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Abstract
Reduction of contact resistance is demonstrated at Cu–Cu interfaces using a
multiwalled carbon nanotube (MWCNT) layer as an electrically conductive
interfacial material. The MWCNTs are grown on a copper substrate using
plasma enhanced chemical vapour deposition (PECVD) with nickel as the
catalyst material, and methane and hydrogen as feed gases. The MWCNTs
showed random growth directions and had a bamboo-like structure. Contact
resistance and reaction force were measured for a bare Cu–Cu interface and a
Cu–MWCNT–Cu interface as a function of probe position. For an apparent
contact area of 0.31 mm2, an 80% reduction in contact resistance was
observed when the MWCNT layer was used. Resistance decreased with
increasing contact force, thereby making it possible to use this arrangement
as a small-scale force sensor. Also, the Cu–MWCNT–Cu interface was
roughly two times stiffer than the bare Cu–Cu interface. Contact area
enlargement and van der Waals interactions are identified as important
contributors to the contact resistance reduction and stiffness increase. A
model based on compaction of the MWCNT layer is presented and found to
be capable of predicting resistance change over the range of measured force.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Electrical contacts are vital elements in many engineering

systems and applications at the macro, micro, and nano scales.

Reliability and functionality of electrical contacts can often

be a limiting design factor. A major portion of electrical

contact resistance comes from the lack of ideal mating between

surfaces. Primary causes of this problem involve the surface

roughness and mechanical properties of the surfaces. When

two surfaces are brought together, the actual contact area may

3 Author to whom any correspondence should be addressed.

be much smaller than the apparent contact area [1]. The contact

between two surfaces can actually be thought of as the contact

of several discrete points in parallel, referred to as solid spots

or α-spots [1, 2]. Thus, only the α-spots act as conductive areas

and can be a small percentage of the total area.

Since their discovery [3], carbon nanotubes (CNTs) have

been studied intensively throughout many communities in

science and engineering. Several researchers have reported on

the mechanical, electrical, and thermal properties of individual

single-wall carbon nanotubes (SWNTs) [4–8]. The electrical

properties of SWNTs are affected by the chirality of the

SWNTs to the degree that the SWNTs can exhibit metallic
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or semiconducting electrical conductivity. The electrical

transport properties of a single SWNT are well studied [9]. It

has been shown that for ballistic transport and perfect contacts,

a SWNT has a theoretical resistance of 6.45 k�, which is

half of the quantum resistance h/2e2 [10]. In MWCNTs,

each layer within the MWCNT can have either a metallic

or semiconducting band structure depending on its diameter

and chirality. Owing to this variation among layers, the net

electrical behaviour of a MWCNT is typically metallic and a

wide range of resistance values, e.g., from 478 � to 29 k� [11],

have been reported.

The use of an individual MWCNT may not be low enough

to reduce contact resistance at an interface significantly.

However, by using an array of MWCNTs as an interfacial

layer, it is expected that numerous individual contact spots

and contact area enlargement can create current flow paths

through each contact, thus reducing overall resistance. An

additional advantage to using CNTs is that they can tolerate

high current densities [10]. Therefore, a MWCNT layer can

be a potential solution to the reliability and functionality issues

faced at electrical interfaces.

Previous researchers have reported on MWCNT arrays

used to improve thermal and electrical interface transport

properties [12, 13]. The study of Tong et al [13] used

a vertically aligned CNT film on a silicon wafer substrate.

The minimum resistance measured varied from roughly 1

to 20 � for different samples. However, Tong et al

[13] did not specifically address possible contact resistance

reduction mechanisms. In this study, reduction of contact

resistance using a non-directionally grown MWCNT layer as

an interfacial material at a Cu–Cu interface is reported, and

related mechanisms such as contact area enlargement and van

der Waals interactions are discussed. A model is also presented

predicting the experimentally observed reduction in electrical

resistance for increasing applied contact force.

2. Experimentation

2.1. Fabrication of specimen

A mechanically surface-ground (46 grit wheel) copper plate

was cut into 10 mm × 10 mm × 0.5 mm blocks using

a water jet cutter. The copper blocks were cleaned using

toluene, acetone, and methanol in an ultrasonic tank. Copper

(Alloy 110; Electrolytic Tough Pitch Copper) was chosen as

the substrate material due to its low electrical resistivity of

1.72 × 10−8 � m, an attribute that is desired for accurately

measuring the electrical resistance of Cu–Cu contacts with a

MWCNT layer. Note that pure copper is used widely in the

electrical industry due to its excellent electrical conductivity,

bettered only by silver (1.47 × 10−8 � m) among industrial

pure metals [14].

Three metal layers of Ti, Al, and Ni (thickness: 30, 10,

and 6 nm respectively) were deposited on one side of the

copper substrate using electron-beam evaporation. The Ti layer

promotes adhesion of MWCNT to the copper substrate. The

Al layer acts as a ‘buffer’ layer which is known to enhance

the CNT growth with the Ni catalyst [12, 15, 16] that provides

seed sites for CNT growth [17, 18]. The CNTs were grown

on this substrate surface by a microwave plasma enhanced

Figure 1. As-fabricated MWCNT layer on Cu substrate (unit = cm).

chemical vapour deposition (PECVD) process [12]. The feed

gases were H2 and CH4. The flow rates of H2 and CH4 were

72 and 8 sccm respectively. The H2 plasma was maintained

under a microwave power of 150 W. The process temperature

was 800 ◦C, and the growth time was 20 min. An as-fabricated

MWCNT layer on Cu substrate is shown in figure 1. The black

surface visible in the photo is the MWCNT layer.

2.2. Characterization of specimen

The sample surface was observed using field emission

scanning electron microscopy (FE-SEM). The grooves visible

on the sample surface in figure 2(a) are machining lines caused

by mechanical surface finishing of the copper. The magnified

view of a machining groove is shown in figure 2(b). MWCNTs

are observed to grow on both the ‘hill’ and in ‘valley’ regions

of the machining grooves. The overall CNT layer does not

show any preferred direction (see figure 2(c)). The individual

CNTs have a bamboo-like structure, which is a typical feature

of relatively large diameter MWCNTs (figure 2(d)).

The surface height profile and roughness of the MWCNT

layer was obtained using a Veeco DI 3100 atomic force

microscope (AFM). The AFM was operated under contact

mode with a contact force ranging from 10−8 to 10−6 N in

an ambient atmosphere [19]. In figure 3(a), the 3D surface

height profile is shown, and very small peaks are observed. The

mean roughness value of the MWCNT layer at a peak location

(square region in figure 3(b)) is 122 nm. For comparison, the

surface roughness of a silicon on insulation (SOI) wafer is 1–

2 nm [20] and for a polished metal surface the roughness is

800 nm. Thus, the MWCNT layer is relatively rough compared

with a SOI wafer but smoother than mechanically polished

metal. The height profile of the MWCNT layer (figure 3(a))

indicates that the surface also has some sharp peak features.

2.3. Test setup

A schematic of the test setup is shown in figure 4. While

subjecting the MWCNT-enhanced Cu substrate to compressive

loading using a Cu probe, electrical resistance change was

monitored by a multimeter (Hewlett Packard 3478A). To

precisely measure small resistance changes, a four wire (point)

measurement scheme was adopted. This method eliminates

wire connection resistance, and thereby permits pure contact

resistance measurement at the interface. The probe material
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(a) (b)

(c) (d)

Figure 2. FE-SEM images of MWCNTs layer on copper substrate. (a) Machining lines on copper substrate. (b) MWCNTs on machining line.
(c) Enlarged view of MWCNTs. (d) Shape of individual MWCNT.
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Figure 3. AFM images of a MWCNT layer on a machining line. (a)
3D surface height profile of MWCNT layer on the hill of machining
line. (b) Surface image of MWCNT layer at the peak of a machining
line.

was also chosen to be Cu in order to match the properties

of the Cu substrate. The probe tip area is much smaller

than the substrate so that multiple measurements can be made

with each specimen by changing the probing location. To

make the probe, the end of a copper nail was polished flat

using a polisher (Buheler ECOMET V) and Al2O3 powder

Figure 4. Schematic of the test setup.

(size: 9–1 µm). The polished copper probe tip was observed

using an optical microscope (Olympus BX60), and the image

was digitized using software (Golden Software Diger 2.01)

to measure the apparent surface area of the probe tip to be

0.31 mm2.

A small-scale mechanical testing machine (Bose Endura

ELF 3200) was used to control the probe displacement and to

measure the interaction force between the probe and MWCNT-

enhanced Cu substrate surface. The position of the probe tip

was adjusted towards the sample surface while monitoring the

position of the probe tip through a CCD camera. Starting from

this non-contacting position (infinite electrical resistance), the

probe was slowly displaced downwards in 1.0 µm increments

until the first measurable electrical resistance was observed.

This location was set to be the initial position (Z = 0 µm)

of the probe, and the probe tip was subsequently moved

downwards by 1.0 µm increments. At each displacement step,
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Figure 5. Contact resistance of a bare Cu–Cu interface as a function of probe tip position.
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Figure 6. Contact force of a bare Cu–Cu interface as a function of probe tip position.

contact resistance and force data were recorded. When the

resistance displayed a trend close to a constant value, the probe

descent was stopped. The probe was then moved upwards

(reverse direction) in 1.0 µm increments while measuring the

contact resistance and force until electrical contact was lost

(infinite resistance).

3. Experimental results

3.1. Bare Cu–Cu contact

Figure 5 shows the measured electrical resistance for the Cu

probe contacting a bare Cu surface, plotted as a function

of probe tip displacement. These bare Cu–Cu contact data

serve as a control condition. The first finite contact resistance

measured was 300 � corresponding to an initial contact

force of 0.006 N. This probe position was regarded as the

initial position (Z = 0 µm). Note that the probe position

at which initial contact resistance and force data were first

obtained coincided at the same probe position. With the probe

moving downwards, resistance decreased and force increased

(figure 6). However, after the Cu probe passed Z = 3 µm, the

resistance remained constant at a value of 20 � regardless of

contact force.

The downward movement of the Cu probe was stopped

at Z = 17 µm, and the probe was then moved upwards at

1 µm increments with resistance and force data collected as

before. The resistance did not change significantly until the

probe moved upwards to Z = 7 µm. At Z = 6 µm, the

resistance increased to 0.4 M� and thereafter indicated infinite

resistance. Note that electrical contact was lost before the

probe reached the initial position (Z = 0 µm).

The contact force did not follow the same path during

loading (probe moving downwards) and unloading (probe
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Figure 7. Contact resistance of a Cu–MWCNT–Cu interface as a function of probe tip. (a) Test 1; (b) Test 2.

moving upwards). This is indicated in the force–displacement

measurements shown in figure 6. The contact force initially

shows a linear tendency (initial stiffness: 0.067 × 106 N m−1)

and then non-linear behaviour as the probe moved downwards.

Lower force values at corresponding Z positions with non-

linear behaviour were observed as the probe moved upwards.

3.2. MWCNT-enhanced contact

The change in contact resistance between the Cu probe and

the MWCNT enhanced Cu substrate as a function of position

is shown in figures 7(a) and (b). The measurements were

conducted at two different locations on the same specimen

surface, referred to as test 1 and test 2. The resistance ranged

from a maximum value of 108 � to a minimum value of 4 �.

As the probe was lowered, resistance decreased.

In test 1, the position corresponding to the first finite

resistance value shown in figure 7(a) is identified as initial

electrical contact position (Z = 0 µm). The resistance did

not change significantly until the probe moved downwards past

Z = 7 µm. At Z = 11 µm, the first measurable reaction

force was observed. The electrical resistance then reduced

significantly to a steady value of 4 � with increased probe

movement. Note that between the initial position (Z = 0 µm)

and Z = 11 µm, there was no measurable force but electrical

contact was maintained (finite resistance was measured). In

test 2, the distance between the initial position (Z = 0 µm)

and the first measurable force position (Z = 18 µm) is longer

than that of test 1. This can be attributed to the resolution limits

of the load cell and contact characteristics between the probe

and MWCNT layer. In the beginning of contact, a relatively

smaller number of MWCNT touch the probe tip and thus the

force is in the range below the 0.001 N resolution of the load

cell.

Resistance measured while the probe moved upwards

(reverse process) for the first several steps (from Z = 20 µm

to Z = 14 µm for test 1 and from Z = 28 to 24 µm for test 2)

showed similar or slightly higher values at corresponding

positions of the downward measurement. However, the

resistance did not increase to an infinite value when the probe
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Figure 8. Contact force of a Cu–MWCNT–Cu interface as a function of probe tip position. (a) Test 1; (b) Test 2.

passed the position from where contact force between two

surfaces dropped to zero (Z = 13 µm for test 1 and Z =

23 µm for test 2). Electrical contact is maintained even past

the initial position (Z = 0 µm), up to Z = −7 µm for test 1

and to Z = −1 µm for test 2. This trend is opposite to that

observed for the bare Cu–Cu contact. Also, step-like features

of resistance change are evident during both downward and

upward movements of the probe. These features are thought

to be the result of van der Waals forces, which are discussed in

detail later.

In figure 8, contact force is plotted as a function of probe

tip displacement. The overall trend of force change is more

linear than the control case (bare Cu–Cu contact plotted in

figure 6). The average stiffness during downward movement

(0.173×106 N m−1 for test 1 and 0.123×106 N m−1 for test 2)

is approximately two times higher than the initial stiffness of

the bare Cu–Cu contact (0.067 × 106 N m−1).

The differences in the measured resistance and force

between test 1 and test 2 are attributed to the global-scale

variations of the MWCNT layer. The density and morphology

of the MWCNT layer generally varies at different probing

locations. Also, the sensitivity of the electrical resistance

measurements affects how one defines the initial electrical

contact position indicated in figures 7 and 8. However, it is

notable that after the probe registers a measurable force, the

trends of contact resistance versus force for both tests are found

to closely overlap each other, as shown in figure 9.

4. Discussion

4.1. Enlargement of real contact area

From the previous results, it is clear that the MWCNT

layer played a key role in reducing electrical resistance and

increasing stiffness. A comparison of the bare Cu–Cu contact

and the Cu–MWCNT–Cu contact is shown in figure 9. For

the same apparent contact area, the Cu–MWCNT–Cu interface

showed a minimum resistance of 4 �, whereas the Cu–Cu

interface showed a minimum resistance of 20 �. An 80%

reduction in resistance was observed under small compressive
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Figure 11. Contact resistance reduction by parallel contacts created
by MWCNTs. (a) Typical contact configuration of a bare Cu–Cu
contact. (b) Parallel contacts by many MWCNTs.

loading when MWCNTs were used as an interfacial material

between Cu surfaces. The average stiffness of the Cu–

MWCNT–Cu contact was approximately two times larger than

that of the bare Cu–Cu contact.

4.1.1. Resistance reduction mechanism. The mechanism

of contact resistance reduction due to the presence of

Figure 12. The electrical junction of two MWCNT contact surfaces.

the MWCNT layer can be explained by two phenomena:

(i) enlargement of real contact area through numerous parallel

contacts, (ii) electrical junctions between CNTs combined with

compressive loading. Although CNTs can carry large current

densities, it is known that by simply placing a single CNT on

a metal electrode, the contact resistance was observed to be in

the 103–106 � range [21, 22]. Also the minimum resistance

between a single CNT and a metal contact can be of the order

of 103 � [10]. However, macroscopic contact resistance can

be reduced by using a MWCNT layer containing numerous

individual MWCNTs that create parallel paths. Note that only

a portion of the apparent contact surface, which is indicated as

Ac (α-spots) in figure 10, participates in electrical conduction.

In the case of the Cu–MWCNT–Cu contact, CNTs significantly

increase the size of Ac (α-spots). Although this contact

situation is very complicated, it can be simplified conceptually.

As depicted in figure 11, the gap between two contacting

members (see figure 11(a)) is filled with MWCNTs, thereby

increasing the contact area (see figure 11(b)) via numerous

parallel electrical contact paths.

Resistance reduction is also possible though electrical

junctions made between CNTs. The MWCNTs on the

substrate’s surface exhibit a random configuration with no

preferential direction (see figure 2). These create electrical

junctions among adjacent CNTs to reduce the contact

resistance as depicted in figure 12. Other researchers suggest
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(a) (b)

Figure 13. The stacking sequence of MWCNT contact surfaces. (a) A–A sequence: in registry (lower junction resistance). (b) A–B sequence:
out of registry (higher junction resistance).

that contact resistances vary widely depending on the relative

orientation of two CNT surfaces (see figure 13) and the level

of compressive loading on the junction [23, 24]. When two

contacting CNTs are in the A–A configuration, it is called ‘in

registry’ which exhibits lower contact resistance than the A–B

configuration (‘out of registry’). For example, in the case of

an ‘in registry’ junction, the resistance is 2.05 M� for rigid

tubes [24]. If compressive force is applied on this junction,

the resistance is reduced to 121 k� [24]. In real cases, the

junction resistance probably falls between the lower and the

higher resistances. Therefore, it is believed that the ensemble

of the numerous contacts and junctions created during the

probe movement dictate the macroscopic contact resistance.

4.1.2. Stiffness increase. For the Cu–MWCNT–Cu interface,

the force increased almost linearly when the Cu probe moved

downwards (figure 8). However for the bare Cu–Cu contact,

the force did not increase in a steady manner, and was less than

that of the Cu–MWCNT–Cu contact (figure 7). Note that if

the load bearing area is increased, then the force will increase

accordingly. Thus it can be concluded that the MWCNT layer

is also effective in enlarging the load bearing area.

4.2. Compaction-based resistance change model

A model is presented to predict the change in contact resistance

as a function of applied compressive force, as plotted in

figure 9. This model is based on resistance reduction due to the

compaction of the MWCNT layer beneath a probe tip of area

A (0.31 mm2). The volume of MWCNTs beneath the probe

has initial volume fraction v0. During the probe’s downward

stroke, volume fraction v is assumed to be related to strain as

v

v0

= (1 + ε) (1)

where ε is true strain, defined as positive in compression.

Compressive force F is observed to be linearly related to

downward probe movement (see figure 8) over a roughly

8–9 µm stroke. This linear behaviour can be represented as

F = Eeff Aε (2)

Eeff is the effective elastic modulus of the MWCNT layer

which can be found by the relationship

Eeff =
L

A
k (3)

where k is the experimentally measured stiffness in figure 8

during downward probe movement and L is chosen as 8 µm.

Based on equation (3), Eeff is found to range from 3.2 to

4.5 MPa. A relationship between electrical conductance C and

volume fraction is now assumed to be in the form of a power

law of order n, such that as the volume fraction of the MWCNT

increases, the conductivity also increases beyond the starting

value C0 corresponding to the initial volume fraction v0.

C = C0

(

v

v0

)n

. (4)

Resistance is the inverse of C and can be expressed as

R = R0

(

v

v0

)−n

. (5)

Finally, equations (1)–(3) can be combined into equa-

tion (5), resulting in a relationship between contact resistance

R and probe compressive force.

R = R0

(

1 +
F

Eeff A

)−n

. (6)

Parameters R0 and n in equation (6) are fitting constants that

must be chosen to best match the resistance versus force data

in figure 9. As shown in figure 14, choices of R0 = 26.1 � and

n = 2.87 are found to give a best fit to the pooled data (tests 1

and 2 downward stroke).

4.3. van der Waals interaction

Each carbon atom in a CNT is bonded to three coplanar

neighbour carbon atoms by covalent bonds (x and y direction),

and the fourth electron of each carbon atom (z direction)

participates in weak van der Waals bonding. Due to this

molecular structure, interactions among CNTs are dominated

by van der Waals forces that tend to bundle individual

CNTs [25, 26]. It is hypothesized that the electrical contact

measured during upward movement of the probe beyond the

initial contact height is due to uprooted MWCNTs bridging the

probe and substrate, thereby maintaing electrical contact (see

figure 7). For the bare Cu–Cu contact, there was only local

plastic deformation during downward movement, and the two

Cu surfaces separated earlier during upward movement and lost

electrical contact before the probe reached the initial position.
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During testing of the Cu–MWCNT–Cu contact, the

resistance exhibited step-like features, especially for the higher

values of resistance (see figure 7). These features were

evident from data collected from the probe moving both

downwards and upwards. This effect can be explained by

van der Waals force interactions among MWCNTs and/or

Cu surfaces as previously mentioned. It is thought that the

MWCNTs formed clusters and maintained electrical contact to

some extent, thereby resisting tensile forces during the probe’s

upward movement. When the clusters partially separate from

the probe, the electrical flow path is reduced, and step-like

resistance changes resulted. Note that a maximum adhesion

force of 3.5 mN between MWCNTs has been reported in the

literature [13]. This force is the result of a combination of the

mechanical entanglement between the MWCNTs and van der

Waals forces.

5. Conclusions

Experimental measurements have shown that a MWCNT

layer between Cu–Cu surfaces reduces electrical contact

resistance by 80%. This electrical resistance decrease is due

to the unique structure of the MWCNT layer. Individual

MWCNT are deformable, and thus when two mating surfaces

come into contact, the MWCNT array creates numerous

current conduction paths. Additionally, electrical junctions

are formed between adjacent MWCNTs, further reducing

contact resistance. MWCNT-enhanced Cu surfaces showed

approximately two times higher surface stiffness, thereby

indicating that both the electrical contact and load bearing

area were increased due to the presence of the MWCNT layer.

MWCNT-enhanced Cu surfaces exhibited step-like resistance

changes and maintained electrical contact over a larger distance

than bare Cu–Cu contact, particularly during movement of the

contacting probe away from the surface. It is hypothesized

that this is due to uprooted MWCNTs bridging the probe

and substrate via van der Waals forces, thereby maintaining

electrical contact during probe movement. The MWCNT-

enhanced surface showed a finite slope of electrical resistance

as a function of contact force, thereby making it possible to

use this arrangement as a small-scale force or pressure sensor.

Finally, a model based on compaction of the MWCNT layer

was presented and found to be capable of predicting the change

in contact resistance as a function of probe compressive force.
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