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Abstract

We report the fabrication of an individual carbon nanotube (CNT) electron field emitter using a focused-ion-beam (FIB) tech-

nique. The monolithic multiwall CNT with a graphitic shield is synthesized using chemical vapor deposition technique. The FIB

technique is applied to attach the monolithic multiwall CNT on an etched tungsten tip. Field emission measurements are carried

out in a vacuum of 10�7 Torr. Threshold voltage as low as 120 V has been obtained.

� 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Since the pioneer work of Rinzler et al. [1] on the field

emission from CNT there have been intense studies of

the field emission properties of CNT. It is generally

agreed that electron devices using carbon nanotube field
emitter can be realized in the very near future. Several

extensive reviews [2–6] of the subject have been pub-

lished in the last few years. Among numerous field emis-

sion investigations of CNT reported so far, the majority

have been the studies of thin film field emitters. Here, we

would like to concentrate on the electron field emission

from individual CNT. Among all the works on field

emission from individual CNT, most works [7–13] were
carried out inside a transmission (or scanning) electron

microscope on a substrate that contains many CNTs.

A microprobe is then used to selectively choose one

particular CNT for field emission study. This method
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is useful for the study of field emission properties of

an individual CNT but impractical for applications that

only need one single CNT such as electron source for

electron microscope. The few field emission measure-

ments [1,2,14–16] carried out using a fabricated individ-

ual CNT emitter typically employed optical or electron
microscope to attach CNT or CNT bundle to Au or

W tip with conducting glue or with van der Waals force.

It has been established that CNT is an ideal electron

field emitter with the following advantages: (a) high

brightness, (b) low energy spread, (c) emission current

stability, and (d) long lifetime.

Recently there were several reports [11,13,17] indicat-

ing that damages and degradations to the CNT field
emitters were either due to mechanical failure of the con-

tact between the CNT and the metal support or due to

heating of the contact resistance between the CNT and

the metal support. In view of these repots, a better tech-

nique to attach the CNT to the metal support is needed

to improve mechanical and electrical properties of the

CNT–metal contact. Here, we report the focused-ion-

beam fabrication of a CNT electron field emitter that
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possesses excellent mechanical and electrical properties

of the CNT–metal contact.
2. Experimental techniques

We have reported a chemical vapor deposition syn-

thesis of a monolithic open end multiwall CNT [18] with

a graphitic shield in the past. The diameter of the CNT

is about 48 nm. This unique structure of a CNT inside a

carbon fiber is ideal for the fabrication of individual

field emission tip because of its mechanical integrity,

good electrical contact between the CNT and the carbon

fiber, and ease of handling the carbon fiber. Details of
the synthesis steps have been reported earlier [18] and

will not be discussed here.

Once the CNT-containing fiber was produced, we

employed FIB technique to attach the CNT-containing

carbon fiber to a sharpened tungsten tip. The steps are

as follows: we mounted a chemically etched tungsten

tip and the CNT-containing substrate inside a FEI Vec-

tra 200 FIB system. FIB was first employed to fabricate
a two-micron slot at the end of the etched W tip and

then we used the in situ micro-manipulator to pick up

an ‘‘intermediate’’ carbon fiber as shown in Fig. 1(a).

The pick up process involved first etching a slot on the

tip of the micro-manipulator and then moving it to a

carbon fiber such that the fiber is rested in the slot. Then

platinum metal is deposited at the contact of the fiber

and the tip of the micro-manipulator to form a rigid
bond. The Ga ion beam energy and current are set at

30 keV and 30 pA, respectively during the deposition

process. Then a 40 lm segment of the fiber is cutoff from
the substrate. The beam energy and current settings are

30 keV and 300 pA, respectively, for the cutting proce-

dure. Next we used this ‘‘intermediate’’ fiber to pick

up a CNT-containing carbon fiber as shown in Fig.

1(b) and (c). Finally we put the CNT-containing fiber in-
side the slot fabricated at the tungsten tip with the help

of the micro-manipulator as shown in Fig. 1(d). After

depositing platinum metal to weld the fiber to the

tungsten tip, the ‘‘intermediate’’ fiber is cutoff from the

CNT-containing fiber as shown in Fig. 1(e). After FIB

fabrication, an SEM image of the CNT-containing car-

bon fiber is shown in Fig. 2. An enlarged SEM image

near the tip of carbon fiber is also shown as an inset
in Fig. 2. It should be noted that the ion beam used

for imaging, cutting, and depositing metal can affect

the mechanical and electrical properties of the carbon

nanotubes. At ion energy of 30 keV and beam current

of 500 pA, the carbon nanotube can be easily damaged

in a few seconds. To minimize any potential damage

to the nanotube, we never image the carbon nanotube

with Ga ion beam directly during the FIB process.
After the FIB fabrication, the CNT emitter is

mounted on a home-made platform for field emission
measurement. The platform is made of vacuum compat-

ible insulator with the ends of two fine-thread stainless

steel screws facing each other as counter electrodes.

The end of one screw is polished to a mirror finish, while

the other screw has a step at the end so the CNT emitter

can be attached with silver paint. The CNT emitter is
pointed at the center of the mirror finish end of the other

screw perpendicularly. The distance between the two can

be adjusted under optical microscope to within 2 lm.
The typical distance between the CNT and the counter

electrode is 50–200 lm.
3. Results and discussion

The platform is placed inside a stainless steel ultra-

high vacuum chamber for the field emission measure-

ment. The vacuum during measurement is kept at

1 · 10�7 Torr. The power supply we used is an ORTEC
model 556 and Keithley multimeter and picoammeter

are used for voltage and current measurements. In this

measurement, we keep the distance between the CNT
tip to the opposite electrode to be 150 lm. The I–V

measurements are shown in Fig. 3. Similar to previous

reports [7,11] we found that the CNT emitter went

through a conditioning period initially. The condition-

ing effect is due to the apex contamination when the

CNT emitter was first transferred into the vacuum.

After the initial conditioning period, the emission char-

acteristics become reproducible. We define the turn-on
voltage as the voltage when the emission current reached

1 nA. In the current case, we obtained a Vturn-on of

120 V.

In the Fowler–Nordheim relationship [19],

Ln
I

F 2

� �
¼ k � /3

2

F
þ const; ð1Þ

where F is the local electric field at the emitting area—

the tip of the CNT and / is the work function of

CNT tip. Without the CNT tip, the local electric field

due to the combination of the tungsten wire and the car-

bon fiber is F0. We define the field enhancement factor of

the CNT tip itself as b ¼ F
F 0
. Please note the unconven-

tional notation we used here. It has been shown [20] that

the electric field at the apex of the carbon fiber is

approximately equal to that of a conducting sphere with

the same radius. So the local field at the end of the car-

bon fiber neglecting the CNT tip can be estimated as

F 0 ¼ V
R, where V is applied voltage and R = 0.7 lm, is

the radius of the carbon fiber. Thus the Fowler–Nord-

heim relationship can be written as

Ln
I

V 2

� �
¼ 1000 � a � /3

2 � R
V � b þ const ð2Þ



Fig. 1. (a) Secondary electron image showing the micro-manipulator with one ‘‘intermediate’’ fiber welded to it with the deposition of platinum

metal. The fiber has been cut away from the underlying substrate. (b) Secondary electron image of a CNT-containing fiber to be welded to the

‘‘intermediate’’ fiber. (c) After the welding process, the CNT-containing fiber is cutoff from the substrate. (d) Secondary electron image of sliding the

CNT-containing fiber into the slot fabricated at the end of the etched tungsten tip. (e) Platinum metal was deposited at the slot to weld the fiber with

the W tip, and the CNT-containing fiber was then cut off from the ‘‘intermediate’’ fiber.
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In the insert of Fig. 3, we plot Ln(I/V2) vs. 1000/V,

the slope of the straight line is a/3/2R/b. Here the con-
stant a = 6.82 · 106; / is the work function of the car-

bon nanotube, a typical value is 5 eV; and b is the
field emission enhancement factor due to the geometry

of the CNT tip only. From the slope we obtained an

enhancement factor, b of 21. From a theoretical predic-
tion [21,22] of b for a planar anode and a shank of zero
semiangle,

b ¼ 1.2 � l
r
þ 2.15

� �0.9
; ð3Þ

where r is the curvature radius at the apex of the emitter

and l is the length of the emitter. Even though our ex-

perimental set-up geometry is not planer, but if we use
the above equation with r = 24 nm and l = 3 lm, we
obtained a value of b � 100.
We also noticed that the degradation mode of our

CNT emitter is different from previously reported
[11,13,17]. In the previous cases, the degradation oc-

curred at the contact between the CNT and metal sup-

port. This is understandable because those CNT tips

were attached either by glue or by van der Waals force.

In our case, the degradation starts at the end of CNT

tip. We believe this is mainly due to our open-ended

CNT and the relatively low vacuum (10�7 Torr) in our

chamber. At high emission current, the CNT will act
as heating resistance and burn the nanotube. At emis-

sion current of 10 lA for 5 min, our CNT burnt out

totally. Yet the carbon fiber and the welding contact



Fig. 2. An SEM image of the monolithic multiwall carbon nanotube

field emitter. At 500· magnification, the cone-shaped etched tungsten
tip and the carbon fiber are clearly shown. A close-up of the

rectangular area at the tip of the carbon fiber is shown as an inset

showing CNT at the end of carbon fiber.
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Fig. 3. Evolution of the current–voltage characteristics of our

practical electron field emitter showing the conditioning process. The

solid square (j) are data before conditioning, while the open (s) and

(h) are data obtained after the conditioning process. The linear curve

fit of (s) data is Ln I
V 2

� �
¼ �10.8� 2.6 1000

V

� �
. The linear curve fit of (h)

data is Ln I
V 2

� �
¼ �9.4� 2.74 1000

V

� �
.
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between fiber and tungsten support remained intact.

After the CNT tip burned away, we measured the resis-

tance of the whole set-up without the nanotube tip by

reducing the inter-electrode distance to zero and made

the carbon fiber in contact with the opposite electrode.

The total resistance including the carbon fiber, the FIB

welding junction and the contact resistance is only about

2000 X.
4. Conclusion

In conclusion, we report a method for fabricating

individual multiwall CNT electron field emitters using

a focused-ion-beam technique. This multiwall CNT elec-

tron field emitter is monolithic, with a graphitic outer
layer. This CNT electron field emitter is monolithic with

a graphite outer layer. It exhibits excellent structure
integrity and excellent electric contacts between CNT

and fiber, and between fiber and metal supports.
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emission from carbon nanotubes: Perspectives for applications

and clues to the emission mechanism. Appl Phys A

1999;69:245–54.
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