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r deposition has been used to fill carbon nanotube (CNT) forests with inorganic
materials (polysilicon and silicon nitride). Forest filling proceeds by deposition around individual CNTs. As
the coating thickness around each CNT increases, the free volume between adjacent nanotubes is filled and
finally results in a contiguous composite film. The process maintains the forest height and alignment;
however, the coating thickness around the CNTs is in general smaller at the base of the forest than it is at the
top. This can cause a contiguous solid film to form at the top of the forest while the forest is only partially
filled at the base. Once the top of the forest becomes filled, it prevents growth from occurring at the base.
Consequently, the growth process can cap the top of the forest and leave voids between thinly coated CNTs at
the base. Such composites have reduced hardness (4 GPa or less). Depositing at reduced temperatures and/or
decreased precursor gas flow rates reduces the void fraction through improving the step coverage modulus.
This allows one to produce thick (N50 μm) polysilicon-CNT composite films having hardness approximately
equal to that of polysilicon thin films (12.4 GPa).

© 2008 Elsevier B.V. All rights reserved.
1. Introduction
Carbon nanotubes (CNTs) have captured the attention of the
scientific community since their discovery [1]. While graphite is
composed of stacks of graphene, CNTs are essentially formed by
rolling these graphene sheets [1]. The tubes thus formed are a few
nanometers in diameter and as much as millimeters in length. CNTs
have been shown to possess an exceptional combination of properties
like high electrical conductivity [2], thermal conductivity [3] and
mechanical strength [4–6]. This versatility is widely expected to make
them valuable for multiple applications — structural composites of
various types [5,6], strong textiles [7], transistors [2], interconnects
[2], optical limiting [8], biological [9], display [10], charge storage
(memory) [11] and an elevator to space [12]. Carbon nanotubes can be
produced in clusters as soot-like powder using laser ablation [13], but
are often grown as a “forest” or “carpet” of closely packed CNTs on a
substrate using processes like chemical vapor deposition (CVD) and
Plasma Enhanced CVD (PECVD) [14]. The nanotubes in such a forest
can be individually very strong, but the connection between the CNTs
and the substrate as well as the interconnection between adjacent
tubes is often very weak or virtually non-existent. This allows for easy
l rights reserved.
harvesting of CNTs. Some authors have demonstrated this harvesting
by spin-coating a polymer over the forest and peeling it up [15]. Others
have pulled CNT threads and sheets directly from forests [7,16]. On the
other hand, such a weak connection to the substrate can necessitate
delicate handling to avoid serious degradation to the CNT forest. As a
consequence, completely filling CNT forests with solidifying materials
could have a positive impact on their uses.

CNT-based composites have been a subject of active research for
over 8 years [5,6]. Presently, most composites are constructed by
dispersing the nanotubes in a matrix of some form. But such processes
have inherent difficulties. Challenges include: non-uniform dispersion
of nanotubes into the composite (they tend to agglomerate into
bundles and ropes) and a lack of adhesion between the CNTs and
matrix [5,6]. Thus; the mechanical properties have often been below
their theoretically predicted potential. However, filling CNT forests by
coating the individual CNTs using a CVD process could bring about
advantages. The arrangement of nanotubes in a forest would certainly
overcome the issue of CNT non-uniformity in the composite. The level
of intertwining of CNTs in the forest could reduce the importance of
adhesion through mechanical interlocking. As a result, mechanically
stronger structures, electrically more conductive structures and
thermally more conductive films can be envisioned.

Before using low pressure chemical vapor deposition (LPCVD), we
tried various processes and materials to form fillers. We performed
sputtering, evaporation and electroplating of metals as well as PECVD
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Fig. 1. SEM micrograph of polysilicon coating around an isolated nanotube above a
forest. The LPCVD conditions were 630 °C, 33 Pa, 75 sccm silane flow for 40 min.

Fig. 2. X-ray diffraction pattern of a CNT–poly-Si composite created using the same
conditions as in Fig. 1.

526 A. Chandrashekar et al. / Thin Solid Films 517 (2008) 525–530
of fluoro-polymers and diamond like carbon. Unfortunately, none of
these methods filled our forests from bottom to top. The deposited
material did not penetrate to the bottom of the forest, but instead
stuck to the forest top and eventually capped it with a continuous film.
This capping phenomenon is caused by the high aspect ratio of the
CNTs and their intertwined alignment in our forests. Also, deposition
precursors (in a typical physical vapor deposition process) that have a
large surface reaction probability will statistically collide with and
consequently “stick” to CNTs near the top of the forest. We also tried
spin-coating photoresists, spin-on-glass and epoxy into the forests.
The spin-coating of liquids tends to mat down the forest, greatly
reducing the forest height and CNT alignment.

In this article, we describe the filling of CNT forests with polysilicon
(poly-Si) and silicon nitride (Si3N4) using an LPCVD process. This is
done by coating around the walls of the nanotubes and eventually
results in afilled forest.While other authors have used various forms of
CVD to coat individual CNTs [17,18]widely spaced CNTs [19,20], or even
ropes of CNTs [21] this paper reports the use of LPCVD to form
composites byfilling dense CNT forests. Themain challenge in this is to
coat non-uniformly spaced CNT elements in such a way as to form a
uniformly and completely filled material. The composites thus formed
havebeen initially characterized by the coatinguniformityaswell as by
their hardness (using a Vickers hardness tester) and sheet resistance.
Improved filling of CNT forests using poly-Si is obtained at lower
deposition temperatures and lower silane flow rates as predicted by
Raupp and Cale's model for the step coverage modulus [22,23].

2. Experiment

An atmospheric-pressure plasma-jet (Surfx Technologies —

AtomFlo250D) was used to synthesize CNTs, using helium as the
plasma gas and acetylene as the precursor gas injected downstream
of the plasma. The substrate was placed on a copper hot plate heated
to greater than 600 °C and sitting approximately 1 cm below the
plasma-jet source. Substrate temperature calibration was performed
using a wafer thermocouple. The substrate was a silicon wafer with a
0.1 μm thick thermally grown oxide layer.10 nm of catalyst (iron from
Alfa Aesar) was evaporated onto the substrate (e-beam evaporation)
followed by annealing at 500 °C and in a 0.9×105 Pa N2 ambient for
5 min. In some cases, the iron catalyst was patterned using S1813
photoresist. In such cases, the annealing step was preceded by a lift-
off using acetone to remove both the photoresist and undesired iron.
The plasma power, substrate temperature and process time could all
be varied in order to obtain CNT forests of required quality and
height.

A (Tystar) LPCVD stack furnace was used to deposit either poly-Si
or nitride (Si3N4) into the as-grown CNT forests. The standard
deposition conditions for poly-Si (630 °C, 33 Pa, 75 sccm silane) and
nitride (730 °C, 33 Pa, 25 sccm CCl2H2 and 75 sccm NH3) result in
deposition rates of 15 and 1.7 nm/min respectively. As a consequence,
we are able to consistently obtain a 600 nm poly-Si film on a silicon
substrate in 40 min and a 400 nm stoichiometric Si3N4 film in 240min.

Scanning Electron Microscopy (SEM) images of the film cross
sections were obtained using a (Zeiss-LEO 1530) SEM.Wewere able to
obtain a limited number of hardness measurements at a local
company having a Wilson Tukon Machine model LR. The microhard-
ness was measured following an ASTM procedure [24]. Sheet
resistances were obtained using an Alessi Four Point probe and a
Keithley 2400 source-measure unit. The X-ray diffraction measure-
ments were obtained using a Rigaku Ultima III thin film diffract-
ometer. The copper Kα radiation (0.154 nm) was incident at an angle
of 5° from the plane of the substrate.

3. Results and discussion

LPCVD of both poly-Si and nitride proceed by growth around
individual CNTs as well as growth from the substrate. Fig. 1 is an SEM
micrograph of a poly-Si coated CNT that was isolated from other CNTs
at the top of a forest. It shows how the poly-Si growth coats individual
CNTs in the forest in a circumferentially uniform fashion. The CNT
diameter in our forests varied, but the diameters were always much
less than 50 nm. Transmission electron microscopy results indicated
that the CNTs were multi-wall having between 5 and 25 walls. We
note that the radial thickness of the Si deposit surrounding the CNT is
almost the same as that on a bare section of the substrate. This
indicates that the growth rates on a planar surface and going radially
outward from the CNT are nearly equal, which is not surprising.

In order to obtain this SEM, it was necessary to crack the substrate
and pull apart the two pieces. The cracking procedure produced the
end to the poly-Si coated CNT seen. We note that the CNT does not
extend out of the poly-Si coating nor has it left behind a hole. The CNT
and poly-Si appear instead to end at the same plane so that the failure
mechanism in this case was not a “sword in sheath” or adhesion issue
[5] but rather was a cracking of the CNT itself. Breaks having the CNT
extending out of the polysilicon coating did occur but are not seen in
that SEM. Since our CNTs were multi-wall and had defects, this is not
unexpected; but it also points out a significant advantage to the LPCVD
process. The film grows as part of a thermally induced chemical
reaction sequence that initially takes place on the surface of the CNT
[25,26]. This reaction sequence occurs by the adsorption of SiH4 to the
CNT surface and subsequent pyrolysis to chemisorbed Si. As a
consequence, the film adheres to the surface of the CNT. Since the
growth conditions are much below the temperature at which Si and C
inter-diffuse to any substantial degree [25,26], the result is a poly-Si



Fig. 3. SEM micrographs of: (a) A 49 μm tall CNT forest. (b) A 5 μm tall forest filled with
poly-Si using the LPCVD conditions of Fig. 1. (c) A 62 μm CNT forest partially filled with
poly-Si using the LPCVD conditions of Fig. 1. (d) A 60 μm tall CNT forest partially filled
with silicon nitride. The LPCVD conditions were 730 °C, 33 Pa, 25 sccm CCl2H2 and
75 sccmNH3 gas flows for 240min. The SEMmicrographs were obtained by cleaving the
silicon substrate after processing.
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coating over the CNT. An example X-ray diffraction pattern of the
resulting composite film is shown in Fig. 2. The pattern has only poly-
Si peaks, not SiC or graphene. The growth temperature explains the
lack of SiC peaks, and the defected nature of the multi-wall tubes and
thickness of the poly-Si coating explains the lack of graphene lines in
the data. The dominance of the poly-Si lines is consistent with the
rough surface of the coating seen in Fig. 1. It is well known that poly-Si
films grow with a rough surface as part of the grain structure [27].
Other materials and growths at lower temperatures do not exhibit this
kind of surface roughness. For example, smooth appearing coatings
resulted from depositions designed to produce nitride films on
semiconductor wafers.

When a forest of CNTs is subjected to LPCVD, the coatings around
adjacent CNTs can meet-in-the-middle and result in a filled structure
as shown in Fig. 3(b). While the coating around each individual CNT
may be as little as a few hundred nanometers in thickness, the overall
height of the composite (once filled) can be on the order of 100 μm (a
factor of several hundred larger.) Thus one could say that this filling
mechanism proceeds in an “amplified” fashion. That is to say: An
LPCVD deposition of only 500 nm can result in a 50 μm tall composite
film simply due to the high aspect ratio of the CNTs in the forest and
their close spacing. The coating rate on each CNT is not “amplified” or
increased. Instead, the CNTs in the forest simply provide a substantial
increase in the surface area available for deposition (per square cm of
substrate area). Taking advantage of this “amplification” to grow 5 to
100 μm thick films hundreds of times faster could prove useful to
devices needing thick films of materials that can be deposited by
LPCVD. In addition, it could open up methods for producing different
kinds of devices or nanostructured films. One example might be a
CNT-based capacitor by uniformly coating each CNT electrode with
first a dielectric (by either LPCVD or atomic layer deposition) and then
a conductor (such as Tungsten).

We subjected CNT forests of various heights to LPCVD in order to
study whether poly-Si and nitride depositions could result in a
complete fill. Examples of the results are shown in Fig. 3. We show an
example of a 50 μm tall as-grown CNT forest in Fig. 3(a) for reference.
The forest is shown after cleaving the substrate in order to obtain the
edge-on view. It shows how the CNTs are intertwined while having a
net upward growth. Standard poly-Si deposition conditions were used
to deposit 600 nm of poly-Si into forests such as this having both 5 μm
and 62 μm heights (Fig. 3(b) and (c), respectively). Standard nitride
deposition conditions were used to deposit 400 nm of Si3N4 on a
60 μm forest (Fig. 3(d)).

We used a “Scotch-tape test” to compare adhesion of the CNT
forests to the substrate with and without LPCVD filling. Filled forests
were not removed from the substrate by the tape, while the same tape
test on unfilled forests resulted in near complete removal of the as-
grown forest from the substrate. We assume that the few remaining
CNTs simply were not contacted by the tape or pulled off by their
removed neighbors. That CNTs are easily removed from a substrate is
consistent with recent reports of filling forests with a polymer and
then peeling the composite using a pair of tweezers [15]. In that case
both the filler and the CNTs exhibit poor adhesion to the substrate. For
our composites; however, there is reason to believe that the filler
material strongly bonds the CNTs to the substrate. Both poly-Si and
nitride films are known to adhere well to silicon and silicon oxides
[27,28]. The lower reaches of our forests contain such a connection (as
explained below). Consequently, the adhesion strength of a filled
forest to the substrate on which it is formed should depend critically
on the adhesion of the filler film to the substrate.

Highermagnification SEMmicrographs of these films revealed that
the poly-Si coated CNTs averaged approximately 1.4 μm in diameter
(at the top) while the nitride coated CNTs averaged approximately
920 nm. As mentioned earlier, these correspond to twice the
respective film thicknesses on planar surfaces indicating that both
poly-Si and nitride coated uniformly around each individual nano-



Fig. 5. Variation in diameter of poly-Si coated CNTs as a function of depth into the forest
and process time. The other LPCVD conditions were the same as in Fig. 1. The diameters
were obtained by SEM examination.
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tube. In the SEM micrograph in Fig. 3(b), the 5 μm film is filled with
only a few isolated coated CNTs on the surface. (The top surface of a
filled forest can be planarized to facilitate easier post-processing
techniques like patterning and etching.) On the other hand, densely
filled regions exist near both the top and bottomwith voids existing in
the middle for the 62 μm film in Fig. 3(c). This structuring of the film
cross-section provides information about the filling sequence. Poly-
silicon or nitride initially coats uniformly around each CNT (as seen in
Fig. 1) but as it becomes thick enough, it also bridges the gap between
adjacent nanotubes and fills out the forest. Thus filling continues
wherever precursor molecules can reach. Since greater numbers of
precursor molecules reach the upper regions, the film grows fastest
there. When some regions become capped off by the poly-Si or Si3N4

above them, voids, like those in the central zone in Fig. 3(c) are left
beneath. While the top 10 μm and the bottom 2 μm are densely filled
with poly-Si, the intermediate 50 μm of film has a significant fraction
of voids. The formation of a dense poly-Si film up to 2 μm from the
wafer surface is due to poly-Si deposition on the additional surface
locations provided by the substrate. Similar effects are seen in Fig. 3(d)
for the nitride fill, although the voiding there is reduced. The reason
for this will be discussed as part of the next section.

Fig. 4(a) is a SEM micrograph of the cross-section of a patterned
CNT film. The substrate was patterned such that rows of the catalyst
(iron) were 5 μm in width and separated from each other by 20 μm of
bare substrate. Since carbon nanotubes grow only where the catalyst
is present, it was possible to grow tall rows of intertwined carbon
nanotubes. This sample was then exposed to the standard poly-Si
LPCVD process. Fig. 4(b) shows the cross sectional SEM micrograph of
the post-fill sample. While only a thin poly-Si film (approximately
600 nm) is seen in the 20 μm region devoid of nanotubes; the rows of
nanotubes have been filled with poly-Si to form composite films with
Fig. 4. SEM micrographs of: (a) 5 μm wide rows of CNT forest separated by 20 μm on a
silicon substrate. (b) The same rows filled with LPCVD poly-Si. The LPCVD conditions
were the same as in Fig. 1.
height equal to the initial height of the as-grown CNT rows. The filled
CNT forest rowsmaintained their shape and structure after the poly-Si
fill as well. In addition, Si spikes appeared emanating from each row in
seemingly random positions. We have not had opportunity to
investigate these and consequently, are unsure what caused their
formation, but it is possible that they have resulted from CNTs that
protruded from the rows. The mass of entangled poly-Si at the bottom
of each forest row is simply caused by growth on the CNTs present
there. Those CNTs were not entangled sufficiently to join in the
upward growth of the forest row. Their numbers are too rare and their
dimensions too small to be easily seen in Fig. 4(a), but they can be
found in higher resolution images of the region.

The poly-Si filled forest in Fig. 3(c) clearly has a large fraction of
voids. While the top surface of the forest has been filled adequately (to
as deep as 10 μm); the capping of the forest top resulted in the lower
reaches of the CNT forest only being coated with a thin layer of poly-Si
and not becoming a contiguous solid. The nitride LPCVD process was
significantly better. It resulted in a lower void fraction and a region of
complete filling that extended much deeper into the forest despite
being carried out at higher temperatures. Still, the coating thickness
around the CNTs varied substantially with depth into the forest in both
cases. In order to create a thick filled forest, this non-uniformity in the
coating thickness must be reduced and controlled. By making an
analogy to the LPCVD filling of holes and trenches, we can note that
this non-uniformity in the coating thickness around CNTs as a function
of depth into the forest can be modeled as a 1 dimensional “non-
conformal” coating process. The properties of the CNT forest makes
this problem like that of filling holes having very rough-surfaces as
well as variable diameters both at the surface and along their lengths.

We first verified that capping of the forest top surface was caused
by the non-conformality of the deposition rather than some other
mechanism. Polysilicon LPCVD was performed on CNT forests (70 μm
tall) for varying lengths of time, keeping all other deposition
parameters constant (630 °C, 33 Pa and 75 sccm silane). The resulting
average diameters of the poly-Si coated nanotubes are plotted as a
function of the depth into the forest from the forest canopy (top) in
Fig. 5. For example, the data points at 10 μm on the x-axis are the
average diameters 10 μm below the top surface of the forest. Several
features are immediately apparent. First, the average diameter is
always larger at the top surface (x=0 μm) than deep into the forest.
This is obvious even for a 10 min deposition, where the forest top is
not capped and the CNTs are simply covered with a thin poly-Si layer
all along their lengths. As the deposition time is increased, the growth
rate on the top surface remains approximately constant. As a
consequence, the CNT diameters at 0 μm increase linearly as a



Fig. 6. Variation in diameter of poly-Si coated CNTs as a function of depth into the forest
and process temperature. The other LPCVD conditions were the same as in Fig. 1.

Fig. 7. Variation in diameter of poly-Si coated CNTs as a function of depth into the forest
and silane gas flow rate. The other LPCVD conditions were the same as in Fig. 1.
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function of growth time. This is not the case in the regions deep below
the surface, where the diameters are unchanged for 30 and 40 min
depositions. Clearly the capping of the top surface prevents reactants
from reaching the lower regions of the forest after 30 min. The larger
deposition rate at the surface and continued growth at the surface
after capping is evidence that the non-conformal nature of the film
growth causes both the capping and the voids deep in the forest.

Quantitative modeling of the deposition thickness as a function of
time and depth into the forest is non-trivial. Even the “surface” on
which the deposition occurs is highly irregular. Still, there is some
analogy to hole and trench filling in that the reactant molecules must
diffuse deep into the forest making many collisions with the CNTs
(analogous to the walls of a hole) before reacting. An appropriate
model for the transient behavior in LPCVD filling of deep holes and
trenches was proposed by Raupp and Cale [22,23]. This model built
upon previous theory by incorporating gas phase molecular diffusion
and heterogeneous reactionwithin the hole or trench, but avoided the
direct use of sticking coefficients. The article showed that sticking
coefficients vary both in time and as a function of position as a feature
is filled, thus making their use problematic. One of the key parameters
of this model is the “step coverage modulus,” Φ. Φ in the Raupp and
Cale model is a ratio of two characteristic rates: the rate of
heterogeneous reaction to form film on the feature sidewall divided
by the rate of diffusion of reactant into the feature. For conformal
coating processes, one must have a small step coverage modulus. That
is: the reactants must diffuse throughout the feature much faster than
they react in order to cause deposition everywhere at the same rate.
Conversely, if the rate of reaction is fast compared to the rate of
diffusion, there will be a large concentration gradient of the reactant
and the film deposition will be non-conformal. The step coverage
modulus will be large under such conditions. Raupp and Cale derived
the following formula for the step coverage modulus [22]:

Φ ¼ 2H2
0 kTð Þ
R0D

p n−1ð Þ
i

� �
k0 exp −E=kTð Þ ð1Þ

Here: H0 is the feature depth, R0 is the feature radius (assuming a
hole), D the diffusion constant for the reactant specie, pi the density of
the reactant specie at the top of the feature, n the reaction order and
k0⁎exp(−E/kT) the reaction rate. In this equation, the temperature, and
the reactant density are the key factors controlling the step coverage
modulus for a given initial geometry (H0 and R0). All other parameters;
gas flow rate, pressure, reactor configuration, surface diffusivity,
surface sticking coefficient etc. are only important insofar as they
affect these two key parameters.

Given this, we have examined the effects of temperature on the
deposition conformality. In addition, we used the flow rate of silane
into the furnace as an indirect control over the reactant concentration
pi. The nature of this indirect control was estimated from simple
theory and experiments. Poly-Si deposits both on the reactor walls
and the substrate evolving hydrogen. By measuring this deposition
rate and comparing to the input gas flow rate, a first-order estimate of
the gas utilization and gas phase concentration of Si containing
molecules can be obtained. We found a reaction order n=1.2±0.2 and
a gas phasemolar fraction of Si containingmolecules that ranged from
55% at 75 sccm to as low as 20% at 10 sccm. Thus the gas phase
concentration of reactants could be decreased by a factor of nearly 3 by
decreasing the flow rate. In addition, measurements of the deposition
rate on planar surfaces as a function of growth temperature indicated
that the activation energy (E) for film deposition is 1.4 eV. Both n and E
are consistent with the calculations and experiments of other authors
[28,29].

The deposition results are presented in Figs. 6 and 7. To obtain
those figures, CNT forests approximately 70 μm tall were coated with
poly-Si and inspected using an SEM. The results follow the trends
predicted in the model by Raupp and Cale [22]. That is: lower
temperatures and lower flow rates (lower reactant concentration)
both contribute to improved conformality and consequent filling of
the forest. The influence of temperature on poly-Si coating is shown in
Fig. 6. At the top surface of the forest we obtain the expected result.
That is: the poly-Si deposition rate decreases as the temperature is
lowered due to a decrease in the reaction rate (k0⁎exp(−E/kT)). The
step coverage modulus decreases rapidly with temperature both due
to a decrease in the reaction rate as well as the direct decrease in T. The
result is a substantial improvement in deposition conformality even
for a relatively small temperature change. Physically speaking the
ability of the reactant molecules to diffuse within the forest is not
affected much by the decrease in T; but their rate of reaction to form
poly-Si is greatly reduced allowing the growth to become much more
uniform throughout the forest depth. We note that a lower T results in
a thicker poly-Si coating 40 μm from the surface and below. The
diameter of the tubes coated at 550 °C is greater than those deposited
at 600 and 630 °C. At first glance this might seem inconsistent with a
lowered reaction rate, but it is not. First, the reactant concentration
deep inside the forest has increased at 550 °C because of the lower
reaction rate constant. This counteracts the reduced reaction rate,
helping to raise the deposition rate back towards the higher
temperature value. Second, the forest does not cap at 550 °C. As a
consequence, growth continues deep inside the forest for the whole
deposition period. (The forest caps at both the higher temperatures
before the deposition period ends.) The net result is that the effective
growth rate deep inside the forest increases even as the growth rate at
the top decreases.



Fig. 8. SEM micrograph of a 62 μm tall CNT forest filled with poly-Si using improved
LPCVD conditions. The LPCVD conditions were 550 °C, 33 Pa, 25 sccm silane flow for
240 min.
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A similar set of experiments were used to investigate the
conformality as a function of the reactant concentration pi by varying
the silane flow rate. Again the results plotted in Fig. 7 are clear. The
conformality decreases substantially as the reactant concentration
increases (and step coverage modulus with it.) That is to say: larger
silane flow rates, producing larger concentrations of reactant at the
top surface of the forest, cause the coating to become less conformal or
less uniform along the depth axis of the forest. The data in Fig. 7
indicate that the 10 sccm gas flow has the slowest deposition rate at
the top surface of the forest and the largest effective growth rate deep
inside the forest. The growth rate at the forest surface follows our
calculation of the reactant behavior. As the flow rate is decreased from
75 to 10 sccm, we estimated approximately a factor of 3 decrease in
the reactant concentration from the deposition rate on planar
substrates. The same holds true here. Deep inside the forest, the
effective growth rate increases with decreasing flow rate as the step
coverage modulus decreases with pi. In physical terms: the lower
reactant concentration at the top of the forest causes a smaller
reactant concentration gradient along the forest depth. As a result, it
makes the deposition rate more uniform from top to bottom.

Using the step coverage modulus model results, we obtained a
much improved forest fill as shown in Fig. 8. In order to keep the
deposition time within our maximum allowed period (4 h) we used a
silane flow rate of 25 sccm in combination with a deposition
temperature of 550 °C. The fill appears to have needed a little more
time since voids still exist, but they are now distributed from bottom
to top of the forest rather than only the center region. Furthermore, we
note that the cracking and separating process used to obtain this edge-
on view in the SEM can contribute to the appearance of these voids.
CNTs together with their coatings can be pulled out of the surface
leaving behind what appears as a void.

We were able to perform a few metrology measurements on the
composite of Fig. 8. X-ray Diffraction confirmed that the coating was
poly-Si. The filled forest composite was also measured to have the
hardness of a pure poly-Si thin film (12.6±2.1 GPa). It proved very
difficult for us to measure the fracture toughness due to limited
availablemetrology tools and the roughmorphologyof the top surface.
(We did not find cracks emanating from the Vickers tool's micro-
indents, which may indicate high fracture toughness and reinforce-
ment by the CNTs.) The nitride filled forest (Fig. 3(d)) was also
measured. The hardness was approximately 5.2±1.7 GPa, considerably
less than the 21 GPa expected for a thin nitride film on a planar
substrate. The void fraction considerably reduced the film hardness (as
expected) and caused the large standard deviation as well. In fact, the
hardness of the poly-Si filled forest having voids (4±0.8 GPa, film
shown in Fig. 3(c)) was less than one third that of the film in Fig. 8. The
sheet resistance for the film in Fig. 8 was found to be N2×106Ω/□. The
thick poly-Si film coating each CNT was not doped and consequently
had very low conductivity. This prevented the four-point probe from
contacting any of the CNTs and obtaining conduction through the film.
As a consequence, the film acted dielectric while having conducting
CNTs embedded in it.

4. Conclusions

While we have shown the process to work well for poly-Si and
nitride, many other materials or combinations of materials could also
be deposited tomake valuable nanostructured composites. Our nitride
and Poly-Si composites had no visible CNT agglomeration and
maintained both the height and shape of the initial forest. Even
though the CNTs did not adhere to the substrate well, the filled
composites did adhere (tape test). This was undoubtedly due to the
adhesion of the poly-Si or nitride. The best filled poly-Si composite
(61 μm thick) exhibited a Vickers hardness comparable to a standard
poly-Si film (12.4 GPa). The hardness of the nitride composite (50 μm
thick) was far less than that of standard stoichiometric nitride. The
voids in the nitride composite undoubtedly contributed to its reduced
hardness. An improved filling process for poly-Si was achieved by
optimizing the silane flow rate and deposition temperature; and
corroborated with a numerical model for the step coverage modulus.
It allowed us to demonstrate the growth of a 61 μm thick composite
film (CNTs+poly-Si).
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