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Abstract

The processing and properties of novel polymer-based nano-composite
(PNC) dielectrics for capacitor applications has been studied. PNCs
were fabricated via a vacuum based deposition technique and their
micro/nano-structure, chemical and dielectric properties investigated.
After process development and optimisation, co-deposited Al and
nylon-6 PNCs had a dielectric constant k~7 at an approximate Al
volume fraction of 0.3 that agreed with analytical predictions if it
was assumed that the Al transformed to an oxide in-situ and/or af-
ter deposition. The significant effect of absorbed water vapour and
temperature on PNC dielectric properties was revealed using different

types of post-deposition heat treatment.

Alternately-deposited PNCs consisting of Al or Ag 2-20 nm layers
sandwiched between nylon-6 layers were fabricated in which the over-
all PNC Al or Ag volume fraction was controlled by varying the
nominal Al or Ag layer thickness. Ag layers comprised of discrete
nano-islands that produced a nano-capacitor network effect that in-
creased k to ~11. In the case of Al layers, when the layer thickness
was >5 nm, corresponding to a nominal volume fraction of 0.1, Al
(core)-oxide (shell) nanoparticles were formed and the PNC dielectric
constant increased to ~19. The detailed nano-structure of the core-
shell particles was studied using various types of transmission electron
microscopy (TEM), and the elevations in dielectric constant ascribed

to multiple-interface polarisation effects dependent on the formation



of the core-shell structure.

PNCs based on alternate deposition of Ti sandwiched in nylon-6, and
then both Ti and Ag in nylon-6 were also fabricated, with k& reaching
~73 for Ag+Ti/nylon-6 PNCs. As well as Ti-based core (metal)-shell
(oxide) particles, the Ag volume fraction was sufficiently high in the
10 nm nylon-6 layers to again form a nano-capacitor network that
contributed to the overall device capacitance and effective dielectric
constant. Again, various types of high magnification TEM were criti-
cal in resolving the Ti-based core-shell structure and its role in high-%

behaviour.

The vacuum-based alternate deposition technique has been developed
to offer ease of operation, reliability, flexibility and applicability to
chemically different filler and matrix systems in the fabrication of
high-£ PNC based capacitors, in which high-£ performance relies crit-
ically on the formation of core (metal)-shell (oxide) particles in both

Al and Ti based systems.



Contents

1__Introductionl
2 1G Review
[2.1  Principles of electrostatic capacitors| . ... ... ... ... .....
[2.1.1  Frequency response of permittivity|. . . . . ... .. ... ..
2.2 Types of capacitors| . . .. ... ... .. ... . ... ... ... ...
[2.2.1 Polymer based capacitors| . ... ... ... ... .. .....
[2.2.2  Polymer composite based capacitors| . . . .. ... ... ...
[2.2.3  Polymer nanocomposite based capacitors| . . . . . . ... ..
2.3 Typesof fillers| . . . ... ... .. ... ...
231 Ceramicfillers . .. ... ... ... oo
I2.;i.2 g:szll!ill!:l 1'&5: li]lg:l{il -------------------------
2.3.3 Ceramic and conductive fillersl . .. ... .. ... ... ...
2.3.4  Surface modified fillersl . . . . . .. .. ... ... ... ...
[2.4  Factors influencing energy density|. . . . . .. ... ... . ... ...
.41 Fillersizel . . . . ...
[2.4.2  Filler shape|. . . . . ... ..o

[2.4.3  Microstructural arrangement and distribution of filler| . . .

[2.4.4  Dielectric breakdown strength|. . . . . . ... ... ... ...
[2.4.5 Operating temperature| . . . . . ... ... ... ... .....
[2.4.6  'T'he interface in dielectric composites| . . . .. ... ... ..




[2.5  Processing techniques| . . . . .. ... ... ... ... ...

[2.5.1 Vacuum deposition| . . . ... ... ... ... L.
[2.5.2  Spraying| . . ... ...
[2.5.3 Spin coating| . . ... .. ... ...
[2.5.4  Other techniques| . .. ... ... ... ... ... . ......
2.6 Conclusions| . . . ... ...

B Fabricationl . .. ... ... ... ...
[3.1.1  Vacuum deposition| . . . . ... ... ... ... ... ...
3.2 Characterisation| . . ... .. ... ... ... ... ...... ...,
[3.2.1  Transmission electron microscopy (TEM). . . ... ... ..
[3.2.2  Scanning electron microscopy (SEM)[ . . ... ... .. ...
[3.2.3  X-ray photoelectron spectroscopy (XPS)| ... ... ... ..
[3.2.4 Impedance spectroscopy| . . . . . . .. ... ... ... ...
3.2.5  Surface Profilometer] . . ... ... ... ... ... ...

B.I.1

Alternate deposition technique| . . . . . . ... ...

[>.2  Experimentall . . . . ... ... ... o

ii

45
45
45
49
50
58
o8
29
59

60
60
61
61
63
66
76



b.3  Results and discussionl. . . . . . . ... .. .o L 84
[5.3.1  The formation of core-shell nanoparticles . . . . .. ... .. 91

b4  Conclusions| . . . . . ... 99

[6 Engineering nanocomposite capacitors consisting of Ti, Ag4+Ti |
[ and nylon-6| 101
6.1 Introductionl. . . .. ... ... ... 101
[6.2  Experimental Procedurel. . . . . ... ... ... L. 103
6.2.1 Fabricationl . . . . ... ... ... oo 103

6.3 Results and discussionl. . . . . . ... ... .. oL 104
[6.3.1 Effect of adding Ag nanoparticles and the Ti deposition rate|l14

[6.3.2  Effect of the nylon-6 layer thickness| . . . . ... .. ... .. 125

6.4 Conclusions . . . . ... ... .. 128
(__Conclusions and Future Workl 130
[[.1 Conclusions . . . ... ... . 130
(.2 Future Workl . . ... .. 133
[References] 135

iii



Chapter 1

Introduction

Electrical transport systems require complex electrical sub-systems to condition,
manipulate and distribute their electrical power. A critical part of almost all
such sub-systems are power capacitors that operate typically at 1 kHz and 500
V, for example in the more electric airframe® being adopted by Airbus and
Boeing. Figure [1.1| shows a schematic representation of the generation and dis-
tribution of power in a conventional aircraft and comprises hydraulic, pneumatic
and electrical sub-systems for myriad actuation and control functions. In the
particular case of hydraulics that is the dominant actuation technology for high
lift surfaces even in the most modern civil airframes, the pumps are situated in
the fuselage, distributing power through complex, multiple hydraulic pipes, often
with multiple redundancy at ~1.4 MPa in a small aircraft up to ~34.5 MPa in
a large transport/civil aircraft@. The total weight of all the hardware and the
contained hydraulic fluid represents a significant fraction of the total actuation
system weight.

The more electric aircraft (MEA) concept involves the replacement of myriad
sub-systems for power, actuation and control with a single optimised electrical
system for the entire aircraft. At some point, each of the electrical sub-systems

requires power conditioning equipment (because every watt of generated power
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Figure 1.1: Schematic representation of generation and distribution of power in
a conventional aircraft.

has to be processed) where it is integrated to the starter/generator of the aircraft’s
distributed power system.

Power conditioning equipment consists of passive components such as capac-
itors that filter out unwanted frequencies in order to maintain desirable power
quality. Capacitors may account for up to ~30% by weight and ~20% by volume
of the power conditioning systems®).

A fully MEA will have electrical systems that actuate flaps, rudder, ailerons,
landing gear and replace the systems that are currently operated hydraulically.
This switch from hydraulics to electrical systems is advantageous because: [1] elec-
trical systems are more energy efficient than hydraulics/pneumatics (hydraulics
have piping that is more lossy when compared with electrical cabling); [2] cur-
rently, hydraulics are kept energised (pressurised) for the entire duration of flight,
whereas, electrical systems can be designed to be energised as and when neces-
sary; and [3] electrical systems ensure that the right amount of power is used
for the given function®. Overall, the aim is to treat the entire airframe as a

single electrical system (actuation, avionics, air handling, in-flight entertainment,



etc.) rather than a series of isolated electrical, hydraulic and pneumatic systems.
This allows the potential for a “whole system” optimisation of electrical load and

generation, and associated energy savings.
Drawbacks of the current capacitor technology

The current capacitor technology of choice in the MEA and other large, more
electric transport concepts such as trains for conditioning power, is the electrolytic
capacitor that is usually based on a thin Ta-based oxide film mounted on mica or
paper, rolled and immersed in a liquid. The electrolytic capacitors provide very
high absolute capacitances (of up to several thousand farads, F) but suffer from
high mass, high volume and require the use of liquid electrolytes that can neither
freeze nor boil during operation. For example, each unit of the Al based elec-
trolytic capacitor assembly shown in Fig. weighs ~ 12 kg. Oil-impregnated
power capacitors also find application in the resonant circuits of the traction con-
verters in the Siemens high-speed (350 km/h) train®. However, these capacitor
assemblies are again liquid based systems (operating temperature: -50 to +70°C)
and are heavy (weight ~ 56 kg). In the MEA in particular, weight, volume and
limited range of temperature for operation places awkward limitations on design
flexibility. This situation will only get worse as power requirements for a twin

engine aircraft approach 2 MW 62,

Figure 1.2: Al based electrolytic capacitor assemblies. Each unit weighs ~ 12
kg. ®

This thesis investigates the manufacture, microstructure and behaviour of

novel polymer-nanocomposite (PNC) based dielectrics for capacitive applications
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related to the MEA concept. It is arranged as follows: Chapter 2 reviews the
theory behind electrostatic capacitors, the challenges involved in their design and
processing, and recent developments in the field of dielectrics; Chapter 3 gives
details of the experimental set-up and the characterisation techniques employed
to fabricate and study PNCs; Chapter 4 explores vacuum based co-deposition of
Al and nylon-6 to fabricate simple parallel plate capacitors whose dielectric prop-
erties, chemistry and structure are studied to provide a baseline of understanding;
Chapter 5 deals with PNCs fabricated using a modified alternate deposition tech-
nique and presents an in-depth study of the dielectric properties in relation to
the nano-structure of Al or Ag and nylon-6 based PNCs; Chapter 6 further ex-
plores alternate deposition to fabricate Ti, Ag+Ti and nylon-6 based PNCs with
relatively high dielectric constant, including studies of the influence of deposition
rate and thickness of the deposited layers on the dielectric properties; and finally
Chapter 7 presents a summary of the thesis with suggestions for future work.

References to all chapters may be found at the end of the thesis.



Chapter 2

Literature Review

This review gives a background of the requirements and challenges for short term
energy storage usually provided by capacitors, and familiarises the reader with the
basic principles and recent developments in the field of electrostatic capacitors.
The various material systems, factors that influence the energy storage capabil-
ity, and the processing techniques for polymer-nanocomposites (as dielectrics for
capacitors) are also reviewed.

Although high dielectric permittivity (high potential for energy storage) fillers
play an important role in determining the overall dielectric properties of compos-
ite capacitors that are a focus of the experimental work in the thesis, the tech-
niques (mostly chemical) to produce fillers themselves are not reviewed, unless
they relate to in-situ formation during the processing of the composite. Instead,
more emphasis is laid on cost-effective scalable processing techniques for dielectric

composites. At the end, a summary of the review is presented.
Polymer based composites for capacitor applications

Polymer capacitors as the “dielectric” in a simple parallel plate configuration
are used widely in microelectronic circuits at low voltage and current, across a
wide range of frequencies. Polymers are attractive dielectric materials for electro-

static capacitors because they offer low cost, low density and ease of processing



to large area and thin films, with comparatively high breakdown strength of ~ 10°
kV/m. However, polymers have a low dielectric permittivity of usually 3-5, com-
pared with 103 for certain ceramics (such as barium titanate), which limits the
absolute capacitances that can be achieved. So, polymers loaded with a minority
fraction of fillers that enhance the effective dielectric permittivity of the material
between the electrodes are being extensively researched for higher energy density
applications, for example, in advanced electronic devices, hybrid electric vehicles

and pulse power applications® .

2.1 Principles of electrostatic capacitors

Electrostatic capacitors are one of the most fundamental devices in electronic
circuits and consist of two conductive electrodes separated by an insulator, called
the dielectric. A capacitor stores electrical energy in the electric field in the
dielectric due to the electrical charges segregated on the conductive electrodes.
The ability of a capacitor to store electrical energy is measured by its capacitance.

For a parallel-plate capacitor, capacitance C' is given by:

_ Eok?A

“=7

(2.1)

where A is the area of the dielectric, k is the dielectric constant (also known as
relative permittivity) of the material between the two plates, ¢y = 8.854x10712
Fm=! is the permittivity of free space and d is the separation between the plates.
Figure shows a simple parallel plate capacitor with a dielectric material in
between the conductive plates (each plate of area A). The greater the area A,
the greater the number of charges that can be stored on each plate. The smaller
the distance d between the plates, the better the interaction between the positive
and negative charges on the opposite plates. This interaction is important in

keeping the charges firmly tethered to the plates, because the greater the number



of charges remaining on plates, then the higher the capacitance. The dielectric
constant k£ can be increased by introducing a dielectric material that has a high
intrinsic polarisability. As a result of polarisation, an internal opposing electric
field develops in the dielectric which decreases the effective electric field across the
capacitor. So, in order to increase the effective electric field across the capacitor
to match the applied electric field, more charges have to be stored in the capacitor
resulting in enhanced capacitance.

Conductive
plates

e

Dielectric

Figure 2.1: A parallel plate capacitor with a dielectric material in between the
conductive plates.

The electrical energy E stored in a parallel-plate capacitor is given by:

1
E, = 5Ov2 (2.2)

where V' is the potential difference across the plates. The energy stored in a
real capacitor is dissipated due to dielectric losses (charge migration resulting in
current leakage and molecular vibrations leading to conversion of electrical energy
to thermal energy) and resistive losses in electrodes. These losses are accounted
for by a term called dissipation factor or loss tangent tan 0. The dielectric loss
is given by the imaginary part of the permittivity, €. Permittivity e*, which is a

complex entity, is given by:

=€ —je' (2.3)



where j = /-1, ¢ and €” are the real and imaginary parts of complex permittivity.
The real part of the permittivity €’ is equal to €pk which was introduced earlier

in Equation [2.1]

The earlier mentioned dissipation factor tan d is defined as:

"

tan § = — (2.4)

6,

The energy density W of a dielectric capacitor is given by:

1
W = 5k;E? (2.5)

where F is the electric field strength. From Equation 2.5 it is apparent that by
increasing the electric field strength, the energy density of the capacitor can be
increased, but the limit is the dielectric breakdown strength of the material Ey.

So, maximum energy density W, is attained when E equals Ej.

2.1.1 Frequency response of permittivity

Permittivity is complex in nature because the response of polarisation that occurs
in a material under the influence of an external field is not instantaneous. The
magnitude and phase difference of this response is accounted for by expressing
permittivity as a complex entity. Hence, the dielectric constant of a material
is dependent on the frequency of the applied electric field. Various polarisation
mechanisms gain dominance at different ranges of frequency as shown in Fig.
2.2(a) @, The extent of polarisation that the dielectric undergoes decides the
energy density attainable for a particular frequency.

Space charge polarisation, also known as Maxwell-Wagner interfacial polarisation,
arises due to moving and piling up of the charge carriers at the interfaces of grains
or phases under the influence of an electric field below 1 kHz.

A molecule can be polar or non-polar depending on the distribution of the elec-
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tron cloud between the constituting atoms. This polarity can be permanent or
induced. In the absence of an electric field, the dipole moments of molecules
are randomly oriented. On the application of an electric field, the dipoles rotate
and align themselves in the direction of the applied field giving rise to dipolar
polarisation observed in the frequency range 103-10° Hz. The rotation of dipoles
gives rise to dielectric loss due to friction during orientation. This loss can be so
significant that it has found practical application in heating food in a microwave
oven where the heat is produced due to rotation of permanent dipoles of water
molecules (here, the dipoles rotate to keep up with the alternating electric field).
When the applied electric field is reversed, the space charge and dipolar polari-
sation mechanisms also change directions, which involve the movement of space
charges and the rotation of dipoles. However, this change is not instantaneous
and the time taken is known as the relaxation time. So relaxation effects are seen
in space charge and dipolar polarisation mechanisms.

Ionic polarisation, which is dominant in the range 101°-10'% Hz, occurs due to the
displacement between the positive and negative ions in the presence of an electric
field.

Electronic polarisation is caused in neutral atoms due to shift of electron clouds
with respect to the nucleus under the influence of an electric field. Electronic
polarisation occurs in all dry solids up to 10! Hz, and it is the sole contributor
after 1014 Hz.

The frequency dependence of ionic and the electronic polarisation mechanisms is
governed by resonance phenomena as these are similar to driven damped harmonic
oscillators. This leads to peaks at the resonance frequencies of the ionic and
electronic polarisation modes as seen in Fig. (a)(m). A dip can be seen at
frequencies just above the resonance peaks, corresponding to the response of the
oscillating system (ionic or electronic) being out of phase with the driving force

(applied AC field). A schematic representation of the polarisation mechanisms is
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shown in Fig. [2.3/@D.

The dielectric loss is especially high in the vicinity of the relaxation or resonance
frequencies of the polarisation mechanisms, as seen in Fig. [2.2(b), because the
polarisation lags behind the applied electric field, giving rise to an interaction
between the field and the dielectric medium’s polarisation that results in heating.
Apart from these polarisation mechanisms, dielectric loss also depends on a num-
ber of other factors such as ambient temperature and humidity (which affect the
conductance and polarisation loss in the dielectric), electro-magnetic interference

from other operating devices in the vicinity of the capacitor and channel noise

during transmission of a monitored signal @,

Figure 2.3: Schematic representation of different mechanisms of polarisation @1,
The arrows in dipolar polarisation represent the orientation of the dipole mo-

ments.
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2.2 Types of capacitors

2.2.1 Polymer based capacitors

High dielectric constant polymers find applications in artificial muscles, actuators
and charge storage devices @ . From Equations[2.1]and[2.5, the main advantages

of using polymers for capacitors are:

o easily processed into thin films (low d) with large area (high A)

e high electric breakdown strength Ej,

In the initial stages of research in the field of dielectrics, ferroelectric polymers
were investigated and the first organic material that was found to have appreciable
ferroelectric and piezoelectric properties was poly (vinylidene fluoride) (PVDF).
Amongst polymers, PVDF has a relatively high dielectric constant of ~10 and
remarkable mechanical and chemical properties@®. The high dielectric constant
is due to the presence of C-F dipoles that re-orientate in the crystalline phase
under the influence of an applied electric field @), Similar to PVDF, all polymers
that have strongly electro-negative groups can spontaneously align in the pres-
ence of the electric field, and so possess a comparatively high dielectric constant.
However, PVDF and similar polymers are not suitable for high energy density
capacitors due to their low dielectric permittivities when compared with certain
ceramics. PVDF also exhibited relatively high dielectric loss.

The focus on PVDF was then replaced by lower loss polymers such as silicone,
benzocyclobutane (BCB), polynorbornene (PNB) and polyimide (PT)@6). Table
gives a list of most commonly used polymers in capacitors@@. Due to their
low dielectric permittivities, which are apparent from Table[2.1] none of them can
be used in high energy applications, but many are very widely used as cheap and
effective lightweight capacitors in mass market mobile electronics such as laptops

and mobile phones.
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Polymer Dielectric permittivity
Nonfluorinated aromatic polyimides 3.2-3.6
Fluorinated polyimide 2.6-2.8
Poly(phenyl quinoxaline) 2.8
Poly(arylene ether oxazole) 2.6-2.8
Poly(arylene ether) 2.9
Polyquinoline 2.8
Silsesquioxane 2.8-3.0
Poly(norborene) 2.4
Perfluorocyclobutane polyether 2.4
Fluorinated poly(arylene ether) 2.7
Polynaphthalene 2.2
Poly(tetrafluoroethylene) 1.96
Polystyrene 2.6
Poly(vinylidene fluoride-co-hexafluoropropylene) ~12
Poly(ether ketone ketone) ~3.5

Table 2.1: Dielectric permittivities of commonly used polymers in capacitors @D,

2.2.2 Polymer composite based capacitors

Ceramics offer high dielectric constant (e.g. up to ~100,000 for Laj gSrgoNiOy)
but have low breakdown strength (~10% kV/m). Also, processing of ceramics
to manufacture capacitors is difficult, and high dielectric permittivity ceramics
are often dense, for example, barium titanate has a density of ~6.08 g/cc, which
undermines their specific energy density. Therefore, the basic polymer based
composite approach is to add a minority second ceramic phase “filler” with high
dielectric constant into the polymer “matrix” to promote polarisability, without
undermining the polymer properties. The filler phase should be sufficiently small
length scale that significant volume fraction can be incorporated without com-
promising film thicknesses while avoiding percolation of current “loss”). High
filler volume fractions result in a decrease in the breakdown strength, and dielec-
tric constant due to formation of voids®. Thus, using polymer composites as
dielectrics is an optimised trade-off between high dielectric constant, processabil-
ity, high breakdown strength and low dielectric loss.

The increase in the dielectric constant of a composite is due to the increase

13



in the average electric field within the polymer matrix. However, the resulting
dielectric medium will have an inhomogeneous internal electric field because of
the large difference between the dielectric constants of the constituent phase,
concentrating electric field lines at or around microstructured features that can
promote localised breakdown, excessive ohmic heating in an oscillating field, and
cascade breakdown where local breakdown concentrates the field elsewhere, which
leads to breakdown, and so on until the whole film breaks down at lower fields
than expected.

The distortion of electric field within the composite is dependent on the filler
particle size. As the particle size increases, the probability of distortion also
increases, and this effect is significant in micro-sized particles@® and in systems
where small particles agglomerate to form larger particles ™. Particle aggregates
introduce defect centres and again enhance the local electric field, leading to a
decrease in the breakdown strength of the composite. So, using nano-sized fillers
can be advantageous, providing agglomeration is avoided. Nanoparticles also

allow thin films to be used, without excessive percolation.

2.2.3 Polymer nanocomposite based capacitors

Adding nano-sized fillers to polymers increases the dielectric constant of the com-
posite more than micro-sized fillers@9 . Figure shows the variation of dielec-
tric constant with aluminium (filler) loading in an epoxy-nanocomposite ). At
a filler loading of 50%, 100 nm sized Al particles, the epoxy nanocomposites ex-
hibited a dielectric constant of ~60, which is more than twice that of Al-epoxy
microcomposites (dielectric constants are ~30 and ~25 for 3 and 10 pm sized Al
particles respectively). Here, the Al particles underwent in-situ oxidation in the
epoxy matrix, more of which will be discussed later.

The high surface area to volume ratio of a nanoparticle provides opportunities

to functionalise, which can be exploited to improve the compatibility between

14



the polymer and the nanoparticle® and can also be used to reduce internal
fields@® (and hence high breakdown strength of the resulting nanocomposite).
The nano-size of the fillers has also enabled production of thin films with high
capacitances® .

Polymer nanocomposite systems, such as the popular barium titanate @9 and alu-
minium oxide nanoparticles @%22) in epoxy-like matrices, have been studied widely
for embedded capacitor applications. These so-called embedded passives reduce
internal parasitic resistance and inductance associated with surface mounted dis-
creet components @, Figure shows the dependence of dielectric constant on
frequency of barium titanate (BT)-polymer nanocomposite based capacitors @D,
An increase in the volume fraction of BT by two times (from 0.25 to 0.50) resulted

in a three times (from 15 to 45) increase in the effective dielectric constant of the

nanocomposite.
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Figure 2.4: Variation of dielectric constant with aluminium (filler) loading in a
epoxy-nanocomposite @ At filler loading of 50%, 100 nm sized Al particle-epoxy
nanocomposites exhibited a dielectric constant of 60, which is more than twice
that of Al-epoxy microcomposites (dielectric constants are ~ 30 and ~ 25 for 3
and 10 um sized Al particles respectively).

Until very recently, few authors have attributed the enhanced dielectric properties
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to interfacial mechanisms, although as the size of the filler particles reduces to
the nanometer scale, the dielectric properties of the interface between the poly-
mer and filler might be expected to play a progressively more important role in
the effective dielectric behaviour @324 Nonetheless, the role of the interface is
now gaining prominence and it has been suggested, for example, that large inter-
facial areas that facilitate interface exchange coupling through a dipolar interface
layer lead to enhanced polarization at the interface and hence a high drop in the
local electric field @26) ultimately resulting in an enhanced effective dielectric

constant.
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Figure 2.5: The dependence of dielectric constant on frequency of a barium ti-
tanate (BT)-polymer nanocomposite based capacitor @). An increase in the vol-
ume fraction of BT by two times (from 0.25 to 0.50) resulted in a three times (from
~ 15 to ~ 45) increase in the effective dielectric constant of the nanocomposite.

To predict the effective dielectric constant and understand the behaviour of the
composite as an effective single medium dielectric, many theoretical models have

been proposed. In the simplest model, an increase in effective dielectric permit-
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tivity (e.rr) is realised by a rule of mixtures approach:

Eeffzvfl€1+?}f2€2 (26)

where the subscripts 1 and 2 represent the two phases, ¢ and vy represent di-
electric constant and volume fraction respectively. Equation [2.6|is also known as
Lichtenecker’s parallel mixing rule @ which gives the upper limit of the effective
dielectric constant. The e.;r can also be estimated by Lichtenecker logarithmic

mixing rule:

log(ecsy) = vy, [log(er)] +vy,[log(er)] (2.7)

Equation [2.6] does not predict accurately the effective dielectric constant of all
dielectric materials with many experimental results and theoretical approaches
disproving the trend in Equation [2.6] especially at low volume fractions of the
filler @381 More rigorous models based on mean field theory have been devel-
oped. For filler volume fraction in the range 10-50%, Maxwell’s equation generally

gives a good approximation of the effective dielectric constant ©@2):

eeff:El(€1+2€1—2(1—Uf1)(€1—€2)) 2.8)

€a+ 261+ (1 - vy, ) (€1 — €2)
Maxwell’s equation is applicable to a system consisting of spherical inclusions in
a continuous matrix at infinite dilution.
Piezoelectric investigations of PVDF and lead zirconate titanate composites ©3)
lead to an alternative theoretical approach to the calculation of dielectric con-

stant, which is given by Yamada equation:

nvfc(ec - €) ) (2.9)

eff = 1+
et ( nep + (cc— ) (1-vy)

where €, and €, are the dielectric constants of polymer and ceramic respectively, n
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is a parameter attributed to the shape of ellipsoidal particles and vy, is the volume
fraction of the ceramic. The Yamada equation has become the most widely-fitted
equation to experimental data.

Predictions based on effective medium theory are not applicable to conductive
filler-polymer composite systems where near percolation effects have a significant
influence on the dielectric properties. Very high values of €. (~ 107) have been
reported just below the critical volume fraction of the minority phase at which
significant current percolation occurs. This phenomenon in the vicinity of the

percolation threshold follows a power law (34435):

cerf <o (fe= )" (f<fo) (2.10)

where ¢ is the AC conductivity, t is a scaling exponent, f is the filler fraction, and
fe is the percolation threshold fraction. When f approaches f,, the filler particles
are on average very close to one another, but remain separated by a thin insulat-
ing layer of polymer, thereby forming a micro-capacitor network 3 resulting in
very high dielectric permittivities. The formation of the micro-capacitor network
is discussed in detail in section [2.3.2] Figure [2.6] shows the effective dielectric
constant of the Ag-PVDF nanocomposites as a function of Ag volume fraction at
1 kHz and room temperature (inset shows a plot of log k vs. volume fraction of
Ag) B8, Here, the dielectric constant increased dramatically to 110 with an Ag
loading of 17.5% due to near-percolation threshold effect. Ag-PVDF is a classic
example of a metal-polymer nanocomposite system, where percolation theory is
applicable.

Although such a high dielectric constant appears attractive, losses also dramat-
ically increase near the percolation threshold. Further, because the increase in
dielectric constant is often strongly non-linear, see Equation [2.10], in practice the
manufacture of these films at an industrial scale is highly problematical: too lit-

tle filler and there is barely an increase in dielectric behaviour, slightly too much
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and the capacitor is highly lossy, leaks excessive currents and may breakdown

completely.
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Figure 2.6: Effective dielectric constant of nanocomposite Ag-PVDF as a function
of Ag volume fraction (at 1 kHz and room temperature). Inset: A plot of log k
vs. Ag volume fraction @9,

2.3 Types of fillers

2.3.1 Ceramic fillers

Generally, ceramics have very high dielectric constant, especially those with per-
ovskite crystal structure that exhibit extraordinary dielectric properties of many
thousands depending on temperature. Table [2.2] gives the dielectric constants of
commonly used ceramics for capacitors@D.

Barium titanate (BT) is the most widely investigated oxide in the field of di-
electrics. BT was recognised as a ferroelectric compound in the mid 20th century
and since then it has attracted the attention of researchers as a dielectric mate-
rial. Figure shows the perovskite crystal structure of BT, with Ba?* ion in the

centre (green) and corner-sharing octahedral TiOg in blue@. The formation of

19



Composition | Dielectric permittivity
BaTiO3 1,700
PMN-PT (65/35) 3,640
PbNbyOg 225
PLZT (7/60/40) 2,590
SiO, 3.9
Al, O3 9
Ta205 22
TiO, 80
SrTiO3 2,000
ZI'OQ 25
HfO, 25
HfSiO4 11
LasO4 30
Y503 15
a — LaAlO; 30
CaCugTi4012 "'60,000
Lal.gsro‘gNiozl NlOO,OOO

Table 2.2: Dielectric permittivities of commonly used ceramics in capaci-
tors 1D (room temperature properties). PMN-PT (65/35) is the abbreviation for
65% lead magnesium niobate and 35% lead titanate. PLZT (7/60/40) is the
abbreviation for lead lanthanum zirconium titanate.

electric dipoles due to structural change involving relative displacement of Ba2*
and Ti%** cations with respect to the O?~ ions gives rise to the impressive dielectric
properties of BT. The peak value of dielectric constant of BT is over 12,000 at
the Curie temperature of 132°C. Such high value of dielectric constant has made
BT a promising dielectric.

In terms of composite materials, agglomeration of BT particles has been of partic-
ular concern, especially in simple solution processed composites. Agglomeration
results in poor film quality and inhomogenity. To facilitate dispersion of BT par-
ticles in a polymer matrix, surfactants such as phosphate esters and oligomers
have been tried @738) However, residual free surfactants have been reported to
increase the leakage current and make the capacitors lossy @9,

The dielectric properties of BT are dependent on grain size @042 At room tem-

perature, the dielectric constant of BT particles is in the range of 1500-2000 for
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Figure 2.7: Perovskite crystal structure of barium titanate, with Ba?* ion in the
centre (green) and corner-sharing octahedral TiOg in blue @D,

coarse grained structure (grain size ~ 10 gm) and 3500-6000 for fine grained struc-
ture (grain size ~ 1 pm). This dependence on grain size has been attributed to
the higher internal stresses (and hence higher dielectric constant) in fine grains as
compared with coarse grains of BT®3), So, carefully engineering the microstruc-
ture of the BT particles can produce composites that have varying dielectric
constant for the same filler fraction. This is a very important aspect since varia-
tion of filler fraction influences the thermo-mechanical properties of the composite
film.

Many other ceramics such as lead magnesium niobate-lead titanate (PMN-PT) @4,
CaCu3TiyO12 (CCTO) @) strontium titanate (SrTiO3) @9, Li,MgSiO, (LMS) @D
and titania (TiO2)®8 have also been tried as fillers in polymers to obtain high
energy density capacitors, and all contribute to enhanced performance, which can

be best fitted to one of the expressions in Equations to[2.9

2.3.2 Conductive fillers

Conductive filler-polymer composites can have very high dielectric constant at
very low volume fraction of filler. The effective dielectric constant of composites
with conductive fillers follows the power law in Equation [2.10] and enhancement

is due to the micro-capacitor network effect.

21



Formation of the micro-capacitor network

Figure 2.8 shows the effective dielectric constant of PVDF based nanocomposites
as a function of exfoliated graphite nanoplates (xGnPs) filler volume fraction,
measured at 1 kHz and room temperature . The variation in the microstruc-
ture of the nanocomposite film at f <0.75, 0.75-2.25 and >2.25 is shown in the

schematics in Figs. (a), (b) and (c) respectively.
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Figure 2.8: Effective dielectric constant of PVDF based nanocomposites as a func-

tion of exfoliated graphite nanoplates (xGnPs) filler volume fraction, measured
at 1 kHz and room temperature @9,

In Fig. (a), when the filler volume fraction f was <0.75, the fillers were
relatively too far from each other to form an electrically conductive network. So
the nanocomposite film remained largely insulating. When the f was in the range
0.75-2.25, the fillers were separated by a very thin layer of polymer, as shown in
Fig. (b), but were still not sufficiently close to form a percolative network.
The nanocomposite is then considered to be a near-percolating medium in which
two adjacent conductive fillers separated by a thin dielectric layer of thickness d’
can be thought of as two electrodes of a miniature capacitor. Such a miniature

capacitor has a relatively high capacitance due to the ultra-thin nature of the
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Figure 2.9: Effective dielectric constant of PVDF based nanocomposites as a
function of exfoliated graphite nanoplates (xGnPs) filler volume fraction, mea-
sured at 1 kHz and room temperature . The variation in the microstructure of
the nanocomposite film at filler volume fraction f <0.75, 0.75-2.25 and >2.25 is
shown in the schematics (a), (b) and (c) respectively.
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dielectric film between the fillers. A number of such miniature capacitors in
random series and parallel combinations formed a high-k micro-/nano-capacitor
network that lead to an enhancement in the overall k£ of the nanocomposite film.
At f>2.25, the filler fraction was sufficiently high to form a continuous percolating
network throughout the film, as shown in Fig. (¢), resulting in a relatively
low-k nanocomposite film.

Conducting carbon fillers (carbon black, graphite nanoplates, carbon nanotubes),
metallic fillers (Ni, Ag, Mo) and non-metallic conductive polymer particles (for
example, polyaniline) and have all been used as fillers in such conductor-insulator
composites B3364956)  The enhancement in dielectric constant is most marked for
one-dimensional fillers such as carbon nanotubes (CNTs) and two-dimensional ex-
foliated graphite nanoplates with an increase of ~ 10* times and ~ 107 in dielectric

permittivity respectively, as shown in Figs. 2.1059 and [2.§@9.
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Figure 2.10: The dependence of dielectric permittivity and AC conductivity of
perfluoro alkoxy (PFA)/multiwalled carbon nanotube (MWCNT) films on the
volume fractions of MWCNTs at 10 kHz and 25°C®9). The inset shows the best-
fit of AC conductivity to Equation [2.10]

In these composites, unlike composites containing ceramics, an increase in filler
fraction does not always ensure a corresponding increase in dielectric constant,
and beyond the percolation threshold, the composite becomes conductive as seen

in Fig. The main disadvantages of using a conductive filler is the control of
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the volume fraction at close to the critical point during large-scale production,
and near-percolating composite films tend to suffer from unusable high loss, es-
pecially at low frequencies (<10 kHz)®%). Moreover, operational parameters such
as temperature can bring about microstructural changes that can alter the inter-

particle spacing and “convert” these dielectrics into “lossy” conducting materials.

2.3.3 Ceramic and conductive fillers

A polymer film can be incorporated with two different types of ceramic/conductive
fillers at the same time: [1] core-shell particles, where the ceramic and conductive
phases are closely associated with each other; and [2] two distinct ceramic and

conductive phases.
Core-shell particles

Core-shell particles with metallic cores and ceramic shells can enhance the di-
electric constant of composite films @7 The shell can be an oxide of the metal
constituting the core or an oxide of another metal (cobalt particles coated with
zinc oxide were used as core-shell fillers in PVDF' to enhance the dielectric con-
stant to 51 at 100 Hz and 10% filler loading®?). In the case of composite films
with Al filler particles, post-deposition reaction of isolated Al regions may lead to
the formation of core-shell particles, with Al as the core with an Al,O3 shell @0:22)
Figure 2.11] is a high resolution TEM micrograph of a 100 nm aluminium parti-
cle with Al,O3 shell of thickness 2.8 nm @82258)  Composites containing 80 wt%
Al-Al; O3 core-shell particles have shown high dielectric constant of 109 and low
dissipation factor of ~ 0.0269, This dielectric constant was ~ 30 times higher
than the dielectric constant of the epoxy. The enhanced dielectric performance
of these composites could not be explained by effective medium theory models
because the effective dielectric constant of the composite was more than dielectric

constant of the constituent phases.
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Figure 2.11: High resolution TEM micrograph of a 100 nm aluminium particle
with Al,Oj3 shell of thickness 2.8 nm (1622I58)

This “anomalous” increase in dielectric constant was attributed to near-percolation
effect and interfacial polarisation due to spatial or space charges (electrons) that
tunnel out from the metallic Al-core to the Al,Os-shell. However, the composite
containing Al (core)-AlyO3 (shell) particles was not a typical percolative sys-
tem due to the absence of a percolation threshold. The presence of an insulating
oxide-shell around the conductive Al-core prevented the formation of a percolative
network, and hence the dielectric constant of the composites steadily increased
with the filler loading.

The authors in @® do not provide a detailed explanation of the polarisation mech-
anism and the physical phenomena occurring in the vicinity of the core-shell
particles, but it can be implied that the role played by the tunnelling process
in enhancing polarisation is by contributing spatial charges that might migrate
and accumulate at the interfaces of dielectrically different phases, such as ox-
ide/polymer interfaces, in the composite arrangements of particles and matrix.
This build-up of charges at heterogeneous interfaces leads to the so-called inter-
facial polarisation resulting in an elevation of the overall or effective dielectric
response of the composite. Interfacial polarisation has also been reported else-

where® in Al (core) - AlyO3 (shell) particles and again the enhancement of the
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dielectric properties was suggested to be due to the motion of the free charges
both in the core and oxide layer, but the underlying physics was not discussed
in detail and is generally lacking from the literature. An in-depth study of the
structure and chemistry of core-shell particles on a nano-scale together with sys-
tematic measurements of dielectric response might provide an insight into the
physical processes governing the “super-£” behaviour in composites containing
core-shell particles.

Returning to the aspect of space charge and tunnelling effects, researchers in
the mid-twentieth century showed that electron tunnelling through 3-5 nm thick
layers of Al;O3 was possible 6162) because the wave function of a free electron v,
in the metal (here Al) remains finite across the thickness of the insulator (here
Al,O3), yielding a measurable probability of electron passage from one side of
the insulator to the other®?).  These reports on electron tunnelling stress the
importance of the thickness of the oxide-shell. If the shell is too thick (tens of
nm), electron tunnelling is suppressed and the core-shell particles contributions
to dielectric enhancement is limited. It is important to note that the effect of
defect energy levels that might be present in the oxide was not considered in this
qualitative description, because chemistry and structural variations within the
oxide shell were not considered.

There has also been an on-going debate®¥63) on the time-scale involved in the
tunnelling process based on experimental investigations and theoretical predic-
tions that has not yet arrived at a definitive conclusion. However, the near-
instantaneous nature of tunnelling rules out the possibility of any considerable
phase difference between the tunnelling current and the applied electric field.
Nevertheless, under the influence of an AC field, the physical processes involving
migration, accumulation and reordering of the charged species at interfaces, that
might “trap” charges, might result in a phase-shift and make them capacitive in

nature.
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The development of an out-of-phase dipole moment at the interfaces, particularly
at the poles of the particles in nanocomposite films, due to the accumulation of
charges at relatively low frequencies, has been suggested to be responsible for
an enhancement in the dielectric properties beyond the predictions of Maxwell-
Wagner theory ©%70) - So core-shell particles, which inherently have multiple inter-

faces, might create a conducive environment for enhanced interfacial polarisation.

Distinct ceramic and conductive particles

Composite systems consisting of both ceramic and conductive filler particles can
exhibit an increase in dielectric constant by superimposing the effects of polarised
ceramics and a microcapacitor network of conductive fillers. Again, BaTiOs is
the most used ceramic in combination with A1 Ag@3) Ni@™) and carbon
fibre @), These systems, although believed to show near-percolative effects have
so far not exhibited enhancement in dielectric properties beyond those already
reported conductive filler-polymer composites and their distinct benefits (if any)

have not been demonstrated.

2.3.4 Surface modified fillers

Surface functionalisation has been proved to improve the mechanical flexibility
of composite films, compatibility between filler and matrix, and also has resulted
in better dispersion of nanofillers in the matrix leading to enhanced energy stor-
age (2OHSBTTEHTE) - Coating metal particles with organic dielectrics which form an
insulating high dielectric constant shell has also been used as a technique to en-
hance the dielectric properties of composites®3. Such core-shell particles showed
percolative-like enhancement in dielectric constant (k increased by an impres-
sive two orders of magnitude). By modifying the surface of BT nanoparticles
using phosphonic acid groups, aggregation of particles has been reduced @ . In

this case, the dielectric constant was increased, but the breakdown strength de-
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creased. In contrast, introduction of surface modified titanium dioxide nanopar-
ticles into low density polyethylene (LDPE) increased the breakdown strength
by 40% as compared with composites made up of untreated titanium dioxide
nanoparticles ™). A polar silane coupling agent N-(2-aminoethyl) 3-aminopropyl-
trimethoxysilane (AEAPS) was used for surface modification of the titanium diox-
ide nanoparticles. The polar groups in the AEAPS decreased charge trapping in
the deep traps of the insulating material at the nanoparticle surface, and these
variations improved the dielectric breakdown strength. However, the breakdown
strength of the nanocomposite was still lower than pure LDPE. Surface modifica-
tion also had a negative influence by leading to agglomeration and formation of
a mechanically weak interface. Surface modification did strongly affect the per-
colation threshold, which increased by ~ 25% when compared with untreated Al
nanoparticles in systems such as polyethylene/aluminium @, So, surface mod-
ification of fillers can have contrasting effects on the dielectric properties of the
composites and it is highly dependent on the specific nature of modification, the

host filler and the matrix.

2.4 Factors influencing energy density

2.4.1 Filler size

London-van der Waals forces are high at the nanoscale as these forces are inversely
proportional to the sixth power of the particle radius. So, nanoparticles have a
great tendency to aggregate and form clusters @89 At high filler volume fraction,
the particle size limits the minimum thickness of the film, as the film will have
the roughness of at least the particle size. This dictates the production of thicker
films with lower capacitances.

For a given filler fraction, bimodal nanocomposites (with two different filler parti-

cle sizes) have been shown to have higher capacitances than unimodal nanocom-

29



posites @181 - Figure shows the variation of capacitance with frequency of
BT-epoxy bimodal and unimodal nanocomposites for the same thickness (7 um)
capacitors at a BT volume fraction of 0.6®1). At 1 kHz, the capacitance of bi-
modal nanocomposite was much higher (~1000 pF) than the unimodal nanocom-
posites (~300 pF and ~400 pF for 1000 nm and 200 nm sized BT particles respec-
tively) because the high packing efficiency (the small particles filled up the voids
in between large particles) and increased particle surface coverage in the case of

bimodal nanocomposites.
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Figure 2.12: Variation of capacitance with frequency of BT-epoxy bimodal and
unimodal nanocomposites for the same thickness (7 pum) capacitors at BT volume

fraction of 0.6 @D,

2.4.2 Filler shape

The effect of filler shape should be considered seriously when the particle aspect
ratio deviates by more than an order of magnitude from that of a sphere®. Such
non-spherical particles can establish conducting paths easily, leading to a low per-
colation threshold®, and as previously described these composites can exhibit
high dielectric constant (due to near-percolation effects) at low filler fractions. In

the presence of an external electric field of 15 kV/mm and a filler volume fraction
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of 50%, high aspect ratio lead zirconate titanate (PZT) nanowires showed an
increase in energy density of 78% over low aspect ratio PZT nanorods®. Obser-
vance of such effects has lead to extensive studies on modelling the influence of
particle shape on dielectric permittivity by many research groups®2%85 In one
particular study, the strong mutual interaction between the edges and corners of
symmetric angular shapes (like cubes and square cylinders) has been proposed
to result in very low polarisation per unit volume®¥). This interaction was not
significant between circular cylinders and spheres and hence these had high dipole

moments leading to high dielectric constant.

2.4.3 Microstructural arrangement and distribution of filler

The dielectric constant is also dependent on the spatial arrangement and any
directional alignment of the fillers. Recent computational approaches to anal-
yse these dependences have produced results typified in Figs. and (86).
The relationship between filler microstructure and effective properties of dielec-
tric composites were studied by employing a phase field dielectric composite
model B887) which solved electrostatic and magnetostatic equations in terms of
a polarisation vector field in reciprocal Fourier space. The versatility of this
model was showcased by the authors by formulating it for dielectric and mag-
netic composites ) containing single phase ®) and multi-phase fillers (core-shell
particles) ). In dielectric composites, the dielectric constant was determined
by calculating heterogeneous distribution of polarisation, local electric field and
charge density 9),

The results obtained from this model are presented in terms of dielectric suscep-
tibility instead of dielectric constant for convenience, where dielectric constant k
is related to dielectric susceptibility x by £ = 1 + x. From Figs. and [2.14]
composites with closely arranged filler particle microstructure and high aspect

ratio particles aligned (long axis) in the direction of applied field exhibited the
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highest dielectric constant. However, predictions from this type of theoretical
model and simulation have yet to be compared with experimental data system-
atically, in part owing to the lack of a manufacturing process that can produce
such tightly controlled microstructures of low dispersivity. Such comparison and
verification will throw light on the accuracy of the approach and could identify to
which real systems the approach is applicable. These “geometric” arrangements
also tend to only show significant elevations in dielectric constant over relatively

narrow frequency widths.
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Figure 2.13: Effect of filler particle microstructural arrangement on effective com-
posite susceptibility in composites composed of 20% volume fraction of circular
fillers with dielectric susceptibility xz/xn = 10. Insets illustrate the correspond-
ing particle arrangements. Arrow indicates electric field E direction. x.sr is
the dielectric susceptibility component in the F direction, xr and xas are the
dielectric susceptibility of filler and matrix respectively €6,

2.4.4 Dielectric breakdown strength

Polymers are excellent insulators because the band gap between valence and
conduction bands is >2 eV & and is typically about 7 eV @), Table 2.3/ shows the
band gap energies of some polymers @92 Due to the high band gap energies,

the electric fields need to be > 107 kV/m for tunnelling of electrons from the
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Figure 2.14: Effect of filler particle shape and orientation on effective compos-
ite susceptibility in composites composed of 8.7% volume fraction of fillers with
dielectric susceptibility xr/xy = 10. Insets illustrate the corresponding par-
ticle shapes and orientations. Shape aspect ratio is defined as Riong/Rshort -1,
where Rjong and Rgpore are the radii along long and short axes of the particle,
respectively. The sign indicates particle orientation with long axis parallel (+) or
perpendicular (-) to electric field E direction as indicated by arrow. x.ss is the
susceptibility component in E direction ®8.
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valence to the conduction band, which might lead to breakdown of the polymer.
However, polymers are known to breakdown at a relatively lower field of ~ 10°

kV/m by other mechanisms.

Polymer Band gap energy (eV)
Polypropylene 7
Polyethylene 6.9

Polyamide-6 (Nylon-6) 4.9
Polystyrene 4.4

Table 2.3: Band gap energies of some polymers @192),

Avalanche breakdown (also known as ionisation breakdown) is characterised by
conduction and multiplication of a large number of electrons (and other charge
carriers) resulting from multiple high energy collisions between the electrons in
the polymer matrix. This multiplication of electrons occurs when free electrons in
polymers acquire sufficient kinetic energy by accelerating (under the influence of
an external field) along the mean free path and knock out other electrons. Poly-
mers are good hosts for this mechanism to take place because they often contain
regions of amorphous phases. These amorphous phases have unoccupied volume
consisting of voids/cavities which are filled with gases of dielectric strength ~ 103
kV/m. The differences between the dielectric properties of the polymer and the
gases in the voids, and a number of other factors (such as gas pressure, void size
and shape) might lead to a local intensification of field resulting in an additional
breakdown within the void. Since such breakdown occurs only inside the void
and not necessarily in the whole polymer, such a breakdown is known as partial
discharge breakdown, which can be supported by relatively large voids of dimen-
sions ~ um. The electrons that are generated by breakdown are accelerated along
the length of the void and they might gain sufficient energy to knock off more
electrons on the other side of the void and erode the matrix. The distribution
of such voids throughout the matrix might lead to the overall breakdown of the

polymer.
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In relatively small voids of molecular order, which are referred to as holes by Art-
bauer @) the void size is not sufficient to support partial discharge breakdown
because the voltage appearing across the voids is not sufficient to cause break-
down. However, these holes provide longer mean-free paths than the polymer for
the free electrons (not the electrons produced by ionisation because the break-
down has not occurred yet) to accelerate and gain sufficient energy to initiate
breakdown 0793)

A simple solution to the problem caused by the voids (in decreasing the breakdown
strength of polymers) is to fill them up, preferably with non-conducting material.
Various chemical and physical modifications have been suggested to improve the
breakdown strength. When the voids of poly (ethylene terephthalate) (PET) were
filled with non-conductive polyaniline (PANI), the dielectric breakdown strength
increased by 30% @9,

Polyethylene (PE) blends consisting of linear and branched chains have shown
higher breakdown strength than linear PE®9. This improvement in breakdown
strength was attributed to the network of thick lamellae structure that altered
local charge transport processes. Impregnation with rape-seed oil into polypropy-
lene (PP) films has resulted in 25% enhancement of breakdown strength @),

In polymers which have short free mean paths, conductive paths are formed as a
result of polymer degeneration. Since the life of a polymer decreases exponentially
with the applied electric field, the formation of conducting channels depends on
the intensity and duration of the external applied field @D, Also, high electric
fields can ionise molecules due to tunnelling of electrons through a reduced po-
tential barrier. Due to this ionising effect, the electric field intensity at which
ionisation of macromolecules starts can be considered as the theoretical maxi-
mum breakdown strength of polymers. Localised high electric fields can form in
a polymer due to structural differences and defects. These local fields can also

lead to degeneration of polymer. Degeneration leading to premature dielectric

35



breakdown not only limits the energy storage capability of the capacitor, but also

makes the capacitor less reliable.

2.4.5 Operating temperature

The degradation temperature of polymer matrices limits the temperature at
which the capacitors can be used. Also, the mismatch between the coefficients of
thermal expansion of the passive components in an embedded system may lead to
delamination and system failure@. So, choosing the right materials for the com-
ponents gains importance at variable operating temperature (such as expected in
more electric aircraft). Incorporation of nanoparticles generally increases the crys-
tallization temperature of the polymer ® . A 5% addition of BaTiOg increased the
crystallization temperature of poly (vinylidene fluoride-ter-trifluoroethylene-ter-
chlorotrifluoroethylene) from ~100 to ~ 106° C. The presence of crystalline phases
can enhance charge transport due to the more ordered structure. In a crystalline
polymer, fillers preferentially occupy the non-crystalline spaces (boundaries) and
this can form a continuous network that facilitates charge transport (and thus
make the capacitor lossy).

In a composite, the dielectric constant generally increases with temperature in
the range of 25-150° C. This increase can be due to an increase in the mobil-
ity of polymer chains, any increase in the permittivity of the filler (in the case
of semiconducting fillers) and enhanced charge carrier diffusion with tempera-
ture @85698199)  However, this increase is not always useful or significant: for
example, in the temperature range of 25-150° C, the dielectric constant of poly-
merised tripropylene glycol diacrylate-30 volume % BaTiOs3 films increased from
39 to 4508 and in composites containing 40 volume % zinc oxide (ZnO) fillers
in low density polyethylene, there was a slight increase in dielectric permittivity
from ~5 at 20°C to ~7.5 at 100°C @9,

A change in temperature can also lead to changes in the allotropic forms of the
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ceramic filler. If this change is exhibited in bulk properties, then the dielectric
constant of the whole composite can be altered. For example, BaTiO3 changes its
crystal structure from cubic to tetragonal at the Curie temperature of 1320C (100)
and this results in a rapid and progressive decrease in dielectric constant.

The study of variation in dielectric constant at high temperatures is quite im-
portant in the context of industrial applications because capacitors that have
relatively stable dielectric constant can be placed much closer to other heat gen-
erating components such as generators or combustors, and such capacitors require

less thermal-proof packaging.

2.4.6 The interface in dielectric composites

The interface between the polymer and the filler might sometimes usefully be
considered as a separate phase - an “interphase” - especially where a reaction
between filler and matrix, or of the filler, has occurred. Similarly an interphase
might be expected where significant surface modification of the filler has been
used. The idea of this interphase has been developed to try and help understand
the dielectric behaviour of these types of composite systems. For example, the in-
terphase power-law (IPL) model @1 predicts the effective dielectric constant of a
composite by taking into consideration the dielectric constant and volume fraction
of the interphase. This model suggested that deviations from standard mixture
models in experiment may be due to the interphase, such as enhanced molecular
polarisability at the interface due to the formation of interfacial dipoles®02)

Interfacial polarisation, often referred to as Maxwell-Wagner-Sillars polarisation
(MWS) (03104 takes place due to the charges@) that move and pile up at the
interfaces in heterogeneous materials. Charge accumulation and separation might
also take place at the interfaces due to “trapping” of charges that originate by
thermionic emission from metallic fillers/electrode and by quantum mechani-

cal tunnelling of charge carriers above an applied threshold electrical field @06),
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Defect-rich interfaces have been found to enhance charge trapping around metallic
core-oxide shell particles @7,

These interfacial effects can be expected to become more significant in the case of
nanocomposites than composite systems with micron-sized fillers but the field is
still somewhat in its infancy, mainly due to problems in accurate characterisation
of interfaces in these materials at the nanoscale.

The interface between the dielectric material and the electrode (current collec-
tor) can also influence the effective device dielectric properties. This influence has
been seen as an increase in the permittivity and dissipation factor of the capacitor
due to free charge build up at the interface @3, Enhanced dielectric constant and
dissipation factor have also been observed in epoxy-silica composites due to inter-
face mechanisms and ionic conductivity by contaminants@®. Water is one such
contaminant that fills up voids along interfaces and sometimes forms a “water-
shell” around the nanoparticles . When nanoparticles are in close proximity,
these water-shells overlap and allow charge-carrier movement in between them as
shown in the Fig. (IEZZD' Since water has polar molecules (Hy0O), the presence

of water in nanocomposites increases both dielectric constant and dielectric loss.

P T

—_ ‘ p Charge-carrier
2041\1m »~  movement
Vv

(O Silica nanoparticle @ water shell

Figure 2.15: Schematic of charge-carrier movement in between nanoparticles
through water-shells @09
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2.5 Processing techniques

2.5.1 Vacuum deposition

Vacuum deposition is a well-known and widely used economic technique to pro-
duce polymer films and monolithic layers of metals. Vacuum deposition can be
readily carried out on the laboratory scale, as well as in industrial scale roll-to-roll
coaters 0119 - Thermal vacuum deposition involves evaporation of the material
(by heating) and its subsequent deposition (condensation) on a cold substrate
in vacuum. In the case of preparing polymer nanocomposites, the polymer and
the minority phase (for example a metal) are simultaneously heated to form two
vapours. Mixing of vapours takes place and the intention is that the film con-
densate is a composite. Polymers such as poly(vinylidene fluoride) (PVDF),
poly(p-phenylene), poly(methyl methacrylate) (PMMA), Teflon AF 1600 and
nylon-6 012 have been studied previously for their applicability to vacuum
deposition. Co-evaporation of two or more monomers @29 has also been studied

to obtain more complex co-polymer films.
Effect of deposition rate

Low temperatures in the chamber during evaporation facilitate low deposition
rate of metal. Under such conditions, vaporized metal atoms and small metal
clusters have greater probability of encountering each other to form large nanopar-
ticles before deposition @Y. Low temperature is also not favourable for random
diffusion of nanoparticles in the polymer.

While fabricating a composite material, if the rate of evaporation of a polymer is
increased to try to approach those of metals, then the tendency of "spitting" of
polymer increases leading to formation of non-uniform films@22). During evapo-
ration, the scission of polymer chain can occur randomly or can follow an orderly

depolymerisation mechanism depending on the nature of the polymer. Increas-
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ing the temperature of polymer evaporation has shown to yield a wide array of
degradation products (with higher mass) (123,

In electron beam assisted physical vapour deposition, the target (anode) is bom-
barded with an accelerated electron beam under high vacuum. The electron beam
(produced by a charged W filament) causes evaporation of the metal/polymer
from the target and deposits on cooler substrates. The mechanism of polymer
evaporation by accelerated electrons is essentially thermal in nature, whereas in
ion beam evaporation of polymers, the mechanism can be thermal or sputter-
ing @23)

The main disadvantages of vacuum deposition processes are: [1] line of sight de-
position; [2] control over the relative deposition rates of two or more materials is
difficult; and [3] degradation of polymers can lead to products of unknown chem-
istry, making characterisation and co-relating properties to chemistry of deposited

films difficult.

2.5.2 Spraying

Compressed air

ﬂ suspension
Spray hozzle —
Syringe
=] Jé{,
" T 1
Atomized droplet spray ————

Hypodermic Syringe pump
needle

Pre-metallized
glass substrate

Heated plate moving
in x-y

x<—/y

Figure 2.16: Schematic of spray deposition process®898)

In spraying 898) a high accuracy controlled flow rate syringe pump delivers a

suspension (containing polymer and monomer) to an atomising device, such as
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a hypodermic needle that is placed at the end of an atomising (spray) nozzle
as shown in Fig. [2.16] The suspension is atomised continuously into droplets
with diameters of less than 0.1 mm and is sprayed onto a heated substrate,
which moves in the x-y direction. Films of required thickness can be produced
by programmed repetitive spray cycles. The monomer can be polymerised (for
example, thermally) later to produce a polymer-composite film. Well-dispersed
BaTiO3 nanoparticles embedded in a polydiacrylate matrix with dielectric con-
stant of ~39 at 10 kHz has been produced from this process®@). Maintaining
well dispersed particles in the suspension is a challenge and this issue is usually

addressed by using surfactants and by sonication.

2.5.3 Spin coating

Spin coating involves rotating (spinning) a substrate containing a polymer so-
lution. Due to spinning, the polymer solution covers the substrate completely
by centrifugal force and later, the solvent evaporates leaving behind a polymer
film @29 Fillers can be added to the polymer solution to produce composite films
by spinning. This technique has been employed to produce dielectric composite

films (61261125) Hhyt has been successful only on a small scale.

2.5.4 Other techniques

Many other processes such as ion implantation @, sol-gel method and interca-
lation have also been tried. Processes such as extrusion coating and tape casting
can be employed to produce high volume and cost effective composite films, but
the thickness of these films can be well controlled only above a few pm. So, these
processes are not suitable for production of extremely thin polymer composite

films (in the order of nm) with high capacitances (for embedded capacitors).
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2.6 Conclusions

Polymer-nanocomposites provide many attractive attributes for use in the thin
film high energy density capacitors. However, as described in this review, there
are several routes to enhance the capacity in these materials.

Composites containing conductive fillers offer the highest absolute dielectric con-
stants of over 104, but critically controlling the filler volume fraction in large-scale
production of capacitors is a major challenge and these capacitors are by defini-
tion always lossy.

Moderately high-k PNCs have been realized by dispersing BaTiO3 particles to
produce PNCs with k~15 at 10 kHz and vy~0.25. Higher %k values are difficult
to achieve or not always desirable because higher volume fractions of filler are
hard to process and the relatively high density of the filler undermines specific
energy/power density, as well as breakdown strength. The dielectric properties
of such ceramic-polymer based composites generally fall in the regime of effective
medium theories (EMTs) such as a rule of mixtures. Figure is a graphical
representation of the properties of (a) polymers, (b) ceramics, (¢) composites that
obey an EMT, and (d) composites that do not obey an EMT. The subscripts p
and ¢ represent the “parent” phases - polymer and ceramic respectively, and the
size of the circles represents the magnitude of the denoted variable. Although
a composite represented in Fig. (c) does inherit the attractive properties of
processibility into thin films (small d) with large area (high A) and high electric
breakdown strength (high E,) from a polymer, the effective enhancement in the
dielectric constant is restricted even when high-%£ ceramics such as BaTiO3 are
used because the ceramic is always a minority phase.

Relatively low-loss PNCs with “super-normal” k have been fabricated by incor-
porating surface-modified fillers into a polymer matrix. The high k£ observed at
low frequencies (<1 kHz) has been ascribed to the motion and accumulation of

charges in and around the core-shell particles, which are a popular choice of sur-

42



X

Polymers Ceramics
Easily processed into thin films Hard to process into thin films
(low d) with large area (high A), with large area, low breakdown
high breakdown strength Eq, strength, but some ceramics
(~10°kV/m), lbut low k, (~5). have kC'~104.
1

P D

Eq<Eq<Eg,

o

Composites consisting of

Q

ceramic particles embedded in
a polymer matrix

Some composites have
k> k.>> k,,.

Figure 2.17: A graphical representation of the properties of (a) polymers, (b)
ceramics, (c) composites that obey an effective medium theory (EMT), and (d)
composites that do not obey an EMT. The subscripts p and ¢ represent the

“parent” phases - polymer and ceramic respectively, and the size of the circles
represents the magnitude of the denoted variable.
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face modified fillers, but the physical processes happening on a nano-scale that
govern the bulk dielectric properties are not discussed in detail and continue to
offer many exciting and challenging research areas for exploration. Although en-
hancing the polarisability of interfaces in PNCs is a promising approach to obtain
the properties envisaged in Fig. [2.17(d), this approach demands critical control
over the structure and chemistry of the interfaces at a nano-scale, stressing the
importance of the choice of the processing technique.

As far as processing techniques are concerned, vacuum deposition and spraying,
in principle, offer good control over the operation parameters and potential for
cost effective scale-up. Most of the other current processing techniques, such as
spin coating, face problems related to scalability when large areas of continuous
films have to be produced (for example, continuous composite films for wound

electrostatic capacitors).
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Chapter 3

Experimental

The thrust of the thesis is to fabricate polymer based films by evaporation and to
research how and why their dielectric response might be enhanced by the addition
of a second metallic phase during processing. Electron microscopy and impedance
testing, as well as the fabrication by evaporation are used extensively.

This chapter discusses the techniques used to fabricate and characterise polymer-
nanocomposite (PNC) films. More information on specific experiments related
to particular material combinations is provided in the subsequent chapters as
appropriate, and this chapter focuses on the “platform” techniques that were

used throughout.

3.1 Fabrication

3.1.1 Vacuum deposition

PNCs were fabricated by two vacuum based deposition techniques: co-deposition
of a nylon-6 matrix and a metallic filler simultaneously, and alternate-deposition
of materials in a “stack” of sequential layers using nylon-6 and various metals.
An Edwards Auto 306 Cryo thermal evaporator was used for all the vacuum

deposition experiments and is shown in Fig. A schematic of a typical experi-
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mental set-up inside the evaporator chamber is shown in Fig. At the outset,
the evaporator chamber was designed to accommodate four evaporation source
boats, but only one boat could be heated at a time. The unit was therefore mod-
ified to accommodate an additional boat that was heated using a TDK-Lambda
Genesys 8-300 DC power supply to allow co-evaporation of a metal and a poly-
mer simultaneously. The boats were mounted on a rotating table that was later
used to achieve alternate deposition of metal and polymer layers, rather than
co-deposition. The detailed procedure to carry out co-deposition and alternate-
deposition for the various PNCs is presented in subsequent chapters, and only

the common aspects of vacuum deposition based fabrication are given below.

Evaporator
chamber

Control
panel

Figure 3.1: Edwards Auto 306 Cryo evaporator.

In all experiments, the deposition rate and the thickness of the polymer and var-
ious metallic coatings as they formed on a glass slide substrate were measured
in real-time using a calibrated quartz crystal thickness monitor. The quartz
crystal was placed immediately adjacent to the substrate in the deposition cham-
ber. Since thermal evaporation was achieved by resistive heating of the sample
“boats”, the deposition rate was controlled by varying the heating current pass-
ing through the boats. Very many labourious experiments were carried out using
different types of boats at various temperatures to establish stable and repro-

ducible deposition rates: this proved to be a challenging task, especially while
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Figure 3.2: A schematic of a typical experimental set-up.

depositing two materials simultaneously using only one thickness monitor (more
details later).

Figure shows the various boats and filaments (Umicore) used for thermal
evaporation. A relatively large Mo-boat with a perforated Mo-cover (#1) was
used to evaporate polymers, for example nylon-6 (Ny), during co-deposition. It
transpired that the use of a perforated Mo-cover was essential to prevent “spit-
ting” @22) of the nylon-6 during evaporation. A K-type thermocouple was attached
to the side of the Mo-boat as shown in Fig. [3.4{a) to monitor the temperature
and prevent over-heating and degradation of polymer®26 during evaporation.
The advantage of using a larger Mo-boat over smaller version (#2) was in the
overall deposition rate ¢ of up to 0.1 nm/s that could be achieved. Achieving the
same magnitude of ¢ with boat #2 required higher currents that eventually led to
charring of the polymer. A comparatively high ¢ for nylon-6, which was always
the majority phase in all the co-deposited PNCs, facilitated greater flexibility in

then varying and controlling the fraction of the more readily evaporating metal
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Figure 3.3: Boats and filaments (Umicore) used for thermal evaporation.

minority phase during co-deposition.

W-boat #3 was ideal to evaporate the metals Al and Ag at £ ~1 nm/s since these
metal sources conducted heat more readily and were quick to melt and vapourise.
A larger and thicker (~0.3 mm) W-boat (#4) was then used to achieve controllably
£ <0.1 nm/s since the thicker boat heated up more slowly and steadily and allowed
more stable control, avoiding under/over shoots in current/temperature. A W-
coil was used to achieve the highest deposition rates of >1 nm/s since it could
hold and melt the largest metal feedstock in the form of wound wire.

Generally, conditions that facilitated a relatively high f resulted in less control

over the absolute value of ¢, and maintaining ¢ constant over a long period of
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time (up to 0.5 h) was particularly difficult while evaporating polymers in this
relatively primitive (but flexible) system. Since initial experiments showed that
a thick W-boat offered the highest control over ¢, a perforated Mo-plate was
modified to act as a cover for W-boat #4, as shown in Fig. [3.4(b), and this

combination was used to evaporate polymers successfully.

(a) 65 > 12

,,,,,,,

won ||
b

Figure 3.4: (a) A K-type thermocouple attached to a Mo-boat and (b) a modified
boat consisting of a Mo-cover on a W-boat. All units are in mm.

Device yield

The yield was very low - only approximately 20% of the capacitors were free from
short-circuits - during the optimisation process that primarily involved varying
the deposition rate and layer thickness of the deposited material. However, after
optimisation, approximately 95% of the capacitors showed consistent, capacita-

tive behaviour.

3.2 Characterisation

The nature of the fine-scale microstructure and the presence of a disperse phase
in a polymeric matrix presented very significant challenges for materials charac-

terisation, and the development of suitable approaches that yielded the required
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information constituted a major part of the experimental work in this thesis,
with hundreds of hours dedicated in particular to electron microscopy of differ-
ent types. Although the PNC and “core-shell” particle literature @620225759) i
particular has grown rapidly in recent years, there were surprisingly very few
convincing examples of careful characterisation of these types of particles in a
polymer matrix in the literature. As will be shown, substantial experience and
some bespoke approaches were required to link explicitly the measured capacitor

behaviour to changes in the micro/nano-structure.

3.2.1 Transmission electron microscopy (TEM)

TEM was the most powerful tool used in this thesis to study the micro- and
nano-structure of the PNCs, and therefore pertinent background information is
provided on image formation and contrast mechanisms in the transmission elec-

tron microscope.
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Figure 3.5: Schematic diagram of the formation of a bright-field (BF) and a dark-

field (DF) image in a transmission electron microscope. 6 is the angle between
the incident beam and the reflecting plane.

When a parallel beam of electrons is incident on a specimen, the image formed
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by the direct-beam is called a bright-field (BF) image, and the image formed by
the elastically scattered or the diffracted beam is called a dark-field (DF) image.
A schematic diagram of the formation of a BF and a DF image is shown in Fig.
[3.5 where 6 is the angle between the incident beam and the reflecting plane.

In scanning transmission electron microscopy (STEM), a focused beam of elec-
trons is scanned over a specimen, and the scattered electrons are collected by
a detector. Figure [3.0] is a schematic representation of the various signals that
are formed during STEM. The forward-scattered electrons along the axis of the
incident beam form the BF image; the electrons that are scattered through small
angles ¢ <~b5 mrad contribute to the formation of an annular dark-field (ADF)
image; and the electrons scattered at higher angles form high-angle annular dark-
field (HAADF) image @29,

Incident

Convergent
Beam

Specimen|

HAADF HAADF

ADF ADF
BF

Annular detector

Figure 3.6: Schematic representation of BF, ADF and HAADF signals formed
during STEM.

In order to obtain DF-STEM images, an annular detector is used to collect only
the ADF and HAADF signals. Since the size of the annular detector is fixed,

the camera length is varied to selectively receive the forward-scattered electrons
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at a particular angle to obtain an ADF/HAADF image or an image formed by a
contribution from both signals.

The following section briefly discusses the contrast mechanisms with a few typical
images from the PNC investigations in which they are manifest. These images
exemplify the rationale behind the choice of the various microscopy techniques

to study the PNCs in this thesis.
Mass-thickness contrast

Mass-thickness contrast arises due to the variation in the sample-thickness or
the atomic number Z of the elements present in the sample. Relatively thick
regions and high-Z elements deplete/scatter the transmitted beam more than
relatively thin and low-Z regions, as shown in Fig. [3.7] leading to the formation
of relatively dark (bright) regions in a BF (DF) image. Figure is a plan-
view bright-field image of a “pure” evaporated nylon-6 film. The relatively dark
regions, which can be (and initially were) easily confused as particles, in the
amorphous polymer sample are due to the variations in thickness of the nylon-6
film. Therefore, this contrast can also provide a qualitative impression of the
roughness of the film. Figure (a) shows a HAADF-STEM image of a nylon-
based PNC film containing evaporated Al. Bright Al-rich regions, for example,
the highlighted regions in Fig. [3.9(a), are distinguishable from the relatively dark

nylon-6 matrix due the differences in the brightness arising from Z-contrast.
Diffraction contrast

Elastically scattered electrons from a crystalline region in the specimen give rise
to diffraction contrast. Figure [3.9(b) is an ADF-STEM image of a PNC film
containing Al and nylon-6. Since the image was taken at a relatively low angle,
the elastically scattered beam was captured by the ADF detector and hence

diffraction contrast is predominant. The highlighted region in Fig. |3.9(a) appears
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Figure 3.7: A schematic representation of electron beam scattering through a
specimen with varying sample thickness and Z.

Figure 3.8: A plan-view bright-field (BF) image of a “pure” nylon-6 film.

brighter in Fig. b) due to diffraction contrast arising from an Al-crystal. In

a BF image, diffracting regions appear dark.
Phase contrast

High resolution transmission electron microscopy (HRTEM) makes use of phase
contrast in image formation. When an electron beam passes through a crystalline
sample, the electron waves that interact with the atoms of the crystal undergo
a phase change. A HRTEM image is formed by converting the phase differences
between the different beams at the exit-surface of the specimen into intensity
variations. This conversion is achieved by suitably adjusting the aberrations,

such as defocus, of the microscope. Figure [3.10]is a schematic representation of
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Figure 3.9: (a) HAADF-STEM image of a PNC film containing Al and nylon-
6 showing Z-contrast, and (b) the corresponding ADF-STEM image taken at a
relatively low angle showing (predominantly) diffraction contrast. The presence
of bright Al-regions in a relatively dark nylon-6 matrix is evident from the DF-
STEM images. The highlighted region in (a) appears brighter in (b) due to
diffraction-contrast arising from an Al-crystal.

image formation in HRTEM. Figure [3.10] shows a large objective aperture being
used to allow many coherently scattered beams for the formation of a HRTEM
image. Figure is a HRTEM image of an Al-crystal. The d-spacing between
the lattice planes can be measured from such an image. HRTEM also gives a

wealth of information (for example, on defects) about the crystallography on an

atomic scale.
Sample preparation

Plan-view TEM specimens i.e. through-film orientation, were prepared by de-
positing the PNCs on a 400-mesh Cu-grid coated with a continuous C-film (Agar)

that was mounted adjacent to the substrate while deposition proceeded. In this

54



Optic axis

¥

Incident
beam

Y

Specimen

Objective
lens

Objective
aperture

Image

Figure 3.10: Schematic representation of image formation in HRTEM.

way, matching TEM samples were prepared for each PNC film that was manu-
factured and tested. The continuous C-film on the grid played an important role
in supporting the electron beam-sensitive PNC film.

In the case of cross-sectional TEM examination, the PNC was deposited on a ~20
pm thick Al-foil adjacent to the substrate during fabrication. A narrow strip of
the PNC-coated Al-foil was then carefully aligned along the axis of a pyramid-
tip mould (Agar). The mould was filled with an epoxy resin that was freshly
made each time, and the resin then cured at 60 °C for 24 hours. The pyramid
containing the specimen was then mounted on a cylinder (Agar) using super-glue.
Cross-sectional specimens were prepared by cutting 50-200 nm slices from the tip

of the pyramid using a NOVA LKB Bromma microtome. These slices, which
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Figure 3.11: A HRTEM image of an Al-crystal.

were floated in water, were then collected and dried on a 400 mesh Cu-grid. The
Al-foil also served as a marker to help locate the <50 nm thick PNC films in the

microscope.

TEM instrumentation

The following transmission electron microscopes were used to study the structure

and chemistry of the PNCs on a micro- and nano-scale:

1. JEM-2000FX
The JEM-2000FX is an analytical instrument fitted with a tungsten fila-
ment. It has a point resolution of 0.3 nm, and the electron probe can be

sized down to 1 nm. This instrument was primarily used for bright-field

imaging of the PNCs at 200 kV.

2. JEM-2010
The JEM-2010 is an analytical microscope with a LaBg electron gun. It has
a point resolution of 0.19 nm, and the electron probe can be sized down to
0.5 nm. This microscope was used at 200 kV for BF and DF imaging, and

to obtain selected area electron diffraction (SAED) patterns.

3. JEM-3000F
The JEM-3000F is equipped with a field emission gun (FEG) and an Oxford
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Instruments energy dispersive X-ray spectrometer with a super atmospheric
thin window (SATW) detector. It was operated at 300 kV and had a point
resolution of 0.16 nm. A HAADF detector was used for carrying out STEM,
and customised lens settings allowed small probes to be formed, capable in
the best case of resolving the Si dumbell at 0.14 nm spacing. The JEOL-
3000F was used extensively to carry out BF and DF imaging, HRTEM,
STEM and energy dispersive X-ray spectroscopy (EDS). The microscope

was also used to obtain SAED patterns and elemental maps.

. VG-HB501

The Vacuum Generators (VG) HB501 instrument is a dedicated scanning
transmission electron microscope with a cold field emission electron source.
The instrument was used exclusively for annular dark field imaging and
STEM at 100 kV with the help of Mr. Ron Doole, Dr. Rebecca Nicholls,

and Prof. Peter Nellist.

. JEM-2200MCO

The JEM-2200MCO is equipped with a monochromated Schottky FEG
source and aberration correctors are fitted to the imaging and probe forming
lenses. The resolution in TEM imaging system is 0.12 nm, and the probe
can be sized down to 0.1 nm in STEM. The microscope was used with the
help of Dr. Neil P Young, Dr. Judy Kim and Prof. Angus Kirkland to
carry out HRTEM and STEM at 200 kV.

Gatan, ImageJ, Web Electron Microscopy Applications Software (WebEMAPS),

and CrystalMaker were used variously to acquire, process, analyse, and simulate

TEM data. The features in some SAED patterns were enhanced through the

adjustment of levels using the “HDR” plug-in in ImageJ/Picasa image process-

ing software. All processed images will be henceforth referred to as “enhanced”

images and presented alongside the original images.
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3.2.2 Scanning electron microscopy (SEM)

A JEOL JSM-840F scanning electron microscope was used to characterise the
PNCs. JSM-840F has a cold cathode field emission gun and operates between 0.5
and 40 kV. Using secondary electron imaging, the best resolution attainable on
high contrast samples (Au on C) is 1.8 nm at 35 kV. The JSM-840F was primarily
used in the secondary electron imaging mode at 5 kV to study the cross-section
of the PNCs.

The cross-sectional SEM samples were prepared by freezing and fracturing the
PNC films, supported on a glass substrate, in liquid nitrogen. The slivers of
glass containing the PNC film were then held in between two parallel plates of a
cross-sectional sample holder. In order to minimise charging of the sample while
imaging, the sample was coated with ~3 nm of Pt using a Cressington sputter
coater, and an electrical contact was made in between the PNC film and the

metallic sample holder using carbon paste.

3.2.3 X-ray photoelectron spectroscopy (XPS)

XPS was performed in an ion pumped VG Microtech CLAM 4 MCD analyser sys-
tem using a 200 W unmonochromated Mg X-ray excitation. Samples supported
on carbon pads on stubs were introduced into the instrument via a turbo molec-
ular pumped entry lock. The entry lock was pumped for about 15 min before
the sample was introduced into the analysis chamber. The analyser was operated
at a constant pass energy of 100 eV for wide scans and 20 eV for detailed scans.
Data was obtained using SPECTRA version-8 software and was then processed
using CasaXPS software. Peak areas were measured after satellite subtraction
and background subtraction following the methods of Shirley @28, The area un-
der the principal peak of each element in the spectrum, divided by an empirically
derived sensitivity factor 29 is proportional to the concentration of that element

on the surface (approximately the top 10 nm). The sensitivity of the technique
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was about 0.1 atomic percent, depending on the element under examination. The
XPS experiments were carried out with the help of Dr. Alison Crossley and Dr.

Hugh Bishop from the Oxford Materials Characterisation Service.

3.2.4 Impedance spectroscopy

A simple parallel-plate capacitor was formed from the PNC multilayer films by
evaporating Al (40 nm thick) onto both sides of the PNC film of interest prior
to dielectric measurements (more details later). A Solartron SI 1260 impedance
analyzer was used to study the dielectric properties of the PNC based capacitors.
The impedance analyser was interfaced with a computer and controlled by So-
lartron Analytical SMaRT software. An alternating voltage of 1 V (about a mean
of 0 V) was applied at 1 kHz. All measurements were made in-situ in a Faraday
cage that housed a thin-film heater. The temperature of the heating stage was
controlled by a Eurotherm 2216e controller connected to a K-type thermocouple
mounted next to the capacitors on the glass slide. Another K-type thermocouple
was used to monitor independently the temperature of the heating stage. Changes
were made subsequently in the Faraday cage sample holder during the course of

the investigation to accommodate up to three samples at a time.

3.2.5 Surface Profilometer

The thickness of the PNC films was measured using a DekTak 6M profilometer
(Veeco Instruments, Inc). The profilometer measures the surface topography by
moving a diamond-tipped stylus across the sample. A “hills and valleys” pro-
file@30) was then used to measure the average step height, between the “smooth”

glass substrate as a reference and the surface of the PNC film.
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Chapter 4

Co-deposition of Al and nylon-6

4.1 Introduction

Polymer-nanocomposites are promising dielectric materials in which a compara-
tively polarizable minority phase is embedded in an easily processable thin and
large area polymeric matrix®. In addition to an increase in dielectric constant
k over polymer only equivalents @649 PNCs retain attractive properties of poly-
mers of low loss @31132) and high dielectric breakdown strength @33, However, the
full potential of PNCs has not been realized commercially due to difficulties in
scaling-up laboratory processing techniques, such as spin coating, used to contrive
a fine dispersion of polarizable micro- and nano-scale particles in thin polymer
films.

An alternative approach is based on vacuum deposition that is well established
for polymer processing of thin films, and which has been scaled up, for example,
for the roll-to-roll evaporator for the high-volume, cost-effective manufacture of
multilayers on food packaging and polymer-only micro-capacitors.

In principle, this vacuum-based process might be adapted to produce composite
films by co-deposition from two or more sources in which the volume fraction v

of the constituent phases is controlled by varying the relative deposition rates. If
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a good control over the relative deposition rates can be achieved, co-deposition
facilitates three-dimensional and homogeneous distribution of the minority phase.
Co-deposition, in principle, could also allow processing of a multi-material com-
posite (three or more materials) by evaporating all of them simultaneously.

The objective of the work presented in this chapter was to explore co-deposition
as a technique to fabricate polymer-nanocomposites with enhanced dielectric re-
sponse over polymer only equivalents. Aluminium was chosen as the initial filler
because Al is highly reactive readily forming a self-passivating layer of surface
oxide @¥22) that may give rise to high-k due to enhanced interfacial polarisation.
Nylon-6 (Ny) was used as the matrix because of the comparative ease of its pro-
cessability by evaporation and wide-spread applicability. Both Al and nylon-6
are relatively cheap materials.

The effect of temperature and water on the co-deposited PNCs was studied by
subjecting the PNCs to different types of heat treatment after deposition. The
variation of the dielectric properties with vy was then studied and compared with
effective medium expressions. Microstructural investigations were carried out
by employing cross-sectional SEM and TEM, and chemical characterisation was
performed by XPS to confirm the presence of aluminium oxide and its potential
role in any increase in k. Based on the experimental findings, a framework for

processing and studying PNCs was established.

4.2 Experimental

4.2.1 Fabrication

PNC films were fabricated by co-evaporation and subsequent deposition of alu-
minium and nylon-6 in the Edwards Auto 306 Cryo evaporator, where the evaporator-
chamber was evacuated to a pressure of 5x10~* Pa before evaporation. With

reference to the schematic arrangement in Figs. and [£.2] the following steps
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were carried out during processing:

1. An aluminium layer (thickness ¢~40 nm) was deposited on a glass substrate
by thermally evaporating Al wire (99.999% pure, Alfa Aesar, 0.5 mm diam-
eter) from a W boat at a deposition rate =0.5 nm/s where f 4, and ¢ were
measured in real-time using the quartz-crystal thickness-monitor. The de-
posited Al layer provided the “bottom” electrode of a simple parallel-plate

capacitor.

2. The Al electrode was partially masked to preserve a metallic region without

any PNC coating to serve as an electrical connection.

3. Before starting the co-deposition process, the glass substrate was covered
completely while adjustments in ¢ 4; and ¢ Ny to the target values were made.
Firstly the W boat containing the Al was heated, and substantial time was
given to melt the Al, adjust the heating current and to obtain the required

ne

4. The Al source was then covered (but continued to be heated) and heating
of a Mo boat containing nylon-6 (Aldrich) was started. The temperature

was monitored to prevent excessive heating > 375 0C#26),

5. Once iy, ~0.1 nm/s was achieved, the Al source was again uncovered and
the vapours of Al and nylon-6 allowed to mix in the vacuum chamber,
and the cover over the pre-coated glass substrate was removed allowing the
condensation of the vapour mixture onto the slide surface. To try to control
the vy of Al in the films, ¢4 was varied while keeping £y, constant at 0.1

nm/s. If {x,>0.1 nm/s, then nylon-6 charring resulted.

6. The coated substrate was covered with a different mask with ten discrete

windows of equal area ~30 mm?.
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Figure 4.1: Schematic diagram of the vacuum co-deposition process for nanocom-
posite films.
7. A top Al electrode (t~40 nm) was evaporated through the mask to form 10

capacitors, as shown in Fig. [1.3

Silver-dag was used to make electrical contacts with the bottom and top elec-
trodes of each capacitor, as shown in Fig. [£.3] Subsequently the nominal volume
percentage of Al in the PNC or “co-deposited nanocomposite” (CNC) is indicated
by a subscript, for example CNCjygy indicates a PNC with nominally 30% Al or

vaz:O'?’-

4.2.2 Characterisation

Dielectric characterisation was performed as previously described in Chapter 3.
As well as the as-manufactured properties, the CNC-based capacitors were sub-

jected to heat treatments while the dielectric measurements were carried out:

1. Cyclic heat treatment - the capacitors were subjected to repetitive cycles
of heating to 40 °C constant temperature for ~20 hours and then cooling to

20 °C, for up to four cycles.
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Figure 4.2: A pictorial representation of the steps involved in the co-deposition
technique. Please refer to Fig. [4.1] for a description of the various parts of the
schematic.
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Silver Bottom Top CNC
contact electrode electrode film

Figure 4.3: Parallel-plate capacitors based on co-deposited nanocomposite (CNC)
films as the dielectric material.
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2. Water drop treatment - the capacitors were heated from 20 °C to 40 °C and
the capacitance was measured after every two-degree rise in temperature.
The capacitors were then held at 40 °C for ~67 hours. Then, a small drop
of water was put on the capacitor and the instantaneous dielectric response
from the capacitor measured. The capacitor was then dried for another 2

hours at 40 °C.

BN

Silver Bottom Top Water CNC
contact electrode electrode  drop film

= — >y m——

Figure 4.4: (a) A schematic showing the side-view of a capacitor onto which a
small drop of water was placed, and (b) a top-view of the array of capacitors with
the water drop.

Figure(4.4|a) is a schematic showing the side-view of a capacitor onto which
a small drop of water was placed. The water drop was assumed to spread
out into a near-circular area, as shown in the top view in Fig. [4.4(b). The
spreading of water might have resulted in an increase in the area from which
the capacitance was measured by 2-3 times. This error in the measured ca-
pacitance needs to be borne in mind while discussing the observed dielectric

properties.
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3. Constant temperature treatment - the capacitors were dried at 40 °C for 20

hours in a closed chamber.

All other characterisation procedures have been described in Chapter 3.

4.3 Results and discussion

—=— 1st cycle

254
—e— 2nd cycle
—4— 3rd cycle
—v— 4th cycle
20

Dielectric constant

Time (hour)

Figure 4.5: Variation of dielectric constant of a CNCsq based capacitor at 1 kHz
and time at 40 °C over four cycles. The four line-plots correspond to the data
obtained from the four cycles of the cyclic heat treatment. The lines connecting
the data points are only a guide to the eye.

Figure shows the variation of £ of a CNCjsqy based capacitor at 1 kHz with
time at 40 °C over four cycles. This particular experiment was carried out on a
single sample over a period of four days. So the error bars associated with the
data points were calculated only from the variation in the measured thickness
of the CNC film at different points on the same glass slide and not from the
variation in the dielectric constant from different samples.

In the first cycle, k& dropped drastically from ~23 as manufactured and heated
to 40 °C at 0 h to about half of initial value after ~18 h at 40 °C. When the

capacitor was cooled to 20 °C and then re-heated to 40 °C, k increased slightly
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to ~13 and then reduced again, this time to ~9 after 18 h at 40 °C. On the third
cycle, k remained constant at 8-9 over an ~18 h period; the fourth cycle was
similar. These observations suggested that the influence of temperature on the
effective dielectric constant gradually reduced with an increase in the number
of cycles. Any direct degradation of the nylon-6 at 40 °C was eliminated as an

explanation for the fade in & since 40 °C was similar to the substrate temperature

itself during co-deposition.

Dielectric constant

Schematic

Description
E'.'.' CNC based parallel plate capacitor
- Water molecule
§ Evaporation of water molecules
® Water drop

Figure 4.6: The variation of dielectric constant with time and temperature of a
CNCs¢ based capacitor during a water drop treatment.

Nylon-6 is a hydrophilic polymer that is known to absorb and retain water /water
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vapour in amorphous domains @3%136) - Since - at this stage - no particular care
was taken to store and test the capacitors in a controlled atmosphere, investi-
gating the effect of any absorbed water on CNC performance was pursued, since
given the very thin (<100 nm) nature of the CNC films, absorption of even a
small amount of water vapour prior to testing might have a drastic effect on
dielectric properties.

Figure shows the variation of k£ with time and temperature for a CNCjzy
based capacitor, combined with a schematic representation of the various stages
involved in this “water drop treatment”. When the temperature initially rose
from ~20 °C to 40 °C (Part 1), over a relatively short time of 0.1 h, & increased
from 10 to 67. In this portion, it is suggested that the increasing temperature
and the presence of water molecules (see later) led to increasingly “polarisable
entitites” and an increase in their number, because of newly formed, relatively
mobile and polarisable polymer-segments @37139) that arise due to simultaneous
effects of water and temperature. The presence of water reduces the glass transi-
tion temperature Ty of nylon-6 @440 (T, is in the range 43-49 °C), and in the
vicinity of Ty, the polymer-segments gain additional mobility leading to enhanced
polarisation @44142) ' Tt has also been suggested elsewhere that the dipole strength
(related to the polarisability) of the segments is enhanced on absorption of water.
Water also increases ionic conduction, and water itself is comparatively polar.
Finally the presence of defective sites in the polymer due to the condensation
processing co-deposition and the incorporation of a filler (in this case, Al) may
have also helped produce a conducive environment for absorbing and retaining
water in the CNC films, which again enhances k. Thus this initial sharp increase
in k£ was primarily due to the combined effect of both temperature and absorbed
water that was not removed during this initial fast heating.

During Part 2, the temperature was kept constant at 40 °C for 67 hours and &

dropped from 67 to 5.5, due to the evaporation of most of the water molecules.
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Absorbed water can remain in small quantities even after prolonged drying for
100 hours, because it is strongly bound to the polar sites 3149  So although
“pure” polymers are known to be low-loss dielectrics, the presence of such strongly
bound water increases the dielectric loss in “impure” polymers. In the last Part
3, k jumped to 140 when a water drop was put on the CNC at 67 h, and then
dropped back to 6.5 within a couple of hours of continuous heating at 40 °C,
confirming that water was responsible for particularly strong elevations in % in
this case. Since the increase in k was about 25 times when the water drop was
put, the increase in the measured capacitance due to spreading of the water drop
leading to an increase the capacitor area by 2-3 times as shown in the Fig. [4.4(b)
was unlikely to be the dominant effect in the observed many-fold jump in .
Subsequently, all CNC based (and other PNC type) capacitors were subjected to
a constant temperature treatment, described in section [£.2.2] to negate the effect
of water vapour, before any dielectric measurements were made.

The dielectric response of the CNCs at 40 °C was studied and compared with
some of the most popular analytical models from the literature @7532:33/100).

Rule of mixtures:

Eeffzvf1€1+?)f2€2 (4.1)

Lichtenecker logarithmic mixing law:

log(ecsr) = vp[log(er)] + vp[log(er)] (4.2)

Maxwell’s Equation:

el+261_2(1_vf1)(61_62)) (4.3)

Cetf 261( €a+ 261+ (1 - vy ) (€1 —€2)

where the subscripts 1 and 2 represent the two phases; € and vy represent di-

electric constant and volume fraction respectively. The assumed values for €;
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(alumina) @447 and e, (experimentally deduced dielectric constant of nylon-6
at 40 °C) were 9 and 4.3 respectively. All expressions in Equations to
assume composite systems with uniformly dispersed, non-conducting particles.

The Yamada equation®3 was not used to estimate €.s; because the parameter
that describes the shape of the particles, n, in this correlation could not be de-
termined reliably from the experimental data. These type of difficulties involved

in characterising the Al-based nanoparticles are discussed further later.

—a— Maxwell-Garnett Theory
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Figure 4.7: A comparison between averaged experimental data at 40 °C and
predictions of dielectric constant as a function of vy in CNCs at 1 kHz.

Figure [4.7] shows that the experimental data, while not in the “super-£” range
usually used to indicate dielectric constants above 9 and notwithstanding the
small range of vy studied, were consistently above those suggested by commonly
used expressions because the interface between the filler and the matrix in the
CNCs might have had some trapped water, even after drying for 20 h at 40 °C,
that slightly elevated k.

The plots of Equations to in Fig. assumed that all the evaporated Al

was in the form of alumina with a “bulk” dielectric constant. The oxidation of Al
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might have taken place: (i) during the deposition process when Al reacted with
Oy present in nylon-6 and any residual chamber Oy, or (ii) when the CNCs were
taken out of the vacuum chamber and exposed to atmosphere since the thin (up to
200 nm) nylon-6 films were unlikely to be entirely impermeable to atmospheric
Oy. The former case was investigated by calculating the amount of O, in the
chamber (see later), but no practical method for assessing the contribution of

any reaction with nylon-6 to oxidation was conceived.

—= Deposition rate (nm/s)

0.6 ——— -o— Pressure (nanobar) -
7~~~ o—O { ] _50
2
= 0.5 = " —
= S
c
— -45 Q

0.4 ¢ ° o
2 c
© ©
- 0.3- L0 &
Q Qo
)
= >
» 0.2 7
o -3.5
2 ' ©

-3.0
0.0 = = n
T T T T T T T T T T T T
0 50 100 150 200 250 300

Time (second)

Figure 4.8: The variation of deposition rate and chamber-pressure with time
during Al evaporation. Lines connecting the data points are only a guide to the
eye.

Figure shows a typical variation of deposition rate and chamber-pressure
with time during Al evaporation. When the evaporation of Al was started, the
chamber-pressure rose from 4.4 nanobar at 0 s and 0 nm/s to 5.0 nanobar at
30 s and 0.5 nm/s, due to the presence of the Al-vapour. When Al-evaporation
was stopped at 120 s, the chamber-pressure very quickly reduced to 3.4 nanobar,
which was lower than the initial pressure of the chamber, and which might be

attributed to gettering of Oy due to the conversion of gaseous Al (vapour) to solid
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alumina or other oxide at deposition/condensation. The chamber-pressure then
recovered to 4.4 nanobar within 120 s due to the unavoidable, continuous ingress
of small amount of atmospheric air into the chamber (which presumably occurred
throughout deposition). The net change in the chamber-pressure at 120 s is
given by [(4.4-3.4)/4.4]*100=22.7%, which is reasonable given the concentration
of atmospheric Oy (21%).

It is also possible that the reduction in the chamber pressure was due to the
gettering of gas atoms/molecules during the evaporation process by adsorption to
the inner surfaces of the chamber, in addition to any chemical reaction. However,
this reduction in chamber pressure was not observed during the evaporation of
a relatively less reactive metal, Ag, suggesting that gettering by adsorption onto
surface of the apparatus was not the primary contributor to pressure reduction.
In order to estimate if the amount of oxygen present in the chamber was sufficient

to oxidise all of the evaporated Al, the ideal gas law was used:

PV =nRT (4.4)

where P is the absolute pressure of the gas=10"* Pa, V is the volume of the gas
(in this case, the volume was approximated to be the volume of the chamber)=0.1
m?3, n is the number of moles of the gas, T is the absolute temperature of the gas
(T was measured in-situ using a thermocouple)=293 K, and R=8.314 Jmol-1K-!
is the ideal, or universal, gas constant. The number of moles of Oy present in the
chamber was estimated at ~1 nanomole, which is ~ 106 less than the amount of O,
(~1 millimole) required to oxidise the amount of Al present in the W-boat, 75 mg
(even if 50 mg out of 75 mg is assumed to be evaporated), to form stoichiometric
Al,O3. It was concluded therefore that the majority of Al oxidation took place
by reacting with O, when the chamber was vented back to atmosphere.

Although experimental findings suggested the oxidation of Al, qualitative post-

deposition analysis was pursued in order to confirm the presence of Oy containing
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phases such as alumina (Al,O3).
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Figure 4.9: X-ray photoelectron spectra of (a) a “pure” nylon-6 film, (b) a CNCsqg
film, and (¢) CNCjsqy film showing detailed scan of the Al 2p peak. The 2p peak
in (c) was at 74.04 eV, which is characteristic of Al,Os.

X-ray photoelectron spectra from a “pure” nylon-6 film and a CNCsgy film are
shown in Figs. a) and (b) respectively. Two Al peaks, 2s and 2p, appeared
only in Fig. 4.9(b) confirming the presence of Al in the nanocomposite film. In
the spectrum from a detailed scan on the same CNC, shown in Fig. [4.9(c), the 2p
peak appeared at 74 eV which is characteristic of Al,O3®48) . The characteristic
peak of Al alone@8) at 71.8 eV was not observed, again suggesting the complete
oxidation of Al.

Figureshows cross-sectional secondary electron images of a (a) “pure” nylon-
6 film and (b) CNCjsgy film. The nylon-6 film appeared similar to the CNCsq
film, and there were no particles visible in the cross-section of the CNCjsqy, film

suggesting that the particles were either too small (<25 nm) or presented an
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Figure 4.10: Cross-sectional secondary electron images of (a) “pure” nylon-6 film
and (b) CNCsqgg film.

unresolvable contrast difference from the nylon-6 matrix. A number of specimens
at various vy of Al and thicknesses were prepared but no particles were resolved
by SEM in any of the specimens.

Mass-thickness contrast manifested as dark and bright regions in the TEM bright
field (BF) image of a CNCsgg film shown in Fig. [4.11fa). The corresponding
STEM dark field (DF) image is shown in Fig. 4.11(b). The dark (bright) spots
in the BF (DF) image are due the presence of relatively thick regions of nylon-
6. An EDS elemental map of Al and a typical EDS spectrum of the CNCszqg
film are shown in Figs. [4.11)c) and (d) respectively. Figure [£.11]c) showed a
near-homogeneous distribution of Al throughout the sample but no discrete, re-
solvable particles. Thus, the Al distribution was concluded to comprise a three-
dimensional embedding of Al atoms or “clusters” of atoms in the nylon-6 film
during the co-deposition process. There was no significant contrast between the
arising “alumina” clusters/particles (no firm conclusions can be drawn from the

TEM data regarding the chemistry of these tiny Al-rich regions) and the ma-
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Figure 4.11: (a) TEM-BF image of a CNCjsgy film, (b) the corresponding STEM-
DF image, (c) the corresponding EDS elemental map of Al, and (d) a typical

EDS spectrum.
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trix in the TEM BF-image. Although nylon-6 has been reported to be semi-
crystalline@36149) - the thin-film matrix of nylon-6 in the CNCs provided no sig-
nificant diffraction contrast and was assumed to be predominantly amorphous.
Any crystalline nature of the Al-rich/oxide clusters was also not detected, and
were likely amorphous 46347 aoain, due to the lack of diffraction contrast. The
very small scale and lack of contrast “camouflaged” any Al-rich/oxide clusters
in the nylon-6 matrix. Ultimately, the relatively low deposition rate of Al (< 0.1
nm/s) did not yield any resolvable crystals of Al/alumina in the co-deposited

nylon-6 matrix.

4.4 Conclusions

Al and nylon-6 based nanocomposite films were successfully and reproducibly
fabricated by a co-deposition technique. Various types of heat treatment showed
that absorbed water vapour played a significant role in altering the dielectric
properties of the CNCs, which was confirmed through various heat treatments
applied to as-fabricated capacitor arrays. XPS studies suggested the presence
of AlyO3 (or perhaps sub-stoichiometric version) in the CNCs, but the Al,Oj
particles could not be resolved either in the SEM or TEM images, primarily due
to a lack of contrast, which might be emphasised by an amorphous character.
Nevertheless, TEM-based EDS elemental mapping showed an even distribution
of Al throughout nylon-6 films.

A drop in the chamber-pressure during Al-evaporation was suggested to corre-
spond with evaporated Al reacting with oxygen in-situ to form an Al-based oxide,
which was supported by XPS spectra. However, a simple estimation suggested
that the amount of oxygen present in the chamber was insufficient to oxidise all
of the evaporated Al and suggested that a significant amount of Al might have

reacted with oxygen present in the nylon-6 and most likely when the vacuum
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chamber was vented.

Dielectric studies showed that ultimately the nylon-6 based nanocomposite films
fabricated by co-deposition technique did not yield “super-£” behaviour envis-
aged in Fig. [2.17(d). Nevertheless, this work laid the necessary groundwork for
establishing a modified approach to fabricate and study PNC-based capacitors

with enhanced dielectric response, described in the following chapters.
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Chapter 5

Alternate deposition of Al or Ag

and nylon-6

5.1 Introduction

The previous chapter produced thin film polymer-nanocomposite (PNC) based
capacitors with dielectric behaviour that was not in the “super-£” regime. It was
concluded that this arose because the Al reactive filler fully oxidised when the
evaporator chamber was vented to produce a two-phase film of nylon-6 and an
Al-rich oxide, likely to be related to amorphous Al;Os.

As previously described, researchers and technologists are seeking PNCs with a
dielectric constant that is greater than the dielectric constants of either its “par-
ent” or matrix phase or the “filler” phase. Working in this direction, they have
exploited the increase in dielectric constant observed around the near-percolation
limit i.e. the percolation threshold at which an insulator starts percolating signif-

Y

icant current (and which also represents an increasingly “lossy” capacitor), and
the properties of discreet, often fine-scale interfaces between the matrix and filler
phases in a PNC. The former effect cannot usually be easily controlled, and the

difficulties involved in the processing of near-percolation composites has already
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been discussed in previous chapters. The alternative interface or “interphase”
approach might be expected to gain prominence as the microstructural scale of
the PNC decreases to a nano-level, and progressively affect the measured or “ef-
fective” physical properties of the material. By controlling the chemistry and
structure of large interfacial areas inherent to nanocomposites, interfacial polari-
sation properties might be promoted. It should be noted that here the interface
in practice is not discreet with atomic thickness but is rather a thin region, per-
haps nm, that has a measurably different crystal structure and/or chemistry, etc
to that of either the matrix or the filler - hence “interphase” is sometimes used,
rather than interface.

Recently, core-shell particles have emerged as promising fillers because of their
suggested and apparent enhanced interfacial polarisation properties, where the
outer “shell” fulfils the role of the interphase, and PNCs with k~40 at v;~0.26
consisting of core-shell particles have been reported GTA50HI52)

Some experimental insights @) and computational studies ®8 employing the phase
field model®?D have suggested that the shell thickness of the core-shell parti-
cle influences their polarisability, along with filler shape, size, and size distribu-
tion @8183)  The nature of polarisation has also been researched and the mecha-
nism responsible for high £ in these materials has been ascribed broadly to “in-
terfacial polarisation” (03104150H152) © often referred to as Maxwell-Wagner-Sillars
(MWS) polarisation. However, a sound understanding of the shell chemistry and
structure in relation to the physics of charge storage is yet to be fully developed
based on experimental evidence. A major hurdle to achieving this is the difficulty
involved in characterising the extremely thin (often less than a few nm’s) shells in
their pristine form because examination techniques tend to expose the particles
to undesirable agents (chemicals, water, high temperature, etc) that affect their
fine-scale structure and chemistry. Convincing resolution of the shell, distinct

from any effects of the matrix and the inner core, is also frequently difficult.
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To guide the design and fabrication of improved PNC capacitors, knowledge of
the chemical and structural arrangement of phases at fine-scale, and their relation
to capacitative mechanisms is needed. Based on this understanding, a simple and
large-scale processing technique might then be developed, because the difficulties
involved in scaling-up chemical-synthesis routes for core-shell particles tends to
restrict their production to laboratories only and handling and incorporation into
a polymer matrix safely, cleanly and without agglomeration is difficult. In-situ
formation of the core-shell particles during PNC processing may offer a route to

a more practical PNC process.

5.1.1 Alternate deposition technique

This chapter again explores the use of a vacuum based deposition technique to
fabricate PNCs consisting of a metal (filler) and a polymer (matrix), but based
on the work in previous chapters, an alternate deposition technique rather than
the more intuitive co-deposition route is pursued because: (i) the relative vol-
ume fraction of the constituent phases can be more easily controlled, even at a
nano-scale, by alternately depositing a calculated number of layers of materials
as independent control in co-deposition proved impractical; (ii) the size of the
particles of the minority phase, for example a metal filler can be controlled by
adjusting the “thickness” of the metal layer (noting that a continuous metal layer
must be avoided and rather metallic “islands” should be formed, which may or
may not then undergo reaction/oxidation); (iii) the spacing between the filler
particles in a vertical plane, along the y-direction as shown in the Fig. [5.1], can
be controlled by varying the thickness of any intervening polymer layer and in
a horizontal plane, along the z-direction in Fig. [5.1], by varying the amount of
metal deposited; (iv) one can deposit a few alternating layers, up to hundreds;
(v) the deposition of a relatively reactive metal and/or ion-bombardment can be

employed to create nucleation sites@3) on the polymer surface prior to deposi-
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tion of the filler-metal in an attempt to nucleate a large number of small metallic
islands; (vi) the atmosphere of the vacuum chamber can be independently con-
trolled while depositing each of the constituent phases; (vii) in principle, alternate
deposition allows three or more phases to be fabricated without the complexity
of controlling the relative deposition rates of two or more materials at once; and
(viii) the simplicity of alternate deposition makes it a candidate for large-scale

processing of PNCs.
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Figure 5.1: A schematic of an alternately deposited composite material with two
layers of metal particles in a polymer matrix.

This chapter deals with the fabrication and study of alternately deposited PNCs
consisting of Al or Ag and nylon-6. The formation and growth of Al and Ag
nanoparticles on the nylon-6 surface and their encapsulation is studied by employ-
ing various electron microscopy techniques and the microstructure is correlated
with the PNC dielectric response. Based on the importance of the formation
of in-situ interfacial layers on reactive metals for charge accumulation, different
nano-arrangements of Al and Ag are proposed, and the resulting dielectric be-
haviour is described and compared. In the latter half of the chapter, the variation
of k is studied as a function of thickness of a deposited Al-layer sandwiched by
the nylon-6, and changes in the Al-based nanostructure are studied using an-

nular dark field (ADF)-scanning transmission electron microscopy (STEM) and
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high resolution (HR) TEM. The role played by the evolving core-shell nanoparti-
cle size and structure in enhancing interfacial polarisation while maintaining low

loss is revealed.

5.2 Experimental

5.2.1 Fabrication

Alternately-deposited nanocomposite (ANC) films were fabricated by tandem
deposition of five individual layers of metal and nylon-6. Al wire and nylon-6
were thermally evaporated alternatively using two different W boats onto a glass
slide at a deposition rate £ of 0.5 nm/s and 0.1 nm/s respectively. A schematic
of the five alternate layers deposited during processing is shown in Fig. [5.2] The
top and bottom (1st and 5th) layers of Al (40 nm each) formed the electrodes
of a simple parallel-plate capacitor. The growth of Al (3rd layer), sandwiched
between the nylon-6 layers (2nd and 4th - 20 nm each), was studied at various
thicknesses (5, 10, and 15 nm). These samples are referred to as AI-ANCy 5 (0.5
represents {4,=0.5 nm/s). Silver based ANCs (Ag-ANCy ;) were fabricated by
replacing Al with Ag (99.99% pure, Advent, 0.125 mm diameter) in the W-boat
with a similar procedure. Another set of Al-based ANCs were fabricated with
a similar procedure but f for both Al and nylon-6 was maintained at 0.1 nm/s.

These samples are referred to as AILANCy; (0.1 represents f,4,=0.1 nm/s).

1
2 1 Al (electrode) 40
3 2 Nylon-6 20
_4 3 Ag or Al Variable
5 4 Nylon-6 20
- 5 Al (electrode) 40

Figure 5.2: A schematic of alternate layers of metal and polymer.
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5.2.2 Characterisation

Differences/addition to the characterisation approaches describes in previous chap-

ters are:

1. The ANC-based capacitors were dried at 40 °C for 20 hours to negate any

water vapour effects prior to dielectric characterisation.

2. In order to remove the top layer of nylon-6 to probe particle chemistry by
XPS, the ANCs were subjected to ion bombardment for 1 minute at 6 kV

before acquiring XPS spectra.

3. A new TEM-specimen preparation technique was developed to characterise
the Al-particles embedded in the nylon-6 matrix to overcome some inher-
ent problems in the standard techniques. Generally for high magnification
examinations, the particles are firstly separated from a polymer matrix by
dissolving the polymer in a suitable solvent. This approach has two major
drawbacks: (i) the particles of highly-reactive metals such as Al and Ti
might react with the solvent, and (ii) the particles might undergo oxida-
tion when exposed to atmosphere. Preparing a cross-section specimen also
leads to exposing the particles to atmosphere and heating the specimen to
about 60 °C to cure the epoxy/glue. Techniques based on preparing very
thin (~100 nm) slices using an ultratome also involve water coming in con-
tact with the specimen, and water (k~80) is found to have significant effect
on the dielectric properties. So special care was taken to characterise the

particles in the AI-ANCs.

Sample preparation technique: The ANC was deposited onto a 200-
mesh Cu grid. Initially in the TEM sample, particles were still “sandwiched”
in the nylon-6 as fabricated and as shown in the schematic in Fig. [5.3
Then the electron beam was used to carefully ablate the nylon-6 in order to

expose the particle-shell and allow imaging of its structure, rather than any
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Figure 5.3: A schematic of the Cu-grid containing ANC used for HRTEM studies.

induced structure close to the shell but originating from the nylon-6. The
microscope column was maintained at ~107® Pa throughout and there was

no evidence in any images of any evolving in-situ oxidation of the particles.

All other characterisation procedures have been described in Chapter 3.

5.3 Results and discussion
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Figure 5.4: Variation of dielectric constant k of AIF-ANCsy5 (o) and Ag-ANCsg 5
(4) with thickness ¢ of deposited metal layer at 1 kHz and 40 °C.

Figures and show the variation of dielectric constant k£ and dissipation
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Figure 5.5: Variation of dissipation factor tan 6 of AI-ANCsg 5 (¢) and Ag-ANCsg 5
(4) with thickness ¢ of deposited metal layer at 1 kHz and 40 °C.

factor tan § respectively of AI-ANCsg5 (o) and Ag-ANCsg5 (4) as a function of
the thickness ¢ of deposited metal layer at 1 kHz and 40 °C. For reference, k and
tan ¢ for “pure” deposited nylon-6 were ~4.3 and ~0.19 respectively. At t=15
nm, k of AI-ANCsq 5 was approximately twice that of Ag-ANCsg 5; the k for both
ANCs also increased with increasing t. Tan 6 of Ag-ANCsy5 was in the range
0.24-0.26 and was higher than that of AI-ANCsg 5 (tan 6=0.14-0.22) for all t.
Figures [5.6(a), (b), and (c) show bright field (BF)-TEM images of Ag-ANCsg s
at t=5, 10 and 15 nm respectively. Disc or perhaps spherical nano-islands of Ag
formed at t=5 nm, and these disc-like (in projection) particles grew and formed
inter-connected islands at t=15 nm due to Volmer-Weber growth@4), Noble
metals such as Ag and Au are known to grow by Volmer-Weber mode because
the interaction between metal atoms is stronger than the interaction between
the metal atoms and the polymer surface. This led to the formation of three-
dimensional, well-separated Ag-islands in the nylon-6 at =5 nm.

The annular dark field (ADF)-STEM image in Fig. |5.7|(a) of a Ag-ANCs 5 at t=5
nm further confirmed the presence of discrete Ag-islands (bright) in the nylon-6

matrix (dark). The d-spacings measured from the corresponding high resolution
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Figure 5.6: BF-TEM images of Ag-ANCsy 5 at (a) t=5, (b) t=10, and (c) 15 nm.

transmission electron microscopy (HRTEM) image, Fig. [5.7(b), and the selected
area electron diffraction (SAED) pattern, Fig. [5.7(c), closely matched the d-
spacings of Ag [measured d-spacings: 0.24 nm (111), 0.21 nm (002), 0.15 nm
(022), and 0.12 nm (113)]. The low reactivity of Ag with Oy due to the un-
favourable free energy of formation of Ag-oxide (assuming that Ag formed AgyO
by attaining its most common oxidation state of +1, AGpg,0=-11.21 kJ/mol at
25°C) led to minimal or no oxidation of Ag. Based on these observations, a cross-
sectional schematic representation of the Ag-ANCy 5 based capacitor at t=5 nm
is shown in Fig. [.7(d). The nano-islands of Ag are shown embedded in the
nylon-6 matrix in a nominal 5 nm thick layer.

Interfacial polarisation is known to occur due to piling of charges at the inter-
faces in heterogeneous materials as previously described in Chapter 2. The new
interfacial areas formed by the incorporation of Ag into nylon-6 might therefore

provide additional region for charge accumulation resulting in the enhancement
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Evaporated Al-electrode ///

Nylon-6

Evaporated Al-electrode

Figure 5.7: (a) ADF-STEM image of Ag-ANCsy; at t=5 nm, (b) correspond-
ing HRTEM image, (c) corresponding selected area electron diffraction (SAED)
pattern, and (d) a cross-sectional schematic representation of Ag-ANCy 5 based
capacitor at t=5 nm.

in the dielectric properties. The high volume fraction of Ag in the 5 nm thick
layer might also lead to the formation of a relatively “lossy”, near-percolating
network of micro- or nano-capacitors @3364956) Jeading to an increase in k of the
Ag-layer. Figures and show that both k=10.5-11.5 and tan §=0.24-0.26
for Ag-ANCsy 5 was higher than k~4.3 and tan 0~0.19 for “pure” nylon-6 at all
t. However, the overall enhancement in the dielectric properties was restricted
because the Ag-layer is sandwiched between two 20 nm thick nylon-6 layers so
that the more polarisable nano-capacitor network is confined to the centre only,

rather than throughout the thickness of the ANC film.

The increase in k from ~10.5 at =5 nm to ~11.5 at t=15 nm might be due to
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the increase in the volume fraction of Ag. It was considered likely that ¢>15
nm would lead to the formation of a continuous layer of Ag, without discrete
Ag nano-islands, that acts as an electrode similar to the Al-electrodes of the

capacitor.

Figure 5.8: Bright field (BF) TEM images of AI-ANCs 5 at (a) t=5nm, (b) =10
nm, and (c¢) =15 nm with a bright matrix containing relatively dark nanoparti-
cles.

BF-TEM images of AILANCsg 5 at t=>5, 10, and 15 nm are shown in Figs. [5.8(a),
(b), and (c) respectively. The images show dark nanoparticles of 5-60 nm diameter
dispersed in a relatively bright matrix. The presence of any Al-oxide shell was not
distinguishable from the nylon-6 matrix in the BF-TEM images and both might
be expected to be substantially or wholly amorphous. Nonetheless, previous work
involving the evaporation of A1053)  the large free energy change for oxidation
(AGaL,0,=-1582.3 kJ/mol at 25°C) and the pervious nature to O, of nylon-6
strongly suggested the oxidation of Al.

A further BF-TEM image of AI-ANC 5 at t=5 nm is shown in Fig. [5.9(a) with the
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Figure 5.9: (a) A BF-TEM image of AI-ANCy; at t=5 nm, (b) corresponding
ADF-STEM image, (c) corresponding EDS elemental map of Al, (d) a HRTEM
image of the AI-ANCy 5, and (e) corresponding FFT from highlighted region.

marked region containing nanoparticles. This region was darker than the nylon-
6 “matrix”, which appeared as a light contrast, branched dendritic continuous
phase separating dark regions. The contrast was due to differences in atomic
number Z of Al and lighter elements in nylon-6, which is shown more clearly
in the ADF-STEM image in Fig. [5.9(b). The crystalline nanoparticles now
appeared very bright due to high diffraction contrast. The corresponding EDS

elemental map of Al in Fig. C) revealed that Al was distributed throughout

the film, not only in the nanoparticles, which suggested that the evaporated Al not
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only formed discrete, crystalline nanoparticles but was also relatively uniformly
deposited as Al-oxide based islands delineated by the branched nylon-6 “matrix”,
and as previously seen in the co-deposited films in the previous chapter. Figure
d) shows a HRTEM image of AI-ANCj 5 and where d-spacings measured from
the HRTEM image and the spots from the fast Fourier transform (FFT) of the
image, Fig. |5.9(e), corresponded to Al [d~0.23 nm (111) and d~0.2 nm (002)].

The BF-TEM image in Fig. |5.10|(a) is from a cross-section of an AI-ANCj 5 and
showed a continuous film of Al at t=15 nm. The spots in the electron diffraction
pattern, Fig. [5.10(c), from the selected area aperture shown in Fig. [5.10(b)
reinforced the presence of crystalline Al. A plan-view of the same sample in STEM
dark-field imaging mode in Fig. showed a multi-faceted, tiled-structure of

poly-crystalline Al.

Figure 5.10: (a) A cross-sectional BF-TEM image of the AILANC, ;5 film at =15
nm, (b) the region where the selected area aperture was placed, and (c) the
corresponding SAED pattern.

Considering all the microscopy observations of Al and Ag, the enhancement in &

for ANCs containing Al was primarily due to the differences in the oxygen reac-
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Figure 5.11: A plan-view ADF-STEM image of the AI-ANCy 5 film at =15 nm.

tivity of Al (AGa,0,=-1582.3 kJ/mol at 25°C) and Ag (AGag,0=-11.21 kJ/mol
at 25°C) and the formation of Al based oxides. Although the ANCs were pro-
cessed in vacuum, as previously seen, Al will nonetheless undergo some oxidation
either in-situ @59 or on removal from vacuum. In this case, the highly-reactive Al
particles or islands were expected to form Al (core) - Al-oxide (shell) particles,
which enhance the interfacial polarisation leading to high k. However, similar to
many reports in the literature @820225759) = this claim needed to be bolstered by

further experimental evidence.

5.3.1 The formation of core-shell nanoparticles

In order to investigate the very first stage of the formation of the Al-nanoparticles
and its influence on the dielectric properties of the ANCs, the thickness of the Al-
layer had to be reduced so that the earliest stages of the particle evolution might
be captured. However, achieving an Al thickness of 2 nm was extremely difficult
at a deposition rate of 0.5 nm/s. Therefore a modified approach to achieve a
deposition rate of 0.1 nm/s was developed, which offered greater control of the

deposition of the Al-layer and thus facilitated a systematic study of the growth
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of the Al-layer in the range =2 to 20 nm, sandwiched between nylon-6 layers of

nominal thickness 20 nm.
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Figure 5.12: Variation of dielectric constant (A ) and dissipation factor (e) of the
Al-ANCsy; with thickness of the deposited Al layer at 1 kHz and 40 °C.

Figure shows the variation of the dielectric constant (A) and dissipation
factor (e) with thickness ¢ of deposited Al layer at 1 kHz and 40 °C. The dielectric
constant increased slightly from 4.3+0.5 for nylon-6 only to 4.5+0.5 at t=2 nm
and then dramatically to 19+1 at {=5 nm. For ¢>10 nm, k£ then remained in
the elevated range 26-29. The dissipation factor tan J, related to the dielectric
loss, was in the range 0.16-0.31 for all thicknesses, and was comparable with tan
0~0.19 for nylon-6 alone.

ADF-STEM images of the AI-F-ANCsp; at t=2, 5, 10 and 20 nm are shown in
Figs. 5.13(a), (c), (e), and (g) respectively. The corresponding selected area
electron diffraction (SAED) patterns are shown in Figs. |5.13|(b), (d), (f) and (h)
respectively. Al covered the pre-deposited nylon-6 surface with good uniformity
to form inter-connected Al containing islands at the thinnest layer thickness of
t=2 nm, suggesting that the Al wetted the nylon-6 well, and in contrast to the
evaporated Ag previously described that had poor wettability and tended to

“ball up” to form isolated particles®®. The corresponding SAED pattern in
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Figure 5.13: Annular dark field (ADF)-scanning transmission electron microscopy
(STEM) images [(a), (¢), (e), and (g)] and the corresponding selected area electron
diffraction (SAED) patterns [(b), (d), (f), and (h)] of AI-ANCsg; at t=2, 5, 10
and 20 nm respectively. The highlighted region in (c¢) is a highly diffracting,
angular Al-crystal.
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Fig. [.13(b) from the brighter, ~3 nm “islands” in Fig. [5.13|a) did not show
any diffraction information, suggesting the islands were essentially amorphous
within the resolution of the technique. Assuming that any metallic Al would be
crystalline, even at these thicknesses, it was inferred that the Al islands had been
completely oxidised @59 to form a near-continuous thin layer of amorphous AlO,.
The formation of AlO, explained the low k~4.5 at t=2 nm since bulk crystalline
aluminium oxide (Al,O3) has k~9, and a simple rule of mixtures with v;=0.05
(based on the relative thicknesses of nylon-6 and Al layers) suggested k~4.3 for
this composite film. It is likely the oxide here is none of the bulk polymorphs of
Al;O3 and thus may have had increased polarisability over bulk values, but in
any case, the net effect of the Al based oxide on the overall dielectric behaviour
was negligible.

However, k~19 at t=5 nm and vy ~0.11 in Fig. [5.12] cannot be rationalised using
any rule of mixtures or effective medium expressions since the composite dielectric
constant was now higher than the dielectric constant of either AlOy (assuming
Al,O3) or nylon-6. In Fig. 5.13|(c) at ¢=5 nm, the islands had grown to ~12 nm
diameter and Z-contrast (based on atomic number) was more pronounced. Some
regions circled in Fig. |5.13{(c) were brighter still than the AlOy islands and were
more angular in morphology: these regions increased in number with increasing
¢ as shown in Figs. [5.13|e) and [5.13|(g). The angular regions appeared particu-
larly bright due to diffraction contrast and were crystalline. The corresponding
SAED patterns in Figs. [5.13(d), (f), and (h) revealed d-spacings pertaining to
Al [calculated d-spacings: 0.23 nm (111), 0.20 nm (002), 0.14 nm (022), and
0.12 nm (113)], while the continuous diffraction rings in Fig. |5.13|(d) suggested
many randomly-oriented, tiny crystals. These crystals grew in size (probably in
certain crystallographic directions) and in number as ¢ increased, shown by the
diffraction spots and now largely discontinuous rings in Fig. [5.13(h) at =20 nm.

HRTEM provided greater insight into these crystals and a HRTEM image of the
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Figure 5.14: (a) HRTEM image of an Al-particle showing a crystalline core and
an amorphous/semi-crystalline shell. The corresponding FFTs of the core and
shell regions are shown in (b) and (c) respectively.

edge of an Al-crystal from a PNC at t=20 nm is shown in Fig. [5.14f(a). There were
two distinct regions - a crystalline core and an amorphous/semi-crystalline shell
whose corresponding fast Fourier transforms (FFTs) are shown in Figs. [5.14|b)
and (c) respectively. The FFT from the centre of the Al-particle in Fig. |5.14{(b)
had spots corresponding to (111) and (002) Al lattice planes. The presence of
both Al and its oxide in these particles was confirmed further by XPS data. A
curve-fitted X-ray photoelectron spectrum from the AI-ANCq; for t=20 nm is
shown in Fig. |5.15| with peaks at 74.4 and 71.9 eV, corresponding to the 2p peaks
of Al,O3 and Al-metal respectively @48 However, confirmation of any amorphous
character in the Al-oxide shell with regions of only short-range crystalline order
required resolution of its structure and chemistry on the nano-scale.

Figure [5.16 shows a HRTEM image of the oxide shell and a small portion of the
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Figure 5.15: X-ray photoelectron spectrum of a AI-ANCj; with t=20 nm. Curve
fitting of the spectra showed two peaks at 74.4 and 71.9 eV.

Al-core. The superimposed line AA’ in Fig. is an approximate, indicative
boundary between the Al-metal (core) and Al-oxide (shell). The shell comprised
short-range crystalline order and amorphous regions. The highly-defective and
strained nature of the oxide shell is highlighted in box B in Fig. where the
d-spacing varied from ~0.3 to ~0.16 nm in the y direction, and was inconsistent
with either Al or Al,O3, suggesting both high residual strain associated with
small radius of curvature of the particle and that the Al-oxide in the shell does
not conform to Al,O3 (hence “AlO,”).

Based on these detailed observations, the enhanced interfacial polarisation in the
PNCs for t>5 nm when the core-shell structure first developed may be understood
to involve charge separation in the non-stoichiometric A1O, because of the high
concentration of lattice defects and relatively mobile charge carriers 103104I50:152)
The oxide-shell consisting of defects (such as vacancies, interstitials and impurity
centres D) the electron-rich Al-core and certain ionised species in the nylon-6
are potential sources of charge carriers (or space charges) that might gain mobility

on the application of an external electric field. Critically, the defects in the AlO,
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Figure 5.16: HRTEM image of the Al-oxide (shell) and a small portion of the
Al-metal (core). The superimposed line AA’ is an approximate, indicative bound-
ary between the Al-metal (core) and Al-oxide (shell). The highly-defective and
strained nature of the oxide shell is highlighted in box B.

shell will also create intermediate or defect energy FEjy levels between the Fermi
level Er of the electron rich Al-core and the conduction band edge CB of the
nylon-6 matrix - between which the charge carriers are relatively mobile@58), A
schematic representation of the energy levels is shown in Fig.

This mobility facilitates charge separation @0 to the nylon-6/A10, and Al/AlO,
interfaces leading to piling up of the charges, which in turn may induce an image
charge force that consists of electrically opposite charges as shown in Fig. [5.17]
These interfaces enclose a region that can be called an “interphase” @ which is
chemically and structurally distinct from Al, Al,O3 or nylon-6. The presence of a
new interface - Al/AlOy, which was absent in AILANCsg; at {=2 nm, acted as an
additional region for charge accumulation. Charge accumulation may also take
place by “trapping” of charge carriers ™7 in the defects of the oxide-shell, leading

to an increase in the charge-concentration around the particles, as previously
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Figure 5.17: Schematic of the charge separation at the nylon-6/Al0, and Al/AlO,
interfaces, and charge transfer between the energy levels - Er,E; and CB.
observed for Ge (core)-GeOy (shell) particles@D. The accumulation of these
mutually opposing charges at the interfaces leads to interfacial polarisation (also
known as space charge or MWS polarisation). When the electric field is reversed,
the charges rearrange accordingly but take a certain amount of time. So in the
presence of an alternating electric field, the whole process involving tunnelling,
trapping/detrapping, migration, induction and rearrangement of charges is out-
of-phase with respect to the applied electric field, and this type of polarisation
is predominantly effective at low frequencies (< 1 kHz, which is the frequency at
which dielectric characterisation of the PNCs was carried out).

The increase in angularity of the core-shell particles compared with AlO, only
particles also increased the surface area to volume ratio and therefore may have
also contributed to an enhanced surface charge storage capacity. Any opposition
to the transfer and rearrangement of the charges that results in the dissipation
of heat while altering the direction of the applied electric field contributes to
the dielectric loss, but in these cases, differences in loss behaviour could not be

resolved, and were low at all thicknesses and controlled by the intrinsic loss of
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the majority nylon-6 matrix.

The dramatic jump in k& from ~4.5 to ~19 in Fig. occurred only when a
significant fraction of core-shell particles formed, and the subsequent less dramatic
rise for =5 nm to =20 nm arose from the more gradual increase in the number
fraction of core-shell particles. A cross-sectional schematic representation of the

growth of the Al-layer on nylon-6 with an increase in ¢ is shown in Fig.

5.4 Conclusions

Dielectric materials consisting of Al or Ag in nylon-6 films were fabricated by an
alternate vacuum deposition technique. Electron microscopy studies revealed that
the deposition of Al led to the formation of Al (core)-AlO, (shell) nanoparticles,
a branched nylon-6 matrix with fine-scale AlO, “islands”. On the other hand, be-
cause Ag was much less-reactive with ambient gases (especially oxygen) and wet-
ted nylon-6 less well, it formed well-separated Ag-nanoparticles. STEM proved
to be a powerful tool to study the growth of Al on nylon-6 and the formation of
Al (core)-AlOy(shell) particles, which was critical in understanding the enhanced
dielectric behaviour of the PNCs. A detailed study on the structure and chem-
istry of core-shell particles on a nano-scale revealed a highly-defective, strained
and non-stoichiometric Al-oxide shell. The high-£ behaviour was attributed to
the various physical phenomena that are promoted in the presence of this type of
core-shell particles, based on the idea of enhanced interfacial polarisation. The
effect of interfacial polarisation was less pronounced in Ag-ANCs due to the ab-
sence of relatively polarisable core-shell particles, and hence kxy-ancs<kai-ancs-
This chapter upheld the utility and reproducibility of alternate deposition as a
fabrication technique for PNCs, and may point the way to a larger scale processing
based on already available “web” processing of polymers, if sufficient fine scale

control of deposition rates could be achieved.
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Figure 5.18: A cross-sectional schematic representation of the growth of the Al-
layer on nylon-6 with an increase in Al deposited thickness t.
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Chapter 6

Engineering nanocomposite
capacitors consisting of Ti,

Ag—+Ti and nylon-6

6.1 Introduction

This chapter builds on the vacuum deposition of PNCs described in the previous
chapter to investigate if rational choices of materials and processing approaches
can be used to engineer the structure of the PNCs on a nano-scale in order to
boost their effective dielectric properties. The previous chapter employed an
alternate deposition technique to produce PNCs containing metal (core)-oxide
(shell) particles in a polymer matrix by controlling the thickness of the deposited
metal layer. Since the dielectric constant of the shell affects the bulk dielec-
tric properties®8  and a semiconducting shell is suggested to enhance interfacial
polarisation @9 the choice of the metal that undergoes oxidation to form the
oxide-shell is crucial. Based on the above therefore a rational choice of metal
would be a highly-reactive metal that naturally forms a semiconducting, high-k

oxide-shell. Titanium is one such reactive metals where TiOs is, in bulk at least,
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semiconducting and highly-polarisable with £ of amorphous TiO, and crystalline
TiO, (anatase and rutile, both tetragonal) in the range 12-114 @8159-163)

In the alternately-deposited dielectric films explored so far, the overall or effective
k of the tri-layer material between the capacitor plates was likely limited because
the more-polarisable layer containing core-shell nanoparticles was sandwiched
between low-k polymer layers. Complete removal of these polymer layers to
enhance capacitance is clearly not viable because they are needed to ensure no
short-circuiting of the capacitor should the Al-electrodes come in contact with
the core-shell rich layer; nonetheless, the thickness of the nylon-6 layers should
be minimised.

Other approaches to enhance the effective k of the dielectric material would be to
replace some or all of the low-£ polymer with a high-£ polymer such as a ferroelec-
tric polymer @8, However, the cost and particularly the vacuum processibilty of
this type of polymers is restrictive, with changes in the polymer composition and
structure on evaporation-condensation undermining their inherent polarisability.
An alternative to reducing the undermining effect of the poor dielectric response of
the nylon-6 layer explored in this chapter was instead to incorporate a conducting
secondary phase into the polymer. If the volume fraction of the metallic filler
can be controlled, there might be an additional and virtuous contribution to the
effective k of the device via the near-percolation micro-capacitor network effect (35
previously seen for the Ag in nylon-6 films in the previous chapter.

In this approach, the volume fraction of the conducting phase needs to be well-
controlled and just below the percolation threshold, not least to restrict losses
to an acceptable level, and the process of incorporation of the conducting phase
should be compatible with the alternate deposition technique so that devices can
be built in a single operation. Although relatively cheap conductive fillers such
as carbon black@9) Ni@63) and Mo®3 could be used, the experience already

gained by the deposition of Ag in the previous chapter encouraged the choice of
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Ag.

This chapter deals with the fabrication and study of alternately deposited nanocom-
posite (ANC) films consisting of Ti in nylon-6, and then both Ti and Ag in nylon-
6. The dielectric properties are studied as a function of the Ti deposition rate and
layer thickness. STEM, SAED and HRTEM are again used extensively to study
the structure and chemistry of the resulting nanocomposite films. The dielectric
properties are correlated to the microstructure and are explained with the help
of schematics that suggest the likely nano-arrangement of Ti and Ti+Ag based

particles in the nylon-6 matrix.

6.2 Experimental Procedure

6.2.1 Fabrication

All experimental approaches were similar to those already described in Chapter

5 and only the significant additions or modifications are mentioned here.

1_ 1 Al (electrode) 40 0.5
L 2 Nylon-6 Variable 0.1
3 3 Ti Variable  Variable
_4 4 Nylon-6 Variable 0.1
L 5 Al (electrode) 40 0.5

Figure 6.1: A schematic of alternate layers of metal and polymer.

Ti and Nylon-6 based capacitors were fabricated by sequential deposition of five
individual layers of the metal(s) and nylon-6 in the Edwards Auto 306 Cryo
evaporator as previously described. Titanium wire (99.7% pure, Alfa Aesar, 0.25
mm diameter) and nylon-6 (Aldrich) were thermally evaporated onto a glass slide,
alternatively using two different W boats. The deposition rate of nylon-6 £y, was

maintained at 0.1 nm/s in all experiments. A schematic of the five alternate
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layers formed during evaporation is shown in Fig. [6.1, The top and bottom (1st
and 5th) layers of Al (40 nm each) formed the electrodes of a simple parallel-plate
capacitor. The growth of Ti (3rd layer), sandwiched between the nylon-6 layers
(2nd and 4th), was studied at various thicknesses. These samples are referred to
as Ti-Ny, where the subscripts ¢ and ¢ are variables which denote the deposition
rate of Ti and the final thickness of the nylon-6 layer respectively.

Ag, Ti and nylon-6 based capacitors were fabricated by tandem deposition of
nine individual layers as shown in the Fig. [6.2] These samples are referred to as

Ag—Tlt—Nyt

1_ 1 Al (electrode) 40 0.5
2 2 Nylon-6  Variabe 0.1
3 3 Ag 5 0.1
g— 4 Nylon-6 Variable 0.1

6 5 Ti Variable  Variable
I 6 Nylon-6 Variable 0.1
8 7 Ag 5 0.1

9 8 Nylon-6 Variable 0.1
- 9 Al (electrode) 40 0.5

Figure 6.2: A schematic of alternate layers of metal and polymer.

6.3 Results and discussion

Figure [6.3|shows the variation of dielectric constant (A ) and dissipation factor (e)
of the Tip5-Nyoo ANCs as a function of thickness ¢ of the deposited Ti layer at 1
kHz and 40 °C. The dielectric constant increased dramatically from ~4 for nylon-
6 only to ~26 at =5 nm and then to ~38 at {=10 nm. The dissipation factor
tan ¢ increased slightly from ~0.19 for nylon-6 only to ~0.32 for both Ti-ANCs.
Both k£ and tan 6 of Ti-ANCs were higher than those of AI-ANCs discussed in

the previous chapter at all thicknesses of the metal layer, presumably due to the
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Figure 6.3: Variation of dielectric constant (A) and dissipation factor (e) of the
Tip5-Nyog ANCs with thickness of the deposited Ti layer at 1 kHz and 40 °C.
formation of a semiconducting and higher k£ Ti-based oxide.

Annular dark field (ADF)-STEM images of the Tig 5-Nysg ANCs at t=5 and 10 nm
are shown in Figs. [6.4(a) and (b) respectively. The corresponding selected area
electron diffraction (SAED) patterns are shown in Figs. [6.4)c) and (d) respec-
tively. The rings in the SAED patterns were more apparent in the corresponding
enhanced images shown in Figs. [6.4(e) and (f). In general, Ti showed “wetting”
properties similar to Al and covered the nylon-6 surface with good uniformity as
seen in Figs. [6.4(a) and (b). The SAED patterns in Figs. [6.4(c) and (d) at t=5
and 10 nm showed diffraction rings due to crystalline phases, highlighted in Fig.
6.4(a) and (b). The rings were continuous and relatively thick, suggesting the
presence of many randomly oriented, tiny crystals, and resulted in a wide range
of estimated d-spacings. The measured d-spacing from the first ring in Fig. [6.4f)
was in the range 0.35-0.36 nm and is suggested to correspond to the (101) plane
of TiOy-anatase with a d-spacing of ~0.351 nm @69 rather than the (110) plane
of TiOy-rutile with a d-spacing of ~0.325 nm @67, The measured d-spacings from

the second and third rings were in the range 0.24-0.21 nm and 0.15-0.13 nm re-
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Figure 6.4: ADF-STEM images [(a) and (b)] and the corresponding SAED pat-
terns [(c) and (d)] of Tig5-Nysy ANCs at t=5 and 10 nm respectively. (e) and
(f) are the enhanced images of the SAED patterns, (c¢) and (d). The highlighted
regions in (a) and (b) are highly diffracting Ti-metal or Ti-oxide crystals.

spectively, and may relate to anatase [reported d-spacings@8): (0.242 nm (103),
0.237 nm (004), 0.187 nm (200), 0.169 nm (105), 0.166 nm (211), 0.148 nm (204),
0.136 nm (116), 0.134 nm (220), and 0.126 nm (215)], and also to Ti [reported
d-spacingsT6: 0.256 nm (0110), 0.234 nm (0002), 0.224 nm (0111), 0.173 nm
(0112), 0.148 nm (1120), 0.141 nm (1121), 0.133 (0113), 0.128 (0220), and 0.125
nm (1122)]. The overlapping of the diffraction rings limited any further mean-

ingful analysis of the SAED patterns that might yield information pertaining to

the chemistry and the structure of the crystals. Nonetheless, from this initial
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Figure 6.5: (a) HRTEM image of polycrystalline “Ti” nanoparticles, (b) the
corresponding FFT from the highlighted square region, and (c) analysed FFT
showing the three circles along which most of the spots lie.

information, the formation of both a Ti-based oxide and some residual metallic
Ti at both t=5 and 10 nm was suggested, and therefore qualitatively similar to
Al based ANCs.

A HRTEM image of Ti-based nanoparticles and the corresponding FFT are shown
in Figs. [6.5(a) and (b) respectively. Figure a) shows a cluster of polycrys-
talline nanoparticles and small amorphous regions, highlighted in the boxes #1
and #2 respectively. The resolvable crystallographic planes terminated at the sur-
face of some of the nanoparticles protruding into vacuum, highlighted in box #3,
with no clear evidence of significant amorphous surface oxide. A majority of the
spots in the FFT in Fig. |6.5(b) were along three circles indicated in Fig. 6.5(c).
These spots corresponded to (0110), (0111), and (0220) Ti lattice planes. So the
polycrystalline nanoparticles were predominantly comprised of Ti. However, a

FFT from a small crystalline region of ~60 nm? (box #1) shown in Fig. [6.6[a)
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had spots corresponding to (004), (200), and (211) anatase lattice planes (the
corresponding measured d-spacings are 0.235 nm, 0.190 nm and 0.164 nm respec-
tively). A magnification of the FFT in Fig. [6.6{c) is shown in Fig. [6.6|(d), showing
two spots corresponding to the (0111) and (103) lattice planes of Ti and anatase
respectively. These findings further supported the previous SAED information
for the co-existence of Ti and anatase in the ANCs. The Ti-nanoparticles that ap-
peared to have metallic Ti-crystalline planes terminating at the surface suggested
that these Ti-nanoparticles were generally well-encapsulated in the nylon-6 and
did not oxidise excessively in the microscope column when the nylon-6 was ab-
lated by the electron beam. However, the occurrence of metallic Ti-nanoparticles
in the nylon-6 was comparatively rare, and most Ti-rich particles were either
oxides or showed significant surface oxide formation.

Figure[6.7)(a) is a HRTEM image of a Ti-nanoparticle protruding into the vacuum.
The corresponding FFT from the highlighted region is shown in Fig. [6.7(b). An
analysis of the FFT in Fig. [6.7(b) showed that most of the spots were traced
by three circles as shown in Fig. (c) and corresponded to (0110), (0111),
and (0220) Ti lattice planes. Unlike the nanoparticle in Fig. [6.5(a), the Ti-
nanoparticle in Fig. [6.7(a) showed amorphous regions near its edge/surface. Such
Ti-nanoparticles were considered qualitatively similar to the Al-nanoparticles that
oxidised to form an oxide-shell around the metal-core in the previous chapter. A
HRTEM image of one such nanoparticle taken from a region near its edge is shown
in Fig. [6.8f The measured d-spacings from the crystalline region were 0.25 nm and
0.22 nm and corresponded to (0110) and (0111) lattice planes of Ti respectively.
The superimposed line AA’ is an approximate, indicative boundary between the
Ti-metal (core) and Ti-oxide (shell). A typical highly-defective nanostructure in
the shell region is highlighted in box B, in the region where the structure makes
a transition from the crystalline Ti-metal to the amorphous Ti-oxide.

Figure [6.9is a HRTEM image of another Ti(core)-oxide (shell) nanoparticle with
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(200)
Anatase

(103)
Anatase

Figure 6.6: (a) and (c) are FFTs corresponding to the highlighted square regions
in the HRTEM image of polycrystalline “Ti” nanoparticles, (b). A circular region
of the FFT in (c) is magnified in (d).
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Figure 6.7: (a) HRTEM image of a Ti-nanoparticle protruding into the vacuum,
(b) the corresponding FFT from the highlighted square region, and (c) analysed
FFT showing the three circles along which most of the spots lie.
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A’

Figure 6.8: HRTEM image of a Ti-nanoparticle showing a Ti-oxide (shell) and
a Ti-metal (core). The superimposed line AA’ is an approximate, indicative
boundary between the Ti-metal (core) and Ti-oxide (shell). A highly-defective
nanostructure, highlighted in box B, coincided with the indicative boundary,
where the phase-transition takes place from crystalline metal to amorphous oxide.
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again a superimposed line AA’ as an approximate, indicative boundary between
the metal and its oxide shell. In this case, there were regions of short-range
order (for example in the highlighted box B) within the otherwise defective and
amorphous-like oxide-shell. Since the Ti-oxide shell is qualitatively similar to
the AlO, shell observed in the previous chapter, Ti-oxide was likely to be non-
stoichiometric and is hence referred to as TiO,.

Taking the microscopy-based observations as a whole, with typical examples
shown in Figs. [6.6] 6.8 and [6.9 suggested that some metallic Ti nanoparticles
co-existed with crystalline anatase nanoparticles, and some Ti-nanoparticles had
metallic cores enclosed in oxide-shells that comprised amorphous, highly-defective
and semi-crystalline regions.

Returning to the high k£ behaviour in Fig. |6.3] once Ti was introduced into the
polymer, the elevation in k£ cannot be attributed to the presence of a volume
fraction of anatase with k=47 ®8) through a law of mixtures approach, because in
order to attain k~38 under these conditions, the volume fraction of anatase would
have to be ~0.8, whereas it was (assuming all Ti transformed to anatase) ~0.2 at
t=10 nm. Even when the full range of reported dielectric constants for anatase
and amorphous Ti-oxide are considered @8159162) and which lie in the range 40-48
and 12-18 respectively, there is no support for a simple mixing rule to explain the
measured dielectric constant. Therefore, and consistent with AIFANC behaviour,
the enhancement in k in Fig. [6.3] was ascribed again to the presence of relatively
polarisable Ti (core)-oxide (shell) nanoparticles.

The various physical phenomena that might be promoted due to core-shell nanopar-
ticles have already been described in section for Al/AlO,, core-shell nanopar-
ticles. In addition to these, a defective semiconducting Ti-based oxide may con-
tain more discrete energy levels than a more insulating oxide such as those based
on Al-oxide, between which charge carriers can move between the extremes of the

conducting (Ti) and insulating (nylon-6) phases.
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Figure 6.9: HRTEM image of the edge of a Ti (core)-oxide (shell) nanoparti-
cle. The superimposed line AA’ is an approximate, indicative boundary between
the Ti-metal (core) and Ti-oxide (shell). A region of short-range order in the
amorphous oxide shell is highlighted in box B.
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6.3.1 Effect of adding Ag nanoparticles and the Ti depo-

sition rate

—
2

Dielectric constant

0.1 05
Deposition rate of Ti (nm/s)

o5 [ZAAg &Ti
Ti

Dissipation factor

0.1 05
Deposition rate of Ti (nm/s)

Figure 6.10: The variation of (a) dielectric constant and (b) dissipation factor of
Ti-ANCs and Ag-Ti-ANCs with deposition rate of Ti at 1 kHz and 40 °C. The
thicknesses of the deposited Ti, nylon-6 and Ag layers in all the ANCs were 10,
10 and 5 nm respectively.

Figure[6.10]shows the variation of (a) dielectric constant and (b) dissipation factor
of Ti-ANCs and Ag-Ti-ANCs as a function of the deposition rate of Ti at 1 kHz
and 40 °C. The thickesses of the deposited Ti, nylon-6 and Ag layers in all the
ANCs were 10, 10 and 5 nm respectively. Ti-ANCs at t7,=0.5 nm/s gave k~31
and was significantly higher than k~18.5 for Ti-ANCs at #7;=0.1 nm/s, although
the dissipation factor was similar in the range 0.34-0.41.

Ag-Ti-ANCs at t7;=0.1 nm/s gave k~17.5, which was comparable with k~18.5 of
Ti-ANCs at the same ¢7;. However, there was a dramatic increase to k~73 for Ag-
Ti-ANCs at 7;=0.5 nm/s which represented a 2.5 times increase over Ti-ANCs

at the same {p;. However, as might be expected with an increased metallic com-
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Figure 6.11: (a) ADF-STEM image and (c) the corresponding SAED pattern
of a Tig1-Nyig ANC film; (b) and (d) are the enhanced images of (a) and (c)
respectively.

Ring # | d-spacing (nm) | Anatase (hkl) | Ti (hkil)
1 ~0.36 (101) X
2 0.23-0.25 (103), (004), (112) | (0110)
3 0.20-0.22 (200) (0111)
4 0.14-0.15 (211), (105) (1120)

Table 6.1: The measured d-spacings from the SAED pattern in Fig. [6.1T] and the
closest matches from anatase and Ti.

ponent, both Ag-Ti-ANCs were more “lossy” with tan 6 approximately doubling
to lie the range 0.55-0.61.

Figures[6.11)(a) and (c) show the ADF-STEM image and the corresponding SAED
pattern of a Tip1-Nyio ANC film respectively. Figures [6.11[b) and (d) are the
enhanced images of Figs. a) and (c) respectively. The ADF-STEM image
shows bright Ti-islands in a dark nylon-6 matrix. The measured d-spacings from
the SAED and the closest matches are shown in the Table Therefore, once
again, both anatase-like TiO, and crystalline Ti were present in Tip 1-Ny19-ANCs.
Figures [6.12(a) and (b) show the SAED patterns of Ti-ANCs at i7,=0.5 and

115



Figure 6.12: SAED patterns of Ti-ANCs at i7;= (a) 0.5 nm/s and (b) 0.1 nm/s.
(c) and (d) are the corresponding enhanced images of (a) and (b) respectively.

0.1 nm/s respectively, and Figs. [6.12](c) and (d) are the corresponding enhanced
images. The first diffraction ring in Fig. |6.12(a) was wider than that in Fig.
6.12|(b), suggesting that the TiO, crystals formed at f7;=0.1 nm/s corresponding
to Fig. [6.12|(b) were larger than those formed at f7,=0.5 nm/s. Since the thickness
and overall fraction of Ti deposited was the same at t=10 nm for both deposition
rates, one tentative conclusion is that the fraction Ti transformed to TiO, was
increased at the lower deposition rate. Moreover, since the formation of TiO,
was, at least initially, an in-situ reaction with the limited O5 in the chamber, the
slow leakage of ambient Oy into the deposition chamber over longer deposition
times (lower deposition rates) facilitated a greater fraction of transformed TiO,.
The SAED patterns in Fig. [6.12suggested that a greater proportion of deposited
Ti at {7,=0.1 nm/s formed anatase crystals whereas at f7,=0.5 nm/s, there were
primarily metallic Ti crystals that then later oxidised at the surface to form
the core-shell nanoparticles. In other words, a Ti-ANC film at {7;=0.5 nm/s

contained a relatively high volume fraction of more polarisable Ti (core)-oxide
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(shell) nanoparticles than a film at £7;=0.1 nm/s that contained a relatively high

fraction of oxide particles, for a nominally constant Ti fraction.

Figure 6.13: Plan-view (a) ADF-STEM image and (b) HRTEM image of a Ag-
Ti().5-Nyl() ANC film.

Figures [6.13(a) and (b) show ADF-STEM and HRTEM plan-view images of a
“three-phase” Ag-Tip5-Nyjo ANC film respectively, with Ag nanoparticles or
nano-islands “sitting” over one another, with the intervening layers of nylon-6
and the Ti-layer in the centre of the device, between the two Ag layers.

Figure [6.14(a) is a TEM image of a Ag-Tig5-Nyjo ANC film and [6.14|(b) is the
corresponding SAED pattern. Figure [6.14](c) is a enhanced image of Fig. [6.14|(b)
and Fig. (d) is the magnified region from the highlighted square shown in
Fig. [6.14(c). The measured d-spacings from the rings in the SAED pattern
were: 0.24, 0.21, 0.15, and 0.12 nm corresponding to (111), (002), (022), and
(113) lattice planes of Ag@™ . Any evidence of the presence of Ti or its oxide
was not obvious from the unprocessed SAED pattern. Figure [6.14(d) shows
two faint rings which are marked as “first” and “second” rings. The measured
d-spacings from these rings were ~0.36 and ~0.17 nm respectively, which did
not belong to Ag, but may offer a match with TiOz-anatase (101)=0.351 nm,
(105)=0.1699 nm, and (211)=0.1655, or Ti (0112)=0.1726 nm, suggesting the
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Figure 6.14: (a) TEM image of a Ag-Tip5-Ny1o ANC film, (b) the corresponding
SAED pattern, (c) enhanced image of (b), and (d) magnified region from the
highlighted square shown in (c).

(somewhat discrete) presence of both metallic and oxidised Ti, along with the Ag
nano-islands. Although d=0.17 nm was close to AgyO (220)=0.168 nm @™ the
absence of a ring corresponding to AgoO (110)=0.337 nm @™ undermined the
case for the presence of Ag,O, and anatase-like TiO, was considered more likely,
especially in terms of the previous results for Ag-only and Ti-only containing
films.

During the deposition of a metal on a polymer, the metal atoms that impinge
onto a polymer surface can “dissolve” in the polymer leading to the embedding
of metal particles inside the polymer. This “solubility” of metal atoms is pro-
moted at temperatures above the polymer glass-transition temperature, where
the polymer chains become mobile over a comparatively long-range @72173)  The
measured temperature of the glass substrate during metal deposition of ~40 °C

was close to the glass transition temperature (T,) of nylon-6 (reported in the
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range 43-49 °C140)) although metal embedding has also been observed at tem-
peratures below the glass-transition temperature @, The constant temperature
heat-treatment of the Ag-Tig5-Nyjg ANC films to remove water-vapour effects
was also at ~40 9C for 20 hours prior to dielectric measurement, and might have
assisted in the embedding or mobility of metal atoms: predominantly the metallic
Ag atoms/nano-clusters as a majority of the Ti clusters would be oxidised by this
stage. Moreover, the initial deposited layer of nylon-6 onto which the Ag, Al or Ti
is then deposited can never be atomically flat. Overall therefore the incoming Ag,
Al and Ti atoms will form nano-islands and nanoparticles at varying “heights”
or “thicknesses” across the cross-section of the nylon-6 film, and consistent with
the TEM observations.

Based on these observations, a proposed cross-sectional schematic representation
of the Ag-Tip5-Ny1g ANC based capacitor is shown in the Fig. [6.15 The Ag, Ti
(core)-oxide (shell), and Ti-oxide nanoclusters are embedded/formed at different

thicknesses across the cross-section of the nylon-6 film.

S Evaporated Al-electrode Ag islands

©

Ti-oxide and
nylon-6
matrix

Anatase like
TiO, crystal

by ¢ Ti (core)-
e I T~ oxide (shell)
" nanoparticles

o

Evaporated Al-electrode

Figure 6.15: A cross-sectional schematic representation of a Ag-Tiy5-Nyjg ANC
based capacitor showing the nominal thickness of each layer of the dielectric.
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The majority of the Ag and Ti nano-clusters are within comparatively narrow
layers, identified in Fig. as A and B respectively. The Ti-layer (B) has
Ti (core)-oxide (shell) nanoparticles dispersed in a matrix that is comprised of
both Ti-oxide (anatase-like TiO, and amorphous TiO,) as the majority phase
and nylon-6 as the minority phase. Thus any two neighbouring nanoparticles
with metallic Ti cores are separated by a thin layer of dielectric, either nylon-6 or
Ti-oxide, or both. Such an arrangement results in the formation of an “internal
boundary layer capacitor” (IBLC)@%) as shown in Fig. m The two metallic
Ti nano-cores act as the electrodes and the TiO, shell layers between them (at
the boundary) constitutes the dielectric of a nano-scale capacitor. IBLCs are
qualitatively similar to the micro-/nano-capacitors that Ag particles form when
separated by an intervening layer of dielectric, as described for Ag-ANCs in the

previous chapter and in the section [2.3.2]

Boundary between the two
core-shell nanoparticles

Ti-cores acting as
nano-electrodes

|

Dielectric ~ TiOy-shell
layer

Dielectric
layer

Figure 6.16: Schematic representation of two Ti (core)-oxide (shell) nanoparticles
forming an “internal boundary layer capacitor” (IBLC).

Since the intervening layer of any dielectric between metallic electrodes is of
the order of a few nanometers and a majority of the dielectric material in layer
B is relatively high-£ core-shell nanoparticles, an array of “nano-capacitors” or
IBLCs that network randomly in series and parallel configurations is formed. This
network, which is similar to a near-percolation network @3364956) of conducting

particles in an insulating matrix and previously described for Ag in the previous
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chapter, in combination with the relatively high polarisability of the core-shell
particles, increases the effective k of the Ti-layer.

The Ag layer (A) forms Ag nano-islands that function as metallic nano-electrodes
with the nylon-6 (k~4)@2) as the dielectric between them. The Ag-network is
a similar arrangement to the network of conducting particles in near-percolating
composites BIBEAI56) Hhut with a gradient of thicknesses of the intervening dielec-
tric layer between the Ag-clusters across the cross-section of the film because the
local volume fraction of Ag changes. The thickness of the dielectric (nylon-6)
separating Ag-clusters in the nanocomposite is the lowest in the Ag-layer, and
the dielectric thickness increases (as the volume fraction of Ag-clusters decreases)
away from the Ag-layer. As seen in the previous chapter, the lack of either core-
shell particles or a high-£ oxide in the Ag-layer makes it less polarisable. Note
that the nylon-6 layers sandwiching the Ag layer were reduced from 20 nm in Fig.
5.7(d) in the previous chapter to ~10 nm in Fig. |6.15(in this chapter. This leads
to an increase in the effective volume fraction of Ag in this region, enhancing the
nano-capacitor network effect.

As explained earlier, there will always be a small fraction of Ag based clusters
outside the narrow Ag-layers and these tiny, conducting clusters extend the region
in which the nano-capacitor effect operates. In the current case where the nylon-
6 layers were only 10 nm thick, the nano-capacitor network might be extended
from the Ag-layer (A) to the top Al-electrode, making all of the material between
the Ag-layer and the Al-electrode a near-percolating nanocomposite. Similarly,
a downward extension of the network by the tiny Ag-clusters makes the material
between the Ag-layer (A) and Ti-layer (B) a near-percolating nanocomposite.
Since the bottom half of the dielectric film is the mirror image of the top half,
the nano-capacitor network is now extended throughout the entire cross-section
of the film from the top Al-electrode to the bottom one.

Therefore a key distinction must be made at this point. While so far the ex-
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Figure 6.17: Schematic representation of the various types of nano-capacitor
interactions between the discrete phases of an Ag-Tiy 5-Ny;9 ANC based dielectric.

planation of dielectric response of the capacitors has involved descriptions and
measurements of an implicitly discrete layer of particles between nylon-6 layers (as
seen in the previous chapter), here, given that the nylon-6 layers are now only 10
nm, and that the arrangement of metal-based islands is clearly not “planar” in a
well-defined layer, the material between the Al-electrodes of the capacitor should
now be considered a single effective medium consisting of an inter-connected
nano-capacitor network. In this dielectric medium based on nylon-6, there are
Ag nano-islands and Ti-based oxides, core-shell nanoparticles, and perhaps metal-
lic Ti. These are close enough and sufficiently intermingled that as well as the
“discrete” Ag nano-capacitor network and Ti-based core-shell nanoparticle con-
tributions previously described, there are additional nano-capacitor interactions
between all the discrete phases as shown in Fig. (6.1

Thus, practically all of the material between the Al-electrodes might now make

some contribution to the elevation of k over “pure” nylon-6 as a single, near-
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Figure 6.18: A cross-sectional schematic representation of a Ag-Tiy5-Ny;g ANC
based capacitor showing a network of different types of nano-capacitors.

percolating nanocomposite. A cross-sectional schematic representation of an Ag-
Tip.5-Ny19 ANC based capacitor with an interconnected network of different types
of nano-capacitors is shown in Fig. [6.18, which allowed the dielectric response to
reach as high as k~73. The loss increased in this composite dielectric medium be-
cause of the larger contribution of the more lossy conductor based nano-capacitor
network, with tan 0 rising from ~0.34 for Ti only ANCs to ~0.55 for Ti+Ag ANCs.
If the structure shown in Fig. |6.19((a) is considered to be consisting of capacitors
connected in series as shown in Fig. [6.19(d) due to considerably discrete alternat-
ing layers of nylon-6 and metal (Ag/Ti) [see Fig. [6.19(b)], then there would have
been a significant reduction in the observed k and tan ¢ as the insulating nylon-
6 layers would not allow the formation of a nano-capacitor network throughout
the cross-section of the film. In the series connection of capacitors, the effective
capacitance of the ANC would not exceed the capacitance of the nylon-6 layer,
thereby limiting the overall enhancement in k. However, the formation of an

inter-connected nano-capacitor network throughout the cross-section, as seen in
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Figure 6.19: A cross-sectional schematic representation of a Ag-Tiy5-Ny9 ANC
based capacitor showing a network of different types of nano-capacitors.
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6.19(c), enables the treatment of the ANC as a single, nanocomposite structure
that can be represented by a single capacitor [see Fig. |6.19(e)] with high £.

The k~17.5 of the Ag-Ti-ANCs at t7;=0.1 nm/s was relatively low because, as
previously described for Al, the Ti-layer had a greater proportion of anatase
than relatively polarisable Ti (core)-oxide (shell) particles when compared with

a Ti-layer at 7;=0.5 nm/s.

6.3.2 Effect of the nylon-6 layer thickness

[ JTi-0.5nm/s
I Ti - 0.1 nm/s

35_' W77 Ag & Ti - 0.1 nm/s
g i
8 1 /

5 10
Thickness of nylon-6 layer (nm)

Figure 6.20: The variation of dielectric constant with thickness ¢ of the deposited
nylon-6 layer in Ti-ANC and Ag-Ti-ANC based capacitors at 1 kHz and 40 °C.
The thickesses of the deposited Ti and Ag layers in all ANCs are 10 and 5 nm
respectively.

Figures [6.20| and show the variation of dielectric constant and capacitance
per unit volume with thickness ¢ of the deposited nylon-6 layer in Ti-ANC and
Ag-Ti-ANC based capacitors at 1 kHz and 40 °C respectively. The thickesses of
the deposited Ti and Ag layers in all ANCs were 10 and 5 nm respectively.

In Fig. [6.20 k for Ti-ANCs with ¢y,=5 and 10 nm was almost the same at k~31

for {7;=0.5 nm/s. There was a similar weak effect on nylon-6 layer thickness for

Ti-ANCs with #7;=0.1 nm/s. However, k~29 of Ag-Ti-ANC at ¢=5 nm of nylon-6
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Figure 6.21: The variation of capacitance per unit volume with thickness ¢ of the
deposited nylon-6 layer in Ti-ANC and Ag-Ti-ANC based capacitors at 1 kHz
and 40 °C. The thickesses of the deposited Ti and Ag layers in all ANCs are 10
and 5 nm respectively.

was significantly greater than k~17.5 for Ag-Ti-ANCs at =10 nm, because local
volume fraction of Ag at ty,=5 nm was higher than at ¢y,=10 nm.

These results further support the proposed explanation for the enhanced £ that is
due to the formation of a single, near-percolating nanocomposite, described in sec-
tion [6.3.1] Figure[6.22]is a schematic representation of the cross-sections of ANC
films showing the relative positions of the region, R, in which the near-percolation
effect operates at various thicknesses of the nylon-6 layer. The nominal thickness
of the deposited Ag in all ANCs is 5 nm.

At ty,=20 nm in Fig. [6.22|(a), R is relatively far from the Al-electrode and the
vy of Ag in the 20 nm thick nylon-6 layer might be so small (or nil) so that
it may be considered as a discrete, insulating layer, thereby limiting the overall
enhancement in k, as seen in the previous chapter. When iy, is reduced to 10
nm or 5 nm, the region R becomes sufficiently close to the Al-electrode to form
a near-percolating network, as seen in Fig. [6.22(b) or (¢). At these thicknesses,

the nylon-6 layer ceases to be a discrete, insulating layer that separates the Al-
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Figure 6.22: A schematic representation of the cross-sections of ANC films show-
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operates at various thicknesses of the nylon-6 layer. (a) ty,=20 nm, (b) tn,=10
nm, and (c) ty,=5 nm. The thickness of the deposited Ag in all ANCs is 5 nm.
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electrode from the rest of the ANC film. Therefore, the thickness of the nylon-
6 layer and the percolative nature of the nanocomposite film are in an inverse
relationship. It is important to note that the thickness of the nylon-6 layer should
not be reduced to such an extent that the dielectric starts percolating, in which
case the dielectric loss will be relatively and eventually unacceptably high. Based
on the nature of the application, the nylon-6 layer thickness may be carefully
controlled to obtain a dielectric with an optimised trade-off between dielectric
constant and dielectric loss.

Although Fig. [6.20] suggested that the effect of Ag might be useful for increasing
dielectric constant, especially at a nylon-6 thickness of 5 nm, it should be recalled
that the Ag-containing capacitor variants involved more nominally discrete layers,
including additional layers of nylon-6 (compare Figs. and . To normalise
the resulting change in thickness of the device when Ag is deposited as well as Ti,
Fig. |6.21] shows a plot of the capacitance per unit volume of dielectric material.
The Ag-Ti-ANCs had lower energy densities when compared with Ti-ANCs due
to the relatively high ¢ of the many-layered Ag-Ti-ANCs. Nevertheless, an en-
ergy density of ~0.4 MFm™3 of Tig5-Nys ANCs was at least 4 times higher than
those reported for various metal-insulator-metal (MIM) capacitors fabricated via
complex, multiple processes involving etching, photolithography and nanoporous

templates I76-I8I)

6.4 Conclusions

An alternate deposition technique was used to fabricate Ti or Ti+Ag and nylon-
6 based high-k capacitors. Studies involving STEM, in-depth analysis of SAED
patterns and FFTs from HRTEM images showed that the deposited Ti oxidised
partially on the surface to form Ti (core)-oxide (shell) nanoparticles and in some

cases, oxidised completely to form anatase nanoparticles. The occurrence of
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metallic Ti particles well-encapsulated in nylon-6 was comparatively rare. The
Ti-oxide shell showed both amorphous and semi-crystalline regions, and was stud-
ded with defective regions. The high k of Ti-ANCs arose due to the combined
contribution of the enhanced polarisability of core-shell and anatase nanoparti-
cles. If a low Ti deposition rate was used, a relatively high volume fraction of
anatase particles were formed in lower k-ANCs, suggesting that the enhancement
in k£ was predominantly due to core-shell nanoparticles.

Incorporating Ag nanoparticles and reducing the nylon-6 thickness to 10 nm
resulted in a dielectric medium of inter-mingled Ag and Ti-based oxides and
core-shell nanoparticles throughout the nylon-6 matrix. This k~73 was due to the
combined effects of the polarisable Ti-based core-shell nanoparticles and a nano-
capacitor network based on not only Ag nano-islands, but interactions between
all the discrete phases that created an inter-connected nano-capacitor network.
A decrease in the thickness of the nylon-6 layers from 10 to 5 nm in Ti-ANCs had
little effect on k, but increased k of Ag-Ti-ANCs significantly due to an increase
in the effective volume fraction of Ag in the 5 nm thick nylon-6 layer, enhancing
the nano-capacitor network effect, but also increasing dielectric loss. In effect,
the volume fraction that controls the dielectric properties could be engineered in
the ANCs simply by varying the thickness of the insulating nylon-6 layer.

The Ti-based ANCs showed higher dielectric constants than their Al-based equiv-
alents because the anatase-like oxide in Ti-based ANCs was inherently more po-
larisable. However, like AI-ANCs, the strongest elevation in k occurred only
when core (metal)-shell (oxide) particles were present, and if entirely or largely
oxide particles dominated the nanostructure, dielectric response reduced. To-
gether with the earlier work on Al, this chapter has produced strong evidence to
support the critical role of interfacial polarisation effects in super-k behaviour in

dielectrics containing core-shell particles.
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Chapter 7

Conclusions and Future Work

7.1 Conclusions

This thesis has concerned the investigation of the dielectric properties of polymer-
nanocomposite (PNC) based capacitors fabricated by vacuum based co-deposition
and alternate deposition techniques. A range of PNCs containing reactive metals
(Al and Ti) and a noble metal (Ag) in a matrix of nylon-6 were processed and
their dielectric response was related to the micro/nano-structures which were
studied using advanced microscopy techniques.

Al-PNCs processed via the co-deposition technique had a comparatively low £<9
because of complete oxidation of Al into Al-oxide at relatively low deposition rates
<< 0.1 nm/s. However, the PNCs absorbed water vapour in varying amounts that
had a profound effect on dielectric response. Therefore, a constant temperature
heat-treatment was developed and this method was then applied to all PNC
studies. The dielectric constant of the Al-based PNCs after heat-treatment agreed
broadly with popular analytical expressions from the literature built on various
mixing assumptions.

An alternate deposition variant was developed that operated at metal deposition

rates that were in the range of 0.1 to 0.5 nm/s, compared with nylon-6 rates of
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0.1 nm/s. The higher deposition rates resulted in PNCs consisting of metal based
clusters embedded in a nylon-6 matrix. At a deposited metal layer thickness of
5 nm, Ag, being a noble metal, formed a nano-capacitor network and enhanced
interfacial polarisation leading to an increase to k~10. However, the 20 nm thick
nylon-6 layers that sandwiched the Ag-layer limited the overall enhancement in
dielectric response.

At a deposition rate of f 4,=0.1 nm/s and deposited layer thickness of t=2 nm, Al
formed Al-oxide with k~4.5. Al (core)-oxide (shell) particles formed at ¢>5 nm and
k~19. TEM studies revealed a highly defective, strained and non-stoichiometric
oxide-shell around the Al-core that enhanced interfacial polarisation.

Using a similar approach of alternate deposition, PNCs consisting of Ti and
nylon-6 were produced. At a Ti thickness of 10 nm deposited at 0.5 nm/s, Ti
(core)-oxide (shell) nanoparticles and Ti-oxide nanoparticles were formed, and
k~38. The formation of a defective, non-stoichiometric and (presumably) semi-
conducting Ti-oxide shell around the metallic nano-cores of Ti again lead to en-
hanced interfacial polarisation. A lower Ti deposition rate of 0.1 nm/s produced
a relatively large volume fraction of Ti-oxide (anatase) phase, which were less
polarisable than the core-shell particles, resulting in a relatively low k~18.5 at a
Ti deposited thickness of 10 nm.

Finally, the nano-capacitor network effect based on conducting Ag nano-islands
and the enhanced polarisability of a core-shell particle containing layer in nylon-6
were combined. Incorporating Ag nanoparticles and reducing the nylon-6 thick-
ness to 10 nm resulted in a dielectric medium of inter-mingled Ag and Ti-based
oxides and core-shell nanoparticles throughout the nylon-6 matrix. This k~73 was
due to the combined effects of the polarisable Ti-based core-shell nanoparticles
and a nano-capacitor network based on not only Ag nano-islands, but interactions
between all the discrete phases that created an inter-connected nano-capacitor

network. A decrease in the thickness of the nylon-6 layer from 10 nm to 5 nm in
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such Ag-Ti-ANCs increased k from ~17.5 to ~29 due to an overall increase in the
volume fraction of Ag in the 5 nm nylon-6 layer.

Figure shows a summary plot comparing the dielectric constants of ANCs
with various filler metals at 1 kHz and 40 °C. The deposition rate ¢ and thickness
t of Ag in the Ag-Ti-ANC were 0.1 nm/s and 5 nm respectively. The £ and ¢ of

Al, Ag, and Ti in all other cases were 0.5 nm/s and 10 nm respectively.
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Figure 7.1: A column graph comparing the dielectric constants of ANCs with
various filler metals at 1 kHz and 40 °C. The deposition rate ¢ and thickness ¢ of
Ag in the Ag-Ti-ANC were 0.1 nm/s and 5 nm respectively. The ¢ and ¢ of Al,
Ag, and Ti in all other cases were 0.5 nm/s and 10 nm respectively.

HRTEM in combination with low-angle and high-angle DF-STEM was used ex-
tensively to study the evolution and structure of metal-based islands in nylon-6
matrix. A technique involving the ablation of nylon-6 under the electron beam
was developed to characterise nanoparticles in their pristine form, which enabled
the study of the oxide-shell, independent of the nylon-6 matrix, on a nano-scale.
The use of various TEM techniques and XPS helped to understand the micro-
/nano-structure of the PNCs and relate them to the observed dielectric response,
which lead to the conceptualisation of different nano-arrangements of the metal-

based islands in the nylon-6 matrix.
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This thesis has successfully demonstrated that alternate deposition can be used
to fabricate high-k PNCs containing a range of filler metals. Alternate deposition
is a simple technique that, after careful optimisation and development, offers
sufficient control over polymer and metallic layer thicknesses at the nano-scale.
The relative thicknesses and the deposition rates of the various layers have been
shown to play a key role in dictating the chemistry and micro-/nano-structure
of the resulting composite, multi-layer film. The alternate deposition technique
reduced the complexities involved in trying to control relative deposition rates

and effective volume fraction of minority phases in the PNCs.

7.2 Future Work

This section recommends possible directions for future work in the area of polymer

based composites for dielectric and capacitor applications.

e The current work did not explore frequency effects on dielectric response,
and this could be pursued in subsequent studies, together with the effect
of temperature - both of which are important practical considerations of
power conditioning capacitors in practice. The use of lower intrinsic loss
polymers should also be considered since in some configurations, dielectric
loss in the PNCs became unusually high. Finally, experiments might be
contrived to try to control and measure the proportion of core-shell parti-
cles versus largely oxide or metallic particles. Although core-shell particles
could be manufactured outside the polymer matrix with increased control,
achieving such fine-scale dispersion as the current work will likely be diffi-
cult, but greater understanding of the benefits and disadvantages of in-situ

and extrinsic core-shell particles in PNCs might be developed.

o Deposition of the reactive metals in a controlled Oy partial pressure might

be explored in order to gain control over the extent of core-shell particles
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formation, and might help to engineer the thickness and chemistry of the

oxide.

Measuring the dielectric breakdown voltage of the PNCs is important to
quantify energy density and to make sure that the enhancement in the

dielectric properties has not had a negative effect on the breakdown voltage.

Increasing the number of alternating layers in the PNCs to make thick
dielectric films, and scaling up of the alternate deposition technique from a

lab-scale evaporator to a roll-to-roll coater 137119,
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