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Abstract Efficient and reproducible growth of vertically
aligned carbon nanotube (CNT) forests by catalytic
chemical vapor deposition (CVD) requires precise setting
of the properties of the catalyst thin films and CVD con-
ditions. In this work, super growth of vertically aligned
CNTs onto Al,O3 support and Fe—Co catalyst layer system
is presented. The layers were grown by pulsed laser
deposition (PLD) onto silicon wafer pieces. Their thickness
and optical properties were controlled by spectroscopic
ellipsometry. The effect of heat treatment at 750 °C in
nitrogen and in hydrogen of these PLD layers was com-
pared. High-resolution electron microscopic images
showed that treatment of catalyst layers in H, resulted in
finer and denser catalytic particles. As a result, well-
aligned, dense and few-walled CNT forests with 1-1.5 mm
height were deposited by water-vapor-assisted CVD on the
hydrogen-treated films, while without hydrogen treatment
defected CNT structures were grown. According to these
observations, Raman spectroscopy showed a higher degree
of crystallinity in case of CNT-s, where reduction by
hydrogen influenced the oxidation state of the metallic
catalytic particles in a beneficial way.
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1 Introduction

Since the first synthesis in 1996 [1], vertically aligned
carbon nanotubes (CNTs) have become a focus of research
in nanoscience and nanoengineering. The most efficient
way to produce vertically aligned CNTs is catalytic
chemical vapor deposition (CVD). A transition metal, such
as Fe, Co, Ni or their alloys, is commonly used as catalyst,
while Al,0O3, MgO and SiO, are the best oxide supports [2—
6]. In 2004, Hata et al. [7] developed the enhanced carbon
nanotube CVD growth by introducing traces of water
together with the carbon source. CVD parameters of effi-
cient CNT growth are well established. However, the
properties of the support catalytic layer system sensitively
influence the final result, i.e., density, orientation, length,
thickness and crystalline quality of the CNTs.

The most important properties of the catalytic layer are
the thickness, composition, density and adherence, which
have a significant role during the catalytic synthesis.
Magnetron sputtering [8, 9], radio frequency sputtering
[10, 11], electron beam evaporation [12—14] and physical
vapor deposition [15] were typically used to produce cat-
alyst layers.

Pulsed laser deposition (PLD) is an extremely versatile
technique for preparing a wide range of thin films and
multilayer structures, in superior quality. PLD has a very
simple experimental setup, and it consists of targets, a
substrate and their holders housed in a vacuum chamber. A
high-power pulsed laser is used as an external energy
source to vaporize target materials and to deposit thin films
in congruent way which means stoichiometric material
transfer between the target and the substrate. Due to the
energetic plasma, the laser deposited films are dense and
adhere well on the substrate. In contrast to the simplicity of
the setup, the theoretical descriptions of laser—target

@ Springer



856

D. Fejes et al.

interaction are very complex [16—18]. The mechanism that
leads to material ablation depends on laser characteristics,
as well as the optical, topological and thermodynamical
properties of the target [17, 18]. Thickness of the deposited
layer can be controlled precisely even in atomic scale,
since there is a linear connection between the number of
laser pulses and the layer thickness.

The aim of this work was to investigate pulsed laser
deposited layer system as a catalyst support for carbon
nanotube growth. The ability to deposit different kinds of
materials in a pre-defined composition, and sensitive
thickness control were the main advantages why PLD was
chosen as a preparation tool for the catalyst layer system.
Initial results were reported by a few groups to grow CNTs
on catalyst layers produced by PLD [19-21]. However, the
length of the resulted nanotube carpets was moderate. In
our approach, the thickness control of the support and the
catalyst layer was done by ex situ spectroscopic ellips-
ometry (SE). It is an effective, nondestructive optical
method, which can check layer thicknesses and quality
after each deposition process. Performing ellipsometric
measurement on test samples after each deposition step
enabled us to calibrate deposition rates and prepare the
layer system with sub-nanometer accuracy.

2 Experimental

Catalyst layers were prepared by PLD. Laser pulses from
an ArF excimer laser (LLG TWINAMP, wavelength
193 nm, pulse length 18 ns, repetition rate 10 Hz) were
focused onto a pressed Al,O; target. The average fluence
was 13 J/cm?. The pulse energy variation during an
experiment was ~ 10 %. The target was rotated to prevent
the formation of deep ablation grooves. A p-type (100)
silicon substrate with thickness of 0.8 mm was placed at a
distance of 3 cm from the target. Al,O; layers were
deposited in 1 Pa oxygen background. Afterward, the tar-
get was changed to a pressed Fe—Co target (2:1 molar
ratio). Fe—Co layers were deposited onto the Al,O3-coated
silicon in vacuum (p < 5-1072 Pa). Test samples with thick
layers were produced firstly. Ellipsometric measurements
after the deposition steps were performed with a rotating
compensator  spectroscopic  ellipsometer (Woollam
M-2000F) in the 275-1,000 nm (1.24-4.5 eV) range. Film
thicknesses, refractive index values and absorption coeffi-
cients were determined on these test samples by SE. Based
on these results, the appropriate pulse numbers were
determined to deposit layers that were used for CNT
growth. The structure of these samples was also checked by
SE.

To perform CVD synthesis, PLD catalyst layers were
placed into a fixed-bed flow quartz tube reactor (diameter is
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20 mm, length 800 mm) at 750 °C. The reaction time was
30 min, preceded by a 5-min nitrogen purge. Half of the
samples were treated by an additional 5-min reduction with
hydrogen (gas flows: 100 and 80 mL/min, respectively). To
start the growth of CNTs, ethylene (100 mL/min) was
introduced to the system. At the beginning of the synthesis,
at the same time as ethylene was launched, 25 mL/min
nitrogen gas flow was bubbled through 25 °C water for
enhancing the carbon nanotube growth [7]. After 30 min,
the system was cooled down.

Orientation of the CNTs was recorded by a Hitachi
S-4700 field emission cathode scanning electron micro-
scope (FESEM) in secondary electron imaging mode.
Transmission electron microscope (TEM) micrographs
were imaged by FEI Tecnai G* 20X-Twin-type transmis-
sion electron microscope. Raman spectra of the samples
were recorded using a Thermo DXR Raman microscope in
the 50-1,860 cm”! range with ~3 cm ™! resolution. The
excitation wavelength was 532 nm. The spectra were taken
by 5 mW laser power, which was focused onto the nano-
tubes by a 50x magnification microscope objective for
2-10 s.

3 Results
3.1 Preparation of catalyst layers

As an initiator of the CNT growth, the quality of the sup-
port and the catalyst layer has a determining role. In the
followings, the most important properties of the catalyst
will be presented in detail from the perspective of PLD.
Film thicknesses of the catalyst layers were chosen based
on previous CNT CVD experiments [22-24].

For Al,O5 test layers, a series of experiments were
performed with different pulse numbers. For evaluation of
SE measurements, a simple Cauchy model was applied,
since with this simple polynomial fit, refractive index
dispersion for transparent materials can be described. The
structure of the ellipsometry model was the following:
silicon substrate—native silicon dioxide—Al,O3. The Fe—-Co
layers were deposited onto the Al,Oj3 layers. The structure
of the ellipsometry model was extended as follows: silicon
substrate—native silicon dioxide—Al,O;—Fe—Co alloy layer.
To describe Fe—Co alloy layer, a general oscillator layer
[25] was applied: the combination of two Gaussian oscil-
lators allowed a sufficient description of the absorption
properties, i.e., the imaginary part of the dielectric
function.

The density of the PLD films correlates with the
refractive index of the films, since refractive index is
proportional to the atomic density of the material. The bulk
and the thin film refractive indices are presented in
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Table 1. These results show that layer densities are slightly o
smaller than the bulk material density in case of Al,Os, % i
which can be considered as very dense one among thin < 4r ‘
films. However, the refractive index of the catalyst layer is 1000 2000 3000 4000 5000 6000

lower than the bulk iron and slightly higher than cobalt.
Dispersion of optical properties of the Fe—Co layers is
appropriate for proving their metallic character.

Layer thickness can be controlled precisely by PLD and
measured by SE. In Fig. 1, the thickness values of the test
Al,Oj3 layers are plotted as a function of pulse number. The
slope of the linear fit gives the deposition rate, which is
0.00282 nm/pulse. This thickness is much lower than the
thickness of one atomic layer. Choosing the appropriate
pulse number, thickness could be controlled on an atomic
scale. However, the laser plume inhomogeneity and the
energy fluctuation of the laser pulses result in ~10~* nm/
pulse error in the thickness, which is determined from the
accuracy of the linear fit shown in Fig. 1.

Test layers of Fe—Co alloy were deposited with 600,
1,000 and 12,000 laser pulses. The average deposition rate
was 0.00839 nm/pulse.

Based on the experiences of test sample depositions,
Al,O3 and Fe—Co layers were produced with 3,000 and 600
laser shots, respectively. The SE analysis proved that the
obtained layer thicknesses were close to the desired ones,
which are 10 and 4.5 nm, respectively. Standard deviation
in the thickness values of both the Al,O; and Fe—Co layer
is around 0.6 nm in a 1 x 1 cm? area. While infrared
absorption can be observed in a case of thicker (>100 nm)
test layer, the thin catalyst layer did not show this feature,
which can be a sign of partial oxidation.

3.2 Catalyst particle formation and CNT growth

Results in the literature show that the oxidation state of
the catalyst particles significantly affects the length and
diameter of the synthesized nanotubes [14, 28]. It was
also found [22, 28] that a reductive environment created
by the hydrocarbons is not enough to reduce the metal in
the catalyst particles and hydrogen pretreatment is also
necessary. A lot of papers can be found on the direct
effect of hydrogen onto the enhanced growth of CNTs,
but the intermediate phase of the catalyst wafer is less

Pulse number

Fig. 1 Thickness values of the test Al,O; layers as a function of
pulse number. Slope of the fitted curve provides the deposition rate.
Dotted lines show the desired thickness value for catalyst support and
the relating pulse number

studied. Mata et al. investigated the substrate annealing
conditions by comparing three in situ treatment approa-
ches (Ar, Ar/H, mixture and their combination). They
concluded that heating in Ar only no particles were
formed. In the cases of the application of combined Ar/H,
treatments, particles were formed with the same size. The
ones obtained only for Ar/H, mixture have slightly lower
density, indicating that the Fe film did not fully converted
into particles [29]. We investigated the effects of pre-
liminary reduction process on the thin film catalyst. In
Fig. 2a, SEM image from an as-prepared catalyst layer
surface is presented. The smooth surface of the PLD layer
is in contrast to the surface of annealed samples in
nitrogen and hydrogen (Fig. 2b, c¢). High temperature
resulted in droplet formation of the top layer. The size
distribution and the number of the droplets are strongly
affected by reduction in hydrogen.

Particle size distributions were calculated using the
SEM images presented above. Evolving particles on the
samples in case of heat treatment and when both heat
treatment and reduction were performed are presented in
Fig. 3. As can be seen, reduction resulted in smaller par-
ticle radii and the presence of larger amount of catalyst
centers (c.f. Fig. 2b, c¢). The mobility of the oxidized metal
particles is restricted at the Al,Oz—catalyst interface [29].
The reduction leads to less-oxidized layer with different
wetting properties and enhanced particle mobility. The
formation of relatively smaller particles compared with the
case of N treatment can be caused by the loss of oxygen in
the metal oxide particles. It is known that smaller catalyst
particles are favorable for small diameter, few-walled
nanotube growth.
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Fig. 2 SEM images from a the surface of the intact PLD layer system, b after 750 °C heat treatment in N, and ¢ after heat treatment with
reduction in H,. High temperature resulted in droplet formation on the top layer

Fig. 3 a Particle size P
distribution in case of heat 0.28 1 750°C without H,
treatment and b the distribution 024}
when both heat treatment and E’ 0.20
reduction were performed. g il |
Smaller droplets dominate when g 0.16 }
H, gas flow was applied =
2 g Pp. E 012
§ 0.08
[}
& 0.04}
0.00

5 10 15

Particle radius (nm)

Fig. 4 Image of typical CNT forests. Note that the thickness of the Si
wafer pieces is 0.8 mm

For CNT growth, traces of water were added to the gas
mixture, i.e., water-assisted CVD was performed. The
presence of water is known to enhance the CVD process by
etching the co-deposited amorphous carbon and to improve
the dehydrogenation and aromatization rate of the hydro-
carbon source [22].

The PLD layers resulted in high catalytic activity and
CNT forests were produced during the CVD process in
case of H, pretreatment. The image of typical CNT forests
can be seen in Fig. 4. Well-aligned, dense CNT forests
have been grown on the pulsed laser deposited catalyst
layers. In Fig. 5, the height distribution of the synthesized
nanotube forests is shown. The average height of the
nanotubes is around 1 mm. Highest CNT forests reached
even the height value of 1.5 mm. As a result of high-
quality catalyst layer system and optimized CVD growth
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Fig. 5 Height distribution of the synthesized nanotube forests in case
of H, pretreatment of the catalyst layer

parameters, high growth rates could be reached in the
2-3 mm/h range during our deposition period.

Without the preliminary reduction process of the cata-
lyst wafer, the average height of the nanotube forest was
only maximum 150 pm.

SEM micrographs of the forests show that CNTs grown
by applying H, are longer and better aligned (Fig. 6b, d, f)
than in the other case, grown without H, (Fig. 6a, c, e).
TEM images reveal that CNTs with high quality and clean
surface were produced using H, treatment (Fig. 6h). Based
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without H,

<« top’
« middle

Fig. 6 Both types of as-prepared carbon nanotube forests were
investigated and characterized by SEM and TEM. Figure 6a, c, e and
g micrographs on the left side of the picture correspond to the carbon
nanotube forest synthesized without H,. Figure 6b, d, f, h represen-
tative images of a carbon nanotube forest grown using H,. Note that
SEM images were taken by tilting the samples at 45°. Therefore, the
apparent height is smaller than the actual height of the forests

on our observations, the nanotubes have 2—5 walls, so they
belong to the group of few-walled CNTs. The outer
diameter distribution indicates that nanotubes with 11 nm
diameters are dominating in the forest synthesized without
hydrogen, while the forests produced by applying hydrogen
are mainly dominated by nanotubes with diameters of
9-14 nm (Fig. 7). The wider distribution obtained in the
case of H,-treated samples correlates with the wider dis-
tribution of the nanoparticle radii (c.f. Fig. 3).

The two kinds of CNT carpets have been analyzed by
micro-Raman spectroscopy at different positions (c. f.
Fig. 6a, b). In order to gain information about different
parts of the sample, individual spectra were taken at the
base, at the middle and at the top of the carpets. Spectra

were analyzed and intensity ratio of D and G bands was
calculated to get insight of the structure of the CNTs. High
Ip/Ig ratio indicates disordered structure and more defects;
thus, lower ratio means better, more defined graphitic
structure with fewer defects [30, 31]. Figure 8a shows two
examples from the measured Raman spectra, and in
Fig. 8b, the calculated Ip/Ig ratios at different positions of
CNT carpets are plotted. Both samples, synthesized with
H, and without H, pretreatment, show increasing Ip/Ig
ratio from the top to the base, which means decrease in
CNT quality during the CVD growth. Water injection for
the last 5 min of the synthesis process was stopped, so at
the final part of the growth (which occurs at the base) it
could not benefit from the effect of water. Moreover, the
top parts of the samples were exposed longer to high
temperature and water vapor than the base, so more
graphitized structure could form there. Thus, this can
explain higher Ip/Ig at the base. The two samples show
difference in Ip/Ig ratios at each measurement points. Hy-
treated sample has much lower Ip/lg ratio compared with
the one prepared without it.

Prior to the synthesis process, the H, reduces the catalyst
layer at higher extent than ethylene, thus providing new
surface properties of the Fe—Co alloy layer. A cleaner
metallic surface influences the melting point and surface
tension of the thin film at nanoscale, and smaller metal
catalyst particles can form with increased catalyst activity.
This leads to straighter, better-quality CNTs formation,
while without H, the partially reduced metal catalyst par-
ticles promote the formation of curlier, more defected
CNTs.

In summary, both the quality of the catalyst layer system
and the optimized CVD circumstances contributed to the
efficient CNT synthesis. There are several opportunities for
further optimization, e.g., to find appropriate Fe—Co
thickness, composition, layer densities and structures of
catalyst layers. Already these nanotube forests can be
applied, e.g., to produce yarns, sheets and nanocomposites
with oriented CNT fillers. The narrow diameter distribution
and uniform CNT length makes these few-walled CNT
forests appropriate for, e.g., microelectronic, electrochem-
ical, sensor and biological basic and applied research.

4 Conclusions

In this work, a method is presented where PLD and cata-
Iytic CVD are combined in order to grow carbon nanotube
forests. Both PLD and CVD are widely available, simple
and cost-effective techniques, and the resulting nanotube
forests have high quality: The height of the forests can
reach even the value of 1.5 mm consisted of well-aligned,
few-walled CNTs. The thickness and the quality of the
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Fig. 7 a Distribution of the 032F - 0.32
outer diameter of CNTs based 750°C without Hz (a) 750°C with 5 min (b)
. L . 0.28 40.28
on TEM investigations in case H,treatment
of heat treatment and b the 2 024 410.24
distribution when bo.th heat § 020 | Jo.20
treatment and reduction were §"
performed = 0.16 10.16
2 012} {0.12
=
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Fig. 8 a Typical Raman spectra 1.10
of the top positions of the 1o} (a) (b) °
nanotubes grown on hydrogen- , Jd1.05
treated and non-treated catalyst Z o8} £
. 2 . =
layers. b Ip/Ig ratios calculated ; ®, . o ... . ° d100 E
from Raman spectra recorded at £ o6} §=
different positions of the two 2 . g
kinds of nanotube forests. S 0.4k ., 10.95 ‘é’
Circles and squares show the E ®. éc
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without and with H, z _:;::0:2“2 + ¢ with H2 i 4
pretreatment, respectively . . ) L ) ) ) 0.85
1000 1200 1400 1600 1800 base middle top

Raman shift (cm™)

PLD layers can be controlled precisely by combining
deposition with ellipsometric measurements. The effect of
the catalyst reduction was also investigated. We have
proved the role of hydrogen pretreatment before CVD. It
turned out that in these experiments the H, treatment of the
catalyst is necessary for enhancing the formation of cata-
lytic particles and influences their oxidation state in a
beneficial way, therefore increasing their lifetime and
efficiency. As a result, on hydrogen-reduced catalyst layer
system, higher nanotube forests were obtained with
increased graphitization and uniform alignment. Further
investigations are in progress in order to clarify the role of
layer thicknesses, compositions and structure using the
flexibility of PLD method.
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