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ABSTRACT Direct measurements of carbon nanotube growth
kinetics are described based upon time-resolved reflectivity
(TRR) of a HeNe laser beam from vertically aligned nanotube
arrays (VANTAS) as they grow during chemical vapor deposi-
tion (CVD). Growth rates and terminal lengths were measured
in situ for VANTAs growing during CVD between 535 °C
and 900 °C on Si substrates with evaporated Al/Fe/Mo multi-
layered catalysts and acetylene feedstock at different feedstock
partial pressures. Methods of analysis of the TRR signals are
presented to interpret catalyst particle formation and oxidation,
as well as the porosity of the VANTAs. A rate-equation model
is developed to describe the measured kinetics in terms of acti-
vation energies and rate constants for surface carbon formation
and diffusion on the catalyst nanoparticle, nanotube growth, and
catalyst over-coating. Taken together with the TRR data, this
model enables basic understanding and optimization of growth
conditions for any catalyst/feedstock combination. The model
lends insight into the main processes responsible for the growth
of VANTAs, the measured number of walls in the nanotubes
at different temperatures, conditions for growth of single-wall
carbon nanotube arrays, and likely catalyst poisoning mechan-
isms responsible for the sharp decline in growth rates observed
at high temperatures.

PACS 61.46.+w; 81.07.De; 81.16.Hc

1 Introduction

Chemical vapor deposition (CVD) is an attractive
approach for growing single- and multi-wall carbon nano-
tubes (SWNTs/MWNTs). As a result, numerous empirical
attempts have been taken to optimize the CVD growth by
choosing an appropriate catalyst, supporting substrate, CVD
gases, flow rates, synthesis temperature, etc. In addition to
the optimal growth conditions, precise control over the nano-
tube length, number of walls, and diameter is important for
the many applications of nanotubes in electronic devices and
sensors [1], as well as for their use in composites [2]. Al-
though these empirical studies produced some useful growth
recipes and inspired many theoretical discussions about the
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growth mechanisms, they were unable to provide a clear path
to the understanding of the growth mechanisms. The nano-
tube growth mechanisms and kinetics are the subject of much
speculation, mainly because of the lack of in situ diagnostic
techniques that can be employed in the typical CVD environ-
ment. At present, the growth rates and ultimately the lengths
of nanotubes are limited by unknown factors, which has great
bearing on applications.

The necessity of in situ monitoring of carbon nanotube
(filament) growth has been understood for quite some time.
Baker observed in situ the manner by which various metal
and alloy particles catalyze the growth of carbon filaments
using controlled atmosphere electron microscopy [3]. In this
approach samples for in situ growth monitoring were prepared
in the form of supported metal catalyst films, about a mono-
layer thick. The films nucleated into nanometer-size particles
(5-20 nm in diameter) during sample heating.

Recently, Helveg et al. used high-resolution in situ trans-
mission electron microscopy (TEM) to observe the growth
of carbon nanofibers with atomic resolution [4]. In this work
CH4 was decomposed over MgAl,O4-supported Ni nanocrys-
tals at 500 °C. Many new interesting features of the nanofiber
growth were revealed by this study, such as a reaction-induced
reshaping of the Ni nanocrystals during growth, formation
and propagation of the step edges at the surface of the nickel
nanoparticles, etc.

Bonard et al. attempted to develop in situ diagnostics of
MWNT growth by performing field-emission microscopy di-
rectly in a modified CVD reactor. They found that MWNTs
grow after an activation time of a few seconds with growth
rates of 1-10 wm/s [5]. However, the interpretation of these
results is not straightforward and the technique is limited to
very low pressures.

Recently, we developed a simple and powerful approach
for in situ monitoring of growth of vertically aligned nano-
tube arrays (VANTAS), based on time-resolved reflectivity
(TRR) [6]. Attenuation of a reflected HeNe laser beam and
Fabry—Perot fringes were used to measure the length of VAN-
TAs throughout the first 10 microns of growth. A similar
technique was applied recently to monitor carbon nanotube
growth using plasma-enhanced CVD [7].

VANTASs have been grown in patterned arrays by CVD
using lithographically patterned catalyst films, solutions, or
materials to which the floating catalyst will stick [1, 2, 8—13].
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The average growth rates reported for the VANTAs range
from 0.4 to 50 pum/min [8,9] with lengths typically ter-
minating around 50-200 pum [1, 2, 10]; however, lengths of
1.5-3 mm have been achieved [8, 10, 13].

In our in situ TRR monitoring of the VANTA growth,
electron-beam-evaporated multi-layered metal catalysts
(Fe/Mo) were deposited on a Si substrate with an Al under-
layer [6]. This catalyst system was developed by Delzeit et al.
and was used to grow both SWNTs [14] and vertically aligned
multi-wall nanotubes (VA-MWNTs) [11].

In this paper we describe the application of TRR for in
situ monitoring of the catalyst film pretreatment and growth
of VANTAs. To demonstrate the power of the TRR technique
we provide a detailed experimental study of the growth rates
of VANTASs in the temperature range from 535 to 900 °C,
and variable concentrations of the C,H, feedstock gas. We
obtain the time evolution of the heights of VANTASs at dif-
ferent growth temperatures, and demonstrate that the growth
stops rapidly at relatively low (535-600°C) as well as at
high (800-900 °C) temperatures, exhibiting a relatively nar-
row temperature window for the optimal growth of long VAN-
TAs (up to a few millimeters) around 700 °C at a growth
rate of about 0.2—0.5 pum/s. We also observe that the growth
termination length can be increased by decreasing the par-
tial pressure of the C,H, feedstock gas. We found that the
type of the nanotubes grown on the multi-layered metal cat-
alyst changes in the temperature range from 535 to 900 °C.
The thicker, more defective VANTAs with 6—10 walls are
grown at 575 °C, while predominantly double-walled nano-
tubes (DWNTs) were found at 725 °C. Above 700 °C, the
Raman spectra show strong features of SWNTs/DWNTs.

Finally, we describe a kinetic model to explain the time
evolution of the heights of VANTAS, the temperature depen-
dence of the growth rates, the terminal lengths, and the num-
ber of walls based on the processes that are responsible for the
observed effects in VANTA growth.

The paper is arranged as follows. Section 2 describes the
experimental setup (Sect. 2.1) and the TRR technique for in
situ monitoring of the multi-layered metal catalyst pretreat-
ment (Sect. 2.2) and carbon nanotube growth (Sect. 2.3). Sec-
tion 3 describes the experimental procedure used to calibrate
successive Fabry—Perot fringes using an arrested growth ap-
proach. Section 4 provides a theoretical interpretation of the
observed interference fringes in the frame of an effective-
medium approximation for VANTAS. In this section we cal-
culate the reflectance and transmittance of VANTAs and esti-
mate their porosity. Section 5 is devoted to the experimental
study of the growth rates of VANTAs at different temperatures
and concentrations of the C,H; feedstock gas. Section 6 sum-
marizes the results of the Raman spectroscopy study of carbon
nanotubes at different temperatures. Section 7 focuses on the
discussion of the main processes involved in VANTA growth
based on the kinetic model. The main conclusions of this work
are provided in Sect. 8.

2 Experiment and method

2.1 Experimental setup

The catalyst system used for VANTA growth con-
sisted of multi-layered metal films (10 nm of Al, 1 nm of Fe,

and 0.2 nm of Mo) prepared by electron-beam evaporation
onto Si(100) substrates. Sputtered films of this catalyst system
were used by Delzeit et al. with ethylene to grow VA-MWNTs
and SWNTs on various substrates [11, 14]. Recently, we char-
acterized the growth of MWNTs and SWNTSs on Si substrates
with this catalyst system using acetylene [15]. The substrate
with the metal films was mounted vertically, perpendicular to
the gas-flow direction, using a fused-silica mount in the cen-
ter of a CVD tube. A schematic diagram of a CVD reactor is
shown in Fig. 1. The CVD reactor consists of a quartz tube
(3-in diameter, 4-ft length) placed inside a high-temperature
furnace (Lindberg/Blue, model HTF55342C, maximum tem-
perature 1200°C, 35-in length, 8-in uniform-temperature
zone). The CVD reactor was equipped with four mass-flow
controllers (Hitachi, model SFC-460, 10 sccm Hy maximum
flow rate, and model 480, 100 sccm, 500 sccm, and 2000 sccm
Ar maximum flow rates) and an automatic pressure-control
system. A thermocouple was located in the center of the fur-
nace near the outer quartz tube surface. The temperature of
the Si substrate was also measured using a single-color py-
rometer (IRCON, model W-10C10, » = 0.9 um, temperature
range 400—1000 °C) through a quartz view port located at the
exit end of the quartz tube. The entrance port of the quartz
tube was equipped with a glass window (4-in diameter) to
permit the entry and exit of a stabilized HeNe laser beam
(A = 632.8 nm, 4 mW, Laboratory for Science, model 200) as
shown in Fig. 1b. The intensity of the beam reflected from the
substrate and the growing VANTA was recorded with a sili-
con photodiode and a computer-interfaced digital multimeter
(Keithley 196) with a time resolution of 140 ms. The diameter
of the HeNe laser beam spot on the Si substrate was 2 mm.
The nanotubes were characterized using scanning electron
microscopy (SEM) (Hitachi S-4700 field-emission SEM),
transmission electron microscopy (TEM) (Hitachi HF-2000),
and Raman spectroscopy. The Raman spectra were measured
using a micro-Raman spectrometer (Renishaw Inc., model
RM1000) in the backscattering configuration. A HeNe laser
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FIGURE 1 (a) A schematic of the CVD setup with (b) in situ time-resolved

reflectivity monitoring of VANTA growth. The CVD reactor consists of
a quartz tube placed inside a high-temperature furnace and is equipped with
mass-flow controllers and an automatic pressure-control system. The en-
trance port of the quartz tube is equipped with a glass window to permit the
entry and exit of a stabilized HeNe laser beam for in situ TRR diagnostics of
VANTA growth
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(A = 632.8nm, maximum 3 mW laser power on a sample,
~ 2 wm laser spot, x50 objective, NA 0.75) was used for ex-
citation. In most cases, the spectra were measured using a 10-s
accumulation time.

The surface morphology of the Si—metal layer films be-
fore and after a high-temperature annealing step was char-
acterized using an atomic force microscope (AFM) (Digital
Instruments, MultiMode NS-IITA).

2.2 In situ reflectivity monitoring of catalyst films

during pretreatment

The goal of the pretreatment procedure is to con-
vert a catalyst film to nanoparticles and to stabilize the tem-
perature at the chosen level for carbon nanotube growth. A Si
substrate with the catalyst film was heated in flowing Ar (Air
Liquide, 99.9997% pure, 2000 sccm flow rate) and H, (Air
Liquide, 99.9995% pure, 400 sccm flow rate at atmospheric
pressure) to the growth temperature. Figure 2a and b show the
time evolution of the oven temperature and the reflected light
intensity during pretreatment at the targeted growth tempera-
ture of 575 °C. It takes about 10 min for the temperature to
reach the set value. After the furnace reaches the set tempera-
ture, an additional 10 min are allowed for the temperature to
equilibrate at the set temperature.

During the ramp-up of the furnace temperature, the re-
flected intensity slowly decreases starting from 7' > 230°C
followed by a relatively sharp drop at T ~ 400-410 °C. After
the sharp transition, the reflected intensity slowly reaches
a plateau, corresponding to ~ 50% of the initial intensity
(Fig. 2a and b). This intensity is approximately equal to the re-
flected light intensity from a bare Si substrate measured at the
equilibrium temperature (575 °C).

Note that Fig. 2b shows the temperature measured by the
furnace thermocouple (Fig. 1a). The actual temperature of
the Si—metal film substrate may be different from that meas-
ured by the thermocouple. Direct pyrometer-based measure-
ment of the Si-substrate temperature during ramp-up (usually
~ 100 °C/min) of the furnace temperature is inaccurate be-
cause of strong interference by radiation emitted from the
furnace coils, reflected by the Si substrate, and detected by
the pyrometer in addition to the Si-substrate black-body ra-
diation. When the furnace temperature stabilizes, the current
through the furnace coils drops significantly. At this point,
the temperature of the Si substrate can be measured using
the pyrometer. We found that at these conditions the pyrom-
eter and the thermocouple readings were in good agreement.
To estimate the temperature difference between the Si sub-
strate and the furnace thermocouple during the ramp-up, the
Si/Al/Fe/Mo substrate was heated using a very slow tem-
perature ramp, 5 °C/min, in order to provide enough time
for the temperature to reach equilibrium. Figure 3a shows
the plot of the reflected intensity vs. temperature measured
by the furnace thermocouple for two different ramping rates,
90 °C/min and 5 °C/min. At 5 °C/min the sharp reflectivity
drop occurs at a slightly higher temperature (~ 46 °C) than
in the rapid heating case. This means that, during our regular
rapid heating pretreatment (~ 100 °C/min), the actual tem-
perature of the Si substrate could be ~ 50 °C higher compared
to that recorded by the furnace thermocouple.
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FIGURE 2 (a), (b) — left-hand frame Intensity of the specularly reflected

HeNe laser beam and the oven temperature during pretreatment and ramp-
up to the targeted growth temperature of 575 °C. (b) — right-hand frame,
(c) Time evolution of the reflected laser intensity during VANTA growth.
CyH, gas was added to the flowing Ar (2000 sccm) and H, (400 sccm) gas
mixture at 6 sccm. After ~ 26 s the reflected beam intensity decreases expo-
nentially, displaying reproducible oscillations during the 1286—1500 s time
interval. At > 1500 s, the reflected intensity does not change significantly,
indicating termination of VANTA growth. The vertical line around 1900 s
(b) shows the minimum photodiode signal (~ 10~3 V) that could be detected,
indicating the dynamic range of about four orders of magnitude available for
the reflected light intensity measurements. The inset in (¢) shows an image
of a VANTA film on a Si substrate, displaying a thickness gradient along the
vertical direction and exhibiting colored interference fringes

Figure 3b shows the reflected intensity vs. temperature
plot for two different equilibrium temperatures, 575 °C and
700 °C. The reflected intensity decreases slowly in the tem-
perature range from 150 °C to ~ 400 °C followed by a rela-
tively sharp drop around 400 °C, a small plateau, and a further
decrease to the final reflectivity level of the Si substrate ~ 0.5.
Since the reflectivity of the Si substrate does not change much
in the studied temperature range, the observed changes in re-
flectivity are related to the deposited metal films, most likely
to the thickest 10-nm Al film.
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At least three different mechanisms can be responsible for
the observed changes in the reflectivity during heating: (1) the
temperature dependence of metal dielectric constants, (2) the
melting of nanometer thin metal films and their alloys, and (3)
the roughening of the metal films due to oxidation.

The theory of reflectivity of metals at high temperatures
was considered by Ujihara [16] in the frame of the Drude
model for the metal dielectric constants. The reflectivity of Al
in the temperature range of 25—600 °C was calculated numer-
ically, starting with Naj = 1.554+7.00i (at A =0.69nm, T =
102 °C) [16]. These calculations show that the Al reflectivity
drops from ~ 0.8 (at 27 °C) to ~ 0.6 (at 600 °C).

To understand whether the changing of the Al reflectivity
was responsible for the observed reflectivity changes vs. tem-
perature, a series of Si/Al/Fe/Mo substrates were first heated
to different temperatures, from 300 °C to 450 °C, and then
cooled to ~ 150 °C.

Figure 4 shows the results of this temperature-cycling
experiment. A hysteresis-type behavior was observed in all
cases, indicating that irreversible changes in reflectivity occur
even at the lowest temperature of ~ 300 °C.

If the temperature variation of the Al dielectric constant
is responsible for the initial drop of the reflectivity, tempera-
ture cycling should be reversible. For surface roughening,
due to oxidation, the change of the reflectivity should be ir-
reversible. The irreversible behavior of the experimental re-
flectivity curves suggests that the oxidation-induced surface
roughening is the main mechanism leading to the observed
drop in the reflectivity in this temperature range. This conclu-
sion is confirmed by the heating of the Si/Al/Fe /Mo substrate

in air instead of Ar/H,. Figure 3c shows that annealing in air
indeed leads to a steeper initial reflectivity drop compared to
that in Ar/H,. Figure 3d shows that the reflectivity of pure Al
films behaves quite differently during annealing compared to
that of Al/Fe and Al/Fe/Mo thin films. Only a small initial
drop in the reflectivity is observed for a pure Al film in the
temperature range from 150 °C to 400 °C compared to Al/Fe
and Al/Fe/Mo films. This behavior can be explained by the
formation of a thin protective layer of Al,O3 [17].
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FIGURE 4 Reflected intensity vs. temperature during heating—cooling cy-
cles of Al (10 nm)/Mo (0.2 nm)/Fe (1 nm) catalyst films to different final
temperatures
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As-Evaporated

L DI n' ® oy

FIGURE 5 SEM images of Al (10 nm)/Mo
(0.2nm)/Fe (1 nm) catalyst films (a) as de-
posited by the electron beam evaporation tech-
nique and (b) after annealing at 725 °C

at 725 °C

The sharp drop in reflectivity around 400 °C is related to
surface roughening but involves an additional mechanism —
melting of the residual aluminum (Fig. 3a—d) — which is dis-
cussed below.

The surface morphology of the Si substrate with the metal
films was analyzed before and after the annealing pretreat-
ment using an AFM (Digital Instruments, MultiMode NS-
IITA) and a SEM. The SEM image of a Si substrate with
the catalyst films before annealing (Fig. 5a) does not show
any obvious surface roughness. After annealing in Ar/H; the
SEM image (Fig. 5b) shows a completely different surface
morphology with well-resolved surface roughness. Figure 6a
shows the AFM image of an as-deposited Si—catalyst sub-
strate, exhibiting root mean square (rms) surface roughness,
i.e. rms of height deviations taken from the mean data plane,
of about 0.8 nm. Annealing to 300 °C (see Fig. 4) increases
the rms surface roughness to 1.3 nm (Fig. 6b). Further in-
crease in the annealing temperature to 410 °C results in a
dramatic increase in the rms roughness to 4.8 nm (Fig. 6¢).
This temperature is close to the onset of the sharp transition
in the reflectivity (Figs. 3 and 4). Annealing above the tem-
perature of the sharp transition in the reflectivity leads to a
decrease in the rms surface roughness. For example, at 450 °C
the rms surface roughness is only 3.4 nm (Fig. 6d). Figure 7
summarizes these results and shows the dependence of the
rms surface roughness on the annealing temperature. The rms
surface roughness increases in the temperature range from
25°C to 410 °C and then falls when the temperature exceeds
410°C, which corresponds to the temperature of the sharp
transition in the reflectivity.

The gradual increase of the surface roughness in the tem-
perature range from 25 °C to 410 °C is related to formation
of Al,O3 nanocrystals due to oxidation of the Al/Fe/Mo
film. The oxidation decreases the thickness of the residual
Al underlayer and also releases a considerable amount of
heat [18] that can drive the surface temperature up to the melt-
ing point of Al, 600.4 °C, or to the eutectic temperature of
Al-Si, 577 °C [19]. The Al film used in our case is too thick
(~ 10 nm) to consider the effects of a size-dependent decrease
of the melting point [20, 21], although it is plausible that initial
oxidation-induced surface roughening results in nanometer-
size Al particles that can melt at lower temperatures. As
a result, the residual Al film melts, and the morphology of
the catalyst film surface changes at 7> 410°C (Fig. 7). At
higher temperatures the Al film oxidizes completely, forming

c: Tum d

FIGURE 6 AFM images of Al (10 nm)/Mo (0.2 nm)/Fe (1 nm) catalyst
films; (a) as-evaporated, (b) annealed at 300 °C, (c) annealed at 410 °C, and
(d) annealed at 450 °C

a nanostructured Al,O3 matrix embedded with nanoparticles
of Fe/Mo catalyst.

Recently, a detailed study of Al buffer layer oxidation ef-
fects on catalytic CVD growth of carbon nanotubes using in
situ X-ray spectroscopy has been reported [22]. Oxidation of
Al was shown to be necessary to prevent Fe from reactioning
with the Si substrate and preventing nanotube growth. This
observation supports our conclusion about extensive oxida-
tion of the Al buffer layer during the annealing pretreatment
procedure.

23 Carbon nanotube growth

After about 20 min of pretreatment, the tempera-
ture equilibrates and the reflected intensity remains constant.
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At this point (see Fig. 2b and c) a pre-established 6 sccm flow
of C,H; (Air Liquide, Alphagaz-1, 99.6% pure) was switched
into the flowing Ar/H; gas mixture. As shown in Fig. 2c,
26 s later the reflected beam intensity began to decrease ex-
ponentially due to absorption and scattering by the growing
nanotubes. In addition, the time-resolved reflected intensity
displayed reproducible oscillations. Both the oscillations and
the extinction of the beam can be used to monitor the length of
the VANTAs.

The oscillations result from interference between light re-
flected from the top of the VANTA and light that is reflected
from the Si substrate which passes twice through the nanotube
forest. These Fabry—Perot fringes serve as fiducial markers
that permit determination of lengths and growth rates during
deposition. The inset in Fig. 2c shows colored films of VAN-
TAs due to thickness interference. The observed patterns de-
pend on the temperature gradient across the substrate during
VANTA growth, which is determined by the way the substrate
was mounted in the CVD reactor. The image in Fig. 2c corres-
ponds to the case when the substrate was mounted vertically
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at its bottom edge, inserted in a slot of a pyrolytic graphite
disk (1-in diameter) and placed in the center of the CVD reac-
tor. In this case the temperature gradient is directed vertically
along the substrate, since the top part of the substrate will have
a slightly lower temperature, due to cooling by the gas flow,
than the walls of the quartz tube and the substrate support.
The temperature gradient results in thickness variations of the
VANTA, which produce the colored interference patterns.

3 Length calibration of VANTASs using growth-stop

experiments

The incremental length, dy, for successive Fabry—
Perot fringes corresponds to A /2n.g. Description of the length
requires the effective index of refraction, neg, of the porous
VANTAS, even in the case of the simplest assumption that
VANTAS could be described by a single effective medium.
A detailed description of this problem will be given in Sect. 4.
In this section we provide direct experimental measurements
of the incremental length, dy, using an arrested growth ap-
proach.

Growth of the VANTASs was halted after different numbers
of fringes in several successive experiments. The growth was
halted by rapidly evacuating the CVD reactor from 760 Torr
to below 10 mTorr in less than 3 s. Figure 8a shows an ex-
ample of the growth-stop time resolved reflectivity (TRR)
curves, measured at 545 °C. The top two curves correspond
to the cases where the growth was stopped at the first mini-
mum after 51 s and at the second minimum after 123 s. The
furnace is then allowed to cool below 200 °C and the Si wafer
was taken out of the CVD reactor, scribed, and broken at the
optically monitored location. The length of the VANTAs was
determined from SEM images as shown in the inset to Fig. 8a
at higher magnification in Fig. 8b and c. The bottom curve in
Fig. 8a represents the time evolution of the reflected intensity
when the growth stops spontaneously. The first fringe (the os-
cillation minimum) appears when the length of the VANTAs
reaches 150 20 nm. The successive fringes were found to
occur for constant increments in VANTA length at different
growth temperatures (300 430 nm at 545, 575, and 600 °C),

FIGURE 8 (a) Intensity of the
specularly reflected laser beam for
three different growth runs at 7 =
545°C and 6sccm CyH,. Acetylene
is introduced upstream at t = —22s
and, after a transit time to the center of
the tube furnace, growth reproducibly
begins at r =0s. Attenuation of the
reflected beam is accompanied by
a series of interference fringes (lower
trace). In the top two traces (offset for
clarity), growth is stopped by rapidly
evacuating the chamber just past the
first and second minima at the indi-
cated times, resulting in VANTAs of
heights indicated in the corresponding
cross-sectional SEM images shown in
the inset and at higher magnification
in (b) and (c¢)
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with the uncertainty in estimating the length principally gov-
erned by the surface roughness of the VANTA. In subsequent
runs, the length of the VANTASs could be directly inferred in
situ by counting the fringes.

Alternatively, in the absence of pronounced Fabry—Perot
fringes in the TRR signal, extinction of the laser beam can
be used to estimate the length. Similar arrested growth ex-
periments as those shown in Fig. 8§ were used to estimate
the extinction coefficient, o = [In(ly/I)] /2d, at each growth
temperature through calibration of reflected intensity, /, and
measured film thickness, d. The values of « were found to be
consistent for VANTASs of different lengths at a given tem-
perature, so the TRR signals throughout a growth run could be
used to determine the VANTA length.

The standard procedure for estimating the length and
growth rate is demonstrated in Fig. 9a and b. First, the times
for the successive fringes (oscillation minima) were meas-
ured. Then, taking into account the measured values of the
VANTA length for the first and the other successive oscillation
minima, the length vs. time curve, d(f), was plotted (Fig. 9b).
Finally, the derivative of this curve was calculated in order
to plot the growth rate vs. time (Fig. 9b). The analytical de-
pendence, d(f), required for the subsequent calculations of the
shape of the oscillating reflectivity curve (Fig. 9a) was ob-
tained using a polynomial fit to the experimental d(#) points
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FIGURE 9 A standard procedure for estimating the VANTA length and
growth rate. (a) Intensity of the reflected laser beam vs. growth time. C;Hy
gas is introduced upstream at ¢ = —22 s, and the growth starts at t = 0's. The
vertical dotted lines show the positions of the successive oscillation minima,
which are directly related to the VANTA length. (b) Length of VANTAS vs.
growth time and the derivative of this curve showing the time evolution of the
growth rate 7 = 570 °C

(Fig. 9b), d(f) = 7.81¢t40.0817> — 0.00031¢3, where d is in
nanometers and ¢ is in seconds.

4 Calculation of reflectance and transmittance
of VANTA layers

To provide a more detailed understanding of the
observed interference fringes, the reflectance of a laser beam
from a layer of VANTA on a Si substrate was calculated.
This was done using complex refractive indices, N = n + ik,
and assuming normal incidence of the laser beam in our ex-
perimental study. The amplitude reflection and transmission
coefficients o, and t,p, are defined by (for both s and p polar-
izations) [23]

_ Na_Nb
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= —) 1
Na+Nb ()

Oab Tab

where N,, Ny, and N, are the complex refractive indices of
the top layer (Ar/H, gas), the VANTA, and the Si substrate,
respectively. The reflection and transmission amplitudes, 7,y
and t,p, are given by
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where @ = exp (i2wNpd/A). The intensity reflection coeffi-
cient can be expressed as

Ry = V:brab . 3)

Figure 10 shows the experimental TRR curve and the cal-
culated curve using the following set of complex refractive
indices: N, = 1 (Ar/H), Ny = 1.075 4 0.045i (the effective
refractive index for the VANTA), and N, = 4.1+ 0.057i (Si,
for A = 630nm, T = 490 °C [24]). We did not take into ac-
count the roughness of the top VANTA layer and the metal
films converted to nanoparticles on the surface of the Si sub-
strate during the pretreatment annealing. Taking into account
the simplicity of the model, the calculations show a fairly
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FIGURE 10 Experimental (dark) and calculated (light) TRR curves. The ex-
perimental curve is the same as shown in Fig. 9a. Three layers: (a) Ar/Hy
with the refractive index, N, = 1; (b) VANTAs with the effective refrac-
tive index, N, = 1.075+0.045i; and (c) Si with N, = 4.1+ 0.057i, were
considered in the calculations
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good agreement with the experimental data except for the ini-
tial part of the curve. At the beginning, a faster decrease of
the TRR signal is observed experimentally. To improve the
agreement with the experimental TRR curves we considered
a two-layer system, where a relatively thin layer, b2, was in-
troduced on top of the main layer, b1. The layer b2 accounts
for the slightly different properties of the top layer of the
VANTA compared to the bulk VANTA. The upper layer has
arelatively random set of nanotube orientations and probably
contains some metal nanoparticles lifted up from the Si sub-
strate. The TRR curve calculated using the two-layer model
with a fixed value of upper-layer thickness, d1 = 70 nm, and
Np1 = 1.075+0.081, Ny = 1.075 + 0.04i provides a better fit
to the experimental TRR curves.

Several different approaches for evaluation of the effective
dielectric function of a two-phase system using the dielectric
functions of its components are discussed in [23] relative to
optical properties of porous silicon. Assuming that the mi-
crotopology of our VANTAS can be described using only one
parameter, the porosity, p (p is the ratio of the empty pore vol-
ume to the total volume), and applying the Looyenga formula,

1/3
et = (L= p)e'*+ per* @)
we estimate the porosity using the dielectric function of the
embedded solid phase: amorphous carbon particles & ~ 4
[25], host material: gas (Ar/H, or air) &, = 1; and the cal-
culated eeff = n% = 1.16. These assumptions give a porosity

value for VANTASs of ~ 0.92.

Growth rates of VANTAs

In this section we describe the temperature and
the C,H, feedstock concentration dependences of the growth
rates of VANTAS using the in situ TRR approach described
above. Figure 11a and b show a set of the TRR curves for

different growth temperatures. At relatively low temperatures
(575-650°C, Fig. 11a), the TRR curves show pronounced
Fabry—Perot fringes in the TRR signal. When the temperature
increases, the oscillation amplitudes decrease and the fringes
become less pronounced. The amplitude of the TRR oscilla-
tion depends on the composition of the Fe/Mo-catalyst film,
in particular on the thickness of the Mo layer. Since the thick-
ness of the Mo layer is only 0.2 nm, it is difficult to control
its thickness precisely with a standard crystal quartz balance
in our electron beam evaporation chamber. Figure 11c and d
show the top-layer morphology of the VANTASs at two differ-
ent temperatures, 575 and 850 °C. At 850 °C the roughness
of the top layer is higher than at 575 °C. Many small pro-
truding islands (~ 1.2 um in diameter, with a slightly larger
VANTA length) are observed at higher growth temperatures.
In addition, we found that at 7 > 700 °C the top surface of
VANTASs is covered with SWNTSs (see Sect. 6). This also
results in an increase of the surface roughness. These two
effects lead to diminishing of the TRR oscillations at high
temperatures.

Figure 12a and b show the time dependence of the VANTA
length for overlapping ranges of temperatures, (575-700 °C)
and (700-850°C). At 575 °C, growth continues for ~ 175 s
at 0.012 pm/s. After that, growth slows down and saturates
at 1.6 pm. Increasing the temperature to 600 °C results in an
almost linear growth at 0.035 um/s to 9 wm, measured after
518 s of growth time. The horizontal dotted lines show the
maximum thickness of the VANTAS, measured after 518 s
of growth for these two temperatures. When the temperature
increases to 700 °C, the maximum achievable length also in-
creases rapidly. For example, at 730 °C, we were able to grow
VANTASs a few millimeters long. Further increase in the tem-
perature leads to a decrease of the growth rates (Fig. 12d) and
termination of growth. For example, at 800 °C and 850 °C, the
maximum thickness of the VANTASs was 5.0 and 2.6 pum, re-
spectively.
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FIGURE 11 TRR curves for eight growth tempera-
tures: (a) 575-650 °C and (b) 725-900 °C. SEM im-
ages of VANTASs at (¢) 575°C and (d) 850°C. In
all cases the VANTAs were grown in the flow of Ar
(2000 sccm), Hy (400 scecm), and CoHp (6 sccm)
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FIGURE 12 Length of VANTAs de-

rived from the Fabry—Perot fringes
shown in Fig. lla and b for two
sets of the growth temperatures:
(a) 575-700°C and (b) 700-850 °C.
The dotted horizontal lines show
the maximum achievable length of
VANTASs restricted due to the ter-
mination of the growth: 1.6 um at
575°C, growth time 518s; 9.0 pm
at 600°C, growth time 518s; and
2.6 um at 850 °C, growth time 400 s.
(¢), (d) Growth rates of VANTAs for
the two sets of the growth tempera-
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Another interesting feature of the growth rate vs. time
curves is that at higher temperatures more time is required to
reach the maximum growth rate. At 575-600 °C it takes less
than 20 s to reach the maximum growth rate (Fig. 12c). At
650-700 °C, this time increases to ~ 50 s.

Figure 13 shows the temperature dependence of the
growth rates. A pronounced maximum in the growth rate
of ~ 0.2 um/s is observed at 700 °C. The theoretical inter-
pretation of this result using different assumptions will be
presented in Sects. 7.4 and 7.5. The growth rate vs. the 1/T
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FIGURE 13 Temperature dependence of the growth rate, measured for two
sets of metal catalyst films (circles and squares), consisting of 10nm Al,
1 nm Fe, and 0.2 nm Mo, but deposited at different runs which can be slightly
different in nominal film thickness due to difficulties in controlling the film
thickness with Angstrom precision. The solid and dashed lines show the cal-
culated temperature dependences assuming different mechanisms of catalyst
deactivation at higher temperatures: poisoning of catalyst nanoparticles due
to gas-phase pyrolysis products (Sect. 7.4) and reducing of active catalyst
state (Sect. 7.5), respectively
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curve is nonlinear and only the low-temperature tail of this
curve can be approximated by a straight line, giving an effect-
ive activation energy for the VANTA growth ~ 2 eV. In reality,
many different processes with different activation energies are
involved in the growth process. A more detailed considera-
tion of these processes will be given in Sect. 7. Interestingly,
Baker et al. obtained a similar temperature dependence of the
number of filaments produced per unit area and mean filament
width using Co-catalyzed decomposition of acetylene [26].

In the absence of pronounced Fabry—Perot fringes in the
TRR signal, the length was estimated from extinction of the
laser beam. This procedure is described in Sect. 4 and [6].
The extinction coefficients decrease approximately by a fac-
tor of three in the temperature range from 600 °C to 750 °C
(see [6]). While porosity of the VANTAS is difficult to quan-
tify, it did not appear to vary sufficiently to explain the de-
crease. A more likely explanation is the pronounced decrease
in the number of walls of the CNTs grown with increasing
temperature. As shown in Fig. 14a, b, and c, high-resolution
TEM images reveal that thicker, more defective MWNTSs with
6—10 walls are grown at 575 °C while cleaner, predominantly
double-walled nanotubes (DWNTSs) can be found in VANTAS
(Fig. 14d) grown at 725 °C. In addition the TEM images show
some SWNTs in VANTAs grown at 725 °C (Fig. 14c).

Figure 15a—c show the dependence of the growth rates
on concentration of C;H, feedstock gas measured at 575 °C.
The maximum growth rate remains practically constant in the
C,H, flow-rate range from 2 to 19 sccm (Fig. 15b). The most
interesting and important result is that the terminal length of
the VANTAS can be substantially increased by decreasing the
feedstock gas concentration (Fig. 15c). The discussion and
theoretical interpretation of these results will be presented
in Sect. 7.
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0.5 mm

FIGURE 14 TEM images of multi-walled carbon nanotubes grown from
metal multi-layered catalyst films at (a) 575 °C, (b) 725 °C, and (¢) 725 °C.
(d) SEM image of 0.75-mm-long VANTAs grown at 730 °C

Raman spectra of carbon nanotubes

Figure 16 shows a set of Raman spectra of carbon
nanotubes grown at different temperatures. In the temperature
range 550-650°C, the tangential mode contains two rela-
tively intense peaks at 1600 cm™! (G-band) and 1320 cm™!
(D-band) (Fig. 16a). We did not observe any features specific
to SWNTs in the low-frequency region at these temperatures
(Fig. 16b). The low-frequency spectrum measured at 550 °C,
when the thickness of the VANTA array is only ~ 1.2 pm
and the VANTA layer is transparent to 632.8-nm excitation
laser light, shows a characteristic wing in the frequency range
~ 220-300 nm. This wing comes from the 303-cm~! band of
the supporting Si substrate. At 700 °C, the shape and the D/G
peak intensity ratio change and a very pronounced peak ap-
pears around 180 cm™! in the breathing mode region. These
changes indicate the sudden appearance of SWNTs/DWNTs
in the samples of VANTAs. At higher growth temperatures
(700-900 °C), the Raman spectra in the tangential (Fig. 16¢c)
and breathing (Fig. 16d) mode regions show strong features of
SWNTs/DWNTs. The Raman spectra are in good agreement
with the high-resolution TEM imaging studies.

Kinetic model of VANTA growth

In this section we discuss the main processes that
could be responsible for the effects observed in the VANTA
growth using our in situ diagnostic techniques. To understand
the observed growth dependences we developed a model
based on kinetic equations that describes the catalytic con-
version of the feedstock gas into carbon nanotubes. Since the
growth of CNTs contains numerous unknown microscopic
mechanisms, we consider a few dominant mechanisms and
compare calculated and experimental kinetics to support or
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FIGURE 15 (a) TRR curves for four different flow rates of CoH, feedstock
gas measured at the growth temperature of 575 °C (left) and SEM images of
the corresponding arrays showing the increase of the terminal length from
0.8 pum to 2.8 pm as the acetylene flow rate drops from 19 to 2 sccm (right).
(b) Growth rate vs. time curves derived from the TRR curves shown in (a).
(c) Terminal length of VANTAS vs. CoH; flow rate (squares). The solid line
represents the results of calculations described in Sect. 7.5

eliminate any specific mechanism based on this compari-
son. Ideally the model should explain: the measured VANTA
lengths and their time evolution during growth, the observed
growth rates, the temperature dependence of the growth rates,
the growth termination at low and high temperatures, the feed-
stock partial pressure dependence of the growth rate, and
the observed change in the type of carbon nanotubes pro-
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FIGURE 16 Raman spectra of carbon nanotubes grown at different tempera-
tures: (a), (b) 550-700 °C and (c), (d) 650-900 °C

duced when the temperature increases, i.e. transition from
MWNTs to DWNTs/SWNTs. In addition, the growth model
should also explain: the role of the metal catalyst nanoparti-
cles in VANTA growth, the optimal size and composition of
the catalyst nanoparticles for fast growth of long and dense
VANTAS, a mechanism and efficiency of the catalytic decom-
position of feedstock molecules, dissolution and diffusion
of carbon atoms/molecules through the metal nanoparticles,
the phase state of the catalyst nanoparticles during nano-
tube nucleation and growth, and precipitation of the carbon
atoms/molecules and nanotube nucleation resulting in differ-
ent nanotube types, i.e. different diameters and numbers of
walls. Many of these processes have been discussed in the
literature, basically inspired by the early work by Baker et
al. [3,26,27] (see also [28]). A detailed theoretical discussion
of VANTA growth has been given in [29, 30].

7.1 The main processes

Figure 17 summarizes the processes we had taken
into account in our attempt to explain the observed kinetics
of the VANTA growth. Initially C,H, feedstock molecules
at concentration n collide with the surface of a catalyst
nanoparticle providing a constant flux of carbon-containing
molecules, F;, to the surface of the catalyst nanoparticle.
A small fraction of these molecules bonds to the nanoparticle
surface due to chemisorption and catalytically decomposes,
producing the starting source of carbon atoms, N¢, for CNT
growth.

The adsorption and decomposition of acetylene on dif-
ferent Fe facets have been studied experimentally [31] and
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FIGURE 17 Schematic representation of processes responsible for feed-
ing and termination of carbon nanotube growth: (1) impingement of CoHa
molecules into the catalyst particle surface; (2) chemisorption and catalytic
decomposition of C;H, molecules on the surface of the catalyst particle;
(3) surface-bulk penetration of carbon atoms with the rate constant, kg ;
(4) formation of disordered surface layer with thickness Ap,; (5) diffusion of
carbon atoms channeled by the disordered layer; (6) precipitation of carbon
species into a nanotube with the rate constant, k;; (7) formation of carbona-
ceous layer defined by rate constant, kg, that finally stops the decomposition
of CoH; and terminates the growth; (8) gas-phase decomposition of CoHa
and formation of pyrolysis products in the gas phase; (9) impingement of the
pyrolysis products into the catalyst particle surface; (10) additional growth of
the carbonaceous layer due to gas-phase pyrolysis products; (11) catalyst de-
activation, e.g. due to oxygen reduction at higher temperatures and formation
of inactive layer

theoretically [32]. It was shown that during decomposition of
acetylene strong hybridization between C and Fe atoms leads
to weakening of the C—H and C—C bonds followed by for-
mation of two CH radicals or CCH and H radicals, and finally
dissociation into isolated C and H atoms [32].

We assume further that dissolution of carbon atoms with
the rate constant, kg, forms a highly disordered ‘molten’ layer
on the surface of the catalyst nanoparticle. The thickness,
An, of this layer is defined by the maximum number of the
feedstock molecules decomposed on the surface of the cata-
lyst nanoparticle, Nc, for a particular temperature. This layer
channels diffusion of the dissolved carbon atoms, Ng, with
a rate constant k, and their precipitation into a nanotube be-
cause of much higher carbon diffusivity in the disordered
layer compared to the ordered solid phase. For example, in the
disordered liquid iron phase the diffusion coefficient of car-
bon atoms, Dy, is about (1-5)x 107 cm?/s at T = 1000 K,
which is almost three orders of magnitude higher compared to
that in the solid phase, Ds ~ 108 cm?/s at T = 1000 K [33].
The thickness of the disordered layer, Ay, expressed in the
number of carbon monolayers defines the number of CNT
walls. The surface melting of small particles, i.e. formation of
the liquid skin below their melting temperatures, was studied
theoretically and experimentally for different nanoparticles
including Fe, C, clusters (see for example [34] and references
therein).

Although the majority of the carbon atoms follows this
kinetic path and feeds the CNT growth, a relatively small
fraction of these atoms forms a carbonaceous layer on the
surface of the catalyst nanoparticle. This carbonaceous layer
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decreases the nanoparticle surface area available for catalytic
decomposition of the incoming feedstock molecules; thus,
it restricts the source flux of carbon atoms available for the
CNT growth. Finally, when the whole surface of the cata-
lyst nanoparticle is covered with the carbonaceous layer, the
carbon source terminates and the growth stops. The carbona-
ceous layer, presented as a ‘platelet’ in Fig. 17, is shown
only to simplify the schematic. In reality, island-like nucle-
ation and growth of the carbonaceous layer containing Ny
carbon atoms takes place, with the overall rate constant, k.
As will be shown later, this set of simple assumptions de-
scribes quite well the observed growth kinetics and the ter-
minal length of VANTASs measured at relatively low tempera-
tures (535-700°C).

To account for the high-temperature (700-900 °C) kinet-
ics and the terminal lengths of VANTAs we have to introduce
additional mechanisms that are responsible for the catalytic
activity of the catalyst nanoparticles at higher temperatures.
Basically, any process that leads to temperature-induced de-
activation of the catalyst nanoparticles, e.g. poisoning due to
gas-phase pyrolysis products [35]; formation of iron carbide,
Fes;C, as was suggested in [26]; any change in the oxida-
tion state of the Fe/Mo catalyst, e.g. due to direct oxygen
desorption at the higher temperatures or indirect hydrogen-
induced reduction; diffusion of Si atoms from a Si substrate
into the catalyst nanoparticle, etc., could contribute to catalyst
deactivation at higher temperatures. Some of these mechan-
isms have specific intrinsic kinetics that could lead to different
overall fits to the observed growth kinetics. This provides
a way for assessing the role of specific processes responsible
for growth at the higher temperatures. Therefore, initially we
consider some of these processes using a general kinetic de-
scription trying to avoid complicated and poorly understood
chemistry behind these specific mechanisms.

First, we consider the additional carbon flux, F.,, which
contributes to the formation of the poisoning carbonaceous
layer, Npi, due to gas-phase pyrolysis products, n,, of the
feedstock molecules (C2Hy). This layer could be partially dis-
solved by the catalyst nanoparticle that is described by the
dissolution rate constant, kq;. Second, we introduce an addi-
tional effective inactive catalyst layer, Np,, which forms due
to additional mechanisms discussed above. The deactivated
layer could also be reactivated, for example by introducing
water [35] or other catalyst activation gases into the CVD re-
actor, which can be described by the activation rate constant,
kgy. It should be mentioned that the inactive layer in Fig. 17 is
shown to simplify the schematic. In reality, deactivation of the
catalyst occurs randomly throughout the surface of the cata-
lyst nanoparticle.

7.2 Kinetic equations

The processes discussed above can be described by
the following set of differential equations:

dN - N
—=C = Fan (1= ——— ) = (ke +ka) Nc., (5a)
dr aSonm
dn; - N
Mo Feonp [ 1— “ ) +kaNe —kai Mo, (5b)
dt aSonm

dNL2 NL
=K |1-— — koo N1, 5
i r ( aSonm> 2N (5¢0)
dnN;
d—tB = ksgyNc — kN + ka1 Nv1 , (5d)
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— =k/Ng, 5
dr tIVB (5e)
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Ny = Np1+ N, (5g)

where N¢ is the number of carbon atoms on the surface of the
catalyst nanoparticle produced by catalytic decomposition of
the feedstock molecules, CoH,; Np 1 and N, are the numbers
of carbon atoms converted to the carbonaceous layer on the
nanoparticle surface and inactive catalyst atoms on the surface
of the catalyst nanoparticle, respectively; Np is the number
of carbon atoms diffused into the catalyst nanoparticle; Nt
is the number of carbon atoms precipitated into a nanotube;
nm = 10" atoms/cm? is the surface density of a monolayer
of carbon atoms, « is the number of monolayers, and Sy is
the nanoparticle surface area; F,=F, /n, Fo=F, /np, and
ng = g(f)ng, where g(¢) is the factor describing the leading
edge of the gas front at the substrate position in the furnace.
The fluxes F.; and F, can be estimated as

Ea2
, Fo=Fpprexp 1)
B

(6)

where p;, p; are the pre-exponential factors, and E, ), E,; are
the activation barriers for sticking and catalytic decompos-
ition of the feedstock molecules and their gas-phase products,
respectively. Here Fy,; and Fy; are the fluxes of the carbon
feedstock gas (C,H,) and its main pyrolysis product on the
surface of a metal catalyst nanoparticle, respectively:
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where Sy = 47 R?, R is the nanoparticle radius, n, np are the
partial densities of C,H; and its main pyrolysis product in
the flowing Ar/H,/C,H, gas mixture, kg is the Boltzmann
constant, 7 is the gas temperature, and m, M are the masses
of a C,H, molecule and its major pyrolysis product, respec-
tively. For example, for a catalyst particle of R = 5 nm, Fy,; &
1.1 x 10° molecules/s and F.; &~ 3 x 10° atoms/s at 575 °C,
2 Torr C,H; partial pressure, E,; =0.6eV, and p; = 1.

In this model we consider the simplest case when the
dimers, C4Hy4, form the flux, Fyy, with the density, np =
(ng —n) /2, where ng is the initial partial density of C,H,
molecules. Equation (5f) describes formation of the dimers
in the gas phase with the direct and reverse rate constants
k1p and kop, respectively. In the case when n, < 7ip, we have
np ~ (kip/kap) (iig)?, wWhere kip/kop = Pexp (—Ep/ksT), P
is a pre-exponential factor, and Ej is the activation barrier
for gas-phase decomposition of the feedstock gas. We assume
that the pyrolysis products decompose only partially on the
surface of the catalyst nanoparticle and supply carbon directly
to the carbonaceous layer, N ;.
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The rate constants, kg, and k|, describe surface—bulk pene-
tration and formation of the carbonaceous layer, respectively:

E E

i , ka=Aexp|— d ,
kBT kBT
where E., Eg, are the activation barriers for the carbona-
ceous layer formation and surface—bulk penetration of carbon
atoms, respectively, and A, B are pre-exponential factors. The

characteristic rate constant for the bulk diffusion to the growth
edge of a carbon nanotube can be estimated as

Dy Ey
b= () (7).
where Dy ~ 0.1-0.5 cm2/s and Ey, ~ 1.4-1.6 €V, for the tem-
peratures 7 = 1000-1500 K [29].

The rate constant, K;, in (5¢) has a different meaning
depending on the specific process responsible for the cata-
lyst deactivation. For example, in the case of direct oxygen
desorption from the surface of the catalyst nanoparticle at
higher temperatures, K, = M) exp (—E;/kgT). In the case
of reduction of the active catalyst oxidation state due to Hp
in the gas flow, K; = Fy,nn,kn, where Fyg,ny, is the hy-
drogen flux onto the surface of the catalyst nanoparticle and
ki = My exp (—En /ksgT) is the corresponding rate constant
for sticking and dissociation of H, on the surface of the cata-
lyst nanoparticle.

The number of CNT walls is defined by the thickness of
the disordered layer, Ay, expressed as the number of carbon
monolayers: Ny, = max (N¢) /&Sony, if Ny > 1, and Ny, =1
if max (N¢) /aSonm < 1, where & is an adjustable parameter.

ksy = Bexp (— (¥
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7.3 A simplified model: analytical solution

of the rate equations

To understand what parameters in the rate equa-
tions (5a)—(5g) control the growth kinetics and termination,
and also to provide a basis for choosing appropriate rate con-
stants for numerical solution of (5a)—(5g), we consider first
the analytical solution of these equations in the simplified case
where we neglect the gas-phase pyrolysis of the feedstock,
i.e. the first terms in (5b) and (5f) as well as the additional
catalyst deactivation step described by (5¢). Using these as-
sumptions, we are basically neglecting all the processes that
describe CNT growth at higher temperatures (> 700 °C).

In addition, we assume that g(¢#) = 1, and that the disso-
lution of the carbonaceous layer on the surface of the carbon
nanoparticle could be neglected, i.e. kq; < kgp, kc1, k;. Also,
we assume that the number of the CNT walls remains con-
stant, so the length, L, of the CNT arrays could be estimated as
L = N;/z, where z is the number of carbon atoms per one mi-
cron of nanotube length. For a 10-wall nanotube of R = 5 nm,
one can estimate z as ~ 7 x 10° atoms/pm. In this case the
time evolution of the carbon nanotube length, L (), can be de-
scribed by

L(t) =Nr/z=
1

Kk _— €X —Y1t
t[Vz(kr—Vz) p=n1)

€X —wWt) — —
pErat) vtk —v1)

exp (—k;t) —

1 1
+ - @@ - @@
ki (ke — 1) ki (ki —y2)

+K<W—M)’
Y1y

where K = Fkw/2Dz, y1 = (m1/2) — D, y» = (m1/2) + D,
D =./(m3/4) —my, my = ka + ks, and my = Feke1/aSonm.

In the case when kg, < k.1, one can obtain

exp (—k,t)i|

(10)

F, kgpa S F.k
L(l‘)% _cl[ b0 m (1—6Xp (_ clKcl t))
Z kaFe aSonmKsh
—L exp (—kit)+ L exp (—kgpt) i|
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Equation (11) shows that the growth kinetics is defined by
three exponential terms and can be analyzed using two con-
siderably different time scales. The relatively fast kinetics are
defined by the last two terms in (11) and have the characteris-
tic times, 7, = 1/k; and ty, = 1/kg,, which can be estimated as
7, ~6x 102 sand 74, ~ 1.2 x 103 sat T = 700 °C. Here we
assume that Dy = 0.25 cm? /s and Eg, = 2.2 eV. These times
are much smaller than the time resolution of our reflectiv-
ity detection system (~ 0.14 s) and the corresponding kinetics
cannot be resolved in the experimental L(f) curves. The first
termin (11) basically defines the relatively slow process of the
growth termination with the characteristic termination time
and length

aSonm kgp -~ aSonm ksp
e term 7 7

, (12)
Fo  ka Z ke

Tterm ~

This means that both the termination time and length are
defined by the ratio of the surface—bulk penetration and car-
bonaceous layer formation rate constants (8). From (12) it is
also clear that the termination length exponentially depends
on 1/T,i.e. L xexp[— (Es, — Eq) /ksT]. Depending on
the value of &, which will be determined later by fitting the
experimental data, the characteristic growth time can exceed
10° s. The value of Eg, can be simply estimated by fitting the
experimental Lm(7) curves measured at low temperatures,
assuming that Eg = 0.

The analytical solution of the simplified rate equations
describes the experimental growth kinetics and explains the
observed exponential dependence of the terminal length on
1/T atlow growth temperatures (< 700 °C).

7.4 Poisoning of catalyst nanoparticles

by gas-phase pyrolysis products

Poisoning of catalyst nanoparticles by gas-phase
pyrolysis products is a common assumption that is used fre-
quently to explain growth termination of carbon nanotubes
(see for example [35]). To explore this assumption as an addi-
tional mechanism for CNT growth termination, we included it
in the kinetic equations (5).

Initially we introduce acetylene in the cold zone of the
quartz tube (Fig. 1). When it reaches the hot zone, where a Si
substrate covered with a catalyst nanoparticle layer is located,
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acetylene can be partially decomposed due to gas-phase py-
rolysis. At the temperatures used in this study (530-900 °C)
only a small fraction (~ 10~*) of the original feedstock gas
decomposes and forms pyrolysis products in the gas phase.
Despite a relatively small fraction of the C,H, molecules de-
composed in the gas phase, it is important to consider this
process, since these products accumulate on the surface and
contribute to the long time growth kinetics especially at higher
growth temperatures.

At high temperatures, C,H, effectively decomposes in the
gas phase that results in formation of polycyclic aromatic hy-
drocarbon molecules (PAH). The experimental studies of gas-
phase pyrolysis of C,H, molecules in the temperature range
~350-3100°C were summarized by Tanzawa et al. [36].
In the low-temperature range the chain reaction involving
a hydrogen atom is responsible for the initial decomposition
through the reactions H+ C,H, — C,Hs, C;H; +C,Hy; —
C4H4 +H, etc. The initial H atoms can be produced by the
reaction C,H, 4+ C,H,; — C4H3z 4 H having an activation en-
ergy of ~ 2 eV. It should be mentioned that the direct disso-
ciation channel of the C,H; molecule, C;H, + M — C,H+
H+ M, requires the activation energy of ~4.6¢eV and is al-
most negligible at low temperatures. Different mechanisms
of aromatic structure (PAH) formation and eventually soot
formation in gas-phase C,H; pyrolysis were considered by
Frenklach et al. [37].

To account for the gas-phase pyrolysis products, we con-
sider the simplest case of gas-phase dimer formation (5f)
and their chemisorption (5b) on the surface of the catalyst
nanoparticle. In these calculations we neglect (5c), which
describes deactivation of the catalyst nanoparticle at higher
temperatures.

Another important factor that contributes to the growth
kinetics is the feedstock gas introduction front, g(¢), which de-
fines the shape of the leading edge of the acetylene gas flow. In
the case of our experimental geometry, this factor is defined by
the characteristic time of about 25 s required for the feedstock
gas to reach the Si substrate, as well as by carrier gas flow
and pressure. Because of the relatively complex transient gas
flow pattern forming during acetylene introduction into the
stationary flowing Ar/H, gas, it is hard to calculate the tem-
poral shape of the feedstock gas leading edge. Therefore, in
our further numerical calculations we assume that g(f) = 1 —
exp(—«t), where the feedstock gas leading edge sharpness
parameter « will be defined by fitting the experimental L(¢)
curves.

Figure 18a and b show the calculated time dependences of
VANTA length at different temperatures. For this case we as-
sumed that p=1,a =1, R=5nm, ny = 6.6 X 10'° 1/cm3,
E.n=E»=06¢eV,E,=15¢eV, Eq, =22V, kg, =17 g1
at T=575°C, Eq =0, kg =3x 103571, k, =491s~! at
575°C, E, =2.6¢eV, k =0.02 s~!, and that the dissolution
of the carbon layer on the surface of the carbon nanoparti-
cle could be neglected, i.e. ka1 < ks, kb, k;. The calculated
curves (Fig. 18a) describe fairly well the experimental depen-
dences of VANTA length vs. growth time (Fig. 12a) assuming
slightly different temperatures.

Figure 19 demonstrates the experimental and calculated
temperature dependences of the terminal length assuming
Eg=22¢eV and E, =2.6¢eV (dashed curve). The termi-
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VANTA length vs. growth time at different temperatures in the ranges
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nal length increases rapidly when the temperature increases,
reaches a maximum around 700 °C, and drops again at higher
temperatures. According to this model, the temperature be-
havior of the terminal length is defined by two competing
processes, activation of the catalyst nanoparticle related to the
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activation barrier, E,, and deactivation of its catalytic activity
in this particular case due to additional poisoning by acetylene
gas-phase pyrolysis products having the formation activation
energy, k.

The observed temperature dependence of the growth rate
(Fig. 13, dashed curve) shows the same type of behavior as
Lierm (T), i.e. a maximum around 700 °C with a rapid fall
at lower and higher temperatures. Although the considered
model describes this behavior well qualitatively, it does not
provide a good quantitative description of the growth-rate
data, especially at T > 700 °C.

The calculated dependences of the maximum length of
VANTAS vs. acetylene flow reveal additional problems with
our initial assumptions. The experimental dependence meas-
ured at 575 °C (Fig. 15c¢) clearly shows an increase in the ter-
minal length when the partial pressure (flow) of C,H, drops.
Although the calculated dependences (Fig. 20) show a simi-
lar behavior at higher temperatures, they exhibit a constant
pressure dependence at all temperatures below 650 °C.

These discrepancies suggest that poisoning of the catalyst
nanoparticles by gas-phase decomposition products is not the
major process that is responsible for the catalyst deactivation
at higher growth temperatures.

7.5 Deactivation of catalyst nanoparticles

during CNT growth

In this section we consider an alternative descrip-
tion of deactivation of the catalyst nanoparticle using (5c) and
neglecting the first term in (5b), which describes catalyst poi-
soning due to gas-phase pyrolysis products.

The result of calculations of the maximum growth rate vs.
temperature based on these kinetic equations (5) is shown in
Fig. 13 by the solid line. In these calculations we assumed
that M = 1.2 x 108, E, =2.4¢€V, and @ = 0.3. Here the pa-
rameter & was adjusted to fit the average number of walls,
Ny ~ 10, measured experimentally at 7 = 575 °C using high-
resolution TEM. The modified kinetic model provides a better
fit to the experimental growth rates compared to the kinetics
based on catalyst deactivation by gas-phase pyrolysis prod-
ucts (Fig. 13, dashed curve). It should be mentioned that the
absolute value of the calculated growth rate is higher than
that observed experimentally, which could be explained by the
wiggly shape of CNTs in vertically aligned arrays. The wig-
gling will result in an increase of the actual length of the tubes
compared to that measured experimentally as the length of
VANTAS.

The modified kinetics also describes fairly well the de-
pendence of the terminal length vs. temperature as shown by
the solid line in Fig. 19, although some discrepancy is ob-
served at the high temperatures. Figure 21 shows the terminal
length vs. temperature plot calculated at different flow rates
(partial pressures) of C,H,. The maximum terminal length
slightly shifts to lower temperatures as C,H, flow decreases
from 20 to 2 sccm. Interestingly, the previous version of the
model which includes catalyst poisoning due to gas-phase py-
rolysis products predicts an opposite trend, i.e. a relatively
large shift of the terminal length maximum to high tempera-
tures occurs when C,H, flow increases (Fig. 22). This kind
of parametric calculation provides a clear route for choosing
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between different mechanisms of catalyst deactivation at the
higher temperatures.

The dependence of the maximum growth rate vs. tempera-
ture calculated at different C,H, flow rates (Fig. 23) shows
that the maximum growth rate increases as CoH, flow in-
creases. The open circles indicate the points when the number
of nanotube walls approaches 1. One can see that SWNTs
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can be grown at lower temperatures if the partial pressure of
the feedstock gas is relatively low (C,H; flow < 1-2 sccm).
At higher flow (~ 10-20sccm) the SWNTs start to grow
at ~ 700 °C, which coincides with our experimental finding
based on Raman spectroscopy and high-resolution TEM. Ba-
sically, the increase of the partial acetylene pressure narrows
the temperature window available for growth of the vertically
aligned arrays of SWNTs.

To provide an alternative test of this model we considered
two independent sets of the experimental data describing the
feedstock partial pressure dependence of: (1) the growth rate
(Fig. 15b) measured using the in situ reflectivity technique
(Fig. 15a) and (2) the terminal length of VANTASs using ex
situ SEM measurements. Basically, the model should predict
an approximately constant maximum growth rate measured
when the C,H, flow was varied in the range from 2 to 19 sccm
(Fig. 15b) and a relatively rapid increase in the terminal length
of the VAA-CNTAs measured at these conditions (Fig. 15c).

Figure 23 clearly demonstrates that at relatively low
temperatures (< 650°C) the maximum growth rate does
not depend on the C,H; flow in the considered flow range
(2-20sccm). The calculated dependence of the terminal
length on C,H; flow is shown in Fig. 15c. One can see that the
calculations fit the experimental data quite well. The absolute
values of the terminal length are larger than those measured
experimentally, which is quite reasonable since the actual
length of CNTs is higher compared to the array length because
of the wiggling of the CNTs.

Although the kinetic model explains the whole set of the
experimental data, it cannot identify any specific mechanism
responsible for catalyst deactivation at higher temperatures.
However, the model provides the basis for future experiments
that could be used to complete this task.

8 Conclusions

Carbon nanotube growth kinetics have been di-
rectly measured in situ for the first time using time-resolved
reflectivity (TRR) from vertically aligned arrays of carbon
nanotubes (VANTAs) grown by chemical vapor deposition
(CVD) from roughened metal catalyst films. The TRR tech-

nique takes advantage of Fabry—Perot fringes enabled by
maintenance of a flat top surface of VANTAs as they grow.
The mechanism of the coordinated growth is unclear, and will
be addressed through time-resolved imaging measurements in
future studies. Direct imaging of CNT growth combined with
laser irradiation of VANTAS during growth indicated that the
nanotubes grow predominantly from their bases [38].

In order to understand how catalyst nanoparticles form as
the substrate is heated, in situ TRR was performed on Al-
coated Si wafers with and without Mo/Fe catalyst films that
were subjected to different thermal treatments. These data
were correlated with AFM and SEM measurements of the re-
sulting film morphologies. The results indicate that nanoparti-
cles are formed due to oxidation of the Al underlayer. Oxida-
tion occurs throughout the ramp-up of the oven temperature;
however, the majority of surface roughening due to Al,O3
nanocrystal formation occurs below ~ 410°C (rms rough-
ness ~ 4 nm). As the temperature is increased above 450 °C,
smoother surfaces (rms roughness ~ 1.6 nm) are obtained, so
it is concluded that heat released during the oxidation process
may result in melting of the residual Al underlayer. Further ex-
periments are required to fully understand the dynamics of the
roughening process. However, it is clear that TRR provides
ameans for monitoring and control of oxidation and roughen-
ing to produce tailored nanoparticles for growth.

The Fabry—Perot fringes were found to provide constant
increments in VANTA length as verified by arrested growth
experiments. Conversely, each fringe corresponds to 300 &
30 nm in VANTA length, so that TRR provides a reproducible
method for controlling nanotube lengths in situ. Extinction of
the laser beam may also be used to estimate the lengths of
VANTAs. Calculations of the observed TRR signal were per-
formed using the complex refractive indices for Si, VANTAs,
and the surrounding gas. The effective complex refractive in-
dex, 1.075+0.0451, was determined for VAA-CNTs by fitting
the experimental TRR signal at 570 °C. The porosity of the
VANTASs at 570 °C was estimated using the Looyenga for-
mula as ~ 0.92.

Growth rates of VANTAs were measured during CVD for
temperatures between 535 and 900 °C, and the effect of dif-
ferent flow rates (concentrations) of C,H; feedstock gas were
separately studied. A narrow temperature window for growth
of long arrays of vertically aligned carbon nanotubes was
found around the temperature corresponding to the maximum
in the absolute growth rate. The highest growth rates were
achieved at 700 °C (~ 0.2 um/s). For lower and higher tem-
peratures the growth terminates after an initial growth spurt.
At 700 °C, the growth continues to a few millimeters length at
a growth rate of about 0.2 um/s. Decreasing the partial pres-
sure of the C,H, feedstock gas increases the terminal length.
Using the optimized growth conditions along with optimized
catalyst films [39], we were able to grow up to 4.5-mm-long
arrays of CNTs.

A kinetic model was constructed to fit both the growth
rates and terminal lengths observed using TRR of the VAN-
TAs for the different temperatures investigated in this study.
Growth is modeled using rates for arrival of carbon on the
metal catalyst surface, dissolution into a highly disordered,
‘molten’ surface catalyst layer that channels diffusion to the
nanotube boundary, and precipitation into a nanotube. Termi-
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nation of growth was modeled by assuming catalyst poisoning
either by over-coating or deactivating active sites on the cat-
alyst surface. In the framework of this model the number of
CNT walls is described by the thickness of the disordered
layer on the surface of the catalyst nanoparticle.

The terminal length of the VAA-CNT determined experi-
mentally exponentially depends on 1/T for T < 700 °C. The
model predicts this dependence and provides a simple way to
determine the activation energy difference, AE = Ey, — E.
An analytical solution for the length of the nanotube arrays vs.
time was derived in (11), which indicates that growth in this
regime is determined principally by the ratio of dissolution to
poisoning (kg /kc1) on the catalyst surface with the absolute
magnitude of the growth rate depending on the arrival rate of
carbon via the flux F;;. The model shows that the tempera-
ture behavior of the terminal length is defined by two com-
peting processes: (1) activation of the catalyst nanoparticle
defined by the activation barrier, Eg, and (2) deactivation of
its catalytic activity due to poisoning of the catalyst nanopar-
ticle defined by the activation barrier, E,, or E;, depending on
the specific deactivation mechanism. The high-temperature
drop-off in terminal length can be used to estimate activation
energy for the poisoning process (see Fig. 19). However, only
from time-resolved data (see Fig. 13) can details of the kinet-
ics be assessed. Two poisoning processes were considered:
(1) a quadratic dependence on feedstock pressure because of
binary collisions that form gas-phase pyrolysis products and
(2) catalyst deactivation due to a first-order process such as
changes in the oxidation state of the catalyst nanoparticle due
to hydrogen reduction or direct oxygen desorption.

The model indicates that the first assumption cannot ex-
plain the observed temperature and pressure dependences of
the growth rate, permitting elimination of gas-phase pyrol-
ysis products as a major source of catalyst deactivation at
higher temperatures. The second assumption is consistent
with the measured temperature and pressure dependences of
the VANTA growth rates as well as their terminal lengths.

The ability to predict the number of CNT walls at different
temperatures and feedstock pressures supports our hypothesis
of the highly disordered ‘molten skin’ on the surface of a cata-
lyst nanoparticle. Using this assumption, the onset for growth
of SWNTs is predicted and temperatures and feedstock pres-
sures for growth of SWNT arrays (see Fig. 23) are specified.

In summary, this paper describes how time-resolved re-
flectivity is applied for in situ monitoring and control of cata-
lyst film pretreatment and for measurements of growth kinet-

FIGURE 24 Photographic image of
a 3-mm-long carbon nanotube array
grown on a 400-um-thick Si wafer.
A human image illustrates future goals
and needs of VANTA synthesis for
practical applications. At present, per-
son not to scale, however the com-
bination suggests the possibilities if
growth rates and terminal lengths for
VANTAS continue to improve at the
present pace

ics of vertically aligned arrays of CNTs. These data were used
to develop a simplified rate-equation model which reasonably
fits the experimental growth kinetics, and specifies the condi-
tions for growth of VANTAS with a defined number of walls,
e.g. DWNTs or SWNTs. This study provides a clear way to
grow long and dense arrays of carbon nanotubes over large
surface areas (Fig. 24) for a variety of different applications
including, for example, carbon nanotube polymer composites
with enhanced and directional thermal conductivities.
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