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ABSTRACT: Well-defined multiwalled carbon nanotube structures are
generated on stainless steel AISI 304 (EN AW 1.4301) by chemical vapor
deposition. Pulsed laser-induced dewetting (PLiD) of the surface, by 532 nm
nanosecond laser pulses, is utilized for the preparation of metal oxide
nanoparticle fields with a defined particle number per area. The reduction of
the precursor particles is achieved in an Ar/H2 (10% H2) atmosphere at 750
°C, thereby generating catalytic nanoparticles (c-NPs) for carbon nanotube
(CNT) growth. Ethylene is used as a precursor gas for CNT growth. CNT
lengths and morphology are directly related to the c-NP aerial density, which
is dependent on the number of dewetting cycles during the PLiD process.
Within a narrow window of c-NP per area, vertically aligned carbon
nanotubes of great lengths are obtained. For more intense laser treatments,
three-dimensional dewetting occurs and results in the formation of
cauliflower-like structures. The laser process enables the creation of all
kinds of CNT morphologies nearby on the microscale.
KEYWORDS: carbon nanotubes, pulsed laser-induced dewetting, catalytic nanoparticles, vertically aligned CNTs, cauliflower structures

In recent years, much research has focused on nano-
technology and nanocomposites. Carbon nanotubes
(CNTs), due to their multifunctional properties, are

promising candidates in these fields of applications. Their high
compression strength,1 ballistic conduction,2 and super-
hydrophobicity,3 as well as their light weight and high aspect
ratio, make them favorable additives for composite materials
such as polymers,4 ceramics,5 and metals6 with applications as
sensors,7 transistors,8 energy and data storage devices,9,10 solar
cells,11 and human health devices.12 Most commonly, chemical
vapor deposition (CVD) is used for the generation of CNTs
since the amount of generated CNTs is superior compared to
arc discharge or laser ablation techniques.13 For both quality
and quantity of CNTs generated by CVD, the catalyst
performance is a crucial factor. Typically, nanoparticles of
transition metals such as iron, cobalt, or nickel are used.
However, other metals, such as chromium, have been found,
which although not functioning as catalysts themselves, can
improve the catalytic properties of the sample.14 The size and
form of the particles define the resulting diameter of the
generated nanotubes. During the CVD process, the hydro-
carbon gas gets cracked into hydrogen and carbon at the
surface region of the particles, whereby carbon dissolves in the
catalyst, generating a carbon-supersaturated state, which
afterward results in tubelike precipitation of carbon on the
surface.15 Under continuous carbon feed, the structure rises,
with the catalyst nanoparticle embedded at the tip (tip growth)

or the base (base growth) of the evolving CNT.16 The
adsorption between particle and substrate controls the growth
mechanism.17 Recently, stainless steel gained significant
attention due to its great accessibility and the advantage of
providing catalysts for CNT growth, as well as being a
conductive substrate. Direct growth of CNTs on stainless steel
offers the possibility of transferring CNT functionalities
directly onto the metal, delivering a better connection between
substrate and CNTs. It was found that the mechanical
performance of CNTs is dependent on the surface morphology
as well as the exact material composition of stainless steel.18

The good processability of stainless steel enables a wide range
of substrate structures, such as meshes,19 tubes,20 powders,21

or thin foils,22 making it promising for multiple applications.
Therefore, there are plenty of strategies for generating CNTs
directly on stainless steel, such as radio frequency-powered
plasma-enhanced chemical vapor deposition (PECVD),23

microwave plasma chemical vapor deposition (MPCVD),24

or flame synthesis.25 However, those techniques typically lack
good alignment or require intensive pretreatments. Preceding

Received: February 24, 2020
Accepted: June 18, 2020
Published: June 18, 2020

A
rtic

le

www.acsnano.org

© 2020 American Chemical Society
8181

https://dx.doi.org/10.1021/acsnano.0c01606
ACS Nano 2020, 14, 8181−8190

D
ow

nl
oa

de
d 

vi
a 

U
N

IV
 O

F 
M

A
R

B
U

R
G

 o
n 

A
ug

us
t 3

1,
 2

02
0 

at
 0

9:
41

:2
9 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Michael+Dasbach"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Markus+Pyschik"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Viktor+Lehmann"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kristian+Parey"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Daniel+Rhinow"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hendrik+M.+Reinhardt"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hendrik+M.+Reinhardt"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Norbert+A.+Hampp"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsnano.0c01606&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c01606?ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c01606?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c01606?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c01606?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c01606?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/ancac3/14/7?ref=pdf
https://pubs.acs.org/toc/ancac3/14/7?ref=pdf
https://pubs.acs.org/toc/ancac3/14/7?ref=pdf
https://pubs.acs.org/toc/ancac3/14/7?ref=pdf
www.acsnano.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acsnano.0c01606?ref=pdf
https://www.acsnano.org?ref=pdf
https://www.acsnano.org?ref=pdf


oxidation of the stainless steel surface increases the yield of
CNTs obtained during the CVD process because oxidation
leads to an increase of the surface area as well as an increase in
the density of crystallographic defects.19 Both propagate the
treated regions for CNT growth as soon as the reduction to
metallic nanoparticles during CVD treatment occurs.26,27

Besides the nanoparticles, surface crevices also appear to be
a crucial parameter for a number of catalytic sites.28 A
promising method for catalyst particle generation is the use of

pulsed lasers, stimulating the surface for CNT growth.29,30 In
recent studies, we showed that by pulsed laser-induced
dewetting (PLiD) of a stainless steel surface the catalytic
properties of laser-generated nanoparticles may be optimized
very precisely.31 Dewetting cycles (DCs) of PLiD are known to
provide rapid thermal heating and cooling rates of up to 1010 K
s−1.32 Rapid temperature dissipation from the surface region
into the bulk causes supercooling of the surface, thus leading to
the quenching of metastable intermediate states.33−35 In this

Figure 1. Preparation of stainless steel substrates for CNT growth by pulsed laser-induced dewetting (PLiD). Stainless steel surface (a)
before and (b−d) after defined numbers of PLiD steps (secondary electron, SE, detector). The number of metal oxide NPs on the surface is
related to the number of DCs applied. (e) Oxygen analysis (energy dispersive X-ray, EDX, detector) of an area where a high density (middle)
and a low density (surrounding ring) of oxidized nanoparticles have been prepared. The repetition of the process changes the morphology of
the particles, enabling the adjustment of their catalytic properties. During the following CVD process, the surface gets reduced, forming
metallic c-NPs, which enable the CNT growth. φ = 0.34 J cm−2.

Figure 2. CNT growth on differing catalyst densities per area. (a−f) Catalyst precursors were synthesized with an increasing number of DCs
with all other parameters left constant: (a) DC = 533, (b) DC = 639, (c) DC = 685, (d) DC = 710, (e) DC = 738, (f) DC = 191,794, φ = 0.34
J cm−2. Picture angle 40°. (e, f) (red framed) Two selected preparation conditions used for all further discussions.
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study, we take a closer look at the growth behavior of CNTs in
reliance on the underlying catalyst density per area, which is
dependent on the laser treatment of the sample. We
demonstrate optimized parameters for obtaining vertically
aligned CNTs (VA-CNTs) on surface-dewetted stainless steel
substrates and compare them to CNTs obtained from three-
dimensional dewetted cauliflower-like surface structures (CF-
CNTs). The degree of dewetting is controlled by the number
of laser pulses interacting with the sample surface. Each pulse
triggers a DC, promoting the generation of spherical
nanoparticles and initiating crevices and three-dimensional
dewetting culminating in cauliflower structures. Controlling
the surface structure of stainless steel facilitates controlling the
CNT growth behavior itself by adjusting the amount of c-NPs
per area.

RESULTS AND DISCUSSION
During laser processing the stainless steel surface melts,
provoking an unstable surface state which relaxes by forming
crevices and dewetting of the liquefied metal film into oxidized
nanoparticles. Repetition of this process leads to changes in the
morphology of the particles and the underlying surface,
enabling the adjustment of catalytic properties of the sample
itself, without the necessity to add additional catalytic material.
During the CVD process, the oxidized precursors are reduced
to metallic particles, forming the catalysts for CNT growth.
The whole synthesis process is depicted in Figure 1.
Figure 1 shows the generation process of oxidized

nanoparticles during PLiD. Each particle generation process
is trigged by a new dewetting pass, i.e., by an additional laser
pulse interacting with the sample. The number of DCs
precisely controls the amount, as well as the geometry, of the
resulting particles, in turn generating the catalysts for CNT
growth. Generally, the use of stainless steel as a catalyst for
CNT growth is somehow complicated. When untreated, the
stainless steel surface is layered by a protective chromium
oxide layer, prohibiting carbon absorption during the CVD
process.19,36 Typically the eradication of the protective layer
and further on the generation of the catalytic particles of
stainless steel are obtained via plasma treatment23 or surface
etching, whereby particular catalysts are formed by increasing
the surface roughness of the sample by acids, such as
hydrochloric acid37 or sulfuric acid.38 The superiority of

PLiD lies in the fact that no chemical pretreatment of the
sample is required, making it less time-consuming, as well as
easier and more precise to adjust.
For the generation of VA-CNTs, we found 738 DC at a

pulse fluence of φ = 0.34 J cm−2 to be optimal. These
conditions correspond to a c-NP density of about 750
nanoparticles/μm2. In Figure 2e, a field of VA-CNT, grown
with the parameters mentioned above, is shown. The density of
CNTs is optimal for a self-stabilizing effect, leading to a well-
aligned structure with a CNT length of 500 μm. Figure 2
shows the relation between the DCs applied to the sample and
the resulting CNT growth behavior. From (a) to (f) the
number of DCs increases, with a drastic final raise from (e) to
(f). All CNTs were obtained under identical CVD conditions.
Figure 2a shows a sample with 533 DCs where only a few
nanotubes are found after CNT growth. The catalyst density of
the sample is quite low, not even resulting in a fully covered
surface. When the amount of DCs is adjusted the number of
grown CNTs increases, too. Six hundred thirty-nine DCs
already lead to a fully overgrown surface (Figure 2b), but the
CNTs are not aligned. Starting from 685 DCs the surface
conditions lead to a somehow erected CNT growth, indicating
the vertical alignment of the nanostructures. In Figure 2d,e,
fully VA-CNTs are obtained, however, still differing in size and
density. The less dense catalyst field obtained from 710 DCs
Figure 2d, in comparison to the one obtained from 738 DCs,
Figure 2e, leads to less dense CNT growth. In addition, the
lower particle amount in Figure 2d leads to an earlier carbon
saturation of the catalysts during CVD, resulting in a shorter
length of the CNTs. When the amount of DCs is drastically
increased, the growth behavior of the CNTs also changes
(Figure 2f). Instead of growing vertically, the CNTs tend to
rise chaotically, generating a bulged structure lacking any
alignment.
The change in the CNT growth behavior is caused by a

change in the surface structure of stainless steel. Each DC not
only triggers the formation of nanoparticles but also leads to
the formation of crevices, destroying the top layer of the
surface and leading to a significant increase of the surface
roughness. This quasi three-dimensional dewetting process
generates so-called cauliflower structures and completely
disintegrates the surface of the sample. The obtained structure
consists of multiple nanostructured microstructures, without

Figure 3. CNT lengths (left axis) obtained as a function of particle density (right axis) compared to the underlying number of DCs. φ = 0.34
J cm−2 (see also Figure S1).
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Figure 4. Comparison of three-dimensional dewetted, so-called cauliflower-like field (a and b), and two-dimensional dewetted catalyst field
(c and d), before (a and c) and after (b and d) CNT growth. a) φ = 0.39 J cm−2, DC = 191,794 c) φ = 0.34 J cm−2, DC = 738. (Insets in b and
d show magnified images of the CNT fields.)

Figure 5. TEM images of (a) VA-CNTs and (b) CF-CNTs. (a) Width of the VA-CNTs match the c-NP size. φ = 0.34 J cm−2, DC = 738. (b)
CF-CNTs contain multiple c-NPs. φ = 0.39 J cm−2, DC = 191,794.
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any kind of order, however, still containing dewetted particles.
When comparing the catalytic growth conditions VA-CNTs
can be produced over a broad number of underlying DCs.
When rising the number of DCs, once good stabilization is
reached, CNTs always tend to grow vertically aligned until CF
structures occur. Following a comparison of the obtained
length, as well as particle density per μm2 and the underlying
DCs are given in Figure 3. It strikes that ideal growth
conditions can only be reached by a well-defined number of
DCs. However, CNTs with a length of roughly 100 μm can be
generated over a large range of underlying DCs. Once
surpassing 4000 DCs cauliflower-type development is intro-
duced, making it impossible to determine the exact CNT
length.
When comparing obtained CNT lengths and the underlying

c-NP density, both can be found culminating in a rather
narrow window around 738 DCs. Even a small deviation from
the optimal c-NP density leads to a massive decrease in CNT
length, picturing the sensitivity and relevance of the catalytic
system.
In Figure 4, a cauliflower-like surface structure, (a) and (b),

is compared with a VA-CNT sample, (c) and (d), before, (a)
and (c), and after CNT generation, (b) and (d). When
comparing the raw catalyst fields, the enormous change in the
surface structure, due to three-dimensional dewetting, is seen.

Cauliflower structures consist of inhomogeneous bulky out-
growths, whereas the two-dimensional dewetted sample is
almost planar. Analogous to the catalyst layer structure, also
the order of the obtained CNTs differs. Due to the three-
dimensional catalyst distribution CF-CNTs tend to grow
chaotically, lacking any form of alignment. Two-dimensional
catalyst arrays in contrast lead to homogeneous CNT films,
self-stabilizing as VA-CNTs.
When taking a closer look at the appearance of the carbon

structures arising from a cauliflower surface, a combination of
carbon nanofibers (CNFs) and CNTs is found. Diameters of
filamentous carbon structures, arising during CVD, strongly
depend on the diameter of the underlying catalysts. Catalytic
structures with a diameter below 60 nm trigger multiwalled
CNTs (MWCNTs), whereas structures with a diameter above
60 nm strongly favor the generation CNFs.39 For both
dewetting conditions, VA-CNTs, and CF-CNTs, catalyst
diameters below 60 nm can be found (VA-CNTs: 26.3 nm
±2.4 nm; CF-CNTs: 16.2 nm ±1.7 nm) enabling the growth
of MWCNTs. However, as indicated in Figure 4a), the massive
surface treatment, in the case of CF-CNT catalysts, leads to the
development of bulky structures above 60 nm in diameter. The
different diameters of the carbon structures resulting from the
combination of nanoparticles and the bulky primary structure,
lead to the development of CNTs as well as CNFs. For

Figure 6. CF-CNTs with entrapped metal clusters. Carbon structures are pictured in green, whereby metallic catalysts are illustrated red/
yellow. (a, b) Overlay of secondary and backscattered electron detectors. (c) Secondary electron image. φ = 0.39 J cm−2, DC = 191,794.
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consistency reasons, structures arising from cauliflower
catalysts will further on still be mentioned as CF-CNTs. In
Figure 5 TEM images of VA-CNTs (a) and CF-CNTs (b) are
shown.
For both VA-CNTs and CF-CNTs, nanotubes can be

identified, consisting of a well-defined cylindrical wall layer.
VA-CNTs exhibit a diameter of 23 nm, identical to the
underlying catalyst particle size. However, in the case of CF-
CNTs embedded particles can also be found, increasing the
total diameter of the CNTs. Additionally, CNFs consisting of
stacked cones of graphene can be obtained.
Besides the c-NP density and size on the surface, also the

catalyst adhesion to the substrate surface affects the CNT
growth. Due to the disintegration of the top layer of the
substrate, the c-NPs are less likely to remain on the surface
during the CNT growth proceeds. Parts a and b of Figure 6
show a SE and backscattered electron (BSE) overlay of CF-
CNTs. A large amount of remaining c-NP (red/yellow) in the
CNT matrix indicates the relatively low adhesion between the
substrate and the c-NPs. However, the catalysts are not only
embedded in the nanotubes but rather remain in a clustered
arrangement. The whole particle clusters get released from the
surface during the growth process and are entwined by CNTs.
In Figure 6b, a catalyst cluster of roughly 2 μm diameter
carried by a CNT strain is presented. The lifted c-NP remains

active during the CNT growth process, providing a base for
new carbon adhesion. Figure 6c shows catalyst clusters
functioning as seeds for multiple nanotubes at once. However,
this leads to a loss of order, since the CNTs grow in any
direction.
For the comparison of the amount of c-NPs, the CNT

samples were soaked with silicon. Subsequently, cross sections
of the obtained films were prepared and analyzed via EDX
mapping. In previous studies of our group, iron was found to
be the main catalyst relevant for CNT generation from a laser-
treated stainless steel sample.31 In addition, near edge local
atomic investigation studies by energy loss spectroscopy
(EELS) showed that during CNT growth on stainless steel,
small particles get embedded into the nanotube, consisting of
no other alloy material but iron.40 Figure 7 shows an overlay of
SE images (blue) and an iron EDX mapping (orange) of cross
sections soaked with silicon. Figure 7a shows the cross-section
of CF-CNTs, whereas in Figure 7b the VA-CNT cross-section
is pictured. CF-CNTs contain plenty of catalyst particles,
mainly located at the top and the bottom of the film, but also
distributed throughout the whole film. Depending on the
surface morphology, stainless steel shows both base and tip
growth mechanism. Base growth conditions can be found
when the surface gets reconstructed into “nanohills”, but
remain more or less plane. However, a tip growth mechanism

Figure 7. Cross sections of CF-CNT (a) and VA-CNT (b) silicone films. The CNTs on top of the steel substrates were soaked with silicone,
polymerized, and removed from the substrates. SE images (bluish) are superimposed with the corresponding iron EDX mappings (orange).
a) In the CF-CNT films, the iron nanoparticles (red) are found throughout the whole film. b) A different picture is seen in the VA-CNT
films, where almost any iron nanoparticles are inside the film. (a) φ = 0.39 J cm−2, DC = 191,794; (b) φ = 0.34 J cm−2, DC = 738.

Figure 8. Thermogravimetric analysis (TGA) of VA-CNTs and CF-CNTs. VA-CNT catalysts: φ = 0.34 J cm−2, DC = 738. CF-CNT catalysts:
φ = 0.34 J cm−2, 0.39 J cm−2 and 0.72 J cm−2, DC = 191,794. The higher the fluence applied, the higher the contained metal content is. (see
also Figure S2).
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can be found when surface breakups exist, typically leading to
an increase in CNT diameter.39 The relatively broad
distribution of “base and tip growth zone” is due to the low
order in the growth direction. This chaotic spreading, as well as
the fact of lifting whole particle clusters, contributes to a less
defined base and tip zone. In contrast, EDX analysis of VA-
CNTs shows practically no iron remaining inside the CNT
film.
When comparing both sample types via thermogravimetric

analysis, the portion of remaining metal particles is analyzed
quantitatively. Figure 8 shows TGA data of different CF-CNTs
samples and VA-CNTs. The amount of catalysts remaining in
the sample correlates to the applied laser fluence. An increase
of the energy leads to a stronger disintegration of the surface
and, thus, to a higher amount of catalyst clusters only weakly
attached to the surface and easy to be lifted off. In parallel, a
massive increase in the yield of CNTs is observed. For CF-
CNTs metallic amounts of 21.5%, 13.2%, and 8.8% were
found, dependent on the laser pulse fluence (0.72, 0.39, 0.34 J
cm−2). In contrast, TGA analyses of VA-CNTs show only a
metallic amount of 0.7%, 10- to 30-fold less than with CF-
CNTs. The high amount of catalysts in the CF-CNTs has two
effects. First, the yield of the generated CNTs drastically
increases, since any catalyst acts as a seed for multiple
nanotubes. Due to the catalyst lifted off a somehow lamellar
catalyst system is obtained, leading to a multiorigin CNT
network of great length. Due to the primary cauliflower-like
surface of the sample, vertical stacking of catalysts cannot be
achieved. Compared to typical lamellar catalyst stacking
methods, such as by a fluidized bed catalyst, the obtained
CNTs show very low order41 but provide a great yield, are easy
to adjust by varying the pulse fluence of the laser. Second, iron,
as a ferromagnetic material, leads to a magnetizable CNT
structure. The left image in Figure 9 shows a CF-CNT bundle
of about 20 mm length. To the right, a part of a CF-CNT
bundle is lifted by a small samarium−cobalt magnet.

The obtained catalyst geometry on stainless steel can be
adjusted very precisely by PLiD, allowing the design of any
form of catalytic systems on a sample. In Figure 10 a treelike
CNT structure is obtained by combining a cauliflower catalyst
field in the central region, surrounded by VA-CNTs. VA-CNTs
hereby function as shaping cage, defining the orientation of the
CF-CNT and thus limiting the degree of chaotic growth
behavior. Once the size of the CF-CNTs surpasses the VA-
CNT size, the limitation in growth direction vanishes, resulting
again in multidirectional propagation.

The control of the growth behavior, size, density, and
orientation of CNTs enables the design of microarchitectures.
De Volder et al. achieved microstructures of CNTs by
combining multiple catalyst systems, as well as adjustment of
the size and form of the underlying catalyst particles by using
lithographic masks.42 For postprocessing structuring of CNTs
water can be used. Qu et al. showed that the capillarity effect of
CNTs can be exploited to reconstruct the appearance of CNT
forests.43 However, the process of PLiD can be performed
maskless and no additional postgrowth treatment is needed. A
demonstration of the potential is given in Figure 11 in a more
complex structure.
In general, the possibility of locally growing CNTs is highly

promising for applications like transistors, field emitters, or
sensors. Therefore, plenty of research has been undertaken to
obtain locally controlled CNT growth, such as removing parts

Figure 9. Photography of a CF-CNT bundle. The left image shows
a CNT bundle, grown on a cauliflower catalyst field (φ = 0.72 J
cm−2, DC = 191,794). The size of the bundle is about 20 mm. On
the right side, a piece of such a CNT bundle is attracted by a
samarium−cobalt magnet.

Figure 10. Combination of two-dimensional dewetted (VA-CNT)
and three-dimensional dewetted, cauliflower-like catalyst systems.
CF-CNTs were produced in an inner circular region surrounded
by a two-dimensional dewetted catalyst field. During the growth
process, the VA-CNTs in the outer sphere stabilize the growth of
the chaotically growing CF-CNTs in the center. CF-CNT area: φ =
0.39 J cm−2, DC = 191, 794, VA-CNT area: φ = 0.34 J cm−2, DC =
738. Picture angle 80°. (Details of the growth kinetics are found in
Figure S3).

Figure 11. Microarchitecture of a CNT-castle surrounded by a
CNT-park. Picture angle 40°.
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of the catalyst layer by lithographic methods.44−47 However,
even if enabling the local growth, these methods typically lack
the possibility of size control of the obtained CNTs. Therefore,
local heat controlled techniques by microresistive heaters48 or
laser-assisted CVD (LACVD)49 got developed, though being
complicated in implementation. Generating catalysts by PLiD
enables locally differing growth of CNTs with sharp edges, by
just controlling the used laser parameters, providing an easy,
fast, and highly controllable catalyst generation method.

CONCLUSIONS
We have presented different growth behaviors of CNTs,
depending on the catalyst density per area on the surface,
which may be precisely tuned by the number of PLiD cycles
applied to produce the catalytic nanoparticles. All experiments
were done on simple stainless steel, AISI 304 (EN AW
1.4301). Increasing the numbers of DCs leads to an increase in
catalyst precursor particles. Dependent on the particle density,
CNT growth occurs more or less aligned. At the experimental
conditions employed an optimum for VA-CNT growth was
found at 738 DCs at a laser pulse fluence of φ = 0.34 J cm−2.
When drastically increasing the amount of DCs, the surface of
the sample completely disintegrates, producing huge amounts
of catalytic nanoparticles on a rough cauliflower-like substrate
surface. CVD then creates a chaotic CNT growth. Catalysts are
entrapped by the growing CNTs and distributed throughout
the forming CNT network. A high amount of metallic particles
in the obtained CNT network supports this model. Each
particle lifted by the nanotubes serves as a seed for additional
CNTs, leading to a distributed catalyst system, increasing the
total height of the structure. The number of metallic particles is
directly related to the used total laser pulse fluence. The
advantage of laser-generated catalyst fields for CNT generation
lies in its high reproducibility. Catalytic parameters can be
adjusted over a broad area, providing multiple levels of CNT
growth behavior. The size and form of particle fields can be
well-defined, thus enabling placements of multiple catalyst
fields with sharp edges beside each other, making this an ideal
additive manufacturing technique on the microscale. Due to
the different behavior of VA-CNTs and CF-CNTs, the
possibility of device production with locally differing properties
is given, e.g., alternating regions of isotropic (CF-CNT) and
anisotropic (VA-CNT) conductivity or devices with locally
differing mechanical stiffness just by varying the degree of
chaotic entanglement of the CNTs. Laser processing is a very
fast method for the in situ generations of catalytic precursor
particles, as well as a yield increasing oxide layer. This
facilitates the possibility of an assembly line technology,
whereby catalysts get generated directly on a moving thin film,
followed by CVD procedure and connected harvesting.

MATERIALS AND METHODS
Yacht polished rolled stainless steel AISI 304 (EN AW 1.4301) was
used as a substrate for catalyst generation. A frequency-doubled
nanosecond pulsed Nd:YVO4-laser, emitting laser pulses of 5 ns pulse
width at a wavelength of 532 nm (Explorer XP 532-5, Newport,
USA), was used for catalyst precursor formation. The laser beam was
scanned over stainless steel with a line spacing of 3 μm, a pulse
repetition rate of f = 50 kHz, and various scan speeds over a range of υ
= 0.7 mm s−1 up to υ = 240 mm s−1, controlling pulse overlaps of the
laser and thus the number of DC applied to the sample, DC =
191,794 down to DC = 533. A galvanometer scan head (SCANgine
14-532, Scanlab, Germany), equipped with an F-Theta lens
(Rodenstock, f = 163 mm, Germany), focuses the laser beam to a

spot diameter of 100 μm (1/e2). Two-dimensional dewetted particle
fields were made by using a laser fluence per pulse of φ = 0.34 J cm−2.
For the generation of cauliflower-like surface structures a laser fluence
per pulse of φ = 0.34, 0.39, or 0.72 J cm−2 was used. For CNT growth
the samples were placed in a horizontal quartz glass furnace (35 mm
inner diameter, 150 mm heating zone) at 750 °C with a heating rate
of 16 °C min−1. Hydrostar 10 (Ar/H2 90/10; 100 L h−1) was used as
the carrier gas, and ethylene gas (6 L h−1) was added for 10 min as the
precursor for CNT growth. Samples were placed at a downstream
furnace position to achieve optimal growth conditions. For EDX
analysis cross sections of silicone soaked CNT films were prepared.
CNTs and catalyst fields were analyzed on field emission scanning
electron microscopes, “SEM, JSM-7500F, Jeol, Japan”, equipped with
a secondary and a backscattered electron detector and “W-REM,
Vega3, Tescan, Germany”, equipped with a secondary electron and an
EDX detector. For TEM analysis (“Spirit transmission electron
microscope, FEI, USA”), samples were resuspended in distilled water
containing bovine serum albumin. A 4 μL suspension was applied to
glow discharged holey carbon films and blotted with filter paper. TGA
analysis was carried out on a DSC-TGA 3 (Mettler Toledo, USA).
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