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In situ -grown carbon nanotube array with excellent field emission
characteristics
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In situ catalytic thermal decomposition method was used for producing aligned multiwalled carbon
nanotubegMWNTS) in bulk quantities on stable and electrically conducting substrates. Very low
turn-on electric fields of 0.75 Yim and low threshold fields of 1.6 V/um (for current density of

10 mA/cnt) were obtained from the MWNT arrays grown on TiN substrate. Furthermore, large
emission current densities of 1-3 A/€rwere obtained at reasonably low fields of less thah

V/um. These enhanced emission properties are tentatively attributed to the oriented and
high-density nature of the emitting carbon nanotube structure and the high-conductivity, stable
nature of the TiN substrate onto which the nanotubes are attache@00© American Institute of
Physics[S0003-695000)05325-0

The recent discovery of electron emission from carborsion applications are lacking. For example, de Heteal 1°

nanotubel® has generated excitement since carbon nanodemonstrated field emission from thin films of aligned mul-
tubes can serve as ideal, tiny electron emitters for developintiwalled carbon nanotubg8MWNTs) that were produced by
efficient and inexpensive field emission devices such aslrawing nanotube suspension through a ceramic fille2
vacuum microwave power amplifiers and flat panel displayspum pore sizg Li et al!! synthesized oriented MWNTs from
Several characteristics of carbon nanotubes suggest that thtye decomposition of acetylene at 700°C over iron-
are suitable and promising for cold cathode applicationgianoparticle-embedded mesoporous silica which is electri-
since(i) they possess an inherently high aspect rdéingth/ ~ cally insulating. High-purity aligned MWNTs were also pro-
diameter ratio of>1000 with the resultant, large field am- duced between laser-etched tracks on cobalt films on
plification factor, (i) they possess high chemical and me-insulating silica substrates from a catalytic decomposition of
chanical stability, andiii) they are capable of producing triazine at 1000 °C? Large arrays of aligned MWNTs were
large current densities at modest, practical electrical fiel@rown normal to nickel-coated glass substrates by a plasma-
levels. Nanotube-based emission devices are also capable @thanced hot filament chemical vapor deposition of acety-
exhibiting bright light emission for over 10 000°h. lene and ammonia gas€sMore recently, from prepatterned
For field emission applications, the carbon nanotube&e-catalyst islands on porous silicon, Fan and co-wotkers
must be grown on electrically conductive substrates in ordeféported the growth of “MWNT towers” that showed good
to be able to serve as a cathode and continuously supp§Mission properties. _ .
electrons to the field emitter. The nucleation and growth of A common drawback with these methdtis is that
carbon nanotubes is conveniently achieved by a thin filnf€Y require special processing of substrates or separate, pre-
deposition of a catalyst layer such as Ni, Co, and Fe off€Position of a catalyst layer on substrates in order to pro-
insulating substrates such as silica, alumina, or semiconducf!ce aligned MWNTs. We have recently reported a simple,
ing substrates such as silicon. Typically, the initially continu-IN€XPensiven situmethod for preparing aligned MWNTS on

ous catalyst films are broken up into isolated islands Whosglectncally insulating substrates such as sifit@ur synthe-

average size is comparable to the nanotube diameter f s method is basgd on the.catalytlc decomposmon of
errocene—xylene mixture. In this letter, we reportiarsitu

nucleation of carbon nanotube growth. Thus, on insulatin rowth of alianed nanotub n stable and highl nductiv
substrates, the electrical conductitthe continuous supply 0 ot aligned hanotubes on stable a gnly conductive
substrates of TiN, and discuss their excellent field emission

of electrons to the emitting tipsis mostly absent, either .

through the substrate thickness or along the substrate surfaé)erpﬁﬁr?ﬁ:'two_sta e reactofdescribed previously in Ref
In spite of the encouraging progress in the carbon nanoiS) the xylene—fer?ocene mixtur@e ~OP75 at. %yis con- '

tube research, there is still a need for developing a syntheshshuously injected into the preheatenaintained at-200 °Q

method that is inexpensive and readily scalable to produc

hich i bes for devi licati : icul sing a syringe pump. As the xylene—ferrocene vapors
Igh-quality nanotubes for device applications. In particu ar’emerge at the outlet of the preheater a stream of A(\gihk

simple synthesis methods for preparing well-oriented nano g hydrogeh sweeps the vapors into the furnageain-
tubes on highly conductive substrates suitable for field emisgyinaq at~700 °Q where it is decomposed to produce high
purity, aligned MWNT arrays on the inner walls of the fur-
dCorresponding author; electronic mail: rao@pop.uky.edu nace and the substrates placed inside the furnace. In a typical
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run, the silica tube reactdinner diameterp~34 mm with a
foot long preheater and two foot long furnace, are operated
for two hours to produce-0.4 g of high purity MWNTSs for
a xylene—ferrocene feed ratR) of 1 ml/h. Under identical
operating conditions, the combined wall and substrate nano-
tube material averaged-1.85 g in a similar reactor with
¢~95 mm and R-4.4 ml/h without noticeable degradation
in the quality of the MWNTS. High resolution scanning elec-
tron microscopy(SEM) images and energy dispersive x-ray
analysis of MWNT arrays produced by the method described
in Ref. 15 suggest that the growth of the MWNT arrays
begin after an initial deposition of an Fe layer on the silica
substrates. Moreover, high resolution transmission electron
microscopy(TEM) studies indicated good structural integrity
of individual MWNTs with the most dominant outer diam-
eter of ~25 nm. Further evidence for structural integrity was \\ . A
obtained from polarized micro-Raman spectrosctipy. m B /(]

The field emission measurements were carried out at S
room temperature in a vacuum chamber with & 3@orr FIG. 1. SEM image of aligned MWNTs grown da) TiN substrates(b)
base pressure. The experimental procedures for current defeN substrates.
sity measurements were described in detail elsewHéfe.

Briefly, a voltage up to 2 kV was applied to a Eemisphericaland Y—-Ba—Cu—0 superconductor materiabnducting car-
molybdenum anode probeadius of curvaturd®~250 um)  qas (such as WC, Ti€, and conducting nitridegsuch as
which is 10-300um above the emitter surface. We used aTiN, zrN, TaN). The oxide substrates were seen to be par-

translation stage in the vacuum chamber to control_the di_sﬁa”y reduced and decomposed under our operating condi-
tance between the anode and the cathode. A hemisphericgl\s and no noticeable nanotube nucleation occurred. The
probe approach is a better measurement technique than grpige substrates produced much smaller number of nano-
parallel plate geometry because it avoids uncertaintiegpes per unit substrate area than the nitride substrates. The
caused by field enhancements at the edge of a planar anoggst results for aligned nanotube growth were obtained for
or emitter, and it also allows easy measurements at mange TiN substrateéFig. 1). TiN is a relatively stable material
points on the sample. The emission current—voltadgeV)  with excellent electrical conductivity(resistivity ~25
characteristics were measured as a function of the anodemn( cm) and high melting point~3200 °Q, both of which
cathode distanceZ). At each distance, the anode voltage gre desirable for the stability of field emission cathode struc-
was raised from zero until the current density reachd&d6 ture, especia”y for h|gh Current_density, high_power applica_
Alcm? and then decreased back to zero. The effective emisions such as microwave amplifiers.
sion area Q) used for determining the current density was Shown in Fig. 1a) is the SEM imagetaken at an ob-
estimated as described in Ref. 8, and corresponds to an arggue angle, tilted by 30°of the MWNT array grown on a
within which J=J,,,/2, WhereJy,, is the emission current  TiN substrate from a thermal decomposition of xylene—
density directly beneath the anode where the electric field iferrocene mixture at 700 °C for 15 min. A longer run time
the highest. ForZ<2R, A=2wRZz(2'"-1), wheren  produces a similar microstructure except that the lengths of
=(V/1)(dI/dV). Typically, n~18 for J<50mA/cn?, de- the MWNTs are increased. It is seen that a relatively
creasing gradually as the current density increases. The agniform-sized MWNTs with~40 nm average diameter are
ode was then moved one st€p3 um) closer to the emitter grown in an aligned fashion perpendicular to the substrate
surface, and the cycle was repeated. surface. The presence of Fe catalyst particle at the tips of the
While our thermal decomposition methddroutinely  nanotubes suggest that the predominant growth occurs via
produces well aligned MWNTSs on silica, interestingly we the tip growth method® The density of nanotube tips is
found that the nanotube growthligned or unalignedrarely  relatively high, and is estimated to be about 30 pem()?
occurred on polished metallic substrates, such as Mo, Ni, osirea, equivalent te-3x 10° per typical display pixel area of
stainless steel. This absence of nanotube growth may be r¢100.m)?, or ~3x10°/cn?. The mechanism of nanotube
lated to the high mobility and lack of localization of carbon alignment in the present work is not clearly understood. It
on the metal surface, or the difficulty of catalyst island for-may be due to the crowding mechaniSnor due to the
mation due to the diffusional reaction and interfacial bondingnucleation and out-growth of nanotubes from the pdres
between the Fe layer and the metal substrate at the furnageesent in the TiN substrates. Further study is needed to un-
temperatures. We therefore embarked on a search for altederstand the underlying mechanisin of the observed
nativeconductingsubstrate materials that would allow nucle- aligned growth. Figure (b) shows the MWNTs grown on
ation and growth of aligned nanotubes. the TaN substrate using the identical synthesis conditions
The substrates utilized in the present investigation wer@oted above. The presence of well-aligned structure is evi-
of bulk ceramic type with the thickness of 1-3 mm. Variousdent, however, with a coarser structure with an average di-
substrates studied here included conducting oxidash as ameter of~100 nm as compared to the40 nm diameter in
Mn-Zn ferrites, perovskite type La—Sr—Mn—O manganitethe case of the TIN substrates.
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Turn-on Field (for 1nA)~ 0.75 V/um for the MWNTs on TiN. The data was obtained under severe
| Threshold Field (for 10 mA/cm®) ~ 1.6 V/um operating conditions, i.e., at high current density levels in
Field for 100 mA/em’ ~ 3.1 V/um 155 um

Field for 1 Alem’ ~ 7.8 V/um order to provide a measure of stability/lifetime behavior for

1.0x10° the field emission. As can be seen from the figure, the high
< 5000~ ] emission current density of 1-3 A/énis maintained at the
= applied field for~2 h, and in fact improved with time, which
£ (o0 is interesting and deserves further investigation. The current
3 density is then gradually reduced with time and stabilized

40x107 after ~24 h at a level of~110 mA/cnf, which is still rela-

tively high compared to 10 mA/ctn The eventual decrease
of the emission current density seen in Fig. 3 after a few
hours of continuous, high-current field emission may be
Volta caused by a number of different reasons, one possibility be-
ge (V) . ; o A .
ing the damagdby excessive resistive heating in the high
FIG. 2. Electron emissioh-V curves for the MWNT array grown on TiN  current environmentin the nanotube structure near the emit-
substrates. ting tips or the damage/change of the contact region near the
bond interface of the nanotubes and the TiN substrate. Fur-
The aligned MWNTs grown on the TiN substrate exhibit ther studies are needed to fully understand the lifetime be-
excellent field emission properties. Shown in Fig. 2 is thehavior of the carbon nanotube field emitters.
measured emission current as a function of applied voltage
for a sample that was prepared at 700 AGai2 hrun. Rela-
tively smooth and consistent current—voltade-\) curves
were obtained. Replotting of the data as logf) vs 1V
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