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Transport properties of a potassium-doped single-wall carbon nanotube rope
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Four-probe resistance vs temperature and gate voltage are reported for an individual single-wall carbon
nanotube rope before and after dopingin situ with potassium. All the features inR(T) from unoriented bulk
material, before and after doping, are qualitatively reproduced by the rope data. The 5.3 K conductance of the
pristine rope decreases with positive gate voltage, whileG vs Vg becomes featureless after K doping.
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Single-walled carbon nanotubes~SWNT’s! are electroni-
cally one dimensional and can be intrinsically metallic
semiconducting depending on chirality.1 They coalesce dur
ing synthesis into crystalline ‘‘ropes’’ consisting of tens
hundreds of tubes packed in a triangular lattice, with a r
dom distribution of chiralities2–4 but a fairly narrow diameter
range around 1.4 nm.5,6 As-grown material consists of a low
density tangled network of ropes, referred to as ‘‘mat.’’

The resistance of SWNT can be modulated by adding
removing carriers from the system. Mats can be chemic
doped with donors or acceptors,7–9 both of which cause dra
matic decreases in resistance. However, this does not e
lish whether doping enhances the conductance of the ro
or merely improves rope-rope contacts. Individual tubes
also be electrostatically ‘‘doped’’ using a field-effect trans
tor ~FET! configuration.10,11 In semiconducting tubes th
conductanceG decreases dramatically with positive ga
voltageVg while metallic ones show noVg dependence.

Here we use both schemes to tuneEF in a large nanotube
rope.5 Ropes have the advantage of mimicking the smal
conducting unit in a mat without complications from th
tangled morphology. They should also be less sensitive t
single tubes to perturbations from metal contacts. The dis
vantage is that a given rope contains an unknown ratio
metallic and semiconducting tubes. Four-probeR vs T andG
vs Vg were measured on a single rope before and afterin situ
doping with potassium. Our goals were to determine if
unusual features inR(T) of pristine and doped mats8,12 are
intrinsic or rather due to the complex morphology, and
establish that doping-induced charge transfer is respons
for conductivity enhancement in a system with no rope-ro
contacts.

Figure 1 shows an atomic force microscope~AFM! image
of the SWNT rope. Bulk laser-grown material with avera
tube diameter;1.4 nm was dispersed in ethanol and th
dropped onto a substrate consisting of degenerately-dope
with 100 nm oxide. Using AFM we selected a 35-nm dia
eter rope, over which a pattern of chrome-gold leads w
defined by electron-beam lithography and liftoff. A fifth co
tact to the substrate functioned as a metallic back ga13

Copper wires were attached to the substrate, the asse
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was inserted into a pyrex tube, and the end around the w
sealed with epoxy. Into the other end was vacuum-distille
few mg of K metal. After sealing, helium was diffused in
the tube to afford good heat transfer at low temperatu
After completing the pristine measurements, K doping w
carried out by heating the sample at 423 K~limited by the
epoxy! and the metal reservoir at;400 K, for 15 h. Bulk
mats were also doped in sealed glass tubes at higher tem
tures, then transferred in a glove box to the sample holde
a closed-cycle refrigerator. The weight uptake of the m
corresponded to KC8210, the saturation limit for graphite
and C60.

Figure 2~a! compares theR(T) behavior of the pristine
rope and a bulk mat of similar material. Both exhibit weak
metallic behavior at highT, a crossover temperatureT* be-
low which dR/dT becomes negative, and a diverging res

FIG. 1. AFM image of a;35 nm SWNT rope on oxidized Si
over which are deposited four chrome-gold leads~spacing between
voltage probes 1.4mm).
4526 ©2000 The American Physical Society
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tance asT→0.14 The common qualitative behavior sugges
that the features observed in mats are intrinsic to the rope
which the mat is comprised.

To further compare the bulk and single-rope behav
resistivities were estimated from sample dimensions. T
values were calculated for the mat:rmacro based on the ac
tual thickness andrmicro using an effective thickness in
ferred from the sample length, width, and mass, and the d
sity of an ideal rope. We find thatrmacro;20rmicro , which
we attribute to the empty volume associated with a la
density deficit/porosity.12,6 More interestingly,rmicro is only
20 times larger thanr rope . The large-scale conduction pa
in mats includes many ropes, sormicro is expected to include
an important contribution from the resistance of inter-ro
contacts. These are generally believed to invo
temperature-dependent tunneling through potential barr
In fact, the~scaled! temperature dependences ofR(mat) and
R~rope! are identical within 10% from 13 to 300 K, as show
in Fig. 2~b!. Thus, rope-rope contacts might increase the
solute value ofR(mat) but have little effect on its tempera
ture dependence above 13 K. Another possibility is that
actual length of the tortuous path through many ropes i
mat is much longer than the voltage probe separation~the
factor of 20 found above seems reasonable!, and that the
rope-rope contact resistance has little or no effect. The s
ation at lowerT needs to be clarified by more complete da

FIG. 2. Four-point resistance vs temperature for a pristine r
and for a mat of similar material.~a! Full range of measuredR with
the mat data multiplied by 2000@R(rope)@R(mat)#. ~b! Same data
normalized at 200 K and plotted on an expandedR scale to empha-
size the similarT dependence above 13 K.
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for both kinds of sample. Several authors have demonstr
that R(mat) vs T can be fit below 5 K to variable range
hopping models.15–17

Similar data after doping are shown in Fig. 3. Both t
mat and the rope show an overall decrease inR with doping,
and little change in the positivedR/dT slope at highT. The
divergence inR(mat) asT→0, as well as the weakly nega
tive dR/dT regime between;13 K andT* , are completely
suppressed by doping. Both effects are less dramatic in
rope, for which the divergence is not completely suppres
andT* moves down from 150 to 100 K. These differences
doping response of mats and ropes could be attributed
incomplete doping of the latter.18 Another likely explanation
is that not all ropes contain the same admixture of meta
and semiconducting tubes, so one expects some dispersi
the doping response of individual ropes which is averag
out in mats. The important observations are twofold. Fir
conduction in both ropes and mats is enhanced by dopin
qualitative indication that previous results on doped mat7,8

reflect charge transfer19 rather than improvement in rope
rope contacts or other morphological effects. Second,
doping-induced suppression of the divergence is intrin
since it occurs in both ropes and mats, a fact which mus
accounted for in a viable explanation of its origin.

Finally, we examine the effects of electrostatic modu
tion on G ~differential conductancedI/dV at small bias! of
the same rope described above, in both the pristine
doped states. Figure 4 showsG ~4-probe! vs back gate volt-
ageVg , measured at 5.3 K. Overall, G of the pristine ro
decreases with increasingVg by a factor of;2 over the
610 V range; this rope behaves like a poorp-channel FET
in parallel with aVg-independent conductor. Superposed
this behavior are oscillations of order 10–20 % with;2 V
spacing. Both the FET behavior and the oscillations
eliminated by potassium doping, whileG(0) is enhanced by
a factor;20 consistent with Figs. 2 and 3.

Interpreting Fig. 4 requires an estimate of the ‘‘lev
arm’’ dEF/dVg , which connects modulations ofEF andVg .
This depends on the capacitance between backgate an
object being modulated~in particular the diameter of a tub
or rope! and on the density of statesN(E), among other
things.13 While difficult to obtain a quantitative estimate, it i

e

FIG. 3. Four-point resistance vs temperature for the rope
mat samples in Fig. 2, after doping with potassium. The mat dat
multiplied by 20 000.



i
d

ng
rg

ar

r
-
an
d

.
av

l

d
us

pr

at
be
th
in

o

be

.
e-
to

s,
ect
be-
na-
tly

ting

vi-

’’

t a
a

s.

by

de-
ct
op-
in
ex-

a
t
de-

nd

ance
t of
so-
pe

-

r-

t is
to

in
a

at

an
s
pr
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certainly true that the lever arm will be largest for a sem
conducting tube and smallest for a metallic rope. Our cru
estimates for a rope comprised of 400 metallic tubes ra
from 8 to 160 meV depending on assumptions about cha
uniformity. Intrinsic semiconducting tubes@EF(0)50#
would increase this range, while other effects such as ch
inhomogeneity, auto-doping~see below! andEF pinning by
the metal contacts10 would decrease it. In any event, ou
range ofVg is too small to shiftEF between metallic sub
bands or across semiconducting gaps. On the other h
chemical doping with;0.1e transferred per C atom shoul
moveEF by almost 2 eV.20

Armed with the above, we can now compare the Fig
data with various models. We begin with the overall beh
ior before and after doping. It has been suggested21 that tube-
tube interactions open a;0.1 eV pseudogap atEF . If the
rope were initially intrinsic@that is,EF(0)50 for both semi-
conducting and metallic constituents#, finite Vg of either sign
would ~at best! shift EF into a higherN(E) region andG
would increase symmetrically aboutVg50. This disagrees
with the observed steplikep-type behavior. A second mode
assumes thatEF(0) of the ‘‘pristine’’ rope is not at midgap
but is shifted downward by;0.3 eV into the valence ban
of at least some of the semiconducting tubes, as previo
observed in single-tube experiments.10,11 PositiveVg would
deplete these tubes, switching them off. This model thus
dicts two plateaus inG(Vg)—at large negativeVg all the
semiconducting tubes conduct~as well as the metallic ones!
and G is high, while at large positiveVg only the metallic
tubes conduct andG is lower. At still larger positiveVg we
might expectG to again increase asEF enters the conduction
band of semiconducting tubes, but this level of electrost
doping has so far been unattainable, even in single tu
The observed two-plateau behavior is consistent with
‘‘pristine’’ curve in Fig. 4, and is even more pronounced
other ropes.13

This second model also explains the effect of doping
G(Vg). After n-doping with potassium,G(Vg) is featureless
and 20 times greater thanG(0) before doping.EF of the
doped rope is now far from any band edges; all the tu

FIG. 4. Conductance versus gate voltage for pristine
K-doped rope at 5.3 K, averaged over;100 sweeps. The rope i
the same as in Figs. 2 and 3. The oscillations are completely re
ducible.
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becomen-type metals when K-doped, eliminating thep-type
behavior. Furthermore, doping should moveEF to an energy
whereN(E) is higher than in the pristine case, increasingG
and reducing the lever arm such thatG becomes featureless
In addition, the doped system is probably more thre
dimensional than the undoped one, which would tend
damp out singularities inN(E) at band edges.

Two ideas have been proposed to explain thep-type be-
havior of ‘‘pristine’’ semiconducting tubes. Tanset al.10 pro-
posed that the metal leads pinEF at the valence-band edge
creating a barrier to hole transport. In large ropes this eff
should be significantly reduced by the longer distance
tween contacts and by more efficient screening. Alter
tively, Martel et al.11 proposed that tubes are inadverten
doped during processing, such that variations inG with Vg
reflect electron depetion atVg50. Our interpretation of the
rope data is consistent with the second idea; semiconduc
tubes in our rope are initially stronglyp type. This is also
consistent with bulk thermopower data, which shows e
dence for p-type metallic conduction down to low
temperatures.22 There have been reports that ‘‘pristine
samples are actually~reversibly! p-doped in air.23–25A simi-
lar effect occurs in solid C60.26

The weak oscillations inG(Vg) before K doping are
harder to explain. We offer two possibilities and rule ou
third, all resting on the fact that semiconducting tubes in
rope will have slightly different diameters and chiralitie
First, we envision small gaps (,0.1 eV) at the crossing
points between different semiconducting bands, induced
intertube interactions. TuningEF through these minigaps
would produce oscillations superposed on the overall
crease inG due to carrier depletion. Alternatively, defe
states induced in semiconducting tubes by unintentional d
ing or structural defects could introduce localized states
the semiconducting gaps. These could also perturb the
tended state spectrum, both effects leading toG modulation
as EF is tuned through them viaVg . Finally, if intertube
interactions were negligible we would expect to observe
superposition of theG(Vg) behavior of all the constituen
tubes. However, since single tubes show a monotonic
crease inG with Vg,10,11 crossing successive valence-ba
edges would lead to a steplike decrease inG rather than the
observed oscillations.

We have shown that the temperature dependent resist
of a rope is essentially the same as that of a bulk ma
similar material above 13 K, and that the difference in ab
lute resistivies can be attributed to the longer effective ro
path length in the mat~i.e., without invoking rope-rope con
tact effects!. The crossover atT* from positive to negative
dR/dT in undopedmats and ropes can be fit with a polyme
like model of defect-induced intertube hopping,27 while ap-
plying the same model todopedmaterials would imply a
decreasein defect density. The strong divergence inR asT
→0 is also common to our rope and mat, indicating that i
an intrinsic feature. K doping the rope and the mat leads
similar effects; an overall decrease inR and supression of the
low-T divergence. Along with the doping-induced change
Vg characteristics, this proves that chemical doping is
charge transfer process~as in similar carbon hosts! rather
than a change in rope-rope contact properties. TheVg char-
acteristics of the ‘‘pristine’’ rope support the idea th
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SWNT materials are inherentlyp-type due to tube-level de
fects or inadvertent doping by exposure to air.

Important contributions to this work were made by
Antonov and Z. Benes, and we acknowledge helpful disc
s.
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