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ABSTRACT

The objective of my work is threefold, firstly, to prepare functional ink dispersions of
nanomaterials at high concentration with a well-defined narrow size distribution;
secondly, to pattern low resistance, semiconducting and dielectric traces on flexible
temperature sensitive substrates based on drop-on-demand inkjet printing without
thermal annealing at high temperature; and thirdly, to realize vertically stacked
heterostructures and passive planar antenna structures for application in RFID devices.

Ink dispersions were studied using a rotational rheometer and a tensiometer to
determine the dynamic viscosity and surface tension, and further characterized by
optical absorption spectroscopy and transmission electron microscopy (TEM). Inkjet
printed traces on coated PET were characterized by means of scanning electron
microscopy (SEM), Raman spectroscopy, contact profilometry and film profile analysis
using an optical flatbed scanner. I-V measurements were performed using a source
meter, RC circuits were investigated by electrochemical impedance spectroscopy and
the impedance of RL‖C circuits was interpreted using a vector network analyser.

Initially, exfoliation of graphite in a matching solvent to give dispersed pristine
graphene was used as the conductive ink for laying down electrical traces. The printing
procedure using a piezeoelectric inkjet printer with 16 jetting nozzles (Ø ≈ 22 μm) was
very sensitive to both the lateral flake size and dispersion concentration with repeated
tests showing optimized values of ~ 170 nm and ~ 1.6 mg/ml respectively. This resulted
in stable printing with minimum inkjet nozzle congestion. However, visible striations
(aka swathe edges) running parallel the printhead raster direction impaired the quality
and uniformity of the printed conductive features. Inkjet printed traces with thickness
above 160 nm (N = 8 print passes) displayed thickness-independent conductivity σ of
3000 S m-1 (resistivity ρ: 3.3 x 10-4 Ω∙m). Below this thickness, percolation effects
dominated. Also electrical test results showed the sheet resistance of printed graphene
lines was 370 Ω/□ for 45 print passes. The resultant resistivity was too high to produce
electrically functional graphene networks for application in passive antenna circuits
operating at 13.56 MHz.

Light incident on a semiconducting nanomaterial with energy sufficient to promote
carriers across the band gap into the conduction band results in photon absorption.
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MoS2 is nominally an n-type semiconductor having a sizeable bandgap, and as such
exhibits photoconductivity on illumination. Solution exfoliated graphene and MoS2
nanosheets have been formed into interdigitated thin film arrays by inkjet deposition
onto Teslin®. The MoS2 active channel on top of graphene electrodes formed a
sandwich structure with Ohmic contact. To explore the photoconductivity of the device,
the I–V response to illumination with a laser (532 nm, 2.3 eV) was measured. A tenfold
increase in photocurrent was observed, compared to the dark conductance current, for
an incident intensity of 640 mW cm-2. This suggests that such devices are viable for use
as low-end photodetectors.

In moving beyond graphene laden ink to create conductive traces, the fabrication of
patterned silver nanowire networks on flexible substrates was demonstrated, using
piezoelectric inkjet printing as the deposition method. The as-delivered nanowires were
shortened by sonication induced scission to a mean length of 2.2 µm to prevent clogging
of the jetting nozzles. Fusing of the overlapping nanowires by thermal treatment to
increase the conductivity of the inter-wire junctions translated into a reduction of the
sheet resistance. In this way, the resultant networks were reasonably uniform and had
good electrical properties, displaying sheet resistances below 18 Ω/□ for film thickness
above 130 nm. The DC conductance of the networks increased with connectivity, from
the onset of percolation at ~ 1 x 103 S m-1 for very thin films (9 print passes), rising
sharply up to a saturation point of 4.4 x 105 S m-1 for thicker films after 20 print passes.
However, ageing of the silver nanowire networks was observed, resulting most likely
from damage to the surface passivation layer of the nanowires during the sonication
process.

In both experiments, evaporation of the solvent vehicle was a challenge, with bleeding
leading to non-uniformity of the networks at the edges of the print patterns and reduced
electrical performance.

In a further experimental step, electrostatic capacitors were fabricated by inkjet printing
and spray-casting, combining conducting graphene and dielectric hexagonal boron
nitride (h-BN) to create a hybrid multilayer structure (a sandwich structure of 3 layers).
Impedance spectroscopy showed this sandwich structure to perform as a capacitor with
a series resistance. Devices showed areal capacitance ranging from 0.24 to 1.1 nF/cm2
with an average series resistance of ~ 120 kΩ. This study provides the foundation to
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realize all-inkjet printed capacitor stacks for frequency tuning of RL‖C circuits and to
regulate the system Q-factor.

To resolve the printing problems of ink concentration, nozzle density, solvent
evaporation and flooding, and the formation of swathe edges, the inkjet printing
technique shifted to thermal actuation using a Newtonian fluid as carrier.

Aqueous dispersions of silver platelets were prepared by diluting silver flakes with
deionized water at a concentration of 15 mg/ml. A standard Canon inkjet photo printer
having a printhead cartridge housing a total of 3,072 drop generators with an aperture of
16 µm, a droplet volume per nozzle of 2 picoliters, and depositing up to 24,000 drops
per second, was used for the deposition process.
Printed patterns exhibited bulk conductivity of ~2.66 x 106 S m-1 at a line thickness of
~180 nm, sheet resistance as low as 0.53 Ω/□ after 25 print passes, with low thermal
treatment at 50 °C for 24 hours to remove the deionized water. Thickness data as a
function of the number of print passes indicated that the silver ink at 15 mg/ml
concentration was depositing an average line thickness of 21.88 nm per print pass.These
results pave the way to create passive electronic functionalities on low temperature
flexible substrates.

An application in dual interface (DIF) smartcards (ID-1 format) is presented in which
card-size planar coupling frame antennas for passive near-field communication at 13.56
MHz are printed by means of thermal inkjet deposition using silver platelet-based ink of
high concentration. The contactless interface is realized by patterning a slit extending
from a perimeter edge of the smartcard body to a rectangular opening in the silver
printed layer to accommodate a pick-up transponder chip module with contact pads on
its obverse side and a laser etched module antenna on its reverse side. When the DIF
smartcard is interrogated by a reader generating an electromagnetic field, the inkjetprinted coupling frame concentrates surface eddy current density around the slit and
opening, to facilitate inductive coupling with the pick-up transponder chip module. The
experimental focus is on RF inductive field mapping of printed coupling frames with
chip modules, and vector acquisition to extract impedance data. This work encompasses
the fabrication and characterization of the first inkjet printed single loop coupling frame
on a low temperature substrate for application in dual interface transaction cards.
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On a laboratory scale, an inkjet system is a versatile tool for the fabrication of printed
electronics on a target substrate, but for industrial production, the boundary conditions
of ink concentration, substrate selection, processing temperature, solvent evaporation
rate, drying temperature and printing speed present a challenge for fast and efficient
production. To transcend to a rational industrial process, other deposition techniques
and supplementary technologies need to be explored which is beyond the scope of this
thesis.
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Single turn coupling frame without (left) and with a TCM (right)
outlining the theoretical induced current denoted by a zone
forming a path around the slit and horseshoe module opening

Fig. 5.18
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Unloaded ID-1coupling frame 3 mm loop antenna tuned by
the introduction of an inkjet printed capacitor across the slit
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NOMENCLATURE - LIST OF SYMBOLS
α

Extinction coefficient

[mL mg-1 m-1]

γ

Surface energy

[mJ m-2]

γ

Surface tension

δ

Skin depth

[µm]

ε

Absorption coefficient

[m-1 or cm-1]

𝜀0

Permittivity of free space

[8.854 x 10-12 F⋅m−1]

𝜀𝑟

Dielectric constant of a 2D material

[unitless]

η

Shear viscosity

[mPa s]

θ

Contact angle between a droplet and a substrate

[degs]

θ

Phase angle

[degs]

λ

Wavelength

[m]

µ

Permeability

[H m-1]

µ0

Permeability of free space – Magnetic constant

[4π x 10-7 H m-1]

ρ

Fluid density

ρ

Resistivity

[Ω m]

σ

Conductivity, the inverse of resistivity

[S m-1]

𝜎𝐵

Bulk conductivity

[S m-1]

φ

Phase angle

[degs]

Φ

Magnetic Flux

ω

Angular Frequency

[rad s-1]

A

Absorbance of a medium

[unitless]

A

Area of overlap of the two capacitor plates

[m²]

A

Cross sectional area of a conductor

[m²]

𝑎

Characteristic dimension (nozzle diameter),

[µm]

B

Magnetic Flux Density

[Wb m−2]

B

Susceptance

[Siemens]

c

Speed of light

[299,792,458 m/s]

C

Capacitance

[F]

C

Molar concentration

C

Concentration

[mg ml-1]

D

Charge density

[C m−2]

D

Initial drop diameter

[mm]

[dyne cm-1]

[cP]

[gram cm-3]

[maxwell]

[mol L-1]

XX

[mN m-1]

[kg m-3]

[Wb]

[mol m-3 or M]

Dmax

Maximum drop diameter after impact

[mm]

d

Separation distance between capacitor plates

[m]

−1

[V⋅m ]

[N C−1]

E

Electric field strength

f

Frequency

[Hz]

fc

Carrier frequency

[Hz]

fres

Resonance frequency

[Hz]

G

Conductance

[S]
2

[6.63 × 10-34 J∙s]

h

Planck’s constant

H

Magnetic field strength

[A m−1]

I0

Incident light intensity

[lm m-2]

I

Transmitted light intensity

[lm m-2]

I

Electric current

[ampere]

l

Path length of a beam of light through a material sample

[nm]

l

Total length of a conductor

[m]

j

Imaginary unit

[j = √−1]

L

Inductance

[H]

M

Mutual inductance

[H]

𝑛

Percolation exponent

[unitless]

N

Print passes

[number]

N

Windings or turns

[number]

Q

Electric charge

[coulomb]

Q

Quality factor

[unitless]

R

Resistance

[Ω]

Rs

Sheet resistance

[Ω/□]

t

Time constant

[µs]

t

Thickness of thin film

[nm]

t

Thickness of a conductive network

[nm]

t

Track thickness

[µm]

tc

Critical thickness

[nm]

T

Transmittance

[unitless]

Tg

Glass transition temperature

[°C]

V

Potential difference

[v]

𝑣

Velocity

[m s-1]

w

Track width of a conductor

[mm]

XC

Capacitive reactance

[Ω]

[m kg/s]

XXI

XL

Inductive reactance

[Ω]

Y

Admittance

[S]

Z

Inverse Ohnesorge number

[unitless]

Z

Impedance

[Ω]

|Z|

Magnitude of impedance

[Ω]

Z0

Wave impedance of free space

[376.73 Ω]
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NOMENCLATURE - ABBREVIATIONS (alphabetical order)

1D

One-Dimensional

2D

Two-Dimensional

3D

Three-Dimensional

AC

Alternating Current

AFM

Atomic Force Microscopy

Ag NP

Silver Nanoplatelet

Ag NW

Silver Nanowire

ASCII

American Standard Code for Information Interchange

BN

Boron Nitride

BNC

Bayonet Neill-Concelman

CF

Coupling Frame

CHP

N-Cyclohexyl-2-pyrrolidone

CMOS

Complementary Metal–Oxide–Semiconductor

CVD

Chemical Vapour Deposition

DC

Direct Current

DEG

Diethylene Glycol

DIF

Dual Interface

DOD

Drop-on-Demand

dpi

dots-per-inch

DUT

Device under Test

EDS

Energy-Dispersive-Spectroscopy

EM

Electromagnetic Radiation

EMF

Electromotive Force

EMV

Europay MasterCard Visa

FET

Field Effect Transistor

FFT

Fast Fourier Transform

FoM

Figure of Merit

h-BN

Hexagonal Boron Nitride

GHz

Gigahertz

GPIB

General Purpose Interface Bus

HF

High Frequency

HFSS

High Frequency Structural Simulator

HMDS

Hexamethyldisilazane
XXIII

HPLC

High Performance Liquid Chromatography

ID-1

Standard Size for Identification Cards defined by ISO/IEC 7810

IEC

International Electrotechnical Commission

IPA

Isopropyl Alcohol or Isopropanol

IS

Impedance Spectroscopy

ISM

Industrial, Scientific and Medical (ISM) radio bands

ISO

International Organization for Standardization

ITO

Indium Tin Oxide

IV

Current-Voltage

kHz

Kilohertz

LCD

Liquid Crystal Display

LCP

Liquid Crystal Polymer

LED

Light Emitting Diode

LF

Low Frequency

LPE

Liquid Phase Exfoliation

LVDT

Linear Variable Differential Transformer

MHz

Megahertz

MoS2

Molybdenum Disulfide

ND

Neutral Density

NFC

Near-Field Communication

NMP

N-Methyl-2-pyrrolidone

Oh

Ohnesorge Number

OLED

Organic Light Emitting Diode

PC

Polycarbonate

PCD

Proximity Coupling Device

PE

Printed Electronics

PEDOT/PSS

Poly (3,4-ethylenedioxythiophene) polystyrene sulfonate

PET

Polyethylene Terephthalate

PI

Polyimide

PICC

Proximity Integrated Circuit Card

PID

Proportional-Integral-Derivative

PNN

Porous Nanoflake Network

POS

Point of Sale

PVC

Poly(vinyl chloride)

PVP

Polyvinylpyrrolidone
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PVP

Poly-4-vinylphenol, also called polyvinylphenol

RC

Resistance-Capacitance

Re

Reynolds Number

RF

Radio Frequency

RFID

Radio Frequency Identification

RGB

Red-Green-Blue

RLC

Resistance-Inductance-Capacitive

RMS

Root Mean Square

RPM

Revolutions per Minute

SEM

Scanning Electron Microscopy

Si/SiO2

Silicon/Silicon Dioxide Wafer

SIM

Subscriber Identity Module

SPM

Scanning Probe Microscope

SWNT

Single-Walled Carbon Nanotube

TC

Transparent Conductive

TCE

Transparent Conductive Electrode

TCM

Transponder Chip Module

TEM

Transmission Electron Microscopy

TIFF

Tagged Image File Format

TMD

Transition Metal Dichalcogenides

UHF

Ultra High Frequency

UV-Vis-NIR

Ultraviolet–Visible-Near Infrared

vdW

van der Waals

VNA

Vector Network Analyser

We

Weber Number
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GLOSSARY OF TERMS IN PRINTING

Capillary Effect

It occurs because of surface tension and adhesive forces
between a fluid and a solid surface, influencing, for
example, the shape of a deposited droplet on a substrate.
In a fluid channel of a printhead, the effect opposes the
retracting motion of the fluid. It is also responsible for
meniscus formation at the rim of a jetting nozzle.

Coffee Stain

This effect resides with fluid flow and drying effects. On
certain substrates there may be a high surface tension at
the ink-substrate interface leading to poor substrate
wetting, this can result in ink droplets coalescing and
become mobile on the substrate. As the droplets dry from
evaporation, the ink particles move towards the rim of the
droplet, where the contact line becomes pinned.

Marangoni Effect

Such an effect results from fluid flows driven by surface
tension gradients caused by temperature or chemical
composition/concentration at the interface of a deposited
evaporating ink drop and the host substrate. The presence
of a gradient in surface tension will cause the ink solvent
to flow away from regions of low surface tension.
Formation of “coffee-ring” deposits can be reversed by
manipulating the Marangoni flow in a drying droplet, by
controlling the substrate temperature.

Newtonian Fluid

At a given temperature, the viscosity of a fluid, a measure
of a fluid's ability to resist gradual deformation by shear
stress, remains constant regardless of the shear rate used to
measure it. Therefore, the relation between the shear
stress and the shear rate is linear. Typical Newtonian
fluids include water and thin motor oils. On the contrary, a
non-Newtonian fluid exhibits properties in which the sheer
stress does not vary in the same proportion (or direction)
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in response to variations in sheer rate. Some fluids will
also display a change in viscosity with time under
conditions of constant shear rate. Many printing ink
dispersions exhibit non-Newtonian behaviour.
Rayleigh-Tomotika

It is a condition caused by fluid thread breakup of an ink
drop from a jetting nozzle into smaller fluid masses known
as satellite droplets, characterized by the elongation of the
fluid mass. The production of these secondary droplets is
an unwanted phenomenon.

Swathe Lines

A commonly occurring feature of inkjet printing is vertical
banding, i.e. visible striations (swathe edges) running
parallel the printhead raster direction, caused by nonuniform drying conditions. The striations form a repeating
pattern: one dark and one light stripe per horizontal pass of
the printhead across the substrate. This non-uniformity
ultimately limits the electrical conductivity of a printed
line, with the conductivity defined by the thinnest regions.
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GLOSSARY OF TERMS IN RFID

Activation Distance

The distance at which a passive transponder is interrogated
and can receive commands from a contactless reader. The
distance at which the reader can still interpret the answer
of the transponder and store data in its memory is the
read/write distance.

Booster Antenna

In general, a passive contactless high frequency (13.56
MHz) card for identification and payment comprises of a
wire embedded planar rectangular coil or chemically
etched coil with its wire or terminal ends physically
connected (galvanic coupling) to an RFID chip. The card
format is ID-1 (85.60 × 53.98 mm) with the same
dimensions as a standard bank card.
In contrast, a non-galvanic high frequency card, with no
physical interconnection between the coil and the chip,
replaces the normal chip with an antenna chip module
consisting of a small antenna structure implemented
directly on the module and bonded to the RFID chip. This
module antenna inductively couples with a coil structure
(Booster Coil) implemented in the card body when in an
electromagnetic field generated by a contactless terminal.
The booster coil is composed of a perimeter coil with
inner and outer windings, a coupler coil arranged
concentric to the position of the module antenna and in
some instances there is an extension coil for frequency,
bandwidth and power delivery optimization.

Coupling Frame

It is a highly conductive surface acting as a primary
antenna with a slit protruding from at a perimeter edge to a
position within the frame to inductively couple with a
secondary pick-up antenna connected to an RFID chip.
The conductive surface may be non-transparent to an
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electromagnetic field. When the surface is exposed to a
varying magnetic flux generated by a contactless terminal
operating at an ISM frequency of 13.56 MHz, electric field
strength is induced into the conductive surface creating
eddy currents. According to Lenz’s law, the induced eddy
currents will work against the exciting magnetic flux
which created them. Because of the discontinuity in the
conductive surface in the form of a slit or slot, the eddy
current loop distribution is altered. There are two inducing
current loops, opposing and supporting, the latter creating
a circulating magnetic flux in the same direction as the
exciting magnetic flux around the area of the slit within
the frame. This magnetic flux density can be picked-up by
a secondary overlapping antenna to deliver power to an
RFID device or sensor. Inkjet printed coupling frames may
replace booster antennas in dual interface smartcards. Any
metal object can be transformed into a coupling frame
such as jewellery to facilitate contactless payment.

Inductive Coupling

In a proximity coupling RFID system, a reader emits via
an antenna coil an electromagnetic field at a
predetermined transmission frequency, such as at 13.56
MHz. Because the wavelength at this frequency (22.1 m)
is several times greater than the distance between the
reader's antenna and the passive transponder, the
electromagnetic field may be treated as a simple magnetic
alternating field. When the transponder enters the field, by
induction a voltage is generated in the transponder’s
antenna and after rectification serves as the power supply
for the RFID chip. The RL‖C circuit of the transponder
antenna and the input capacitance of the RFID chip form a
resonant circuit tuned to the transmission frequency of the
reader. The RFID chip varies its antenna’s response
resulting in a perturbation of the magnetic field in order to
transmit and receive data to and from the reader. The
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reader receives the signal transmission, demodulates and
decodes it.

Magnetic Coupling

The term magnetic coupling refers to any coupling that
occurs using the reader and transponder’s magnetic field.
(see inductive coupling)

Near-Field Communication It is a form of RFID technology that has a read range of up
to a few centimeters, adhering to ISO standards 14443 and
18000-3, and operating on the HF or High-Frequency
band (13.56 MHz) of the radio frequency spectrum. It uses
magnetic coupling to send and receive signals.

Near-Field Coupling

Applicable to RFID systems operating in the LF (125
kHz) and HF (13.56 MHz) bands with relatively short
reading distances. In the near field, it is possible to have an
electric field (capacitive coupling) with very little
magnetic field, or magnetic field (inductive coupling) with
very little electric field.

Reader

It contains an RF transceiver module, a signal processor
and controller unit, an antenna element to couple with a
transponder, and an output data interface to communicate
with a host computer.

Transponder

Also known as tag, acts as a programmable data carrying
device consisting of an antenna coupling element
(resonant RL‖C tuned circuit) connected to a low power
RFID CMOS chip having an input tuning capacitor.
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CHAPTER 1 – INTRODUCTION AND THESIS OUTLINE

1.1 Introduction

The principal objective of this work was to realize passive electronic functionalities on
low temperature flexible substrates.

Inkjet printing of nanoparticle loaded ink was chosen to pattern low resistance,
semiconducting and dielectric traces.

Graphene and molybdenum disulfide nanosheets were prepared by liquid phase
exfoliation in the carrier fluid N-Methyl-2-pyrrolidone (NMP). Silver nanowires
shortened by sonication induced scission were prepared from optimized isopropyl
alcohol (IPA) − diethylene glycol (DEG) dispersions. Nanosheets of hexagonal boron
nitride (h-BN) were obtained by exfoliation of BN powder in isopropyl alcohol (IPA)
for spray coating. As delivered silver platelets were dispersed in deionized water in
preparation for thermal inkjet printing.

In this work, substrates with good wetting properties were selected, to avoid pre-inkjet
surface modification processing to improve the interfacial adhesion between printed
traces and the substrate. The primary substrate of choice was a single side coated
transparency poly-ethylene terephthalate (PET) film obtained in sheet form from
Mitsubishi Paper Mills. For high temperature processing, synthetic paper was used.

Low resistance traces are crucial for high quality circuits. As electrical resistance is
inversely proportional to the thickness of a conductive structure, multiple deposition
layers are required to achieve circuits of practical use. The material loading of the ink,
drop volume, the number of discrete drops of ink deposited in a layer-by-layer fashion,
and the drying and post-print curing processes further determine the electrical resistance
of a printed trace. Therefore, line resistivity is determined by the concentration of the
conductive ink, inkjet printing processes, the number of print passes, and the curing
temperature and duration.

With this introductory backdrop, the focus of this research is on functional ink
formulations and the printing of thin film circuits.
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1.2 Research Context

The area of research is directed at the material science of one and two dimensional
nanostructures; production of nanowires and nanosheets in solvent systems;
characterization and analysis of the 1D and 2D materials, development of optimized ink
formulations for drop-on-demand inkjet printing taking into account storage stability,
rheological properties, jetting performance, wetting and adhesion on substrates, and
drying behaviour; printing techniques for non-contact patterning of planar circuit
elements and multilayer stacks; and the performance of fabricated circuits and
components, and above all, retention of functionality with time.

1.2.1 General Introduction to Inkjet Printing

Inkjet printing is a non-contact, additive printing method which deposits droplets at high
precision on a substrate. The ink is emitted through small orifices in the printhead,
called nozzles. Typically, a printhead in a laboratory printer will have 16 nozzles, while
modern inkjet printers for home or office use contain hundreds or thousands of nozzles.

For drop-on-demand (DOD) inkjet printers, the drop generation can be classified as
piezoelectric actuation or thermal (bubble-jet) actuation.

Initial printing experiments were conducted using a laboratory Dimatix Inkjet Printer
(DMP 2800 series) which allows for easy control over many of the processing
parameters including ink and substrate temperature, voltage amplitude and jetting
waveform, resolution (drop spacing and drop angle) and the distance from the printhead
to the substrate. The printhead in this DOD printer consists of 16 piezoelectric-driven
jetting channels with integrated fluid reservoir and heating element.

The drop pattern to be printed on the Dimatix printer is based on graphical data (bitmap)
stored in an image file which is transformed into commands driving the jetting nozzles
in the printhead, determining the angle of the printhead relative to the printing direction,
the incremental movement of the printhead in the (x) horizontal direction and the
motion of the platen stage in the (y) vertical direction holding the host substrate.
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The operating principle of the piezoelectric actuation printhead is based on applying a
voltage pulse to a jetting element which generates acoustic pressure waves inside the
fluid reservoir of the element, inducing the fluid to push forward and propel beyond the
surface of the nozzle. By selectively adjusting the voltage waveform applied across each
of the 16 nozzles in the printhead, the droplet volume and drop velocity per nozzle can
be varied. To prevent fluid leakage from the nozzles, a slightly negative meniscus
pressure of 4 inches of water (994.7 Nm-2) is typically applied.

The choice of fluid depends on the actuation architecture of the printhead, the properties
of the nanomaterials, and the required formulation attributes to achieve successful
droplet formation and jet stability. The important physical properties of the fluid
forming droplets containing particles are its concentration, surface tension and
viscosity. To ensure good operability, it is necessary that the ingredients are colloidally
stable in the inkjet fluid and do not flocculate causing nozzle congestion.

The droplet size from each nozzle is determined by the diameter of the nozzle aperture
(21 µm), firing voltage waveform (amplitude, slew rate, pulse duration) and fluid
properties (flake size, type of solvent vehicle, density, surface tension, viscosity and
evaporation rate). [1]

Therefore, the fluid composition influences the droplet formation and morphology of
the deposited pattern on the substrate, with the volume of the ejected droplet increasing
with decreasing viscosity, increasing firing voltage and increasing pulse duration. [2]

In the piezo-driven printheads as discussed above, the voltage applied across a
piezoelectric element can be varied to control the jetting drop volume of the ink.
Furthermore, the rise and fall time of the voltage waveform can be tailored to minimize
the formation of tails or satellite droplets. There is full control over the printing
parameters, processing temperature of the ink and substrate, and there is freedom of
choice in the development of the ink formulation using different solvents. [1]

Later in the research program, the challenge reverted to using a standard desktop colour
inkjet printer to deposit metal nanoparticle dispersions for passive circuits. The printing
method changed from piezoelectric to thermal inkjet technology.
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In a thermal-driven printhead, a pressure pulse that forces an ink drop through an
ejection orifice is caused by the formation and collapse a vapour bubble, which is
generated by the rapid heating of a resistive element in a chamber filled with ink. This
technique puts a constraint on the ink formulation that can be applied. The fluid has to
withstand rapid high local temperatures and must vaporize, imposing a limit on the type
of solvent which can be used. [3] Advantages of thermal inkjet include the potential for
very small drop sizes, high nozzle density in the printhead, more accurate drop
placement and a less complex driving system routing signals to the inkjet nozzles.
Experimental work was carried using two desktop thermal inkjet printers, namely
Canon MG 2550 and HP 3070A.

As will be discussed in more detail, the choice of jetting principle will influence the
printability of high concentration inks and the number of print passes required to
achieve highly conductive circuits.

1.2.2 Nanomaterials

One dimensional (1D) materials can be defined as structures that have a thickness or
diameter constrained to tens of nanometers exhibiting quantum confinement in this
nanoscale dimension and an unconstrained length having bulk-like properties. The most
common representation of one dimensional material is nanowires. [4]

Two dimensional (2D) materials are those consisting of between one and several layers,
with the atoms in each layer covalently bonded to neighbouring atoms in the same layer,
which has one dimension in the nanoscale or smaller (~ nm), and the other two
dimensions generally at larger scales (usually ~µm).[5]

The best known 2D material is graphene; a mono- or few- layer form of graphite. It is a
crystalline allotrope of carbon displaying remarkable electron mobility at room
temperature, high electrical conductivity and mechanical strength. Other twodimensional (2D) atomic crystals include hexagonal boron nitride (h-BN) and
molybdenum disulfide (MoS2). [6]
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Unlike graphene, hexagonal boron nitride (h-BN) is a dielectric material, and can be
combined with graphene and other 2D materials to make multilayer van der Waals
(vdW) bonded heterostructures.

As in graphene, the layered structures of molybdenum disulfide (MoS2), a transition
metal dichalcogenide, exhibits interesting electronic and optical properties. Whereas
few-layer MoS2 is an indirect band gap semiconductor, MoS2 monolayers have a direct
electronic band gap, allowing the fabrication of switchable transistors and
photodetectors. [7]

An alternative to graphene as the conductive element is silver nanowires and nanoplates
having good electrical properties that can be tailored to specific applications.

Solution-processing of 1D and 2D materials produces nanowires and nanosheets which
can be dispersed in a suitable ink formulation for inkjet printing.

The direct writing of 1D and 2D materials from dispersions to pattern thin film circuitry
on temperature sensitive substrates is the primary focus of this research.

The unique properties of nanomaterials, production thereof and the parameters
influencing their deposition by means of inkjet printing are further discussed in the next
section and subsequent chapters.

1.2.3 Inkjet Printing of Nanomaterials

Inkjet printing is an additive and cost effective process which allows 3D electronic
structures to be generated on a substrate without the production steps of masking or
chemical etching.

The areas of scientific investigation include drop-on-demand inkjet printing; spray
casting; liquid phase exfoliation of flakes to produce single- and multi- layer
nanosheets; sonication induced scission of silver nanowires; thermal jetting of silver
platelets in an aqueous solution; selection of organic solvents or solvent mixtures with a
surface tension close to the surface energy of the 1D and 2D materials (to provide good
wrapping, avoid aggregations and collapsing of the dispersion) and the interaction
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compatibility of the solvent fluid with the substrate or with previously printed layers
and the electrical performance of the multi-layered printed structure.

For example, inkjet printing of graphene ink onto temperature sensitive substrates opens
up the opportunity to combine the unique electronic, optical and mechanical properties
of graphene with the deposition of other nanomaterials to fabricate sequential patterns,
integrated structures and flexible electronic devices under digital control for many
different applications.

The application of inkjet printing of 1D and 2D materials onto flexible substrates results
in several challenges in terms of (i) ink concentration (solvent mass ratio) and
formulation, viscosity, surface tension and control of solvent evaporation and (ii) the
appropriate matching of the solvent and substrate is crucial for successful coalescing of
the droplets during drying. The interfacial affinity between ink and substrate is
determined by the contact angle of the solvent on the substrate, droplet diameter, droplet
volume, drop spacing, and the temperature of the fluid and substrate. The integrity of
the printed features will also depend on the jetting parameters, drop formation of the
ink, travel to the substrate and drop velocity, the number of print passes and the post
annealing treatment.

The printhead jetting technology also plays an important role on the complexity of the
deposition process, in combination with the choice of liquid carrier solution in which
the nanomaterials are dispersed.

1.3 Motivation

My background is in the RFID industry, and so my prior knowledge is grounded in
incremental steps of engineering accumulated over time, spanning almost thirty years.

In the search for new ideas, I decided to take upon myself the journey of pursuing an
academic research programme in nanoscience with the objective of finding something
new to evaluate and exploit as an entrepreneurial opportunity.

To be honest, I rather underestimated the daunting task of learning and understanding
science and then to assimilate my understanding of this body of knowledge into an
-6-

engineering project. Also, the time aspect of gaining know-how and bundling ideas was
much longer than anticipated.

Engineering is the practical application of science, while science is knowledge of the
physical world based on facts learned through observations and experiments with an
emphasis on systematic orientation to provide explanations and predictions.

I gained immensely from the experience and exposure to scientific knowledge, for
which I am very grateful. It has led to the discovery of new ideas and the generation of
new knowledge which I hope will transpire into innovative solutions and lead to the
creation of technological change.

Although my endeavours make a small contribution in paving the way to realizing
planar circuit elements and vertically integrated multilayer components by inkjet
fabrication, I believe the scientific advancements in all fields of nanoscience and the
knowledge spillover from this pioneering work will significantly change engineering as
we know it today.
Without knowledge spillover, there is no entrepreneurial discovery. [8]

1.4 Applications and Technical Challenges

In the context of printed electronics, inkjet printing is an enabling tool to realize
electronic circuit interconnections and discrete components like resistors, inductors and
capacitors on flexible temperature sensitive substrates. Inkjet printing of nanomaterial
based inks has great potential in active device applications such as field-effect
transistors, light emitting diodes, organic photovoltaic cells and gas sensors. The
application spectrum for inkjet printing also encompasses radio frequency identification
(RFID) devices, and in particular the sub-components of transponders or tags, such as
electrodes, connection straps, chip interposers, resonant circuits, and inductive or
capacitive coupling antenna structures. For nanomaterials to have an impact on passive
circuits, the basic tenets of low resistance DC and low impedance AC circuits need to
be respected. To overcome this challenge of low impedance circuits, highly conductive
inks are essential, especially when fabricating high frequency planar antennas for RFID
applications.
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Consideration must be given to the correlation between the geometrical dimensions of
the material to be patterned, the ink concentration, the number of jetting nozzles in a
printhead, the droplet volume per nozzle, the evaporation rate of the liquid carrier, the
number of print passes and the post-print thermal annealing, if circuits of practical use
are to be accomplished.

1.5 Objectives

The aim of the research is to demonstrate the fabrication of passive planar circuits and
vertically stacked heterostructures, and to understand (i) the properties of 1D and 2D
materials, (ii) the fluid attributes of the functional inks, (iii) the printing parameters
influencing the deposition quality, (iv) the morphology of printed features, (v) the
electrical conductivity of thin films and (vi) the post-inkjet printing processing to
improve the electrical conductivity.

To accomplish these principal objectives, the following goals were set at the beginning
of this research:


To identify liquid carriers and explore the relevant characteristics of the solvents
to disperse nanomaterials for inkjet deposition



To formulate and characterize conductive, semi-conductive and dielectric inks



To utilize optimized ink dispersions to produce thin films having conductive,
semiconductor and insulating structures



To pattern electrodes, radio frequency planar antennas and vertically-integrated
stack-ups on low temperature substrates



To define the curing conditions to attain the desired thin film characteristics



To elucidate the electrical conductivity and thickness of the films from the
percolation to the bulk regime



To advance research in the field of printed electronics, by creating and
characterizing inkjet printed passive planar circuits and multilayer stacks.

There is one overriding objective of this research – the production of functional high
frequency passive planar antenna structures for RFID applications using inkjet printing.
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1.6 Format of the Thesis

The remainder of this thesis is organized as follows:
Chapter 2 describes the experimental procedures to produce a solvent dispersion of
graphene, perform optical absorbance measurements to determine the dispersion
concentration and fabricate test patterns on a temperature sensitive substrate. A
literature review provides the context of the chapter and discusses the works undertaken
by other academic groups. It further describes the techniques for material
characterization and introduces test results showing correlation between the thickness of
graphene printed lines and electrical characteristics described by percolation theory. In
addition, inkjet printing of graphene dispersions is discussed in the context of passive
circuits. Limiting factors in achieving highly conductive graphene electrodes are
presented. Concluding remarks include proposals for future work.

Chapter 3 reports the investigation into inkjet printing of silver nanowire networks,
provides a literature review on the works of other research groups, and describes the
experimental procedures and solvent selection. The characterization of the Ag NW thin
films is presented in terms of viscosity and surface tension measurements, profile
uniformity analysis of printed lines, and the electrical properties of resultant networks as
a function of the number of print passes and temperature processing. A summary of the
main findings and potential applications conclude the chapter.

Chapter 4 outlines the study into inkjet printing of electrostatic capacitors with a
stacking structure of graphene electrodes and a dielectric layer of boron nitride. An
annotated bibliography cites the prior art. It gives details about solvent selection,
solution phase exfoliation of graphite and boron nitride, including the characterization
of the conductive and dielectric inks. Inkjet printing and spray deposition of the 2D
materials are described. It defines the basic processing steps to fabricate an array of
electrostatic capacitors, geometrical properties and process conditions. Some
fundamental theory that applies to RC circuits is revised and the experimental
component focuses on electrochemical impedance spectroscopy. The performance of
the devices with experimental results completes the chapter.

Chapter 5 addresses the printability of planar multi-turn antennas by means of thermal
inkjet deposition of silver platelets. Maintaining electrical continuity with increasing
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number of print passes for different ink concentrations will be investigated. A brief
review of the printing method, ink concentration and formulation, and the post printing
annealing process are discussed. It further presents the application of inkjet printed
coupling frame antennas in concentrating surface eddy current density around a slit and
an opening in the printed frame, to facilitate inductive coupling with a pick-up
transponder chip module containing a laser etched antenna structure. It draws on and
analyses the work of other research groups. It demonstrates the function of coupling
frames with a slit in capturing an electromagnetic field, and inducing circulating loops
of eddy currents that do not work against the field which created them. The
experimental focus is on 2-D magnetic inductive field mapping of coupling frames with
transponder chip modules, resonance frequency and impedance measurements. This
work encompasses the fabrication and characterization of the first inkjet printed single
loop coupling frame for application in dual interface payment smartcards.

Chapter 6 contains a summary of the most significant conclusions from the work
outlined in the preceding chapters. Suggestions for future research and development are
also proposed.

The fundamental properties of layered nanomaterials and the theoretical foundation
behind the work presented in the main body of the thesis are presented in the
appendices, to serve as introductory material for early-stage researchers.
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CHAPTER 2 – INKJET DEPOSITION OF LIQUID-EXFOLIATED GRAPHENE
AND MoS2 NANOSHEETS FOR PRINTED DEVICE APPLICATION
2.1 Introduction

In this chapter, the experimental procedures for depositing conductive and
semiconductive 2D materials are presented. The focus of this work has been on the
inkjet printability of graphene and MoS2-laden ink onto coated transparent PET using
the Dimatix Materials Printer 2800 (piezoelectric jetting nozzles), to produce uniform,
mechanically flexible and electrically functional features, and to understand the
mechanisms that control the sorption and fixation of the ink on the substrate. In this
study, the solvent based ink formulation consists of the carrier fluid NMP.

In formulating a nanomaterial ink for drop-on-demand printing, consideration must be
given to: the liquid phase processing of layered bulk materials to yield high quality
mono and few-layer flakes with tuning control over the flake size selection, the volume
loading of the flakes in a suitable solvent vehicle, solvent boiling point, surface tension
and viscosity of the fluid, interaction of the solvent in the reservoir bag and with
component elements of the printhead, jetting performance determined by the firing
waveform settings (applied voltage amplitude, slew rate, pulse duration) in having
control over drop, ligament and satellite formation, drop substrate interaction at impact
and capillary fluid flow, removal of the solvent within the printed feature, density of the
flakes in forming a conductive or semiconductive path, topology and morphology of the
printed feature, degree of conductivity of dried deposited material, and long-term
stability of the ink dispersion. An iterative process was adapted by varying parameters
such as the concentration to improve the printing characteristics, adapting the firing
waveform to the ink and varying the temperature of the ink and substrate to find the
optimum performance.

Strategies to mitigate the effect of nozzle clogging (insufficient firing of the nozzles
during operation, results in evaporation of the solvent at the orifice of each nozzle and
leads to the build-up of solid material inside and around the nozzle rim) were
implemented during every print session. For example, the jetting performance of each
nozzle was monitored during and after printing, observing the jetted drops by strobe
illumination in the drop watcher.
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To prevent air bubbles being conveyed into the actuation chamber from the ink tank,
thus changing the acoustic characteristics of the piezoelectric element and disrupting the
jetting mechanism, the ink was degassed before use. [1]

With this introductory background on inkjet printing of 2D materials, the most relevant
articles on “inkjet printing of graphene” onto flexible temperature sensitive substrates
will now be reviewed.

2.2 Annotated Bibliography

Three key articles have been selected which directly relate to the work under evaluation.
The authors of the first article are proponents of inkjet printing of graphene onto flexible
transparent substrates as a promising technique for large scale fabrication of flexible
plastic electronic devices such as displays, photovoltaic cells and organic light emitting
diodes (OLEDs). The second article provides an overview of the influencing factors
which determine the quality of printing and the possible applications. While the authors
of the third article report on the development of a graphene ink based on a
graphene/ethyl cellulose powder which when inkjet printed in a suitable solvent
produces conformal features of low resistivity after mild annealing.

2.2.1 Article 1
In the first article, “Inkjet-Printed Graphene Electronics”, Torrisi et al. provide
experimental results which demonstrate inkjet printing as a viable method for large-area
fabrication of graphene devices (Torrisi et al., 2012). [2]

The authors see the application of inkjet printing of graphene in thin-film transistors,
transparent and conductive composites and electrodes, and photonics. They consider
liquid phase exfoliation of graphite as ideally suited to produce printable inks.

In describing the various techniques to produce graphene, they highlight that graphene
oxide dispersible in aqueous and non-aqueous solvents can be produced following the
Hummers method, but the flakes are intrinsically defective and electrically insulating.
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Therefore, in comparing experimental results, it is important to distinguish between
exfoliated and dispersed processed flakes retaining the electronic properties of
graphene, and insulating graphene oxide dispersions.

The properties of ink required to enable high quality printing include viscosity, surface
tension, density, droplet velocity and nozzle diameter, influencing the spread of the
inkjet printed droplets on the surface of a substrate. These parameters can be arranged
into dimensionless figures of merit (FoM), such as Reynolds, Weber and Ohnesorge
numbers.

A feature impairing the quality of the printed image is the formation of satellites from
the primary ejected droplet which can be curtailed by proper tuning of the jetting
parameters and ink formulation.

To prevent clogging of the inkjet nozzles in the printhead cartridge, the graphene flakes
should be 1/50 of the nozzle aperture.

Fluid dynamics dictate the behaviour of an ejected droplet on a substrate surface, with
the contact angle between the liquid droplet and the surface playing a crucial role in the
adhesion and motion of the droplet to and on the surface. The contact angle is further
influenced by the substrate surface energy, and the viscosity and surface tension of the
ink. When the ejected droplet containing the dispersed graphene flakes collides with the
substrate surface, the fluid evaporates on the surface leaving a coffee ring effect due to
the interplay of ink viscosity and surface ink interaction. This effect can be partly
neutralized by adjusting the contact angle and optimizing the substrate wettability.

In addition, to reduce the coffee ring effect, the fluid vehicle in this case a non-aqueous
solution, needs to have both a boiling point and heat of vaporization higher than water
and a substrate that facilitates adhesion. The solvent of choice to exfoliate graphite is Nmethylpyrrolidone (NMP), whose surface energy is close to that of graphene and with a
viscosity higher than water at room temperature. The authors examined the effect of
changing NMP ink characteristics, measured via a FoM such as the inverse of the
Ohnesorge number (Z), by mixing with ethylene glycol. They also observed that
pristine graphene/NMP ink jetted extremely well despite having a Z value of ≈ 24
outside the conventionally assumed range (1 < Z < 14).
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Printing was performed on hexamethyldisilazane (HMDS) coated borosilicate glass and
plasma treated Si/SO2. The HMDS coating constrains the spread of a droplet on the
surface, promotes graphene flake adhesion to the substrate and thus reduces the coffee
ring effect. During printing, the substrate surface was heated and purged with a nitrogen
flow. To obtain a continuous line or track on a surface treated substrate, the inter-drop
distance between droplets should be smaller than the drop diameter.

The authors also investigated the viability of printing transparent and conductive
patterns, characterizing sheet resistance Rs (Ω/sq) and transmittance T (%), taking into
account the percolation theory for a network of conductive particles. The results show
80% transmittance and a sheet resistance of ~ 30kΩ/□ for a transparent graphene
network.

2.2.2 Article 2
In the second article, “Graphene-based Conducting Inks for Direct Inkjet Printing of
Flexible Conductive Patterns and their Applications in Electric Circuits and Chemical
Sensors”, the authors describe a series of inkjet printing processes using graphene-based
inks and the possible applications on diverse flexible substrates (Huang et al., 2011). [3]

They begin their analyses by comparing the various printing techniques used in the
manufacture of electronic devices and highlight the advantages of inkjet printing as a
competitive alternative. These include compatibility with various substrate materials,
non-contact patterning and low temperature processing.

In their paper they describe at length the materials and their source, the instrumentation
and measurement procedures, the preparation of water-based graphene inks, the presubstrate treatment and post handling, the type of inkjet printer and the annealing
process performed on the patterned substrates.

The graphene based ink was prepared by sonicating graphene oxide in deionized water,
followed by centrifugation and filtration of the graphene solution, to produce the ink.

- 15 -

From their experimental results in preparing an electrochemical H2O2 sensor, they
specifically confine the size range of the graphene flakes (100 to 400 nm), as a key
element in obtaining optimal image quality and printhead reliability.

They outline the factors which affect the printing process in ensuring that the patterns
can be inkjet printed in a continuous manner and result in high image quality. Viscosity,
ink concentration and surface wettability of the substrate are cited as being the major
influencing factors. Although they obtained reasonable results in printing on paper, this
was not the case when printing on hydrophobic plastic substrates such as PET or PI. As
their graphene-based inks were hydrophilic and electrically negatively charged, the
surface of the PET substrates were first treated to change the wetting properties of the
hydrophobic substrates into hydrophilic. After surface treatment, the contact angle with
the graphene solution decreased from 66.5° to 26.3° allowing then for optimal pattern
printing.

The conductivity of the printed tracks or patterns can be varied as a function of
thickness by simply re-printing over previously printed layers. As the number of print
passes increase, the thickness of the graphene material increases and the conductivity
rises rapidly, especially when the number of print layers exceeds 10. They also
demonstrate that conductive patterns retain their electrical conductivity after flexing.

Although an interesting paper in terms of potential applications for inkjet printed
graphene flakes, the manner in which they prepared the graphene based inks using
single-layered and few-layered graphene oxide is unsuitable in a mass production
environment, as they use very aggressive chemical processing to produce graphene
oxide.

2.2.3 Article 3
In the third article, “Inkjet Printing of High Conductivity, Flexible Graphene Patterns”,
Secor et al. describe an approach for achieving high performance inkjet printed
electrodes using graphene ink prepared by solution-phase exfoliation of graphite in
ethanol with a stabilizing polymer, ethyl cellulose. The inkjet printed graphene
electrodes attained a resistivity of 4 mΩ·cm (conductivity: 2.5 x 104 S/m) after thermal
annealing at 250 °C for 30 min (Secor et al., 2013). [4]
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The authors begin their analyses by highlighting the fact that functional ink using
graphene as the metal precursor is a real alternative to conventional carbon based inks
permitting low-resistance metallic electrodes to be fabricated with fine resolution.

High concentration graphene ink is desired to achieve low resistance features, and to
reduce the number of necessary print passes. To achieve this objective, graphite was
exfoliated by probe ultrasonication in ethanol with the additive ethyl cellulose. Then
centrifugation-based sedimentation was employed to remove residual large graphite
flakes, yielding a dispersion of ~1:100 graphene/ethyl cellulose in ethanol. By adding
the ionic compound sodium chloride (NaCl), a solid containing graphene and ethyl
cellulose was flocculated and collected after a centrifugation step, to produce a
graphene/ethyl cellulose powder. The powder was then dispersed in an 85:15 mixture of
the organic solvent cyclohexanone/terpineol. The resultant ink had a low surface tension
of ~33 mN/m designed for proper wetting of low-surface-energy substrates. The
viscosity of the ink at 30 °C was 10-12 mPa·s.

To assess the electrical properties of the graphene ink, wafer substrates were prepared to
improve the surface ink interaction, before inkjet-printing using the Dimatix Materials
Printer (DMP 2800). The first substrate was a wafer (Si/SiO2) with 300 nm of thermally
grown oxide, while the second substrate was a wafer (Si/SiO2) treated with an adhesion
promoter hexamethyldisilazane (HMDS) to decrease the surface energy.

Conformal graphene traces were inkjet printed on HMDS-treated Si/SiO2 having a line
width of ~ 60 µm, without the presence of coffee rings.

The polymeric binder ethyl cellulose encapsulates graphene flakes in solution, reducing
the effect of aggregation, but also after inkjet printing and evaporation of the solvent
carrier on the surface of the substrate, the binder enables improved conductivity during
thermal annealing. At 250 °C, annealing for 20 minutes brought the resistivity from 103
Ω·cm to 10-3 Ω·cm, an improvement of six orders of magnitude. During annealing,
ethyl cellulose facilitates efficient charge transport and lowering of the inter-junction
resistance between overlapping flakes in the graphene network.

Electrical measurements were taken after inkjet-printing graphene lines of 4 mm in
length and 60 µm in width on HMDS-treated SiO2 for increasing numbers of print
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passes, and annealing at 250 °C for 30 minutes. Each print pass added a layer thickness
of ~14 nm for an ink concentration of 3.4 mg/mL graphene (2.4 wt % solids).

Bending tests of printed graphene lines on kapton foils after 1000 flex cycles showed no
degradation of the electrical resistance. The electrical performance of the lines under
various radii of bending or even folding showed also favourable results.

2.2.4 Discussion

These scholarly peer-reviewed articles helped to shape this research study in terms of
defining the methodology for preparing a solvent stabilized dispersion of graphene at
high concentration, characterizing the resultant ink, and evaluating the electrical
performance of the graphene inkjet printed features as well as characterizing the
morphology for a range of print passes.

The results from the first article reviewed in this annotated bibliography lay down the
experimental foundation for the current work under investigation. Torrisi et al. prepared
ink from liquid exfoliated graphene suspended in the solvent N-methylpyrrolidone
(NMP) and demonstrated that the ink can be jetted extremely well even when the
inverse Ohnesorge number, Z , lies outside the range of 1 < Z < 14. Given that the
conditions for surface tension γ, density ρ, and viscosity η are close to optimum for inks
based on solvent exfoliated graphene, the focus of this work will be to demonstrate
inkjet printing of graphene nanosheets to produce highly conductive traces at low
processing temperatures, with no subsequent thermal or chemical treatment.

Indeed, as will be discussed in this work, jettable inks based on solvent exfoliated
graphene can be used to print conductive traces with thickness independent
conductivities as high as 3,000 S m-1 for processing temperatures no higher than 70 °C.

The printing of semiconducting traces using solvent exfoliated, size selected MoS2
nanosheets will also be demonstrated. Such traces can be combined with inkjet printed
graphene inter-digitated array electrodes to produce all-printed photodetectors.
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2.3 Experimental Procedure

The methods used in this work included a protocol for the preparation and synthesis of
graphene ink, characterization of the ink by optical absorption spectroscopy and
transmission electron microscopy, qualitative analysis of the fabricated inkjet printed
traces by scanning electron microscopy and Raman microscopy, absorbance profile
analysis of printed graphene traces for thin film thickness calibration in conjunction
with height measurement data from a profilometer and electrical characterization of
printed lines. Data analysis was undertaken using the software program OriginPro,
performing linear, polynomial and non-linear regression on the experimental data, and
fitting curves or surfaces to the datasets.

2.3.1 Graphene Dispersion Preparation

The graphene ink was obtained by sonicating pristine graphite in NMP. An initial
graphite concentration of 75 mg/ml was processed for 7 hours in 100 ml NMP using a
horn tip sonicator (Sonics Vibra-cell VCX-750 ultrasonic processor) operating at 40%
amplitude. The dispersion was processed inside a stainless steel flask with cooling
provided by immersion in an ice water bath. This dispersion was then divided into two
50 ml portions and 50 ml of fresh NMP was added to each portion. These dispersion
portions were then sonicated for a further 30 minutes at 70% amplitude. After
sonication, the dispersion was then loaded into 14 ml glass vials and centrifuged using a
Hettich Mickro 22R for 60 minutes at 3500 rpm.

The centrifugation procedure was repeated under the same conditions, by pipetting 12
ml of the dispersion from the centrifuged vials into new vials, to yield a stable
homogeneous dispersion. The supernatant from the second centrifuge step formed a
stock of printable ink.

Previous work using dynamic light scattering and statistical TEM analysis had shown
that dispersions prepared using similar processing parameters had a mean flake size of
300 nm. [5]

Optical absorbance measurements were carried out with a Varian Cary 6000i
spectrometer using an optical glass cuvette (Starna Scientific) having a cell length of 1
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mm. The Lambert-beer law relates absorbance (A) and length (l) to the concentration
by: A/l = αC where α is the extinction coefficient and C is the concentration. The stock
dispersion concentration was determined by measuring optical absorbance at 660 nm
with reference to a previously determined extinction coefficient of α = 4200 ml mg-1m-1
(refer to appendix D). The stock dispersion had a measured A660/l = 2,192.9 m-1, meaning a
concentration of Cstock = 0.52 mg/ml. This stock dispersion was found to be stable over
several weeks.

In order to raise the concentration of the graphene ink a third centrifugation step was
performed. Four 10 ml Teflon centrifuge vials (Naglene Oakridge FEP centrifuge tubes)
were filled to 9.3 ml volume and loaded in a Thermo Fisher Scientific Megafuge 16.
The samples were centrifuged at 12000 rpm for 90 minutes. This process left a pale grey
supernatant and a concentrated cluster of graphene flakes at the bottom of the vials.

The supernatant was carefully extracted and discarded (concentration measured as 0.03
mg/ml). The concentrated graphene was then extracted by addition of a small amount of
fresh NMP (approx. 0.5 ml). The contents of the four vials were combined and briefly
sonicated in a bath sonicator (Cole Parmer bath 8890 or a 1510E-MT Branson) to
homogenize the ink. UV-Vis spectrometry was used to measure A660/l = 26,117.1 m-1
for the concentrated ink. Thus, the concentration of the ink was measured as Cink = 6.22
mg/ml, using the extinction coefficient of 4200 ml mg-1 m-1.

Prior experimental work using a similar procedure to the one outlined above yielded an
ink concentration of approximately 1.5 mg/ml. This had been used to optimise the
jetting performance of the ink and to carry out print test routines. It was found during
these experimental trials that the printing procedure was very sensitive to both the
lateral flake size and dispersion concentration with repeated tests showing optimized
values of ~170 nm and ~1.6 mg/ml respectively. Smaller flakes gave poorly connected
films while larger flakes caused clogging of the jetting nozzles. Low concentration
dispersions resulted in low deposited mass per droplet, while higher concentrations
were difficult to attain and caused nozzle blockage. In order to maintain consistency in
the work, the concentrated ink was then diluted from 6.22 mg/ml to 1.55 mg/ml.

The obtained ink was syringe loaded into a cleaned printhead cartridge and inkjet
printed on a selection of substrates. Inks more than two weeks old were briefly bath
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sonicated (20 minutes) in order to break up any aggregates or precipitates from the
NMP dispersion, and to prevent clogging of the inkjet nozzles.

The solvent in the jetted droplets should evaporate on contact with the heated platen
stage holding the substrate. In the current experiment, the platen stage was set to its
maximum permissible temperature of 60 °C, while the graphene ink in the actuation
chambers of the printhead cartridge was set to a maximum of 70 °C. However, the
evaporation kinetics of the solvent vehicle are dependent on the surface energy of the
substrate, surface tension of the ink, substrate temperature, ink temperature, absorption,
spreading and the thickness of the substrate. Attempts to print on untreated silicon
substrates proved unsuccessful with coagulation of the ink droplets on the surface and
non-uniform drying, this effect has been previously noted in the literature. [6] Poor
drying was also observed on untreated PET.

Optimum results were found using a semi-transparent coated PET material from
Mitsubishi Paper Mills, NB-TP-3GU100. The inkjet receptive coating on PET is a
hydrophilic, high-porosity surface with no macroscopic structure.

2.3.2 Absorption Spectroscopy of Graphene Dispersions

UV-Vis-NIR absorbance measurements were performed with a Varian Cary 6000i
double beam spectrophotometer with an operating range from 175-1800 nm. The three
principle components of the instrument are (1) the light source (a tungsten halogen lamp
producing a continuous spectrum of light from near ultraviolet to deep into the infrared,
and a deuterium arc lamp providing a continuous spectrum in the ultraviolet), (2) the
monochromator (double out-of-plane Littrow monochromator) and (3) the detector
(photomultiplier tube detector for UV-Vis and an electrothermally controlled Indium
Gallium Arsenide photodiode detector for NIR). [7]
The instrument was zero-calibrated to set a “baseline” for absorbency of the reference
solvent over a range of 200 nm to 1450 nm, before proceeding to take a spectral
absorbance curve of the dispersion samples under test.

Optical absorbance measurements to determine the dispersion concentration of
graphene ink were carried on the spectrophotometer using an optical glass cuvette
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having a cell length of 1 mm. The stock dispersion concentration of the first batch of
graphene ink was determined by measuring optical absorbance at 660 nm with reference
to the previously determined extinction coefficient of α = 4200 ml mg-1 m-1.
For the first sample dispersion, it was noted that the light absorption of the dispersion at
660 nm was 0.21929 when the sample was diluted by a factor of 10. The dilution
ensured an accurate measurement with the UV-Vis spectrometer (absorbance < 1,
transmittance > 10%).

The Lambert-beer law relates absorbance (A) and length (l) to the concentration by:
A/l = αC

(2.01)

where:
A is the absorption (2.1929)
α is extinction coefficient (at 660 nm, 4200 ml mg-1 m-1)
l is the path length (in this case 1mm, in SI units 1x10-3 m)
C is the dispersion concentration and a metric for what has been inkjet deposited
on the PET substrate.

The path length is the thickness of medium in the cuvette through which the spectrum of
light was passed.
Therefore,
𝐶=

𝐴660
𝛼𝑙

2.1929

= 1×10−3 𝑚 ×

1
4200 𝑚𝑙 𝑚𝑔−1 𝑚−1

= 0.52 mg/ml

(2.02)

The stock dispersion had a measured A660/l = 2,192.9 m-1, meaning a concentration of
Cstock = 0.52 mg/ml.
For the second batch of graphene dispersion, the UV-Vis spectrometry was used to
measure A660/l = 26,117.1 m-1 for the concentrated ink. Thus, the concentration of the
ink was measured as Cink = 6.22 mg/ml, using the extinction coefficient of 4200 ml mg-1
m-1.

2.3.3 Inkjet Printing Test Patterns

Test patterns were designed using the pattern editor of the Dimatix printer, made up of a
dot matrix of parallel lines having various widths, lengths and thicknesses for the
purpose of checking the quality, uniformity and continuity of the printed structures on
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the substrate of choice. In printing multiple layers, the lines should display good
definition, without serious indications of ink flooding. Using NMP as the solvent
vehicle and restricting the mean flake size of graphene to ~400 nm, the driving
parameters of the piezoelectric jetting nozzles were optimized, to a minimum of nozzle
congestion.

The patterns were printed on the single side coated transparency PET film. The
substrate temperature on a vacuum platen was set to the maximum permissible
temperature of 60 °C, so as to facilitate the evaporation of the solvent. The temperature
of the ink fluid in the printhead cartridge was raised above ambient (max. 70 °C) to
lower the viscosity and to optimize the desired jetting performance.

The minimum spot diameter on the PET substrate from a jetted droplet was
approximately 50 µm using the fiducial camera in the Dimatix printer (with a drop
spacing set to 100 µm), determined primarily by the size of the nozzle orifice (21.5 µm),
the properties of the ink, the driving waveform parameters and rheology. In printing the
test patterns, a drop spacing of 20 µm was selected which provided a print resolution of
1,270 dpi. The droplets travelled at a speed of nearly 8 m/s, before hitting the heated
substrate. The distance between the printhead cartridge with 16 nozzles and the
substrate was set at 0.5 mm, to lessen the impact of jet trajectory deviations.

Dry printed samples were not annealed in a vacuum oven at elevated temperatures, such
as at 250 °C for 30 min as previously reported. [4]

Figure 2.1 is a photo image of gradient inkjet printed lines (2 mm x 20 mm) according
to the number of print passes with the respective resistance per square for a dispersion
concentration of 1.55 mg/ml. A graphical plot of the data is presented in figure 2.16.

Figure 2.1: Photograph of inkjet printed graphene lines for different number of print
passes, N, with measured sheet resistance values.
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2.4 Techniques for Material Characterization

A range of instrumentations were used to provide qualitative and quantitative
information on the inkjet printing of conductive traces on the flexible polymer substrate.
Two approaches for characterization are taken to reveal the structure of materials down
to the atomic scale, electron microscopy and optical spectroscopy, respectively using
electrons and photons to construct the images.

2.4.1 Electron Microscopy

This technique of characterization uses an electron beam to interact with a specimen and
produce a magnified image.

TEM Imaging of Graphene Flakes

To study the size and layering of exfoliated graphene flakes transmission electron
microscopy was used. The microscopy technique relies on a focused beam of electrons
(charged particles) penetrating through an ultra-thin specimen (electron transparent:
typically of the order of 5-100 nm) under high vacuum, and forming an image from
scattered electrons that arise from interactions with the negatively charged electron
cloud and nuclei of the atoms in the specimen. This scattering process can be either
elastic or inelastic. [8]

TEM imaging was performed using a JEOL JEM-2100 electron microscope. The
electron source to illuminate a specimen is from a thermionic gun having a lanthanum
hexaboride (LaB6) crystal. It operates at an acceleration voltage of 80 to 200 kV with a
lattice plane resolution of 0.14 nm and imaging resolution of 0.194 nm.

Samples for TEM analysis were prepared by drop casting (pipetting a few milliliters)
from the graphene dispersion (Cink = 1.55 mg/ml) onto holey carbon films on 400 mesh
grids and stored in a grid box (Agar Scientific) for transport. Samples were then placed
into a single-tilt multiple specimen preparation tool (Gatan) before loading into the Jeol
JEM-2100 LaB6 Transmission Electron Microscope.
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Approximately 400 flakes (N) were analyzed as shown in figure 2.2 (refer to appendix E for
raw data) to

obtain statistical information on the mean lateral flake size (estimating the

flakes as rectangular objects and recording the largest lateral dimension).

200 nm

100 nm

200 nm

Figure 2.2: TEM image of the lateral flake size measurement procedure of liquid
exfoliated graphene nanosheets observed in this study.

This data is plotted in figure 2.3. The flake length (in nm) follows a broad distribution
from 35 nm to ~ 600 nm with one outlier up to 1.8 µm (not shown on histogram). Mean
lateral flake size was measured as <L> = 173.4 nm. The distribution has a standard
deviation of 121.5 nm and the standard error of the mean is 6.1 nm.

Figure 2.3: Flake length distribution histogram for graphene nanosheets.

In the application of inkjet printing, it would be advantageous to have smaller flakes
(smaller than the size limit of the ink head) at high concentration. As discussed
previously, the Dimatix printer has a spherical particle size limitation of 400 nm.

The TEM analysis showed that 96.5% of the graphene flakes had length less than 400
nm. Note that the lateral size of the distribution was tuned by centrifugation. Filtration
may also be useful for removing unwanted large flakes. Centrifugation was also used to
raise the concentration of the ink beyond the limits imposed by the sonication-based
processing procedure.
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SEM Imaging of Printed Droplets and Traces

In this study a Zeiss Ultra Plus SEM with thermal field emission electron gun was used,
yielding three dimensional renditions of graphene printed lines on coated PET and
graphene droplets on silicon. The instrument has an accelerating voltage range of 0.02
kV – 30 kV and a resolution of 0.8 nm at 15 kV and 1.6 nm at 1 kV. The working
distance from the specimen is typically ≤ 10 mm for high acceleration voltage (30 kV)
and up to 3 mm for low voltage applications (100 V – 3 kV). The standard aperture is
30 µm. [9]

Imaging takes place in a vacuum load-lock specimen chamber and each specimen is
affixed to a metal stub holder using a double sided adhesive carbon pad. To minimise
sample charging an electrical ground connection was formed between the graphene and
the stub using conductive silver paint. Samples were imaged using an in-lens detector
and beam accelerating voltage of 2 kV.

Figure 2.4 shows the surface morphology of an inkjet printed graphene line on coated
PET substrates after 20 print passes at high magnification. The image consist of a
disordered array of graphitic flakes, having lateral dimensions ranging from tens of
nanometers to 400 nm with a small percentage of flakes ranging up to a few microns.

Figure 2.4: High magnification SEM image of the inkjet printed graphene line on coated
PET after 20 print passes.
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Figure 2.5 visualizes inkjet printed graphene droplets on pristine Si/SiO2. The images
reveal that the ejected droplets form a uniform coffee ring on impact with the substrate
and have an average diameter of ~ 67 µm.

Figure 2.5: Graphene patterns formed by individual droplets of ink deposited on an
untreated Si/SiO2 wafer.

2.4.2 Optical Spectroscopy

This technique uses photons of light to interact with a specimen, producing an image of
its structural composition from the emitting and reflecting photons of particular
wavelengths and intensity.

Visual Inspection

Qualitative analysis of the inkjet printed traces on each substrate was carried out using a
Zeiss measuring microscope (Axio Imager M1m) with 5x, 10x, 20x, 50x and 100x
objectives. In examining inkjet printed traces on transparent and non-transparent
polymer specimens, reflected light dark-field and bright-field viewing was chosen.

Figure 2.6 shows optical images of inkjet printed lines on coated PET after 5 print
passes. At low magnification, the presents of uniform striations (swathe lines) in the
print patterns are noticeable. The image with higher magnification illustrates swathe
edges in parallel to the printhead raster direction, which implies the striation edge to
represent a gradual increase in local graphene density.
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5 pass_10x

5 pass_20x

Figure 2.6: Optical micrographs at different magnification of inkjet printed lines on
coated PET after 5 print passes.

Figure 2.7 shows optical images of inkjet printed lines on the same substrate after 30
print passes. At low magnification, the swathe lines in the print patterns are clearly
visible. At high magnification within the dark and light bands of the striations, as above
for 5 passes, the network of flakes appears homogenous. This suggests that the printed
traces are composed of a uniform coverage of graphene flakes and that the dark band
represent well-defined areas of excess material. The possible causes of the striations
will be discussed later.

30 pass_10x

30 pass_20x

Figure 2.7: Optical micrographs at different magnification of inkjet printed lines on
coated PET after 30 print passes.
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Raman Spectra Analysis of Inkjet Printed Lines

The Raman spectroscopic technique relies on inelastic scattering of monochromatic
light from a laser source. The laser light excites or annihilates vibrations of the chemical
bonds within the material. Different chemical species consist of different atoms and
bonds, these different species vibrate at different energies resulting in changes in the
polarisability of the material. The different discrete Raman active vibrations lead to a
Raman spectrum for a given material that can be used to identify and characterize the
material.

A WITec Confocal Raman Microscopy Alpha 300 R was used to study the vibrational
peaks in the chemical structure of inkjet printed graphene on a coated PET substrate,
and to ascertain the presence of any structural defects.

Figure 2.8 plots a Raman spectrum of the graphene ink on coated PET after 30 print
passes. Three separate spectra were taken with a 20x objective lens during illumination
with a green laser source having a wavelength of 532.15 nm
Three main bands are pronounced in graphene, the D-band with a peak at ~ 1350 cm-1
associated with the breathing modes in sp2 hybridised carbon rings and chains, the Gband centred at ~ 1580 cm-1 characteristic of the sp2 hybridised carbon structure and the
2D-band around ~ 2650 cm-1.
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Figure 2.8: Raman spectrum of graphene inkjet printed on coated PET with three
separate spectra taken with a 20x objective lens.
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The D band can be used to assess the degree of defects, arising in the case of graphene
from basal plane and flake edge defects. The 2D band is a good indicator of the number
of monolayers per flake [10] and its shape and intensity is indicative of the presence of
graphene (few layer flakes) compared to bulk graphite. [11] The mean D-band (~ 1350
cm-1)/G-band (~ 1580 cm-1) intensity ratio was 0.34, suggesting a low degree of defects
and in line with previous work on graphene prepared by solvent exfoliation. [12, 13]

White Light Transmittance Maps

Optical measurement of film thickness and profile analysis was made using an Epson
Perfection V700 photo flatbed transmission scanner with a bit depth of 48-bits per pixel
and a spatial resolution of 6400 dpi. This technique produces transmission maps that
can be presented as images or can be used to extract quantitative local transmission
data.

Absorptive neutral density filters from Newport were used as a calibration tool to
provide greyscale or Red-Green-Blue colour image attenuation data over a visible
transmittance range of 200 nm to 800 nm. The size of the filters is 50.8 mm square with
minimum active area of 45.5 mm and a thickness of 3 mm.

Optical
Density at
546.1 nm
0.04
0.20
0.40
0.60
0.80
1.00
2.00
3.00

Transmission at
546.1 nm
91.2%
63.1%
39.8%
25.1%
15.8%
10.0%
1.0%
0.1%

Table 2.1: Manufacturer’s rated absorbance and transmittance units for optical
density filters at 546.1 nm.

The optical density of a filter is a logarithmic ratio of the incident light intensity falling
upon a filter, to the intensity transmitted through the filter at a specific wavelength. The
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absorbance A of the ND filters is based on the transmittance expressed as a percentage
(%T):
%𝑇

𝐴 = −𝑙𝑜𝑔10 (100%)

(2.03)

The series of ND filters were first scanned on the Varian Cary 6000i UV-Vis-NIR
spectrophotometer over a spectral bandwidth of 200 nm to 800 nm. This instrument
measures the intensity of light passing through an ND filter and compares it to the
intensity of light before it passes through the filter, providing a transmittance curve over
the spectral range. This transmittance curve for each ND filter provides the calibration
mechanism to convert the signal output of the flatbed transmission scanner into a
transmission value. Up to two ND filters were overlapped to generate intermediate
absorbance values.

The ND filters with the known transmission values from the spectrophotometer were
then scanned on the flatbed transmission scanner to turn the measured signal output (16
bit signal per colour channel) for a specific absorption filter into a transmission value.
Image enhancements on scanner software were off to obtain raw data.

When scanning the neutral density some interference fringes were observed, possibly
due to optical coatings on the film surface. This fringing was most evident in the green
data channel of the measured scan data. The blue data channel showed minimum
fringing effects and was used in order to minimise errors. The scanner output signal
response was averaged and fitted to the transmission values using a 2nd order
polynomial function. The fit is quite accurate except for some slight deviation close to
100% transmission (refer to appendix F).

The fitted formula for the calibration curve is given by
T = -0.01622 + 4.2922 x 10-6 x S + 1.6598 x 10-10 x S2

(2.04)

where T is transmittance and S is equal to the blue channel 16 bit signal output.

Figure 2.9 shows the data best fitted by the second order polynomial function. This
function allowed all optical scanner signal data to be converted to optical transmittance.
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Figure 2.9: Correlation of optical transmittance to scanner signal for a series of neutral
density filters.

To measure the thickness of an array of graphene traces on an A4 transparent substrate
with each trace having a different number of inkjet passes, a positive film image was
taken of the entire substrate recorded using a 48-bit RGB colour depth and 6400 dpi
resolution (spatial resolution of 4 μm). Data was saved in a tagged image file format
(TIFF). This corresponds to a matrix image of 74,800 x 52,900 pixels (for a full A4
sheet size) with each element in the matrix having values for red, green and blue (three
16-bit samples/pixel).

The scanned images of the transparent substrate with and without graphene traces were
imported into OriginPro for numeric computation. The imported data was converted
from signal intensity to transmittance using the above polynomial calibration fit (2.04).

This transmittance data was subsequently converted to absorbance using equation 2.03.
Since the absorbance of the graphene trace is measured as a logarithm, it is directly
proportional to the thickness of the graphene trace.

The mean absorbance value of the transparent substrate was subtracted from the
absorbance value of each pixel of the graphene printed trace and a plot was used to
construct the absorbance (thickness) profile as a function of the number of inkjet passes.
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The spatially resolved transmittance data contained in the maps, such as those on the
left hand side of figures 2.10 through 2.12 can be transformed to represent absorbance
line profiles (𝐴 = −𝑙𝑜𝑔𝑇).

On the right of figures 2.10 through 2.12 below, show examples of the converted optical
scanner data plotted in terms of optical absorbance as a function of x,y position, for 1
pass, 5 passes and 10 passes. The print raster direction was parallel the y-axis of the
images. Each data point (pixel) of the images corresponds to an absorbance value and
hence is directly proportional to the thickness of the graphene line at any given position.

By directly reading off data in the image, the absorbance (and hence thickness) cross
section can be obtained at any location; typical plots of cross sections are shown to the
right of the primary images and are marked by the blue and red lines in the images.

It is clear from this data that the striations (aka swathe lines) introduce a significant
thickness variation along the length of the lines (printhead raster direction). In general
the peak height and trough depth of the striations is seen to be quite uniform across the
length of the printed lines, at all line thicknesses. Each band is quite uniform along the
width of the printed line (parallel the ink head raster direction).

Figure 2.10: Optical scanner data after 1 print pass.
Correction: Note the length scale in the (right hand) graph(s) refers to the “width” of the
printed line

- 33 -

Figure 2.11: Optical scanner data after 5 print passes.

Figure 2.12: Optical scanner data after 10 print passes.

It is important to note that the striation periodicity and bandwidth changed with the
printhead angle (aka sabre angle) used when printing. In turn, the printhead angle was
determined by the required drop spacing for printing, in this case 20 µm.

2.4.3 Profilometer Height Measurements of Graphene Films

A Dektak 6M profilometer was used to profile the topography of inkjet printed features
on the coated PET substrate and to characterize graphene film thicknesses. The
profilometer operates in a similar manner to an AFM in contact-mode, but over greater
scan lengths. With this measurement instrument, surface scans are taken
electromechanically by moving a sample substrate on a high precision stage beneath a
diamond-tipped stylus. The stylus is mechanically coupled to the core of a Linear
Variable Differential Transformer (LVDT). Vertical displacement of the stylus caused
by surface variation translates into a height position change, and the resulting analog
signal is converted into a digital format. Horizontal resolution per scan is determined by
the scan length (in µm) and the number of data points per scan. [14]

Height measurements were acquired using a 6000 µm scan length and stylus force of 3
mg. The scan duration was set to the maximum of 200 seconds. Height profiles were
recorded across printed lines in the direction parallel the visible striations. The profiles
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were recorded along the dark bands of the striations, corresponding to the thickest bands
making up the printed lines.

Figure 2.13 shows a typical example of the data recorded. A significant slope was
recorded in the data due to the sample orientation on the profilometer’s XY stage. The
flexible nature of the PET substrate may have contributed to the slope. Use of manual
baseline correction allowed the true cross sectional profile of the line to be extracted as
shown in figure 2.13. It was also possible to scan along the length of the printed lines,
as shown in figure 2.14 for a 60 pass printed line. These profiles reveal reasonably
uniform thicknesses along the cross sections. The line thickness data was plotted as a
function of the number of print passes as shown in figure 2.15. The linear data fit
indicates that the given ink at 1.55 mg/ml concentration was depositing a graphene line
thickness of 21.4 nm per print pass.

40 pass
1000 pts AAv smooth of "Subtracted_Data Y1"

Figure 2.13: Height profile for a
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line printed with 40 passes.
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Figure 2.15: Line thickness
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2.4.4 Electrical Characterization of Printed Patterns

In a first experimental step the sheet resistance of the printed lines was controlled by
varying the number of print passes (refer to appendix G). As the number of print passes “N”
is a proxy for thickness “t”, the number of inkjet passes was varied from 1 to 30, to
encompass both the bulk and percolative regime, creating a thick and thin film
nanostructure. The width “w” of the printed lines was set to 2 mm, while the length “L”
was kept constant at 20 mm. The sheet resistance of the straight printed lines dropped
from approximately 1 MΩ / square to 700 Ω / square over a range of 1 to 30 passes,
respectively.

Sheet resistance measurements were made using the four-probe technique to verify the
Ohmic nature of the printed graphene traces. Silver electrodes of suitable dimension and
spacing were painted onto each sample trace and the respective I-V measurements were
performed using a Keithley 2400 source meter.

Figure 2.16 plots the measured sheet resistance of inkjet printed graphene lines with
lateral dimensions 2 mm x 20 mm as a function of the number of print passes. As the
concentration of the ink remains unchanged and the geometry of each line is fixed, the
thickness t of the printed line is expected to scale linearly with the number of passes. [2]
From figure 2.16, the measured sheet resistance falls with increasing number of print
passes, consistent with percolation effects. The dotted line represents the behaviour
expected for a bulk Ohmic material.
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Figure 2.16: Sheet resistance Rs as a function of the number of print passes “N” (proxy:
line thickness), line width (w) = 2 mm, line length (L) = 20 mm.

The sheet resistance, Rs, of networks of low dimensional conductors scales with
network thickness according to percolation theory. [15, 16] For bulk networks the sheet
resistance scales with network thickness as
𝑅𝑠 = (𝜎𝑏 𝑡)−1

(2.05)

where σb is the bulk electrical conductivity, which is independent of thickness [17].
Below a critical network thickness the electrical conductivity follows
𝜎 ∝ (𝑡 − 𝑡𝑐 )𝑛

(2.06)

where 𝑛 is the percolation exponent and tc is the critical thickness defining the
percolation threshold. [15-17]

Relating this to figure 2.16, it is clear that the printed lines show bulk-like sheet
resistance behaviour above 5 print passes, suggesting this number of passes defines the
onset of bulk conductivity behaviour at a film thickness tmin. For graphene networks this
behaviour has been observed in the case of networks prepared by vacuum filtration and
inkjet printing onto silicon substrates. [2, 17]
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In a second step, as illustrated in figure 2.17, the resistance “R” was measured for
different lengths “L”, while keeping w and t constant. In this case, the number of inkjet
passes had to be sufficient to create a thick film nanostructure exhibiting bulk regime
behaviour, where R ~ 1/t. From the above electrical measurements performed over a
range of different print passes, it was ascertained that 10 print passes represented the
bulk regime. A line width of 2 mm was selected while “L” was varied from 10 mm to
120 mm. After inkjet printing the lines, silver electrodes were painted onto each end of
the lines and resistance measurements were taken using a source meter.

2
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10

1

10

10

100

L (mm)
Figure 2.17: Resistance of printed lines as a function of line length “L”, line width (w) =
2 mm, print passes (N) = 10.
In a third step, the resistance “R” was measured for different widths “w”, while keeping
L and t constant. The length was held constant at 1 cm, while “w” was varied from 0.2
to 20.0 mm.
Figure 2.18 shows the measured resistance versus width, “w”, of the printed lines. As
all the lines have the same number of passes, and hence thickness, the electrical
conductivity, σ, of the lines is expected to be invariant. In this case the measured
resistance 𝑅 = 𝑙⁄𝜎𝑤𝑡 = 𝑘𝑤 −1, where l is the line length, t is the line thickness and k is
a constant. The fit in figure 2.18 shows this to be the case.
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Figure 2.18: Resistance of printed lines as a function of line width “w”, line length (L) =
10 mm, printed passes (N) = 10.

The second and third experimental steps were used as a quality control metric to check
the resistance of the graphene printed lines for different path lengths and widths. This
verifies a linear Ohmic behaviour and that no radical distortions were introduced by the
deposition method of inkjet printing graphene laden ink.

To measure the sheet resistance of a printed graphene trace on coated PET substrate in
accordance with the ANSI F1896-10 standard, the four-point-probe technique was
applied. Four silver electrodes were painted onto the printed conductive trace on each
substrate. The two outer electrodes are used for sourcing current and the two inner
electrodes are used for measuring the resulting voltage drop across the graphene laden
traces of each sample. Electrical leads (silver wires) were attached to the four electrodes
and connected via measurement cables to a Keithley source meter, where its I-V curve
was measured. The width of the electrode (W) was made as wide as the printed trace on
the substrate surface, while the separation between the sensing electrodes (L), the
direction of current flow, was kept to a maximum.

The resistance 𝑅 =

𝜌𝐿⁄
𝐿
𝑤𝑡, as t ∝ N we can write 𝑅 ∝ ⁄𝑤𝑁.
𝐿

Thus, plotting R versus 𝑤𝑁 yields a line slope, in terms of “N”, that is proportional to
the resistivity 𝜌. This was compiled for all data of R vs N, R vs L and R vs w and
plotted in the figure 2.19 below.
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Figure 2.19: Log log plot of R versus 𝑤𝑁 to the base 10.
This graph shows the expected linear relationship up to the minimum thickness at 5
passes.

From profilometer data shown previously in figure 2.15, we know the line thickness is
approximately 21.4 nm per print pass. This together with the slope of the black line
(19.2 ± 0.2 kΩ) shown in the above graph, gives a resistivity value of ρ ≈ 19,200 x 21.4
x 10-9 Ω·m = 4.11 x 10-4 Ω·m.

This gives a measured conductivity for the graphene lines of approximately 2433 S/m.
The substrate processing temperature was 60 °C.

The data collected in figures 2.16-2.18 were not all prepared during the same print
routine or using the same print cartridge. Hence, there is a deviation in the calculation of
the minimum thickness, tmin. In the following representation, the resistance deviates
from that expected for a bulk-like material for N < 8 print passes.
Figure 2.20 presents a plot of the electrical conductivity (σ = L(Rwt)−1) plotted as a
function of line thickness, t.
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Figure 2.20: Network conductivity (𝜎 = 𝐿(𝑅𝑤𝑡)−1 ) plotted as a function of line
thickness (t)

Above a threshold thickness, t min (160 nm, N ~ 8 passes), the network conductivity is
thickness independent as expected for a bulk like material, whereas below t min, the
network conductivity is thickness dependent and is described by percolation theory. The
conductivity is shown in the above plot as a solid line and explained by the equation
2.06 (𝜎 ∝ (𝑡 − 𝑡𝑐 )𝑛 ) with a percolation exponent n = 0.32 and a percolation threshold
tc = 30 nm (N between 1 and 2) representing the onset of conductivity.
All data fall on the same master curve, with the percolation fit breaking down at a value
of tmin, above which bulk-like behaviour (i.e. thickness independent conductivity) is
observed, consistent with σ = 3000 S m-1.

This result compares well with previous experimental reports on the conductivity of
graphene networks, which invariably have involved thermal annealing of the substrate
to achieve high conductivity. Secor et al. achieved an electrical performance of 25,000
S/m by annealing at 250 °C for 30 minutes, [4] while Torrisi et al. achieved 100 S/m by
annealing at 175 °C for 5 minutes. [2]
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Therefore, processing of temperature sensitive substrates without annealing or chemical
treatment has enormous potential for a range of judicious applications in flexible
electronics.
However, the above result 700 Ω/□ after 30 inkjet passes without annealing of the
substrate after deposition of the graphene ink may present a road block in select low
impedance circuit applications.

2.5 Potential Applications

The goal of this study was to pattern electronic circuits on temperature sensitive
substrates using inkjet printed graphene dispersions.

2.5.1 Application 1: RFID Antenna

One of the patterns chosen was an RFID antenna coil commonly produced using
windings of insulated copper wire or chemically etched aluminium (refer to appendix H).

Figure H.1 in the appendix shows a typical transponder antenna used in contactless
banking cards (ISO 7810). This structure has an end to end length of 1.4 m with a
spacing between lines of approximately 2 mm. Printing this passive circuit using
graphene at 1.5 mg/ml gave an end to end resistance of about 8 MΩ (~ 11.5 kΩ/square)
after 5 print passes. This resistance is far too high for any device application. It was
found that the measured resistance fell monotonically with increasing numbers of print
passes, corresponding to increased thickness of the graphene conductive lines. At 45
passes the resistance had fallen to 270 kΩ (~ 370 Ω/square).
It had been hoped that the metal replacement “graphene” could be used as an alternative
conductor in the manufacture of RFID tags, in particular for jumpers and high frequency
resonant (RLC) circuits.

2.5.2 Application 2: Interdigitated Electrode Array
In collaboration with the Semiconductor Photonics Group, an interdigitated graphene
electrode array was used to test the photoconductive response of exfoliated MoS2. In
this system, the graphene array was inkjet printed onto Teslin®, a waterproof,
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microporous synthetic printing substrate. Bulk MoS2 was exfoliated in NMP using a
procedure similar to that of graphene, [18] yielding an ink composed of few-layer
nanosheets of the semiconducting layered compound. This material was then deposited
via inkjet printing in the spaces between the graphene electrodes.

Graphene electrodes were first inkjet printed in a zigzag fashion as shown in figure 2.21
(N = 10). The graphene fingers were ~ 1000 µm wide while the thickness of the
graphene electrodes was ~215 nm.

Figure 2.21: Schematic of interdigitated graphene electrode array.

The channel length (i.e. the inter-electrode gap) was 1 mm while the channel width (i.e.
the total contour length of the zigzag) depended on the number of repeating turns of the
zigzag (20 mm), but was up to 60 cm for a thirty turn zigzag. The MoS2 channel was
inkjet printed (N = 30, refer to figure 2.22), to slightly overlap the graphene electrodes
(~100 µm) in forming an interdigitated array (figure 2.23). An exploded view is
presented in appendix I. The interdigitated thin films were annealed at an elevated
temperature of 200 °C for 2 hours under vacuum.

Figure 2.22: Schematic of MoS2 channel filler pattern.
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Figure 2.23: Schematic of final photodetector with MoS2 filler.
In advance of examining the electrical properties of the interdigitated structure,
consideration must be given to the nature of the graphene–MoS2 Ohmic contact. The
work function of undoped, defect-free graphene depends predominantly on the
nanosheet thickness, varying from 4.3 eV (below vacuum) for monolayers to 4.6 eV for
nanosheets consisting of >10 monolayers. [19]

MoS2 is generally an n-type semiconductor with valence band edge, Fermi energy and
conduction band edge at respective energies of ~4.4, ~4.8 and ~5.6 eV, below the
vacuum level reported for bulk crystals. [20] However, the Fermi energy of exfoliated
MoS2 will depend on the degree of doping and the thickness of the nanosheets, with
papers quoting values in a wide range from 3.5–4.7 eV below vacuum. [21, 22]

Therefore, Ohmic contact very much depends on the thicknesses of both graphene and
MoS2 nanosheets. Furthermore, an Ohmic contact between the graphene fingers and
MoS2 channel will occur if the work function of the graphene electrode lies between the
Fermi energy and conduction band edge of the MoS2. [23, 24]
Current-voltage (I-V) measurements of the interdigitated electrode/channel structure in
the dark provided a device resistance of ~2 x 1010 Ω. As the resistance of the graphene
electrodes contribute no more than 100 kΩ, the observed resistance is dominated by the
MoS2 channel. This implies a dark conductivity of ~2.5 x 10-6 S m-1 for the MoS2 thin
film. To explore the photoconductivity of this structure, I-V characteristic curves were
measured during incident laser illumination (Coherent Verdi DPSS, 532 nm, 2.3 eV).
The laser was selected to allow excitation of band to band transitions, given the band
gap of fully exfoliated MoS2 as previously reported is ~1.9 eV. [25] A tenfold increase in
photocurrent for an illumination intensity of 640 mW cm-2 was observed when
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compared to the dark conductance. This result suggests that such interdigitated
structures are viable for use as photodetectors.

2.6 Summary of Main Findings

In conclusion, the dispersion production process was optimized to yield graphene
concentrations of 6.22 mg/ml, but was found to cause rapid clogging of the inkjet
nozzles during printing. Dilution of the graphene/NMP ink to 1.55 mg/ml with a mean
flake size of 173 nm resulted in stable printing with minimum inkjet nozzle congestion.

The sheet resistance of printed lines jetted at a graphene concentration of 1.55 mg/ml
was controlled by varying the line thickness which increases linearly with the number of
print passes. The stacking of each layer added ~ 21.4 nm to the thickness. It was found
that the measured resistance fell monotonically with increasing number of print passes,
at 30 passes the sheet resistance was ~ 700 Ω/□, while at 45 passes the resistance fell to
~ 370 Ω/□. Conductive traces produced through multiple passes, lower than 5 passes,
displayed reduced DC conductivity due to percolative behaviour.

The electrical conductivity of the printed lines on the temperature sensitive substrate
was measured as 3000 S/m (resistivity: 3.33 x 10-4 Ω·m), without the need for
additional surface treatment or annealing above 60 °C.

On all print patterns, swathe lines corresponding to thick and thin parallel regions were
formed along the direction parallel the inkjet printhead raster direction. The cause of the
swathe lines can be attributed to the NMP solvent substrate surface interaction and the
tendency for the graphene flakes from evaporating solvent drops to move towards the
rim of the drop where the contact line becomes pinned. The capillary-driven flow of the
droplet fluid on the heated substrate surface is influenced by the drying and evaporation
dynamics of the substrate and solvent. This non-uniformity ultimately limits the
electrical conductivity of the printed lines, with the conductivity defined by the thinnest
regions.

Graphene ink was used to inkjet print an inductive RFID antenna coil structure,
however the end to end resistances of the antenna was too high to enable sufficient AC
current to flow.
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An all inkjet printed photodetector with interdigitated graphene electrodes and a MoS2
channel was demonstrated. The device worked extremely well as a photodetector,
displaying a 10-fold current increase when exposed to 640 mW cm-2 incident laser
illumination.

2.7 Limitations of Graphene Ink

Unfortunately, inkjet printing of graphene laden ink has several drawbacks for the
fabrication of low resistance or low impedance circuits on temperature sensitive
substrates for real-world device applications. Firstly, the volume fraction of graphene
flakes which can be loaded in a solvent vehicle is low and as the ink is jetted on a dropby-drop approach, multiple passes are required to produce thick film lines, with a
limitation on the sheet resistance of the conductive lines determined by the interjunction resistance of the overlapping flakes.

Secondly, without post treatment annealing of the substrate, the sheet resistance will not
drop much below 300 Ω/□.

Thirdly, the time taken to build up a printed line of a given thickness (~ 1 µm) in order
to reduce the overall resistance of the network is not practical for industry use.

And fourthly, the minimum spacing between conductive traces in a passive RLC
(resistance-inductance-capacitive) circuit is determined by the fluid flow and drying
effects of the graphene/solvent ink on the coated PET substrate. From experimental
work, spacing between conductive traces below 1 mm resulted in short circuits,
impairing the electrical capacitance of the circuit.

2.8 Suggested Next Steps

A major advantage of drop-on-demand inkjet printing is its fabrication versatility and
flexibility in depositing a range of nano-materials in a carrier fluid onto temperature
sensitive substrates to realize intricate conductive patterns, passive circuits and a range
of electronic devices including transistors, light emitting diodes, solar cells and sensors.
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In moving beyond graphene laden ink to create an RLC circuit, it is proposed to
experimentally demonstrate that inkjet printing of silver nanowires onto flexible low
temperature substrates can be used to produce electrodes, antenna structures and
resonant circuits.

Within the research group at TCD, Ag nanowires have been spray deposited from liquid
phase onto PET creating reproducible networks of a given density and thickness. The
results for sheet resistance (Rs ≈ 25 Ω/□) of web-like networks have been encouraging,
and were expected to be achieved in depositing nanowires by inkjet printing.
In order to inkjet nanowires through the jetting nozzles (Ø ≈ 25μm) in a printhead
cartridge the length of the wires, typically 5 to 50 µm, needs to be reduced to avoid
nozzle congestion. Cutting the nanowires of a given diameter to different lengths can be
achieved through sonication induced scission. Resulting lengths as a function of
ultrasonic energy and processing time needed to be evaluated. The geometry of the
shorten nanowires will most likely influence the connectivity of the network and
ultimately the network conductance. The research, therefore, will be focused on network
properties as a function of nanowire geometry, the electrical parameters of printed
traces, morphology of the conductive pathways and post-deposition methods to improve
inter-junction resistance.

In parallel or concurrent to the development of Ag Nw networks, it was proposed to
investigate a sandwich structure of graphene/hexagonal boron nitride/graphene to form
an electrostatic capacitor. The inkjet deposited layers of graphene act as the conducting
plates while h-BN, a wide band gap insulator, as the dielectric channel material.

Varying the geometry of the dielectric layer will influence the properties of the
capacitor. In addition, mechanical stacking of the graphene and h-BN layers through
multiple print passes offers a number of options in constructing the capacitor to
optimize the storage of opposite sign electric charges in the two disconnected graphene
plates.

The development of an inkjet printed field effect transistor comprising of conductive
layers of graphene as the substrate gate electrodes, a semiconducting layer of
molybdenum disulfide (MoS2) as the channel and an insulating layer of hexagonal
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boron nitride (h-BN) as the dielectric also merited investigation. MoS2 has a thicknessdependent electronic band structure which can be controlled by the number of print
passes. Therefore, the carrier mobility as a function of thickness will need to be
characterized.

The timing for the various experimental steps was outlined in a separate Gantt chart.
Chapters 3 and 4 address most of the suggested steps, but unfortunately it was not
possible to complete all experiments in the allocated time.
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CHAPTER 3 – INKJET PRINTING OF SILVER NANOWIRE NETWORKS

3.1 Introduction

Many deposition methods for silver nanowires have been investigated, such as vacuum
filtration, [1] drop casting, [2] dry transfer, [3] spraying, [4] and dip coating. [5] However,
the selective non-contact deposition of silver nanowires on flexible substrates to create
homogeneous networks has not been accomplished.

In this study, inkjet-printing of silver nanowires shortened by sonication induced
scission is demonstrated to produce conductive traces of randomly oriented nanowire
networks on flexible temperature sensitive substrates.

The thin films were produced on coated PET substrates at low processing temperature,
and the nanowire networks were mechanically flexible. The as-delivered nanowires
were shortened to a mean length of 2.2 µm using sonic energy.

The desired sheet resistance of the printed features was achieved by controlling the
number of print passes, and thus the number of deposited layers. Annealing of the
overlapping nanowires to increase the conductivity of the inter-wire junctions translated
into a reduction of the sheet resistance.

The main objective of this work was the characterization of the electrical properties of
the inkjet printed nanowire networks of different film thicknesses, and to assess the role
played by the reduced length of the nanowires on the properties of the networks in the
percolation and bulk regime.

3.2 Annotated Bibliography

In 2006, Noh et al. reported on a methodology of inkjet printing zinc oxide (ZnO)
nanowires with a mean length of 5 µm onto prefabricated gold (Au) electrodes patterned
on a modified glass surface to produce field effect transistors. The ZnO NWs were
deposited in a highly diluted solution of isopropyl alcohol (IPA) and ethylene glycol.
Annealing was performed at an elevated temperature to remove adsorbed oxygen on the
NW networks and to improve the electrical contact at the NW-Au interface. [6]
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In 2010, Chen et al. produced ruthenium oxide (RuO2) nanowire/single-walled carbon
nanotube (SWNT) hybrid films on flexible substrates for the purpose of fabricating
supercapacitors. The inkjet printed SWNT films on PET substrates were typically
printed with x200 prints, with a thickness of 0.2 µm, a sheet resistance of 78 Ω/sq and
an optical transparency of ~ 10%. The SWNTs had lengths in the range of 0.5-1.5 µm.
The RuO2 nanowires in an IPA solution were dispersed on the printed SWNT films
until a reasonable density was achieved, to enhance the Coulombic efficiency of the
capacitors. [7]
Silver has the highest electrical conductivity (6.3 x 107 S/m) among all the metals and
therefore Ag NWs by virtue of their electrical and mechanical properties are destined
for use in flexible electronics. [8]

In 2012, Wu et al. demonstrate the inkjet printing of silver nanowires as a minority
component in an Ag NW/silver nitrate mixture. The printed structures on Kapton were
converted to conductive lines by annealing at 200 °C. [9]

In 2014, Gysling discusses the advanced developments in the fabrication of metal
patterns by inkjet delivery. [10]

In 2015, Lu et al. describe a method of inkjet printing silver nanowires at low
concentration (0.35 mg/ml suspension) to form transparent conductive electrodes on the
surface of a spin coated layer of PEDOT:PSS:MoO3 on a glass substrate, for inverted
semi-transparent organic photovoltaic devices. [11]

Prior work is silent on inkjet printing of conductive structures consisting solely of silver
nanowires, as a methodology for producing conductive traces and circuits on
temperature sensitive substrates. Jetting silver nanowires is challenging as the high
aspect ratio of the wires makes it extremely difficult to deposit without blocking the
firing nozzles in the printhead.

While different deposition techniques of silver nanowires on rigid and flexible
substrates have been reported, [2-5] none of the approaches is capable of selectively
depositing nanowires with great precision while at the same time achieving high
electrical conductivity. The accuracy with which nanowires can be inkjet printed onto a
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surface is clearly shown in the flatbed scan of the old crest of Trinity College Dublin in
figure 3.1. The width of this crest is ~ 4 cm.

Figure 3.1: Digital scan of a nanowire film on a coated PET substrate.

3.2.1 Discussion

In this work, the fabrication of patterned silver nanowire networks on flexible substrates
is reported, using inkjet printing as the deposition method followed by drying and mild
annealing steps. In this way, outstanding silver nanowire networks were obtained with
repeatable data points having a sheet resistance (Rsh) below 18 Ω/sq for thicknesses
above 130 nm. The DC conductance of the networks increased with connectivity, from
the onset of percolation at ~ 1 x 103 S/m for very thin films (9 print passes), rising
sharply up to a saturation point of 4.4 x 105 S/m for thicker films after 20 print passes
(from the dataset RvsN).

Process obstacles are investigated and solutions provided to achieve successful printing
of highly conductive and transparent Ag NW networks on temperature sensitive
substrates.

The resulting networks were characterized electrically and it is believed that patterned
circuitry on plastic substrates using silver nanowires as the electrical conductor holds
great promise in flexible electronic devices.
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3.3 Experimental Procedure

This work will examine the behaviour of inkjet printed silver nanowire network lines as
the thickness changes. But before conductive patterns of Ag NWs on coated PET can be
inkjet printed, a number of obstacles needed to be resolved. The as-delivered nanowires
in a suspension of IPA must be shortened, the ink concentration optimized to avoid
clogging of the firing nozzles and the rheological properties of the ink formulation
identified to ensure good jetting performance. The interplay between the processing
temperature of the substrate on the printer platen and the required number of print
passes to achieve bulk conductivity must be carefully managed, coupled with the postprinting annealing procedure to evaporate the solvent vehicle and fuse the overlapping
nanowires to obtain conducting networks.

3.3.1 Sonication Induced Scission of Silver Nanowires

The only geometric parameter that can be modified, post synthesis of the nanowires by
the manufacturer, is the length of the nanowires. Accordingly, a dispersion of Seashell
Technology nanowires with initial mean length of 8.1 µm was sonicated in a Branson
1510 sonic bath for 60 and 180 minutes. In this study of the controlled shortening of the
nanowires, the length of 121 samples (N) was measured from SEM images with the raw
data presented in appendix J. The length distribution of the nanowires after scission as a
function of sonication time is shown in table 3.1 and figure 3.2. The length of the
nanowires follows a power law dependence on the sonication time, and thus shortening
of the nanowires can be controlled. The relationship is given 𝐿 ∝ 𝑡 −𝑥 where the
exponent x has a value of 0.45, comparable to the findings in previous works. [12-14]

Sonication Time
min

Mean Length
µm

Std Deviation
µm

0
60
180

8.09623
3.59655
2.19008

3.52285
1.66451
0.94995

SE of
mean
µm
0.34217
0.15455
0.08636

SE %

4.22628
4.29706
3.94318

Table 3.1: Length distribution data for sonication induced scission of Ag nanowires.
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Mean length
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Figure 3.2: The mean length of the nanowires as a function of sonication time follows a
power law function with an exponent -0.45.

Ultrasonic induced scission of the silver nanowires to reduce their length was carried
out in a low power sonic cleaning bath (Branson 1510E-MT) operating at a frequency
of 42 kHz ± 5% and a rate of output power of 70 watts.

To assess the quality of the nanowires, a dispersion of nanowires was sonicated in a
sonic bath for a period of 60 and 180 minutes. The wires were deposited on silicon and
their length measured by SEM, as shown in figure 3.3. The average length of the
sonicated induced Ag NWs after 3 hours of processing was 2.2 µm.

Figure 3.3: SEM image of nanowires after three hours of sonication.
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3.3.2 Silver Nanowires Solvent Selection

The solvent based ink formulation used in the study consisted of the carrier fluid
Isopropyl Alcohol (IPA), and a co-carrier of Diethylene Glycol (DEG) to tune the
viscosity and surface tension. The silver nanowires are coated with a proprietary organic
stabilizing agent preventing aggregation of the wires in the carrier fluid. Proper
concentration was found by diluting the as-received dispersion from Seashell
Technology into various lower concentrations and mixing the dispersion with the cocarrier, before depositing on a coated Polyethylene Terephthalate (PET) substrate.

SEM analysis of the morphology of the Ag NWs showed an average diameter of 55 nm
and average length of 8.1 µm for the stock. These nanowires were relatively rigid and
showed no entanglement.

The Seashell Technology solution had a concentration of 5 mg/ml as measured by
thermogravimetric analysis by the manufacturer, and a small volume of the dispersion
was diluted down to 1 mg/ml with IPA. To prepare the dispersion for inkjet printing, an
85:15 ratio mixture of IPA to DEG was selected, reducing the concentration to 0.85
mg/ml.

Initially, silver nanowires were sourced from Kechuang in China. The Ag NWs were
supplied as suspensions in isopropyl alcohol and stabilized by a proprietary organic
coating, with a concentration of 7.9 mg/ml. The average diameter and length of the
Kechuang nanowires were 25 nm and 17.5 µm respectively.

Experiments performed using the Chinese nanowires revealed that the resistance
measurements of the printed networks were erratic, making it extremely difficult to
stand-over results for publication. It was decided to abandon further experiments with
the Chinese nanowires and switch to nanowires synthesized by Seashell Technology. It
can only be postulated that the organic coating on the Chinese nanowires was fractured
during sonication, resulting in oxidation of the nanowire networks when exposed to
atmospheric conditions and elevated temperatures during printing.
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3.3.3 Printing Silver Nanowire Patterns

For experimental work, a Dimatix Materials Printer 2800 was used, a laboratory inkjet
printer which uses a single printhead having 16 ejection nozzles (∅ = 21.5µm) spaced
254 µm apart driven by piezoelectric elements jetting 10 picoliter droplets, and fed with
a solvent based ink from a fluid bag encased in a plastic housing attached to the printhead.

As discussed in chapter 2, there is a general rule of thumb for inkjet printing 2D
materials, in that the long dimension of the nanoparticle should be less than 1/50 of the
diameter of the jetting nozzle orifice (⌀ = 21.5 µm). However, as will be demonstrated,
Ag nanowires with a mean length of 2.2 µm were easily deposited from each of the 16
firing nozzles. It can only be assumed that the nanowires underwent a flow-induced
alignment during jetting from the actuation chamber passing through the nozzle.

A feature impairing the quality of the printed image is the formation of satellites from
the primary ejected droplet which can be curtailed by proper tuning of the jetting
parameters and ink formulation.

The viscosity of the carrier fluid Isopropyl Alcohol (IPA) in which the silver nanowires
were suspended was increased by the addition of Diethylene Glycol (DEG). An
optimum volumetric ratio was found with an IPA/DEG mix of 85:15. This resolved the
issue of satellite formation, but the evaporation rate of the solvent vehicle after
deposition on the PET substrate remained a challenge.

The formulated ink (an 85:15 mixture of IPA/DEG) was syringe loaded into the ink
tank of the printhead cartridge with a capacity of 1.5 ml and heated within the 16
actuation chambers to a temperature of 40 °C to optimize the viscosity and desired
jetting performance. The substrate on a vacuum platen was initially heated to a
temperature of 60 °C, later dropped to 40 °C to offset the possible effects of oxidation.

A surface treated polyethylene terephthalate (PET) film having a high surface energy to
control the spread of the deposited solvent based ink was selected to avoid pre-patterned
surface treatment of the substrate.
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One of the limitations for the printing process lies with the time taken and number of
print passes required to build up a printed line of a given thickness in order to reduce
overall resistance. The ink concentration can be raised to increase the mass of silver
nanowires deposited per printed drop. However, it was found that concentrations > 1.00
mg/ml led to immediate blockage of the nozzles.

After depositing the silver nanowires on the substrate, the solvent vehicle did not
evaporate immediately, and so the patterned substrate needed to remain on the heated
vacuum platen for a further period of time. The elapsed time depended on the number of
print passes, but in general several hours were required, before removing the substrate
to test the electrical performance of the printed features.

This had the negative effect that the patterned substrate on the heated platen gave rise to
either oxidation of the nanowires with the conductivity of the networks rapidly
changing with time, or resulted in insulating networks.

It was then decided to lower the platen temperature to 40 °C and dry the printed
substrates in a vacuum oven followed by annealing of the networks.

To evaporate the solvent carrier from the nanowire networks and dry the coated PET at
relatively low temperature, inkjet printed substrates were immediately annealed at
various temperatures in a MTI vacuum oven for different time periods at reduced
atmospheric pressure.

The compact oven with a PID temperature controller operates in the range from ambient
to 250 °C. It was connected to an Edwards RV5 rotary vane pump (A653-01-903) used
to deliver a negative pressure of -0.1 mPa (-1.0 x 10-6 mbar) at a displacement speed of
5.8 m3h-1.

The sheet resistance of the nanowire networks for a given number of print passes (R vs
N) as a function of temperature and duration of the annealing process was intensively
investigated and optimized.

Optimum results were found by placing the printed PET substrate into a vacuum oven at
room temperature and pumping down to a negative pressure of -0.1 mPa for 30 minutes
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to slowly evaporate the solvent vehicle from the substrate. In a next step, the substrate
on a suitable tray remained in the oven under vacuum and annealed at 110 °C for a
period not exceeding two hours and thirty minutes. It was found that if the oven under
vacuum was allowed to ramp-up from ambient to this annealing temperature of 110 °C,
the inter-wire contact improved to create a highly conductive network without
aggregation or oxidation of the nanowires during the annealing process. Over-exposure
to the annealing temperature for even a short period of time resulted in a non-conductive
nanowire network.

Controlling solvent evaporation during and after deposition remained a challenge,
especially for printed features beyond 20 print passes. The solvent vehicle tended to
bleed out from the printed features, flooding the substrate. This problem was resolved
by introducing an intermediate drying step during a print session.

After 10 print-passes, the printed PET substrate was removed from the heated platen in
the printer and dried in the vacuum oven at a temperature of 110 °C for 30 minutes to
slowly evaporate the solvent vehicle. In a further step, the substrate was realigned on the
printer platen to continue the selective deposition of the silver nanowires over the oven
dried traces. This process was repeated every 10 passes. This significantly reduced the
effects of solvent bleeding for print runs with large number of print passes.

After completing the printing session, the printed substrate was placed in the oven under
vacuum at 110 °C for a period not exceeding 2 hours. The objective of this final mild
annealing step was to decrease the inter-junction resistivity of the overlapping
nanowires and increase the DC conductivity of the network.

3.4. Thin Film Characterization

This section discusses the main characterization methods on the properties of silver
nanowire networks. To assess the quality of the nanowires after sonication, it is
proposed for future studies that a passivation defect analysis be undertaken as a first
procedure.

The experimental techniques which follow include viscosity and surface tension
measurements, examination of the surface morphology of printed lines, thickness and
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uniformity analysis of the Ag NW networks, the electrical characterization of printed
patterns and the ratio of electrical to optical conductivity. These techniques will be
discussed with reference to relevant literature as appropriate. OriginPro was used to
perform regression analysis and curve fitting on the experimental data.

3.4.1 Defect Analysis of Silver Nanowires

The Ag nanowires have a surface passivation layer of polyvinylpyrrolidone (PVP)
which could be affected by the sonication process resulting in cracks in the polymer
coverage. If the polymer coverage is spotty on the as-received nanowires, rapid ageing
can occur, making experimental measurements futile. Surface analysis of the polymer
coverage on the nanowires before and after processing, needs to be undertaken using
transmission electron microscopy imaging.

3.4.2 Viscosity and Surface Tension Measurements

The viscosity and surface tension of the optimized solvent vehicle was measured at
room temperature using a rotational rheometer MCR 301 (parallel-plate PP50
geometry) from Anton-Paar and a torsion balance/tensiometer, model “OS” from TBS.
The viscosity η of the 85:15 IPA/DEG suspension mix gave a reading of 4.6 ± 0.3
mPa·s (cP), whereas the surface tension γ was 28 mN/m (dyne/cm).
The inverse Ohnsesorge number Z [15], from equation B.02, equates to

𝑍 =

(𝛾𝜌𝑎)1⁄2
𝜂

≈ 4.8

(3.01)

where the fluid density ρ is approximately 0.80 g∙cm-3 and the characteristic dimension
𝑎 (nozzle diameter) is 21.5 μm. This Z value of 4.8 is well within the accepted range for
inkjet printing: 1 < Z < 14. [16]
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3.4.3 SEM Imaging of Printed Networks

Figure 3.4 exhibits the surface morphology of inkjet printed Ag NW lines on coated
PET substrates after 15 print passes at low magnification.

Figure 3.4: SEM image of inkjet printed Ag NW lines on coated PET after 15 print
passes.

3.4.4 Thickness Analysis of Ag NW Networks

Initially measurements were performed using an AFM (Digital Instruments Veeco
Metrology Nanoscope 26 IIIA using aluminium reflex coated cantilever probes (Tap
300Al-G) in tapping mode) with a scanning area of approx. 125 µm. However, this
limited scan area is unable to resolve the undulating terrain of the nanowire networks. A
profilometer offers greater scan lengths with a height resolution in the order of 10 nm,
but the stylus would just compress or penetrate the nanowire networks, making
measurement results erroneous.

An alternative method to measure the thickness of a nanowire network for a given
number of print passes on a coated PET substrate is to take a SEM cross sectional image
of the nanowires on the coating surface (polyvinyl alcohol and aluminium oxide). When
the coated PET substrate is immersed in a cryogenic fluid such as liquid nitrogen it
delaminates, permitting the coating surface to be mechanically snapped, revealing a
cross section of the nanowires.

Liquid nitrogen was collected in a cryogenic storage dewar and coated PET substrates
with printed lines were individually dipped in the fluid for approximately 30 seconds,
resulting in the separation of the coating with the printed lines from the PET substrate.
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Sections of the nanowire networks on the coating material were mounted free-standing
on carbon stubs, secured by silver paste. In the SEM, the perpendicular samples on the
carbon stubs could be imaged and the thickness of the nanowire networks for different
number of print passes could be ascertained.

Figure 3.5 provides a perpendicular view of a cross section of the freeze-fractured
nanowire networks after 50 print passes.

Figure 3.5: Cross sectional SEM image of inkjet printed Ag NW lines on coated PET
after 50 print passes.
Figure 3.6 is a fitted curve plot of the mean thicknesses of the nanowire networks as
measured by SEM as a function of the number of print passes. Unlike the inkjet printed
graphene networks discussed in chapter 2 in which the network thickness scales linearly
with the number of print passes, it is observed for Ag NW networks that the thickness
scales with the square of the number of print passes. The raw data is presented in appendix K.

Fitting the data gives the following relationship:
𝑡(𝑛𝑚) = 0.38𝑁1.95±0.16

(3.02)

allowing for network thickness (t) to be estimated for a given number of print passes
(N), assuming materials, ink formulation and experimental procedures remain constant.
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Figure 3.6: Network thickness as a function of the number of print passes, data fitted by
power law dependence with an exponent 1.95.

3.4.5 Transmission Scanned Image of an Ag NW Line

Following the same procedure as in chapter 2, profile uniformity analysis of the silver
nanowire networks after 20 print passes was made using an Epson Perfection V700
photo flatbed transmission scanner with a bit depth of 48-bits per pixel and a spatial
resolution of 4800 dpi.

To measure the uniformity of an inkjet printed line of silver nanowire networks after 20
print passes on the coated PET substrate, a positive film image was taken of a printed
line and its background (3.9 mm x 33.9 mm) recorded using a 48-bit RGB colour depth
and 4800 dpi resolution (spatial resolution of 5.3 µm). Data was saved in a tagged
image file format (TIFF). This corresponds to a matrix image of 737 x 6,414 pixels (for
the entire area scanned) with each element in the matrix having values for red, green
and blue (three 16-bit samples/pixel).

The scanned images of the semi-transparent substrate with and without a printed line of
Ag NW networks were imported into OriginPro for numeric computation. The imported
data was converted from signal intensity to transmittance using the following
polynomial calibration fit:
T = -0.01622 + 4.2922 x 10-6 x S + 1.6598 x 10-10 x S2

(3.03)

This transmittance data can be converted to absorbance which is proportional to the
local network thickness.
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Figure 3.7 below shows the scanned image in normal RGB colour format, with the
positions of extracted horizontal and vertical line profile data marked by red and blue
lines, respectively.

It can be seen from this image that the edges of the printed line are uneven with a lineedge roughness of 100-200 µm, confirmed using an optical microscope. Horizontal
striations (swathe lines) aligned in the raster direction (x-axis) can also be noticed,
similar to those in the optical images of graphene printed lines shown in figure 2.6. This
non-uniformity at the edges of the printed line can be explained by solvent flooding
which further impacts the Ohmic resistance of the line.

Figure 3.7: 48 bit RGB optical scanner image of an inkjet printed Ag NW line on PET,
produced with N = 20 and w = 2mm.
The measured transmittance can be transformed to absorbance, A, using T = 10–A. The
absorbance is expected to be proportional to thickness and therefore a metric for
network uniformity. Figure 3.8 below shows an example of the converted optical
scanner data of the nanowire network on its own, plotted in terms of optical absorbance
as a function of horizontal X position, for 20 passes.
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Figure 3.8: Optical scanner horizontal line profile after 20 print passes.
The print raster direction was parallel the X-axis of the image. Each data point (pixel) of
the image corresponds to an absorbance value.
Figure 3.9 shows the converted optical scanner data plotted in terms of optical
absorbance as a function of the vertical Y position, for 20 passes.
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Figure 3.9: Optical scanner vertical line profile after 20 print passes.
In figure 3.9, it is clearly visible the relative intensity of the striations along the length
of the 30 mm line.
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Figure 3.10: Measured absorbance profile along a horizontal cross section.
Figure 3.10 displays a measured absorbance profile, extracted from the transmission
scan, along the horizontal cross section shown by the red straight line in figure 3.7

In figure 3.10, the absorbance does not fall to zero beyond the edge of the printed line,
as the coated PET substrate was not fully transparent, but exhibited APET ≈ 0.1 (TPET ≈
80%).
The printed line rises from the edge to a maximum thickness in the range from 300-400
µm and is relatively uniform over the central 1.8 mm.

By subtracting the PET absorbance, the data representation in figure 3.10 can be
transformed to present the silver nanowire transmittance as shown in figure 3.11. This
plot illustrates the mean visible transmittance to be ~ 50% for 20 print passes.

Figure 3.11: Transmittance of the Ag NW network (extracted from 3.10 by subtracting
the PET absorbance) along a horizontal cross section.
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3.5 Electrical Characterization of Printed Patterns

The sheet resistance of the printed lines was controlled by varying the number of print
passes. As the number of print passes “N” is a proxy for thickness “t”, the number of
inkjet passes was varied from 1 to 30, to encompass both the bulk and percolative
regime, creating a thin and thick film nanostructure. The raw data is presented in appendix L.
In a first step, the width “w” of the printed lines was set to 2 mm, while the length “L”
was kept constant at 20 mm. The sheet resistance of the straight printed lines dropped
from approximately 40 kΩ/□ to 14.3 Ω/□ over a range of 9 to 25 passes, respectively.

To measure quickly the sheet resistance of a printed trace on coated PET substrate, the
two-point-probe technique was initially applied. Silver electrodes were painted onto the
printed conductive traces after annealing.

On repeated experiments, sheet resistance measurements were made using the fourprobe technique to verify the Ohmic nature of the inkjet printed silver nanowire network
patterns. Silver electrodes of suitable dimension and spacing were painted onto each
sample pattern and a Keithley 2400 source meter was used to sweep different values of
voltage (-5V to +5V) while measuring the current to calculate the sheet resistance.
LabVIEW 2011 program served as interface software to export the data to OriginPro.
The set of data was plotted and linearly fitted. The mean resistance was obtained as the
reciprocal of the slope in the I-V curve.

Figure 3.12 plots the measured sheet resistance of inkjet printed Ag NW lines with
lateral dimensions 2 mm x 20 mm as a function of the number of print passes, N. As the
concentration of the ink remains unchanged and the geometry of each line is fixed, the
thickness t of the printed line scales with the square of the number of print passes.

From figure 3.12, the measured sheet resistance falls with increasing number of print
passes N for two independent sets of lines (top and bottom row: L = 20 mm, w = 2 mm),
consistent with percolation effects. The resistance appears to saturate somewhat for N >
20.

- 67 -

To understand this data, it is necessary to convert N into thickness, t, using equation
5.02 (𝑡(𝑛𝑚) = 0.38𝑁1.95±0.16 ) and resistance into conductivity using equation B.06
𝐿
𝑅𝑤𝑡

).

Sheet Resistance Rs (/square)

(𝜎 =
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Figure 3.12: Plot of sheet resistance versus line thickness (proxy: number of passes).
The sheet resistance of an inkjet printed network (14 Ω/□ - N: 25) compares well with
results obtained from spray cast (49 Ω/□) and spin coated (10 Ω/□) networks. [14]

The sheet resistance, Rs, of networks of low dimensional conductors scales with
network thickness according to percolation theory. For bulk networks the sheet
resistance scales with network thickness as
𝑅𝑠 = (𝜎𝑏 𝑡)−1

(3.04)

where σb is the bulk electrical conductivity, which is independent of thickness.
Below bulk network thickness the electrical conductivity follows
𝜎 ∝ (𝑡 − 𝑡𝑐 )𝑛

(3.05)

where 𝑛 is the percolation exponent and tc is the critical thickness defining the
percolation threshold, corresponding to the formation of the first conductive path before
entering the percolation regime. [17-20]
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Relating this to figure 3.12, it is clear that the printed lines show bulk-like sheet
resistance behaviour above 13 print passes, suggesting this number of passes defines the
onset of bulk conductivity behaviour at a film thickness tmin.
Fitting the equation 3.05 to the data in the thickness range between 28 nm (onset of
percolation at 9 passes) and 57 nm (onset of bulk conductivity at 13 passes), good
agreement is found using the fit constants tc = 28 nm and n = 1.1. The value of the
exponent n is close to that expected for 2D networks (i.e., n = 1.3). [17] The value of tc is
obviously lower than the thickness of a single nanowire (55 nm), but there is incomplete
coverage of the printed substrate surface with the formation of the first continuous
conductive network across the print line length.
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103
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Data set 2 (bottom row)
 (t - tc)1.1, tc= 28 nm

102
20

100
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Figure 3.13: Plot of Ag NW network conductivity versus fitted thickness.

In figure 3.13, the reference horizontal line represents the onset of bulk conductivity at a
value of ~ 2.5 x 105 S/m after 13 print passes. The curved dashed line is a plot of
(𝑡 − 𝑡𝑐 )𝑛 .
With each successive inkjet print pass increasing the number of electrical pathways, the
nanowire film thickness (t) above the critical thickness of the network (tc) increases the
electrical conductivity from σ = 450 S/m - 900 S/m (average approx. 675 S/m for two
independent set of lines) for 9 print passes (t ~ 28 nm) to σ = 2.1 x 105 S/m - 2.7 x 105
S/m (average approx. 2.4 x 105 S/m for both set of data) for 13 passes (t ~ 57 nm). The
improved conductivity represents the transition into the percolation regime.
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In a second step as illustrated in figure 3.14, the resistance “R” was measured for
different lengths “L”, while keeping w and t constant. In this case, the number of inkjet
passes had to be sufficient to create a thick film nanostructure exhibiting bulk regime
behaviour, where R ~ 1/t.

From the above electrical measurements performed over a range of different print
passes, it was ascertained that 20 print passes represented the bulk regime. A line width
of 2 mm was selected while “L” was varied from 5 mm to 40 mm. After inkjet printing
the lines, silver electrodes were painted onto each end of the lines and resistance
measurements were taken using a source meter.

The results are based on a substrate processing temperature of 40 °C, an intermediate
drying of the printed substrate in an oven under vacuum after 10 print passes at a
temperature of 110 °C for 30 minutes and subsequently annealing of the printed
substrate in the oven after 20 print passes for 2 hrs at a temperature of 110 °C.

For line lengths above 35 mm, the measured resistance was higher than expected which
can be attributed to bleeding of the solvent vehicle, leading to non-uniformity of the
nanowire networks at the edges of the print pattern and reduced electrical performance.

Shown in figure 3.14 is a graph of the sheet resistance data as a function of line length,
showing a linear relationship for all data, except for the outliers at L = 40 mm.
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Figure 3.14: Resistance versus line length, line width of 2 mm, 20 passes.
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The resistance scales linearly with the length up to L = 40 mm in a manner consistent
with a sheet resistance of 𝑅𝑆 =

𝑅𝑤
𝐿

= 18Ω/□ (Intercept (a) force fitted to zero, slope (b)

𝑅

( 𝐿 ) = 9.06 and line width (w) = 2mm).

In a third step, the resistance “R” was measured for different widths “w”, while keeping
L and t constant. The length was held constant at 7.5 mm while “w” was varied from
0.2 to 20.0 mm. From Ohm’s law, the resistance ought to scale inversely with the width.

Figure 3.15 shows the measured resistance versus width, w, of the printed lines. As all
the lines have the same number of passes, and hence thickness, the electrical
conductivity, σ, of the lines is expected to be invariant. In this case the measured
resistance 𝑅 = 𝑙⁄𝜎𝑤𝑡 = 𝑘𝑤 −1, where l is the line length, t is the line thickness and k is
a constant.

The data show linear behaviour in a narrow range of widths between 1 and 10 mm. For
line widths below 1 mm and above 10 mm, the resistances are higher than expected.
This phenomenon is associated with line-edge roughness. This can be explained by
solvent flooding and the resultant non-uniformities. The line fit (100/w) in figure 3.15,
performed over the two independent sets of data, shows this to be the case for a few line
widths greater than 1 mm.
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Figure 3.15: Resistance versus line width, 7.5 mm long lines, 20 passes.
- 71 -

In order to consider line-edge roughness in the fit to the dataset, the programmed line
width w0, has non-uniformity on either side of the line with an amplitude ∆w.
Therefore, the average perceived line width w is expressed as follows:
𝑤 = 𝑤0 + ∆𝑤

(3.06)

However, the electrical conductivity is limited by the programmed unit w0 and therefore
line resistance R is best expressed by:
𝑅=

𝑅𝑠 𝐿
𝑤0

=

𝑅𝑆 𝐿

(3.07)

𝑤− ∆𝑤

In fitting this expression to the dataset for w < 10 mm, good agreement is found for RS =
14 Ω/□ and Δw = 175 µm.
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Figure 3.16: Resistance versus perceived line width, 7.5 mm long lines, 20 passes.
Note the equation 𝑘𝐿⁄(𝑥 − 𝐶) in the inset of the OriginPro graph is the same equation
as 3.07, where k = RS, L = length of the printed line and C = ∆w.
In 3.15 the dashed line represents linearity and is consistent with RS = 18 Ω/□, while in
3.16 the dashed line represents a fit to equation 3.06 with RS = 14 Ω/□ and Δw = 175
µm.

The second and third experimental steps were used as a quality control metric to check
the resistance of the silver nanowire printed lines for different path lengths and widths,
verifying a linear Ohmic behaviour and that no radical distortions were introduced by
the deposition method of inkjet printing Ag NW laden ink.
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𝜌𝐿⁄
𝐿
𝑤𝑡, as t ∝ N, it can be written as 𝑅 ∝ ⁄𝑤𝑁.

The resistance 𝑅 =

𝐿

Thus, plotting R versus 𝑤𝑁 yields a line slope, in terms of “N”, that is proportional to
the resistivity 𝜌. This was compiled for all data of R vs N, R vs L and R vs w and
plotted in the figure 3.17 below.
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Figure 3.17: Log log plot of R versus 𝑤𝑁 to the base 10.
In the normalizing process of bringing together three datasets (R vs N, R vs w and R vs
L), the graph plots an approximated linear fit for bulk conductivity (350 Ω) broadly
following Ohmic behaviour, if the high resistance outliers in the percolation regime for
a low number of print passes in the R vs N trend are ignored. However, in the dataset R
vs w, there are also deviating data points or outliers which do not follow Ohmic
behaviour which can be attributed to the effects of solvent bleeding during printing and
narrow line widths. This means that the linear fit to the three datasets has an inherent
tolerance, and the trend could be positioned somewhat higher at a value of 500 Ω.
𝐿

𝑁

𝐿

The above graph plots 𝑅 = 𝑚. 𝑤𝑁 where m is the slope, thus 𝑚 = 𝑅𝑤.
𝜎=

𝐿
𝑅𝑤𝑡

𝑁

, hence 𝜎 = 𝑚𝑡, or resistivity 𝜌 =

For the above data 𝜌 ≈ 350 ×

130×10−9
20

𝑚𝑡
𝑁

= 2.275 × 10−6 Ω·m

σ ≈ 4.4 x 105 S/m
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This gives a measured conductivity for the silver nanowire lines of approximately 4.4 x
105 S/m. The substrate processing temperature was 40 °C.
𝜎

In a final step, the ratio of electrical (σDC) to optical conductivity (σOp), 𝜎𝐷𝐶 , describes
𝑂𝑝

the opto-electrical performance of a transparent flexible Ag NW film, its value
controlling the relationship between transmittance T and sheet resistance Rs in the
equation: [21]

𝑇 = (1 −

𝑍0 𝜎𝑜𝑝 −2
2𝑅𝑠 𝜎𝐷𝐶

)

(3.08)

where Z0 = 377 Ω is the impedance of free space. The sheet resistance of the resulting
Ag NW films (where N = 20, w = 2 mm and L = 20 mm from table L.1 in the appendix)
was ~ 20 Ω sq-1 while the transmittance estimated from the flatbed scanner was ~ 50 %.

Using equation 3.08, the thin films produced a ratio value of ~ 40. For transparent
conductive thin films at a thickness suitable to achieve a transmittance of 90 %, it can
be predicted that the Ag NW networks would need to exhibit a sheet resistance Rs of ~
90 Ω sq-1. This performance is reasonably good, but does not meet industry standards
for TCEs which are required to display a 𝜎𝐷𝐶 ⁄𝜎𝑂𝑝 ratio of > 400 with Rs < 10 Ω sq-1
and T > 90 %. [21]

The DC to optical conductivity ratio of the resulting Ag NW networks is low primarily
because of the low DC conductivity of these networks (value).

3.6 Summary of Main Findings

An inkjet printing technique to fabricate homogeneous highly conductive thin films of
silver nanowire networks has been demonstrated. The thin films were produced on
coated PET substrates at low processing temperature, and the nanowire networks were
mechanically flexible. The as-delivered nanowires were shortened to a mean length of
2.2 µm using sonic energy. A range of networks were prepared with different
thicknesses and different diameter of nanowires with reduced length, in order to
understand the effects of the aspect ratio on the electrical performance.
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The desired sheet resistance of the printed features can be achieved by controlling the
number of print passes, and thus the number of deposited layers. Fusing of the
overlapping nanowires to increase the conductivity of the inter-wire junctions translates
into a reduction of the sheet resistance.

The resultant networks were reasonably uniform and had good electrical properties,
displaying sheet resistances as low as 8 Ω/□ and conductivities as high as 105 S/m,
achieved for line lengths “L” of 7.5 mm, line widths “w” of 3 mm and film thickness “t”
of 131 nm at 20 print passes, while using processing temperatures of no more than 110
°C.

This work represents the first step towards the ability to inkjet print pre-defined patterns
of highly conductive and transparent networks of silver nanowires on flexible polymeric
substrates.

Future work could see the elimination of swathe lines and significant improvement of
network conductivity, if inkjet printing capability could be modified to have wider
jetting nozzles and a greater number thereof in the printhead. This would allow for the
deposition of high aspect ratio nanowires without reducing the length and an increase in
the permissible ink concentration with a greater number of wires being deposited per
liquid volume. This would reduce the difficulties associated with solvent evaporation as
the solids volume fraction would be considerably higher.

If these measures could be implemented, the incumbent technology of indium tin oxide
(ITO) in transparent conductors could be replaced by networks of silver nanowires,
finding application in flexible display touchscreens.
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CHAPTER 4 – ALL-PRINTED CAPACITORS FROM GRAPHENE-BNGRAPHENE NANOSHEET HETEROSTRUCTURES

4.1 Introduction

High resolution inkjet printing is ideal for the deposition of functional inks based on
two-dimensional layered nano-material flakes dispersed in a solvent carrier, such as
graphene, molybdenum disulfide (MoS2), hexagonal boron nitride (h-BN) and other 2D
crystals.

Inkjet printing of high quality graphene and MoS2 inks by liquid phase exfoliation on
temperature sensitive substrates has been demonstrated. [1] Achieving on-demand multistacked structures on flexible substrates, with control over growth, pattern formation
and functionalization is a key advantage of inkjet printing.

In this work, conductive and dielectric inks were formulated and characterized for inkjet
and spray deposition processes to produce flexible planar RC circuit elements.

4.1.1 Abstract of Results

Electrostatic capacitors were fabricated by inkjet printing and spray-casting, combining
conducting graphene and dielectric h-BN to create a hybrid multilayer structure (a
sandwich structure of 3 layers). Electrochemical impedance spectroscopy showed this
sandwich structure to perform as a capacitor with a series resistance.

The devices displayed absolute capacitance per unit area ranging from 0.245 to 1.1
nF/cm² with an average series resistance of approximately 120 kΩ. The spray-cast h-BN
dielectric films were pinhole-free albeit for thicknesses above 1.65 µm.

In collaboration with Adam Kelly who took the lead in measuring the physical
properties of the capacitive devices and varying the dielectric thickness to create
pinhole-free films, all-printed heterostructures from solution processed 2D materials
have been realized.
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In this chapter emphasis is placed on reviewing the work of other research groups;
detailing the ink formulation steps; discussing the methodology of inkjet printing and
spray depositing 2D materials; evaluating the theoretical background on RC circuits and
electrochemical impedance spectroscopy; explaining the experimental procedure to
produce an array of capacitor cells; characterizing the resultant thin films; and
presenting the information extracted from impedance data.

This research provides the foundation for fabricating inkjet printed vertically stacked
heterostructures for frequency tuning of RLC circuits.

4.2 Annotated Bibliography
Hexagonal boron nitride (h-BN) forms crystals of alternating boron and nitrogen atoms
in a honeycomb arrangement, with a lattice spacing similar to that of carbon. h-BN
films can be produced from liquid phase exfoliation of bulk BN crystals and used as a
dielectric layer. [2] The deposition method and ink development to achieve pinhole free
porous nanoflake network (PNN) films is further discussed.

The purpose of this research is to investigate the inkjet printing of a flexible capacitor
structure on a temperature sensitive substrate composing of a dielectric material of
hexagonal boron nitride layer (h-BN) stacked between two electrode layers of graphene,
as shown in figure 4.1 (graphene inkjet printed capacitor).

Figure 4.1: Multilayer capacitor structure
The capacitive behaviour and stability as a function of the number of print passes
(thickness of the films) and the concentration of the dispersions are to be evaluated. The
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capacitance as a function of dielectric layer thickness and electrode overlap area need to
be experimentally quantified.

4.2.1 Prior Art

Shelimov et al. (2000) have used chemical vapor deposition (CVD) to fabricate an array
of parallel connected electrostatic capacitors in nanoporous aluminum oxide templates,
using carbon as the top and bottom electrodes and boron nitride as the insulating layer,
attaining capacitance of ~2.5 µF/cm². [3]

Sriprachuabwong et al. (2010) presented an RC circuit fabricated on a flexible
polyethylene terephathalate (PET) substrate, by inkjet printing a conductive polymer
(poly (3, 4-ethylene dioxythiophene)/poly-styrene-sulfonic acid (PEDOT/PSS))
employed as the electrode material and ethyl-2-cyanacrylate serving as the dielectric.
The resistance and the capacitance of the RC circuit were found to be 98 kΩ and 0.165
nF respectively. [4]

Le. et al. (2011) reported on the fabrication of inkjet printed graphene for flexible
micro-super-capacitors. [5]

Britnell et al. (2012) investigated the electron tunnel current through atomic layers of
hexagonal boron nitride (h-BN) and its exponential dependence on the thickness from a
monolayer to multiple layers. Their results show that an atomically thin layer of h-BN
acts as a defect-free dielectric with a high breakdown voltage. [6]

Kang et al. (2012) demonstrated the feasibility of inkjet printing passive components on
polyimide, annealing the printed layers at 210 ºC. An RC circuit was fabricated
resulting in a capacitance of 66.7 pF with a series resistance of 4.35 kΩ. The dielectric
layer was produced from an insulating ink mixture of poly-4-vinylphenol (PVP) and a
cross linking agent (poly(melamine-co-formaldehyde)) dissolved in ethanol and loaded
with barium titanate powder (BaTiO3). The bottom and top electrode layers were
produced from a mixture of poly(3, 4-ethylene dioxythiophene) doped with poly-styrene
sulfonated acid (PEDOT:PSS) and ethylene glycol. [7]
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Li et al. (2012) reported on the inkjet fabrication of a parallel plate capacitor on
polyimide (Kapton). The conductive layers were produced from a dispersion of silver
nanoparticles, while photoresist ink was chosen for the dielectric layer. The resulting
device had a measured capacitance of 48.1 pF at 100 Hz. The occurrences of pinholes in
the printed layers were cited as a potential cause for pronounced deterioration of
capacitance with frequency. [8]

Sorel et al. (2012) prepared flexible RC circuits on polymer films by spray-casting
networks of single walled nanotubes (SWNTs) and silver nanowires (Ag NWs), to act
as the conducting electrodes. A polymer solution dried to form a uniform film was
chosen as the dielectric medium.

Free standing dielectric films were prepared by drop casting into a Teflon tray, a
solution of polyvinyl acetate in tetrahydrofuran with a concentration of 60 mg/ml and
allowing the solution to dry and form a flat structure. The film thickness, varying from
35 μm to 90 μm, was controlled by the solution volume deposited.

To fabricate the electrodes, single walled nanotubes were dispersed in an aqueous
solution (CSWNT = 0.15 mg/ml) containing a surfactant of sodium dodecyl sulphate
(CSDS = 10 mg/ml).
The dispersion was deposited on both sides of the dielectric film by spray-casting to
produce the top and bottom electrodes. Impedance spectra (Z) were measured for a
range of capacitors with various dielectric and electrode thicknesses.
The capacitance per unit area of the RC devices ranged from 0.4 to 1.1 μFm-2, while the
series resistances (RSer) ranged from 2 – 10 kΩ/□. To reduce the series resistance, silver
nanowires were proposed to improve the conductivity of the electrodes. [9]

Özçelik et al. (2013) investigated a capacitor model consisting of two-dimensional,
hexagonal h-BN layers placed between two commensurate and metallic graphene layers
using self-consistent field density functional theory. [10]

Guo et al. (2013) fabricated bendable parallel plate capacitors using CVD grown
hexagonal boron nitride (h-BN) thin films as the dielectric. By controlling the growth
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time, the thickness of the h-BN films can be tuned precisely, typically in the range of 5
to 50 nm. They report on the h-BN films having a high optical band gap of ~5.57 eV, a
high breakdown field strength of ~9.0 MV/cm and a specific capacitance of 6.8 µF/cm²
at 1 kHz. [11]

Shi et al. (2014) have fabricated a nanocapacitor structure consisting of only monolayer
materials: h-BN with graphene electrodes, studying the dielectric properties of different
h-BN/graphene heterostructures. [12]

4.2.2 Discussion

Although capacitors have been created using CVD-grown thin films or produced using
a polymer as the dielectric layer, no devices have been constructued with
insulating/dielectric layers fabricated from h-BN nanosheet-based inks.

In this study, a process has been developed which incorporates inkjet printing of
conductive graphene electrodes and spray-casting of a pinhole-free dielectric boron
nitride layer with a thickness ranging from 1.65 to 5.15 µm.

The results of this work set the stage for inkjet printing of electrostatic capacitors with a
stacking structure of silver platelets and boron nitride which will be discussed in the
next chapter.
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4.3 Inkjet Printing and Spray Deposition of 2D Materials (Graphene and h-BN)

Until recently, the focus of inkjet printing 2D materials has been placed on
demonstrating the fabrication of conductive and semi-conductive patterns on a wide
choice of substrates.

The work in the preceding chapters explored ways to optimize functional inks for inkjet
printing by reducing the size of the nanomaterials through liquid phase exfoliation and
sonication induced scission to avoid congestion of the jetting chambers. Graphenebased inks showed that the mean flake size should be limited to ~170 nm, while at the
same time the ink should be diluted to an optimum concentration of 1.55 mg/ml. The
same production protocol can be applied to a BN ink.

The rheological parameters for inkjet printing should lie within the typical range of the
inverse Ohnesorge number, [13] 1 ≤ Z ≤ 14, although this is not a stringent criteria. [14]
Also a balance of ink concentration and nanosheet size is necessary to prevent nozzle
clogging. [1]

Ink/substrate interaction: work to date on graphene and silver nanowire based inks has
been restricted to alumina-coated polyethylene terephthalate (PET) substrates, specially
designed to improve the wetting behaviour and promote adhesion of solvent based inks.
In addition, work to date using NMP and IPA/DEG solvent systems has not been
successfully applied to substrates other than coated PET. In this study the same
temperature sensitivie substrate will apply, and so the choice of solvent vehicle for the
BN ink, the deposition method and temperature treatment processes will play a crucial
role.

It is imperative to form a homogeneous mechanically stable BN dielectric layer of
reasonably uniform thickness. The presence of holes or voids in the inkjet printed BN
layer may cause short circuiting of the device, if the dielectric is not of sufficient
thickness. Solvent bleeding may also impair the integrity of the dielectric medium. A
polymeric barrier can be used to contain the solvent flow.

At the beginning of this study, inkjet printing of BN dispersions using NMP as the
solvent vehicle was explored, and although printed features of reasonable quality could
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be achieved, solvent bleeding and striations hindered the fabrication of thick isolating
dielectric layers.

As a precautionary measure, it was decided to inkjet print the graphene electrodes and
spray-cast the dielectric layer to produce an array of flexible planar RC circuit elements.

Spray casting permits the deposition of larger nanoflakes and as the solvent carrier is
atomized at the airbrush tip, there is a wider tolerance on the viscosity and surface
tension of the ink compared with the rheology requirements for inkjet printing.

Both techniques are a non-contact and additive fabrication method, permitting the direct
deposition of 2D materials in defined print patterns in a layer-by-layer fashion. In the
case of spray casting, the patterning technique does require a mask or stencil; however it
has the innate advantage of being able to deposit thicker layers at high concentration in
a shorter process time.

4.3.1 Solvent Vehicle for Graphene and h-BN

From previous work on the exfoliation of graphite, it is known that NMP to be good
dispersant for graphene and tends to have surface tensions within a well-defined range
(28-42 dynes/cm (mN/m)) suitable for inkjet printing. [13]

In solution processing h-BN, the solvent of choice was isopropanol (IPA) with a low
evaporation temperature and matching surface energy. [15]

4.3.2 Solution-Phase Exfoliation of Graphene Powders by Tip-Sonication

Solution-phase exfoliation of pristine graphite in the organic solvent N-Methyl-2pyrrolidone (NMP) by the use of sonication to give dispersions of graphene nanosheets
with well-defined size distribution and concentration up to ~ 6 mg ml-1 has been
reported. [1]

Mild centrifugation was used to remove large unexfoliated material and large flakes,
with subsequent high rotation rate centrifugation steps used to produce a concentrated
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ink. After dilution with NMP, this ink is suitable for inkjet printing, with an optimum
concentration found at 1.55 mg ml-1.

Statistical analysis showed the graphene nanosheet lateral dimensions to be <L> ~ 195
nm. As the graphene was dispersed in NMP (Z = 16.98), no additions to the solvent
vehicle were necessary to tune the rheological properties. [1]

4.3.3 Solution-Phase Exfoliation of h-BN Particles

The boron nitride ink was obtained by horn-tip sonicating the hexagonal form of boron
nitride as a powder with a mean particle size of ~ 1 μm in Isopropyl Alcohol (IPA).

For nanosheet size selection after sonication, low centrifugation rates remove the large
nanosheets, while high centrifugation rates separate out the smaller nanosheets. [16]
An initial BN concentration of 50 mg ml-1 was prepared in a stainless steel beaker
(VWR) by dispersing 9g of BN powder into 180 ml of high performance liquid
chromatography (HPLC) grade IPA and then processing for 1 hour using a horn tip
sonicator (Sonics Vibracell VCX-750 ultrasonic processor) operating at 60% amplitude
with no off-pulsing. The stock was cooled during sonication. The resulting dispersion
was then centrifuged at 5,500 rpm for 60 minutes using a Hettich Mickro 22R.

After centrifugation, all of the supernatant from each of the six 28 ml glass vials was
decanted and disposed of. The sediment was re-dispersed in 120 ml of fresh IPA and
sonicated for 4 hours at 50% amplitude. This dispersion was further diluted by the
addition of 60 ml of IPA and then re-sonicated for 30 minutes at 60% amplitude.

After sonication, the dispersion was then loaded into 28 ml glass vials and centrifuged
for 60 minutes at 1,000 rpm (BN nanosheet size selection and number of layers), in
order to remove residual large-size flakes. This process left a pale white supernatant and
a concentrated cluster of BN flakes at the bottom of the vials. The supernatant,
approximately 100 ml in total, was carefully extracted from the top of the dispersion in
each vial, decanted into new vials and then centrifuged again at 3,500 rpm for 60
minutes, to achieve a mean flake size of <L> ~450 nm from the sediment.
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The sediment was extracted and re-dispersed in 120 ml of IPA using a sonic bath.
The concentration of the resultant ink was measured as Cink = 0.5 mg ml-1 using an
extinction coefficient of 847 ml mg-1m-1, determined using a Cary 50 UV-Vis photospectrometer.

4.3.4 Inkjet Printing of the Electrodes (Graphene)

Graphene dispersions with optimized fluidic properties for inkjet printing, in particular
concentration, viscosity and surface tension, have been evaluated. [13, 17] Graphene
electrodes fabricated on flexible temperature sensitive substrates with conductivities as
high as 3000 S m-1 have also been demonstrated. [1] The findings suggest that inkjetprinted graphene could find application as electrodes in passive devices such as
capacitors.

The bottom and top electrodes of the capacitors were deposited using the drop-ondemand inkjet printer (Dimatix DMP 280) with 16 piezoelectric jetting nozzles. The
graphene electrodes were fabricated using 20 print passes to yield a thickness of ~ 400
nm. [1]

4.3.5 Spray Deposition of the Dielectric (h-BN)

The boron nitride-laden ink used in this study was spray deposited over a 4 x 4 array of
inkjet printed graphene electrodes on the host substrate at a processing temperature of
90 ºC. The distinct advantage of spray casting over inkjet printing is the ability to
process large areas with excellent control over the thickness of the deposited film.

A square mask of transparent PET having the dimensions of 10 cm x 10 cm was
prepared with openings for each capacitor site in the 4 x 4 array. The openings mirrored
the size of the dielectric footprint. Each capacitor site in the grid occupied an area of 10
mm x 10 mm.

A dispersion concentration of 0.5 mg/ml was selected. The ink was dispensed into a
glass pipette which acts as a reservoir. During the deposition process, a glass plate was
placed on the PET mask serving as a reference for film thickness.
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The dielectric layer of boron nitride was sprayed onto the host substrate through the
openings in the mask, using a Harder & Steenbeck airbrush (Infinity 14287) secured to
an x-y gantry system from Janome (JR 2300N).

The airbrush instrument is connected to an air pressure source and the abovementioned
ink reservoir. The mechanism of spraying involves the tip of a needle pressing against
an annulus, wherein the gap between the needle tip and the annulus dictates the solution
flow rate. Compressed air and inert gas drive the solution through the gap around the
annulus, atomizing the solution into a spray.

The host substrate was placed on a stainless steel tray residing on a hotplate set to a
temperature of 90 ºC.

Spraying was performed using compressed and inert gas (nitrogen) having a backpressure of 30 psi and a flow rate of 2.5 mm³/s.
4 x 30 ml vials of BN dispersion (in total 120 ml), with an ink concentration of 0.5
mg/ml were spray deposited to create a maximum layer thickness of 5.15 μm.
In spray casting, the droplet size can be reduced by increasing the back-pressure. The
quality of the spray deposited networks depends on a number of processing parameters
such as the dispersion concentration, atomizing volume during airbrush activation,
transverse speed of the airbrush, distance of the airbrush from the substrate, backpressure, flow rate and substrate temperature. [18]
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4.4 Basic Processing Steps to Fabricate an Array of Electrostatic Capacitors

Electrostatic capacitors can be patterned on a flexible coated PET substrate by inkjet
printing a series of independent conducting layers in rows and columns, to form the
bottom electrodes in the ordered arrangement of capacitor sites in a 4 x 4 array, as
conceptually shown in figure 4.2. The bottom electrode of each capacitor is formed by
depositing graphene laden-ink, to create a conductive track of overlapping graphene
nanosheets.

The insulating dielectric layer is formed by spray depositing h-boron nitride laden-ink
over an area covering the bottom electrode sufficient in thickness to minimize the effect
of pin-hole shorting. The top electrode is patterned on the dielectric medium in a similar
manner as the bottom electrode. The active part of the capacitor is represented by the
interfacing area of the electrodes and the dielectric. The ability to control dimensionality
by inkjet printing and spray-casting allows conduction pathways, dielectric thickness
and area to be optimized for performance.

Figure 4.2: 4 x 4 Array of inkjet printed electrostatic capacitors.

The stacking structure of a single cell electrostatic capacitor, showing the graphene
electrodes with the h-boron nitride separator is illustrated in figure 4.3. Figure 4.4
provides the physical dimensions of two single cell capacitors and in figure 4.5 the
active geometric areas are defined.
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Figure 4.3: Conceptual design of a single cell electrostatic capacitor comprising of two
graphene electrodes separated physically by the insulating medium h-boron nitride.

(6.4A)

(6.4B)
Figure 4.4: Dimensional drawings of the inkjet printed electrodes and dielectric medium
for two different constructions.
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Figure 4.5: Dimensional drawing of the electrodes-dielectric interface representing the
active geometric areas (A) of the two capacitors.

The electrode overlap area was varied between 0.5 mm² and 2.5 mm² (refer to table J.3 of
the appendix).

All graphical representations were performed using 3D CAD software (Autodesk
Inventor).

4.4.1 Process Conditions
The process flow for fabricating an array of electrostatic capacitors is as follows:
First, the host substrate is cleaned and placed on the printer platen, set to a
temperature of 60 °C. The ink in the printhead is set to 35 °C.
Following cleaning, graphene ink with NMP as the solvent vehicle is inkjet
printed onto the host substrate in a pre-defined pattern at different positions in an
array, forming the bottom electrodes at each capacitor site in the array.
After deposition, the array of electrodes on the host substrate is cured at 90 °C in
a vacuum oven overnight.
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BN dispersion with IPA as the solvent vehicle is spray-deposited through a mask
at each capacitor site on the host substrate to form a thick dielectric layer at a
processing temperature of 90 °C.
After spray deposition of the dielectric layer, the top electrode is printed using
the graphene ink.
The entire capacitor array is then cured at 90 °C for 24 hours to finish the
process.
In short: Clean host substrate - Pattern bottom electrode - Pattern dielectric - Pattern top
electrode

4.4.2 Preconditional Properties for the Graphene Electrodes and Dielectric Layer
Electrodes based on overlapping graphene nanosheets should have electrical properties
which facilitate charge transport. Therefore, the thickness of the graphene electrodes
should be above the minimum thickness (tmin) of 160 nm in line with percolation theory.
The volume resistivity of graphene printed tracks above the minimum thickness is
approximately 4.11 x 10-4 ohm.m. [1]

The dielectric layer should have a nominal thickness > 1.7 µm to maintain a barrier
between the electrodes, to prevent pin-hole shorting (i.e. leakage currents) through the
overlapping h-BN nanosheets, and to enable the capacitor to charge over time. The
cross sectional area (A) of the capacitor can be increased to improve capacitance, but
the probability of yield-loss through pin-hole shortening greatly rises. The challenge
therefore is to increase device performance while maintaining a relatively thick
dielectric medium and reducing the surface area for charge storage.

Prototype devices were characterized with film thicknesses determined using a
profilometer, electrical conductivity values calculated from resistivity measurements
taken with a Keithley 2400 source meter using the four-probe technique, and impedance
(Z) spectra for a range of capacitors with different dielectric and electrode thicknesses
were measured with a Gamry 3000.

Optimization of the electrostatic capacitor configuration in terms of the electrode
alignment, dielectric thickness, film morphology, processing parameters and
capacitance per unit planar area are to be discussed.
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4.5 Thin Film Characterization
TEM imaging of the 2D nanomaterials established flake dimensions. Using SEM the
film surface of the spray deposited h-BN nanosheets and inkjet printed graphene
electrodes on coated PET were inspected. Profilometery was used to map the surface
topography and measure film thickness. As-prepared films of capacitor arrays were
electrical characterized by electrochemical impedance spectroscopy.

4.5.1 Optical Micrograph of a Capacitor Array
Figure 4.6 illustrates an array of capacitors and the transversal area of a capacitor, with
graphene and boron nitride as the electrodes and dielectric medium respectively.

Figure 4.6: Optical image of a 4 x 4 Array of electrostatic capacitors.

The edges of the electrodes are coated with silver paste to act as contact pads in
facilitating connection to the needle probes of the Gamry instrument.
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4.5.2 SEM Imaging of h-BN and Graphene Thin Films
The scanning electron microscopy image in figure 4.7 using a Zeiss Ultra Plus shows
the spray deposited h-BN nanosheets on coated PET. Prior to imaging, the sample was
coated with 5 nm of gold using a Cressington 208 HR sputter coater.

Figure 4.7: SEM image of h-BN stock.

Figure 4.8 shows the surface morphology of an inkjet printed graphene electrode on the
host substrate after 20 print passes at high magnification.

Figure 4.8: High magnification SEM image of the inkjet printed electrode on coated
PET after 20 print passes.

SEM inspection of the h-BN and graphene layers films shows excellent film continutity
and further magnification of the films shows a porous nanoflake network (PNN).
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4.5.3 TEM Imaging of Boron Nitride and Graphene Flakes
Size and quality of the layered materials were evaluated with TEM analysis. Samples
were prepared by pipetting a few milliliters from the dispersions onto holey carbon
films on 400 mesh grids, and imaging was carried out with a Jeol JEM-2100.

Several TEM images of h-BN flakes are shown in figure 4.9. Statistical information on
the mean lateral flake size (estimating the flakes as rectangular objects and recording
the largest lateral dimension) of the BN flakes was analysed.

The mean lateral BN flake size was measured as <L> = ~450 nm, from a sample size of
150 TEM images.

Figure 4.9: TEM images of h-BN flakes.

TEM images of graphene flakes are presented in chapter 2. The optimized solution
phase exfoliation and centrifugation procedures yielded exfoliated graphene nanosheets
with lateral dimensions within a mean of 195 nm.
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4.5.4 Profilometer Height Measurements

A Dektak 6M profilometer was used to profile the topography of the spray deposited
dielectric layer and to determine the film thickness. During spray casting of the boron
nitride dispersion, a reference glass plate was placed on the masking substrate to
determine deposition volume as a function of boron nitride film thicknesses.

4.5.5 Electrochemical Impedance Spectroscopy

Electrochemical impedance spectroscopy measures the impedance of a capacitor cell by
applying a single-frequency voltage to the interfacing electrodes and measuring the
phase shift and amplitude, or real and imaginary parts of the resulting current at that
frequency using fast Fourier transform (FFT) analysis of the response.

In this work a Gamry 3000 was used to measure the impedance as a function of
frequency in the range from 100 Hz to 1 MHz.

Any intrinsic property that influences the conductivity of an electrode-dielectric
material system can be investigated by impedance spectroscopy (IS). An IS spectrum
delivers parameters relating to the 2D materials such as conductivity and dielectric
constant, and those pertinent to the electrode-dielectric system such as capacitance of
the interface region.
Bode plots represent the overall impedance vector Z and phase angle ϕ plotted versus
the angular frequency ω over a wide range of ω values, on a logarithmic scale.
The phase angle ϕ is the angle between the directions of the real and imaginary
components of Z at a given frequency ω. For a pure capacitor, ϕ is -90° while for a
resistor it is zero. For an RC circuit, it will have some values in between, depending on
ω. [19, 20]

The capacitance response to a modulating signal for an electrostatic capacitor developed
in a stacking structure of porous electrodes sandwiching a porous dielectric medium
will now be presented.

- 95 -

4.6 Circuit Performance and Characterization

The circuit illustrated in figure 4.10 represents the electrical configuration encountered
in measurement and interpretation of experimental impedance spectroscopic behaviour
of the dielectric layer at electrode interfaces.

The impedance definition for the thin film capacitor is as follows:
𝑍 = 𝑍𝑅𝑒 + 𝑖𝑍𝐼𝑚 = |𝑍|𝑒 𝑖𝜑

(4.01)

Figure 4.10: Circuit with resistance and capacitance in series.
The circuit comprises of a resistor R (ohms) in series with a capacitor C (farads)
connected across a source of V volts at a frequency of f c/s, the resistor R may include
the equivalent insulation resistance of the capacitor.

The vector sum of the resistance and reactance
1

2
{𝑅𝑆𝑒𝑟

1

2 2

+ (− 𝜔𝐶) } = {𝑅𝑆𝑒𝑟 − 𝑗⁄(𝜔𝐶)}

(4.02)

is termed the impedance Z.
1

Impedance of an RC circuit: 𝑍 = 𝑅𝑠𝑒𝑟 − 𝑗 𝑋 , where the capacitance reactance 𝑋𝑐 =
𝑐

1
𝜔𝐶

Note the term (−𝑗⁄(𝜔𝐶)) may be multiplied by 𝑗⁄𝑗(= 1), producing (−𝑗 2⁄(𝑗𝜔𝐶)):
since −𝑗 2 is equal to +1, this impedance may be written as {𝑅 + 1⁄(𝑗𝜔𝐶)}.
1

2

And it follows that the modulus is |𝑍|2 = 𝑅 2 + (𝜔𝐶)
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(4.03)

2
|𝑍| = √𝑅𝑆𝑒𝑟
+ (𝜔𝐶)−2

(4.04)

The phase angle φ by which the current leads the applied voltage is
𝑡𝑎𝑛 𝜑 = 𝐼𝑋𝐶 ⁄(𝐼𝑅) = − 1⁄(𝜔𝑅𝑆𝑒𝑟 𝐶)
𝜑 = 𝑡𝑎𝑛−1 {− 1⁄(𝜔𝑅𝑆𝑒𝑟 𝐶)}
where the time constant for the circuit is
𝑡 = 𝑅𝑠𝑒𝑟 𝐶

(4.05)
(4.06)

(4.07)

, time to charge a capacitor.
The properties of a capacitor for a change in geometry, by varying the electrode and
dielectric thicknesses, the series resistance Rser and the capacitance per overlapping
electrode area can be investigated.
Using a Gamry 3000, an AC voltage probe signal between 25 and 50 mV was applied to
the capacitors while the current response was measured as a function of frequency.

4.6.1 Impedance Spectroscopy Measurements

The properties of the capacitors were characterized by impedance spectra recording a
range of capacitor values with varying thickness and overlap area.

Inter-electrode parasitic capacitances are known to affect impedance measurements on
small dimensional devices introducing distortions at the high frequency portion of the
Bode plots. But given that these capacitance artifacts are limited to the high-frequency
part of the spectrum, they will not be addressed in electrically characterizing the
capacitor cells. [21, 22]

Figures 4.11(a) and 4.11(b) show representative Bode plots for a capacitor with a
dielectric thickness of 4.15 µm and a 2.5 mm² electrode overlap area.

Fitting the above equations to the data gives good agreement and, for the device plots
shown gives a series resistance of 125 kΩ, a capacitance of 6.13 pF (0.245 nF/cm2) and
an RC time constant of 0.745 µs in this geometry.
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These data are typical of a series RC equivalent circuit; a dominating resistive
component R (ZReal) with a corresponding phase angle ϕ approaching 0° at high
frequencies while at low frequencies the fully capacitive interface dominates the
impedance as the phase shift approaches -90°.

In figure 4.11 below, the graph on the left illustrates the corresponding data points for
the modulus of the impedance |𝑍|, plotted as a function of angular frequency ω, while
the graph on the right plots the phase φ versus ω.

Figure 4.11: Impedance data for the working capacitor, a series RC equivalent circuit,
impedance amplitude |𝑍| versus angular frequency ω, and phase angle φ as a function
of angular frequency ω. Capacitance determined by the curve fit to the data points.
Note: The current 𝐼 = 𝐶 𝑑𝐸⁄𝑑𝑡through a capacitor is phase shifted 90 degrees with
respect to the voltage E. Capacitors have an imaginary impedance component 𝑍 =
1⁄𝑗𝜔𝐶 . A capacitor's impedance decreases as the frequency is raised.
The impedance data can be used to directly calculate the frequency dependence of the
relative permittivity, εr. In calculating the complex capacitance using the equation:
𝐶(𝜔) = [𝑗𝜔𝑍(𝜔)]−1

(4.08)

the real part of the capacitance can be transformed into the frequency dependent relative
permittivity using the standard expression:
𝐶=

𝜀𝑟 𝜀0 𝐴
𝑑

(4.09)

where d is the thickness of the BN dielectric film and A is the electrode overlap area.
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The dielectric constant of h-BN will vary with frequency or on the porosity of the
dielectric medium, refer to Kim et al. [23]

4.6.2 Experimental Results

Capacitance values extracted from impedance fits for all of the following datasets is
presented, with the raw data tabulated in appendix M.

The graph in figure 4.12 represents a plot of the absolute capacitance versus thickness
dependence. The area of the dielectric is fixed at a constant surface area of 1 mm².
The thickness of the dielectric layer varies from t = 1.65 to 5.15 μm, and is consistent
with C ∝ 1⁄𝑑 . The lower limit at which spray-deposition produced short-free BN films
was found to be 1.65 μm.

The graphene electrodes have a thickness of 420 nm, corresponding to 20 print passes
for an ink concentration of 1.55 mg/ml.

Figure 4.12: A plot of the absolute capacitance versus dielectric thickness dependence.
The graph in figure 4.13 represents a plot of the capacitance versus area dependence.
The thickness is fixed at 4.15 μm, while the area of the dielectric layer is varied from
0.5 mm² to 2.5 mm², showing a linear relationship consistent with equation (4.08).
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Figure 4.13: A plot of the capacitance versus area dependence.
Figure 4.14 shows the capacitance of all devices plotted against their ratio of area to
thickness, consistent with equation (4.08). From the slope of the fitted line (1.44276 x
10-11), an average dielectric constant of ~ 1.63 can be extrapolated. The out-of-plane
permittivity for layered BN is 3 ± 1 [21] and although a lower value has been extracted it
is attributed to the porosity of the dielectric network. Therefore, assuming a network
porosity of 50% implies a BN dielectric constant εr of 2.25.

Figure 4.14: Master plot of the capacitance versus area/thickness.
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4.7 Summary of Main Findings

There have been some set-backs in inkjet printing an array of electrostatic capacitors
without pin-hole shorting between the graphene electrodes. Numerous processes to
avoid shorting were evaluated such as increasing the number of print passes to pattern
the dielectric area thus increasing the thickness, reducing the active area of the capacitor
and annealing the substrate at 90 °C for 30 minutes after every 10 passes to remove the
solvent vehicle from the printed features. The problem of striations in the printed
pattern, in particular troughs in the dielectric, was partially eliminated by offsetting the
print routine by 500 µm after every 5 passes.

Solvent evaporation and reaching a critical thickness for the dielectric layer was not
feasible with the existing inkjet printer. The deposition volume is a function of the
number of jetting nozzles per printhead and the orifice diameter. The latter also
determines the permissible concentration for inkjet printing.

Although a solution was found with spraying casting, it is envisaged that the dielectric
layer could be inkjet printed, if the number of jetting nozzles were significantly higher
than the current 16 in the piezoelectric printhead of the Dimatix printer.

In conclusion, a graphene/boron nitride capacitive heterostructure using a combination
of inkjet printing and spray-coating deposition techniques was created. Pinhole-free BN
networks were achieved. The devices showed areal capacitance ranging from 0.24 to 1.1
nF/cm², with a limiting dielectric thickness of 1.65 μm.

In future work, in consolidating the entire deposition process, the dielectric layer should
also be inkjet printed, and the challenge will be to refine this process to give thinner
dielectric films that remain pinhole-free. This should be achievable by moving over to
thermal inkjet printing and through further refinement of the boron nitride dispersions in
terms of ink concentration and particulate size.
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CHAPTER 5 – PARADIGM SHIFT IN THE MANUFACTURE OF NFC DUAL
INTERFACE TRANSACTION CARDS BY SUBSTITUTING THE BOOSTER
ANTENNA WITH AN INKJET PRINTED SINGLE TURN COUPLING FRAME
ANTENNA FOR INDUCTIVE COUPLING

5.1 Preamble

It was envisaged that this chapter would readdress the fabrication of high frequency
planar antenna structures presented in chapter 2 by means of thermal inkjet printing
using dispersions of silver platelets. The experimental focus would have been directed
on the performance of the antennas with different number of turns based on their
inductance, impedance (real and imaginary), resonance frequency, bandwidth and
quality factor.

Prototype RFID antennas with 2 to 9 turns were fabricated on flexible substrates using a
standard thermal inkjet printer (Canon MG 2550 with a print resolution of up to 4800
dpi) by jetting Ag nano-flakes (Tokusen N300) in a carrier solution at ink
concentrations of 5 mg/ml (~9.4 nm/pass) and 10 mg/ml (~15.3 nm/pass) with
percolation seen at 8 and 5 print passes respectively (~80 nm). Xanthan gum was added
to the dispersions as a rheology modifier. The initial antenna samples were very
promising, opening up the possibility of inkjet printing RL‖C circuits as receiving
antennas at high frequency and for inductive coupling.

However, repeated trials at an ink concentration of 15 mg/ml with an average track
thickness of 21.88 nm/print pass, as presented in appendix N showed that DC resistance
measurements varied substantially with increasing number of antenna turns which could
be attributed to short circuiting between adjacent tracks. There was also inconsistency in
the resistance with a greater number of print passes. At closer inspection, rough jagged
edges and bleeding of the antenna tracks were observed, suggesting that the separation
distance between tracks of 600 μm may be insufficient. It can only be postulated that by
further increasing the ink concentration to 40 mg/ml (with an average track thickness of
56 nm/print pass) and reducing the number of print passes just beyond bulk conductivity
(2.66 x 106 S m-1 at a thickness of ~180 nm), circuits of practical use could be achieved.
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Instead of pursuing the route of demonstrating passive contactless communication with
multi-turn antennas with a target unloaded self resonance frequency of ~ 60 Mhz (refer to
appendix H).

It was decided to develop an inkjet printed antenna structure resonanting at

ultra high frequency (UHF) to drive a transponder chip module by means of inductive
coupling to achieve a near field communicarion (NFC) system operating at 13.56 MHz.

The ultimate objective being to create a cost effective single turn antenna for integration
in standard payment smartcards

5.2 Fundamentals and Theoretical Principles

In this chapter, an innovative inkjet printed coupling frame (CF) for near-field (13.56
MHz) enabled payment smartcards is presented. The coupling frame is produced by
means of thermal inkjet deposition using dispersions of silver platelets. A companion
transponder chip module (TCM) mounted on the CF forms the passive RFID system.

The system, interrogated by an electromagnetic field generated by a contactless point of
sale (POS) terminal, utilizes inductive magnetic coupling to concentrate surface eddy
current density around a slit and an opening in a card body coupling frame overlapped
by a transponder chip module having a pick-up antenna delivering induced voltage to an
RFID chip. This technique eliminates the need for a physical galvanic interconnection
between a conventional in-card antenna and an implanted chip module. The coupling
frame also replaces a booster antenna in a dual interface smartcard.

According to Faradays law, when a metal surface is exposed to time varying magnetic
flux Ψ an electric field strength E is induced in the metal surface resulting in eddy
currents. Lenz’s law states that these current flows will oppose the exciting magnetic
flux that created them and thus eddy currents react back on the source of the changing
magnetic field. In a coupling frame system, the current distribution is interrupted by the
presence of the slit in the coupling frame and the RLC resonance circuit of the
transponder chip in close proximity to the slit and opening.
The entire CF system comprises of two tightly coupled RL‖C oscillator circuits, an
inkjet printed coupling frame with slit/opening and a transponder chip module (TCM).
An equivalent system circuit model has been proposed in appendix B.
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The dominant control parameters are the self-inductance of the module antenna of the
TCM, input capacitance of the RFID chip, electromagnetic transparency of the coupling
frame which relates to the conductivity and thickness of the silver inkjet printed layer,
width of the CF slit, geometrical overlap of the module antenna and the CF slit/opening,
and the coupling capacitance.

To measure field intensity over a frequency spectrum and to verify how the directional
flow of surface eddy currents can contribute or degrade the system performance, 2-D
magnetic inductive field mapping of a coupling frame system is investigated. A vector
network analyzer (VNA) and a scalar spectrum analyser are used to measure the
impedance of the system elements.

This chapter will continue with a review of the prior art followed by a technical
discussion and a background study on the engineering aspects pertaining to coupling
frames; present a brief description of the deposition process, curing procedure and thin
film characterization data; deal briefly with the inkjet fabrication process of card-body
size coupling frame antennas; provide a detail treatment of the experimental procedure
and results, and then revert back to the original objective of producing a single turn
antenna structure to replace a booster antenna in a dual interface smartcard. The chapter
closes with a suggestion of realizing an all-inkjet-printed vertically-stacked
heterostructure connected across the slit of a single turn antenna in order to tune its self
resonance frequency and bandwidth. It further proposes an AC-driven printed LED
structure of multiple ink layers to be connected across the slit to illuminate with varying
intensity during a contactless transaction in close proximity to a POS terminal.

5.3 Literature Review

Qing et al. demonstrated that metal plates in close proximity to a reader antenna
operating at 13.56 MHz shifts up the resonance frequency of the antenna and weakens
its field intensity. They found that the frequency shift and reduction in the field intensity
are caused by the blockage of the magnetic flux through the loop antenna of the reader
and the induction of eddy currents on the metal plate. [1]

Chen et al. reported a novel way of reducing the effects of shielding from a metal
surface in close proximity to an RFID tag. They propose a metallic RFID tag
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comprising of a slit in a metal plate and a window shaped slot to accept a small loop
antenna. The antenna is designed for a Texas Instrument ultra high frequency (UHF)
chip, whose input impedance is about (10.7-j62.8) Ω at 925 MHz. The small loop
antenna inductively couples the energy to the metal with the corresponding slit and
opening. The coupling strength is mainly controlled by the distance between the
window slot and the loop antenna. [2]

US patent 8,608,082 with a priority date of July 20, 2010 describes a method for
amplifying the gain of an antenna in a transponder SIM device using a planar metal
layer with a slit surrounding the periphery of the device; the metal layer does not
overlap the antenna structure of the transponder, nor does it consider such an overlap as
being an enhancing factor: “In conformity with an embodiment of the invention, the
element extends around the antenna outside of an area defined by the projection of the
antenna along a direction substantially orthogonal to the antenna surface. Thus, the
antenna and the ring must not extend facing one another so as not to mask the magnetic
field flux through the antenna surface. In other words, the element extends outside the
outer perimeter of the antenna in a plane parallel to that containing the antenna or part
of the antenna, or possibly in the same plane. However, when the element extends
within the same plane as the antenna or part of the antenna, a minimum spacing is
provided between the element and the antenna to ensure electrical isolation.” [3]

The teachings of the ‘082 patent are almost identical to the earlier work reported by
Chen et al.

Mukherjee explains how a metal surface in the vicinity of an air coupled readertransponder system significantly degrades the performance. The electromagnetic field
generated by the reader induces eddy currents on the surface of the metal, creating a
magnetic field in opposition to the original field reducing the magnetic flux, and
therefore inductance. Furthermore, reduction of the effective magnetic field reduces the
power delivery to the chip. [4]

5.3.1 Discussion

Using a discontinuous metal or metalized layer in conjunction with a transponder chip
module having a laser etched antenna structure in forming a passive device to operate at
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high frequency for application in payment and identification smartcards has not been
reported in the literature or in patent specifications. The prior art does not consider
overlapping a metal or metalized layer with the antenna structure of a transponder chip
module to effectuate enhanced contactless communication, and more specifically the
degree of overlap to achieve a contactless smartcard which is compliant with the
EMVCo (Europay MasterCard Visa) contactless specification for payment systems. It is
not just a question of transponder activation distance, but having optimum read/write
performance with respect to responsiveness, timing, quality factor, load modulation and
data communication at off-resonance side-lobe frequencies under different conditions of
field intensity and without the presence of read holes or data clipping.

5.3.2 Industry Background

Radio frequency identification (RFID) enabled smartcards which communicate in
contactless mode with a reader or point-of-sale (POS) terminal have been around for
over 20 years. These passive devices operating at 13.56 MHz (ISM frequency band) are
energized by the electromagnetic field propagated by the POS terminal. The smartcard
has a wire coil antenna ultrasonically embedded around its perimeter edge [5] with the
wire ends of the coil connected to an RFID chip. [6, 7] The same RFID technology also
applies in national identity cards and electronic passports (refer to appendix H). More
recently, financial cards (prepaid, debit and credit cards) have both a contact and
contactless interface, so-called dual interface (DIF) chip cards, with the contactless
interface being used for micro-payment transactions.

A DIF smartcard has an implanted transponder chip module and a booster antenna
embedded into the card body, with no physical electrical contact between the chip
module and the in-card antenna. The transponder chip module has a 6 or 8 contact pad
layout on its obverse side and a miniature module antenna (micro-coil) routed around an
RFID chip on its reverse side. The operation between the transponder chip module and
its companion in-card booster antenna is referred to as “inductive coupling”. [8-9] Figure
5.1 illustrates a matrix of wire embedded booster antennas on a PVC substrate layer,
while figure 5.2 shows a reel of transponder chip modules.
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Figure 5.1: An array of booster antennas having a coupler coil and a perimeter antenna.

Figure 5.2: Front and rear view of an 8 contact DIF transponder chip module on a 35
mm tape.
Based on the teachings of US patent 9,475,086 titled “Smartcard with Coupling Frame
and Method of Increasing Activation Distance of a Transponder Chip Module” by Finn
et al., [10] an academic paper emanating from a research programme conducted with the
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financial support of Science Foundation Ireland (SFI) was published in May 2016 in
conjunction with the 2016 IEEE International Conference on RFID and titled
“Use of slits of defined width in metal layers within ID-1 cards, as reactive couplers for
near-field passive RFID at 13.56 MHz”. [11] A second paper with the preliminary title of
“Offsetting the effects of shielding at 13.56 MHz in a Dual Interface Solid Metal ID-1
Smartcard” is under publication review. [12]

The manuscripts from Ackland et al. elucidate the technique of inductive coupling using
a slit or slot of defined width and module opening (rectangular cut-out) in a metal foil to
concentrate surface eddy current density around a transponder chip module. When a
metal foil coupling frame with slit is exposed to an electromagnetic field generated by a
reader antenna, the induced circulating loops of eddy currents do not work against the
field that created them, but rather enhance the magnetic field around the area of the cutout/slit and thus the surface eddy currents do not react back on the source of the
changing magnetic field.

2D inductive magnetic field profiles showed that the field concentration runs along the
coupling frame perimeter in addition to the position of the cut-out/slit. Inductance is
created due to the flow of the surface eddy currents around the area of the cut-out/slit,
coupling in close proximity with the overlapping antenna structure of the transponder
chip module. The profiles proved that the field was evidently enhanced in magnitude
when the transponder chip module was combined with the coupling frame. The
underlying physical mechanism is inductive coupling between the cut-out/slit and
transponder chip module. [11-12]

An important aspect of the system configuration of a coupling frame and its companion
transponder chip module (TCM) is the commanding control parameter of the laser
etched antenna structure, so-called module antenna (MA), on the reverse side of the
chip module.

[13]

This TCM conforms to the industry-standard shape for an 8-contact

pad arrangement on super 35 mm glass epoxy tape (aka chip carrier tape), having a
punched footprint of 11.425 × 12.625 mm, R 2.2 mm and a metalized contact pad area
of 11.4 mm × 12.6 mm, R 2.0 mm. The contact-side faceplate of the TCM is compliant
with ISO-7816-2. The module antenna on the rear of the TCM features 11.25 turns with
a 25 µm kerf seperating tracks and with outer dimensions conforming to the metalized
area of the TCM.

[14]

The shape of the laser etched antenna takes into account the
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presence of connection bridges for wire bonding the bare silicon die to the terminal ends
of the antenna.

[15]

The second commanding control parameter is the RFID chip,

supplied by NXP semiconductor, with a 69 pF input capacitance. The chip carrier tape
can itself be a coupling frame having different form factors for integration into a
plethora of contactless devices. [16]

An enhancement to the performance of a coupling frame in a card body design, by
“connecting (attaching) a capacitor across the slit(s) of the coupling frame (CF)” as
described in the teachings of U.S. patent 9,390,364, [16] is simulated and experimentally
verified in the publication by Rizkalla et al. [17]

This RFID slit technology could fundamentally change the manufacturing process of
contact/contactless payment and identification smartcards, so-called dual interface
(DIF) smartcards as referred to above. The technique replaces the complicated in-card
booster antenna for contactless communication with potentially an inexpensive metal
printed layer acting as the coupling frame.

5.4 Thermal Inkjet Deposition of Silver Platelets

The drop-on-demand inkjet printer used to deposit graphene, MoS2 and silver nanowires
in the previous chapters had a printhead with 16 piezoelectric actuation chambers for
drop generation. The drop volume from each of the jetting nozzles was 10 pl.

The print quality could be greatly improved by reducing the drop volume to accelerate
ink drying and by increasing the jetting nozzle density per unit area to achieve a higher
resolution. The latter is best accomplished using thermal inkjet technology, packing
more jetting nozzles with a smaller aperture (~12-16 µm) into a printhead and
depositing a drop volume of 2 pl.

In a thermal inkjet printer, an ink droplet is propelled from a jetting chamber, by pulsing
a current through a heating element in contact with the ink causing rapid evaporation of
the ink and the formation of an expanding vapour bubble, producing the fluid
displacement from the nozzle.
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With multiple firing nozzles in the printhead of a thermal inkjet printer, the ink
concentration can be optimized to avoid nozzle congestion, minimize the effects of
striations in the print patterns and reduce the number print passes required to achieve
electrical conductivity.

5.4.1 Materials and Methods
Aqueous dispersions of silver triangular platelets from Tokusen Kogyo (N300) were
prepared by diluting the nanoplates with deionized water at a concentration of 15
mg/ml. Features printed from this ink, using a commercially available printer (e.g.
Canon MG 2550 Printer with inkjet cartridges PG-545 and CL-546) were heat-treated at
50 °C for 24 hours in a vacuum oven to remove the deionized water and gave a bulk
conductivity value of 2.66 x 106 S m-1 at a track thickness of ~180 nm; about 4.2 % of
bulk silver. Percolation was observed at a thickness of ~ 80 nm, after four print passes
(with an average track thickness of 21.88 nm/print pass).

The as-delivered silver triangular platelets have a mono-crystalline metal structure and a
particle size distribution between 0.3-0.5 µm and a thickness of ~ 44 nm. The shape and
dimensions of the silver platelets were observed by scanning electron microscopy as
depicted in figure 5.3.

Figure 5.3: SEM images of silver platelets before (left) and after (right) inkjet
deposition.

The nanosize dimensions of the nanoplates endow a significant reduction in the
sintering temperature than that of bulk silver. And although a low sintering temperature
of 150-250 °C results in high electrical conductivity, initial experiments with very high
concentration ink (C = 50 mg/ml) found that annealing at a mild temperature (< 110 °C)
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for a short duration (~4 hrs) on temperature sensitive substrates such as PET forms
conductive thin films of very low resistance.

However in characterizing the ink at different concentrations, it is observed from the
above SEM images that the shape of the particles are modified by the thermal actuation
process which may impair the integrity of the capping agent on the nanoplatelets. This
will become evident when trying to anneal at the above temperature (< 110 °C) under
atmospheric conditions for lower concentration inks to avoid clogging of the jetting
nozzles.

5.4.2 Fabrication Process

As a first step in the current investigation the complex booster coil as described above is
replaced by an inkjet printed coupling frame with a slit and opening to concentrate
surface eddy current density around a transponder chip module (TCM) for application in
contactless financial payment and identification cards (refer to appendix O).

Metallic nanoparticle ink composing of silver platelets suspended in an aqueous
solution is used to deposit highly conductive thin films on a temperature sensitive
substrate. Traditionally, PVC and PC are used in the card stack-up lamination process to
produce smartcards, and therefore annealing at high temperatures beyond their glass
transition temperature will result in distortion of the synthetic material.

Figure 5.4: Inkjet printed coupling frame after 50 print passes.
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Figure 5.4 shows an inkjet printed coupling frame on coated PET with a slit and
opening to accept a TCM, after 50 print passes (t: ~1.0 μm) using a silver dispersion
with a metal ink concentration of 15 mg/ml.

Figure 5.5 illustrates a DIF smartcard comprising of an inkjet printed coupling frame
with an embedded transponder chip module.

Figure 5.5: Dual interface smartcard with coupling frame and transponder chip module.

To benchmark an inkjet printed coupling frame against a solid metal layer in a dual
interface smartcard, the simplest way is to compare the operating performance in terms
of chip activation distance from a contactless reader antenna. In table R.5 of the
appendix, the silver printed coupling frame with 50 passes achieved an activation
distance of 3.5 cm comparing very well to the solid metal layer with a distance of 4.0
cm. The slight difference in performance can be explained by the wider slit width (from
300 μm to 600 μm) in the printed coupling frame.

It has therefore been shown that the direct fabrication of metal patterns using stable
dispersions of silver platelets on a polymer substrate to function as a coupling frame in
the application of inductive coupling can perform equally as good as a solid metal layer
in terms of the communication distance with a contactless reader. Notably the minimum
thickness of the inkjet printed layer should be greater than 1 μm (50 passes at a
concentration 15 mg/ml) to minimize resistive losses. The processing temperature to
cure the printed films did not exceed 50 ºC.
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5.5 Experimental Procedure

It is the topic of this work to characterize the physical behaviour of a coupling frame
(CF) in concentrating magnetic flux around the module antenna (MA) of a transponder
chip module (TCM).

5.5.1 Introduction

An automated measurement system to characterize inductive magnetic field profiles (2D) was developed using a PC running a LabView 6.1 application, an x-y-z motion
control system, a linear amplifier, an Agilent E4411B (ESA-series with source option)
scalar spectrum analyzer and an Agilent 8753 ET vector network analyzer.

LabView controlled the motor positioning and performed the data acquisition.
Parameters and measured data were shown on the PC display and updated after every
data point was collected. A LabView application was written to control the
experimental set-up shown in figure P.2 of the appendix. The final output was a
formatted data file for later processing in Mathcad 15.

5.5.2 Scalar Measurements

An Agilent E4411B ESA-L series spectrum analyzer having a frequency range from 9
kHz – 1.5 GHz was used for real-time scalar measurements. Signal characteristics such
as carrier level, sidebands, harmonics and phase noise were observed and measured. It`s
RS-232 interface provided remote control and PC connectivity.

5.5.3 Vector Measurements

In general, an Agilent 8753 ET Vector Network Analyzer (VNA) is used to take
impedance measurements of a Device under Test (DUT), and to display ratioed
amplitude and phase information from frequency or power sweeps. This stimulusresponse system covers 300 kHz to 3 GHz, includes a built-in transmission/reflection
test set, and has two 50 ohm type-N female test ports. This VNA instrument is
concerned with the accurate measurement of the ratios of the reflected signal to the
incident signal, and the transmitted signal to the incident signal. Test sequencing
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providing keystroke recording allows for automated measurements to be executed in
LabVIEW and Mathcad.

Figure 5.6 shows the schematic of the actual measurement set-up, and table 1 lists the
instruments and components used.

Figure 5.6: Set-up for scanning the spatial inductive magnetic field and impedance
measurements.

As the VNA operates at a low power level, e.g. up to +21 dBm into a 50 Ohm
termination which corresponds to 21 mW, it is necessary to boost the RF source with an
external amplifier to at least 1 Watt RF power at 13.56 MHz. As an additional
consideration to avoid background noise and distortion, the output signal to the
amplifier was set to -1 dBm.

To provide this power amplification between the RF output (reflection test port) of the
VNA and the source coil, a broadband linear Class A amplifier (E&I Model 411LA)
having a flat frequency response from 150 kHz to 300 MHz is used. The unit provides
up to 10W of linear power with low harmonic and intermodulation distortion. Gain is 40
dB nominal, with variation of less than +/-2.5 dB over the entire frequency range. The
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input and output of the amplifier are connected via the front panel BNC connectors to
the VNA swept RF signal output and source coil respectively.

The amplifier is further required in order to optimize RF signal to noise levels and to
provide testing capability up to the nominal specified threshold field intensities of 18
ampere per meter (root mean square), as stipulated for Class 6 proximity integrated
circuit cards (PICC) in ISO/IEC14443 and ISO/IEC 10373-6 test set-up.

Instruments & Components

Specification

Scalar Spectrum Analyzer

Agilent E4411B (ESA-L series)

Vector Network Analyzer

Agilent 8753 ET

Amplifier

E&I Model 411LA

Robot for measuring inductive magnetic

Parker Motion Control System equipped

field spatial profiles

with Zeta 4-240 micro-steppers (x, y and
z-axes)

Control PC

IBM compatible

Software control of x, y and z-axes

LabVIEW 6.1

DUT loading stage

Cylindrical holding fixture with a diameter
of 210 mm

Source coil

Two turn circular loop antenna of copper
wire (0.5 mm) wound around the
circumference of the holding fixture with a
diameter of 210 mm

Sense coil

Inductive sensor - 250 µm diameter microcoil (10 turns of 25 µm insulated copper
wire)

Software for data acquisition

LabVIEW 6.1

LabVIEW Interoperability

GPIB interface with network analyzer to
measure data,
RS-232 serial interface with motor
controller to send positional coordinates

Software for data analyzes

Mathcad 15

Table 5.1: Test bench instruments and components.
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The impedance of the VNA signal source and the input/output of the amplifier are
matched to the characteristic impedance of the coaxial cable, namely 50 ohms, to ensure
maximum transfer of energy into the source coil load.

The source coil to emit the H-field is a coaxial antenna arrangement with its circular
loop antenna wound around the inner perimeter of the support platform for mounting of
the DUT, and its position controlled by an x-y table driven by a Parker micro-stepper.

The sense coil to measure the out-of-plane H-field, on a plastic support is mounted on a
z-axis stage with an incremental step size of ~10 µm. The sense coil is connected to the
transmission test port of the VNA.

The source coil in principle emulates properties of a reader used to generate the 13.56
MHz alternating H-field which is coupled to the DUT on one side in the test bench setup, and to the sense coil used to measure the H-field strength at carrier frequency on the
opposite side.

The DUT can be a metalized smartcard (ID-1 format) with a contactless interface and
despite the effects of electromagnetic shielding at 13.56 MHz it operates on the
principle of inductive coupling by introducing a slit and opening in the metalized
surface to direct the distribution of surface eddy currents around a transponder chip
module (TCM) implanted in the card body. This discontinuity in the conductive layer
can be modelled as a single-turn rectangular coil and as previously mentioned is
referred to as a coupling frame (CF). The DUT can also be the TCM having contact
pads on its obverse side and a chemical or laser etched module antenna (MA) on its
reverse side.

The DUT is placed under the micro-coil and the z-height is adjusted so as to scan in the
x and y direction as close as possible to the sample surface (~300-500 µm). The
impedance change caused by “DUT loading” is derived from the interrogation of the
transmitted signal to the forward voltage signal over a scanning frequency of 10-16
MHz in 15 kHz steps (400 sample points), with the real and imaginary parts displayed
in the measurement channels 1 and 2 respectively as illustrated in figure 5.7.
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Figure 5.7: VNA display (Four channels, Cartesian format).

The GPIB (General Purpose Interface Bus) socket at the back panel of the VNA is
connected to the input port of the PC using a GPIB connection cable. The data format is
binary or ASCII, but binary is preferred when recording measurement states on the
analyzer as the data files are one tenth the size compared to the ASCII format.

The alternating H-field amplitude is measured at each sample point over the scanning
frequency range while no data is transmitted. Two dimensional inductive field mapping
spanning this frequency range in the vicinity of resonance is achieved by mechanically
moving in incremental steps the DUT in the x and y direction under the sense coil on
the z axis, while simultaneously collecting the binary vector data (real and imaginary
components) recorded in LabVIEW and processed in Mathcad forming the spectra. The
background field profile due to reflection from the source coil (impedance matching at a
single frequency) and direct inductive coupling with the sense coil is extracted from the
spatial map in Mathcad.

Figure 5.8 illustrates the mechanical set-up of the test bench and figure 5.9 is a close
image of the sense coil of 250 μm diameter.
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Figure 5.8: Test bench fixture.

Figure 5.9: A magnified view of the sense coil.

Typical scan conditions of the H-field strength, using the LabVIEW 6.1 application
program written using virtual instrument software architecture (VISA) function to
control the Parker x and y micro-steppers (at a fixed z height above the surface of the
DUT) while performing real time data acquisition over the frequency range, were as
follows:


Geometrical size dimensions for a homogenous scan in the x direction =75 mm
and y direction = 11 mm covering a surface area of 825 mm², are slightly larger
than the dimensions of the DUT ID-1 card;
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Number of incremental steps in the x and y direction is respectively 100 with
each step covering an area of 825 mm²/10000 = 0.0825 mm², and hence
providing sufficient resolution over the entire DUT area. Therefore, the
resolution in the x direction corresponds to 75 mm/100 = 0.75 mm, while in the
y direction 110 mm/100 = 1.1 mm;



400 ms delay between incremental steps (i.e. for each scan area of 0.0825 mm²)
which allows mechanical stage vibrations to stabilize before acquisition of the
next set of binary vector data;



Backlash delay of 30 s, after each y raster is completed, before moving to the
next x point and continuing the next y raster.

LabVIEW front panel (user) and block diagram panel (interconnections to automate the
acquisition and management of data) are presented in appendix P. The data was further
analyzed using processing routines written for Mathcad 15 as presented in appendix Q,
deducing the magnitude of the field (A/m) at each point and impedance data, from the
raw data delivered by LabVIEW from values acquired with the scalar spectrum or
network analyzer.

5.6 Experimental Results and Simulations

Inductive field mapping (2-D) of coupling frames (CF) made of a copper or a silver
printed layer covering the entire front surface area of an ID-1 card are presented, with
and without a transponder chip module (TCM). Electromagnetic simulation software
(Ansys Maxwell 2-D) is used to simulate the coupling frame based card, verifying
experimental results. Approximations of impedance parameters using equations from
appendix B are compared with those obtained from experimental measurements.

5.6.1 Electromagnetic Field Simulation Purpose and Assumptions

The simulation of the field profile using finite element analysis (Maxwell 2-D axial
field plotter version 9.2) of the coupling frame and the module antenna of the TCM
should illustrate a similar behaviour to the experimental results with the field enhanced
along the slit/opening and frame edges. To verify the validity of the model assumptions,
spatial inductive field maps are compared with experiments.

- 122 -

The comparison aims to:


reconfirm the theory of operation is based on inductive coupling;



observe that the structure of the coupling frame based card utilizes induced eddy
currents to enhance performance rather than degrade it;



identify that the highest peak fields of the magnetic induction distributions are
observed at the geometrical overlap of the module antenna and the coupling
frame;



verify that the peak field intensity (A/m) near the module is amplified by a
factor of nearly three with respect to the source field intensity.

The assumptions of the finite element simulation are as follows:


The vertical thickness of copper is constant and is much thinner than the
distance between the top surface of the ID-1 card and the point where the
magnetic field is measured.



The material conductivity is constant and equal to 10-3 of the conductivity of
bulk copper.



The excitation magnetic field is perfectly homogenous and perpendicular to the
frame.

To numerically mesh the ID-1 card footprint to a resolution of ~10 μm is prohibitively
memory intensive. Therefore, the meshing has to be sufficiently fine on the scale of the
skin depth of copper at 13.56 MHz (~18 μm). Stretching the skin depth minimizes the
necessity for fine meshing and ensures numerical stability.
Dynamic mesh optimization with inhomogeneous grids leads to numerical instabilities,
in cases where the ratio between the largest (in the middle of the conductive area of the
ID-1 card) and smallest mesh triangle (at the edges of the conductive area), becomes
bigger than 103. The physics here is scale-independent and therefore the simulation is
created with an artificially decreased conductivity, (10-3 of σCu, bulk conductivity).
5.6.2 Magnetic Field Intensity Profiles

A 2-D inductive magnetic field profile of a transponder chip module at 13.6 MHz (near
its loaded resonance frequency of 13.4 MHz) is shown in Figure 5.10. The field
produced by the source coil to which the TCM is subjected is ~ 3.5 A/m. The field is
maximized along the gaps between the contact pads and over the laser etched windings
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of the module antenna. The background field profile, due to the large open source coil,

Field (A/m)

has been subtracted.

Figure 5.10: Inductive magnetic field profile (2-D) at 13.6 MHz in greyscale showing a
front view of a TCM (without coupling frame).

Mapping profiles at the same frequency in rainbow colour of a coupling frame in the
region of the slit/rectangular cut-out without and with a TCM are shown in figures 5.11a
& 5.11b respectively. It is evident from figure 5.11a that the field is concentrated along
the slit and at the edges of the cut-out to accept the module, as well as around the
circumference of the coupling frame. It is also obvious from figure 5.11b that the field
is enhanced in magnitude (both in absolute and relative terms) when a TCM is
combined with the CF.
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Figure 5.11: (a) Measured 2-D inductive magnetic field profile of a coupling frame in
rainbow colour at 13.6 MHz in the slit/module opening area without a TCM, and (b)
with an overlapping TCM; and (c) Finite element simulation using Maxwell 2-D
(reference edge field = 1 A/m), exhibiting similar behaviour to experiment. Note: The
simulation in the right hand panel uses a conductivity which is artificially lowered by a
- 124 -

factor 103, as discussed above. The reference field intensity has not been adjusted to
match the measured profile.

The peak field near the module region is ~ 6.5 A/m for which the source field is 2.2
A/m. The momentary eddy current direction results in magnetic induction (i.e. a
negative phased RF field) compensating the externally applied field, following Lenz’s
law. Comparison of results with electromagnetic field simulations (finite element
analysis) is shown in figure 5.11c. The relatively poor spatial resolution of the
simulation is due to the size distribution of the adaptive mesh used.
The contrast in the measured field is significantly affected by the exact distance
between the top surface of the coupling frame and the sense coil. The pick-up varies
approximately as the square of the distance (scaling strictly valid only at the edges of
the frame). The coupling frame has not been a flat surface. It exhibits jagged edges and
bending of the material.
The finite size of the pick-up sense coil leads to a lateral convolution of the
experimental field profiles. For the examples shown in 5.10 to 5.13, a micro-coil of 250
μm diameter has been used. This leads to a broadening of the features, which appear
sharp in simulation, for example in the vicinity of the 600 μm slit shown in figure 5.11.
The visual width of the same slit is larger by a factor of ~2.5.
Magnetic field scans spanning the frequency range 10-16 MHz (i.e. in the vicinity of
resonance) of the entire coupling frame area alone and in combination with a TCM are
shown in synthetic RGB colour in figures 5.12a & 5.12b respectively. The figures
demonstrate that the field concentration runs around the perimeter edges of the CF as
well as along the slit and cut-out.

A linear colour scaling is used to display the measured inductive magnetic field
magnitude. The R, G, and B colour channels represent field amplitude at 10, 13 and 16
MHz respectively, normalized by the maximum peak field amplitude.

The colour normalization is performed channel by channel, with white contrast
representing broad spectral response (entire response from 10-16 MHz inclusive), while
blue shades indicate enhanced mutual inductance to the pick-up coil at high frequencies
(16 MHz). Figure 5.12c illustrates a simulation of the field profile using finite element
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analysis of a coupling frame alone, with the field enhanced along the slit and frame
edges, in agreement with experiment. The dithering effects in figures 5.12 a & b are due
to a small misalignment in the scanning directions with respect to the edges of the
coupling frames.
A

B
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H (mA/m)
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-300

Figure 5.12: (a) 2-D inductive magnetic field profiles of an entire CF alone, and (b)
with a TCM, as measured, in synthetic RGB colour. (c) Finite element analysis of the
inductive field at a phase angle of 85º and for a medium with value of conductivity
artificially decreased (for clarity of display in order to visually emphasize the
enhancement of the field along the CF edge and along the rectangular opening) to 7.104
S/m, for a 1 A/m reference edge field.
A frequency span across the 10 – 16 MHz band from a selected point on the background
(i.e. no sample present) and in close proximity to the coupling frame slit/cut-out without
and with the overlapping TCM are shown in figure 5.13.
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15
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Figure 5.13: (a) 2-D inductive magnetic profiles (in synthetic RGB colour) and (b)
Frequency spectra from point at highest field intensity (denoted by black cross-hairs) on
profile of (i) background only (i.e. no sample present), (ii) CF without a TCM, and (iii)
CF with an overlapping TCM.

In the above 2-D profiles, there is no red (R) or green (G) in the colour scale as there
was no significant response at either 10 or 13 MHz respectively. It is also noted that
signal artefacts due to the linear broadband power amplifier used during measurement
are visible at frequencies < 10.5 MHz and > 15.5 MHz which are just related to minor
resonances within the amplifier.

The entire system which comprises a source coil, inductive (micro) coil and CF plus a
TCM may be modelled as two tightly coupled RLC oscillator circuits, the equivalent
circuit diagram for which is illustrated in figure B.31.

The characteristic resonance frequency of the coupling frame circuit has a rather broad
response with a peak at ~ 2.4 GHz, corresponding roughly to its half-wavelength
longitudinal resonance, which renders the dispersion at 13.56 MHz rather weak (i.e. the
details of this ultra-high-frequency resonance are irrelevant to the high-frequency
performance of the complete system), hence the contribution to the joint resonant
response via the effective coupling parameters (coupling inductance LCF-MA and
capacitance CCF-MA, where MA denotes the TCM’s module antenna) is approximately
constant.

The more lossy component in the effective circuit illustrated in figure B.31 is the
transponder chip module (TCM) with its resonance frequency determined by the
geometric parameters of its module antenna (MA) and the front end input capacitance of
the chip. In evaluating the resultant resonance frequency, the antenna design rules for
chemical-etch and laser-etch production processes are compared in table C.2 of the
appendix.

It should be noted when a transponder chip module is overlapping the coupling frame at
the position of the module opening, the two RLC circuits influence each other, resulting
for example in double resonant peaks, an RF shift and or a change in signal amplitude.
This means the resistive, inductive and capacitive elements of the transponder chip
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module may also need to be adapted to achieve optimum performance at the target
frequency (slightly higher than 13.56 MHz, at 14.00 MHz ± 0.3 MHz, empirically
tested).

It follows that the resonant response of the combined oscillator system is dominated by
the effective parameters of the TCM which can be evaluated approximately as follows.

5.6.3 Measurements and Estimations

Figure 5.14 shows the design of the laser etched module antenna with 11.25 turns on the
reverse side of the transponder chip module having outer dimensions of 12.60 x 11.40
mm and inner dimensions corresponding to 9.725 x 8.65 mm. The transponder chip
having a front end capacitance of 69 pF is wire bonded to the terminal ends of the
module antenna. The antenna parameters are tabulated in table R.1 of the appendix.

Figure 5.14: Track design of a laser etched rectangular module antenna.

Using equation B.72, the DC resistance of the module antenna with 11.25 turns is ~
4.76 Ω (for bulk copper, ρ = 1.68 10-8 Ω m), consistent with the measured value of 4.7
Ω. And in using equation B.73, the skin depth at 13.56 MHz equates to ~18 μm. The
loaded resonance frequency of the module is calculated using equation B.67, ~ 13.4
MHz equal to the value obtained using the VNA.
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The self and mutual inductances of the module antenna may also be evaluated using
conventional approximations given in appendix B, refer to equations B.82 to B.88, in
which the compensation exponent E is set to 1.70 for copper etched antennas. [18]

By revising and applying the formulae outlined in appendix B, the value of inductance
can be ascertained using the following equations:
𝑋1 = 𝑎𝑎𝑣𝑔 ∙ 𝑙𝑛 [

𝑋2 = 𝑏𝑎𝑣𝑔 ∙ 𝑙𝑛 [

2𝑎𝑎𝑣𝑔 𝑏𝑎𝑣𝑔

]

(5.01)

]

(5.02)
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2
2 ]
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𝜋
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4
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(5.03)
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Where d, aavg and bavg are explained by equations B.81 to B.83; ln = Napierian
logarithm; µ0 is the magnetic constant = 4π × 10−7 H·m−1 and E is an exponent to
capture the mechanical construction of the module antenna.
The theoretical inductance of the module antenna equates to 2.55 μH, whereas the
experimentally measured value of L was ~ 2.41 μH. The quality factor of the module
circuit at resonance defined by equation B.67 results in a Q value of ~15.

The coupling frame acts as a matching transformer coupling magnetic flux passing
through its relatively large conductive area (~ 46 cm2) to the module antenna of the
transponder chip module via the laser etched slit (~0.3 mm) and the cut out area (~ 0.8
cm2) to accept the mould mass of the encapsulated silicon chip, when subjected to an
external RF field at 13.56 MHz. The resulting eddy current distribution is a maximum at
the free edges of the coupling frame as shown in the above 2-D magnetic field profiles.
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The current distribution is similar to an actual discrete wire embedded transformer with
its primary and secondary coil spanning the outer boundary of the card body (i.e.
perimeter receiver antenna) and wound tightly around the cut-out area (i.e. coupler coil)
to overlap the module antenna of the TCM respectively, as can be noted in figures 5.12a
and 5.12b. A transformer ratio close to 55:1 can be achieved.

The model used to translate the vector data on the system combination of the coupling
frame and the overlapping transponder chip module is one of two tightly reactively
coupled RL‖C circuits. The interpretation of the vector acquisition data implemented in
Mathcad (version 15), after subtraction of the direct mutual inductance pick-up between
the source and sense coils, is presented in a generated plot (figure 5.15) showing the real
and imaginary parts of the impedance versus frequency response.
The extracted effective parameters for the fit shown on figure 5.15 are as follows for the
transponder chip module:


Effective impedance ZTCM = 3.08 Ω



Effective coil series resistance RTCM = 28.5 Ω



Effective capacitance CTCM = 42.7 pF



Effective inductance LTCM = 3.74 μH
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Figure 5.15: Experimental vector frequency spectra (black) and fits (red). The real part
is denoted by continuous lines and the imaginary part is dashed.
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The effective capacitance is smaller than the nominal 69 pF expected for the CMOS
chip, due to the opposing phase of the coupling due to the presence of the coupling
frame. The same correction for the effective inductance is positive, on top of the
nominal 2.4 μH. The fitted parameters characterizing the coupling with the coupling
frame are as follows:


Effective impedance ZCF = 7.17 Ω



Effective resistance RCF = 274 Ω



Effective capacitance CCF = 16.9 pF



Effective inductance LCF = 0.26 nH

5.7 Single Turn Coupling Frame

The objective of the proposed antenna design is to replace the above mentioned
coupling frames made of a solid metal layer or an inkjet printed layer and both spanning
the entire front surface area of a contactless smartcard, with a simple and economical
single turn closed loop circuit to capture the electromagnetic field generated by a NFC
reader at 13.56 MHz, and concentrate the magnetic flux density around the area of the
slit and opening to accept a transponder chip module. This type of single turn coupling
frame has the potential to replace the complex booster antenna in a conventional plastic
dual interface smartcard.

Figure 5.16: Single turn coupling frame with a track width of 3 mm.
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This novel design may be referred to as a “horseshoe-shaped antenna” having a single
continuous track with a width of 3 mm to match the width of the module antenna in the
transponder chip module which overlaps the track for efficient inductive coupling.

It is worthwhile to note that the width of the single turn coupling frame should be equal
or greater than the width of the overlapping module antenna in the TCM. The width of
the module antenna depends on the chip input capacitance, spacing between adjacent
tracks and the number of turns required for the module antenna to resonate at close to
the carrier frequency. In fact, the track width of the single turn coupling frame need
only be as wide as the skin depth of the track material at 13.56 MHz, in the case of
copper this would equate to ~18 μm, but of course, the track would not overlap the
entirety of the module antenna resulting in inefficient coupling. So the track width has
been chosen to be slightly greater than the width of the module antenna at 3mm.

For an inkjet printed horseshoe antenna made from silver flakes, the dominant control
factor is the resistance of its conductive track. Efforts to anneal the printed antenna
films in a vacuum oven at elevated temperatures (~110 ºC) to improve on bulk
conductivity resulted in electrical breakdown of the networks in atmospheric conditions.

This breakdown could be attributed to damage cause by the thermal actuation process in
the inkjet printhead. SEM studies showed that the shape of the silver platelets was
altered by the jetting process, resulting in rounding of the platelet edges when compared
to the original flakes. It can be postulated that the capping agent protecting the particles,
had been impaired. This phenomenon could also be related to the level of ink
concentration before jetting, which would require further investigation. It was therefore
decided to fabricate metal loop patterns using high concentration ink without post
annealing conditions.

5.7.1 Characterization of Single Turn Coupling Frames

A framework for theorizing, evaluating and testing closed circuit single turn antennas
fabricated by thermal inkjet printing and comparing performance against those produced
using etched copper is proposed, with experimental results presented in annex R.
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From a theoretical perspective, by inducing reactive coupling into the system network,
which for high conductivity antenna structures with short skin depths the coupling is
predominantly inductive; the slit and horseshoe opening in the single turn coupling
frame serve to optimally concentrate surface eddy current distribution around the
overlapping transponder chip module (TCM) which has a module antenna (MA)
structure that is accurately defined by a laser or chemical etch process. Schematics of an
inductive coupling single turn frame are shown above in figure 5.17. The red zone
indicates the instantaneous edge eddy currents which result in opposing phases to the
induced magnetic field.

Figure 5.17: Single turn coupling frame without (left) and with a TCM (right) outlining
the theoretical induced current denoted by a zone forming a path around the slit and
horseshoe module opening.

Because the inkjet printed conductor is not a superconductor, the back action from the
induced electromagnetic field does not entirely cancel, leaving a momentary current to
flow on the outer perimeter edge of the conductive track. This current flows from the
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outer perimeter edge to the inner edge of the horseshoe module opening, allowing for
optimum coupling with the module antenna of the TCM.

For performance evaluation, the first single turn antenna was thermal inkjet printed on a
host substrate using an ink concentration of 40 mg/ml, with seven print passes resulting
in a track thickness of ~410 nm. The end to end DC resistance of the track (318 mm in
length) was ~20 Ohms. Between print passes the deionized water was removed from the
substrate by heat treating in an oven at 50 °C for a short duration of 30 seconds (refer to
figures R.5 and R.6 of the appendix).

As a measure of performance, the chip activation distance of the inkjet printed single
turn coupling frame with TCM was benchmarked against a copper antenna of identical
dimensions. The copper antenna with TCM achieved a distance of 4 cm, while the
inkjet printed antenna achieved only 2.5 cm. The lower performance is directly related
to the track resistance and can be improved by increasing the thickness of the
conductive layer through a greater number of print passes (refer to table R.5 of the appendix).

The print routine for the single turn antenna was then repeated increasing the number of
print passes to 18 to achieve a thin film thickness of ~ 1.0 μm, and with a TCM, the
passive system achieved a chip activation distance of 3.2 mm from the contactless
reader antenna as expected.

The inkjet printed single turn coupling frame system successfully acts as a substitute for
a booster antenna in a dual interface smartcard, having essentially the same effective
chip activation distance of 4 cm.

In the above investigation into coupling frames for inductive coupling, the groundwork
has been completed. The experimental test measurement strategy to characterize a
single turn coupling frame is proposed with some limitations.

It is very difficult to determine, in an accurate fashion, the exact circuit element values
and resonance frequency of a standalone single turn coupling frame as a closed loop
circuit with a complex geometry using the abovementioned techniques. The
conventional method of connecting various capacitance values across the slit to resonate
the frame at a combination of different frequencies and using regression analysis to
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ascertain its true resonance frequency did not provide reproducible results. However as
a future work, the resonance frequency and the very small inductance of the single turn
coupling frame (dipole) could be measured by backscatter in an RF anechoic chamber.

For optimization studies, it is also recommended to produce a map of the real and
imaginary parts of the vertical out-of-plane magnetic field Bz over an extended planar
area above the inkjet printed and the copper based single turn coupling frames, in
conjunction with a transponder chip module, to reveal the electrical parameters of the
system network (refer to figure B.31). The measurement set-up for scanning the
inductive magnetic field at 10-16 MHz is shown in figure 5.6, with the components and
instruments outlined in table 5.1.

In the suggested procedure, the vector network analyzer Agilent 8753ET could be used
to obtain phase-sensitive frequency profiles and spatial maps, but as the behaviour of
the phase of the high frequency magnetic field can be regarded as trivial, it is preferred
to use the narrower bandwidth of the scalar spectrum analyzer Agilent E4411B (9 kHz –
1.5 GHz range) for better signal-to-noise ratio in measuring the low response magnitude
of the sense-coil pick-up.

The key design enhancements to be explored, can be the performance optimization
(number of turns, spacing between tracks, track width and chip input capacitance) of the
TCM, to maximize the spatial overlap between the MA of the TCM (the actual antenna
windings) and the eddy current distribution in the continuous single turn, which peaks
in regions close to the lateral borders of the slit and horseshoe opening as theoretically
shown in figure 5.17, and varies strongly on a scale determined primarily by the
proximity (of the order of tens of microns) and the degree of overlap.

Scalar imagining of the RF magnetic field to illustrate surface current magnitude maps,
together with point spectra should also be presented. EMV conformance testing is also
proposed.

In addition, experimental test results should be verified using 3-D electromagnetic field
simulations to approximate the effective parameters of the combined single turn
coupling frame with an overlapping TCM.
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5.8 Suggested Next Steps
From the teachings of US 9,390,364, [15] a capacitor can be connected across the slit of a
single turn coupling frame in order to affect a controlled change in the resonant
characteristics. Control in this manner may be used to improve the inductive coupling of
eddy currents in the single turn antenna to the transponder chip module.
The joint resonant response of the tightly coupled RLC oscillator system as presented in
figure B.31 is dominated by the effective parameters of the transponder chip module,
i.e. the parasitic coil resistance of the micro-coil, the self-inductance of the micro-coil
and the front-end capacitance (capacitance between the frame and micro-coil, and the
RFID chip input capacitance). [11, 12] Therefore, if the resonance frequency of the single
turn coupling frame could be shifted downwards by introducing additional capacitance
to the oscillator circuit of the frame the two networks could be better matched,
improving upon the voltage transfer to the chip, and resulting in greater activation
distance when in communication with a contactless reader.
From the teachings of US 9,475,086 [10], a light-emitting device can also be connected
across the slit of a single turn coupling frame in order to visually indicate a
communication handshake, in particular during contactless payment, between a reader
propagating an electromagnetic field and a passive inductively coupled transponder
transceiving encrypted data over the carrier frequency.

5.8.1 Capacitive Loading - Frequency Tuning

Based on the experimental work presented in chapter 4, it is envisaged that an inkjet
printed single turn coupling frame could be prepared with a heterostructured capacitor
connected across the slit of the frame.

Figure 5.18 shows a hatched area representing the dielectric of a vertically stacked
capacitor with its electrodes connected across the slit of a single turn coupling frame.
The location and value of the capacitor influences the resonance frequency of the frame.
From previous experimental work, a capacitance in the range of 1 to 5 nF could drive
the resonance frequency of the unloaded single turn coupling frame down close to the
operating frequency of the system at 13.56 MHz.
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Figure 5.18: Unloaded ID-1coupling frame 3 mm loop antenna tuned by the
introduction of an inkjet printed capacitor across the slit.

The electrodes of the capacitor could be fabricated using silver platelets while the
dielectric could be nanosheets of hexagonal boron nitride. For thermal-driven inkjet
printing, the solvent based system to deposit silver platelets is deionized water, while hBN nanosheets could be dispersed in an aqueous formulation stabilized by a nonionic
surfactant.

This permits the use of a single turn coupling frame with slit at any ISM frequency band
to concentrate surface current around the opening of the slit when in the presence of an
electromagnetic field, and balance the frequency with the operating frequency of the
transponder by introducing a capacitive device.

5.8.2 Light Emitting Diode Structure

It is envisaged that a thin-film light-emitting device could be fabricated by means of
solution processed layers with a similar architecture to the stacked-film structure of an
electrostatic capacitor. Light of a characteristic wavelength would be emitted from
electrically exciting the semiconducting species within the device by applying current.

As alternating current (AC) flows around the perimeter edge of a single turn coupling
frame with TCM when exposed to an electromagnetic field, the LED device could be
driven from this surface current by simply connecting its transparent anode and cathode
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electrodes across the slit. Depending on the varying field intensity, a resistive current
limiting layer may be required to prevent device burnout.
It is worthwhile to note that in the work of Peter D. Angelo, the deposition of a completely
inkjet-printed light-emitting device is presented, operating on the principle of
electroluminescence. It provides a framework for the development of a vertical stacked
LED structure for future application in RFID devices. [19]

5.9 Closing Remarks

The objective to pattern an efficient single turn coupling frame with slit on a flexible
substrate to replace a booster coil in high frequency dual interface smartcards has been
accomplished. In addition, the thermal inkjet printed patterns displayed good
conductivity values of approximately 4.2 % compared to bulk silver at a curing
temperature as low as 50 °C for a brief duration in an oven.

It is proposed for future work to fabricate a vertically integrated capacitor or a capacitor
bank across the slit of a single turn frame to down tune its resonance frequency. An
LED structure could also be realized as a circuit element to visually signal presence in
the electromagnetic field of a payment terminal.

The metal-based ink of silver platelets to produce high frequency transponder devices as
discussed above could also find application in ultrahigh frequency devices such as
bowtie radio frequency antennas or similar dipole antenna designs in combination with
a compatible UHF microchip for item level tagging.

Thermal inkjet technology holds great promise in depositing high concentration
functional inks to fabricate complex electronic devices in a laboratory environment, but
the question remains if it can be ported to an industrial application where capital
investment, cycle time, throughput, material cost and production yield determine
adoption or rejection.
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CHAPTER 6 – CONCLUSIONS AND FUTURE WORK

6.1 Summary and Final Conclusions

The main findings and closing remarks at the end of each chapter highlighted specific
limitations and made some proposals for future work. In this short chapter, the emphasis
is on general conclusions compared to the initial objectives, interpretation of results and
outlining a set of contributions to the scientific community.

This work was not a thesis on inkjet prinking per se, but rather using inkjet printing as a
fabrication tool for drop-on-demand deposition of nanomaterials on a temperature
sensitive ink-accepting substrate to produce passive thin film circuits. Inkjet printing
provided a versatile platform for the production of intricate patterns for a range of
component applications, by depositing conducting, semiconducting and dielectric inks
in a layer by layer formation, followed by an appropriate film curing procedure.

It sought to comprehensively outline the nanomaterial processing steps, substrate
selection, optimized ink formulations, deposition techniques and post treatment
undertaken to produce passive functional devices. It encompasses the characterization
of the nanomaterials and the resultant networks, and provides a detailed treatment of the
electrical properties of electrodes, interdigitated structures, capacitor arrays and antenna
circuits.

Based on the experimental groundwork by other research groups, ink formulations for
stable inkjet printing were tuned to operate close to the figure of merit (FOM) range
defined by the inverse Ohnesorge number which characterizes drop formation. Solvents
with optimized viscosity and surface tension values were selected as carrier vehicles for
the dispersed nanomaterials. The host substrate was carefully selected for favourable
wettability.

In all but one study, the substrate was a surface treated polyethylene terephthalate (PET)
film having a high surface energy to minimize the advancing and receding contact
angles of inkjet deposited liquid drops. The enhanced hydrophilic nature of the PET
meant no additional surface modifications were necessary. However, the glass transition
temperature of PET (Tg: 81 °C) puts an upper limit (< 120 °C) on the heat treatment
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processes of the thin films to improve conductivity. This meant that annealing was
severely restricted, thus limiting the scope for full solvent removal from the printed
features. In the study of interdigitated thin film arrays, synthetic paper (Teslin®) was
chosen as the substrate having a microporous composition to ensure high print
definition.

The overriding objective of this research was to produce functional high frequency
passive planar antennas and coupling frames for RFID applications using inkjet
printing.

Liquid Carriers to disperse Nanomaterials

Liquid phase exfoliation of active layered nanomaterials has been demonstrated in this
thesis with control over the lateral size of the resulting flakes. The nanosheets were of
high quality with no evidence of extensive structural defects.

The high-aspect-ratio of silver nanowires necessitated sonication induced scission to
shorten their length for inkjet printing.

For piezoelectric-driven inkjet printing, nanosheets of conducting graphene and
semiconducting MoS2 were obtained by solution processing in NMP, while insulating
h-BN was prepared in IPA. Silver nanowires suspended in IPA required the addition of
DEG for rheology tuning. The surface tension of the solvent vehicles closely matched
the surface energies of the inorganic nanomaterials. For thermal-driven inkjet printing,
the solvent based system to deposit silver platelets was deionized water.

A comparative analysis of the ink rheological properties and characterization of the ink
dispersions are presented in appendix S.

Conductive Thin Films

Conductivity of inkjet printed films was shown to be a function of the conductivity of
the ink’s constituents, mass loading ratio, number of jetting nozzles in the printhead,
drop volume, deposition frequency and the number of print passes, but moreover

- 142 -

depended on the evaporation rate of the solvent vehicle, processing temperature and
post heat treatment.

The conductivity of inkjet printed lines obeyed percolation scaling laws below the bulk
regime of thickness-independent conductivity.

The main impasse in printing highly conductive features on flexible temperature
sensitive substrates is the glass transient temperature (Tg) of the polymeric substrate
which limits the processing and post annealing temperature. Annealing temperatures of
>200 °C are not compatible with most polymeric substrates.

Ink concentration and the number of print passes played a dominant role in determining
the conductivity of printed features, while line edge roughness, uneven topography,
striations, and ink spreading conditions negatively impacted the film resistance.

Constituent - Graphene

There are major limitations of graphene use in RFID applications. The resistivity of
high frequency antenna circuits fabricated by inkjet printing graphene ink on flexible
substrates is far too high to achieve useful performance. In the application of conducting
electrodes, results have been encouraging, but the reliability and long term stability need
further investigation. Metal inks in terms of performance outstrip graphene laden inks.
The conductivity of graphene printed lines in comparison to those produced with silver
platelets is a factor of ~900 lower.

Constituent - Silver Nanowires

The use of silver nanowires to produce highly conductive networks is hindered by the
pre-processing of induced scission. This sonic process has been shown to damage the
capping agent on the nanowires. The fracturing of the organic coating results in
oxidation of the nanowire networks when exposed to atmospheric conditions and
elevated temperatures during printing, ultimately accelerating the ageing of the
networks. The electro-optical properties would also improve, if the as-delivered
nanowires could be inkjet deposited without pre-processing to shorten their length.
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Despite this drawback, the conductivity of a disordered array of silver nanowires was
far superior to the results achieved with graphene. Also, silver nanowire networks have
shown reasonably good electrical and optical characteristics required for transparent
conductive electrodes in flexible display applications.

Constituent - Silver Platelets

Triangular shaped silver nano-flakes original intended for use in conductive pastes in
the process of thick film screen printing were diluted in deionized water with the
addition of a surfactant or xanthan gum to provide a large rheological window.

The patterning was performed using a standard office thermal inkjet printer. A balance
in the silver loading content of the ink dispersion, between nozzle clogging and
optimum conductivity, was found at 15 mg/ml. The resultant thin films were
characterized topologically and electrically. The study showed that inkjet printed traces
processed at low temperature (50 °C) were highly conductive and could be used to
metalize PET to produce passive radio frequency identification (RFID) antennas.

Bear in mind that the deposition of the silver platelets by thermal actuation at ink
concentrations between 5 and 15 ml/mg resulted in a modification in the shape of the
jetted flakes which in turn rendered the process of annealing to improve conductivity at
a temperature of 110 °C futile, as the networks became electrically isolated under
atmospheric conditions. This phenomenon would require further investigation.

A comparative analysis of the electrical performance of the conductive thin films
presented in this work is tabulated in appendix T.

Conductive & Semiconductive Thin Films

Semiconducting nanomaterial in combination with conducting graphene provided a
route for realizing medium-performance photodetectors.
Graphene was used to inkjet print interdigitated electrodes on Teslin® and to precisely
co-deposit exfoliated MoS2 in the electrode gaps. This set-up was used to probe the
photo-conductive properties of MoS2.
- 144 -

Pronounced photoconductivity was observed in the presence of a beam expanded laser
light (532 nm, 2.3 eV) with current levels increasing tenfold for an illumination
intensity of 640 mW cm-2 when compared to the dark conductance.

Conducting & Insulating Thin Films

Electrostatic capacitor arrays were fabricated by combining upper and lower conductive
graphene electrodes with an intermediate dielectric h-BN layer, to create a vertical
stacked heterostructure. The electrodes were inkjet printed using established design
rules for ink formulation and jetting parameters.

Initially inkjet printing of h-BN in NMP was explored, albeit with poor topography due
to solids migration during drying. Spraying was the preferred method of dielectric film
formation with the insulating ink performing its intended role. The spray-cast dielectric
films were pinhole-free for thicknesses above 1.65 µm. It was demonstrated that areal
capacitance can be adjusted by varying the dielectric thickness.

Inkjet Printing

In the initial printing experiments, the inkjet delivery technique of piezoelectric
actuation with a drop volume of 10 pl from 16 firing nozzles put a limitation on the
mass loading of the solvent vehicle being deposited, thus requiring a greater number of
print passes to achieve a conductive line.

The switch to the deposition mechanism of thermal actuation with a reduction of the
droplet size to 2 pl from 3072 firing nozzles permitted a tenfold increase in the
permissible ink concentration without clogging of the jetting chambers.

Stable dispersions of silver platelets in an aqueous solution at high concentration were
demonstrated, allowing the direct fabrication of metal structured patterns for antenna
circuits. The electrical conductivity of the resultant patterns with low thermal treatment
(50 °C) was 4.2 % of bulk silver at room temperature.

In the future, the critical material science components for direct inkjet fabrication of thin
film passive circuits will be: (1) to synthesis stable nanomaterial dispersions with well- 145 -

defined particle size distribution and rheology properties based on low temperature
evaporating solvents; (2) to process high concentration nanomaterial inks using
printheads having a high areal density of drop generators with optimized control over
the formation of droplets; (3) to jet the nanoparticles at high speed and frequency
without damage to their surface composition; (4) to deposit on flexible low temperature
substrates with surface modification or treatment to promote ink adhesion; (5) to switch
deposition processes between conducting, semiconducting and insulating inks while at
same time implementing vertically stacked structures; and (6) to perform mild thermal
annealing of the deposited nanoparticles at temperatures below 120 °C.

This will also require further development efforts in micro-mechanical actuation
technology. The controlled evaporation rate of the solvent vehicle will be of paramount
importance in achieving a more homogeneous film formation without the effects of
swathe edges. To avoid thermal stressing of the substrate, selective curing systems need
to be investigated such as UV, microwave and photonic radiation.

Although this thesis describes the printing tool of inkjet material deposition, there are
several other non-contact printing techniques that can process diverse nanomaterials at
temperatures that are compatible with flexible polymer substrates. The more prominent
for printed electronics and in particular for RF antenna circuits, is flat-bed screenprinting of substrate sheets and rotary screen printing for continuous roll to roll
processing. The technique is compatible with high-viscosity, high-concentration inks in
the form of a paste or resin. An important advantage over inkjet printing is the
possibility of printing relatively thick layers in a short cycle time, enabling the
fabrication of low-resistance structures. On the other hand, inkjet printing allows for the
relatively easy integration of vertically stacked heterostructures on the same substrate
using diverse functional nanomaterials. By exploiting the advantages of both printing
techniques, a cost effective route for realizing a wide range of easily deployable
electronic circuits may become feasible in the near future.

6.2 Contribution

The work in this thesis presents a wide ranging insight into the design, fabrication and
testing of high frequency antennas that are suitable for contactless smartcards.
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A significant scientific achievement is the inkjet fabrication of the first closed loop
inductor on a temperature sensitive substrate as a radio frequency matching circuit to
enhance the performance of a HF transponder chip module for application in dual
interface payment smartcards. The underlying principle of operation is inductive
coupling. A key advantage to the process is that the single loop inductor resonating at
UHF eliminates the need for a physical interconnection between the chip module and
the in-card HF multi-turn antenna. It also substitutes the booster antenna in conventional
DIF smartcards.

The present findings on inkjet printing circuit components in conjunction with the
technique to concentrate surface eddy current density around a slit in a closed loop
inductor has the potential to open new applications in passive devices. Also the
experimental procedures and analysis described herein could be applicable to devices
operating at other ISM frequencies.

6.3 Future Work

An enhancement to the single loop inductor is the addition of a stacked capacitor across
its slit to improve the voltage transfer to a transponder chip module or any RF enabled
sensor. It is also envisaged that concentrating inductance density at a given area in an
inductor loop could find application in wireless power transfer systems.

This work also presented a novel means of connecting a thin-film light-emitting device
across the slit of a horseshoe-shaped single loop inductor to illuminate and flicker
during a contactless transaction.

Post thermal annealing greatly influences the achievable conductivity values of printed
patterns with a limit dictated by the glass transition temperature of the host substrate.

Despite the nanomaterial and ink concentration optimization presented in this work,
resistive losses in the components remained the limiting factor of the circuit
performance and therefore alternative annealing mechanisms warrant further
investigation.
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APPENDICES

Appendix A

Materials and Processing

Preamble

The properties of layered nanomaterials are discussed in this appending chapter, in
particular graphene and related two dimensional crystals, and production methods
thereof. It explores the application of silver nanowires, their physical properties,
deposition methods and the optimization of silver nanowire networks. It further
addresses the electrical conductivity properties of silver platelets and makes the
observation that these 2D flake-like plates in an aqueous solution can be deposited at
very high concentration using a thermal inkjet printer. It concludes on the choice of
solvents and polymer substrate.

A.1 Introduction

Many 2D materials exist in bulk form as stacks of strongly bonded layers held together
by weak van der Waals forces, allowing exfoliation into individual atomic layers. [1]
Therefore, liquid phase exfoliation of bulk crystals can produce dispersions of 2D
nanosheets. 1D nanowires can also be solution-processed to produce an ink for various
deposition methods. [2] Such dispersions are referred to as functional inks when their
properties are tailored for a deposition process, to fabricate diverse functional structures.

This appending chapter describes a host of nanomaterials and solvents suitable for
printing. Inkjet suitable formulations are discussed in the main body of the thesis.

A.2 Material Sources

Commercially available N-Methyl-2-pyrrolidone (NMP), N-Cyclohexyl-2-pyrrolidone
(CHP), Isopropyl Alcohol (IPA) and Diethylene Glycol (DEG) solvents were purchased
from Sigma-Aldrich. Pristine graphite flakes (SGN-18) were purchased from
FutureCarbon. Silver nanowires in a suspension of isopropanol came from Seashell
Technology and silver platelets from Tokusen Kogyo. Boron Nitride (h-BN) microsized particles and Molybdenum (IV) sulfide (MoS2) powder were also supplied by
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Sigma-Aldrich. In addition, coated PET was sourced from Mitsubishi Paper Mills and
synthetic paper (Teslin®) from PPG Industries. All materials were used as supplied.

A.3 Graphene

Graphene, the monolayer counterpart of graphite, is the most widely studied twodimensional material providing scientists with an abundance of new and rich physics.

A.3.1 Properties of Graphene

Monolayer graphene, a two dimensional lattice of carbon atoms in a sp² hexagonal
bonding configuration, was discovered in 2004 [1, 3] having unique properties of extreme
mechanical strength and exceptional high electronic and thermal conductivities, [4]
making it highly attractive in a range of applications from passive circuits to flexible
electronic devices and sensors.

The properties of an isolated graphene flake are well documented; displaying an
exceptionally high room temperature electron mobility of 105 cm² V-1 s-1; having a
Young modulus of 1 TPa and intrinsic strength of 130 GPa; being a ballistic conductor
capable of transporting extremely high densities of electric current (a million times
higher than copper); having recorded very high thermal conductivity (above 3,000 W
mK-1) and complete impermeability to any gases. [4]

Pristine graphene has a zero band gap semiconductor structure, hence for transistor
applications, it is difficult to get on/off switching characteristics and leakage current is
high. Band gaps can be engineered in graphene, but the methods add complexity and
diminish carrier mobility. [5]

Graphene features a visible light absorption of 2.3 % per layer, but as it is difficult to
produce a continuous thin film of one atom thickness, multiple layers of graphene
reduce the transparency significantly. [6]

Graphene is touted as becoming the replacement for metal and metal oxides in flexible
printed electronic devices due to its high conductivity, outstanding mechanical
flexibility and chemical durability. Also the combination of graphene with other
- 149 -

nanomaterials can be assembled to produce components targeting a specific
functionality. [7]

A.3.2 Production Methods

It is known that graphite can be exfoliated in N-Methyl-2-pyrrolidone (NMP) to give
defect-free monolayer graphene, [8] an organic solvent whose surface energy (γ ≈ 70 mJ
m-2) is well matched to that of graphene. [9] However, NMP is handicapped by its high
boiling point of 202 °C, making it difficult to remove during annealing of the
conductive traces on low temperature substrates.

Liquid phase exfoliation of graphite, through sonication in a solvent having matching
surface tension, splits graphite into individual platelets, with prolonged ultrasonic
processing yielding a significant fraction of monolayer graphene and centrifugation
determining the mass ratio concentration of the resultant dispersion. [8]

This work is primarily concerned with inkjet printing of a solvent stabilized dispersion
of exfoliated graphene onto flexible temperature sensitive substrates. The liquid phase
dispersion of graphene was prepared through ultrasound-assisted exfoliation of graphite
to produce monolayer and few-layer graphene. General rules can be established for
inkjet printing of graphene: the flakes should be highly dispersed in their solvent,
should be thermally and mechanically stable without aggregations, [10] come in a narrow
range of flake size (approx. 50 times smaller than the nozzle aperture of the firing inkjet
element ~ 400 nm) [11] and yield high concentrations (>1.00 mg/ml).

A.4 Related Two Dimensional Crystals

The other 2D materials of interest include hexagonal boron nitride (h-BN) and
molybdenum disulfide (MoS2) which can be dispersed as mono- to few- layer
nanosheets in suitable solvent vehicles.

A.4.1 Hexagonal Boron Nitride

Hexagonal boron nitride (h-BN) has an atomic structure similar to the honeycomb
lattice structure of graphene, so-called “white graphene”. It is a dielectric with a wide
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energy band gap, large resistivity, high breakdown field, good elastic constant, and a
permittivity of ~ 4.9, which makes it an ideal candidate as a dielectric in thin film
capacitors. [12-16]

In chapter 4, inkjet printed capacitors from vertically stacked films of nanosheets are
presented. A heterostructure will function as a capacitor, only if the dielectric film layer
is pinhole free. Inkjet printing networks of boron nitride to act as the insulation layer is
discussed in terms of dielectric ink concentration and film thickness.

A.4.2 Molybdenum Disulfide

Molybdenum disulfide (MoS2) is a two-dimensional layered material and a transition
metal dichalcogenides (TMD) constructed from a plane of transition metal atoms (Mo)
sandwiched between two planes of chalcogen atoms i.e. S. Similar to graphene, a three
dimensional crystal of MoS2 can be exfoliated to give mono-or few-layer flakes. [17]
A MoS2 crystal is an indirect-gap semiconductor with a band gap of 1.2 eV, while
monolayers of MoS2 having a large intrinsic band gap of 1.8 eV. [18] Because monolayer
MoS2 has a direct band gap, it can be used to construct interband tunnel FETs, with
lower power consumption than classical transistors. [19]

Thin films of liquid exfoliated nanosheets are known to display photoconductive
properties. [20]

Inkjet printing of solvent exfoliated MoS2 to pattern semiconducting traces in
combination with inkjet printed graphene interdigitated electrodes to produce sensitive
photodetectors is discussed in chapter 2.

A.5 Silver Nanowires

Another emerging material destined for printed electronics is silver nanowires (Ag
NWs). Silver exhibits the lowest resistivity out of all the elements, and is thus very
attractive for the fabrication of highly conductive circuits. Networks of silver nanowires
can be simultaneously extremely conductive and highly transparent to visible light,
demonstrating huge potential in transparent electrode applications. The ability to print
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patterned networks of silver nanowires and related materials will be important for the
development of flexible printed electronics.

A.5.1 Transparent Conductive Electrodes
Thin films combining high optical transparency and low electrical resistance are crucial
for many optoelectronic devices and components, used as transparent conductive
electrodes (TCEs) in devices such as photovoltaic cells, organic light-emitting diodes
(OLEDs), liquid-crystal displays (LCDs) and touch panels. Today, indium tin oxide
(ITO) is the predominant material of choice used in the application of TCEs, owning to
its excellent opto-electrical properties. However, ITO is a rare and costly metal oxide,
expensive to process and with the limitation that electrodes fabricated on flexible
substrates result in bending fatigue when flexed. [21] Thus, for next generation flexible
electronic and optoelectronic devices, a substitute transparent conductive material for
ITO which can be subject to bending and having similar electrical and optical properties
will be of paramount importance. Silver nanowires are especially promising since silver
exhibits one of the highest conductivities (6.3 x 107 S·m-1) and a wealth of optical and
mechanical properties. [22, 23]

For manufacturing TCEs with silver nanowires, the challenge is to obtain an optimal
dense network with low optical absorption and high electrical conductivity.
Paradoxically, optical transmittance (% T) and sheet resistance (Rs) have opposing
dependencies on the surface density of random meshes of silver nanowires, and
therefore other factors which positively influence the opto-electrical performance need
to be carefully considered. The resistance of the network is influenced by the contact
resistance of the inter-wire junctions while selecting longer and thinner nanowires will
reduce the electrical resistance at the same time improve upon film transparency. [24-26]

Contact resistance depends on the nanowire structure, capping agent, network
morphology, degree of nanowire overlap and post-deposition treatment to improve the
resistance by fusing of the nanowire junctions.

The optical properties of nanowires stimulated by incident light directly relates to
surface plasmon resonance, which can be thought of as an induced interaction between
frequencies of the electromagnetic field becoming resonant with the coherent oscillation
of the conduction-band electrons, leading to a strong absorption in the visible part of the
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electromagnetic spectrum. The absorption depends on the geometry of the nanowires
and the complex permittivity of the metal. [27, 28]

To conclude, %T and Rs of Ag NW networks depend on diverse independent
parameters including nanowire length (L), nanowire diameter (D), areal density of the
nanowires and inter-junction resistance of the overlapping nanowires. Increasing the
aspect ratio (L/D) drives a reduction in Rs, while increasing the areal density of the
nanowire network decreases % T and Rs. [29] Nanowire diameter (D) plays a key role in
the scattering properties of the network and in minimizing haze. [30-32]

A.5.2 Deposition of Silver Nanowires

A critical issue in producing nanowire thin films is the conveyance process of the
nanowires from the carrier vehicle to the host substrate in achieving reproducible and
homogenous networks with optimized opto-electrical properties. This is accomplished
by proper selection of the structural properties of the nanowires, using a suitable
stabilizing vehicle and choosing the appropriate controlled deposition technique. High
aspect ratio nanowires provide enhanced opto-electrical performance in the fabrication
of thin films. [33] In general, nanowires have average diameters in the order of 55 to 130
nm and average lengths in the order of 8 to 35 µm, resulting in an L/D ratio range of
about 150-270 (refer to Seashell Technology). Suspensions of different concentration
allow for tailoring of the film density. The silver nanowires are usually dispersed in the
carrier fluid isopropyl alcohol or water. [34]

Random silver nanowire networks can be easily fabricated by solution-processed
techniques such as air-spray deposition, [35] drop casting, [36] spin coating [37] or rod
coating, [38] methods which are compatible with low temperature processing. Thin films
obtained by spray deposition result in uniform and reproducible networks with less
prominent surface inhomogeneities known as the “coffee-stain effect” on the host
substrate during evaporation of the solvent vehicle. [32, 35, 39] Spray deposition is also a
surface scalable process. [35]

Scardaci et al. elucidated the relationship between the morphology and opto-electrical
properties of silver nanowire networks sprayed from liquid phase onto PET at 110 °C.
They identified the parameters to achieve best experimental conditions for network
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uniformity which include tuning the back pressure of the spray system to control droplet
size and to avoid coalescing of the droplets before drying, optimizing the distance from
the airbrush to the host substrate and substrate processing temperature. [35]

A.5.3 Network Properties

The network density is a key factor determining the opto-electrical performance of a
nanowire network, striking a balance between absorption of light and conductivity.

A nanowire network needs to be sufficiently dense to create a conductive pathway
across the connection junctions of overlapping nanowires, with a minimum number of
junctions and transfers between wires required to make the network percolate. [40]

Based on the Lambert-Beer law, a first approximation of optical transmittance can be
investigated versus the average thickness as a proxy for density, while transmittance T
can be plotted as a function of sheet resistance Rs to determine the regime ascribing to
percolative or bulk-like behaviour. [41] From the fitted data, the ratio of DC to optical
conductivity provides a figure of merit in comparing the performance of different
transparent conductive electrodes.

The number of conduction pathways through a network to achieve percolation is
determined by the density of the network and the geometry of the nanowires in terms of
diameter and length playing a crucial role in the connectivity of the network and the
physical properties of the interwire coupling. [42, 43] A more in-depth overview in
appendix B will cover the use of percolation theory to describe thin film networks.

The junction resistance can be modified by post-deposition treatment, such as by
thermal annealing the networks under vacuum resulting in local fusing of the nanowire
junctions which drastically reduces the electrical resistance. [44]

At low voltage input to a nanowire network, the current-voltage behaviour is close to
linear. As the voltage is increased, the nanowires and the junctions are subject to Joule
heating as a result of an increase in the current flow. Depending on the thermal and
electrical properties of the wires, further increase in the applied voltage eventually leads
to electrical breakdown of the network which has been proven to be due to electro- 154 -

migration of atoms within the wires. Moreover, the electrical breakdown mechanism is
attributed to electro-migration before thermal conductivity of the wires reaches a critical
temperature to cause network failure. [32, 45]

Investigations by De et al. have reported on the mechanical flexibility of nanowire films
showing no change in sheet resistance when subject to bend test of over 1000 cycles.
This robust electromechanical property provides opportunities for integration into
flexible electronic applications. Other research groups have demonstrated that networks
can be stretched while maintaining network conductivity. [21, 46]

Silver nanowire networks exhibit great potential because of their optical, electrical and
mechanical properties, enabling a broad application range. Several new applications
have been recently demonstrated with silver nanowire networks, like transparent
heaters, [47] electromagnetic shielding material, [48, 49] and RF antennas. [50–52]

This section has provided the contextual framework for the study of work presented in
chapter 3. It has highlighted the processing parameters and main challenges to produce
thin films exhibiting optimized opto-electrical properties which include dispersion
formulation, geometry and aspect ratio of the nanowires, controlled deposition of the
nanowires, percolative nature of the conduction mechanism in nanowire networks,
interwire coupling and post deposition treatment.

The morphology of silver nanowire networks depends greatly on the deposition method
employed. Inkjet-printing-based fabrication is one of the most promising techniques for
pattern 1D materials with high print resolution on flexible temperature sensitive
substrates. Circuit components of metallic nanowires like conductive traces, resistors
and RLC circuits could be potentially realized.

A.6 Related Two Dimensional Nanoplates

Controlling the shape, size, thickness and surface roughness of metallic nanostructures
can provide a pathway for tuning the optical, thermal and electrical properties of the
deposited network.
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As described in the previous section, the application of silver nanowire films as
transparent conductive electrodes shows great potential, but for printed electronics, the
controlled deposition of silver plate-like structures for patterning circuits may provide
enhanced performance over Ag NWs, in terms of thermal and electrical conductivity.

Triangular geometries of silver nanoplatelets are known to have remarkable optical
properties, but little research has investigated their inkjet printing characteristics,
thermal conductivity and electrical conductivity.

A.6.1 Silver Platelets

Jin et al. report a photoinduced approach for synthesizing silver triangular platelets from
silver nanospheres. This route led to a colloidal suspension with distinctive light
scattering properties that directly relate to the tailored shape of the particles. [53] Chen
and Carroll demonstrated a solution phase method based on seed-mediated growth for
the preparation of truncated triangular silver nanoplates. [54]

Altering the geometry and size of silver nanoparticles can be effective in tuning their
surface plasmon absorption band, and useful as a platform in biomedical labelling and
biochemical sensors. [55, 56]

US patent application 2016/0001362 describes silver flake-like particles having thermal
and electrical conductivity properties suitable for the fabrication of printed circuit
boards. The particles are formed through processing spherical particles using a ball mill.
An arithmetical mean roughness Ra of the surface of the silver particles is not larger
than 10 nm. Therefore, the surface of the fine particles is smooth and flat, suppressing
aggregation of overlapping particles in a suspension. The particles have a large contact
surface area, and after deposition, overlapping particles on a host substrate provide high
thermal conductivity when heated. In a print pattern after sintering, the overlapping
particles exhibit high electrical conductivity.

Thermal conductivity and electrical conductivity improve with a reduction in the
surface roughness, more preferably not larger than 3.5 nm. The median size (D) of the
particles is between 0.3 and 0.5 µm.
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For processing purposes, the silver particles are suspended in a hydrophilic carrier
solution. Dispersion liquids, such as deionized water and polyethylene glycol may be
used in combination for the carrier.

The silver particles have an organic coating derived from silver oxalate which adheres
to their surface, after ultrasonic, heat and pressure treatment. [57]

The silver nano flakes described in this patent application from Tokusen Kogyo are
used in electrically conductive paste. The paste contains the flake-like particles, a binder
and a liquid organic compound (solvent). However, the patent application is silent in
using the flake-like particles for inkjet printing.

The morphology and size of silver platelets is very important in determining their inkjet
printing characteristics, especially in terms of defining the upper limit on ink
concentration. The surface roughness of the Ag NPs in a suitable stable dispersion
influences the sliding mobility of overlapping particles in the jetting chambers of an
inkjet printhead and ultimately on the firing performance. After inkjet deposition to
create a print pattern, annealing of the overlapping platelets on a host substrate at low
temperature (< 110 °C) for a short processing time (<4 hrs) is imperative to demonstrate
the potential application of the proposed method in printing highly conductive tracks
and passive components.

A.7 Solvent Selection

The organic solvent of choice in depositing nanosheets of graphene and MoS2 is NMethyl-2-pyrrolidone (NMP), an oxygenated solvent system found in graphic inkjet
printing. [58] A co-solvent, such as N-Cyclohexyl-2-pyrrolidone (CHP) could be added
to the NMP system in order to tailor the viscosity and surface tension.

Viscosity, surface tension, evaporation rate and the boiling point of the solvent vehicle
are the principle factors influencing printing quality by their effect on drop size and
shape, drop placement accuracy, satellite formation, and wetting of the substrate. [59]

Piezo-based inkjet technology requires low viscosity liquid phase ink for successful
firing through a nozzle, so for optimum performance viscosities between 10 to 12 cPs
- 157 -

(mPa·s) at jetting temperature are recommended. The surface tension of the ink is
dictated by the desired interaction with the substrate with values typically in the range
of 28-42 dynes/cm (mN/m) at jetting temperature. [60, 61]

High inkjet reliability requires minimal nozzle clogging during printing which sets a
limit on the mean size of the nanosheets in the ink dispersion. As a rule of thumb, the
nanosheets should not be greater than 1/50 of the nozzle aperture.

Electrical properties that can be achieved from the ink formulation are determined by
the concentration (loading), nanosheet size, degree of aggregation and chemical stability
over time at ambient temperature.

The solvent mixture to jet silver nanowires with the appropriate rheological properties
for piezo-electric inkjet printing requires tuning of the solvent vehicle. Nanowires
dispersed in isopropyl alcohol alone do not inkjet well mainly because the solution
viscosity is too low. This manifests itself in the formation of satellite droplets and
bleeding of the printed features. To increase the viscosity of the ink, diethylene glycol
(DEG) was added.

Although diethylene glycol (DEG) is miscible in isopropanol (IPA), it is a hygroscopic
liquid and with time moisture may form part of the homogeneous mix, changing the
surface oxidation properties of the nanowires. For this reason, a dehydrating agent
(Fluka 69839-250G Molecular Sieve, Dehydrate Fluka) was also added to the DEG
solvent.

The BN ink was produced using isopropyl alcohol as the stabilising solvent due its low
boiling point.

The solvent vehicle for thermal-based inkjet technology is restricted to dispersions
which can be vaporized. Therefore, for inkjet deposition of silver platelets, a liquid
dispersion of deionized water was selected, adding xanthan gum or a polysorbate-type
noniomic surfactant (TweenTM) as a rheology modifier.
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A.8 Polymer Substrate

Ink-substrate interaction is an interplay between the surface tension of the ink and the
surface energy of the substrate, and so to obtain optimum printing performance, both
parameters need to be balanced.

The ink rheological parameters have been addressed above, thus emphasis is placed on
the choice of substrate. The surface of the substrate should have good wetting
properties, requiring no surface modifications to improve the interfacial adhesion
between deposited ink and the substrate.

The principal polymer film used in this work was a single side coated transparency poly
(ethylene terephthalate) obtained in sheet form from Mitsubishi Paper Mills.

PET is a heat sensitive substrate with a glass transition temperature (Tg) in the range of
67 to 81 °C. It is a good barrier to moisture, alcohol and solvents, and therefore requires
surface treatment or a coating if used in the printing of functional inks.

The coating, ink-accepting, material on the above PET film composes of polyvinyl
alcohol and aluminium oxide. This coating provides excellent ink compatibility,
allowing for successful fabrication of electrodes and circuits via inkjet printing.
For high temperature processing, Teslin® from PPG industries was selected. This type
of polymer is a thermoplastic polyolefin filled with over 60% precipitated amorphous
silica particles. Compatible with numerous printing methods, Teslin® bonds readily and
firmly with nanoparticle inks.
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Appendix B

Theoretical Foundation

Preamble

This appending chapter discusses the theory behind the work of study, explaining the
fundamental aspects of drop-on-demand inkjet printing based on piezoelectric and
thermal actuation, discussing rheology properties of functional inks, figures of merit,
ink-substrate interaction factors, fluid dynamics, electrical characteristics of thin films
and percolation theory. It further describes the light absorption properties in fluids and
the opto-electrical performance of transparent conductive electrodes. Bandstructure and
optical absorption properties of semiconductors are briefly elucidated. The fundamental
theory that applies to electrostatic capacitors is explained and the parameters
influencing capacitance. It further deals with the theoretical aspects pertaining to
rectangular planar antennas and their use in passive RFID devices. This includes a
review of the equivalent RLC circuit model of a planar antenna, the conditions for
resonance, the DC and AC Ohmic losses, proximity effect and eddy currents, and the
impedance calculations bearing in mind the antenna design considerations. The
operations of an RFID system are explained before embarking upon the theory behind
coupling frame antennas replacing planar antennas in the application of NFC enabled
smartcards. The system network of an inductively coupled transponder chip module and
a slotted coupling frame is discussed at the end of this section.

B.1 Introduction

Inkjet printing is a non-contact, additive printing process of precisely depositing
picoliter droplets of functional ink on a substrate to realize conductive, semiconductor
and dielectric structures. The ink jetted pattern is based on a dot-matrix digital image.

In general, for drop-on-demand printers, the ink drops are formed by the creation of a
pressure pulse in the actuation chamber of a jetting nozzle in a printhead. The method of
pulse pressure generation can be categorized as piezoelectric or thermal.

The physical properties of a functional ink begins with the choice of solvent vehicle
which can disperse the nanomaterials to be patterned on a host substrate; the solvent
vehicle may need tuning in terms of viscosity and surface tension to obtain a jettable
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ink, which may require the addition of a co-solvent or fluid modifier. The solvent
vehicle must also exhibit an optimum boiling point/vapour pressure to mitigate drying
and congestion of the jetting nozzles. To print reliabily and consistently, there is also a
constraint on the size of the particulates which the firing nozzles must jet. The host
substrate must demonstrate good wetting properties, adhesion of the coalescing drops in
feature formation and no chemical reaction to the solvent vehicle.

The fluid mechanics of a jettable ink, rheological properties, ink formulation figures of
merit and ink-substrate interaction are discussed. The theoretical background in
characterizing inkjet printed thin films is explained in terms of the electrical and optical
properties.

The functional theory of passive components is explained, covering the topics of
electrostatic capacitor theory, impedance of RLC circuits, equivalent circuit modelling,
ohmic losses of a conductor in terms of skin and proximity effects, function of high
frequency RFID systems, and the underlying physical mechanism of a coupling frame
acting as a transformer coupling magnetic flux to an antenna in a transponder chip
module.

B.1.1 Inkjet Deposition of Piezo-based Printheads

Droplets are propagated from the nozzle of a piezoelectric element in a printhead
cartridge by applying actuation pulses, causing cyclic expansion and contraction of its
pumping channel, resulting in the generation of acoustic pressure waves. This
expansion-contraction cycle can be explained with an example of a jetting waveform
pulse, having a negative section that draws fluid into the pumping channel, a steep slope
firing section which provides energy for the initial ejection and a dampening section to
prevent air from been sucked back-in through the nozzle. A delay between successive
actuation pulses is needed to minimize the effect of residual pressure oscillations in the
pumping channel which influence subsequent droplet formations. This puts a limit on
the number of drops that a channel jets within a certain time, i.e. defining the maximum
attainable jetting frequency. [60]
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Figure B.1 illustrates the operation of a piezoelectric actuation chamber, while figure
B.2 shows the parameters of a jetting waveform to control droplet formation and
velocity.

Figure B.1: Schematic of a drop-on-demand inkjet printing system.

Figure B.2: Jetting waveform pulse settings on a Dimatix Materials Printer.

The applied voltage and pulse duration determine the peak velocity. Once the peak
velocity is obtained, the fluid is matched to the acoustics of the pumping channel. [60] If
the wavelength of the pressure wave exceeds the diameter of the jet, the jet breaks up to
form droplets. This effect is known as the Rayleigh-Tomotika instability. [62]

Figure B.3 shows how a single drop of ink fluid breaks into several smaller droplets.
Drop detachment occurs by formation of a pinch point after 200 ms and formation of
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secondary satellite droplets after 240 ms. Reprinted with permission from ref. 62,
copyright 2004.

Figure B.3: Fluid thread breakup of an ink drop.

The consistency of the drop-velocity, volume and shape ultimately determines the
printing quality. Performance limitations on droplet formation are encountered by
residual pressure oscillations, cross talk affecting the fluid mechanics in neighbouring
channels and incorrect matching of the jetting waveform parameters to the specific
properties of the fluid. Also, the distance between the jetting nozzles and the substrate,
to allow for stabilization of the inflight droplet after break-off, influences the positional
accuracy of the droplet to the substrate. [59]

B.1.2 Inkjet Deposition of Thermal-based Printheads

In a thermal inkjet printer, the inkjet cartridge has a printhead consisting of a series of
chambers, each containing a heating element, all of which are constructed by
semiconductor photolithography. Each chamber is connected to the ink reservoir via a
narrow channel.

To eject a droplet from each chamber, the heating element is triggered by a pulse of
current causing a phase transition from liquid ink to vapour with rapid volume
expansion forming a bubble which results in a large pressure wave propelling a droplet
of ink from the jetting nozzle onto the host substrate.

Figure B.4 shows a schematic diagram of the pressure pulse generation in the jetting
chamber of a thermal vapour actuation printhead. Reprinted with permission from ref.
72, copyright 2010.
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Figure B.4: Thermal vapour actuation – bubble generated by a thin film heater.

The signal waveform sequence required to actuate the piezoelectric elements in a piezobased printhead requires a more complex driving process for ink ejection, restricting
head drive frequency. In a thermal-based printhead, a simple operating pulse waveform
permits high drive frequency with the ink expelled forcefully and more accurately, with
a greater number of drops being deposited per second. [63, 64]

From the jetting nozzles in a printhead of a desktop HP thermal printer, each ink drop is
propelled by a super-heated vapour explosion lasting just 2 microseconds, delivering up
36,000 ink drops per second from each of the printheads 400 jetting nozzles. Office HP
thermal printers have inkjet cartridges containing 2,100 or 4,200 ink drop generators on
a single printhead die. Therefore, printheads can be scaled to have multiple dice. [65-67]

In the case of a Canon inkjet photo printer, the cartridge typically has a printhead which
houses a total of 3,072 drop generators with an aperture of 16 µm, a droplet volume per
nozzle of 2 picoliters and depositing up to 24,000 drops per second. [68]

B.2 Functional Inks

In the context of this work, there are three classes of electronic inks consisting of an
electrically functional element dispersed in a liquid medium, namely conductive,
semiconductive and dielectric inks. These electronic inks are respectively composed of
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nanomaterials: conducting electricity; exhibiting electronic properties between those of
an electrical insulator and conductor; and supporting electrostatic fields.

High conductivity solution-based inks are essential in creating passive components. The
conductivity of a printed feature scales with the number overprints above the critical
thickness representing the onset of percolation. Semiconductor nanomaterials exhibiting
band gap effects should demonstrate good optical and electronic properties. Fabricating
vertically stacked structures, such as electrostatic capacitors, requires the printing of
dielectric layers. The capacitance depends on the dielectric thickness and the relative
permittivity (εr) of the medium. It can be increased by minimizing the thickness of the
dielectric layer and or using a medium with a higher dielectric constant.

Particular liquid fluid properties: the size of the suspended nanoparticles, the
concentration of the dispersion and the stability of the ink, determine the jetting
behaviour and ultimately the functional performance of the inkjet printed thin films.

B.2.1 Ink Rheological Properties and Figures of Merit

Inkjet printing of functional inks requires consideration of the physics and fluid
dynamics of the formulated dispersions. Deformation resistance of the ink and surface
tension determine an ink’s printability.
Viscosity is a measure of a fluid’s resistance to flow under the action of an applied force
for a given condition taking into account shear stress and shear rate, physical/chemical
properties and temperature. Surface tension, a measurement of surface energy, defines
the elastic interaction between the ink and the host substrate.

For successful and stable drop formation, without secondary satellites, Reis et al. found
that the Ohnesorge number for jettable dispersions, relating viscous forces to inertial
and surface tension forces, should be in the range of 1 < Z < 10:

𝑂ℎ = √𝑊𝑒 ⁄𝑅𝑒

𝑍=

1
𝑂ℎ

=

𝑅𝑒
1⁄2

𝑊𝑒

=

(𝛾𝜌𝑎)1⁄2
𝜂
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(B.01)

(B.02)

where the Reynolds number Re is the ratio of inertial to viscous forces (= 𝑣𝜌𝑎 ⁄𝜂), and
the Weber number We is a balance between inertial and capillary forces (= 𝑣 2 𝜌𝑎 ⁄𝛾 ),
ρ, η, γ are respectively the fluid density, dynamic viscosity and surface tension, 𝑎 is the
characteristic dimension (radius of the jetting droplets - nozzle diameter), and 𝑣 is the
velocity. The Ohnesorge number is independent of the fluid velocity. [69]

This dimensionless figure of merit (FoM) expresses the relative importance of inertial,
viscous, and surface tension forces on the generation of inkjet droplets. If this ratio is in
the lower limits, then viscous forces are dominant and a large pressure drop is required
for droplet ejection. If this ratio is in the upper limits, then drop formation can be
accompanied by undesired satellites. [70-72]

Therefore, at values of Z < 1, viscous dissipation prevents the fired drops from exiting
the jetting nozzle, and at values Z > 10, satellite droplets may be generated with the
primary drop.

More recently, numerous papers have reported stable inkjet printing without satellite
droplet formation for Z > 14 and 2 < Z < 4. Torrisi et al. tuned their graphene ink
formulations for drop-on-demand printing to operate outside the conventionally
assumed range (1 < Z < 14). [11]

In this work, the rotational shear stress analysis of various dispersions was performed
with an Anto Paar MCR 301 rheometer, using 50 mm parallel plate geometry, to
determine the dynamic (apparent) viscosity of the inks. Figure B.5 shows the viscosity
measurements of graphene ink determined by shearing the ink and measuring its
resistance over a rotational test time of 5 minutes. The surface tension of the inks was
determined using a torsion balance tensiometer.

The rheometric measurements of a graphene ink, for example, yielded a viscosity of
approximately 1.77 mPa·s; a surface tension of ~ 40 mN∙m-1 was measured at room
temperature; and the fluid density was estimated to be ρ ≈ 1.05 g∙cm-3, providing
jettable stability of the ink over a variety of firing speeds.
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The viscosity of the graphene laden ink was practically the same as pure NMP which
gave an inverse Ohnesorge number of 16.98, pretty much matching the optimum of 1 <
Z < 14.

Figure B.5: Rheometric measurement of a graphene-laden ink.

B.2.2 Ink-Substrate Interaction

The interaction factors which influence the quality of printed patterns on a substrate
include the impact, wetting, spreading and penetration of a jetted droplet with the
surface of the substrate, as well as the drying (absorption) and solvent evaporation rate
of the functional ink on the substrate. The substrate surface energy must significantly
exceed the surface tension of the jetted fluid in order to obtain suitable wetting of the
substrate. [61] The process of achieving high quality patterns also requires a low
advancing contact angle of the ink and the substrate. The setting profile and adhesion of
the ink is additionally influenced by the surface energy and roughness of the substrate.
[58]

In addition to the interaction factors, adhesion of the ink to the substrate surface is
dependent on the type of substrate (hydrophilic or hydrophobic), but can be enhanced
by adjusting the wetting properties through surface treatment (e.g., by corona, plasma,
chemical treatment) and or surface energy patterning to control the spread of the ink
within defined regions of the substrate. [73] Such surface treatment involves charging,
ionizing or stripping of the atoms and molecules from the surface of the substrate. The
annealing or curing conditions play a part, but the maximum temperature is dictated by
the heat resistance of the substrate.
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B.2.3 Surface Energy and Contact Angle

Printability of an ink is dominantly affected by the rheological properties and the
interplay of surface tension and energy - the affinity between ink and substrate. [74]
Young’s equation quantifies this relationship between the surface energies of the
substrate, ink and substrate/ink interface, and the shape of the droplet in a physical
measure called the contact angle. The equilibrium contact angle is denoted by θ and is
the angle between the substrate and the tangent of the ink/substrate interface, as shown
in figure B.6.

Figure B.6: Energy balance for droplet-solid surface interaction.
Young’s equation defines the condition for balance between the three interfacial forces:
that of the solid (substrate)/air interface 𝛾𝑠 , the liquid (ink droplet)/air interface 𝛾𝑙 , and
the solid/liquid interface 𝛾𝑠𝑙 by the equation:
𝛾𝑠 = 𝛾𝑙 𝐶𝑜𝑠𝜃 + 𝛾𝑠𝑙

(B.03)

where γ (gamma) is the free surface energy measured in mJ m-2 at a given point.
A large contact angle at a droplet’s pinned contact line stems from low surface energy
of the substrate and high surface tension of the ink, prohibiting spreading of the droplet
and exhibiting poor surface wetting. The inverse applies for a low contact angle which
enhances wetting of the substrate. [39, 75, 76]
A jetted droplets’ footprint on the surface of a substrate arises from three steps: the
initial impact, expansion of the droplets radius in an order of magnitude greater than the
droplet’s inflight radius and settling of the fluid after initial rebound and a series of
inertial oscillations that are dampened by the ink’s viscosity. [75, 77] Figure B.7 shows
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images of droplet deformation impacting a substrate surface. Reprinted with permission
from ref. 79, copyright 1995.

Figure B.7: Impact of an ink droplet on a stainless steel surface.

During this process, the droplet spreads, penetrates, retracts, evaporates, and finally
dries depending on temperature, particulate concentration, interfacial tensions and
substrate energy. The thermal and concentration gradients caused by evaporation can
lead to circulating flows driven by surface-tension gradients, referred to as the Maragoni
effect. Such stresses act to dramatically delay evaporation, but the effect can be reduced
or avoided if the substrate is heated. [78]

The spreading of a jetted droplet upon impact with the surface of a substrate determines
the thickness of the deposition. The drop spreading factor can be estimated using the
following equation:
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where Dmax is the maximum drop diameter after impact, D is the initial drop diameter,
and θ is the contact angle between the droplet and substrate. The dimensionless numbers
in equation B.04 are based on predictions tested by comparison with experimental
measurements for a variety of droplet–surface combinations, over a wide range of
Weber number and Reynolds number values. [79]

B.2.4 Parameters Influencing the Morphology of a Printed Pattern

Four critical factors contribute to the morphology of a printed pattern, the first factor is
the texture of the substrate or coated substrate (homogeneity, porosity, applied
temperature); the second factor is the intertwining properties of the nanomaterial-laden
ink (viscosity, surface tension, temperature, loading, wettability, dispersion stability and
evaporation of the solvent vehicle); the third contributing factor is the choice of printing
technique, piezoelectric or thermal, the number of firing nozzles and the corresponding
printing parameters such as volume and velocity of the ejected droplets, drop spacing
between each droplet and frequency; and the fourth factor is the advancing and receding
contact angle of the fluid with the substrate. In general, printing with a high contact
angle, high viscosity, and high tension ink produces smaller sized drops or line patterns
as compared to an ink having opposite properties. [59, 61]

B.3 Electrical Characterization of Thin Films

In order to lay down conductive patterns from jetting nanomaterial-laden ink, a
continuous percolated path for the conduction of electric current is created through
multiple inkjet passes, simultaneous heating of the ink and substrate, and subsequent
annealing of the substrate in a vacuum oven to remove the solvent.

Percolation is the onset of conductivity in nanostructured thin films and follows a
scaling law which is thickness dependent below the bulk regime.

The parameters governing the annealing process include temperature characteristics of
the substrate which puts limitations on the thermal process, exposure time, size and
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shape of the nanomaterial, thickness of the printed pattern, porosity of the substrate,
thickness of the substrate and boiling point of the solvent.

The structure of a printed line is not typically uniform along its edges, and a crosssection of the line may reveal surface unevenness due to “ring stain deposits” from the
capillary effect of drying droplets on the surface of the substrate. A high concentration
of dispersed nanomaterial in the ink may reduce this effect. [80-82]

Electrical resistivity and the mechanical adhesion properties of the printed feature are
determined by the abovementioned factors which control the morphology. However, to
reach percolation, multiple layer printing is required which depends on the resistivity of
the annealed nanomaterial on the surface of the substrate, the thickness of the printed
pattern, properties of the nanomaterial, types of defects, concentration of the ink and
geometric size of the nanomaterial.

Post-deposition processing of the substrate through annealing, to vaporize the organic
vehicle and/or to modify interparticle junctions, improves significantly the electrical
conductivity of the printed traces. [6]

B.3.1 Electrical Properties
The electrical resistance of a uniform material, measured in ohms Ω, is given by:
𝐿

1𝐿

𝐴

𝜎𝐴

𝑅= 𝜌 =

(B.05)

where 𝜌 is the resistivity, L is the length of the piece of material (measured in meters,
m) and A is the cross sectional area of the material specimen (measured in square
meters, m²) and σ is conductivity, the inverse of resistivity (measured in Siemens per
meter (S/m)).

From the above equation we can change the cross sectional area A for a uniform thin
film:

𝑅=

1 𝐿
𝜎 𝑤𝑡
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(B.06)

where w and t are the width and thickness which make up the cross sectional area A of
the thin film sample.

The resistivity is the reciprocal of conductivity. The resistance of thin films of uniform
thickness is given by the two-dimensional entity known as sheet resistance Rs,

𝑅=

𝜌𝐿
𝑡𝑤

= 𝑅𝑠

𝐿
𝑤

(B.07)

The expression for sheet resistance:

𝑅𝑠 = 𝑅

𝑤
𝐿

=

1
𝜎𝐷𝐶 𝑡

(B.08)

B.3.2 Percolation Theory

The theory predicts for a disordered network array of overlapping conductive
nanomaterials that at a given density, there is a sudden and dramatic increase in the
conductivity of the network. [83] Conductivity measurements of printed networks
calculated from I-V curves reveal existence of a percolation threshold as a function of
the network thickness.
Therefore, the conductivity σ of a network of nanomaterial on a substrate can be written
in terms of film thickness,
𝜎 ∝ (𝑡 − 𝑡𝐶 )𝑛

(B.09)

where t is the thickness of the conductive network directly proportional to the number
of print passes, tc is the critical thickness of the network corresponding to a minimum
threshold before entering the percolation regime and 𝑛 is the percolation exponent. [41,
84]

Relationship between t and Rs in the percolation regime,
𝜎 = 𝜎0 (𝑡 − 𝑡𝑐 )𝑛
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(B.10)

where σ is conductivity, σ0 is a proportional constant (not an intrinsic conductivity
parameter) and t is the thickness of the conductive network. The term tc is the critical
thickness (i.e. the thickness below which no electrically conducting path through the
network exists) and 𝑛 is the percolation exponent, resulting from the fitting of the above
equation to the sheet resistance values.

𝑅𝑠 =

1
𝜎𝑡

=

1

(B.11)

𝜎0 (𝑡− 𝑡𝑐 )𝑛 𝑡

Above the percolation regime, where the thickness of the thin film is substantially
greater than the value of tc,
𝑡 − 𝑡𝑐 ≃ 𝑡

(B.12)

the above expression can be revised.

Therefore

𝜎 = 𝜎0 𝑡 𝑛

𝑅𝑠 =

𝑅𝑠 =

𝑅𝑠 =

(B.13)

1

(B.14)

𝜎𝑡

1
𝜎0 𝑡 (𝑛+1)

=

1𝑡 −(𝑛+1)
𝜎0

1
𝜎𝐵 𝑡𝑚𝑖𝑛

(B.15)

(B.16)

Note: tmin defines the thickness at which the electrical conductivity 𝜎 is independent of
the thickness at which the conductivity value has reach bulk (𝜎𝐵 ). [41, 84] The onset of
bulk-like electrical conductivity behaviour at tmin is experimentally observed in a
number of thin film networks of nano-structured conductors in the preceding chapters.

B.4 Optical Characterization of Thin Films

The theory behind absorption spectroscopy in characterizing the optical properties of
networks of nanomaterials is discussed. A figure of merit (FOM) for evaluating and
comparing the performance of optically transparent and electrically conducting thin
films is also presented.
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B.4.1 Light Absorption Properties and Measurements

To gain a quantitative understanding of the light absorption properties in bulk solids or
liquids, consider the incident light intensity I0 and the transmitted light intensity I as a
function of wavelength (λ). The transmittance T is defined as follows:

𝑇=

𝐼
𝐼0

(B.17)

The light absorbed by a given medium follows an exponential decay law such that
𝐼 = 𝐼0 𝑒 −𝐴

(B.18)

where A is defined as the absorbance of the medium. For a solid medium,
𝐴 = 𝜀𝑙

(B.19)

where l is the thickness traversed by the light and ε is the absorption coefficient having
units of inverse length (m-1 or cm-1).

In dealing with molecular systems, the exponential attenuation law can be expressed
differently by Beer’s law or Beer-Lambert law.

Absorbance for a material dispersed in a liquid can be defined as:
𝐼

𝐴 = −𝑙𝑜𝑔10 (𝐼 ) = 𝛼𝐶𝑙
0

where
A is the absorbance or optical density of the material (unitless)
I is the intensity of a light beam that travels a distance l through a sample
(lumens/m²)
I0 is the incident light intensity before entering the sample (lumens/m²)
α is the extinction coefficient (in units of mL mg-1 m-1)
C is the concentration of the absorpting species (in units of mg ml-1)
l is the sample’s path-length or thickness (in units of mm)
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(B.20)

The relationship between absorbance and transmittance is given by:
𝐼

𝐴 = −𝑙𝑜𝑔10 𝐼 = −𝑙𝑜𝑔10 𝑇

(B.21)

0

where absorbance is expressed on a logarithmic scale to the base 10.

In a liquid or dispersion sample, these two equations can be rearranged in terms of the
extinction coefficient α (a fixed constant for a given material) and the absorbance A
which can be measured on a spectro-photometer at a specific wavelength (λ) (e.g.
characteristic peak absorbance of graphene at 660 nm), to determine a value for the
sample concentration, [85]

𝐶=

𝐴
𝛼𝑙

(B.22)

where 𝛼 = extinction coefficient [mL mg-1 m-1], 𝐶 = concentration [mg ml-1] and 𝑙 =
sample thickness [mm].

In measuring the light absorption properties of graphene dispersions in the visible
spectrum, the path length 𝑙 is determined by the thickness of the glass cuvette in which
the sample is prepared, namely 1 mm. Once the extinction coefficient 𝛼 is known, the
graphene dispersion concentration 𝐶 can be determined from the optical absorbance
measured with the spectrophotometer. Appendix D provides a methology for
determining the extinction coefficient.

B.4.2 Opto-electrical Properties

Thin metallic films with high transparency in the visible range and very low sheet
resistance is the Achilles’ heel for the display industry, in its search to find a
replacement for indium tin oxide (ITO). Applications include transparent conductive
electrodes in solar cells and displays, with the requirement for high transmittance
(>90%) paired with low sheet resistance (< 10 Ω/□) to maximize efficiency. [86]

Printed networks of silver nanowires, discussed in chapter 3, are a potential candidate
for transparent conductive thin films, exhibiting high conductivity and low optical
absorption.
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To express the performance of a TC thin film and for comparative analysis, a figure of
merit (FoM) linking film transmittance to its sheet resistance is required.

The transmittance of an optically conductive thin film as a function of thickness t can be
expressed as: [43, 87, 88]
𝑇 = (1 +

𝑍0
2

−2

𝜎𝑂𝑝 𝑡)

(B.23)

where Z0 = 377 Ω is the characteristic impedance of vacuum and σOp is optical
conductivity, related to the absorption coefficient α in the Beer-Lambert law, where
𝑇 = 𝑒 −𝛼𝑡

(B.24)

Sheet resistance for bulk like thin films as discussed previously is defined as:
𝑅𝑠 = (𝜎𝐷𝐶,𝐵𝑢𝑙𝑘 𝑡)

−1

(B.25)

where σDC is the bulk DC conductivity and t is the thickness of the thin film.
To eliminate t in the transmittance equation (B.24),
−1

𝑇 = 𝑒 −𝛼(𝜎𝐷𝐶,𝐵𝑢𝑙𝑘 𝑅𝑠 )

(B.26)

𝜎𝑂𝑝 ≈ 𝛼⁄𝑍
0

(B.27)

By combining the expression,

with the sheet resistance Rs equation, a relationship is obtained between T and Rs:

𝑇 = (1 −

𝑍0 𝜎𝑂𝑝 −2
2𝑅𝑠 𝜎𝐷𝐶

)

(B.28)

𝜎

The ratio of DC to optical conductivity, 𝜎𝐷𝐶 , is a figure of merit (FoM) for transparent
𝑂𝑝

metallic thin films, encompassing transmittance T and sheet resistance Rs. A high ratio
𝜎

value for, 𝜎𝐷𝐶 , indicates a TC thin film with high conductivity and low optical
𝑂𝑝

absorption, thus exhibiting better opto-electrical properties with high T and low Rs. [43,
87, 88]
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B.5 Basics of Semiconductor Bandstructure and Photoconductivity

In a semiconductor crystal, elementary excitations of an electron system possess many
properties of a gas of free particles. The electrical charge carriers are electrons as
mobile particles carrying negative charge and holes as mobile particles carrying positive
charge.

For a silicon (Si) crystal, it takes about 1.1 eV of excitation energy to free a covalent
electron to create a conduction electron and a hole. The induced energy source can be
photons, phonons or an electric field, increasing conductivity by the generation of
mobile electrons and holes. [89]

Semiconductors containing many mobile electrons and few holes are called N-type
semiconductors, because electrons carry negative (N) charge. Conversely, P-Type have
many holes carrying a positive (P) charge.

B.5.1 Energy Levels and Bands

Electrons in a Si atom occupy discrete energy levels as shown in figure B.8-a. If two
atoms are in close proximity, each energy level will split into two because of the Pauli
exclusion principle which prevents two electrons from occupying the same quantum
state in an electron system such as an atom, molecule, or crystal. [89]

Figure B.8: The discrete energy states of a Si atom (a) are replaced by the energy bands
in a Si crystal (b).
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When many atoms are brought into close proximity as in a crystal, the discrete energy
levels are replaced with bands of energy states separated by regions in energy for which
no wavelike electron orbitals exist as shown in figure B.8-b. Such forbidden regions are
called band gaps (Eg) which are shown in figure B.9, wherein the differences between a
metal, a semiconductor and an insulator are illustrated schematically.

Figure B.9: Energy level diagrams for a metal, a semiconductor, and an insulator.
Metals have a partly occupied band (shaded). For semiconductors and insulators, the
Fermi level lies between the occupied valence band and the unoccupied conduction
band.

The band gap of a semiconductor is the difference in energy between the lowest point of
the nearly empty conduction band and highest point of the nearly filled valence band
denoted by Ec and Ev respectfully. Hence, Eg = Ec – Ev. For silicon, the energy gap is
about 1.12 eV at room temperature.

The band gap of an insulator (typically > 5 eV) separates a completely filled valence
band and a completely empty conduction band which does not contribute to current
conduction.

The energy band of a crystal behaving as a conductor such as a metal is quite different.
The conductor has a partially occupied conduction band. Electrons near the top of the
partially filled conduction band have many adjacent unoccupied states available, and
hence can easily gain or lose small amounts of energy in response to an electric field.
These electrons are mobile, giving the conductor its electrical and thermal conductivity.
[90]
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Fermi energy determines the statistical distribution of electrons and defines the energy
below which all states are filled with electrons and above which all states are empty at T
= 0 K. The Fermi level EF as shown in figure B.9 takes into account the effect of
temperature and marks the energy point where the probability of occupancy by an
electron is exactly 50%.

To describe the current-voltage (I-V) characteristics of a semiconductor device, it is
necessary to determine the number of electrons and holes that will be available for
conduction. Since current is due to the flow of charge, the number of carriers that can
contribute to the conduction process is a function of the number of available energy or
quantum states.

When discussing the splitting of energy levels into bands of allowed and forbidden
energies as discussed above, the band of allowed energies is actually made up of
discrete energy levels, and therefore the density of these allowed energy states as a
function of energy determines the electron and hole concentrations. [91] Figure B.10a
illustrates an energy band as a collection of discrete energy states, whereas B.10b shows
the plot of the density of quantum states as a function of energy.

Figure B.10: (a) Energy band as a cluster of discrete energy states, and (b) the density of
energy states in the conduction band and the density of energy states in the valence band
as a function of energy.

B.5.2 Direct and Indirect Band Gap Semiconductors

There are two types of band gap in semiconductors: (a) direct and (b) indirect band gap.
A semiconductor crystal such as bulk MoS2 exhibits usually n-type conductivity and has
an indirect band gap of about 1.23 eV, while its monolayer has a direct energy gap of
1.8 eV. [92]
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The energy of a particle resulting from induced excitation, is always associated with a
wavevector k (or momentum) in reciprocal space, which implies that, for any transition
between bands, both energy and momentum must be conserved. When an electron
absorbs enough energy to exceed the energy gap Eg, the electron can jump from the
valence band into the conduction band.

In the case of direct band gap semiconductors, the minimum of the conduction band and
maximum of the valence band occurs at the same wavevector k-center point in the
Brillouin zone, whereas, for the indirect band gap semiconductors, the minimum of
conduction band and maximum of valence band occurs at different wavevector kvalues. [93-95] Figure B.11 illustrates a sketch of lower valence band and upper
conduction band of direct and indirect band gap semiconductors approximated by
parabolas.

Figure B.11: Energy level diagram of (a) direct and (b) indirect band gap
semiconductors.

B.5.3 Photoconductivity

When photons of energy greater than that of the band gap of the semiconductor are
absorbed, electrons and holes are created in proportion to the light intensity, resulting in
the enhancement of electrical conductivity. This phenomenon is called intrinsic
photoconductivity. Figure B.12 illustrates the transgression of an electron from the
valence band leaving behind an empty state (hole), to the conduction band in response
to the absorption of light. [89]
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Figure B.12: Photon energy in excess of the band gap that is absorbed by a
semiconductor, elevating an electron into the conduction band.
The energy of a photon is given by:
𝐸 = ℎ𝑣

(B.29)

where h is Planck’s constant [6.62607004 × 10-34 J∙s, or 4.135667662 × 10−15 eV∙s] and
v is the frequency. The frequency can be expressed in terms of the wavelength λ,
through c = λv, where c is the speed of light [2.99792458 x 108 m/s]. Thus, green light
with a wavelength of 532 nm possesses an amount of energy:
𝐸 = ℎ𝑣 =

ℎ𝑐
𝜆

=

(6.626 𝑥 10−34 𝐽∙𝑠)(3 𝑥 10−8 𝑚/𝑠)
0.532 𝑥 10−6 𝑚

= 3.736 𝑥 10−19 𝐽 = 2.33 𝑒𝑉

(B.30)

Note: 1 eV = 1.602 x 10-19 J
This photon energy (2.33 eV) from a monochromatic green light source will therefore
be sufficient to overcome the band gap energy of a MoS2 semiconductor, thus
promoting electrons from the valence band to the conduction band.

In the photoconductivity measurements of a photodetector as described in chapter 2, the
response to an applied voltage depends not only on the number of the mobile carriers
generated by the conversion of incident photons (an electron-hole pair for every
absorbed photon), but also on their transport to the graphene layer electrodes. While the
contact interface is made between the MoS2 semiconductor and the conducting
graphene electrodes, depending upon their work function, there is a flow of carriers
from the higher to the lower Fermi level to equalize the Fermi level at the contact.
Therefore, the contact work-function of graphene layers must be well matched to the
MoS2 semiconductor conduction band, to result in an ohmic-like contact at room
temperature. This is further discussed in chapter 2 in the application of an interdigitated
electrode array. [96]
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B.6 Introduction to Capacitors

To date, capacitors can be categorized into three main types: (i) Electrostatic, (ii)
Electrolytic and (iii) Electrochemical, performing the function of storing stationary
electrical energy. They can be further separated into sub-groups according to the
materials used as electrode and electrolyte.

The focus of this work is on inkjet printing nano-structured electrostatic capacitors.

B.6.1 Electrostatic Capacitor Theory

A standard electrostatic capacitor comprises of two conducting plates overlapping and
separated by an insulating dielectric medium, as illustrated in figure B.13. The materials
and geometric properties determine the capacitance.

Figure B.13: Parallel plate capacitor with charges ± q on each electrode with a surface
area A, separated by the dielectric medium at a distance d.

The capacitance (C) of a electrostatic capacitor measured in Farads, is defined as the
amount of accumulated charge, Q, collected as equal quantity of positive (+q) and
negative charge (-q) on two opposing electrodes per volt of the applied potential
difference, V, separated by a dielectric.

𝐶=

𝑄
𝑉

(B.31)

Or, differentially,
𝐶=

𝑑𝑞
𝑑𝑉

(B.32)

when the capacitance, C, is not constant with charging V, as is often experimentally
found. The charged density Q per cm² and the voltage across the plates V are
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fundamental and conjugate variables in any evaluation of capacitive devices, especially
by means of a modulation procedure such as electrochemical impedance spectroscopy.
This technique uses modulation of voltage by a sinusoidal alternating voltage at various
frequencies, ω, to measure impedance of RC circuits. [97]

The capacitance, C, of such a distribution of charge is given in classical electrostatics
by:
𝐶=

𝜀𝑟 𝜀0 𝐴
𝑑

(B.33)

where
𝜀0 is the permittivity of free space equal to 8.854 x 10-12 F·m-1
𝜀𝑟 is the dielectric constant of the insulating medium
A is the cross-sectional area of the electrode-dielectric interface
d is the thickness of the dielectric medium
The low frequency dielectric constant 𝜀𝑟 of hexagonal boron nitride is approximately 3
±1. [98] From the experimental work in chapter 4, an average dielectric constant of ~1.63
was extrapolated for a network of BN nanosheets (refer to fig. 4.14: master plot capacitance v.
area/thickness).

For an area A cm2, with plates separated by a distance d with a dielectric between the
plates having dielectric permittivity εr, with ε0 being the permittivity of free space, equal
to 8.854 x 10-14 F∙cm-1. For a distance d = 4.15 µm and an effective dielectric
permittivity of the interfacial layer at an electrode for layered boron nitride at a charged
interface, C per cm² would have a value in the order of 0.245 nF∙cm-2.

If the electrode overlap area is 2.5 mm², then the capacitance is 6.13 pF.

The capacitance is inversely proportional to the distance between the plates and directly
proportional to the dielectric constant. Therefore, the capacitance can be increased by
reducing the thickness of the insulating medium, using an insulating medium with a
high dielectric constant, and increasing the surface area of the electrode-dielectric
interface.
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The two primary characteristics of a capacitor are its energy density and power density,
defined as the energy or power per unit mass. The work done to charge a capacitor is
equal to the total energy stored within the capacitor:

𝑄𝑞

𝐸 = ∫0

𝐶

d𝑞 =

1 𝑄2
2 𝐶

=

1
2

𝐶𝑉 2

(B.34)

where
E is the energy stored in the capacitor
q and Q are the charges stored in the capacitor
C is the capacitance
V is the voltage across the capacitor

The power P is the energy expended per unit discharge time dt, given by

𝑃=

𝑑𝐸
𝑑𝑡

(B.35)

Capacitance of an electrostatic capacitor is usually in the order of pico and nano farads.
The time required to charge or discharge a capacitor depends not only on its capacitance
C (in farads) and upon the applied potential difference (in V volts), but also upon the
value of any series resistance R (in ohms) present in the circuit.

The time-constant is equal to the time which would be required to charge or discharge
the capacitance, if the initial charging or discharging rate were maintained. The total
charge Q = CV coulombs and since t = Q/I, where I is the initial current, the time (in
seconds) required to charge the capacitance at a constant current of V/R would be:
𝑡 = 𝐶𝑉 ÷ 𝑉 ⁄𝑅 = 𝐶𝑅

(B.36)

For a series RC circuit having a capacitance of C = 6.13 pF and a resistance Rser = 125
kΩ, the time constant, the product of C and Rser is approximately 0.75 µs.

B.6.2 Impedance of Series RC Circuits

The capacitive heterostructures developed under chapter 4 should represent the
electrical configuration of a series RC circuit.
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For a series RC circuit, the impedance is equal to:
𝑍𝑅𝐶 = 𝑅𝑆𝑒𝑟 + 𝑋𝐶

(B.37)

where RSer is the real part of the impedance and XC is the capacitive reactance which is
frequency dependent and is written with an imaginary quantity, introducing the
imaginary factor 𝑗 = √−1. Then,
𝑍𝐶 =

1
𝑗𝜔𝐶

=

−𝑗

(B.38)

𝜔𝐶

at the frequency ω, and hence
𝑍𝑅𝐶 = 𝑅𝑆𝑒𝑟 − 𝑗⁄𝜔𝐶

(B.39)

An informative way of representing the impedance behaviour of RC circuits, measured
by means of impedance spectroscopy, is to plot the imaginary (ZIm) versus the real (ZRe)
components of the impedance vector Z for a range of frequencies, in a so-called ColeCole or Nyquist diagram. [99]
Note in the case of a series RC circuit, for ω →∞ (1/ω →0) or for very large C,
ZRC→RSer. This is identified on the Cole-Cole complex plot as the intercept on the ZRe
axis, as ω →∞, ZC→0.
A real world example for a circuit containing a capacitor and resistor in series is
depicted in figure B.14 represented by a Cole-Cole (or Nyquist) plot of the real and
imaginary components of Z. This impedance spectrum shows a delta function, as
expected for a series capacitor-resistor combination.

108

ZIm ()

107

106

105
-5,0x106

0,0

5,0x106

ZRe )

Figure B.14: A Cole-Cole plot of the real versus imaginary impedance.
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This example of a capacitive device from the study outlined in chapter 4 exhibits
behaviours typical of a series RC equivalent circuit, composing of a series of points in
the plot with identical real impedance (on the ZRe axis) equal to RSer, but different
values for the imaginary component (on the ZIm axis) depeding on the frequency at
which the impedance is measured.

The phase angle of ZRC at a given frequency is given by:
𝜑 = 𝑡𝑎𝑛−1 (𝜔𝑅

1
𝑆𝑒𝑟 𝐶

)

(B.40)

The values for the phase and modulus of impedance can be extracted from Bode plots,
as presented in chapter 4.

B.7 Theoretical Background on RLC Circuits

This section reviews the electrical characteristics of a rectangular loop antenna
considered by basic electromagnetic theory on RLC circuits, a simplified equivalent
circuit, parameters for consideration in the design of an antenna, the application thereof
in an RFID system and its substitution by a coupling frame antenna. Coupling frames
are further elucidated and described in terms of a system network of inductive coupling.

B.7.1 Inductance

The property of an antenna circuit (inductor) that causes an electromotive force (EMF)
to be induced by a change in electric current through a conducting loop resulting in a
proportional voltage opposing the change in current is known as self-inductance, and
the varying field in this conducting loop generating an EMF in nearby adjacent
conductor loops is known as mutual inductance. These effects are described by
Faraday’s law of electromagnetic induction and Lenz’s law.

The relationship between the self inductance of an antenna circuit, the applied voltage
and the time rate of change of current is given by:
𝑑𝑖

𝑣(𝑡) = 𝐿 𝑑𝑡
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(B.41)

where L is the constant of proportionality called the inductance, measured in henrys (H).
[100]

The current-voltage relationship for an inductor is obtained from Eq. (B.41) as:
𝑑𝑖 =

1
𝐿

𝑣𝑑𝑡

(B.42)

Integrating gives
𝑖 =

𝑡
∫ 𝑣(𝑡)𝑑𝑡
𝐿 −∞
1

(B.43)

Figure B.15 shows the voltage-current relationship graphically for an inductor.

Figure B.15: Voltage-current relationship of an inductor.

B.7.2 Planar Antennas

The design of a rectangular loop antenna begins with the antenna geometry defined by
the desired resonance frequency and Q factor, and the target values of the electrical
parameters in the equivalent circuit. The main parameters are the inductance, parasitic
capacitances and antenna losses. Figure B.16 shows an antenna layout, rectangular in
shape.

Figure B.16: Profile of a 4 turn rectangular planar antenna.
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To inkjet-print a planar antenna, the actual resulting inductance of the circuit may differ
significantly from an estimated calculation. In reality, the printed antenna tracks have
rough edges, overlapping deposited nanoparticles result in varying conductor
thicknesses and the gap between tracks can be inconsistent, effecting the distribution of
current on and within the antenna tracks. The extent of DC resistance is determined by
the resultant conductivity of the printed tracks after post annealing treatment.

In addition, the physical inductance value as a function of frequency will be influenced
by the skin effect and proximity effect, causing a non-uniform current distribution in the
conducting tracks of the rectangular antenna. Both effects reduce the effective cross
sectional area of the track conducting current, causing the winding parasitic resistance
to increase with the operating frequency. The turn-to-turn distributed capacitance, socalled parasitic capacitance, does not cause energy losses, but influences the resonance
frequency of the circuit. [101, 102]

B.7.3 Representation of Impedance

Impedance (Z) is generally defined as the total opposition a circuit presents to the flow
of an alternating current (AC) at a given frequency (f) when a voltage is applied, and is
represented as a complex quantity which is graphically shown on a vector plane. An
impedance vector consists of a real part (Resistance, R) and an imaginary part
(Reactance, X) as illustrated in figure B.17. Impedance can be expressed using the
Cartesian form R + jX, or in the polar form capturing magnitude and phase angle
characteristics: |Z|∠θ. The magnitude |Z| represents the ratio of the voltage difference
amplitude to the current amplitude, while the angle θ gives the phase difference between
voltage and current. The reciprocal of impedance is admittance and is defined as:
𝑍 −1 =

1
(𝑅+𝑗𝑋)

= 𝑌 = 𝐺 + 𝑗𝐵

where


Z is the impedance, measured in ohms (Ω)



Y is the admittance, measured in Siemens (S)



G is the conductance, measured in Siemens (S)



B is the susceptance, measured in Siemens (S)



j² = -1
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(B.44)

For a parallel RLC circuit, it is mathematically more expedient to use admittance. [103]

Figure B.17: Graphical representation of the complex impedance plane and the
mathematical relationship between R, X, |Z| and θ.

Resistance R is the real part of impedance exhibiting no phase shift (0°) between the
voltage and current.
𝑅 = |𝑍|𝑐𝑜𝑠𝜃

(B.45)

Reactance X is the imaginary part of the impedance taking two forms: inductive (XL)
and capacitive (XC).
𝑋 = |𝑍|𝑠𝑖𝑛𝜃

(B.46)

Reactance induces a phase shift θ between voltage and current. Inductive reactance (XL)
causes the total current to lag the applied voltage while capacitive reactance (XC) has
the opposite effect of causing the current to lead the voltage.
By definition, inductive reactance 𝑋𝐿 = 2𝜋𝑓𝐿 is proportional to the signal frequency
1

and the inductance, while the capacitive reactance 𝑋𝐶 = − 2𝜋𝑓𝐶 is inversely
proportional to the signal frequency, as outlined in figure B.18. The minus sign of the
capacitive reactance indicates that the imaginary part of the impedance is negative. 2πf
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can be substituted for by the angular frequency (ω) to represent XL = ωL and XC = 1/ωC.

Figure B.18: Reactance in two forms: inductive (XL) and capacitive (XC).
The total reactance is given by:
𝑋 = (𝑋𝐿 + 𝑋𝐶 ) = (𝜔𝐿 −

1
𝜔𝐶

)

(B.47)

so that the total impedance is:
𝑍 = 𝑅 + 𝑗𝑋

(B.48)

In the series RLC resonant circuit the impedance [100] is given by:
𝑍 = 𝑅 + 𝑗{𝜔𝐿 − 1⁄𝜔𝐶 }

(B.49)

This may also be written as:
2

1
𝑍 = √𝑅 2 + (𝐿𝜔 − 𝐶𝜔)

(B.50)

The relative selectivity of an antenna circuit is denoted by the quality factor (Q) serving
as a measure of reactance to resistance, and is defined as the ratio of energy stored in an
oscillating circuit to the energy dissipated by the circuit. It is a dimensionless unit,
expressed as:
𝑄=

𝑋
𝑅

=

𝜔𝑟𝑒𝑠 𝐿
𝑅

=

𝐵
𝐺

(B.51)

for an ideal series RLC circuit.

In a parallel LC circuit where the main loss is the resistance R of the inductor in series
with the inductance L, the formula for Q is as in the series circuit. From figure B.19, Q
is the tangent of the angle θ. [103]
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Figure B.19: Inductive (left) and capacitive (right) vectors represented in impedance
plane.

Complex Representation of Impedance

To further elaborate on the impedance of an AC circuit, use is made of Euler`s
mathematical construct.

The sinusoidal voltage and current waves of a circuit can be expressed as follows:
𝑉 = 𝑉𝑚 𝑐𝑜𝑠𝜔𝑡
𝐼 = 𝐼𝑚 𝑐𝑜𝑠(𝜔𝑡 − 𝜃)

(B.52)

(B.53)

where the voltage maximum value Vm is called the amplitude (or magnitude) and the
cosine function is periodic in time. The current in the circuit is also sinusoidal, and will
oscillate with the same angular frequency ω as the voltage source, has amplitude Im, and
a phase constant θ that depends on the driving angular frequency. Note that the phase
constant is equal to the phase difference between the voltage source and the current.
Euler’s formula allows us to write the sines and cosines representing AC voltage and
current into the polar form of complex numbers in a simple and useful form:
𝑒 𝑗𝜔𝑡 = 𝑐𝑜𝑠𝜔𝑡 + 𝑗𝑠𝑖𝑛𝜔𝑡
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(B.54)

thus
𝑉 = 𝑉𝑚 𝑒 𝑗𝜔𝑡
𝐼 = 𝐼𝑚 𝑒 𝑗[𝜔𝑡− 𝜃]

(B.55)

(B.56)

Using Ohm`s law, impedance can be defined as the ratio of voltage to current, expressed
as a complex exponential,

𝑍=

𝑉𝑚
𝐼𝑚

𝑒 −𝑗𝜃 = |𝑍|𝑒 𝑗𝜃

(B.57)

where |Z| is the magnitude of the complex number Z and θ is the phase angle difference
between voltage and current.

Note that j in the equation is the imaginary number 𝑖 = √−1 and e is the natural
logarithm. [104]

B.7.4 RLC Circuit Theory

The electrical configuration of a planar rectangular antenna as shown in figure B16 can
be represented by an RL series parallel C circuit as depicted in figure B.20. [105, 106]

Figure B.20: Antenna equivalent circuit – an RL‖C circuit.

The equivalent circuit of a planar antenna consists of the physical elements that define
the antenna characteristics:
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An inductor formed by the windings of inkjet printed rectangular tracks on a
synthetic substrate denoted as L;



A resistor in series with the inductor formed by the Ohmic resistance of the
windings denoted as Rw;



And in parallel, a parasitic capacitor determined by the inter-turn capacitance
and the dielectric medium on which the antenna is patterned denoted as Cp

The input admittance of the RL‖C circuit is:

𝑌(𝑗𝜔) =

𝑅𝑤

𝜔𝐿

+ 𝑗 [𝜔𝐶𝑝 −

2 + (𝜔𝐿)2
𝑅𝑤

2 + (𝜔𝐿)2
𝑅𝑤

]

(B.58)

At resonance, current and voltage are in phase and the susceptance term is equal to zero;
thus
)
𝐿2

𝑝

2
𝜔𝑟𝑒𝑠
=
2
𝑓𝑟𝑒𝑠
=

1
𝐿𝐶𝑝

1⁄2

2
𝑅𝑤

1

𝜔𝑟𝑒𝑠 = 2𝜋𝑓𝑟𝑒𝑠 = (𝐿𝐶 −

rad/s

2
𝑅𝑤

−

(B.60)

𝐿2

1
1
(
(2𝜋)2 𝐿𝐶𝑝

(B.59)

2
𝑅𝑤

−

𝐿2

)

(B.61)

By substitution, the impedance at resonance is given by:

𝑍(𝑗𝜔𝑟𝑒𝑠 ) =

1
𝑌(𝑗𝜔𝑟𝑒𝑠 )

𝐿

=

(B.62)

𝑅𝑤 𝐶𝑝

The Q factor of the RL‖C circuit at resonance is defined as:
𝑄=

𝐼𝑚𝑎𝑔 (𝑍)

𝑄=

(B.63)

𝑅𝑒𝑎𝑙 (𝑍)
𝜔𝑟𝑒𝑠 𝐿
𝑅𝑤

=

𝑋𝐿

(B.64)

𝑅𝑤

The resonant condition can be expressed in terms of the Q factor as follows:
𝑄2 + 1

2𝜋𝑓𝑟𝑒𝑠 𝐿 (

𝑄2

)=

1
2𝜋𝑓𝑟𝑒𝑠 𝐶𝑝

(B.65)

Solving for fres in terms of Q yields:
𝑓𝑟𝑒𝑠 =

1
2𝜋√𝐿𝐶𝑝

𝑄2

√
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𝑄 2 +1

(B.66)

When Q ≥ 10, the term with the Q factors is approximately 1
Therefore for Q ≥ 10
𝑓𝑟𝑒𝑠 ≅

1
2𝜋√𝐿𝐶𝑝

(B.67)

For values of Q ≥ 10, the intrinsic resonant frequency will also be such that

𝜔𝐿 = 1⁄(𝜔𝐶𝑝 )
𝐿𝐶𝑝 𝜔2 = 1

(B.68)

(B.69)

A precise expression for fres in terms of circuit component values is given by:
𝑓𝑟𝑒𝑠 =

2 𝐶 /𝐿)
√1− (𝑅𝑤
𝑝

2𝜋√𝐿𝐶𝑝

(B.70)

In practice, the impedance is at its maximum at the resonant frequency and decreases at
lower and higher frequencies, as depicted by the curve in figure B.21. At frequencies
below resonance, the inductive reactance XL is less than the capacitive reactance XC,
and therefore the RL‖C circuit is inductive. As the frequency is increased beyond
resonance, XC becomes smaller than XL, and the circuit becomes capacitive. [105, 106]

Figure B.21: Generalized impedance curve for a RL‖C resonant circuit: the circuit is
inductive below fres, resistive at fres, and capacitive above fres.

- 194 -

B.7.5 Equivalent Circuit Model of a Planar Antenna

In practice, an antenna does not have pure components of resistance, inductance and
capacitance, but rather a combination of primary elements and unwanted parasitics
affecting the characteristics of the RL‖C circuit. The nanomaterials, the deposition
method, the post annealing process, and the morphology of the resultant antenna
produce varying amounts of parasitics. These influence the accuracy with which its
resistance, capacitance or inductance can be determined.

Figure B.22 illustrates a loop antenna with 4 turns as a distributed component with
inductance (L) as the primary element and capacitance (C) and resistance (R) as
parasitic network elements. [107]

Figure B.22: Simple antenna network made up of differential elements, with each turn
consisting of a series of inductors, Ohmic resistors and parasitic capacitors.
Figure B.23 further represents an equivalent circuit combining the antenna’s primary
element and parasitics as shown in figure B.22 with the stray coupling capacitance and
mutual inductance between adjacent tracks. [107]
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Figure B.23: Equivalent complex circuit network of a planar antenna with 4 turns.

B.7.6 Ohmic Losses of a Conductor

Antenna losses are the result of DC-resistance and losses due to the skin effect.
𝑅(𝑓) = 𝑅𝐷𝐶 + 𝑅𝐴𝐶 (𝑓)

(B.71)

DC Resistance of a Conductor
The DC resistance for a conductor with a uniform cross sectional area is given by:
𝑅𝐷𝐶 =

𝑙
𝜎𝐴

𝑙

(𝛺) = 𝜌
𝐴

(B.72)

where
l = total length of the conductor (m)
σ = conductivity of the conductor (S/m)
ρ = specific resistivity of the conductor (Ω·m)
A = cross sectional area (m²)

Note: the resistance of the antenna must be kept as small as possible for a high quality
factor.
The specific resistivity of copper is 0.0168 x 10-6 Ω·m while the resistivity of a
conductive polymer paste can range from 0.178….0.625 x 10-6 Ω·m.
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AC Resistance of a Conductor and the Skin Effect

The resistance of a conductor to high frequency alternating current (AC) is higher than
its resistance to direct current (DC), because of the skin effect.

Current is uniformly distributed over the cross section of a conductor at DC. As the
frequency is increased, the current crowds to the surface, with the concentration of
current density greater at the surface of the conductor than in the centre.

The depth into the conductor at which the current density falls to 1/e, or 37% (=0.3679)
of its value along the surface, is known as the skin depth, and is a function of the
frequency, and the permeability and conductivity of the medium. The net result of skin
effect is an effective decrease in the cross sectional area of the conductor at high
frequencies, therefore, a net increase in the AC resistance of the conductor. [108]

The skin depth is given by:
1

𝛿 = √𝜋𝑓𝜇𝜎

𝜌

= √𝜋𝑓𝜇

(B.73)

where:
f = frequency of the current in Hz
µ = permeability (H·m-1) = µ0µr
µ0 = permeability of free space = 4π x 10-7 (H·m-1)
µr = relative magnetic permeability of the conductor, 1 for copper, aluminium,
gold
σ = conductivity of the material (S/m), also equal to the reciprocal of its
resistivity (Ω·m): σ = 1/ρ

An approximate formula for the AC resistance is given by:

𝑅𝑎𝑐 =

𝑙
𝜎(𝑤+𝑡)𝛿

=

𝑙
𝜋𝑓𝜇
√
(𝑤+𝑡)
𝜎

(𝛺)

where w is the width and t is the thickness of the conductor. The AC resistance
increases with the square root of the operating frequency.
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(B.74)

Resistance of a Conductor with Low Frequency Approximation

When the skin depth is almost comparable to the radius (a) of the conductor, the
resistance can be obtained with a low frequency approximation. [108]

𝑅𝑙𝑜𝑤 𝑓𝑟𝑒𝑞 ≈

𝑙

[1 +
𝜎𝜋𝑎2

1

𝑎 2

( ) ]
48 𝛿

(B.75)

The first term of the above equation is the DC resistance, and the second term represents
the AC resistance. The dimensionless factor 48 is based on experimental predictions by
Fujimoto et al. [109]

B.7.7 Proximity Effect and Eddy Currents

Another effect which increases the resistance of an antenna circuit above its DC value is
the proximity effect, which occurs in conductive tracks that are closely aligned to each
other.
The initial excitation current within the windings of an antenna can induce circulating
loops of electric current in the conductive tracks of neighbouring turns, which causes
the redistribution of current to be constrained to smaller regions on the side of the
nearby tracks. These loops of electric current are called eddy currents (also called
Foucault currents) and can significantly increase the AC resistance of adjacent
conductive tracks.
By Lenz’s law, an eddy current creates a magnetic field that opposes the time-varying
magnetic field that created it, and thus eddy currents react back on the source of the
changing magnetic field. [110, 111]

Proximity and skin effect losses in an antenna reduce the Q factor and broaden the
bandwidth.

B.7.8 Magnetic Field Strength (H-field)

An electric current element that flows through a conductor produces a magnetic field,
and thus a magnetic flux Φ. Magnetic flux is expressed as:
𝛷 =𝐵·𝐴
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(B.76)

where B is the magnetic flux density and A is the cross sectional area of the conductor.

The material relationship between flux density B and field strength H is given by the
equation:
𝐵 = 𝜇𝑜 𝜇𝑟 𝐻 = 𝜇𝐻

(B.77)

where µ = µ0µr (µ0 is the magnetic field constant (4π x 10-6 Vs/Am) describing the
permeability (magnetic conductivity) of a vacuum and the variable µr is the
relative permeability
H is the magnetic field strength (A/m)

A time-varying magnetic field in an antenna circuit (inductor) with several N windings
is capable of producing a flow of current through nearby conductor segments in the
same antenna. Each antenna winding contributes to the magnetic flux density B. The
current I flows through the N windings having the same area A. Each of the conduction
windings contributes the same proportion magnetic flux Φ to the total flux Ψ. [112]
𝛹 = ∑𝑁 𝛷𝑁 = 𝑁 · 𝛷 = 𝑁 · µ · 𝐻 · 𝐴

(B.78)

The inductance L of the antenna circuit is defined as the ratio of the total magnetic flux
linkage Ψ to the current I through the antenna.

𝐿=

𝛹
𝐼

=

𝑁·𝛷
𝐼

=

𝑁·µ·𝐻·𝐴
𝐼

(B.79)

where
N = number of turns
I = current
Ψ = magnetic flux

The inductance of an antenna conductor depends upon the material properties
(permeability) of the space through which the magnetic flux flows and the geometry of
the antenna. For an antenna with multiple windings, the inductance is greater as the
spacing between windings becomes smaller.
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B.7.9 Antenna Design Considerations and Inductance Calculation

The parameters which influence the resulting inductance, capacitance and resistance of
a rectangular planar antenna are as follows:


Active surface area of the antenna



Number of complete turns in the antenna (Na)



Power exponent on the number of turns to compensate for edge effects and
corner radii



Conductor conductivity (σ)



Conductor track length (l)



Conductor track thickness (t)



Conductor track width (w)



Conductor cross sectional area (t·w)



Edge-to-edge distance between conductors (g)



Frequency-correction parameter

These parameters are interrelated, influencing the resonance frequency and Q factor as
discussed below:
Number of turns (Na) – the length of the antenna (l) determines the resonance
frequency, i.e. by reducing the number of turns the resonance frequency
increases;
Outline dimensions of the antenna – the greater the outer dimensions of the
antenna in combination with increased number of turns, the greater the
inductance and the lower the resonance frequency;
Track thickness (t) – cross sectional area (t·w) of the track by the antenna length
(l) defines the series resistance;
Track width (w) – by narrowing the track width, the resistance increases;
Gap between tracks (g) – determines the inductance in combination with the
number of turns, i.e. by reducing the spacing between the windings, the
inductance increases while at the same time the parasitic capacitance increases;
By increasing the air gap between the windings, the dielectric on which the
antenna is formed also influences the capacitance;
By increasing the number of turns the Q factor increases with inductance, albeit
for low resistance circuits;
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Inductance Calculation

The total inductance of an N-turn planar antenna is the sum of self inductances and
mutual inductances. The mutual inductances result from the magnetic fields produced
by adjacent conductors, and it is a function of the length of the conductors and the
geometric mean distance between them.
𝐿𝑇 = 𝐿𝑜 + (𝑀+ − 𝑀− ) 𝜇𝐻

(B.80)

where
LT = Total inductance
Lo = Sum of the self inductances of each of the straight segments which form the
antenna
M+ = Sum of positive mutual inductances – current vectors in adjacent
conductors are in the same direction
M- = Sum of negative mutual inductances – current vectors in adjacent
conductors are in opposite directions

Estimation Method for Antenna Inductance and Resistance

Antenna Inductance Estimation

The geometry of a typical rectangular antenna having several windings is illustrated in
figure B.24. To estimate its inductance, a conversion to a single turn antenna is
proposed. [113, 114]

A cross section of the conductor is approximated with a circular cross-section of equal
area.
𝑡·𝑤

𝑑 = 2√

𝜋

where
d = equivalent circular conductor diameter (mm)
w = track width of conductor (mm)
t = thickness of conductor (µm)

- 201 -

(B.81)

Figure B.24: Layout of a planar rectangular antenna.

The average length aavg and the average width bavg of a single turn rectangular are
calculated from the difference between the outer (ao, bo) and inner dimensions (ai, bi) of
the multiple turn antenna.

Gebhart et al. use the square mean to calculate the average length aavg and the average
width bavg of a single turn rectangular loop antenna out of the maximum length ao and
the maximum width bo of the antenna depicted in figure 3.25. The gap between
conductor tracks is represented by g, the width of the track by w, and Na is the number
of turns. [113]
2

𝑎 +[𝑎 − 2𝑁
𝑎𝑎𝑣𝑔 = √ 𝑜 𝑜 2 𝑎
2

𝑏 +[𝑏 − 2𝑁
𝑏𝑎𝑣𝑔 = √ 𝑜 𝑜 2 𝑎

(𝑔+𝑤)]2

(𝑔+𝑤)]2

(B.82)

(B.83)

The inductance of the single turn equivalent antenna as shown in figure B.25 consists of
contributions for self-inductance L1 and L2 which depend on the conductor length and
magnetic constant µ0 (4π × 10−7 H·m−1).
𝐿1 =
𝐿2 =

𝜇0 𝑎𝑎𝑣𝑔
16𝜋
𝜇0 𝑏𝑎𝑣𝑔
16𝜋
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(B.84)
(B.85)

In the one-turn planar rectangular shape antenna, there are four sides. In this antenna,
the direction of current on each conductor segment is opposite with respect to the
currents on other segments. Therefore, there is no positive mutual inductance M+. [110]

Figure B.25: Equivalent one-turn planar rectangular antenna.

The mutual inductance M1 and M2 between all parallel conductor parts is given by:

𝑀1 =

𝑀2 =

𝜇0
2𝜋

𝜇0

[𝑎𝑎𝑣𝑔 · 𝑙𝑛 [

[𝑏𝑎𝑣𝑔 · 𝑙𝑛 [
2𝜋

2𝑎𝑎𝑣𝑔 𝑏𝑎𝑣𝑔

2
2 ]
] − 2𝑏𝑎𝑣𝑔 + √𝑎𝑎𝑣𝑔
+ 𝑏𝑎𝑣𝑔

(B.86)

2
2 ]
] − 2𝑎𝑎𝑣𝑔 + √𝑎𝑎𝑣𝑔
+ 𝑏𝑎𝑣𝑔

(B.87)

2 + 𝑏2 )
𝑑(𝑎𝑎𝑣𝑔 + √𝑎𝑎𝑣𝑔
𝑎𝑣𝑔

2𝑎𝑎𝑣𝑔 𝑏𝑎𝑣𝑔
2 + 𝑏2 )
𝑑(𝑏𝑎𝑣𝑔 + √𝑎𝑎𝑣𝑔
𝑎𝑣𝑔

To take into account the number of turns, this sum is multiplied by Na to the power of E.
E is a compensation exponent to take into account edge effects and the presence of a
jumper or connection bridge in an antenna layout for a standard ID-1 contactless card.
For example, E is set to 1.64 for the antenna design shown in figure H.1 of the
appendix. [113] For a laser etched module antenna to be described in figure B.30, this
factor will have to be redefined.
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The total inductance of the antenna is given by:
𝐿𝑇 = (2𝐿1 + 2𝐿2 + 2𝑀1 + 2𝑀2 )𝑁𝑎𝐸

(B.88)

Antenna Resistance Estimation

DC-resistance

The serial conductor DC-resistance for a planar loop antenna can be estimated by:

𝑅𝐷𝐶 =

2𝑁𝑎 (𝑎𝑜 + 𝑏𝑜 )− 2(𝑁𝑎 −1)(𝑤+𝑔)
𝜎·𝑡·𝑤·𝑓𝑎𝑐𝑡𝑜𝑟

(B.89)

where σ is the track conductance, e.g. 5.96 x 107 S m-1 for copper, and a factor can take
into account corner radii and production tolerances. This factor is set close to 0.9 x 10-3
for all dimensions in mm.

AC-resistance

When the skin depth is almost comparable to the radius (d) of the conductor, the
resistance can be obtained with a low frequency approximation. [109]

The low frequency approximation for the AC-resistance is given by:
2

𝑅𝐴𝐶 ≈ 𝑅𝐷𝐶 [1 +

(𝑑·10−3 ) ·𝑓𝜋𝜇0𝜎
4·48

]

(B.90)

where f is the operating frequency.

B.8 Function of a High Frequency RFID System

The main hardware components of an RFID identification or payment system are the
passive transponder or tag in the form of a smartcard (ID-1 card format) and the
contactless reader or point of sale (POS) terminal. It is a near-field communication
system that employs inductive (magnetic) coupling of the transponder to the reactive
energy circulating around the reader antenna. [115]
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In a typical communication sequence the reader emits a continuous radio frequency
(RF) carrier sine wave, which is a time-varying electromagnetic field in the ISM
frequency band of 13.56 MHz. This carrier signal serves as a source of power to the
transponder, carrier signal for return data and acts as a synchronized clock source. The
reader contains an RF module which acts as both a transmitter and receiver of RF
signals. When a transponder enters the electromagnetic field of the reader, within a
relatively short distance of < 10 cm, the transponder is wirelessly energized by the field.
After the transponder has received sufficient energy for activation, it modulates the
carrier signal according to its unique identifier (UID) number and the encrypted data
stored in its memory. This modulated carrier signal is resonated from the transponder to
the reader. The reader interrogates the modulated signal, decodes the data, and relays
the information to a host computer.

The transponder consists of an RFID chip galvanically connected to a closed loop
antenna which is routed around the perimeter edge of the smartcard body as shown in
figure B.26. When the transponder senses the time-varying electromagnetic field, a
voltage is induced in the antenna via inductive coupling, powering the chip for
operation.

Figure B.26: Contactless card in ID 1 format with a wire embedded antenna.

In the near field, the magnetic field strength generated by the reader through its antenna
coil decays with distance according to the relationship 1/r³, thus the intensity attenuates
rapidly as the inverse cube of the distance between the reader antenna coil and the
transponder antenna coil, a limiting factor in the read/write range of an NFC RFID
system. [115]
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The generated magnetic field B perpendicular to the plane of the reader antenna is an
attenuating carrier wave described by equation:

𝐵=

𝜇0 𝐼𝑁𝑎2
2𝑟 3

[Weber/m² or tesla]

(B.91)

where:
μ0 = Permeability of free space (4π x 10-7 H/m)
I = Current through the reader antenna
N = Number of turns in the antenna
a = Radius of the antenna
r = Perpendicular distance from the centre of the antenna

In this RFID system, the reader antenna is the primary coil of the transformer that
transfers voltage to the transponder antenna that acts as the secondary coil. The induced
voltage in the transponder antenna coil is given by:

𝑉 = −𝑁

𝑑𝛷
𝑑𝑡

(B.92)

where:
N = Number of turns in the transponder antenna coil
Φ = Total magnetic flux through the surface of the transponder antenna coil

The negative sign indicates that the induced voltage acts to oppose the magnetic flux
producing it.

The magnetic flux in (B.92) can be calculated as:

𝛷 = ∫ 𝐵. 𝑑𝑆

(B.93)

where:
B = Magnetic field generated by the reader
S = Surface area of the transponder antenna coil

If the transponder is receiving an RF signal from the reader with an operating frequency
of 13.56 MHz, then the transponder will be able to resonate the same signal back to the
reader if the transponder resonant circuit (antenna connected to the RFID chip) is tuned
−1

such that equation B.67 [2𝜋√𝐿𝐶𝑝 ] is equal or close to 13.56 MHz. [116]
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ISO/IEC 14443 proximity standard defines the communication protocol between a
reader (“proximity coupling device” = PCD) and a contactless smartcard (“proximity
integrated circuit card” = PICC), and describes the intentional de-tuning of the reader
antenna circuit by the transponder antenna circuit in proximity of each other. [113] It
defines the physical characteristics, the analog parameters such as the modulation and
coding schemes, the card activation sequences and the digital protocol.

B.9 Theoretical Background on Coupling Frames

In the above description of an RFID system, the transponder is an ID-1 smartcard
(85.60 mm x 53.98 mm) having a loop antenna which approximates the size of the outer
dimensions of the card (82.60 mm x 50.98 mm). The smartcard transponder has merely
a contactless interface and is primarily used for access control, ticketing in mass transit
and for secure identification. In payment smartcards, there is a requirement for a contact
and contactless interface, so-called dual interface cards, best achieved from a production
standpoint by using a transponder chip module (TCM) having contact pads on its front
face and a module antenna (MA) on its rear face in which the latter couples non
galvanically with an in-card booster coil antenna.

Figure B.27: Stack-up of a dual interface smartcard with booster antenna and
transponder chip module.
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A booster antenna as illustrated in figure B.27 is made up of insulated copper wire
ultrasonically embedded into a substrate layer in a card body, consisting of a perimeter
antenna, coupler coil and extension antenna.

The current investigation replaces the complex booster coil antenna with an inkjetprinted coupling frame (CF) as illustrated in figure B.28. The module antenna (MA) of
the transponder chip module (TCM) is laser etched to maximize power delivery to the
RFID chip at the frequency of operation (13.56 MHz). However, there is a trade-off
between maximizing power transfer to achieve a high Q-factor and bandwith of
operation to support communication data rates, discussed further in chapter 5.

Figure B.28: Inductive Coupling Frame - a discontinuous conductive layer with a slit or
slot, partially surrounding a transponder chip module, for passive near-field RFID
(13.56 MHz) that overcomes the metal shielding (Faraday cage) effect.

As a starting point, the properties of a low voltage CMOS RFID chip (NXP SmartMX2
P60D144PX30) need consideration. [117] The chip loading in a transponder chip module
is represented by an equivalent input capacitance CChip (69 pF) in parallel with a shunt
resistance RChip (1850 Ω). The module antenna of the TCM is represented by an RL‖C
resonant circuit consisting of inductance LMA and resistance RMA (antenna losses) in
series, and in parallel the parasitic capacitance CP-MA of the antenna. The wire bond
assembly of the RFID chip to the module antenna on the chip carrier tape may incur
additional losses, but these are considered negligible. Finally to mention is the metal
contact pads on the obverse side which upshift the resonance frequency (~1 MHz) while
reducing the activation distance. This phenomenon will need consideration when
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dealing with the effects of a coupling frame in close proximity to a TCM. The circuit
schematic of the transponder chip module is shown in figure B.29.

Figure B.29: Simplified equivalent circuit of a transponder chip module.

From previous work on the laser ablation of polymer materials at the National
University of Ireland, Galway (NUIG), the same laser machining tool, a nanosecond
Coherent AVIA Q switched diode pumped solid state (DPSS) laser operating at UV
(355 nm), was used to structure double sided copper clad (18 µm) glass epoxy tape. [118]
The experimental settings for the UV laser are provided in appendix C.

In a next step, prototype transponder chip modules were prepared with contact pads on
the obverse side of the flex-tape and an antenna coil with connection tracks on the
reverse side. Laser machining enables a significant reduction in the separation gap
between antenna tracks over conventional chemical etch technology, typically limited to
100 µm.

The module antenna design of the transponder chip module (with an overall footprint of
13.0 mm x 11.8 mm) was executed in such a way that the length (~510 mm), track
width (100 μm), track thickness (18 μm) and outer perimeter dimensions (12.6 mm x
11.4 mm) of the copper antenna on the glass epoxy chip carrier tape was identical to a
standard chemical etch circuit, while the dimensional spacing between windings was
significantly reduced (from 100 μm → 25 μm kerf) by application of laser etching the
antenna structure instead of chemically etching, requiring less antenna turns (14 →
11.25) to reach the same resonance frequency (~ 13.5 MHz). The reduced number of
antenna turns reduces inductance, while narrowing the spacing between tracks increases
inductance and parasitic capacitance. The reduced spacing (25 μm), narrower pitch
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between antenna tracks (from 200 μm → 125 μm), and a significant reduction in the
overall width of the module antenna (from 2.71 mm → 1.375 mm), results in more
antenna current driving the voltage limited RFID chip, demonstrated by the increased
activation distance of a stand-alone transponder chip module in the electromagnetic
field of a contactless reader (from 9 mm → 17 mm). To further boost the transponder
load modulation, a coupling frame is introduced into the circuit. Figure B.30 illustrates
a rear view of a transponder chip module having a laser etched module antenna routed
around it`s perimeter edges and connected to an RFID chip by gold wire bonds (23 μm).

Figure B.30: Laser etched module antenna with 11.25 turns wire bonded to an RFID
chip.

When the laser etched module antenna of the transponder chip module overlaps in close
proximity the edges of an opening in a coupling frame with slit, subjected to a timevarying electromagnetic field at ~ 13.56 MHz, the surface current density around the
edges creates a magnetic field, inductively coupling with the TCM.
Figure B.31 illustrates the schematic and equivalent RL‖C circuit diagram for a coupling
frame (CF) inductively coupled with the RL‖C circuit of a module antenna (MA)
connected to a RC chip circuit (CC) forming the transponder chip module (TCM),
taking into consideration the respective mutual inductance and capacitance. The entire
system is analogous to a discreet wire transformer with a primary coil (CF) sized similar
to the size of an ID-1 card (85.60 mm x 53.98 mm) and a secondary coil (MA) sized
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similar to that of a standard 8 contact pad chip module (13.0 mm x 11.8 mm), connected
to an RFID chip circuit (CC).

Figure B.31: System network of an inductively coupled transponder chip module and a
coupling frame.

The main role of the coupling frame is to act as a matching transformer, inductively
coupling the magnetic flux penetrating its relatively large area (~ 46 cm2) to the module
antenna via the opening and slit. The resulting circulating loops of eddy current
distribution has maximum at the free edges of the opening in the coupling frame.

From previous experiments, the characteristic resonance frequency of the coupling
frame circuit is high, in the low GHz region (~ 2.4 GHz), [119, 120] while the resonance
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frequency of the transponder chip module is set slightly below the carrier frequency
(~13.5 MHz).

For efficient energy transmission to the transponder chip module, the combined
resonance frequency of the coupling frame and the module antenna connected to the
RFID chip ought to be set close to or slightly higher than the carrier frequency of 13.56
MHz, preferably at ~14.1 MHz.

B.10 Concluding Remarks

The fundamentals of inkjet printing, ink properties, thin film characterization and an
ensemble of discrete components, such as electrodes, photodetectors, electrostatic
capacitors and antenna elements, have been theorized in this appending chapter. The
experimental section on the application of nanomaterials is discussed in chapters 2 to 5.

In chapters 2 and 3, conductive graphene and semiconductive MoS2 inks has been
formulated and characterized. Thin films of conductive lines of different width, length
and thickness were first investigated as a step towards the fabrication of conducting
electrodes and passive circuits.

Further in chapter 2, solution processed thin films of graphene and MoS2 were
fabricated into photodetectors.

Indium thin oxide (ITO) is the conductor of choice for most transparent conductive
electrodes, but silver nanowire networks as presented in chapter 3 has the potential to
replace ITO in select display applications.

A vertically stacked capacitive heterostructure was implemented in chapter 4 through
sequential deposition of conductive graphene and dielectric h-BN nanosheet networks.

In chapter 5, by switching the inkjet deposition technique and modifying the solvent
vehicle, the electrical properties of thin films have been modulated. In this final
experimental chapter an inkjet printed coupling frame in ISO card format was presented
with an opening to accept a transponder chip module (TCM) and a slit extending
therefrom to a card body edge. The underlying principle of operation is inductive
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coupling for near-field passive HF RFID at 13.56 MHz. A single loop coupling frame is
proposed as a substitute for a booster antenna (perimeter receiver antenna with coupler
coil) in a dual interface smartcard.
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Appendix C

Laser Description and Settings for Module Fabrication

C.1 Experimental set-up

Experiments on laser ablation of copper clad glass epoxy tape in super 35 mm format
were performed in a workstation that included a 7 Watt rated Coherent AVIA diodepumped, solid-state, Q-switched ultraviolet laser operating at a wavelength of 355 nm, a
beam delivery system comprising of two dichroic mirrors for deflection and a focusing
telecentric theta lens mounted on a galvanometer scanner, an imaging system for
monitoring the machine operation and a manual 2-axes translation stage with a stainless
steel platform to mount and hold the copper clad tape. The scanner delivers the laser
beam to the target, where the laser-copper interaction occurs. The laser settings are
outlined in table C.1.
Laser Type:

Coherent Avia 355 - 7000

Wavelength (λ) of the laser emission:

355 nm

Galvo:

Scanlab HurryScan

Lens focal length:

f = 100 mm

Repetition Rate (Q) =

90 kHz

Power =

4.5 W

Average pulse energy (Ep) =

~50 µJ

Pulse duration =

< 30 ns

Calculated 1/e2 spot size =

16.8 µm (D = 3.5mm, M2 = 1.3)

Gausian beam radius =

8.4 µm

Average Fluence =

22.6

J/cm2

Peak Fluence =

45.2

J/cm2

Effective kerf in 18μm Cu =

~25μm

% pulse overlap=

82.7 %

Scanning Speed =

0.39 m/s

No. passes =

4

Toolpath length [antenna 11.25 turns]

510 mm

Job time [0.510 m *4 passes@ 0.39 m/s]

5.23 seconds

Table C.1: Laser settings to structure 18 µm copper clad.
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A tape sample was placed on the adjustable stage, kept in position using a magnet, at
the focus length of the laser (134 mm from the metal rim of the telecentric theta lens
with f = 100 mm), where the irradiance is highest and the spot size is smallest defined
by the diameter of the propagating beam (25 µm).

The pattern of pulses, geometrical shapes, dimensions and spacing, number of passes,
and overlap are set in an external CNC program (Winlase) that drives the laser machine
operation. A typical program to ablate the antenna tracks into a tape sample commands
the opening of the laser shutter for an amount of time depending on the pulse repetition
rate and the number of passes or pulses required.

To compensate for thermal lensing in the AVIA DPSS laser, due to thermal expansion
of the neodymium doped vanadate medium (Nd:YVO4 crystal) affecting the refractive
index and shape of the crystal rod, the thermal track value for a given power setting
(% current for the laser diode in Amps) and repetition rate (kHz) was optimized using
an internal self-check program to maximize the output power of the laser.

During experimental work, the thermal track value for the respective power setting and
repetition rate (kHz) was manually adjusted on the laser controller front panel to its
optimum value. The fluence for each reading was measured with an Ophir laser
power/energy meter (model: DGX).
The peak fluence 0 (pulse energy per unit area [J/cm²]) was determined by the
relationship described by the equation, where Ep is the pulse energy and w the Gaussian
beam radius (w~8.4 µm) of the propagating laser beam.

0 

2E p

(C.01)

w 2

The irradiated antenna tracks were investigated by means of an optical microscope
(Olympus STM-MJS2), white-light interferometer (Zygo NewView 100 optical
profiler) and a scanning electron microscope (FEI Phenom SEM). [118]
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C.2 Results

In evaluating the resultant resonance frequency, the antenna design rules for chemicaletch and laser-etch production processes are compared in table C.2.

Module
Antenna
Parameters

Number of
turns:
Footprint
(mm):
Track width
(µm):
Track spacing
(μm):
Antenna length
(mm):
Width of
antenna (mm):
Loaded
Resonance
Frequency
(MHz):

Chemical
Etch
12 Turns

Chemical
Etch
13 turns

Chemical
Etch
14 turns

Laser
Etch
11.25
Turns

Chemical
Etch
12 Turns

12

13

14

11.25

12

12.6 x 11.4

12.6 x 11.4

12.6 x 11.4

12.6 x 11.4

12.6 x 11.4

100

100

100

100

80

100

100

100

25

80

435

470

496

510

455

2.3

2.5

2.7

1.5

1.84

14.6

14.0

13.5

13.4

13.3

Table C.2: Geometric parameters of various module antennas and their loaded
resonance frequency response.
An alternative approach to tuning the transponder chip module to the desired resonance
frequency (~13.5 MHz) is to connect a silicon capacitor in parallel with the chip. The
capacitor down shifts the frequency, allowing for a reduction in the number of turns.
For example, a capacitor with a value of 150 – 200 pF will require only 6 turns for the
circuit to resonate at 13.5 MHz.
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Appendix D

Extinction Coefficient

The extinction coefficient for graphene-based ink was determined as follows: A 100 ml
stock of graphene dispersion was prepared using an initial graphite concentration of 100
mg/ml. The dispersion was prepared by horn tip sonication at 50 % amplitude for 6
hours, pulsing the sonicator 9 seconds on, 9 seconds off. The dispersion was then settled
for several hours and the upper 80 ml was extracted by pipette. 1 g of fresh graphite and
90 ml fresh NMP was added and the sonication process repeated. The extraction, re-fill
and sonication steps were repeated a second time to yield approximately 240 ml of
dispersion. This was settled overnight and then centrifuged at 1500 rpm for 90 minutes
to remove large particles. The optical absorbance per unit length at 660 nm was
measured, A660nm/l.
Two 47 mm diameter alumina membranes (Whatman Anodisc) with pore size 20 nm
were weighed. Precisely measured volumes V of graphene dispersion were filtered
through each membrane. The membranes were rinsed with approximately 50 ml of IPA
and dried under warm vacuum oven overnight. The masses of the membranes with
deposited graphene were recorded and the net graphene mass per filter membrane, m,
was determined. This allowed the graphene concentration Cg to be determined from Cg
= m/V and the extinction coefficient 𝛼660 𝑛𝑚 =

𝐴660𝑛𝑚
𝐶𝑔 .𝑙

=

𝐴660𝑛𝑚 .𝑉
𝑙.𝑚

. The values from the

two measurements were within 2 % of each other and were averaged to give a mean
value of 4200 ml mg-1 m-1. [6]
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Appendix E

Lateral Size Measurements of Graphene Flakes
(Graphene in NMP_ 3500 RPM)

Sample
No.
001
002
003
004
005
006
007
008
009
010
011
012
013
014
015
016
017
018
019
020
021
022
023
024
025
026
027
028
029
030
031
032
033
034
035
036
037
038
039
040
041
042
043
044
045
046
047
048
049
050
051
052
053
054
055
056
057
058
059
060

TEM
Image
No.
46110
----------------------------46109
-------------46108
--------------46107
--

Magnification
X1000
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25

Length in
nm
SGN-18 Ink
199.733
121.633
247.500
140.367
193.000
81.867
41.767
143.200
81.700
182.900
152.100
248.200
107.367
37.200
143.533
113.033
59.900
203.567
264.367
65.367
154.200
199.267
173.067
91.533
144.500
133.767
61.400
81.600
89.900
451.320
176.680
122.880
96.360
157.480
161.440
158.320
80.560
547.400
209.200
131.280
139.680
201.280
99.720
133.160
146.960
214.960
428.560
102.840
99.880
67.880
237.720
374.120
126.000
183.680
92.200
89.120
230.200
99.000
73.040
135.920

Sample
No.
061
062
063
064
065
066
067
068
069
070
071
072
073
074
075
076
077
078
079
080
081
082
083
084
085
086
087
088
089
090
091
092
093
094
095
096
097
098
099
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
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TEM
Image
No.
-----------46106
-------------46105
-------------------------46104
---------

Magnification
X1000
25
25
25
25
25
25
25
25
25
25
25
30
30
30
30
30
30
30
30
30
30
30
30
30
30
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20

Length in
nm
SGN-18 Ink
236.720
83.360
511.760
450.920
102.360
173.880
126.560
122.600
143.760
167.640
185.960
164.900
150.067
314.333
179.433
105.367
181.167
114.233
157.033
136.500
74.900
90.067
35.100
126.767
205.367
49.150
96.200
85.500
208.450
346.850
253.650
162.450
331.250
309.050
247.650
112.100
124.100
118.900
85.100
53.050
114.800
166.700
108.100
59.550
147.000
372.050
195.100
313.350
188.950
95.450
125.350
191.450
98.400
73.150
146.700
138.900
212.300
155.700
167.500
238.850

Sample
No.
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180

TEM
Image
No.
-------------------------46103
------------------------------46102
----

Magnification
X1000
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20

Length in
nm
SGN-18 Ink
117.350
85.300
131.750
127.150
172.450
133.950
156.050
234.150
94.800
147.100
177.350
219.000
192.100
137.100
131.900
90.600
77.800
80.550
211.550
52.050
169.150
97.800
57.450
129.700
283.300
93.650
82.500
111.150
287.900
102.000
69.100
287.900
261.000
135.000
154.750
148.000
121.150
204.700
302.900
419.950
161.850
151.900
160.000
169.850
159.000
196.600
171.700
132.050
62.650
157.550
180.000
302.900
67.500
283.950
180.000
159.500
175.850
195.050
110.100
220.700

Sample
No.
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231
232
233
234
235
236
237
238
239
240
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TEM
Image
No.
-----------------------------------------46101
-------------------

Magnification
X1000
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20

Length in
nm
SGN-18 Ink
188.000
73.550
91.250
107.550
156.150
178.650
156.150
356.800
373.650
201.800
237.500
199.950
218.100
144.900
150.100
109.850
94.450
99.200
89.100
93.200
146.250
180.100
336.950
127.050
263.800
256.950
84.000
73.150
44.950
136.600
150.650
175.150
167.100
110.250
201.700
169.200
76.050
112.700
219.700
148.600
96.550
236.700
194.550
87.000
222.650
196.450
143.800
319.650
429.350
83.850
112.050
120.000
164.800
218.250
153.450
144.000
81.600
128.950
225.500
116.450

Sample
No.
241
242
243
244
245
246
247
248
249
250
251
252
253
254
255
256
257
258
259
260
261
262
263
264
265
266
267
268
269
270
271
272
273
274
275
276
277
278
279
280
281
282
283
284
285
286
287
288
289
290
291
292
293
294
295
296
297
298
299
300

TEM
Image
No.
--------------46100
--------46098
----------------------------46096
--------

Magnification
X1000
20
20
20
20
20
20
20
20
20
20
20
20
20
20
30
30
30
30
30
30
30
30
30
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20

Length in
nm
SGN-18 Ink
67.400
151.800
148.550
165.700
113.950
106.250
122.100
135.850
46.550
110.500
108.150
122.850
310.100
97.150
164.833
266.733
156.600
175.833
174.133
199.233
425.400
57.933
60.933
557.900
427.850
145.650
270.250
142.300
309.100
130.550
414.600
368.500
101.150
85.500
131.550
136.900
349.200
158.150
170.050
177.400
173.300
104.150
135.300
97.250
119.750
95.850
109.400
384.950
271.550
133.550
79.900
314.500
335.250
241.600
180.300
94.400
376.050
96.050
66.050
130.700

Sample
No.
301
302
303
304
305
306
307
308
309
310
311
312
313
314
315
316
317
318
319
320
321
322
323
324
325
326
327
328
329
330
331
332
333
334
335
336
337
338
339
340
341
342
343
344
345
346
347
348
349
350
351
352
353
354
355
356
357
358
359
360
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TEM
Image
No.
-----------46095
---------------------------------46094
---------------

Magnification
X1000
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15

Length in
nm
SGN-18 Ink
183.350
109.400
251.850
218.200
186.700
220.650
225.350
190.000
86.450
128.650
65.800
157.200
135.650
186.950
322.850
128.250
208.650
239.750
166.550
110.500
242.250
91.500
119.950
156.850
212.150
210.950
200.300
176.900
186.400
207.000
143.550
179.850
158.500
234.300
130.450
184.050
281.450
188.650
123.500
234.500
135.050
205.450
57.700
188.800
105.800
100.467
102.800
350.533
158.133
280.467
184.400
107.600
152.667
113.800
50.667
80.867
68.000
108.267
213.933
228.467

Sample
No.
361
362
363
364
365
366
367
368
369
370
371
372
373
374
375
376
377
378
379
380

TEM
Image
No.
-------------------

Magnification
X1000

46093

15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15

Length in
nm
SGN-18 Ink
226.467
95.000
92.067
1769.067
689.600
179.733
142.800
100.933
145.000
128.800
103.733
151.933
211.000
50.000
63.533
60.133
133.133
78.200
66.600
242.400

Sample
No.
381
382
383
384
385
386
387
388
389
390
391
392
393
394
395
396
397
398
399
400

TEM
Image
No.
---------------------

Magnification
X1000
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15

Length in
nm
SGN-18 Ink
266.133
80.067
340.933
126.000
242.800
248.933
238.200
189.733
404.267
160.067
125.267
241.333
79.133
252.733
90.733
135.467
254.000
171.200
120.267
162.667

Table E.1: Graphene flake size assessment from bright-field TEM images.
The above flake size data in table E.1 derived from TEM analysis as a function of the
sonication time and centrifugation rate (3500 rpm) is charted in figure 2.3.

Flake Size Statistics
Total number (N) of flakes analyzed: 400
Mean Length: 173.42211 nm
Standard Deviation: 121.54519 nm
Standard error (SE) of mean: 6.07726 nm
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Appendix F

Experimental Procedure Transmittance Maps

As discussed in the body of the thesis, the numerical output of the flatbed scanner was
calibrated by scanning a range of neutral density filters. The resultant calibration curve
for the series of ND filters was used to transform the output to represent transmittance
and absorbance.

The blue channel was chosen for data analysis due to minimum interference fringes
when analysing transmission values from the optical flatbed scanner. The measured
signal level was fitted against the measured optical transmittance (from the UV-Vis),
giving the calibration equation.

From TIFF image, the channels were separated in Image J, and the blue channel
retained for analysis. The TIFF was imported into OriginPro and converted to matrix
data.

Each matrix data point represents a spatial position of the optical scan. Knowing the
scan dpi (6400 dpi), this allows the x y coordinates to be converted into length units of
microns. The z coordinates of the matrix correspond to the measured transmitted
intensity, and these values were converted to %T using the previously derived
calibration curve.

Importing procedure to OriginPro


Split image into components with Image J, export and save blue channel as new
TIFF



Drag TIFF into OriginPro, Image->Convert to Data (generates new matrix of
signal data, 16 bit)



Make new matrix, set dimensions to match imported matrix



Copy paste data into new matrix (ensure data is in “double” format, conversion
of imported matrix doesn’t work!)



“Set values”: 4.2922E-6*cell(i,j)+1.6598E-10*cell(i,j)^2-0.01622



Need to set matrix dimensions in microns: Matrix -> Set Dimensions/Labels
– For 6400 dpi scan, pixel resolution P = 2520 pixels/cm = 0.2520
pixels/mm
– Map column to x and Map row to y from 0 according to
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– [X dimension/P]
– [Y dimension/P]
– This procedure sets the image size in real units according to the original
scan dpi
– Note: change the value of P according to selected scan dpi


Plot -> Image Profiles
– Gives xyz plot of the scan in terms of transmittance
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Appendix G

Electrical Characterization of Graphene Printed Patterns

Table G.1: Number of Print Passes (N) versus Sheet Resistance Rs (kΩ/□).
# of
Passes

N

R (k)

1
2
3
4
5
6
7
8
9
10
14
20
30

10

5

10

4

10

3

10

2

10

1

Four-Wire Resistance
Measurement (in k-Ohm)

Sheet
Resistance Rs
k-Ohm/Square

Line: 2 mm (w) x 20 mm (L)
R
44,700.0
350.0
121.0
76.5
53.7
40.0
31.7
27.4
22.7
19.7
14.2
10.3
7.2

R/□
4,470.00
35.00
12.10
7.65
5.37
4.00
3.17
2.74
2.27
1.97
1.42
1.03
0.72

-1

1

10

N
Figure G.1: Sheet resistance Rs as a function of the number of print passes “N” (proxy:
line thickness), line width (w) = 2 mm, line length (L) = 20 mm. (Fig. 2.16)

Comment: The dotted line represents the behaviour expected for a bulk Ohmic material.
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Table G.2: Resistance versus line length (L).
Length in
mm
L
10
20
30
40
50
60
70
80
90
100
110
120

Resistance Measurement
(in k-Ohm)
w =2 mm, N = 10 passes
R
9.2
21.2
30.5
41.5
49.8
60.1
67.1
77.3
86.8
97.6
108.2
117.7

2

R (k)

10

1

10

10

100

L (mm)

Figure G.2: Resistance of printed lines as a function of line length “L”, line width (w) =
2 mm, print passes (N) = 10. (Fig. 2.17)

Comment: The resistance scales with line length as expected for a bulk-like material.
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Table G.3: Resistance versus line width (w).
Width in
mm
w

R (k)

0.2
0.5
0.75
1
1.5
2
3
4
5
6
8
10
15
20

10

2

10

1

10

0

0,1

Resistance Measurement
(in k-Ohm)
L = 10 mm, N = 10 passes
R
80.4
35.2
23.6
17.7
12.7
9.6
6.2
4.9
3.9
3.3
2.4
1.9
1.4
1.0

1

10

w (mm)

Figure G.3: Resistance of printed lines as a function of line width “w”, line length (L) =
10 mm, printed passes (N) = 10. (Fig. 2.18)

Comment: The resistance scales with line width as expected for a bulk-like material.
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R (k)

Resistance of printed lines as a function of Lw-1t-1

10

5

10

4

10

3

10

2

10

1

10

0

R(N)
R (L)
R (w)

0,1

1
-1

10
-1

Lw N
𝐿

Figure G.4: Log log plot of R versus 𝑤𝑁 to the base 10. (Fig. 2.19)
Comment: Linear behaviour is expected for a bulk-like material as illustrated by the
dotted line.

Table G.4: Electrical conductivity versus line thickness (t).
Thickness
in nm

Conductivity Measurement
(in S m-1)

t
16.30769
48.92308
65.23077
32.61538
81.53846
97.84615
114.15385
130.46154
146.76923
163.07692
228.30769
326.15385
489.23077

13.71829
1689.27699
2003.94623
876.01078
2283.82699
2555.03145
2763.44095
2797.47969
3001.50537
3112.72867
3084.54501
2976.73567
2838.9233
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4000

 (S/m)

3000

2000

tmin=160 nm

1000

tc=30 nm
500
20

100

800

t (nm)
Figure G.5: Network conductivity (𝜎 = 𝐿(𝑅𝑤𝑡)−1) plotted as a function of line
thickness (t) (Fig. 2.20)

Comment: Above a threshold thickness, t min, the network conductivity is thickness
independent as expected for a bulk like material, whereas below t min, the network
conductivity is thickness dependent and is described by percolation theory shown in the
plot as a solid line and explained by the equation 𝜎 ∝ (𝑡 − 𝑡𝑐 )𝑛 with a percolation
exponent n = 0.32 and a percolation threshold tc = 30 nm representing the onset of
conductivity.
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Appendix H

ISO Card Antenna

H.1 General Description
A conventional transponder antenna used in banking cards (ISO 7810) for contactless
micropayment applications has 4 to 5 turns of insulated copper wire scribed around the
perimeter of the card body with the approximate dimensions of 50 mm by 80 mm. [121]
The diameter of the copper wire is typically 112 μm coated with an insulation layer and
with a spacing between turns of 100 μm. The length of the antenna is approximately 112
cm.

The wire ends of the antenna are usually connected to the RFID chip module
(leadframe) using the technique of thermo-compression bonding. The input capacitance
of the chip is 17 pF. The embedded chip in the card body communicates via its antenna
with a reader or terminal at an operating frequency of 13.56 MHz. [122-123]

H.2 Electrical Properties
The transponder antenna has an inductance of 3.5 μH, a DC coil resistance of less than 5
Ohm and a capacitance of 2 pF. The resonant frequency of the parallel circuit can be
calculated using the Thomson equation [13]: 𝑓 =

1
2𝜋√𝐿.𝐶

which equates to

approximately 60 MHz. The Q factor of the transponder circuit (antenna connected to
an RFID chip) is a measure of the voltage and current step-up at its resonant frequency
relative to its non-resonant frequency.
𝑄=

1
𝐶
1 𝐿
𝑅𝑤 √ + √
𝐿
𝑅𝐿 𝐶

(H.01)

where Rw is the DC resistance of the transponder antenna L, RL is the load resistance of
the chip and C is sum of the antenna parasitic capacitance in parallel with the input
capacitance of the chip.

When the transponder coil Rw has a very low resistance tending towards 0 Ohm, and
there is a high load resistance from the RFID chip RL » 0 (approx. 100 Ohm), then a
very high Q factor of 100 can be achieved. Depending on the type of RFID chip
(microcontroller or memory device), the current required to activate and interrogate the
chip is approximately 10 milli-ampere. [112]
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It is not feasible to produce an inkjet printed graphene antenna with the same electrical
performance as a copper antenna. The major stumbling block is the coil resistance. The
capacitance can be compensated for by increasing the thickness of the printed traces and
in particular by reducing the spacing between the turns. The inductance can be
compensated for by increasing the number of turns. In order to demonstrate passive
contactless communication, an RFID chip with low power consumption is required.
For experimental purposes an antenna bit map with 7 turns and a distance between turns
of 2 mm was prepared.

Figure H.1: Card body antenna with 7 turns.
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Appendix I

Interdigitated Graphene Electrode Array

An interdigitated graphene electrode array was printed on Teslin®. It is an uncoated,
white, porous, highly filled polyolefin film which can withstand 200 ºC for several
hours. The graphene electrodes were fabricated in a structure as shown in figure 2.21 of
chapter 2, having a finger width of 1 mm, electrode gap of 1 mm and electrode length of
20 mm. The graphene electrodes were made to an estimated thickness of 215 nm using
10 print passes with an ink at 1.5 mg/ml concentration.

A second ink based on exfoliated flakes of the inorganic semiconducting material MoS2
was prepared in analogous fashion to the graphene ink. The mean particle size of the
MoS2 flakes was estimated as 320 nm at a concentration of 1.5 mg/ml. The MoS2 ink
was printed within the gaps of the graphene electrodes, allowing a 100 µm overlap to
ensure complete filling of the gap and Ohmic contact with the graphene. The print
pattern for the MoS2 layer is shown in figure 2.22. The MoS2 was deposited to an
unknown thickness using 30 print passes. The complete MoS2 active channel on top of
the graphene electrodes is shown as an exploded view in figure I.1. This sandwich setup
was used to probe the photoconductive properties of exfoliated MoS2.

Figure I.1: Exploded diagram of photodetector with MoS2 filler.
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Appendix J
Data
Set

001
002
003
004
005
006
007
008
009
010
011
012
013
014
015
016
017
018
019
020
021
022
023
024
025
026
027
028
029
030
031
032
033
034
035
036
037
038
039
040
041
042
043
044
045
046
047
048
049
050
051
052
053
054
055
056
057
058
059
060

Zero
Bath
Sonication
Time
Length of
Ag NWs in
μm
5.5
11.9
7.9
7.8
5.8
8.4
8.6
4.6
1.8
5.3
11.0
6.8
7.0
16.8
8.0
7.0
9.6
7.3
7.2
5.8
13.0
11.1
4.3
3.7
3.4
2.9
11.1
8.4
8.5
6.6
6.5
11.7
9.6
12.9
5.4
15.1
15.8
13.0
9.8
7.1
4.9
4.8
6.2
7.9
8.8
7.7
4.7
6.1
7.3
3.7
9.8
16.4
5.5
6.3
7.7
4.6
6.8
5.6
9.0
8.0

Length Statistics of Seahsell Ag NWs ST626
60 Minutes
Bath
Sonication
Time
Length of
Ag NWs in
μm
4.8
3.6
4.6
1.8
2.7
2.4
3.2
3.1
4.5
4.3
3.0
6.6
5.1
3.7
2.3
5.7
4.2
4.9
2.1
4.6
2.1
3.6
5.3
4.3
1.7
3.3
1.8
2.3
3.4
2.0
1.7
3.4
7.0
3.2
2.9
3.3
2.2
2.1
2.7
4.7
2.9
7.3
2.0
2.7
6.7
5.0
7.8
5.3
6.0
1.6
1.8
1.6
4.3
1.7
1.2
2.4
2.5
5.0
4.0
3.8

180 Minutes
Bath
Sonication
Time
Length of
Ag NWs in
μm
2.6
3.8
1.5
3.0
2.6
2.0
1.8
2.2
1.9
2.2
0.9
3.3
1.9
2.1
1.6
2.5
1.6
0.7
2.3
2.1
2.0
2.2
2.5
0.8
3.0
2.1
2.5
1.4
1.1
1.4
2.1
2.9
3.0
2.0
1.4
3.9
1.3
2.0
1.6
1.3
1.3
1.0
2.8
1.2
2.8
3.5
2.0
1.8
2.5
5.9
3.9
2.9
1.5
2.0
2.6
1.7
2.0
1.9
1.2
1.5

Data
Set

061
062
063
064
065
066
067
068
069
070
071
072
073
074
075
076
077
078
079
080
081
082
083
084
085
086
087
088
089
090
091
092
093
094
095
096
097
098
099
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
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Zero
Bath
Sonication
Time
Length of
Ag NWs in
μm
9.9
10.2
5.6
8.0
8.6
4.5
4.6
9.9
12.7
8.4
7.9
9.2
2.1
0.9
12.6
12.2
12.2
14.2
18.8
16.0
7.6
10.6
6.5
4.6
2.1
10.0
12.4
6.4
6.8
6.0
3.8
3.8
7.2
8.4
8.5
7.9
15.2
8.0
6.4
8.7
4.5
5.4
5.5
8.8
7.0
11.8
----------------

60 Minutes
Bath
Sonication
Time
Length of
Ag NWs in
μm
2.1
4.8
4.9
2.0
3.4
3.2
3.2
4.2
2.4
2.5
3.1
3.5
0.7
7.7
2.1
2.7
2.9
4.0
4.8
5.0
2.4
8.3
3.1
4.2
2.3
2.6
3.7
3.4
2.8
4.1
2.6
1.8
3.5
6.4
2.7
3.5
2.7
3.1
4.5
1.6
1.8
2.7
6.5
4.5
5.6
1.1
5.6
8.2
1.0
3.0
2.9
5.1
3.6
1.5
7.0
2.8
------

180 Minutes
Bath
Sonication
Time
Length of
Ag NWs in
μm
1.1
1.4
1.3
1.1
1.0
2.5
2.2
2.3
2.3
2.4
2.1
4.6
2.2
1.7
1.3
3.8
1.9
3.6
3.4
3.4
2.0
1.8
2.5
1.5
1.4
1.4
2.0
1.9
1.9
1.4
4.0
3.0
1.9
1.9
2.6
1.5
1.8
4.0
2.3
5.0
4.1
3.1
1.8
1.4
2.5
2.7
2.6
1.2
1.1
1.9
5.1
2.4
1.7
0.8
2.1
1.4
1.3
1.8
1.3
1.6
2.6

Table J.1: Sonication induced scission: Distribution of the length of silver nanowires at
different time intervals.

Mean length
9

Mean length (m)

8
7
6
5
4
3
2
-20

0

20

40

60

80

100

120

140

160

180

200

Sonication time (min)

Figure J.1: The mean length of the nanowires as a function of sonication time.

Program ImageJ was used to measure the length of the silver nanowires from SEM
images before and after scission. The length of a number of nanowires was measured
and those measurements were statistically analysed with the results shown in table 3.1.

Figure 3.2 illustrates a similar plot with statistical data indicating that the mean length
of the nanowires as a function of sonication time follows a power law dependence.
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Appendix K

Thickness Measurements of Inkjet Printed Silver Nanowire
Networks

Table K.1 shows the average thickness for a number of networks prepared with different
numbers of print passes. The measured thickness clearly scales with N.

Inkjet
Printing
Date

Number
of Print
Passes

SEM Cross Sections
(Imaging Date: 27.05.2014)

10.04.2014

80

Sample 1.03 – 1.90 µm & 1.91 µm

Average
Thickness
of Ag NW
networks
2.32 µm

Sample 1.05 – 2.20 µm & 2.30 µm
Sample 1.06 – 2.36 µm & 2.48 µm
Sample 1.08 – 3.00 µm & 3.10 µm
Sample 1.11 – 2.05 µm & 1.76 µm
Sample 1.12 – 2.38 µm & 2.36 µm
07.05.2014

60

Sample 2.03 – 1.36 µm & 1.36 µm

1.42 µm

Sample 2.04 – 1.62 µm & 1.57 µm
Sample 2.05 – 1.19 µm & 1.10 µm
Sample 2.07 – 1.67 µm & 1.56 µm
Sample 2.08 – 1.40 µm & 1.41 µm
07.05.2014

50

Sample 3.02 – 1.02 µm & 0.986 µm

0.941 µm

Sample 3.04 – 0.760 µm & 0.839 µm
Sample 3.06 – 1.04 µm & 1.00 µm
07.05.2014

40

Measurements not attainable

07.05.2014

30

Sample 5.02 – 0.464 µm & 0.414 µm

0.437 µm

Sample 5.04 – 0.439 µm & 0.429 µm

Table K.1: Thickness measurements of Ag NW networks from SEM cross sectional
images.
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The scatter plot below illustrates the network thickness as a function of the number of
print passes N. Figure 3.6 in chapter 3 presents the mean thickness with the data fitted
by power law dependence.

3,0

Inkjet printed AgNWs

2,8
2,6
2,4

Thickness (m)

2,2
2,0
1,8
1,6
1,4
1,2
1,0
0,8
0,6
0,4
0,2
30

40

50

60

70

80

Number of passes (N)

Figure K.1: Scatter plot of network thickness as a function of N.
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Appendix L

Experimental Results from Ag NW Printed Patterns

Table L.1 provides an overview of the resistance values for the respective number of
print passes.
# of
Passes

Four or Two-Wire
Resistance Measurement

Four or Two-Wire
Resistance Measurement

N

Vertical line size: 2 mm (W) x 20
mm (L) - 10 Squares

Vertical line size: 2 mm (W) x 20
mm (L) - 10 Squares

Date: 03.9.2014
Intermediate drying after 14
passes in a vacuum oven for 30
minutes at 110 °C, followed by 2
hours of annealing at 110 °C

Date: 03.9.2014
Intermediate drying in a vacuum
oven after 14 passes for 30
minutes at 110 °C, followed by 2
hours of annealing at 110 °C

8

Ink Preparation Date: 28.07.2014
O/L

Ink Preparation Date: 28.07.2014
O/L

9

800 kΩ

400 kΩ

10

7.4 kΩ

450 kΩ

11

2.68 kΩ

1.86 kΩ

12

1.4 kΩ

1.24 kΩ

13

821 Ω

652 Ω

14

780 Ω

760 Ω

15

790 Ω

626 Ω

16

680 Ω

543 Ω

17

522 Ω

400 Ω

18

428 Ω

316 Ω

19

360 Ω

249 Ω

20

274 Ω

200 Ω

25

210 Ω

143 Ω

30

325 Ω

174 Ω

Table L.1: Inkjet passes versus resistance (R vs N) for an ink concentration of 0.85
mg/ml. (Fig. 3.12)
Settings: Ink temperature: 40 °C, Platen temperature: 40 °C and Firing voltage 20 V.
For measurement purposes, all lines were painted with silver paste electrodes after
annealing.
In a subsequent step as illustrated in table L.2, the resistance “R” was measured for
different lengths “L”, while keeping w and t constant. The table shows the sheet
resistance of inkjet printed traces on coated PET with a width of 2 mm at various
lengths from 5 mm to 40 mm after 20 print passes.
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Length in mm

Resistance

Resistance

Measurement

Measurement

2 mm wide, 20 passes

2 mm wide, 20 passes

5

52.4 Ω

61.0 Ω

10

100.0 Ω

100.0 Ω

20

176.8 Ω

181.5 Ω

25

234.2 Ω

221.5 Ω

30

261.5 Ω

265.3 Ω

35

319.4 Ω

294.9 Ω

40

484.5 Ω

594.0 Ω

Table L.2: Resistance versus line length (R vs L), 2 mm line width, 20 passes. (Fig. 3.14)

Table L.3 illustrate resistance data for different line widths.
Width in mm

Resistance Measurement

Resistance Measurement

RvW

7.5 mm length,

7.5 mm length,

20 passes

20 passes

Ink preparation date: 28.07.2014

Ink preparation date: 28.07.2014

200 µm

3.0 kΩ

5.5 kΩ

500 µm

302 Ω

414 Ω

750 µm

163 Ω

198 Ω

1.0 mm

88 Ω

113 Ω

1.5 mm

47 Ω

51 Ω

2.0 mm

35 Ω

34 Ω

3.0 mm

27 Ω

21 Ω

4.0 mm

24 Ω

17 Ω

5.0 mm

21 Ω

16 Ω

6.0 mm

17.7 Ω

13 Ω

8.0 mm

17 Ω

11 Ω

10.0 mm

17 Ω

10 Ω

15.0 mm

23 Ω

8Ω

20.0 mm

56 Ω

10 Ω

Table L.3: Resistance versus line width (R vs w) (02/09/2014). (Fig. 3.15)
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Appendix M

Experimental Results from Printed Capacitors

(Raw Data in OriginPro 9.0)

Table M.1: Capacitance as a function of thickness.

Thickness
in μm

Capacitance (F)
Area: 1 mm²

2.50
3.35
3.85
3.18
1.95
1.77
1.65
2.40
3.10
4.00

4.62 E-12
3.63 E-12
3.45 E-12
4.18 E-12
6.82 E-12
7.50 E-12
1.00 E-11
5.68 E-12
4.57 E-12
3.71 E-12

Figure M.1a: Absolute capacitance plotted as a function of the boron nitride thickness, t,
with area held constant at A = 1 mm2. (Fig. 4.12)
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Table M.2: Capacitance as a function of Area.

Area in
mm²

Capacitance (F)
Thickness: 4.15 μm

0.5
1.0
1.5
2.0
2.5

2.36 E-12
3.45 E-12
5.60 E-12
7.78 E-12
9.21 E-12

Figure M.1b: Absolute capacitance plotted as a function of area, A, with thickness held
constant at t = 4.15 m. (Fig. 4.13)
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Table M.3: Capacitance of all devices as a function of their ratio of area to thickness.
Column A
Capacitance

B
Thickness

C
Thickness

D
Area

E
Area

F
A/t

Farad

µm

mm²
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0

M²
Col(D)*1E-6
1 E-6
1 E-6
1 E-6
1 E-6
1 E-6
1 E-6
1 E-6
1 E-6
1 E-6
1 E-6

Col(E)/Col(C)
0.4
0.29851
0.25974
0.31447
0.51282
0.56497
0.66667
0.41667
0.32258
0.25

4.62 E-12
3.63 E-12
3.45 E-12
4.18 E-12
6.82 E-12
7.50 E-12
10.0 E-12
5.68 E-12
4.57 E-12
3.71 E-12

2.50
3.35
3.85
3.18
1.95
1.77
1.50
2.40
3.10
4.00

m
Col(B)*1E-6
2.50 E-6
3.35 E-6
3.85 E-6
3.18 E-6
1.95 E-6
1.77 E-6
1.50 E-6
2.40 E-6
3.10 E-6
4.00 E-6

2.36 E-12
3.45 E-12
5.60 E-12
7.78 E-12
9.21 E-12

4.15
4.15
4.15
4.15
4.15

4.15 E-6
4.15 E-6
4.15 E-6
4.15 E-6
4.15 E-6

0.5
1.0
1.5
2.0
2.5

5 E-7
1 E-6
1.5 E-6
2 E-6
2.5 E-6

0.12048
0.24096
0.36145
0.48193
0.60241

3.48 E-12
4.39 E-12
5.39 E-12
6.57 E-12

5.15
5.15
5.15
5.15

5.15E-6
5.15E-6
5.15E-6
5.15E-6

0.75
1.25
1.75
2.25

7.5 E-7
1.25 E-6
1.75 E-6
2.25 E-6

0.14563
0.24272
0.33981
0.43689

Figure M.1c: Absolute capacitance plotted as a function of the ratio of area to thickness,
A/t. (d) Relative permittivity of individual capacitors plotted versus A/t. (Fig. 4.14)
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Table M.4: Impedance data based on a dielectric thickness of 4.15 µm and a 2.5 mm²
electrode overlap area.
Frequency sweep from 1 MHz to 100 Hz

Angular
Frequency

Real

Imaginary

Modulus

Component

Component

|𝑍| 𝛺

𝜔 𝑟𝑎𝑑/𝑠𝑒𝑐

1 2
|𝑍| = √𝑅 2 + ( )
𝜔𝐶
(Col(C)^2+Col(B)^2)^(1/2)

6.2832 E6

82290

50560

96581.35276

4.9913 E6

98850

74180

123588.00468

3.9647 E6

112800

92790

146061.02868

3.1491 E6

125900

106700

165032.42106

2.5013 E6

132800

112000

173723.4584

1.9874 E6

136300

137500

193607.69613

1.5783 E6

141800

171600

222606.82829

1.2535 E6

141800

206800

250745.84742

9.9651 E5

131400

231400

266105.09202

7.9168 E5

133600

319100

345938.96861

6.2895 E5

139900

376200

401370.71393

4.9920 E5

146800

464600

487240.59765

3.9672 E5

150500

575100

594466.36574

3.1542 E5

161700

723900

741739.91399

2.5064 E5

179600

885000

903039.95482

1.9880 E5

216800

1.108 E6

1.12901 E6

1.5815 E5

212500

1.336 E6

1.35279 E6

1.2579 E5

299000

1.802 E6

1.82664 E6

9.9840 E4

249100

2.034 E6

2.0492 E6

7.9231 E4

189900

2.701 E6

2.70767 E6

6.3335 E4

434700

3.425 E6

3.45248 E6
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5.0366 E4

453900

4.264 E6

4.28809 E6

3.9760 E4

644300

5.212 E6

5.25167 E6

3.1516 E4

1.001 E6

6.269 E6

6.34841 E6

2.5032 E4

728000

8.188 E6

8.2203 E6

1.9924 E4

1.37 E6

9.857 E6

9.95175 E6

1.5884 E4

732600

1.281 E7

1.28309 E7

1.2416 E4

843500

1.631 E7

1.63318 E7

9.9149 E3

515300

2.278 E7

2.27858 E7

7.9545 E3

2.313 E6

2.5 E7

2.51068 E7

6.2725 E3

4.307 E6

3.296 E7

3.32402 E7

5.0071 E3

1.606 E7

4.134 E7

4.435 E7

3.9446 E3

1.902 E7

5.123 E7

5.46468 E7

3.1762 E3

2.177 E7

4.864 E7

5.32896 E7

2.5007 E3

4.034 E6

8.02 E7

8.03014 E7

1.9823 E3

457300

9.812 E7

9.81211 E7

1.5859 E3

5.0 E7

1.48 E8

1.56218 E8

1.2478 E3

3.83 E6

1.494 E8

1.49449 E8

9.9526 E2

1.336 E7

1.918 E8

1.92265 E8

7.8917 E2

1.15 E7

2.07 E8

2.07319 E8

6.3083 E2

1.336 E8

1.481 E8

1.99456 E8

The measured series resistance is a combination of the resistance of the graphene
deposited electrodes, junction resistance between the boron nitride dielectric and the
graphene electrodes, (pin-hole-shorts in the boron nitride) and the resistance between
the coated PET film and the capacitor circuit.
Note: the series resistance appears to change with frequency, but this could be due to the
flake morphology or the presence of NMP.

- 242 -

Table M.5: Phase plotted against angular frequency
Angular

Phase

Frequency
𝜔 𝑟𝑎𝑑/𝑠𝑒𝑐

Degrees

6.28 E+06

-21.5

4.99 E+06

-25.7

3.96 E+06

-28.5

3.15 E+06

-33.0

2.50 E+06

-33.3

1.99 E+06

-37.3

1.58 E+06

-40.8

1.25 E+06

-43.0

9.97 E+05

-51.5

7.92 E+05

-55.1

6.29 E+05

-64.2

4.99 E+05

-67.9

3.97 E+05

-72.1

3.15 E+05

-75.7

2.51 E+05

-77.9

1.99 E+05

-80.1

1.58 E+05

-83.1

1.26 E+05

-83.9

9.98 E+04

-84.9

7.92 E+04

-85.1

6.33 E+04

-86.9

5.04 E+04

-82.1

3.98 E+04

-88.7

3.15 E+04

-89.4

2.50 E+04

-87.9

1.99 E+04

-86.4

1.59 E+04

-85.8
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1.24 E+04

-88.2

9.91 E+03

-85.7

7.95 E+03

-85.0

6.27 E+03

-86.7

5.01 E+03

-88.5

3.94 E+03

-101.8

3.18 E+03

-87.7

2.50 E+03

-88.7

1.98 E+03

-85.6

1.59 E+03

-88.1

1.25 E+03

-85.5

9.95 E+02

-86.9

7.89 E+02

-86.4

6.31 E+02

-50.4

Figures M.2a and M.2b: Representative Bode plots for a typical RC series circuit: (a)
Impedance amplitude, |Z|, and (b) phase angle, , as a function of angular frequency, .
(Fig. 4.11)

The above plot uses a nonlinear, least-squares fitting routine applied to the measured
data, resulting in a curve fit of the Z modulus.
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Appendix N

Fabrication of High Frequency Planar Antennas

N.1 Check List of Critical Parameters in Fabricating Antennas

Deposition technique: Thermal inkjet printing
Type of metal ink: Dispersion of silver platelets at optimum concentration to avoid
nozzle clogging: 15 mg/ml
Solvent matrix: Aqueous solution, perhaps with a rheology modifier
Substrate: Temperature sensitive / coated PET
Print patterns: Rectangular loop antennas with different number of turns
Active surface area: Outer edge length “x” = 82.6 mm, Outer edge length “y” = 50.98
mm
Number of turns: 2-9 – relationship between the No. of turns and inductance

Figure N.1: A typical antenna coil for contactless smartcards having 5 turns.
Minimum gap between tracks to avoid electrical shorts: 600 µm track spacing
Track width: 1 mm
Average track thickness (t): 21.88 nm per print pass at a concentration of 15 mg/ml
(compared to 18 µm copper tracks as a benchmark)
Track edge definition: Avoidance of jagged edges – saw tooth effect
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Print runs: Number of print passes to achieve highly conductive tracks – required track
thickness
Dimensional consistency of printed tracks: Avoidance of misalignment – thickness and
width deviations
Printing speed: tbd
Printing resolution: tbd
Post processing step: Mild annealing at 110 °C, duration 4 hours, in a vacuum oven
Inductive coupling efficiency: Effected by conductivity, inductivity and parasitic
capacitance
Electrical characterization of printed antennas:
Inductance L in µH
Parasitic Capacitance Cp in pF
Resistance R (DC) in Ω
Complex Impedance |Z| in V/A
Resonance Frequency in MHz
Q Factor

From the RLC theory section in appendix B, impedance is defined as the total
opposition of an antenna to alternating current (AC) at a given frequency. Impedance
can be expressed in the rectangular coordinate form or in polar form, respectively given
as:
𝑍 = 𝑅 + 𝑗𝑋 = |𝑍|∠𝜃

(N.01)

where R is resistance, j is the imaginary quantity, X is reactance, |Z| is magnitude, and θ
is phase angle of impedance. The resistive losses of an inkjet printed antenna can
significantly influence the inductive coupling performance. The AC resistance of an
antenna increases with frequency due to the skin effect, causing magnetic field losses,
impairing the inductive coupling efficiency.
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N.2 Benchmarking against a Laser Etched Copper Antenna
No. of turns

DC Resistance
In Ω

2
3
4
5
6
7
8
9

0.6
0.8
1.1
1.3
1.5
1.8
1.9
2.1

Resonance
Frequency
in MHz
111
76
61
53
45
41
38
34

Conductor conductivity: 5.4945 x 107 Siemens/m (copper)

Figure N.2: A laser etched antenna structure in a copper foil having 5 turns with
supporting struts.

Using a VNA, a frequency sweep for the unloaded copper etched antennas was used to
identify the resonance frequency of the RL‖C circuits.
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N.3 Fabrication of Inkjet Printed Planar Antennas

The performance of inkjet printed antennas is dependent on track resistance, inductance
and parasitic capacitance. Inductance increases by reducing the gap between tracks or
increasing the number of turns, while the Q-factor increases by widening the track
width. Their shape, geometry and dimensions were selected for optimum operation
when laminated into a standard banking card (ISO 7810) for contactless payment.

For experimental purposes a range of antenna bit maps from 2 to 9 turns were prepared.

The effects on performance by changing the number of turns are investigated in this
study.

Geometrical Design

Rectangular planar antennas having 2 to 9 turns (Na) were designed for inkjet print
fabrication on coated PET substrates. In order to minimize electrical shorts between
adjacent tracks and to assure high values of inductance L, a minmum separation
distance (g) of 600 µm was chosen. A track width (w) of 1 mm was selected and the
average track thickness depended on the ink concentration and the number of print
passes.

Varying Antenna Parameters

The thickness of the antenna tracks can be controlled by changing the silver content of
the ink or the number of print passes.
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Figure N.3: Inkjet printed antenna coils having 5 turns varying the thickness of the
tracks as function of the number of print passes.

N.4 Experimental Results
All measurements were performed on an Agilent 8753 ET Network Analyser, set-up for
impedance analyzer mode.

An equivalent parallel resonant circuit consisting of lumped elements, inductance L,
resistance Rw and capacitance Cp, are extracted from the impedance scan. Inductance L is
measured at low frequency (1 MHz) out of the Im|Z| where capacitance can be neglected,
while the parasitic capacitance Cp is calculated from the self resonance frequency and
inductance.
𝑓𝑟𝑒𝑠 ≅

1

(N.02)

2𝜋√𝐿𝐶𝑝

𝐶𝑝 ≅

1
(2𝜋𝑓𝑟𝑒𝑠 )2 𝐿

(N.03)

Target unloaded self resonance frequency: ~60 MHz
Expected Typical values for a Planar Antenna: L = 0.3…3 µH, Cp = 3…30 pF, Rw =
0.1…8 Ω, Q = 10-20
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An alternative approach to RLC circuit interpretation is to use various capacitance
values (e.g. 47, 56, 68, 100 and 150 pF) to resonate each of the antennas under test at a
combination of different frequencies and using regression analysis to determine the
values of the circuit elements.

For an inductive coupling system at the ISM frequency band of 13.56 MHz, the
theoretical limit for data communication is < 3.52 m

𝑥𝑁𝐹𝐶 <

𝜆

=
2𝜋

𝑐

(N.04)

2𝜋𝑓

In general, the read/write range for a payment card is 4 cm, while access control cards
can be 10 cm.
The antenna dimensions are not comparable with the wavelength (22 meters) of the
operating frequency, therefore inefficient as a transmitting coil.
𝑓 · 𝜆 = 𝐶 = 3 · 108 𝑚/𝑠𝑒𝑐

(N.05)

where C is the speed of the electromagnetic waves or radio waves travelling at the speed
of light and λ is the wavelength, the distance a wave travels to complete one cycle.

Initial results at an ink concentration of 15 mg/ml and varying the number of print
passes
Sheet
Number

Number
of
Windings

1

2

3

2
3
4
5
6
7
8
9

Antenna DC Input
Resistance (Ω)
Ag NP C= 15 mg/ml
N = 30 Print Passes

Resonance Frequency
(MHz)

Removal of Deionized
Water:
50 °C for 24 hrs
No Annealing Conditions
263
405
425
590
606
625
179
204

Figure N.4: Inkjet printed antennas with 30 passes.
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>180
99
79
68
53
50
44
39

Sheet
Number

Number
of
Windings

1

2

3

2
3
4
5
6
7
8
9

Antenna DC Input
Resistance (Ω)
Ag NP C= 15 mg/ml
N = 40 Print Passes

Resonance Frequency
(MHz)

Removal of Deionized
Water:
50 °C for 24 hrs
No Annealing Conditions
130
186
240
208
237
274
116
126

>180
110
80
70
59
51
43
38

Figure N.5: Inkjet printed antennas with 40 passes.

Sheet
Number

Number
of
Windings

1

2

3

2
3
4
5
6
7
8
9

Antenna DC Input
Resistance (Ω)
Ag NP C= 15 mg/ml
N = 50 Print Passes

Resonance Frequency
(MHz)

Removal of Deionized
Water:
50 °C for 24 hrs
No Annealing Conditions
69
97
125
110
131
154
88
121

Figure N.6: Inkjet printed antennas with 50 passes.
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>180
110
83
69
57
50
44
38

Next Batch of Antennas which were annealed at 100 °C for 4 hours

Sheet
Number

Number
of
Windings

1

2

3

2
3
4
5
6
7
8
9

Antenna DC Input
Resistance (Ω)
Ag NP C= 15 mg/ml
N = 30 Print Passes

Resonance Frequency
(MHz)

Annealing Conditions:
100 °C for 4 hrs
52
68
89
165
175
206
140
149

>180
100
82
64
56
49
45
42

Figure N.7: Annealed inkjet printed antennas with 30 passes.

Sheet
Number

Number
of
Windings

1

2

3

2
3
4
5
6
7
8
9

Antenna DC Input
Resistance (Ω)
Ag NP C= 15 mg/ml
N = 40 Print Passes

Resonance Frequency
(MHz)

Annealing Conditions:
100 °C for 4 hrs
35
46
62
100
110
134
86
95

Figure N.8: Annealed inkjet printed antennas with 40 passes.
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>180
101
83
64
58
51
45
42

Sheet
Number

Number
of
Windings

1

2

3

2
3
4
5
6
7
8
9

Antenna DC Input
Resistance (Ω)
Ag NP C= 15 mg/ml
N = 50 Print Passes

Resonance Frequency
(MHz)

Annealing Conditions:
100 °C for 4 hrs
29
39
52
70
79
94
66
72

>180
100
83
64
56
49
45
42

Figure N.9: Annealed inkjet printed antennas with 50 passes.

N.5 Quality Factor and Bandwidth

Ideally, a Q-factor of 10-20 is desireable to maintain a system bandwidth that is broad
enough to capture the side lobes (subcarriers: 12.712 MHz (fc – fc/16) and 14.408 MHz
(fc + fc/16) around the carrier frequency (fc) of 13.56 MHz, and to support the
communication data rates in the range from 106 kbit/s to 848 kbit/s. The load
modulation is carried in the sidebands of the two subcarriers. [124] However, there is an
inherent trade-off between increasing the Q-factor to improve the read/write range of an
RFID system and maintaining bandwidth to avoid data clipping.
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Appendix O

Printed Fabrication of Coupling Frames

Figures O.1 and O.2 illustrate a printed coupling frame (85.60 mm x 53.98 mm) for a
dual interface smartcard having a 0.6 mm slit (non-conductive) extending from the left
edge of the coupling frame to a window opening (cut-out: 10.00 mm x 8.80 mm)
prepared for the mounting of a transponder chip module having the outer dimensions of
12.60 mm by 11.40 mm. The antenna (micro-coil) on the reverse side of the transponder
chip module overlaps the coupling frame by 1.3 mm around the area highlighted in grey
(2.60 mm perimeter rim).

Figure O.1: Layout of a coupling frame for an ISO standard DIF smartcard.

Figure O.2: Geometry of a coupling frame for an ISO standard DIF smartcard with
outer dimensions: 85.60 mm x 53.98 mm.
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Appendix P

LabVIEW Architecture

Data acquisition and graphical programming for measurement and automation was
developed using Virtual Instruments LabVIEW 6.1 (National Instruments VI) software.

Figure P.1: Position Settings of XY Scanner on user Front Panel.

Figure P.2: Screen shot of the LabVIEW Application to the GPIB Instrument.
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Appendix Q Extractions from Mathcad Worksheet for 2-D Inductive Magnetic
Field Profiles and Impedance Measurements

The calculation of magnetic field strength and impedance is accomplished using the
computational mathematics program Mathcad version 15. Below are the main Mathcad
code lines to draw results from calculations on electrical variables represented by
impedance data, frequency spectra curves, and magnetic field intensity plots.
The code was reproduced with permission of Professor Plamen Stamenov.

RF Scanner Vector Data Plotter
(Direct Recording Version, with Bidirectional Scanning)

Spectral Breadth
fmin := 8∙MHz
R := 75 ( x breadth)

fmax := 20∙MHz
C := 150 (y breadth)

S := 802 (number of steps)
(VNA convention 802 = 401 x 2 (Re & Im)

A
mV
Cal ∶= 60 216 HCAL ∶= 136.118m
V
(Field intensity calibration values)

n : = R∙C∙(S + 1) = 903375 ( step := 0.3333)
(Computes the number of data elements)

Input := READBIN(file, “float” ,1, 1, 0, n)
(Reading set-up index variables)

r : rows (Input) = 9033750

j ∶= 0. . R − 1

i = 1..401

k ∶= 0. . C − 1

f1 ≔ fmin + (fmax − fmin ) ∙ 2 ∙
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1 ∶=

1
S−1

S
−1
2

Extract(i):
for k ϵ o. . C − 1
for j ϵ 0. . R − 1

Xj,k ∶= step ∙ j

pj, k ← [Input (S+1)∙k+C∙(S+1)∙j+i if mod(2,2) = 0
Yj,k ∶= step ∙ k

=

[Input (S+1)∙(C−1−k)+C∙(S+1)∙j+i otherwise
return p

[

(String of binaries into matrices)

Data broken into real and imaginary separately
DataRe1 ≔ Extract(1 + 1)

selected := 186

DataIm1 ∶= Extract (1 + 1 +

S
)
2

fselected = 13.573∙MHz (adjustable set-point of frequency to investigate below)

max (

DataReselected
DataReselected
) − min (
)
max(DataReselected )
max(DataReselected )
= 0.407

CSj,k ∶=

k
k
Cal ∙ HCal
CSX j,k ∶= j CSYj,k ∶=
∙
∙
A
C−1
C−1
m

(max: (DataReselected ) − min(DataReselected )) +

Cal ∙ HCal
A
m

∙ min(DataReselected )

max (

DataImselected
DataImselected
) − min (
)
max(DataImselected )
max(DataImselected )
= 73.846

MR ∶=

DataRe0
∙ 255
max(DataRe0 )

MG ∶=

DataRe200
∙ 255
max(DataRe200 )

MB ∶=

DataRe400
∙ 255
max(DataRe400 )
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norm ∶
= max(max(DataRe1 ), max(DataRe200 ), max(DataRe400 ))
= 0.029
offset ∶
= min(min(DataRe1 ), min(DataRe200 ), min(DataRe400 ))
= − 0.09
Manipulation of fully indexable data relative to position – spatial slice and spectrum
NR ∶=

NG ∶=

DataRe200 − offset
∙ 255
norm − offset

NB ∶=

DataRe400 − offset
∙ 255
norm − offset

OR ∶=

OG ∶=

OB ∶=

DataRe0 − offset
∙ 25
norm − offset

DataRe0 − min(DataRe0 )
max(DataRe0 − min(DataRe0 ))
DataRe200 − min(DataRe200 )

max(DataRe200 − min(DataRe200 ))
DataRe400 − min(DataRe400 )
max(DataRe400 − min(DataRe400 ))

select = (

∙

∙ 255

∙ 255

33
) SpecRe1 = (DataRe1 )select0, select1
58
SpecIm1 = (DataIm1 )select0, select1

scR ∶= 3.4 scB ∶= 9.1 foc ∶= 0
DisR ∶
= submatrix(OutR, 0, rows(OutR)
− 1, foc, cols(OutR) − 1) DisB ∶
= submatrix(OutB, 0, rows(OutB)
− 1,0, cols(OutB) − 1 − foc)
(Computation of Mössbauer)
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L(x, x0 , Γ) ∶=

1
0.5 ∙ Γ
∙
π (x − x0 )2 + (0.5 ∙ Γ)2
(Define Lorentzian for speed of computation)

D(x, x0 , Γ) ∶= −

2 ∙ Γ ∙ (x − x0 )
Γ2
2 ∙ π ∙ [ 4 + (x − x0 ) ]

2

(Lorentzian derivative for linear fitting)

1
0
0
0
1
0
1
1
1
1
m0 ≔
m1 ∶= 1 m2 ∶= 1
1
1
1
1
1
1
0
0
1
(0)
(0)
(1)

−1
1
13.56
1
vg ∶=
13.00
1
1
( 0 )
Definition of linear fitting function
Fit(x, vp) ≔ vp0 ∙ L(x, vp2 , vp3 ) + vp1 ∙ D(x, vp4 , vp5 ) + vp6 + vp7 ∙ x
(Lorentzian + Derivative)

f
SpecRecorr
vr ∶= genfit (
,
, vg, fit)
MHz max(SpecRecorr )
(Executes the fit)

Fitted ∶= max(SpecRecorr ) ∙ Fit (

f
, vr ∙)
MHz

−2.475
4.914
14.68
3.866
vr =
13.559
1.854
0.653
(−0.033)
(Extract parameters)

- 259 -

CompL ∶= max(SpecRecorr ) ∙ Fit [

f
, ⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗
(vr ∙ m0 )]
MHz

CompD ∶= max(SpecRecorr ) ∙ Fit [
BkGND ∶= max(SpecRecorr ) ∙ Fit [

f
, ⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗
(vr ∙ m1 )]
MHz

f
, ⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗
(vr ∙ m2 )]
MHz

SpecReCorr ∶= SpecRe − SpecReQBkGND
SpecImCorr ∶= SpecIm − SpecImQBkGND

Frequency and Inductance Estimator

nH ∶= 10−9 ∙ H
(Definition of nano-henry unit of inductance)

fbase ∶= 13.56 MHz
(Chosen frequency of interest)

f(R, L, C) ≔
f0 (L, C) ≔

1 √C ∙ (L − C ∙ R2 )
∙
2π
C∙L

1
1
∙
2π √L ∙ C

R(1) ≔ 2.12

Ω
∙1
m

C ∶= 69 ∙ pF
(TCM Chip input capacitance)

L(1) ≔ −1.4µH + 4.1

nH
∙1
mm

1(n) ≔ 90 ∙ mm + 206 ∙ mm ∙ n
n(1) ≔

1 − 90 ∙ mm
206 ∙ mm

𝑎 ∶= 700
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Xr ∶= root (

f(R(a ∙ mm), L(a ∙ mm), C) − fbase
, a)
MHz

Ir ∶= xr ∙ mm = 0.828m nopt ∶= n(1r ) = 3.584
Lopt ∶= L(1r ) = 1.996µH
R opt ≔ R(1r ) = 1.756Ω
(Route finder)
3

110

lr

f0( L( x mm) C)

lr  828.366 mm

mm

M Hz

n opt  3.584

100

f ( R( x mm) L( x mm) C)

Lopt  1.996 H

M Hz
fbase

10

Ropt  1.756 

M Hz
1
0

3

110

500
x

Figure Q.1 Lossless RLC resonance model and lossy RLC resonance model for the
fitted parameters, with the optimal design parameters indicated in the legend.

ρ ∶= 1.68 ∙ 10−8 ∙ Ω ∙ m
d ∶= 1 ∙ mm
ρ
𝛿(f) ∶= √
π ∙ f ∙ µ0

δ(fbase ) = 17.715µm

η ∶= 0.55 2 ∙ η ∙ δ(fbase ) = 19.487µm

R δ (f, 1) ≔ ρ ∙

1
(2 ∙ η ∙ δ(f) ∙ d)

R eff ∶= R δ (fbase , 1r ) = 0.714Ω
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ReZ(ω, R, L, C) ∶=

ImZ(ω, R, L, C) ≔

C2

∙

L2

∙

ω4

+

C2

∙

R2

R
∙ ω2 − 2 ∙ C ∙ L ∙ ω2 + 1

C ∙ L2 ∙ ω3 − L ∙ ω + C ∙ R2 ∙ ω
C 2 ∙ L2 ∙ ω4 + C 2 ∙ R2 ∙ ω2 − 2 ∙ C ∙ L ∙ ω2 + 1

Figure Q.2: Impedance calculated based on the fitted parameters (actual) and the skindepth corrected RLC bulk-elements model (theoretical). The actual and theoretical
spectra virtually overlap each other, indicative of their close correspondence.
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Appendix R

Module Antenna and Coupling Frame Parameters

R.1 DIF 8 Contact Transponder Chip Module

Figure R.1: Full faceplate design of an 8 contact dual interface chip module (left
image) with an exemplary chemical etched module antenna layout on its reverse side
(right image).

Module Antenna Geometry
Electrodeposited Copper and Laser-defined Tracks
Number of Turns Na:
Outer dimensions (ao x bo) (mm):
Inner dimensions (ai x bi ) (mm):
Average length (aavg) (mm):
Average width (bavg) (mm):
Track thickness (t) (μm):
Track width (w) (μm):
Equivalent diameter (d) (μm):
Track spacing (g) (μm):
Overall length (l) (mm):
Antenna width (mm):
Compensation exponent (E):

11.25
12.60 x 11.40
9.725 x 8.65
11.28
10.09
18
100
47.87
25
510
1.5
1.7

Electrical Parameters
Measured Inductance LMA:
Equivalent Capacitance CP-MA:
Bulk Resistivity ρ:
DC-Resistance:
Reff @ 13.56 MHz:
Impedance:
Antenna Q-factor:
Unloaded resonance frequency:
Chip front-end capacitance:
Loaded resonance frequency:

2.41 μH
58 pF
1.68 x 10-8 Ω∙m
4.7 Ω
~ 14.1 Ω
14.1 + j200 Ω
~ 15
67 -77 MHz
69 pF
13.4 MHz

Magnetic constant µ0:

4π × 10−7 H·m−1

Table R.1: Antenna parameters of a laser etched transponder chip module.
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R.2 Metal Coupling Frame

Figure R.2: Copper coupling frame without and with an implanted TCM.

Metal (Copper) Coupling Frame Geometry
Outer dimensions (mm):
Metal Thickness (μm):
Slit length (mm):
Slit width (mm):
Module opening (mm):

85.6 x 53.98
18
10
0.3
9.5 x 8.5

Electrical Parameters
(Fitted Parameters)
Effective inductance LCF:
Effective parasitic capacitance CCF:
Bulk conductivity σ:
DC-Resistance:
Reff @ 13.56 MHz:
Effective impedance:
Peak response:
Q-factor:
Measured corner to corner
DC Resistance:

~0.26 nH
16.9 pF
5.96 x 107 S m-1
Ω
274 Ω
7.17 Ω
2.4 GHz
~
0.01 Ω

Table R.2: Antenna parameters of a metal coupling frame.
Note that the coupling frame can be modelled as a single-turn rectangular coil (LCF)
with an inductance of ~40 nH.
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R.3 Single loop Metal Coupling Frame

Figure R.3: Single loop coupling frame made of copper clad with a track width of 3
mm.

Figure R.4: Single loop coupling frame made of copper clad with a transponder chip
module implanted in the module opening around the area of the slit.

Single Loop Copper Clad Coupling Frame Antenna
Geometry
Outer dimensions (ao x bo) (mm):
Inner dimensions (ai x bi ) (mm):
Number of turns:
Track thickness (μm):
Track width (mm):
Length (mm):
Slit length (mm):
Slit width (mm):
Outer module size (mm):
Inner Module opening (mm):
Electrical Parameters
Bulk conductivity σ:
Measured End to End DC Resistance:

83.60 x 51.99
77.60 x 45.99
1
100
3
318
10.06
0.1
16.00 x 14.80
10.00 x 8.80
5.96 x 107 S m-1
0.1 Ω

Table R.3: Antenna parameters of a single loop copper clad coupling frame.
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R.4 Inkjet printed Single Loop Coupling Frame

Figure R.5: Inkjet printed single loop coupling frame without an implanted TCM,
having a track width of 3 mm.

Figure R.6: Inkjet printed single loop coupling frame with an implanted TCM.
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Inkjet Printed Single Loop Coupling Frame
Antenna
Geometry
Outer dimensions (ao x bo) (mm):
Inner dimensions (ai x bi ) (mm):
Number of turns:
No. print passes:
Silver ink concentration
Thickness per pass (nm):
Avg. layer thickness (μm):
Track width (mm):
Length (mm)
Slit length (mm):
Slit width (mm):
Outer module size (mm):
Inner Module opening (mm):
Electrical Parameters
Bulk conductivity σ:
Measured End to End DC Resistance:

85.0 x 53.4
79.0 x 47.4
1
18
40 mg/ml
~ 56
~1.0
3
318
10.06
0.6
16.0 x 14.8
10.0 x 8.8
2.66 x 106 S m11 Ω

Table R.4: Antenna parameters of an inkjet printed single loop coupling frame.

R.5 Measuring Chip Activation Distance – Contactless Reader Set-up

R.5.1 Instrumentation and Software Requirements


Deciphe-it RFID reader with ID-1 antenna (field strength: ~1.5 A/m at 7 cm)



Transponder polling software installed on PC.



Precision height gauge

Test Method


ID-1 Reader antenna attached to a precision height gauge to measure vertical
distance, with reader antenna parallel to test surface



Centre of DUT (coupling frame with transponder chip module) placed directly
under centre of reader antenna on a flat test surface



Starting with reader antenna in contact with DUT, antenna height is increased
with height gauge to test activation range of the DUT device



Polling software indicates successful activation with a green light on PC screen



Polling software indicates failed activation with red light on PC screen



The distance of maximum successful activation is seen as reader is moved further
from the DUT when the polling software indicator goes from green to red
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Polling Software/ Activation Indicator

Height Gauge

Test Surface for DUT

Reader Antenna

Figure R.7: Test set-up procedure for measuring activation distance.

Note: There may be activation dead zones within the maximum activation height of a
DUT. To distinguish between a possible activation dead zone and the maximum
activation distance, the reader antenna height is increased another 30 mm past a failed
(red) activation indicator to make sure a successful (green) indicator is not observed
again. This insures that it is not an activation dead zone, but the true maximum
activation range, before recording the final measured successful activation distance.

Activation Distance from a Reader Antenna using a Laser Etched TCM
Card Body Material

Technical Aspects

Read Distance

Solid Metal – Copper Layer (~46 cm²)

Card body size

(t): 18 μm

4.0 cm

Silver Printed - Entire Area (~46 cm²)

30 passes - 15 mg/ml

(t): 0.7 μm

3.0 cm

Silver Printed - Entire Area (~46 cm²)

40 passes - 15 mg/ml

(t): 0.9 μm

3.3 cm

Silver Printed - Entire Area (~46 cm²)

50 passes - 15 mg/ml

(t): 1.0 μm

3.5 cm

Copper Single Loop Frame

3 mm track

(t): 100 μm

4.0 cm

Printed Single Loop Frame

7 passes - 40 mg/ml

(t): 0.4 μm

2.0 cm

Printed Single Loop Frame

18 passes - 40 mg/ml

(t): 1.0 μm

3.2 cm

Table R.5: Activation distance of various coupling frame materials in the presence of an
overlapping transponder chip module.
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To be noted that the chip activation distance is also a function of the tolerance on the
chip capacitance, the field strength of the reader at different distances from the reader
antenna, the geometry of the reader antenna, and the electrical parameters of the
transponder chip module.
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Appendix S An Analysis of the Ink Rheological Properties and Characterization
Solvent

Boiling

Dynamic

Surface

Fluid

Characteristic

Inverse

Vehicle

Point

Viscosity

Tension

Density

dimension

Ohnesorge

η

γ

ρ

α

Number

at room

at room

at room

(nozzle

Z

temperature

temperature

temperature
-1

diameter)
-3

NMP

202 °C

1.77 mPa·s

40 mN∙m

1.05 g∙cm

22 μm

16.98

85:15

82.6 °C

4.6 mPa·s

28 mN∙m-1

0.80 g∙cm-3

22 μm

4.8

100 °C

0.89 mPa∙s

72.75 mN∙m-1

1.00 g∙cm-3

16 μm

38.33

IPA/DEG
mix
Deionised
Water

Table S.1: Overview of the rheometric measurements.
Stock

Optical

Extinction

UV-Vis-NIR

Ink

Mean

Raman

Dispersion

Absorbance

Coefficient

Spectrometry

Concentration

Lateral

Spectra of Inkjet

Measurements

α

Aλ/l

C

Flake

Printed

Size

Thin Films

200 nm –
1400 nm
Graphene/
NMP

Wavenumber

λ Peak at
660 nm

4,200
-1

-1

26,117.1m

-1

ml mg m

6.22 mg ml

-1

173.4 nm

D-band Peak: ~1350

diluted to

cm-1

-1

G-band centred at

1.55 mg ml

~1580 cm-1
2D-band Peak: ~2650
cm-1

MoS2/
NMP

λ Peak at
600 and 672 nm

3,400
-1

5,270.0 m-1

1.55 mg ml-1

320.0 nm

Bulk MoS2 with two

-1

ml mg m at

main modes:
-1

672 nm

E at ~383 cm
2g

-1

A at ~408 cm
1g

A mode downshifts
1g

-1

to ~403 cm for
single layers of MoS
h-BN/
IPA

λ Peak at
205 nm

847
-1

-1

423.5 m

0.50 mg ml

-1

450.0 nm

E at ~1364 cm
2g

-1

ml mg m

Table S2: Characterization of ink dispersions and Raman spectra of thin films.
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−1

Appendix T

Electrical Performance of the Conductive Thin Films

Patterned

Ink

Average

Onset of

Onset of

Bulk

Resistivity

Sheet

Thin Films

Concentration

Thickness

Percolation

Bulk

Conductivity

ρ

Resistance

of Nano-

Cink

per

at the

Conductivity

σ

materials

Print Pass

critical

at

on coated

N

thickness

tmin

PET
Graphene

Rs

tc
~1.55 mg/ml,

21.40 nm

30 nm

160 nm

3000 S∙m-1

3.33 x

370 Ω/□

-4

10 Ω∙m
at a

lateral flake

(N = 8 print

processing

size: ~173.4

passes)

temperature
of 60 °C,
without

after 45
print

nm

passes

Solvent:
NMP

thermal
annealing
Silver

0.85 mg/ml,

t(nm) =

28 nm

57 nm

1.95

-1

0.38N

nanowires

4.4 x 105 S∙
m

2.27 ×
10−6

18 Ω/□

Ω·m

±0.16

scales

(onset of

(N = 13 print

– 0.69% of

length of 2.2

with the

percolation

passes)

bulk silver

µm

square of

at 9 print

of 40 °C,

average

the

passes)

annealing

diameter of

number

55 nm,

of print

at a
processing
temperature

temperature

average

of 110 °C
in a
vacuum
oven for
2½ hours
Silver

after 20
print
passes

passes
Solvent:
85:15 ratio
mixture of
IPA to DEG
15 mg/ml

21.88 nm

80 nm

180 nm

2.66 x 106 S∙
-1

m

Platelets

3.76 x

0.53 Ω/□

-7

10 Ω∙m

at a curing

Solvent:

(N = 9 print

– 4.2% of

after 25

temperature

deionised

passes)

bulk silver

print

of 50°C,

water

passes

No
Annealing
Conditions

Table T.1: Overview of experimental results on the ink concentration and film thickness
for the pattern networks and the resultant electrical parameters.
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