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A bi-layer metal-carbon nanotube composite has been developed as a potential low-force electrical

contact surface, for application in micro-electromechanical systems switching devices. The

samples consist of a vertically aligned forest of multi-walled carbon nanotube (MWCNT), sputter

coated with a layer of Au. The effect of varying the components and composition are investigated

by means of a modified nano-indenter. By measuring the contact resistance of the composites under

various loading conditions, the electrical properties and performance can be evaluated. The

composites are shown to have homogenous properties, with each of the layers influencing the total

electrical characteristics of the samples. The internal structure of the sample, the MWCNT

height and penetration of gold into the forest is shown to directly influence the performance and

characteristics of the samples. By analyzing the samples as bulk, the effective resistivities of the

composites are also determined to have values from 303 nX m down to 54 nX m, depending on the

composition of the samples. VC 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4915310]

Since their discovery the mechanical properties of car-

bon nanotubes (CNTs) have attracted attention in both theo-

retical and experimental studies. Having both high elastic

modulus and high strength,1–4 CNTs are largely considered

to be superior to conventional carbon fibers. They have also

been shown to exhibit excellent thermal and electrical con-

ductivity, due to their nanoscale dimensions and ballistic

electronic conduction.5 Based on these attributes, CNTs pro-

vide the potential to manufacture composites of metals with

the CNTs as a reinforcement component4–6 and the potential

to manufacture composites consisting of a metal matrix has

been frequently investigated. In existing metal-CNT compo-

sites, the properties are largely characterized by an increase

in the strength and elasticity, due to the presence of the

CNTs, whilst the electrical and thermal conductivity are gen-

erally the same as or close to the properties of the pure metal

matrix.5 The combination of mechanical high elasticity and

high electrical conductivity that such metal-CNT composites

exhibit, provide properties for applications in micro-

electromechanical systems (MEMS), where the high elastic-

ity provide high lifetimes in mechanical components, and the

high conductivity provides good electrical performances.

Despite this, they are mostly used or designed for larger

structural applications.7 A unique metal carbon nanotube

composite is introduced, which utilizes the mechanical prop-

erties of CNTs in a different manner to most metal-CNT

composites. Vertically aligned multi-walled CNTs

(MWCNTs) provide a compliant subsurface, whilst a sput-

tered metal component, in this case gold, provides electrical

conductivity.

The composite has shown potential as a long-lifetime

switching surface under MEMS switching contact condi-

tions.8–10 Studies of the Au/MWCNT composites compare to

the more orthodox sputtered Au/Si as an electrical contact,

showing the metal-CNT composite to have exceeded the

lifetime of the orthodox contact by several orders of magni-

tude.8–10 In this study, the results are used to evaluate the

electromechanical properties of the samples by investigating

the contact resistance of the composite under various loads

by means of a modified nanoindenter and fitting to the

Holm electrical contact model. Holm described the contact

resistance of a pair of contacts in terms of the applied load,

F, as

Rc ¼
q2gpH

4F

� �1
2

; (1)

where q is the electrical resistivity of the contact materials,

H is the material hardness, and g is a coefficient used to

describe the influence of contamination or insulating films

which reduce the conducting contact area, in turn increasing

the contact resistance. From this an evaluation of the resistiv-

ity and reduction coefficient, q
ffiffiffi
g
p

, can be made in terms of

the composition, evaluating the performance of the compo-

sites as electrical contacts and for electromechanical applica-

tions. The application of this model assumes that the

contacting asperities deform plastically, relating the real con-

tact area, A, and the applied load by means of the material

hardness according to F¼HA. Also that the samples hard-

ness are uniform and do not vary with depth11 and that the

samples conduct without the influence of a constriction re-

sistance related to thin film conduction, acting as homoge-

nous bulk samples.

For the Au/MWCNT composite, a forest of MWCNTs

was grown onto a Si wafer using a thermal CVD process. A

buffer layer of Al2O3, 1.5 nm thick, was sputtered, followed

by a catalyst layer of Fe, 10 nm thick, which promotes the

growth of CNTs. We assume the packing density of

MWCNTs to be constant, as it is assumed to be controlled

by the catalyst and annealing conditions during the sample
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development, which were held constant at a temperature of

900 �C for 10 min.

The samples investigated were of the same structure as

those tested for potential in MEMS switching applica-

tions,8–10 consisting of a subsurface of MWCNTs sputter

coated with a conductive Au film. In order to further investi-

gate the potential applications of the composite, a series of

samples with varying composition were fabricated for this

study, these were composed of different thickness of Au film

and lengths of MWCNTs. A sample matrix of the varied

compositions was generated in order to characterize the influ-

ence of the components on the electromechanical perform-

ance of the surface, and to optimize the composition for

applications under MEMS contact conditions. By varying the

thickness of the Au and the height of the MWCNT layers, the

influence of each could be determined. These samples are

compared to a control sample of 500 nm Au sputter coated

onto a Si substrate, with a 10 nm Cr adhesion layer, which is

a commonly used contact surface in MEMS contact devices.

Three sets of MWCNT lengths were grown; 30 lm,

50 lm, and 80 lm, by increasing the growth time in the CVD

growth process. For height measurements, a patterned sam-

ple was generated to give an area where surface height can

be compared to the Si wafer, which can be accurately meas-

ured using a laser surface profiler. To avoid any edge effects

on the growth of the CNTs, heights were measured at three

points at the center of the samples and averaged for accu-

racy. The same process was carried out to measure the thick-

ness of the deposited Au; a sacrificial Si chip was placed in

the sputtering chamber during the MWCNT coating. Three

50 lm MWCNT substrates were coated with an Au film of

thickness: 300 nm, 500 nm, and 800 nm, and two substrates

30 lm and 80 lm MWCNT forests were coated with 500 nm

Au, generating a matrix of 5 compositions of Au/MWCNT

samples, shown in Table I.

In order to achieve the low forces required with repeat-

ability and stability, a modified nano-indenter was utilized.

The nano-indenter provided the controlled mechanical load-

ing required whilst the addition of a data acquisition module

allowed for the application of a controlled electrical current

(100 mA for this study), and measurement of the voltage

drop. The standard diamond contact tip was replaced by a

stainless steel hemispherical contact, 2 mm in diameter,

which was coated with a 10 nm Cr adhesive layer and a

500 nm Au layer. This modified tip allowed for a four-wire

measurement arrangement to be applied to measure the con-

tact resistance illustrated in Figure 1(b) and is consistent

with previous experimental studies.12 By using the special-

ized indenter tip, the compliant effect of the MWCNT com-

posite surface is maximized as it requires the composite to

conform to the shape of the hemisphere. Whilst using this

system the force and contact resistance could be measured

simultaneously, the contact resistance was evaluated in post

processing from the applied current and voltage drop.

Each sample was indented with 10 different loads from

0.2 mN to 2 mN, each indent was at a new surface location,

separated by 500 lm, and each load repeated 10 times for

consistency at new surface locations. The loading rates were

held constant and the maximum load was held constant for

30 s during each indent. The properties of the contacts were

only evaluated during this static stage, of the indentation to

allow the surfaces to settle and prevent loading and surface

anomalies, such as oxide layers or contamination, from

effecting results.

The results are presented in terms of the contact resist-

ance under various mechanical loads, shown in Figure 2(a),

TABLE I. Samples generated: Exact measured thicknesses and measured mechanical properties.

Sample No.

Sample composition

Composition

[Au (nm)/MWCNT (lm)] Thickness ratioa Measured Au (nm)b Measured MWCNT (lm)b Sample hardness (MPa)c

1 300/50 0.006 301 51.31 0.282

2 500/30 0.017 498 29.87 1.055

3 500/50 0.010 500 50.01 0.639

4 500/80 0.006 499 80.41 0.035

5 800/50 0.016 799 50.02 2.8933

aDefined as the ratio of the Au thickness (in nm) and the MWCNT layer (in nm).
bMeasured by laser surface profiler, with vertical resolution of 10 nm.
cEvaluated by nanoindentation at 0.25–0.75 mN, sample stiffness is evaluated as the effective Young’s modulus of the composites.11

FIG. 1. (a) Typical structure of the Au/

MWCNT composites, in this case

500 nm Au coating on a 50 lm

MWCNT subsurface, where the Au

penetrates into the MWCNT subsur-

face; (b) four-wire measurement

arrangement for the contact resistance

measurement system integrated into

the nanoindentation. The current

source and contact voltage drop are

supplied and measured by a data acqui-

sition module.

101911-2 Down et al. Appl. Phys. Lett. 106, 101911 (2015)

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:

152.78.36.243 On: Fri, 17 Apr 2015 09:49:24



which shows the effects of varying the Au layer thickness on

the contact resistance, and Figure 2(b), which shows the

effect of altering the height of the MWCNT forest. The con-

tact resistances observed are mostly below 1 X. There is

only one instance of this limit being exceeded, for the

300 nm Au/50 lm MWCNT sample where the load was only

0.2 mN, which was the lowest load applied to the sample that

clearly represents the worst conductive properties of the

samples investigated. The trend of the results matches with

those in the Holm model, Eq. (1), and the Au/Si sample,

shown in Figure 2, albeit with higher contact resistances.

This behavior indicates that the samples behave as single

layer bulk samples and not multilayered thin film compo-

sites. This is reinforced in Figure 3, by showing that the

square of the contact resistance is proportional to the inverse

of the contact force for all samples. The slight increase in the

observed resistance between the Au/Si sample and the Holm

prediction for Au can be attributed to the influence of thin

film conduction,12 while the results for the various Au/

MWCNT composites indicate the influence of each of the bi-

layer components. The influence of the gold layer is clearly

significant in controlling the electromechanical performance

of the composite. As the vertically aligned MWCNT forest

conductivity in the lateral direction (perpendicular to the

growth direction) is poor;13 the composite depends on the

gold layer to conduct laterally.

Increasing the carbon nanotube subsurface layer height

has been reported to be decrease the hardness of the compos-

ite,11 and as shown in Table I, hence increasing the contact

area under a given load. The Holm model predicts that for a

softer material the contact resistance should be reduced. Yet

what was observed in Fig. 2(b), was that the increase in the

MWCNT subsurface height increased the contact resistance.

This suggests that the increase in MWCNT height changes

the structure of the composite and how the Au penetrates

into the MWCNT subsurface, thereby affecting the effi-

ciency of the lateral conduction of the composite. Figure

2(b) demonstrates that the presence of the MWCNTs directly

influence the electrical properties, increasing the effective

resistivity of the composite. This has been further investi-

gated further by fitting the experimental values of the contact

resistance to the Holm model, shown in Figures 3(a) and

3(b) for varying thicknesses of Au and heights of MWCNT

composites, respectively.

By analyzing the contact resistance results and fitting to

the Holm model, the effective resistivity can be evaluated.

The results of which are shown in Figure 4, for simplicity

the samples are defined in terms of the thickness ratio as

defined in Table I. These values, although not the definitive

resistivity values, do provide a practical evaluation of the

performance of the contact surface as electrical contacts. If

the samples are assumed to have the resistivity of the Au

film, this then becomes an analysis of the reduction coeffi-

cient, and hence the efficiency of these composites when

forming contacts. However, it can be assumed that the surfa-

ces are clean and that varying the components will affect the

resistivity of the composites. A general trend can be

observed where these properties can be used to define the

electrical performance of the composites; as the thickness ra-

tio increases the effective resistivity appears to tend towards

the value for the Au/Si sample.

As expected, increasing the thickness of the Au layer

decreased the resistivity of the composite significantly.

However, the trend shown in Figure 4, again, demonstrates

that an increase in MWCNT height results in an increase in

contact resistance. There are a number of potential causes

for this unexpected behavior. First, as shown in Figure 1(a),

the Au is known to penetrate into the MWCNT subsurface.

The depth of this layer and the structure that results is not

clearly defined, and the height of the MWCNTs potentially

FIG. 2. Contact resistance for various

loads and compositions (a) illustrates

the effects of changing the Au layer

thickness and (b) the height of the

MWCNT subsurface.

FIG. 3. Fitting the experimental con-

tact resistance to the linear form of the

Holm model for (a) various Au thick-

ness and (b) various MWCNT heights

for loads 1–2 mN.
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enables a deeper Au penetration thereby reducing the effi-

ciency of the conductivity in the lateral direction. It is possi-

ble that the length of the CNT could influence the depth of

penetration of the Au layer. This aspect of the surface has

been presented by Liu et al.,14 but requires further investiga-

tion. In addition, an increase in the MWCNT height would

result in a decrease in surface hardness thereby allowing the

surface to comply more efficiently with the incoming con-

tact, resulting in an increase in the nominal contact area and

number of contact spots.

The results demonstrate a high level of consistency in

the samples, consistently providing a contact resistance

below 1 X, for even the lowest loads tested, with one excep-

tion in the case of the 300 nm Au/ 50 lm MWCNT sample.

This either provides a lower limit the forces in application or

could be addressed by reducing the MWCNT thickness layer

if a 300 nm Au film is required. The experiment setup has

been designed to accurately evaluate the electrical contact

properties of the composite and has shown potential for ana-

lysing the contact properties under low loads. In previous

studies,7 it was shown that it was not valid to consider the

conductivity of the Au/MWCNT to be similar to that of an

Au film. The results here demonstrate that the MWCNT sub-

surface is not just a compliant subsurface contributing

mechanically but significantly contributes to the electrical

properties. Studies of the structure of MWCNT forests have

shown that, due to the growth mechanisms, the density of the

CNTs is higher at their base then at their peak.7 The reduced

density with height and evidence of the penetration of the

sputtered Au into the CNT subsurface, shown in Figure 1,

suggest that the increase in CNT height influences the depth

of penetration of the sputtered layer, and consequently the

conductive properties of the composite. By investigating the

effect of the composition of the composite in this study, the

effective resistivity of the composite, and the efficiency of

the composite as an electrical contact has been ranked in

terms of the composition. It has been deduced that the result-

ing electrical properties are strongly dominated by the inter-

nal structure of the composite.

To summarize, an improved four-wire measurement sys-

tem and modified nanoindentation rig have been developed

to improve the understanding of the electromechanical prop-

erties of Au/MWCNT composites. The samples tested have

shown a level of consistency in their performance, where the

contact resistance is mostly less than 1 X. Whilst the addition

of the MWCNTs had been shown to greatly improve the life-

time of the composite in switching tests, the apparent reduc-

tion in conductivity with their inclusion raises further

questions of the interior structure of the composites. The

trends observed suggest that by controlling the Au thickness

and MWCNT height it is possible to control the electrical

and mechanical properties of the composite. An understand-

ing of the effects of the varying the composite parameters is

significantly important for optimizing the composite. It has

been shown conclusively that the presence of MWCNTs

impacts the resistive properties of the sample, which can be

defined in terms of the thickness ratio. The increase of which

tends the properties towards those of the Au/Si sample.

The Holm Model, despite not often being applied for

low contact forces due to lack of inclusion of ballistic elec-

tron transport, has proven useful for analysis of the effective

electrical properties of the samples. Whilst these values are

not definitive properties, they provide an analysis of the

effectiveness of the composites for use as electrical switch-

ing surfaces. If the resistivity of the samples is assumed to be

that of gold then the analysis is that of the reduction coeffi-

cient, and how efficiently the samples form a contact. A

combination of the results presented in the paper with life-

time testing of the composites will yield an optimized solu-

tion for Au-MWCNT electrical switching contacts; where

the trade-offs for the sample compositions can be balanced.
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