Applied Physics 3
Letters | \\

Electrical contact resistance in filaments
Xiang-Fa Wu, Zhengping Zhou, and Wang-Min Zhou

Citation: Appl. Phys. Lett. 100, 193115 (2012); doi: 10.1063/1.4718019
View online: http://dx.doi.org/10.1063/1.4718019

View Table of Contents: http://apl.aip.org/resource/1/APPLAB/v100/i19
Published by the American Institute of Physics.

Related Articles

Observation of negative contact resistances in graphene field-effect transistors
J. Appl. Phys. 111, 084314 (2012)

Source/drain electrodes contact effect on the stability of bottom-contact pentacene field-effect transistors
AIP Advances 2, 022113 (2012)

Mechanism of contact resistance formation in ohmic contacts with high dislocation density
J. Appl. Phys. 111, 083701 (2012)

All-metallic lateral spin valves using Co2Fe(Ge0.5Ga0.5) Heusler alloy with a large spin signal
Appl. Phys. Lett. 100, 052405 (2012)

Contact transport of focused ion beam-deposited Pt to Si nanowires: From measurement to understanding
Appl. Phys. Lett. 100, 053503 (2012)

Additional information on Appl. Phys. Lett.

Journal Homepage: http://apl.aip.org/

Journal Information: http://apl.aip.org/about/about_the journal
Top downloads: http://apl.aip.org/features/most_downloaded
Information for Authors: http://apl.aip.org/authors

ADVERTISEMENT

GET YOUR
e P COPY TODAY >>

- FREE CD with 700
Multiphysics Presentations

N COMSOL



http://apl.aip.org/?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/test.int.aip.org/adtest/L23/447417409/x01/AIP/ComsolInc_APLCovAd_1640x440banner_05_09_2012/comsol_belly_band_ConferenceCD_2012.jpg/774471577530397266546b41416f5654?x
http://apl.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=Xiang-Fa Wu&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://apl.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=Zhengping Zhou&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://apl.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=Wang-Min Zhou&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://apl.aip.org/?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.4718019?ver=pdfcov
http://apl.aip.org/resource/1/APPLAB/v100/i19?ver=pdfcov
http://www.aip.org/?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.4705367?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.4707164?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.3702850?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.3681804?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.3680251?ver=pdfcov
http://apl.aip.org/?ver=pdfcov
http://apl.aip.org/about/about_the_journal?ver=pdfcov
http://apl.aip.org/features/most_downloaded?ver=pdfcov
http://apl.aip.org/authors?ver=pdfcov

APPLIED PHYSICS LETTERS 100, 193115 (2012)
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Electrical contact resistance (ECR) influences the electrochemical performance of porous
electrodes made of stacked discrete materials (e.g., carbon nanotubes, nanofibers, etc.) for use in
supercapacitors and rechargeable batteries. This study establishes a simple elasticity-conductivity
model for the ECR of filaments in adhesive contact. The elastic deformation and size of electrical
contact zone of the filaments are determined by using an adhesive contact model of filaments, and
the ECR of adhesive filaments is obtained in explicit form. Dependencies of the ECR upon the
filament geometries, surface energy, and elasticity are examined. © 2012 American Institute of

Physics. [http://dx.doi.org/10.1063/1.4718019]

Thin fibers and filaments typically carry high strength,
large specific surface area, and excellent manufacturability
superior to their bulk counterparts. Fibrous materials have
found broad applications in thermal/sound insulators, gas/
fluid filters, catalyst carriers, tissue scaffolds, and various pa-
per products. With the recent intensive research in energy
conversion and storage technologies, conductive fibrous
materials, e.g., carbon nanotubes (CNTs), carbon micro/
nanofibers, nanowires/nanorods of metal oxides, and conduc-
tive polymer fibers, have been considered as excellent candi-
dates as porous electrodes for use in supercapacitors and
rechargeable batteries due to their large specific surface area
(for more charge storage and faster charge/discharge rate)
and favorable electrical connectivity.'™ For instance, Fig. 1
shows a typical multi-walled CNT network under considera-
tion for use in porous electrodes of supercapacitors. To func-
tion as charge collector as well as current-delivery channel
in electrochemical energy conversion and storage devices, fi-
brous materials are expected to be reliable in both electrical
conductivity and structural integrity. To date, a variety of
investigations have been devoted to understanding the me-
chanical behavior of planar and spatial fiber networks since
the pioneering works by van Wyk® and Cox.'® Several
follow-ups''™*° have also been made to exploration of the
effective stiffness of fiber networks in different extent of
elaboration. In addition, for ultrathin compliant fibers (e.g.,
polymer nanofibers produced by electrospinning), surface
effect may also influence their mechanical response such as
the effective axial tensile modulus,20 dynamics,2 122 adhesive
contact,”>** surface instability,>> and wetting properties,?®>°
among others.

When fibrous materials are integrated into electrodes for
use in supercapacitors and rechargeable batteries, their elec-
trical connectivity and conductivity directly influence the
effective electrical, thermal, and electrochemical performan-
ces of the electrodes.>® Recently, a few studies have been ini-
tiated on measurements and modeling of the contact
conductivity of metallic foams and fiber networks used in
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fuel cells, heat exchangers, etc.’ 4 In parallel, Barber™ for-
mulated an elastic/electrical analogy between mechanical
and electrical contacts, by which the electrical contact resist-
ance (ECR) between elastic bodies in contact can be deter-
mined. In addition, Kogut and Komvopoulos®*-” calculated
the ECR between two fractal surfaces via solving the consec-
utive contact mechanics and electrostatic field problems
numerically. Yet, no study has been reported so far on the
ECR of filaments in contact, especially ultrathin nanofibers
and CNTs. In principle, the ECR between ultrathin filaments
depends upon the type of contact, electrical conductivity and
geometries of the filaments. In this work, a simple electrical
contact model is to be formulated for ultrathin filaments in
adhesive contact. The filaments are assumed to be isotropic
and linearly elastic. A three-dimensional (3D) adhesive con-
tact model of filaments>* is adopted for determining the con-
tact properties, in which the Derjaguin-Muller-Toporov
(DMT) assumption38 is used and the adhesive force is esti-
mated via Bradley’s approach;***° the elastic deformation
and size of adhesive contact zone are calculated within the
framework of Hertz contact theory.*'* Barber’s elastic/
electrical analogy™ is further to bridge the ECR and adhe-
sive contact of the filaments.

FIG. 1. Carbon nanotube assembly as porous electrode for use in
supercapacitors

© 2012 American Institute of Physics
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Given two conductive elastic bodies in contact, the con-
tact area is a function with respect to the material properties,
surface asperities, and contact force exerted between the
bodies. The corresponding ECR varies with the change of
contact area due to the magnitude of the contact force.
According to the elastic/electrical contact analogy, Barber
formulated a relationship for the ECR R, via the incremental
mechanical contact stiffness:>

Re = M(p, + p»)/(dF/dA), ()

where p; and p, are the resistivities of the two bodies in con-
tact, respectively, F' is the external compressive force, A is
the compressive deformation, and M is the composite modu-
lus of the contacting pair defined by

1/M:(1—01)/G1+(1—02>/G2. (2)

In the above, G; and v; (i=1, 2) are the shear moduli and
Poisson’s ratios of the two bodies in contact, respectively.
As illustrated in Fig. 2(a), two ultrathin smooth filaments in
contact due to the adhesive force are considered.’** By
selecting a proper (x, y)-coordinate system of the contact
zone (tangential to the two surfaces in contact) with respect
to the normal z-axis, the distance between two points at the
two curvilinear surfaces out of the contact zone can be
approximated as [Fig. 2(b)]

71 + 2o = Ax* + By?, 3)

where A and B are coefficients relating the principal curva-
tures and the angle between the planes of principal curva-
tures of the two surfaces in contact. In the case of two
identical circular cylindrical filaments of radius R, A and B
can be determined as

A= (1-cosp)/(2R), B=(1+cosp)/(2R), (4

where ¢ is the spatial angle between the filament axes. Rela-
tion (4) indicates that A and B are positive, thus, all points
with the same mutual distance z; + z, will be located on an
ellipse. Thus, the contact zone of two filaments is an ellipse.

The adhesive force between ultrathin filaments in con-
tact can be estimated according to Bradley’s approach?*3%4°
by treating the adhesive force between two unit areas as a
long-range Lennard-Jones force:

¢ is the spatial angle between two fiber axes
(a) (b)

FIG. 2. Two circular cylindrical filaments in contact: (@) elliptical contact
zone between filaments (x- and y-coordinate corresponding to the two princi-
pal axes of the elliptical contact zone) and (b) coordinate systems in cross-
section.
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In the above, ¢ is a phenomenological distance between two
particles (e.g., atoms or molecules); z is the distance between
two unit areas; and Ay is Dupré adhesion energy defined by

Ay =7+ =71 (6)

where y; and 7, are the surface energies of the filaments,
respectively, and y;, is the interface energy. In the case of
two identical filaments in contact, Ay =2y. Thus, the adhe-
sive force can be estimated via integration of Eq. (5) with
respect to the area out of the contact zone (i.e., Ax® + By2 >
with /o /A and \/o/B as the semi-axes of the contact ellipse
to be determined)?®

P SAyJ & 3
3¢ Jaeipesce | \AX2 +By? — o+ hg

dA,

(M

9
€
a (Ax2 +By? —a+ ho)

where A is the minimum gap between surfaces in contact
which can be chosen as /i, = ¢ with the assumption of Brad-
ley’s approach. Substitution of Eq. (4) into Eq. (7) yields the
adhesive force between two identical, smooth, circular cylin-
drical filaments in contact as

F = 4myR /sing. (8)

The relation (8) is identical to the adhesive force between
two rigid circular cylinders of identical radius, i.e., the adhe-
sive force independent of the size of contact zone. Thus,
elastic deformation does not alter the adhesive force between
filaments within Bradley’s approach.

With the adhesive force [Eq. (8)], the shortening A
between two axes of identical filaments in contact can be

determined by Hertz contact theory?** as
6 R o d
A= T J : ©)
sinp G/(1 —v)

0@+ @)+ )

In the above, the semi-axes a and b of the elliptical contact
zone can be determined as>>

3n(l —v)R 3n(l —v)R?
=y PR ORE G BRLZ0RY
sinp G sinp G

where the dimensionless coefficients m and n depend only
upon the filament orientation angle ¢ (Ref. 42). For
instance,42 for ¢ =0°, m= o0, n=0; for ¢p =45°, m=1.926,
n=0.604; for ¢ =90°, m= 1.0, n=1.0. With the aid of rela-
tion (10), the electrical contact area between the filaments is

DRy

A, = mab = -
Ta mn{ sng G
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Consequently, substituting Egs. (8) and (9) into Eq. (11) and
letting G| =G, =G, vy =v,=0, and p; = p; = p for identi-
cal filaments yield the ECR:

p [ a’ b? )} dé
R.=E| |3- .
2Jo { <a2 +& oy & \/(az + B2+ &)
(12)

The above relation indicates that the ECR between two adhe-
sive filaments is correlated to the filament resistivity p and
the area of adhesive contact zone which is a function with
respect to the filament radius R, orientation angle ¢, elastic
properties E and v, and surface energy 7 according to Eq.
(10). Hereafter, we examine these dependencies by perform-
ing numerical experiments. To do so, two filament surface
energies y =0.05N/m and 0.1 N/m are considered, respec-
tively; for linearly elastic deformation, the Young’s modulus
E and Poisson’s ratio v of the filaments are selected as
E=20GPa and v=0.45, thus, the shear modulus is G =E/
[2(1 +v)] =6.897 GPa. These values are close to those of
typical polymer fibers. In the calculation, the filament diame-
ters are selected as d=2R =100nm, 200nm, 500nm,
1000 nm, and 2000 nm, respectively. Variations of the nor-
malized ECR R, defined by Ry = R./p (unit: um '), with
respect to the orientation angle ¢ between two filaments are
plotted in Fig. 3.

From Fig. 3, it can be observed that given the material
properties (i.e., E, v, and y) and orientation angle ¢ of the fil-
aments, the ECR of a pair of filaments in adhesive contact
increases with decreasing filament diameter. In contrast, at a
fixed filament diameter, the ECR increases nonlinearly with
increasing ¢. This tendency is due to the fact that the contact
area decreases with increasing ¢ as evidenced by Eq. (11).
At small filament diameters, such an increase tendency
becomes more obvious since the adhesive contact becomes
more obvious at small fiber diameters. Furthermore, Fig. 3
also demonstrates that the surface energy y plays a noticeable
rule in the ECR, especially for filaments at the small diame-
ters. The larger the surface energy 7, the lower the ECR is.
This observation is due to the fact that given the material
properties (i.e., £ and v) and geometries (i.e., R and ¢) of the
filaments, a larger surface energy corresponds to a higher ad-
hesive force that yields a larger adhesive contact area as indi-
cated in Eq. (11), i.e., a lower ECR. In addition, the present
model can be extended conveniently for ECR of other types

Filament orientation angle ¢ ©)

(b)

of adhesive contact. Yet, to date, no experimental data have
been reported in the literature for comparison with the pres-
ent ECR model although this model has given qualitatively
reasonable predictions of the ECR for adhesive filaments.
Without a doubt, ECR experiments are expected and of criti-
cal importance to developing efficient and reliable porous
electrodes for use in modern electrochemical energy conver-
sion and storage devices.

In summary, a simple ECR model of adhesive filaments
has been formulated, which gave a rational explanation of
the ECR of ultrathin filaments in adhesive contact. The quan-
titative description of the present model could be used to
guide the scaling analysis, measurements, and effective sup-
pression of ECR of porous electrodes made up with stacked
discrete particles and filaments. In addition, due to the small
size of the filaments, the effect of surface asperity on the
ECR is not taken into account. In experiment, such effect is
difficult to be quantified, especially in the case of nano-sized
filaments. Consequently, the present study also expects inno-
vative ECR experiments that can be used to quantify the
ECR of filaments and other elastic bodies in adhesive
contact.

This research was supported in part by the North Dakota
DoE EPSCoR-Sustainable Energy Seed Grants Initiative
(SUNRISE) and NDSU Development Foundation (X.-F.
Wu).

Ic.w. Wang, L. Berhan, and A. M. Sastry, ASME Trans. J. Eng. Mater.
Technol. 122, 450 (2000).

2C. W. Wang and A. M. Sastry, ASME Trans. J. Eng. Mater. Technol. 122,
460 (2000).

3C. WL Wang, K. A. Cook, and A. M. Sastry, J. Electrochem. Soc. 150,
A385 (2003).

“A. M. Sastry, C. W. Wang, and L. Berhan, Key Eng. Mater. 200, 229
(2001).

5C. M. Niu, E. K. Sichel, R. Hoch, D. Moy, and H. Tennent, Appl. Phys.
Lett. 70, 1480 (1997).

°K. H. An, W. S. Kim, Y. S. Park, J. M. Moon, D. J. Bae, S. C. Lim, Y. S.
Lee, and Y. H. Lee, Adv. Funct. Mater. 11, 387 (2001)

F. Marken, M. L. Gerrard, I. M. Mellor, R. J. Mortimer, C. E. Madden, S.
Fletcher, K. Holt, J. S. Foord, R. H. Dahm, and F. Page, Electrochem.
Commun. 3, 177 (2001).

87.P. Zhou, X. F. Wu, and H. Fong, Appl. Phys. Lett. 100, 023115 (2012).

°C. M. van Wyk, J. Text. Inst. 37, T285 (1946).

1°H. L. Cox, Br. I. Appl. Phys. 3, 72 (1952).

M. A. Narter, S. K. Batra, and D. R. Buchanan, Proc. R. Soc. London, Ser.
A 455, 3543 (1999).

'2G. A. Carnaby and N. Pan, Text. Res. J. 59, 275 (1989).

3N. Pan and G. A. Carnaby, Text. Res. J. 59, 285 (1989).

'4S. Toll and J. A. E. Manson, ASME Trans. J. Appl. Mech. 62, 223 (1995).


http://dx.doi.org/10.1115/1.1288769
http://dx.doi.org/10.1115/1.1288769
http://dx.doi.org/10.1115/1.1288768
http://dx.doi.org/10.1149/1.1543566
http://dx.doi.org/10.4028/www.scientific.net/KEM.200.229
http://dx.doi.org/10.1063/1.118568
http://dx.doi.org/10.1063/1.118568
http://dx.doi.org/10.1002/1616-3028(200110)11:5<387::AID-ADFM387>3.0.CO;2-G
http://dx.doi.org/10.1016/S1388-2481(01)00132-1
http://dx.doi.org/10.1016/S1388-2481(01)00132-1
http://dx.doi.org/10.1063/1.3676193
http://dx.doi.org/10.1080/19447024608659279
http://dx.doi.org/10.1088/0508-3443/3/3/302
http://dx.doi.org/10.1098/rspa.1999.0465
http://dx.doi.org/10.1098/rspa.1999.0465
http://dx.doi.org/10.1177/004051758905900505
http://dx.doi.org/10.1177/004051758905900506
http://dx.doi.org/10.1115/1.2895906

193115-4 Wu, Zhou, and Zhou

151, A, Astrom, J. P. Makinen, M. J. Alava, and J. Timonen, Phys. Rev. E
61, 5550 (2000).

167, A, Astrom, J. P. Makinen, H. Hirvonen, and J. Timonen, J. Appl. Phys.
88, 5056 (2000).

"7X. F. Wu and Y. A. Dzenis, J. Appl. Phys. 98, 093501 (2005).

A, P. Chatterjee, J. Appl. Phys. 100, 054302 (2006).

YA, P. Chatterjee and D. A. Prokhorova, J. Appl. Phys. 101, 104301 (2007).

20X F. Wu and Y. A. Dzenis, J. Appl. Phys. 102, 044306 (2007).

2'X. F. Wu and Y. A. Dzenis, J. Appl. Phys. 100, 124318 (2006).

22X. F. Wu, J. Appl. Phys. 107, 013509 (2010).

X F. Wu and Y. A. Dzenis, J. Phys. D: Appl. Phys. 40, 4276 (2007).

2%X.F. Wuand Y. A. Dzenis, Nanotechnology 18, 285702 (2007).

X, F. Wu, Y. Y. Kostogorova-Beller, A. V. Goponenko, H. Q. Hou, and Y.
A. Dzenis, Phys. Rev. E 78, 061804 (2008).

25A. Bedarkar and X. F. Wu, J. Appl. Phys. 106, 113527 (2009).

?7A. Bedarkar, X. F. Wu, and A. Vaynberg, Appl. Surf. Sci. 256, 7260
(2010).

2X.F. Wu, A. Bedarkar, and K. A. Vaynberg, J. Colloid Interface Sci. 341,
326 (2010).

2°X. F. Wu, A. Bedarkar, and L. S. Akhatov, J. Appl. Phys. 108, 083518 (2010).

307, Tersoff, Appl. Phys. Lett. 74, 2122 (1999).

Appl. Phys. Lett. 100, 193115 (2012)

3y 7. Salgon, F. Fobbe-Valloire, J. Blouet, and J. Bransier, Int. J. Heat Mass
Transfer 40, 1121 (1997).

2¢. Yu, S. Saha, J. H. Zhou, L. Shi, A. M. Cassell, B. A. Cruden, Q. Ngo,
and J. Li, ASME Trans. J. Heat Transfer 128, 234 (2006).

33E. Sadeghi, M. Bahrami, and N. Djilali, J. Power Sources 179, 200 (2008).

3E. Sadeghi, S. Hsieh, and M. Bahrami, J. Phys. D: Appl. Phys. 44, 125406
(2011).

B3R Barber, Proc. R. Soc. London, Ser. A 459, 53 (2003).

L. Kogut and K. Komvopoulos, J. Appl. Phys. 94, 3153 (2003).

37L. Kogut and K. Komvopoulos, J. Appl. Phys. 95, 576 (2004).

3B, V. Derjaguin, V. M. Muller, and Y. P. Toporov, J. Colloids Interface
Sci. 53, 314 (1975).

*R. S. Bradley, Philos. Mag. 13, 853 (1932).

40y, Israelachvili, Intermolecular and Surface Forces, 2nd ed. (Academic,
London, 1992).

4K, L. Johnson, Contact Mechanics (Cambridge University, Cambridge,
1985).

42S. Timoshenko and J. N. Goodier, Theory of Elasticity, 2nd ed. (McGraw-
Hill, New York, 1976).

L. D. Landau and E. M. Lifshitz, Theory of Elasticity, 3rd ed. (Butter-
worth-Heinemann, Oxford, 1976).


http://dx.doi.org/10.1103/PhysRevE.61.5550
http://dx.doi.org/10.1063/1.1315622
http://dx.doi.org/10.1063/1.2123369
http://dx.doi.org/10.1063/1.2336088
http://dx.doi.org/10.1063/1.2732437
http://dx.doi.org/10.1063/1.2769266
http://dx.doi.org/10.1063/1.2403976
http://dx.doi.org/10.1063/1.3275870
http://dx.doi.org/10.1088/0022-3727/40/14/026
http://dx.doi.org/10.1088/0957-4484/18/28/285702
http://dx.doi.org/10.1103/PhysRevE.78.061804
http://dx.doi.org/10.1063/1.3267150
http://dx.doi.org/10.1016/j.apsusc.2010.05.061
http://dx.doi.org/10.1016/j.jcis.2009.09.019
http://dx.doi.org/10.1063/1.3486471
http://dx.doi.org/10.1063/1.123776
http://dx.doi.org/10.1016/0017-9310(96)00130-5
http://dx.doi.org/10.1016/0017-9310(96)00130-5
http://dx.doi.org/10.1115/1.2150833
http://dx.doi.org/10.1016/j.jpowsour.2007.12.058
http://dx.doi.org/10.1088/0022-3727/44/12/125406
http://dx.doi.org/10.1098/rspa.2002.1038
http://dx.doi.org/10.1063/1.1592628
http://dx.doi.org/10.1063/1.1629392
http://dx.doi.org/10.1016/0021-9797(75)90018-1
http://dx.doi.org/10.1016/0021-9797(75)90018-1
http://dx.doi.org/10.1080/14786449209461990

