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Carbon nanotubes are good candidates for electron field- and photo-emitters at the nanoscale since
their sharp geometries lead to significant external field enhancement. Also, their mechanical strength
and structural completeness alleviate issues related to stability and lifetime that may be present in
small-scale emitters that have loose atoms at their tips. Here, we demonstrate how an external
electron beam can stimulate electron emission from the tip of a nanotube that is lying on an
insulating surface and is subject to an external electric field, thus making it act as an electron

bombardment source.© 2004 American Vacuum Society.[DOI: 10.1116/1.1809628]
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I. INTRODUCTION

The large aspect ratio of carbon nanotubes(CNTs) leads
to significant field enhancement at their tip when place
an external electric field. This makes them very interes
candidates for field-emitters. Also, the mechanical stre
and stability of CNTs suggest that they can provide la
emission currents over substantial periods of time. If a C
is subject to enough external field in a standard cath
anode configuration, it acts as a normal field-emitter. H
we investigate the question of how the electron emis
process can be stimulated using another electron beam
hits the CNT. This electron beam can, for instance, be
primary beam of a scanning electron microscope(SEM).

II. METHODOLOGY

In normal SEM imaging, CNTs typically do not sho
particularly high secondary electron coefficients, eve
their tips. In other words, an electron beam is not a suffic
driving force to create emission from the CNT in the p
ence of small external electric fields such as those gene
by the secondary electron detector of the SEM. There
another agent is needed in conjunction with the prim
beam. This can be a strong external electric field. This
would not be strong enough to cause emission by itself
would reduce the emission energy of the tube at the tip
level that could be overcome with the action of the prim
bombarding electron beam. Hence, we call the resu
emission process “stimulated field-emission”(SFE), i.e.,
field-emission that is stimulated by another electron bea

In these experiments, we are interested in nanotube
lie on a dielectric surface as opposed to freestanding ve
nanotubes. The advantage of the former is that they are
and their tip is not subject to much mechanical fluctuat
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Thus, they can provide a more stable emission. How
because of the presence of the dielectric surface in the
mediate proximity, external field enhancement around
tip would be less than in the case of freestanding nano
and they may require higher applied electric fields to em

III. DEVICE STRUCTURE

In order to apply the necessary external electric field
ily without using high voltages, we need an extraction e
trode very close to the CNTs under experiment. To avoid
difficulty of having to bring an electrode to very small d
tances from the nanotube, which requires very precise
chanical manipulation of a tip on the micron scale inside
chamber of the SEM, we integrated the extraction elect
into the emitter structure that was made using standard
crofabrication techniques(Fig. 1). First, a step was mad
using lithography and dry etching of silicon—the extra
electrode was going to be placed at a lower level. Then c
the growth of approximately 400 nm of wet thermal oxide
the wafer. Next, optical lithography was used to pattern
the electrodes, including the extractor, in photoresist.
proximately 50 nm of molybdenum was then sputtered
the wafer and a lift-off in acetone completed the fabrica
of electrodes. Catalyst islands were similarly patterned u
lithography on PMMA (polymethylmetacrylate) as resist
deposition from solution, and lift-off. The catalyst conta
alumina, iron, and molybdenum particles. Nanotubes
grown using chemical vapor deposition with methane
ethylene as source and hydrogen as carrier gases. Typic
flow rates were 1000, 20, and 500 sccm for methane, e
ene, and hydrogen, respectively. The growth temperatur
in the range of 850 to 900 °C, and the duration of the
cess was 5 min. This process is well known to prod
single-walled carbon nanotubes.1

The experiments were carried out inside a Hitachi S-2
SEM. An appropriate sample holder and custom-m
feedthroughs had been added to the tool to enable the

l:

,

cation of voltage to the devices inside the chamber.
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IV. EXPERIMENT

In a typical experiment, the extractor gate was hel
ground potential and a negative bias was applied to the
ode (the electrode that had the CNTs attached to it). By
gradually increasing the value of the negative bias, we w
first observe voltage contrast, i.e., negatively biased reg
including the nanotubes, would appear much brighter
other areas[Fig. 2(a)]. This is due to the enhanced second
electron collection from these regions because of the n
tive bias. If the magnitude of negative bias was increa
beyond a certain threshold value, there would be spon
ous field-emission from various places on the sample, inc
ing the nanotubes. The SEM video system would be s
rated and the whole image would be lost in white sig
However, if the sample was biased very close to the ons
emission, but not quite into the spontaneous field-emis

FIG. 1. Cross section of a device(thicknesses shown are not to scale).

FIG. 2. (a) Voltage contrast. A voltage of −24 V is applied to the nanotu
with respect to ground(the gate electrode on the right). (b) Applied voltage
is 25 V. Stimulated field-emission can be seen as a bright spot on the
tube tip. The bias voltage is right at the spontaneous emission thresho
some traces of spontaneous emission can be seen as white stripes on

portion of the image.(Primary beam acceleration voltage: 5 kV.)
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regime, the areas with great field enhancement that
ready to emit could be excited with the primary beam of
SEM. As a result, in this close-to-threshold regime, th
would be field-emission from nanotube tips only when
primary beam hit them. Therefore, these points appear
extremely bright spots on the SEM image[Fig. 2(b)].

On some of the devices, rather than having only a
spots(nanotube tips) that exhibited significant external fie
enhancement, there were vast areas that started norma
emission before emission from nanotubes. These coul
for example, sharp protrusions on catalyst islands. In t
cases, stimulated field-emission from nanotube tips wa
observed since the image was lost due to spontaneous
emission. We obtained stimulated field-emission from
tips on almost 70% of the samples.

V. RESULTS AND DISCUSSION

Below a certain magnification(usually on the order o
,1000), stimulated field-emission would disappear. At c
stant scan time(TV scan), reduced magnification mea
faster motion of the beam, and, as a consequence, less
delivered to each point on the sample. At very high ma
fication, which means a very small field of view(only lim-
ited to the area around the tube tip), stimulated field emissio
still existed (Fig. 3). So, the phenomenon was not due
charging of other places(electrode and catalyst that we
connected to the nanotubes) from the primary beam, but w
from the interaction of the primary beam directly with
CNT tip area.

Typically, the primary beam current was a few picoa
peres. On one of the samples, the experiment was perfo
at constant magnification in a relatively large range of
mary beam currents, starting at 2.4 pA, and going dow
,0.7 pA (primary beam energy: 5 kV). Surprisingly, stimu
lated emission was still observed at low current on som
the CNTs. At much lower primary beam currents(a few tens
of femtoamperes), where it was very hard to even obtain
image of the sample, at very slow scans, the tube tips
exhibited significant brightness compared to the rest o

-
d
top

FIG. 3. Stimulated emission is observed even at very high magnific
(small field of view), where only the region around the tip of the nanotub
scanned(no electrode or catalyst lies in the field of view). (Primary beam
acceleration voltage: 5 kV.)
samples(the body of the nanotubes was almost invisible at



at
nde
om
ano

gna

on
t the

he
ar o
eed
wa
by

ima

the

be
pen,

d so
rent

tages
-
y

the
t,
ere

volt-
At
ard
n at

-

tion
ving
can

e ac-
the
elec-
hus,

ox-
is no

aging
d
n

from

ccel-

low
tubes

3126 Nojeh et al. : Electron beam stimulated field-emission 3126
this low current). We observed stimulated field-emission
primary current levels and slow scan times that correspo
to the delivery of only a few electrons to each square nan
eter of the sample, which is the approximate size of the n
tube tip area.

There are various methods of averaging video si
samples to reduce the noise level(point by point, line by
line, or frame by frame) for an image capture. If the emissi
lasts for a while after the primary beam has swept pas
nanotube tip, the collected electrons(still being emitted from
the nanotube) by the SEM detector will be attributed to t
new places being scanned. As a result, streaks will appe
the image, originating from nanotube tips. This was ind
the case in some of the experiments. If image averaging
done line by line or frame by frame rather than point
point, the stripes were longer since in these cases the pr
beam was moving faster(Fig. 4).

On a given structure, not all the nanotubes showed

FIG. 4. Stimulated field-emission under various video sample aver
methods:(a) point by point;(b) line by line; (c) frame by frame. Applie
bias: −49 V. Number of samples averaged: 32.(Primary beam acceleratio
voltage: 3 kV.) Note that in line or frame modes, the streaks emanating
nanotube tips are longer than in the point mode.
same amount of brightness at their tips. Also, some of them
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required higher external fields to exhibit SFE. This could
related to the tube tip structure, i.e., its being capped or o
terminated with other atoms from the environment, an
on. It is known that these various types generate diffe
levels of external field enhancement.2

SFE was observed at primary beam acceleration vol
ranging from 3 to 20 kV. At 2 kV and below(the experi
ment was done at 2 kV, 1 kV, and 500 V), SFE was ver
hard to obtain on most of the nanotubes, even though
nanotubes were observed clearly(Fig. 5). In one experimen
we started at 5 kV primary acceleration voltage, wh
stimulated field-emission was very easily obtained[Fig.
6(a)]. We then proceeded to reducing the acceleration
age: At 3 kV, the effect was relatively easily obtained.
2 kV, we did not see any SFE. At 1 kV, SFE was very h
to observe, and at 500 V, although slightly stronger tha
1 kV, it was still very hard to obtain[Fig. 5(b)]. Interest
ingly, different nanotubes exhibited SFE at 3 kV(not shown)
and 500 V. Weak SFE at low primary beam accelera
voltages could be due to the primary electrons not ha
enough energy to initiate the process. Oxide charging
provide another possible explanation: a negative charg
cumulation in the oxide as the result of illumination by
primary beam may provide the energy needed by the
trons in the tube tip to overcome the emission barrier. T
at lower primary acceleration voltages that approach the
ide charging crossover point, or below that where there

FIG. 5. Imaging and stimulated field-emission at a low primary beam a
eration voltage of 500 V.(a) Zero bias—normal SEM image;(b) applied
bias is −30 V. Note that stimulated emission is hard to obtain at this
value of primary beam acceleration voltage, and only one of the nano
exhibits the phenomenon.
oxide charging or even positive charging, there would be no
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stimulated emission. In order to test this hypothesis,
needed to isolate the effect of oxide charging from the
ering of the primary beam energy. High acceleration volta
provided just such an occasion. Since the thickness o
oxide layer underneath the tubes is only about 400 nm
primary beam energies higher than about 5 keV, the pen
tion of electrons creates a so-called electron-beam-indu
current that circulates between the oxide surface and the
ducting silicon substrate below it. Therefore, there is
accumulation of charge at the surface. There might eve
positive charge accumulation as discovered by Baiet al.3

However, we observed SFE at primary beam energies
to 20 kV [Fig. 6(b)]. This indicates, at least, that oxi
charging is not the only root cause of SFE. Nonetheless
phenomenon is most pronounced at 5 kV, where the am
of oxide charging for the thickness in question is aroun
maximum negative value. So, charging may be one o
players in the event.

If oxide charging is not the main driving force of SF
there must be direct energy transfer from the primary b
to the electrons in the nanotube tip. However,
nanotube tip is a very small volume(on the order o
1 cubic nanometer), and the primary electrons will not ha
a chance to undergo scatterings with multiple nanotube
trons. Therefore, it is hard to explain the high numbe
emitted electrons generated by this process(as suggested b

FIG. 6. Stimulated field-emission at high primary beam acceleration
ages:(a) 5 kV; (b) 20 kV. SFE was easiest to obtain at around 5 kV.
the extremely bright emission spots) based on the same
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model as a bulk electron bombardment source. We sugg
different qualitative model: Due to the extremely strong fi
enhancement at the nanotube tip, a high number of nan
electrons are attracted to the tip area. Once a primary
tron hits the tip, it interacts with a large number of th
simultaneously. This type of interaction may be fundam
tally different from the two-particle scattering that prima
hitting a bulk material undergo a number of times. There
the characteristics of the emitted electrons may be diffe
from normal secondaries emitted from bulk materials,
there may be special phase relations among the elec
emitted as a result of each primary incursion. One proble
doing these experiments was that, especially in the
vacuum conditions of,10–4 Torr in our chamber, th
sample was subject to degradation due to e-beam-ind
material deposition. So, the order of experiments perfor
on a sample(change in the primary beam energy, prim
beam current, scan rate, and so on) could affect the outcom
Therefore, one needs to exercise caution in interpretin
results, and it is only by performing the experiments on m
tiple samples that conclusions are drawn on an average
The other option would be to have a multitude of sample
significant similarity (same quality catalyst island, sa
length and positioning of nanotubes, as well as same ch
ties and diameters), which is almost impossible with the e
isting fabrication techniques. Future work will include p
forming the experiment under higher vacuum condition
reduce sample degradation and improve sample lifetime
experiment repeatability, as well as measurements o
emission current and developing a qualitative model to
scribe the phenomenon.

VI. CONCLUSION

Electron beam-stimulated field-emission from sin
walled CNTs was observed. The evidence suggests th
main mechanism behind the phenomenon is direct int
tion of the primary beam with the nanotube rather than
charging of the surrounding oxide. The effective secon
electron emission coefficient is estimated to be at least
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