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We have studied nickel, gold, and ferritin coatings on catalytically grown multiwall carbon nanotubes as well

as the generation of secondary nanotubes by resubmitting the decorated nanotubes to the chemical vapor
deposition process. Nickel layers sputtered on nanotubes show a stronger interaction with the nanotube walls
than gold coatings. At ambient temperature this results in a metal film that is more homogeneous for Ni than

for Au. Surface mass transport at elevated temperatures leads to a transformation of the coating to nanoscale
clusters on the nanotube surface. The resulting Au clusters are spherelike with a very small contact area with
the nanotube whereas the Ni clusters are stretched along the tube axis and have a large contact area. Secondary
nanotubes were established by growing nanotubes directly on the walls of primary nanotubes. Thin Ni layers

or ferritin served as catalysts. We compared the field emission properties of samples with and without secondary
nanotubes. The presence of secondary nanotubes enhances the field emission substantially.

Introduction goal we studied the adsorption of the catalyst metal nickel on

. . . . . multiwall carbon nanotubes and compared the results to the
Due to their exceptional mechanical and electrical properties, ponavior of more inert gold coatings. The nickel coating was

carbon nanotubes (CNTs) have been studied intensively in they,op geq to grow a second generation of nanotubes on the walls

gas_t dec?:de and arle nohw ConS|dt()ared fc()jr apph_catllon |r: re?l of the primary nanotubes. We also successfully employed ferritin
evices. bzor example, they can ehussg has smgﬁ €-MOIECUI&, generate secondary tubes, which resulted in secondary
tr]:an5|storb or asi |(rj1terconréects'on chp i ther app lcagonsd nanotubes of higher uniformity. This kind of nanotube network
of nanotubes include sensdremitters for light sources based ., ;4 pe further cross-linked by tertiary connections (nanotubes
on field emissiort;® and electron sources in transmission electron on nanotubes on nanotubes) and so forth. Such networks might
microscopes. Recently, the first working flat panel display a5 15 improve nanotube compound materials. The two
based on carbon nanotube field emitters has been reported. . nfiq rations (with and without secondary nanotubes) have
Nanotubes can serve as well as a conductive backbone for chaing o, compared with respect to their field emission properties

of metal clust.er§v.10 These c_Iusters may be used as electroqles Secondary nanotubes enhance the extracted current and the
or as cataly.tlc particles w!th a Iarge surface.area. Coatlng homogeneity of field emission substantially.
nanotubes with ferromagnetic materials can provide very precise
tips fo_r magnetiq force_ microscopy (MFM) _and spin-polarized Experimental Methods
scanning tunneling microscopy and thus improve the perfor-
mance of such methods. Cross-linking of carbon nanotubes can Generation of Primary Nanotubes.We produced the carbon
be important for the creation of nanotube networks for micro- nanotubes by using either 5@@/mL ferritin + 50 mmol Al-
electronics. Moreover, if the cross-links between the nanotubes(NOz)3:9H,O in demineralized watét as a catalyst, which
establish a stable connection, then it should also be possible toyielded in thin multiwall nanotubes{s nm), or a 50 mM ferric
create very strong polymer compound materials. Up to now the nitrate solution'* which produced tubes with a diameter between
mechanical strength of nanotubpolymer composites is much 10 and 20 nm. All samples were submitted for 5 min to a
lower than that of pure nanotuBésecause the nanotubes in  chemical vapor deposition (CVD) process using 20 mhygi,C
compound materials slip out of the polymer matrix when large at 660°C directly after deposition of the catalyst material. As
forces are applied. Nanotube networks made by cross-linking substrates we used tungsten transmission electron microscopy
can, in principle, alleviate this effect. (TEM) grids (@ 3 mm) for the structural investigations and

In this paper we show that a second stage of nanotubes onsilicon dies (1x 1 cn?) for the field emission experiments. In
top of primary nanotube films can enhance the field emission. the latter case the catalyst was delivered to the substrate by
Such films potentially can improve the homogeneity and mMmicrocontact printing.
efficiency of field emission flat panel displays. To reach this ~ Generation of Secondary NanotubesFor the growth of

secondary nanotubes, either nickel was sputtered on the primary

* Author to whom correspondence should be addressed. Phone: (914)Nanotubes, or the samples have been dipped into the ferritin

945-2053. Fax: (914) 945-4531. E-mail: cklinke@us.ibm.com. solution and dried in air. The samples were then resubmitted to
T Ecole Polytechnique Fiérale de Lausanne. the CVD process
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$ University of British Columbia. Transmission Electron Microscopy.For the charr_alctenzatlon _
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Figure 2. TEM micrographs of ferric-nitrate-catalyzed CNTs with
nominal (a) 5 nm, (b) 10 nm, and (c) 15 nm nickel coating. A clusterlike
nickel underlayer is visible, with a more electron transparent continuous
nickel top layer. The electron transparency is especially in part c clearly
observable.

Figure 1. TEM micrographs of multiwall CNTs with a nickel coating.

(a) Nominal 5 nm nickel layer sputtered at 2D, showing small clusters
with a high nucleation density. The scale bar corresponds to 40 nm.
(b) Nickel layer upon heating to 66%C for 2 min. Larger clusters
coexist with segments of continuous coating on the nanotube. The scale
bar corresponds to 100 nm.

of their behavior under heating we introduced the substrate grids
into a transmission electron microscope (Philips EM 430 ST,
operating at 300 kV) using a sample holder that is resistively
heatable up to 1000C.

Field Emission MeasurementsThe field emission measure-
ments were performed using the nanotube samples as cathode;
The emitted electrons were collected on a highly polished b)
stainless steel spherical counter electrode of 1 cm in diameter,
which corresponds to an emission area~df.007 cm.® The
distance between the electrodes was adjusted touh25A
Keithley 237 sourcemeasure unit was used to supply the
voltage (up to 1000 V) and to measure the current with
picoampere sensitivity, allowing the characterization of current
voltage (—V) behavior.

Figure 3. TEM micrographs of multiwall CNTs with a gold coating.
) ) (a) Nominal 5 nm gold layer sputtered at 20, showing gold islands
Results and Discussion with an arbitrary shape. (b) Same Au layer after heating to°@56or
. . ) - . . 2 min, showing the formation of spherelike clusters that have a small
To realize higher field emission currents at given extraction contact area with the nanotubes. Scale bars correspond to 50 nm.
voltages and better areal homogeneity of emitters by a second
stage of nanotubes, we first analyzed the behavior of nickel Nj16-18 and the more electron transparent parts are amorphous
decorated nanotubes at elevated temperatures. Ni.1920However, it is unclear what could cause such a change
Wetting Behavior of Metal on Nanotubes.We grew ferritin- from crystalline to amorphous Ni during film growth.
catalyzed CNTs on TEM grids and metallized them with nickel.  To classify the behavior of the nickel/nanotube system, we
The nominal 5 nm Ni layer of Figure 1a shows a clusterlike compare it with nanotubes decorated with nominal 5 nm Au.
structure with high nucleation density, leaving almost no parts Gold aggregates on the nanotube surface as a discontinuous
of the nanotube uncovered. Metal deposited on graphite or onpattern of small nanoscopic islands (Figure 3a) that presumably
nanotubes usually tend to yield in a low nucleation density, first decorate defects at the nanotube surfacEhe Au film
which is caused by the weak condensatebstrate interactiott. has a low nucleation density, leaving parts of the nanotube
Nickel has a relatively strong interaction with the graphitelike between the islands uncovered. Elevated temperatures causes
nanotube surface, which is attributed to curvature-induced the small Au clusters to merge into isolated large particles due

rehybridization of carbon gporbitals with the Ni d-orbitat? to the increased mobility and mass transpd? The temper-
The Ni coatings undergo a shape transition upon heating, asature-dependent changes of the Au coating have been studied
can be seen in Figure 1b after heating to 8€Dfor 2 min. by in situ heating in the TEM. When the Au is heated, islands

Upon being heated the clusters become bigger, and the numbeinitially change in shape and form more spherelike clusters to
of clusters per surface area is greatly reduced. Parts of theminimize the surface energy. Further heating to higher temper-
nanotubes are covered by segments of continuous coating, whictatures leads to integration of smaller clusters into bigger ones
did not exist beforehand. by diffusion of Au on the nanotube surface, known as Ostwald

Figure 2 shows nanotubes covered with nominal 5, 10, and ripening?* This reduces the number of clusters, and the
15 nm Ni. A clusterlike underlayer, as aforementioned, was remaining clusters grow in diameter; the result after heating to
observed in all samples. During an initial phase Ni clusters are 660 °C for 2 min is shown in Figure 3b. At temperatures over
formed on the nanotube, whereas additional Ni forms a 1000°C the Au clusters start to disappear, which is associated
continuous layer on top of the clusters. The amount of depositedwith the evaporation of the Au clusters due to the high vapor
Ni only influences the thickness of the continuous layer and pressure of those objects at elevated temperatures. The macro-
does not affect the clusterlike underlayer. An interesting scopic vapor pressure of Au is about20nbar at 1024C,%
observation is the difference in contrast between the dark while the base pressure in a TEM is clearly below this vapor
clusterlike underlayer and the more electron transparent top pressure. Gold decorated multiwall nanotubes could be used to
layer. After comparison with TEM images of Ni in other grow silicon nanowires on the sidewalls of the tubes. This would
publications, it could be that the dark imaged parts are crystalline render a interesting semiconductanetal junction.
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Figure 5. Field emission measurements on nanotube samples. Com-
parison of the field emission obtained for samples with ferritin-catalyzed
primary CNTs (black lines), with and without nickel-catalyzed second-
ary CNTs. Comparison of the field emission obtained for samples with
ferric-nitrate-catalyzed primary CNTs (gray lines), with and without
nickel-catalyzed secondary CNTs.

To enhance the uniformity of the secondary nanotubes we
used ferritin as a catalyst. After the growth of primary ferric-
nitrate-catalyzed CNTs on TEM grids, the samples have been
dipped into a ferritin solution, dried, and finally resubmitted to
the same CVD process. This method provides the advantage of
a very homogeneous metal cluster size, which is defined by
the ferritin core!? Indeed, thin nanotubes were found on the
sidewalls of the thicker primary nanotubes, as demonstrated in
: D Figure 4c. Again the secondary nanotubes are relatively short
? 7, and apparently less graphitized than the thicker and longer

. o primary nanotubes. In contrast to the Ni cluster cafleof the
Figure 4. TEM micrographs of secondary CNTs grown on the catalyst particles that are present on the primary nanotubes

st v T o) syt < TS o (<o . e growts f Seconbay nanbunes, From e
nickel-catalyzed CNTs grown on thin primary ferritin-catalyzed CNTSs. obser_vatlon we conclut_je that the fe”'?'” cores are very
(c) Secondary ferritin-catalyzed CNTs grown on primary ferric-nitrate- ffectively transformed into catalyst particles that have the

catalyzed CNTSs. correct dimensions for nanotube growth. It is worth noting that
the catalyst particles are always located at the tops of the
Growth of Secondary Nanotubeslron, cobalt, and nickel secondary nanotubes (both nickel- and ferritin-catalyzed); i.e.,
are known to be good catalysts for the growth of carbon all secondary nanotubes grow via the top-growth mechanism,
nanotubes by CVDB3 Even thin layers of these metals can be whereas ferritin nanotubes grown on Si/gEDbstrates usually
used for growing nanotubes because the thin layer will grow via the base-growth mechanidfie attribute this to the
fragmentize into small clusters when heated, as demonstratedveak interactions between the metal catalyst particles and the
above. We used Ni coated carbon nanotubes to grow secondangraphitelike surface of the nanotubes.
carbon nanotubes on the sidewalls of the primary carbon Field Emission with Secondary Carbon NanotubesThe
nanotubes. A nominal 5 nm Ni layer was sputtered onto ferric- influence of the secondary nanotubes on the field emission
nitrate-catalyzed primary nanotubes (Figure 4a) and onto thinnerproperties of nanotube samples has been investigated. A sample
ferritin-catalyzed primary nanotubes (Figure 4b). The samples with ferritin-catalyzed CNTs on a Si/SiCsubstrate without
were then resubmitted to the same standard CVD process for 5secondary nanotubes (black dashed line in Figure 5) has a turn-
min. As a result, secondary nanotubes were obtained on theon field E;, of 4.8 V/jum (field to obtain a current density of
sidewalls of the primary nanotubes. For both types of primary 10-5 A/cm?; first illumination of a screen pixel) and a threshold
nanotubes the nickel-catalyzed secondary nanotubes have dield Ey, of 7.9 V/ium (field resulting in a current density of
diameter of about 10 nm. In addition to the secondary nanotubes,10-2 A/cm?; saturation of a screen pixel). SEM observations
we found also Ni clusters that did not result in the growth of show that the nanotubes grow in random direction, and thus an
secondary nanotubes. These are, on one hand, the segments afbitrary part of the wall of the individual nanotubes (opposed
the continuous Ni layer with a comparatively large contact area, to the tip) points toward the counter electrode. This has two
and on the other hand Ni clusters that did not acquire the correctnegative effects for the emitted current density. First this reduces
dimensions required for nanotube growth (too small or too big) the field amplification factor for most of the nanotubes, and
or that were already poisoned by an excess of amorphous carborsecond, since only the nanotubes with highest field amplification
before nanotube growth could effectively set in. The secondary will emit, the actual emitter density will probably be low despite
nanotubes are less graphitized and shorter in length than thethe high nanotube densi®y When nickel-catalyzed secondary
primary nanotubes. The reduced length is possibly caused by ananotubes are grown (black solid line), the field emission
faster poisoning of the catalyst particles by amorphous carbonproperties improve (i.e., a larger emitted current density for a
on the catalytically active surfaces. certain applied electric field), with noy, = 6.6 Vjum. The
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secondary nanotubes are not significantly thinner than the small contact area with the nanotube, whereas the Ni clusters
primary ferritin-catalyzed CNTs (see also Figure 4b), and are stretched along the nanotube direction and have a larger
therefore the improvement cannot be ascribed to a smaller radiuscontact area.
of curvature at the tip. In fact, the deduced field amplification Secondary nanotubes have been established by growing
is even about 10% smaller, possibly because of the short lengthnanotubes directly on the walls of primary nanotubes. Thin Ni
of the secondary nanotubes. We assume that the field emissiorayers or ferritin served as catalysts. These secondary nanotubes
is improved by secondary nanotubes that are located at thehowever attain lengths of generally only -5000 nm. The
sidewall parts of the primary nanotubes that are close to the presence of secondary nanotubes clearly improves the field
counter electrode. These parts of the primary tubes would emission characteristics of the nanotube samples. The field
normally not emit electrons because they are not the nanotubeenhancement factors of the samples do not improve, and the
tips. The secondary nanotubes located there facilitate field improvement in field emission is therefore attributed to an
emission from an increased number of emitters per surface areaincreased number of effective emitters.

A similar experiment was conducted for the thicker ferric-
nitrate-catalyzed primary CNTs. The sample with just primary ~ Acknowledgment. The Swiss National Science Foundation
CNTs (dashed gray line) has a turn-on fi@ld = 5.2 Vjum. A is acknowledged for the financial support. The electron micros-
threshold field was not achieved and must be above/8nv/ copy was performed at the Centre Interdepartmental de Mi-
These field emission characteristics are inferior to the ferritin- croscopie Electronique of the Ecole PolytechniqudéFale de
catalyzed CNT sample, most probably caused by the larger Lausanne.
diameter of the nanotubes. The growth of secondary nickel-
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