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Degradation and failure of carbon nanotube field emitters
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The failure of individual multiwall carbon nanotubes during field emission and two-probe characterization
was studied in a scanning electron microscope on emitters grown by chemical vapor deposition. The failures
induced by high currents during two-probe measurements led to a sundering of the tube in or near its middle,
which is consistent with a local evaporation due to resistive heating. Conversely, failures during field emission
occurred at or near the substrate-emitter contact. We show that the degradation is due to mechanical failure of
the contact at low applied fields, and to resistive heafprgbably enhanced by the mechanical stres$igh
emitted currents.
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I. INTRODUCTION V discusses the implications of our findings on practical de-
vices, while Sec. VI presents our main conclusions.
The use of carbon nanotubes as electron field emitters has
been demonstrated in a variety of devices. While flat panel Il. EXPERIMENTAL SETUP

displays based on nanotubesmay one day claim a share of  The studied emitters are sparse films of thin multiwalled
a very large market, other applications are just as promisingarhon nanotubes grown by hot-filament CVD over nanosup-
Let us mention high brightness sources for electromorted Ni(Ref. 18 or Fe(Ref. 19 catalysts. Such a catalyst
microscope$, small area cathode ray tubes as giant displaytonsists of a 300-nm-thick film with bulk metallic conduc-
pixel elements;® luminescent tube§gas discharge tubés, tivity in which the Ni or Fe catalyst nanoparticles are em-
microwave amplifiers, and x-ray tubes for medical pedded. The catalyst is delivered onto a Si or glass substrate
imaging:~ One of the issues for the industrial viability of the by sputtering® or microcontact printing® The hot-filament
deVices iS the ||fet|me Of the CathOdeS, a.nd iS at preser@:VD is performed at a Substrate temperature of 570°C un-
poorly understood. der a hydrogen and methane atmosphere for 15 min.

Few facts are currently available on the lifetime and fail-  The nanotube film is mounted on the sample holder of the
ure of individual nanotube emitters. For arc-discharge growrsgm and is positioned at a given distandeand position
multiwall nanotubes, stable emission was measured duringjith respect to anode and electron beir’. As anodes we
more than two months at 04A emitted current without any  yse commercially available etched W needles with a radius
observable degradatidh.The reported cases of failure in- of curvature of typically 1um. As shown in the SEM mi-
volved either_ an abru_pt failutéor a gradual degradation of crograph of Fig. (a), electrical connections allow to apply a
the walls® with sustained currents of up to 0.2 MA A potential difference/ and to measure the collected currént
gradual decrease of field enhancement due to field evaporgztween the two electrodes. The contamination effects due to
tion was also found on singlewall nanotubes when the emitsepm opservation, especially before field emission, have
ted current was increased beyond a given liB®0 nAto  peen reduced to a minimum by using low acceleration volt-
1 uA),* or when a partial pressure of,vas introduced in age (5 kV), beam current, and magnificatiofbelow
the chambet® A shortening of the emitter at currents of 50— 20 kx). The electron beam was systematically blanked off
120 nA was also found on multiwall nanotubes grown byquring the measurements. The field emisdietV character-

- . 16 o _ _ . .
chemical vapor depositioflCVD).™ In contrast to the jstics were acquired with a Keithley 237 source-measure unit
gradual degradation of nanotube emitters, the phenomengith 3 10-ms acquisition time.

leading to abrupt failure have not yet been documented. We
aim here to provide some answers to this issue with field . RESULTS
emission measurements of individual multiwall carbon nano-
tubes performed with a sharp anode in a scanning electron
microscope(SEM). 167 A typical example of a field emission measurement lead-
The experimental setup is described in Sec. Il. Section lling to the failure of the emitter is shown in Fig. 1 for a
compares the failures occuring during field emissi&ik) nanotube of lengtth=0.66 um and radiusr =5 nm. The
and two-probe(2P) characterization when the anode is |-V curve is given in Fig. (c): field emission is observed
brought into contact with the nanotube tip. We examine thefor voltages higher than 60 V, and a saturation appears
different mechanisms leading to nanotube failure and dearound 90 V and 920 nA. The current continues to increase
velop models to support our interpretation in Sec. IV. Sectiorwith the voltage, until an abrupt and irreversible drop in the

A. Field emission failure
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FIG. 1. (a) and(b) SEM micrograph of a nanotube of 0.66m
length and 5-nm radius with the anode positioned atr2-distance
before(a) and after(b) the destruction of the tubéc) Correspond-
ing 1 =V curve with the best fit to the FN modgEq. (1) y=110
+20, A=3%10 '*m?] in dotted line and to the F-N model with
series resistance in dashed lire<5 MQ).

current at 7.5uA. The SEM micrograph of Fig. (b), taken

after the event, shows that the emitting nanotube has disa

peared.

Also shown in Fig. {c) is the fit of thel —V curve to the
Fowler-Nordheim(FN) model?® The FN modelwith image
charge correctionstates that the currert(A) per emitter

vgroi%? with the local field at the emitter surfaBe(V/m)
a0

I=fr_n(V)
_A1.5X106<Y>2 ) %y) F(_6-44X109¢1'5d>
- ¢ d y-ex \/E ex 'yV ,

@

whereA has the dimension of an area{and represents, in
a first approximation, the emitting area; the work functipn
is in eV, the field enhancement factar is defined asF
=yV/d, whereV is the applied voltage; andlthe interelec-
trode distance. Withp taken equal to 5.1 eV, from Fig(d)
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we extract a field enhancement factorsyof 110+ 20 and
A=3x10 ¥ m?. The obtained fit also closely follows the
measured characteristics up to the saturation.

This saturation behavior has been observed on individual
multiwall*? and single-wafl?> nanotubes, and to a lesser ex-
tent on nanotube film¥ It was ascribed to the presence of
adsorbates that enhance field emission at low fi&lds-
creasing the field beyond a given limit displaces the adsor-
bates(leading to fluctuations in emission currgand finally
removes theml—V curves acquired immediately after such
a cleaning show higher onset fields but no saturation. In ev-
ery case, the absorbate could be removed either by increasing
the temperature to 700 °(Ref. 23 or by increasing the
applied field by typically 30962

In our case, however, we did not observe this behavior as
the saturation persisted even after doubling the applied field
(thel —V curves displayed in Figs. 2 and 8 show a saturation
up to fields at least 40% above its onséinother possibility
is that the flattening is due to the presence of a large resis-
tanceR in series with the emittefe.g., at the nanotube-
substrate contact In that case, the voltage drop=RI
across the resistance will lead to a decrease of the effective
applied voltage, and therefore to a flattening of the
characteristicé? Including the effect of a series resistance in
the FN equation is not trivial. Instead, the'V curves can be
numerically fitted by solving numerically the equation sys-
tem {I=f(V—U); U=RI}, as has been done here. This
allows to reproduce the saturation behavior, as shown on Fig.
1 for R=5 MQ (note that including a series resistance in the
model does not change the extracted valuey ahdA).

B. Two-probes failure

In Fig. 2 we show a second example that illustrates an-
other type of nanotube failure, namely during electrical char-
acterization in 2P configuration. The emission sets in at 112
V in the initial situation of Fig. 2a), follows the FN law and
saturates markedly at 160 V and 50 nA. The anode was then
lowered into contact with the nanotuffeig. 2(b)] to perform
2P measurements. The nanotube failed at 4 V ang 20as
can be seen in Fig.(2), where the two parts remain attached
% cathode and anode, respectively. Field emission on the
remaining segmeniFig. 2(d)] sets in at 43 V, and follows the
FN law up to the failure of the emittdFig. 2(e)] at 108 V
and 9 uA. Note that the emission voltages andfactors
cannot be directly compared as the interelectrode distance
and tube length are not the same for the twoV/ curves of
Fig. 2(f).

Figure 2 shows that the nanotube is severed at or near its
middle in 2P failure, which has been observed in all cases.
Conversely, the nanotube is most often completely removed
from the substrate in FE failur@ short stub of less than 100
nm remained in a few cases

C. Failure at low versus high currents

To investigate in more detail the cagseof abrupt emitter
failure, in Fig. 3 we display some relevant parameters for
both 2P and FE failures, in particular the curréntvoltage
V¢, and(for FE failure the fieldF;= yV; at which the failure

115406-2



DEGRADATION AND FAILURE OF CARBON NANOTUEE .. .. PHYSICAL REVIEW B 67, 115406 (2003

10 ; ; ; ; ;
10° | . S 1%
< . * sl 2
E L ) -' ’ g
3 7 s
07} o - &
g S I
1081 7
) IR L
2 4 6 8 10 2P  FE
(a) Failure field [V/nm] (b)
10° | J e —expl)eriment FIG. 3. (a) Failure currentl; as a function of the failure field
A | fit F-N F¢= yV; (v has been estimated with the FN law, and the dotted line
10° | — _itENwith R 1T is a guide for the eye (b) I; (circles, left axi$ andV; (diamonds,
right axi9 for 2P and FE failures, respectively.
10 (d) e
§ 10° L 7 | catalyst layer and substraieneasured with the anode in
T o nanotube-free regiopss typically 20 K2, indicating that the
g 10° - ' g resistance values obtained in 2P are mostly due to the con-
J (@ tacts and nanotube.
10710 | _
10 " ] ' ] IV. FAILURE MECHANISMS
102 A ; A. Gradual failure
(f) 0 a0 Volt;gg v 158 280 A gradual degradation of nanotube emitters has been ob-

served in the past during experiments at constant applied

FIG. 2. (3)-(6) SEM micrographs of a nanotube wif) corre-  voltage'**#1%2’0n single-wall nanotubes, the degradation
spondingl —V curves acquired in the configurations shown(@  was related either to field evaporatittto ion bombardment
and(d). (a) shows the nanotube of 2.3m length and 7-nm radius ~ from the gas phase, or to selective oxidatié@n multiwall
with the anode positioned at 3.76m distance before field emis- nanotubes, a shortening of the emitter over e damage
sion, (b) in contact with the anode before 2P measuremefals, to the outer walls of the nanotube due to high curréntas
after 2P failure, andd) subsequent lateral displacement of the an-observed. Note that the phenomena observed on single-wall
ode for field emission. The nanotube now has a length of 82  nanotubes are probably also involved in the degradation of
with the anode positioned at 2m distance(e) shows the situation  multiwall nanotubegMWNTS), but no relevant experiments
after FE failure.(f) giVeS also the best fit to the FN mO([Q}:7O on MWNTs have to our know|edge been reported. We did
for (a) and y=150 for (d)] with the dotted line to the FN model ot perform measurements at constant applied voltage in the
with the series resistance with the dashed [ife=200 MQ for  ¢qyrse of the present SEM study. We will therefore not ad-
@] dress further these gradual phenomena as the failure of the

. emitters was always abrupt.
occurred. FE failure occurred at currents betwéen2 nA

and 9uA, and at voltages betweex;=103 and 166 V, _
which corresponds to fields;=3-10 V/nm (with y ob- B. Two-probe failure
tained from the FN fits Interestingly(but not unexpectedjy A Nanotube characterization and degradation during 2P
the failure field increases with the failure current. When theand 4P measurements were reported by several groups. Col-
failure occurs betweei=1 nA and 1uA, F; is in the lins et al. observed that arc-discharge multiwall nanotubes
range 3—4.6 V/nm, as compared fg=5-10 V/nm forl; = can be degraded shell by shell under carefully controlled
between 1 and 1@A. conditions, so that only the outer conducting wall fails at
Conversely, the failure currents for 2P measurements werg0—100 xA.?® These currents are comparable to the maxi-
consistently high, betweeln=5 and 50uA, with far lower  mal values obtained during field emission (300 uA)
applied voltages o¥/;=2—11 V leading to a power at fail- for the same type of nanotub&sinterestingly, the behavior
ure between 20 and 200W. Thel —V behavior is linear at  of nanotubes grown directly by CVD is different, as shown
low voltages, with estimated contact resistances betweeim Figs. 3a) and 3b): the failure current is systematically
300 K) and 400 M), which is quite typical of 2P higher for 2P measurements by as much as three orders of
measurements- 2%t is worth noting that the 2P resistance of magnitude. This has also been observed on plasma-enhanced
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CVD-grown fiberd® of 50-nm diameter that failed around
l;=10—20 uA under FE¥ and at around;=0.2—2 mA in
2P measurements.

In 2P measurements, the nanotube the outer shellis
ruptured near the middieor at a weak point? This suggests
that the tube is resistively heated and that the temperature
becomes locally high enough to enhance oxydative ablation
of the tube or even to vaporize the graphitic wall. The resis-
tances we measured (3000 ko 400 M()) are typical for 2P
characterizatioR® but have to be compared with the intrinsic
resitivity of the nanotube. Bachtoldet al. measured
10 kQ/um for arc-discharge multiwall nanotub&swhile
Ahlskog et al. found values higher by one order of magni-
tude for CVD-grown multiwall nanotubegetween 40 and
110 kQ/um, due to the higher defect density in CVD-grown
nanotubes* It can safely be assumed that the contact resis-
tance is invariably far higher than the resistance of the nano- 107 . . : : . .
tube for the typical emitter lengths considered here
(0.4—4 pm), which is quite typical in 2P measurements.

One can therefore simplify the system in 2P measure-
ments as three resistances in series, namely, the two
substrate{respectively anodg¢-nanotube contact resistances
and the resistance of the nanotube proper. As the resistance
of the system is dominated by the contacts, there is also no
significant dependence of the nanotube length or diameter on
the failure current or power or on the 2P resistance. Usually,
the two contact resistances are neglected as the substrate an 107
anode act as heat sinksven though they dissipate far more
power than the resistance of the tube; see Sec.)lV D

The temperature can be estimated analytically when only 107
the emitter dissipates power. Dolahal. showed, for a cy- e
lindrical emitter, that the temperature increases with increas-

ing distance to the contaatas hz_-().(_h)z_as The highest FIG. 4. (9—(d) SEM micrographs of a nanotube of 4.56n
temperature is reached at the emitting end, and amounts t‘?ength and 5-nm radius with the anode positioned at SB-dis-
212 2 tance at(a) 0-, (b) 2-, and(c) 4-V applied voltage before an@)
ph7l _ Rhl 2) after destruction of the tubée) Correspondind —V curve with the
202t 2mr2Kk’ best fit to the FN model¥=220) shown by the dotted line.

108 |

10° |
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whereAT .= T—Tg, Tg is the substrate temperature, gnd
and k are the electrical and thermal conductivities of the
emitter, withR= ph/arr2. For the 2P case, the temperature is
highest in the middle of the nanotube, and amounts to

=50 kQ)/um andx=25 W/mK, from Eq.(3) we estimate a
temperature difference between 50 and 3000 K for the ob-
served 2P failures. Taking into account the fact tRahay
vary from tube to tube and thatis overestimated in SEM,

2,2 2 these values are in the expected range for a heat failure. We
ph?l Rhl . . ;
AT ma= = o (3)  Wwill also see in Sec. IV D that this temperature may even be
8mrik 8wk substantially higher if some heat is dissipated at the contact.

It is worth noting that the occurrence of heating during
nanotube field emission was recently confirmed by two
groups®®3’ In particular, field emission energy distribution  Though resistive heating is likely to be the main cause for
measurements suggest a temperature of 2000 K at the ap@P failure, it is doubtful that it plays a role in all FE failures.
of the nanotube at JxA emitted current® I is scattered over more than three orders of magnitade

The main problem in estimatin T,,,a, is to find reliable  Fig. 3) andA T, [as estimated from Eq2)] is in the range
values fork andR (or p) and for their dependence in tem- 40-920 K for the high current failure$;&1 wA), while it
perature R has been lately measured for CVD-grown nano-is below 1 K for FE failures at lower currents. We argue
tubes and has been shown to vary from one tube to the nekielow that the cause of the latter type of failures is probably
by as much as a factor3 As for «, values of 300GRef. 38 of mechanical origin.
and 25 W/mK (Ref. 39 have been reported for a single  The SEM micrographs of Fig. 4 reveal that even a small
arc-discharge multiwall nanotube and for a CVD-grownapplied voltagde.qg., 2 j is sufficient to significantly deflect
nanotube film, respectively. Taking a mean value Rf the nanotubes. The emitters are also aligned perpendicular to

C. Field emission failure: low currents
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the substrate at typically a quarter of the voltage necessary 3 1¢g® : : S 4108
for field emission regardless of their initial alignment. The
electrostatic force applied on the nanotubes during field 5
emission can also lead to irreversible changes in sliape s {3108
shown herg In fact, simple arguments show that the me- = —yl @
chanical stress on the emitters is considerable. ) . &
. . . = =) n s
The mechanical force due to the applied fi€ldcan be T 715108 2
obtained by integrating the stress over the whole surface of & . =
- . = [0] u| =
the nanotubé&® For conducting materials, the forcel on a S 408l _— L X _%
surface elemendA is dT=(ey/2)F2 dA.“° When the nano- . {1108 =
tube is perpendicular to the substrateéhich is the case dur- ‘ . ‘ TR
ing FE; see Fig. &)], the problem has a cylindrical symme- o e et
try and the radial contributions tdT cancel out following ol ! ! . 0
integration over the whole surface of the tube. The resulting 107 10% 107 10°® 10°
force will act at the emitting end and is directed along the (& Failureeyrrent [A]
axis z of the tube. The tube is therefore subjected to a pure = .
- - 3 10 T T T T T Ld T 4 10
tensile stress with
> - €p - - * 0.’
T =zJ’ 2F2 dA 4 A 3100
cap = 8 . &
Z 2108} @
[0} . [
~ (72 27750 N ;’ o’ §
=z —|F(8)|?cog 6)? r2sin(6)dd d¢ (5) 3 1210% 7
o Jo 2 B =
3 ’ ol 5
wl2 E 1109+ -— a7 ?
=2weorzf |F(6)|?cog 6)sin(6)da, (6) ve'e e {1110° =
0 L ra
I..
where F(6#) takes into account the decrease Fofas one 0 a . . . . . . .
moves away from the apex of the tubefat 0. As shown in 3 4 5 & 7 8 9 10 110
Ref. 41, (b) Field at failure [V/nm]
N vV coqg ) FIG. 5. Estimated forcécircles, left axi$ and stresgsquares,
|F( )| = a4 2 (7) right axig at failure as a function ofa) failure currentl; and (b)

field at failureF;. The line in(a) is a guide for the eye.

and hence enhanced CVD with scanning anode field emission micros-

W2 copy (SAFEM).® In SAFEM3%“2 a probe ball(or a sharp
. 60r2<_ (8) tip42) is scanned over the nanotube film at a constant height
24 d of a few um. As the emitters cannot be simultaneously im-
Taking y from the fit to the FN law of Eq(1) andh and  aged, a direct comparison between the dimensions of the
r from SEM measurements, the applied force at faillife  emitter and its field emission properties are more difficult
and applied stress at failu®;=T¢/7r* can be estimated than in our caséalthough the structures considered in Ref.
with V¢. For the example of Fig. 4, the field strength and30 have very uniform spacing, length and diamet8emet
resulting applied force ale=0.075 V/nm andir=1.1 pN at et al. observed sharp drops in the emission current above
2V, andF;=4 V/nm andT;=4 nN at failure(118 V), re- 20 uA, which they attributed to a mechanical degradation of
spectively. the emitters. The corresponding force is estimated to 800 nN,
The values obtained foF; andG; are summarized in Fig. leading to a stress of 280 MPa which is readily comparable
5 as a function of the failure curreffig. 5@] and failure  to the highest stresses at failure observed here.
field [Fig. 5b)]. The estimated force and stress at failure |t is also interesting to compare these values with the
range between 4 and 25 nN, and 20 and 200 MPa, respegitimate strength of a nanotube under tensile loading. The
tively. We find a marked dependance of stress versus curreférce necessary to fracture a well-anchored multiwall arc-
at failure in Fig. %a), as Gy amounts to 20-60 MPa for discharge nanotube is in the 400—-1400-nN rarigerre-
failures below 1A as compared to 60—-300 MPa above sponding to a stress of 20—63 GPaThis is far higher than
1 uA. A similar relationship with the field at failure is the values found in Fig. 5, even accounting for the fact that
shown in Fig. %b), with the quadratic increase of the stressCVD-grown tubes are more defective than arc-discharge
with the field predicted by Eq(8). The above values are ones and that the force necessary for fracturing the nanotube
comparable to the ones measured by Seshel., who stud-  will hence be lower. In our case, however, the nanotubes
ied individual 60-nm-diameter fibers grown by plasma-grow perpendicularly to the substrate, and the contact area of

. AT
-

115406-5



BONARD, KLINKE, DEAN, AND COLL PHYSICAL REVIEW B 67, 115406 (2003

the nanotubes with the support is very small, on the order of 12 : , , , , , 210*
area of the catalyst particle. Conversely, the contact lies
along the plane of the sharpened tip in the mechanical mea- 10 L " .
surements mentioned above and covers in most cases ovel . i @
1 um of tube length, leading to far larger contact ar&as. T gl 2
This is also the case in most studies of FE degradation that S . " 2
have been performed up to now on individual o 2
nanotubed?~2® where the nanotube was attached on sharp- 2 °[ . 113
ened Au wires or scanning probe microscope tips. o . &

The emitter-substrate contact is therefore a mechanical £ | R - 2
weak point in nanotube films grown on planar substrates, and " 1 “’g
emitters may fail mechanically at applied fields and emitted 2r -
currents far lower than the one necessary for electrical failure
(see Sec. IV D Interestingly, thel =V characteristics of 0 : : : : : . 0

. . : 4 5 6 7 8 9 10 11

tubes withl=<1 uA were very noisy and unstable as in the Tube radius r [nm]
case of Fig. 4, which suggests that the field emission prop-
erties were perturbed by the mechanical stressing. Also note 12 : : . : 210
that we have witnessed only one cdsger 80 emittersof
mechanical failure prior to electron emission. ol " _

In the frame of the above argument, one could expect a __ . 4 &
better adhesiofand hence resistance to mechanical fajlure E sl ﬁ
with increasing nanotube radius as the contact area should = - 2
increase. Interestingly, we find the inverse behavior as field E &k 11 10 =
and stress at failure decrease with increasing tube diameter & . )
[Fig. 6(a)]. Furthermore, nanotubes with smaller radii fail at g . . j
higher currentdFig. 6(c)] in FE, while we find no depen- 2 ar . . o
dence on the tube radiusr length for 2P failure. Figure - 1 “’g
6(b) also reveals that shorter nanotubes withstand higher 2r -
fields before failure. It seems therefore that, in our case,
small nanotube diameters and lengths are clearly an advan- 0 ; : : ' 0

) e 2 0 1 2 3 4 5
tage. This surprising finding is probably due to the fact that (p) Tube length h [um]
CVD-grown nanotubes tend to show more defects in the wall
as their radius increases. We caution the reader that this state- 10* . . . . . .
ment cannot be generalized, as the support-emitter contact . . .
depends critically on catalyst, growth conditions, post- = ‘
growth treatments, etc. Figure 6 clearly demonstrates, never-__ o°r . et i
theless, the importance of a better characterization and un-=< . .
derstanding of the emitter-substrate contact in future studies. § 10% | - -
(]
D. Field emission failure at high currents é 107 - . . .

Mechanical failure cannot account for all the cases we O )
observed. In particular, several nanotubes emitted repeatedly 10° - [« Field emission 1
at voltages of 300 V and fields of 8 V/nm, i.e., significantly + Two-probes
higher than the mean failure field of 5 V/nm. - ) ) ) . . .

One mechanism that has been evoked for field emitter 4 5 6 7 8 9 10 11
failure* is arcing, i.e., an arc between a cathode and an (c) Tube radius r [nm]

anode that is initiated by field emission. Such arcing events ) ]

are also commonly observed on diamond and diamondlike FIG. 6. (a) and(b) Failure fieldF; and square root of the stress
carbon films, and Iead to an enhancement of the field emigt failure G as a function ofa) the tube radius antb) the tube
sion propertie§.5’46 They are caused usually by a high field length.(c) .Fallure current; as a function of the tube radius for FE
emission current* anode outgassint, or local evaporation ~2nd 2P failures.

of cathode materidf that create a conduction channel be-

tween the electrodes, leading to a discharge which destroysratg. For example, Nilssoret al. observed, with a SEM,

or damages the emitter. We rule out this mechanism for sevdamages to nanotube films and substrates after a failure pro-
eral reasons. First, the applied voltage during such discharge®ked in SAFEM for currents at failure above 1. *" This

is much higher and involves hence a larger discharge energinplies that the temperature can reach the melting tempera-
Second, arcing leads to a severe damage of the erstieh  ture of Si: 1420°C. Such damages easily extent over dis-
as the formation of craters or localized melting of the subtances of 1Qum away from the damage center. We did not
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observe any comparable damage to film or substrate after FE
failure [see, e.g, Fig. @)].

Instead, we see in Fig.(8) that the failures at fields be-
yond 4 V/nm also correspond 1g=1 nA, i.e., in or near
the lower range of 2P failures. We also estimAfg,,,, with
Eqg. (2) to be in the range 40-920 K for the high current
failures, i.e., in the range of the estimated temperatures in 2P
failure. This suggests that an increase in temperature may
play a role, which at first glance seems incompatible with the
fact that the failure occurs at the contact. We show below
that the degradation is probably of electrical origin for the
failures occuring at high currents, i.e., through a Joule heat-
ing at the contact resistance.

Equationg2) and(3) give the temperature increase due to
dissipation in the nanotube only, with the assumption that no
other heat sources are present and that the subsaradethe
probe in 2P configurationis a perfect heat sink. However,
the contact resistance in our case is quite high, and is likely
to dissipate heat in a small volume, and the catalyst, nano-
tube, and Si substrate have a finite thermal conductivity. It is
therefore probable that not only the nanotube, but also the
vicinity of the contact between nanotube and substrate, are
heated during field emission.

To assess this possibility, we performed numerical simu-
lations using the prograrrREEFEM+(Ref. 48 which solves
partial differential equationuch as the heat diffusion equa-
tion) by the finite element method. We considered two heat
sources, namely, a nanotube itself with a resistance of
50 kO/um, and a contact with a resistance that dissipates
heat in a spherical volume with the same radius as the nano-
tube, $7rr3. We took tabulated values for the density and
thermal conductivity of Si and F¥€ and took «
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FIG. 7. (a) Temperature profile during field emission along a

=25 W/mK for the nanotube. We also assumed that theéxanotube for varying values of the contact resistafineTempera-

nanotube has an internal cavity of radiu8.

ture increase during field emission at the contact and at the tip of

We make no assumptions on the nature of the contadhe nanotube as a function of the contact resistance. The dimensions
resistance. TEM micrographs show that the nanotube is iof the nanotube correspond to the emitter studied in Figh2 (
most cases directly connected to the matrix with the metallic=2.35um, r=7 nm) with a resistance of 5QK um. The emitted
catalyst particle at the root of the tube, although several gracurrent has been set to 2A.

phitic layers may also be intercalated. It is therefore likely

that the contact resistance is localized in a small volume, Figure 7a) gives the temperature profile along the nano-

especially if the resistance is high.

tube and the underlying substrate for different contact resis-

FREEFEM+ performs simulations in two dimensions, tances. The lowermost profile corresponds to a negligible
which means that we are not simulating a single nanotube oeontact resistance as predicted by E2). This increase in
a surface but a dense wall of nanotubes. In a first step, wemperature along the nanotube does not change as the con-
check the consistency of the simulations by neglecting théact resistance increases. For contact resistances above
contact resistance. The profile of the temperature along th800 K2, however, heating at the contact becomes significant

nanotube reproduces well the behavior of E2).as the tem-
perature increases along the tube with- (x—h)?, wherex
is the distance to the conta&tT .« iS also proportional t&R

and the absolute value of the temperature increases with the
dissipated power. We illustrate this fact in Figb¥ While
the relative increase between the contact and nanotube apex

and tor 2. The only difference due to the two-dimensional is constant, the temperature difference at the contact in-
(2D) character of the simulations as compared to the 3creases linearly beyon&.=500 k). Figure 7 underlines
situation considered hefand in Eq.(2)] is that we obtain a clearly that a Si substrate is not a perfect heat sink as is

dependence o T, that is proportional td instead ofh?.
This also implies that the absolute value ®T ,,, differs

usually assume@vhich will also be the case for glasShe
temperature increase can easily reach values that lead to

from the prediction of Eq(2) by typically a factor 5-10 damage to the substrate, catalyst particle, and/or tube: it
times [the same observations apply to the 2P configuratio@mounts to 1000 K at 100 ¥ for I=2 uA, and will in-
and Eq.(3)]. We take this fact into account in the following crease with 2. This resistance is also well within the values

by calibrating the values obtained BREEFEM+ for a given
nanotube length with Eq2).
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measured in the 2P characterization, and estimated from the
| -V plots. We can also directly compare Fig. 7 with the
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10° . . — -] ducible value of 500 K for the last sweep. The subsequent
2A0* \ A FE measurements reveal an apparent resistance in series with
the emitter of 30 M), which is markedly higher than the 2P
value. Conversely, Fig.(B) shows the same kind of charac-
terization, but with the FE performdskforethe 2P measure-
ments and by starting the 2P-V sweeps at 0 V. FE suggests
| a resistance in series of 500(M while the 2P resistance is
very high in the initial sweep and is estimated to 200} VA
succession of step-like increases in current is observed when
the voltage is increased, leading to a decrease of the resis-
L tance down to 2.7 M.
— —-fit F-N with R From the above results we suggest that the cor{taud
i . especially its resistangés strongly influenced by the mea-
0 50 100 150 200 surements. The tensile loading of the emitters during field
(@) Voltage [V] emission may lead to the rupture of conduction channels at
the contact between support and emitter and hence to an
increase in resistance, in a manner similar to what happens in
mechanically controllable break junctiorfsConversely, the
contact resistance is “annealed” in the 2P mode, as the re-
sistance is lowered by forcing a current through contact and
nanotube. In short, the resistance is increased during FE by
breaking up mechanically some conduction channels, while
these are restore@r others are createdn a 2P character-
ization. We therefore suggest that the increase in temperature
at the contact resistance is enhanced by the mechanical stress
due to the applied field before and during field emission,
107 —experim. || which would elucidate the fact that the FE failure occurs at

""" fit F-N the contact and not along the tube as in 2P failure.
- —-fit F-N w/R

10712 1 1 1 1
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What are the implications of the above findings for field
FIG. 8. Field emissioh—V curves and corresponding fits to the emission devices? The degradation of a film emitter is never
FN law (dotted line$ and FN law with series resistan¢dashed abrupt, but gradual and occurs during initialV testingf‘l as
lines), with in inset successive 2P-V curves(low bias only. (a) well as during measurements at constant applied voltage
2P.ch.aracterization after mephanical stressing, but before fielg,ar long period§:52 Regarding the first type of degradation,
emission on a nanotube with=1.4um, r=75nm, andd hacame obvious from several studies on nanotube arrays

=2.65um. The 2P resistance decreases from & Nb 500 K2 ¢ the field emissioiFE) properties(e.g., threshold field,
with successive measurements at increasing voltage. The fits for tr}F

subsequent FE measurements yigld 90 andR=30 MQ. (b) 2P r:rlgnghl?g (t:?) rgfongtrfaigic\)/ye)lyaﬁgﬂzgrvaaciﬁgsw\?viri]c;hghg(\alxlg zlass a
characterization after field emission on a nanotube wlith . - . !
=2.36 um, r=8 nm, andd=3.75 um. The fits yieldy=65 and shift of thel —V curve toward higher fields and a decrea}‘se of
R=500 M. The 2P resistance decreases from 200 to 2F M f[he"ﬁeld e5rl1r_1ancement. One probable cause .for this “train-
with successive measurements at increasing voltage. ing” effect™” is the destruction of the leaders, i.e., the nano-
tubes with the highest field enhancement that dominate field
emission at the ons&f. This problem can be circumvented
failure of Fig. 1 occuring at uA with a resistance of 5 ! by systematically operating the emitters at high currents to
(as estimated from thie—V curve), leading to a temperature ensure reproducible characteristics. Even with such precau-
elevation of 2000 K. tions, a gradual degradation is also observed when the emit-
One potential problem with this hypothesis appears wheners are operated at constant applied voltage. This degrada-
2P and FE measurements on the same emitter are considerédn is faster for singlewall as compared to arc-discharge
The 2P curves were acquired mostly by sweeping the voltagmultiwall nanotube¥ but lessens with time, leading to re-
directly from a negative to a positive voltage val{iestead ported lifetimes in excess for 8000°HThe decrease iy
of increasing the voltage from 0)VAn example is shown in associated with the degradation, as well as the observed de-
Fig. 8@), with only mechanical stressing with an applied crease in emitter densf§*” leads one to conclude that this
field (no FB before 2P characterization. The 2P measuregradual degradation is in fact due to the failure of individual
ments shown in the inset reveal a linéarV behavior at low  emitters.
bias only, with a resistance of 4 ¥ for the first sweep. In our case, failure under FE occurs at the contact, and
Interestingly, the 2P resistance drops sharply as the voltaghis junction between emitter and support is at present a
range of the sweep is increased, reaching a stable and repneeorly known part of the whole system, be it from a me-
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chanical or electrical point of view. Both aspects play a criti-will also be of importance to study more closely the
cal role in emitter failure, as demonstrated above. The resultsubstrate-emitter contact in CVD-grown nanotubes, and to
available in the literature could lead one to conclude thadevise methods to enhance the contact.

arc-discharge tubes are the most resilient emitters, which

may be a premature conclusion as no study has been con- VI. CONCLUSION

ducted yet in a configuration similar to the one employed
here (e.g., a nanotube film prepared by a squeeze-pas
techniqué®). All degradation experiments on single-wall and
arc-discharge multiwall nanotubes have been carried o
with nanotubes attached to sharpened wife&* where the
contact is mechanically and electrically strong as the conta
area is much higher than in our configurati¢see Sec.
IV C). The failures witnessed in these cases represent t
intrinsic limits of the nanotube emitters, whereas the
substrate-emitter system as a whdfgpical of a nanotube

We have studied the failure of multiwall carbon nanotubes
tﬁaeld emitters grown by CVD on planar substrates in field
u(=Itmission as well as a two-probe configuration. The failures
induced by high currents during 2P characterization led to a
§undering of the tube at or near its middle, which is consis-
Yent with a local evaporation due to resistive heating. The
hfgilure occurred at or near the contact during field emission
on our CVD films, which suggests a degradation mechanism
that is due either to mechanical failure due to the tensile
' . . o . . loading of the emitter under the applied electric field or to
film used in a practical deviges considered in the present éesistive heating at the contact that is enhanced by the me-

study. An experiment similar to the one described here woul chanical stress. We could assign the former cause to failures
be hence needed to directly compare the degradation behav ' 9

ior of nanotubes that are embedded in a conductive resifc4""M"9 at applied fields and currents below 4 V/nm and

with emitters directly grown by CVD on a substrate. Al- fieﬁjé'a?]gdc;?reerl]atl;ter cause to failures occurring at higher
though the former solution may warrant a better mechanical '
contact, at present it lacks the flexibility of CVD for influ-
encing the spacing>* length?>°>® and diametef of the
nanotubes and hence for tuning the field emission This work was supported by the European Community
properties’ and the Federal Office for Education and Science of Switzer-

It appears in any case that the emission of high currentiand in the frame of the project CANADISIST-1999-
(over 10uA) will damage CVD and arc-discharge nano- 20590. We acknowledge enlightening discussions with Ri-
tubes. To ensure stable emission and long lifetime, it maghard G. Forbes on the mechanical stressing of the emitters
hence be favorable to protect actively the emitters against FHuring FE, with Kenneth B. K. Teo on stress-induced failure,
failure by including a ballast resistor in series. This will alsoand with Philippe Lambin on the consequences of mechani-
enhance emission homogeneity and emission site défsity. cal stressing on the electric transport of nanotubes.
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