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ABSTRACT

This investigation focuses on the coating of nano-
tubes and nanofibers with conductive materials using
plasma enhanced physical vapor deposition. We ex-
amine experimental procedures for coating electrospun
polymer nanofibers with metallic materials, then dis-
solve the inner polymer core to yield a nanotube of the
coating material. The interrelationships among process-
ing factors is investigated from a detailed modeling ap-
proach that describes the salient physical and chemi-
cal phenomena. Solution strategies that couple contin-
uum and atomistic models are used. At the continuum
scale we describe the reactor dynamics and deposition of
the coatings on the nanofibers. At the atomic level, we
use quantum mechanical (QM) and molecular dynamics
(MD) simulations to study the deposition mechanisms
and migration of atoms in the coating.
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1 INTRODUCTION

Nanotubes have attracted great academic and indus-
trial interest in recent years [4]–[6], [13], [14]. Improve-
ment in the ability to synthesize nanotubes of different
materials has resulted in the suggestion and develop-
ment of novel devices based on the properties of the
nanotubes [4]. Possible applications for nanotubes in
the areas of filtration [3], composites [7], [9], biomedicine
[2], [12], and electronics [5] have been suggested. How-
ever, several limitations to the widespread synthesis and
use of nanotubes can be identified. First, the ability to
produce large quantities of nanotubes with controlled
electronic and structural properties is still undeveloped.
Second, the nanoscale dimensions of these materials of-
ten lead to previously unobserved properties that need
to be understood and ultimately controlled.

2 EXPERIMENTS

This work addresses some aspects of these issues thr-
ough a coordinated experimental and modeling program.
From the standpoint of nanotube synthesis, we examine
physical vapor deposition techniques for applying con-
ductive coatings to electrospun polymer nanofibers. We

have successfully coated fibers with carbon, copper, and
aluminum films by using a plasma enhanced physical va-
por deposition (PEPVD) sputtering process (see Figure
4). The power supply drives a 2 inch diameter electrode
which forms the target (or source) material. The nano-
fibers are placed on a holder that sits 8 cm above the
target. A plasma is formed when electrons emitted from
the target create ions in the gas phase. Once a plasma
is formed, the ions sputter atoms from the target which
are then transported to the nanofibers and deposited.
The ions also strike the coated nanofibers and tend to
make the deposited coating more uniform through a re-
sputtering process. The coating growth rate depends on
the rate at which atoms are supplied to the nanofiber
surface, the nanofiber temperature, and the ion flux to
the nanofiber. The morphology of the coating depends
on the mobility of the atoms on the surface and how
much time the atoms have to move around before the
next atoms hit the surface. The rate at which atoms are
supplied to the nanofiber is proportional to the rate at
which atoms are sputtered from the target and how far
away the nanofiber is from the target. The sputtering
rate depends on the ion flux, which is determined by the
power applied to the target, the pressure of the system,
and the working gas used. The nanofiber temperature is
controlled using a heater. The ion flux to the nanofiber
is controlled by the potential drop between the plasma
and the nanofiber, the working gas used and the pres-
sure.

To determine the effects of these variables on the film
growth rate and morphology we analyze the films using
TEM. TEM analysis is used to determine the growth
rate on the fibers. We compare average thicknesses of
the fibers before and after the coating process to deter-
mine an average growth rate of the films. To determine
coating morphology, TEM images and diffraction pat-
terns are taken. Removing the nanofiber core leaves a
polycrystalline nanotube of the coating material.

Figure 1 shows an aluminum-coated fiber. The cylin-
drical cross-section of a tube is shown in Figure 2, which
indicates that the tube did not collapse after the poly-
mer inside had been removed. The smallest inner diam-
eter of the tubes was around 20 nm. The approximate
thickness of the wall of the tubes was controlled by the
sputtering process. A tube with different wall thickness
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Figure 1: TEM images of aluminum-coated fibers.

Figure 2: TEM image of an aluminum nanotube.

is shown in Figure 3.
The above approach can be used to produce tubes of

many materials including metals, semiconductors, ce-
ramics and polymers with controlled diameters and a
range of nanometer thickness walls.

3 MODELING

The model for the coating of nanofibers is based upon
deposition within our traditional PEPVD system. Our
objective is to determine the influence of process condi-
tions on the uniformity and morphology of the coating.
Our system is characterized by a bulk gas phase domi-
nated by neutral species, and sheath regions that sepa-
rate the bulk gas phase from the substrate (nanofibers)
and the target, as shown in Figure 4. There are
several disparate geometrical length scales in the reac-
tor system. The reactor size from target to the top is
no more than 20 centimeters in length. The distance
from the target to holder is centimeters in length. The
sheath thicknesses are on the order of millimeters. The
nanofibers are on average 100 nm in diameter. Fur-
ther, the nanofiber mat is a sparse mesh of the fibers.
Hence, we make the assumption that the holder region
of nanofibers does not influence the electric field near
the target and does not influence the global transport
of neutral species within the reactor. Thus, the over-
all transport of neutral species will be separated into
two components. The global or outer component will
model the transport away from the target, as shown in
Figure 4, without any influence from the sparse mesh
of nanofibers and the holder. The local component will

Figure 3: Aluminum nanotube of wall thickness 40 nm.
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Figure 4: Global schematic of the reactor
for neutral species transport within the reactor.

model the neutral species transport in the vicinity of a
nanofiber as shown in Figure 5. The global information
for neutral species concentration at a nanofiber location,
y = y∗ from the target, will serve as the far field input
to the local model of deposition on the nanofiber.

The mode of transport of the concentration of the
deposition material is diffusion for both the global and
local systems. Electromagnetic and ion fluid equations
govern the transport of ions through sheath regions, and
the interaction of the ions with the target and nanofibers.
At the local nanofiber scale we examine polar and ax-
isymmetric geometries. Coating deposition equations
at the nanofiber include deposition rate parameters and
desorption parameters due to ion bombardment. These
parameters are functions of the fiber and coating cur-
vature, ion flux to the surface, and ion kinetic energy.
These parameters are passed to the continuum equations
from molecular dynamics simulations that are described
below.

Level set and evolution equation approaches are used
to simulate the coating shape. Four basic coating mech-
anisms are included in these approaches. These are at-
tachment kinetics, curvature effects, etching due to ion
bombardment, and solid-state diffusion on the coating
surface. These equations are solved numerically and an-
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Figure 5: Local nanofiber coordinates
for neutral species transport within the reactor.

alyzed via boundary perturbation techniques. Results
from these analyses verify basic experimental observa-
tions such as the wavelength and magnitude of the coat-
ing roughness is larger in both the axial and azimuthal
directions for larger diameter fibers.

At the atomic level we use quantum mechanical (QM)
(density functional theory (DFT) [8], [10],
SCF-Pseudopotential electronic structure [11], and jel-
lium model calculations) and molecular dynamics (MD)
simulations to study the adsorption, reflection and sput-
tering mechanisms, and migration of atoms in the coat-
ing [1]. We input the ion kinetic energy, ion flux, and
the thickness of the coating from the continuum models
to the QM/MD simulations. This information serves as
the initial conditions for the ion bombardment.

Because of the size of the fiber and the computational
limitations of the QM/MD approach, it is not possible to
simulate the entire circumference of the coating surface.
Hence, we examine angular sectors of the nanofiber at
various locations around the fiber, and at fixed discrete
times, to develop a global picture of the coating growth.

Information from each of the sectors is input to a
curve fit to form expressions for the deposition and des-
orption parameters that are valid around the circumfer-
ence of the fiber and can be passed to the continuum
model. The information obtained from the QM/MD
simulations at each time snapshot is also curve fit to
obtain expressions that are continuous in time, and for
use by the continuum models. This creates a solution
methodology that iterates between atomic and contin-
uum length scales.

Putting all of the above pieces together, we present
level set simulations of the coating front. The initial
polymer nanofiber landscape is taken to be a superposi-
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Figure 6: Level set model solution
for nanofiber coating.

tion of Fourier modes, consistent with models of the elec-
trospinning process. Predictions of the coating thickness
are shown in Figure 6. These predictions agree well with
our experimental observations.

4 SUMMARY

Polymer nanofibers are produced by electrospinning
and then coated using rf magnetron sputtering. The
resulting composite structure is then heated to remove
the polymer core leaving a nanotube. We develop a
comprehensive model integrating across atomic to con-
tinuum length scales for simulating the coating process.
We investigate global and local models for transport of
neutral species and ions within the reactor. We define,
solve, and analyze a continuum evolution equation and
level set formulation for the coating free surface. Fur-
ther, we investigate QM/MD simulations of deposition
and coating properties. We couple continuum models
with atomic simulations. Information is passed between
the various length scale models so that the simulations
are integrated together. To keep the numerical simu-
lations at a manageable level, asymptotic analyses are
used to reduce the complex models to simpler, but still
relevant, models.

REFERENCES

[1] M. P. Allen and D. J. Tildesley, Computer
Simulation of Liquids, Oxford University Press,
Oxford, 1996.

[2] M. M. Bergshoef and G. J. Vancso, Trans-
parent nanocomposites with ultrathin, electrospun
nylon-4,6 fiber reinforcement, Adv. Mater., 11
(1999), p. 1362.

[3] A. Buer, S. C. Ugbolue, and S. B. Warner,
Electrospinning and properties of some nanofibers,
Text. Res. J., 71 (2001), p. 323.

[4] P. G. Collins and P. Avouris, Nanotubes for
electronics, Scientific American, (2000), p. 62.

NSTI-Nanotech 2004, www.nsti.org, ISBN 0-9728422-9-2     Vol. 3, 2004348



[5] Y. Cui and C. M. Lieber, Functional nanoscale
electronic devices assembled using silicon nanowire
building blocks, Science, 291 (2001), p. 851.

[6] X. Duan, Y. Huang, J. Wang, and C. M.
Lieber, Indium phosphide nanowires as building
blocks for nanoscale electronic and optoelectronic
devices, Nature, 409 (2001), p. 66.

[7] P. W. Gibson, H. L. Schreuder-Gibson, and
D. Rivin, Electrospun fiber mats: Transport prop-
erties, AIChE J., 45 (1999), p. 190.

[8] P. Hohenberg and W. Kohn, Physical Review
B, 136 (1964), p. 864.

[9] J. S. Kim and D. H. Reneker, Mechanical
properties of composites using ultra-fine electrospun
fibers, Polym. Compos., 20 (1999), p. 124.

[10] W. Kohn and L. J. Sham, Physical Review A,
140 (1965), p. 1133.

[11] H. Mehrez, S. Ciraci, A. Buldum, and I. P.
Batra, Conductance through a single atom, Phys-
ical Review B, 55 (1997), p. R1981.

[12] D. Smith and D. H. Reneker. PCT Int.
Appl. (2001), Application: WO 2000-2000US27769
20001006. Priority: US 99-158673 19991008; US
2000-571444 20000516.

[13] Y. Zhang, T. Ichihashi, E. Landree, F. Ni-
hey, and S. Iijima, Heterostructrures of single-
walled carbon nanotubes and carbide nanorods, Sci-
ence, 285 (1999), p. 1719.

[14] Y. Zhang, K. Suenaga, C. Colliex, and
S. Iijima, Coaxial nanocable: Silicon carbide and
silicon oxide sheathed with boron nitride and car-
bon, Science, 281 (1998), p. 973.

NSTI-Nanotech 2004, www.nsti.org, ISBN 0-9728422-9-2     Vol. 3, 2004 349




