NANO
LETTERS

Achieving High-Current Carbon e

Nanotube Emitters 2135-2138

Eric Minoux,* T Oliver Groening, * Kenneth B. K. Teo, § Sharvari H. Dalal, 8
Laurent Gangloff, & Jean-Philippe Schnell, T Ludovic Hudanski, lan Y. Y. Bu,8
Pascal Vincent, T Pierre Legagneux, T Gehan A. J. Amaratunga, ¢ and

William 1. Milne 8

Thales Research & Technology, Rouf@alementale 128, 91 767 Palaiseau Cedex,
France, EMPA Materials Science and Technology, Feuerwerkerstrasse 39,

Thun CH 3602, Switzerland, and Engineering Departmentphsity of Cambridge,
Trumpington Street, Cambridge CB2 1PZ, United Kingdom

Received July 20, 2005; Revised Manuscript Received August 26, 2005

ABSTRACT

When a carbon nanotube emitter is operated at high currents (typically above 1 LA per emitter), a small voltage drop ( ~few volts) along its
length or at its contact generates a reverse/canceling electric field that causes a saturation-like deviation from the classical Fowler —Nordheim
behavior with respect to the applied electric field. We present a correction to the Fowler —Nordheim equation to account for this effect, which

is experimentally verified using field emission and contact electrical measurements on individual carbon nanotube emitters. By using rapid

thermal annealing to improve both the crystallinity of the carbon nanotubes and their electrical contact to the substrate, it is possible to

reduce this voltage drop, allowing very high currents of up to 100 KA to be achieved per emitter with no significant deviation from the
classical Fowler —Nordheim behavior.

Carbon nanotubes/nanofibers (CNs) are currently studied agechnique for the production of such vertically aligned
field emission electron sources for use in a variety of multiwall CN arrays with industrial fabrication potential. By
applications such as microwave amplifiérslectron guns, using this technique, we have grown arrays of well-spaced
X-ray sources,parallel electron beam lithographywnd flat individual CN emitters and tested their FE properifeat
panel display8.Whiskerlike in shape and high in aspect ratio, present, the currents for as-grown CNs are lower than
carbon nanotubes present the ideal shape for field emfssion required for certain applications because of the high density
(FE), with enhancement factors in the range of -20000. of defects in PECVD CNs. In this article, we show that rapid
Because of strong-€C covalent bonds, CNs are much less thermal annealing (RTA) in the 80T range allows more

sensitive to electromigration than metallic tips or filaments than 1 order of magnitude higher currents and appreciably
and are thus able to carry high current densitfesanging improves crystal structure.

from 10 to 10 A cm™% CNs are also unique in that they  ap array of individual CNs was prepared by dc PECVD
can field emit very stable currents even when self-heating acetylene and ammonia at 70C.13 The growth of
of the emitter increases the temperature of the apex up 0 4ividual CNs was achieved by using 100-nm-diameter

2000 K? . . patterned dots of 7-nm-thick Ni catalyst on a 8-nm-thick TiN
Although an individual CN emitter can be operated at diffusion barrier on a highly conductive® doped Si

currents abO\_/e 1QuA,"* most FE applications require substrate. This process delivers highly uniform CNs with
S|gn|f|cantly.h!gher currents (£0100 mA), and thus,_ cath- mean radius ~ 25 nm and heighb ~ 5 zm for 45 min of

pdes comprising a large number of CNs are required. Thegrovvth time (see Figure 1a). Typically, the standard deviation
ideal field emitter array would be an ordered array of in the radius and height distributions of the CNs is 4.1 and

individual_, verti(_:ally_alig_ned emitterg spa cegl by apprqxi- 6.3%, respectively? so that the aspect ratib/f) of most of
mately twice their height in order to minimize field screening the nanotubes in the array is around 200.

while keeping high emitter density. Plasma-enhanced o )
chemical vapor deposition (PECVD) offers a well-controlled ' measurements were performed on individual CNs using
a high-resolution scanning anode field emission micros€ope

:Corresponding author. E-mail: eric.minoux@thalesgroup.com. (SAFEM) (see Figure 1b). The SAFEM tip radius wagrh
Thales Research & Technology. and the tip-to-CN apex distance was typicaHg0—15 um.
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§ Engineering Department, University of Cambridge. The pitch of the array was 50m to avoid measurement of
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Figure 1. (a) Uniform array of individual vertically aligned CNs —substrate /COﬂtaCt !
grown by dc PECVD at 700C. In this micrograph, the CNs are 5 :
um in length, 50 nm in diameter, and the spacing iarb. (b) ) VoIta S ppe—
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10 15 20 25 30 Figure 3. Simulations show the distribution of equipotential lines
Applied electric field (Vpm') between the CN and the anode: (a) depicts the case of a perfect
105 — , . — emitter where there is no potential drop along it, (b) an emitter
(b) As deposited o e e with a voltage drop at the emitter/substrate interface, and (d) an
. 2 L emitter with a voltage drop along its length. The graph in (c) plots
107 “ the reduction of field enhancement factor as a function of the voltage
. DD“” drop. In this particular case, the emitter height wasn its radius
‘:é— 10° Duunoﬂ” was 25 nm, and the applied electric field was 1Qivi~1.
2 &
=
S n“”ﬁ f + Voltage drop modelled rom current regime, assuming a work function of 4.9 €¥;the
2?' Jioid emission | &, of (a) derived field enhancement factor of 190 is in good agreement
= Voltage drop from contact |-V K )
ool & with the aspect ratio of CNs as measured by SEM.
0 2 3 4 5 However, typically at currents above JdA, a strong

Total voltage drop (V) saturation of the emitted current is observed and the curves

Fi ) o - . deviate significantly from FN law (see Figure 2a). Two
igure 2. (a) Field emission—E, characteristic obtained from an ) . . .
as-deposited CN. The line corresponds to the fit to the FN model €XPlanations for this observation have been proposed in the
at low currents. (b) Measured (by touching the probe with the CN) literature: (a) the presence of adsorbates (adsorbed molecules
and calculated (from field emissioh—E, characteristic with  or impurities) at the CN apex can enhance field emission at
o = 1) voltage drops for the same as-deposited CN. low fields, which are then removed at high fields, causing
the current to saturaté®or (b) the presence of a resistance
adjacent CNs. Stable and reproducible characteristics werein serieswith the emitter, for example a bad CN/substrate
obtained by cycling the current-applied electric fieletEy) electrical contact, can induce a saturation at high applied
characteristics to LA, as described by Sem#t. fields?® Here, we demonstrate both experimentally and
At low applied fields and currents, tHe-E, behavior of through simulations that the emitter current saturation is due
as-deposited CNs follows closely the Fowt@tordheim to a large voltage drop along the CN emitter and/or at the
(FN) equation (with image charge correction) (see Figure CN/substrate interface.
2a) written as?’ A voltage drop may appear at two places: (1) along the
CN or (2) at the CN/substrate interface. To study the effect

I(E) = of both these voltage drops on the emitter field enhancement
factor, the distribution of electrostatic potentials between a
1.5 )
AM([%EB) ex 104) ;(— M) Q) CN and an anode for 3 different configurations has been
Vo PE, simulated using CPO 3D softwatkFirst, the case where

no potential drop exists in the system is presented in Figure
3a. In this case, the CN has a field enhancement factor of
Po. Next, a potential differencd/g, is introduced at the CN/

substrate contact. From Figure 3b, one can see that only

wherel is the emission current (A the emission area @)
E, the applied electric field (V mt), @ the work function
(eV), andp the electric field enhancement factor. In this low-
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equipotentials abov&/y run around the CN’s apex. This 10*

situation is equivalent to a reduced apparent effective length 10°{ (a) Post annealed i
of CN, resulting in a lower field enhancement fagtgr We _10% {
determinedpy for various Vg, and we obtained a linear ;v 1074 1
dependence g#4/f5o versusVy (see Figure 3c). By studying E 10° 1
various CN geometries, the following relationship has been g 10° 1
deduced: g 10" 1
s o pecommnic,
1 h 1
&‘ =1- aﬁ 2) 1w
Bo hE, 10 15 20 25 30 35 40
Applied electric field (Vum™)
with h the emitter height (m)E, the applied electric field 104 (b) Post annealed
(Vm™1), anda, which is equal to 0.92. Last, we assume that 870 §°°5°
the voltage drop is generated along the CN'’s length (see 108 Te°

Figure 3d) rather than just at the contact. The same
relationship is found to apply except witlh equal to 1.
Hence, a voltage drop occurring at the CN/substrate interface

108+

Current (A)

or along the CN length has, in practical terms, almost the 1074 1% e XS?E:@L?&T??&;"’”
same effect on thé—E, characteristics. f * Voltage drop from contact I-V
Thef in the FN eq 1 can now be replaced Byof eq 2 10°

to accurately model emitter voltage losses during FE. Using 0 ;otal vo"ige dmpa(v) 4
the experimental data of Figure 2a andoaf 190 deduced

from the FN fit at low voltages, we have calculated that Figure 4. (a)|—E;characteristics obtained on a postannealed CN.
ranges from 0to 7.1 V (foe. = 0.92, i.e., contact effect) or The line corresponds to the best fit to the FN model. (b) Measured

from 0 t0 6.5 V (foro. = 1, i.e., CN's resistive effect) when (Y. touching the probe with the CN) and calculated (from field
| ied f 1610 105,A ' Ei 2b). T ify th emissionl—E, characteristics witle = 1) voltage drops for the
varied from to (see Figure 2b). To verify the  c5me postannealed CN.

validity of our formula, the SAFEM tip is now brought in
contact with this CN to measure its actlialV characteristic. after annealing in the low-current rangeQ.1u«A). However,
Figure 2b shows that, indeed, the contacV measurements  as seen in Figure 4a, no saturation was observed until a
are a good fit to thé—Vy deduced from the FE measure- current of~20 uA. The field-emitted current now follows
ments. Thus, this experiment proves the validity of our model the FN characteristic over 8 orders of magnitude. The contact
in which the enhancement factor is a function of the emitter |-V measurements on the postannealed CN (see Figure 4b)
voltage drop. reveal that, at the same applied voltages, the postannealed
Note that this effect is prominent here because the CN CN has current approximately 3 orders of magnitude larger
voltage drop (a few volts atA) along the CN length (afew  than that of the as-grown CN. By using the experimental
microns) now generates a “canceling” electric field of the data and the modified formula of the enhancement factor
same order of magnitude of the applied field (a few volts/ A4, V4 have been determined fofrom 108to 5 x 1075 A,
micron). and these are well correlated with the contact measurements
From the contadt—V, it is deduced that the total resistance (see Figure 4b). The resistance between the substrate and
between the substrate and the CN apex is on the order ofthe CN apex is on the order of 10@kat 1 V, and thus, the
~100 MQ at 1 V, and thus, the conductivity is around 0.3 conductivity is around 3« 10 Q~cm . The maximum FE
Q1 cm™L If we assume that the as-grown CNs were well current supported by the postannealed CN before failure was
crystallized, they should exhibit a conductivity value close between 80 and 12fA (tens of CNs tested). This corre-

to graphite (16 Qcm™1) and possess a resistane8 kQ. sponds to a current density o6 x 10° A cm~2 within one
This small resistance would generate insignificant voltage CN (CN diameter is 50 nm).
drops ¢~mV) for currents in theuA range, which implies Further investigations were carried out to determine the

that most of the voltage drop is occurring at the CN/substrate extent of CN structure improvement due to RTA. Figure 5a
interface. However, such large voltage dropsr/ (V) are and b show the CN apexes by using transmission electron
unlikely to exist only at the thin interface between the 8 nm microscopy. In our growth process, the Ni catalyst particle
TiN film and the CN. Thus, we believe that the voltage drop is always located at the CN apex (tip growth mechanism),
occurs along the CN in this case. The development of a with a thin carbon layer encapsulating it. For as-grown CNs,
voltage drop may also lead to heating effects that determinethis layer is highly disordered (see Figure 5a). In contrast,
the maximum current a CN can suppdtt. after 850°C annealing, well-crystallized graphene layers now
To improve the emission behavior of the as-grown CNs, cover the Ni catalyst at the CN apex (see Figure 5b).
rapid thermal annealing in high vacuum (2@nbar) at high Postannealed CNs also exhibit relatively well-graphitized
temperature (850C) was performed, followed by SAFEM  walls compared to those of as-grown CNs (see Figure 5c
measurements. Several nanotubes were measured, and thend d). The vibrational properties of as-grown CNs and
field enhancement factors were virtually the same before andpostannealed CNs were also investigated by using Raman
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Moreover, we also propose that annealing improves the
electrical contact between CN and the TiN diffusion barrier.
It has been reported that carbide formation between carbon
nanotubes and Ti occurs at temperatures above’80éind
this leads to lower resistance contas®

In conclusion, a voltage drop of merely a few volts along
an emitter can cause the emission current of the emitter to
saturate. This effect is prominent here because the CN
voltage drop (a few volts atA) along the CN length (a few
microns) generates a “canceling” electric field in the same
magnitude of the applied field (a few volts/micron). By using
simulation, a new formula has been derived to determine
the field enhancement factor as a function of this voltage
drop. The validity of this formula was verified by using both
field emission and contact measurements on individual field
emitters. Through rapid thermal annealing at 8% the
crystallinity of PECVD carbon nanotubes is improved. This

(a) CN tip - as deposited

(b) CN tip - annealed

(c) CN walls - as dep. (d) CN walls - annealed -

(e) 1.04

. T . posttreatment enables the production of arrays of CN
102} O+ as deposited emitters, each capable of 8220uA emission current. Such
1.00 an array has been fabricated (CN density df &) and
S osef delivers 30 mA peak current (12 A cf) when directly
& 096 modulated at microwave frequency (1.5 GRZThis opens
O 094} © numerous new possibilities in high-current applications.
'_'_a 092} o -
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