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Abstract: The super-growth approach for carbon nanotubes synthesis is frequently used to boost the
growth rate, catalyst lifespan, and height of vertically aligned carbon nanotubes. The elimination
of amorphous carbon from catalyst particles, commonly made of iron, by injecting water vapor
into a chemical vapor deposition process can enhance the purity, alignment, and height of carbon
nanotubes and prevent the partial oxidation of the metallic catalyst. We present the development of a
modified growth-optimized water-assisted super-growth vertically aligned carbon nanotube process
by optimizing the catalyst layer structure and water vapor concentration for a carbon nanotube
growth process for 4” diameter Si wafers. A significant finding is that under optimized water-assisted
growth conditions over 4 mm, highly uniform tall, vertically aligned carbon nanotube structures can
be grown with a minimum top crust layer of about ~5-10 um thickness. This was achieved with a
catalyst film comprising a >400 mm thermal SiO; layer on top of a 4” diameter Si wafer that was
overcoated with an e-beam batch process run that first deposited a 20 nm SiO; layer, a 10 nm Al,O3
layer, and a 1.1 nm Fe layer, in a 4-h growth process step.

Keywords: VACNT; CVD; Al,O3 buffer layer; water vapor; super-growth

1. Introduction

Carbon nanotubes (CNTs) have been the focus of research in recent decades due to
their unique electronic and mechanical properties [1,2]. Their properties have been utilized
to improve various applications, such as steam generation, water splitting, supercapacitors,
as well as desalination, water vapor condensation [3-8], and blood oxygenation. The
integration of CNTs in any application requires the control of their synthesis method for
yield, alignment, and purity [9]. CNTs can be synthesized using arc discharge, laser ablation,
high-pressure carbon monoxide disproportionation (Hipco), and chemical vapor deposition
(CVD) [10,11]. In the CVD process, the thermal decomposition of hydrocarbon vapor is
achieved in the presence of a metal catalyst [12-14]. Synthesis by CVD enables control
of the properties and aspect ratio of vertically aligned multi-walled carbon nanotubes
(VACNTS). Since its introduction in 2004 by Hata et al. [15], H,O vapor-assisted VACNT
growth, commonly known as the super-growth method for CNT synthesis, has been
used to increase the growth rate, catalyst lifetime, and height of VACNTs. Adding water
vapor to the CVD process can improve the CNT purity, alignment, and growth height by
removing amorphous carbon on the (typically Fe) catalyst particles owing to the partial
oxidation of the metallic catalyst [12,15-17]. Most related studies that used sputtered Al,Os3
reported that the atomic layer deposition (ALD) nm-thick thin film deposition of Al,O3 was
not as effective for tall VACNT growth. The Al;O3 morphology resulting from thin-film
deposition significantly affects a catalyst’s lifetime [18].

The mechanism and kinetics of VACNT growth have been studied extensively [19].
The VACNT growth mechanism has been identified as a tip growth mechanism where
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catalyst—substrate interaction is weak and hydrocarbon decomposes on the top surface of
the metal, allowing carbon to diffuse through the metal catalyst, so CNT precipitates out
across the metal bottom, displacing the entire catalyst particle from the substrate. CNT
continues to grow vertically as long as the top of the metal is accessible for new hydrocarbon
breakdown. Once the metal is completely coated with excess carbon, its catalytic activity
decreases, and CNT growth ceases [19-21]. Cao et al. found the optimum concentration of
the Fe3Oy4 catalyst for the maximum VACNT thickness, which showed a six-fold increase
in growth with the addition of water vapor [12]. By partially oxidizing the metal catalyst,
adding water vapor to the CVD process removes amorphous carbon from the catalyst,
which improves the purity and growth of CNTs [15,22]. The effect of the Al,O3 buffer
layer on the growth of VACNT has also been investigated [13]. An optimum buffer layer
thickness was found to minimize metal migration across the buffer layer to the silicon oxide
layer and metal diffusion in the buffer layer beyond which the quantity and distribution of
active catalytic particles on the surface are reduced [23,24]. Li et al. concluded that Ostwald
ripening of catalyst nanoparticles, subsurface diffusion of Fe, and their activation energies
for nucleation and initial growth are essential parameters for VACNT growth [25]. Growth
of 2.6 mm long VACNT was achieved by reducing the catalyst at a temperature lower than
the growth temperature and using low carbon feedstock to prevent carbon coating of the
active catalyst [26]. Gas diffusion controls growth because the growth rate decreases with
increasing CNT array length [27]. Non-uniform multiwall CNT structures 14-cm tall have
been fabricated using a cold-gas CVD method [28,29] via a modified super-growth process
with in situ supplementation of iron and aluminum vapor sources.

Advanced devices in medical and industrial applications, for example, those that
presently utilize hollow fiber bundles, can potentially improve performance by >200-400%
in key device performance parameters when substituting subcomponents that incorporate
VACNTs as reactor core elements, also called fluid channel Area Bricks. Such components
can be manufactured using process steps that include photolithography, electron-beam
physical vapor deposition of critical thin-film catalyst multilayer stacks onto photolitho-
graphically patterned Si wafer substrates, a ~2-mm tall VACNT growth step inside a CVD
system for such catalyst substrates followed by a few-nm-thick conformal carbon coating
step, subsequent separation of the resulting precursor structures from the growth wafer,
and the transformation of these precursor structures into superhydrophobic free-standing
components [30-32]. The height of the components, which is dependent on the height of
the related VACNT growth, is proportional to the fluid-processing capacity. Therefore, to
enable the development and potential commercialization of novel VACNT-enabled appli-
cations, there is a need to develop a volume-production-scalable VACNT growth process
over the total available surface area of multiple Si wafers that can produce uniform and
repeatably multi-millimeter-tall 1-dimensional patterned VACNT structures with uniform
spatial VACNT spacing arrangements for variously patterned layout designs that meet
the targeted novel component design requirements. However, when multiple manufac-
turing processes that include a VACNT growth process step are combined to create novel
components, the throughput, and yield of such an application-targeted VACNT growth
process can fluctuate significantly owing to local height and pore size variations across one
or more growth wafers, thus requiring optimization of each process step. For some of these
applications, a ~ 2 or 4-5-mm tall VACNT growth process that is spatially uniform and
repeatable over at least one large-area substrate is key to obtaining a reasonable VACNT-
enabled component production yield and increasing component value. In this paper, we
present our investigation into the optimization of a modified super-growth process by
optimizing the CNT catalyst design and manufacturing process, the use of an H,O bubbler,
and optimizing the CVD process for a fast VACNT growth process of >4 mm on a single 4”
Si catalyst wafer. In a related paper, we investigate the benefit of using air or O,, instead of
H,O vapor, for growing in 1.5 h uniformly > 2-mm tall VACNT forest structures on 4” Si
catalyst wafers.



Processes 2023, 11, 1587

30f10

2. Materials and Methods

For all our experiments discussed here, we used a medium-sized FirstNano® EasyTube®
3000 system located in the CVD application laboratory, which is also shown in SI Figure S1.
This VACNT CVD growth system had a horizontal-oriented process tube with an inner
diameter of 13.1 cm, a three-zone motorized clamshell furnace, an optional 500 mL H,O
bubbler, vacuum and atmospheric process capability, and an automated sample loading
and offloading capability. The gases 99.99% hydrogen, ethylene, argon, and nitrogen were
used as received. VACNTs synthesized using CVD on iron wafer substrates were analyzed
using a Raman microscope. Raman spectra were recorded on the solid carbon nanotubes
using a Raman with excitation from a 532 nm diode laser. The thickness of the catalyst and
Al,O3 layers was measured by a spectroscopic ellipsometer (J. A. Woollam Co., Lincoln,
NE, USA). We then obtained the Delta and Psi functions which are related to the refractive
index (n) and extinction coefficient (k), as well as film thickness, by fitting data to a model
for films on substrates. Scanning electron microscopy was used to collect top view and
cross-sectional images at varying magnifications of grown VACNTs. Thermogravimetry
Differential Thermal Analysis (TG/DTA) was used to evaluate VACNT metal catalyst
content. The Image ] software was used to analyze the tilted view of VACNT structure and
generate VACNT height profile across 4” wafer.

2.1. VACNT Growth Process A

The 18-mm tall VACNT's structures on a cm-sized substrate, shown in SI Figure S2,
were grown on a special catalyst wafer; that is, a Si wafer with a 400-nm thick thermal oxide
onto which an Al layer was first deposited by ebeam deposition. The e-beam was then
vented so that the Al-thin film could be oxidized to 20 nm Al,O3 using a plasma system
for 10 min at 350 W, SI Figure S3. These wafers were then loaded into the same e-beam
system again, and either a 1-2.5-nm Fe or 0.5/0.5-nm thick Gd/Fe layer was deposited
on the top. Subsequently, the substrates were annealed in air at 400 A °C. After cleaving
the substrate into centimeter-sized test wafers, the test wafer was loaded into the CNT
growth system. The process chamber was then evacuated to remove moisture and O, from
the process tube. Subsequently, the process chamber was filled with Ar to atmospheric
pressure, heated further under a constant 3000 sccm Ar flow to 600 °C, annealed for 15 min
at that temperature, and then heated again under furnace temperature control until the
process temperature near the test sample reached 720 °C. After switching to the cascade
process temperature control mode with a process temperature target setting of 750 °C,
the sample was reduced under a 100% H; flow for the next 5 min to deoxidize the thin
film Fe layers. After that, for 15 h, the wafer was exposed to a mixture of 3063 sccm Ar,
1250 sccm Hp, 1000 scem CpHy, and 600 sccm Ar flowing into an H, O bubbler, which was
heated to 30 °C. Cooling the wafer under Ar flow to room temperature yielded samples
that were dependent on the process temperature, SI Figure S2. When the same atmospheric
process was used for a full-size wafer, a VACNT with a height of approximately 1 cm was
achieved using the same growth process, as shown in SI Figure S4. The top of these VACNT
structures heavily curves up near their edges and becomes much denser near their top,
where it is filled with amorphous carbon of approximately ~40 pm thickness. This resulted
in an overall very (crusty) brittle and stiff VACNT forest structure with a non-uniform pore
structure (pore size variation of over 1000% in the vertical (VACNT growth) direction);
therefore, it is not suitable for highly ordered VACNT applications.

Similarly, multi-millimeter-tall single-wall VACNT structures have been grown by
other authors [33] on centimeter-sized catalyst wafer samples using Fe/Gd catalyst layer(s)
with thicknesses in the ranges of 0.5-1.0 nm. Some previously developed processes require
a time-consuming and complex (multi-equipment) catalyst preparation process. Their
maximum achievable growth height depends highly on the catalyst substrate area size,
with taller structures grown on localized areas [27,28]. While FIG 2 and FIG 3 and related
Figures in papers [27,28] show > cm-tall VACNT structures, their material properties were
non-uniform in the vertical and horizontal directions.
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2.2. VACNT Growth Process B

We developed a more suitable VACNT device application than Process A that generates
more vertical and horizontal VACNT forests with minimal amorphous and/or polyaromatic
coating covering the top level of the VACNT growth and with a pore size variation of
less than 100% in the vertical direction over full-size 4” Si wafers. We accomplished this
by replacing the traditionally ebeam-deposited Al film and the related plasma oxidation
followed in steps from Process A with a thin Al,O3 layer deposited by an ebeam on top of
the thermal oxide, followed by a single thin layer of Fe in a single batch ebeam run. We
used 10-30 nm Al,O3 and 1-2.5 nm Fe catalyst films on a thermal oxide Si wafer substrate
to grow a uniform VACNT forest over a single full 4” wafer. The carbonaceous VACNT
structure was first tested by acetone soaking and subsequent evaporation, leading to a
locally collapsed structure S. With this process modification, a growth time of 8 h was
required with a precursor gas flow of 2775 sccm Ar, 195 scem Hj, 100 sccm CHy, and
80 sccm Ar into the HyO bubbler heated to 30 °C to obtain an improved top-to-bottom
slightly uniform multi-wall VACNT structure with a height greater than 4 mm in the
center of the catalyst growth wafer, SI Figure S5, and a slightly improved top crust layer of
~20 um thickness.

2.3. VACNT Growth Process C

To further accelerate the growth process, we eliminated the 15 min 600 °C catalyst
film pre-annealing step from Processes A and B, and instead tested a one-step heating
process from room temperature to a process thermocouple temperature of 740 °C, as fast
as the system allowed (approximately 15 min) in the furnace control mode, followed by
switching to cascade temperature control mode for a process temperature target of 750 °C,
a 5-min Hj Fe catalyst deoxidation step, a VACNT growth mode assisted by water vapor
that was further optimized to the improved new catalyst process, and a cooling step to
below 200 °C under a pure Ar flow. In addition to the catalyst used for Process B, a 20 nm
SiO; thin film was deposited above the thermal oxide wafer before the 10 nm Al,Os film
was deposited, followed by a nm-thin e-beam Fe film deposition. Finally, all three thin
films were deposited in a single electron-beam batch run. The Fe film thickness was varied
together with the Ar flow into the bubbler to get a 2X faster process growth from 8 h
(Process B) to 4 h, and to obtain an even more uniform VACNT forest material structure
with a top crust layer of about ~5-10 um thickness.

Process C samples show similar porosity and alignment compared to samples from
Process A and Process B with diameters of 8-12 nm and a spacing of 80-90 nm, SI Figure S6
and with the thinnest top “crust layer”, SI Figure S7. The repeatability test was performed
on Process C, and the results showed that the height varied from one run to the next by
20 %, as well as from one location to another on the same wafer, due to substrate and
growth processing, SI Figure S8.

3. Results

Thermogravimetry-differential thermal analysis (TG-DTA) and Raman analyses were
performed on the VACNT samples obtained using Process C. According to the findings
presented in Figure 1a, the sample exhibited good thermal stability up to 650 °C (there was
no detectable polyaromatic coating), did not contain any metal impurities that could be
measured, and had an ash content that was approximately 0-1 percent. Figure 1b shows
the Raman signal of the VACNT sample with a D/G ratio of approximately 1.3.
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Figure 1. (a) TG-DTA analysis from room temperature to 800 °C, reported in weight (%) of VACNT
sample grown with Process C. (b) Raman analysis of VACNT sample grown with Process C.

The reported ebeam-deposited Al,O3 thin-film diffusion barrier from Processes B and
C for Fe particles was comparable to that reported for sputtered Al,Os films and better than
the complex and time-consuming catalyst wafer manufacturing processes used for Process
A. When we tested the thickness sensitivity of the Al,O3 thin-film layer, we found that all
thicknesses > 10 nm performed similarly and that 5 nm of the electron-beam-deposited
Al Oj thin film reduced the growth height (catalyst lifetime) to approximately half, showing
that there is a sharp threshold to a minimum thickness that sufficiently stabilized the Fe
nanoparticles upon dewetting in the 5-min H; catalyst reduction step at 740-750 °C. The
next test was to replace the thermal oxide with an ebeam-deposited thin film of 5iO,, given
the likely porosity of a thin SiO; film deposited by ebeam compared to a dense 500 nm
5i0; thermal oxide diffusion barrier. However, the >20 nm /10 nm ebeam-deposited thin
510,/ AL, O3 film exhibited approximately 80% and a 500-nm thick thermal oxide film for
>3-5-mm VACNT growth.

A 10 nm/10 nm SiOp /AL Os film gave only approximately half the height when
growing, which would typically yield 1-2 mm tall VACNT structures, again showing a
sharp barrier minimum thickness threshold, similar to the Al;O3 film. When we combined a
500 nm SiO, thermal oxide barrier layer with an additional 20 nm SiO; film, the VAMWCNT
growth height for a 4-h growth time was approximately 20% taller, showing that the
combination of the two 5iO; layers resulted in longer life VACNT Fe catalyst particles for
the Vapor Liquid Solid (VLS) VACNT growth process. This improvement was likely due to
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interaction (via hydroxyl groups) between the electron-deposited SiO, and Al;O3 films,
which further reduces the mobility of the Fe nanoparticles during VACNT growth, slowing
down the related Oswald ripening effect [23] by possibly increasing the surface energy
that traps the individual Fe particles locally and keeps them isolated longer, and that this
thin film thickness helps with the catalytic cracking of C,Hy in such a way that it reduces
the clogging of the Fe nanoparticles with amorphous carbon during the VACNT growth
phase. Eliminating any of the Al,O3 or SiO, barrier layers shortened the maximum-grown
VACNT structures significantly. When we deposited the same 10 nm Al,Oj3 film and a
1-2 nm Fe film over a copper foil, only short (typically <0.2 mm) VACNT were grown
under Process C VAMWCNT process conditions. However, when we added a 20-nm SiO,
barrier layer between the Cu foil and the Al,Oj3 film, greater than 1-2-mm tall VACNT
forest structures can be grown.

Based on the above findings, we froze the SiO,/Al;,Os3 thin film pair to a thickness
of 20 nm/10 nm for the remainder of our experiments and focused on optimizing the
thickness of the Fe layer. Figure 2 shows the measured VACNT growth height for a 1.5-h
growth process under the optimized conditions defined in Process C, which shows an
optimum average Fe thin film layer thickness of > 1.1 nm under the tested conditions. The
red line is the least-squares fit of the experimental data obtained from multiple e-beam test
runs simultaneously placed in the same VAMWCNT growth CVD system batch run and
from multiple repeat CVD runs with the same e-beam catalyst test samples.

2500 -
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VACNTs Height [um]

500

05 06 07 08 09 1 11 12 13 14 15 16 17 18 1.9 2
Fe layer thickness [nm]
Figure 2. VACNT sample growth height depends on Fe layer thickness for a fixed thickness of SiO,

and Al,Oj thin film barrier stack (Si wafer/ 20 nm SiO,/ 10 nm Al,O3/x nm Fe) with 90 min VACNT
growth step (Process C).

Next, we varied the Ar flow into the H,O bubbler to determine the optimum water
vapor flow rate for the Process C growth condition for a 4-h VACNT growth step for the
optimized catalyst sandwich layer (20 nm SiO, /10 nm Al,O3/1.1 nm Fe) over a Si wafer
with a 500-nm thick thermal oxide barrier layer. The observed growth height test results
are summarized in Figure 3, showing an optimum rate of approximately 200 ppm partial
water vapor pressure or 15 sccm Ar flow, which is lower than the 80 sccm used for Process
B. Figure 2 also shows that Process C has an approximately 2x faster growth rate than
Process B for a 4-mm thickness target of the VACNT structure.
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Figure 3. VACNT sample growth height for 4-h VACNT growth process (Process C) dependent on
Ar flow into H,O bubbler for Si wafer/TO/20 nm SiO, /10 nm Al,O3/1.1 nm Fe.

Figure 4 shows a cleaved half-4” Si wafer grown as a full wafer with optimized Process
C. The measured cross-sectional VACNT height profiles of the three wafers are shown in
Figure 5, where all the wafer heights are higher than 4 mm; they still have a significant edge
effect with the lowest growth height in the center of the wafer and a rather steep edge effect
near the outer 5-mm edge of the wafer. Note that the horizontal height uniformity is still
imperfect; that is, (i) it is still quite repeatable from one CNT growth run to another, and
(ii) it is still improved over that of Process B and especially over Process A. Although the
crust layer is not visible in Figures 4 and 5, these VACNT structures collapse after exposure
to liquid acetone. In comparison to that of Process B, the crust layer of the amorphous
carbon coating in Process C is notably thinner.

Figure 4. Tilted view of cleaved full 4” size VACNT growth wafer grown at the optimum process
condition summarized as Process C.
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Figure 5. VACNT height profile across 4” wafer grown at the optimum process condition summarized
as Process C.

4. Conclusions

We identified a suitable catalyst growth method that was much easier and faster
than process A, which was optimized for the growth of the highest VACNT structures. In
particular, switching to e-beam-evaporated thin films of SiO; and Al,O3 helped to improve
the growth height of the VACNT structures, resulting in a growth time reduction of only
4-h, combined with additional optimization of the thickness by tuning the H,O vapor flow
rate to the chosen catalyst and process growth conditions with a much simpler monolayer
Fe. For growth >3 mm, the combination of a thermal oxide wafer with a 20-nm SiO,
layer was optimum for growth height, whereas for structures <3-mm tall, the 20-nm SiO,
barrier layer alone was sufficient, thereby eliminating the need for thermal oxide wafers
with a growth height of a few millimeters or less for most VACNT growth applications.
For our modified super-growth process, the optimum water vapor concentration was
approximately 200 ppm for an Fe layer thickness of approximately 1 nm. Although the
change in the catalyst manufacturing process from Process A to C was successful for the
tested VACNT growth system, optimal conditions of the modified catalyst manufacturing
process are likely to vary depending on the structure of the reactor; therefore, reactor
structure design should be considered. For instance, reactor diameter, gas residence time,
reactor hot zone volume, and gas heating are crucial factors affecting heating in addition to
natural convection, influencing the growth results.

Although this development was a good step toward both vertical and horizontal
uniform material properties for VACNT structures over a full 4” wafer, it still shows that
the horizontal height uniformity needs further improvement. While we were able to
significantly improve the horizontal height uniformity by changing from Process A to
Process C, further improvement with our water-based modified super-growth CNT process
was halted, due to an inherent “flaw” in the water-assisted VACNT growth process for
large area samples (4” or larger) that limits its horizontal growth height uniformity and
leads to this characteristic water assisted “valley” height profile for larger size VACNT
growth areas, and therefore, is only usable for shorter (<1-2 mm) and smaller size VACNT
structures where subsequent height sorting is an option. In subsequent work, we will
demonstrate how an optimized air- or O,-assisted VACNT growth process can overcome
the “valley” profile problem in order to process a uniform >2 mm tall VACNT forest growth
with very square edges and flat top surfaces on patterned 4” catalyst Si wafers. We also
investigate the effects of the flow rate of air or O, CVD precursors, the thickness of the
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catalytic Fe layer, the temperature of the process growth, and the ratio of H, to CoHy on the
optimal growth conditions for VACNT.

Supplementary Materials: The following supporting information can be downloaded at: https:/ /www.
mdpi.com/article/10.3390/pr11061587/s1. The supporting information contains SI Figures S1-S8.
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