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Scanning electron microscopy of field-emitting individual single-walled
carbon nanotubes
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Carbon nanotubes are promising electron emitters because of their sharp geometries that lead to
significant external field enhancement, as well as their mechanical strength. However, distinguishing
the emission due to an individual single-walled carbon nano(@#&CNT) from that due to
surrounding structures is a challenge. Here, we demonstrate how a scanning electron microscope
(SEM) can be used to view the emission from individual SWCNTs by applying an external field
close to the onset of field-emission and then scanning the tube with the electron beam of the SEM.
The stimulated emission is revealed in the SEM image as localized bright sp@@04cAmerican
Institute of Physics[DOI: 10.1063/1.1763984

Carbon nanotube€CNTS) are very sharp and mechani- pear extremely bright since the field-emitted electrons will
cally strong structures. Therefore, they are particularly apeontinually saturate the electron detector. Accordingly we
pealing as candidates for micro- and nano-scale electrohuilt the structure of Fig. 1 and examined it in the SEM
emitters. Since individual CNTs are very small and usuallyunder different bias conditions.
exist side by side with additional structures such as neigh- The fabrication process included thermally growing
boring CNTs or metal electrodes on a substrate, it is ofterabout 400 nm of dry oxide on a silicon substrate. Molybde-
difficult to isolate the role that they play in a particular ex- num electrodes were formed by lithography, sputtering, and
periment from the effect of the surrounding structures. Electift-off. A similar process was used to define the catalyst
tron emission is not an exception. In order to study the emisislands that contain iron, molybdenum, and alumina par-
sion of an individual single-walled carbon nanotubeticles. The use of this catalyst is well established for the
(SWCNT) that is the active part of an electron gun micro- growth of SWCNTS: The nanotubes were grown using
structure, we must ensure that the observed electron beamdgemical vapor depositiofCVD) for 5 min at 850 °C with
from only the SWCNT in question, and not, for instance, methane and ethylene as precursors and hydrogen as a back-
from sharp protrusions on metal electrodes, catalyst islandground gas. The flow rates were 1000, 15, and &@Din
that constitute parts of the overall system, or neighboringsccm, respectively. Under these low-yield conditions in our
CNTs. This problem is not exclusive to nanotube-basedcyp chamber, frequently, as here, only one of the catalyst
emitters, but can exist in any micro- or nano-structured elecig|ands formed a significant number of CNTs. The sample

tron emitter. Here it is demonstrated how a scanning electrof,as then mounted in a Hitachi S-2500 SEM with custom
microscope(SEM) can be used to view the emission sites

(“hot-spots’) of a nanotube field-emitter.
The electron beam of a SEM can deliver resolution of a
few nanometers. So, the question is to obtain a suitable con-
trast mechanism for viewing field-emission sites. Figure 1
shows a scanning electron micrograph of a nanotube sample
with zero bias applied to the electrodes that are connected to
the nanotubes. As the bias is increased we see voltage con-
trast; that is, the negative regions appear brighter due to the
enhanced collection of secondary electrons and vice versa. If
the bias is increased slowly there may well be a region just
below the emission threshold where an external agent such
as a SEM beam is necessary and sufficient to provide the
extra energy needed to stimulate the field-emission process,
in which case the emission sites will appear as bright spots.
Beyond that bias region there will be spontaneous field-
emission(emission independent of the position or even ex-
istence of the primary begnand the whole image will ap-

FIG. 1. (a) Cross-sectional schematic view of the structiipg. SEM image
taken in an FEI Strata dual beam systgmrmal incidencg Several nano-
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and then emission decreased and eventually disappeared af-
ter a few minutes, and could be obtained again at progres-
sively higher negative values of bias voltage on the right
electrode.

Note that these bright spots are due to stimulated field
emission and not just voltage contrast. Voltage contrast af-
fects all the negatively biased regions in a uniform manner
and increases rather linearly with voltage. On the other hand,
the appearance of the bright spots happens suddenly and only
in a small voltage rangé few tenths of a vojtbefore the
spontaneous emission regime. Also, it is observed that as the
field of view in the SEM image is increased to beyond a
certain level, the bright spots disappear even though voltage
contrast still exists. This is because a larger field of view
indicates a smaller primary beam density at each
location—an amount that may no longer be enough to pro-
vide the necessary stimulation. In order to obtain this stimu-
lated emission at the level observed in Figa)2 a SEM
beam current of 2.5 pA and a slow scan rate of 8 ms/line
b e o

10 um ‘ was necessary. We have not as yet been able to measure the
stimulated emission current because of large interelectrode
leakage currents on our devices, but the existence of white

o o , tails and stripes emerging from the bright spots is an indica-
FIG. 2. (3) The device imagenormal incidencgunder an applied ~71 V' i of the saturation of the detection system that lasts for a
bias(to the right electrodein a Hitachi S-2500 SEMacceleration voltage: . . . . .
3 kV). Note: the emission threshold had already shifted to this value at th&ertain period of time. This suggests that the emission cur-
time this image was take(b) Similar to(a), but the emission threshold was rent is much higher than our primary beam curréhd pA
about ~78 V in this case. in this cas@ Based on the scan rate for this particular image,
the time duration of the bright tails in Fig(& can be esti-
. mated at about 1 ms. This can be either due to the time
feedthroughs and sample holders to apply bias to the elegagnanse of the detection system itself, or a sign that emis-

trodes. _ _ _ sion from the hot spots lasts for some time even after the
In a first experiment the extraction ggtaiddle) and the grimary beam has swept past them.

right electrode were held at zero potential and a negativ In order to support the idea that the bright spgts.

voltage was applied to the left electrode. In the second eXstimyated emission sitgare primary emitting areas even in
periment the roles of the left and right electrodes were intery,q spontaneous emission regime, we present the following
changed; the left electrode and the gate were held at zegq ments: First of all, one can expect that the sharp nano-
potential, and a negative bias was applied to the right elecype tips exhibit more field enhancement and lower emission
trode. Thus we might expect the bias required for field emisy esholds than other regioffield enhancement at the tip in
sion in the first experiment to be higher than that in thejhe case of a free-standing nanotube has previously been
second case because of the scarcity of CNTs on the left-handported); the experimental result is consistent with this ex-

electrode. pectation. Moreover, as mentioned previously, no emission at

This was indeed the case. In the first experiment the biagimjlarly low values of bias was obtained from the left elec-
had to be increased to —120 V before field emission startedygde, which is largely barren of nanotubes. Also, as ex-

and the whole SEM image was washed out presumably bgsected, the spontaneous emission starts at biases just higher
cause of the Iarge number of emitted electrons from NUMErhan those for stimulated emission such as in qutl’%

ous locations on the Cata.lyst island and electrode, Saturatir&(periment was repeated several times, with very reproduc-
the electron detector independently of the position, or evelple results; if other regions were primarily responsible for
presence, of the SEM beam. In the second experiment, fielshontaneous emission, we would not always see these bright
emission was first obtained at a bias voltage of about —40 Vspots exactly at the onset of emission.

Although the electric field is enhanced at the tips of the  There can be a number of possible mechanisms for this
nanotubes, this corresponds to an average field of abogtimulated field emission. Note that the bias voltage in Fig. 2
8 V/um, which is approximately the value that has beenis almost at the threshold of emission, and only a small en-
reported previously for nanotube field emissfollore im-  ergy transfer to the electrons that are ready to emit is suffi-
portant, at the onset of emission, the SEM image did indeedient to drive the areas with high field enhancement to the
as speculated, exhibit a few bright spots corresponding to themission regime. One possibility is that the primary beam
positions of the CNT tipgFig. 2). This image could be un- electrons directly transfer energy to the electrons that are
stable since small fluctuations in the applied bias or emissioready to emit from the tube. Another explanation is based on
threshold could lead to a full-scale spontaneous emission arskide charging. A little surface charge induced in the oxide
washing out of the image. The emission stopped after a fewmnderneath the nanotube tip by the scanning electron beam
minutes(presumably due to the degradation of the samplecan provide the extra electric field that is needed to start the
because of carbon deposition in the poor vacuum environprocess of field emission. The emission lasts only as long as
men}, and in order for it to restart, a higher negative voltagethe induced charge has not leaked away. Thermal effects may

(=50 V) was needed. Again we saw the same “hot spots,’be another possibility. If we assume that all the energy from
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In a final experiment the sample was imaged following
the field-emission experimenggig. 3). Black radial patterns
were observed emanating from the emission point toward the
extractor electrode. These patterns that did not exist prior to
the emission experiments can be attributed to carbon depo-
sition from the breakdown or surface migration of residual
hydrocarbons by electrons. This is yet another indication that
field emission is taking place from the bright areas at the tips
; , of the nanotubes in Fig. 2, and this is why the center of these
~ Boowvso 2o SE 67 : e radial patterns is in that region. Furthermore, the tips of the
nanotubes responsible for emission are enlarged, possibly
due to carbon deposition from residual gafieig. 3b)]. We
have inspected the endings of non-emitting nanotubes in
other areas of the sample and they do not exhibit enlarge-
ment of the tips.

In conclusion, a SEM can be used to map the electron
emission of a cathode containing carbon nanotube field emit-
ters. Although used for nanotube-based emitters in our ex-
periments, the technique may also be used in imaging other
types of micro- or nano-structured emitters. Also, on a

SpoHagn ~ Dot _wp It { . . . X .
(ON *Selaeelio 0. - g e sample with vertically aligned nanotubes like those consid-

ered for flat panel display applications, by placing an elec-
FIG. 3. Images of the sample after emission experiméafsNormal inci- trode in the proximity of the tubes to provide the external

dence.(b) At a 50° tilt with higher magnificatiorithe region shown corre- . . . L .
sponds to the region between the right and middle electrodgs]inRadial filed, it is possible to perform similar experiments. In these

patterns from carbon deposition by the field-emission beam have a cent&@€liminary experiments the limits of resolution were not
around the nanotube tips. The offset between these two regigbsimdue  determined but at least the emission for individual SWCNTs
to the 5°°Itt"tf°f the S_ampl'e- Note that tth‘lf(“ps_ of th[‘igl’bs‘?s, have gro;"’” largeyas easily resolved. We are working on fabricating new
as a result of emission. Images were taken in an irion G&eidelera- . . .

tion voltage: 5 kVj. The small white dots seen above the right electrode in Stru.Cture.S with |0W(.:"r Ieakage C_urrents' as well as 'mprOV'nQ
() were added by selective carbon deposition after field-emission experith€ imaging resolution and finding out more about the physi-

ments on this sample. cal mechanism of beam-stimulated field-emission.
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the primary beam is transferred to the tube tip and we use
rod of 1 nm in diameter and &m in length as a model for a
nanotube, the induced temperature increase due to the p
mary beam(3 keV acceleration voltage and 2.5 pA curpent
would be about 0.75 K, which is too small to be a possible
reason for stimulated emission. So, unless there is a peculigrD
local heating of the tip atoms by the primary beam, thermal 13, Kong, H. Soh, A. Cassell, C. F. Quate, and H. Dai, Natlumdon
effects do not seem to be at the root of the stimulation. We 305 8%(1‘99& T . ’ o
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more detail and finding out which one is dominant in a par- 3j. cumings, A. Zettl, M. R. McCartney, and J. C. H. Spence, Phys. Rev.
ticular experimental configuration. Lett. 88, 056804(2002).
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