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Cutting of multiwalled carbon nanotubes by a negative voltage tip of an atomic force microscope:
A possible mechanism
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Multiwalled carbon nanotube@MWNT'’s) on Si5 5 12 surfaces are demonstrated to be cut only by a
negatively biased conducting tip of an atomic force microsdégeM). By scanning with the AFM tip across
a 30-nm-diam MWNT in contact mode, we could cut the MWNT only at a negative tip voltage below a
threshold. As the tip-moving speed increased, the magnitude of the threshold voltage was increased. A graphite
surface was etched in comparison by the same method. It was also etched only at a negative tip voltage below
a threshold. As the magnitude of the bias voltage increased, the etch depth of the graphite surface increased
exponentially to reach 7.9 nm, a thickness of 23 atomic layers of graphite, at a bias voltagd® &f. The
etching current from the graphite surface to the negatively biased tip was found to follow the Fowler-Nordheim
equation and attributed to field-emission electrons from the negatively biased tip. The etch depth of the
graphite surface was also found to follow the bias voltage dependence of the Fowler-Nordheim equation. The
graphite etching is thus found to be controlled by the field-emission current so that we may propose a cutting
mechanism based on the field-emission current density of the Fowler-Nordheim equation: both the MWNT
cutting and graphite etching encounter the same reaction where the activation energy is supplied by electrons
that are field emitted from the negatively biased AFM tip.
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Carbon nanotubes have attracted intensive attention duent through a tip and the graphite surface was measared
to their remarkable electronic and mechanical propertiesitu to verify the microscopic mechanism of etching.
since their discovery in 1991 Nanotubes could be bent, MWNT's were grown on am-type Si wafer by thermal
straightened, moved, rolled, and slid by the tip of an atomicchemical vapor deposition, and the average diameter and
force microscopdAFM).22 Single-walled carbon nanotubes length were around 30 nm and @m, respectively! The
(SWNT's) could be worked by an AFM tip to make circuits MWNT’s were collected by a razor blade and sonicated in
of nanotube$,to show single-electron chargifigand to fab- dichloroethane fo8 h and spin coated on the(5i5 12
ricate a room-temperature single-electron transfstalso surfaces. The AFMDigital Instruments Dimension 3100
SWNT's were reported to be cut by the biased tip of & scany a5 gperated at a relative humidity of 40%—70% in air. A
n@ng tunneling microscopéSTM) on a gold surfape in ultra- MWNT was cut by a WC-coated conducting AFM tip mov-
high vacuun’. The two small areas of the multiwalled car- ing across the MWNT on the silicon substrate at a fixed

bon nanotubéMWNT) connecteq to electrodes vv’ere eJ[Chedangle, at a constant speed, and under a constant contact force
in oxygen plasma to form an island of MWNT's and the .

Coulomb blockade effect was observed at 4.8 €arbon in the contact mode.

nanotubes were also incorporated between two layers fVC"\?_llf,re 1tf3hot\;1vs At‘r;elz\/lcpntact—modebAFM |Images V(\)/fhthe
e-beam resist to be used as a shadow mask, blocking met S cut by the tip at various bias voliages. en

deposition at one point along a thin witdf a MWNT of a the conducting AFM tip’ was moved across MWNT’s_in con-
given diameter can be cut in precise length by an AFM tip af@ct mode, the MWNT's could be cut only at negative bias
a specific position of quantum dots or nanowires, it can func¥oltages larger than a threshold. The threshold voltage was
tion as a conducting component of nanodevices such as \@rying in the range of-6 to —8 V, depending on the
single-electron transistor and a resonant tunneling diode. scanning speed of the AFM tip. The threshold voltage of
In this experimental work, we want to report our quanti- —6 V was observed at a moving speed of @.th/s but at a
tative results in which MWNT’s on $ 5 12 surfaces were higher speed of Jum/s the threshold voltage was increased
cut by only a negatively biased conducting tip of an AFM into —7 to —8 V. Since the MWNT diameter is around 30
contrast to a previous repbrivhere a positively biased tip nm, the interaction time between the tip and MWNT is esti-
was also cutting the nanotubes in ultrahigh vacuum. Recentlgnated to be about 30 ms at a tip speed qirh/s and about
Parket al° reported that nanotubes of 3 nm diameter could300 ms at 0.1um/s, respectively. In a recent work of Park
be cut by applying only a negative voltage, larger than zet all° the operating pulse width was between 10 and 100
threshold, in a pulse mode to a metal-coated AFM tip in airms, conforming with our estimations.
However, no discussion was made of the microscopic For a shorter interaction time, a larger bias voltage is re-
mechanism of cutting. The graphite surface was taken as @uired to cut the MWNT’s. The threshold voltage is thus
reference of etching chemistry for carbon surfaces. The cudetermined by the total energy supplied. The bright lines
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FIG. 1. Contact-mode AFM images of the MWNT’s on 4555
12) substrate cut by a negatively biased AFM tip. The tip scanning FIG. 2. (8 Tapping-mode AFM image from a cleaved HOPG
was made at the speed of dm/s (a), (b) and at the speed of surface andb) average cross-sectional profile over the length of
0.1 um/s(c), (d). A close examination shows white lines inside the €ach respective etch line inside a rectangular frame depictéd. in
cutting groovegmost clearly in(d)] which represent the Sidines ~ Each etch line was made by a negative voltage tip, on the graphite
anodized by the negatively biased tip. The numbers representing thirface, scanning at a speed of @.&/s and at a contact force of
negative bias voltages also place each respective starting spot @tound 550 nN.
different scanning cycles.

air, where the measured threshold voltage was in the range of

formed on the $b 5 12 surface after the scan cycles of the 3—4 V14 Since the presence of residual water molecules was
negatively biased tip represent the Sies resulting from  found to be a necessary condition for the etching protess,
anodization of the Si surfadé'3The width and depth of the the graphite surface etching was attributed to an electron-
SiO, lines increase in linear proportion to the bias voltagetransfer-enhanced chemical reaction where carbon atoms re-
applied to the tip, and these oxide lines indicate where the tigcting with residual water molecules are removed from the
was scanning and how large bias voltages were applied to trgraphite surface to produce ,H CO, CQ, or CH
tip. moleculest® Figure 2 shows a tapping-mode AFM image

In a previous report of Venenet al,” a positively biased and average cross-sectional profiles over the parallel etch
tip was also cutting single-walled carbon nanotubes in ultratines of the cleaved HOPG surface after scanning by the
high vacuum, where a high-voltage threshold was required tbiased AFM tip at six different bias voltages in contact
break the carbon-carbon bonds in nanotubes. But in oumode. Only negative bias voltages larger than a specific
present work, nanotubes are cut only at a negative tip voltagdireshold could leave etch lines on the graphite surface. As
larger than a threshold which depends on the interactiogan be seen from Fig.(B) the etch line depth was found to
time. Therefore, the MWNT cutting in air may not have the increase exponentially with increasing magnitude of bias
same mechanism that the high-energy electrons break up dioltage. The etch depth did not reach even 4 graphite atomic
rectly the carbon-carbon bonds in the nanotube. A graphitéayers at bias voltages less than8 V, but exceeded 20
surface, similar to MWNT'’s in the bonding structure, was graphite layers at a larger bias voltage-010 V. The etch-
tested for etching characteristics by the same method tmg threshold voltage was increased with increasing scan
verify the microscopic mechanism for the cutting of speed.
MWNT's. Our experiments of cutting the MWNT's and etching the

A linear scan by a biased conducting AFM tip was madegraphite surface give several interesting results of new con-
on a cleaved highly oriented pyrolytic graphitdOPG sur-  cern in common: Only the negatively biased tip can produce
face at a constant speed and under a constant contact forceantting and etching in MWNT’s and graphite surface layers.
contact mode to compare the respective etching data with th&s the scanning speed increases and thus the interaction time
MWNT’s. A graphite surface was etched in previous worksdecreases, the threshold voltage is increased. The threshold
by a STM tip in both positive and negative bias voltagesvoltages are not within the tunneling regime but in the re-
applied between the STM tip and the graphite substrate igime of field emissiort! And the etching depth of the graph-
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FIG. 3. A best-fit curve to the experimental data of etching ) ) )
depth vs tip voltage. FIG. 4. Experimental data of tip current vs tip voltage and a

best-fit curve.

ite surface increases exponentially with the magnitude of the . , 2 .
bias voltage, exceeding 20 graphite layers—at0 V. The actly the Fowler-Nordheim equatioh=a"Vgexp(—b'/Vy),
graphite etching and nanotube cutting are thus encounterir@® Shown in Fig. 4. Therefore, the current flow may well be
the same interaction which occurs only at a negatively biasedttributed to the field-emitted electrons from the negatively
tip. The threshold voltage depends on the interaction timebiased tip.
that is, the complete interaction needs a threshold total en- If b/E of the Fowler-Nordheim equation is setlio/V, of
ergy to cut the MWNT. The interaction is thus controlled by our best-fit formula for the etch depth we can estimate the
a voltage-dependent energy factor. This energy function ofoncerned field-emission parameters. In the Fowler-
the etching interaction is then expected to have an exponemMordheim equation, we have=6.83x 10’ %% (E) with ¢
tial dependence on bias voltage. The MWNT cutting may baepresenting the work function so that we may obthin
thus assumed to encounter the same chemical reaction as the3.0x 10" V/icm at E=8x10" V/cm for ¢=4.85 eV
graphite etching. (Ref. 19 and v(E)=0.45 eV. We can thus obtaib/E

We can assume that the energy for the chemical etching. 4 13 atE=8x 10" V/cm. ForE=7X 10" V/cm we have
process may be supplied by the field-emission electrons fror{)(E):o_M andb=37.2x 107 VV/cm to obtainb/E=5.31.
tri]\?e?\Fl\g t'p'ﬂ:’(‘;he;%mgfﬁggge?rinsgyiggg ?S:E'zoe?( IS On the ott]er hand, from Figs. 3 and 4, we fibt/V
9 y q P =434 andb”/V,=4.80, respectively, a¥,=10 V. Both

(_—b_/E) with E repres_enting th electric field. The _exponen-b,/vO andb’/V, can be seen to take ¥,=10 V the b/E
tial increase of the field-emission current densitwith in- ) . o
values corresponding to the electric fieldE=7-8

creasing electric fielde would then bring about a corre- - . .
sponding increase of etching depth in the graphite surface.x_10 Vicm. The small dlffer_ence_can be_neglected, consid-
ering the roughness fluctuation with the tip-surface nm-scale

In Fig. 3 we made use of this formula to best fit the = " . .
experimental data of etching deph versus applied voltage distance and other random conditions to deviate the electric

(V) obtained from Fig. 2. The best-fit curve of the etching fiéld- The values ob” andb’ are thus close enough to con-
depthd(V,) can be represented by a formuda: a’VSexp vince us that both the current equa‘glon and gtch depth equa-
(—b'IVp), whereV,, is the magnitude of the applied voltage, tion follow the same prler-Nor_dhelm eqL_latlon. The energy
anda’ andb’ are the best-fit parameters. Assuming the elec&nd €tch depth thus increase in proportion to the current;
tric field E is proportional to the applied voltagd,, the therefore, the energy of the graphite etching by the AFM tip
etching depthd(V,) can be seen to follow the Fowler- N air may be assumed to be supplied by the current of field-
Nordheim equation. At very weak etchings of discernibleemitted electrons from the negatively biased tip.
limits discrepancies between experimental data and the fit- As the distance between the AFM tip and sample surface
ting curve are apparent due to insufficient samplings for 4 kept at about 1 nm in the contact-mode operation, the
statistical average. However, this exponential dependenc@lectric field between the tip and sample ¥p=10 V
suggests that the graphite surface is also etched by a fieldeaches about fov/icm, close to the electric field 8
emission current from the negatively biased AFM tip. X 10" V/icm estimated fronb’/V, and b/E. Therefore this
The current through a tip to the graphite surface was mea€sult also suggests that graphite etching may be provided in
sured by a current-voltage converter preamplifier while @nergy by the field-emitted electron current from the
function generator was supplying negative voltages continunegative-voltage-applied tip.
ously to the tip, which was scanning on the grounded graph- [f the tip voltage is decreased, the tip size should be re-
ite surface under the same contact force of the graphiteduced to maintain a specific current, following the equdflon
etching experiment. The current was found to flow from ther =0.85v3"/ ¢ relating a tip radius (A), work function ¢
graphite surface to the negatively biased tip and follow ex{eV), and a tip voltag&/, (V), when the current density will
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increase accordingly. Therefore, even at voltages smallegtched by the same method applied for cutting the MWNT's.
than —10 V, the field-emission current density at a nm-sizeThe etching current of field emission was measured to verify
AFM tip can be so large as to etch a graphite surface or cuhe microscopic mechanism of cutting by the AFM tip.

a thick MWNT. Comparing the experimental results between graphite
Because the electric field at a sharp tip end is much largestching and MWNT cutting, we show that both MWNT cut-
than at a smooth surface, only the electrons emitted from thgng and graphite etching should be attributed to the same
negatively biased tip can get so high energy above thgnechanism. The energy required for the chemical etching

threshold as to cut the thick MWNT's at applied voltagesmechanisrif for graphite etching is provided by field-

smaller than—10 V. But with such small voltages applied t0 emjssjon electrons from the negatively biased AFM tip.
the positively biased nanotip, the electric field at the smooth

surface of graphite or nanotubes may not become so high to The authors would like to thank Professor Cheol Jin Lee
give the large emission current of electrons required forat the Kunsan National University for providing the
chemical etching. MWNT's and Professor Jae Myung Seo at the Chonbuk Na-
In conclusion we could cut 30-nm-diam MWNT'’s in easy tional University for providing the $6 5 12 substrate. J.-
and precise controls by an AFM tip only at a negative biasY.K. was supported by the Ministry of Science and Technol-
voltage larger than a threshold. The graphite surface wasgy of Korea through the Creative Research Initiative.
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