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Abstract

An in situ optical absorbance measurement was used to study the growth dynamics of
vertically aligned single-walled carbon nanotubes (VA-SWCNTs) synthesized by chemi-
cal vapor deposition of ethanol. The growth rate of the VA-SWCNT film was found to
decay exponentially from an initial maximum, resulting in an effective growth time of ap-
proximately 15 minutes. Investigation of various growth conditions revealed an optimum
pressure at which growth is maximized, and this pressure depends on the growth tempera-
ture. Below this optimum pressure the synthesis reaction is first-order, and the rate-limiting
step is the arrival of ethanol at the catalyst. We also present a novel method for determin-
ing the burning temperature of low-mass materials, which combines the in sifu absorbance

measurement with controlled oxidation.
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1 Introduction

The potential to utilize the various exceptional properties [1, 2] of single-walled
carbon nanotubes (SWCNTs) in a wide range of novel applications [1} 2, 3] has
motivated much research in nanoscience and nanotechnology. However, the real-
ization of most proposed applications requires not only scalable methods of syn-
thesizing high-purity SWCNTs, but also control over their location and orienta-
tion. A significant development in this area was the synthesis of vertically aligned
(VA-)SWCNT films, which was first achieved [4] by combining a dip-coat catalyst
loading process [5] with the alcohol catalytic chemical vapor deposition (ACCVD)
method [6} [7]. Since then, several groups have reported a variety of different meth-
ods for VA-SWCNT synthesis, such as water-assisted CVD [ 9], oxygen-assisted
CVD [110], point-arc microwave plasma CVD [11]], molecular-beam synthesis [[12]],
and hot-filament CVD [[13]]. It has also been shown that VA-SWCNTs can be pro-
duced using traditional thermal CVD methods if the catalyst concentration is opti-
mized for the synthesis conditions [14,|15]. These new approaches have succeeded
in significantly increasing the overall yield, but improvements in SWCNT quality
and control over chirality are still necessary, particularly when considering electri-

cal and optical applications.

In a previous report [[16] we presented an in situ optical absorbance measurement
technique, by which the thickness of a VA-SWCNT film could be measured during
growth. In the present study, we employ this real-time technique to investigate the
growth dynamics of VA-SWCNTs, and find that as growth progresses, the growth
rate of the VA-SWCNTs exponentially decreases from an initial maximum. We
have also systematically investigated the temperature and pressure effects on the

initial film growth rate, and find the optimum growth pressure changes with the



CVD temperature. Below this optimum pressure the growth reaction is first-order,
with the arrival of ethanol at the catalyst being the rate-limiting step. These new
findings are important in clarifying the processes governing the growth reaction.
We also present a new method of measuring the burning temperature of a low-
mass material, which combines the in situ absorbance measurement with controlled
oxidation. This method is demonstrated using a portion of a VA-SWCNT film that

has insufficient mass to measure using conventional thermogravimetric analysis.

2 Experimental

Films of VA-SWCNTs were synthesized on an optically polished quartz substrate
that had been dip-coated [5] into Co and Mo acetate solutions (metal content 0.01
wt % each). VA-SWCNTs were synthesized from ethanol at temperatures between
750 and 825 °C, and the CVD time was typically 10-20 min. Details regarding the

synthesis procedure have been reported elsewhere [4, (16} 17, [18]].

A cross-sectional scanning electron microscope (SEM) image of a VA-SWCNT
film is shown in Fig. 1a. In the corresponding resonance Raman spectrum (Fig. 1b,
excitation wavelength Ae, =488 nm), the presence of a strong peak at 1592 cm™!
(the G-band) and radial breathing mode (RBM) peaks between 100 and 350 cm™!
reveal the presence of SWCNTSs (see e.g. [[19]). The weak intensity of the D-band
near 1340cm™! relative to the G-band reflects the high purity of the SWCNTs. In
the RBM region, a dominant peak at 180 cm~! indicates the SWCNTSs are oriented

normal to the substrate surface [20].

Growth of the VA-SWCNT film was recorded using the in situ optical method de-

scribed in Ref. [16]. Prior to growth, the dip-coated quartz substrate was positioned
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Fig. 1. (a) Cross-sectional SEM image of a VA-SWCNT film (thickness ~ 32 um), and (b)
a corresponding resonance Raman spectrum (excitation wavelength =488 nm). The radial

breathing mode peaks, with strong characteristic peak at 180 cm™!, are shown in the inset.

such that a laser (here, A =488 nm) was incident normal to the substrate through a
small opening (dia. =4 mm) in the bottom of the CVD furnace. The intensity of
the transmitted light was measured after passing through another small opening in
the top of the furnace, and the absorbance of the VA-SWCNT film was determined

using the Beer-Lambert law.

3 Results and Discussion

3.1 Description of the growth process

In the alcohol CVD process, synthesis of VA-SWCNTSs occurs by a root-growth
mechanism [21]], where ethanol molecules react with metal catalyst nanoparticles
on the substrate surface. The amount of carbon supplied to the catalyst is the
flux, J [mol ,um_2 s_l], at the substrate surface. Through the catalytic reaction,

M [mol ,um*2 s~1] moles of this available carbon are converted into SWCNTs.



This outflux of carbon in the form of SWCNTSs is the molar growth rate of the

VA-SWCNT film per substrate area.

During growth, the thickness of the VA-SWCNT film is determined from its opti-
cal absorbance, A. The absorbance of the film can be expressed as A = €p¥, where
€ [,um2 mol~'] is the molar absorption cross-section, p [mol ,um*3] is the molar
density of carbon in the film, and ¢ [um] is the optical path length through the ab-
sorbing material, i.e. the total film thickness. Since the dip-coat method produces
monodispersed catalyst nanoparticles on the substrate surface [22]], the SWCNT
concentration within the area of the laser spot is assumed uniform. The product
ep is the absorption coefficient o [um™'], and is a function of wavelength. Ex-
perimentally, we have found /(A =488nm) ~ 0.147um~'. The thickness of the
VA-SWCNT film per side of the substrate, L [um], is defined by 2L = ¢, which

yields the more practical relation L ~ A x 6.78 um.

Optical absorbance data for two different VA-SWCNT films measured during CVD
synthesis are plotted in Fig. 2a. The right ordinate shows the thickness of the film,
which was determined by scaling the absorbance (left ordinate) by 6.78 um. The
result is a growth profile of the VA-SWCNT film. The growth rate of the film, 7y
[ums~!], is the time-derivative of the thickness, Y(t) = dl;l—gl). Normalized growth
rates, obtained by differentiating the absorbance data, are plotted in Fig. 2b. It is
clear that as the reaction progresses, the growth rate decreases exponentially from
an initial maximum. One possible explanation for this behavior is that the growing
VA-SWCNT film acts as a diffusion barrier, impeding the supply of ethanol to the
catalyst. For VA-SWCNT films of the thickness discussed in this report, however,
the diffusion resistance imposed by the film is negligible [23]. The more plausible

explanation for the exponential decay of the growth rate is some form of catalyst

poisoning, which may be due to the formation of a carbonaceous layer around the



catalyst nanoparticles, or secondary reactions with byproducts of ethanol dissocia-
tion. In this case, the rates of these catalyst poisoning processes are proportional to
the rate of the synthesis reaction. Hence, we postulate that the SWCNT synthesis

reaction is self-exhausting, expressed by

dy 1
_——= —— 1

where T [s] is the reaction time constant. Solving (1) yields the time-dependent
expression for the growth rate,
—t
Y1) =voexp( ). @
where Y9 = y(t =0) is the initial growth rate of the VA-SWCNT film. This is the
typical form of a decay process, and is expected based on our assumption of irre-

versible catalyst poisoning (i.e. no reactivation mechanism). The overall thickness

of the synthesized VA-SWCNT film is the integral of the growth rate. Taking into
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Fig. 2. (a) Optical absorbance and corresponding thickness of VA-SWCNT films during
CVD. Fitting curves correspond to Eq. (3). (b) Normalized growth rates for the two cases
shown in (a). Corresponding curves were calculated using values of T determined from

fitting.



account the initial condition L(t =0) = 0, the overall thickness L(¢) = [y(¢)dt is

L(1) :ym:[l —exp(%’)] 3)

This equation shows the maximum obtainable film thickness is L(f — o0) = YoT,

which is appropriately determined by the two fitting parameters.

The data in Fig. 2a were fitted using Eq. (3). The growth rates for these two cases are
plotted in Fig. 2b. The superimposed lines are calculations using Eq. (2) and values
of T determined from fitting. The results of many such fittings reveal a wide range of
initial growth rates, spanning an order-of-magnitude, but much less variation in the
time constant, which typically has values of T ~ 4.5 £ 2.5 min. For these values,

the effective growth time is approximately 15 min (see Fig. 1b).

Equation (3) has the same form as the simplified kinetic model described by Puret-
zky et al. [24], which disregards secondary catalyst deactivation processes. Based

on this model,
kgp 1
Toc —— 4
o “)
where kg, and k; are the rates of incorporation of carbon into the catalyst nanopar-
ticle and formation of a carbonaceous layer on the catalyst surface, respectively,

and J is the incoming flux of carbon to the catalyst. The initial growth rate Y is

described by

W Jexp( 1), 5)

revealing that Yo is proportional to the flux of carbon at the catalyst surface.

A different perspective on the growth can be obtained by replacing y with % and
then integrating Eq. (1). This yields
L(t
V(1) =Yo— ¥ (6)



which indicates the growth rate decreases linearly with increasing film thickness.
This suggests the diminishing growth rate is caused by reaction-driven catalytic
deactivation rather than diffusion-limited transport. Without catalytic deactivation,
the growth rate is expected to be constant in the case of no diffusion resistance,
and proportional to t~1/2 (where ¢ is the CVD time) in the strong diffusion-limited
regime [23]]. The latter likely applies to mm-thick VA-SWCNT films such as the so-
called ‘supergrowth’ [8]], even though the dependence of the final film thickness on
CVD time was interpreted as catalytic poisoning [25]. For the purpose of control-
ling and optimizing VA-SWCNT synthesis it is important to discriminate between

these behaviors, which have different origins and impose different limitations.

It is interesting to note that the time constant T obtained from the alcohol catalytic
CVD method (~ 4.5 min) happens to be similar to that reported by Futaba ez al. [25]
for catalytic CVD of ethylene. Other CVD methods, however, report nearly linear
growth rates [[10, [11]], thus a T of several hours. This suggests the reaction mecha-
nism and effective growth time are dependent on the synthesis method. One possi-
ble explanation for the slow growth rate found for alcohol CVD is that pure ethanol
does not supply the proper balance of carbon, hydrogen, and oxygen. A number of
groups have reported [8, 9, [10, [13] that the proper carbon-hydrogen-oxygen bal-
ance is critical to the synthesis of mm-long VA-SWCNT films, so the addition of
one or more of these elements may significantly increase the growth rate and yield

of VA-SWCNTs synthesized by alcohol CVD.

3.2 Effect of synthesis conditions on growth parameters

In this section we present the results of a series of CVD experiments systematically

carried out to investigate the influence of the growth environment on the initial



growth rate Yo and the reaction time constant T.

A series of growth profiles corresponding to different CVD temperatures and ethanol
pressures are shown in Figs. 3a — 3d. In all cases, the ethanol flow rate was 500 sccm.
The circles represent experimental values, while the curves were fitted using Eq. (3).
The main result in Fig. 3 is that for each growth temperature there is a different
optimum pressure, Pop, at which overall VA-SWCNT growth is maximized. Fur-

thermore, Py increases with CVD temperature, as shown in Fig. 4.

Equation (5), which describes the film growth rate, is an Arrhenius equation, with

the prefactor proportional to the flux, and an overall activation energy E,. An Ar-
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Fig. 3. Growth profiles corresponding to VA-SWCNT synthesis at (a) 750, (b) 775, (c) 800,

and (d) 825 °C for a range of ethanol pressures (values listed at right).
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Fig. 4. Optimum ethanol pressure P for different CVD temperatures.

rhenius plot of Yy is shown in Fig. 5. The data are the initial growth rates corre-
sponding to Py for each temperature. The data do not fall exactly on a line, but
follow a linear trend. The activation energy determined from this linear approxi-
mation is 1.5 eV, which is slightly lower than the overall activation energy of 2eV
reported by Puretzky et al. [24]. We can speculate that this value is directly com-
parable to the 1.6eV activation energy for the bulk diffusion of carbon through a
metal catalyst nanoparticle to the growth edge of a nanotube [24, [26]]. Even in the
case of surface diffusion, the energy required to be incorporated into the graphitic

structure of the SWCNT should be comparable.

Figure 5b shows values of the initial growth rate Yy as a function of ethanol pressure
for different CVD temperatures. The behavior is more apparent at 800 and 850 °C,
but for a given CVD temperature, Yy is proportional to pressure up to Pop; (~ 1.8 kPa
for 800 °). This indicates that below Py the synthesis reaction is limited by the
rate at which ethanol molecules arrive at active sites on the catalyst. This means
the growth of VA-SWCNTs in this pressure regime is governed by a first-order
reaction. Above Py the behavior changes, presumably because the flux of ethanol
at the catalyst is more than sufficient to sustain the reaction, so a different step in

the overall process becomes the rate-limiting step.

10



Temperature, T [K]

@ 1150 1100 1050 1000, 150 ' ' '
a —
M = (b)
200F N Yo,opt= ~AEXp(-E/KpT) ® o O
AN g N A
N —_— S
- Se o FEaTl5ev . < 100 R A
n ~ £ -
2 1000 NG ? s g @ A
S sof N ° s
S Ml N =t ¢ O
g oo o~ g = ®
s | ~o - g 50 v A 825°C
0! S =) o A O 800°C
“dis 3 v, ® 775°C
E v 750°C
1 - AA
20 1 1 1 1 1 1 1 1 1 1 " " "
0.9 0.95 1 % 1 2 3
1000/T [K™] Pressure [kPa]

Fig. 5. (a) Arrhenius plot based on the values of Yy determined for the optimum growth
pressures, Pop. The activation energy, E, is ~1.5¢eV. (b) Initial growth rate as a function
of ethanol pressure for different CVD temperatures. Below Py, the growth rate is

proportional to pressure, typical of a first-order reaction.

3.3 Burning and the growth environment

Although VA-SWCNT growth usually occurs as described in the preceding discus-
sion, where the film approaches its maximum thickness as ¢t — oo, an apparent de-
crease in film thickness has been observed [[16] for CVD times of 30 min or longer.
It was hypothesized that this decrease may be due to burning of the VA-SWCNT
film, possibly caused by a slow leak of air into the CVD chamber. However, since
Yo and T can vary for VA-SWCNTs synthesized under similar conditions, it is also
possible that one or both of these parameters were slightly lower at the onset of
growth for those films grown for longer CVD times, thus reaching a shorter max-
imum height and giving the illusion of a decrease in film thickness. In order to
clarify whether or not burning is occurring, we monitored the growth process of
VA-SWCNTs synthesized under different vacuum conditions. Immediately prior to

heating the CVD furnace, the room-temperature leak rate into the CVD chamber

11



was measured. The chamber was then heated to 800 °C, and ethanol was intro-
duced. When the growth rate had diminished to essentially zero, the ethanol flow

was stopped and the CVD chamber was held at 800 °C.

Growth profiles corresponding to two different leak rates are shown in Fig. 6a, with
an arrow indicating where the ethanol flow was stopped in each case. The upper
series (diamonds) corresponds to a leak rate of 2.6x1073 sccm. For this case, there
was no measurable change in absorbance after stopping the ethanol flow. The lower
series (triangles) corresponds to a case where the leak rate was more than three
times faster (8.4x1073 sccm). After cutting off the ethanol supply at 7 =15 min, a
decrease in the absorbance was soon apparent. This decrease is shown in detail in
Fig. 6b. We find 7 is similar for both cases, but 7y, is more than five times larger for
the slow-leak case (diamonds). This indicates the initial growth rate is sensitive to

the CVD environment immediately prior to growth.
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Fig. 6. (a) Two cases where the leak rate of air into the CVD chamber was slow (upper
series, diamonds), and fast (lower series, triangles). In both cases, the ethanol supply was
cut-off after growth had effectively stopped (indicated by the arrows) and the CVD chamber
was held at 800 °C. A decrease in absorbance detected for the fast leak case (triangles) is
shown in detail in (b), where the dashed curve was fitted using Eq. (3), and the solid curve

using Eq. (8), which accounts for burning.
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Burning of the VA-SWCNTs is evidenced by the decrease in optical absorbance,
but it is not known where this burning occurs. It is possible that the top of the
VA-SWCNT film is burned preferentially, causing the film thickness to decrease,
but defective or small-diameter SWCNTSs may burn at lower temperatures, leading
to an overall ‘thinning’ of the entire film. Another possibility is that the presence
of oxygen at the catalyst may initiate burning at the base of the film. This issue
has been addressed in a separate study [27], so for simplicity in analysis, we treat
burning as if it were causing a decrease in the thickness of the film but no change
in its density. Making this assumption, the discussion in the previous section can be
extended to include burning of the SWCNTs simply by subtracting a constant term

B [um s~!'] from the growth term in Eq. (2). This yields

Y(6) =vexp(~) B, ™

where [ effectively opposes the growth rate y(¢). The resulting expression for the

film thickness including burning effects is

L(t) :70:{1 —exp<;)] B, @®)

Since burning obviously cannot occur if there are no SWCNTs, the conditions im-
posed on [ are

=0 whenL(r)=0
p ©)
>0 whenL(t) > 0.

The physical interpretation of 3 is oxidation of the SWCNTs. Since the conditions
inside the CVD chamber are unchanged during growth, it is reasonable to assume
the burning rate is constant. The linear trend observed in Fig. 6b also suggests this

is the case.

The data in Fig. 6a were fit using both Eq. (3), in which burning effects are ig-

13



nored (B =0), and Eq. (8), which accounts for burning (3 > 0). For the slower leak
case (diamonds), both fitting methods yield the same result, with B~ 0 in Eq. (8).
Similarly, fittings for the faster leak case are shown in detail in Fig. 6b. When burn-
ing is ignored (dashed line), the early growth is well-described, but after stopping
the ethanol flow, the data are only fit accurately if burning effects are included
(solid line). The value of 3 obtained from this fitting is approximately 2% of 7y
(B ~ 0.008 um/min). This value is quite small, meaning burning would not be no-
ticeable for short CVD times, but can become significant after long CVD times

when the growth rate has diminished to essentially zero and only burning remains.

From Eq. (7) we can see that burning will eventually dominate, and the growth rate
will become negative. This transition occurs at some time ¢ = f., when Y(¢.) = 0
and B = ypexp (_TZC) We can then obtain an expression for #., which is

)
. = —7l — . 10
t ’cog(yO (10)

Various fittings using Eq. (8) yielded values of 7. between 50 and 100 min, with
an average of 70 min (Fig. 7). Since this is considerably longer than the effective
CVD time, burning is insignificant in most cases. However, when the leak rate is
appreciable, 7. is comparable to the CVD time and burning of the film can be-
come significant. For the two cases shown in Fig. 6a, the values of ¢, for the upper
and lower cases are 102 and 15 min, respectively. Although accurate determination
of #. is difficult because in most cases B < 7o, this is not important so long as
tc > tcvp. Figure 7 does not show any transition where burning effects emerge,
but we presume it is safe to say that a leak rate below 0.005 sccm should be suf-
ficiently slow for burning to be negligible. It should be noted that a slow leak rate
could be further slowed by flushing the system with Ar/H; for one hour or more,

but faster leak rates (e.g. the case in Fig. 6b) were unaffected by this treatment.

14



120

O
o O
®)
90} ]
0
< 0
E 60 o ogo :
= 0
- o
30 ]
X
G I I
0 0003 0.006

leak rate [sccm]

Fig. 7. Values of ¢, for various leak rates determined from fitting absorbance data with
B> 0. In most cases, t. > fcyp, but the ‘x’ (lower-right) corresponds to the fast leak case

shown in Fig. 6b, and 7, is on the order of the CVD time.

This suggests the slow ‘leak’ determined for the majority of cases may be due to
outgassing from within the CVD chamber, rather than an actual leak in the vac-
uum system. Faster leak rates may be due to actual leaking of air into the chamber,

causing the observed burning.

3.4 Optical measurement of VA-SWCNT burning

The standard method of measuring the burning temperature of a material, ther-
mogravimetric analysis (TGA), usually requires several hundred ug of material to
obtain a decent measurement. This is usually a trivial amount, but can be significant
for scarce or low-mass materials. Here we present a way of using the in situ optical
measurement to determine the burning temperature of a VA-SWCNT film, which
is difficult to measure by conventional TGA. In this measurement, shown in Fig. 8,
the optical absorbance of a VA-SWCNT film was measured while heating the film

from room temperature to 925 °C at a constant rate of 5 °C/min. The heating en-
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Fig. 8. Burning temperature of a VA-SWCNT film determined from in situ optical

absorbance. Sample environment is dry air at 1 atm, and heating rate was 5 °C/min.

vironment was dry air at 1 atm. The upper axis shows the temperature inside the
chamber, and the lower axis shows the heating time. Burning of the VA-SWCNTs
is clearly seen by the significant decrease in absorbance at ~ 600 °C. This measure-
ment is made over the cross-sectional area of the incident laser beam (a few ,umz),
thus can be performed on a small, representative portion of a sample. Furthermore,
using the optical method allows VA-SWCNTs to be measured in their as-grown
state, whereas TGA requires some dispersion and collection of the SWCNTs, pos-

sibly from a number of different batches.

4 Summary

We investigated the growth dynamics of vertically aligned single-walled carbon
nanotubes (VA-SWCNTs) using an in situ optical absorbance measurement. The
growth can be described by an exponentially decaying growth rate and a reac-

tion time constant. The temperature-pressure dependence of the VA-SWCNT film

16



growth was investigated, and we find there is an optimum pressure at which the
growth is maximized. Below this optimum pressure, which increases with CVD
temperature, the growth rate is linearly dependent on ethanol pressure, indicative of
a first-order reaction. In this pressure regime the reaction is rate-limited by the rate
of arrival of ethanol at active catalyst sites. An Arrhenius plot of the initial growth
rates corresponding to the optimum ethanol pressures yields an activation energy
of approximately 1.5 eV. A novel method for measuring the burning temperature of
low-mass materials was also introduced, which combines the sensitivity of the in
situ optical absorbance measurement with controlled oxidation of the material. This
method may be attractive as an alternative to conventional methods when dealing
with materials such as VA-SWCNTs, where the available quantity is limited, or for

testing a small, representative portion of a larger sample.
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