNWs in these samples is much lower
compared to others, which leads to a minimum value
of conductivity (see table one).

4 Conclusions

In this work, we studied and evaluated the mor-
phological characteristics of CNWs synthesized

on quartz substrates by the ICP-PECVD method.
Morphology was evaluated usifn fractal analysis
and Minkowski functionals. The dependence of the
morphology of the obtained CNWs on the synthesis
time was determined, which is also significantly no-
ticeable when evaluating the fractality, roughness,
and Minkowski functionals. The analysis results of
the height-height correlation, power spectral density
functions and two-dimensional Minkowski function-
als, boundary length (S), volume (V), and connec-
tivity / Euler characteristic () indicate a significant
difference in the morphology of the samples obtained
at 50 min, which further explains the minimum value
of specific electrical conductivity for this sample.
The process of CNWs formation was considered de-
pending on the synthesis time, and the effect of mor-
phology on the electrical properties of CNWs was
revealed.
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