Technical Physics Letters, 2022, Vol. 48, No. 4

06.5,09.1;15.2

Synthesis and diameter distribution approach of vertically aligned carbon
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Vertically aligned carbon nanotubes arrays were synthesized via catalytic chemical vapor deposition technique.
An opportunity to decreasing of acetylene as a carbon precursor contain down to 0.2% was demonstrated. An iron
acetate as an alternative catalyst was proposed. Diameters of carbon nanotubes were estimated by them Raman
spectra. Considering resonant behavior of radial breathing modes and them significant environment influencing, an
approach based on a profile analyzing of G-band was offered to revel of nanotubes diameter distribution features.
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Vertically aligned carbon nanotube (VA-CNT) arrays
are a promising material for the fabrication of cold cath-
odes [1], electrochemical cells [2], and frequency-selective
surfaces [3]. Catalytic chemical vapor deposition (CCVD)
with a specific sequence of process operations is the most
widespread technique for VA-CNT synthesis [4-7]. Surface-
oxidized silicon wafers are commonly used as substrates.
A buffer Al,O3 layer, which prevents the agglomeration of
particles of a catalytic agent (CA), is deposited onto them
with the use of various vacuum sputtering techniques. A
CA (iron or other 3d elements) layer is deposited next. In
the process of synthesis, the reaction gas mixture (RGM)
of a carrier gas (Ar or He), a reducer (H, or NH3), and
a carbon source (C;Hs or C;H,) is fed into the reactor.
The optimum growth temperature falls within the range
of 700—800°C. Specifically, it was found that the VA-CNT
yield tends to increase if the CA annealing time increases [4]
to 15min. When the concentration of H, in the reaction
medium grows to 30% [5], the formation of amorphous
carbon gets suppressed, while the CA activity increases.
This results in the synthesis of high-quality VA-CNTs with a
height up to 4mm. Cobalt was used as an example CA
to demonstrate that its preliminary annealing in vacuum
contributes to an increase in the CNT yield compared to
the yield in the case of annealing in a saturated reducing
medium (NH3) [6]. It is also possible to maximize the CA
activity by introducing small controlled amounts of water
vapor into the RGM [7].

The aim of the present study is to optimize the processes
of synthesis of VA-CNT arrays and analyze the diameter
distribution of nanotubes in arrays based on the measured
Raman spectra.

Si (111) wafers with a thin (~ 30nm) SiO; surface
layer were used as substrates. A thin (10nm) Al,O3 layer
was deposited onto them. This was done by centrifuging
a droplet of an aluminum oxalate solution in deionized
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water (the concentration was 0.1 mol/l) at a rotation rate of
1500 rpm and subsequent annealing in air at a temperature
of 800°C for 5min. The CA precursor (ferric acetate) was
then deposited by dipping the substrates in its solution in
ethanol (the concentration was 0.01 mol/l) and drying in
air. The following gases with the corresponding volume
flow fractions were introduced into the RGM: H, — 25%,
C,Hy — x%, and Ar — (75 —x)%. The value of X
varied: 10, 5, 1, and 0.2%. The overall maximum flow was
1000 sccm. The gas flowed freely and under atmospheric
pressure. The prepared substrates were loaded into the
synthesis reactor, the reactor was sealed, and the residual
atmosphere was evacuated. With a mixture of Ar and H;
flowing, the substrates were transferred quickly with the
help of a manipulator into a region of the reaction volume
heated to 800°C and were kept there for 5 min. At the next
step, Co,H, was introduced into the RGM, and the VA-CNT
synthesis proceeded further for 10 min. The synthesis was
terminated by cutting off the supply of C,H, and H, and
removing the sample quickly from the heated reactor region.

The morphology of the synthesized samples was studied
using a FE-SEM Zeiss SUPRA 25 scanning electron micro-
scope (SEM) and a JEOL JEM-200F transmission electron
microscope (TEM). The products of synthesis in samples
fabricated with 10 and 5% of C,H, are submicrometer-scale
filaments and particles and a small amount of chaotically
oriented CNTs. VA-CNTs were synthesized when the con-
centration of C,H, was 1 or 0.2%. Each individual CNT was
not exactly perpendicular to the surface. They were prone
to bending, twisting, bundling, and branching of bundles
(see the inset of Fig. 1,a) and assumed a complex spatial
configuration. Bundles formed columnar micrometer-scale
agglomerates, and the trend toward vertical growth of a
CNT array as a whole was quite evident. The height of the
VA-CNT array above the substrate surface was determined
by analyzing the photomicrographs of cleaved end faces of
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Figure 1. « — SEM image of the cleaved end face of a VA-CNT
array. A more detailed SEM image is shown in the inset. b —
TEM image of an individual SWCNT agglomerate. The magnified
image of an individual SWCNT is shown in the inset. ¢ — TEM
image of a triple-walled CNT. TEM images of individual CNTs are
recorded with a resolution of 0.2 nm.

samples and was estimated at ~ 200um (Fig. 1,a). With
a C,H; concentration of 0.2%, the VA-CNT layer thickness
increased at a rate of ~ 20 um/min. The complex spatial
configuration of individual CNTs makes it hard to estimate
their growth rate. TEM data revealed that more than 90%
of CNTs are single-walled (Fig. 1,b) and form bundles,
which are seen clearly in Fig. 1,a. An insignificant amount
(less than 10%) of double- and triple-walled CNTs was
also detected (Fig. 1,c¢), while multi-walled CNTs were
extremely rare.

A Renishaw in Via spectrometer was used to measure
the Raman spectra of VA-CNTs under excitation at a
wavelength of 514nm (Art laser) and 633nm (He—Ne
laser) with a spectral resolution of ~ 1.5cm~!. Radial
breathing modes (RBMs), which are typical of CNTs,
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and the G band split into TO and LO components were
observed. D and D’ components, which are associated
with defects or amorphous carbon particles, were also
detected. Their relative intensity decreased sharply when the
C,H, concentration set in the process of synthesis dropped
to 0.2%.

RBM lines typical of CNTs were observed in the spectral
region up to 300cm~! (Fig. 2). In accordance with the
generalized model [8], the RBM frequency is related to the
diameter of single-walled CNTs (SWCNTSs) in the following
way:

wrem = A(1 + Ced?)'/?/d, (1)

where coeflicients A and C, characterize the elastic proper-
ties of SWCNTs and their interaction with the environment,
respectively. The best fit of wrpm and d for isolated SWC-
NTs was observed at A=227cm~'-nm. The adsorption
of atmospheric water molecules [9] at standard conditions
yields a value of Ce 2~ 0.65nm~2. In the case of double- and
multi-walled CNTs (DWCNTs and MWCNTs), the RBM
frequency also increases due to the interlayer interaction (for
example, it increases by as much as 20 cm~! for DWCNTs
with a diameter of ~ 1.5nm) [10] or due to the adsorption
of atmospheric moisture [11]. These interactions have a
considerable effect on the energy spectrum of MWCNTs
as well [12]. It should also be stressed that, owing to the
resonance nature of excitation, the lack of RBM lines at
a certain frequency does not imply that the corresponding
CNTs are lacking in an array. The estimated diameters of
synthesized VA-CNTs are listed in Table 1. The obtained
values fall within the range of 0.8—2.05 nm.
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Figure 2. Raman spectra of a VA-CNT array in the RBM region
under excitation at a wavelength of 633 (a) and 514nm (b). The
results of approximation by decomposition into separate Lorentzian
profiles are also presented.
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Figure 3. D and G regions of the Raman spectrum of a VA-CNT array under excitation at a wavelength of 514nm. Single Lorentzian
functions with FWHM =41, 24, and 25cm ™! were used to approximate the D, G(LO), and D’ components, respectively. The G(TO)

component was approximated with FWHM =29 cm™!

under the assumption that the CNT diameter distribution is lognormal. The

histogram of the CNT diameter distribution obtained based on the TEM data is shown in the inset. Its discretization interval of 0.25nm
exceeds the resolution of TEM images used in the statistical analysis. The diameter of an insignificant amount of double- and triple-walled
CNTs was determined as the diameter of the outer layer. Curves represent the lognormal and Gaussian distribution functions with
parameters obtained as a result of approximation. The line segment corresponds to CNT diameter values calculated based on FWHM in

approximation of the G(TO) component with the BWF function.

We then analyzed the G modes of CNTs that are much
less sensitive to the environment and less resonant in their
excitation nature than RBMs [10,11]. Figure 3 presents the
experimental Raman spectrum of the G region of VA-CNTs
and the results of its decomposition into constituent profiles.
A single Lorentzian function with a full width at half
maximum (FWHM) of 24 cm~! was used for approximation
of the G(LO) component. The close reproduction of the
experimental spectrum agrees here with the assumption
that SWCNTs constitute an overwhelming majority of
nanotubes. If a considerable fraction of MWCNTs was
present, the G(LO) component profile would likely have
a complex asymmetric shape due to the frequency shift
induced by the interlayer interaction [13]. The G(TO)
component is asymmetric in nature. In a CNT array, it could
be regarded as a superposition of the corresponding modes
of individual CNTs with different diameters at different
frequencies.  Therefore, the G(TO) component profile
should be a convolution of the spectral response of each
CNT with the statistical CNT diameter distribution function.
The dependence of the spectral position of the G(TO) mode

on the CNT diameter [10] is given by [14]
wro(d) = A-B/d’, (2)

where A= 1582cm™! and B =27.5nm~2 It follows
from (2) that a certain number of CNTs with a larger diam-
eter in a CNT array produces a greater contribution to the
G(TO) profile intensity at a higher frequency than the same
number of nanotubes with a smaller diameter at a lower
frequency. In our view, this is the reason why the G(TO)
profile extends asymmetrically into the low-frequency spec-
tral region. The asymmetric Breit—Wigner—Fano (BWF)
function may be used to approximate the G(TO) com-
ponent. This provides a close match to the observed
spectrum in the low-frequency region [15], but has no
clear physical meaning. Indirect estimation based on (2)
for the maximum of the approximated G(TO) component
positioned at 1568 cm~! yields a value of 14nm for
the maximum of the CNT diameter distribution function.
Intersections of the median level of the BWF profile at 1554
and 1578 cm™! yield the values of 0.99 and 2.35nm, thus
providing a distribution function width of 1.36 nm. In order

Technical Physics Letters, 2022, Vol. 48, No. 4



Synthesis and diameter distribution approach of vertically aligned carbon... 23

Table 1. Results of calculation of CNT diameters based on the
frequency positions of RBM lines under excitation at two different
wavelengths ().

wrBM, cm ! di, nm dh, nm d;, nm
A = 514nm
143 1.587 1.736 1.846
153 1.484 1.603 1.707
169 1.343 1.430 1.523
177 1.282 1.357 1.446
185 1.227 1.292 1376
190 1.195 1.254 1.335
222 1.023 1.059 1.124
247 0919 0.945 1.000
262 0.866 0.888 0.938
268 0.847 0.867 0915
A = 633nm
131 1.733 1.932 2.045
176 1.290 1.366 1.455
183 1.240 1.308 1.393
190 1.195 1.254 1.335
214 1.061 1.102 1.170
248 0915 0.941 0.996
261 0.870 0.892 0.942
282 0.805 0.822 0.866

Note. The values in columns d; and d, were calculated using (1) with
Ce = 0 and 0.65nm—2, respectively. Column dj presents the results of
calculation for DWCNTs with an interlayer interaction that shifts the RBM
frequency upward by 20cm—!: wrpy = 227cm~! - nm/d +20cm 1.

Table 2. Parameters of the CNT diameter distribution obtained
in approximation of the G(TO) component with different functions
(do is the position of the maximum of the distribution function)

Function do, nm FWHM(d), nm
Lognormal 1.41 1.24
Gaussian 142 0.93
BWF 1.40 1.36

to obtain a CNT diameter distribution in an explicit form,
we used formula (2) to express the diameter as a function
of frequency:

d(wro) = (B/(A—wr0))"*. (3)

Expression (3) was then used as an argument of the
distribution function. We considered normal (Gaussian)
and lognormal distribution functions and wrote down the
expressions for approximation of the G(TO) component
based on them and relation (3). The values of key ap-
proximation parameters are listed in Table 2 and presented
in Fig. 3. These values were next used to plot the CNT
diameter distribution functions, and the obtained curves
were compared to the histogram of the statistical distribution
(inset in Fig. 3). Compared to the Gaussian function,
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the lognormal distribution function reproduces the statistical
data better in the region of larger CNT diameters.

Thus, it was demonstrated that the liquid-phase technique
of preparation of catalytically activated substrates allows one
to synthesize VA-CNT arrays with a predominant fraction
of single-walled CNTs, and a CA annealing time in a
reducing medium of 5min and a hydrogen precursor gas
concentration of 0.2% are quite sufficient for their growth.
In our view, it is more correct to determine the CNT
diameter distribution by analyzing the G region of Raman
spectra than by studying the RMB region. If applied here, a
lognormal CNT diameter distribution function produces the
closest fit to direct statistical data.
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