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Uniform patterned growth of carbon nanotubes without surface carbon
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In order to utilize the unique properties of carbon nanotubes in microelectronic devices, it is
necessary to develop a technology which enables high yield, uniform, and preferential growth of
perfectly aligned nanotubes. We demonstrate such a technology by using plasma-enhanced
chemical-vapor depositiofPECVD) of carbon nanotubes. By patterning the nickel catalyst, we
have deposited uniform arrays of nanotubes and single free-standing aligned nanotubes at precise
locations. In the PECVD process, however, detrimental amorphous caab@h is also deposited

over regions of the substrate surface where the catalyst is absent. Here, we show, using
depth-resolved Auger electron spectroscopy, that by employing a suitable dep¢ad&iplene,

C,H,) to etching(ammonia, NH) gas ratio, it is possible to obtain nanotube growth without the
presence o&-C on the substrate surface. 2001 American Institute of Physics.

[DOI: 10.1063/1.1400085

The remarkable structural, electrical, and mechanicagiions was verified for a £,:NH; ratio of 1:5(20%) using
properties of carbon nanotubes have generated considerallepth-resolved Auger electron spectroscopy.
interest in their application in a myriad of nanoelectronic Nickel catalyst and diffusion barrier thin films were de-
devices, scanning probe$, field-emission source$,and  posited onto doped Si substrates and patterned lithographi-
supercapacitor$High-quality single and multiwalled carbon cally using a lift-off process. Both optical lithography and
nanotubes can be deposited using high-pressure’da6er  electron-beam lithographyfor submicron featurdswere
ablation? and chemical-vapor depositia€VD).” The ad-  ysed to define the Ni catalyst areas. The diffusion barrier
vantage of CVD synthesis is that it is a controllable andayer prevents the formation of NiSwia diffusion above
deterministi€ catalytic growth process—that is, the growth 300 ¢ and maintains “active” Ni particles for the catalytic
location of the nanotube is precisely determined by the Iocaﬁucleation and growth of the nanotubes, resulting in 100%
tion of the catalyst on the substrate. This enabling technologiield of nanotubes. Typical diffusion barrier materials for

allows us to construct useful nanotube devices by usind,. . ne growth are Siand TiN2 Upon annealing to the
readily available patterning techniques such as lithography to

. growth temperature of 700 °C, the nickel thin film was found
accurately place the catalyst followed loy situ nanotube . . .
growth, to break up into nanoparticles which seed the growth of the

Patterned arrays of nonaligned and vertically aligneonanf)t_u,bes', In geqerql, we havg found that the thlckngss of
nanotubes have been deposited using various types Hpe initial mck'el thin film determines the' size and density of
cvp.o-11 Single nanotubes, nucleated using submicron patthe nanoparticles formed after annealing, and hence, also
terned catalysts, can be deposited using plasma-enhancg@nirols the diameter, height, and density of the
chemical-vapor depositiofPECVD).*2A major concern of ~Nanotubes:** After reaching a temperature of 700°C, the
the PECVD growth process, however, is the formation ofhanotube growth was initiated immediately by introducing
surface amorphous carbom-(C), which has been largely NH; and GH, into the chamber and initiating the direct cur-
ignored in the literature. This can cause problems in devicéent(dc) glow dicharge. The nanotubes were grown in a bell
fabrication and operation. jar vacuum chamber pumped to a base pressure of Torr

In this letter, we show that it is possible to grow uniform using a rotary pump. The glow discharge plasma was initi-
arrays of vertically aligned nanotubes at precise locations oated usig a 1 kW dcgenerator between the heated substrate
Si substrates via lithographic patterning without the deposiholder a a 2 mm Cuanode situated 2 cm from the cathode.
tion of a-C. Thea-C can be almost entirely eliminated from A|l the depositions were carried out at a bias voltage of
the unpatterned regions by utilizing the appropriate ratio of- 600V, drawing a bias current of 0.1 A. The,H;:NH;
the deposition gasi.e., acetylene gH,) to the etching gas ratio was varied from 15% to 75% in order to investigate the
(ammonia NH). The absence od-C in the unpatterned re- jnfluence of the gas composition on the formationaet.
Additional experimental details and growth characteristics
dElectronic mail: kbkt2@eng.cam.ac.uk using our method are presented elsewtéi@espite being
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FIG. 2. Scanning electron microscope images of patterned substrates depos-
ited at different GH, to NH; ratios. The morphology of the unpatterned Si
area clearly changes from being etched at a g CGatio to being covered

by a thick, delaminating-C film for high GH, ratios. Note that at the 4£1,

ratio of 75%, nanotube tip heads can be observed to protrude froa @e

film on the patterned area.

nanotube height5 um) to reduce the electric-field shielding
from adjacent tubes for field-emission applicatidhsThe
ability to control the density of the nanotubes is further dem-
onstrated by the lithographic pattern shown in Fig)1

The tip-growth mechanisni.e., the Ni nanoparticle is
found on top of all our nanotubgss favored in our process
because the nickel nanoparticle is easily detached from the
. M diffusion barrier when growth initiates. We also are able to
g W' ‘ . grow nanotubes which are uniform in height that is deter-
. ‘j’]lllﬁj‘r"‘mm - mined by the deposition time using the tip-growth mecha-

‘mw : nism. In contrast, the deposition rate drops off in the base
FIG. 1. (a) Bunches of nanotubds- 100 nm in diameterare deposited on 1

growth of the nanotubes on flat Si substrates due to the cata-
lyst being covered by carbon layérs.
um nickel dots because the nickel catalyst film breaks up into multiple  Although our PECVD method yields uniform and
nanoparticles(b) Single nanotubes are deposited when the nickel dot size isaligned nanotubes, a potential problem arises from the simul-
reduced to 100 nm as onI_y a s_ingle ni_ckel nanoparticl(_e is formed from thggneous deposition ai-C. Unlike nanotubes which exhibit
dot. (c) Demonstration of high yield, uniform, and selective growth of nano- . . . .
tubes at different densities. preferential growth at catalyst sitea;C is deposited over
the entire substrate. The role of Nih the plasma is to etch
carbon, and thus a balance has to be struck between the
perfectly aligned, the nanotubes contain structural defectgrowth of nanotubes and removal @fC. Patterned regions
and are sometimes referred to in the literature as nanofibergith the Ni catalyst and unpatterned areas after nanotube
Figure 1 shows various examples of nanotube arrays deyrowth at varying GH,:NHj ratios are shown in Fig. 2. Note
posited using this process. Figuréall shows nanotubes that nanotube growth can only be observed on regions where
grown from 1um Ni dots. It can be seen that several nano-the Ni catalyst is present. The nanotubes are characteristi-
tubes with diameters-100nm are nucleated on each dot. cally different at varying gas ratios, in agreement with our
Thus, when the patterned Ni dot size is decreased tprevious result$? The unpatterned regions on the substrate
~100 nm, single nanotubes on each Ni dot can be grown, asre also different depending on the gas ratio used. Aniso-
shown in Fig. 1b). Since the size of the patterned Ni islandstropic etching of the Si substrate can be readily seen when
is uniform, the corresponding nanotubes are also uniform ithe GH, concentration is 15%, indicating that the etching
height and diameter. The nanotubes are tapered in shape distem NH; is greater than the deposition afC. At higher
to the plasma etching effect of NHThe spacing between C,H, concentrations, we observe the different morphologies
the nanotubes can be controlled via lithography while theof thea-C layer as its thickness increases on the unpatterned
height of the nanotubes is controlled by the depositiorareas of the substrate. In fact, at a 75% ratio gfl{ we
time* The nanotube array of Fig.(l) satisfies the prereq- observe peeling of the-C film on the unpatterned area and

uisite of intertube distancél0 um) being twice that of the tip-shaped nanotube hed@grotruding from thea-C on the
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FIG. 3. Summary of depth-resolved Auger chemical analysis on the unpatt!G- 4. (8) Patterned spaghetti-like nanotubjgggh-magnification image
terned Si areas of samples deposited at differghb,@atios. Below 30%, no ()] grown using thermal CVD. Na-C or interface layer was observed on.
a-C is detected. In all PECVD cases, a thin interface layer is detected due '€ unpatterned areas, as confirmed by depth-resolved Auger chemical
the reaction of ionized ,/NH, species in the plasma with the Si surface. analysis.

the plasma. For thermal deposition,H; is only decom-
posed by the Ni catalyst for the growth of nanotubes and not
over the unpatterned Si surface. Thus, thermal CVD is a
§Iean growth process but at the expense of the nonalignment
of the nanotubes.

patterned nickel area. Thus, the optimajHg ratio for
“clean” nanotube deposition lies between 15% and 30%.
The chemical composition of the unpatterned Si area:

was investigated by Auger electron spectroscoplS) us- X
ing a Physical Electronic PHI 680 Auger nanoprobe. iAn In conclusion, we have demonstrated the patterned depo-

situ 2 keV Ar-ion gun was used to sputter the surface anosition of aligned carbon nanotubes by PECVD. By suitably

provide depth-resolved chemical analysis. FgHgratios of adjusting the 6H, to NH; gas ratios, it is possible to elimi-
30% and abovea-C (with only 5%—10% atomic Nis de- nate the undesirable surface carbon on the nonpatterned areas

of the substrate. Uniform arrays of single vertically aligned

tected on the surface of the film. By operating at ratios )
<30%, we can achieve nanotube growth without@notubes have been successfully deposited and the charac-

amorphous-carbon deposits. The thickness of the amorpho(i&/istics of these arrays are currently being studied.
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