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Field emission properties of single-walled carbon nanotubes (SWNTs), which have been
prepared through alcohol catalytic chemical vapor deposition for 10 — 60 s, were
characterized in a diode configuration. Protrusive bundles at the top surface of samples
act selectively as emission sites. The number of emission sites was controlled by emitter

morphologies combined with texturing of Si substrates. SWNTs grown on a textured Si



substrate exhibited a turn-on field as low as 2.4 V/um at a field emission current density
of 1 pA/cm?. Uniform spatial luminescence (0.5 cm?) from the rear surface of the anode
was revealed for SWNTs prepared on the textured Si substrate. Deterioration of field
emission properties through repetitive measurements was reduced for the textured
samples in comparison with vertically aligned SWNTs and a random network of
SWNTs prepared on flat Si substrates. Emitter morphology resulting in improved field
emission properties is a crucial factor for the fabrication of SWNT-electron sources.
Morphologically controlled SWNTs with promising emitter performances are expected

to be practical electron sources.
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1. Introduction

Since the potential of carbon nanotubes (CNTs) as electron sources was
demonstrated by Rinzler et al.,” much effort has been devoted to trial applications of
CNTs for field emission displays (FEDs). Several different types of CNTs have been
implemented into triode-type FEDs. The Samsung and the Motorola groups reported
potential of color-SWNT- and -MWNT-FEDs,* respectively. However the practical
performance requirements for CNT-FEDs, e.g. uniformity of emission sites and high
extractive ratio (anode current/cathode current) in a triode-configuration, have not
achieved levels comparable to the Spindt-type FED.” Due to their large tip-curvature
and metallic conductivity, excellent field emission properties of CNTs have been
demonstrated by numerous groups, however their practical use has not yet been
realized.

One of the major obstacles to developing CNT-FEDs is the severe conditions, such
as high-temperatures required for growth especially for SWNTs. For the cases of
low-temperature plasma-enhanced chemical vapor deposition (CVD), ambitious
infrastructure is necessary. For the CNT-FED equipped with screen-printed
SWNT-emitters,” which were fabricated under mild conditions, large cathode-holes

result in a reduced hole density compared with the Spindt-type FED, causing an



inhomogeneous current distribution.

The choice of CNTs, suitable as electron emitters, is important. SWNTs typically
have diameters ranging from 1 to 2 nm, which enhance an applied electric field. On the
other hand they consist of only one rolled graphene sheet and they are therefore more
flexible than multi-walled nanotubes (MWNTs). We failed to find any literature
reporting the accurate sustainable current per SWNT, however their current-durability is
believed to be poorer than those for double-walled carbon nanotubes (DWNTs) and
MWNTs. This indicates that the ideal concepts of “sustainable emission by thick tubes”
and “low extraction voltage by sharp tip” are not mutually achievable.

A number of issues are important for future CNT-FED development. (I) A
low-temperature and/or short-time growth directly on cathodes through simple and safe
processes, (II) a giant tip-enhancement of an applied field and (III) a uniform spacial
current distribution, that is, a large number density of emission sites resulting in a mild
current per emitter. We focus here on SWNT-emitters prepared using alcohol catalytic
CVD (ACCVD).

ACCVD, which facilitates a low-temperature synthesis (down to 550 °C) of high
quality SWNTs through a safe process, was developed by Maruyama et al.”’ Ethanol

was thermally decomposed over the Fe/Co catalytic mixture embedded in zeolite® and



the Co-Mo bimetallic catalytic layer dip-coated from a metal acetate solution.” Field
electron emission (FE) from the SWNTs synthesized by ACCVD was first observed for
samples prepared on mesoporous-Si0,(200 nm)/Co-nanoparticles/Au-Ti(300 nm)/Si
substrates.” The properties obtained for the SWNTSs (the turn-on field of 4.2 V/um at
the current density of 10 nA/cm?” and the current density of 0.5 mA/cm’ at 5.8 V/pm)
are believed to be further improved by controlling the emitter morphology and by
optimization of growth conditions. On the other hand, randomly oriented SWNTs,
which were synthesized using the CO disproportionation reaction catalyzed by
silica-supported Co-Mo bimetal, showed good FE properties due to significant
prevention of field-shielding especially for samples with a smaller CNT-bundle size. For
this structure the turn-on field was 0.6 V/um and the current density was 1 mA/cm” at
1.8 V/ ;,Lm.g) This suggests that the control of emitter morphology through optimization
of catalytic layers and of growth conditions is crucial for further studies.

ACCVD is suitable for SWNT growth directly and selectively on desired positions.
SWNTs synthesized from ethanol, which is catalyzed by self-organized metal
nanoparticles prepared by RF-magnetron sputtering of metals of the order of 0.1
nm-average thickness and subsequent reduction, has been actively and systematically

studied.™” Prior to application of ACCVD for device fabrication, suitable catalyst



compositions to promote a rapid growth of high quality SWNTs, and the FE properties

of the obtained SWNTs must be systematically studied. In this paper we report field

emission properties of SWNT-emitters with different morphologies prepared through

ACCVD, which 1is catalyzed by representative catalytic/supporting layers

(Co/Al,03(Al)) and discuss their potential for FED-applications.

2. Experimental Methods

Conventional silicon wafers were used as substrates. After removal of the oxidized

layer by hydrofluoric acid, a catalyst supporting layer (Al,O3 or Al) and a Co catalytic

layer were deposited on the substrates by using a conventional RF-sputtering system. In

addition to the substrates with a flat Si(100) surface, special substrates with textured

surfaces were also prepared by a wet chemical etching in hydrazine hydrate at 80 °C.

Because the Si(111) surface is more resistant to etching by a strong base, Si pyramids

with the (111) side faces are formed on the (100) surface. Sample preparation conditions

are specified for all samples in Table 1. After taking the substrates out of the sputtering

chamber, reduction of the oxidized top-surface and subsequent ACCVD were carried

out in the hot-wall ACCVD chamber consisting of a quartz glass tube entirely heated by

a furnace. After the reduction process, ACCVD was performed at 785 °C by introducing



ethanol at 4 kPa for 10 — 60 s.

Obtained sample-surfaces were observed by a Hitachi S-4700 field emission
scanning electron microscope (SEM). Raman spectroscopy was used to evaluate the
quality of CNTs at the molecular level. Raman spectroscopy is very powerful since
graphite related materials scatter intense peaks at around 1590 cm™ originating from the
in-plane lattice vibrations (G-band) and another peak at around 1350 cm™ attributed to
lattice defects in graphene sheets (D-band).'"” The intensity ratio between both bands
(G/D-ratio) is an indicator of the quality of obtained CNTs. Raman spectra were
recorded by a CHROMEX 501is spectrometer equipped with an ANDOR Technology
DV401-FI CCD system under a backscattering configuration. The samples were excited
with an Ar ' -laser radiation (488.0 nm), which was focused on sample surfaces through a
SEKI TECHNOTRON optical unit and objectives with a magnification of 50 and a
numerical aperture of 0.80.

FE currents from the obtained CNT-films were measured 8 times at about 1x107
Pa under a diode configuration. The bottom surface of samples was grounded. An
indium-tin-oxide (ITO) glass and 150 pm-thick glass-slides located above a CNT film
were used as an anode and spacers, respectively. Measurement areas were

approximately 0.9 cm”. Voltage was swept by a KEITHLEY 2410 high-voltage source



meter, which is simultaneously an ammeter. Measurements were remote-controlled by
the LabTracer2 software and optional interfaces. I-V data were recorded every 30 ms in
a voltage ramp of 200 V/s and automatically loaded into an equipped PC. To evaluate
the luminescence uniformity, pulsed voltages (5 ms, 1/2-duty) were applied. Phosphor

layers on ITO/glass substrates were prepared by screen-printing of ZnO:Zn powders.

3. Results and Discussion
3.1 Combinations of catalyst / supporting material / substrate

CNT growth rate and quality are tunable by varying combinations of catalytic
materials — supporting materials — substrates. If an Al,O; layer is used as a catalyst
supporting layer, a higher growth rate is expected due to efficient incorporation of
carbon into catalyst particles via Al,O3 surfaces.'? However an increased Co-thickness

(around 1 nm) in comparison with the case of the Co/SiO,/Si system9)

is necessary. In
fact, a Co layer with a thickness of ca. 0.1 nm on a SiO,/Si substrate transforms into Co
nano-particles during annealing and such self-organized particles induce growth of high
quality SWNTs. Detail roles of the Al,Os supporting layer on CNT-growth will be

discussed elsewhere. In the present case, the average Co- and Al,Os-thicknesses are

fixed into 1.2 and 10 nm, respectively, which promote growth of relatively high quality



CNTs. Here the following points should be noted: (1) discrepancy of growth rates
obtained under the same conditions (Table I) may attribute to gaseous hydrodynamics
and incubation and so on during ACCVD, which are not severely controlled in this work
and (2) the AL,Os layer as thin as 10 nm, which has a moderate resistance for
microcathode applications, acts not only as a catalyst support but also as a resistive
layer for stable FE operations in practical triode devices. In order to evaluate the
influence of an Al,O; layer on FE behavior, a representative sample with an Al layer in
place of an Al,Os layer was also characterized. The main roles of an Al layer are also
inhibition of Co-diffusion into Si and decomposition of carbon source gas at the

oxidized thin layer, but the layer is conductive.

3.2 VA-CNTs and CNT-grass
3.2.1 Characterization of CNTs

Vertically aligned (VA)-CNTs were prepared on the Co/Al,O3/Si (Sample A) and
Co/AV/Si (Sample B) substrates. A random network of CNTs (CNT-grass)'> was formed
on the Co/Al,03/Si substrate (Sample C). Growth conditions including thicknesses of
catalytic/supporting layers are summarized in Table I with those for the other CNTs

introduced in §3.3. SEM micrographs obtained for VA-CNTs and a CNT-grass



synthesized by ACCVD are shown in Fig. 1. Surface morphology of the VA-CNTs (Fig.
1(a), right) is grass-like consisted of entangled bundles. On the other hand, in Sample C
(Fig. 1(c)), free-standing bundles with heights in um order are found. Protrusion of
specific bundles in as-prepared Sample C is much more pronounced in comparison to
the VA-SWNTs (Samples A and B) since the protrusive bundles are not buried in the
surrounding SWNT-grass (Fig. 1(c)). In the case of the VA-SWNTs, protrusion of
bundles is not so pronounced because they are buried in the thick CNT forest (Fig. 1(a),
right).

Figure 2 shows representative Raman spectra recorded for Samples A-C. All
spectra clearly show radial breathing modes (RBMs) at the low-wavenumber region,
indicating the presence of SWNTs. The major peaks marked by triangles correspond to
the RBMs of SWNTs with diameters ranging from 0.8 to 1.4 nm, which are estimated
from the relationship, d = 248/ (d:diameter, @: wavenumber).” The peak at around 180
cm™ (¥), which is a polarized band enhanced for VA-SWNTs,'? is clearly intensified
for Samples A and B. A sharp peak at around 520 cm™ apparent in Sample C originates
from the Si-Si lattice vibration of the Si substrate. The obtained CNTs reveal sharp and
split profiles of the G-band and G/D ratios ranging from 6 to 14, which are reasonable

profiles for SWNTs.
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3.2.2 Field emission properties of VA-SWNTs and SWNT-grass

The current density (J) — electric field (£) curves and the Fowler-Nordheim (F-N)
plots obtained from the first (red) and third (blue) runs for Samples A-C are shown in
Fig. 3. Here J is the current divided by the electrode area. According to the F—N theory
for electron emission from a metal surface at an applied field Ejoca;, the obtained current

density Jen (Acm™) is given by eq. (1)¥,

(1)

1.54x10°(E, ., )’ 6.83x107 ¢
JFN = EXpy—————— ¢
¢ E

local

where FEjoca 1S a local field at an emission site given in Vem™! and ¢ is the work
function of an emitter material in eV. Here we assume ¢ of the present SWNTs is 5
eV,'" which is a typical value for graphite. The field enhancement factor A (in cm™) is
defined in terms of Ejoca = F V, where V is an applied voltage. Equation (1) is

transformed as

n(1/v?) = _6.83><1;)7 x g ><(1/V)+ln(1'54><10¢6 x S° ] @

where S is an effective emission area in cm?. Because the coefficient of 1/V and the last
term in eq. (2) are uniquely determined for each emitter structure, the relationship
between 1/V and In(Z/V'*) should be linear if an anode current originates from field

electron emission. S values are estimated from slopes of the relationship. The FE
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parameters obtained for Samples A-C are listed in Table I with those for other samples
introduced in §3.3. The values for the first run and the average values for the subsequent
runs are shown separately. The data for the second runs are excluded since they show
the mixed properties of the first run and the subsequent runs.

For the first runs (Fig. 3(a), red), the turn-on fields (£},), which extract the current
density of 1 pA/cm?, and the current densities at 4 V/um (J40) are smaller and larger
than those from the subsequent runs (Fig. 3(a), bule), respectively. Large field
enhancement occurs during the first run. The £ values calculated from the slopes (s; and
sy in Fig. 3(b)) are listed in Table II; lines 1, 3 and 5. Subsequent runs reveal almost
linear F-N plots (shown in blue) and deterioration of FE characteristics (Table II; lines 2,
4 and 6). Samples A (open circle) and B (closed circle) showed similar FE
characteristics (Fig. 3, Table II), indicating that we can exclude difference of supporting
layers (Al,O3 or Al) from the major factors determining FE properties. The first run F-N
characteristic is especially non-linear and comprises two types of relationships (Fig.
3(b)). Possible factors contributing to the non-linearity are (1) adsorbate-enhanced field
emission,">!” (2) current-induced evaporation (Joule heating),'”?” (3) stretching of
entangled CNTs'®Y or «y” shape splitting of a bundle during voltage sweep,lg) (4) a

local density of states (LDOS) at the tips of CNTs, Y (5) effect of space charge caused
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U . 21,232
by ionization of residual gases,*'*>>®

and (6) a large resistance between CNTs and a
cathode electrode.'” In the present case, the resistance between SWNTs and the
backside of a Si substrate is several to several tens of k(2. Since the effect of resistance
(Factor (6)) is negligible below several tens of kQ, we exclude this effect as the major
mechanism of nonlinearity.

Exceptionally protrusive bundles in the as-prepared cathodes can enhance the
electric field. At 2 — 3 V/um in the first run, a higher field enhancement switches on
(Fig. 3(b), red). It is difficult to identify the mechanism from the present study, however
the effective field at very local protrusions in the first run is variable by field-induced
motions of bundles (Factor (3)). Possibly local protrusive emitters in the as-prepared
samples rise up by the applied electric field. This finding coincides with the results that
the difference in f values below and above 3.0 V/um for Samples A and B, for which
their stems are buried in the forest, is larger than that below and above 2.4 V/um for
Sample C. Protrusive SWNTs causing giant field enhancement are sublimated,
subsequently emission sites will be renewed. It is believed that the total achieved
current of ca. 0.5 mA in the first run is divided into a small number of emission sites

induces evaporation of a SWNT (Factor (2)). Finally the sites, which are subjected to

comparable enhanced fields, increase. Here Factor (1), adsorbate-enhanced FE, should

13



also be noted however FE evaluation after atmospheric exposure and subsequent
evacuation indicated the effect of initial protrusion in as-prepared samples is more
significant for the first measuring runs than the effect of atmospheric adsorbates.

In the subsequent measuring runs for Sample C, the E\,, J1 and £ values (Table II;
line 6) are slightly worse than those for Samples A and B (Table II; lines 2 and 4).
Figure 4 shows the photographic images of luminescence from the rear surface of the
anode at 3.3, 4.1 and 4.8 V/um (pulse mode) obtained for Samples A, B and C. Highly
localized luminescence observed for Samples A and B (Figs. 4(a) and 4(b)) is caused by
the limited number of the emission sites; field enhancement occurs only at the tips of
local protrusive bundles but not at the top-surface of VA-SWNTs due to field screening
effect.”® Luminescent spots are more widely spread for Sample C than the others. The
larger number of luminescent spots for Sample C than Samples A and B corresponds to
the larger number of protrusions. However in order to describe screening effect
multilevel consideration is necessary. Highly localized emission sites in Samples A and
B, which have higher £ than that of Sample C, are more “screening-free” than the sites
in Sample C. The fact that screening effect is still observed in Sample C agrees with the
emitter morphology observed by SEM (Fig. 1(c)), which induces the screening effect

(inter-bundle distance < 2 x bundle height).*®
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Strictly speaking the F-N relationships are not perfectly linear in the subsequent

runs for Samples A and B (Fig. 3(b), blue). Inflection points at around 3 V/um are

shown by an arrow in Fig. 3(b). Field emission characteristics transform into the “large

field enhancement” state with a smaller slope at around 3 V/um. In the present case, it is

believed that a local FE and a local large current induce non-linear F-N relationships. In

order to reveal the mechanisms, detail studies for Factors (1) — (5) causing non-linear

F-N relationships are necessary.

Field emission properties are determined from (I) primary structure (SWNT,

DWNT, ..., MWNT), (II) secondary structure (bundle shape; height, diameter) and (III)

tertiary structure (emitter spacing). The major morphological difference between the top

surfaces of VA-SWNTs and CNT-grass is therefore tertiary structure.

3.3 Effect of substrate texturing

3.3.1 Characterization of CNTs

We controlled the secondary (bundle shape) and tertiary (emitter spacing)

structures through texturing of substrates as described in §2. Figure 5 shows SEM

micrographs of VA-CNTs and CNT-grass prepared on the textured Co/Al,Os/Si

substrates (Samples D and E). These CNTs have unique structures. Emission sites may
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be CNTs at the apexes of tilted VA-CNT films in Sample D (Fig. 5(a)) and entangled or
free-standing bundles at the tips of Si pyramids in Sample E (Fig. 5(b)). In Samples D
and E, the number density of the pyramids is approximately 4 x 10° /cm”.

Figure 6 shows representative Raman spectra recorded for Samples D and E. The
presence of SWNTs in Sample D is supported by the appearance of RBMs in the
low-wavenumber region (Fig. 6(a)). Sample E shows an intense peak at around 520
cm™ originating from the Si-Si lattice vibration of the Si substrate (Fig. 6(b)). A peak at
around 300 cm™ and another intense peak at around 980 cm™ detected for Sample E are
assigned to background scattering from the Si substrate. Major RBMs detected for
Samples A-C (Fig. 2) and a specific band featuring VA-SWNTs at around 180 cm™ (V)
are also found for Sample D (Fig. 6(a)). The presence of RBMs is not obvious for
Sample E due to the intense background signal at the low wavenumber region (Fig.
6(b)). However, a large G/D-ratio (= 21) and a sharp band shape of the G-band support

the existence of SWNTs.

3.3.2 Field emission properties of SWNTs prepared on textured substrates
In this section, we discuss effects of secondary and tertiary structures on FE

properties. Figure 7 shows the J-E curves and the F-N plots obtained from the first (red)
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and third (blue) runs for Samples D and E. Figure 8 shows the photographic images of
luminescence from the rear surface of the anode at 3.3, 4.1 and 4.8 V/um (pulse mode)
for these samples. The FE properties are listed in Table II. Initial protrusions of bundles
in the as-grown samples cause giant field enhancement during the first run. Such
exceptional protrusions may stretch with increasing applied field and finally evaporate.
Compared to for Samples A-C (without texturing), significantly improved FE properties
are revealed for Samples D and E in the subsequent runs (Figs. 7, 8 and Table II). For
the textured Sample, we exclude the possibility of a lowering of ¢ originating from
amorphous carbon (¢ = 1.5 eV)?”, which can be formed on the tips of pyramids by
current-induced evaporation. To test this assumption, field emission properties of the
textured Si itself (¢ =4.15 e¢V)*® and an amorphous carbon film (5 nm) deposited on a
textured Si substrate were evaluated and no emission current was detected from either
samples up to 5.3 V/um.

In Sample D, protrusive emission sites are located at the edges of VA-SWNTs on
the pyramids (as indicated by arrows in Fig. 5(a), right) since a VA-SWNT film only has
small number of protrusions at the top surface (§3.2.2). A number of straggly SWNTs at
the edges of the film enhance the applied electric field during the subsequent runs.

Moreover in the case that a certain emitter breaks the next emitter becomes active due to

17



the high stacking density of aligned SWNTs. As shown in Fig. 8(a), luminescence is
observed over the whole area. Lowering of field-screening and an extremely high
number of protrusions induce a stable and large area field emission. The inter-pyramid
spacing is 10 — 20 um, therefore the screening effect is reduced. Pyramid tips with
protrusive bundles selectively become active as emission sites.

Single-bundle emitters with diameters of ca. 10 nm (Fig. 5(b)) and inter-bundle
spacing of 10 — 20 um in Sample E show the lowest Ey,, largest J4( (Table II) and the
largest number of luminescent spots (Fig. 8(b)). However the £ value for the subsequent
repetitive runs is still comparable with that for Sample D. Single-bundle emitters
entangle or free-stand at the tips of Si pyramids (Fig. 5(b)). These bundles are shorter
than straggled bundles at the edges of the VA-SWNT film in Sample D (Fig. 5(a)).
Screening-free but short bundles in Sample E settles the S as large as that for Sample D.
On the other hand, luminescence image at 3.3 V/um in Fig. 8(b) shows how the
emission sites disperse in comparison with other samples. Assuming that the number
density of the pyramids in Sample E is approximately 4 x 10° /cm? (based on SEM
observation) and field enhancement selectively occurs at the tips of pyramids at 4 V/um,
the current density of ca. 1 mA/cm?® corresponds to 2.5 nA per pyramid. This gives us a

rough estimate for a tolerable driving current per micro-cathode. Several nA per

18



micro-cathode is a possible design for SWNT-FEDs.

Figure 9 shows linear regressions for the F-N plots obtained from the repetitive
measurements (3rd — 8th runs) for Samples A and E. It is clear that the field
enhancement behavior obtained for Sample E is much more stable in comparison with
Sample A. These results indicate that a well separated tertiary structure and a large tip
curvature of single-bundle protrusions, which fulfill (1) low driving voltage, (2) large
area FE and therefore (3) long life-time, can be prepared though ACCVD by controlling
surface morphologies. In addition, up to now it is revealed that a reaction time of 10 s is
sufficient to prepare SWNT-emitters under ACCVD conditions used in this work.
Consequently morphologically controlled SWNTSs prepared through CVD methods have

potential performances for FED applications.

4. Conclusions

SWNT-emitters were prepared on Co/Al,O3(Al)/Si substrates through ACCVD,
which realizes a reaction time of 10 s to grow a 4 um-thick SWNT film. Field emission
properties of the obtained SWNTs were evaluated under the diode-type configuration.
For a textured Si cathode with SWNT-emitters on Si pyramids, the turn-on electric field

to extract a current density of 1 pA/ecm” was 2.4 V/um, and a current density of 0.8
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mA/cm® was recorded at 4 V/um. Large area luminescence uniformity (0.5 cm?) was
also obtained. The study based on the Fowler-Nordheim model showed that field
emission properties of SWNTs are tunable by the morphological control of the
top-surface. Protrusion of emitters is crucial and the optimization of number density,
protrusion length and inter-protrusion distance is necessary for uniform field emission
and increased operating life. Texturing of substrates effects a large and selective field
enhancement at specific protrusive emitters. Currently, SWNTs prepared from ethanol
via a fast and safe process showed field mission characteristics suitable for electron
sources. Controllability of SWNT-growth and morphology is advantageous for further

study on field emission properties.
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Captions for figures

Fig. 1. SEM micrographs of (a, b) VA-CNTs on the Co/Al,0O5/Si (Sample A) and

Co/Al/Si (Sample B) substrates and (c) CNT-grass on the Co/Al/Si substrate (Sample C).

Enlarged image of the top surface of Sample A is shown in (a)-right. Protrusive bundles

in Sample C are indicated by arrows (c).

Fig. 2. Raman spectra of (a, b) VA-CNTs on the Co/Al,05/Si (Sample A) and Co/Al/Si

(Sample B) substrates and (c) CNT-grass on the Co/Al/Si substrate (Sample C).

Enlarged spectra of the low wavenumber region are indicated in the insets. Major RBMs

are marked by triangles and auxiliary lines: (V) vertically aligned SWNTs and (V)

others.

Fig. 3. (a) J-E curves and (b) F-N plots obtained from the first (red) and the third (blue)

measuring runs under the dc-voltage sweep mode for Samples A (o), B (®) and C (A).

F-N plots for the first runs are composed of two linear relationships with the slopes s; (<

3 um) and s, (> 3 um). Changes of the slopes observed for Samples A and B at around 3

V/um during the third run are indicated by an arrow.
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Fig. 4. Pictures of luminescence from the rear surface of the anode at 3.3, 4.1 and 4.8

V/um under the pulse driving mode (5 ms, 1/2-duty) and cross-sectional SEM

micrographs; (a) Sample A, (b) Sample B and (c) Sample C.

Fig. 5. SEM micrographs of (a) VA-CNTs on Sample D (left: top view, right: cross

sectional view) and (b) CNT-grass on Sample E (left: entangled bundle, right: vertically

standing bundle) prepared on the textured Co/Al,Os3/Si substrates. Protrusions are

indicated by arrows. Inset in (b) is an enlarged image of the bundle.

Fig. 6. Raman spectra of (a) VA-CNTs (Sample D) and (b) CNT-grass (Sample E)

prepared on the textured Co/Al,O;/Si substrates. Enlarged spectra in the low

wavenumber region are indicated in the insets. Major RBMs are marked by triangles

and auxiliary lines: (V) vertically aligned SWNTSs and (V) others.

Fig. 7. (a) J-E curves and (b) F-N plots obtained from the first (red) and the third (blue)

measuring runs under the dc-voltage sweep mode for Samples D (®) and E (0). F-N

plots for the first runs are composed of two linear relationships with the slopes s; (< 2

pm) and s, (> 2 pm).
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Fig. 8. Pictures of luminescence from the rear surface of the anode at 3.3, 4.1 and 4.8

V/um under the pulse driving mode (5 ms, 1/2-duty) and cross-sectional SEM

micrographs; (a) Sample D and (b) Sample E. The dark part at the upper left of the

phosphor screen (b) corresponds to a technically generated texture-free area.

Fig. 9. F-N plots obtained from the third to the eighth measuring runs (red: 3rd, green:

4th, blue: 5th, brown: 6th, pink: 7th, light blue: 8th) under the dc-voltage sweep mode

for (a) Sample A and (b) Sample E.
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Tables

Table 1. Conditions of ACCVD on Si substrates at the substrate temperature of 785 °C

and ethanol gas pressure of 4 kPa.

Sample  Morphology  Layer thickness (nm) ' Time CNT film G/D-
of CNTs Co? AI® ALO;® (sec) thickness (um) ratio -

A VA 1.2 — 10 60 2.7 10
B VA 1.2 7 — 60 6.0 6
C Grass 1.2 — 10 60 0.3 14
D VA on Tex.”’ 1.2 — 10 10 4.0 8
E Grass on Tex. 1.2 — 10 60 0.3 21

“'Average thickness on a flat surface. “Catalytic layer. ~Supporting layer. ~‘Data
obtained from Raman spectroscopy presented below. SVA: vertically aligned. "0Tex.:

textured Si substrate.
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Table II. Turn-on electric fields (E,), current densities at 4 V/um (Jso) and field

enhancement factors (f) obtained for Samples A-E.

Sample Run  E, (Vum')  Jio (mAcm™) Bx 107 (cm™)
<3.0V/um >3.0V/um
Ist 1.9 0.4
A 2.7 10.4
3rd- 29 0.2 1.0
<3.0V/um >3.0 V/um
Ist 2.7 0.5
B 2.7 10.0
3rd - 2.7 0.2 1.3
<2.5V/pm >2.5V/um
Ist 1.4 0.5
C 4.5 7.1
3rd - 3.1 0.1 0.9
<19V/um >1.9V/um
Ist 1.4 1.0
D 3.5 9.1
3rd- 24 0.6 1.6
<1.8V/ >1.8V/
Ist 13 1.2 e —
E 3.2 8.6
3rd- 2.4 0.8 1.4
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