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A B S T R A C T

An automated quantitative study of the alignment of vertically aligned carbon nanotubes (VA-CNTs) from
scanning electron microscopy (SEM) images has been demonstrated. It is based on the fact that the image
gradient (directional change in intensity or color) at every pixel in the image contains the information about
the anisotropy at that particular pixel i.e., the local alignment is maintained in the orthogonal direction to
the gradient. Structure tensor metrics are formulated demonstrating to be able to summarize the distribution
of gradient directions within the neighborhood of any pixel within a two-dimensional domain (surface). An
image analysis is presented that evaluates the alignment in desired regions of interest (ROIs) in SEM images
of VA-CNTs. This method has been exploited to study the alignment of two different kinds of VA-CNTs: one
grown via the thermal chemical vapor deposition (T-CVD) method and the second synthesized via the plasma
enhanced chemical vapor deposition (PE-CVD) method.
1. Introduction

Nanostructures with dimensionality one have gained significant
research interest for various applications like in field emission [1,2],
accelerometers [3], gas sensors [4], electrochemical biosensors [5],
quantum wires [6,7] and aerospace materials [8], etc. Depending on
the application, a very precise level of perfection at the nanoscale
is required in terms of length, diameter, aspect ratio, and morphol-
ogy [9,10]. Carbon nanotubes (CNTs) are one of those important 1-D
materials which are used in various applications. Our research project,
ANDROMeDa (Aligned Nanotube Detector for Research On MeV Dark-
matter) aims to explore CNTs in the field of particle detectors, by
developing a novel dark matter detector: the Dark-PMT [11]. The Dark-
PMT is composed of a cathode made of VA-CNTs which serves as the
target for dark matter [12], and an anode equipped with a solid-state
detector dedicated to measuring electrons emitted by the cathode [13].
Dark matter particles from the wind would interact within the carbon
nanotubes and eject electrons from the carbon lattice. As vertically
aligned nanotubes have much lower density in the direction of the
tubes, the ejected electrons would be able to leave the target, without
being reabsorbed, if they travel in the direction of the tubes, which
would happen most often when the tubes are pointing in the direction
of Cygnus. NanoUV is another project in which we propose a novel

∗ Corresponding author at: Department of Physics, Sapienza University of Rome, Piazzale Aldo Moro, 5, Rome, 00185, Lazio, Italy.
E-mail addresses: raviprakash.yadav@uniroma1.it (R.P. Yadav), gianluca.cavoto@uniroma1.it (G. Cavoto).

concept of ultra-violet (UV) light detector that will be more compact
and therefore portable with improved sensitivity. In this, we will use
photocathode made of VA-CNTs to emit electrons through the photo-
electric effect after absorbing the UV light, and silicon electron counter
to detect these emitted electrons.

The revolutionary step lies in the use of VA-CNTs as photocathode,
which are graphene sheets wrapped in the cylindrical form having
diameter in the range of few nanometres (nm) [14]. VA-CNTs have
close to vanishing density in the tube axis direction which allows to
minimize photoelectron reabsorption in the photocathode. In this work,
the catalytic CVD technique is exploited for the synthesis of VA-CNTs,
it is the most widely used process for the synthesis of VA-CNTs [14,15].
In this process, hydrocarbon gas (carbon precursor) is decomposed
at high temperatures and allowed to interact with a solid substrate
covered with catalyst particles (Fe, Co, Ni nanoparticles), which results
in the formation of vertically oriented CNTs. In CVD synthesis, the
tube morphology and structural properties are dictated by both catalyst
characteristics (i.e., type, size, and density) and process parameters
(i.e., growth temperature, reaction pressure and time, and gas compo-
sition and flowrate) [16,17]. The synchronous synthesis of CNTs with
different growth rates leads to the wavy structure at nanoscale [18].
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For the above-mentioned applications and similar applications like field
emission, it is very important to have perfect alignment of CNTs in the
vertical direction to minimize the reabsorption of photoelectrons.

For this purpose, it is very crucial to monitor and evaluate the align-
ment of CNTs simultaneously with the synthesis procedure to improve
it. Although SEM is a widely used technique to examine the morphology
of CNTs, an image analysis method is still necessary to accurately
define and compare the waviness of CNTs at the nanoscale level from
SEM images. Usually, the orientation of 1-D nanostructures is defined
by Herman orientation factor (HOF) [19–21] which is calculated by
taking the fast Fourier transform (FFT) of the SEM micrograph [22]
and then evaluating the FFT intensity as a function of the angle. For a
system, oriented along the desired axis the HOF is 1, for perpendicular
orientation it is −0.5, and for a randomly distributed system, it is 0.

owever this method is not applicable for such case when there is a
ompletely white image with a black background i.e., all the pixels in
mage have the same pixel intensity, which might be the case in a small
egion of the SEM image of VA-CNTs where the CNTs are so densely
ntangled into each other that there is constant pixel intensity value in
hat region. In the case of a uniform pixel value image, the HOF comes
ut to be 1, because in a way they are oriented along the desired axis
ven if it is an image with constant brightness or intensity. Therefore it
s required to look for another parameter that can differentiate between
he perfectly aligned and wavy nanostructures. In this work, we propose
arameter Coherency (C) which can be used for defining the alignment
f VACNTs. Image analysis is performed on SEM micrographs of VA-
NTs grown via thermal CVD method using software ImageJ [23] to
efine the waviness of VA-CNTs and, for better visualization, MATLAB
as been used to plot the Coherency values in a heatmap. To improve
he alignment, the PE-CVD method has been exploited. The image
nalysis has been performed on SEM images of PE-CVD grown CNTs
lso, to understand if the alignment has been improved or not when
e compare with thermal CVD grown VA-CNTs.

. Methods

VA-CNTs synthesis was performed at TITAN lab, Sapienza Univer-
ity of Rome using a customized and high-vacuum thermal CVD reactor
ith base pressure up to 10−7 mbar range, which is also equipped
ith a radiofrequency (RF) source (13.56 MHz) along with matching
etwork, making it versatile to grow VA-CNTs via thermal CVD method
s well as PECVD method. The thermal CVD process used for the
rowth for VA-CNTs is described in the previous studies [17,24–27].
riefly, silicon p-type/Boron-doped <100> SiO2/Si wafers were used
s growth substrates. Thin layer of 3 nm iron was deposited on the Si
ubstrates using the electron beam (E-beam) evaporation method. The
i substrates were then mounted on the graphite heating element inside
he high-vacuum CVD chamber. At this point, an annealing treatment
f the as-prepared growth substrate was performed in H2 atmosphere
t 720 ◦C for 4 minutes with flowrate of up to 320 sccm to reduce the
xide layers which might form on the Fe/SiO2/Fe substrate during the
ransferring the sample from evaporation chamber to the CVD chamber
ecause of the exposure to the atmosphere. The annealing step also
elps in the de-wetting of the catalyst layer and nucleation of iron-
ased nanoparticles as a template for the CNT growth in further step.
n the next step, the hydrocarbon gas (acetylene) is passed inside the
hamber with flowrate of 300 sccm for 10 minutes at 740 ◦C up to a
artial pressure of 50 mbar.

In the PE-CVD process, the annealing step is performed in H2
tmosphere at 630 ◦C for 4 minutes with flowrate up to 320 sccm.
he synthesis step is performed at 650 ◦C with flowrate of 18 sccm
f acetylene for 10 minutes up to a partial pressure of 2 mbar, at a
lasma power of 50 W. In PECVD plasma is formed by an electric field
etween two parallel plates that ionizes the gas in between and the
nergy is transferred by collision between the particles. The energy
equired for the chemical reactions (i.e., hydrocarbon decomposition,
2

arbon diffusion through the catalyst nanoparticles, carbon precipita-
ion, and crystallization in a cylindrical network) is not only provided
y higher temperature but also by the collisions with high energy
lasma particles [28,29]. The parameter optimization for growth was
ased on previous studies related to the VA-CNTs synthesis on different
ubstrates [24–27]. After the synthesis step, the sample is allowed to
ool down to room temperature under the base pressure of the CVD
ystem.

First, after the growth, the CNTs are characterized with field
mission-SEM (FE-SEM) by secondary electrons collection on Zeiss
uriga SEM (Jena, Germany) operating at accelerating voltage of 5
V. SEM images were taken with a resolution of 1024 × 768 pixels.
mage analysis software ImageJ was used to perform further image
nalysis on the SEM images. These images were divided into several
48) ROIs; OrientationJ [30], a Java plugin for ImageJ was used to
ompute the Coherency (𝐶) for all the ROIs. OrientationJ works on
he principle of evaluation of the structure tensor [31] in a local
eighborhood [30], which provides information about the orientation
nd isotropic properties of ROI in an image. The structure tensor is an
fficient tool to analyze low-level features like corner edge and corner
etection as well as texture analysis.

In 2D, at any location 𝑟0(𝑥0, 𝑦0), the structure tensor is defined
y [32]

(𝑥0, 𝑦0) = ∬𝑅
𝑤(𝑥 − 𝑥0, 𝑦 − 𝑦0)(∇𝑓 (𝑥, 𝑦))∇𝑇 𝑓 (𝑥, 𝑦)𝑑𝑥𝑑𝑦

here 𝑓 (𝑥, 𝑦) is the image function corresponding to associated pixel
ntensity value with each spatial coordinate in the image, and 𝑤(𝑥, 𝑦)
s a weighting function (e.g., a Gaussian) centered at (𝑥0, 𝑦0) such that
(𝑥, 𝑦) ≥ 0. 𝑆(𝑥0, 𝑦0) come out to be a (2 × 2) matrix, which can be
ritten as
(𝑥0, 𝑦0)

= ∬𝑅
𝑤(𝑥 − 𝑥0, 𝑦 − 𝑦0)

[

(𝑓𝑥(𝑥, 𝑦))2 (𝑓𝑥(𝑥, 𝑦))(𝑓𝑦(𝑥, 𝑦))
(𝑓𝑦(𝑥, 𝑦))(𝑓𝑥(𝑥, 𝑦)) (𝑓𝑦(𝑥, 𝑦))2

]

𝑑𝑥𝑑𝑦

(𝑥0, 𝑦0) =
[

(𝑤 ∗ 𝑓 2
𝑥 ))(𝑥0, 𝑦0) (𝑤 ∗ 𝑓𝑥𝑓𝑦)(𝑥0, 𝑦0)

(𝑤 ∗ 𝑓𝑦𝑓𝑥)(𝑥0, 𝑦0) (𝑤 ∗ 𝑓 2
𝑦 ))(𝑥0, 𝑦0)

]

his matrix is nothing but the weighted inner product of function 𝑓 (𝑥, 𝑦)
nd its gradient ∇𝑓 (𝑥, 𝑦), where 𝑓𝑥 is partial derivative of 𝑓 with respect
o 𝑥, 𝑓𝑦 is partial derivative of 𝑓 with respect to 𝑦 and 𝑤 ∗ 𝑓 stands for
onvolution of 𝑤 and 𝑓 .

This structure tensor has two eigen-values, 𝜆1 and 𝜆2, such that
1 ≥ 𝜆2 ≥ 0, with 𝜆1, 𝜆2 ∈ 𝑅. These eigenvalues contain information
bout the gradient distribution within the window 𝑤. Eigen-values
nd the corresponding eigenvectors contain the information about
istribution of the gradient and can discriminate between the regions
ith rotational symmetry, homogeneity, and predominant alignment.
or that purpose, two features energy (𝐸) and coherency (𝐶) has been
efined. From on the eigenvalues of the structure tensor, the energy
an be defined as 𝐸 = 𝑇 𝑟𝑎𝑐𝑒(𝑆) = 𝜆1 + 𝜆2. If 𝐸 ≈ 0, which complies
ith 𝜆1 = 𝜆2 ≈ 0, then the region is homogeneous i.e., the image has
constant or uniform intensity of all the pixels. If 𝐸 ≫ 0, then the

nisotropy of the image is determined by the coherency (𝐶) information,
hich can be defined as

≤ 𝐶 = (𝜆1 − 𝜆2)∕(𝜆1 + 𝜆2) =
√

(𝑆22 − 𝑆11)2 + 4𝑆2
12∕(𝑆22 + 𝑆11) ≤ 1

If 𝐶 ≈ 0, which complies with 𝜆1 = 𝜆2, then the region is isotropic in the
local neighborhood and does not have any predominant direction i.e., it
is rotational symmetric without any preferred orientation. If 𝐶 ≈ 1,
which complies with 𝜆1 ≥ 0, 𝜆2 ≈ 0 or 𝜆1 ≥ 𝜆2, the gradient is totally
aligned and the local image or structure has one dominant orientation.
For 0 ≤ 𝐶 ≤ 1, the dominant orientation stands between the gradient
directions. In general, if C is closer to 1 then the structure in the image
is locally 1D, if C is closer to 0 then there is no preferred orientation

or direction.
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Fig. 1. Top view SEM image of VA-CNTs grown via (a) thermal CVD and (b) PECVD method respectively.
Fig. 2. Side view SEM image of VA-CNTs grown via (a) thermal CVD and (b) PECVD method, respectively.
The energy of the derivative in some direction 𝑢𝜃 = (cos 𝜃, sin 𝜃) can
be written as
|

|

|

|

|

|

𝐷𝑢𝑓
|

|

|

|

|

|

2

𝑤
= ⟨𝑢𝑇∇𝑓 , 𝑢𝑇∇𝑓 ⟩𝑤 = 𝑢𝑇 ⟨∇𝑓 , ∇𝑓⟩𝑤𝑢 = 𝑢𝑇𝑆𝑢

In the window centred around 𝑟0(𝑥0, 𝑦0), the direction 𝑢𝜃 = (cos 𝜃, sin 𝜃)
along which the directional derivative is maximized is given by

𝑢𝜃 = arg max
|

|

|

|

|

|

𝑢||
|

|

|

|

=1

|

|

|

|

|

|

𝐷𝑢𝑓
|

|

|

|

|

|

2

𝑤

Here, ||
|

|

|

|

𝐷𝑢𝑓
|

|

|

|

|

|

2

𝑤
is deciphered as the average energy in the window

𝑤 centred at 𝑥0, and 𝐷𝑢𝑓 is the directional derivative in the direction
of 𝑢. The directional derivative is maximized along the eigenvector
corresponding to the larger eigenvalue of the structure tensor at 𝑥0.
The direction along which the structure of the image is dominantly
oriented in the local window 𝑤 is given as 𝑢𝜃 = (cos 𝜃, sin 𝜃), where
𝜃 = 1∕2 arctan

(

2𝑆12∕(𝑆22 − 𝑆11)
)

[32].
‘OrientationJ Dominant Direction’ functionality has been used in

the OrientationJ plugin, which using the principle of structure tensor
gives the coherency and dominant orientation corresponding to all 48
ROIs in tabular form. These values are saved in a document file, and
for better visualization, these are further arranged in the table and
a heatmap (Figs. 3 and 4) is plotted for these values using MATLAB
(see supplementary information). The same process is repeated for all
the SEM images of VA-CNTs taken starting from top crust layer to the
bottom, such that the whole vertical length of the VA-CNTs is covered.
It is done for the VA-CNTs grown via thermal CVD as well as PE-CVD
method (Figs. 3 and 4).

3. Results and discussion

SEM analysis was performed on the VA-CNTs grown via thermal
CVD and PE-CVD method, to analyze the difference in the morphology,
length, and alignment of the VA-CNTs. Fig. 1 shows the SEM images
of the top view of the VA-CNTs grown via thermal CVD and PE-
CVD respectively. From the top, both seem to be an arrangement of
dense, entangled, and randomly oriented CNTs which are grown at
3

the beginning of the synthesis step due to differences in the growth
rate and nucleation times [33,34]. This is termed as crust layer [33]
which needs to be tailored for some specific application. However from
Figs. 1(a) and 1(b) it seems that the PE-CVD grown VA-CNTs are more
densely packed as compared to the thermal CVD grown VA-CNTs. From
Fig. 2 the main difference between these two is the length of VA-CNTs.
The PE-CVD grown VA-CNTs are shorter in length (around 7.5 μm)
(Fig. 2(b)), while the thermal CVD grown VA-CNTs are longer in length
(around 200 μm) (Fig. 2(a)). Both the SEM micrographs (Figs. 2(a) and
2(b)) shows the full length of VA-CNTs for both cases and due to this
big difference in length they are at different scale bar. A possible reason
behind the large difference in length could be the flow rate with which
the hydrocarbon gas is passed inside the chamber during the synthesis
process. Plasma power and flowrate (i.e., partial pressure) of hydro-
carbon gas were tuned to optimize the PE-CVD process. We optimized
the process at a plasma power of 50 W and flowrate of 18 sccm of
acetylene, which is much less as compared to that of the thermal CVD
process, which is 300 sccm. This could be a possible explanation for
the shorter length of PE-CVD grown VA-CNTs as compared to that of
thermal CVD grown VA-CNTs [35,36].

When we look at the same magnification for both the cases (Figs. 3
and 4), the PE-CVD grown VA-CNTs show better alignment in the
vertical direction as compared to thermal CVD grown VA-CNTs. In
Figs. 3 and 4 the side view SEM image for both the methods has
been presented; the image has been divided into 48 ROIs and for each
ROI coherency has been calculated which is represented in the form
of heatmap along with the SEM image itself. It can be visualized that
the coherency values are closer to 1 in the case of PE-CVD grown VA-
CNTs (Figs. 3(b) and 4(b)), which means the VA-CNTs are more straight
and aligned in the vertical direction while in the case of thermal CVD
grown VA-CNTs the coherency is comparatively lower (Figs. 3(a) and
4(a)), in the range (0.1–0.5) which corresponds to the less preferred
oriented system. In the heatmap in Fig. 3(b) corresponding to PE-CVD
grown VA-CNTs, the top row and the bottom row also have lower
coherency values, because looking at the corresponding SEM image, the
bottom part of the image includes some part of the substrate, which
has a constant pixel intensity value. The top layer of the SEM image
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Fig. 3. Side view SEM image (at 25 K magnification) along with corresponding heatmaps representing the coherency values for different ROIs for VA-CNTs grown via (a) thermal
CVD and (b) PECVD methods, respectively.

Fig. 4. Side view SEM image (at 50k magnification) along with corresponding heatmaps representing the coherency values for different ROIs for VA-CNTs grown via (a) thermal
CVD method (b) PECVD method respectively.
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corresponds to the top crust layer which is dense randomly oriented
CNTs. Since the image is a slightly tilted view, it also contains some
of the top surface of the VA-CNTs in the top row of the image, which
could be also a reason why the coherency values are lower at the top.
In the case of PE-CVD grown VA-CNTs, the plasma sheath electric field
and high energy particles in plasma make them more reactive and
facilitate their alignment along a specific direction, also resulting in
low growth temperature [28,37]. It could also be a possible reason
that due to comparatively lower synthesis temperatures in the PE-
CVD process, there is less agglomeration and hence good dispersion
and stabilization of catalyst nanoparticles, leading to more controlled
and aligned growth. When catalyst particles agglomerate, there is non
non-uniform distribution of catalyst nanoparticles thus allowing CNTs
to orient in various orientations [18] which is a common issue in
thermal CVD where the synthesis is performed at comparatively higher
temperatures.

4. Conclusion

This study proposes and presents the possibility of quantifying the
alignment of VA-CNTs using image processing methods and structure
tensor matrix applied to the side view SEM images of VA-CNTs. We
first demonstrate that uniform, highly aligned, and densely packed VA-
CNTs can be successfully grown on SiO2/Si substrate via the thermal
CVD method. PE-CVD technology has been proposed as a strategy to
improve the VA-CNTs’ alignment. The morphological features like ver-
tical alignment, density, and uniformity of these VA-CNTs are assessed
via scanning electron microscopy. Image analysis software has been
used for the SEM image analysis of the thermal CVD grown VA-CNTs
and PE-CVD grown VA-CNTs respectively, and a direct comparison
of alignment has been performed for both methods. The alignment
has been evaluated for different ROIs in the SEM image. It has been
observed that the PE-CVD grown VA-CNTs are better in terms of
alignment and are less wavy than thermal CVD grown VA-CNTs. Dif-
ferent regions in the SEM image of PE-CVD grown VA-CNTs have a
coherency closer to 1, while in the case of thermal CVD grown VA-
CNTs, the coherency is closer to 0 typically in the range (0.1–0.5) which
reflects less predominant orientation. This work facilitates the science
community and researchers in nanoscience and nanotechnology with
an automated method to determine the alignment for such applications
where the dominant orientation of one-dimensional (1-D) nanostruc-
tures is required. This work can also be exploited in the field of polymer
films and fibrillar collagen alignment. The alignment or arrangement
of polymer chains in thin films can significantly influence the physical,
mechanical, and electrical properties of the material. Controlling the
alignment is crucial for tailoring the performance of polymer films in
various applications [38]. While fibrillar collagen alignment refers to
the ordered arrangement of collagen fibers in a tissue or extracellu-
lar matrix. The alignment of collagen fibers plays a significant role
in determining the mechanical properties and functionality of these
tissues. Changes in collagen alignment can be associated with various
pathological conditions and diseases like breast, ovarian, kidney, and
pancreatic cancers [39,40].
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