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Abstract

We propose a new effective method to keep the catalyst nanoparticles on the surface of bulk stainless steel
304 (SS304) to grow carbon nanotubes (CNTs). This method consists on the creation of a buffer layer of
nitrided stainless steel and a top barrier layer of aluminium nitride (AIN). For that, we have followed two steps.
A first step consists on a DC-pulsed reactive sputtering process from SS304 target and a second step of
reactive sputtering from aluminium target. Stainless steel nitrided layer (G-SS304) was produced by increasing
the nitrogen concentration in the Ar atmosphere in order to obtain a gradient buffer layer on SS304. On the
other hand, the AIN layer was produced by a fixed nitrogen concentration in the argon atmosphere. The
catalyst nanoparticles were performed on top of the multilayer system after the deposition of an ultrathin Fe
layer, which transforms in a monolayer of isolated Fe nanoparticles acting as catalyst during CNTs growth.
The aim of this study is to present an alternative methodology for producing CNTs grown on stainless steel.
We used different temperatures to obtain CNTs: 680, 700, 715 and 730 °C. Scanning electron microscope
(SEM) images showed the influence of temperature over the performance of this new configuration. Raman
characterization provided structural information about the CNTs. One of the applications of this method is the
production of high specific surface electrodes based on stainless steel for electrochemical devices.
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1. INTRODUCTION

Nowadays, stainless steel is one of the metallic alloys with a major variety of applications in different productive
and research fields. The main applications are in the fields like petrochemical, transport, food, conductors,
storage and energy [1-6]. The surface modification of this versatile material has different purposes, such as
increase of corrosion resistance and hardness, reducing wear rates [1,2], controlling the wettability behavior
[3] and allowing the growth of nanostructures [4-5]. Physical, chemical, mechanical and thermal processes
have been used for tuning its surface properties. Modern trends of surface modification include a plasma-
based surface treatment. One of the most widespread technologies used in the industry is the magnetron
sputtering. It allows the deposition of a great variety of metallic, non-metallic, alloys and compounds. Some
researchers have studied mechanical coatings of stainless steel deposited by this technique [6-10]. In
particular, Saker et al. [6] found high nitrogen supersaturation of austenite in the stainless-steel layers obtained
by sputtering, which presented a rather low compressive stress and a high value of micro hardness. Surface
modification allows interesting uses of stainless steel, for example as a substrate to grow nanostructures or
even to act as a diffusion barrier. Romero et al. [5] modified the native chromium oxide of stainless steel to
grow carbon nanotubes (CNTSs). In this case, the oxidized layer acted as a diffusion barrier. The rich phases
of iron, nickel and chromium on the surface acts as a catalyst to obtain CNTs although there is a considerable
amount of amorphous carbon. Other alternatives permit to obtain CNTs forest on stainless steel with low
percentage of amorphous carbon, as an example, using a buffer layer along with a diffusion barrier [4]. These
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diffusion barriers are usually based on thin layers of Al20s, TiN, TiOz, AIN, avoid the diffusion of catalyst inside
of bulk stainless steel. In order to circumvent the effects of thermal stress an effective buffer layer can be used.
Thus, pure Al, Ti, Cr, Ni buffer monolayers and multilayers avoid the formation of cracks in the diffusion barrier
surface during thermal process in order to prevent the contamination of catalyst particles [11,12]. The
synthetized process of CNTs directly on this conductive substrate, instead of the conventionally silicon wafer,
improves the device performance, makes unnecessary the transfer step of CNTs, prevents the use of any
additional material that may increase the total mass of the electrode, and offers a lower contact resistance that
improves the electron/thermal transport properties [13].

The aim of this study is to present an alternative methodology for producing CNTs grown on stainless steel in
a simplified way to obtain similar or better results than the described above. This new methodology is based
in a direct and gradual nitruration of the buffer layer deposited by reactive sputtering from a stainless-steel
target. This gradient nitrided buffer layer has no abrupt interfaces with the bulk material. We have evaluated
the efficiency of the gradient stainless steel 304 (G-SS304) buffer layer deposited on bulk stainless steel
304 (SS304) combined with a thin layer of aluminium nitride (AIN) acting as a barrier to avoid the dissolution
of Fe into the SS304 substrate. For this study, high purity iron nanoparticles have been used as a catalyst
material. Different temperatures were used to obtain forest of CNTs. The morphology and the quality of the
system CNTs/AIN/G-SS304/SS304 were studied using Scanning Electron Microscope (SEM) and Raman
spectroscopy.

2, EXPERIMENTAL PROCEDURE

2.1. Preparation of substrate surface SS304 and deposition process of G-SS304/AIN films

AIN/G-SS304 coatings were deposited on SS304 substrate foil of 0.1 mm thickness. Before deposition, the
substrates were cleaned with acetone and isopropanol in an ultrasonic bath for 10 minutes, respectively. The
diffusion barrier system (AIN/G-SS304) was deposited using a multifunctional reactor that combines plasma
enhanced chemical vapor deposition (PECVD) and magnetron sputtering. A SS304 substrate foil of 0.1 mm
thickness and 9 cm? of area was fixed on the substrate holder, 8 cm away in front of the sputtering header and
cleaned using Ar plasma to etch the native oxide film. Figure 1 shows the configuration of the system that we
used. The diffusion barrier was deposited by two steps. Firstly, a gradient layer of nitrided steel (G-SS304)
was deposited on bulk SS304 substrate by DC-pulsed sputter process (50 W, 100 kHz, duty-cycle 2016 ns)
using a SS304 target. The sputtering process started with 20 sccm Ar flowing during 600 s. Progressively, N2
was introduced and Ar was reduced during 100 s until reaching 3/17 sccm flow of N2/Ar. This regime was kept
during 500 s. During 100 s, the N2/Ar flow was changed again until reaching 7/13 sccm then it was kept during
500 s. The deposition process was carried out at 1 Pa of total pressure and at room temperature. Secondly, a
10 nm aluminum nitride (AIN) thin layer was deposited on top of the nitrided steel gradient layer using
DC-pulsed sputtering (120 W, 100 kHz, duty-cycle 2016 ns) with an Al target with 20/30 sccm N2/Ar flowing
and 3 Pa of total pressure at room temperature.

2.2. Nucleation and carbon nanotubes growth

The substrate, with the diffusion barrier system, was transferred to a CNTs reactor. In this reactor, a 2.5 nm
layer of catalyst material was deposited on this substrate using RF sputtering process from a high purity Fe
target (3 inches of diameter) using Ar. The technological parameters for iron layer were: 2 Pa of Ar (flow rate
128 sccm) and 50 W of RF power (13.56 MHz). Then, the sample was placed under a heating element in order
to anneal the catalyst layer and grow the CNTs.

The CNTs growth process was carried out by two steps: (a) annealing during 870 s (750 s ramp time and
120 s hold time) under Hz (100 sccm, 200 Pa), hold time is necessary to allow the formation of iron
nanoparticles and (b) during 30 s, H2 was purged and the NHs was introduced (100 sccm, 80 Pa). Then,
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plasma (50 W of RF power) was ignited and 100 sccm of the gas precursor (C2H2) was introduced [13,14].
The total pressure of the gas mixture was set pointed to 100 Pa. The CNTs growth was carried out for a total
time of 900 s. We used different annealing temperatures to obtain CNTs: 680, 700, 715 and 730 °C.

Deposition of thin films Nucleation of catalyst Carbon nanotubes growth

Na/Ar and Ar pl 55"-??‘5 e
and Ar plasma under hydrogen atmosphere

a) b) c)

.88'304 substrate . G-S5304 gradient buffer layer ‘Aluminium nitride . Iron

Figure 1 Transversal section of the gradient stainless steel buffer layer supporting the aluminium nitride
layer, the catalyst Fe nanoparticles and the CNTSs. a) before annealing process, b) after annealing process
and c) with CNTs forest

2.3. Characterization techniques

The morphology of the samples was determined by scanning electron microscopy (SEM) (Jeol JSM-6510),
equipped with an energy dispersive X-ray (EDX) detector. The Raman spectroscopy (HORIBA LabRam
HR800, Japan) provided the effect of the growth temperature on the quality of CNTs. A green laser of 532 nm
wavelength and 0.5 mW power using a 100 objective were used during the measurements.

3. RESULTS AND DISCUSSION

3.1. Deposition rate of AIN and G-SS304

To determine the deposition rate, we used a glass substrate and profilometry measurements using a KLA
Tencor, D-120. Table 1 contains the list of the deposition rate values of each layer. For AIN layer the deposition
rate was 0.03 nm-s™. Using a Box-Wilson experimental design, we found that the a N2/Ar flow ratio of 20 /
30 sccm allows us to obtain a uniform AIN layer that acts as an effective diffusion barrier for Fe nanoislands.
AIN is a low-cost alternative to support catalyst materials [15].

The measured values of the deposition rate of G-SS304 layers decreases with the increase of the N2/Ar flow
ratio. This change can be explained by the loss of efficiency associated to the decrease of Ar concentration
during the sputtering process. In addition, when the N2 percentage increases, it induces continued poisoning
of the target [10].

Table 1 Deposition rate for AIN and G-SS304

Layer Flow ratio N2/Ar (sccm) Deposition rate (nm-s™)
Aluminium nitride 20/30 0.03
7/13 0.10
G-SS304 3/17 0.11
0/20 0.13
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Top view of Fe nano-islands over Top view of CNTs over Tilted view of CNTs over
AIN/G-SS304/Si wafer AIN/G-S5304/S5304 foil AIN/G-S5304/55304 foil

680 °C

Figure 2 SEM images of Fe nanoislands and CNTs forest obtained at different temperatures. a, b, ¢ and
d correspond of top view of Fe nanoislands on AIN/G-SS304/Si wafer. a’, b’, ¢’ and d” show the top view
of CNTs on AIN/G-SS304/SS304. a™*, b™", ¢ and d"" show the tilted view of CNTs on AIN/G-SS304/SS304

3.2. Morphological characterization

In order to study the nucleation of catalyst on AIN/G-SS304, Si wafers were used as a substrate. Polished Si
wafers were used instead of stainless steel because it is difficult to observe the nanoislands on SS304 with a
roughness of tens of microns. SEM images (Figures 2a, 2b, 2¢c and 2d) show a uniform distribution of
nanoislands. Using Imaged software, the density for different temperatures was determined. The obtained
values are 1.67 x 10°, 1.33 x 10°%, 1.27 x 10° and 1.08 x 10° nanoislands/mm? for 680, 700, 715 and 730 °C,
respectively. The density decreases when the annealing temperature increases. Also, the average of diameter
increases from 12 to 20 nm at high temperatures. This is because the particles of Fe at high temperatures
start the coalescence [16]. Additionally, there were cracks on these samples, which were produced during the
annealing process due to the difference between the thermal expansion coefficient of Si and AIN/G-SS304
layer. The densities of CNTs on SS304 foil (Figures 2a’, 2b’, 2¢’ and 2d") are lower than the value obtained
for Fe particles. The kinetic processes that occur in each system (Fe/AIN/G-SS304/Si wafer and Fe/AIN/G-
SS304/SS304 foil) are different [11]. In a future work, we will study the diffusion processes that occur in these
systems to optimize the thickness of each layer. The most homogeneous forest of CNTs was obtained at
680 °C (Figures2a’, 2a’’). The average length of CNTs is 500 nm. Additionally, the diameter was between
20-25 nm. At 730 °C (Figures 2d", 2d"") the CNTs forest shows a random morphology with diameters ranging
from 30 to 70 nm and lengths between 600-1000 nm. The CNTs obtained at 730 °C are longer than the others
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CNTs obtained at lower temperatures. However, the high temperature produces coalescence of catalyst
nanoislands. The average diameter of these particles is bigger than the particles obtained at 680 °C. Also,
Figures 2b" and 2b"" show a mixed forest of CNTs. High percentage of these CNTs are similar to the CNTs
obtained at 680 °C. Figures 2¢” and 2¢ " also show a mixed forest of CNTs. Nevertheless, a low percentage
of these CNTs obtained are similar to those obtained at 680 °C. This sequence of images shows the strong
influence of temperature during carbon nanotube growth. Griineis et al. demonstrate that the growth rate of
CNTs at eutectic temperature (Fe-C phase diagram for thin films) is higher in comparison with other
temperatures [17]. For thin films of iron the eutectic temperature is around 732 °C [18].

3.3. Raman spectroscopy

Raman Spectroscopy (Figure 3) can be used to evaluate the quality of the CNTs by studying the different
modes of the spectrum such as D band (1330-1360 cm-") which is related to the structure disorder due to the
presence of amorphous carbon, G band (1550-1600 cm™) related to the tangential vibration of the carbon
atoms. The ratio between D and G bands intensities I / Ic evaluates the defects extension within CNTs and it
increases as defects increase [13, 19, 20]. This ratio was quite similar for the four samples which means that
the temperature change does not affect strongly on the number of defects.
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Figure 3 Raman spectrum of CNTs samples

4, CONCLUSION

The thermal stability of AIN/G-SS304 at high annealing temperatures was successful. The G-SS304 acts as a
buffer layer between AIN and SS304 foil. Hence, this nitrided layer allows the formation of iron nanoislands on
AIN layers and consequently the growth of CNTs. The coalescence phenomenon and the eutectic temperature
are important aspects which must be considered to control the morphology of CNTs. However, the use of
different growth temperatures does not affect strongly on the number of defects of CNTs. This alternative
methodology represents for us a simplified way of obtaining CNTs on stainless steel. We have reduced the
time to obtain these nanostructures because we use less targets to obtain an efficient multilayer system for
the growth of CNTs.
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