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Recently the site-density control of carbon nanotubes (CNTs) has attracted much attention as this has
become critical for its many applications. To obtain an ordered array of catalyst nanoparticles with good
monodispersity nanosphere lithography (NSL) is used. These nanoparticles are tested as catalyst sites in hot-
wire chemical vapor deposition (HWCVD) of carbon nanostructures. Aside from using NSL also nickel (Ni)
nano-islands are made by thermal annealing of a thin Ni film and tested as catalyst sites. Multiwall CNTs,
isolated carbon nanofibres, and other nanostructures have been deposited using HWCVD. Tungsten filaments

held at ~2000 °C are used to decompose a mixture of ammonia, methane and hydrogen. The structures have
been characterized with Scanning Electron Microscopy, High Resolution Transmission Electron Microscopy,
Raman spectroscopy and Rutherford Backscattering Spectroscopy.

Crown Copyright © 2009 Published by Elsevier B.V. All rights reserved.

1. Introduction

Since the key publication of lijima on carbon nanotubes (CNTSs) in
1991 [1], numerous papers about CNTs have appeared. Recently the
site-density control of CNTs has attracted much attention as this has
become critical for many applications such as biosensors and biop-
robes [2-7] and field emission devices [8]. Since CNTs grow from
catalyst particles made of transition metals, good control over the site-
density of these catalyst particles is an important issue. A proven
method to control the size and site-density of the catalyst particles in a
cheap, fast and easy way is nanosphere lithography (NSL) [9-12].
Using NSL a self-assembled layer of colloidal spheres functions as a
lithographic mask for illumination, etching or deposition. The hot-
wire chemical vapor deposition (HWCVD) technique is a scalable and
successful method for the growth of CNTs [13-15], this technique is to
this end also used in combination with plasma enhanced (PE) CVD
[16-19] and is then called HW PECVD.

2. Experimental details

The growth of carbon structures is made in a two-step process; the
catalyst formation and the carbon deposition. The substrates used are
1x1 cm? ¢-Si (100) wafers. A ~200 nm thick titanium nitride (TiN,)
layer is sputtered as temperature resistant diffusion barrier layer. It
prevents nickel (Ni) diffusion into the silicon wafer forming NiSi,
during annealing. A chromium sulfuric acid (2-5% Na,Cr,05 in ~90%
H,S0,4) surface enhancement treatment was applied to promote
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hydrophylicity and homogenization of the surface of the substrate [20].
An ethanol solution with silica colloids with diameter D = (1400 £ 20)
nm (0.69 wt.%) is drop cast (~13 pl) onto the substrate, the ethanol
evaporates while the colloids self-assemble there into a monolayer of
colloids. Then a Ni overlayer is evaporated over the monolayers. The
colloids are removed by sonication in ethanol and a periodic particle
array (PPA) of Ni prisms remains on the sample surface. Annealing this
PPA deforms the prisms into round dots.

The second step is the carbon deposition. Both the anneal step and
the carbon deposition take place in a vacuum reactor called CANTOR
(CArbon NanoTube reactOR). This is a combined HW PECVD reactor
chamber (13.5 dm?) with a typical base pressure of 10~ 7 mBar. In this
research the plasma capability is not used and only the HWCVD mode
is used. The substrates are placed on a tantalum (Ta) heating block
with three built-in firerods which heat the block to a temperature of
up to 950 °C. Two parallel tungsten (W) filaments (99.95% pure,
0.3 mm diameter, 10.5 cm length, placed 1 cm above the substrate) are
used to decompose the source gasses methane (CH4), ammonia (NHs)
and hydrogen (H). The methane acts as carbon source, the ammonia
and hydrogen as etching agents. The gasses are introduced to the
filaments from above. The direct current through the filaments is kept
constant at 8.0 A (~2000 °C). The filaments are resistively annealed
before use. A shutter is present between the substrate and the
filaments to control the start and end of the deposition.

Scanning Electron Microscopy (SEM) pictures have been taken
with a Philips XL machine at acceleration voltages between 5 and
30 kV. High Resolution Transmission Electron Microscopy (HRTEM)
pictures have been taken with a Philips Tecnai 20 F Scripting machine
at an acceleration voltage of 200 kV after scraping or sonicating off
deposited material from the substrates onto a TEM grid with a thin
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Fig. 1. (A) Silica spheres of (1400 4+ 20) nm used as a monolayer deposition mask. (B) An array of nickel prisms resides after sonication. (C) Annealing deforms the prisms into round
dots. (D) A secondary electron picture of isolated carbon nanofiber formation. All pictures are made with SEM.

carbon film. Raman spectroscopy measurements have been per-
formed with an Ar laser at an excitation wavelength of 514.5 nm with
an intensity of 0.5 W. Rutherford Back Scattering (RBS) measurements
have been performed with 2 MeV He™ ions from a 3 MV single ended
Van de Graaff ion accelerator.

3. Results

For the NSL method, silica (SiO,) colloids with diameter D= (1400 +
20) nm are used as a deposition mask, shown in Fig. 1(A). After
evaporating a 20 nm Ni overlayer, the colloids are removed via sonication.
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Fig. 2. (A) Nanostructures with (10 4-4) nm thickness and mostly shorter than 500 nm. (B) A HRTEM picture of a 6.5 nm wide nanostructure. (C) Flake-like structures. (D) A TEM
picture of a flake. The scale bar is 20 nm. (E) ATEM image of a ~100 nm thick and 1.2 pm long MWCNT. The scale bar is 200 nm. (F) HRTEM picture of one of the walls of the MWCNT in
Figure (E) showing graphene layers. All pictures are made with SEM or TEM.
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A PPA of Ni prisms with height h=20 nm and Pg,,, in-plane symmetry
resides on the substrate, shown in Fig. 1(B). The size of the prisms is
determined by SEM and amounts to a =335 nm, where a is defined as
the perpendicular bisector of the largest inscribed equilateral triangle
between three colloids. From simple geometry it follows that a should
equal (v'3—3/2)D. So geometrically one expects a=(326+20) nm,
whereby the variation in a is caused by a variation in D [21]. An
anneal treatment (P=0.24 mBar, H, flow = 100 sccm, Tgjament ~2000 °C,
Tsubstrate = 600 =750 °C) for 30 min deforms the prisms into round dots
with a diameter of d =233 + 22 nm, shown in Fig. 1(C).

The NSL method yields PPAs with good monodispersity and over
large areas of at least 5x 5 pm? [12,21,22]. Outside of the PPA there are
areas where the colloids do not adhere well to the substrate. In these
areas a continuous thin Ni film is deposited during Ni evaporation. In
the thermal anneal treatment, this Ni film fragments into islands.
These islands are also suitable for the growth of carbon nanofibers
(CNFs) or CNTs but have no periodic pattern. The distinction we make
here between tubes and fibers is merely that the first obviously have a
hollow interior and the second have an internal structure.

Isolated CNFs have been made using the NSL method, a Secondary
Electron (SE) image is shown in Fig. 1(D). First the substrate with a Ni
PPA with h=28 nm was annealed for 30 min (P=0.26 mBar, H,
flow =60 sccm, Tgjament ~2000 °C, Tsupstrate = 450 —550 °C) and then
the source gasses were introduced for 30 min (P=0.26 mBar, CH4/NH3/
H; flow =36/10/60 sccm, Tjament ~2000 °C, Tsupstrate = 450 =550 °C).
The Ni prisms have not deformed into dots, instead the prisms have
partially cracked. This effect is likely due to a too low substrate
temperature for the formation of the dots. CNFs have been found on
many places on the substrate, the growth clearly starts at the Ni prisms,
they are noticeably long, straight and isolated, have an approximate
thickness of (116 £ 68) nm and a length of up to ~6 pm (Fig. 1D).

Instead of using a Ni PPA, also Niislands made by a thermal treatment
were used to deposit nanostructures. First the substrate with a Ni film
of 10 nm thickness was annealed for 30 min (P=1.0 mBar, H,
flow =100 sccm, Tgjament ~2000 °C, Tsypstrate = 600 =750 °C) and then
the source gasses were introduced for 30 min (P= 1.0 mBar, CH4/NH3/
H; flow =30/10/60 sccm, Tgjament ~2000 °C, Tsupstrate = 600 =750 °C).
This time different structures formed on different places on the
substrate. First, we have what appear to be thin CNFs that have
diameters of (10 +4) nm and lengths of up to 500 nm, an example of
these fibers is shown in Fig. 2(A). A HRTEM image of such a fiber of
6.5 nmwidth is shown in Fig. 2(B). A fast Fourier transform (FFT) analysis
is performed over an area of its surface revealing a lattice constant of
3.1 A. Due to this lattice constant, which is close to the lattice constant of
graphene (3.35 A) and the high carbon signal in the Raman measurement
(shown below) we conclude that these structures are likely to consist of
carbon. Second, "flakes” were deposited, shown in Fig. 2(C). A TEM
picture of a flake is shown in Fig. 2(D), the lattice constant that was
determined from the HRTEM picture (not shown) is 3.2 A. Last, multiwall
CNTs were found on the TEM grid, an example is shown in Fig. 2(E). A
HRTEM image of one of the walls of this MWCNT is shown in Fig. 2(F), the
FFT reveals a lattice interplanar distance of 3.4 A. The MWCNT has a
length of 1.2 ptm and a width of 110 nm at the base and 90 nm at the head.

A RBS measurement has been performed to identify atomic species
present in the sample. The analysis is performed by simulating the
elemental composition profiles in RUMP [23], which is challenging
due to the roughness of the sample. The simulation reveals the c-Si
substrate with the TiN, barrier layer. We obtain the best agreement in
the simulation with the measurement if we use as top layer a
W;C;Nig 5 layer with a profile of C and O through it. The O/C ratio
amounts to about 0.5 decreasing from surface to interface of the top
layer. Since the profile of the C and O in this layer, which has a non-
uniform thickness varying between 50 and 150 nm, have the same
shape and the SEM pictures show nanotubes and other structures that
supposedly mainly consist of C, we assume that all C and O found by
RBS can be attributed to these structures. The high O content is due to
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Fig. 3. Raman spectrum of the structures shown in Fig. 2.

an unfortunate high, though stable, base pressure in this experiment.
The W found in the top layer in this RBS measurement originates from
the filaments, possibly due to high base pressure and/or the
aggressive nature of the atomic hydrogen during the anneal and
CNT deposition. Heated W wires are known to carburize during CVD
processes and form WC and W,C phases [24-27], to determine how
and in what form in our CVD process this W or WC, is deposited in the
top layer additional experiments are needed.

Raman spectroscopy was performed on the substrates with these
structures. The site-density of the CNTs formed was sufficient to use
Raman characterization, which was not the case with the NSL
substrates. The spectrum reveals a large amount of carbon present
in the sample and is shown in Fig. 3. The spectrum closely resembles
that of graphite [28]. Two clear modes are present at 1580 cm™ ! and
1354 cm™ !, representing the G band and D band respectively. Also at
1620 cm™ ! the D’ band can be observed. The G band is the Raman-
allowed C-C phonon mode (E,g band) [29]. The D’ band is due to the
loss of long-range symmetry and the presence of lattice defects
[30,31] and the D band at ~1350 is also a disorder-induced phonon
mode. Tuinstra and Koenig [32] proposed a relationship between the
intensity ratio of the D and G bands and the inverse of the in-plane
coherence length (L,), which is the mean crystallite size in graphite.
This leads to the formula L, = C(\) (Ip/I¢) ™ !, where C(A) is dependent
on the laser excitation wavelength [31,33]. Here C(A\)=44 A for
A=514.5 nm and (Ip/I¢)~ ' =2.02 £ 0.02, which leads to an in-plane
coherence length of L, =89 A. It should be noted here that no post-
deposition treatments were performed to clean or purify the
substrates and nanotubes thereon.

4. Conclusions

The NSL method was used to make PPAs of Ni prisms. The prisms
are tested as catalytic sites for the growth of CNFs. These CNFs have
been found on many places on the substrate, the growth clearly starts
at the Ni prisms, they are noticeably long, straight and isolated and
have an approximate diameter of (116 & 68) nm and a length of up to
6 pm. Although the fibers did not grow from each individual Ni
particle (prism in this case), the use of colloids with smaller diameter
will yield smaller Ni dots and likely overcome this issue, hence more
control can be gained. Currently we are working with colloids of
220 nm, which should yield prisms with a =50 nm and the results are
promising.

With thin film island formation of Ni, nanostructures with a larger
site-density, though randomly distributed, were made that were
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characterized with RBS, Raman and HRTEM. To determine how and in
what form in our CVD process the W is deposited in the top layer,
additional experiments will be performed. The current results reveal
that CNFs, carbon flakes consisting of highly ordered graphene planes
are deposited as well as MWCNTSs.
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