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Electrostatic properties of single-separated multiwalled carbon nanotubessMWCNTsd deposited on
a dielectric layer have been investigated by charge injection and electric force microscopysEFMd
experiments. We found that upon local injection from the biased EFM tip, charges delocalize over
the whole nanotube lengthsi.e., 1–10mmd, consistent with a capacitive charging of the
MWCNT-substrate capacitance. In addition, the insulating layer supporting the nanotubes is shown
to act as a charge-sensitive plate for electrons emitted from the MWCNTs at low electric fields, thus
allowing the spatial mapping of MWCNT field-emission patterns. ©2005 American Institute of
Physics. fDOI: 10.1063/1.1925782g

The control of electrostatic properties of carbon nano-
tubes is of fundamental interest for potential applications
such as field-emission electron sources. However, although
field emission from single-separated multiwalled carbon
nanotubessMWCNTsd, or arrays of MWCNTssRefs. 1 and
2d, were reported nearly one decade ago,3 the understanding
of the MWCNT field-emission processes from their atomic
structure is still in progress both from a theoretical4 and ex-
perimental point of view.5 In this letter, we investigate the
electrostatic properties of single-separated MWCNTs by
charge injection and electric force microscopysEFMd
experiments.6 We found that upon local injection from the
biased EFM tip, excess charges delocalize over the whole
nanotube lengthsi.e., 1–10mmd, consistent with a capacitive
charging of the MWCNT-substrate capacitance. However,
for nanotubes with smaller diameters, drastic changes are
observed in their electrostatic properties, with the occurrence
of abrupt discharging behaviors. In addition, the dielectric
layer supporting the nanotubes is shown to act as an efficient
trap for the electrons emitted from the MWCNTs, thus allow-
ing the spatial mapping of MWCNT field emission patterns.

MWCNTs were grown by chemical vapor deposition us-
ing Ni particles as catalysts.7 After a nitric acid treatment to
separate the metal particles from the grown MWCNTs, puri-
fied nanotubes in powder form were immersed in dichlo-
romethane, ultrasonically agitated for a few hours, and then

dispersed by spin coating on substrates. Typical transmission
electron microscopy micrographs of the MWCNTs are given
in Figs. 1sad and 1sbd, showing the organization of the
graphene sheets and typical MWCNT cap shapes. For elec-
trical characterization purposes, nanotubes were dispersed
onto a thins200 nmd thermal oxide layer on a silicon wafer
with resistivity 0.01V cm slater also used for the EFM ex-
perimentsd. Electrical contacts were achieved on single-
separated MWCNTs using a dual ion- and electron-beam mi-
croscope sFEI Strata DB 235d, and by directly writing
Pt contacts on top of a given MWCNTsRef. 8d fsee Fig.
1scdg. The ohmic behavior of contacted MWCNTs at 300 K
was checked using two and four-probe measurementsfsee
Fig. 1sddg.
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FIG. 1. sad and sbd Typical transmission electron microscopy images of
MWCNT caps. Insets: Magnified data associated with the white frames and
showing the local graphene plane structure.scd Scanning electron micro-
graph of a single-separated MWCNT on a 200 nm thick SiO2 layer with
platinum electrical contacts deposited by a focused ion-beam apparatus.sdd
Room-temperature current-voltage characteristics of the MWCNT of Fig.
1scd showing an ohmic behaviors31 kV resistanced.
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Charge injection and EFM experiments were performed
at 300 K under dry nitrogen atmosphere with a Nanoscope
IIIa microscope sVeecod. We used PtIr-coated cantilevers
with frequency,60 kHz and spring constant,2–5 N/m.
Charge injection is achieved by pressing the EFM tip biased
at Vinj—with respect to the silicon substrate—with a typical
2 nN contact force on a given nanotube for a few minutes
ssee Fig. 2, insetd. The resulting transfer of charges along the
nanotubes is then characterized by EFM, in which electric
force gradients acting on the tip biased atVEFM shift the EFM
cantilever frequency.6 In practice, the acquisition of EFM
data is interleaved line by line during the sample topography
imaging where the tip is grounded. Experiments are illus-
trated in Fig. 2 for a nanotube with,30 nm diameterfsee
Fig. 2sad for the topography imageg. In EFM images,
MWCNTs are always observed prior to injection as a dark
featuresnegative frequency shiftd fFig. 2sbd, VEFM=−2 Vg.
This signal accounts for the local increase of the tip-substrate
capacitance when the EFM tip is moved over MWCNTs and
is proportional to −VEFM

2 .6 After the charge injectionshere
usingVinj =−3 V for 2 mind, the nanotube EFM imagefFig.
2scd, VEFM=−2 Vg exhibits a bright contrast corresponding to
a positive frequency shift. This is due to the interaction be-
tween the MWCNT chargeQNT and capacitive charges at the
tip apex swhich here dominates over capacitive effectsd.
Since this charge frequency shift varies asQNT* VEFM, the
positive feature observed in Fig. 2scd demonstrates that
QNT,0, i.e., there is a storage of electrons along the nano-
tube. No discharge could be observed upon continuous scan-
ning for 10 h for the MWCNT of Fig. 2.

The delocalization of excess charges over microns upon
local injection from the EFM tip apex is a consequence of
the conductive nature of the MWCNT and attributed to the
charging of the MWCNT-substrate capacitor. This is sup-
ported by the 300 K metallic behavior of the MWCNTs at
low bias fsee Fig. 1sddg, enabling the delocalization of in-
jected charges. Also, preliminaryQNTsVinjd spectroscopic
measurements indicate an overall general linear behavior,
which is consistent with a capacitive charging of the
MWCNTs.9 Using a model derived from Ref. 6, we esti-
mated from EFM experiments the linear density of the
charged MWCNT: ulu,20–50e/mm. This value is then
compared to the prediction of a pure capacitive model, tak-

ing C/L=2p«0/ lns2d/ r0d for the linear capacitance of a cy-
lindrical metal wire of radiusr0 separated in air by a distance
d from a metal planeswith here r0!dd. We obtain ulu
,300 e/mm for an injection biasuVinju=3 V, d=200 nm,
and r0=15 nm. The discrepancy between the estimation and
experimental values is likely to originate in the very details
of the MWCNT charging mechanisms. Such a description
falls by far beyond the scope of this letter.

We now report on the change of electrostatic properties
observed for smaller nanotubes. This is illustrated in Fig. 3,
showing the topography image ofa,15 mm long MWCNT
fFig. 3sadg, and exhibiting two different diameters around its
two caps, i.e., 18 nm and 30 nm, respectively, for the upper
and lower cap regions labelledsid andsii d. A charge injection
experimentsVinj =−6 V,2 mind was performed in the vicin-
ity of capsid slocal nanotube diameter,18 nmd. In Fig. 3sbd,
the EFM image after charge injection is scanned from top to
bottomsVEFM=−2 V,20 mind scan durationd. The bright fea-
ture associated with negative stored charge is seen to disap-
pear at midscan within a few scan lines, leaving the nanotube
uncharged on the surface, as seen from its corresponding
dark EFM feature after dischargefFig. 3sbd, bottomg. To
demonstrate that the abrupt discharge is associated with a
specific point of the MWCNT, the charging experiment was
repeated at the same injection point, and the EFM detection
was performed in similar conditions apart from the scan di-
rection set from bottom to top in Fig. 3sbd. This also revealed
an abrupt discharge at the same nanotube point. From the
small amount of negative charges left on the oxide after the
dischargeffaint bright halo surrounding the nanotube in Fig.
3sbd, bottom, or in Fig. 3scd, topg, we conclude that the elec-
trons initially stored in the MWCNT have been emitted from
the nanotube to the grounded tip apex during the topography
imaging. A possible explanation for the abrupt discharge
points observed along the MWCNTs with smaller diameters
would correspond to the presence of structural defects en-
hancing the field emission of electrons from the nanotube to
the tip apex during the topography imaging. This is, first of
all, supported by the disordered structure of graphene sheets
along the nanotubesfsee Figs. 1sad and 1sbdg. Also, in all our
measurements, abrupt discharges could be observed either
along the MWCNTs, but alsoat the nanotube capsas well,
and in any case only for local nanotube diameters smaller

FIG. 2. Inset:sleftd Schematics of the charge injection with the tip biased at
Vinj with respect to the substrate;srightd EFM data acquisition, consisting in
recording the EFM cantilever resonance frequency shifts, when biased at
VEFM. sad Atomic force microscopy topography image of a MWCNT with
,30 nm diameter. The scale bar is 1mm. sbd EFM imagesVEFM=−2 Vd of
the uncharged nanotubes20 Hz color scaled. scd EFM image sVEFM

=−2 Vd after charge injectionsVinj =−3 V for 2 mind.

FIG. 3. sad Atomic force microscopy image ofa,15 mm long MWCNT.
The local nanotube diameter is, respectively, 18 and 30 nm in the vicinity of
its two caps labelledsid andsii d. sbd andscd EFM scanssVEFM=−2 V, 20 Hz
color scale, 20 min acquisition timed after charge injection experiments
sVinj =−6 V,2 mind. The injections insbd and scd were performed at the
point indicated by the arrow. Scans were acquired from top to bottom insbd
and from bottom to top inscd, showing that the abrupt discharge is related to
a specific point of the MWCNT. The dashed line is a guide for the eye for
the correspondence between the two EFM images.
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that 25 nm. This shows that the emission is enhanced for
smaller diameters, thus discarding any potential discharging
mechanism mediated by external dirt on the nanotube side
and caps, and supporting rather a field-emission mechanism
for the discharge.

This is further confirmed by the electron emission prop-
erties observed at the MWCNT caps. We first discuss the cap
sid following the charging/discharging experiments reported
in Fig. 3. In Fig. 4sad, the vicinity of the capsid is displayed
after the charging/discharging experiments of Figs. 3sbd and
3scd. The nanotube appears as a dark feature in Figs. 4sad and
4sbd demonstrating its neutral character after the experiments
of Fig. 3. However, as seen from Fig. 4sbd, it is surrounded
by a slightly bright halo after the charging/discharging ex-
periments, corresponding to negative charges emitted from
the nanotube to the oxide surface. At the nanotube capfthe
dashed line in Fig. 4sad is a guide to the eyeg, the electron
emission is found to be dramatically enhanced over
,500 nm along the nanotube axis, with an opening half
angle less than 5°.10 The oxide layer appears as a practical
charge-sensitive plate for the emission processes, since the
emission pattern is typically unchanged after 14 h continu-
ous scanning, as seen from Fig. 4sbd. From the electron emis-
sion enhancement along the nanotube, and the high aniso-
tropy of the observed emission patterns, we deduce that the
local field created at the nanotube cap is the driving force for
the emission process. However, one cannot strictly speaking
distinguish between a mechanism where charges are directly
field emitted onto the oxide surface, and a two-step mecha-
nism, where charge emission occurs in the vicinity of the tip
cap in combination with a migration of emitted charges on
the oxide due to the electric field at the cap of the charged
MWCNT. However, such a charge migration can obviously
only be efficient provided the nanotube is still charged. This
is demonstrated in Fig. 4sbd, where the lateral resolution of
the charge emission pattern is unchanged compared to Fig.
4sad after 14 h of continuous scanning. More quantitatively,
considering the tip injection voltageVinj =−6 V and the
200 nm thickness of the SiO2 layer, one can estimate a
0.03 V/nm average electric field between the nanotube and

the substrate. Emission at low field would, therefore, occur
for a MWCNT with field enhancement factor of the order of
,100, which is likely for a MWCNT with diameter
,18 nm.11 However, such a few V/nm local electric field is
sufficient to induce an enhanced charge migration in the
SiO2 layer along the nanotube, suggesting that field emission
and electric-field induced transport in the oxide layer prob-
ably combine during the discharge to lead to the electron
emission patterns observed in Figs. 4sad and 4sbd.

Finally, the same nanotube was scanned after charge in-
jection fFig. 4scdg around its second capsii d with a diameter
of 30 nm. No abrupt discharge was observed during scan-
ning, either along the nanotube or directly at the cap. Con-
sequently, the negatively charged nanotube cap leads to the
bright EFM feature observed in Fig. 4scd. No enhanced elec-
tron emission could be observed beyond the nanotube cap, in
contrast with Figs. 4sad and 4sbd. This underlines the corre-
lation between the abrupt discharge behavior and the en-
hanced electron emission patterns on the oxide surface, to-
gether with the nanotube cap and diameter size.

In conclusion, we investigated the charging and emission
effects of MWCNTs by EFM. The charge delocalization is
consistent with an injection mechanism based on the charg-
ing of the MWCNT-substrate capacitance. We found that
MWCNTs with smaller diameters exhibit abrupt discharging
and enhanced electron emission properties. These results ap-
pear very promising to study experimentally the spatial field-
emission properties of model systems, such as single or
double-walled carbon nanotubes.
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FIG. 4. sad EFM imagesVEFM=−2 Vd of the cap regionsid of the MWCNT
of Fig. 3 acquired after the charging and discharging experiments of Fig.
3sbd and 3scd. The bright halo corresponds to negative charges on the oxide
surface. The dotted line is a guide-to-the-eye for the MWCNT cap to em-
phasize the enhanced electron emission over,500 nm.sbd Same scan taken
14 h later, showing a weak decay of oxide charges.scd EFM imagesVEFM

=−2 Vd of the cap regionsii d after chargingsno abrupt discharge could be
observed in the vicinity of this capd, showing the MWCNT negative
charges, but no enhanced emission at the cap.
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