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A modified chemical vapor deposition process, which utilizes a susceptor to absorb the microwave
and to self generate the heat, for heating up the Si substrate, was used for growing carbon nanotubes
(CNT9). The advantage of such a process is that the deposition chamber can be maintained at around
room temperature with only the substrates localized heated, such that the deposition temperature can
be more precisely controlled. The influence of the pretreatment process for catalyst-coated Si
substrates on growth behavior of CNTs and the related electron field emission properties were
systematically examined. Among the form of catalyst used, thibl®g;—ethythersilicate mixture
performs much better than the dc sputtered Fe films. The higher the concentration of Fe species in
the catalyst mixture, the denser the CNTs formed on the substrates, resulting in better field emission
properties. Thus grown CNTs can be turned on at a very low fig}g=0.78 V/um), achieving a

very large emission current density &=13 mA/cn?) at 5.5 Vjum applied field. ©2001
American Vacuum SocietyDOI: 10.1116/1.1375813

[. INTRODUCTION self generate the heat, was used as a substrate heater, such

Since their first successful synthesis by the arc dischargh@t the CH reacts locally with catalyst coated on @00
ing techniqué, and the subsequent method with the metaiSubstrates. The catalyst is a mixture of iron nitrate
catalyst in an inert gas atmosphéreextensive investiga- [F&NOg)s] and  ethyl-silicate [Si(OCHs)s].  The
tions on carbon nanotubes have been pursued due to th&if(NOs)s-5H,0 was first dissolved in ethanol with a concen-
unique physica| propertiég and potentia| technological tration of 0.01, 0.1, or 1.0 M and then was added into ethyl—
application€~8 The arc discharging technique, which can Silicate drop by drop. The KBO;);—Si(OC,Hs), catalyst
synthesize the carbon nanotub@NTs) directly from a  Wwas then spin coated on silicone substrates, followed by py-
graphite, is simple but usually produces a mixture of carborfolysis and H plasma reduction processes. Pure methanol
clusters and carbon nanotubes. The chemical vapor depodicH,) with 300 sccm flow rate was used as reaction gases.
tion (CVD) process can grow CNTs on a catalyst substrate'he chamber pressure was maintained at about 700 Torr and
and thus produced materials contain a large proportion ofubstrate temperature was kept at around 1100 °C, during the
CNTs. The drawback in this process is that the scaling up ofirowth of CNTs.
the process is difficult due to the high substrate temperature The morphology of CNTs was examined using scanning
needed. Moreover, gas phase reaction is easily induced &ectron microscopyJoel-800, Hitach S-4700The electron
such a high temperature environment. field emission properties of CNTs coated on a Si substrate

In this article, we modified the CVD process to improve \yas measured using a diode setup. An indium—tin—oxide-
the quality of CNTs. SiC materials were used as susceptoigyated glass, which served as an anode, was separated from
to absorb the microwave, self generating the heat. The suqhe cathode, CNT-coated silicon, by a 18 spacer. The

strates can be raised to CNTs deposition temperature, Wh'lgl.lrrent—voltagel(—V) characteristics of the paralleled plates

maintaining the surrounding at low temperature. The nUC|e\'/vere measured using Keithley 237 under 4ambar and

ation and growth of CNTs can be better controlled. The in-

L . were analyzed using the Fowler—NordhgiRN) model. The
fluence of characteristics of substrate, catalyst species, ar%l(ﬁn-on field E,) was designated as the voltage at which the

ngt‘;eggj‘ég[;chgﬁiﬁ on growth behavior of CNTS were 2y 1nn biot (FN ploy deviates from straight line. The
¢l B ratio (¢,) is estimated from the slope of the straight
line, whereg is the true work function of the CNTs arglis
Il. EXPERIMENTS the geometric factor of the emission sites. The emission cur-
A modified microwave enhanced plasma CVD procesgent density is estimated simply by dividing the emission
was utilized to synthesize the CNTs. A novel techniquecurrent by the emitting area, which is defined by the opening
which use SiC as a susceptor for absorbing the microwave tof the spacefi.e., 5 mnx5 mm).
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Fic. 1. Micrographs of CNTs grown on B¢O5;);—Si(OC,H5), catalyst mix-
ture, indicating that CNTs stem out from the tip of a catalyst cluster.

[ll. RESULTS AND DISCUSSION

The growth behavior for CNTs in the microwave heating
thermal CVD(MHT-CVD) process is not very much differ-
ent from that of the conventional CVD process. As shown in
Fig. 1(a), most of the CNTs, about 300 nm in diameter, s 2. variation of morphologies of CNTs grown on(Rs);—SiOC,Hz),
nucleate and grow from the catalysts, which are sphericadatalyst mixture with the F&O,); concentration in the catalyst mixture.
Fe-containing clusters about the same size as the CNTSs. Fig-
ure 1(b) and the inset illustrate even more clearly how the
CNTs grow from a catalyst particle. To successfully synthe-CVD process. The Si clusters not only react with Fe clusters,
size the carbon nanotubes, the substrate temperature need$td also interact with the Si substrate, which improves the
be maintained at around 1000 °C, which is in fact the mosadhesion of carbon nanotubes. The CNTs to Si interaction is
critical conditions for the synthesis of carbon nanotubes irexpected to improve the electron transport from substrates to
the MHT-CVD process. The carbon nanotubes thus obtainegmitting materials, CNTSs, since the electron transport barrier
which are curved and about several microns in length, disis greatly reduced.
tribute over the substrates uniformly, and the number density The electron field emission properties of the thus obtained
of carbon nanotubes increases with the concentration of Fearbon nanotubes are shown in Fig&)33(b), and 3c) to
clusters contained in the catalyst mixture, as illustrated irreveal that all the CNTs-coated silicons exhibit very good
Figs. 2a), 2(b), and Zc). These results clearly imply that, in electron field emission properties. The electron field emis-
the FENO3);—Si(OC,Hs), mixture, the Fe clusters are the sion current density increases with Fe concentration in the
acting catalytic sites, promoting the formation of carbonFeNO;);—Si(OCHs),, Fe—Si—OR mixture. The electron
nanotubes. The 8DC,Hs), is presumably reduced to Si clus- field emission current density is aroundJ)oo1r m
ters due to preheating under reducing atmosphere in the75 pAlcm? at 5.5 Vjum applied field for the CNT layer
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Fic. 4. (a) Morphology and(b) electron field emission properties of CNTs
grown on Si substrates using (BR); as catalyst (ORC;H;7,COO).

It should be noted that, although the electron field emis-
sion current densityJ,) varies markedly as the Fe content of
the catalyst mixture changes, tiig= ¢/ ratio of the three
CNT layers changes insignificantly, i.epe=0.016—0.022
eV [cf. Figs. 3a), 3(b), and 3c)]. If we assume that the true
work function (¢) of the CNTs, which is a sheet of rolled
sp? network, is the same as the graphifes., (¢)cnr="5
eV], we can estimate approximately thg&t=1000 for the
CNTs shown in Fig. 2. These results infer that all of the

Fi. 3. Variation of electron field emission properties of CNTs grown on aCNTSs, which emit electrons under the application of electric

Fe(NO3);—Si(OC,Hs), catalyst mixture with the R&lO;); concentration in

the catalyst mixture.

grown on the 0.01 M Fe—Si—OR coated substrate. Jhe
value of the CNT layer increases dramatically tQ)6.1 m
=4500 uAlcm? and even to a value as high adg); u
=13 000 pAlc?, as the F&' content in the catalyst mix-
ture increases from 0.1 to 1 M, as shown in Fig&) &and
3(c), respectively. Moreover, the turn-on fiele ) estimated

field, are of similar characteristics. The¥econtent in the
catalyst mixture does not alter the diameter, the length, or the
electron field emission behavior of individual CNTs. The
larger electron field emission current density for the CNT
layer grown @ 1 M Fe—Si—ORcatalyst mixturg Fig. 2(c)]

is mainly due to higher number density of the CNTs. Re-
stated, the electron field emission properties of the CNTs
insignificantly change with the conditions for synthesizing
the CNTs. The detailed structure of the CNTSs, viz, chirality,
single wall/multiwall, open end/closed end, seems not to

from the FN plots decreases monotonously with concentramarkedly influence the electron field emission characteristics

tion of FE' in the catalyst mixture, viz,Kq)oo; y=1.56
V//.Lm, (EO)O.l M= 1.44 V/Mm, and EO)l M:078 V/Mm

J. Vac. Sci. Technol. B, Vol. 19, No. 3, May /Jun 2001

of the CNTs. Therefore, the substrate pretreatment process is
believed to be the most important factor modifying the elec-
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tron field emission characteristics of the CNT layers grownhibit largest emission current density when using spin coated

by this technique. 1 M FeNO3);—Si(OC,Hs), as a catalyst. The electron field
To support the above-described arguments, the charactezmission can be turned on BH=0.78 V/jum, attainingJ,

istics of CNTs synthesized on a different form of Fe catalyst= 13 000 A/cm? under 5.5 Vum applied field, even though

were investigated. Figure(d reveals that when spin coated the CNTs are randomly oriented. These CNTs possess large

Fe—alkoxideg (Fe(C;H,-,CO0)3), FeOR)3], were used as a enough electron field emission properties and have good po-

catalyst, CNTs can also be easily grown on the Si substratntial for applications as electron emitters in field emission

using similar synthesizing parameters. The thus obtainedisplay.

CNTs also possess very good electron field emission proper-

ties [Flg 4(b)] It takes onIyE0=2.2 V/,LLm to induce the ACKNOWLEDGMENT
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