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Combination of transparency, electrical conductivity and flexibility are desired in emerging flexible electronics industry for
current and future applications. In this paper, we report the development of through thickness electrical conductivity in
polystyrene films filled with nickel nanopowders by external magnetic field application. This process leads to the formation
of nanocolumns of nickel spanning across the thickness direction while generating nanoparticle depleted regions in
between. This leads to directionally dependent enhancement in optical light transmission particularly in normal direction
of the films. With the use of as little as 2 wt. % ( 0.22 vol %) nickel we were able to achieve high through thickness
conductivity under the influence of magnetic field. While these films exhibit high through thickness conductivity they
remain non-conductive in their planes as a result of the unique nanomorphology created which eliminates potential side
branch formations. These films are anticipated to be used as electrodes for touch screens, electric dissipative materials for

electronic packaging and other sensors.

Introduction

Electrically conductive polymer composites have received
much attention owing to their unique electrical, mechanical
and optical properties.l’ 2 They usually comprise of electrically
conductive particles such as various forms of carbons®® and
metals’® dispersed in an insulating polymer matrix and have
been adapted to variety of applications including
electromagnetic interference(EMI), electrostatic
dissipation(ESD), electronic packaging (ICAs: Isotropic
Conductive Adhesives; ACAs: Anisotropic Conductive

1011 Both carbon based materials and metals

Adhesives) etc.
have high intrinsic conductivity, however, normally conductive
fillers are randomly distributed in polymer matrix, at low filler
content the conductive particles are well separated and the

composite is insulating.12 The conductivity arises when the
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conductive particle concentration reaches a critical value
called percolation threshold that leads to formation of
continuous pathways of conductive filler throughout the
insulating polymer matrix.”® For random distribution of
conductive powders in a non-conductive medium, the
percolation threshold is usually higher than 10 vol.%,lz’ B as
these conductive particles form unconnected branches that do
not contribute to the overall conductivity, leading to increased
light absorption making the materials opaque. Much effort has
been devoted to minimizing the conductive filler concentration
for variety of reasons including cost and transparency and
mechanical flexibility. Low percolation threshold occurs in
anisotropic composites when chains of conductive filler are
assembled during processing, by the application of electric

. 14-16 . . 17-20 1,21-23
field , magnetic field , shear force

etc. Magnetic
fields are particularly attractive for realization of an externally
imposed magnetic driving force in any shape mold without any
geometric constraints encountered with other fields like
electric field or mechanical shear. Moreover, the use of

magnetic field, enables formation of vertically aligned

structures in thin film geometries in the absence of electrode
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contact without dielectric breakdown concerns that are

. . . . . 24,25
particular concerns in electric field alignment.”™

The mechanism of magnetic field-induced assembly of

26-28 25,29

molecular chain, a phase of block copolymer,

. . . 17,30,31 . . .
diamagnetic particles, ferromagnetic particles(nickel,

. 2,32,33
cobalt, iron)

have been well studied. For the magnetic
field induced-alignment of chain and phase and diamagnetic
particles, the mechanism is that polymer chain or phase or
diamagnetic particles can interact with a magnetic field caused
by the diamagnetic anisotropy of its constituent repeating
units. The units tend to align in a certain direction that
optimizes the energy reduction since the energy that the
repeating unit gains through the interaction with an external
magnetic field is dependent on the orientation of the unit
relative to the magnetic field.?®3* A positive diamagnetic
anisotropy leads to alignment of the molecular chain or phase
along an axis parallel to applied magnetic field. Negative
diamagnetic anisotropy leads to alignment along the direction

perpendicular to magnetic field.”® 303

Magnetic field-induced
alignment of these system only can proceed at relatively high
magnetic field to provide required driving force to
reorientation since the anisotropy of susceptibility is usually a
vanishingly small. Relatively low magnetic fields are required
to align ferromagnetic particles as their magnetic susceptibility
are far higher than diamagnetic materials. Therefore magnetic
field-induced alignment of ferromagnetic particles is an
effective and low cost means to achieve nanocolumnar

structure oriented in thickness (“Z” direction) and resulting

anisotropic properties.

Although many publications on other technologies processing

23, 36-42
new

anisotropic conductive films have been reported,
technology of processing anisotropic conductive materials that
satisfies the additional requirements such as transparency,
electrical conductivity, low material cost, low processing cost
for thin film formation, and capability of manufacturing a

large-area sheet has not been reported.

Recently, we developed a novel roll-to-roll (R2R) processing
line that can cast polymer solutions and monomers filled with
functional particles and orient and align these functional

particles in polymer phases using external electric, magnetic,
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and thermal gradient fields. 4343

This roll-to-roll processing line
could be used to reduce the cost of manufacturing by limiting
the amount of functional fillers through directional alignment
leading to “directed percolation” while enhancing the
properties in thickness direction at low filler concentrations.

In this study, we present our results on the influence of

magnetic field on the formation of nanostructural hierarchy

and resulting anisotropic electrical conductivities.

Results and discussion

In order to assess the development of particle orientation in
thickness direction (“Z-oriented morphology”), we have
focused our studies on low concentrations of nickel filler in PS

solutions.

Fig. 1 Preferred orientation in Ni powder/PS as a function of Ni

loading. (Scale bar: 50 um)
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Fig. 1 shows scanning electron micrographs of non-aligned and
aligned films for selected particle fractions. Transparent yellow
circles are placed on the Ni particles and aggregates to
enhance the micrographs. For Ni/PS composite processed
without magnetic field (Fig.1 a-e), no chain structure was

observed. For low particle concentration samples (0.5 wt. %),

they form particle chains whose axes oriented in the thickness
direction but they do not span the full thickness. (Fig.1 f, g).
Above about 2 wt. %, the particles form aligned chains long
enough to span the full film thickness (Fig.1 h). More pathways
throughout the thickness direction formed as the particle
fraction increased (Fig.11, j). We also observe that these

particle chains (columns) break through the upper surface

leading to formation of protrusions like nano-needles as

shown in Fig. 2. In order to understand the three dimensional

Fig. 3 Micro Computed Tomography of the preferential orientation
distribution of these chains(columns), micro computed

of 10 wt. % Ni powder/PS.
tomography was utilized to obtain 3D image of 10 wt.% Ni

powder/PS, Fig. 3 shows that the Ni powder stand up like rods P AT

whose axes oriented in thickness direction of PS matrix.
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Fig. 4 A schematic model for showing the roll to roll magnetic

alignment process.

Fig. 2 Surface morphology of 10wt% Ni powder/PS Fig. 4 shows the schematic of the particle organizations under
the influence of magnetic field and as a result of shrinkage due
to evaporation of solvent. The randomly dispersed particles in
the polymer solution were aligned by passing them through
gap between the poles of electromagnet that organize these
particles along nanocolumns. The shrinkage induced by solvent
evaporation leads to the decrease of particle-to-particle
distance and enhancement of electrical conductivity. The
alignment was observed by optical microscopy, the video
captured during the alignment shows that this organization
takes place in seconds (Video available in supporting
information) where the in-plane alignment of these

nanoparticles with permanent magnets in optical microscopy

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 3
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is shown. With the available heating system the solvent can be
evaporated at a reasonable rate. Since the solvent evaporation
takes tens of minutes that can be adjusted by heating
assembly near the electromagnets, there is enough time for Ni
complete the alignment before the polymer matrix is

solidified.

In the presence of the magnetic field, each particle placed in
solution is magnetized along the field direction. Since all
dipoles are aligned in magnetic field direction, they repel each
other in the transverse direction and attract each other along
the field direction. Based on magnetic hysteresis, the
magnetization of Ni particle is increased with the increase of
external magnetic field until the saturation field is reached.
Since the saturation field of Ni particle is roughly 3T 32,
magnetic dipole moments and the strength of the magnetic
interaction between particles are increasing with the increase
of magnetic field in the range of 0-3T. As indicated in Fig. 5,
the length of Ni chains increases with applied magnetic field
strength goes up. When the external magnetic field intensity is
high enough, the chains form and when they grow long

enough they span between the two surfaces leading electrical

and thermal conductivity in thickness direction.

Fig. 5 Cross section of 2 wt. % Ni powder/PS aligned by varying
magnetic intensity. a) OT; b) 0.02T; c) 0.1T; d) 0.2T. (Scale bar:
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Filler Loading (wt%)
Fig. 6 Resistivity of Ni/PS composite film.

Particle organization and alignment along nanocolumns lead to
a significant conductivity enhancement along the thickness
direction as shown in Fig. 6. The resistivity along Ni chain
direction (out of plane) is as low as 10 ohm-m at 10 wt.% Ni
powder loading, while the in plane resistivity is as high as 1e8
ohm-m. The resistivity anisotropy ratio is calculated to be
greater than 10%1. The percolation threshold of Ni powder/PS
is about 2 wt. % compared to 80 wt. % of randomly dispersed
Ni powder/PS where a conductive net of Ni powders formed
inside polymer at that high particle loading, as shown in Fig. 6.
In Ni/epoxy resin composites and copper/epoxy resin
composites, the critical percolation concentration are 8.5v. %
and5v. %, respectively7. In this work, high electrical
conductivity can be achieved in the thickness direction with
the use of as little as 2 wt. % (0.2 v. %). To reach the same
conductivity, we needed to add 80 wt. % for randomly
distributed particles. The electrical resistance for pure Ni is
6.99x10-8 ohm-'m, and 10 ohm-m can be achieved for 10 wt. %

Ni/PS composites with aligned Ni particle chains.

The percolation threshold of Ni flake/PS is much lower than Ni
powder/PS. It is due to flakes having larger surface area which
enable them to form enhanced long range network
connectivity than powders. Ni flakes have broader surfaces
and this lead to higher contact and/or tunnelling conduction
efficiency(Fig. 7a) as compared to irregular shaped Nickel
nanoparticles(Fig. 7b). Thus Ni flakes can achieve percolation
threshold at much lower particle concentration. A schematic
illustration of the connection difference between particles is

presented in Fig. 7.
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Fig. 7 Schematic illustration of the connection between \ \\ \ \
‘ \ \

particles: a) connection between flakes; b) connection

between powders. Fig. 9 Schematic illustration of the light passing through Ni/PS

composite film: a) Ni powder/PS; b) Ni flake/PS.

100

Formation thickness oriented Ni chain nanocolumnar structure
not only provides Ni/PS composites with anisotropic electric
resistivity, but also anisotropic optical transmittance. The
transmittance of Ni/PS composites prepared from both
powders and flakes are measured over a wide range of filler
loadings. Experimental data are shown in Fig. 8 as a function of
loading. For both Ni powder/PS and Ni flake/PS, the normal
transmittance (0° transmittance) of aligned Ni/PS composite
— -m—  45-Aligned film was increased more than 60 % as compared to nonaligned
0 composite containing the same 10 wt. % Ni loading. As
0 2Ni P:wder((swt.%)s 10 12 illustrated in Fig. 9, when Ni powder or Ni flake aligned in PS,
the 0° incident light has greater probability to pass through
Ni/PS composite without encountering non-transparent Ni
100 EpeT— particles. However, when incident angle is 45° (seen in Figure
—-A—  0-Aligned 8), the transmittance was not increased as much as 0° after
alignment. The alignment of Ni powders in Z direction to form
columns creates transparent channels (pure PS matrix) in
between them. These channels are oriented in normal
direction, so the light can pass through the thickness of film
directly. Therefore, great enhancement of light transmission
can be achieved in normal incidence (0°) after alignment of Ni
powders along nanocolumns creating particle depleted zone
0 between them. While for 45° light transmission, there is an
0 2 4 6 8 10 12 angle between the transparent channels and light path. The
Ni Flakes (wt.%) light can’t pass through the transparent channels directly, and
it is blocked, absorbed and scattered by the Ni columns. Thus
Fig 8 Anisotropic optical transmittance of Ni/PS film. there’s minor effect of alignment of Ni powders on the light
transmission in 45°. This obviously leads to directional
transparency. As shown in Fig. 8, the 45° transmittance of non-
aligned Ni flake/PS only increased about 20% at 10 wt. %
loading after alignment and Ni powder/PS remains essentially
unchanged.
In order to understand whether the magnetic field alignment
results could be accomplished under realistic manufacturing
conditions, both Ni powder and Ni flake were aligned in PS
using a unique custom-built roll-to-roll machine equipped with
electromagnet unit (shown in Fig. 10). Fig. 11 shows the
magnetic field aligned Ni/PS composite have uniform
alignment structure along the film thickness direction. The roll
of films produced are also shown in Fig. 11, which clearly

80
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(Wavelength: 547nm)
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presents that at 10 wt.% concentration the films are essentially
transparent and nanocolumnar structures obtained are
uniform across and along the film casting direction as also
evidenced by the uniformity of transparency throughout the
unrolled portions of the films. As mentioned earlier, Ni powder
filled films exhibit higher transparency as compared to nickel
flakes.

SOLUTION

CASTING  ELECTRICFIELD  ELECTROMAGNETS UVZONE  THERMAL FIELD

Fig. 10 Custom-built roll-to-roll machine equipped with electric

field, magnetic fields, thermal fields etc.

10 wt.% Ni powder/PS 10 wt.% Ni flake/PS

Fig. 11 Anisotropic structure of Ni/PS processed by roll to roll

manufacturing line. (Scale bar: 20 pm)

Conclusions

We successfully demonstrated continuous fabrication films
with  anisotropic electric conductivities and optical
transmittance by magnetic field effect in combination with
evaporation induced shrinkage facilitating Ni particles to
assemble into well-ordered discrete parallel Ni nanoparticle
columns assembled along the film thickness direction. This
novel processing method is an efficient way to reduce the
percolation threshold of the composite. We call this “directed
percolation” where there essentially is no branches in the
particle phase. The electrical measurement shows that the
electrical resistivity along the Ni chains is 8 orders of
magnitude lower than that in the film plane. In addition,
anisotropic Ni chain structure also allows Ni/PS composites
with anisotropic optical transmittance. For aligned Ni/PS films,
the transmittance along normal (0°) incident angle is much

6 | J. Name., 2012, 00, 1-3
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higher than the transmittance along 45° incident angle. These
multifunctional  films with low electrical conduction
percolation threshold and anisotropic visible light transmission
make them attractive for use in electronic packaging and
transparent sensors.

Experimental

Materials. Nickel particles were obtained from Sigma-Aldrich
and Novamet Specialty Products Corp. Ni powders have a
characteristic smooth surface and an average particle size of
1pm. Ni Flakes have average 400 mesh diameter and 1um
thickness. Polystyrene Styron 685D was used as composite
matrix supplied by Styron LLC. Toluene was obtained from

Sigma-Aldrich.

Preparation of Ni/PS composite. PS/toluene solution (30 wt. %)
was prepared and added with Ni particlesat 0, 1, 1.5, 2, 5 and
10 wt. % by Thinky mixer. The solution was cast by doctor
blade with gap set at 635 um on a PET substrate carried by the
stainless steel belt on the roll to roll processing,43 and the
magnetic field was applied when the solution cast film enters
in between the two poles of the 2.2 Tesla electromagnet
assembled on the R2R line. Custom heating cell, shown in Fig.
12, facilitates evaporation of the solvent thus freezing the
developed nanostructure. The cast film was kept under
magnetic field for 10 minutes at 100°C until the solvent has
evaporated. The final thickness of the sample is about 120 pum.
The electromagnet is a GMW (Model 3474-1 40 250 mm)
magnet, and the maximum magnetic field that can be achieved
is 2.2 T. The magnetic field can be controlled by changing
current to the magnet and field strength distribution on the
belt is mapped by three-axis hall magneto meter (Model:

THM1176-HF-PC) and found to be quite uniform.

boerom BLAD HEAT AIR OUTLET

s

ADJUSTABLE HEAT AIR SEPARATOR

Y il
AIR HEATER

Fig. 12. Heating system assembled in electromagnets.
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Structural studies. The morphology of Ni phase and
protuberance formed on the film surface were observed on a
field emission scanning electron microscopy (FE-SEM, HITACHI
S-4800), Skyscan 1172 Micro Computed Tomography Scanner
(Micro CT) and Atomic force microscope (MultiMode SPM).
The typical thickness of the film was 120 um, the thickness of
film was measured by Mitutoyo micrometer (Model: ID-
S1012EBS).

Conductivity Measurements. In-plane direction conductivity was
tested by 4-probe test device directly, while for the
conductivity through the film thickness direction, film samples
were placed between aluminum plates, and two probe
resistance measurements were carried out using True RMS
Digital Multimeter (Model: FLUKE 179). A uniaxial pressure
was applied perpendicular to the planes of test samples (along
the thickness direction) to obtain a good conductive contact.
The resistivity p (Q-m) was calculated from the measured
resistances with the equation 1 by assuming that the volume
of the sample remains constant.

pord (1)

t
Where t is the thickness of the sample, measured
in meters [m], Ais the aluminum plate sample contact
area [m3].
The visible light transmittance was measured by an

instrumented apparatus described elsewhere.*
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