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Field electron emission from individual carbon nanotubes of a vertically
aligned array
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Field electron emission behavior of individual multiwalled carbon nanot(bBSNTS), that are
elements of a vertically aligned array grown on a Si wafer, were analyzed with a scanning anode
field emission microscope. The electron emission of each MWNT followed the conventional
Fowler—Nordheim field emission mechanism after their apexes were freed from the erratic
adsorption species using a conditioning process at room temperature. The conditioning process led
to stable emission currents and reduced their variatidri$ to less than 30% between different
MWNTs of the array. This opens the possibility for using MWNTSs in an array as independent
electron sources for massively parallel microguns. 2@2 American Institute of Physics.
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The aim of this article is to assess the suitability of mul-tract the electrons from the surface. Because of this uncer-
tiwalled carbon nanotubesMWNTSs) arrays, grown by tainty, it is very difficult to find a correlation or to even agree
plasma-enhanced chemical vapor depositiBECVD), as upon a common emission mechanism using the experimental
field emission(FE) cold cathodes for an “on-chip” arrayed data in the literature for field emission from ‘forests’ of
microgunst These arrays may then be used for massively‘lanOtubeé-
parallel electron lithograph§/As each of these microguns are I this letter, scanning anode field emission microscope
to be used as independent electron columns, we need to afSAFEM) [Fig. 1(a)] analyses were performed on individual
swer the two following questions: vertically aligned MWNTs of an array grown on a Si wafer

(1) Can the emission characteristics from a singleby & dc PECVD at~700°C using a ¢H, and NH; gas
MWNT be made stable and reproducible? Answering thigMixture with Ni catalyst. The growth process is described in
allows us to determine what is required to obtain reproducdeta” elsewheré In order to achieve the growth of an indi-
ible emission behavior from a single MWNT emitter. vidual nanotube, high resolution electron beam lithography

(2) What is the variation of the emission current betweenas used to pattern the Ni cataljsthe voltage drop in the
different MWNTSs within a vertically aligned array of nano- Plasma sheath during PECVD generates an electric field per-
tubes obtained from the same fabrication process? The adop€ndicular to the surface, and this causes the nanotubes to
tion of MWNTSs as electron sources for on-chip arrayed mi-align vertically on the substrate during grov@tm_]e sample
croguns is only possible if the variation between nanotub&/S€d for this study was an array of 4@0 individual

emitters is small and the nanotube emitters can be fabricat WNTs (~5 'f‘m tall and~60 nm |.n ghametérat ‘f" spacing
with a yield near 100%. of 100 um. Figure 1b) shows a similar array with smaller

Electron emission studies of carbon nanotubes, in parsPa¢ing(10 um). The value of 100um for the spacing is

ticular for those deposited on a planar surf ounter the chosen to ensure that individual nanotubes were probed dur-
two following main difficulties, compared to conventional ing SAFEM analyses. The diameter of the scanning Pt—Ir

metallic tips in FE studies. Namely, it is not possible to clean
the surface by controlled thermal treatments at high tempera-
tures, and it is difficult to determine the exact geometry of
the actual emitter during the emission unless the emission is
from an isolated, individual nanotube. In experiments in
which the nanotubes can interact with each offeeg., in a
“forest” of nanotubesg, there is a great uncertainty in the
exact determination of the geometrigalfactor which con-
verts the applied voltag¥,,, to the local field at the apex,

Floca= BXV which acts in the tunneling process to ex-

FIG. 1. (a) Schematic drawing of the SAFEM set ujp) SEM observation

of a vertically aligned array of MWNT~5 um heigh} with a spacing of 10

@ Author to whom all correspondence should be addressed:; electronic maizm. In this photograph the spacing is 18n in order to have on the same
vuthien@dpm.univ-lyonl.fr photo the array and the MWNTSs.
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1N qpp resulted in a straight lingFig. 2(a), plot 3]. (3) After

26 | < R _ conversion of (—V,p) into (I-Fioca), ¢ Was determined
2 from F—N plot giving a value ofp~4 eV.1° (4) For |ge
o 28 4 <few uA, the emissions were very stable, with fluctuations
= Al/1=<10% [Fig. 2(b)]. This means that the adsorption on
E 30| N g the MWNT apex during the emission was negligible even

within a vacuum between 16 to 10 ° Torr. (5) After a
long period without emission in vacuum, the FE characteris-

after seasoning
-32 Hwaork function = 4.26 ev)

{a) I evolution during a seasaning process tics of the MWNTSs changed, but a recovery to the same F—N
34— en pfzﬂ oy 3; - — » plot was obtained after a conditioning process. This means
5x10 6x10 7 %10 8x10 8x10 1 %10 e .
1/V 1 that the conditioning process generally led to the same status
= "°[(b) MWNT curent stability | _ oo [ (CYTMWNT current stafyity of the surface at the apex.
;1“ f;t;:jgf:)"“ing < | before seasoning l‘ | Before the conditioning process, i.e., using the nanotube
os oo 5 40 sample in the as-growth condition, we found ti&t The
204 2 emission onset/threshold,,, to obtain 1 pA was two to
g 02l jg 20 three times less than after the conc!monmg proc@)s_‘.rhe
° s FE currents were very unstable with high fluctuation rate

0 B oo e 0 2°3ura‘§?§nsi% ndt;o 000 [Fig. 20)]. (3) '_I'he _(I—V) characteristics alyvays (_axhibited
current saturatiofFig. 2(a) plot 1], a behavior which was
FIG. 2. (a) Evolution of thel -V characteristics showing the cleaning of the also observed by other authdfsand these plots were not
MWnNdTinaptiX ?c?trg]?otf\r}e Cfrlgiéki/m?g Fé:rgrcrzsrfflltggirlirte n::casrt;bsi"gngi?n"et‘o reproducible. This means that irreversible modifications of
EZ?ore tge dgta of the Srgt 1 were taken R6y,,= 130 V)./ P ’ the surface occurred during the _emssmn. .
The room temperature conditioning process we used is
the following three-step procedurgt) Just after the start of
probe ball was~200 um and it was attached to a 5-degree emission(1 pA), the emission current is steadily increased
liberty (X,Y,Z,6,¢) piezo-driven mechanical displacement yntil a sudden decrease in the current is observed. This sharp
system with a resolution step of 1 nm. The working pressurjrop in| - generally occurred when it reached.1 uA. (2)
of 10”8 to 10 ° Torr was obtained without baking the analy- After this sharp decrease, thé—(V) plots which showed
sis chamber. FE measurements were performed under cogaturation[Fig. 2a), plot 1] evolved towards a straight line
tinuous bias conditions. Further details on performing emisgs the maximum conditioning currents were increased gradu-
sion measurements using this scanning probe ball system #gly from 0.1 uA to a few xA [Fig. 2@), evolution from plot
described in Ref. 8. 1 to plot 2. Concurrently, there was a noticeable decrease in
Here, we used a methodology which coupled experimenpoth the occurrence and amplitude of the observed fluctua-
tal measurementd gg, Va,, and distances between MWNT tions in the emission curreittl/1 at fixedVgpp. (3) There-
and the probe-balwith systematic numerical simulations to after, by increasing the conditioning current ta. or more,
determineF oy The actual FE distance was measured by geproducible straight lines for the F—N pldiSig. 2(a), plot
controlled retraction of the probe-ball after an initial nonde-3] with very stable emission currefifig. 2b)] were ob-
structive contact between the probe-ball and the MWNTtained.
apex.F ., at each distance was determined using numerical We interpret the conditioning process as a cleaning of
simulations based on electron opfiesith the following as-  the surface at the apex of the MWNT. Just after the introduc-
sumptions concerning the MWNTSs: they are cylinders withtion of the sample into vacuum, surface adsorbates were al-
hemispherical cap, wm in height, 60 nm in diameter, and ways present at the apex of the MWNT, this is a very well
perpendicular to the plane substrate. The exact geometry &hown phenomena observed for various types of tips using
the probe ball used in the simulations was obtained by obfield emission microscopy. FE with an adsorbate-covered
serving the probe with an optical microscope. Using thisapex begins at small localized areas that have the smallest
method, we can convert the current-voltade-Y.,) mea-  work function. This causes the rapid formation of nanopro-
surements into current—local field<F,,.,) data, rule out trusions due to electric field-driven surface diffusion of the
the uncertainties if8, and determine the work functiopof =~ adsorbates. From the measurement point of view, this corre-
the nanotube emitting surface. sponds to the observed instabilities and large fluctuation rate
The emission characteristics which follow are commonin the emission current. At these protrusions, local heating by
to more than thirty different individual MWNTs distributed Nottingham effect occur, causing an increase in the local
over the array. Each MWNT required a “cleaning condition- temperature as a function of the current. The local increase in
ing” procedure based on FE in order to obtain reproducibleeemperature was possibly enhanced by Joule heating along
emission characteristics. FiguregaP shows examples of the MWNT! At large current densities, the local tempera-
(I=Vap measurements obtained before and after such ture becomes high enough to field evaporate some of the
conditioning process on the same MWNT. adsorbates, and consequently an increase of the global work
After the conditioning process the FE characteristics aréunction at the apex occurs. From the measurement point of
(1) Fioca=3000 Vium for lgg=1pA. (2) The (1-Vgp view, this corresponds to the observed evolutiGre.,
measurements strictly followed the conventional Fowler—nonreversible/shiftingof thel—V plots with initially current

Nordheim (F—N) equation, i.e., plotting Irh(\/§1 versus  saturation. Afterl.(g=5 uA, most of the adsorbates were
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MWNT, a deviation from the F—N behavior for currents ex-
ceeding 1uA was observed for approximately 20% of the
MWNTSs tested. The emission current increased more rapidly
with voltage than expected from the F—N theory. This indi-
cates some mechanical/physical changes to the MWNTSs. We
attributed this behavior to the straightening of some slightly
bent MWNTs[e.g., nanotube 1 in Fig.(8)] under the elec-
trostatic force from the probe to the nanotdb&aking the
field for 1 uA, we have calculated this force to be4

X 10" 7 N. (5) Forl =20 uA, corresponding to an electro-
static force =8x10 ' N, we have observed for some
MWNTs a sudden shortening of the nanotube lengtrarp
drop in emission currepthat we could attribute to either a
fracture of the nanotube under the electrostatic f¢preb-

ably at some crystallographic defect as seen at the middle of
the nanotube 3 in Fig.(8)] or to a rapid field evaporation of
the MWNTs during FE.

This preliminary study shows that each MWNT from a
PECVD-deposited nanotube array acts as a conventional FE
cathode up to 2QwA. The proposed cleaning procedure led

. N to reproducible F—N characteristics with g=~4 eV. The
FIG. 3. (a) Scanning FE current distribution over an array of four MWNTs . . . .. .. .
for a V=260 V. (b) Corresponding F-N plotsc) SEM of a 5 um- initial deviation from F—N type emission are due to artifacts
spacing array showing the presence of defects for some MWNTSs. from surface adsorption at the nanotube apexes. More impor-
tantly, we observed a variatiahl/l of only 30% in the FE
currents between the different MWNTs of the array after

field evaporated and those that remained were Stror?gl}fonditioning. This opens the possibility for using MWNTSs as
bonded to the surface. From the measurements point of view,

; e , , Independent FE sources for massively parallel microguns.
this corresponds to a stable emission with reversible F—N
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