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1,2,3,a)

Understanding the electrical contact properties of carbon nanotube (CNT) ends is important to use
the high conductance of CNTs in the CNT on-axis direction in applications such as through-silicon
via structures. In this study, we experimentally evaluated the contact resistivity between single-/
multi-walled CNT ends and a metal nanoprobe using conductive atomic force microscopy
(C-AFM). To validate the measured end contact resistivity, we compared our experimentally deter-
mined value with that obtained from numerical calculations and reported values for side contact
resistivity. The contact resistivity normalized by the length of the CNT ends was 0.6-2.4 x 10° Q
nm for single-walled CNTs. This range is 1-2 orders of magnitude higher than that determined the-
oretically. The contact resistivity of a single-walled CNT end with metal normalized by the contact
area was 2-3 orders of magnitude lower than that reported for the resistivity of a CNT sidewall/
metal contact. For multi-walled CNTs, the measured contact resistivity was one order of magnitude
higher than that of a CNT forest grown by remote plasma-enhanced chemical vapor deposition,
whereas the contact resistivity of a top metal electrode was similar to that obtained for a single-
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walled CNT forest. Published by AIP Publishing. https://doi.org/10.1063/1.5027849

INTRODUCTION

Carbon nanotubes (CNTs) possess high electrical con-
ductivity' and high current durability.? These excellent prop-
erties are advantageous for the use of CNTs for high current
density conduction in a small area, such as metallization in
highly miniaturized silicon (Si) ultra-large-scale integrated
circuits (ULSI).>” CNTs and their bundles are candidates to
replace metal vertical interconnects (VIs) because CNTs do
not suffer from electromigration and exhibit higher conduc-
tivity than Cu. To use the metallic properties of a CNT bun-
dle/forest in metallization, particularly as a nanosized VI
structure in a Si ULSI, it is important to enhance the density
of CNT walls. Densely grown CNTs have been produced for
large-scale integrated through-silicon via applications.®™'®
However, the CNT sidewall/metal contact of CNTs with
caps on their ends is resistive.'” To enhance their contact
properties, CNTs with open end structures have been real-
ized by chemical mechanical polishing (CMP),'®!® but the
resulting CNT end/metal contacts show wide variation in
their behavior.'® Thus, controlling the electrical contact
properties of CNT ends is essential to use CNTs in electron/
electrical devices with high current conductivity.

A CNT has two types of edges: the sidewall and the
ends. Lateral-type devices such as thin-film transistors and
sensing devices include CNTs with sidewall contacts,
whereas vertical-type devices such as VIs contain CNTs
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with end contacts. CNT/CNT sidewall contacts?** have
been reported to exhibit tunneling conduction, and CNT
sidewall/metal contact resistivity has been observed experi-
mentally.”® Electrical contact between a metal and CNT end
has advantages over CNT sidewall/metal contact according
to numerical studies.>*** These studies revealed that the con-
tact resistivity depends on the length of graphene sheet
edges, corresponding to CNT ends. Because of the difficulty
of evaluating CNT end contact properties, the experimentally
measured contact resistivity between a CNT end and metal
has not yet been reported.

Conductive atomic force microscopy (C-AFM) has been
used to measure the electronic transport properties of the
edges of multi-walled CNTs'"*® and single-walled CNTs
because of the nanoscale contact of the sharp electrical
probe. Because the C-AFM probe is coated with a low-
resistivity metal, it is feasible to estimate the contact proper-
ties between an object and the coated metal. The contact
resistance of multi-walled CNTs*"*® and carbon nanofib-
ers*”*® grown independently has already been measured by
C-AFM. However, quantitative contact resistivity, which is
normalized by CNT wall length or CNT contact area, has not
yet been evaluated for small-diameter CNTs, particularly
densely packed single-walled CNT bundles. In the case of a
densely packed CNT forest, the C-AFM probe can contact
the CNT ends directly. Here, we measure the electrical con-
tact between small-diameter single-walled CNT ends and a
metal by C-AFM. We also examine the differences between
the contact properties of single- and multi-walled CNTs.

Published by AIP Publishing.
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EXPERIMENTAL SECTION

To assess CNT/metal probe contacts, we used packed
CNT forests formed by surface decomposition of silicon car-
bide (SiC) (referred to as CNT forests on SiC)31 and dense
CNT forests formed by remote plasma-enhanced chemical
vapor deposition®® (RPECVD), which are denoted as
RPECVD CNT forests. Figures 1(a)-1(c) show schematic
images of the current mapping setup for a CNT forest on SiC,
RPECVD CNT forest, and CNT VI structure, respectively,
formed by the processes described below. The electrical prop-
erties of CNT VI structures fabricated by a similar method to
that in our previous report'® were investigated using C-AFM
(Nano-R, Pacific Nanotechnology, Inc., CA, USA).

The CNT forests on SiC were synthesized by the SiC sur-
face decomposition method on conductive 4H-SiC substrates
(~4 %1072 Q cm) by annealing at 1600°C under vacuum
(~1072Pa) to ensure the electrical contact between the CNTs
and C-AFM nanoprobe. The resulting CNT forests were closely
packed with a surface density of ~3 x 10'*>cm ™2 Figure 1(d)
shows a cross-sectional scanning electron microscopy (SEM)
image of a CNT forest on SiC. The CNTs had a length of
200nm. The back electrode was fabricated by sputtering Au
and Ti layers on a Si substrate and then attaching the CNT for-
est on SiC to the back electrode using conductive paste. The
current passed through the conductive SiC substrate.*?

The RPECVD CNT forests were fabricated as follows.
A 10-nm-thick Ti buffer layer and 500-nm-thick Au layer as
a bottom electrode were deposited on a Si wafer by sputter-
ing. A catalyst sandwich-like structure consisting of [Al
(1nm; top)/Fe (0.5nm)/Al (5nm; bottom)], in which Fe
acted as a catalyst, was then deposited on the bottom elec-
trode.” A CNT forest with a length of ~10 yum was synthe-
sized by RPECVD at 600°C. This CNT forest mainly
consisted of single-walled CNTs with a diameter of 2-3 nm
and high surface density of ~10'"'cm 2.5 Because the
RPECVD CNTs were fabricated by bottom growth,®
the CNTs were connected to the Fe catalyst particles on the
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bottom electrode. The CNTs were fixed to the substrate using
spin-on-glass (SOG). Finally, the CNT caps at the top of
CNT forest were removed by CMP'® to give CNTs of vari-
ous lengths (0.5—4.0 um). Figure 1(e) shows a cross-sectional
SEM image of a RPECVD CNT forest with a CNT length of
4 um after CMP.

The VI structures filled with CNTs were fabricated by a
similar method to that in Ref. 18. Briefly, a tetraethylorthosi-
licate dielectric layer was deposited on a Si substrate and
then thin holes were formed in the dielectric layer by lithog-
raphy with buffered hydrofluoric wet etching. The hole
diameter was varied from 60 to 300nm. To grow CNTs in
the VI structures, Co catalyst particles were deposited on the
Cu/Ta bottom electrode. CNTs were then synthesized by
RPECVD at a low temperature of 390 °C. The average CNT
diameter, wall number, and surface density were 7nm,
seven, and 1.6 x 10'! cmfz, respectively. The CNTs were
fixed using SOG, polished, and then their ends were removed
by CMP. The CNT length was 270 nm. Figure 1(f) shows a
cross-sectional transmission electron microscopy (TEM)
image of a fabricated VI structure with a 100-nm diameter.

RESULTS AND DISCUSSION

It is important to determine if the C-AFM nanoprobe
only contacts the CNT ends, but this is hard to confirm
directly. We first evaluated the contact resistance between
single-walled CNT ends and the C-AFM nanoprobe. To
evaluate contact “resistivity,” the contact area and number of
contacting CNTs should be determined. Contact area was
evaluated from the CNT on-axis resistance and current pro-
file of the VI structure. To validate the evaluated end contact
resistivity, we compared the obtained value to those esti-
mated from a numerical study and reported for sidewall
contact resistivity.

To confirm the CNT/probe contact, current maps of
densely packed CNT forests on SiC were observed. Figures
2(a) and 2(b) show examples of a current map and current
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FIG. 1. Schematics of current mapping setups for (a) a carbon nanotube (CNT) forest on SiC, (b) remote plasma-enhanced chemical vapor deposition
(RPECVD) CNT forest, and (c) vertical interconnect (VI) structure, respectively. Cross-sectional SEM images of (d) a CNT forest on SiC and (e) RPECVD
CNT forest after chemical mechanical polishing, and (f) cross-sectional TEM image of a 100-nm-diameter VI structure filled with CNTs. SOG is spin-on-

glass.
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FIG. 2. Representative (a), (c), and (e) current maps and (b) and (d) current line profiles for (a) and (b) a CNT forest on SiC, (c¢) and (d) RPECVD CNT forest,
and (e) aligned 80-nm-diameter VI structures filled with CNTs. CNT/AFM nanoprobe contact models for (f) a CNT forest on SiC, where the nanoprobe prop-
erly contacts the CNTs, and (g) a RPECVD CNT forest, where the nanoprobe incompletely contacts the CNTs.

line profile of a CNT forest with a CNT length of 100 nm on
SiC, respectively. The vertical axis corresponds to the cur-
rent obtained by applying a voltage. An almost homogeneous
high-current region was observed with a few low-current
spots. CNT ends contacted well with the C-AFM probe. We
mainly used C-AFM nanoprobes made from Ptlrs (PPP-
EFM, NanosensorsTM) in this study. Note that the current
was almost the same when using Au nanoprobes (PPP-
FMAu, NanosensorsTM). This is because the contact is
formed between the metal and metallic graphene sheets of
the CNT ends.

The CNT forest formed by RPECVD has spaces
between the CNT bundles. Figures 2(c) and 2(d) show a cur-
rent map and current line profile of a RPECVD CNT forest,
respectively. In contrast to the current map of the CNT forest
on SiC, that of the RPECVD CNT forest is not homogeneous
and has high-current peaks starting from zero current. The
difference between the current maps of the CNT forest on
SiC and RPECVD CNT forest originates from the surface
density of the CNT bundles. The high-current regions of the
CNT forest on SiC indicate effective contact between the
conductive nanoprobe and densely packed CNT forest, as
shown in Fig. 2(f). The AFM nanoprobe current for the CNT
forest on SiC is uniform over the entire substrate. In contrast,
there are random current peaks and valleys for the RPECVD

CNTs with an average diameter of 2-3 nm and surface den-
sity of ~10"" cm™2*? indicating that they are bundled locally
rather than uniformly packed. Thus, the current peaks in
Figs. 2(c) and 2(d) correspond to the electric current of
locally packed CNT bundles. At the current peaks, the
nanoprobe contacts some CNTs, as shown in Fig. 2(g), indi-
cating that CNTs form packed bundles or loosely packed
bundles with voids at the CNT bundle top. The peak with the
highest current can be considered to represent the most con-
ductive CNT bundle or strongest contact between the bundle
and AFM nanoprobe. Figure 2(e) shows a current map of VI
structures filled with CNTs. The current is observed only at
the VI structures, indicating that the CNTs passed the current
to the bottom electrode. The currents of the VI structures
vary, but almost all VIs are conductive. Compared with the
current maps of the RPECVD CNT forest, the current of the
VI structures is smaller at a similar applied voltage.

Current—voltage curves for the CNT bundles were
obtained from the relationship between the peak current of
each current map and applied voltage. Figure 3(a) shows rep-
resentative current—voltage curves for the RPECVD CNT
forest. These curves were always straight at low voltages of
up to 16 mV, indicating that the contact was ohmic. The
resistance was obtained by dividing the applied voltage by
the current.
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FIG. 3. (a) Representative current—voltage characteristics of a RPECVD
CNT forest. The AFM nanoprobe/CNT contact was ohmic. (b) Relationship
between measured resistance and CNT length for RPECVD CNT forests.
Most of the data points fell on the two black lines. There was a tendency for
the resistance to increase as the CNT length shortened below 1 um (indicated
by an arrow), which may indicate that CNTs do not form large bundles
when they are shorter than 1 um but do form bundles as the CNT length
increases.

To further understand the determined resistance, we
modeled the contact for the RPECVD CNT forest. Assuming
that some CNTs contact the nanoprobe, the total resistance
Rr corresponds to the sum of the individual CNT body
resistance, individual CNT/nanoprobe contact resistance
Rc oNT/probe> and individual CNT/metal catalyst contact resis-
tance R cnt/car divided by the number of CNTs contacting
the nanoprobe n¢ongact, that is,

RT _ RC‘CNT/probe + pCNTlCNT + RC,CNT/cat , (1)

Ncontact

where pcyr and lent correspond to the resistivity of an indi-
vidual CNT in the on-axis direction and its length, respec-
tively. Here, we neglected the effects from neighboring
CNTs on the contact area, which covered the area of the bot-
tom contact, because the conductivity of the CNT forest in
the in-plane direction was two orders of magnitude lower
than that in the on-axis direction.””*> Note that the same
method is not applicable to the CNT forest on SiC. This is
because the resistivity of SiC is higher than that of the CNT
on-axis, so the resistance of CNTs should be too low to
determine the CNT bulk resistance.

J. Appl. Phys. 123, 244502 (2018)

To further investigate the electrical contact properties of
the structures, we used the transfer length method. Figure
3(b) shows the relationship between the lowest measured
resistance in each current map and CNT length for the
RPECVD CNT forests. Here, the CNT forest height was
measured from large-area topographic images. Because the
PRCVD CVD forests were not densely packed, they formed
a tabletop and valley structure after spin coating of SOG, as
shown in Fig. S2 (supplementary material). The valleys
reached the substrate. We considered that the CNT length
was the measured height of the tabletops. The resistances of
the RPECVD CNT forests were in the range of 25-75kQ
and had a positive correlation with CNT length. Most of the
data points fell on the two black lines in Fig. 3(b). A possible
explanation for this result is the wear of the C-AFM nanop-
robe.?” Because the C-AFM nanoprobe scans the CNT forest
structure many times, the contact area of the nanoprobe
should gradually increase with the scan length. Although this
behavior should be investigated further, we considered that
the contact area was almost constant in the following discus-
sion. The slope in Fig. 3(b) corresponds to pent/contact- The
slope of the black lines was 12—15kQ/um. The reported on-
axis pcnt for an individual CNT in a RPECVD CNT forest
is ~200 kQ/um,* so the calculated number of CNTSs contact-
ing the nanoprobe nconacr 1S 13—17. Note that there was a
tendency for the resistance to increase as the CNT length
shortened below 1 um, as indicated by the arrow in Fig. 3(b).
This may indicate that CNTs shorter than 1 yum do not form
bundles, whereas longer CNTs do form bundles. This behav-
jor can be explained by the CNT growth mechanism.*®
CNTs grow randomly in the initial growth period and their
ends become entangled. The CNTs then start to form forest-
like structure as their length increases. CNTs should form
bundles through the van der Waals attractive force in the
bulk region but remain mechanically separated at their bot-
tom ends, where they are connected to the underlying cata-
lyst particles. Therefore, we neglected the data for the CNTs
shorter than 1 um.

Next, the contact resistivity was evaluated. By setting
Ient to zero in Eq. (1), the total of the top-end and bottom-
end contact resistances of the CNTs is expressed as

R _ Rcior  Reont/probe + Reontycar
T|ICNT:0 = - :

@)

Ncontact Ncontact

Plotting Rt against /cnt, the normalized contact resistance
Rc total corresponds to the R intercept. The determined con-
tact resistance R toral/Mcontace Was 6—-15k€Q, where the inter-
cept of the black lines corresponds to the contact resistance.

To extract Rcowl, it is necessary to evaluate ncongact,
which can be roughly expressed as

Neontact = Scomaot/SCNTa 3)

where Scontact and Scent are the CNT/nanoprobe contact area
and area occupied by a hexagonally packed individual CNT,
respectively. Here, the CNTs were assumed to be partially
packed at the points of lowest resistance. Scontact and Scent
can be calculated as
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Seontact = Mlagoeq /4, and 4)
V3
Sent = - (dent +0)7, &)

respectively, where dcontact, dent, and 0 correspond to the
diameter of the contact area, CNT diameter, and interlayer
distance of graphite (~0.34nm), respectively. Because
the curvature radius of the conductive probe is less than
25 nm, dconeact can be assumed to be 10—15 nm, as discussed
later. Because dcnt was 2.5 nm,>> Neontact 18 evaluated to
be 11-25. This range is consistent with the results deter-
mined from the measured CNT conduction above.
Therefore, neonact 15 ~15, and Rc o 18 calculated to be
8 x 10°-3 x 10° Q.

The CNT bundle/nanoprobe contact resistivity should
be normalized by the total contact length of the CNT wall
edge nconmctccomm.m The contact length of the individual
CNT wall edge ccontact 1S Toughly equal to

Ceontact ~ TACNTwall - (6)

Here, ny, is the number of walls of the multi-walled CNTs.
Because single-walled CNTs are dominant in our RPECVD
CNT forest, Ccontact corresponds to the circumference of an
individual CNT. Because dent 1S 2.5 nm, Ceontact 18 €valuated
to be ~8nm. The normalized individual CNT/metal contact
resistivity pc o, €an be expressed as

Pc total — RC,lotal Ccontact - @)

Thus, pc o Was evaluated to be 6 x 10°-2.4 x 10° Q nm. In
addition, the calculated contact resistivity for each end C
atom® is 2.4 x 10°~1 x 10’ Q-C atom. Note that this range
includes the resistivities of both the top and bottom contacts
of the CNTs; both the CNT/nanoprobe contact resistivity and
CNT/catalyst contact resistivity should be lower than this
range. It is not clear whether the top or bottom contact resis-
tivity is the dominant component, but the contact resistivities
of both ends are at most of the order of 10’ Q-C atom.

To verify this result, we compared it with the contact
resistivity obtained from numerical studies. Some studies using
first-principle quantum mechanics calculated that the CNT
end/metal contact resistivity was ~10° Q-C atom.**°%° The
difference of contact resistivity for each end C atom on the
contacting metal is not as large as a factor of 2.5. The contact
resistivity between the CNT ends and the C-AFM nanoprobe
is 1-2 orders of magnitude higher than that determined from
calculations. This is because theoretical studies have calculated
the situation where dangling bonds of C atoms directly connect
to a metal surface, whereas actual CNT ends have spacing
molecules. A CNT end cut by CMP has dangling bond or be
terminated like C-H, C-OH, and C-O-C. If the contact resistiv-
ity can be described as the tunneling resistance between the
metal and CNT end, the tunneling resistance is drastically
increased by spacing molecules.”” Therefore, the contact resis-
tivity may be decreased by cleaning the CNT edge or under a
high contact pressure. Further investigation is necessary to
determine the effects of CNT end termination and cleaning on
contact resistance.

J. Appl. Phys. 123, 244502 (2018)

Determining the contact resistivity normalized by area is
important for the electrical application of CNT wiring. We
calculated the contact resistivity normalized by cross-
sectional area. By multiplying by the cross-sectional area of
CNTs, the calculated contact resistivity for a 2.5-nm-diameter
single-walled CNT is 6 x 107°-2.1 x 10~® Q cm?® Because
this value depends on both the CNT diameter and wall num-
ber, it is important to increase the CNT density and wall num-
ber to decrease the contact resistivity.

A CNT sidewall contact has higher contact resistivity
than a CNT end contact. The reported resistivity for a CNT
cylindrical sidewall/metal film contact is 5 x 107¢ Q cm? for
a CNT/Ti-Au contact.”> The end contact resistivity is 2—3
orders of magnitude lower than the experimental side contact
resistivity, and this trend corresponds to that of the numerical
studies.>* The difference between the resistivities of CNT
sidewall and end contacts originates from the distance
between the metal and CNT electron clouds, because the
conduction between contacting metals can be described as
tunneling conduction. Tunneling resistivity increases expo-
nentially as the tunneling distance increases. Matsuda and
colleagues calculated that the atomic distance from the metal
was 2.2-3.5A for a CNT sidewall contact? and 1.5-1.8 A
for a CNT end contact.>® Tunneling occurs between the 7
electron cloud of a CNT sidewall and metal electron cloud
for a CNT sidewall/metal contact and between the ¢ electron
cloud of a C atom at the CNT end and metal electron cloud
for a CNT end/metal contact. Here, the o electron cloud at
the CNT end acts as a mediator for electron tunneling
between the CNT n electron cloud and metal electron
cloud.?* The actual electron tunneling distance is not clear,
but the magnitude relationship of the tunneling distance
should be similar to that of the atomic distance. Reported
values for the contact resistivity between CNTs and metals
are summarized in Table 1.

We also investigated the contact properties of the VI
structure by C-AFM. Figures 4(a) and 4(b) show SEM and
C-AFM images of a CNT VI structure, respectively. VI
structures with an 80-nm diameter and CNT length of
270nm had a high resistivity of 67kQ. This CNT-VI struc-
ture exhibited a current of 0.12 pA under an applied voltage
of 8mV, as shown in Fig. 4(b). Here, because the width of
the conductive region was 90-95 nm, the conductive region
was wider than the actual VI diameter by 10-15nm, as
shown in Fig. 4(c). This is because the tip of the C-AFM
nanoprobe had a large radius of curvature, so the conductive
area was increased by the contact diameter.

The contact resistivity of multi-walled CNTs in a VI
structure was evaluated. Because the CNT length in the VI
structure was short compared to that of the RPECVD CNT
forest, the ratio of the CNT resistance was small. Therefore,
the contact resistance of the CNT via is assumed to be
~67kQ. Here, the multi-walled CNTs in the VI structure did
not form large bundles and existed independently in the
SOG,'® so the C-AFM nanoprobe should contact with the
edge of about two multi-walled CNTs. If the CNT diameter
and number of walls are 7nm and seven,'® respectively, the
contact resistivity normalized by contacting CNT wall length
is ~2 x 10’ Q nm, which is one order of magnitude higher
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TABLE I. Summary of reported CNT/metal contact resistivities.

J. Appl. Phys. 123, 244502 (2018)

Contact resistivityb

Reference E/T*  Contacttype  CNT wall type Contacting metal Per unit area (Qcm?)  Perend length (Qnm)  Per C atom (Q-C atom)
Lan® E Sidewall Multi Ti/Au 6x107°
9 x 10° (Ti)
9 x 10° (Pd)
Sidewall 3% 107 (Pt)
6 x 10% (Cu)
1 x 10° (Au)
Matsuda®* T Single Ti, Pd, Pt, Cu, Au (4 % 10° (Ti)) 1 x 10° (Ti)
(6 x 10° (Pd)) 1 x 10° (Pd)
End (6 x 10° (Pt)) 1 x 10° (Pt)
(1 x 10° (Cu)) 3 % 10° (Cu)
(7 % 10° (Au)) 2 % 10° (Au)
Gao® T End Single Cu 1.5% 107" 4x10%)
Chiodarelli’ E End Multi Ti/Au 8x1077)
Yokoyama18 E End Multi Ti/Cu 3-8x107%
Inaba*? E Sidewall Multi CNT 1078
Inaba™® E End Multi n-SiC® ~107* . .
This work E End Single PtIrs 6x10°=2.1x10"* 6 x 10°-2.4 % 10° 2.4 % 10°1 x 107

“E: Experimental study, T: Theoretical study.

"Numbers in parentheses were evaluated from the results reported in the papers.

“n-SiC is a semiconductor.

than that determined for the single-walled RPECVD CNT
forest.

We also considered the end contact system in which a
metal top electrode was deposited on the VI structure.
Yokoyama et al.'® reported the resistivity normalized by
the area of VI structures. Because the lowest resistivity of
an interconnect with micrometer-order diameter and CNT
density were 3-8 Q um? and 1.6 x 10'' cm 2, respectively,

30.0kV 8.2mm x600k

(©) e 10-150m

. contact*®
>

C-AFM nanoprobe

CNT vertical interconnect

the resistance of individual multi-walled CNTs was 0.5-1.3
x 10* Q. As mentioned above, the top/bottom contact resis-
tances are large. The calculated contact resistivity normal-
ized by contacting CNT wall length is 0.8-2 x 10® Q nm,
which corresponds to that determined for the RPECVD CNT
bundle. Therefore, the top electrode can form a better contact
with the CNT ends than the C-AFM probe for multi-walled
CNTs.

nA

FIG. 4. (a) SEM image of an 80-nm-
diameter VI structure. (b) C-AFM
image of the equivalent VI structure.
(c) Schematic of the contact formed
between the C-AFM nanoprobe and
CNT VI structure. The width of the
current conduction area was 90-95 nm.
Thus, the estimated diameter of the
CNT/nanoprobe contact area was
10-15nm.
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We wished to determine why the C-AFM probe had
high contact resistivity with the multi-walled CNTs. When
the C-AFM nanoprobe contacted single-walled CNTs, the
contact resistivity was similar to the case of top electrode
contacts for multi-walled CNTs. Single-walled CNTs were
distorted by the pressure from the C-AFM probe when the
CNT end (not sidewall) contacted the C-AFM nanoprobe.
Because the RPECVD CNT forest was mainly single-walled
CNTs, the CNTs and their bundles were highly flexible and
their ends could fit to the shape of the C-AFM nanoprobe,
which improved the contact between them. In contrast, indi-
vidual multi-walled CNTs were rigid and the C-AFM nanop-
robe could not properly contact with all the inner walls. If
the C-AFM nanoprobe only contacts with the outermost wall
of a multi-walled CNT, which means that ny,; in Eq. (6) is
1, the contact resistivity normalized by the contacting CNT
wall is calculated to be ~3 x 10° Q nm, which is of the same
order of magnitude as that for a single-walled CNT bundle.
Although the detailed contact properties for multi-walled
CNT ends were not clear, the C-AFM nanoprobe has the
potential to form effective contacts with CNT ends if the
CNTs are flexible enough to fit the shape of the contacting
nanoprobe tip.

CONCLUSION

We experimentally investigated the contact resistivity
between CNT ends and a metal nanoprobe by C-AFM. A
homogenous electrical contact was formed for a CNT forest
on SiC/C-AFM probe system. In contrast, current maps of
the RPECVD CNT forests were not homogeneous and had
high-current peaks starting from zero current. The transfer
length method was applied to a processed RPECVD CNT
forest to measure the CNT/metal contact resistance.
Assuming that some CNTs contacted the C-AFM nanoprobe,
the contact resistivity normalized by the CNT end contact
length was found to be 0.6-2.4 x 10° Q nm, which is 1-2
orders of magnitude higher than the result of a theoretical
study. The contact resistivity of the CNT end contact nor-
malized by contact area was 2-3 orders of magnitude lower
than that reported for CNT sidewall contact. For a multi-
walled CNT VI structure, the measured contact resistivity
was one order of magnitude higher than that of a RPCVD
CNT forest, but the contact resistivity of the top metal elec-
trode was similar to that of the RPECVD CNT forest. Our
results showed that C-AFM nanoprobes have the ability to
form contacts with CNT ends if the CNTs are flexible
enough to fit the shape of the contacting nanoprobe tip.

SUPPLEMENTARY MATERIAL

See supplementary material for the topographic image
of vertical interconnect structure and the planar view of CNT
forest after chemical mechanical polishing.
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