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Abstract

In this project, nano-sized magnetic
particles were used as the catalysts to
gynthesze  magnetic  metal-encapsul ated
carbon nanotubes (CNTS) or nanoparticles on
Si wafers in a microwave plasma electron
cyclotron  resonance  chemica  vapor
deposition (ECR-CVD) system with CH,4
and/or H, as source gases. The magnetic
catalyst materials, including Fe-Pt, Co—Ft,
Nd.Fe4B, Fe and Fe-Ni, were first deposited



on Si wafers by a physical vapor deposition
(PvD) method, with subsequent plasma
treatment for nanoparticle transformation. The
main process parameters include catalyst
materials, hydrogen plasma catayst
pretreatment and deposition temperature. For
applications in magnetic media, the process
has the following advantages. perpendicularly
aligned CNTs or nanoparticles; tip-growth
CNTs; well- distributed magnetic particles,
detectable magnetic field in each particle;
high tube number densty (up to 134
Gtubes/inct?  for  Fe-assisted CNTS);
favorable catayst size; higher shape and
induced anisotropy; and nanostructures that
can be manipulated. The catayst particle
sizes of Fe, Nd,FeyB and Fe—Pt (3540 nmin
diameter) are uniform and greater than but
close to the critica optimum size or single
domain size, which favor a higher coercive
force. The greatest coercive force can reach
750 Oe for Fe- assisted CNTs at a deposition
temperature of 715 °C, which is comparable
with values reported in the literature. The
coercive force difference between the vertical
and horizontal directions can reach 300 Oe
for Fe-assisted CNTs, and 355 Oe for
NdFeyB -assisted CNTs.

K e y w oQarbbrs nanotubes; Cyclotron
resonance CVD; Magnetic recording;
Perpendicular recording media

1. Subject and Object

Higher-areal-density magnetic recording
media are being demanded in industries due to
their great market volume. The way to
increase the density is to minimize the signa
spot size. Storage media can be broadly
divided into three series, i.e. magnetic,
optica and semiconductor storage media
Magnetic storage mediainclude the traditional
tapes and videocassettes, hard disks for
mainframe computers, floppy disks for
personal computers (PC), portable ZIP and
MO disks (magnetooptic) with high storage
capacity. Their development has covered a
wide historical period, ranging from the
industrial era to the mainframe and PC eras
and up to the post-PC era, or in terms of years
from 1970 to 2001. Because of the great
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market volume and the long development
period, magnetic storage media have become
an everyday commodity. For storage capacity, a

minimum signal spot of -100 nm is required for a

terabyte capacity, and of -20 nm for greater than
terabyte capacity.

Based on orientation of the magnetic
domains on the magnetic storage media, it can
be roughly divided into two categories, i.e.,
the horizontally-oriented and the
vertically-oriented types. The reported results
indicate that the horizontaly-oriented
magnetic storage media may reach the limit in
physics for storage capacity > 40 Gbit/ir? [1,
2]. Inthe present commercia hard disk market,
the horizontally-oriented type is generaly
adopted by al magnetic storage media, except
the magnetic-optical (MO) media, where the
vertically-oriented type is used. In order to
breek through the bottleneck of the
horizontally-oriented storage media, changing
the recording types, such as,
vertically-oriented type or patterned media,
are theoretically possible. A few hard disk
manufacturers and research ingtitutes have
successfully designed such prototype mediato
demondtrate its feasibility [1, 3-8]. However,
it is required to solve many problems before
being commercialized, including (1) design
and fabrication techniques for ahigh precision
recording head and its servo driving system;
(2) fabrication techniques for storage media,
such as, size uniformity (dispersion < 10%),
morphology  control, higher  magnetic
properties (higher coercive field strength Hc,
higher sguareness ratio S, higher anisotropic
magnetic crystal, lower noise, ...et al.), lower
cost, et al.

The work was planned to study the
feasbility of the nano-resolution magnetic
storage media. We intend to apply the
worldwide most attention-getting  nano-
structures fabricating techniques to study its
feasbility. The magnetic nano-particles on
substrates act as the cataysts to synthesize
protective layer of carbon nanotubes or
nano-particles on themselves.

2. Experimental M ethods

The carbon nanotubes/nano-particles were
gynthesized on the magnetic metal-coated



substrates of p-type slicon wafers by
ECR-CVD methods. The most of the magnetic
metal-coated substrates were pretreated by
hydrogen plasma under additiona electrical
heating to the desred temperature. The
catalyst magnetic materials include Fe, FeF,
FeNi, CoPt and NbyFeyB. After hydrogen
plasma pretreatment, the specimens were
immediately followed by CNTs deposition.
Effects of magnetic catalyst materials,
pretreatments, deposition temperature were
examined. The specimen designation, catalyst
pretrestment and deposition conditions are
shown in Table 1. Where 875 Gauss magnetic
field strength was applied to maintain the
ECR condition. The magnetic properties,
morphologies, microstructures and bonding
structures of the magnetic catayst-assisted
carbon nano- structures were characterized by
VSM, MFM, AFM, SEM, TEM, HRTEM
(high  resolution  transmission  electron
microscopy) and Raman spectroscopy.

Di s

3. Results and

The morphology features, adhesion and
magnetic  properties of the magnetic
metal-assisted CNTs are shown in Table 2.
The corresponding side view and top view
SEM micrographs for different magnetic
catalysts are depicted in Figs. 1(a) and 1(b),
1(c) and 1(d),..., 1(i) and 1(j) for Fe, FePx,
CoPt, NbFeyB and FeNi cataysts,
respectively. From the point of applicationsin
recording media, al CNTs here take
advantages of the vertically aligned CNTs and
the tip-growth CNTSs instead of base-growth
CNTs. The results show that at the same
deposition conditions, different catalysts can
produce CNTs with different morphology
features and properties, such as, differencesin
tube number density, tube length, carbon film
formation, bonding between catdyst and
CNTs, growth mechanism and type of CNTSs.
These differences in structures or properties
may relate to the solubility difference of
carbon in cataysts, interaction of catalyst
with the substrate, etching rate difference
between CNTs and carbon films by hydrogen
plasma. For examples, the carbon solubility of
Fe is much better than FePt, and Co much
better than CoPt, due to a very limited carbon

solubility of nonferrous metals, such as Pt. In
the present conditions, the maximum tube
number density can go up to 134 Gtubes/inch?
for Fe-assisted CNTs. The tube number
density can be one of the man factors
determining the media recording density. The
longest tube length can reach 2100 nm for 15
min deposition time for Nd,Fe,B—assisted
CNTs, which is roughly corresponding to the
highest growth rate. The highest coercive
forceis~ 750 Oe for the Fe-assisted CNTs. It
is interesting to note that the bamboo-like
CNTs can be formed without using nitrogen
gas, though nitrogen was proposed to be the
main parameters to form the bamboo-like
CNTs|[10, 11]. For certain applications, if the
removal of catalysts from tips of CNTs is
required, it can easily be achieved by
selecting proper catalyst and combining with
ultrasonic agitation in acetone bath, e.g. FePt
and CoPt catalysts.

The SEM micrographs for the magnetic
metal-assisted CNTs or nano-particles for the

c Gatadysts wghnand without hydrogen plasma

pretreatments can compare Figs. 1(a) with
2(a), 1(c) with 2(b), 1(e) with 2(c) for Fe,
FePt and CoPt catalysts, respectively. It is
obvious that morphologies of the carbon
nanostructures are changed from tube-like to
particle-like shapes by neglecting the
hydrogen plasma pretrestment step. From the
point of applications in recording media, the
particle-like shapes take the advantages of
short and rigid.

The typical lattice images or HRTEM
images of the FeNi- and Fe-assisted CNTs
close to the catalyst particles are shown in
Figs. 3 and 4, respectively. In addition to the
advantage of the vertically aigned CNTs, the
catalysts at the tips of the CNTs are pear-like
in shape, which favor greater contribution
from magnetic shape anisotropy. The present
process under ECR conditions with 875
Gauss magnetic field strength may also take
the advantage of magnetic annealing effect to
enhance the induced anisotropy. The magnetic
properties and structure features of the
magnetic catalyst-assisted CNTs are shown in
Table 3.

The two typical hysteresis loops of the
Nd,Fe,B—assisted CNTs at vertica and
horizontal directions of the substrate surface



are shown in Fig. 5. The coercive forces of
the Nd,Fe,.B—assisted CNTs as a function of
deposition temperature are shown in Fig. 6.
It is obvious that the higher deposition
temperature favors a greater coercive force
and greater anisotropy. An abnormal greatest
anisotropy at temperature greater than 700°C
is not understood. It may relate to high enough
temperatures to enhance magnetic annealing
effect.

The AFM and the corresponding MFM
images and MFM line scan profiles of the Fe-,
FePt- and CoPt-assisted nano-particles or
CNTs are revealed in Figs. 7(a) to 7(c), 7(d)
to 7(f), and 7(g) to 7(i), respectively. The
brighter and darker areas in MFM images
represent the areas with repulsive and
attractive magnetic forces with MFM praobe,
respectively. It implies that the magnetic
particles are well distributed, and the
magnetic fields of each particle can be
detected or read.

Regard to the magnetic properties of the
magnetic metal-encapsulated carbon nano-
structures, the grain sizes of the magnetic
particles (35 nm, or 10 ~ 100 nm in diameter)
are greater than but close to the critical
optimum size or single domain size, which
favor a higher coercive force [11, 12]. A
higher deposition temperature of CNTSs results
in a greater coercive force due to a smaller
catalyst size, and the greatest coercive force
can go up to 750 Oe for Fe-assisted CNTs at
715°C deposition temperature, which is
comparable with the reported values in the
literature [12-15]. The process aso takes
advantages of higher shape and induced
anisotropy due to its higher aspect ratio and
magnetic annealing effect. The coercive force
difference between vertical and horizontal
direction can reach 355 Oe in the present
conditions. The results aso demonstrate the
potential applications in magnetic recording
media that the isolated and well-distributed
magnetic  paticles in the magnetic

4Achi evseampe d-¢ Smmmé nt e dneta-encapsulated carbon nano- structures

The five different magnetic materials were
successfully used to act as catayst to
synthesize the magnetic meta-encapsulated
CNTs or nano-particles on Si wafer to study
the feasibility for perpendicular recording
media applications. The results show that we
can successfully deposit the perpendicularly-
aligned magnetic particles-embedded nano-
tubes and nano-particles. For recording media
applications, the most of the deposited CNTs
take the advantages of tip-growth CNTs and
perpendicularly-aligned CNTs. The CNTs
with different tube number density, tube length,
carbon film formation, bonding between
catdyst and CNTs, growth mechanism and
type of CNTs can be manipulated by selecting
different catalysts and pretreatments. These
differences in structures or properties may
relate to the solubility difference of carbon in
catalysts, interaction of catayst with the
substrate, etching rate difference between
CNTs and carbon films by hydrogen plasma.
The tube number density is a key parameter
determining the density of the recording media.
In the present conditions, the maximum tube
number density can go up to 134 Gtubes/inch?
for Fe-assisted CNTs.

can be imaged by MFM micrographs.
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Fig. 1: SEM micrographs of the different
catalyst-assisted CNTs, (a) Fe, side view, (b)
Fe, top view (Specimen D1), (c) FePt, side
view, (d) FePt, top view (Specimen Al), (e)
CoPt, side view, (f) CoPt, top view
(Specimen Bl), (g) Nd,FeyB, side view, (h)
Nd;FeB, top view (Specimen C1), (i) FeNi,
side view, (j) FeNi, top view (Specimen E1).
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Fig. 5: Two typica hysteresis loops of the
Nd,Fe,,B-assisted CNTs at both vertical and
horizontal directions to the substrate surface
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Fig. 3. Lattice image of the FeNi-assisted 850 900 950 1000
CNTs close to catayst particle area 2ot s e
(Specimen E1). Fig. 6. Coercive forces at vertica and

horizontal  directions versus deposition
temperature for the Nd,FeB-assisted CNTs
(Specimen C1 to C6).

Fig. 4: HRTEM image of the Fe-assisted
CNTs close to catalyst particle area

(Specimen D1).
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Fig. 7. AFM image, MFM Image and the
corresponding MFM line scan profile for
different  catdyst-assissted CNTs  or
nano-particles, respectively, (a), (b) and (c)



for Fe (Specimen D2); (d), (e) and (f) for
FePt (Specimen A1l); (g), (h) and (i) for CoPt
(Specimen B2).
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Abstract

In this project, we intend to smulate the
plasma flow using methane/hydrogen gases as
the precursors in an ECR-CVD (electron
cyclotron resonance) chamber, which is used
to manufacture nanotube-like structure in other
related projects. In the first year, we have
successfully built and tested a 23-node
PC-cluster system in our laboratory, which
runs Linux OS. This PC-cluster system shall
be used for smulating plasma flow in the
project as time continues. Several important
components of the proposed ssimulation code
have also been developed and verified. These
include a paralel Poisson equation solver
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usng finite-element method (FEM) for
simulating electrostatic distribution, a parallel
Poisson vector potential solver using FEM for
smulating magnetostatic  distribution, a
particle tracing module for moving charged
particles under the influence of Lorentz force
and a particle-in-cel (PIC) method for
interpolating the force field (E and B) and
charge between particles and grid points.
Development of the Monte Carlo collisions
(MCC), considering the collisions of charged
particles and neutrals, and the Maxweéll
equation solver using FEM is currently in
progress and shall be reported in the second
year.

Keywords: plasma flow, finite element,
Poisson equation, Maxwell equation, particle
in cell, Monte Carlo collision.

1. INTRODUCTION

In the other related project [1], ECR-CVD
chamber has been used to manufacture
nanostructures that can be potentially applied
in higher-area-density magnetic recording
media. The success of the materias
processing forming nanostructures in this
direction more or less depends upon
trials-and-errors  method. No  systematic

theoreticd or modeling study has been
conducted. To optimize the materias
processing in  forming  nanostructures,

fundamental understanding of the plasma flow
inside the ECR-CVD chamber is inveitable,
although it is very complicated in essence.
Materials processing plasmas have been
modeled numerically using either the fluid
model [2] or the particle model [3]. The fluid
model is computationally much more efficient
if mobility and diffusion coefficients are



provided in advance. The fluid model isvalid
when the electron density distribution is close
to the Maxwellian. If the deviation cannot be
neglected, the particle method has to be used
for smulating the plasma. The particle method
is asolution method for solving the Boltzmann
equation. The particle method is a realization
of this stochastic process using uniform
random numbers (Monte Carlo smulation).

Advantages of the particle method include
the justified application to low-pressure
plasma as in the ECR-CVD chamber, energy
distribution functions of electrons and ions as
pat of the solution, and unnecessary
evaluation of mobilities, diffusion coefficients,
and relaxation times for various vaues of
reduced electric field, driving frequency and
magnetic field.

The study was planned to be able to model
the full-scale methane/hydrogen plasma flow
insde the ECR-CVD chamber at the end of
the three-year project. In this report, we
describe briefly the preliminary results
developed in this direction. In the following,
numerical method

2.NUMERICAL METHOD

In this section, we will describe
respectively the numerical methods employed
for solving related governing equations.

2.1 Poisson Equation Solver

Poisson  equation  describing  the
electrostatic distribution can be written as
R% =- 1 ).
e0

wheref (E =-Nf ) isthe electric potential,
IS e the pemittivity and r is the net
volumetric charge. In this research, we have
applied Galerkin residua finite-element
method to discretize equation (1). Resulting
discretized equation can be written as
follows,

g ¢ o ING NG NG AN NG ‘ITN,(e)
' +— xdydz
2?‘1[@1 x >y Ty Tz Yizla,
?
= @_é) N@dxdydz + gyN@t,dO
o

(2), where N isthe shape function in node i.

We have employed tetrahedral mesh in
three-dimension for the flexibility of adapting
to complicated geometry. Resulting algebraic
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equation from eguation (2) is then solved
using preconditioned conjugate gradient
method (PCG).

2.2 Vector Potential Poisson Equation
Solver
Vector Poisson  Poisson  equation

describing the magnetostatic distribution can
be written as follows,

NZA=-mJ (3)
in which the gauge condition has been
enforced, B=N"A and J=K"M

similarly, we have applied Galerkin residual
finite-element method to discretize equation
(3). Resulting discretized equation can be
written as follows,

N NN NG N “ﬂN(e’
[Wﬂ T +
fix ‘HX fly ‘Hy 1z

=@ ©(M " 1i),dO- ggM "~ NN@), dxdydz+_@3\1<e>t do

(4). S|m|IarIy, 3D tetrahedra m&sh is used
throughout the <sudy wunless otherwise
specified. Resulting algebraic equation from
equation (4) is then solved using
preconditioned conjugate gradient method
(PCG).

o dxdyd3a,

g
a

i=1

a

=1

S
p

4
o
]

2.3 PIC/MCC method

The PIC method [4] was originaly
designed for collisionless charged particle
smulations. It models the movement of
charged particles under the influence of
Lorentz force (F =q(E+Vv” B), g: particle
charge, E: electric field, B: magnetic field)
and solves the field equations (Maxwell or
Poisson equation) due to redistribution of
charge density (r) and charge current (J) at
each time step. A mesh is introduced to
sample the space charge and current
distributions that enter the field equation. The
sampling is performed by appropriate charge
assignment from the particle locations to the
grid points. Afterwards, the computed fields
(E & B) from field equations at grid points are
interpolated back to the charge-particle
positions. Then, charged particles are moved
to their new positions using the concept of
Boris rotation [3] without actualy computing
the forces explicitly. This process repests
itself to obtain the self-consistent solution
during the smulation. This is the so-called
particle-in-cell (PIC) method.



In order to reproduce plasmas, one hasto
inevitably resolve the smallest time scale, i.e,,
electron time scale. It is estimated that
electrons are the fastest particle in the plasma,
with their velocities in the range of 10°-10°
m/s. Thus, this requires an eectron time step
of 10%°-10° s to properly model the electron
trgjectoriesin the presence of magnetic field.
Thus, the time steps of ion and electron would
be very much different to obtain the correct
physics.

In addition, the so-called PIC/MCC
method is to include the MC callisions, in the
PIC method, between charged particles, and
neutral particles and charged particles under
the circumstances of weakly ionized plasma.
This concept can be clearly shown in Fig. 1
The collisions between charged particles (or
Coulomb collisions) are often neglected if
low plasma density is concerned, as is the
case in the bulk plasma region in
DC-magnetron sputtering chamber. Only the
collisons between charged particle and
neutral particle will be taken into account in
the current proposed study. In dealing with
these collisons usng Monte Carlo method,
reliable cross section data are required.

2.4 Paralldl Processing

Due to the expected high computational
cost for PIC/MCC method and the necessity of
solving the electrostatic/Maxwell equation at
each e€lectron/ion time step, paralel
processing is strongly required for the
practical purpose. We will present the
proposed parallel processing, considering
PIC/IMCC method and field equation solver,
in the following in turn.

2.4.1 Paralle PIC/MCC method

Since the MCC method is fundamentally
a particle method that possesses high
paradlelism as the DSMC method, we will
apply the similar parale implementation
using dynamic domain decomposition we
have developed in our group [5]. Details can
be found in this reference and references cited
therein. We will only briefly describe the
method here. In this parallel technique, Stop at
rise (SAR) scheme is used, based on a
degradation function, to detect the necessity of
repartitioning of the computational domain
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that uses multilevel graph-partitioning
technique. In addition, the PIC method is only
a way of interpolation of between nearby
charged particles and nodal points; thus, it
should pose no problem in parallélizing it.

2.4.2 Paralld field equation solvers

For paralel processing field equation
(Poisson equation/vector potential Poisson
equation/Maxwell equation), we need to
formulate the system of equations in pardlé
format by storing the coefficient matrix in a
distributed manner. As a first step, we will
use the same grid distribution used by the
PIC/MCC method since we expect the
computational overhead in PIC/IMCC would
be much higher than that of solving field
equation. We will solve eguations using
parallel version of preconditioned conjugate
gradient method [6] using
compressed-sparse-row  (CSR) concept. In
this method, we need to update the data at the
interface nodes between sub-domains by
communication using MPI.

3. RESULTSAND DISCUSSIONS
3.1 PC-Cluster System

We have built a 23-node PC-cluster
syssem in our laboratory that were
assembled and tested by ourselves. Main
specifications inlcude 2.4GHz processor
ecah (AMD), 0.5GB RAM each and 1 Gbps
Ethernet switch. We have been using Linux
for al OSs since it is free and robust.
System is now being used intensively for
parallel processing. Pictures of these two
syssems ae shown in Fig 2
(http://www.me.nctu.edu.tw/~MuST).

3.2 Parallel Poisson Equation Solver
Completed parallel Poisson equation
solver is verified by comparing the simulated
data with analytical solution for a smplified
one-dimensional paralel plate case. Test
conditions include. 1000V a top plate,
grounded at lower plate. Multilevel graph
partitioning technique is used to partition the
computational domain. Typica surface
domain decomposition is illustrated in Fig. 3
for 20 processors using the number of nodes
as the weighting criterion. Simulated



electrostatic potential distribution is shown in
Fig. 4, which agrees with the analytical
solution very well. Code has aso been
verified for other benchmark test cases,
including concentric cylindrical shells (inner:
high voltage, outer: grounded) and charged
sphere under constant electric field. Results
are compared excelently with analytica
solutions. Study of parallel performance is
currently in progress and will be reported in
the future.

3.3 Parallel Vector Potential Poisson
Equation Solver

Permanent  magnets aranged  in
octupus-shape (Fig. 5) are used to verify the
completed parallel vector potential Poisson
eguation solver. 22 processors are also used
for this simulation. Results of simulated
magnetic flux vector are shown in Fig. 6 with
0.82 Teda (upward) in the central airgap and
are compared very well with the smulated
data using commercial code such as Ansoft,
which is often used in the magnetic society.
Capability of smulating magnetostatic field
having highly varying permeability is
demonstrated using the test case of a
permanent magnet (magnetization=1M Teda
upward), attached to a yoke (=1000m), as
sketched in Fig. 7. Simulated magnetic flux
vector is illustrated in Fig. 8, which clearly
shows the excellent capability of this solver.

3.3 Coupled PIC and Poisson Equation
solver

Completed parallel PIC method coupled
with previous described Poisson equation
solver is verified by computing a simplified
1-D pardld plate with both plates grounded
and uniform ion distribution between the
plates (Fig. 9). lons collide with plates are
absorbed (removed). 20 processors are used
throughout the simulation. 10 particles per
cell initially are used. Results of computed
potential distribution are illustrated in Fig. 10
at various time steps. Results at t=0 compares
very well with the exact solution.

4. CONCLUSIONS

In the first year of the current project, we
have developed and verified a parallel PIC
method for charge/field interpolation coupled
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with a parallel Poisson equation solver for
electrostatic potential. Several works planned
in the very near future are briefly summarized
asfollows:

1. To include the MCC callison into
the parallel PIC-Poisson equation
solver, which is currently in
progress.

To develop a paralel Maxwell
equation solver based on the
previous experience in paralel
Poisson equation solver.

To include the Maxwell eguation
solver into the paraled PIC/MCC
module.

To apply the above completed code
to compute the methane/hydrogen
plasma approximately beginning at
the end of second year of the project.
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()
(anodic duminum oxide, AAO)

() AAO
() (carbon
nanotube, CNT)
AAO
IC AAO
AAO TiO, SGe
TiO, anatase

CNT
(plasma enhanced
chemical vapor deposition, PECVD) 450°C

We have carried out three research tasksin
the first project year: (1) fabrication of
self-assembly anodic auminum oxide (AAO)
nanopore array structure on 6 inch silicon
wafers; (2) fabrication of nanodot arrays on
silicon substrate using the AAO as the template;
(3) develop a process technique to grow carbon
nanotube (CNT) at low temperatures. We have
successfully fabricated AAO nanopore arrays on
the 6 inch silicon wafer, demonstrating the
feasibility of integration of conventional
integrated circuit process technology with the

15

20047 31

fabrication process of AAO. Wealso
completed the growth of TiO, and SiGe nanodot
arrays on silicon substrates using the AAO as
thetemplate. The nanodot array structureis
compliant with the nanopore array structure of
the AAO template. We found deliberately
control the size of the TiO2 nanodots can
enhance the stability of the TiO, anatase phase,
which is a thermodynamically metastable phase.
Asto the low temperature growth of CNTS, in
stead of the growth of CNTSs, carbon nanofibers
were found to be grown on the cobalt catalyst in
a plasma enhanced chemical vapor deposition
(PECVD) system at 450°C.  From the result, it
seems that the carbon nanofiber may act asa
substituent for CNTs as an alloy-encapsulated
carbon nanostructured materials.

anodic duminumoxide AAO  carbon
nanotube CNT plasmaenhanced chemical
vapor deposition PECVD TiO, SGe
nanodot
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