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A
s elements of integrated circuits
downsize toward a few nanome-
ters, existing interconnect technol-

ogy faces a tremendous bottleneck due to

the electromigration failure of copper (Cu)

lines.1–3 In addition, as the lateral dimension

of interconnects approaches the mean free

path of Cu (�40 nm at room temperature),

the impact of grain boundary scattering,

surface scattering, and the presence of a

high-resistivity material as a diffusive bar-

rier layer causes a rapid increase in their

overall resistivity. In this context, carbon

nanotubes (CNTs) have been envisioned as

a possible replacement for copper electrical

interconnects for future gigascale integra-

tion considering their immense individual

failure current densities (�109 A · cm�2).4–8

Especially at the nanoscale, highly aligned

parallel nanotube architectures comprising

all-metallic single-walled carbon nanotubes

(SWNTs) are expected to outperform cop-

per in terms of failure current density,

power dissipation, and on-chip signal trans-

fer delays.9–13 However, to fabricate such

highly aligned SWNT-based interconnects

in an integrated device, a CMOS-friendly

scalable manufacturing process that can

controllably place aligned SWNTs in desired

locations, orientations, and dimensions is

extremely crucial. In addition, since natu-

rally grown SWNTs comprise a mixture of

metallic and semiconducting nanotubes,

there is an imminent need to develop a pro-

cess that will convert semiconducting

nanotubes into metallic ones within such

architectures. Therefore, a single-step,

simple, and CMOS-compatible method that

can simultaneously convert semiconduct-

ing SWNTs into metallic ones, and also pos-

sibly increase the conductance of existing

metallic SWNTs, is highly desirable. Address-

ing these technological challenges is essen-

tial before carbon nanotubes can be realis-

tically implemented as future interconnects.

Recently, we have demonstrated a novel

template-based fluidic assembly process

for fabricating highly organized SWNT lat-

eral network architectures at wafer

scales.14,15 We have also shown that the

conductance of individual multi-wall car-

bon nanotubes (MWNTs) can be improved

significantly by decorating its surface with

platinum (Pt) nanoclusters.16 Field theoreti-

cal analysis of the temperature dependence

of conductance of these nanotubes con-

firmed that this is caused by the increase
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ABSTRACT We present the fabrication and characterization of nanoscale electrical interconnect test

structures constructed from aligned single-wall carbon nanotubes using a template-based fluidic assembly process.

This CMOS-friendly process enables the formation of highly aligned parallel nanotube interconnect structures on

SiO2/Si substrates of widths and lengths that are limited only by lithographical limits and, hence, can be easily

integrated onto existing Si-based platforms. These structures can withstand current densities of �107 A · cm�2,

comparable or better than copper at similar dimensions. Both the nanotube alignment and failure current density

improve with decreasing structure width. In addition, we present a novel Pt nanocluster decoration method that

drastically decreases the resistivity of the test structures. Ab initio density functional theory calculations indicate

that the increase in conductivity of the nanotubes is caused by an increase in conduction channels close to their

Fermi levels due to the platinum nanocluster decoration, with a possible conversion of the semiconducting single-

wall carbon nanotubes into metallic ones. These results reflect a huge step toward the proposed replacement of

copper-based interconnects with carbon nanotubes at gigascale integration levels.

KEYWORDS: carbon nanotubes · fluidic assembly · nanoscale interconnects · Pt
decoration · SWNT metallization
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in the number of conductance channels of the nano-
tubes. Ab initio density functional theory (DFT) calcula-
tions indicated that charge transfer from decorated Pt
nanoclusters on nanotubes can increase the number of
bands near the Fermi level of the nanotubes and in-
crease their density of states (DoS).

In this paper, we combine these ideas to develop
highly organized aligned arrays/channels of Pt-
decorated SWNT interconnect test structures, with
vastly improved performance over pristine SWNT archi-
tectures. In general, we find that the nanotube align-
ment improves noticeably with decreasing lateral chan-
nel widths, with the best alignment obtained for widths
close to 200 nm. Significantly robust against the litho-
graphic and electrodeposition steps, these interconnect
test structures were capable of withstanding current
densities up to �107 A · cm�2. Upon platinum decora-
tion, the average electrical resistivity of these SWNT in-
terconnect test structures decreased by 45%, with a
52% drop for the narrowest channels. Our DFT calcula-
tions also show that Pt nanoclusters can convert semi-
conducting SWNTs into metallic ones and improve the
conductance of metallic nanotubes, as well. In more
than 25% of the tested structures, the resistance of the
Pt-decorated structures fell to 1/3 of its pristine value,

indicating that most of the semiconducting nanotubes
between the Ti/Au-contacted SWNT arrays have con-
verted to metallic ones. In a few cases, this value fell be-
low 1/3, indicating that the conductance of the metal-
lic nanotubes has gone up, as well. These completely
CMOS-compatible and scalable process steps together
reflect a huge step toward integration of carbon nano-
tubes into existing interconnect technologies.

RESULTS AND DISCUSSION
Figure 1 shows representative scanning electron mi-

croscopy (SEM) images of our aligned SWNT lateral ar-
chitectures fabricated on SiO2/Si substrates using our
template-guided fluidic assembly process. Figure 1a
schematically explains the basic steps of building orga-
nized SWNT lateral architectures. First, a plasma treat-
ment is used to enhance the hydrophilic nature of the
SiO2 surface. Second, 600 nm thick PMMA photoresist
patterns are constructed using electron-beam lithogra-
phy (EBL) to build nanoscale channels which form tem-
plates for building the interconnect architectures. Next,
these templated substrates are dip-coated in a
SWNT�DI water solution at a constant pulling rate of
0.5 mm · min�1, which resulted in stable and densely
aligned SWNT lateral network architectures having well-

Figure 1. Schematic and SEM images showing super-aligned SWNT interconnect test structures. (a) Schematic showing
template-based fluidic assembly of high density and highly aligned SWNT architectures. (b) SEM image of typical SWNT lat-
eral structures with two-probe contact pads. Scale bar � 2 �m. (c�e) High-magnification SEM images showing the degree of
alignment of the SWNTs within channel widths of �1000, �500, and �200 nm, respectively. Scale bars � 200 nm.
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defined shapes at nanoscale and were defined by the
geometry of PMMA patterns on the substrate. We used
0.23 wt % SWNT�DI water solution (obtained from
Brewer Science Inc.) with the mean length of 610 nm
and mean diameter of 1.9 nm. Finally, the photoresist
is removed to obtain well-organized and aligned SWNT
lateral networks. Figure 1b is an SEM image of a typi-
cal SWNT lateral structure attached on top with two
contact pads of Ti/Au, fabricated using a standard EBL
process. Panels c�e in Figure 1 are higher magnifica-
tion SEM images showing the relative alignments of lat-
eral SWNTs along the channels with approximate
widths of 1000, 500, and 200 nm, respectively. An im-
portant outcome of our SWNT assembly technique is
that the degree of alignment of SWNT structures tends
to increase with lower channel widths. The details of Ra-
man spectroscopy for the characterization of their
alignment are available in the Supporting Information.
We believe that the increasing alignment occurs during
the dip-coating process due to the increasing confine-
ment of the PMMA trench geometry with decreasing
channel widths.

Two-terminal current�voltage (I�V) characteristic
and resistance R (from the slope of the I�V near V �

0) was measured in all of the test structures before
decoration with Pt nanoclusters. A number of test struc-
tures (having 25 �m length between two contact pads)
of representative channel widths (700, 500, and 200
nm) were characterized this way. Figure 2a�c shows
the resistance histograms of the test structures of differ-

ent channel widths. The resistances of the channels
were mainly distributed around 4, 5, and 60 k� for
channel widths of 700, 500, and 200 nm, respectively,
indicating that as the channel width narrows its resis-
tance increases. We observed that test structures with
a width of �200 nm have much higher resistance val-
ues compared to the wider channels. Average resistivi-
ties calculated for each channel width (see Figure 5d)
show an increasing trend when the channel width is de-
creased, indicating increasing semiconducting behav-
ior as the channel width narrows. Similar observations
have been experimentally reported for random SWNT
mats with decreasing height.17 Since we do not yet
have a clear understanding of the self-alignment mech-
anism of SWNTs during the assembly process, espe-
cially the degree of alignment with different channel
widths, at this stage, we cannot explain this related
electronic property change. However, on the basis of
previous studies of percolation theory of SWNT
networks,18,19 we feel that the alignment of SWNTs in
narrower channels statistically reduces the formation of
metallic conduction paths between the two contacts,
resulting in a dominant semiconducting property of the
arrays.

To estimate the contact resistance for a given test
structure, three contact pads (A, B, and C) separated
by a distance of 10 �m were fabricated for each repre-
sentative channel width. I�V measurements were per-
formed between pairs of contact pads A�B, B�C, and
A�C, as shown in Figure 2d. The inset shows a sche-

Figure 2. Electrical characterization of aligned SWNT interconnect test structures. (a�c) Resistance histograms of pristine de-
vices. The values were distributed mainly around 4, 5, and 60 k� for channel widths of 700, 500, and 200 nm, respectively. (d)
Current�voltage (I�V) curves between different contact pads A, B, and C separated by a distance of 10 �m between them (as
shown in the inset schematic) for calculation of contact resistances (see text).
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matic of these three contact pads on the test struc-
tures. The measured resistance (from the slope of the
I�V curves) between the contact pads A and B can be
written as RAB � RCA � RDAB � RCB, where RCA (or RCB) �

contact resistance at pad A (or B) and RDAB � device re-
sistance between pads A and B. In this way, the con-
tact resistance at pad B, RCB can be written in terms of
RAB, RBC, and RCA as

RCB )
RAB + RBC - RAC

2
(1)

From three different test structures for each channel
width, we found that the contact resistance was within
20% of the total resistances of the test structure. These
values did not change appreciably after the Pt decora-
tion experiments described later.

Having characterized the pristine interconnect test
structures, we now turn toward maximizing their elec-
trical properties for interconnect applications. As-
received SWNTs are a mixture containing approxi-
mately 2/3 semiconducting and 1/3 metallic carbon
nanotubes. In aligned architectures such as ours, due
to the high resistance of the semiconducting nanotubes
(almost 2�3 orders of magnitude larger than that of
metallic nanotubes),20 only 1/3 of the nanotubes ac-
tively conducts current, and the rest remain dormant,
vastly degrading the potential performance of the inter-
connect structure. Moreover, we find that our nar-
rower lateral SWNT architectures tend to have higher
resistivity, presumably due to decreased number of me-
tallic conduction paths within the nanotube arrays.
Hence, it is essential to change the electrical property
of semiconducting nanotubes into metallic ones for
nanoscale interconnect applications. Our past work has
shown that Pt decoration of carbon nanotubes can be
an effective method for increasing the number of con-
duction channels near the Fermi level,16 which in-
creases the conductance of multi-wall carbon nano-
tubes. Question arises if similar effects can be used to
improve conductance of SWNTs, as well. To elucidate
the possible underlying effects of Pt nanocluster deco-
ration on the electronic band structure of metallic and
semiconducting SWNTs, we first present ab initio den-
sity functional theory (DFT) calculations (see Supporting
Information) on these systems. The calculations are
based on a super cell approach with periodic bound-
ary conditions, where Pt clusters lie at the center of each
supercell. Detailed calculations were performed for
two semiconducting SWNTs (with chiralities [8,0] and
[10,0]) and one metallic ([9,0]) SWNT, for increasing
number of Pt atoms (n � 0�13) per cluster. Our calcu-
lations show that the introduction of Pt atoms gives rise
to new electronic bands near the Fermi level of all the
SWNTs that directly impact the band gap, which defines
the semiconducting or metallic nature of the nano-
tubes. Figure 3a shows the variation of band gap �EG

in the three SWNTs for different number of Pt atoms,

n, per cluster. We see that, with increasing number of

Pt atoms per cluster, the band gaps of the semiconduct-

ing nanotubes [8,0] and [10,0] rapidly approach �EG 	

0 by n � 3 and then remain close to zero for n � 3. For

the metallic nanotube [9,0], the gap remains very close

to zero for almost all values of n. Further, the proximity

of these additional bands to the Fermi level enhances

their contribution to the total conductance compared

to the pristine SWNTs. Figure 3b shows a semilog plot

of the zero-bias Landauer conductance21,22 as a func-

tion of the number of platinum atoms per cluster for all

three SWNTs, calculated at T � 300 K. It is seen that

the semiconducting nanotubes undergo 4�5 orders of

magnitude increase in conductance within values of n

as low as n � 3, approaching the value G � 4e2/h. For n

� 3, G remains orders of magnitude more conducting

compared to the pristine systems and significantly close

to 4e2/h, which makes them metallic for all practical pur-

poses. The metallic (9,0) nanotube remains metallic. In

all cases, the conductance of nanotube exceeded 4e2/h

for certain values of n. This indicates that uniform deco-

ration of small (few nanometers) clusters of Pt can po-

tentially convert semiconducting SWNTs into metallic

ones

Figure 3. Calculations showing the effect of Pt decoration on elec-
tronic properties of SWNTs. (a) Band gap closing in semiconducting
[8,0] and [10,0] SWNTs due to Pt nanocluster decoration. The gaps
close within 3-Pt coverage and then remain close to zero. The metal-
lic [9,0] nanotube remains metallic after 3-Pt coverage. (b) Effect of Pt
decoration on the zero-bias Landauer conductance at T � 300 K in a
semilog plot. The conductance of the semiconducting nanotubes [8,0]
and [10,0] increases by several orders of magnitude and approach G
� 4e2/h within 3-Pt decoration and fluctuate close to this value. The
metallic [9,0] nanotube remains metallic without any significant drop
in conductance. In some cases, the conductance G in both metallic and
semiconducting nanotubes exceeds 4e2/h. The insets show the opti-
mized structures of representative cluster sizes. The purple atoms are
the last ones to be added.
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and further enhance the conductance of metallic

nanotubes.23 Hence, we have adopted this procedure

of Pt nanocluster decoration to improve the overall con-

ductivity of our SWNT interconnect arrays.

Pt nanoclusters were electrochemically decorated

on the SWNT arrays without disturbing their aligned ar-

chitecture. Figure 4a is a schematic of the Pt decora-

tion process on SWNTs. To decorate Pt nanoclusters

on the surface of SWNTs, we immersed the assembled

SWNT test structures in a 5 mM chloroplatinic acid solu-

tion. A negative potential (�Ve) of 50 mV was applied

on a contact pad for 2 s using a Keithley 2400 sourcem-

eter, and the other probe was immersed in the same so-

lution without touching any contact pads. When a

negative potential is applied to the contact pad of the

test structures, Pt ions having positive charges are

nucleated selectively on the surface of the contact

pads and the SWNT architectures. At the same time, in-

duced negative potential is created on the neighbor-

ing test structures by a capacitive effect of the underly-

ing highly doped Si substrate and its SiO2 insulating

layer. This resulted in decoration of smaller Pt nanoclus-

ters (
5 nm) on the surface of the other assembled

SWNT arrays, as well. We found that this “indirect”

deposition was more effective as it gave clusters of ex-

tremely small size, and there was no damage to the ar-

rays due to accidental static discharge when the probes

are contacted to the pads. Figure 4b is an SEM image
of SWNT arrays on which Pt nanoclusters, decorated di-
rectly, are clearly visible. Figure 4c shows an SEM im-
age and energy-dispersive X-ray spectroscopy (EDS)
map of a SWNT array indirectly decorated with Pt nano-
clusters. In this case, the Pt clusters were almost indis-
tinguishable in the SEM images, but the EDS map for Pt
shows very small amounts of Pt decoration, as con-
firmed by the EDS spectrum in Figure 4d. The EDS map
along with the spectral analysis is consistent with the
fact that extremely small (� a few nanometers) Pt nano-
clusters are uniformly decorated over the surface of
aligned SWNT network structures without forming a
continuous Pt film. The small amount of Pt nanoclus-
ters in the surrounding region of the SWNT array was
decoration on the SiO2 surface and did not contribute
to the conducting mechanism in any way. This was con-
firmed by physically breaking some of the test struc-
tures after which no current was detected between the
contact pads when a voltage was applied.

Figure 5a�c shows a change in resistance before
and after Pt decoration for samples having widths ap-
proximately � 700, 500, and 200 nm (with five test
structures for each width) and a length of 25 �m be-
tween two contact pads. The measured resistance in-
cludes the contact resistance and the device resistance.
Most test structures undergo a large reduction of resis-
tance with Pt decoration, which is consistent with our
theoretical results. In the case of a 700 nm channel
width, the average total resistance of pristine test struc-
tures was about 4.6 k�, which dropped to 3.1 k� after
Pt decoration reducing 33% of its resistance on average.
The drop in average resistance was found to be 64
and 49% in the case of 500 and 200 nm channel widths,
respectively. The resistivity of test structures with differ-
ent channel widths (before and after Pt decoration) is
shown in Figure 5d. To calculate the resistivity, the
length and width (at five positions along the length) of
the test structures were obtained from SEM images, and
height was averaged from 15 points on the same struc-
ture using cross-sectional AFM height measurements.
We found that, as the channel widths of the SWNT ar-
rays decrease, the values of resistivity increase, indicat-
ing a great dominance of semiconducting nanotubes in
the narrower structures. The average decrease of resis-
tivity after Pt decoration is hence also different for dif-
ferent channel widths. In the case of a 200 nm channel
width, resistivity is reduced by 52% changing from
7.385 to 3.534 m� · cm. The drop in resistivity was
found to be about 48 and 34% for 500 and 700 nm
channel test structures, respectively, after the Pt deco-
ration. The obtained resistivities have higher values (�1
order of magnitude) compared to reports by other
groups on individual SWNT ropes.24,25 This is a direct
outcome of the fact that our “electrode on top of
sample” configuration allowed the formation of con-
tacts with only the outer nanotubes of the array. Since

Figure 4. Pt decoration of SWNTs and its analysis using SEM and
energy-dispersive X-ray spectroscopy (EDS). (a) Schematic representa-
tion of Pt decoration of SWNT test structures in a dilute chloroplatinic
acid solution. The application of a negative electric potential on one of
the contact pads (directly contacted) induces (indirect) negative po-
tentials on the neighboring devices due to the capacitive effect of the
oxide-coated silicon wafer. (b) Typical SEM image of Pt decoration on
the surface of directly contacted SWNT bundles. Scale bar � 200 nm.
(c) SEM image (left) and its corresponding EDS map (right) of indirect
Pt decoration, with dashed lines indicating the position of the SWNT
test structure. (d) EDS spectrum from the same structure in panel c
showing that Pt nanoclusters are decorated on the SWNT belt.
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inter-nanotube conductance is extremely low, most of

the currents flowed through only the “contacted” nano-

tubes, leaving a significant portion of nanotubes dor-

mant in the conduction mechanism (see later) but be-

came included when the nominal resistivity was

calculated using the overall geometry of the arrays. At

this point, it is not possible to determine the exact num-

ber of “uncontacted” nanotubes. However, our future

research will attempt to overcome this problem by fab-

ricating arrays of extremely small heights (less than a

few nanometers).

The larger percentage drop in resistivity for the nar-

rower channels is consistent with the fact that, before

Pt decoration, the overall fraction of semiconducting

nanotubes between the two contacts was larger for nar-

rower channels, which, when converted to metallic

nanotubes, causes a higher percentage change. If

every contacted semiconducting nanotube were to be

completely converted to a metallic one in all the test

structures, the final resistivity would be independent of

channel size. From Figure 5d (where average values for

five test structures have been plotted for each channel

width), we find that complete “metallization” of all

nanotubes in all test structures was not achieved due

to variations in experimental conditions, although the

slower dependence of resistivity on channel width, af-

ter Pt decoration, compared to that of the pristine struc-

tures is a very encouraging result. We will discuss this

metallization issue in greater detail later.

Another important criterion for interconnect appli-

cations is the failure current density. Individual multi-

walled carbon nanotubes (MWNT) can withstand cur-

rent densities of �109 A · cm�2 at 300 °C for a short

time.4 Also, MWNT via structures were shown to oper-

ate at a current density of 2 � 106 A · cm�2, comparable

to Cu vias.26 Individual SWNTs can withstand a current

density �109 A · cm�2.27 However, it appears that such

high current densities in highly organized and aligned

lateral SWNT structures have not been reported so far.

Failure current density was measured in our structures

by increasing an applied voltage in steps of 3 V in a

vacuum chamber. Figure 5e shows failure current den-

sity (the dashed line is a guide to the eye) for test struc-

tures with different channel widths. The averaged value

of failure current density was 7.34 � 106 A · cm�2, while

the maximum failure current density was measured up

to 9.62 � 106 A · cm�2 obtained for the narrower chan-

nels. Although these values are lower than that of indi-

vidual metallic CNTs, we note that even for these calcu-

lations we have assumed that all of the nanotubes

participate in the conduction of charges, whereas in re-

ality, only a part that is electrically contacted conducts

the charge carriers, hence lowering the calculated cur-

rent density. In any case, the values are larger than that

of MWNT via bundles and increase for lower channel

widths, easily comparable to or better than that of Cu

at these size scales.

Since our DFT results indicate that the Pt decora-

tion results in the enhanced metallic behavior of semi-

conducting nanotubes, it is important to investigate the

degree of metallization that these nanotubes in the

test structures undergo. As discussed earlier, the

electrode-on-top configuration does not contact all of

the nanotubes electrically. Hence, from the resistivity

Figure 5. Electrical characterization of SWNT test structures before and after Pt decoration. (a�c) Resistance of pristine and Pt-
decorated devices with 700, 500, and 200 nm channel widths. Most Pt-decorated structures exhibited dramatically reduced resis-
tance compared to their pristine states. (d) Resistivity of structures with different channel widths before and after Pt decoration. (e)
Failure current density with a guide curve for structures having various channel widths, showing that narrower devices have bet-
ter current-handling capability.
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values itself, it is not possible to comment on how many

semiconducting nanotubes were converted to metallic

ones. However, since the same number of nanotubes

remain in contact with the leads before and after the Pt

decoration, we can use the known ratio of semicon-

ducting to metallic nanotubes (2:1) for naturally grown

SWNTs to predict the overall change in resistance if all

semiconducting tubes were converted to metallic ones.

We assume that this ratio is extendable to the two

kinds of nanotube paths (metallic or semiconducting

paths) between the two contacts of our aligned array.

Let us assume that, in any test structure, the num-

ber of nanotubes is X and the number of nanotubes

electrically contacted is N, where N 
 X (e.g., N could

be equal to 30% of X). Out of these N nanotubes, N/3

are metallic and 2N/3 are semiconducting. In the sim-

plest case, if we assume that the nanotubes are paral-

lel resistors in the device, the total resistance of the pris-

tine array of nanotubes is

1
Rtotal

) ∑ 1
Rm

+ ∑ 1
Rsc

(2)

where Rm is the resistance for a metallic SWNT and Rsc

is resistance for a semiconducting SWNT.

To simplify calculations, let us assume that all metal-

lic SWNTs have resistance of Rm and semiconducting

SWNTs have resistance of Rsc. Then, eq 2 can be writ-

ten as

1
Rtotal

) ∑
n)1

N/3
1

Rm
+ ∑

n)1

2N/3
1

Rsc
(3)

Typically, Rsc �� Rm by about 2�3 orders of magni-

tude. In this case, the term �n � 1
2N/3 1/Rsc 	 0 compared

to the term, �n � 1
N/3 1/Rm. Therefore, resistance of device

before Pt decoration can be written as

Rtotal )
3Rm

N
(4)

After Pt decoration, if all semiconducting SWNTs get

converted to metallic ones, then their converted resis-

tance is the same as that of the metallic SWNTs (i.e., Rm).

Therefore, the total resistance after Pt decoration would

be given by

1
Rtotal

) ∑
n)1

N/3
1

Rm
+ ∑

n)1

2N/3
1

Rm
) N/3

Rm
+ 2N/3

Rm
) N

Rm

(5)

Hence, the resistance of the device after Pt decoration

can be written as

Rtotal′ )
Rm

N
(6)

Hence, the predicted ratio of resistance between the

decorated and pristine test structures

Rtotal′
Rtotal

)
Rm/N

3Rm/N

) 1
3

(7)

which is independent of how many SWNTs are electri-

cally contacted.

Figure 6 shows the comparison between the pre-

dicted value and experimental results for the ratio of re-

sistance before and after Pt decoration for all test struc-

tures of different channel widths. The test structures

have been plotted in increasing order of the ratio val-

ues for clarity. We find that more than 25% of the de-

vices attained the predicted ratio of 0.33 (indicating

conversion to “all-metallic” test structures after Pt deco-

ration). In the case of the other test structures, the pro-

cess of Pt decoration may have been incomplete due to

variabilities associated with our electrodeposition ex-

periments in terms of time, concentration of electro-

lytes, electric fields, access to all nanotubes, etc., and

these issues will be addressed in the future. In some

cases, the ratio was below 0.33, indicating that some

of the metallic nanotubes may have undergone con-

ductance enhancement, as well, as predicted by den-

sity functional theory calculations. Our future research

will attempt to fabricate test structures of very low

heights such that all of the nanotubes can be electri-

cally contacted. This will remove many of the discussed

ambiguities that have evolved during this work.

CONCLUSIONS
In conclusion, using a template-guided fluidic as-

sembly process, we have fabricated highly orga-

nized, scalable, and aligned SWNT array intercon-

nect test structures. The narrowest lateral widths of

test structures presented here (�200 nm) are limited

by our current lithographic facilities and, in prin-

ciple, can be reduced further down to lower sizes.
Figure 6. Comparison between predicted and experimentally mea-
sured resistance ratio of Pt-decorated and pristine test structures.
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The structures become increasingly aligned with de-
creasing channel width. We have also demonstrated
a Pt nanocluster decoration technique to enhance
the overall conductive nature of these structures.
Due to our top-contacted geometry that did not
electrically contact all of the nanotubes, accurate es-
timates of resistivity of the nanotube array were
not possible. However, the Pt decoration leads to
significant reduction of the nominal channel resistiv-
ity, with evidence of complete conversion of the
semiconducting nanotubes into metallic ones in
some cases, in agreement with our calculations of

band gap and Landauer conductances. These inter-
connect test structures are able to handle high cur-
rent densities, approaching nominal values of �107

A · cm�2 (comparable to or better than that of cop-
per). The processes involved in the fabrication and
performance enhancement via Pt decoration are
simple to implement, are CMOS-compatible, and
are easily scalable to wafer levels. The fabrication
and performance enhancement of these intercon-
nect test structures demonstrate a big step toward
integration of carbon nanotubes into microelec-
tronic platforms for future gigascale interconnects.

EXPERIMENTAL METHODS
The SWNT solution was obtained from Brewer Science Inc.

with the mean length of 610 nm and mean diameter of 1.9 nm.
The solution was composed of 0.23 wt % SWNT�DI water solu-
tion (CNTRENE C100). A silicon wafer with a 100 nm thick SiO2

layer was obtained from the University Wafer. To improve the
contact between the SWNT�deionized water solution and sub-
strate, the substrate was pretreated using an inductively coupled
plasma (ICP) with mixed gas flow of O2 (20 sccm), SF6 (20 sccm),
and Ar (5 sccm). The substrate was then spin-coated with a
PMMA film and patterned with trenches using EBL. Patterned
substrate was vertically submerged into the SWNT�DI water so-
lution using a dip-coater and gradually lifted from the solution
with a constant pulling speed of 0.5 mm · min�1. Two dip-coating
processes with 180° rotation were applied to make a better cov-
erage of SWNTs along with the trenches. After this assembly pro-
cess, a PMMA film was removed in acetone and rinsed in DI wa-
ter. Then, the substrate was dried with nitrogen. For electrical
characterization, contact pads were fabricated on the surface of
SWNTs and oxide substrate using EBL and Ti (5 nm)/Au (150 nm)
deposition followed by a lift-off process. To decorate Pt nano-
clusters on the surface of SWNT test structures, we completely
immersed them in a 5 mM chloroplatinic solution and then ap-
plied a negative electric potential (�Ve) of 50 mV on a contact
pad with one side probe for 2 s using a Keithley 2400 sourceme-
ter, and another probe was located at the same solution with-
out touching any contact pads. The electrical characterization
was conducted using a Janis ST-500 electrical probe station con-
nected to a Keithley 2400 sourcemeter.
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Liebau, M.; Unger, E.; Hoenlein, W. Carbon Nanotubes in
Interconnect Applications. Microelectron. Eng. 2002, 64,
399–408.

10. Koo, K. H.; Cho, H.; Kapur, P.; Saraswat, K. C. Performance
Comparisons between Carbon Nanotubes, Optical, and Cu
for Future High-Performance On-Chip Interconnect
Applications. IEEE Trans. Electron Devices 2007, 54,
3206–3215.

11. Naeemi, A.; Meindl, J. D. Design and Performance
Modeling for Single-Walled Carbon Nanotubes as Local,
Semiglobal, and Global Interconnects in Gigascale
Integrated Systems. IEEE Trans. Electron Devices 2007, 54,
26–37.

12. Naeemi, A.; Meindl, J. D. Compact Physical Models for
Multiwall Carbon-Nanotube Interconnects. IEEE Electron
Devices Lett. 2006, 27, 338–340.

13. Chen, Y. C.; Raravikar, N. R.; Schadler, L. S.; Ajayan, P. M.;
Zhao, Y. P.; Lu, T. M.; Wang, G. C.; Zhang, X. C. Ultrafast
Optical Switching Properties of Single-Wall Carbon
Nanotube Polymer Composites at 1.55 �m. Appl. Phys.
Lett. 2002, 81, 975.

14. Xiong, X.; Jaberansari, L.; Hahm, M. G.; Busnaina, A.; Jung,
Y. J. Building Highly Organized Single-Walled-carbon-
Nanotube Networks Using Template-Guided Fluidic
Assembly. Small 2007, 3, 2006.

15. Jaber-Ansari, L.; Hahm, M. G.; Somu, S.; Sanz, Y. E.;
Busnaina, A.; Jung, Y. J. Mechanism of Very Large Scale
Assembly of SWNTs in Template Guided Fluidic Assembly
Process. J. Am. Chem. Soc. 2008, 131, 804–808.

16. Kar, S.; Soldano, C.; Chen, L.; Talapatra, S.; Vajtai, R.; Nayak,
S.; Ajayan, P. M. Lüttinger Liquid to Al’tshuler�Aronov
Transition in Disordered, Many-Channel Carbon
Nanotubes. ACS Nano 2009, 3, 207.

A
RTIC

LE

www.acsnano.org VOL. 3 ▪ NO. 9 ▪ 2818–2826 ▪ 2009 2825
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