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We grow vertically aligned carbon nanotube forests on refractory conductive films of TiSiN and

achieve area densities of (5.1 = 0.1) x 10'? tubes cm~2 and mass densities of about 0.3 gcm .

3

The TiSiN films act as diffusion barriers limiting catalyst diffusion into the bulk of the support, and
their low surface energy favours catalyst de-wetting, inducing forests to grow by the root growth
mechanism. The nanotube area density is maximised by an additional discontinuous AlO, layer,
which inhibits catalyst nanoparticle sintering by lateral surface diffusion. The forests and the TiSiN
support show ohmic conduction. These results suggest that TiSiN is the favoured substrate for
nanotube forest growth on conductors and liable of finding real applications in microelectronics.
© 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4913762]

High-density carbon nanotube (CNT) forests on conduc-
tive supports are envisaged as interconnects in microelec-
tronics and as passive heat exchanger (heat sinks).lf10 Such
applications require the nanotubes to be grown vertically
aligned, and in direct contact, to conductive substrates. This
is to provide an electrically conductive path through the
nanotube support.™'® Another requirement is to achieve a
high area density of the tubes in order to obtain conductivity
values comparable to metals, due to a greater number of
charge carrying tubes per unit area. This has driven a great
interest in controlling the synthesis of nanotube forests on
metals, in particular, by chemical vapour deposition
(CVD).''"!5 The most advanced CNT CVD results for forest
growth have been achieved using Fe catalyst deposited on
Al,O3. Both materials interact chemically at the contact
interface, hence restricting lateral catalyst mobility and
enforcing vertical alignment.'® However, the use of Al,Os,
or other insulating films as catalyst support, especially if
continuous or thicker than ~3 nm, limits the overall electri-
cal performance of nanotube forest and support,’” and ulti-
mately unsuitable for use as interconnects or heat sinks. To
overcome this, we demonstrate high-density CNT forest
growth on TiSiN supports. TiSiN is a refractory, amorphous,
conducting material, and an effective diffusion barrier to
metals; hence, thin TiSiN films are particularly useful as sup-
port layers for the growth of nanotube forests. The barrier
properties are correlated to the high inter-atomic binding
energies as well as the absence of grain boundaries typically
found on metals or metal compounds.'®%°

The growth of CNT forests on metals is challeng-
ing.2'> As metals and metal compounds are high-surface-
energy materials, it is difficult to form and stabilise metal
nanoparticles for nanotube growth. The difficulty stems from
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the tendency of the metal catalyst to alloy with the underly-
ing support, and to diffuse into its bulk. In addition, the proc-
essing gases react with the support degrading the electrical
properties. A number of routes to grow CNT forests directly
on conductors have been investigated.?*' They include use
of plasma pretreatment prior to CNT CVD,"'%2® yse of Co-
Mo co-catalyst,>® oxidation of the topmost surface of the
support,”’ usage of metal silicides as catalyst support,>’=°
employing of a sandwich-like metal stack,*' or enlarging of
the grain size of the support material.>’ It is thus possible to
grow nanotube forests directly on conductors such as Ti, W,
Ta, Cu, TiN, or silicides. Nevertheless, nanotube CVD on
these materials still remains less robust than on Al,Os; or
other dielectrics. The process window is narrow, and the
growth easily leads to poor or lateral growth, rather than ver-
tically aligned CNT forests.'""*” By employing TiSiN as cat-
alyst support, we eliminate catalyst diffusion through the
grain boundaries of the support, and simultaneously ensure
high electrical conductivity between the tubes and the mate-
rial underneath. We find that 0.4 nm Fe/0.1 nm Al deposited
on TiSiN enforces the growth of high area density CNT for-
ests. The discontinuous Al layer oxidises to AlO, and this
inhibits lateral diffusion and sintering of the catalyst, so
maximising the catalyst particle density. At a growth temper-
ature of 600°C, we achieve area densities of (5.1 =0.1)
% 10" tubes cm > and mass densities of 0.36 = 0.06 g cm .
Electrical measurements between the tubes and the TiSiN
support show ohmic behaviour. This suggests that TiSiN is
potentially useful for applications requiring forest growth on
conductors.

To achieve these results, we first sputter nominally
50nm of TiSiN, on native-oxide-coated Si(100), using a
MaTecK GmbH TiSiN target and 6 keV Ar ions. The TiSiN
density is empirically found to be of 1.9g cm > (using a
quartz crystal thickness monitor) and the thickness is

© 2015 AIP Publishing LLC
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confirmed by atomic force microscopy (AFM). Then, we de-
posit 0.4nm of high-purity Fe, followed by 0.1 nm Al (to
minimise catalyst surface diffusion and nanoparticle sinter-
ing’) using a DC magnetron sputtering in 3.5 x 10~ mbar of
Ar at 20 W. Subsequently, the samples are introduced (air
transfer) in a tube furnace and annealed at 500-800°C in
1 bar of H,:Ar (500:1000 sccm) for 5 min. Immediately after
annealing, we add 10 sccm of C,H, for a period of 15 min.
CNT growth is then terminated by purging the furnace with
Ar 5000 sccm, which is maintained until reaching room
temperature.

Figure 1 summarises the growth results. Side-view scan-
ning electron microscopy (SEM) images show well aligned
forests which are homogeneous across the samples (Fig.
I(a)). At 600°C, the average height is 100 £ 5 um. Closer
SEM inspections prove that the tubes grow in a close-packed
array and the forest density appears to be constant along for-
est height (insets of Fig. 1(a)). High-resolution transmission
electron microscopy (HRTEM) reveals tubes of 2-3 walls
and diameters of 3.0 = 0.3nm (Fig. 1(b)). No nanoparticles
are found at the tip of the tubes, suggesting that the forests
grow by the base growth mechanism. The mass densities of
the forests reach values of 0.31 to 0.42g cm °. By the
weight gain method,”® we assess area densities of
(5.1 £0.1) x 10'* tubes cm 2. Such a value represents the
highest area density of a forest achieved so far on a conduct-
ing material, as indicated in Fig. 1(c). AlSi, TiN, or any other
metallic supports (e.g., CoSi,) have systematically provided
lower densities, regardless of the pretreatment and growth
conditions;*** only Al,O; has yielded greater area density
forests.”

Figure 2 presents further characterisation of the forests
and catalyst particles. AFM analysis shows that the forests
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FIG. 1. Growth results on TiN. (a) Side-view SEM image of CNT forest
grown using 0.4 nm Fe/0.1 nm Al at 600 °C. Insets show the forest density is
homogenous along forest height. (b) is a HRTEM of the tubes. (c)
Comparison of nanotube area densities of forests grown on conductors and
insulators.
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FIG. 2. (a) AFM images of the catalyst particles (0.4nm Fe/0.1 nm Al).
Annealing conditions are 600 °C in 1 bar Ar:H, (1000:500 sccm) for 5 min.
(b) Top-view SEM images of CNT forest after compaction (inset shows a
side-view image). (c) I-V curves obtained on CNT forests on TiSiN. The
behaviour is ohmic.

are seeded by homogeneously sized Fe nanoparticles (Fig.
2(a)), with densities as high as (5.8 +0.2) x 10?cm ™2 In
order to crosscheck the area density values obtained by the
weight gain method, we evaluate the surface coverage by the
liquid-induced compaction method. SEM images show a fill-
ing factor’” of about ~50% (Fig. 2(b) and inset), which is
consistent with area densities of the order of 10'> CNTs
cm 2. Finally, by two-point probe and same setup as previ-
ously reported,'' we measure the current-voltage response of
the forests, Fig. 2(c). The overall nanotubes-TiSiN support
resistance is 0.7 = 0.05kQ and the response is ohmic. This
suggests TiSiN is employable as electrode in nanotube-based
microelectronic applications. We comment that nanoparticle
formation as well as nanotube growth results are similar
within the whole range of evaluated CVD conditions.

The area densities of CNT forests on conductors are in
general lower than that on dielectric supports, Fig. 1(c).”’
One of the reasons for this is the polycrystalline nature of the
employed materials, which allows catalyst diffusion into the
underlying supports. To overcome this, we need to use con-
ductors that limit catalyst loss, as TiSiN does. It has been
previously demonstrated that TiSiN is an effective diffusion
barrier.'®2° Because of its lack of grain boundaries, TiSiN
prevents the metal catalysts to diffuse into the underneath
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support and allows achieving higher nanotube area densities
than that on any other conductor. To prove the effect of
TiSiN as a diffusion barrier, we compare Fe nanoparticle for-
mation and stability on TiSiN and TiN. TiN is one of the
most studied conductive supports for the synthesis of forests.
For a meaningful comparison, we purposely deposit thicker
Fe films (1nm) on both supports, perform annealing for
15 min, and compare the amount of Fe on both surfaces by
time-of-flight secondary ion mass spectroscopy (TOF-
SIMS), employing the same setup as previously reported®*
(Fig. 3).

We perform depth profiling by TOF-SIMS on 1 nm Fe on
TiSiN (a) and (b) on TiN (c¢) and (d) before and after anneal-
ing. SIMS characterisation (Figs. 3(a)-3(d)) confirms that Fe
is preserved on the TiSiN surface, but significantly lost on the
TiN. The dashed line shows the interfaces between Fe and
underlying support (Figs. 3(a)-3(c)). No interface is observed
between Fe and TiN (Fig. 3(d)). This indicates that the Fe
layer has diffused into the bulk TiN. The peak in the second-
ary ion counts at the interface is caused by oxygen enhance-
ment effect as a result of the presence of oxygen.*>° This is
expected as the samples were exposed to air after every depo-
sition step. At the start of the measurement, Fe is detected on
the surfaces of the TiSiN and TiN deposited samples, but
more pronounced on the surface of TiSiN (Figs. 3(a) and
3(b)). This suggests that Fe diffusion into TiN may occur
before any annealing, in agreement with previous in-situ pho-
toemission characterisation.'' After annealing, a large peak in

Appl. Phys. Lett. 106, 083108 (2015)

the Fe signal shows that Fe is preserved on the surface of
TiSiN (Fig. 3(c)), while the Fe signal decays for the TiN case,
Fig. 3(d). Fe diffusion during the pretreatment step is further
confirmed by AFM analysis. AFM images show more mate-
rial on the TiSiN surface as compared to TiN (Figs. 3(e) and
3(f), respectively). The particles on TiSiN are large and with a
lateral size distribution of 12 = 1 nm, while on TiN are much
smaller, of 5.0 = 0.2nm. The nanoparticle number densities
are similar, of the order of 10" cm 2. As the initial catalyst
thickness is the same for both samples, we infer the change in
nanoparticle size is related to material loss during the pretreat-
ment step. The resulting catalyst nanoparticles remaining on
TiSiN remains active and nucleate high density forests. This
supports the fact that TiN requires the use of plasma treatment
for high-density CNT growth,'! while using TiSiN is a sim-
pler, one-step process.

Another factor that greatly contributes to achieve area
densities as high as (5.1 = 0.1) x 10'? tubes cm 2 is the addi-
tion of 0.1 nm Al during catalyst preparation. We observe
that, owing to the absence of grain boundaries, TiSiN is ca-
pable of minimising Fe diffusion into its bulk but not neces-
sarily surface diffusion. This can be easily suppressed by
adding discontinuous Al films which oxidise to AlO4. A set
of additional experiments allow us to confirm it. We first
grow forests on TiSiN employing 0.4 nm of Fe without the
addition of 0.1 nm of Al, and this proves to be detrimental to
area density. The tubes grow as forests, but the density is
much lower (systematically of 8-9 x 10'" CNTs cm2), as
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previously observed.*® For comparison, we also evaluate
0.4nm of Fe and 0.1 nm of Al on TiN instead of TiSiN,
where not much improvement is observed (not shown here).
As the main reason for TiN poor growth is catalyst bulk dif-
fusion, the addition of 0.1 nm Al shows no significant effect.
Most of the catalyst appears to be lost into the bulk and few
tubes are grown. This is somewhat expected; we had previ-
ously observed that TiN requires thick Fe films (Snm or
more) to yield forests.?’ Finally, we evaluate nanotube
growth using just 0.1 nm Al on either TiSiN or TiN. In this
case, no nanotube growth was verified for both supports (not
shown here). This implies Al itself does not catalyze nano-
tube nucleation and growth under the evaluated pretreatment
or growth conditions.

On the basis of all these results, we are able to explain
how TiSiN facilitates nanoparticle formation and CNT forest
growth. Its low surface energy drives catalyst film restructur-
ing into nanoparticles during annealing and, owing to its re-
fractory and amorphous nature, TiSiN acts a diffusion
barrier to metals. As-formed Fe nanoparticles remain on the
TiSiN surface throughout the pretreatment and growth steps,
hence favouring forest growth. TiN, in comparison, is poly-
crystalline and thus provides fast diffusion paths for catalyst
loss, as cartooned in Fig. 4.

In order to support this explanation, we study the surface
energies of rocksalt TiN and TiSiN, by density functional
theory calculations. We choose TiSiN, system for conven-
ience as TiSiN, presents the rocksalt structure. All calcula-
tions are done with plane wave pseudo-potential code
CASTEP, using a PBE-style generalized gradient approxi-
mation. We calculate the different crystalline 100 and amor-
phous surface on graphene and wuse an ultra-soft
pseudopotential with cut-off energy of 380eV. The surface
is cleaved from the (100) direction. A 15 A thick vacuum is
inserted to eliminate the image charge interaction. The slab
thickness is 20 A, which is enough to screen the interface
interaction from each other. The central 10A slab part is
fixed in order to simulate the bulk case in crystalline phase.
A 5x5x1 Monkhorst-Pack grid is used for integration in re-
ciprocal space. These parameters give a total energy

Fe Fe
m

Wm

FIG. 4. Schematic model comparing CNT growth between TiSiN and TiN
supports.
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FIG. 5. (a) Atomic structure of TiSiNi, after relaxation. The initial structure
is a perfect crystal in rocksalt with half Ti substituted by Si. The amorphous
state is reached spontaneously. (b) DOS for amorphous TiSiN,. The Fermi
level is labelled by the dashed line.

convergence of less than 0.01eV. The residual force is less
than 0.02eV A~ for geometry optimization.

The TiN is in rocksalt structure. The TiSiN, structure is
made by substituting half of Ti atoms with Si. A non-polar
100 surface is used for both samples. After geometry relaxa-
tion, the TiSiN, sample becomes amorphous spontaneously,
as shown in Fig. 5(a). Therefore, the amorphous surface is
not well defined as the crystalline surface of TiN. We have
prepared several surface with different Si:Ti ratio on the sur-
face and with the same total stoichiometry. The surface
energy is defined as the energy difference between bulk and
surface supercell sample per unit area, as follows:

Esurface = (Ebulk - Eswfacefsupercell)/A~ (1)

We find that the addition of Si dramatically reduces the sur-
face energy of TiN. For TiSiNy, it is less than 0.1eV nm ™2,
significantly smaller than that for TiN (of ~3.06eV nm2).
Note that these values may change upon exposure to catalyst
pretreatment and growth conditions. Nevertheless, they are
intrinsic properties of both materials and allow us to estab-
lish a direct comparison to interpret our growth results.
Additionally, we have calculated the total density of states
(DOS) for TiSiN,, as shown in Fig. 5(b). The Fermi level
lies within the band. The DOS at the Fermi level is compara-
ble to that of metallic Ti, indicating a good conductivity and
a small contact resistance, thus a possible candidate material
for electrode.

In summary, we have overcome the issues of growing
nanotubes on conductors by employing TiSiN films. We
have achieved area densities of (5.1=0.1) x 10'* tubes
cm %, mass densities of 0.360 +0.06g cm > and with an
overall resistance forest-support as low as 0.70 = 0.05kQ
and ohmic behaviour. We have also shown that with the ab-
sence of grain boundaries, TiSiN is an effective diffusion
barrier and thus preserves the Fe catalyst on its surface dur-
ing CNT forest growth. These results suggest that the feasi-
bility of using TiSiN as nanotube catalyst support for
applications such as interconnects and heat sinks.

The authors acknowledge funding from European
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