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ABSTRACT

Pulsed laser deposited, orthogonally overlapping metal film gradients are introduced as a versatile method to optimize desired nanomaterial
characteristics simultaneously as a function of catalyst composition and film thickness. Catalyst libraries generated by this method are applied

here to study the growth of vertically aligned carbon nanotubes by chemical vapor deposition in acetylene from Mo/Fe/Al multilayers on Si.
An Fe/Mo atomic ratio of 16:1 was discovered to be optimal for the rapid growth of nanotubes to long lengths, at rates exceeding 1 mm/hr.

The characteristics of nanomaterials are known to dependlysts on Al-coated Si substrates; we often observe significant
strongly on the size and activity of the metal catalyst differences in growth rates and terminal lengths that are
nanoparticles responsible for their growth, yet there is attributed to minute, unintended variations of individual
currently no efficient method available to systematically catalyst thicknesses in nominally identical samples.
correlate the characteristics of the initial catalyst nanoparticles  vetal film multilayers are an attractive choice as precur-
with the physical properties of the resulting nanomaterials. sors for the catalyst nanoparticfed since they permit a great
Systematic studies on carbon nanotubes (CNTSs), in particular,nymber of metal catalyst combinations to be surveyed on
are motivated by two needs: (1) to obtain aligned nanotubesygrious substrates, and several promising systems were
with millimeter lengths to enable the formation of novel reportedio However, systematically investigating the mech-
nanotube-polymer composites that incorporate continuous anisms responsible for the catalytic growth of carbon
nanotubes throughout their thickness for highly anisotropic nanotubes is limited not only by the time-consuming nature
thermal and electrical conductivities; and (2) to provide f sych study but also by run-to-run variations in subsequent
samples for detailed physical characterization (tensile Strength’processing conditions. Therefore, a method is needed that

thermal, and electrical conductivity, etc.). _ allows to efficiently perform experiments with multiple
For the growth of carbon nanostructures, the striking catalysts on a single sample.

importance of synergistic effects in bimetallic catalysts was
already recognized in early electric-arc discharge experi-
ment$? and confirmed in numerous more recent other
studies’** In our own experiments on the chemical vapor
deposition (CVD) growth of vertically aligned, multiwalled

carbon nanotubes (MWNTSs), we recently utilized time-
resolved reflectivity (TRR) to explore the growth of dense
MWNT arrays from e-beam evaporated multilayered cata-

In this letter, we present a new high-precision pulsed laser
deposition (PLD) method designed to overcome sample-to-
sample irreproducibilities, optimize rapid CNT growth to
long lengths, and simultaneously determine the effects of
both catalyst film composition and thickness for any two
catalyst metals from which active nanoparticles for nanotube
growth are formed. In this approach, two continuous,
orthogonally overlapping metallic gradients (e.g., Mo and
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respond to differentd(Mo)/d(Fe) ratios and different
d(Mo)+d(Fe) amounts.

15 mm The sample was then transferred to a CVD reactor
consisting of a quartz tube (3-in. diameter, 4-ft. length) placed
inside a high-temperature furnace (Lindberg/Blue, model

1.0 mm HTF55342C, 35 in. length, 8 in. uniform temperature zone).
This reactor is equipped with mass flow controllers and an
automatic pressure control system. The sample was heated

0.5 mm in 25 min to 730°C in flowing Hu/Ar gas (400 sccm b
2000 sccm Ar) at atmospheric pressure. After this pretreat-
ment, a preestablished 2.4 sccm flow gHg (Air Liquide,

0 Alphagaz-1, 99.6% pure) was switched into the flowing Ar/
H, gas mixture, thus starting the growth.

Figure 1. Thickness profiles of the Mo (blue solid lines) and Fe During this CVD process, a dense forest of vertically

(black solid lines) catalyst layers on a 3-in. wafer, superimposed _ . .
on the data of tube length as function of position on the wafer. aligned nanotubes grew on the portion of the substrate

The data were obtained by tracking the focusing height of an optical containing the Fe catalyst; within this region, however, the
microscope. The yellow line indicates the position of the cross- height of the tubes depended strongly on position (thus on

section visualized in Figure 2, and the arrows indicate the location Mo content), as illustrated by the two-dimensional map of
from where the TEM specimens of Figure 3 were prepared. Gas ¢ forest height (Figure 1). Special attention must be paid
flow during the nanotube growth was from right to left. . . . L

to the potential accidental spatial variation of growth
conditions (temperature, gas flow) across the wafer. Edge
effects are minimized in this work by using a wafer size

compositional spread (CCS) method thus differs significantly
from conventional combinatorial approachés;? where a

comparatively large number of elements can be investigatedfhat Is significantly larger than the area from which the data
but each combination is studied with limited detail. is collected, and can further be ruled out from growth

PLD was chosen to form the metallic gradients, as this expgrimgnts on Wafers ,Wi,th uniform catglyst layers, where
technique permits the deposition of precisely controlled no 5|gn.|f|cant spatlgl varlatlonsm.tube height were observed.
amounts of material (typically 0.01 A per laser pulse in this Analysis by scanning elgctron microscopy (Flgure 2) shows
work). Unlike sputtering or evaporation, PLD typically tha.t the tl_Jbes are continuous and.well—allgned across the
provides highly stoichiometric transfer of material from entire region, and that the forest height thus corresponds to

small, multicomponent targets to the substrate, can deliverthe tube length.
material with high kinetic energies for enhanced surface ~TEM specimens were prepared with nanotubes harvested
chemistry, and deposition can be carried out in varying attwo locations on the sample, indicated by arrows in Figure
oxygen pressures to form partially or completely oxidized 1. As is observed in the representative images shown in
layers. Figure 3, the majority of the tubes at both locations are either
The substrates used in this study were prepared by e-beangingle-, double-, or triple-walled (but higher numbers of walls
evaporation of 100 A of Al onto Si wafers, which were then are also present).
transferred to the PLD system for fabrication of the catalysts. To better understand the dependence of tube length on
The PLD system'’s precise synchronization of laser firing, catalyst composition, Figure 4 shows the data from one of
substrate translation, and target exchange yields controlledthe quadrants in Figure 1 as a functiondffo) andd(Fe)
wedge-shaped film thickness profiles by the deposition of rather than as a function of the position. Clearly, two broad
the metals through a slit-shaped aperture, which is placedmaxima are observed, one appearing né@@e) ~ 6 A,
between the metallic target and the substi4iéie sequential ~ provided thatd(Mo) > 0.3 A, and a second one appearing
deposition of Mo (bottom) and Fe (top) thus yields two roughly along the diagonal of the plot. Obviously, this
overlapping profiles as shown in Figure 1, such that each diagonal corresponds to a constant rat{o)/d(Fe), and
point on the substrate is covered by a first layer of Mo (with thus to a constant average alloy compositiongp-. It is
a thicknesgd(Mo)) and a top layer of Fe (with a thickness therefore natural to represent the data of Figure 4 as a
d(Fe)). Different positions on the substrate therefore cor- function of x.1®

Figure 2. Assembly of multiple scanning electron micrographs of a cross-section across the sample in Figure 1 (images taken along the
yellow line).
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is taken from the quadrant in which the gradients are, by
design, the shallowest, interesting observations can also be
made from the other portions of the sample. In fact, an
apparent tendency to form long tubes is observed not only
in the regions identified above but also in areas close to
where the gradient of the total metal thickness is the largest.
Unfortunately, it is precisely in these areas that an offset or
error in the measurement of the position results in a much
larger error in the determination of the catalyst composition
Figure 3. TEM images of CNTs taken at two separate positions than in the “shallow” quadrant. While these observations are
on the sample: (@) near the local maximum (right arrow in Figure e gypject of further investigation, we concentrate here on

1, average catalyst composition M@, with x ~ 0.06) and (b) o L
near the minimum (left arrow in Figure %,~ 0.12). Most of the the data that suffer least from such additional complications.

tubes observed on these and other images were either single-, To verify these observations of compositional and thick-
double-, or triple-walled. ness-dependent growth rates and to eliminate possible
systematic errors, a second (simpler) catalyst sample was
prepared under significantly different conditions. Again, a
Si wafer was first coated with 100 A of Al (as above) but
10 mm then, without breaking vacuum, also was coated with a
10 A-thick layer of Fe, with both layers deposited by e-beam
evaporation. This sample was then transferred to the PLD
0.5 mm system where a simple wedge of Mo (ranging from 0 to
2.2 A) was deposited. Note that the order of Mo (top) and
Fe (bottom) is opposite that in the previous sample with the
0 overlapping Mo and Fe wedges. A forest of CNTs again was
. grown on this sample under the same conditions as above.
Fe thickness (A) Cross-sectional SEM imaging was used to determine the
Figure 4. CNT length data from Figure 1 (lower left quadrant helght. profile, and TEM speCIm'ens were prepared by
only) plotted as function od(Mo) andd(Fe). The yellow line again ~ femoving a bundle of tubes from different areas. Numerous
indicates the position of the cross-section of Figure 2. nanoparticles (with typical sizes ranging from 10 to 20 nm)
were located in this sample, and energy-dispersive X-ray

1.5 mm

Mo thickness (A)

5 10 15 20

3 ' ' ' ' spectroscopy (EDS) was used to determine the average
composition of 10 such particles at various locations. For
the tallest CNTs, this analysis yielded= 0.07 &+ 0.02,
€ 104 corresponding to the ratio of metals in the bilayer film for
£ that location, and in excellent agreement with the observation
y— of the maximum ak ~ 0.06 on the binary spread sample.
% % Interestingly, equilibrium phase diagrams for the e
ﬁ 0.5 —_175A system (and for the MeFe—C compounds) show that the
= :EgA solubility limit for Mo in Fe at 730°C is x < 0.04, with
= — 10A little change as a function of carbon incorporatiéiWhile
—75A alloy formation in nanoparticles may in principle be possible
0.0 p : 0 e o 25 outside of the bulk equilibrium region, our data may also

. indicate that the nanoparticles are indeed multiphase (con-
at% Mo in Mo Fe taining Mo- and Fe-rich regions), but have an average

) ) - composition that corresponds to the metallic bilayer from
Figure 5. Tube length as function of MBe,_« catalyst composition

which th re formed.
X. A broad maximum is observed for~ 0.06 independently of C, t _ey_é e formed . .
total catalyst thickness. For a catalyst thickness-e8@&, the tube This significant observation of both a catalyst composition-
length shows only a very weak dependence on the Mo content. dependent and a catalyst thickness-dependent maximization

of CNT height could not easily have been obtained either
Figure 5 shows a series of “cuts” through the complete by conventional single-sample experiments or by discrete
data set, such as to plot the tube height as function of catalystcombinatorial approaches. Furthermore, the continuous varia-
compositionx for various values of total catalyst thickness tion in metal layer thickness most clearly displays the
d = d(FeH-d(Mo). A strong local maximum in tube height abruptness with which the growth rate changes as a function
is clearly observed for a compositiorr 0.06, independent  of the Mo thickness (e.g., a change dfMo) of 0.5 A
of catalyst thickness in the range 5 A< d < 20 A. typically results in a 50% reduction in CNT height). Clearly
Closer inspection of the entire data set reveals more revealing the importance of sub-A control in the deposition
complex behaviors that cannot be explained simply by of Mo, which is difficult to achieve by e-beam evaporation,
catalyst composition. While the data analyzed in most detail thus explains the large variations in CNT growth rates that
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we have previously observed on nominally identical catalyst catalytic nanomaterial growth, as well as to significantly
samples. Obviously, further work is required to determine increased production rates.
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