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he electrical interface between

single-walled carbon nanotubes

(SWCNTs) and metal electrodes has
been an area of intense research in recent
years. In particular, Schottky barriers are
known to exist whenever electrical contact
is established between a semiconducting
nanotube and a metal, which arises because
of charge transfer between the SWCNT and
the contact metal. The presence of such
barriers is a major obstacle to the use of
these materials in electronics applications,
and so inherently attractive properties of
SWCNTSs, such as ballistic conduction,'? can-
not be easily exploited. In the design of
any one-dimensional device structure us-
ing SWCNTSs, it is essential to understand
the origins of Schottky barriers and to de-
velop strategies to minimize their influence
in order to attain the quantum conductance
limits of a one-dimensional system (h/4e?
~ 6.5 kQ)).

Different metals ranging from Pd,"? Pt,*
Sc¢,® Y,% and Ti’ have been investigated as
potential contact materials to SWCNTSs.
Quantum mechanical density functional cal-
culations have suggested that Ti can form
ohmic contacts with both metallic and
semiconducting tubes due to the forma-
tion of strong chemical bonds with the car-
bon atoms. However, Ti is known to easily
oxidize on exposure to air such that these
contacts tend to degrade over time. On the
other hand, Pd in particular has been shown
to eliminate the contact barriers with semi-
conducting nanotubes due to its high work
function and excellent wetting interactions
with the nanotubes.?

Numerous strategies have been de-
scribed in the literature to optimize and
evaluate the properties of the contacts be-
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ABSTRACT Conductance imaging atomic force microscopy was used to probe the electrical interface between

single-walled carbon nanotubes and metal electrodes. The contact resistance was optimized by applying a local

voltage pulse (~2 s) using a conductive probe with controlled loading force to the region of the metal electrode

contacting the nanotube. Using this technique, we show that Pd forms superior contacts, resulting in contact

resistance values that are among the lowest ever reported.

KEYWORDS: single-walled carbon nanotubes (SWCNTSs) - conductance imaging
atomic force microscopy (CI-AFM) - contact resistance

tween SWNTs and metals. Rapid thermal an-
nealing,® electroless metal deposition,® ul-
trasonic nanowelding,'® electrical
stressing,'" and joule heating'?'* have been
performed in order to minimize the con-
tact resistance between the metal of choice
and the nanotube. Rapid thermal anneal-
ing subjects the entire substrate to the
high-temperature annealing, whereas ultra-
sonic welding can cause serious damage to
the pristine nanotube structure. Moreover,
techniques like electroless metal deposition
are complicated and cannot be readily ap-
plied in large-scale fabrication. Joule heat-
ing studies by Dong et al.'? report the need
for several pulsing voltage sweeps to re-
duce the contact resistance between the
nanotube and the metal electrode, which
can result in the separation of some tubes
from the metal electrode and can actually
result in an increased contact resistance.
Here, we study the behavior of metallic and
semiconducting nanotubes using conduc-
tance imaging atomic force microscopy
(CI-AFM)™~1¢ and present a simple proce-
dure to tune and optimize the contact resis-
tance of SWCNTs with two of the widely
used metal electrodes: Pd and Ti/Au. This is
a controlled optimization process that is
straightforward yet results in
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Figure 1. Selective analysis of metallic and semiconducting tubes
via applying a gate voltage. (a) Topography of a random nanotube
network connected to the electrode on the right (not shown in
the image). (b) Current map of the same network on applying a
bias voltage of 5 mV. The tubes that are connected to the elec-
trode turn on after applying a bias voltage,thereby highlighting
the tubes that are electrically well-connected to the network. (c)
On applying a gate voltage of +2 V, the semiconducting tubes are
turned off and only the metallic species are visible in the current
map. After turning off the gate voltage, the current conduction is
restored in the semiconducting tubes. To start with, we carefully
analyzed individual tubes connected to Ti/Au electrodes.
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contact resistances that are among the lowest ever
reported.

RESULTS AND DISCUSSION

Individual and isolated SWCNTSs were first located
by AFM in tapping mode, and the diameter of the tube
was verified to be 1.2—1.8 nm. Note that only indi-
vidual tubes were considered here as SWCNT bundles
(identified by their large diameters) contain mixtures of
metallic and semiconducting tubes that complicate
the analysis. Once an individual tube was located close
to the electrode, the AFM was switched to the CI-AFM
mode and a very small bias (0.5—5 mV) was applied to
the electrode to check the electrical connectivity be-

tween the electrode and the nanotube. After verifying
that the nanotube was conductive, a gate voltage of
~+2 V was applied, which rendered the semiconduct-
ing tubes nonconducting due to their intrinsic
p-doping, and thus allowing CI-AFM to exclusively im-
age the metallic tubes.'®

In this manner, we can selectively analyze metallic
and semiconducting tubes within a random network,
as shown in the backgating experiment in Figure 1. Fig-
ure 2a shows a typical example of a metallic tube (tube
diameter = 1.65 nm) attached to a Ti/Au electrode. By
tracing the current map along the length of the well-
resolved nanotube (black trace, Figure 2b), it is possible
to estimate the resistivity of the tube itself and the re-
sistance at zero length provides an estimate of the con-
tact resistance due to the leads. The resistivity (p) can
be calculated from eq 1, where R(d) is the measured re-
sistance at any point d along the length of the tube, R,
is the contact resistance, and A is the cross-sectional
area of the tube calculated from its measured diam-
eter assuming a cylindrical shape.

R(d) = R. + p(d/A) (M

Using this equation, we calculate the resistivity of the
pristine metallic tube connected to the Ti/Au electrode
in Figure 2a to be 1.41 X 1078 (Om and the diameter of
the tube is measured to be 1.65 nm based on the topo-
graphic analysis. This resistivity compared favorably
with resistivity values of those previously reported by
Li et al.”” (tube diameter = ~3 nm).
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Figure 2. Contact resistance analysis of metallic and semiconducting SWCNTSs contacted to Ti/Au electrodes. (a,c) Current
map of an individual metallic and semiconducting tube connected to the electrode. (b,d) Analysis of the contact resistance
of the pristine tube (black trace) and the same tube after subjecting to local annealing (red trace) by applying 6 V to the Ti/Au
electrode next to the respective tubes. The contact resistance was observed to drop after application of a single pulse (scan-
ning conditions, Vy,i,s = 2 mV; preamplifier sensitivity, 100 nA/V).
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Figure 3. Schematics for the local pulsed annealing experimental setup. The metal-coated tip is biased through which a
voltage is applied locally over the electrode on the surface close to the region where the nanotube is located. The loading
force and voltage applied between the tip and sample is crucial in reducing the overall contact resistance of the nanotube

connected to the metal electrode.

The intercept in the data in Figure 2b reveals a con-
tact resistance at the Ti/Au electrode of 40.2 k(). This is
an exceptionally low contact resistance, demonstrating
that contact processing and solvent removal is very ef-
fective when compared to previous values of about 100
kQ) reported for Ti/Au metallic nanotube contacts.'®'®
Likewise, we can calculate the resistivity and contact re-
sistance for the semiconducting nanotube (tube diam-
eter = 1.6 nm) in Figure 2c connected to the same Ti/Au
electrode, to yield values of 6.64 X 1078 Om and 96.86
kQ (calculated from black trace of Figure 2d), respec-
tively, both of which are larger than that found for the
case of metal SWCNTs but comparable to the best val-
ues ever reported for semiconducting tubes.

To further improve the contact resistance between
the metal electrode and the nanotube, we applied a
controlled voltage pulse using the AFM tip to the re-
gion of the electrode where the SWCNT is connected.
A schematic detailing the experimental process is
shown in Figure 3. This treatment is expected to pro-
duce local heating that might help optimize the con-
tact resistance with the electrode. With a 6 V bias ap-
plied to the AFM tip, we used the “point and shoot”
capability of our AFM system to position the tip on the
electrode at the location where the nanotube was con-
nected. After applying a quick pulse, the tip was with-
drawn and re-engaged in contact mode. The AFM tip
was set at ground potential and a low bias of 2 mV ap-
plied to the nanotubes through the Ti/Au electrode and
the resistances are shown by the red traces in Figure
2b,d. As a result of this 6 V pulsing procedure, the con-
tact resistance of the metallic tube was found to de-
crease by ~12 k(), whereas the resistivity or the slope
of the current trace remained essentially unchanged.
Similar measurements were performed on individual
semiconducting tubes connected to the Ti/Au elec-
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trode, as shown in the current map (Figure 2c). After
pulsing, the contact resistance between the tube and
Ti/Au was found to decrease by ~10 k() (red trace of
Figure 2d). On the basis of these results, it is clear that
it should be possible to tune the contact resistance by
controlling the magnitude or the duration of the pulse.
Figure 4a shows the results of a systematic study in
which the effect of the magnitude of the voltage pulse
was studied for a metallic tube (shown in Figure 2a)
connected to a Ti/Au electrode. The resistance was ob-
served to gradually decrease as the pulse voltage was
increased from 1 to 6.5 V. Above 6 V, the contact resis-
tance was observed to saturate, and applying more
than 7.5V, led to the disintegration of the tube. Similar
results were also observed for semiconducting tubes;
except that in each case the saturation level of the con-
tact resistance was higher than that observed for metal-
lic tubes. After each voltage pulse, the resistance val-
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Figure 4. (a) Analysis of the contact resistance along a metallic SWCNT
connected to a Ti/Au electrode. The resistance is observed to de-
crease in steps from ~40 to ~28 k{2 as the pulsing voltage is in-
creased from 1 to 6.5 V, after which the effect was observed to satu-
rate. All of the resistance traces were recorded at a constant bias
voltage of 2 mV after the application of the local pulse. (b) Effect of re-
peatedly pulsing a metallic nanotube connected to a Ti/Au electrode.
Applying a local pulse of 1 V for a second and third time does not re-
sultin any decrease in contact resistance and is similar to the first pulse
applied. Applying a 6 V pulse for the second and third time results in
a significant increase of the contact resistance, as seen from the plot in
panel b.
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Figure 5. (a) Analysis of the contact resistance between a metallic tube and Pd electrode as a function of loading force while
applying a pulsing voltage of 6 V. The contact resistance decreases gradually as the loading force is increased, and the mini-
mum contact resistance is attained around 1 nN, after which the contact resistance increases rapidly (as seen from the black
trace) due to tip degradation, as shown in the scanning electron micrograph in the inset. The red trace in the plot results from
engaging a new tip at a starting loading force of 1 nN, and the contact resistance is stable until ~2 nN, after which the tip de-
grades rapidly resulting in higher contact resistance values. (b) Analysis of contact resistance as a function of loading force
while scanning over a metallic tube connected to a Pd electrode. The contact resistance decreases slightly by ~1 kQ on shift-
ing the loading force, while scanning from 0.5 to 1 nN does not change on applying 1.5 nN. Increasing the loading force to

2 nN results in physical damage to the nanotube.

ues plotted in Figure 4a were obtained by tracing the
current along a metallic tube (tube diameter = 1.65 nm)
connected to the Ti/Au electrode using a bias of 2 mV
after applying a local pulse ranging from 1 to 6.5 V. For
each case, the duration of the applied voltage pulse
was ~2 s. Increasing the pulse duration and decreas-
ing the applied voltage (e.g., 10—60 s at biases of 1—3
V) proved unsuccessful as the metal coating on the tip
degraded rapidly for long pulse durations, making the
subsequent resistance measurements unreliable. To
keep track of this problem, the resistance of the probe
tip was constantly measured against a separate refer-
ence surface electrode of known resistance.

In order to verify the effect of applying repeated
pulses, we selected a metallic tube connected to a
Ti/Au electrode and applied voltage pulses ranging
from 1 to 6 V and monitored its effect on the overall
contact resistance. We observed that applying subse-
quent pulses from 1 to 3 V did not alter the contact re-
sistance, whereas applying more than 4—6 V resulted in
the increase of the contact resistance every time after
the pulse was applied (see Supporting Information). The
highest increase in contact resistance was measured
while applying 6 V on the same tube for the third time,
as shown in Figure 4b.

Optimizing the loading force is essential for reliable
CI-AFM measurements. The loading force has to be high
enough to penetrate the contamination layer between
the tip apex and the sample under investigation to es-
tablish electrical contact. We analyzed the contact resis-
tance between a metallic nanotube (tube diameter =
1.5 nm) connected to a Pd electrode as a function of
loading force while pulsing the electrode at 6 V for 2 s,
as shown in Figure 5a (black trace). The contact resis-
tance of the tube was subsequently analyzed at a lower
loading force of 0.5 nN with a bias voltage of 4 mV.
The contact resistance was observed to gradually de-
crease as we gently increased the loading force. A mini-
mum contact resistance of ~13 k() was obtained when
a loading force of ~1 nN was applied. A further in-
crease in loading force resulted in a slight increase in
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contact resistance followed by an abrupt increase for
loading forces above 2 nN. SEM analysis revealed that
the abrupt increase is associated with a degradation of
the metal-coated tip as shown in the inset in Figure 5a.
A new probe used to continue the pulsing experiment
(6V, 2 s) but starting from an initial loading force of 1 nN
is shown as the red curve in Figure 5a. Clearly, the re-
sult is the same as the original experiment and points
to the catastrophic breakdown of the tip at higher load-
ing. To check if the contact had actually improved de-
spite breakdown of the probe, we examined the resis-
tance with a third probe showing a value that
corresponds to the minimum value in Figure 5a. These
data indicate that contacting the electrode at higher
loading force (>2 nN) only results in the degradation
of the tip and does not in any way improve the con-
tact resistance. Optimization measurements on metal-
lic/semiconducting nanotubes connected to the Pd
electrode showed similar behavior.

In order to ascertain the contribution between the
metal-coated tip and the tube to the overall measured
resistance, we scanned a metallic nanotube (tube diam-
eter = 1.7 nm) connected to a Pd electrode at varying
loading conditions of 0.5, 1, and 1.5 nN. The contact re-
sistance was found to decrease by ~1 k() when increas-
ing the loading force from 0.5 to 1 nN, as shown in Fig-
ure 5b, but showed no change on increasing the
contact force further. Increasing the loading force to 2
nN and above, resulted in the physical damage to the
tube. Consequently, throughout the remainder of the
study, we used pulsing conditions of 6 V for 2 s under
a loading force of ~1 nN to achieve the best contact re-
sistance values.

To compare the effect of the local annealing treat-
ment on the two different metal electrodes used in
this study, we performed a statistical analysis of the
contact resistance of metallic/semiconducting tubes
connected to Pd and Ti/Au electrodes before and after
pulsed annealing. We then extracted the mean contact
resistance, as shown in Table 1, and for which at least 20
individual tubes were measured in each case. Table 1
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TABLE 1. Results from the Statistical Analysis of the
Contact Resistance of Pristine/Pulse Annealed Metallic
and Semiconducting Tubes Contacted by Ti/Au and Pd
Electrodes

contact resistance (k{2)
metallic semiconducting
metal electrode pristine annealed pristine annealed
Ti/Au (40 =25  (25=*25) (105 =48  (85*3.6)
Pd (25x25 (1M =16 (54 £54) (32=30)

shows that the mean contact resistance of a metallic
tube connected to Ti/Au decreased by ~15 k() after the
pulse annealing treatment, while that for a semicon-
ducting tube connected to Ti/Au showed a reduction
of ~20 k(). The corresponding data for metallic and
semiconducting tubes contacted by the Pd electrode
before and after the pulse annealing revealed decreases
of ~15 and ~22 k(), respectively. The optimized val-
ues shown in Table 1 are among the lowest contact re-
sistances ever reported.

To determine whether this pulse annealing treat-
ment resulted in a permanent enhancement, we inves-
tigated the stability of the contacts over time, as shown
in Figure 6. The optimized Pd contacts did not vary by
more than 5% during a five month period, which can
be largely ascribed to changes in the scanning condi-
tions caused by the use of different metallic-coated tips.
Moreover, Pd contacts that were improved by using
suboptimal pulse conditions retained the same con-
tact resistance over time, indicating that it is possible
to tune the contact resistance at any level between the
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Figure 6. Analysis of contact resistance as a function of time
for metallic nanotubes contacted by a Ti/Au electrode (black
curve) and Pd electrode (red curve). The contact resistance
was found to increase for metallic annealed nanotubes con-
tacted by the Ti/Au electrode when measured periodically
over a time period of 150 days. In contrast, we did not mea-
sure any significant change in the contact resistance of the
Pd contacted metallic annealed tube over the same time
period.

EXPERIMENTAL SECTION

SWCNTs synthesized by arc discharge technique (lljin Nano-
tech arc discharge tubes) were dispersed in N-methylpyrrolidone
(NMP), an organic solvent that has been shown before to suc-
cessfully exfoliate carbon nanotubes in the liquid phase.?'?? The
nanotube dispersions were spray coated onto silicon dioxide
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initial and optimized levels. In contrast, we found a
steady increase in the contact resistance for tubes con-
nected to the Ti/Au electrode regardless of whether the
contacts were optimized (see Figure 6).

CONCLUSION

There are several important outcomes from this
work. First, Pd electrodes are superior to Ti/Au indepen-
dent of the electronic nature of the nanotube. This is
consistent with previous literature results'??° and has
been attributed to better wetting properties of the Pd
contacts and, in the case of semiconducting tubes, a
larger work function (5.12 vs 4.33 eV) that minimizes the
influence of Schottky barrier formation. The optimized
contact resistance measured for metallic nanotubes
contacted by a Pd electrode as a result of local pulsed
annealing was ~11 k() and comparable range to previ-
ously reported values of ~15 k() reported by Javey et
al.! (tube diameter = ~2 nm) but much lower that the
of ~100 kQ reported by Woo et al.”® (tube diameter =
~0.8 nm), who used a pulse annealing method where
the current was passed along the entire metal elec-
trode. This shows the advantages of our CI-AFM pulse
technique and may indicate that the application of a lo-
cal force is important to help optimize the contact. We
speculate that the combination of Joule heating and
pressure is important in assisting in the formation of
chemical bonds for achieving good electrical contacts.
Significantly, we find that optimized semiconductor
nanotube contacts with Ti/Au resulted in a much
smaller decrease in contact resistance (15%) compared
to Pd (45%), the latter yielding values that are only a fac-
tor of 3 larger than the very best contacts with metal-
lic tubes (33 vs 11 k(). These results show that the op-
timization process leads to an effective collapse of the
Schottky barrier so that it is possible to tunnel through
the remnant barrier with minimum resistance.

The enhanced performance of Pd is likely due to
the better band alignment given its larger work func-
tion and the fact that the present tubes are p-type
doped (see Figure 1). The stability of the Pd contacts is
also striking compared to Ti/Au. The Joule heating asso-
ciated with the optimization process may also pro-
mote specific chemical bonding interactions that have
been predicted between Pd and carbon nanotubes.
The noble character and enhanced wetting properties
of Pd on nanotubes make it very resistive to oxidation.

In contrast, Ti is chemically more reactive in air, and
even the deposited 20 nm of gold on top of the Ti layer,
which is typical in Ti device contacts, cannot prevent
slow oxidation and the deterioration of the contact.

substrates (300 nm oxide thickness) and patterned by standard
UV-lithography techniques. The metal (Pd and Ti/Au) was ther-
mally evaporated onto the patterned silicon dioxide substrates,
and the thickness of the metal in each case was ~25 nm. In the
case of Ti/Au, Ti (5 nm) was used as a good adhesion layer after
which 20 nm of Au was deposited. The samples were then sub-
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jected to controlled annealing (500 °C for 5 h under argon gas)
in order to remove the NMP molecules adsorbed on the tubes
and on the respective metal electrodes. CI-AFM (operated on Di-
mension V AFM) is a nondestructive, two-contact measurement
in which a metal-coated AFM probe (Cr/Pt, 0.2 N/m, Cont E, Bud-
get Sensors) acts as a mobile contact capable of addressing and
measuring currents at specific locations within the sample.

In this technique, a bias is applied to the substrate electrode
or the tip, and the latter is brought into contact and scanned
over the nanotubes connected to the electrode, while the cur-
rent and topography data are recorded. In addition, it is possible
to discriminate between and selectively analyze metallic and
semiconducting tubes within the sample by applying a gate volt-
age. The application of a backgate (silicon wafer acts as the
gate electrode) voltage sweeps carriers from the semiconduct-
ing tubes, thereby turning them off in CI-AFM images, such that
only the remaining metallic tubes are visible. All of the CI-AFM
measurements were carried out with clean metal-coated tips as
tip contamination leads to higher contact resistance between
the tip and the measured sample. To ensure that this is indeed
the case, the contact resistance between the metal-coated tip
and the electrode was monitored between scans, yielding val-
ues of ~400 and ~100 ohms for the Ti/Au and Pd electrodes,
respectively.
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Supporting Information Available: Results of the influence of
repeated pulsing experiment on the contact resistance and the
details of the influence of the tip lifetime on the overall quality of
the conductance images is provided. The experiments con-
ducted with a larger probe on reducing the contact resistance
are also been discussed in the Supporting Information. This ma-
terial is available free of charge via the Internet at http://
pubs.acs.org.
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