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A B S T R A C T

This study aims to establish a quick and sustainable approach for optimising the growth of millimetre-tall 
vertically aligned carbon nanotube (VACNT) arrays through simple catalyst tuning. To achieve this swiftly, a 
rapid and handy characterisation protocol is essential. Herein, we propose and validate such a method for the 
rapid characterisation of VACNTs, which concurrently improves upon the traditional weight-gain density 
calculation for VACNT arrays. We demonstrate the efficacy of this combined strategy by systematically inves
tigating the influence of iron (Fe) catalyst film thickness (0.8–2.0 nm) on the microstructure and density of 
VACNT arrays synthesised via thermal chemical vapour deposition (TCVD). Catalyst morphology was charac
terised by atomic force microscopy (AFM), while transmission electron microscopy (TEM) provided nanotube 
diameter and wall-number distributions. Scanning electron microscopy (SEM) measured array height for areal 
density estimation, with Fourier component analysis of SEM cross-sections applied to correct height un
derestimations from tube tortuosity. It was observed that increasing Fe thickness enlarges and broadens catalyst 
particle distributions, enabling modest tuning of VACNT dimensions without compromising packing density. An 
optimum film thickness of ~1.1 nm was identified, maximising areal density at ~2 × 1010 CNTs cm− 2. The 
integrated imaging and analysis approach presented here offers a practical and efficient pathway for rapid 
VACNT microstructure control and density assessment, facilitating future optimisation cycles. Furthermore, a 
transition in growth mode was observed, which further confirms the decisive role of the catalyst film thickness.

1. Introduction

Carbon nanotubes (CNTs) are cylindrical nanostructures composed 
of carbon atoms, notable for their extraordinary electrical and me
chanical properties, which sustain their diverse applications [1–7]. In 
electronics, high-aspect-ratio and millimetre-tall VACNTs show promise 
as potential replacements for metals in interconnects and interlayer vias 
within integrated circuits due to their ability to carry very high current 
densities [8,9]. However, as one-dimensional conductors, individual 
CNTs exhibit inherent quantum resistance. To achieve high conductivity 
comparable to metal, billions of CNTs must be densely packed in par
allel, necessitating a high areal density for practical applications 
[10–14]. Apart from areal density, the diameter and number of walls in 

CNTs significantly influence the collective behaviour of VACNT arrays 
when used as bulk materials [15,16]. For instance, an increase in wall 
number can double electrical conductivity while halving thermal con
ductivity [17]. Additionally, CNT length has been shown to scale nearly 
linearly with electrical conductivity via the aspect ratio, making VACNT 
arrays attractive as lightweight, low-cost, conductive materials [15]. 
Consequently, the ability to tailor the structure of CNT arrays is a 
promising approach for optimising their functional properties, but it 
remains challenging. Some state-of-the-art iron-catalysed VACNT 
research regarding the used substrate, growth conditions and properties, 
characterisation method has been summarised in Table S1 for reference.

The precise characterisation of VACNT array properties is a critical 
enabler for their transition from laboratory prototypes to functional 
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devices. This necessity is acutely evident in the context of millimetre-tall 
VACNT arrays, which present a compelling material platform for a suite 
of advanced applications. Their high mechanical compliance and vast 
specific surface area are indispensable for crafting high-strength, light
weight composites [18]. Simultaneously, their exceptional axial thermal 
conductivity positions them as next-generation thermal interface ma
terials for dissipating heat in high-power electronics [19]. Furthermore, 
their structural anisotropy and electrical conductance make them ideal 
candidates for use as vertical interconnects in three-dimensional inte
grated circuits [20]. The precise morphological control plays the pivotal 
role in realising these application potentials [6,21]. At the heart of this 
control lies the accurate measurement of CNT areal density, a funda
mental property dictated by their nanoscale dimensions[22]. Existing 
techniques for areal density quantification, however, present significant 
trade-offs. Direct enumeration from scanning electron microscopy 
(SEM) images is statistically inconsistent [12], while liquid-induced 
compaction suffers from artefacts and procedural complexities [23]. 
Although the conventional weight-gain method, derived from the 
volumetric density of carbon [24], offers improved reliability, its accu
racy is inherently compromised by variations in carbon mass density due 
to crystallinity and defect density [25]. Even novel approaches like 
synchrotron X-ray scattering are impractical for routine optimisation 
[26]. To bridge this methodological gap, we have refined the weight- 
gain methodology into a robust and accurate protocol.

Despite advancements in characterisation instrumentation and 
methods, some details of CNT growth mechanisms remain obscure 
[3,27,28]. VACNT arrays serve as a model system for investigating the 
relationship between microstructural parameters (e.g., diameter, wall 

number, conductivity, waviness) and macroscopic growth characteris
tics (e.g., height, density, growth rate, catalyst thickness). The role of the 
catalyst is particularly critical in determining the final structure of CNT 
forests [3]. A key strategy for controlling VACNT array structure in
volves engineering the catalyst, especially by adjusting the thickness of 
the catalytic metal film. In this work, catalyst thickness and growth time 
were the only variables manipulated to understand better how micro
structural changes affect VACNT growth.

This work introduces an integrated characterisation and optimisa
tion framework that leverages this improved density metric to correlate 
catalyst geometry with VACNT morphology rapidly. We systematically 
analyse the effects of Fe catalyst film thickness on nanoparticle evolu
tion, CNT diameter, wall number, and ultimately, the achieved areal and 
volumetric densities. Moreover, we introduce straightforward image 
processing techniques to quantify critical, yet often overlooked, growth 
dynamics in tall arrays, such as density decay and collective tube tor
tuosity. By unifying cost-effective nanoscale imaging (SEM, AFM, TEM) 
with rigorous density validation, this methodology provides a rapid and 
practical feedback loop for VACNT quality assessment. It thereby es
tablishes an efficient pathway for tailoring VACNT physical character
istics (diameter, wall number, and density) through precise catalyst 
engineering, directly addressing the stringent requirements of their 
target applications.

Fig. 1. VACNT growth. (a) Illustration of the layer structure of substrate for VACNT array growth, (b) image of a mm-height VACNT carpet grown on a 23 × 23 mm2 

silicon substrate using TCVD, schematic of (c) a schematic structure of “un-rolled” individual CNT and (d) a schematic structure of MWCNT.

X. Zhao et al.                                                                                                                                                                                                                                    Applied Surface Science 722 (2026) 165504 

2 



2. Experimental and characterisation methods

2.1. Growth of VACNTs

In all experiments, the growth substrate consisted of Fe/Al2O3 
deposited on thermally oxidised 4-inch silicon wafers using electron 
beam evaporation (Cello Ohmiker-60BL) at a deposition rate of 0.02 Å/ 
s. As shown in Fig. 1(a), a 10-nm Al2O3 buffer layer was initially 
deposited onto silicon wafers pre-coated with a 200-nm thermally 
grown oxide layer. The Fe layers of varying thicknesses were then 
deposited onto the buffer layer using electron beam physical vapour 
deposition. The wafers were subsequently diced into 23 × 23 mm2 

square pieces. Multiple samples were prepared with Fe catalyst layers 
ranging from 0.8 to 2.0 nm to investigate the influence of catalyst 
thickness. VACNT arrays (Fig. 1b) were synthesised using a commercial 
TCVD system (FirstNano Easytube 3000) following a proprietary pro
cess. The furnace was preheated to 600 ◦C, after which the wafers were 
inserted into the chamber. Argon (Ar) and hydrogen (H2) gases were 
introduced to anneal the samples for 5 min before the temperature was 
ramped to the growth temperature of 750 ◦C. During annealing, the Fe 
films coalesced into nanoparticles. Ethylene (C2H4) was then introduced 
as the carbon source, while trace amounts of water vapour (H2O) were 
added via an Ar bubbler to promote CNT growth. Different array heights 
were achieved by varying the growth duration.

2.2. Structural and morphological characterisation

The height of the VACNT arrays was measured using a SEM (JEOL 
JSM-IT100). For each sample, measurements were taken at nine 
different locations to determine the average growth height. The detailed 
morphology and alignment of the VACNTs were further examined using 
a high-resolution field-emission SEM (Thermo Fisher Apreo S). For 
thickness and wall counting, CNTs were dispersed in ethanol and then 
observed using a high-resolution TEM (JEOL JEM-2100F). For each 
catalyst thickness (0.8 nm, 1.1 nm, 1.4 nm, 1.7 nm, and 2.0 nm), TEM 
measurements were averaged over 35–45 nanotubes to obtain repre
sentative values. The morphology of the iron catalyst nanoparticles was 
analysed using an atomic force microscope (AFM, Park NX10). The 
scanning parameters were fixed across all the samples to ensure a fair 
comparison could be made. The scan area of 0.5 × 0.5 μm2 was used 
with 2048 pixels resolution in the x-y direction and a scan rate of 1.5 Hz. 
The AFM was operated under non-contact mode (NCM) using OMCL- 
AC160S AFM tips (radius of <10 nm) with optimised tip-sample dis
tance and driving frequency of 298 kHz to obtain the best image quality 
while preserving both the sample surface and the AFM tip radius. The 
mass of the VACNT arrays was determined by weighing the silicon 
substrate before and after CNT growth using an electronic microbalance 
with a precision of 0.001 mg. The mass difference was used to calculate 
the areal density of the CNT array, incorporating the measured diam
eter, wall number, and growth height. In addition, Raman spectrum 
measurement has been used to confirm a good crystallinity of CNT 
structures, as shown in Fig. S1.

2.3. Density calculation method of the VACNTs

CNTs can be conceptualised as graphene sheets of sp2-bonded car
bon atoms rolled up into seamless cylinders, as shown in Fig. 1(c). Multi- 
walled carbon nanotube (MWCNT) can be described as several graphite 
layers wrapped into a concentric seamless cylinder (Fig. 1d). The inter- 
layer distance in an MWCNT is approximately that of graphite (0.34 nm) 
[29]. Therefore, the mass of a single MWCNT can be achieved by a 
simple calculation of the total carbon atoms. Subsequently, the areal 
density of MWCNT arrays can be reckoned by following the experi
mental procedures in Fig. S2.

We measure the average height, diameter, and number of walls of a 
subset of CNTs and then model the VACNT array based on these average 

properties. Consequently, all tubes will have the same mass mtube. We 
refer to Eq. (1) below to find the areal density ρA: 

ρv =
M
A

(1) 

ρA =
Ntube

A
=

M
Amtube

(2) 

M is VACNT array mass, A is the substrate area. The mass of a single 
tube, mtube is defined as: 

mtube =
2mcStube

Slattice
(3) 

where Stube is the total surface area of an MWCNT, mc is the mass of a 
carbon atom (1.994 × 10− 19 g), and Slattice is the surface area of a single 
hexagonal lattice. The formula aims to find the total number of carbon 
atoms in a tube and multiply it by the mass of carbon mc. To find the 
number of carbon atoms, we first find Stube, where all walls contribute to 
its mass: 

Stube = πDh (4) 

The interplanar spacing between walls is t. With an outer diameter of d, 
the total perimeter D with n number of walls that all contribute to the 
total mass can be found as: 

D =
∑n

i=1
[d − 2t(i − 1) ] = nd − n(n − 1)t (5) 

With the total surface area Stube found, the number of hexagonal lattices 
can be found by dividing it by the hexagonal area Slattice: 
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3
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3
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2
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•
1

nd − n(n − 1)t
(7) 

where ‘a’ is the C–C bond length (0.144 nm) in a nanotube, which is 
slightly larger than that in graphite (0.142 nm) [30]. Each number of 
hexagons contributes two carbon atoms towards the mass of a tube.

2.4. Tortuosity evaluation method of VACNTs

During the growth of VACNT arrays, individual CNTs tend to form 
bundles that follow curved, non-linear trajectories rather than growing 
along perfectly straight paths [3,22,31,32]. As a result, the actual length 
of the CNT array is typically greater than the measured height of the 
VACNT array, as illustrated in Fig. 2. To estimate the ratio between the 
array height h and the average length l of these bundled CNTs, a custom 
Fourier component analysis algorithm is applied to cross-sectional SEM 
images of the VACNT structures.

This algorithm analyses the frequency components of the SEM im
ages to assess the orientation distribution of the CNT arrays. It is 
modified from the directionality plugin from FIJI (ImageJ), which has 
been effectively employed in similar structural analysis contexts. The 
image processing workflow begins with Gaussian filtering to reduce 
noise and smooth the image, followed by directional normalisation to 
eliminate horizontal striping artefacts introduced by pixel-wise sam
pling in SEM acquisition. Next, a Fourier Transform of the pre-processed 
image is computed. A series of directional filters is then generated in the 
frequency domain. These filters, each corresponding to a specific 
orientation, are applied to the power spectrum of the Fourier Transform. 
The output provides the relative strength of CNT array alignment along 
each direction, enabling a quantitative assessment of orientation and an 
estimation of the average array length relative to the array height.
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3. Results and discussion

3.1. Dependence of VACNT array structures on Fe catalyst film thickness

3.1.1. Catalyst particle size and distribution
The morphological properties of Fe catalyst nanoparticles were sys

tematically investigated using AFM, which were analysed on 0.5 × 0.5 
μm2 regions of the nanoparticles (Fig. 3a). After the e-beam physical 
vapour deposition of Fe films, the catalyst nanoparticles were formed by 
subjecting the Fe films to the CVD growth cycle for VACNT synthesis 
without exposure to a carbon source to prevent CNT growth. This 
approach allowed for the precise characterisation of the catalyst nano
particles. The AFM images were processed using custom code (in the 
supplement) for image segmentation and analysis(Fig. 3b-d).

The particle density exhibits a marked decrease as the initial catalyst 
thickness increases. The highest particle density was observed at 0.8 nm 
(1948 ± 140 μm− 1), with a progressive decline to 1048 ± 148 μm− 1 at 
2.0 nm catalyst thickness (Fig. 3b). This trend suggests that increasing 
catalyst film thickness leads to coalescence and a reduction in the 
number of discrete catalyst nanoparticles. A clear trend of increasing 
particle size was observed with increasing catalyst thickness (Fig. S3a). 
The mean particle diameter increased from 13.8 ± 4.8 nm at 0.8 nm to 
20.2 ± 9.1 nm at 2.0 nm (Fig. 3c). This increase is accompanied by a 
growing standard deviation, indicating greater particle size heteroge
neity at larger catalyst thicknesses, which is further illustrated in Fig. S3. 
Particle height (4.7–5.1 nm) remained relatively consistent for catalyst 

Fig. 2. CNT Tortuosity. (a) cross-sectional SEM image of a VACNT array and 
(b) illustration of comparison between measured height and real length of 
a CNT.

Fig. 3. Comprehensive imaging and statistical analysis of Fe catalyst nanoparticles. (a) original AFM images, (b) segmented nanoparticle images, (c) diameter 
distribution histograms, (d) height distribution histograms for different catalyst thicknesses (0.8, 1.1, 1.4, 1.7, and 2.0 nm).
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thicknesses between 0.8 and 1.7 nm. However, a significant increase in 
height was observed at 2.0 nm (7.2 ± 2.4 nm) (Fig. 3d), suggesting a 
qualitative change in particle morphology at this thickness. The original 
AFM images and their segmented counterparts in Figs. 3a and 3b visu
ally confirm these morphological changes; the size and height variations 
are comprehensively depicted in the size and height distribution histo
grams of Fig. 3(c, d), offering insight into the structural evolution of 
catalyst nanoparticles as a function of initial catalyst film thickness.

It is evident that the initial Fe film thickness strongly governs the 
catalyst particle morphology, which has been further confirmed by SEM 
images (as shown in Fig. S4). Thinner films yield dense, uniform nano
particles, whereas thicker films lead to coalescence, resulting in reduced 
particle density and increased size heterogeneity. These results under
score film thickness as a key lever for tuning catalyst properties in CVD 
processes.

3.1.2. Diameter and walls of VACNTs
The diameter and wall number of CNTs play critical roles in deter

mining their collective properties, such as electrical and thermal con
ductivity [33–36]. The size of the catalyst nanoparticles strongly 
influences both and is thus governed by the initial thickness of the 
catalyst film [37,38].

The diameter and walls of CNTs have been collected by the TEM 
(Fig. S5); typical TEM images of multi-walled CNTs are shown in Fig. 4. 
There is a weak correlation of wall number and CNT thickness; we can 
clearly distinguish different walls. Figs. 5(a) and (b) present the distri
bution of CNT diameters and wall numbers. The observed skewness 
toward a specific wall number is expected, as the catalyst film is uni
formly deposited on the substrate, resulting in catalyst particles of 
relatively consistent size after agglomeration during the annealing 
phase. A similar distribution trend is observed for CNT diameters, which 
can be attributed to the uniformity of catalyst particle sizes, leading to a 
frequent occurrence of CNTs with a specific number of walls. Given the 
positive correlation between wall number and diameter, both distribu
tions exhibit a comparable right-skewed shape, with a prominent peak 
around 9 nm in diameter and a skewed range between 7 and 10 nm.

As the Fe catalyst thickness increases, both the diameter and wall 
number distributions exhibit greater variance, suggesting a broader 
distribution of catalyst particle sizes. In contrast, the average diameters 
display an apparent linear increase (Fig. 5c). This observation aligns 
with AFM measurements of Fe nanoparticles, which show less 

uniformity at higher film thicknesses. Extending the annealing time 
beyond the standard five minutes would likely allow further coalescence 
of catalyst particles, potentially leading to more uniform particle sizes 
and narrower CNT diameter distributions [39].

3.1.3. Density of VACNT arrays
The density of VACNT arrays is a key metric for evaluating their 

quality across various applications. The average mass density and areal 
density can be calculated using Eqs. (1) and (7), respectively, based on 
averaged measurements of diameter, wall number, height, and weight, 
as shown in Fig. 5(d). The highest areal density (~2 × 1010 cm2) is 
achieved at a Fe catalyst thickness of 1.1 nm. In contrast, the highest 
average mass density (~19 mg/cm3) is observed at a thickness of 2.0 
nm, despite this condition yielding lower areal density and shorter CNT 
height. This disparity is attributed to individual CNTs having larger di
ameters and more walls, resulting in a greater mass.

Thicker Fe films result in larger catalyst particles during the 
annealing process. This leads to the formation of CNTs with increased 
diameter and wall number, ultimately raising the mass of individual 
nanotubes and contributing to a higher overall forest mass density even 
when the areal density is relatively low. Conversely, the lowest areal 
density (~1.2 × 1010 cm2) is observed at both the lowest (0.8 nm) and 
higher (1.7 nm) Fe thicknesses. This trend differs slightly from the 
previous research [39], although their work also indicates that 
increasing Fe thickness beyond 1.1 nm tends to reduce areal density. 
Therefore, 1.1 nm appears to be an optimal catalyst thickness, providing 
the highest areal density while maintaining a favourable mass density.

When comparing the average CNT areal density to the density of 
catalyst nanoparticles, it becomes evident that only a small fraction (less 
than 10 %) of the catalyst particles actively nucleate CNT growth. This 
finding is consistent with prior studies [26], which suggest that factors 
such as growth temperature and local chemical environment signifi
cantly influence catalyst activation and CNT nucleation.

3.2. Dynamic density change along VACNT array height

The growth of VACNT arrays is inherently non-uniform, and their 
density evolves dynamically over time. In this study, CNT arrays were 
grown for three different durations (30, 60, and 90 min) under strictly 
identical conditions, except for the growth time. This ex-situ approach 
enables the simplified observation of time-dependent changes in VACNT 
density. As illustrated in Fig. 6, the mass density varies along the height 
of the array.

In Fig. 6(a), the growth process can be divided into three phases. 
Phases 1 and 2 exhibit nearly identical growth rates across all Fe catalyst 
thicknesses, while Phase 3 shows a significant decline in growth rate. 
For Fe thicknesses of 0.8, 1.1, and 1.4 nm, the CNT growth rate decreases 
by approximately 30 % in Phase 3. For thicker catalyst layers (1.7 and 
2.0 nm), the reduction exceeds 50 %. Fig. 6(b) shows corresponding 
trends in weight gain, which reflect changes in mass density. Phase 1 
yields the most significant mass gain, indicating the highest mass den
sity, except for the 0.8 nm Fe thickness. In Phase 2, mass density 
consistently declines, while in Phase 3, it slightly recovers for most 
samples, except for 1.1 nm, which continues to decrease. This behaviour 
may be attributed to increased tortuosity or buckling of CNTs during the 
later stages of growth, which will be discussed in Section 3.3.

Interestingly, while the 1.4 nm Fe thickness exhibits the highest 
growth rate, it does not significantly outperform the 0.8, 1.1, or even 1.7 
nm thicknesses. Nevertheless, it results in the most significant weight 
gain, suggesting superior mass accumulation. The 2.0 nm Fe thickness 
demonstrates the slowest growth and lowest mass gain.

From a growth efficiency standpoint, both 1.1 and 1.4 nm Fe thick
nesses appear optimal for achieving high-density, mm-tall scale 
VACNTs. For applications prioritising mass density (i.e., more hexagonal 
carbon lattices at a fixed CNT height), thicker catalyst layers may be 
preferable despite slower vertical growth.

Fig. 4. High-resolution TEM images of (a) 4-walled, (b) 8-walled, and (c) 11- 
walled CNT.
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Fig. 5. Distribution histograms of (a) the diameter and (b) wall number in CNT arrays grown from different Fe thicknesses, (c) the relationship of Fe thickness and 
average diameter or the number of walls of CNTs, and (d) Average areal density (green histograms) and mass density (yellow histograms) at different Fe film 
thicknesses.

Fig. 6. Density map along with (a) CNT array length and (b) CNT array weight gain at different Fe thicknesses. The entire growth period is divided into three phases, 
as shown by the three blocks in the density map from top to bottom of one column, which represent three successive growth phases with the same time interval 
(Phase 1: 0–30 min, Phase 2: 30–60 min, Phase 3: 60–90 min).

X. Zhao et al.                                                                                                                                                                                                                                    Applied Surface Science 722 (2026) 165504 

6 



By comparing Fig. 5(c,d) (areal/mass density) and Fig. 7 (temporal 
density evolution), it can be inferred that, within a narrow catalyst 
thickness range, lower CNT growth rates tend to correlate with higher 
mass densities. This observation is consistent with prior findings that the 
overall carbon mass yield remains stable over time [26]. Hence, tracking 
the evolution of VACNT mass density offers a more accurate metric of 
reaction kinetics, as it directly reflects the carbon incorporation rate into 
the growing CNT population.

3.3. Growth tortuosity of VACNT arrays

Although often overlooked in prior studies, growth tortuosity plays a 
critical role in shaping the structural properties of mm-tall VACNT ar
rays. In this work, each CNT array was vertically segmented into several 
equal slices using SEM. SEM imaging revealed distinct alignment be
haviours at different growth stages of the CNTs.

In the early growth phase, corresponding to the top of the CNT array, 
initially grown nanotubes appear entangled due to the lack of structural 
self-support. Following a brief period of steady growth, the density of 
the CNT array gradually declines, driven by the cumulative deactivation 
of catalyst nanoparticles, ultimately leading to self-termination of 
growth. At its maximum, the density stabilises over a limited section 
(less than 20 % of the total height) of the array. In the later stages of 
growth, near the base of the array, CNTs may either maintain alignment 
or become entangled, depending on the residual active growth time 
[40]. In this work, VACNTs grown for more than 60 min often exhibit 
sparse and disordered structures near the bottom, primarily due to a 
substantial reduction in the number of active catalyst nanoparticles. 
Notably, the central region, which accounts for approximately 30 % of 
the array height, tends to exhibit the best alignment across the forest.

The ratio between CNT length and array height reveals that the 
measured height significantly underestimates the actual CNT length in 
mm-tall arrays. Consequently, an accurate assessment of areal density 
requires correction by evaluating tortuosity within each segmented slice 
of the array. The maximum observed length-to-height ratio can reach up 
to 20 % at the bottom of the VACNT array (Fig. 7a).

Fig. 7a presents SEM micrographs of VACNT sidewalls at different 
heights and the corresponding tortuosity, showcasing this variation in 
alignment. These images are used to generate histograms of directional 
densities, which capture the predominant orientations of CNT bundles. 

From this analysis, the actual bundle length relative to the array height 
can be estimated.

With prolonged growth time, the VACNT array becomes progres
sively sparser and more entangled due to the decline in active catalyst 
nanoparticle population. Our findings suggest that a specific catalyst 
thickness (1.1 nm) results in a denser and more aligned VACNT array 
than other tested thicknesses (details on additional thicknesses evalu
ated are presented in Section 3.1.3). When CNT arrays grow too sparse 
to support their own weight, failing to maintain a self-supporting 
morphology, they may undergo collective buckling, as illustrated in 
Fig. S5. Interestingly, however, continuous growth can sometimes 
resume even under constant reaction conditions. This suggests that some 
catalyst nanoparticles may be reactivated during growth, although the 
underlying mechanism requires further investigation.

A particularly unusual phenomenon observed in our experiments is 
that specific CNT arrays exhibit buckling once their length exceeds ~1 
mm but subsequently return to an aligned state and continue growing, as 
shown in Fig. S6. This transitional morphology often coincides with 
unstable conditions in the TCVD system. We hypothesise that such 
fluctuations may trigger the activation of new catalyst nanoparticles, 
though conclusive evidence remains to be established.

3.4. Growth mode transition observation

Notably, TEM images in Fig. 7(b) show that some Fe nanoparticles 
were observed to be fully encapsulated by graphite layers with the same 
number of walls as the CNT main body. The encapsulated Fe nano
particles exhibited a water-drop morphology, suggesting a phase change 
in the catalyst even during the initial stages of CNT growth. It is worth 
noting that this encapsulation was only observed at a thickness of 2.0 
nm, but not at other thicknesses.

The growth mode may transition between base growth and tip 
growth, depending on the adhesion strength of the catalyst particles to 
the substrate [41–43]. However, the precise mechanism underlying 
catalyst detachment remains unclear [1]. One plausible explanation for 
encapsulation is that high-temperature conditions destabilise the metal 
nanoparticles due to surface distortions, leading to detachment and the 
formation of a tear-like droplet at the growing CNT tip [37]. Interest
ingly, no antiparticles were observed in the mid-sections of the CNTs in 
this study [44,45].

Fig. 7. (a) SEM images of the cross-section profile of as-grown VACNTs and the close-up views of as-grown VACNTs in different positions corresponding to different 
tortuosity. (b) Representative TEM images of CNTs with encapsulated Fe nanoparticles at the ends.
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Nevertheless, our observations suggest that a Fe catalyst film thick
ness of ~1.7 nm may represent a critical threshold for growth mode 
transition. A potential explanation is that smaller nanoparticles exhibit 
strong substrate adhesion, favouring base growth, where the catalyst 
remains anchored while CNTs elongate upward. In contrast, larger Fe 
nanoparticles forming at a thickness of ~2.0 nm are more susceptible to 
detachment due to weaker substrate interactions and enhanced capillary 
forces. The detached nanoparticles become encapsulated at the CNT tip, 
and progressive carbon deposition eventually leads to the complete 
enclosure of nanoparticles within the CNT walls. However, further 
investigation is needed to fully elucidate this behaviour, though such 
analysis lies beyond the scope of this work.

4. Conclusion

A comprehensive analysis of mm-tall VACNT arrays was conducted 
using the proposed characterisation methods. Fe film thickness critically 
controls catalyst nanoparticle size and distribution, while thicker films 
form larger, heterogeneous ensembles. Carefully varying Fe thickness 
enables fine control of nanotube diameter and wall number without 
compromising areal density. Optimal catalyst thickness of ~1.1 nm 
achieves peak packing density by balancing particle density and size. 
Mass density analysis combining mass-gain measurements with TEM 
and SEM imaging reveals vertical density gradients, providing a rapid, 
instrumentation-light approach for monitoring growth dynamics. 
However, SEM-measured height underestimates actual CNT length due 
to bundle tortuosity, causing up to 20 % density overestimation. 
Detailed SEM analysis shows alignment quality degrades with height, 
with initial growth stages exhibiting high vertical alignment and later 
stages showing increased curvature. Fourier component analysis of 
cross-sectional SEM images corrects this underestimation, enabling ac
curate density calculations and deeper insight into growth evolution.

Our research helps bridge the gap between measurements of indi
vidual nanostructures and bulk material properties, providing simple 
guidance for quickly tailoring CNT properties. This rapid characterisa
tion protocol directly addresses the critical bottleneck in VACNT 
research and development: the slow optimisation cycle. By delivering 
reliable density and morphological data within hours, it enables an 
agile, data-driven optimisation. This transforms VACNT development 
from an empirical art into a rapid, closed-loop system, drastically 
accelerating the industrial translation of VACNT-based applications.

Future studies should investigate the kinetics of catalyst deactivation 
and reactivation during extended growth, examine the impact of alter
native carbon precursors on tortuosity, and integrate real-time optical or 
electrical diagnostics to further refine process control. Investigating 
catalyst-support interactions and extending this methodology to other 
substrate materials will broaden the applicability of these findings for 
the scalable integration of CNT-based devices. The growth mode tran
sition resulting from a change in catalyst thickness is also worthy of 
future investigation.
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