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Abstract

In chemical vapor deposition (CVD) of vertically aligned carbon nanotubes (CNTs), temperatures
for the following three processes are typically coupled: (1) catalyst nanoparticle formation by film
dewetting, (2) thermal decomposition of gas precursors, and (3) nucleation/growth of CNTs. Here,
we present an approach for complete decoupling of these processes using a custom-designed
multizone rapid thermal CVD reactor. We show that in decoupled growth, there is an inverse
relationship between density of CNTs and nucleation temperature, while there is no dependence
of density on catalyst formation temperature. Importantly, the nucleation/growth temperature that
produces the most aligned and densest CNTs is lower than the temperature that produces the tallest
CNTs. We also reveal that this inverse relation of density is not because of decreased number
density of catalyst nanoparticles, but is rather caused by a marked decrease in the percentage of
active catalyst at high nucleation temperatures. A mechanism is proposed to explain this
phenomenon based on local spatial nonuniformities of carbon supply in the vicinity of fast-
growing CNTs, causing starvation at neighboring catalyst manifested as lower percentage of
activation at high temperatures. Our results provide insights into the fundamental tradeoff between

requirements for higher CNT density/alignment, and taller CNT structures.
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1. INTRODUCTION

Individual carbon nanotubes (CNTs) are interesting building blocks in many nanotechnology
applications, because they possess excellent mechanical,! thermal,? and electrical® properties. CNT
forests, in which CNTs grow vertically aligned on a substrate, combines the excellent properties
of individual CNTs with unique anisotropy of collective properties arising from their high degree
of alignment and high density. Since a CNT forest is a population of billions (or sometimes trillions)
of CNTs/cm?, its collective properties are largely influenced by how individual CNTs interact with
each other and self-organize during growth (i.e., spatiotemporal evolution of alignment and areal
number density during growth), in addition to the intrinsic properties of the individual CNTs such
as diameter, number of walls, and chirality.* In particular, controlling the areal number density of
CNTs is required for the successful applications of CNT forests as electrical interconnects in
integrated circuits,>® thermal interfaces in high power density electtronics,” and flow membranes
in separation and purification applications.® For example, in the case of integrated circuits, to
replace copper interconnects, the required areal number density of CNTs needs to be at least 2 x
1013/cm? to outperform copper,® which is still challenging especially for as-grown CNT forests

without post-growth densification.

Despite its importance, however, the growth of density-controlled CNT forests from catalyst
nanoparticles by catalytic chemical vapor deposition (CVD) using gaseous carbon precursor is still
not well understood.’!* Generally, it has been found that the areal number density of CNTs has a
positive correlation with that of catalyst nanoparticles.>%!* Importantly, it has been frequently
reported that not all of the catalyst nanoparticles on the substrate can be activated to nucleate

CNTs,'>-17 and it remains unclear how to control the proportion of activated catalysts, referred to
3
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as the activation percentage or CNT nucleation success fraction.

The main challenge lies in the complexity of the multistep chemical and physical processes
involved in CNT forest growth. Typically, the growth of a CNT forest by catalytic CVD consists
of three distinct processes that are often coupled: (1) the formation of catalyst nanoparticles by
thin film dewetting, (2) the decomposition of gas-phase carbon precursors, and (3) the nucleation
and growth of CNTs on the catalytic surfaces of nanoparticles. Typically, the thin-film catalyst, 1
nm Fe in our case, is first reduced and transformed into a population of nanoparticles by means of
solid state dewetting upon heating in a reducing environment.!'#-2° To start the growth process, a
carbon precursor is introduced in the CVD reactor in the gas phase, which undergoes thermal
decomposition in the gas phase (if the temperature is high enough) before reaching the surface of
the catalyst nanoparticles. Some of the thermal decomposition products are active species that take
part in incorporating carbon atoms into an ordered cap that then lifts-off as a CNT growing from
a catalyst nanoparticle.?!-?? In typical CVD growth systems, such as hot-walled tube furnaces, the
temperatures for these processes are inevitably coupled; the temperature at which gas-phase
decomposition occurs and the temperature at which catalyst nanoparticles are formed are roughly
similar to, or dependent on, the temperature of catalytic growth of CNTs. As a result of the coupled
nature of growth explained above, we are currently limited in our ability to comprehensively
understand and accurately control the entire growth processes. In particular, this coupled growth
is hindering the independent investigation of conditions governing CNT nucleation and activation
percentage in a large population separately from both the conditions governing the catalyst

preparation and the gas decomposition steps.

Hence, “decoupling” of these processes is sought after, and there have been efforts by several
4
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groups towards decoupling, as summarized in Table 1. To decouple the gas-phase decomposition
from the catalytic growth of CNTs, one approach adopted previously was based on using a separate
preheater wherein decomposition of gas-phase precursor occurs.?'24 Also, tungsten wire filament
was used to accelerate the gas-phase reactions.?> Another approach based on creating a vertical
temperature gradient inside the CVD reactor was utilized, where the temperature profile of the gas
phase was controlled by two heaters, one above and the other below the substrate.?%?” Compared
to the efforts to decouple gas-phase decomposition from CNT nucleation and growth, there is much
less work on decoupling of catalyst formation from the catalytic growth of CNTs. One approach
to achieve this was based on rapid thermal processing,?®?° while another approach was based on
moving the substrate rapidly in and out of the CVD reactor using a transfer arm.>* However, there
is no report on decoupling both gas-phase reaction and catalyst formation from the CNT growth
at the same time. This may be due the complexity of reactor design that such complete decoupling

entails.

Here, we present an approach, as shown in Fig. 1, for complete decoupling of the catalyst formation
temperature (T.), the gas-phase decomposition temperature (T,), and the CNT nucleation and
growth temperature (T,). This is achieved based on our unique custom-designed multizone rapid
thermal CVD reactor.3'32 Our decoupling approach enables unprecedented independent
investigation of the effect of each of the three temperatures (T}, T, and T,) on the as-grown CNT
forest. Accordingly, we demonstrate that areal number density of CNTs is dependent on nucleation

temperature (T,), while being largely independent on catalyst formation temperature (T.).
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2. EXPERIMENTAL METHODS

2.1. CNT forest growth

Experimental information is summarized in Fig. 2. CNTs were grown in a custom-designed
multizone rapid thermal CVD reactor (CVD Equipment, Central Islip, NY) (Fig. 2a). As a
substrate, silicon (100) wafer with a 300-nm thick SiO, layer was used. A 10 nm-thick alumina
layer was deposited by atomic layer deposition and a 1 nm-thick Fe layer was deposited by e-beam
evaporation.’3 For each growth, the substrate was cut into small pieces of 5 mm x 5 mm. Before
every growth, the reactor was air-baked at 1000 °C for 25 min to remove carbonaceous
contaminants on the reactor wall. Then, a piece of catalyst-coated substrate was loaded into the
reactor and a growth was run automatically according to a programmed recipe. Every recipe
includes a vacuum-baking step before the catalyst formation step to ensure consistent growth result
by effectively removing oxygen-containing impurities on and in the reactor wall.>! A growth recipe
is shown in Fig. 2¢, in which the total flow rate was 1700 sccm. During the catalyst formation step,
the flow rates of He, He through the water bubbler, and H, were 1010, 200, and 490 sccm,
respectively. During the growth step, the flow rates of He, He through the water bubbler, H,, and
C,H, were 640, 200, 490, and 370 scem, respectively. The concentration of water vapor carried by

200 sccm of He through the water bubbler is calculated to be approximately 116 ppm.

2.2. Measuring forest height and density

A 3D optical microscope (VR-3000 series, Keyence) was used for accurate measurements of forest

height and volume. Using the 3D optical microscope, we measured the volume of a CNT forest
6
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(Fig. 2b). The height of a CNT forest was obtained by dividing the volume of a CNT forest by the
area of the substrate. The volumetric mass density of a CNT forest was obtained by dividing the

mass of a CNT forest by its volume.

2.3. Characterization of morphology and quality of CNTs

The morphology of the as-grown CNT forests was analyzed by scanning electron microscopy
(SEM) using JEOL JSM-6510. The structural quality was assessed by Raman spectroscopy
(Xplora, Horiba Scientific) using the 638 nm excitation wavelength. The outer diameter and
number of walls of CNTs were characterized by transmission electron microscopy (TEM) using

Hitachi H9500.

2.4. Characterization of catalyst nanoparticles

The size distribution and number density of catalyst nanoparticles were characterized by atomic
force microscopy (AFM) using Veeco Dimension 3100 V. As a measure of the size of
nanoparticles, we used height of nanoparticles. The nanoparticles were detected by the watershed
algorithm provided by Gwyddion software (http://gwyddion.net/). The detailed parameters we
used in the algorithm are as follow: for grain location, number of steps: 10, drop size: 10%, and
threshold: 3 px? and for segmentation, number of steps: 10, drop size: 40%. We used z.x of each

grain as the height of each particle.

2.5. Quantification of CNT alignment

We analyzed the alignment of the CNT forests using image analysis techniques to calculate the

alignment parameter (). This is implemented with the “Directionality” plugin in the Fiji** open
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source image analysis platform. This plugin is used to infer the preferred orientation of structures
present in an input image.>> When implemented in an SEM image, a histogram is generated
indicating the frequency of structures in a given direction. This technique is based on the 2D fast
Fourier transform technique, in which an image is decomposed into its spatial frequency
components. Based on the resulting spectrum, the dominant alignments and spacings in a 2D image
are estimated and tabulated into a histogram of angles. For example, SEM images with isotropic
content generates a flat histogram, in contrast images with a preferred orientation produce a
histogram with a peak identifying that orientation. From the histogram, the plugin reports the mean
and standard deviation of the Gaussian fit of the histogram. The software fits the resulting

histogram with a Gaussian function described by:

_ (x—u)z)

fO)=a+ (b—a)* e( 2 4)

where a and b are scaling parameters, p is the mean and o is the standard deviation of the Gaussian.

In this work, we define the reciprocal of the square of the computed standard deviation as the

"Alignment Parameter" (®):
& =1/0% (5)

In fact, this reciprocal of variance is defined as “precision” in statistics,?® as it represents a clear
measure of the sharpness of a distribution. It has also been utilized as a measure of precision in
other research areas including bioinformatics and economics.3”-3® Here, we employ this parameter
as a quantitative metric describing the monodispersity of directionality of nanotubes. This

parameter can have values between 0 and infinity, where 0 corresponds to random alignment and
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infinity corresponds to perfect alignment.

3. RESULTS AND DISCUSSION

3.1. Decoupled growth recipes based on unique reactor capabilities

Complete decoupling of T, T, and T, was enabled by our custom-designed multizone rapid
thermal CVD reactor, schematically presented in Fig. 2a.3!32 The reactor consists of two adjacent
furnaces: a resistive preheater for gas-phase decomposition and an infrared (IR) heater for CNT
growth. The carbon gas precursors are first thermally decomposed inside the preheater as they go
through a coiled gas injector at temperature T,. On the other hand, substrate temperature is
controlled by the IR heater which is capable of rapidly changing the temperature from the catalyst
formation temperature (T.) during the catalyst treatment step in a reducing environment to the
CNT growth temperature (T,) during the CNT nucleation and growth step after introducing the
carbon precursor at rates exceeding 50 °C/s. Hence, this unique design shown in Fig. 2a enables
the complete decoupling of gas-phase decomposition, catalyst formation, and catalytic growth of
CNTs, schematically depicted in Fig. 1. Moreover, growth is monitored in situ using a high-
definition video camera through a port that is designed to be along the quartz reactor tube axis. An
example of camera view during a growth of CNT forest is shown as an inset in Fig. 2a. The in situ
observation of growth enables us to detect the growth termination, so we can stop the growth step

when the termination is detected.

It is often the case that there is a variation in height within a CNT forest. Typically, researchers
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have reported the height of a CNT forest by a single measurement or by averaging the height
measured from several points. To increase the accuracy of the measurement of height and
volumetric mass density of a CNT forest, we used 3D optical microscopy to obtain an accurate

digital imprint of forest geometry, as shown in Fig. 2b.

A typical decoupled recipe is displayed in Fig. 2c. The gas-phase hydrocarbon precursor molecules
are decomposed while they travel through the preheater. In Fig. 2¢, the red and blue solid lines
represent the temperatures of the preheater and substrate (IR heated), respectively. Based on the
dimensions of the coil shaped gas injector, the length of the preheater section and the flow rate of
the gases injected through it, the residence time of the hydrocarbon precursor in the hot-wall
preheater zone is calculated to be 10.4 seconds. Although the residence time of the gases traversing
to the sample in the IR heated cold-wall zone is calculated to be 12.36 seconds, it should be noted
that in the IR section, the gases do not heat up since they have poor absorptivity to IR radiation.?®
On the other hand, the residence time within the heated few millimeters around the substrate is
calculated to be about 1 second. Hence, the residence time of the precursor gas in the preheater is
an order of magnitude larger than the residence time around the IR-heated substrate. This
quantitative comparison shows that the gas phase reactions are primarily taking place in the hot-

wall preheater zone of the reactor and negligible in the cold-wall IR zone.

It is also important to consider the possibility of recombination of pre-decomposed molecules. In
our reactor, the short distance between the preheater and the IR heater minimizes this possibility
of recombination, in contrast to reactor designs wherein the gases are allowed to cool down after
coming out of the preheater before entering the growth reactor.?! Therefore, this design achieves

close to ideal decoupling of gas-phase reaction from the surface catalytic reaction.
10

ACS Paragon Plus Environment

Page 10 of 49



Page 11 of 49

oNOYTULT D WN =

The Journal of Physical Chemistry

What enables the decoupling of catalyst formation step from growth step is the high
heating/cooling rate by IR heating. While a similar approach was previously used,?®?° our reactor
is capable of faster heating with rates exceeding 50 °C/s and the cooling rate is also very high
owing to the relatively small thermal mass (although it is dependent on temperature, as shown in
Fig. S1). It is noteworthy that in conventional tube furnaces, T, and T, are coupled due to the
inability to change the temperature rapidly owing to their large thermal mass. Hence, building on
the advantage of rapid temperature control in our IR heater, we decoupled T, from T,. T, can be
lower (Fig. 2d) or higher (Fig. 2e) than Ty, or equal to T, (Fig. 2f). In this work, we fixed all other

experimental parameters such as the gas composition and the total flow rate.

3.2. Effects of decoupling on CNT forest height and density

When T, was varied while fixing T, and T, (both at 620 °C), we observed that the height of CNT
forests was highly dependent on T, (Fig. 3a). When T, was below 750 °C, the height was very
small, but the height dramatically increased as T, increased to above 800 °C. The high sensitivity
of the height to T, agrees with previous work in literature,?* indicating the successful decoupling
of gas-phase reactions from catalytic growth of CNTs in the main reactor, because T, becomes
higher than the thermal decomposition temperature of the precursor (C,H, in our case). Hence, for
a fixed T, changing T. and T, enables unprecedented ability to study the separate effects of
temperature on the catalyst formation process and the CNT growth process independent of gas
phase decomposition process. Hence, we kept T, constant at 825 °C for all the rest of the growth

experiments carried out in this work.

11
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Results for decoupling of catalyst formation temperature (T.) from catalytic CNT growth
temperatures (T,) are shown in Fig. 3b-d. First noticeable observation is the dependence of height
on T, and T, (Fig. 3b). Previously, it has been widely observed that height of a CNT forest is
dependent on growth temperature.!221:4%41 In our work, we also observed a dependence of forest
height on T,, wherein for any T, there is an optimum T, at which a maximum height is achieved.
Also, our decoupled recipe enabled us to show that for the same T,, the height was largely affected
by T, in such a way that a higher T, generally produced a taller CNT forest. The difference in
height can be explained by either a difference in growth rate or a difference in catalyst lifetimes.
Hence, further analysis of growth kinetics is required, but it is beyond the scope of the present

study focusing on nucleation density.

Unlike height, density of a CNT forest was insensitive to T.. At T, = 720 °C, when T, was varied
from 680 to 900 °C, the density was nearly invariant (Fig. 3c). In contrast, we found that density
was highly dependent on T,. The density showed a strong negative correlation with T, (Fig. 3d).
This trend was observed both in the coupled (T, = T,) and the decoupled recipes (T, # Ty),
regardless of T.. These results uniquely demonstrate the importance of decoupling T, and T, in
order to generate new insights into CNT nucleation and growth. It is generally accepted that density
of a CNT forest directly correlates with the number density of catalyst nanoparticles, which can
be affected by the catalyst formation temperature T.. Conversely, our results show that the density
of CNT forest is dependent on T, rather than T.. It is noteworthy that there has been no quantitative
report on the dependence of CNT forest density on growth temperature even though there are
papers that quantify forest density.>%134243 This highlights an important gap in literature that we

aim to fill with our study.

12
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3.3. Effect of decoupling on morphology and structure of CNT forests

The vertically aligned morphology of the as-grown CNT forests was observed by scanning electron
microscopy (SEM), with some noticeable variation of alignment between forests grown at different
T, (Fig. S2), which generally demonstrate lower density and alignment for forests grown at higher
temperatures. These observations are quantified and discussed later in details. A typical SEM
image of a highly aligned and dense CNT forest grown at T, = T, = 600 °C is shown in Fig. 4a.
To investigate how T, and T, affect CNT diameter and number of walls, we used transmission
electron microscopy (TEM) to analyze CNTs from three forest samples grown at different
combinations of T, and Ty: (T, = 700 °C, T, = 600 °C), (T, = 700 °C, T, = 700 °C), and (T, = 900
°C, Ty =700 °C). We collected measurements from at least 40 CNTs from each CNT forest (Fig.
4b and Fig. S3) and obtained the distribution of outer diameter (Fig. 4c-e) and the distribution of
number of walls (Fig. 4f-h) from the TEM images. The distribution of outer diameter was fitted
using a lognormal curve, from which we obtained mode of the distribution of outer diameters for
comparing with other samples. Since the number of walls measurement is a discrete variable, the
mode of the distribution to be used for comparison is taken to be the tallest bar in the histograms
shown in Fig. 4 f-h. We compared the mode of outer diameter and number of walls, as seen in Fig.
41, instead of mean, owing to the observed skewness of the distributions (Table S1), which was
previously shown in literature to best fit CVD-grown CNT populations.'®#* Results indicate that
the mode of outer CNT diameter was largely similar when T, was equal (Fig. 4c and d). However,
when T, was higher, the mode of outer diameter was larger than the others (Fig. 4e). In addition,

the distribution was wider at higher T,; the standard deviation was 1.80 at (T, = 700 °C, T, = 600
13
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°C), 1.67 at (T, = 700 °C, T, = 700 °C), and 2.07 at (T, = 900 °C, T, = 700 °C). The mode of
distribution for number of walls is also larger at (T, = 900 °C, T, = 700 °C) than at (T, = 700 °C,
T, = 700 °C), and has a wider distribution as well. These observations of combined increase in
both diameter and number of walls along with their wider distributions for higher T, are consistent
with the expected faster progression of Ostwald ripening at higher temperature.*>*¢ TEM results
also show that CNTs growth with higher T, (900 °C) show evidence of metal catalyst along the
CNTs both inside and outside the CNTs as shown in Fig. S3c, which may be resulting from the

higher catalyst mobility at higher T..

From the measured outer diameter and number of walls, we calculated areal number density of

CNTs in the three samples using the following equation:

Pm/ Py

Pn= m (1)

where p,, is areal number density of CNTs, p,, is volumetric number density, p, is density of
graphite (2.2 g/cm?), d, and d; are outer and inner diameter of CNTs.*’ d; was obtained from d, and

number of walls (n) according to the following formula:
di=d,—0.68(n—1) (2)

The calculated areal number density of CNTs is plotted in red in Fig. 4i. Since the outer and inner
diameters of CNTs in the three samples were not very different, the areal number density showed
a similar trend with volumetric mass density (Fig. 3d). Therefore, we demonstrate that both the
areal number density and the mass density of CNT forests are negatively correlated to T, and are

nearly independent on T.. Considering that the areal number density is determined at the nucleation

14
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stage, it is reasonable to infer that the temperature at the nucleation stage influences the number of
actively growing CNTs relative to the total number of nanoparticles, i.e. the catalyst activation

percentage. Hence, it is important to characterize the catalyst nanoparticles size distributions.

3.4. Effect of decoupling T, on catalyst nanoparticles

It is generally accepted that the size distribution and the areal number density of CNTs is
determined by that of catalyst nanoparticles seeding their growth.>%!3 To check the effect of T on
the size and areal number density of catalyst nanoparticles, we analyzed the surface of the catalyst-
coated substrates using atomic force microscopy (AFM) after thermal treatments at three different
catalyst formations temperatures. All substrates shown in Fig. 5 underwent the same catalyst
formation step as in the growth recipe shown in Fig. 2c, but at different T, (500, 700, and 900 °C)
for 60 seconds. Then, the temperatures were ramped to 700 °C in 20 seconds, followed by cooling
down to room temperature without proceeding to the growth step. In the case of T, = 700 °C, the
substrate stayed at 700 °C for 80 seconds. For each sample, we took three AFM images (Fig. Sa-c
and Fig. S4) and analyzed the population of nanoparticles formed. The distributions of height of
nanoparticles are plotted in Fig. 5d. The nanoparticles formed at higher T, had larger heights (mean

as well as mode of height distribution) and exhibited wider distribution, as seen in the plot in Fig.
5e and Table S2, which agrees with the larger outer diameter of CNTs grown with higher T, (Fig.

4e) and previous reports,?®4® because of faster Ostwald ripening at higher temperature.*

Interestingly, in all cases, there were sufficiently high areal number densities of nanoparticles,

which were much higher than those of CNTs (approximately one order of magnitude higher), as

15
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shown in Fig. Se. Therefore, the trends of CNT density presented in Figs. 3 and 4 are not primarily
limited by the areal number density of catalyst nanoparticles. Importantly, the difference in areal
number density of nanoparticles between the three samples shown in Fig. 5 is relatively small
compared to the difference in areal number density of CNTs shown in Fig, 4. This indicates that,
even if the areal number densities of catalyst nanoparticles (p.) are similar at the beginning of the
growths, the areal number density of CNTs (p,) can dramatically vary depending on T, which is
a new insight derived from our decoupled growth approach. Although a higher areal number
density of catalyst nanoparticles (p.) is a necessary condition for a higher CNT nucleation density,
it is not a sufficient condition, highlighting the importance of understanding what governs catalyst

activation among large populations of substrate-bound nanoparticles.

The key to elucidating the reason for the dependence of areal number density of CNTs on T, lies
in the dependence of catalyst activation percentage (proportion of catalyst nanoparticles that end
up successfully growing CNTs) on T,, or, more accurately, on temperature at which CNT
nucleation and lift-off takes place. Based on the areal number density of CNTs (p,) obtained from
weight gain measurements and TEM images (Fig. 41) and the areal density of catalyst nanoparticles
(p.) measured from AFM images (Fig. Se), we calculated the catalyst activation percentage (7),

plotted in Fig. 5f:
Pn
n= - x100%. 3)

It is noteworthy that the catalyst activation percentage () as defined above may be also called
CNT nucleation percentage or the success rate of CNT activation. Also, we have avoided the use

of the term catalytic efficiency here, as it is less accurate and may confuse the reader in the context

16
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of CNT population growth. Due to the similar areal number density of catalyst nanoparticles at T,
=700 and 900 °C, CNT activation percentage showed a similar trend to the areal number density
of CNTs with a high # (~ 40%) for (T, = 700 °C, T, = 600 °C) compared to the low #: 15.9% for

(T =700 °C, Ty =700 °C) and 11.4% for (T, = 900 °C, T, = 700 °C).

Reporting accurate # requires a large number of measurements of CNT diameters by TEM, which
becomes infeasible for large experimental sets. Hence, it is challenging to report accurate # values
at multiple combinations of T, and T,. Nevertheless, based on the observation that the diameters
do not vary significantly as a function of T,, we estimated # at multiple sets of T, and T,, as shown
in Fig. S5. Results highlight the inverse relationship between 5 and T, with more than four-fold
decrease of 7 as T, increases from 600 to 720 °C (for T, = 700 °C). Thus, it is clear that catalyst
activation percentage (7) is inversely proportional to the temperature at which CNTs nucleate and
grow (Ty), which is a new insight enabled by our decoupled process that has not been reported in

prior studies.

It is important to note that only a few previous studies have reported values for catalyst activation
percentage. For example, a value of 10% was previously reported for forests of multi-walled CNTs
(MWCNTSs).!6 In the case of single-walled CNT (SWCNT) forest growth, although there are
several papers reporting CNT areal number density,’ activation percentage is typically not reported
with a single exception that reported a rather high value of 84%.!3 Ishida et al. also reported 10%
catalyst activation percentage in the growth of SWCNTs, but in that study, catalyst nanoparticles

were located far from each other and they did not form an aligned forest.*?

17
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3.5. Effect of decoupling T, on the initial stage of growth: CNT nucleation and early growth

In order to better understand how changing T, affects the early stage of CNT nucleation and growth,
we study CNTs grown for short time at various T,. For this purpose, we grew CNTs at a wide
range of T, (450, 550, 650, 750, and 850 °C) for a fixed short time (2 min) at a constant T, and T,
of 500 and 825 °C, respectively. Results are summarized in Fig. 6 with SEMs showing the
conditions that resulted in aligned forest growth (T, = 550, 650, and 750 °C) and those that only
resulted in either non-CNT carbonaceous particles at T, = 450 °C, as shown in Fig. 6a and b, or
resulted in tangled CNTs at T, = 850 °C, as shown in Fig. 6¢ and d. Forest heights obtained from
SEM (Fig. S6) are plotted in Fig. 6e, along with the ratio of G-band intensity to D-band intensity
(Ig/Ip ratio) obtained from Raman spectroscopy. In addition, we calculated an alignment parameter
(D), as a quantitative measure of the degree of vertical orientation of CNTs in forests based on
Fourier component analysis of SEM images of the forest sidewalls, as shown in Fig. 6f-k (more
details in the Experimental Methods section), and plot it in in Fig. 6e. Raman spectra corresponding

to all growth results at all five T, values are shown in Fig. 61-p.

When T, was 450 °C, no CNTs were grown, as shown in the SEM images in Fig. 6a, b, and in the
corresponding Raman spectrum in Fig. 61, in which weak G and D peaks were observed. These
peaks are possibly arising from the formation of irregular carbonaceous particles or coating that
while being largely amorphous may have some small graphitic content. For the successful
nucleation of CNTs, high quality carbon caps need to be formed in order to lift off from the catalyst,
but at low temperature, the energy supplied is not high enough and leads to low quality carbon

formation and encapsulation of catalyst nanoparticles.*%->°
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When T, was between 550 and 750 °C, CNTs were densely grown to form a well-aligned forest
structure (Fig. 6f-h). From the SEM images, we observe that the alignment of CNTs seems to be
lower at higher T,. By quantifying the alignment of CNTs using the directionality analysis based
on Fourier spectra, we clearly demonstrate this comparison in the histograms showing the
distribution of CNTs with specific angles of orientation (directions), as seen in Fig. 6 i-k. Moreover,
when we calculate alignment parameter (@) based on the spread of those directionality histograms,
we confirmed that the alignment decreases with T, (Fig. 6i-k and Table S3). Since there is a
positive correlation between alignment and the number density of CNTs that has been previously
shown,!647:5! we can use the measured decrease of alignment parameter with T, as a strong proxy
for a decrease of density of CNTs with T,. Thus, the inverse relation between mass density of CNT
forests and T, observed in Fig. 3d is also observed at the initial stage of the growth, proving that

CNT nucleation density is also inversely proportional to the temperature of nucleation and growth

(Ty).

In this range of T, the growth time of 2 minutes is short enough to be confident that the growth
experiments were stopped before reaching self-termination in all cases (i.e. at different Ty). Thus,
the height of CNT forests grown for 2 minutes can be used as a measure of the initial growth rate.
Our results show that the growth rate increased with T,, which agrees with what is expected of an
Arrhenius-type behavior (Fig. S7). Ig/Ip ratio also increased with T, (Fig. 6l-p), indicating a
marked enhancement of CNT quality for CNTs grown at higher temperatures, which is expected
based on the likelihood of annealing defects at higher growth temperatures (Note that T, is the
temperature for both the nucleation and growth steps.).’>>3 We also quantitatively compared the

purity (x) of CNTs — ratio of amorphous carbon content to CNT content in the sample — using the
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following empirical formula>*:

Ip

7= 0.96 — 0.0066x (4)

Using this equation, we evaluate the purity of the CNT forests grown for 2 minutes (shown in Fig
6) at various growth temperatures (T, = 550 °C, 650 °C, and 750 °C) giving purity values of
94.82%, 95.54%, and 97.8% respectively. These support the interpretation that less amorphous
carbon is accumulated at high T,. Interestingly, at T, = 750 °C, a sharp radial breathing mode
(RBM) peak is observed in Fig. 60, indicating that this forest is dominated by SWCNTSs. Hence,
in addition to enhancement of CNT crystallinity and purity with increasing T, our results suggest

that these effects are concomitant with a transition towards promoting SWCNT growth.

When T, was 850 °C, CNTs were grown so sparsely that they cannot form a forest structure, as
seen in the top SEM view of the tangled CNT mat in Fig. 6b. Although it was difficult to measure
the growth rate because they did not form a vertically aligned forest structure, it is expected that
those few grown CNTs would have grown at a higher growth rate than at T, = 750 °C. The grown
CNTs included SWCNTs as confirmed by the RBM peak and had a relatively high I/Ip ratio
(higher than for T, <650 °C). Overall, at the same T,, as T, increases, nucleation density decreases

while crystallinity and growth rate increases.

3.6. Mechanism explaining CNT nucleation dependence on T,

In order to explain the decrease of CNT activation percentage with increasing T,, we need to
consider the stochastic nature of CNT nucleation and population growth dynamics governing 10s-
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100s of billions of CNTs making up a 1 centimeter squared area of forest. Although the growth of
CNT forest has been often assumed to be uniform for simplification, it is actually governed by the
distributions of catalyst nanoparticles in terms of diameter, shape, and physical/chemical state.
41144 Thys, as shown in Fig. 7, we hypothesize that the lower CNT nucleation percentage at higher
T, is because CNT growth at each catalyst nanoparticle has different activation energy, and

consequently different growth rate,’> which is dependent on it size, shape and/or phase.

Although the concentration of active carbon species in the bulk flow may be high enough, the
diffusion flux through the diffusion boundary layer determines the growth kinetics. In fact, it has
been shown that the growth can be shifted from reaction-limited to diffusion-limited condition as
temperature increases.’® Hence, we should consider the concentration profile in the diffusion
boundary layer. The spatial distribution of catalyst nanoparticles leads to local depletion of active
carbon species around specific catalyst nanoparticles,’” which rapidly consume the local supply of
those active species owing to their fast growth kinetics. As a result, other neighboring catalyst
nanoparticles could starve as they compete with those “greedy” nanoparticles that siphon off a
greater share of the available active species in the diffusion boundary layer. Hence, for the same
partial pressures, the precursor supply can support only a smaller number of catalyst nanoparticles

for fast-growing CNTs at higher T,

For successful activation of catalyst nanoparticles, proper feeding of carbon is important. For
example, Lu et al. reported that, given a carbon feeding rate, catalyst nanoparticles can be
selectively activated depending on their size.’® According to that report, when the nanoparticles
are too small, they are overfed and thus are poisoned. On the contrary, when the nanoparticles are

too large, they are underfed. Hence, that study emphasizes that the proper feeding rate of carbon
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source is important in successful activation of catalyst nanoparticles.

At low T, since the growth rates are low in general, the gaseous carbon species are slowly
consumed. The rate of the mass transport from the bulk gas phase through the boundary layer to
the surface of catalyst nanoparticles is sufficient, so the carbon species can be evenly supplied to
many catalyst nanoparticles. However, at a higher T, higher growth rates lead to local
nonuniformity in the concentration of carbon species. This nonuniformity is exacerbated by the
greater hindrance to mass transport through the thicker boundary layer at higher T,, whose

thickness varies with the temperature-dependent gas viscosity.>’

It has been proposed before that the growth rate of each CNT is different depending on CNT
chirality, 596! or the size and composition of catalyst nanoparticles.*#62.63 At a higher T,, some
catalyst nanoparticles that have relatively low activation energy can produce CNTs at much higher
rates. If they nucleate CNTs earlier than others and continue to grow CNTs, they will monopolize
the carbon species around them, causing local depletion of carbon species. Carbon species in the
vicinity of the substrate will tend to be exclusively incorporated in CNTs that are growing from
the “surviving” catalyst nanoparticles by following the low-activation-energy path, rather than

activate new high-activation-energy catalyst nanoparticles.

With the decrease of density at an even higher T,, we find that both number of walls and diameter
also decrease underpinning the eventual shift toward growing SWCNTs as shown in Fig. 6. This
can also be explained in the framework of our proposed local depletion mechanism. At this high
T,, the growth rate is so fast that the growth can be easily limited by diffusion. In the diffusion-

limited situation, the catalysts are no longer able to eject enough carbon atoms to form the multi-
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walled CNTs. Alternatively, the catalysts produce CNTs having smaller diameter, fewer walls (or
single wall). In fact, Smalley et al. have previously reported that the transition from reaction-
limited to diffusion-limited growth causes selective synthesis of SWCNTSs.%* In addition, Liu et al.
have shown that CNT diameter decreases even from the same catalyst nanoparticle when
temperature increases, which is consistent with our hypothesis.®>% From the perspective of
population growth dynamics, it has been shown before that the diameter distribution of a forest
shift towards a smaller diameter as the forest evolves towards growth self-termination,
concomitant with progressive deactivation of catalyst nanoparticle subpopulations with larger

diameter (i.e. larger CNTs “die” first).!644

The outer diameter and number of walls in Fig. 4 can be explained with the proposed hypothesis.
When we compare the growths at T, = 700 °C, the mode of number of walls was lower at higher
T, (Fig. 41, g), although the modes of outer diameters were similar (Fig. 4¢, d). The outer diameters
were similar because catalyst nanoparticles are formed at the same T, but at higher T,, the
consumption of carbon is faster while the supply of active carbon species is the same. As a result,

CNTs with smaller number of walls are produced.

Although we propose the “local depletion” as a mechanism for the T,-dependence of catalyst
activation percentage, we also consider other mechanisms such as catalyst poising by either the
formation of an inactive phase (e.g. iron carbide$’ or iron oxide'%®), or the encapsulation of
catalyst nanoparticles by conformal deposition of a carbon layer.#*~%% First, according to the
literature, iron carbide is energetically unfavorable at higher temperature, so iron carbide would
break down more at higher T,.57 Thus, it is unlikely that the portion of iron carbide among catalyst

nanoparticle population increases at higher T,. Second, since the growth is under reducing
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environment, oxidation would not be promoted at higher T,, which rules out the formation of less
active iron oxide phases with increasing T,. Finally, it has been observed that catalyst nanoparticles
become inactive as a result of coating by a graphitic shell.?’ However, the effect of temperature on
the formation of graphitic coating is still a subject of on-going research. Molecular dynamics
simulations by Ding et al., predicted the graphitic encapsulation of catalyst nanoparticles at low
temperature due to insufficient energy for the lift-off,*>->* but experimental results for these effects
are rather scarce. Thus, we cannot confidently rule out the possibility of having more encapsulation
of carbon nanoparticles by graphitic shell at higher T,, which was observed previously in

environmental TEM studies of CNT nucleation and growth.!7-20

It is noteworthy that the independent effect of T, can only be clearly demonstrated here because
of our decoupled recipes enabled by our custom-designed multizone rapid thermal CVD reactor.
In our decoupled recipes, the supply of gaseous carbon species is the same regardless of T, as T,
is decoupled from T,. If T, is coupled to T, it is impossible to exclude the different supply of
gaseous carbon species as any change of temperature inevitably causes different local
concentration and chemistry of precursor gas. Besides, since we decoupled T, from T,, we can
assume the formation of similar catalyst nanoparticle populations in terms of size distribution,
same number density, and chemical state. Otherwise, without decoupling T., growth at different
temperatures would also cause variations in the catalyst nanoparticles, which would make it
difficult to explain what governs the activation percentage for similar catalyst nanoparticles. In
fact, to the best of our knowledge, there has been little literature about the effect of growth
temperature on density of CNTs, which is because of the intrinsic difficulty in independently

investigating the effect of various parameters. Thus, we propose that our decoupled recipe is an
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ideal approach to elucidate the independent effect of temperatures during (1) catalyst nanoparticle
formation by thin film dewetting, (2) thermal decomposition of gas-phase precursors, and (3)
nucleation and growth of CNTs on the catalytic surfaces of nanoparticles. Accordingly, our study
provides insights into tailoring the density, size, alignment and quality of CNT forest growth for

tuning their collective properties.

4. CONCLUSIONS

We successfully demonstrate the complete decoupling of both gas-phase decomposition and
catalyst nanoparticle formation from the catalytic growth of CNTs in CVD. We achieve this by
leveraging a custom-designed reactor equipped with a separate preheater and rapid thermal
processing capability. Using the decoupled growth recipes, we revealed the dependence of areal
number density of CNTs on nucleation temperature. We show that the decrease of areal number
density of CNTs with increased nucleation temperature is not because of number density of
catalyst nanoparticles, but because of a marked decrease of catalyst activation percentage. To
explain this phenomenon, we propose a “local depletion” mechanism, wherein the growth rate at
each catalyst nanoparticle is different, and at higher T, active carbon species are locally depleted
around catalyst nanoparticles with faster growth rates. This spatial distribution causes starvation
at other catalyst nanoparticles leading to the observed decrease in catalyst activation percentage.
We believe that the complete decoupling approach introduced in this work is a powerful
methodology that enables the independent investigation of catalyst preparation and CNT

nucleation processes. Moreover, the access to a larger parameter space offered by our approach
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opens the door toward unprecedented control on the morphology and collective properties of as-

grown CNT forests for specific applications.
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Fig. 1. Schematic representation of decoupling the catalyst formation temperature (T,), the gas
decomposition temperature (T,) and the growth temperature (T,) in CVD of CNTs. (a) As
deposited catalyst thin film. (b) Gas-phase decomposition in the preheater at T,,. (c) Thin film
reduction and dewetting to form catalyst nanoparticles at T.. (d) CNT nucleation and growth from

active catalyst at T,.
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Fig. 2. (a) Schematic representation of the multizone RTP CVD reactor used in this work. (b)
Accurate digital 3D data for forest geometry obtained by 3D optical microscopy. (c) A typical
decoupled growth recipe showing the temperatures and gas follow rates. (d) — (f) Three types of

temperature sequences in which (d) T, < Ty, () T, > T, and (f) T, = T,
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Fig. 3. Effects of decoupling on height and density of CNT forest: (a) height as a function of
preheater temperature T, (b) height dependence on catalyst formation temperature T, and growth
temperature T,, (c) density dependence on T, and (d) density dependence on T, (for different T,).
Although the transition time from Tc to Tg was fixed to 20 seconds for all our experiments, there
were some exceptions, in which T, (900 °C) was significantly higher than T, and a longer period

was needed for cooling down to T, below 700 °C. Those cases are denoted with a green x and the
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=700 & 900 °C, T, = 600 & 700 °C. (i) Results for areal number density of CNTs, mode of outer
CNT diameter distribution and mode of CNT number-of-walls distribution fore forests grown at

different T and T,.
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Fig. 5. (a—c) AFM images of catalyst nanoparticles formed at different T.: (a) 500 °C, (b) 700 °C,
and (¢) 900 °C. (d) Histogram showing the distribution of height of nanoparticles formed at various
Te. (e) Areal number density and mean height of nanoparticles formed at various T.. Error bars
correspond to standard deviation. (f) Catalyst activation percentage at three sets of T. and T,. Data
of nanoparticles in d-f was obtained from three AFM images for each T; the rest of the AFM

images are included in Fig. S4.
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Fig. 6. Effect of T, on the growth rate, alignment, and /g/Ip, ratio of the CNT forests grown for 2
min, while keeping T, and T, constant at 825 °C and 500 °C, respectively. SEM images at different
T,: (a) - (b) 450 °C and (c) - (d) 850 °C. (e) Plot of height, /5/I ratio, and alignment parameter
(D) of the CNT forests. SEM images of CNT forests grown at various T,: (f) 550 °C, (g) 650 °C,
and (h) 750 °C. Histogram resulting from Fourier component analysis of SEMs of CNT forests

grown at various T,: (1) 550 °C, (j) 650 °C, and (k) 750 °C. Raman spectra at various T,: (1) 450 °C,

Direction [°] Direction [°]
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43

2: carbon species are supplied evenly (indicated by the uniform green domain). At higher T,, CNT
46 . . . .
47 growth rates become much faster, which leads to higher consumption rate of carbon at each active
48

49 catalyst nanoparticle, and accordingly local depletion of active carbon species becomes dominant
50

5; (indicated by the non-uniform orange and red domains/contours). This starvation of catalyst
5

gi nanoparticles results in decreased number density of activated catalyst nanoparticles. At highest
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T, the increased discrepancy between maximum carbon consumption rate and carbon supply rate
at active catalyst nanoparticle also results in reduced number of walls and growth of SWCNTs
instead of MWCNTs. In this figure, the plotted distribution of active carbon species represents an
integral over growth time, and is not meant as an instantaneous concentration gradient. Moreover,
the blue arrows are not meant to represent a specific directional flow, but rather are meant to
indicate the local consumption of carbon at active catalyst nanoparticles at different rates

depending on T,.
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Table 1. Previous reports to decouple gas-phase reaction or catalyst formation from CNT growth.

The Journal of Physical Chemistry

What
Corresponding Gas-phase Catalyst
car Main points enabled Reference
author Y P reaction formation
decoupling
Empl heater t NT forests at
Cheol lin Lee 2001 mployed preheater to grow C orests at low Decoupled Coupled Preheater 2
substrate temperature
Employed tungsten wire filament to accelerate gas- Tungsten wire
25
Young Hee Lee 2002 phase decomposition Decoupled Coupled
filament
Used Pd plate as a dual catalyst
Th ti th bet hiti
A Jobn Hart 2009 ere are competing pathways between graphitic Decoupled Coupled Preheater .
and amorphous carbon deposited during synthesis.
1V. i heater, low t th
Car 2000 Using preheater, low temperature growth was Decoupled ®  Coupled Preheater 2
Thompson enabled.
Gilbert D. ol Precursor gas chemistry affects the crystallinity of Decoupled Coupled Preheater »
Nessim CNTs
Thermal treatment of the acetylene precursor at Temperature
Hyung Gyu " . o 2%
2013 600-700 °C is found crucial for the synthesis of ~ Decoupled ¥ Coupled gradient within
Park
VA-CNTSs. the reactor
Temperature
H G P d llel ti th del which . s
yung Gyu 2018 roposed a parallel reaction pathway model whic! Decoupled?  Coupled gradient within -
Park takes gas-phase reaction into account.
the reactor
Catalyst formation and CNT growth process were Fast heating by
28
Kenji Hata 2013 decoupled Coupled Decoupled .
infrared

Diameter and density are inversely correlated.
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Fast heating by
29
Kenji Hata 2013 Larger diameter SWCNT would grow faster Coupled Decoupled .
infrared
More consistent growth is possible by stabilizing
the moisture and hydrocarbon concentration Coupled b led Moving the ©
A John Hart 2016 ouple ecouple
substrate

between the catalyst formation step and the growth
step.

Preheater, and
Mostafa
2019 Present work Decoupled Decoupled fast heating by
Bedewy
infrared

a) Temperature of gas-phase reaction zone affects the temperature of substrate. i.e., not perfectly decoupled.

b) The growth and catalyst formation were performed at the sample temperature, although the steps are decoupled.
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