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Electron field emission from phase pure nanotube films grown
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Phase pure nanotube films were grown on silicon substrates by a microwave plasma under
conditions which normally are used for the growth of chemical vapor deposited diamond films.
However, instead of using any pretreatment leading to diamond nucleation we deposited metal
clusters on the silicon substrate. The resulting films contain only nanotubes and also onion-like
structures. However, no other carbon allotropes like graphite or amorphous clustered material could
be found. The nanotubes adhere very well to the substrates and do not need any further purification
step. Electron field emission was observed at fields above uB\4hd we observed an emission

site density up to 1Wcn? at 3 V/um. Alternatively, we have grown nanotube films by the hot
filament technique, which allows to uniformly cover a two inch wafer. 1898 American Institute

of Physics[S0003-695(98)00141-7

Since lijima’s original work! carbon nanotubes have 98%) gas mixture, otherwise used for the growth of diamond
been recognized as fascinating materials with promising apflms.* The growth parameters used are standard growth
plications in carbon chemistry and physics. At present, thereonditions for the deposition of chemical vapor deposition
are several approaches to produce nanotubes. The arc d{€VD) diamond films, except for the slightly increased sub-
charge methadand the carbon vapor method use the pyroli-strate temperature. However, instead of scratching the silicon
sis of hydrocarbonge.g., benzene at approx. 1000°€py  substrate with diamond powder or biasing it with a negative
laser vaporization and variant or combination of these methelc voltage in order to get a high diamond nucleation density,
ods. A comprehensive overview is given in Ref. 4. we used a different pretreatment. Metal was deposited either

Catalytic methods for making nanotubes have their ori-by sputter coating a very thin film of NB00—400 A or by
gin in the corresponding work on carbon fibell methods spraying FENOs); dissolved in ethanol onto the silicon sub-
discussed in the previous paragraph have also been useddpate. After introducing the sample into the growth chamber
make nanotubes by using a metallic catalyst. In the ar¢gNO,); is chemically reduced by the high concentration of
method such catalysts as Co, Fe, or’Nias well as Y and  atomic hydrogen to metallic Fe and forms little clusters due
Gd®® were used to grow nanotubes. Mixed catalysts such ag the increased mobility at 900 °C at the surface. A similar
Fe/Ni, Co/Ni, and Co/Pt are reported to give an improvedeffect is observed on the sputter deposited Ni cluster. Any
nanotube yield”** Each method has its strengths and weak-oxygen impurities are removed and the continuous thin layer
ness. The carbon arc method remains the most useful bef Ni forms little islands. These Ni or Fe clusters act as
cause of its ease with which large amounts of nanotubes cagatalytic growth centers for nanotubes. A typical growth time
be produced. was 15 min. Afterwards the films were analyzed either by a

A common drawback of all the mentioned methods are aigh resolution scanning electron microscope Zeiss DSM
number of impurities incorporated in the nanotube materialg82 (HRSEM) or by a transmission electron microscope
whose type and amount depend on the deposition techniquergm).

The most common are of carbonic nature such as graphitic or - The best deposition conditions for nanotube were found
amorphous nanoparticles. During the last years a number @fy placing the substrate in a remote position where the
purification processes have been developed: gas phaggsma ball, which is typical for this kind of discharge is
purification;* liquid phase purification? and purification by |ocated well above the sample. Otherwise, the high concen-
intel’calationl.s Metallic impurities, used during the CatalytiC tration Of atomic hydrogen etches the growing f||m A|terna_
growth, can be removed for the most part by heating thejyely, the sample surface could be tilted by 180° in order to
sample up to the evaporation temperature of the impufities protect the growing nanotube film from the reactive species

In this letter we present an alternative method for thegf the plasma. Figure 1 shows a HRSEM picture of a nano-
growth of nanotubes. We describe a process by which nanqgpe film. The picture at the top of Fig. (&) clearly shows
tubes can be deposited on a silicon substrate as a thin film. §ow the nanotubes grow from the metallic clusters in all
is very phase puréonly nanotubes or onion-like structuies girections like a pin holder. The image in Fig(bl shows
and adheres very well to the substrate. ~_ nanotubes arranged in a “spaghetti-like” structure. At higher

The films were grown on silicon substrates via micro-resolytion the diameter of the individual nanotubes can be
wave plasma chemical vapor deposition in a tubular deposigetermined to be in the range of 20—60 nm, while its length
tion system(2.45 GH32 at a gas pressure of 40 mbar and acg pe as long as 106m. Nanotubes uniformly grow over
substrate temperature of 900—1000°C from a,GH (2%/  {he whole substrate and adhere pretty well to it.

At the moment it is rather difficult to speculate about the
3Electronic mail: olivier.kuettel@unifr.ch growth process. It seems that nanotubes and diamond can
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FIG. 2. TEM images of the nanotubes. Open as well as closed nanotubes
can be observeth). A closer look reveals that also onion-like structures are
FIG. 1. HRSEM pictures of the nanotube film. Nanotubes grow from theformed at the film surfacé).

surface of the metallic island in pin-holder manr{@) (image size %9
um?). The spaghetti-like structure is clearly shown(b) (image size 30

%30 um?). tiwall nanotubes. However, in many cases onion-like struc-

tures were found side by side with nanotupEwy. 2(b)].

Little is known about the role of the metal clusters. In
grow side by side depending on the nature of the nucleatiofany models the metal cluster is considered to be a seed,
center. Metallic clusters give rise to the growth of nanotubesetting the outer radius of the filaméfitt’ However, some
films and diamonds or diamond precursors at the surface leaflodels assume that carbon diffuses through the metal seed
to CVD diamond growth. These findings were already re-and condenses at the bottom hence, pushing up the'$ged.
ported by other group’. It seems that the only stable carbon contrast to results presented in Ref. 15 where metal particles
structure growing at typical diamond CVD conditions en-were found at the top of the growing nanotubes, we could
countered in a microwave reactor are diamond and nandind metal cluster as seeds only. It seems that in our growth
tubes. As for the growth of diamond, the high atomic hydro-process the size of the metal cluster can be substantially
gen concentration is certainly a key parameter. It induces thrarger as the diameter of the nanotube growing on its surface.
plasma chemistry, saturates the dangling bonds during th€his is clearly illustrated by looking at Fig(d) where metal
growth process and etches nondiamond/nanotube phaséslands in theum range can be observed.

This is a rather important advantage of this growth process. These nanotube films are well suited for electron field
The films consists of pure nanotube without any carboremission applications. First of all they can be grown on large
nanophase impurities. Hence, these films are well suited fasurfaces, are phase pure, without large clusters of carbon,
many applications and do not need any subsequent purificand adhere well to the substrate. The electron emission is
tion step. TEM investigations at these films revealed thagoverned by the tangle of nanotubes where statistically some
open and closed nanotubes are forffeid. 2(a)]. This might  nanotubes protrude out of the film. Hence, it is not necessary
be due to the high concentration of atomic hydrogen in theo align the nanotube after the deposition process as it was
gas phase, where deposition and etching of the nanotube fildone by other group$. The field emission measurements
are In a deiicate balance. So far, we could only observe mulwere performed by taking current—voltage-{/) curves at
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FIG. 3. -V measurements on a nanotube film with the inset being the
Fowler—Nordheim representation of the data. Emission starts at Z&V/

108 mbar with a Keithley 237 instrument. The detection
limit was 1 pA at maximum voltage% 1100 V). The emis-
sion current is collected by a highly polished steel sphere of T K G o

4 mm diameter, mounted on a linear piezo drive, with a step © M o
size of 1um and 10 mm travel. The anode is grounded over Field= 3.1 V/um

a 100 M1 ballast resistor. Alternatively, the emission could gi_ 4. Electron field emission as monitored by a phosphorous sd@és.

be monitored with a phosphorus coated indium tin oxidetaken at 2.5 Vkm, (b) at 3.1 Vjum. The size of the image is &3 cn?.
(ITO) glass electrode in order to determine the emission site

density. In Fig. 3 we show—V measurements with the inset ~ The authors are indebted to R. Wessicken at ETHcEu
being the Fowler—Nordheim representation of the data. Théor performing the TEM investigations. Part of this work was
emission starts at a field of a 1.5 Mh. Using a work func- supported by the Swiss National Science Foundation
tion of 5 eV one can deduce from the slope of the straight NFP36 and the Swiss Priority Program of Materi&2PM.

line in the Fowler—Nordheim representation an aspect ratio1S i Nature(London 354 56 (199

of approx. 80.0_100(.) which _is f_urth_er confirmed by HRSEM. 28: Illillrrrrg T.avlilr.E(El?t?es?er;, an,d P.(M. ,JA)j.ayan, Natuteondon 358 220
The mechanism of field emission is clearly governed by the (199,

field enhancement at the apex of the nanotubes. A more rig2M. Endo, K. Takeuchi, S. Igarashi, K. Kobori, M. Shiraishi, and H. W.

orous investigation of the work function of nanotubes, using Koto. J. Phys. Chem. Solids4, 1841(1993.

ived field L. . | f5 §%M Carbon Nanotubesedited by Th. W. EbbesefChemical Rubber, Boca
energy resolved Tield emission, gives a value of . : Raton, 199%. Carbon Nanotubesdited by M. Endo, S. lijima, and M. S.

Fig. 4 the emission was monitored on a phosphorus screen presselhaugPergamon, New York, 1996
At a field of 2.5 Vjum the emission site density is approx. SGraphite Fibers and Filamentedited by M. S. Dresselhaus, G. Dressel-

: ; ; haus, I. L. Spain, and H. A. Goldbef&pringer, New York, 1988
10%cn and increases to its maximum at roughly 3ud & lijima and T. Ichihashi, Naturé_ondon) 363 603 (1993.

when the whole screen is illuminated, making it even impos-7p_ s Bethune, C. H. Kiang, M. S. de Vires, G. Gorman, R. Savoy, J.
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