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Electronic transport in intermediate sized carbon nanotubes
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We have studied systematically basic transport properties of multiwalled carbon nanotubes in a relatively
unexplored diameter range, corresponding to tubes just slightly larger than single- or double-walled tubes to
tubes up to 17 nm in diameter. We find in all the smaller tubes a gap in the transport data which increases with
decreasing tube diameter. Within the gap region of several tubes, negative differential resistance was observed
at small or moderate biases and at bias values that scaled inversely with the tube diameter. For this latter type
of behavior of the conductance, we tentatively propose interlayer resonant tunneling as the cause.
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Carbon nanotubes exist as single-walled (SWNT) or mul-
tiwalled tubes (MWNT), the latter consisting of several con-
centric SWNTs. Depending on the symmetry of SWNTs,
theory indicates both gapless electronic structures and with a
band gap. The semiconducting and metallic properties of
SWNTs have by now been well confirmed by spectroscopic
and transport measurements.' Furthermore, these have re-
vealed their capability to conduct with very long mean free
paths, i.e., ballistic conduction.

MWNTs should contain both metallic and semiconducting
shells, assuming that their growth mechanism does not prefer
either type. The band gap for semiconducting tubes has the
dependence on diameter (D) as

o
E,=—, 1
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where @=~0.7 eV nm.! From this value it follows, that in
MWNTs with D clearly larger than 10 nm, the semiconduct-
ing behavior of the outer wall is smeared out at room tem-
perature. Transport measurements on MWNTs have usually
been performed on tubes with diameters of 10 nm or more,
in some cases exceeding 30 nm.>~ In most studies the work-
ing assumption has been that the outer layer(s) is solely re-
sponsible for the low bias transport properties. One motiva-
tion for this assumption is the very large anisotropy of
conductance in graphite.

There is a clear difference between the transport proper-
ties of SWNTs and MWNTs in that such phenomena as bal-
listic conduction and quantum-dot behavior are mostly ab-
sent in the latter, the reason being carrier localization due to
structural disorder. MWNTSs typically exhibit diffusive trans-
port behavior. The extent of localization can in some cases
be very significant (possibly from weak to strong), and some
MWNTs are obviously highly defective. Interlayer effects
have to date been rather sparsely studied, in particular
experimentally.'%'2 It has been concluded that the interlayer
transport mechanism is based on tunneling.'? There are sev-
eral complications still to tackle before a full understanding
of the electronic properties of MWNTs will emerge. For ex-
ample, it is well known that, as the diameter increases, the
deviations of the structure from the ideal become more pro-
nounced. The outer layers of MWNTs with diameters of sev-
eral tens of nanometer will then be far from a perfect SWNT.
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For diameters up to 10-20 nm, the structural features of
MWNTs are reasonably close to the ideal picture of concen-
tric SWNTs, as evidenced, for example, by telescopic exten-
sion experiments of the inner layers.!!

Semiconducting properties in MWNTs have to date been
only occasionally observed.!®!3 The primary reason is per-
haps, as already indicated above, that most experiments have
used tubes of such large diameters that the small values of E,
does not make a difference. Also, the structural disorder may
blur the difference between metallic and semiconducting lay-
ers. In SWNTS, with E,:s close to 1 €V, a strong gap in the
current-gate voltage characteristics, in a three terminal con-
duction measurement, is evident already at room tempera-
ture. In small band-gap SWNTs, which are metallic tubes
with a gap opening due to the curvature of the wall, the
corresponding gap in the gate-dependent conductance is
much less pronounced.

Thus a general description that covers electronic transport
in both single-walled and multiwalled tubes has yet to arise.
A systematic experimental study on diameter dependence of
MWNTs has to our knowledge been lacking. In this work we
present basic transport data on intermediate sized MWNTSs
ranging in diameter from 3 to 17 nm. In particular, our data
covers well the diameter range below 10 nm, which we think
complements and bridges previous works on both SWNTs
and MWNTs.

MWNTs were obtained from different sources in order to
have a wider range of diameters in use.'”>”'7 Our material
should be of a relatively high quality, as judged, for example,
by their uniform diameter and straight appearance. Tubes
were spin coated onto pieces of Si/SiO, substrates from
dichloroethane dispersion, after which suitable tubes were
located with the AFM. The selected tubes were always
straight, smooth, and clean as observed within the resolution
limits of the AFM. Au or Pd electrodes (with Ti sticking
layer) were fabricated on the MWNTs with electron beam
lithography. Figure 1(a) shows an AFM image of a sample
where the tube diameter is 6 nm. The total length of the tubes
was typically 1-2 wm and always well below 10 pum. The
interelectrode spacing varied within 0.5—1.0 um. The diam-
eters were carefully estimated with AFM by scanning in tap-
ping mode perpendicularly across the tube with a small scan
range (<1 wm). Table I lists the essential experimental data
on our samples.
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FIG. 1. (Color online) (a)
AFM image of a 6-nm-wide con-
tacted tube, sample NT-1 from
Table I. (b) Conductance G vs

G(S)

gate voltage V, at different tem-
peratures (from top to bottom
curve: 300, 65, 26, 6, and 4.2 K).
(c) Current I vs bias voltage V at
T=4.2 K, for the same tube,
taken at Vg=3.6 V, where con-
ductance is at its minimum.

Vg (V)

The highly doped Si acted as a backgate for applying a
gate voltage, with the thickness of the SiO, around 0.5 um.
Conductance measurements were undertaken with both
lock-in and dc techniques. Room-temperature measurements
were performed either in air or in vacuum. For cooling, usu-
ally in a 4 K bath cryostat, the samples were in a helium
atmosphere and at the lowest temperature (4.2 K) in vacuum.

Figure 1(b) shows the gate voltage dependent conduc-
tance (G vs V,) of sample NT-1 in Table I at different tem-
peratures. The typical minimum resistance of our tubes at
room temperature was in the range 10-50 k{), which is
relatively close to the minimum value for ballistically con-
ducting SWNTs, R,/ 2=6.5 kO.,' and implies a small or
moderate contact resistance (Rq is the quantum of resistance,

TABLE I. Experimental data on the samples used in this work.
Listed are source of nanotubes, electrode spacing, diameter, resis-
tance at 300 K, and maximum resistance at 4.2 K (inverse of G,;,).

I n L 2 L L
-10 -5 0 5 10 -0.04 -0.02

Ly D R (B00K) Ry (@K)
Sample  Source (Ref.) (um) (nm) (kQ) (MQ)
NT-1 15 0.7 6 53.7 2130
NT-7 15 0.72 8 35.6 59.5
NT-9 15 0.8 8 26.9 5.55
NT-2 16 0.69 17 29.6 0.09
NT-4 16 0.91 8.5 42.6 2.77
NT-8 16 0.99 13 33.6 0.19
NT-12 16 0.73 13 36.7 0.14
NT-15 16 0.8 15 34.0 0.14
NT-A 15 0.9 7 50 Not meas.
NT-B 15 1.35 8 20 Not meas.
NT-C 17 0.88 2.8 500 Not meas.

0.00 002 0.04
V (V)

h/2e?). In no obvious way did the room-temperature resis-
tance scale with the length (within the range used here) or
with the diameter of the measured tubes (with the exception
of sample NT-C, which may simply have a larger contact
resistance). The 6 nm diameter tube in the figure has a strong
dip in the conductance at intermediate V,’s, which becomes
apparent at low temperatures. Multiwalled tubes with a
larger diameter have typically a weaker temperature depen-
dence of resistance. We find the gap in the G vs V, curves to
increase with decreasing tube diameter. At low temperatures,
at a few 10 s of Kelvin, reproducible fluctuations in the con-
ductance arise, as mesoscopic transport phenomena®® are no
longer thermally washed out.

The size of the gap can be estimated from the temperature
dependence of the G vs V, characteristics (at zero or small
bias). Figure 1(c) shows also low temperature (4.2 K) I-V
data for the tube, taken at a gate voltage corresponding to the
conductance minimum. As an estimate based on this data,
this tube has a gap of 40 meV. This roughly corresponds to
the measured temperature dependence since the data of Fig.
1(b) shows the gap of NT-1 being thermally smeared out at
300 K. (Generally, however, the voltage drop across a nano-
tube is not equivalent to the gap).

In most of our samples, the conductance outside the gap
region (in G vs V,) exhibits a small decrease as well. How-
ever, in all cases the temperature dependence at negative V,
shows a saturating zero-bias conductance as 7— 0. This con-
trasts with the behavior of semiconducting SWNTs where,
except for devices with very short tube sections between the
electrodes, the zero-bias conductance eventually freezes out
upon decreasing temperature. '8

Figure 2 shows an overview of the data from the tempera-
ture dependent G vs V, data of tubes of different diameters.
We display minimum zero-bias conductances (G,,;,) at 4.2 K
as a function of D [for example, in Fig. 1(b), G, is at V,
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FIG. 2. Minimum measured gate voltage dependent conduc-
tance G, at 4.2 K (H) and the room-temperature values (O) vs
inverse diameter (d) of MWNTs. Samples from Table I, excluding
the three last ones.

=3.6 V; G, was obtained from the I-V curve at the par-
ticular value of Vg]. The room-temperature values of G are
also displayed. As the diameter decreases the gap in the G vs
V, data systematically becomes more pronounced. We em-
phasize here that this trend concerns tubes that clearly are
bigger than SWNTs. Among SWNTs we find (also) tubes
with no gap.

A closer look at the gap region in a MWNT reveals a
complicated behavior as shown in Fig. 3(a), for sample
NT-A. We note that as the resistance increases upon the gate
voltage entering the gap region, regular Coulomb oscillations
are superimposed on the current at low biases [Fig. 3(b)].
The oscillations are visible within the edges of the gap re-
gion under some not precisely known conditions. They ap-
pear as the resistance becomes >R,. In semiconducting
SWNT’s, these are commonly explained with the emergence
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of strong Schottky barriers at the contacts, which forms a
single Coulomb island from a tube with low intrinsic charge-
carrier scattering.'®->! The period of oscillations in this tube
is 11 mV. Typically we find Coulomb oscillation periods of
10-30 mV.

In Fig. 3(a), I vs V, is shown at four different bias volt-
ages. At closer inspection one can note that the current
curves cross each other at certain gate voltage intervals. This
effect of negative differential resistance (NDR) is also seen
by measuring /-V at the same gate voltages in the gap region,
as shown in Fig. 3(c). The figure also shows the temperature
dependence of this I-V curve. The features disappear as the
temperature rises above 20 K.

Generally, the curves are reproducible, if the dip is strong
enough, both in the sense that the forward and backward
sweeps of the drain-source voltage follow the same curve
and that the curves are repeatable over time. However, the
occasional case when a weak NDR feature does not reappear
in consecutive measurements testifies that the effect is sensi-
tive to minute changes in the local charge environment of the
tube. This is understandable in light of the known hysteresis
in the G vs V, characteristics of carbon nanotube devices,
which is ascribed to such factors.??

We observe NDR in some but not all of the MWNTSs with
diameter well below 10 nm. As was stated above, the effect
is observable at certain values of V,. Figure 4(a)-4(c) shows
dI(V)/dV or the differential conductance G(V), taken from
measured /-V curves that exhibit NDR, of tubes of different
diameter. In the figure zero conductance is indicated with a
line so that the regions of NDR are readily observed in the
figure.

We will now discuss the main results. One of them is the
compiled data shown in Fig. 2 that shows how the dip in the
G vs V, curves at low temperature deepens, in inverse pro-
portion to the diameter. A recent study on transport through
graphene strips of different widths found similarly a gap
opening when the width was reduced well below 100 nm.?

FIG. 3. (Color online) Sample
NT-A (a) Current / vs V,, at bias

voltages V from 3 to 15 mV. (b)
Coulomb oscillations with V
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=1 mV. T=4.2 K, in both data
sets. (c) Temperature dependence
of I-V curves exhibiting NDR.
Taken at V,=1.6 V.
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FIG. 4. [(a)—(c)] G(V)=dl/dV for three tubes of different diam-
eters (d) at 4.2 K. Taken at V,’s within their gap region. Samples
are, clockwise from (a) [ignoring (d)]: NT-B, NT-A, and NT-C. The
curve in (b) is the derivative of the 4.6 K curve in Fig. 3(c). (d) AE,
as the measured entity AEy (O) given in (a) and the text, and as the
calculated AE,, (+) from Eq. (3) for the same D values [of the
samples in (a)—(c)].

In the case of SWNTSs, the gap opening is directly related to
the semiconductor-type band structure, as discussed previ-
ously. In our results, if the distribution of metallic and semi-
conducting shells in MWNTSs should at all follow their the-
oretical proportions, then the absence of metallically
behaving samples among the D<<10 nm tubes is very no-
table. Another possibility to account for the transport behav-
ior is to relate the gap opening to structural disorder. The
disorder creates localized states at the band edges, and if the
gate voltage shifts the Fermi level to the corresponding en-
ergies, strong localization can be induced. The overall depen-
dence on V. T, and V is rather complicated, but we may
attempt to model the D dependence in Fig. 2, assuming semi-
conducting outer shells. The conductance in the gap region
may as a first approximation be given as G ~ exp[—E,/kgT].
Using Eq. (1) for E,, and assuming transport dominated by
the outer layer, we have

1
logG~——. (2)

From Fig. 2 we obtain «=0.015 eV nm (with 7=4.2 K),
which is far too small compared to the « value obtained for
SWNTs (0.7 eV nm). Therefore, with semiconducting be-
havior, a model based on transport through an outer shell
solely seems not sufficient, as has been forwarded repeatedly
in the case of metallic and diffusive MWNTs.* But, even if
the disorder plays a key role, the data shows that the diam-
eter is a determining parameter.

Also, interlayer transport mechanisms will certainly need
to be incorporated for a satisfactory model for MWNT trans-
port properties. We think this relates to the other novel aspect
in our results, namely, the persistent occurrence of NDR
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within the gap region of our samples. NDR arises in many
different situations, with the Gunn effect>* and structures
with resonant tunneling® being the most well-known ex-
amples. Among the latter, semiconductor heterostructure de-
vices are most prominent, but NDR from this effect has been
observed in molecular devices as well.?-28 NDR has previ-
ously been observed in carbon nanotubes'®>3! but to our
knowledge mainly either at high biases?® or in engineered
nanotubes.3%3! Also, such effects have been estimated theo-
retically in SWNT devices.?? In our results NDR occurs at
low or moderate voltage biases (1-100 mV) and in semicon-
ducting tubes that have not been engineered in any way prior
or during fabrication of contacts (otherwise than by the stan-
dard fabrication methods described above).

If we assume that the NDR in our case stems from inter-
layer effects to the conduction, we may look for an explana-
tion from resonant tunneling between adjacent layers. The
bias voltage V then aligns energetically the band structures,
and maxima in density of states, of adjacent layers in such a
manner that resonant conditions arise at certain values of V.
This could yield the maxima, and consequent minima, in the
observed current.

We next estimate the required bias voltage to shift the
energy levels for resonance to occur. We recall that for semi-
conducting tubes the band gaps are a direct function of the
diameter [Eq. (1)]. The diameter between two consecutive
layers differs by 2X0.34 nm=0.68 nm since the interlayer
distance in MWNTS is close to that of graphite (0.34 nm).
The difference in band gap between two consecutive layers
(n and n+1) is then

1 1
AE, ,=E,,—E, .=af —-
& & gl |:Dn Dn+1:|

1 1
B N D [
D, D,+0.68 nm

In Fig. 4(d), for the diameters of the tubes in Figs. 4(a)—4(c),
the calculated AE,, is shown, along with the measured pri-
mary gaps between conductance peaks (AEy), which are in-
dicated explicitly in Figs. 4(a)-4(c). It can be seen from this
figure that these values, and in particular their D dependence,
correspond roughly with each other. A model based on inter-
layer resonant tunneling processes may then account for the
measured NDR effect in these intermediate sized carbon
nanotubes. As we stated above, we observe NDR in some but
not all of the tubes with D<10 nm. With our proposed
model, it is natural to assume differences in interlayer tun-
neling with different chiralities of the shells of the MWNT.
Therefore, we are confident that the effect is an intrinsic
feature of these tubes and that the variation results from the
variation in the precise structure of the tubes. A more thor-
ough analysis of NDR as it develops as a function of the gate
voltage will take further work.

In summary, we have measured transport properties of
carbon nanotubes with diameters intermediate between
single-walled or double-walled tubes and the larger (D
>10 nm) multiwalled tubes. Below 10 nm diameter, the
tubes have a gap in the G vs V, characteristics in inverse
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proportion to the diameter. Moreover, many of these exhibit
NDR within the gap region. The NDR occurs at bias voltages
also inversely proportional to the diameter. Our results
should provide data to an improved understanding of inter-
layer transport mechanisms in MWNTs.
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