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Recently current-wltage(l-V) characteristichave been
reportedby Collins et al. for a systemwith a scanningun-
neling microscope(STM) tip anda carbonnanotube1].
The STM tip was driven forward into a film of mary
entangled nanotubeson a substrate, and then was
retracted so that one of nanotubesridgedthe STM and
thefilm. |-V characteristichadtwo differentpatternsas
shawvn in Figs. 1(a) and 1(b) for different heights. One
shavedlargedl/dV with V > 0, smalldl/dV with V < 0, and
| =0 nearV = 0 (type-l), while the othershaved rectifica-
tion, i.e., | # 0 only with V < 0 (type-Il), with the tip
grounded. We proposea physical mechanisnto explain
the obsergd|-V patterns.

We considerthat the obsened characteristicstrongly
reflectecthe natureof thetip (metal)- nanotubgsemicon-
ductor) contact[2]. The otherend of the nanotubewas
entangledwell in the film, and simply provided a good
Ohmic contact. We will arguethattherearetwo different
contactmodes- vacuumgap (left) and touching (right)
modesas in Fig. 1(c), dependingon the presenceor
absencef a tiny vacuumgapd ~ 0.1-0.2nm at the junc-
tion. Thesemodesmay be relatedto physisorptionand
chemisorptionrespectiely. Once admitting their exist-
ence,t is naturallyshavn thatl-V characteristicaretype-
| in the vacuumgap mode, and type-Il in the touching
mode. We argue that the nanotubehad to be an n-type
semiconductojudging from the |-V characteristicscon-
trary to oftenobsenred p-typein thetransistorapplications
[3], wherep-typeis probablydueto the oxidationin air or
the trapped chges in the silicon-dioxide.

The band diagramsare shawvn in Fig. 1: (d) - (f) for
type-I (left) and(g) - (i) for type-II (right). In the metal,
Ep\ is the Fermienegy and @, is the work function. In
the semiconductqgry is the electronaffinity, Egg is the
Fermienepgy, andEg is thebandgap. E; andE, arecon-
ductionandvalencebandedgesrespectrely, anddepend
on the appliedvoltageV afterthetip is grounded. ¢, and
@, areSchottly barriersand¢ = Egg- E,. At (d), valence-
bandelectronstunnelto the tip with V < 0, resultingin
smallerdl/dV. (e)is athermalequilibriumwith V =0. At
(), tip electrongunnelto the conductionbandwith V > 0,
resultingin largerdl/dV. The vacuumgap providesflexi-
bility for E; andE, to align freely with Egy; by absorbing
the necessaryoltagedrop for given V. In the touching
mode, @, and ¢, arefixed regardlessof V. The Schottky
forwardtransportoccurredat the samebiaspolarity asthe
valence-bandtunnelingof (d). Thus,(g) follows with V >
0, andthenanotubehasto ben-type. (h) is athermalequi-
librium. (i) is areverseconditionwith V > 0 with negligi-
ble current. We notethatfor p-nanotubesthe entirel-V
patternsimply shiftsto the positive V directionin the vac-
uumgapmode,while it rotatesby 1tin thetouchingmode.
Thus,if the Schottly forwardtransporthadoccurredatthe
samepolarity asthe conduction-bandtunnelingof (f) (V >
0), then the nanotubeshould have beenp-type, but this
was not the case.

We have performednumerical calculationsbasedon
eitherthe tunnelingformula [4] or the familiar Schottky

formulaassuminga (17,0) semiconductinghanotubeand
resultsare comparedto the experimentaldataof Ref. 1.
Reasonable agreement is obtained.
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Fig. 1 (a) and (b) 1-V characteristicsy(c) two contact
modes; (d)-(i) band diagrams.
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