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The tube number density of aligned carbon nanotul@¢Ts) grown over the nanoporous anodic
aluminum oxide(AAO) template can be directly controlled by adjusting the ;{4 feed ratio
during the CNT growth. We ascribe the variation of the tube density as a function of theHGH
feed ratio to the kinetic competition between outgrowth of cobalt-catalyzed CNTs from the AAO
pore bottom and deposition of the amorphous cart@) overlayer on the AAO template. A
pore-filling ratio of 18% to 82% for the nanotubes overgrown out of nanopores on the AAO template
can be easily achieved by adjusting the {ZHl, feed ratio. Enhanced field emission properties of
CNTs were obtained by lowering the tube density on AAO. However, at a highoBhtentration,

a-C by-product deposit on the CNT surface can degrade the field emission property due to a high
energy barrier and significant potential drop at the emission sit20@ American Institute of
Physics[DOI: 10.1063/1.1886260

Carbon nanotube€CNTs) have become one of the most power 700 W, substrate bias —-150 V, working pressure
promising candidates for field electron emitters to be used i9.25 Pa, growth temperature 600 °C, and growth time
future generations of cold-cathode flat panel displays an@0 min. The CH concentration in the gas precursor was var-
various vacuum microelectronic devicegor field mission ied from 9% to 91% in order to investigate the influence of
display application, it is necessary to grow vertically alignedthe CH,/H, ratio on the CNT growth. Figures(d)-1(c)

CNT arrays on a large area with suitable tube density angdhow the side-view scanning electron micrograf®EM) of

tube dimensions. In recent years, template methods, such #s AAO templated CNTs grown at GHoncentrations of
anodic aluminum oxidéAAO) nanotemplates in particular, 9%, 50%, and 91%, respectively. As shown, the CNT density
have been widely introduced to produce well aligned ancdchanges dramatically depending on the carbonaceous gas
monodispersed CNT arragsVhen CNTs are grown in the content. At the CH concentration of 9%see Fig. 3)], the

AAO template without transition metal catalyst, the diam-tube density of CNT is as high as X0A.(° tubes/cr, indi-

eter, the length, the arrangement, and the packing density efting a pore-filling ratio of about 82%, which is defined as
nanotubes can faithfully replicate the pattern of the AAOthe density ratio of the nanotubes to the AAO pores. At an
nanopore structure. However, these tubes are very poor iextremely high CH concentration of 91%see Fig. 1c)], the
graphitizatione.' In the case of metal catalyst assisted growth
of CNTs in the AAO template, crystallinity of CNTs can be

will lead to overgrowth and entanglement of the densel§
nanotube$. Since the field emission property of CNTs is
greatly affected by the field-screening effect caused b
neighboring nanotubésit is necessary to well control the |
length and the spacing of CNTs. In this letter, we report that
the tube density of the cobalt-catalyzed CNTs on the AAO
template can be controlled by regulating the flow rate ratio of
methang(CH,) to hydrogen(H,) precursor gases during the

CNT growth, and thereby field emission characteristics of

CNTs can be adjusted. e )
In the experiment, two-step anodization, which has bee ag ; -

reported in detalil elsewhePeyas used to prepared ordered 1= 6 -

AAO pore channel arrays. The Co catalyst for the CNT £ e

growth was electrochemically deposited at the pore bottom [ § :’, s

The CNT growth was carried out in the microwave plasma % 2 .

(2.45 GH2 electron cyclotron resonance chemical deposi-§ P "0 10 20 30 40 50 60 70 80 0 100

Methane concentration (%)

tion (ECR-CVD) system under a magnetic field strength of
875 Gauss. The gas mixture of ¢lnd H, was used as the
carbon source. The total gas flow rate was kept constant &G. 1. Side-view SEM images of the AAO templated CNTs grown at CH

22 sccm. The other growth conditions were: microwaveconcentrations ofa) 9%, (b) 50%, and(c) 91%. The insets itta) and(c) are

the cross-sectional view of the CNTs. The insetbhis the TEM image of
the CNT.(d) The tube density of CNTs grown over the AAO nanopores as
¥Electronic mail: fmpan@faculty.nctu.edu.tw a function of the CH concentration.
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tube density decreases significantly to about 2.0 1%10° 4 R
% 10° tubes/cm, corresponding to a pore-filling ratio of 10" CH,91%
about 18%. The inset in Fig.() shows the transmission .
electron microscopy(TEM) image of the CNTs. It clearly “g 1%107 5
shows that a Co catalyst particle is encapsulated at the tube < 1x10° ]
tip and covered by graphitic cap, suggesting that the CNT > 3
growth is via the tip-growth mechanishm. ‘@ 1x10% 3

While the Co-catalyzed CNTs were grown in the AAO 3 1410°] Tube density
template, deposition of carbonaceous by-product on the § o] o 9.0x10° cm?
AAO template took place simultaneou§lps shown in Fig. £ M0 ® 6.0x10% cm?
1(c), the AAO surface was covered by a thin layer of deposit, © 1x107 o 2.0x10° em?
which seriously blocked the outgrowth of CNTs. Auger elec- o®
tron spectroscopyfAES) was used to study the chemical 2 0 11 12 13
composition of the deposit. The shape of the cartiouV) Electric field (V/um)

peak in the Auger spectrufmot shown reveals that the de-
posit is most likely composed of amorphous carljasC). FIG. 2. Field emission current density) as a function of electric fiel(E)
The a-C layer is formed by plasma decomposition of £H for thg CNTs grown on the AAO temp[ate with the three gﬁffert_ant tube
and H, and deposited on the AAD suiface cuing the CNTESTes Sent 1 oo o) T sod cuies e -1 s s
growth, in particular, at high CiHH, feed ratios’ The a-C
deposition seems to play an important role in control of the ] o ]
tube density of CNTs on the AAO template. During the CNT % 10° tubes/cm the field emission property. detenorates
growth in the CH/H, plasma, tha-C by-product is concur-  (Eo~7-4 V/um). The dependence of the emission current
rently deposited on the AAO template, whereas it can b@n the applied electric field for a tip (_emlgter can be described
quickl;;léatched away by reactive hydrogen species in thevia the Fowler—NordheintF—N) relatiort
plasma.” At a high CH,/H, feed ratio, thea-C deposition 2
overwhelms the etch reaction, resulting in steady growth of J < Ejoc €xp(= 6.8 100 Bpo), 1)
the a-C.° The a-C layer will gradually cover up the AAO  whered is the local work function of the emitter tip, ar,
nanopores and prevent nanotubes from growing out of thgs the effective local electric field at the tip. According to the
nanopores. As shown in the inset of Figc)jl some short relation, the emission current is only dependent on the local
nanotubes marked by white arrows are buried inside the naslectric field at the emission site assuming a constant work
nopores. Those CNTs which have already grown out of théunction on the emitter tip. The local field depends on the
nanopores can continuously grow up since the CNT growingapplied biagV) and the radiugR) of a free-standing emitter
site is at the tip of the nanotubép-growth mechanismAt  tip, yielding E,,.=V/kR wherek is a geometric factor with a
the CH, concentration of 91%, only about 18% of CNTS yalue between 1 and 5. According to the SEM micrographs
grew out of the AAO nanopores. On the other hand, at a lowshown in Fig. 1, the CNTs grown at different Gldoncen-
CH,/H; feed ratio, the AAO surface is almost free from the trations show little difference in the tip radius and shape, and
a-C layer[see the inset of Fig.(&)] since it was quickly hence all the three CNT samples presumably have similar
etched away by hydrogen species, leading to efficient CNT/ajues ofk and R. The three samples differ in morphology
growth and thus a very high tube density. Figufd) shows  mainly by two parameters, the tube density, and length. The
that the tube density is inversely proportional to the ,CH petter field emission characteristic of the CNT film deposited
concentration. In addition to the tube density, the CNTswith 50% CH, compared with the sample with 9% Glis
grown at CH concentration of 91% are shorter than thoseprobably due to a slighter field-screening efféetowever, it
grown at 50% and 9% as shown in Figsat1(c). This is  has been reported that a single CNT with a higher aspect
probably due to that tha-C layer may also be deposited on ratio of the tube can have a larger field enhancement, and
the CNT, which can hinder reactive carbonaceous specigfus have a loweE,, and a higher emission curreritBe-
from reaching the Co catalyst, hence reducing the CNTcause the CNT tube arrays were grown out of the AAO na-
growth rate. nopore channels, the three samples have a similar tube diam-
Figure 2 shows the field emission current denéifyas a  eter about 75 nm. The average tube lengths protruding out of
function of the applied electric fielE) for the AAO tem-  the AAO surface are estimated to be 1230 nm, 1110 nm, and
plated CNTs with three different tube densities shown in237 nm for CNTs grown with Ck concentrations of 9%,
Figs. a)-1(c). Measurements were conducted by the simples0%, and 91%, respectively. Thus the tube aspect ratios of
diode configuration and performed in a vacuum abouthe three CNT samples are 26.3, 24.7, and 13.0, respectively,
1078 Torr. The anode is a platinum wire with a hemisphericalwhen the height of the CNT portion imbedded in the AAO
tip 1 mm in diameter. The distance between the CNTs angemplate, which is about 740 nm thick, is taken into account.
the anode was about 1Qdm. The CNT film with the highest  According to thel—E curve shown in Fig. 2, at applied fields
density of 9.0<10° tubes/cm shows the worst emission pelow 6 \//um, the emission current density difference be-
property in terms of the highest turn-on electric fi¢ll,)  tween the two denser CNT samples is more than three or-
(8.1 V/um) and the lowest current density, whetg is de-  ders. This is far more than expected for such a small differ-
fined herein as the electric field required to produce an emisence in the aspect ratio between the two samples. The large
sion current density of 1 mA/ctAs the tube density de- differences in theE,, and the emission current density be-
creases to about 6:010° tubes/cr, the field emission tween the two samples can thus be attributed to the field-
property is remarkably improve¢E;,~5.2 V/um). How- screening effect. Moreover, compared with the CNTs grown
ever, when the tube density decreases further to about 2With 91% CH,, the film with 9% CH, shows inferior fieid-
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-20 rier becomes wider, and thus electrons tunneling through the
dielectric layer become difficult. A higher electric field is
required to decrease the effective barrier height and narrow
the barrier width so that electron tunneling and thus field
emission can become thriving. Moreover, it has been re-
ported that resistance present in the field emitter structure
can lead to field emission degradatidnf the emitter resis-
tance or the emission current is large, a potential drop
through the emitter will occur, lowering the local field at the
emission site. This can cause deviation of the field emission
from the normal F—N characteristic in the high emission
: : : : : current regime. Because significaaC deposit is present on
0.0005 0.0010 0.0015 0.0020 0.0025 0.0030 0.0035 the CNT film grown with 91% C'L-ll the potentia| drop ocC-
IV VT curring through the dielectric overlayer at the emission site
as field emission electrons leave CNT tips will be larger than
FIG. 3. Corresponding F~N plots of data shown in Fig. 2. The slopes of theat of the other two samples. This is probably an important
F—N plot for the CNTs grown at 91% CHare also indicated in the figure. reason why the CNT sample grown with 91% Chas the
F—N plot remarkably different from that of the other two

emission characteristic in the low field regime. Because th@amples, which have much lea<C deposit during the CNT
film of the highest tube density has a higher aspect ratio, ifrowth.

would be expected to have better field emission characteris- |, summary, the tube density and length of CNTs grown

tic if the field-screening effect were insignificant. Thereforefom the AAO nanopores vary with the G, feed ratio. A

the highestE,, and lowest emission current density of the high CH, concentration leads to the heavy deposition of an
CNT film deposited with 9% Clisuggests that the field- 5 ¢ deposit on the AAO surface. Although theC can ef-
screening effect plays a significant role on the field emissioqecti\,e|y decrease the CNT density on the AAO template,
property. On the other hand, although the higher tube aspegtarepy decreasing the field-screening effect and increasing
ratio of the CNT film deposited with 50% GHnay improve e field enhancement, it notably deteriorates the electron
the field emission property as compared with the CNT;jg|q emission property of the CNTs. The nonlinearity of the
grown with 91% CH, the former has worse field-screening £_N plot of the CNTs is ascribed to the deposition of the

effect than the later due to the higher tube density. We be; overlayer on the CNT tip. The CNTs grown at 50% CH
lieve that thea-C deposit on the CNT tip is likely a major ghow the best field emission property.

factor deteriorating the field emission characteristic of the

CNTs grown with 91% CH This work was supported partly by the National Science
The F—N plot for theJ-E curve of Fig. 2 is shown in Council of Taiwan, under Contract Nos. NSC92-2210-M-

Fig. 3. For the CNTs grown with 91% CHthe F—N plot 009-001 and NSC93-2120-M-009-007.
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