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Effect of Excess Hydrogen Flow in Reactor on PECVD Growth

of Carbon Nanotubes
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The paper studies the effect of hydrogen flow on vapor-phase synthesis of carbon nanotubes in gas discharge
plasma. Increasing the hydrogen flow in the reactor reduces the plasma temperature and increases the number
of defects in the synthesized nanotubes. Analysis of the thermodynamics of synthesis shows that increasing the
hydrogen concentration reduces the activity of the catalyst and reduces the amount of carbon supplied to the
growing nanotube, which leads to an increase in the number of defects.
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1. Introduction

Carbon nanotubes (CNT) are a promising material for
many technologically important applications [1,2]. They
are used for making field emission cathodes employed in
the development of miniature tubes, X-ray sources [2,3],
microwave band amplifiers [4], display units [5]. These
applications require CNT with particular properties, in-
cluding a desired length, diameter and substrate packing
density. Growth conditions for CNT with such properties
are being studied extensively. =~ CNT crystal structure,
chirality, diameter and growth rates depend on the type of
catalyst and growth technique.

Chemical vapor deposition (CVD) and plasma-enhanced
CVD (PECVD) of carbon nanotubes have been increasingly
used recently. Due to the inclusion of plasma into the
growth process, synthesis goes at a lower substrate tem-
perature. This is provided by an additional plasma power
source that facilitates precursor dissociation and ensures
improved control of CNT properties such as chirality, length
and diameter [6-9]. However, the effect of gas mixture
composition in the reactor on the quality of grown CNT is
still insufficiently understood. Therefore, the objective of
this paper is to study the effect of hydrogen flow rate in the
reactor on the CNT growth.

2. Test samples

2.1. Catalyst preparation

Iron was used as a catalyst of CNT array growth.
Iron particles on the silicon oxide surface were formed
by a spray technique. For this, an iron nitrate
solution (Fe(NOs), - 9H,0O) in isopropyl alcohol was
used. Fe(NOs3); - 9H,O concentration in the solution was
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0.15mg/ml. The solution was sprayed onto the substrate
surface using the Sono-Tek ExactaCoat system equipped
by the Impact spray nozzle. Schematic drawing of the
application process is shown in Figure 1. Spray nozzle travel
rate over the substrate was set to 100 mm/s. Nozzle height
above the sample was 60 mm. Nozzle travel path above the
substrate surface had a form of a meander in 15 mm steps.
The amount of applied solution was 0.3 ml/cm?, which was
equivalent to the iron film thickness on the substrate equal
to 8 nm. Heating table temperature was set to 230°C. The
choice was conditioned by the temperature at which iron
nitrate is fully decomposed to Fe4O,(OH)4 [10].

2.2, PECVD synthesis

CNT arrays were grown in a PECVD reactor.
Synthesis was conducted in the following conditions:

Nitrogen
— 7 Particle
stream
Iron nitrate Heating table
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T'=230°C
Ultrasonic
nozzle SHeh :
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\ V
Figure 1. Schematic drawing of application of the

Fe(NO3); - 9H,O solution in isopropyl alcohol.
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Characteristics of the lines used for calculations

Therm | 2 (A) | hwi,eV | Aq | gu
1S 7067 1.733 3.8 5 33.61

8015 1.545 9.3 5 71.89
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argon flow rate (Ar)=50cm’/min, ammonia flow
rate (NH3) =25cm3/min, acetylene flow rate (CyH,)=
=50 cm®/min,helium flow rate (He)=2.1cm’/min. The
process temperature was T = 750°C. Plasma power was
Rt = 150 W and remained constant. Conditions for each
series of experiments were set as follows: synthesis
conditions were not changed, except the hydrogen flow
rate in the system. Varying flow rates are given below.
Each experiment consisted of 4 stages: 1) substrate heating
with the applied catalyst layer; 2) catalyst film oxidation
in oxygen; 3) catalyst recovery in ammonia and hydrogen
flows; 4) synthesis. Oxygen was fed into the reaction zone
with the catalyst at the oxidation stage, the recovery stage
was accompanied by hydrogen supply. These stages are
required for formation of catalyst clusters on the Si substrate
for CNT synthesis.

3. Sample examination and plasma
temperature measurement techniques

Morphology of the obtained CNT was examined using
the scanning and high-resolution transmission electron mi-
croscopy (JEOL JEM-2100Plus). Qualitative analysis of
the CNT was performed using the Raman scattering spec-
troscopy (RSS). A 532nm laser was used for RS spectra
excitation. Spectral resolution was lower than 0.5cm™!.
Diffraction grating had 1200 lines/mm?.

Plasma temperature is an important PECVD parameter.
This temperature was calculated using the argon plasma
radiation spectra. A line intensity ratio method was chosen
in this case [11]. Figure 2 shows optical transitions between
two spectral lines with the common lower level, | — i and
k —i.

Plasma temperature was calculated as follows [11]:

h(vii — ki)
= T oA’ (1)
" Kin(je)

where Ay is the transition probability, vy are transition
frequencies, h is the Planck constant, |y and |); are the
spectral line intensities, g and gk are degeneracy factors of
particular states.

The calculations used lines, whose characteristics are
listed in the table. Transition intensities were determined
using argon plasma radiation. Plasma temperatures were
calculated for each experiment that was always accompanied
with radiation spectra measurements.

For CNT arrays grown at different hydrogen flow
rates (25, 50 and 100 cm?/min), Raman scattering (RS)
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Figure 2. Diagram of optical transitions with one ground level
and two excited levels.
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Figure 3. Dependence of the RSS peak intensity ratio on the
hydrogen flow rate.

spectra were measured during the synthesis. Two lines
D (1350cm~!) and G (1580cm~!) were observed on all
RS spectra. It is known that the intensity ratio of these
bands (Ip/lg) is used for numerical rating of the mean
defect level of a CNT array [12]. Intensity ratio Ip/lg for
each experiment was: 0.846 without hydrogen; 1.176 at H;
flow rate equal to 25 cm®/min; 1.435 at H, flow rate equal to
50 cm?/min and 1.786 at H; flow rate equal to 100 cm?/min.
These dependences of |p/lg on the hydrogen low rate are
shown in Figure 3. A sample synthesized without hydrogen
supply has the best Ip/lg. Thus, a conclusion may be
made that with an increase in hydrogen content during the
synthesis, CNT defect level increases.
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Optical spectral measurement of plasma was used to
determine plasma temperature. As the H, flow rate
increased, the plasma temperature decreased. At the same
time, line intensity associated with C—H radicals increases
in the plasma spectra as expected, and the C—C line
intensity decreases, which is associated with the interaction
between hydrogen and carbon.

4. Gas-discharge hydrocarbon pyrolysis
thermodynamics

Atomic carbon fugacity in the catalyst substance is an
important CNT growth property. This particular carbon
is involved in the nanotube growth. Let’s calculate this
quantity during plasma-chemical pyrolysis processes. Taking
into account the complexity of running processes and large
number of reactions, the calculations used the Gibbs free
energy minimization method [13,14] to consider the whole
variety of processes.

This method implies that there is an equilibrium in
the system: temperature and pressure are aligned, all
kinetic processes became stationary. In this case, when
the temperature and pressure are constant, the Gibbs free
energy shall be minimized:

G=H-TS

Calculation algorithm is in the analysis of free system
energy components. Then, this energy is minimized using
additional conditions, with conservation laws serving as such
conditions.

4.1. Conservation laws in hydrocarbon pyrolysis

Conservation laws are defined by particle and molecule
balance in the system. The number of atoms in each of
the substances is denoted by the subscript N,. Subscript
» corresponds to a simple substance atom. Subscript ,,k*
will be used for compounds. This subscript is defined as
any compound regardless of its composition. The number
of molecules of the same kind in a compound, which is
only in the gas phase, is denoted by Nx. The number of
positions will be denoted by a superscript. Therefore, the
number of positions for a simple substance and compounds
will be N* and NK, respectively. The number of particles
in the system is defined by saturating vapor pressure at the
given temperature. This tabular quantity may be found from

a phase diagram of the given type of gas.
N = pas/KT, N¥= ps/KT. (2)

The total number of positions in the gas phase is defined by
the sum of quantities set by expressions:

N=> Pas/KT +> prs/kT =3 N+ Y N (3)
a k a k

The number of positions may be calculated using the
saturating vapor pressure consisting completely from a

particular kind of gas molecules. The number is equal to
the number of chemical components of the system, and a
position number conservation law might be written for each
of them.

For simple substances:

@* =N =N, — N =0, (4)
and for carbon compounds:
P =N — N — N2 =0, (5)

where Ng’k is the number of positions in the gas phase that
remain free.

Carbon molecules may bind together and make new
compounds. These complex objects, in terms of ther-
modynamics, may be described in a common way. In
addition, atoms and molecules of each substance may be
in free and ionized state. The number of carbon atoms
forming particular ions is denoted by: Nyq. Subscript g, that
denotes charge states, may take on discrete values. Thus,
for example, for ionization of a double-charged molecule,
this subscript takes on two values ,,0“ and ,+1%, or ,,0¢
and ,,—1“. For a multiply ionized molecule, this subscript
covers a wider range of values. The number is equal to
the number of molecule charge states. The ,charge state”
concept makes it possible to treat positively and negatively
charged ions, singly and multiply ionized molecules in a
common way.

An atom of each element may be in a free state or as part
of a compound. In pyrolysis the composition of compounds
and number of free nitrogen atoms and other substances
may vary, but their sum remains unchanged due to the
system closedness. This position is the basis for writing
the law of conservation of a particular kind of atoms and
molecules:

@a =Na— > Nag— »_ NeMu =0,
aq a,k

@k =N = > Ngg =0. (6)
kq

Here, m, is the number of simple substance (carbon or
hydrogen) atoms in a hydrocarbon molecule.

Plasma quasi-neutrality condition requires the balance of
positive and negative charges, i.e.: fulfilment of the charge
conservation law:

(pe:n_zanaq_quNk:O- (7)
aq q.k

Note also that (g) may be both positive and negative. Both
single atoms and compounds may be ionized, which is also
considered in equation (7) written in the most general form.

4.2. Free energy of the system

The system’s Gibbs free energy is written as:

G = G®(Ng,. Niq) + G°, (8)

where G is the free gas phase energy; Noq is the
concentration of a atoms in the gas phase that are in the
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charge state ¢; Nyq is the concentration of compounds in a
particular charge state; G® is a free energy of electronic
subsystem, to which all charge-carrying elements, both
atoms and molecules, contribute.

To find an explicit view of the dependence of free energy
on the concentration of atoms and molecules, the partial
Gibbs potential is introduced per a compound atom or
molecule:

Oeqg = 9o = Hq _Tsa,

Okg = Ok = Hi = TSc+ ) mu(Hk = TS, (9)
akq
where Hgy k) is the free energy of formation of a neutral

atom (compound), S, is the vibrational (heat) entropy
associated with the atom (compound), &4(k)q is the energy
to be spent to put an atom (compound) into the charge
state g. Equation (9) accounts for formation of compounds
from single atoms. For space considerations, brackets are
used in notations: @ — is related to an atom, and (k) in
brackets relates to a compound. In equations (9), they are
given separately.

Heat portion of free energy is calculated as a sum of a
product of partial free energies of atoms and molecules by
their concentration:

Gr =) 0aNa+ > 9Nk + G (10)
a k

Configuration portion of free energy is expressed by the
Boltzmann constant:

Gk = —KT InW, (11)

where W is the thermodynamic probability of state (number
of macroscopic state implementation methods).

N*!
W =

21 Nag! (N — No!(Ng, — ij Neg)!
NK1
X 12
Nig!(NK — Ni!(Nk — 3= Nig)! (12)
q

considers all permutation of identical atoms and compounds
with respect to their places and of charge states with respect
to their elements. The total number of particles of the same
kind in the system:

No = Z Neg + Z NigMak- (13)

ak,q

Free energy of an electronic subsystem may be written as:
G® = "Nagag + Y _ Nkgékq- (14)
a,q k,q

Electrons in the system result from atom and molecule
ionization, therefore the charge conservation law is written

as:
Pe=N—= 0ONag— > qNk. (15)
a,q k,q
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Equilibrium concentration of carbon and hydrogen atoms
and compounds formed during the pyrolysis is found by
the Lagrange multiplier method. Equilibrium in the system
corresponds to the functional minimum:

U = Gy + Gk —|—Zla(pa Zza

+Z/1k<pk+z/1k k. (16)

Final expression for the free energy functional will be
written as:

U=>"0gNa+ > 0N+ D Nageag + Y ANigékg
a k a.q k.q

Nt

+ de@e

—kTIn
H [T Nag!(N* — Ng)!(Ne — >4 Nag)!
Nk
X
[Tk Nig!(N¥ — Ni)!'(Nk — 3¢ Nig)!

+/1F’(N—

+ Zla(Na - an:Naq - %;Nk%k)

ak,q

+ le(n —azq: 0o Nag —qzk: qukq) + lquk: (Nk —% Nk,q)

F A (INE = N = NR) + 2% ) (N —

k a

No — N2).

(17)
In accordance with the Fermi level determination (chemical
potential of an electron), we find the sense of the multi-
plier Ae:

0G v
Er = an = an Ae. (18)
This Lagrange multiplier coincides with the Fermi level

energy.

Derivative of free energy with respect to the number
of atoms of a substance or the number of molecules is
a chemical potential, consequently, dislocating molecules
are in equilibrium with atoms that appear during pyrolysis.
Therefore, the chemical potential of these free atoms and
atoms in the molecule are equal because a thermodynamic
equilibrium takes place in the system. Thus, the following
condition takes place for each kind of particles: uJ = uT,
where ug is the chemical potential of an atom in the
gas phase, u™ is the chemical potential of an atom in a
molecule.

e =l +InMeXie ~ fig + M Fras  (19)

where Xy, is the concentration in the gas phase of
molecules, pyrolysis of which gives rise to a type atoms;
f e is the fugacity of these molecules.
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Figure 4. Dependence of plasma temperature on hydrogen flow.

By differentiating W with respect to N%, we get the corre-
lation between the Lagrange multiplier and concentrations:

Ae = —KTInN® + KT In(N® — Ng). (20)

By differentiating W with respect to N, we get that
the chemical potential of « elements in the gas phase
is expressed in terms of the Lagrange multipliers of the
position and particle conservation law:

Ao :ﬂ2+lnrrkafka

- [ga KT 1n(Na -y Nqa) ~KTIn(N® = No)|. (21)
q

A common representation for the chemical potential is used
here: ©d +kTIna, u® chemical potential of nitrogen in
standard conditions.

A derivative of W with respect to Ng, is taken. The
following is obtained as a result of calculations:

ey (Po)"NCrHm _ Ga + €ge — M — GaEr
Nao = NOKT (T P T
N exP(‘%)’ (22)

where E; = 0o + €0 — ul is the energy of activation of

conventional, rather than plasma-chemical, pyrolysis.
Carbon solubility in a catalyst may be calculated using

equations describing the Fe—C phase diagram solidus. This

calculation is described in [14]. The calculation gives:

re_ 3¢ _ { (po) "NCrtir

TR PCoHm (PR)™

R R 1/n
X exp (_ 9CuHm mUHkT nug chF)]

X exp (—le}xge)). (23)

Two factors affect the carbon activity in the catalyst. Firstly,
the partial pressure of hydrogen is in the denominator of this
equation. As the partial pressure grows, carbon solubility in
the catalyst decreases. Secondly, the plasma temperature
decreases as the hydrogen flow rate in the reactor grows
(Figure 4). Ep is linearly related to the reduction of
gas-phase pyrolysis energy. Pyrolysis energy reduction is
induced by gas heating in plasma discharge.

Er = kT,. (24)

According to the experimental data, the plasma temperature
decreases as the total reactor pressure grows. Er decreases,
but the nominator of exponent in equation (23) grows, also
giving rise to a decrease in the carbon activity in the catalyst.
Accordingly, the amount of carbon fed into the growing
nanotube decreases. This gives rise to a growth of defect
level (Figure 3).

5. Conclusion

The study involved experimental investigations of CNT
growth in has discharge plasma with different hydrogen
flow rates. The experiment shows that as the hydrogen
flow rate grows, the nanotube defect level evaluated from
Ip/lg also increases. Defect level growth takes place
notwithstanding that hydrogen actively restores the catalyst
by removing pyrolysis product impurities. This is proved by
the growth of plasma radiation band intensity corresponding
to the presence of C—H radicals. Analysis of the gas-phase
pyrolysis thermodynamics facilitates the explanation of the
experimental fact and identifies two reduction factors of
carbon activity in the catalyst, i.e. direct hydrogen pressure
growth and plasma temperature reduction with hydrogen
flow rate growth.
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