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Abstract

The effects of viscosity and surface tension are well documented in the case of roll-to-roll slot die
systems. However their influence in combination with process parameters for batch scale coaters are
less often discussed. Lack of coating uniformity attained using a bespoke slot die coater at the CPI
National Printable Electronics Centre led to the requirement for an investigation to identify the

sources of error.

This project outlines a method used to determine the effects of material and process parameters on
coating quality without the requirement for modification of equipment. It also describes the
development of a series of versatile formulations containing polyethylene oxide that can be used to

mimic similar polymer formulations for cost-effective initial process development of new materials.

Various dilute polymer systems were developed whereby solids loading, viscosity and surface tension
were all fully controlled. Design of Experiments techniques were employed to determine relationships
between parameters and fluid properties. Chosen parameters included coating velocity, coating
acceleration, coating gap (gap between slot die lips and substrate), volume infuse (volume of material
initially infused) and flow infuse (flow rate of material initially infused). Their effects on coating
thickness and thickness uniformity were quantified for the bulk region of the coating, resulting in the

development of a statistical model to aid optimisation of parameters for new materials.

Surface tension had a minimal effect on coating thickness and uniformity during the screening study
so this was not included in the final model. Coating acceleration and flow infuse exhibited a
proportional relationship relating to coating thickness uniformity. Volume infuse did not have a
significant effect on coating thickness or uniformity. Particular focus was placed on viscosity and
coating velocity; in the case of this bespoke tool they were found to be inversely proportional in
relation to coating thickness and uniformity. They strongly influenced the flow rate and the resultant
coating thickness due to the effects of fluid resistance, though the wet coat thickness parameter was
held at a constant value. This suggested that the system does not work by a feedback loop to correct
the flow rate for fluid resistance and internal pressure effects. Regardless of this, an operating window
was found in which coating thickness and uniformity can be controlled for polymer solutions with a

range of viscosities.
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Glossary of Terms - English Alphabet
a = Acceleration

A = Area

Av = Mean thickness

B = Coating width

v,
- Flow rate of the pump

D = Distance between anode and cathode
E = Electric field

Ey = Amplitude of electric field

f = Frequency

F = Force

G' = Storage modulus

G'" = Loss modulus

GY = Plateau modulus

G, = Crossover modulus

h = Height

I = Slot area height (distance between downstream edge of manifold and slot exit)

J = Current density

k = Excinction coef ficient
K = Constant

L = Length

M = Mass

M, = Entanglement molecular weight
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M,, = Number average molecular weight

Mn,. = Calculated number average molecular weight

M, = Weight average molecular weight

Mw, = Calculated weight average molecular weight

Mwy = Weight average molecular weight of high molecular weight polymer
Mw; = Weight average molecular weight of low molecular weight polymer
n = Refractive index

N = Number Fraction

Ny = Number fraction of high molecular weight polymer
N, = Number fraction of low molecular weight polymer
p = Deflection path

PDI = Polydispersity index

r = Radius

R = Ideal gas constant

Rf = Fluid resistance

s = Shim thickness

S = Distance from the start of the coating

SD = Thickness standard deviation

T = Temperature

t =Time

H; = Dry coat thickness

H,, = Wet coat thickness

TABLE)/,7 = Results table, shear rate v.s.viscosity

TRUE = Find closest match
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U% = Uniformity

v = Velocity

v% = Volume percent of solids

V4 = Potential dif ference (between anode and cathode)
wt% = Weight percent of solids

x = Distance travelled by light

Glossary of Terms - Greek Alphabet

y = Strain

y = Shear rate

y, = Shear rate in lips

VYmin = Lowest experimental shear rate value
Ap = Change in pressure/Internal pressure
n = Viscosity

6 = Contact angle

A = Wavelength of light

p = Density

o = Surface tension

o, = Surface tension of the liquid

os = Surface free energy of the solid

o = Interfacial tension between liquid and solid
T = Shear stress

@ = Deflection angle
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1. Introduction

Thin-film coating is prominent in many technology areas; from wearable devices to supercapacitor
batteries to packaging medical products. A number of solution coating techniques are employed
depending on the application such as slot die coating, spin coating, inkjet printing and screen printing.
Slot die coating has the potential to become the most widely used wet coating technique for the
blanket coating of high performance materials, however the difficulty of developing a robust process
sometimes hinders its popularity growth. It requires an understanding of chemistry and engineering
to fully exploit its potential to produce highly uniform coatings. In addition to this many systems have
a large number of parameters to optimise that will interact with coating material properties to affect
coating quality. The referenced parameters include wet coat thickness, coating speed, coating

acceleration and coating gap, others will be described in detail in section 1.a.

In the field of printable electronics, coating thickness uniformity is particularly critical to the
fabrication of organic light-emitting diode (OLED) devices, an example of a simple device stack is
shown in Figure 1. The organic emitting and hole injection layers are deposited via solution processed
techniques, either spin coating or slot die coating. Spin coating applies thin coatings by dispensing ink
into the centre of the substrate and spinning at high speeds (500 — 3000 rpm) causing the material to
spread uniformly across the surface. Slot die coating incorporates a polished stainless steel head with
a slit of set width through the centre; fluid is fed through this gap at a controlled flow rate to form a
meniscus where it meets the substrate. The substrate is moved at a defined speed underneath the
head so that ink is dispensed across the plate. The indium tin-oxide (ITO) anode is commonly applied
via sputter coating techniques as described in Sivaji Reddy (2006)®. Thermal evaporation is the usual
method of deposition for the silver cathode, as detailed in Lv (2006)2. See appendix 4 for an example

set of processing steps.

Barrier e.g. Glass - 0.7 mm

Adhesive e.g. DELO glue

Cathode e.g. Silver — 100 nm

Organic emitting layer e.g. Polymer-based ink — 100 nm

Anode e.g. ITO - 100 nm

Substrate e.g. Glass — 0.7 mm

Figure 1: Schematic cross-section of an example OLED device structure
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When a voltage is applied to an OLED device electrons leave the cathode and positively charges ‘holes’
leave the anode, both moving towards one another. The HIL layer facilitates the movement of holes
towards the emissive layer. Electrons travel to the lowest unoccupied molecular orbital (LUMO) and
holes inhabit the highest occupied molecular orbital (HOMO), within the semiconducting emissive
layer; species recombine and photons are released.? The thickness of the emissive layer is critical due
to the mobility of the charged species; ideally recombination will occur in the centre of the emissive
region, thicker or thinner layers will result in species recombining towards an edge of the emissive

region. Usually 80 — 100 nm is ideal for solution processed emissive polymers.*

Low uniformity of the emitting layer and HIL will result in variable distances between the anode and
cathode across the device. Due to the proportional relationship of current density and luminance®,
Childs Law?® dictates that deviations in distance between the anode and cathode will cause light
variations i.e. bright and dark regions, making the device not fit for purpose. In addition to this, light
emitting polymers (LEPs) are expensive; ranging from £500 - £1500 per gram. The high cost of these

material often hinders the amount of process development that can occur.

Equation 1: Childs Law.

where:
e | = Current density
e V,; = Potential dif ference (between anode and cathode)
e D = Distance between anode and cathode

e K = Constant

Non-uniformity is often observed at the Printable Electronics platform of the Centre for Process
Innovation (CPI) where this project was carried out. The aim was to develop an understanding of how
material properties interact with process parameters to determine coating quality and uniformity. Slot
die coating is favoured for the blanket coating of a variety of polymer-based formulations due to the
vast variation in production scale, viscosity capabilities and wet coat thickness control. It also results
in low levels of waste and operates in a closed environment. The advantages and disadvantages of

slot die coating will be compared with other wet coating techniques in section 1.b.
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The equipment that was investigated is a batch slot die coater built into a bespoke Large Area Coating
Equipment (LACE) line, designed to produce OLED and OPV devices on a 4”, 6” and 8” scale. The
prototyping line comprises four modules each with a different function, see appendices 1 and 2 for an
overview of the system and a description of each unit. Wet coating is carried out in the ambient
module and the inert module. Processing in the ambient module is carried out in air under minimal
extraction; this is used for non-air sensitive materials and chemicals without inhalation risks, usually
water-based inks. The inert module has adequate extraction for use with hazardous solvents and is
fully sealed with a glass cover incorporating rubber gloves. It can be filled with nitrogen for use with
oxygen and moisture sensitive materials, however this was not necessary for this project. Substrates
are moved through the system using an automated robotics system and equipment can be operated
individually to allow for process development on specific tools. There is more detailed information

regarding the LACE line and its integrated coating equipment in appendices 2 and 3.

This project focussed on the solution processing of polymer materials by slot die coating. The LACE
slot die system is controlled by 24 parameters that, when optimised, should result in highly uniform
coatings i.e. coating thickness variation of less than 5% across a substrate, while affording very little

waste. For the purpose of this project, uniformity was defined as:

SD
U% =—x100
Av

Equation 2: Definition of uniformity
where:

o U% = Uniformity
e SD = Thickness Standard Deviation

e Av = Mean thickness

To put into context the challenges involved, the slot die coating process must be described in detail.
In the next section each parameter will be explained alongside an illustration and the parameter

ranges. In some cases the typical values have been stated.
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a. Mode of Operation and Description of Parameters

Slot die head housing

Slot die head

inlet tube

Height measuring

sensors

Shim

Manifold

Substrate

Park plate (standby position)

Figure 2: Simplified 3D CAD rendering of the LACE slot die system and labelled components.

Granite bed —incorporated vacuum

system to hold substrate in place
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Figure 3: Photographic image of the slot die coater

The system works by batch processing i.e. sheet-to-sheet coating. The fluid feeding system is
controlled by Harvard syringes which are attached to the inlet tube via approximately 500 mm of 3.3
mm internal diameter tubing. The volume required to fill the tubing and the head (known as the dead
volume) is 10 mL. The syringes and slot die head are controlled by the internal software. The granite
bed is flat to a tolerance of +2 um to ensure the substrate-die lips gap remains constant. The slot die
head lips and internal faces are polished flat, the mean roughness was measured to be Sa —28.9 nm
+ 0.9 nm, Sqg — 51.6 nm + 2.5 nm (see section 3.c.ii for description of roughness parameters); any
defects could drastically impact coating quality. The two slot die faces are separated by a shim which
defines the slot width that material flows through; this is critical to providing control over the fluid as
it is dispensed. Low viscosity materials require a thin shim e.g. 50 um to prevent material from ‘falling’
through the head. High viscosity materials require a thicker shim e.g. 150 um to keep pressure in the

system at a manageable level i.e. below 700 N/m?.

Each of the slot die parameters will be explained alongside a picture to show their relevance at each
stage of coating, Table 1. Parameters are input prior to coating and cannot be controlled during

processing.
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Stage | Diagram Operation/Description Parameter Range Units
There are two positions on the inert slot die
S - Slot die
and one on the ambient; the correct position of . 1or2 None
the head must be selected. For the ambient selection
module this is always 1.
A substrate of chosen size is placed in position
. . . . Substrate
on the slot die system and is held in place with . 460r8 Inches
§ vacuum. The system will not work if there is no | '€
=7
(1]
£ substrate in place i.e. vacuum is not achieved.
o
; The head lifts and the bed begins to move to
©
[J]
ﬂln \|// the left, sensors come down to touch the bed
:', and substrate; this detects the distance
[=T4]
§ between the slot die head housing and
substrate/granite bed. The red numbers signify Number of
. . . . | substrate
distance checks on the substrate which is 20r3 None
either carried out at 2 or 3 points. The blue measure
points

arrows represent distance checks on the bed;
the bed and substrate distances are used to
calculate the substrate thickness. Generally 2
points are measured for a 4 inch substrate, 3

for an 8 inch substrate.




Stage 1 — Bead formation

The bed moves the substrate so that the slot
die lips are situated near the start of the

substrate; a gap will be left between the edge

Coating

of the plate and the start of the coating. The 0-40 mm
border

gap is left at the start and end of the plate to

prevent material from spilling over the

substrate. This is usually set to 1 mm.

The head is moved so that the lips and

substrate are a controlled distance apart to aid
Coating

bead formation. Coating gaps larger than 200 0-4,000 | pum
priming gap

pm often result in a meniscus not being

formed.
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Material

bead volume | 0— ul

infuse 100,000
c The material syringe feeds formulation to the
)
B head to allow a bead to form between the die
£
S lips and the substrate.
= Material 0-
] L/min
@ bead flow | 150,000 | M
|
° infuse
oo
©
b

Coating start | 0—

. . . " . ms
The head will stay in this position for a defined delay 30,000
time.

[-T]
£
§ The head will move to the defined coating gap
o Coatinggap | 0-4,000 | um
~ as it starts moving.
()
[-T4]
©
b
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Stage 2 - Coating

Coating 1-30 mm/s
velocity
The bed will move and accelerate at the set
speed and rate.
Coating
acceleration | 1450 mm/s?
Pump start
offset
0-2,000 | ms
The material pump can start as soon as the bed
begins to move, or after a defined
time/distance.
Coating
material 0-50 mm
pump start
offset
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Stage 2 - Coating

The width of the coating is defined by the width
of the shim; there is usually a small gap at the | Coating 100, 150
top and bottom of the coating i.e. ¥1 mm to | width or 200 m
prevent material from spilling over the edge.
The amount of material to be deposited (i.e.
wet coat thickness) is set and the flow rate is | Coating film
0-400 Km

adjusted automatically by the syringe control | thickness
units.

Coating
The material pump can be stopped a defined material
distance before the end of the plate to reduce pump stop 0-50 mm
the amount of material left at the end of the offset
plate.
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Stage 3 - Lifting the head

Slot die take- Oor1 None
off mode

The head may begin lifting before the end of

the coating (0 or 1 i.e. off or on), the distance

before the end of the plate is defined.
Take-off
offset 0-50 mm
Material

0- ul

bead volume 100,000
withdraw

Any leftover material can be drawn back into

the head, the volume and flow rate are

defined.
Material
bead flow | 9~ )

pL/min

withdraw 150,000
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Stage 4 - Standby

Once the head has lifted it will return to the
10-
standby (park) position with the lips a defined | Standby gap pm
4,000
distance from the park plate.
Standby 0- ul
bead volume | 100,000
A bead is formed between the lips and park
plate to ensure the lips stay wet, volume and
flow rate of infused material is defined.
Standby 0-
bead flow | 150,000 | HL/Min
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Once the bead has formed material will be fed

through the head at a defined rate. This

prevents formulations from drying and the

head from becoming blocked.

Stage 4 - Standby

L

Standby
material

flow

0-
150,000

puL/min

Table 1: Mode of action of the LACE slot die coater and description of parameters.

To evaluate the benefits of slot die it must be compared with other techniques. A number of techniques ranging in scale will be discussed in the next section.
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b. Comparison With Other Coating Techniques

Spin coating is a common technique in the field of thin-film research as it produces highly uniform
coatings and process development is minimal. It works by placing a substrate on a vacuum chuck;

material is dispensed in the centre of the substrate and it is spun at a high speed, usually 500 — 3000

rpm, to allow spreading across the substrate.

Lid is closed once fluid is
dispensed to contain material

while coating is in progress

Arm moves to an area above and
in the centre of the substrate to

dispense coating media

Vacuum chuck holds substrate using
vacuum and spins at a defined
speed causing the material to

spread across the substrate

Figure 4: Image describing the spin coating process

Spin coating is ideal for small scale research. When attempting to upscale processes the excessive level
of wastage becomes apparent; up to 95% of the coated fluid is spun off and washed away, making this
method commercially unviable at an industrial scale. It is also not possible to integrate spin coating
with a roll-2-roll system which is possible for many other coating techniques.’” Spin coating is only
suitable for Newtonian fluids; the shear rate gradient across the plate results in low uniformity for

non-Newtonian fluids, Figure 5.

b
a = Low shear region
b a b b = High shear
b

Figure 5: Shear gradient across a substrate during spin coating



Inkjet printing is an additive manufacturing process that works by applying a ‘drop-on-demand’ using

a piezoelectric element to afford a high level of control over fluids, Figure 62.

Piezoelectric A charge is applied to the piezoelectric element
Ink
element causing it to change shape. This causes ink to be

Print  drawn from the main chamber and a meniscus

/ nozzle Will form at the print nozzle.

¥'

/

Ink

————

M

\
\
\

droplet \
The applied electrical charge
Meniscus
is inverted causing an ink

droplet to be dispensed. Once

Ink from main
a droplet has been printed the

chamber
piezoelectric element will

return to its original shape.
Figure 6: Inkjet printing droplet formation and deposition

The coffee-ring effect (see section 3.b.i) is often observed during inkjet printing due to the small
amount of material that is being deposited i.e. a few picolitres. Suitable inks are usually <14 mPa.s and
systems cannot process high molecular weight polymers (> 50,000 g/mol) making the formulation
processing range quite small. Inkjet printing is an additive manufacturing process resulting in little to
no waste and new materials can be trialled in very small volumes i.e. a few millilitres. This technique
is a digital process allowing for complicated designs to be coated without the need for lithographic
patterning. It can be used to coat large areas as multiple print heads can be incorporated on a batch
or roll-to-roll scale. However thickness of coatings can only be controlled by modifying the

concentration of the active material; reformulation can be a lengthy process.
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Aerosol jet printing is another method that requires the use of a nozzle. It works by atomising inks

into femtoliter sized drops which are passed through the head to meet argon sheath gas. The mist is

focussed into a thin beam by the high flow rate gas for deposition onto the substrate, Figure 7.°

Gasin —————»

Figure 7: Aerosol jet printing process

Dense aerosol

Sheath
gas in

8

s MMNANE

Focused beam
to <10 um

Substrate

Unlike inkjet printing, viscosity is not a limiting factor as viscous materials (up to 1000 mPa.s) can be

atomised using pneumatics or ultrasonics to overcome the viscosity, allowing the material to pass

through the print head. However this can destabilise formulations and, in the case of particulate

dispersions, cause particles to break apart. Aerosol jet printing can be upscaled and used for blanket

coating by incorporating multiple print heads into a system, though generally is it preferred for

patterned printing. The process affords very little waste and is not affected by the coffee-ring effect

to the same degree as inkjet printing. However, as with inkjet printing, coating thickness can only be

controlled by modulating the concentration of the active material.
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A common batch and roll-to-roll production process in the printing industry is screen printing. The
setup comprises a screen which incorporates a pattern to be printed in the form of a porous mesh;
the area around the pattern is not porous so that ink cannot pass through. Ink is dispensed at the start
of the coating and a squeegee is drawn across the screen while applying a pressure. Screen printing
inks must be of high viscosity (1,000 — 40,000 mPa.s) with an extremely pseudoplastic profile i.e. the
ink dramatically reduces in viscosity when shear stress is applied with a gradually recovering viscosity
once the stress is no longer applied. Due this rheological phenomenon the ink is able to sit on top of
the screen before the process begins, once pressure is applied the viscosity of the ink dramatically
reduces and it passes through the pores of the mesh onto the substrate to create a printed pattern.®
The slow recovery time allows the ink to level-out after it has been forced through the mesh before
being dried or cured, leaving a uniform coating without residual mesh marks. Continuous processes
work by the same principle.

Squeegee Screen —

patterned
mesh area

Screen— area without

l patterned mesh

]'Il Substrate

Dispensed ink

Figure 8: Screen printing process

This process can be used for small quantities of fluid as well as being upscaled to rotary printing
systems without the hindrance of large amounts of wastage. It also offers the ability to apply inks to
a variety of substrates such as paper, metals and fabrics. The main disadvantage however is the
requirement for fluids with a specific rheological profile. The rheological nature of screen printing inks
also results in high dry coat thicknesses after one pass i.e. >5 pum making it unsuitable for many thin

film applications including OLED emissive layer processing.
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Other rotary printing techniques include flexographic and gravure printing which work by transferring
ink to a reel of substrate using patterned rollers. In flexographic printing the ink is picked up by the
anilox roller and is metered by the blade i.e. excess ink is removed. The anilox roller will be selected
depending on the desired thickness of the final coating, this translates to a defined volume of ink per
meter squared being uniformly transferred onto the photopolymer plate. The photopolymer plate
comprises a thick polymer sheet wrapped around a cylinder. The polymer sheets are patterned by
etching the area outside of the design i.e. the print pattern is raised ~1 mm above the non-patterned
area. The ink transfers to the patterned areas and is subsequently printed onto the substrate. A set
pressure is applied using the impression cylinder to ensure sufficient contact between the

photopolymer plate and substrate.!

Photopolymer

plate
Impression

cylinder

Plate cylinder

Anilox roller

Blade

Ink reservoir

Face of substrate

Figure 9: Flexographic printing process!?

Gravure printing uses two rollers; a printing cylinder and impression cylinder. As with flexographic
printing the impression cylinder is used to achieve a set pressure between the printing cylinder and
the substrate. The printing cylinder is a metal roller that has been engraved with the pattern, the
depth of the engraving dictates the coating thickness onto the substrate. The printing cylinder
essentially has the same role as the anilox roller and photopolymer plate in flexographic printing. The
blade is used to remove excess material on the roller so that only the engraved areas contain ink,

affording neat and uniform coatings; this is known as an intaglio process.!?
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Impression
cylinder

Blade

Patterned
printing cylinder

Ink reservoir

Figure 10: Gravure printing process 14

Flexographic printing allows more flexibility and the photopolymer plates are cheaper to produce than

gravure printing cylinders. Gravure printing is favoured for longer runs.

Flexographic and gravure printing are heavily used in the manufacturing industry due to their high
speed production processes. They do however require large amounts of material (>2 litres) making
them unsuitable for lab scale research using expensive materials. Material is recirculated preventing
large amounts of waste but this introduces further problems such as solvent evaporation and ink
contamination. The solvent evaporation is commonly counteracted by the addition of further base
solvent, but this may introduce dispersion instability into the formulation. The wet coat thickness of
flexo/gravure printed inks can be controlled by choosing the correct setup i.e. volume anilox and
printing multiple times.® Flexographic and gravure printing are highly dependent on the material
properties of the ink; low viscosity can result in material falling off the rollers and the surface energies

of ink and substrate have to be carefully tuned.?®
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Slot die coating has a number of advantages over the described techniques, one being the low level
of waste. Slot die coating results in less than 10% wastage of material; this is due to the precise delivery
of fluid during coating. This coating technique is not without its limits; dewetting and the coffee
staining effect can become apparent during coating but this is often minimised using a more
appropriate solvent system; this will be further explained in section 3.b.i. Slot die coating is limited to
blanket coating, striped coating (using a striped shim to dictate where fluid flows) or patch coating
(stopping and starting the fluid flow). However it allows for the coating of most common fluids without
complex formulation work being required to attain a specific rheological profile. This technique
operates within a closed system and fresh material is fed through as required preventing
contamination. Modulation of coating thickness is simply controlled by changing the wet coat
thickness parameter in the software. Some systems do not allow the wet coat thickness to be input
but it can be controlled using flow rate and coating speed settings. In summary, slot die coating is the

most suitable process for the blanket coating of polymer materials with a wide range of properties.*’
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¢. Mechanics of Slot-Die Coating

It is important to understand the forces acting during slot die coating to allow for identification of
potential sources of error. The initial force encountered by the fluid is the maximum shear rate created

in the pipes during fluid delivery®;

Equation 3: Shear rate in pipes

where:

e y = Shear rate

. % = Flow rate of the pump

e 1 = Radius

The shear rate is an important force to calculate as this can be used in conjunction with rheological

characterisation to understand the viscosity changes of a fluid as it is travelling through the system.

When the material reaches the slot die head, there will be a build-up of internal pressure which is
influenced by the viscosity of the fluid. A suitable shim thickness must be selected to prevent an

unmanageable pressure being created in the head i.e. high viscosities will require a thick shim;

1271 (L
()

Ap =
p s3B

Equation 4: Internal pressure

where:

e Ap = Change in pressure

e 1 = Viscosity

o [ = Slot area height (distance between downstream edge of manifold and slot exit)
e s = Shimthickness

e B = Coating width

Page 37 of 186



The fluid will then be forced through the lips in three stages; during infuse, during coating and back

into the slot die head during withdraw;
dy,
hatd 22
_ (@)
V= s2(B +s)
Equation 5: Shear rate in head

The flow rate is a value input to the software during infuse and withdraw stages. The flow rate during

coating is calculated using;

v,
E:thw

Equation 6: Flow rate

where:
o v ="Velocity

e t,, =Wetcoat thickness

All equations are critical to understanding the fluid dynamics of slot die coating, they will be related

to coating success and uniformity at various stages in this project.
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d. Industrial Applications of Slot-Die Coating

Slot die coating is used for the blanket, striped or patch coating of an increasing number of high

performance materials in academic research and in industry.
i. Large Area Lighting and Display Technology

OLED polymers are complex molecules that require a large number of steps to synthesise; this is
reflected in the cost which is usually in the region of £500 — £1,500 per gram (at the time of writing).
Spin coating of an 8” plate requires 12-15 mL, slot die coating requires <1 mL. Consider a 2 wt%
formulation of a green emitting polymer, costing £600 per gram, in a solvent (cost of the solvent is
negligible compared to the polymer); spin coating this formulation would cost £144 - £180 per plate,
slot die coating would cost <€£12 per plate. The low level of waste during slot die coating and the
potential for upscale makes this process desirable for the wet coating of these materials. Collaborative
UK R&D projects, such as the High Performance Lighting Project, are using slot die coating to reduce
the cost of producing high performance OLED lighting using polymer active materials. This three year
project involved Cambridge Display Technology (a polymer manufacturer), Tridonic (a provider of

lighting management solutions), Pilkington (a glass manufacturer) and Durham University.?

PEDOT: PSS is commonly used as a hole injection layer; 1 kg of formulated ink usually costs £500 —
£1,000. Plextronics are developing ways to reduce the cost of production of their OLED devices via slot

die coating for the processing of PEDOT: PSS.%

Choi et al (2015)*! processed the hole injection and hole transport layers of their OLED stack via slot
die coating and used coating thickness, roughness and uniformity to assess coating quality. They
utilised methods such as substrate heating, addition of surfactant and variation of coating speed to
improve coating quality. They found that the performance of OLEDs produced via slot die coating were
comparable to those produced by more convention coating methods i.e. spin coating and vacuum-

evaporation.

Raupp et al (2017)% investigated the reproducibility of slot die coating for the deposition of the
emissive layer and hole injection layer. Coating processes were developed by optimising the coating
speed, coating thickness and coating gap to improve the stability of the fluid meniscus. They concluded
that it was possible to produce highly uniform and reproducible coatings; therefore achieving

repeatable device performance.
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ii. Light Energy Harvesting

Krebs (2009)* used a bespoke slot die coater incorporating cameras and humidity sensors to coat a
number of layers for the roll-to-roll fabrication of an OPV device in ambient conditions. He describes
the importance of solvent selection and meniscus stability. Due to the speed limitations of the

equipment a meniscus guide was used to pin the material to the substrate.

Krebs et al (2013)?* built upon previous work using roll-to-roll striped slot die coating to produce fully
solution-processed flexible organic photovoltaic (OPV) cells. Using striped coatings allows for simple
isolation of devices without the requirement for any post processing. Devices are fabricated using a
continuous process producing large quantities which reduces the overall cost, making their integration

into everyday products more feasible.

Machui et al (2014) 2> observed reduced device efficiency when upscaling their lab-scale process to
roll-to-roll using slot die coating. The electron injection layer, absorbing layer and hole injection layer
were processed by doctor blade at lab scale. Device performance was increased by using a
combination of solvent blends to improve film formation. This showed the challenges of process

upscale but in turn the suitability of slot die coating to do so.

iii. Lithium-ion Batteries

Lithium-ion battery manufacturers, such as Siemens, use slot die coating to apply the anode and
cathode to their chosen substrate. The electrode formulations are usually supplied as a slurry so the
processing range of slot die coating is a big advantage. Slot die also allows both sides of the substrate
on a roll-to-roll setup. Siemens are exploiting the use of striped coating and patch (intermittent)

coating to create blocks of coating.?®

Other methods include the use of multilayer deposition via slot die coating incorporating multiple
heads. Liu et al (2016)?” describe a process that allows for improved adhesion between electrodes and

the substrate by applying binder materials and active particles separately.

The relevance of slot die coating and its complications have been described, therefore it is now
important to ascertain where current research stands and how my work can complement previous

findings.
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2. Objectives

A range of studies have been carried out to determine the operating window of slot die coating. Many
publications, such as Lin et al (2010)® measure coating quality in terms of defects i.e. incomplete
coatings. In this project coating success will be measured by thickness uniformity as it is directly
applicable to the OLED application previously described. In addition to this, there will be no cameras
or computational modelling used therefore thickness data is critical. The described articles focus on
the limits of the machine whereas this project will work within a reasonable operating window where
defect free films i.e. no uncoated areas, can be achieved. The emphasis will be on optimising within
this region to obtain coatings of uniform thickness. This will be realised using a statistical Design of
Experiments approach whereby a number of experiments were carried out to determine relationships
between inputs (factors) and outputs (responses i.e. coating thickness). Experimentation will be
carried out using a simple polymer system comparable to materials used to fabricate OLED devices.
Materials will be used as an analogue so that data will be transferable to new materials, reducing the

process development time required.

Carvalho and Khesghi (2000)% discuss the low flow limit of slot die coating which is characterised by
the capillary number. The capillary number is a ratio of the viscous and surface tension forces. The
model described in their study is relevant for Newtonian fluids and dictates that for low viscosity fluids
a high flow rate should be used to increase bead stability. In reality most materials are not completely
Newtonian; polymers form pseudoplastic formulations of different degrees depending on
concentration and molecular weight. Romero et al (2005)% found that a mild level of pseudoplasticity
was not only acceptable, but it lowered the low flow limit reported for Newtonian materials. In the
case of the LACE coater, the flow rate cannot be controlled directly so it is reasoned that the flow rate
changes with the wet coat thickness and coating speed parameters. The wet coat thickness will be
held at a constant value for experimentation to allow for comparison between substrates, also to
ensure that when the coating speed is modified the resulting coating thickness remains unchanged.
Another often discussed coating phenomenon is the minimum wet coat thickness achievable at a
particular viscosity, flow rate and coating speed. Chang et al (2007)3! state speeds in the region of
meters per second; the coater used for this study can only achieve a maximum of 30 mm/s so this is

not thought to be a concern. The main issues encountered on the LACE coater are described below.
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Excess material at the beginning and end of coatings

Large amounts of material are often observed at the start and the end of coatings causing material to
run into the bulk of the coating, which increases the degree of non-uniformity. This suggests a lack of
control over the fluid due to rheological and/or interfacial tension issues. Some changes to the setup
can be made, such as shim thickness, and to the formulation to improve stability and compatibility

with the surrounding solid interfaces.
Lengthy process development timescales

The parameters can be electronically altered and many will impact one another; often changing one
parameter can have unexpected and currently unexplained effects on the coating which results in long
process development timescales. For example, consider a 4 inch substrate coated at a velocity of 5
mm/s and acceleration of 5 mm/s?. If the velocity was increased to 20 mm/s without changing the
acceleration the head would have travelled further along the plate before full speed was reached,

Figure 11.
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Figure 11: Interaction between coating velocity and acceleration

A better understanding of the parameters and how they impact one another will result in more time

effective process development and potentially a more robust processes.
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Material Issues

Dewetting i.e. receding of the wet coat in the bulk of the coating or at the edges is often observed
when i) using a low molecular weight material, ii) a low concentration of active material, iii) when
surfactant is omitted from the formulation and iv) when the substrate’s surface energy is lower than
the surface tension of the formulation. This suggests that viscosity and surface tension heavily impact
on coating success; this needs to be better understood so that methods can be setup to allow for more
successful formulation of inks for slot die coating. In addition to this, some highly polydisperse
polymers when coated reveal a wavy/mottled pattern which is not yet understood. This mottled effect

results in severe light deviations across fabricated devices.

The described concerns will be investigated in a methodical manner; the steps to be taken are outlined

below.

e Development of multiple low cost polymer solutions (relative to LEP polymer cost) with close
to Newtonian (mildly pseudoplastic) rheology that can be slot die coated. Safety implications
will be taken into consideration when choosing experimental materials;

e Viscosity will be modulated by changing the molecular weight, surface tension will be
controlled using different concentrations of a suitable surfactant;

e Development of a suitable coating process for the chosen formulations by changing process
parameters by trial-and-error;

e Development of a method for analysing the thickness variations across coated substrates to
understand the source of observed issues;

e Development of a method for understanding the relationship between process parameters
using a design of experiments (DOE) approach;

o Correlation of material properties to process parameters in an easily useable format e.g.

Microsoft Excel Macro, MiniTab.

At the end of this project the goal is to have developed a model relating relevant parameters and
material properties to coating thickness uniformity. This should be applicable for formulations at a
range of viscosities and surface tensions. This allows for the model to be used for costly LEP
formulations and a range of other potential inks, facilitating efficient process development for new

materials.
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3. Experimental Techniques

A number of techniques were used in this project for preparation and analysis. Rheology and surface

tension measurements will be described in the most detail as they are most relevant to this project.
a. Rheology

Rheology is the study of flow and deformation3?; understanding how a fluid flows is critical to
developing a coating process. Rotational and oscillatory rheology have been used in this study to
understand how stresses inherent to the process may alter the flow of a fluid and how this impacts

coating uniformity.
i. Shear Rheology

Shear rheology uses the ‘Two-Plates Model’, Figure 12, to determine how a fluid’s viscosity is affected
by composition (or molecular weight) and imposed shear stress, measured most commonly using a

rotational rheometer.
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Figure 12: Two-Plates model33
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Figure 13: Laminar flow33
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The region between the two plates (labelled h) is filled with a fluid; the bottom plate remains
stationary and the top plate i.e. the shear area (labelled A) is moved to apply a shear force. The

velocity (labelled v) is measured; this displays changes in relation to the viscous behaviour of the fluid.

This model assumes there will be no ‘slipping’ at the interface between the plates and the fluid. It also
assumes that the fluid moves by laminar flow, Figure 13, i.e. in planar layers without the presence of

turbulence i.e. chaotic movements.

Shear viscosity is defined as shear stress applied per shear rate:

T
n==
Y
Equation 7: Shear viscosity

where:

e T = Shear stress

Shear stress is defined as the force per unit area:
F
T=-
A
Equation 8: Shear stress

where:
e A= Area

e [ = Force

Shear rate is defined as velocity over a given distance:
.V
V=h

Equation 9: Shear rate

where:

e h = Height
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There are three main types of viscous behaviour that can be determined using a shear rate/viscosity

curve®*;
e Newtonian behaviour — viscosity is independent of shear rate
e Pseudoplastic behaviour — viscosity decreases with increasing shear rate
o Dilatant behaviour — viscosity increases with increasing shear rate
z Newtonian
wv
o
(8]
2
i Pseudoplastic
2
=
(S]
L
i Dilatant

Shear Rate (Velocity)

Figure 14: Three types of viscous behaviour

Newtonian behaviour is ideal for slot die coating; any changes in shear rate within the system will not
affect viscosity. Severe pseudoplasticity may result in non-uniformity across the plate in the direction
of the slot die head; pressure changes across the head will result in the material being infused at
different viscosities, lower viscosities will pass through the head at a quicker rate hence more material
will be fed to those regions of the substrate, Figure 15. Dilatancy may cause the system to become

blocked should the viscosity increase due to high shear rates.
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Figure 15: The effect of pseudoplasticity on slot die coating.1®
Reprinted with permission from (Crone, Klaus P. (2014) Slot Die Coating for organic photovoltaics and other high tech

applications, Germany: Coatema). Copyright (2014) Coatema Coating Machinery GmbH.

Rheological testing was carried out using a TA Instruments AR1500s fitted with a 60 mm parallel plate

geometry, Figure 16, which was set to a 500 um geometry gap.

T
iy

=

Figure 16: TA Instruments AR1500 Rheometer

The procedure entailed the use of a steady state flow regime whereby the shear rate was ramped
from 10—2,000 1/s. Measurements were spaced logarithmically and ten points were taken per decade
at 20°C. Steady state was achieved when three consecutive readings were within a five percent
tolerance; maximum point time was set to one minute. Prior to each rheology run a conditioning step

was applied; this entailed a two minute equilibration at 20°C.
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ii. Oscillatory Rheology

Oscillatory rheology is used to investigate the viscoelasticity of a material, in particular polymer

systems. The two-plates model can be used to describe the movement of the rheometer geometry

during an oscillation test.

Y

Figure 17: Two-plates model used to describe oscillatory shear tests33

The bottom plate remains stationary while the upper plate with shear area is pushed forward and

backwards by the shear force. The movement of the plate causes shearing of the medium between

the plates, via the deflection path and deflection angle.

tr=+

NS

Equation 10: Shear stress in oscillation rheology

Ty = i%=itan<p

Equation 11: Shear strain in oscillation rheology

where:

o y =Strain
e p = Deflection path

o @ = Deflection angle
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There are three categories that materials fall into; elastic, viscous and viscoelastic. An ideally elastic
material is completely solid, viscous material is fluid and a viscoelastic material has characteristics of

a solid and a fluid. Oscillatory testing in this project focused on viscoelastic behaviour.

Formulations were analysed by first determining the linear viscoelastic region (LVR).%** The LVR is the
region in which a materials response is independent of strain and is characteristic for each polymer.
Within the LVR, properties of the material can be calculated using oscillatory frequency sweeps to

determine changes to modulus values (a measure of elasticity) with increasing frequency of strain.

Many instruments are limited by torque and angular frequency, however more data can be acquired
by running scans at different temperatures and combining them using time temperature
superposition (TTS).3® When exposed to a constant load over a period of time, deformation/strain will
increase; the system will undergo molecular rearrangement to minimise local stress. TTS allows for a
master curve to be created that shows a range of values spread over much larger frequency range.
This is produced by combining profiles taken at different temperatures. The underlying basis for this

theory is:

* Processes involved in molecular rearrangement in viscoelastic materials will

occur faster at higher temperatures;

* There is a direct equivalency between time and temperature, provided there

are no changes in structure or phase transitions.

Models that are used to do this use either the WLF (Williams—Landel-Ferry) or the Arrhenius equation.
WLF is more accurate in the region of the T of the polymer, Arrhenius is more reliable at temperatures

well above the T (at least 100°C) or when using a small range of temperature values.
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b. Interfacial Effects

Interfacial effects are important at the interface between 2 media of any type. For slot die coating
they dictate how stable the meniscus is, how easily a formulation wets onto a substrate and how

uniformly the coating dries.
i. The ‘Coffee-Ring’ Effect

The coffee-ring effect is an interfacial phenomenon that usually occurs at a liquid-gas interface. It is
described as the flow of fluid in response to a surface tension gradient, in this case it is a result of
changing concentration due to solvent evaporation. It is responsible for drying issues observed in wet
coating and is usually something that formulators have to overcome. It can be observed most readily
at the region of a fluid droplet where it meets the substrate, known as the contact line; the edges of
the droplet are away from the bulk of the material and most in contact with air so the evaporation
rate is higher. Whereas material in the centre is surrounded by fluid reducing the evaporation rate,

Figure 18.
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Figure 18: The coffee-ring effect

This causes internal motion of the fluid i.e. surface tension driven flows to push material to the edges
of the drop, resulting in the bulk of the solid material being deposited at the edges of the drop.?” This
can be overcome by using high boiling point solvents or multiple solvent systems to better control the

rate of solvent drying.
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ii. Surface Tension

The surface tension of formulations was measured and calculated using a pendant drop method; a
drop of fluid is suspended from a needle tip, the surface tension is calculated from the shape of the

drop using the Young-Laplace equation.

When a drop is formed it becomes deformed due to gravity and Laplace pressure; the pressure
difference between inside and outside of the drop, labelled Ap. This is calculated by using the density
difference between the two phases, in this case one of the phases is air. For circularly symmetrical
drops, the radii (labelled r) of each half is the same hence 2 r applies.®

_Adp
0_21"

Equation 12: Young-Laplace Equation

where:

e o = Surface tension

A standard pendant drop setup was used incorporating a 50 pl glass gas tight syringe and a Navitar
camera. The plunger was mechanically moved and liquid was released in multiples of 0.167 pL. The
software used was FTA32 Video 2.0 which allowed changes in density to be incorporated into surface

tension calculations.

Figure 19: Image of a pendant drop
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iii. Critical Micelle Concentration (CMC)

The CMC is the surfactant concentration in a solvent at which and any further addition of surfactant
will have no effect on the surface tension. Initial addition of surfactant will result in amphiphilic
molecules adsorbing to the interface between the hydrophilic (in this case water) and the hydrophobic
region (in this case air surrounding the droplet), resulting in a lowered surface tension of the liquid.
An increase in surfactant concentration up to the point of CMC will result in more molecules adsorbing
to the interface up to a critical concentration. Once this concentration has been reached, free
surfactant molecules will begin to form aggregates. Due to their size the activity of these aggregates

will not significantly rise with increasing concentration, therefore the interface remains constant.3

iv. Surface Free Energy

The free energy of a surface is used as a measure of how a liquid will wet onto a substrate. Contact
angle measurements are taken using a polar (water) and a dispersive solvent (diiodomethane) to
measure the contribution of polar and dispersion forces. Surface free energy is related to contact

angles by the following equation.
0s = 05 + 07.c0s 8

Equation 13: Surface free energy
where:

o 0, =Surface free energy of the solid
o o = Interfacial tension between liquid and solid
o 0, = Surface tension of the liquid

e 0 = Contact angle

Measurements were carried out using a KSV CAM101 contact angle meter incorporating a 5 mL glass

airtight syringe and an 18 gauge needle.

Figure 20: Image of a contact angle. The red line is the substrate surface i.e. the contact line, the image shown below the
line is a reflection
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c. Optical Characterisation of a Film

In this project optical film characterisation methods have been selected due to their high resolution
output data and their non-contact nature; this study will investigate polymers which may be

susceptible to damage from contact measurement methods.

Spectral reflectance and interferometry will be explained and the reason for choosing to use them for

different purposes will be discussed.

i. Spectral Reflectance

When light propagates through a medium it will be partly absorbed and partly reflected; the degree
to which this occurs is characteristic of that medium. This optical identity is described by two optical

constants; ‘n’ and ‘k’.

e ‘n’is the refractive index and is described as the ratio of the speed of light in a vacuum and
the speed of light in a medium.
e ‘K’ is the extinction coefficient which is a measure of how much light has been absorbed by

the medium. *°

The two relate to one another through the following time-dependant equation:

—2mkx

nx
E(x,t) = EyCos Zﬂ(T—ft). e 1)

Equation 14: Light propagation through a medium

where:
e FE = Electric field
o FE, = Amplitude of electric field
e n = Refractive index
e k = Excinction coef ficient
o 1 =Wavelength of light
e x = Distance travelled by light
o f = Frequency

e t=Time
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The ‘n’ and ‘k’ values are adjusted by the software until a profile that closely fits the measured reflected light is obtained and input to the model, the
compatibility is described by ‘goodness of fit’ which should be as close to 1 as possible, Figure 21. The blue line is the reflected light; the red line is the model
that is optimised to closely fit the blue line across as much of the spectrum as possible. This is carried out at a range of coating thicknesses to ensure the

model is robust. Separate profiles are created for the surrounding interfaces i.e. substrate and air which are added to the measurement procedure to account

for reflected light from each interface at normal incidence.
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Figure 21: Spectral reflectance of polyethylene oxide (100,000 Mw) at 300 nm thickness, optical model (red line) compared with the measured data (red line). This model exhibited 0.9803
goodness of fit, out of 1.

Spectral reflectance is favoured for large area coating as it allows detailed thickness mapping across a whole substrate. Data is output in a pictorial format

alongside calculated values such as mean, standard deviation and uniformity, Figure 22.
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Figure 22: An example of Filmetrics data output

Data can also be saved as a Filmetrics map file (.map) which separates values by commas; it can be
imported into Microsoft Excel or other data manipulation software for analysis. The tool can process

substrate sizes up to 600 mm x 600 mm.

Figure 23: Filmetrics optical thickness analysis tool



ii. Coherence Correlation Interferometry (CCl)

Coherence correlation interferometry exploits the low-coherence of white light by comparing the
signal to a reference beam to produce interference patterns. This allows for the position of a number

of points to be determined creating a surface profile.**

A Taylor Hobson Talysurf CClI 6000 was used for interferometry analysis in this study. The CCl tool
offers substrate mapping analysis, however due to the small viewing window of 1.8 mm x 1.8 mm and
scan time of 2 minutes per point it is extremely slow. Filmetrics analysis is preferred for thickness
mapping. The CCl however is useful for attaining roughness data. A 10x lens was used for roughness
values greater than 5 nm, a 50x lens was used for anything less. Roughness was defined by the two

following statistical descriptors:

e The arithmetic mean height (S.,) — this describes the mean of absolute values of height
deviations from the mean, it’s essentially the average of the peaks and valleys of a surface.
e Root mean square deviation (Sq) — this is the root mean square of the height deviations from

the mean, this is much more affected by a single large peak.

In the illustration below the S, value is constant.

Low 5q

. High Sg

Figure 24: Root mean square deviation
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d. Thermogravimetric Analysis (TGA)

TGA entails measuring mass change of a sample with temperature. A TA Instruments TGA Q50 tool
was used; samples were loaded into a platinum pan, nitrogen gas was purged at a rate of 90 mL/min
and the temperature was ramped from 20 — 500°C at a rate of 10°C/min. The temperature at which

materials began to decompose i.e. mass was lost, was recorded and compared.

e. Wirebar Coating

This is commonly used as a short-loop draw-down method to ascertain the suitability of a formulation
for use in slot die coating as it will identify compatible surfaces and fluids. It has the advantage of only
requiring 1 mL of solution and it can be setup to wet coat at a number of thicknesses using different
bars.*? The bars have a wire wrapped around that has a defined gap between the wires, Figure 25,
which will collect a volume of material corresponding to the chosen wet coat thickness. The wire
diameter essentially controls the wet thickness of material applied to the substrate. The bar is dragged
across the surface using the inbuilt motor set to an arbitrary speed of 1 — 6 and the liquid within the

wirebar gaps will be deposited.

Figure 26: An RK wirebar coater
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f. Plasma Treatment

Plasma treatment is often used to aid wetting when carrying out wet coating by increasing the free
energy of a substrate. Plasma is an ionised gas created by subjecting a gas to an electric or microwave
field, usually within a vacuum. When enough energy is in the system electrons will be removed from
the outer shell of the gas atom resulting the production of reactive species, which interact with the
surface of a substrate.*® In this case oxygen plasma was used to increase the polarity of a surface by
removing hydrophobic organic contaminants, therefore increasing the polar component to the surface

free energy. This was carried out using an Alpha Plasma Microwave Etcher.

g. Sputter Coating

Sputter coating is a vacuum deposition technique that is used to apply a highly uniform thin-film of
metal. A plasma is created, as described in the previous section, using an inert gas such as argon. A
negative charge is applied to the target (material to be coated) causing free electrons to be released.
The electrons collide with the inert argon atoms to remove outer shell electrons. The now positively
charged argon atoms are drawn to the negatively charged target which knock off particles. These
particles condense onto a substrate to form a thin and uniform film.** Coatings were applied using an

SCT AXIS sputtering tool.

An opaque surface is often required for spectral reflectance due to refractive indices of materials; if
the analysed material has a refractive index close to that of glass then it will not be able to distinguish

between the two. In this case aluminium-sputtered glass substrates were used.

Material ‘n’ value @ | ‘k’ value @ | ‘n’ value @ | ‘k’ value @
435.8 nm 435.8 nm 632.8 nm 632.8 nm

Glass 1.5276 0.0000 1.5156 0.0000

Aluminium 0.5795 5.2994 1.3762 7.6162

Table 2: Refractive index of substrate materials

Page 58 of 186



4. Materials and Procedures

The aim is to establish a series of well-defined formulations in terms of viscosity, surface tension and
solids loading in order to carry out a systematic analysis of process parameters. The development of

a suitable range of formulations was carried out as described:

e Polymers will be combined with solvents and compatibility will be determined;

o The effect of changing the molecular weight on viscosity and surface tension will be
quantified;

e The effect of changing concentration of polymers on viscosity and surface tension will be
measured;

e The effect of addition of surfactant on surface tension will be quantified.

a. Polymer and Surfactant Selection

There are a wide range of polymers available to buy from a number of suppliers so it was necessary
to decide on a set of criteria. Suitable polymer candidates had to be readily available and low cost;
materials in the price range of the LEP’s described in the introduction would be unsuitable. Materials

were sourced from Sigma Aldrich.

Three polymers were chosen to be investigated; polystyrene, polyisobutylene and polyethylene oxide.
None of the purchased polymers investigated exceeded £100 per 100 g; a fraction of the cost of the

light emitting polymers.

n
o)
cH, “oh, H OH
n n

Figure 27: Chemical structure of styrene (left) isobutylene (middle) and ethylene oxide (right) repeating units, drawn using

ChemDraw
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Polystyrene is a readily available polymer that is often supplied in a variety of molecular weights
allowing for simple modulation of viscosity. Three polystyrene grades were sourced from Sigma

Aldrich; chemical information was not available for all grades, Table 3.

Name Weight average Number average | Polydispersity | Density @
molecular weight (g/mol) | molecular weight Index (PDI) 25°C (g/mL)

PS35K 35,000 - - 1.06

PS192K 192,000 - - -

PS350K 350,000 170,000 2.06 1.06

Table 3: Molecular weight data for polystyrene grades sourced from Sigma Aldrich?4>

Two further polystyrene grades were obtained from Durham University for comparison to the
commercially available grades. Materials had been analysed using gel permeation chromatography

(GPC) to determine the molecular weight distribution, Table 4.

Name Weight average Number average Polydispersity
molecular weight (g/mol) | molecular weight Index (PDI)

PS348K 348,000 155,000 2.25

PS885K 884,875 707,900 1.25

Table 4: Molecular weight distribution for polystyrene grades sourced from Durham University

One polyisobutylene grade was sourced from Sigma Aldrich, Table 5, and assessed; viscosity would be

modulated by changing the solids loading.

Name Weight average | Number average | Viscosity average | Polydispersity | Density
molecular molecular weight | molecular weight | Index (PDI) @ 25°C
weight (g/mol) (g/mol) (s/mL)

PIB500K | 500,000 200,000 420,000 2.5 0.92

Table 5: Molecular weight data for polyisobutylene grade sourced from Sigma Aldrich
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Polyethylene oxide (PEO) was selected due to its ability to dissolve in water; this was desirable from a

safety perspective and would also allow for manual processing of substrates. This will be further

explained in section 5.a.

Several polyethylene oxide (PEO) grades were available from Sigma Aldrich, five of which were

sourced, Table 6. Four of the five grades that were sourced contained butylated hydroxytoluene (BHT)

which acted as an antioxidant.

Name Viscosity average | Number average | Polydispersity | Density @
molecular weight | molecular weight | Index (PDI) 25°C (g/mL)
(g/mol)

PEO37K 37,100 35,000 1.04 -
(calculated)

PEO100K | 100,000 - - 1.13

(BHT)

PEO200K | 200,000 - - 1.21

(BHT)

PEO300K | 300,000 - - 1.21

(BHT)

PEO800OK | 8,000,000 - - -

(BHT)

Table 6: Molecular weight data for polyethylene oxide grades sourced from Sigma Aldrich

Polyethylene oxide is readily soluble in water, however the surface tension of water is high and the

addition of polyethylene oxide would result in a marginal reduction.?® It was anticipated that a

surfactant would be required to allow the formulated material to wet onto a substrate. Two non-ionic

surfactants were trialled; Triton X-100 and Span 20 as they had previously worked well in water-based

systems, Table 7.
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Name | CMC Weight average | Density | Chemical structure
(mM) | molecular @ 25°C
weight (g/mol) | (g/mL)
Triton | 0.2- 625.00 1.07 o H
(e)
X-100 | 0.9% n
HaC
HaC
HyC CH; CH,
Span | 0.024 | 346.47 - o CHa(CH3)eCH3
20 47 #

Table 7: Chemical information for surfactants sourced from Sigma Aldrich, chemical structures drawn with ChemDraw

A number of polymers had been selected at a wide range of molecular weights; this enabled

formulation development work to be detailed in section 5.a, 5.c and 5.f. The next section describes

the solvents chosen and the criteria that resulted in their selection. The surfactants would be later

studied as part of the polyethylene oxide formulation development, section 5.a.iii.
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b. Solvent Selection

The main criteria for solvent selection were i) ability to dissolve the polymers and ii) high boiling point
i.e. >100°C. Polystyrene and polyisobutylene has been used in previous CPI studies with aromatic
hydrocarbons and ketones; a number of solvents from those two categories with high boiling points
were selected. Low boiling point and volatile solvents are unsuitable for use with the LACE slot die
coater due to the high chance of the solvent drying when the die head is in motion between processing
stages i.e. when there is no fluid being pumped through. This can lead to the slot die lips getting
blocked with dried polymer. As a result of increasing drying time, high boiling point solvents often
counteract the effects of surface tension driven flows, which was explained in section 3.b.i of this

document. Solvents were also purchased from Sigma Aldrich.

Ten aromatic solvents were selected according to the above criteria, Table 8.

Name Safety Statements Boiling Density @ | Chemical Structure

Point (°C) | 25°C(g/mL)

1. Xylenes Flammable, irritant 137 0.86 s

X/

CHj3

2. Mesitylene Flammable, irritant, 163 0.864 GHa

harmful to the

o

environment

H;C CHs

3.1,2,3,4- Harmful, 207 0.973
Tetrahydronaphthalene | environment,

possible carcinogen

ts

4. Anisole Flammable 154 0.995
5. 4-Methylanisole Flammable, harmful, | 174 0.969 OCH,
irritant
HaC
6. 3,4-Dimethylanisole | Harmful, irritant 200 0.974 OCHs

HasC

%

CH,
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7. Acetophenone Harmful, irritant 202 1.03 n
©)kcm
8. Benzaldehyde Harmful 178 1.044 i
H
9. Butylbenzene Flammable, harmful | 183 0.86 et
to the environment

10. Ethoxybenzene Flammable 169 0.966 ©/°\/CH3

Table 8: Chemical and safety information for solvents sourced from Sigma Aldrich, chemical structures drawn on ChemDraw

In order to ascertain suitability, polymers were mixed with the chosen solvents at a 1 weight percent
(wt%) loading and were dropped using a pipette onto cleaned glass. This is known as the ‘drop test’.
Figure 28 describes the drying of polystyrene particles (500 nm diameter) dispersed in water using
surfactants. * The image on the left shows the coffee-ring effect whereby polymer has collected
around the edges. The image on the right is an example of uniform drying where the effects of

surface tension flows were mitigated.

Figure 28: Dried droplets highly affected by surface tension flows (left) and unaffected by surface tension flows (right)
Reprinted with permission from (Anyfantakis, Manos et al (2015) Modulation of the Coffee-Ring Effect in
Particle/Surfactant Mixtures: the Importance of Particle-Interface Interactions, 31: 4113-4120). Copyright (2015) American

Chemical Society.

Dried droplets were inspected visually and were rated on a scale of 1 — 4 depending on drying quality;
1 being good i.e. not affected by surface tension flows, 4 being poor i.e. highly affected by surface
tension flows. Images were taken to show examples of a drop for each rating alongside a description,

Table 9.
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Smooth coating,
it apears that the
coffee ring effect
has been
mitigated.

Almost smooth
coating, mildly
affected by

surface tension

flows.

Thicker coating
around the edges
of the drop,
typical effect of
surface tension
flows.

Very poor drying,
affected by
surface tension
flows and
potentially
polymer/solvent
compatibility.

Table 9: Example of drop rest ratings for polystyrene
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Once a suitable solvent had been selected, a range of concentrations were made up and rheologically
tested to find mixtures with a range of mean viscosities between 5 and 50 mPa.s. Samples were
subjected to 10 — 2000 s as the shear rate at various stages of slot die coating fall between these two
values. Shear rate values were calculated for standard parameter settings using the equations

described in section 1.c:

e  Fluid delivery piping @ 3.3 mm internal diameter — 13 s

e Slot die lips during infuse @ 2,000 pL/min — 800 s

e Slot die lips during coating @ 50 um shim thickness — 1,080 s
e Slot die lips during withdraw @ 3,000 pL/min — 1,200 s

All materials had been identified and could now be assessed for compatibility with other components.

Formulation development will be detailed in the next section, trials are be grouped by polymer.
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5. Results and Discussion

The findings of this project have been presented in a methodical order beginning with the
development of the fluids required to proceed with subsequent work. Following on from that some
initial slot die coating trials were carried out to identify potential issues when processing the selected
materials. Two isolated studies were completed to investigate some of the issues highlighted in the
objectives section; dewetting and ‘wavy’ coatings. Some time was spent developing an efficient
method to carry out detailed analysis of a large number of substrates, followed by a baselining study
to identify the inherent error at each stage of the process. Finally a number of statistical trials were
completed to determine which parameters and material properties were interacting and how this was

affecting coating thickness uniformity.

a. Formulation Development

All three polymers were studied and their suitability for use in this study was assessed according to
the criteria stated in section 4. First was polystyrene (PS), followed by polyisobutylene (PIB) and finally

polyethylene oxide (PEO).

i. Polystyrene Formulation Development

Polystyrene formulation development began by carrying out a drop test using the mid-range Sigma
Aldrich molecular weight grade of polystyrene; 192,000 g/mol (PS192K). The polymer was mixed with
the solvents from Table 8 and dropped onto a glass substrate. They were visually inspected for drying
quality and it was observed that polystyrene produced better drying profiles with branched aromatic
hydrocarbons. The best drying profile was obtained using 3,4-dimethylanisole (34DMA), Table 10, so

subsequent polystyrene development was carried out using 34DMA as the solvent.
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Solvent Solvent name Drop test quality
number

1 Xylenes 3
2 Mesitylene 2
3 1,2,3,4-Tetrahydronaphthalene 4
4 Anisole 3
5 4-Methylanisole 2
6 3,4-Dimethylanisole 1
7 Acetophenone 4
8 Benzaldehyde 3
9 Butylbenzene 2
10 Ethoxybenzene 2

Table 10: Polystyrene drop test results

Four polystyrene grades were added to 3,4-dimethylanisole at a 10 weight percent (wt%) loading to

ascertain the effect of molecular weight on viscosity, Figure 29.
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Figure 29: Shear rate dependence of viscosity of readily available polystyrene grades in 3,4-dimethylanisole
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There was less of a difference between PS192K and PS350K than expected; higher molecular weight
polymer chains usually exhibit a higher degree of entanglement, increasing the viscosity. This was
thought to be due to differences in polydispersity indices. The disparity between the viscosity of
PS348K and PS350K also suggested the polymers had different molecular weight distributions. Sigma
Aldrich was contacted to request more information regarding the polystyrene grades however this

information was not available.

PS192K added to 3,4-dimethylanisole at a 10 weight percent (wt%) loading was checked for drawdown
coating compatibility using the Wirebar coater. A wirebar yielding 18 um wet thickness was used as
this gave the coating the highest chance of wetting onto the substrate; thicker coatings result in more
weight on top of the substrate-formulation interface, minimising potential dewetting. This coating
was carried out on a washed piece of 4 inch 0.7 mm corning glass; no surface treatment was applied.
A speed setting of 4 (6 being the maximum) was utilised; this has no effect on coating thickness as the
speed determined whether lines from the wirebar remained in the coating. The coating was applied
and subsequently dried on a hotplate at 130°C for 2 minutes; a complete coating was achieved without
any significant visible defects. All work was carried out in a fume cupboard to mitigate safety

implications of the solvent.

The same formulation was transferred to the LACE slot die coater, Module A; covers were put in place
to prevent the inhalation of solvent vapours. Development was carried out on 8 inch (203.2 mm)
corning glass of 0.7 mm thickness; coating issues become more prevalent at a larger scale so it was
reasoned that this study would be most valuable at an 8 inch scale. An automated program was setup
to move substrates from the substrate rack to the slot die coater, coated substrates were
subsequently moved to a hotplate and dried at 130°C for 2 minutes before returning to the substrate
rack. The whole process took about 10 minutes per substrate due to aligning steps between each

stage. Initial slot die process parameters were selected:

e Shim thickness — 100 um — this thickness was chosen because lower die-die gaps allow the
greatest level of control over the fluid;

e Plasma treatment — no — the formulation was coated successfully on the wirebar coater
without requiring any surface treatment;

o Slot die selection — 1 — the slot die head was setup in position 1;

e Coating width — 200 mm — an 8 inch substrate was being used and the corresponding shim
width for 8 inch is 200 mm to account for a 1.6 mm gap between the coating and the edge of

the substrate;
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Number of substrate measure points — 3 — this is the maximum number of points at which
the slot die system can check the height of the substrate across the plate ensuring the gap
between the die lips and the substrate remains constant;

Coating border — 1 mm — this is the standard gap left at the start and end of the coating to
prevent material from spilling over the substrate;

Coating film thickness — 10 um — this was chosen with an aim of depositing 1 um once the
film was dried, the flow rate is controlled by the software in an attempt to uniformly deposit
the formulation across the plate;

Coating priming gap — 100 um — from past experience this is usually a good starting point and
is critical to forming a bead at the start of coating;

Coating gap — 100 um — this was kept the same as the priming gap to minimise the number of
variables;

Coating velocity — 5 mm/s — a fairly low speed was chosen to begin with in order to maintain
the bead;

Coating acceleration — 10 mm/s — this was to allow the slot die head to reach its full speed
quickly;

Material bead volume infuse — 20 uL — the aim was to infuse enough material to aid in bead
formation without introducing so much material that there would be a thicker start to the
coating than required;

Material bead flow infuse — 2,000 uL/min — this would allow the desired volume to be infused
within the first one and a half seconds.

Coating start delay — 6,000 ms — a longer delay time allows more time for the bead to form;
it commonly takes longer for the bead to form with more viscous materials;

Pump start offset — 0 ms — the was no start offset as there were uncertainties about whether
this could have a positive impact on the coating when combined with a relatively low infuse
volume;

Coating material pump start offset — 0 mm — as above, there were uncertainties about the
effect of this on the coating;

Slot die take-off mode — 0 — it was decided that it may not be beneficial to begin raising the
head before the coating had been completed;

Coating material pump stop offset — 15 mm — the aim of this was to prevent a build-up of
material at the end of the plate;

Take-off offset — 0 — as above, it may not be beneficial to begin raising the head before the

coating had been completed,;
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e Material bead volume withdraw — 300 uL — due to the pump stopping 15 mm from the end it
was thought that there wouldn’t be a large amount of material remaining at the end of the
coating;

e Material bead flow withdraw — 30,000 uL/min — a high flow rate was chosen as there would
be limited time to remove material before the head began to raise;

e Standby gap — 200 um —a larger gap expected to be enough to form a bead in standby position
due to a larger amount of material flowing through;

e Standby bead volume — 500 uL — a larger amount of material was infused in the standby
position in order to maintain the condition of the lips;

e Standby bead flow — 40,000 uL/min — a high flow rate was selected to allow the bead to form
quickly;

e Standby material flow — 20 ul/min — a very low flow rate was selected to prevent the material

from blocking the head while not wasting excessive amounts of formulation.

Islands of uncoated areas began to form quickly after coating suggesting dewetting was occurring.
This was unexpected as dewetting had not occurred when it was wirebar coated. Plasma treatment
and increasing the coating film thickness above 18 um did little to mitigate this; the effect of plasma
treatment on surface energy will be discussed in section 5.b. The difference between the coating
success when using the wirebar coater and the LACE slot die coater brought into question the
suitability of the wirebar coater as a first step when assessing formulations for slot die coating; the
wirebar coater quickly identifies severely incompatible surfaces but it may not be suitable for direct

comparison of coating quality.

Stemming from discussions with Professor Tom McLeish, a possible theory for the large disparities
between Wirebar coating quality and slot die coating quality could be the high level of shear caused
between the wires of the wirebar. When polymers are subjected to high shear the chains are stretched
which is an undesirable configuration. When given the chance to relax they expand which could
counteract potential dewetting effects.* This theory could be tested by using a tapered shim, causing
higher shear and potentially stretching the polymers at the bottom of the slot die head i.e. the slot die

lips.
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Coatings were achieved using the process parameters found in Table 11. The coating priming gap,
coating gap, coating velocity and coating acceleration were reduced due to difficulties when forming
and maintaining the bead, this may have been in part due to the low shim thickness causing problems

when infusing the formulation through the head.

Parameter Previous value New value
Coating priming gap (um) 100 40
Coating gap (um) 100 40
Coating velocity (mm/s) 5 2

Coating acceleration 10 4

(mm?/s)

Table 11: Changed slot die parameters for best coating of PS192K

Dewetting was thought to be occurring due to the formulation having a concentration too low for
chain entanglements to occur suggesting these systems are dilute. This could potentially be overcome
either by using a higher loading of PS192K resulting in a semidilute solution, or by substituting for a
higher molecular weight polystyrene grade.*® Entanglement molecular weight will be discussed in
section 5.c.i. The LACE line slot die syringe system is limited in relation to maximum viscosity due to
the inner diameter of the pipes (3.3 mm) and the pressure limit of the syringe. Though the width of
the shim is smaller than the diameter of the pipes, the internal cross-sectional area is larger; area of
the shim ranges from 0.01 mm? to 0.058 mm?, internal area of the pipes is 0.0086 mm?. The highest
viscosity formulation successfully used in the LACE line in previous CPI slot die work was ~65 mPa.s.
As PS192K was already 45 mPa.s at 10 wt% there was not much freedom to increase the concentration

before exceeding the 65 mPa.s limit; PS350K was used for subsequent coatings.

The lack of success due to dewetting when coating 10 wt% PS192K suggested that it would not be
possible to coat 10 wt% PS35K using slot die; lower molecular weight polymers become more prone
to dewetting due to lower solution viscosity. A new approach was required; the range of
concentrations of the highest molecular weight polymer would be used to achieve variations of
viscosity, provided there was minimal effect on the surface tension. PS350K was added to 3,4-
dimethylanisole in a 1 wt%, 5 wt%, 10 wt% and 15 wt% loading; the effect of this on viscosity, Figure

30, and surface tension, Figure 31, was analysed.
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Figure 31: Concentration dependence of surface tension for PS350K in 34DMA
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Loadings between 1 and 10 wt% resulted in viscosities within a suitable range for the slot die coater,
15 wt% greatly exceeded the processing limit of the slot die system. Increasing the solids content up
to 15 wt% had a minimal effect on the change in surface tension and would not be expected to greatly
impact coating as the surface free energy of the stainless steel head and glass substrate are both

greater than 35 mN/m.

Slot die coating process development began with 10 wt% PS350K in 3,4-dimethylanisole. The
formulation was Wirebar coated using the same settings as the PS192K formulation and this also
showed no sign of dewetting. The parameters described in Table 11 were used for the slot die coating
of PS350K, though a 150 um shim was used to minimise the bead issues observed when coating
PS192K. Dewetting was again observed. Attempts were made to eliminate this issue by plasma
treating and increasing the coating speed, coating gap, coating film thickness; only a small

improvement was observed.

The next grade analysed was PS348K; two lower solids content formulations were also analysed with

the aim of finding a mixture within the process-able range of the slot die system, Figure 32.
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Figure 32: Shear rate dependence of viscosity for PS348K in 34DMA

The formulation containing PS348K added to 3,4-dimethylanisole at an 8.5 wt% loading was slot die
coated with similar starting parameters to PS192K and PS350K in 3,4-dimethylanisole, Table 12. A
higher coating gap, priming gap, coating speed and coating acceleration and coating film thickness

was used to minimise the chances of dewetting.
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Parameter Previous value New value
Coating film thickness (um) | 10 20

Coating priming gap (um) 40 80

Coating gap (um) 40 80

Coating velocity (mm/s) 2 5

Coating acceleration 4 10
(mm?/s)

Table 12: Slot die parameters for 8.5 wt% PS348K formulation

Dewetting was observed as with the other polystyrene grades; however the surface of the coatings
were visually much rougher. The surface roughness of the coating was analysed using CCl by taking an
average of 5 points measured across the plate, the standard deviation of these measurements is also

guoted:

e S,-332nNnm*12.1nm

e 5,-452nm+12.8nm
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Figure 33: CCl surface map of PS348K coating

Particulates were observed, which were potentially the cause of the dewetting by introducing
instability into the wet film. It was unlikely that they were introduced at the formulation stage since
the hazy appearance of the coating was not observed with any of the previous polymers, suggesting
this grade was contaminated. Increasing the coating speed, coating gap and coating film thickness

reduced dewetting but they did not completely eradicate this issue.
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Attempts were made to purify the polymer by dissolving it in toluene, centrifuging the mixture at 1000
rpm for 10 minutes and collecting the supernatant; no visible impurities were found in the precipitate.
The supernatant was then rotary evaporated at 40°C and 50 mBar, the resulting polymer was dried in
an oven at 70°C overnight. An 8.5 wt% formulation in 3,4-dimethylanisole of the purified PS348K
polymer was coated using the same parameters as the impure material. The coating visibly looked

similar i.e. particles were observed and the surface roughness values were comparable:
o S5,=293nm=12.8nm
e S5,=39.6 nmz14.8 nm

Polystyrene polymers PS192K, PS350K and PS348K were analysed using the TGA to check for
impurities. All polymers exhibited very similar profiles showing a decomposition temperature of

380°C, Figure 34.
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Figure 34: Thermal decomposition of polystyrene grades

Further work would have to go into understanding where the particles were coming from which
seemed unnecessary since there were a number of other potentially suitable polymers yet to be

trialled. Consequently the processing of this polymer was not continued.
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The higher molecular weight polystyrene, PS885K, was added to 3,4-dimethylanisole. There was 1 g
of this material provided so the amount of analysis and processing that could be carried out was
limited. To conserve material PS885K was added to 3,4-dimethylanisole in a 3 wt% loading which
resulted in a viscosity of 34 mPa.s, the formulation exhibited a slightly pseudoplastic profile, Figure

35.
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Figure 35: Shear rate dependence of viscosity for 3 wt% PS885K in 34DMA

Dewetting was dramatically reduced without having to increase coating film thickness above 20 um.
Particulates and occasional dewetted areas were observed in the coating which could have been
mitigated by filtering the formulation. There was only enough material to carry out one short slot die

run so no further development could be carried out.

It became clear that none of the readily available polystyrene grades would be suitable for this study.
A larger range of molecular weight polystyrene grades were available from Sigma Aldrich in the form
of analytical standards, however since the TGA profiles did not show evidence of any contaminates it
would not be reasonable to expect monodisperse systems to yield better results. Other polymers were

investigated; polyisobutylene was subsequently assessed.

The work carried out using polystyrene highlighted a key issue when processing polymers using slot
die; dewetting was observed during previous projects at CPl and had not been understood. This issue

will be further in section 5.c.i.
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ii. Polyisobutylene Formulation Development

Five aromatic solvents were chosen from Table 8 on page 63 due to their high boiling points, drop
tests were carried out. Dried droplets were inspected visually, Table 13; Tetralin was the only solvent
that produced a good coating. Tetralin is classified as potentially carcinogenic so it was undesirable
for long term testing, however limited experimentation was carried out to provide a comparison

between the coating quality of polyisobutylene with polystyrene.

Solvent Solvent name Drop test quality
number

2 Mesitylene 3

3 Tetralin 1

(1,2,3,4-Tetrahydronaphthalene)

5 4-Methylanisole 4
6 3,4-Dimethylanisole 4
7 Acetophenone 4

Table 13: Polyisobutylene solubility study

PIB500K was added to tetralin in a 1 wt%, 2 wt%, 3 wt%, 4 wt% and 5 wt% loading to determine
whether the viscosity could be controlled by modulating the concentration of polymer without
introducing more variables; the effect of this on viscosity, Figure 36, and surface tension, Figure 37,

was investigated.
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Figure 36: Shear rate dependence of viscosity for PIB500K in tetralin
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Figure 37: Concentration dependence of surface tension for PIB500K in tetralin

Modulation of solids loading had little impact on the surface tension. A wide range of viscosities were

achieved using the selected solids loadings. The 4 wt% formulation was used to check for dewetting

issues as this was the highest loading within the viscosity range of the slot die.

PIB500K was added to tetralin at a 4 wt% loading to produce a formulation of 43 mPa.s. It was coated

using the starting parameters detailed in Table 14 to produce complete films i.e. no dewetting was

observed.
Parameter Previous value New value
Coating film thickness (um) 20 10
Coating priming gap (um) 80 40
Coating gap (um) 80 40

Table 14: Slot die parameters for 4 wt% PIB500K in tetralin

The success of PIB coating at a lower loading than polystyrene suggested further investigation was

required to understand the degree of entanglement of the polymers. No further slot die coating trials

were carried out, due to the previously mentioned safety implications. Polyethylene oxide was the

third and final polymer trialled for suitability in this project, outlined in the next section.
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iii. Polyethylene Oxide Formulation Development

Polyethylene oxide was soluble in water making it a desirable candidate due to the non-hazardous
nature of this formulation. In addition to this, slot die processing could be carried out in an identical
system located in the ambient module where substrates can be handled manually, allowing for quicker
throughput without the requirement for the automated handling system. Water has a high surface
tension which would not wet onto glass without the addition of a surfactant. The use of a surfactant
provides control over the surface tension therefore this combination of components allows for

variation of viscosity and surface tension.

PEO300K was added to water at a 2 wt%, 3 wt% and 5 wt% loading. The mixtures had a hazy
appearance; this was due to butylated hydroxyltoluene (BHT) which is insoluble in water. Formulations
were centrifuged at 2500 rpm for 10 minutes. A white residue was observed at the bottom of the vials;
this was presumed to be BHT. The dissolved PEO in water was collected from the supernatant, the

formulation was no longer of cloudy appearance.
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Figure 38: Shear rate dependence of viscosity for PEO300K in water

The 5 wt% formulation was too viscous to be processed by the slot die coater. The 3 wt% PEO300K
formulation exhibited signs of pseudoplasticity which could affect uniformity. 2 wt% PEO300K was
reasonably Newtonian so it was suitable for slot die coating; this formulation was used to investigate

potential surfactants.
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In order to control surface tension two non-ionic surfactants were trialled; Triton X-100 and Span 20
as they had previously worked well in water-based systems. The critical micelle concentration for the
surfactants was calculated to be approximately 0.01 wt% for Span 20 and 0.011 wt% for Triton X-100.
Surfactants were added at a 0.009 wt% loading, to ensure they were below the CMC, to 2 wt%
PEO300K in water. Surfactants were kept at concentrations below the CMC to prevent aggregation,
maximising surface adsorption. A control containing no surfactant and the two surfactant containing
formulations were coated onto cleaned Corning glass using the Wirebar coater incorporating an 18
pum bar. Coatings were dried at 100°C for two minutes and were cooled on a flat metal surface for two
minutes. Once the substrates had cooled a crystal structure was observed which is characteristic of
polyethylene oxide. No dewetting was observed on the substrates. The coatings were analysed for
surface roughness variations, Figure 39. Surfactants are used to increase formulation stability; this can

be measured using surface roughness.’! S, is the arithmetic mean height, S, is the root mean square
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Figure 39: Surfactant dependence of roughness for 2 wt% PEO300K in water

The addition of Triton X-100 resulted in the smoothest surface suggesting it improved mixing between
components. Triton X-100 had the highest CMC of the two surfactants so more could be added before
exceeding the CMC. Triton X-100 has been used in studies to increase nanoparticle mobility>? which is
advantageous during slot die coating; as the slot die head moves the interface between the lips and
the substrate is constantly being replenished so it is beneficial for the surfactant to be able to respond

quickly. No information could be found regarding Span 20 mobility.
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PEO300K exhibited pseudoplasticity at higher loadings than 2 wt% therefore it would not be possible
to develop a formulation above 24 mPa.s. Three lower molecular weight polymers were trialled;
PEO37K, PEO100K and PEO200K. Polymers were added to water and 0.01 wt% Triton X-100 at a 5 wt%

loading; changes in viscosity was measured, Figure 40.
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Figure 40: Shear rate dependence of viscosity for PEO in water and 0.01 wt% Triton X-100

The three chosen molecular weights gave a suitable viscosity range exhibiting low levels of
pseudoplasticity, this was not expected to have dramatic effects on coating but 5 wt% PEO200K would

be monitored for any non-uniformities potentially caused by the rheology.

The effect of surfactant loading on viscosity was found to be less than measurement error, Figure 41;
this suggested it was unnecessary to measure formulations containing all concentrations of surfactant.

Viscosity measurements were only taken for the formulation with the higher loading of Triton X-100.
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Figure 41: Shear rate dependence of viscosity for PEO200K in water, with 0.001 and 0.01 wt% Triton X-100
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The effect of molecular weight on surface tension was analysed for PEO37K and PEO200K combined
with two loadings of surfactant; 0.001 wt% and 0.01 wt%. The maximum loading that was within the

CMC was 0.01 wt%.
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Figure 42: Molecular weight dependence of surface tension for 5 wt% PEO in water

The variation of molecular weight had a minimal effect on the surface tension and was not thought to
be significant. The two loadings of surfactant provided a suitable range to allow for assessment of the

effects of surface tension without causing dewetting.

This combination of polymer, surfactant and solvent were identified as fulfilling all criteria set out at
the start of this section. All further work was carried out using PEO and Triton X-100 surfactant in
water. Slot die trials were carried out to identify any potential issues and allow for some initial process

development.
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b. Initial Slot Die Coating Trials

A Filmetrics method was setup for polyethylene oxide on glass but the refractive index of the polymer
was too close to that of glass to obtain a reliable model. Glass substrates were sputter coated with 70
nm of aluminium to achieve an opaque surface to allow for the thickness to be solved for just the top

layer i.e. PEO. In addition, aluminium had a vastly different refractive index to the polymer so the

interface between the materials would be easily identifiable.

Material ‘n’ value @ | ‘k’ value @ | ‘n’ value @ | ‘k’ value @
435.8 nm 435.8 nm 632.8 nm 632.8 nm

Glass 1.5276 0.0000 1.5156 0.0000

Aluminium 0.5795 5.2994 1.3762 7.6162

PEO 1.4288 0.0084 1.4208 0.0078

Table 15: Refractive index of PEO compared with substrate values

The formulation containing PEO37K at a 5 wt% loading and 0.01 wt% Triton X-100 was trialled first.
The low viscosity fluid was expected to be the most difficult to coat due to there being the fewest
entanglements; the bead would potentially be unstable. The highest amount of surfactant was used

to ensure the material would wet sufficiently in these initial trials.

It was coated onto the sputtered aluminium using the Wirebar coater and severe dewetting was
observed. The surface free energy (SFE) were of the aluminium surface was measured using water

(polar solvent) and diiodomethane (dispersive solvent) contact angles, the SFE was found to be:

e Total—81.43 mN/m
e Dispersive component - 50.80 mN/m

e Polar component —30.63 mN/m

The surface was dominated by the dispersive component; water is a polar solvent so the two interfaces
were incompatible. The surface was modified using an oxygen plasma treatment to increase the polar
component of the surface. It was not possible to measure the SFE after plasma treatment as water
droplets wetted completely, however this showed that the polar components now dominated the
surface. PEO37K at a 5 wt% loading was coated onto the plasma treated aluminium using the Wirebar

coater and no dewetting was observed.
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Slot die coating process development began with the process shown in Table 16 onto plasma treated

8 inch aluminium coated glass substrates.

Coating film thickness (um) | 10 Plasma treatment (Y/N) Y

Coating priming gap (um) 100 Coating start delay (ms) 3,000

Coating material pump stop
Coating gap (um) 100 35
offset (mm)

Material bead volume withdraw

Coating velocity (mm/s) 10 1000
(nL)
Coating acceleration
20 Standby gap (um) 100
(mm?/s)
Material bead volume
20 Standby bead volume (uL) 1,500

infuse (uL)

Table 16: Slot die parameters for 5 wt% PEO37k and 0.01 wt% Triton X-100 in water coated onto 8 inch substrates

The resultant coating was analysed with the Filmetrics tool using a method that incorporated an edge
exclusion of 15 mm, which was common for 8 inch plates, and 49 measurements were taken across
the substrate. The dry coat thickness was calculated to be 1.02 um * 0.31 um, Figure 43, “start”

signifies the beginning of the coating, “stop” shows the end.
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Figure 43: Dry coat thickness map of 5 wt% PEO37k and 0.01 wt% Triton X-100 in water, Run 1

A second plate was coated with the same parameters; the resultant dry coat thickness was measured

to be 0.59 um £ 0.28 um, Figure 44.
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Figure 44: Dry coat thickness map of 5 wt% PEO37k and 0.01 wt% Triton X-100 in water, Run 2
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The same parameters were run a third time; dry coat thickness was 0.69 um + 0.28 um, Figure 45.

Stop Start

Figure 45: Dry coat thickness map of 5 wt% PEO37k and 0.01 wt% Triton X-100 in water, Run 3

The large variation between the first plate and the following two suggested there was excess material
on the lips from the setup process during the first coating. Further coatings showed no improvement
so the head was cleaned and the syringe and system was refilled. This was to account for any potential

contaminants and bubbles in the system.
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Sputtering glass substrates and plasma treating surfaces was time consuming when carried out on 8
inch substrates due to the limitation of the chamber size. A substrate size of 4 inch was sufficient to

study coating uniformity issues and would allow for a higher work throughput.

Based on observations from the first coatings the process was altered. Due to the change in substrate
size it would not have been possible to directly compare coatings produced using the same process

parameters as the first run.

e (Coating velocity and acceleration were increased to amplify the flow rate while maintaining
the wet coat thickness;

e Material bead volume was reduced to provide less material at the start of the coating;

e Material bead flow infuse was increased resulting in a faster infuse of material;

e The coating material pump stop offset was decreased as the thickness of coatings dramatically
reduced for the last two rows of data points;

e Material volume withdraw was increased to account for the decreased coating material pump

stop offset as it was expected there would be residual material at the end of coating.

Parameters Previous value New value
Coating velocity (mm/s) 10 15
Coating acceleration
20 30
(mm?/s)
Coating material pump stop
35 15
offset (mm)
Material bead volume
20 10
infuse (uL)
Material bead flow infuse
2,000 5,000
(uL/min)
Material bead volume
1000 1500
withdraw (L)

Table 17: Slot die parameters for 7.5 wt% PEO100k and 0.01 wt% Triton X-100 in water coated onto 4 inch substrates
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This resulted in a dry coat thickness of 0.73 um * 0.06 um, Figure 46, a 10 mm edge exclusion was

applied to the Filmetrics method. Uniformity across the substrate had improved.
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Figure 46: Dry coat thickness map for 5 wt% PEO37k and 0.01 wt% Triton X-100 in water coated onto 4 inch substrates

Subsequent plates were processed but the coatings were incomplete due to the bead not forming on
the substrate. Air had been drawn into the lines due to the high withdraw volume which was resulting

in the poor coatings. This highlighted the importance of ensuring the lips remain wet at all times.
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There were still concerns of contamination due to irregular patterns on coatings; formulations were

filtered with a 0.45 um Millipore syringe filter in addition to centrifugation prior to being loaded into

the slot die syringe. Plates were also blown with air to remove any particulates from the surface. All

substrates were stored in clean boxes in a class 100 cleanroom. A number of changes were made to

the parameters over the course of a number of trials, mainly the end parameters to ensure air was

not entrained during future coatings:

The wet coat thickness was increased to reduce potential dewetting effects;

Material bead flow infuse was reduced to provide a more gradual infuse of material;

Coating material pump stop offset was reduced to allow for material to be infused closer to
the end of the plate;

Material bead volume was reduced to prevent air being pulled into the system;

Material bead flow withdraw was increased to ensure material was withdrawn almost
immediately;

Standby gap was reduced to aid bead formation;

Standby bead volume was set to 200 pL more than the material bead volume withdraw to
prevent the lips from drying without producing too much material at the start of the plate;

Standby material flow was increased to maintain the condition of the head and lips.

Wet coat thickness (um) 15
Material bead flow infuse

500 Standby gap (um) 70
(KL/min)
Coating material pump

5 Standby bead volume (uL) 1,200
stop offset (mm)
Material bead volume

1,000 Standby bead flow (uL/min) 100,000
withdraw (pL)
Material bead flow

150,000 Standby material flow (uL/min) 100
withdraw (uL/min)

Table 18: Slot die parameters for 5 wt% PEO37k and 0.01 wt% Triton X-100 in water coated onto 4 inch substrates run 2

Complete coatings were achieved and the issues of air entrainment was not encountered again.

However, lack of repeatability between plates made developing a uniform process difficult; it was

difficult to tell whether changes in coating quality were due to a parameter change or tool error.
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At this stage it was decided that a more thorough data collection method was required; the
development of this process will be described in section 5.d. All previous coatings exhibited dry coat
thicknesses of less than 1 um for the full range of data points; subsequent measurements were carried
out in nm units. The variation in results led to a baselining study to determine where the error was

coming from; this will be detailed in section 5.e.

The next section incorporates two independent studies, carried out to further understand issues

occurring due to formulation issues described in the objectives section.

Page 92 of 186



c. Polymer Investigation

Though polystyrene and polyisobutylene would not be used in slot die coating trials, they could still
be used to better understand other coating concerns. Polystyrene was difficult to coat without
dewetting being observed, however polyisobutylene had coated without any difficulty. This was
investigated using oscillatory rheology to determine the entanglement molecular weight of the

polymers in solution.
i. The Effect of Entanglement Molecular Weight On Coating Success

Entanglement molecular weight (M) is defined as the molecular weight between entanglements. This
can be calculated from an experimental plateau modulus value of a polymer solution. A rationale was
employed whereby the presence of a plateau modulus signified some degree of entanglement. This

could be used as a way to benchmark whether formulations would be expected to form stable films.

The entanglement molecular weight and plateau modulus (G%) are associated by the following

equation®:
o _ 4pRT
Gv=73 M,
Equation 15: Plateau modulus
where:

e p = Density
e R =Ideal gas constant

e T =Temperature

The plateau modulus can be calculated using oscillatory rheology techniques to determine the
crossover modulus. The crossover modulus and plateau modulus are related using the Wu method for
polydisperse systems, Equation 16; the model is suitable for polymers with a polydispersity greater

than 1 but less than 3.>
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0 2.6310g(%)
Gy M,
x 1+ 2.4510g(M—W)
n

Equation 16: Finding the plateau modulus using the crossover modulus

where:

e (G, = Crossover modulus

The crossover modulus is the region where the storage modulus (G’: describes elastic behaviour of a
polymer) and the loss modulus (G”: describes the viscous behaviour of a polymer) crossover in an
oscillatory frequency experiment, Figure 47. It was hoped that a method could be developed to screen

materials for potential issues before using 40 mL on the slot die coater.
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Figure 47: Master curve for polyisobutylene (Mv = 85,000 g/mol, Mv/Mn = 2) 54
Reprinted with permission from (Liu, C. et al (2006) Evaluation of different methods for the determination of the plateau

modulus and the entanglement molecular weight, Polymer, 47: 4461-4479). Copyright (2006) Polymer.
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A method was setup using 30 wt% PIB500K in tetralin, a 2 minute equilibration step was carried out

at the start of every process;

e Oscillatory strain sweep experiments were run at 20°C:

o Strain: 0.003 - 3;

o Angular frequency: 0.6283 and 628.3 rad/s;

o Log mode, 10 points per decade and a 1 minute equilibration time between readings.
e Oscillatory frequency sweep experiments were run at 20°C:

o Strain: 0.1 - chosen from within the linear viscoelastic region, determined in the

corresponding oscillatory strain sweep experiments;
o Angular frequency: 0.6283 — 628.3 rad/s;

o Log mode, 10 points per decade and a 1 minute equilibration time between readings.
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Figure 48: Angular frequency dependence of Modulus for 30 wt% PIB500K in tetralin
G,= 1440 Pa; G°) = 11,700 Pa; M, = 155,000 g/mol

Generally the polymers weight average molecular weight should be approximately three times higher
than the entanglement molecular weight before a significant plateau region can be measured. The

molecular weight of the polymer did exceed 3M, suggesting entanglement was occurring.
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The same process was carried out, at 0.3 strain, using 30 wt% PS350K in 3,4-dimethylanisole however
a crossover region was not reached. The process was repeated at 10 - 90°C. Profiles were combined

using TTS:

e The 20°C scan was used as the baseline; 20°C is standard processing temperature for slot die

coating;
e The Arrhenius model was used.

e Curves were shifted with respect to G”.
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Figure 49: Angular frequency dependence of Modulus for 30 wt% PS350K in 34DMA

The crossover modulus was almost reached; the mean value for the maximum points of G’ and G” was

taken: G,= 2920 Pa; G°y = 20,800 Pa; M, = 82,200 g/mol

Again the molecular weight of the polymer exceeded 3M, therefore entanglement was thought to be

occurring.

Similar processes were carried out for 5 wt% PIB500K in tetralin and 10 wt% PS350K in 3,4-
dimethylanisole to ascertain whether dewetting was occurring due to the concentration of the
polymer being too low for entanglement to occur. Higher angular frequencies of 10 - 500 rad/s were

used with a strain of 0.4. Measurements were only carried out at 20°C.
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Figure 51: Angular frequency dependence of Modulus for 5 wt% PIB500K in tetralin

A crossover modulus of 3.6 Pa equated to an entanglement molecular weight of 64,500,000 g/mol for
10 wt% PS350k. A crossover modulus of 10.86 Pa resulted in an entanglement molecular weight of
18,500,000 g/mol for 5 wt% PIB500k. Neither value suggested that the solutions contained entangled
polymers. Partly as a consequence of this the values are at the limit for which the instrument is
reliable, therefore this work was not progressed. The models will also be more reliable when used
with higher concentration polymers and polymer melts since there will be a much higher degree of

entanglement.
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ii. The Impact Of Polydispersity On Coating Quality

The slot die coating of highly polydisperse polymers i.e. >10 polydispersity index is not well
documented, however many polymers used in OLED applications are highly polydisperse. One
example is a polymer synthesised by Merck Chemicals PDY-132 which emits an orange colour once
fabricated into a device and has a polydispersity index of 12.1. It is often used because it costs a third
less per gram than the higher purity light emitting polymers, thus reducing the cost to produce devices

making them more industrially viable.

The negative aspect of this polymer is once it’s been formulated into an ink and slot die coated the

resultant dry coatings appear mottled and uneven, Figure 52.

Figure 52: Example of 'mottled' coating effect

Breaking up the polymer chains using a sonic probe has proven to reduce the degree of waviness
appearing in PY-132 coatings. Therefore a potential explaination for this phenomenon is that the high

level of polydispersity causes instability in the wet coating producing the observed wavy pattern.
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A model system was created using polyethylene oxide in water since this system was well understood.
A wide range of molecular weights were available from Sigma Aldrich; 100,000 — 8,000,000 g/mol. The
100K and 8000K grades were chosen due to the order of magnitude difference in molecular weight.
The only chemical information that had been obtained by Sigma Aldrich was the viscosity average
molecular weight so there was no indication of the polydispersity of these materials, however due to
the large difference in molecular weight it was reasoned that any difference in polydispersity would

be negligible; a polydispersity index of 1 was assumed.

Effective weight average molecular weight and number average molecular weight were calculated for

model systems using the following equations.

ppp = 2w N, =
- Mn M
Equation 18: Polydispersity index Equation 17: Number fraction

N, Mwj + NyMwy u N Mw;? + NyMwy*
= w,. =
N, + Ny ¢ N,Mw, + NyMwy

Equation 20: Calculated number average molecular weight ~ Equation 19: Calculated weight average molecular weight

Mn,

where:

e PDI = Polydispersity index

e M = Mass

e N = Number Fraction

e Mn, = Calculated number average molecular weight

o Mw, = Calculated weight average molecular weight

e N, = Number fraction of low molecular weight polymer

e Ny = Number fraction of high molecular weight polymer

o Mw,; = Weight average molecular weight of low molecular weight polymer

o Mwy = Weight averge molecular weight of high molecular weight polymer

Mixtures of a range of polydispersities were calculated with the aim of finding the critical point at

which the polydispersity would cause mottling of the film. They are shown in Table 19, mixture 2 was

most similar to PDY-132.
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Mixture Mass ratio of | Mass ratio of | Mn Mw (g/mol) | PDI
Number | PEO100K PEO8000K
Mix 1 0.75 0.25 132,780 2,075,000 15.63
Mix 2 0.83 0.17 120,174 1,443,000 12.01
Mix 3 0.92 0.08 108,578 732,000 6.74
Mix 4 0.98 0.02 102,015 258,000 2.53

Table 19: Description of polydisperse mixtures

Due to the large variation of molecular weights different concentrations of each mixture would be
used; using the same concentration would result in a large range of viscosities which could potentially

be outside of the slot die coaters coating capability.

Initial loadings were estimated for each mixture based on previous experience with higher molecular

weight polymers. From there, mixtures were diluted to a half and a quarter of the concentration.

Mixture W1t% loading Wit% % Wt% %
number of PEO (1L) loading (1/2L) | loading (1/4L)
Mix 1 2 1 0.5

Mix 2 2.5 1.25 0.625

Mix 3 5 2.5 1.25

Mix 4 10 5 2.5

Table 20: Initial loadings of polydisperse polymer mixtures

Each iteration was tested rheologically and a mean value was taken for shear rates 10 — 1585 s!
allowing for simpler comparison of results. This was plotted on a scatter graph with a fitted trendline
and a loading that would result in a mean viscosity of approximately 30 mPa.s was estimated, Figure
53. One measurement was taken for each iteration as this would save time; data was to be used as an

approximation and the exact viscosity was unimportant for this study.
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Figure 53: Concentration dependence of viscosity for polydisperse mixtures in 0.01 wt% Triton X-100 and water

Mixture Equation Proposed Solids | Calculated Mean | Measured Mean
Number Loading (wt%) Viscosity (mPa.s) | Viscosity (mPa.s)
1 y = 28.774x%7265 1.1 33.92 23.95
2 y =13.377x17% 1.6 30.38 25.52
3 y = 6.1431x1%1 2.3 31.47 20.40
4 y =4.2782x?% - 4.5 32.57 23.48

19.249x + 32.558

Table 21: Calculated PEO solids loadings for polydisperse mixtures

The measured viscosities varied from the calculated values slightly but were well within the slot die

coater’s viscosity capability. Viscosity variation between mixtures would not affect the study as the

coating thickness and uniformity were not being analysed, only the surface quality of the coating was

under scrutiny.
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Figure 54: Shear rate dependence of viscosity for polydisperse mixtures in 0.01 wt% Triton X-100 and water

Mix 1 exhibited the greatest degree of measurement variation, this mixture was the most polydisperse

suggesting there was some inherent instability.

In addition to the polydisperse mixtures, two ‘monodisperse’ systems were coated, Figure 55:

o 5 wt% PEO100K — for comparison to a smooth coated surface

e 0.3 wt% PEO800OK — to check whether the mottled effect was being caused by high molecular
weight rather than polydispersity.
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Figure 55: Shear rate dependence of viscosity for ‘monodisperse’ mixtures

Triton X-100 surfactant was added to the mixtures at a 0.01 wt% loading as this had previously resulted
in good wetting onto plasma treated aluminium substrates. It was not possible to find a suitable
analysis method; the 1.8 mm viewing window was too small to pick up the wavy patterns, and the
subtle colour changes could not be picked up with optical microscopy. Therefore observations were
made by eye. Formulations were coated with a process that had exhibited uniform films previously in

this project, Table 22.
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100 Material bead flow infuse

Shim thickness (um) 500
(nL/min)

Plasma treatment (Y/N) Y Coating start delay (ms) 5,000

Slot die selection 1 Pump start offset (ms) 0

Coating material pump start
Substrate type (inches) 4 0
offset (mm)

Coating width (mm) 100 Slot die take-off mode 0
Number of substrate Coating material pump stop
2 10
measure points offset (mm)
Coating border (mm) 1 Take-off offset (mm) 0
Material bead volume withdraw
Coating film thickness (um) | 15 1,000
(nL)
Material bead flow withdraw
Coating priming gap (um) 100 150,000
(KL/min)
Coating gap (um) 100 Standby gap (um) 70
Coating velocity (mm/s) 10 Standby bead volume (uL) 1,200
Coating acceleration
8 Standby bead flow (uL/min) 100,000
(mm?/s)

Material bead volume
20 Standby material flow (uL/min) 100
infuse (pL)

Table 22: Slot die coater process parameters for polydisperse formulations

The wavy surface quality observed when coating PDY-132 was not observed with the PEO
formulations. Usually the wavy pattern can be observed when the coating is still wet and remains in
the coating when dry. Although the crystallinity of the PEO coatings made it difficult to observe the
pattern once the substrates were dry, it was not seen when the coatings were wet. It was possible
that the surfactant was mitigating this issue so the trial was carried out again without adding
surfactant to the formulations. Again the wavy surface quality was not observed. This suggested that
polydispersity was not the main cause of mottled slot die coatings. It may be that it is a contributing

factor but there must be another influencing factor.

The next section describes the method developed to attain detailed thickness data of substrates in

the most efficient manner.
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d. Analysis Method Development

i. Data Extraction Using Excel 2010

There are no in situ analysis tools on the LACE slot die coater and modifying the system would be a
complicated and costly task which could interfere with other CPI work, therefore it was not possible
to analyse what was happening to the fluid in real-time. In order to better understand how the

material was behaving during coating detailed thickness measurements had to be obtained.

A 361 point scan of a 4 inch substrate took 20 minutes and 25 substrates were generally coated in a
day; analysis of each individually would be an inefficient use of time. The Filmetrics tool will not
account for multiple substrate analysis at one time, however the large bed allowed for 25 substrates
to be placed on at once in a 5 x 5 formation. This led to the development of an excel macro to sort the
data from what appeared to be a single 20” x 20” substrate into 25 4” x 4” substrates, allowing for

analysis to be carried out overnight.
The software works in mm so inches were converted to mm: 5x4” =5 x 101.6 mm = 508 mm

When creating an analysis design, the software will allow for a number of spots to be radiated from
the centre to the outer edge. For example, 4 spots from the centre to outer edge would result in 9
spots in a single line across the plate, 81 spots on the plate in total. Therefore it would only allow for
an odd number of analysis points skewing the data on each plate as there should be an even number

of points in total in order to distribute them evenly across 5 plates.

The aim was to create a method that would produce thickness measurements at 400 points per plate;
10,000 points in total. The closest method that could be achieved with the software was 51 spots from

centre to outer edge, which resulted in 10,201 points across the 25 substrates.

To account for the odd number of results the size of the substrate in the software would have to
account for one extra line in the x and y axes, Figure 56. For 10,201 points there would be 101 x 101
points; 1 point in each axis would be discounted therefore 100 points would be within 508 mm. Each
point would be 5.08 mm apart from each other so the substrate size would have to be increased by

5.08 mm to account for the additional point.
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Figure 57: Explanation of edge exclusion




Data was exported as a list of thickness values linked to coordinates that could be separated by a

comma i.e. comma separated value file (.csv), Figure 58.

A B = D E F
18 # Measured Die 10201
19 Edge Exclusion (mm 2.54
20 Site 1 Layer 1 Thickn site x {mm) site y (mm) Site 1 Layer 1 Thickness Alarm  site x (mm) sitey
21 120 0 0 124 o
22 |Die x (mm) Die y {mm) Site 1 Layer 1 Thickness (nm) Site 1 Layer 1 Thickness Alarm  Site 1 GOF
23 -254 -234 -1 -1 0.2520651
24 -248.92 -234 195.4008 0 0.5030585
25 -243.84 -254 122.8817 o 0.7513154
26 -238.76 -254 -1 -1 1]
27 -233.68 -254 100.0421 o 0.8531031
28 -228.6 -254 297.2034 1] 0.6309684
29 -223.52 -254 307.1989 1] 0.7053698
30 -218.44 -254 305.3654 o 0.7317781
31 -213.36 -254 305.2399 o 0.6620855
32 -208.28 -254 298.4366 o 0.6981804

Figure 58: Example output Filmetrics mapping data

A macro was recorded to copy and paste each row to create a spreadsheet pictorial representation of

data, the code is shown and explained below.
Sheets("Data Import").Select

The sheet containing the data to sort is selected.
Range(''C23:Cc123").select

The range to be copied is selected, this is one full row of data.
Selection.Copy

The selected range is copied.
Sheets("5x5").Select

The sheet that the raw data is being moved to for sorting is selected.
Range('B102").Select

The first cell in the row where that data will be copied to is selected.

Selection.PasteSpecial Paste:=x1PasteAll, Operation:=xINone, SkipBlanks:= _

False, Transpose:=True
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Raw data is recorded in columns where thickness values are associated with x coordinate

values, this has to be transposed and pasted into a row to reflect the location of the values as

seen in reality.

This was repeated 101 times until all data had been reformatted, Figure 59.

Taln

Al anaL

Figure 59: Five by five substrate layout

On a separate sheet, the data is reformatted again to separate each plate, removing the “-1” values

by incorporating the appropriate cell into an IF statement. This will be further explained in the next

section. For example:

Cell value =IF('5x5'/AH65<0,"",'5x5'/AH65

Equation 21: Data reformatting to individual substrate plot

Cell
reference

Sheet
reference
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The data was subjected to conditional formatting whereby a 2-colour scale was employed:

e Lowest value — 1 — light blue

e Highest value — 800 — dark blue

Figure 60: Example sorted and formatted Flimetrics data

A cross-sectional view of the coatings in the direction of coating was created by taking a mean of each

column and plotting it on a scatter graph.

700 -
600 -
500 -
400 -
300 - .
200 | &
100 -

0 T T T T T T T T T 1
0 10 20 30 40 50 60 70 80 90 100

Plate Position from Start (mm)

4

Thickness (nm)

000000000000"" ¢

Figure 61: Example cross-section thickness data
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ii. Data Manipulation of Measured Data

Once data was efficiently being imported into Excel more detailed data manipulation could be carried
out. This section will describe a number of equations that were used to calculate some of the

important properties that were described in section 1.c.

A smaller number of data points were used to demonstrate the effect of these equations on measured
values. An edge exclusion of 1 mm had been applied to this data and 49 points were measured across

the substrate.

Stop Start

Figure 62: Example dry coat thickness (nm) i.e. measured data

From the dry coat thickness data, a number of parameters were calculated for the thickness stated at
each measured point (coloured values); units were taken into consideration. The numbers around the
edge of the data signified the distance from the edge of the coating. The ‘-1’ values signified a point

where a thickness value could not be measured, the removal of these invalid points will be described.

Two excel functions were used in this section to filter and combine sections of data; ‘IF and ‘VLOOKUP’

statements.
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IF function: checks whether a condition is met and returns one value if true and another value if false.

IF - K & Jx | =IF(A2=A1,A2,A1)
A B C D E F G H | 1 K
L L Function Arguments @
2 2
3 [A2A1) | F
4 Logical test A2-A1
5 Value_if_true |a2
6 Value_if false a1
7
= 2
8 Checks whether & condition is met, and returns one value if TRUE, and another value if FALSE,
9
Value_if_false is the value thatis returned if Logical_test is FALSE. If omitted, FALSE
10 is returned.
11
12
13 Formula result = 2
14 Help on this function Ok l l Cancel
15
16

Figure 63: Example of a use of the 'IF' function in Excel 2010

VLOOKUP function: Looks for a value in the leftmost column of a table and then returns a value in the

same row from a specified column.

F

Clipboard . Font Alignment Mumber
VLOOKUP - * ~ Jx | =VLOOKUP(3,A1:B5,2,FALSE)
A B C D E F G H | 1 K
1 1 0.1
2 2 0.2 Function Arguments @
3 3 0.3 VLOOKUP
EI 4 0.4 Lookup_value |3 3
5 E 0.5 Table_array |A1:85 = 11,0.1;2,0.2;3,0.3;4,0.4;5,0.5}
] Col_index_num 2 2
; Range_lockup | FALSE| FALSE
9 = 0.3
Looks for a value in the leftmost column of a table, and then returns a value in the same row from a column you
10 spedify, By default, the table must be sorted in an ascending order.
= Range_lookup is a logical value: to find the dosest match in the first column (sorted in
12 ascending order) = TRUE or omitted; find an exact match = FALSE.
13
14
15 Formula result = 0.3
16 Help on this function oK ] [ Cancel
17
@ 18

Figure 64: Example of a use of the 'VLOOKUP' function in Excel 2010
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First the theoretical wet coat thickness was calculated using the volume weight percent:

H _ Ha x 100
v 0%

Equation 22: Calculation of the theoretical wet coat thickness
where:
e H; = Dry coat thickness
e H, = Wet coat thickness
e  v% = Volume percent of solids

The density of PEO37K was not available from Sigma Aldrich but it was found to be 1.2 g/cm3 at two
sources.” *® This value was used to calculate the volume percent loading of the 5 wt% PEO37K

formulation.

Stop Start

Figure 65: Theoretical wet coat thickness (um) calculated for example data

An ‘IF’ statement was used to remove invalid points on measured data:
H, =IF|(=% x 100) < 0,"", (- 100 ]
= X X
W (v% ) T (v% )

Equation 23: Modification of theoretical wet coat thickness calculation to account for invalid readings
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i.e. if the calculated value is less than zero the cell will be left blank, if the calculated value is not less

than zero then the calculated value will be input to the cell, Figure 66.

Stop Start
99 83 66 50 34 17 1
1| 9.1809 13.595 1
17 17|
34 11.942| 34
50 50
66 66)
83 83
99 99
99 83 66 50 34 17 1]

Figure 66: Example theoretical wet coat thickness (um) data incorporating 'IF' function

The speed of coating was represented in the same format, accounting for acceleration using:

v = IF[vV2aS > v,v,V2aS]
Equation 24: Calculation of speed with respect to acceleration
Where:
o v ="Velocity
e S = Distance from the start of the coating
o a = Acceleration

Which denotes: if the calculated velocity is greater than the stated coating velocity, the value shown

should be the coating velocity, if not then the value shown should be the calculated velocity.

Page 113 of 186



Stop Start

99 83 66 50 34 17 1

1 7.746 1
17 7.746 17
34 7.746 34
50, 7.746 50
66) 7.746 66
83 7.746 83
99 7.746 99

99 83 66 50 34 17 _1-

Figure 67: Example data showing changing speed with acceleration

Now that the data had been formatted, Equation 6 could be used to calculate the flow rate at different

points on the plate.

Stop Start
99 83 66 50 34 17 1

1 551 816 1
17, 737, 17
34 555 34
50 738, 50
66 740 66
83 728 83
99 677, 99

99 83 66 50 34 17 _1-

Figure 68: Calculated flow rate (uL/min) values for example data

Further analysis could be carried out using Equation 5 to estimate the shear rate in the head at various

points across the plate.
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Stop Start

99 83 66 50 34 17 1

1] 55.031 81.491 1
17 73.596 17
34 55.448 34
50, 73.765 50,
66 73.935 66
83 72.699 83
99 67.604 99

99 83 66 50 34 17 _1-

Figure 69: Shear rate (1/s) in the head calculated for example data

Using rheology data obtained earlier the viscosity at each point was deduced using the calculated

shear rate:
n =VLOOKUP[IF (v, < Ymin» Vmin V1)1, TABLE],-U, 2, TRUE
Equation 25: Calculation to lookup viscosity values from measured data

Where:

e y, = Shearrate in lips
®  VYmin = Lowest experimental shear rate value

e TABLEy, = Results table, shear rate v.s.viscosity

e TRUE = Find closest match

Look up value (if shear rate in lips value is less than the lowest measured shear rate, use the lowest
shear rate value, if not use shear rate in lips value) in shear rate column, return viscosity data and find

the closest match.
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Stop Start

99 83 66 50 34 17 1

1 5731 5.731 5.731 5.731 5.731 1
17 5731 5.731 5.731 5.731 5.731 5.732 17
34 5731 5.731 5.731 5.731 5.731 34
50, 5731 5.731 5.731 5.731 5.731 5.732 50
66 5731 5.731 5.731 5.731 5.731 5.732 66
83 5731 5.731 5.731 5.731 5.731 5.732 83|
99 5731 5.731 5.731 5.731 5.731 5.732 99

. 99| 83 es| 50| 34| 17 1-

Figure 70: Measured viscosity (mPa.s) data related to calculated shear rates for example data

The calculated information provided useful data as it showed that the changes in shear rate were not
large enough to affect the viscosity suggesting this was not the cause of non-uniformity and lack of
repeatability for the 5 wt% PEO37K formulation. This will be used later in this study to assess the effect

of pseudoplasticity on some of the higher molecular weight formulations.

The next section describes the baselining study carried out to identify sources of error, dictating the

maximum uniformity possible with this combination of materials and equipment.
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e. Baselining: Locating The Source Of Error

Variation between results was being observed suggesting there was a source of error at some stage

in the process. A number of avenues were explored.

i. Formulation Preparation

Formulations were prepared in a non-cleanroom environment so there was potential for particulates
to be introduced into the mixture. However all formulations were centrifuged to remove any
contaminants making this issue a lower risk. Ideally all formulations would be filtered using a syringe

filter prior to each run but this was not feasible due to the higher viscosity materials.

The possibility of instability within the formulation was unlikely as all mixtures had been rheologically

tested. No phase separation was observed when subjected to high shear and standard deviation was

low.

As a final check, 5 wt% PEO37K was spin coated at 1000 rpm for 1 minute and dried at 100°C. This was

carried out on three oxygen plasma treated aluminium substrates.

400
350
300
250

200 —_— R ——

150

Thickness (nm)

100

50

Plate Number

Figure 71: Repeatability of spin coated plates

There were a number of defects on the coating as the formulations were not developed for spin
coating, this resulted in variable max and min values. However the box regions of the data were

uniform. This was sufficient to remove any suspicions of error being caused by the materials.
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ii. Substrate Preparation
The aluminium substrate was checked for thickness and roughness repeatability.

e Thickness-68.2 nm+ 1.5 nm
e Roughness (Sa) 0.59 nm + 0.05 nm
e Roughness (Sq) 0.75 nm + 0.07 nm

The thickness variation was too low to have any effect on coating uniformity. Roughness was
extremely low and again would not be expected to have any effect on coating uniformity of a 600 nm

coating.

The effect of the surface treatment across the substrate was checked using diiodomethane contact
angles; five measurements were taken across the plate: 31.76 mN/m = 0.85 mN/m. The variation was
1 2.8% which is within acceptable error and was potentially due to measurement error, therefore the

plasma treatment was uniform across the substrate.
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iii. Filmetrics Analysis Repeatability

The analysis method was checked for degree of error by analysing the same plate twice.

800
700
600
500
400
300

Thickness (nm)

200

100

Plate Number

Figure 72: Repeatability of Filmetrics - 1 plate measured twice

Results were highly repeatable. The Filmetrics method was then analysed by measuring the same plate

at 3 different orientations.

800
700
600
500

400

Thickness (nm)

300

200

100

0 degrees 90 degrees 270 degrees

Plate Orientation
Figure 73: Repeatability of Filmetrics - 1 plate measured at three orientations

Again the results were repeatable, there was a small difference between the 0 degree plate when
compared with the 90 and 270 degree orientated plates. This suggested that the orientation of the

PEO crystals was having a small effect on the results but this was not enough to cause concern.
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iv. Slot Die Coating Repeatability
There were a number of areas of the slot die process where error could potentially be introduced:

e Head setup
e Syringe loading
e (Coating

e Substrate drying

Slot die heads are dismantled and cleaned after every use. When reassembled the setup is carried out
in the same manner everytime; the shim and heads can only sit in the correct place due to the location
of the screw holes therefore it is highly unlikely that the head was being setup incorrectly. The head
is calibrated during every setup; inbuilt sensors on the slot die housing measure the height of the head

to ensure the coating gap is consistent.

There were a two slot die heads that could be used with a number of shim thicknesses; during setup
the inernal face of one of the heads became scratched. The depth of the largest scratch was measured
with the CCl across a number of regions; it was 12.88 um at it’s deepest point which was significant
when compared with the Sa roughness value of 28.9 nm stated in section 1.a. The affect of this on
coating repeatability was analysed. The same coating process was carried out on five 8 inch plates for
the damaged head and an undamaged head. Eight inch substrates were used to check the uniformity
across the whole of the slot die head. Coatings were measured across 81 points, 15 mm around the

edge of the coating was excluded.

500
450
400
350

300 + =1
250
200
150

100
50

Thickness (nm)

1 2 3 4 5
Plate Number

Figure 74: Box plot showing plate variation using the damaged head
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The same process was carried out using the second head that had no visible scratches, setup with the

same shim thickness, Figure 75.

500
450

S P

250
200

Thickness (nm)

150
100
50

1 2 3 4 5
Plate Number

Figure 75: Box plot showing plate variation using an undamaged head

There was a noticeable improvement in repeatability when using the undamaged head for coating;
the damaged head was not used for any further trials and the internal faces were regularly checked

for scratches. There was still variation between plates suggesting this was not the only source of error.

The process of filling the syringe with fluid and loading it into the housing is a common source of air
entrapment. All formulations were degassed and left to settle once loaded into the syringe. At the
start of the syringe setup 2 mL is fed into the waste line to remove any potential trapped air. It is also
easy to see when air has been trapped in the lines and this has not been observed since the degassing

and loading precautions have been introduced.

Air can also be introduced at the last step of coating; the fluid withdraw into the slot die head. If the
end parameters are incorrectly optimised then air may be sitting at the bottom of the slot die head.
Parameters have been selected so that enough fluid remains at the end of the plate to avoid air
entrainment while preventing the excess from affecting coating uniformity. In addition to this 1.2 mL
is purged out of the head in the standby position to account for the 1 mL that is withdrawn from the

plate, keeping the lips in good condition.

Issues can also arise if the substrate is not dried quickly enough. Due to coating being carried out
manually, the substrate can be moved to a hotplate immediately. However the thin wet coat often

begins to dry in air while the slot die platen is still in motion, before it can be moved to the hotplate.
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This can bring about issues such as the film withdrawing from the edges of the plate and areas of the

plate drying at different rates. This was overcome by increasing the wet coat thickness of coatings

from 8 um to 15 um which did result in slower film drying.

At this stage it was becoming likely that the coating variation was inherent to the equipment and it

may not be possible to overcome. Alterations were made to the analysis of the data to minimise the

effects of the observed error so that overall trends could be used to carry out a design of experiments

study.

The same process was ran 10 times and the results were plotted in a series of box plots.

800

700

600

500

400

300

Thickness (nm)

200

100

5

6 7 8

Plate Number

Figure 76: Box plots showing plate variability across 10 plates

Standard Deviation
of thickness across

substrate (nm)

thickness (%)

Mean
Thickness
(nm)
Standard Deviation
of mean thickness 26.19
(nm)
Uniformity of mean
5.89

Min (nm) 57.26
Max (nm) 115.14
Range
57.88
(nm)

Table 23: Mean and standard deviation values showing variability across 10 plates

10
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All changes to coating parameters affect the coating thickness in the coating direction, Figure 77, any
error in the head direction cannot be controlled by changes parameters. Therefore the cross-section

data was used for subsequent analysis to minimise the effects of any uncontrollable errors.

Slot die
head

direction

Coating direction

P
<«

Figure 77: Explaination of coating direction and head
direction on a substrate

It was also clear that the start and the stop regions created the greatest degree of variation. These
regions were analysed separately to the middle section, which was also advantageous because
different parameters affected different regions e.g. volume infuse was expected to affect the start

region, the effects should be negligible for the stop region.

Start Middle Stop
region region region
(25%) (50%) (25%)
| \ \
[ Y Y |
700 : i
. 1 1
1 1
] ] &
— 500 : :
3 ! i
(=
= 400 : ;
g . : !
E?’OO MR I T I S S JNTE N SN
= 200 ; ;
] 1
100 i i
| :
0 T T ! T T T T T ! T T 1
0 10 20 30 40 50 60 70 80 90 100
Plate Position from Start (mm)

Figure 78: Explanation of start, middle and stop regions

Each region was checked individually for repeatability, Figure 79.
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Figure 79: Box plots for cross-section data of the middle, start and stop regions of 10 plate repeats
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Middle Cross- | Start Cross- | Stop Cross- Middle Cross-
Section Mean Section Section Plate Section Standard
Plate number (nm) Mean (nm) | Mean (nm) number Deviation (nm)
Standard
Deviation of Min
22.28 65.43 35.62 5.39
mean thickness (nm)
(hm)
Uniformity of
Max
mean thickness 5.05 12.21 9.57 32.82
(nm)
(%)
Range
27.43
(nm)

Table 24: Mean and standard deviation values for cross-section data of the middle, start and stop regions of 10 plate repeats

With the exception of plate 3, the stop region yielded the most uniform results. If plate 3 was
considered an outlier and was removed from the analysis then the resultant uniformity of mean
thickness dropped to 2.14%. The start region yielded the least uniform results suggesting the source
of coating thickness variation was being introduced at the start of the plate; this could impact on the
middle region but should be negligible by the end of the plate. The cause of this could be due to
residual material from when the head was in standby position. Fluid flows through the head to prevent
polymer drying on the lips, the head will remain in this position for slightly variable amounts of time
therefore different volumes of material may have collected on the lips. Further work would focus on
the middle section. Since the deviations of the middle section followed the same trend as the start,
analysis the start region would be carried out in relation to the middle section. Responses will be

defined further in section 5.f.i.

The inherent error of each process had been quantified, the error was thought to be sufficiently low
to allow for the design of experiments trials to progress. Repeatability would be checked at each stage

to ensure result deviations were caused by factor changes.
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f. Design of Experiments

Design of experiments (DOE) is a statistical technique used to better understand relationships
between experimental factors. Most process development is carried out by changing one variable at
a time (OVAT), allowing the researcher to understand how each factor affects the outcome. However,
if there is a relationship between factors then the optimum value for said factors may never be found

using standard OVAT methods.

Often a screening study is carried out with a number of selected factors with a high value and a low
value chosen for each. From there a more in depth study can be carried out to provide detailed analysis
of potential relationships. The requirements for this study are to determine whether there is a
relationship between the parameters and material properties and to quantify their effect on coating

uniformity.

Factor high and low values were determined using the parameters in Table 25 as a starting point,
which resulted in complete coatings for all formulations shown in Figure 40. Parameters not included

in the design of experiments study remained as shown in Table 26.

Coating gap (um) 120 Material bead volume infuse (uL) 20
Material bead flow infuse
Coatig velocity (mm/s) 10 500
(KL/min)
Coating acceleration
8
(mm?/s)
Table 25: Starting parameters for DOE design
Slot die selection 1 Slot die take-off mode 0
Substrate type (inches) Coating material pump stop 10
offset (mm)
Coating width (mm) 100 Take-off offset (mm) 0
Number of substrate 2 Material bead volume withdraw 100
measure points (pL)
Coating border (mm) 1 Material bead flow withdraw 150,000
(KL/min)
Coating film thickness 15 Standby gap (um) 70
(nm)
Coating start delay (ms) 5,000 Standby bead volume (pL) 1200
Pump start offset (ms) 0 Standby bead flow (uL/min) 100,000
Coating material pump 0 Standby material flow (uL/min) 100
start offset (mm)

Table 26: Parameters unchanged during DOE design
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i. Factorial Screening

A number of factors were highlighted to potentially be having an effect on coating uniformity that was

not yet understood:

e (Coating gap

e Coating velocity

e (Coating acceleration

e Material bead volume infuse i.e. Volume infuse

e Material bead flow infuse i.e. Flow infuse

In particular, the relationships between coating velocity and coating gap as well as volume infuse and
flow infuse needed to be defined. Many of the other parameters had effects that could be explained
e.g. material bead stop offset controlled how much material remained at the end of the plate and

therefore affected the thickness of the coating at the end of the plate.

Viscosity and surface tension were investigated by using the formulation know-how attained in section
5.a.iii. Formulations were developed to incorporate both factors to ascertain whether they affected
one another. Experiments were grouped by which formulation was used as changing the coating fluid
required a full clean up and setup; viscosity and surface tension were categorised as the hard-to-

change (HTC) factors.

Due to the high number of factors, a screening study was carried out using only high and low values
in a quarter factorial, i.e. a 2-level fractional factorial. Fractional factorials are designs where only a
fraction of the possible experimental combinations are carried out, in this case a quarter of the trials
were completed®. Factor ‘highs’ and ‘lows’ were chosen within a range that was expected to produce
complete coatings. Due to the issue of repeatability each parameter combination was repeated twice

i.e. ran a total of three times.
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Initial trials were carried out using the formulations shown in Figure 42; it became apparent that the
low molecular weight polymer (5 wt% PEO37K) and the lowest loading of surfactant (0.001 wt%)
resulted in dewetting. Higher molecular weight polymers were incorporated at lower loadings (2.5

wt%) and a slightly higher loading of surfactant was utilised (0.003 wt%).
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Figure 80: Shear rate dependence of viscosity for 2.5wt% PEO in water

The resultant formulations used to test the high and low data points of viscosity and surface tension

are shown in Table 27.

Polymer Triton X-100 Mean Viscosity 10 - | Surface Tension
1500 1/s (mPa.s) (mN/m)

2.5 wt% PEO100K 0.003 wt% 5.3 61.11

2.5 wt% PEO100K 0.01 wt% 5.3 44.84

2.5 wt% PEO300K 0.003 wt% 40.9 62.56

2.5 wt% PEO300K 0.01 wt% 40.9 44.39

Table 27: Formulations used for quarter factorial trial 1
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Due to the requirement for a full clean up and setup when changing materials, the trial was carried

out in 4 batches of testing each comprising 24 runs. Mean values were taken for the surface tension

of PEO100K and PEO300K. Parameters were selected following initial trials to determine the operating

window for all materials whereby a complete coating was achieved.

Mean Mean Coating Coating Coating Volume Flow Infuse
viscosity Surface Gap (um) Velocity Acceleration | Infuse (uL) | (uL/min)
(mPa.s) Tension (mm/s) (mm?/s)

(mN/m)
5.3 44.62 70 2 0.5 10 50
40.9 61.83 150 12 450 30 500

Table 28: Slot die parameters used for quarter factorial trial 1

The responses used for this factorial analysis were calculated from the cross-section data, see Figure

78 for graphical representation of values:

e ‘Middle mean’ = mean of cross-section data for the middle 50% of data

e ‘Middle SD’ = standard deviation of cross-section data for the middle 50% of data

e ‘Start difference’ = mean of cross-section data for the start region minus middle mean

e ‘Stop difference’ = mean of cross-section data for the stop region minus middle mean

Each region of coating was analysed independently as different parameters were expected to affect

different areas, as discussed in section 5.e.iv. The middle mean was the region least affected by

outliers so it would give the most accurate representation of the mean value. There was a noticeable

difference in thickness values between plates so this could be most effectively compared using the

middle mean. The start difference and stop difference allowed for comparison of the outer regions

with the middle region; a positive value signified a thicker region when compared with the middle

region, a negative value represented a thinner region.
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An updated Excel 2010 template was created to allow for efficient collection and storage of data. Data

was to be imported from the raw data using the method described in section 5.d.i. From sheet ‘5x5’

each plate was automatically transferred into the ‘Plates’ sheet using Equation 21 for correlating cells

to provide data in the format of Figure 60 and Figure 61. Here the data was manipulated to provide

the responses, which were referenced in the ‘Comparison’ sheet where data was stored in a format

that could be copied directly into MiniTab for analysis, Figure 81.
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Figure 81: Storage of data for DOE with cell references
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The first block of the trial was carried out using PEO300K and 0.003 wt% Triton X-100, parameters are shown in Table 29; the colour coordination signifies
repeats of the same parameter combinations. Plate 1 was a dummy plate which was coated to remove any excess material remaining on the lips after the

setup routine.

Plate
Number

Coating gap
(um)

Coating
velocity
(mm/s)

Coating
acceleration

(mm?/s)

Material
bead
volume

infuse (ul)

Material
bead flow
infuse
(ul/min)

Table 29: First part of factorial experiment incorporating three non-consecutive repeats



When the resultant coatings were analysed it became apparent that plates coated with the same
parameters were very different. The exceptions were plates that were carried out in sequence i.e.
plates 3 and 4, 6 and 7, 12 and 13. Some examples are shown below in the form of box plots. Cross-
section profiles are shown in Figure 83. There were a small number of invalid points on each of the

plates but they were not extreme enough to account for the large disparities between results.
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Figure 82: Box plots for plates coated non-consecutively with the same parameters
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Thickness variations between plates coated non-consecutively with the same parameters

Plates that were closer in the coating schedule i.e. plates 18 and 23, plates 8 and 11, exhibited similar

thickness profiles. Plates coated subsequently but with different parameters also showed some

similarities, box plots and cross-section profiles shown in Figure 84 and Figure 85.
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Figure 84: Box plots for plates coated consecutively with the different parameters
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Figure 85: Thickness variations between plates coated non-consecutively with the same parameters

This suggested that there was a residual effect of the previous parameters on each plate. This variation
was expected to greatly skew results; therefore in place of running three repeats, 1 or 2 dummy plates

would be ran prior to running one plate for each combination.
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To determine how many dummy plates were required two processes were ran 5 times. The standard

deviation of Middle Mean values were compared for three subsequent plates to ascertain whether

coatings were becoming more repeatable. In both cases the largest reduction in standard deviation

was observed for plates 3, 4 and 5. The DOE was carried out by running two dummy plates prior to

coating one measurable plate; incorporating additional measured parameter repeats would drastically

increase the number of coating iterations. Box plots of all five plates for both trials are shown in Figure

86 and Figure 87.

Table 30: Analysis of improving coating repeatability with increasing number of repeats

Trial 1 Cross- Trial 2 Cross-
Trial 1 | Trial 2
Plate | Section Middle | Section Middle
(hm) | (nm)
Mean (nm) Mean (nm)
Standard Deviation of Plate 1, 2
1 467.31 296.80 and 3 18.42 | 21.91
Standard Deviation of Plate 2, 3
2 457.33 262.80 and 4 12.92 10.98
Standard Deviation of Plate 3, 4
3 431.60 255.85 and 5 5.43 7.50
4 442 .37 241.28
5 438.15 251.66
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Figure 86: Box plots showing improving coating repeatability with increasing number of repeats, trial 1
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Figure 87: Box plots showing improving coating repeatability with increasing number of repeats, trial 2

In future all parameter sets would be ran with two dummy plates before attaining one final coating
which would be measured. The further modified study incorporated 4 batches of coating and 24 runs
per batch, of which 8 per batch would be measured. No further repeats could be incorporated as this

would dramatically increase the size of the screening study.
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The quarter factorial results were analysed using MiniTab 17 and Pareto charts were created for each
response. A Pareto chart is a bar chart that displays factors and factor combinations in order of the
statistical significance of their impact on the response. It works on the basis of the 80/20 rule that 80%
of effects are a result of 20% of causes, also known as the Pareto Principle. The standard effects were
calculated by dividing each factor’s coefficient by the standard error. Anything above 0.05 degrees of

freedom was considered significant®.

There were no factors highlighted that affected Middle SD and Start Difference, but there were a
number of variables that affected Middle Mean and Stop Difference, Figure 88. Any factors that
resulted in a value greater than 74.9 for Middle Mean and 18.88 for Stop Different had a statistically

significant effect on the response, they are listed below.
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Figure 88: Pareto charts of standardised effects for Middle Mean (left) and Stop Difference (right)

It was unexpected that the coating velocity and acceleration had such a great effect on the coating
thickness which suggested that the flow rate of the syringe and the slot die parameters were not
synchronised. It was also unanticipated that the coating acceleration was having such a notable effect
on the end of the coating since the slot die head should be up to full speed by the end of the plate, so
the largest effect should occur at the start of the coating. However, when parameters were checked
the acceleration was too low for the slot die to reach full speed by the end of the plate, Figure 89.
Therefore the ‘high speed low acceleration’ iteration effectively analysed a lower speed with a

maximum of 9.87 mm/s.
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Stop Start

Figure 89: Diagram showing changing speed with acceleration across the cross-section of a 4 inch substrate

The effect of coating gap, viscosity and flow infuse on the Stop Difference could be reasoned. The end
of the coating is highly dependent on the success of the material withdraw. A higher coating gap will
require the fluid to be drawn further to reach the head. The lower viscosity fluids will be less structured
so it will be more difficult for the slot die to exhibit control over the fluid. It was observed during
experimentation that coating the low viscosity fluid resulted in larger puddles of material remaining
at the stop region. Incorrect coating gap and flow infuse values could result in a build-up of material
on the lips which would be intermittently deposited during the coating, resulting in unexpected

changes to the coating thickness.

Due to the oversight of the low acceleration value not being suitable, half of the experiments were
repeated using 2 mm/s? which would result in the slot die being up to full speed after 37.5 mm of the
plate. It also seemed reasonable to add more iterations to the next batch of coating to upgrade the
study to a half factorial, providing more reliable information. The same high and low values were used

for all factors except acceleration but they were incorporated into different combinations.

The results of the half factorial were standardised across the responses; anything above 2.037 was

considered to have an effect on the response, Figure 90.
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Figure 90: Pareto charts of standardised effects for half factorial experiment; Middle mean (top left), Middle SD (top right), Start difference (bottom left), Stop difference (bottom right)



The middle mean i.e. the dry coat thickness was strongly affected by the coating velocity and
acceleration. It had been assumed that the flow rate was automatically adjusted by the Harvard
syringe units to account for changes in coating speeds; the half factorial data suggested that this was
not the case. Middle mean was only affected by viscosity when the effects are coupled with that of
the coating velocity. This again suggested the issue was related to the system’s calculation of the flow
rate. These parameters were investigated in three response surface experiments; achieving the
correct coating thickness is crucial for the success of making devices. The response surface studies
should locate a region within the operating window where the expected coating thickness could be

achieved.

Following on from the discovery of flow rate inconsistencies, it is not unexpected that coating
acceleration should have an effect on standard deviation; low accelerations will cause a thickness
gradient. It could be included in a response surface study to investigate whether it could be used to
counteract issues occurring in the start region. The influence of coating gap could be resulting in one
of two things; if the gap is too low then material builds up on the lips and is deposited in an
uncontrolled manner later on the plate. The second outcome is that if the gap is too high then the
meniscus is not completely stable resulting in non-uniform deposition. The flow infuse will influence
how stable the bead is right at the start of the plate, so an unfavourable flow rate at infuse resulting
in an imperfect meniscus could potentially impact the rest of the plate, and combined with coating

gap issues would result in non-uniformity.

The surface tension was found to be having a minimal effect on the chosen responses; it had a small
effect on the start and stop regions when combined with the effects of other parameters. This could
be due to the small range of surface tension values studied. It was difficult to find a wide range of
surface tensions without causing dewetting of the formulation while not exceeding the CMC. However
this data does suggest that within this operating window surface tension has a negligible effect on

coating uniformity.

The start and stop regions were also affected by the coating velocity and coating acceleration, adding
to the suspicion of flow rate inconsistencies. Volume infuse only affected the start region; it had been
included in the study to check for a relationship with the flow infuse. Variation of the volume infuse
expectedly modified the amount of material at the start of the plate, but no relationship with the flow
infuse was observed. The effect of viscosity on the start region was suspected to be linked to meniscus
stability. The stop region was affected by the coating gap; higher gaps result in further for the fluid to
travel to the head during withdraw. The effect of flow infuse was unexpected, this may be a residual

effect of bead instability.



To ensure the effect of viscosity was not caused by pseudoplasticity, a coating of the higher viscosity
formulation (2.5 wt% PEO300K) was checked using the data manipulation methods in section 5.d.ii.

The parameters that had been used for the coating were:

e Coatinggap—70 um

e Coating velocity — 12 mm/s

e Coating acceleration —2 mm?/s

o Material bead volume infuse — 10 pl

e Material bead flow infuse — 50 pl/min

The range of shear rate values was not large enough to cause large viscosity deviations across the
plate, Figure 91; the calculated viscosity values were 42.4 — 43.5 mPa.s. Therefore the effects of

viscosity were not caused by pseudoplasticity.
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Figure 91: Calculated shear rate for 2.5 wt% PEO300K and 0.01 wt% Triton X-100 in water
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There was not enough time remaining to study the start and stop regions in detail. However assessing
the uniformity of the middle region was expected to provide some insight to the coating success of

the outer regions. Response surface studies were carried out for the middle mean and middle SD

responses.
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ii. Response Surface Studies

A full response surface was designed for the Middle SD and Middle Mean for associated variables.
Response surface studies 1, 2 and 3 were carried out simultaneously due to time constraints; trials
were grouped by formulation and therefore shim thickness due to the time required to setup the head
with a different shim thickness. Response surface 4 was designed as a result of the findings in studies

1-3. Results will be grouped and presented by response surface number.

A central composite design was used for up to 4 continuous and categorical factors. Central composite
response surface designs are effectively extended factorial designs which include 3 further factor
levels within the high and low values, allowing for the estimation of curvature.>® As with the factorial
experiment, two dummy plates were ran prior to one measured plate for each iteration; there were
no repeats. Coating velocity, coating acceleration, coating gap and flow infuse could easily be altered

using the software, however modifying the viscosity required some formulation development.

To produce a variety of viscosities at a consistent solids loading two stock solutions were produced;
2.5 wt% PEO100K (abbreviated to 2.5-100K) and 2.5 wt% PEO300K (2.5-300K). They would be mixed
at varying ratios to achieve a range of viscosities. Since surface tension was shown to have no effect
on the Middle Mean or Middle SD both formulations contained 0.01 wt% Triton-X100 to ensure the
highest degree of wetting onto substrates. A number of iterations were formulated to be used to

create a viscosity curve, Table 31.

Ratio of wt% wt%
2.5-100K: 2.5-100k 2.5-300K
2.5-300K

1:0 100.00 0.00

1:1 50.00 50.00
1:2 33.33 66.67
1:5 16.67 83.33
1:10 9.09 90.91
1:20 4.76 95.24

Table 31: Table of viscosity iterations to produce viscosity curve of 2.5-100K: 2.5-300K combinations
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The rheology was measured once as results were used as an estimation, mean values were taken
between 10 and 1585 s-1 shear rates. Values were correlated using an exponential fit trendline, Figure

92.

35.00
30.00
25.00 '
20.00

15.00

Mean Viscosity (mPa.s)

10.00

5.00

0.00
0.00 10.00 20.00 30.00 40.00 50.00 60.00 70.00 80.00 90.00  100.00

wt% loading of 2.5-100K
Figure 92: Mean viscosity values for 2.5-100K: 2.5-300K mixtures

The trendline equation was used to estimate the required loading of 2.5-100K for 12.5 mPa.s, 22 mPa.s

and 31.5 mPa.s formulations. Resultant formulations were rheologically analysed and mean values

recorded.
Formulation | Expected wit% wt% Measured
Name Viscosity 2.5-100k 2.5-300K | Viscosity

(mPa.s) (mPa.s)

Low N/A 100 0 5.3
Low/Mid 12.5 55.1 44.9 14.0
Mid 22.0 23.7 76.3 26.1
Mid/High 31.5 3.8 96.2 37.6
High N/A 0 100 40.9

Table 32: Expected and measured viscosities based on trendline equation
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The measured viscosities did not fully match up, the ‘Low/Mid’ and ‘Mid’ formulations were close

enough but the ‘Mid/High’ was too close to the highest viscosity to provide meaningful data. The

loading of 2.5-100K was increased to reduce the viscosity further, Table 33.

Formulation | wt% wt% Measured

Name 2.5-100k 2.5-300K Viscosity
(mPa.s)

Mid/High 12.5 87.5 34.1

Table 33: Adjusted 'Mid/High' formulation viscosity data

A graph of the final viscosity profiles to be used in the response surface study are shown below.

40

35 Witege ¢

Viscosity (mPa.s)
- N N w
(6] o (6] o

[
o

€]

45

200

400

* 3
L °
[ ] [ ]
[ ] [ ]
600

® s
1 °
° °
° °
800 1000

Shear Rate (1/s)

Figure 93: Viscosity traces for response surface formulations
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Response surfaces 1, 2 and 3 were carried out simultaneously to make this study more time-efficient;

trials were carried out in batches dependant on which shim thickness they required. Response surface

4 was carried out as a result of the findings in the first three studies.
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a. Response Surface 1

The first response surface carried out was for the response ‘Middle SD’ and associated factors. The
high and low values were input to a MiniTab response surface wizard; a Central composite design
incorporating 4 continuous factors was created. Coating acceleration, flow infuse and coating gap
were automatically calculated by MiniTab, viscosity was manually input based on the formulation

work that had been carried out, Table 34. See appendix 5 for the full list of parameter combinations.

Viscosity (mPa.s) | Coating Acceleration (mm/s?) | Flow Infuse (uL/min) | Coating Gap (um)
5.3 3.0 50 70
14.0 93.6 163 90
26.1 226.5 275 110
34.1 359.4 388 130
40.9 450.0 500 150

Table 34: Factor levels selected for response surface 1

Parameters not investigated in this study were set to the following:

e Triton X-100 loading — 0.01 wt%
e (Coating speed — 12 mm/s

e Volume infuse — 20 uL

Mean densities were calculated for each polymer combination using the ratios stated in Table 32 and
Table 33 and the pure polymer densities stated in Table 6. Equation 26 was used to calculate the
volume percent loading of PEO based on the calculated densities. From there Equation 22 was used

to calculate the expected dry coat thickness based on a wet coat thickness of 15 um.

wt%

Pr

v% =

Equation 26: Calculation of volume percent solids loading

where:

e pp = Density relative to water
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Formulation Relative Volume | Estimated
Name density % Thickness (nm)
Low 1.13 2.21 332

Low/Mid 1.17 2.14 322

Mid 1.19 2.10 315

Mid/High 1.2 2.08 313

High 1.21 2.07 310

Table 35: Calculated relative polymer densities

The range of thickness values was 310 nm — 332 nm. An acceptable degree of error is £5%; the highest
thickness (formulation ‘Low’) resulted in the highest 5% uniformity of 16.6 nm standard deviation.
Contour plot results were blocked by <5%, 10% and >15% thickness uniformity with respect to the

calculated film thickness for all combinations, the colour key is shown in Figure 94.

<16.6 nm, < 5%

16.6 nm—33.2 nm, 10%

i >33.2 nm>15%

Figure 94: Colour key for thickness (nm) of response surface 1 results
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Figure 95: Response surface 1 contour plot results grouped by viscosity and coating gap
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Figure 96: Response surface 1 contour plot results grouped by coating acceleration and flow infuse



There were a number of regions where an acceptable standard deviation could not be achieved, the
most notable being the use of a low viscosity fluid. Low viscosity may result in a less stable meniscus,
which could be counteracted by using a lower coating gap than was investigated in this study i.e. < 70
um. Using this rationale high viscosity materials should produce uniform coatings across a larger
parameter range due to the higher degree of structure; however this was not the case. High viscosity
materials only produced uniform coatings when a mid-point coating gap, mid-high flow infuse and
mid-high acceleration were employed. It is possible that with high viscosity materials and low coating
gaps the flow rate is too high and causes meniscus instability. The use of lower accelerations and flow

infuse rates may reduce the initial flow rate so as not to overwhelm the meniscus.

Generally lower coatings gaps were best paired with low accelerations, higher coating gaps preferred

high accelerations.

450
400
350
300
230
200
150

100

Coating Acelleration (mm,/s2)

50

70 80 90 100 110 120 130 140 150
Coating Gap (um)

Figure 97: Contour plot for mid-point viscosity and flow infuse

Low flow infuse with high acceleration, as well as high flow infuse and low acceleration did not
produce uniform coatings. Mid-range flow rates are preferred for the uniformity of coatings. Yang et
al (2009)%° reported that high flow infuse rates reduced edge effects at the start of coating, producing
a more uniform start region. The outer 10 mm of a coating would usually be removed in a device to
allow for contact to the electrodes therefore high quality start regions may have to be sacrificed to
achieve uniformity across the bulk of the coating. Uniform coatings were not achieved using the
highest coating gap, suggesting the meniscus was unstable preventing the fluid from being deposited

evenly.



Overall mid-point values were favoured for all factors; optimum values as calculated by MiniTab were:

e Viscosity —25.2 mPa.s
e Coating acceleration — 246.8 mm/s?
e Flow infuse — 277.3 puL/min

e (Coating gap —107.2 um

The experimental design included repeats of middle values to ensure the mid-point was reliable. These
plates were checked for repeatability of the thickness (box plot) and standard deviation data

(scatterplot), Figure 98.

400 Viscosity 22.1 mPa.s, Coating acceleration 226.5 mm/s?

10

350 Flow infuse 275 uL/min, Coating gap 110 um 9

] e == - — 8
300 —+= = €
7 =
E 250 6 &
2 @
£ 200 5 3
% ® ° a
< 150 ® 4 T
° e 3 2
100 ® 3
2 wn

50 e 1

0 0

10 11 12 13 14 16 17

Response Surface 1, Plate Number

Figure 98: Box plot of thickness data and scatterplot of standard deviation, showing repeatability of mid-point plates for
response surface 1

The thickness results were moderately repeatable, the standard deviation results were less so.
Repeatability was still an issue when parameters were optimised, suggesting this was inherent to the

equipment. However highly uniform coatings were achieved, example profiles shown below:
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Figure 99: Cross-section of high uniformity coatings achieved in response surface 1

It was also noticed that plates with uniformity issues in the start and stop regions exhibited a poor

standard deviation in the middle region.
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Figure 100: Cross-section of coatings with poor start and stop regions

Though the start and stop regions were not investigated using a surface response design, the effect
of instability in these regions does appear to affect the central region. This suggests that by
optimising the middle region using the selected parameters, the uniformity of the start and stop

regions may also be improved.

The next section describes the effect of viscosity, coating velocity and coating acceleration on the

mean thickness of coatings.
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b. Response Surface 2

The second response surface carried out was for the Middle Mean and 3 continuous associated
factors. The factors and values used are detailed in Table 36. See appendix 6 for the full list of

parameter combinations.

Viscosity (mPa.s) | Coating Velocity (mm/s) | Coating Acceleration (mm/s?)
53 6.0 3.0

14.0 8.4 93.6

26.1 12.0 226.5

34.1 15.6 359.4

40.9 18.0 450.0

Table 36: Factor levels selected for response surface 2

Parameters not investigated in this study were set to the following:

e Triton X-100 loading — 0.01 wt%
e Volume infuse — 20 uL
e Flow infuse — 500 uL/min

e Coating gap—120 um

Based on a uniformity of 5% for the range 310 nm — 332 nm, the accepted values for this response
surface study were 293 nm — 349 nm. The results were grouped in blocks of 23 nm for the outer
regions and 46 nm for the central region i.e. the desired thickness range. The region of acceptable

thickness was coloured green, Figure 101.

<270 nm, < -15%

270 nm =293 nm, -10%

293 nm —349 nm, +5%

i 349 nm —-372 nm, +10%

>372 nm, > +15%

Figure 101: Colour key for thickness (nm) of response surface 2 results
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The most noticeable conclusion to draw from the data is that the majority of the parameter
combinations resulted in coatings less than 15% thinner of what was expected. The greatest observed
effect was the use of high viscosity which resulted in approximately of half the operating window

producing coatings of the desired thickness. Coating acceleration was having a minimal effect.
As before, the middle point plates were checked for repeatability, Figure 103.

400 Viscosity 22.1 mPa.s

Coating velocity 12.0 mm/s
350

300 _I_

250

Coating acceleration 226.5 mm/s?

—T +

200

150

Thickness (nm)

100

50

1 4 5 6 7 9

Response Surface 2, Plate Number

Figure 103: Box plot data showing repeatability of mid-point plates for response surface 2

Repeatability was poor bringing into question the reliability of the results obtained in this response
surface. None of the mid-point parameter settings resulted in optimum coating thickness for this
study; this suggested that when parameters are not fully optimised this impacts on coating

repeatability hence the differences between Figure 98 and Figure 103.

The next section describes the effect of viscosity and coating velocity on the middle mean; coating

acceleration was omitted from the study to focus on the other variables.
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c. Response Surface 3

The same study was carried out without acceleration to isolate the effects of viscosity and coating

velocity; factors and values outlined below. See appendix 7 for the full list of parameter combinations.

Viscosity (mPa.s) | Coating Velocity (mm/s)
5.3 6.0
14.0 7.8
26.1 12.0
34.1 16.2
40.9 18.0

Table 37: Factor levels selected for response surface 3

Parameters not investigated in this study were set to the following:

e Triton X-100 loading — 0.01 wt%
e Coating acceleration — 18 mm/s?
e Volume infuse — 20 uL

e Flow infuse — 500 uL/min

e (Coatinggap—120um

The effect of coating velocity and viscosity were plotted in a contour plot using the same numerical
categories as shown in the previous study, Figure 101. This showed velocity having a minimal effect

on mean thickness with the majority of the changes caused by viscosity. This was unexpected.
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Figure 104: Response surface 3 contour plot results

Again it supported the theory that flow rate was not being properly controlled. It seems the fluid
delivery system does not have a feedback loop and the syringe unit provides a flow rate purely based

on the desired wet coat thickness without accounting for viscosity and speed.

For response surfaces 1-3 the shim thickness had been changed depending on viscosity, as thinner

shims are usually preferred for low viscosities and thick shims are used for high viscosity formulations:
* 5.3 mPa.s fluid = 50 um shim
* 14.0 mPa.s fluid — 50 pm shim
e 26.1 mPa.s fluid = 100 pm shim
*  34.1 mPa.s fluid — 125 pm shim

e 40.9 mPa.s fluid — 125 pm shim

It's possible that shim thickness was having a larger effect than anticipated on the flow rate. This was

analysed in response surface 4.
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Again the middle points were checked for repeatability.

400
350
300
250
200

150 Viscosity 22.1 mPa.s

Thickness (nm)

Coating velocity 12.0 mm/s
100

50

4 6 7 8 10
Response Surface 3, Plate Number

Figure 105: Box plot data showing repeatability of mid-point plates for response surface 3

Results were mostly repeatable with the exception of plate 5, the response surface data was felt to

be reliable.
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d. Response Surface 4

The final response surface carried out incorporated 2 continuous factors (viscosity and coating
velocity) and one categorical factor (shim thickness). Both responses Middle Mean and Middle SD

were analysed. See appendix 8 for the full list of parameter combinations.

Viscosity (mPa.s) | Coating Velocity (mm/s) | Shim Thickness (um)
5.3 6.0 50

14.0 7.8 100

26.1 12.0 150

34.1 16.2

40.9 18.0

Table 38: Factor levels selected for response surface 4

Parameters not investigated in this study were set to the following:

e Triton X-100 loading — 0.01 wt%

Coating acceleration — 18 mm/s?

Volume infuse — 20 uL

Flow infuse — 500 uL/min

Coating gap—120 um
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Figure 106: Response surface 4 contour plot results for Middle Mean

The results showed a strong relationship between all three parameters in relation to the response of Middle Mean. Lower viscosities preferred the 50 um
shim and higher viscosities coated better with the 100 um shim. The 150 um shim was most favourable for high viscosities paired with low viscosities, as well
as low viscosities combined with a high speed. All three shim thicknesses exhibited regions of good coating thickness at high viscosity/low speed and low

viscosity/high speed. To better understand the relationships, the impact of flow resistance on flow rate was considered.



Fluid resistance can be calculated using Poiseulle’s Law. For a Newtonian fluid passing through a pipe

of length ‘I’ and radius ‘r’, assuming laminar flow, the fluid resistance is:
. 8nl
f= (mr2)r2
Equation 27: Fluid resistance in a pipe®!
where:

e Rf = Fluid resistance

e L =Length

This can be modified for the internal volume of a slot die head. The area of a circle is r?, so this
section of the equation relates to coating width x shim thickness, and the length is the distance
between the bottom of the manifold and the edge of the slot die lips. Equation 4 is a modification of
Poiseulle’s law relating to internal pressure of a slot die head so the same alterations can be employed.

_12q1
" s3B

Rf

Equation 28: Fluid resistance inside the slot die head

Internal fluid resistance was calculated and plotted on a scatter graph for all combinations of shim

thickness and viscosity, Figure 107.
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Figure 107: Fluid resistance in the slot die head



Lower shim thicknesses as well as high viscosities will result in higher fluid resistance. Pumping
systems incorporating a feedback loop will account for fluid resistance therefore maintaining a
consistent flow rate. However it appears the syringe delivery system incorporated into this tool does
not regulate the flow rate. Therefore increasing fluid resistance will reduce the flow rate, which will

decrease the wet coat thickness and consequently the dry coat thickness.

The effect of fluid resistance on flow rate can be calculated using Equation 29 though without knowing
the internal pressure, the flow rate and resultant wet coat thickness (Equation 6) cannot be
determined. Values can be calculated for the wet coat thickness, flow rate, fluid resistance and
internal pressure using the Middle Mean, however this is not relevant without knowing what the

internal pressure and flow rate should be.

dV, Ap

dt  Rf

Equation 29: Effect of fluid resistance on flow rate
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Analysis of the same data was carried out to determine whether the shim was having any effect on the Middle SD. The same colour scheme was used as in

response surface 1, Figure 94.
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Figure 108: Response surface 4 contour plot results for Middle SD

A similar pattern was observed as for the Middle Mean data; high viscosity coupled with low coating velocity and low viscosity combined with high coating
velocity resulted in the most uniform coatings. The response surface has determined an operating window at which the fluid resistance and flow rate are
ideally matched to deposit the correct wet coat thickness and stabilise the bead. This is in agreement with the findings of Carvalho and Kheshgi’s (2000)%

that for a low viscosity fluid a flow rate below the flow limit will result in meniscus instability. In this case the speed is used to increase the flow rate, resulting

in a stable meniscus.



During this response surface study there was no analysis carried out on the start and stop regions,
however it was observed that low viscosities coated with a high shim thickness resulted in a thicker
stop region, Figure 109. Shim thickness had a minimal effect on standard deviation, and the effect on
the middle mean can be overcome using coating velocity. This means that the original rationale of

corresponding shim thickness to viscosity can be employed to optimise start and stop regions.
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Figure 109: Example cross-section profile for low viscosity formulation coated with a thick shim

Analysis of coating repeatability of the midpoint data was found to be high for the mean thickness.
With the exception of plate 23, the standard deviation data was also moderately repeatable. This

allowed confidence in the data and conclusions.
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Figure 110: Box plot of thickness data and scatterplot of standard deviation, showing repeatability of mid-point plates for

response surface 4

A region within the operating window has been found that will produce high uniformity coatings of

the desired thickness.



6. Conclusions

The original aim of this project was to determine the effect of viscosity and surface tension on coating
quality, and to assess any potential relationships between parameters in terms of their influence on
coating thickness uniformity. This aim has been achieved and a number of models have been created
to allow for more streamlined process development and an understanding of requirements when

formulating an ink.

Surface tension was shown to have very little effect on the coating performance of the slot die coater,
within the range of selected surface tension values. However formulation work was limited by wetting
issues; a larger range of surface tension values may have shown a stronger relationship between
surface tension and the responses. In hindsight it may have been better to use higher molecular weight
polymers such as 400K — 600K molecular weight at a low loading (<2 wt%) to improve wet coat
stability, this would have allowed for a lower loading of surfactant (or potentially the use of no
surfactant) and therefore higher surface tension values. Surface tension had a small effect on the
thickness of the start and the stop region but only when combined with the effects of coating
acceleration and coating gap respectively. The influence of coating acceleration and surface tension is
thought to be on the stability of the meniscus, there are a number of parameters which should
counteract any issues such as coating gap, flow infuse, volume infuse. The effect of surface tension
and coating gap on the stop region are expected to reduce the ease of which the material is withdrawn
into the head, these effects can be minimised by using a lower gap or by increasing the pump stop
offset so there is less material to be removed at the end of the plate. It would be interesting to repeat
this study with a wider range of surface tensions, though this study reduces the level of concern over

the effect of surface tension on coating uniformity.

It became clear during this project that viscosity has a large effect on the fluid dynamics of slot die
coating, by influencing the stability of the bead and contributing to flow resistance. The viscosity and
coating speed are inversely proportional and can be used to produce a coating of the correct thickness
without compromising uniformity. Response surface 1 showed that it was not possible to achieve a
coating of uniformity within £5% standard deviation within the chosen parameter space due to the
instability of the bead. However it may be achievable by using a lower coating gap and coating
acceleration. Though it was not highlighted to be significant in the factorial study, a high coating speed
was shown, in response surface 4, to exhibit good uniformity for low viscosity fluids. The investigation
into the mean thickness was an unanticipated direction of work as it had been assumed early on that
the flow rate was being suitably controlled. It is now thought that the flow rate is calculated based on

the input values of wet coat thickness, coating speed and coating width, no correction is made to
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account for acceleration or fluid resistance. However it was possible to achieve the required wet coat

thickness using coating speed to correct for errors in the produced flow rate.

In summary, the effects of surface tension and viscosity can be counteracted using the know-how
developed in this project. Where reformulation is possible the viscosity can be modified to allow
simpler process development. Where this is not possible the data has shown that, within the operating
windows investigated in this study, it is possible to achieve uniform and repeatable coatings of a

required thickness.
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7. Future Work

Following on from this study | hope to continue this work focussing on the start region, and potentially
the stop region as a lower priority. There are a large number of parameters influencing the start region
and data has suggested, namely Figure 79, that this is where error is being introduced and having a

residual effect on the rest of the plate.

It would be interesting to assess the effects of highly pseudoplastic and thixotropic materials to
determine if there was a region in which uniform coatings can be achieved, particularly in relation to
electronically active polymers. Khandavalli and Rothstein (2016) report the use of shear thickening to
achieve a lower minimum wet coat thickness due to a more stable meniscus. However the

modification of formulations to achieve a particular viscosity could hinder electrical performance.

There are plans to purchase a new slot die system at CPI, the specification is being selected to avoid
issues observed in this project. The system will cost an excess of £150,000 so specification selection is
critical. The new system will incorporate sacrificial glass before and after the substrate so that the
start and stop regions are not on the coated substrate, completely removing any issues related to the
start and stop region. In addition to this the flow rate will be input to the software and will be regulated
by a feedback loop to afford greater fluid control, removing the effects of fluid resistance resulting in
variable coating thicknesses. The PEO formulations developed in this project will be used to compare

coating quality with the LACE slot die coater.

Ideally another study could be carried out using a wider range of surface tension values, potentially
using different solvents. Since the new slot die system will have heating capabilities viscosity and

surface tension could be controlled using heat.
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8. Appendices

Appendix 1 - The LACE Line, plan and front elevation
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Slot die coating units
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Appendix 2 — Module descriptions

Image

Module

Tools

Ambient Module

The ambient module is
named so due to
processing being carried
out in ambient
conditions i.e. in air.
This unit is used for the
solution processing of
materials that are not
hazardous by inhalation
therefore extract is not
required; this is usually
water-based inks.

Coatings are dried in
the hotplates and can
subsequently be passed
through into module A
via the hotplates or the
UV cleaner for further
processing.

Slot die coater (dual head)
[ e

|S=al

e ——

Edge bead removal tool ‘.

UV cleaner .

Handling robot

Cassette D
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Module A — Inert
Coating

Module A is setup as a
glovebox configuration.
It can be filled with
nitrogen for the coating
oxygen and moisture
sensitive materials. It
can also be used in air
but with the glovebox
glass in place to provide
a barrier when
hazardous solvents are
in use.

Once coatings have
been applied the
substrate is moved to
module B. Prior to this
the substrate is inverted
using the flip tool and is
passed through using
the automated robotic
system.

Slot die coater (dual head)
= ——1R

|S==al

—— 3

Spin coater .
Edge bead removal tool ’.

Flip tool .

UV cleaner .

Handling robot

Antechamber ﬂ[jﬂ
Cassette D
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Module B — Evaporation

Metal and organic
materials can be
evaporated or vacuum
deposited through a
mask. The substrate can
be passed between
chambers via the robot
in the centre.

Substrates are passed
through to module Cvia
the automated robot.

Evaporation module

%

Metal deposition chamber

|

Mask loading chamber

Organic deposition chamber
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Module C -
Encapsulation

This module always
remains under inter
conditions.
Encapsulation of
processed substrates
takes place by applying
an epoxy in a chosen
pattern, attaching the
barrier (usually 1.1 mm
thick glass) and curing
the epoxy using UV
light.

Completed substrates
are passed to the exit
antechamber for
removal from the LACE
system.

Encapsulation module

UV-press

UV cleaner -
Vacuum oven “M]

Handling robot

Exit antechamber {@
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Appendix 3 — Equipment descriptions

Image

Tool Description Manufacturer Specification

Slot die | This is a wet coat deposition | Mathis Substrate thickness:

coater technique whereby a fluid is 0.7-1.1mm
Switzerland

fed through a defined gap in a
controlled manner to apply a

uniform film.

It contains a granite bed that
incorporates substrate
holders for each substrate
size, changes are made in the
software to dictate which

holder is used.

http://www.mathisag.com/

Coating speed: 1-30

mm/s
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http://www.mathisag.com/

Spin coater This is a wet coat deposition | Solar Semi Substrate thickness:
technique whereby fluid is 0.7-3.2mm
Germany
dispensed  (manually or Max spin speed:
automatically) onto the o 4”-3000rpm
centre of the substrate and o 6”—-1500rpm
http://www.solar-
the substrate is span at a high o 8 —1000rpm
semi.com/
speed to uniformly push
material across the plate.
Substrate holders must be
manually changed to switch
between substrate sizes.
Edge bead | This tool removes material a | Solar Semi Substrate thickness:
removal tool | defined distance from the 0.7-6 mm
Germany

edge using a thin stream of
solvent to remove messy
edges and to expose metal

contacts.

Substrate holders must be
manually changed to switch

between substrate sizes.

http://www.solar-

semi.com/

Max edge bead

removal: 18 mm
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http://www.solar-semi.com/
http://www.solar-semi.com/
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Flip tool This inverts the substrate so | Solar Semi e Substrate thickness:
that it is correctly oriented in 0.7-4mm
Germany
the evaporator.
It clamps onto 5 mm of the
edge of the substrate and | http://www.solar-
rotates it by 180°; the same | semi.com/
clamp is used for all substrate
sizes.
UV cleaner The UV cleaner uses | MBraun Not stated in
ultraviolet light to clean manufacturer
Germany

residual hydrocarbons from

the surface of substrates.

http://www.mbraun.com/

documentation.
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Hotplate Dries or bakes wet coats | VST Services Ltd. e Temperature range:
either under nitrogen or 40 - 200°C
Israel
vacuum.
Substrate holders must be
manually changed to switch | www.vacuumltd.com
between substrate sizes.
Cluster tool Applies uniform  coatings | VST Services Ltd. Not stated in
under high vacuum manufacturer
Israel
conditions. documentation.

www.vacuumltd.com
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Applies adhesive to attach

the barrier to the substrate.

Infotech AG

Switzerland

www.infotech-

automation.com

Axes range
o X—-400mm
o Y-400 mm

o Z-68mm

UV Press

Cures the adhesive to bind
the substrate to the barrier

using UV light.

IST METZ

Germany

http://www.ist-uv.com/

UV radiation zone:
180 — 450 nm

Lamp output: 140
W/cm
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Handling

robot

Passes the substrate through

the entirety of the LACE line.

MBraun

Germany

http://www.mbraun.com/

Substrate thickness:

0.7-3.2mm
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Appendix 4 — Example fabrication process

*Pre-prepared before the substrate is loaded into the LACE line via sputter
coating.

eSlot die coated in the ambient module;
eEdge bead removal is carried out in the ambient module;
eDried in an oven and passed through to Module A.

Emissive layer

*Spin coated or slot die coated in Module A;

eEdge bead removal in Module A;

eDried in an oven and moved back to Module A;
eSubstrate inverted using the flip tool in Module A;
ePassed through to module B.

|
|
|

Adhesive and
Barrier Glass

\
eCathode material deposited via evaporation in Module B;
ePassed through to Module C.
J
\

eAdhesive is applied in module C using the encapsulation tool;

eCorresponding barrier glass is added to the stack;

eAdhesive is UV cured;

eCompleted substrate is moved to the exit antechamber to be removed from
the system.

J




Appendix 5 — Response surface 1, parameter combinations

Plate Viscosity Coating Flow Infuse | Coating Gap
(mPa.s) Acelleration | (ul) (um)
(mm/s?)

1 5.8 226.5 275 110
2 13.9 114.8 388 130
3 13.9 338.3 163 130
4 13.9 114.8 388 90
5 13.9 338.3 388 90
6 139 114.8 163 130
7 13.9 338.3 388 130
8 13.9 114.8 163 90
9 13.9 338.3 163 90
10 22.2 226.5 275 110
11 22.2 226.5 275 110
12 22.2 226.5 275 110
13 22.2 226.5 275 110
14 22.2 226.5 275 110
15 22.2 226.5 50 110
16 22.2 226.5 275 110
17 22.2 226.5 275 110
18 22.2 450.0 275 110
19 22.2 3.0 275 110
20 22.2 226.5 275 150
21 22.2 226.5 500 110
22 22.2 226.5 275 70
23 34.0 338.3 388 90
24 34.0 114.8 388 90
25 34.0 338.3 163 130
26 34.0 114.8 388 130
27 34.0 114.8 163 130
28 34.0 114.8 163 90
29 34.0 338.3 163 90
30 34.0 338.3 388 130
31 38.4 226.5 275 110
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Appendix 6 — Response surface 2, parameter combinations

Plate Viscosity Coating Velocity | Coating Acelleration
(mPa.s) (mm/s) (mm/s2)
1 22.2 12.0 226.5
2 22.2 12.0 450.0
3 22.2 6.0 226.5
4 22.2 12.0 226.5
5 22.2 12.0 226.5
6 22.2 12.0 226.5
7 22.2 12.0 226.5
8 22.2 18.0 226.5
9 22.2 12.0 226.5
10 22.2 12.0 3.0
11 13.9 15.6 93.6
12 13.9 15.6 359.4
13 13.9 8.4 359.4
14 13.9 8.4 93.6
15 5.8 12.0 226.5
16 34.0 8.4 93.6
17 34.0 15.6 93.6
18 34.0 15.6 359.4
19 34.0 8.4 359.4
20 38.4 12.0 226.5

Appendix 7 — Response surface 3, parameter combinations

Plate Viscosity Coating Velocity
(mPa.s) (mm/s)
1 5.8 12.0
2 13.9 7.8
3 13.9 16.2
4 22.2 12.0
5 22.2 6.0
6 22.2 12.0
7 22.2 12.0
8 22.2 12.0
9 22.2 18.0
10 22.2 12.0
11 34.0 7.8
12 34.0 16.2
13 38.4 12.0
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Appendix 8 — Response surface 4, parameter combinations

Plate Shim Thickness | Viscosity Coating Velocity
(um) (mPa.s) (mm/s)

1 50 5.8 12.0
2 50 13.9 7.8
3 50 13.9 16.2
4 50 22.2 18.0
5 50 22.2 12.0
6 50 22.2 12.0
7 50 22.2 6.0
8 50 22.2 12.0
9 50 22.2 12.0
10 50 22.2 12.0
11 50 34.0 16.2
12 50 34.0 7.8
13 50 38.4 12.0
14 100 5.8 12.0
15 100 13.9 16.2
16 100 13.9 7.8
17 100 22.2 12.0
18 100 22.2 12.0
19 100 22.2 18.0
20 100 22.2 12.0
21 100 22.2 6.0
22 100 22.2 12.0
23 100 22.2 12.0
24 100 34.0 16.2
25 100 34.0 7.8
26 100 38.4 12.0
27 150 5.8 12.0
28 150 13.9 16.2
29 150 13.9 7.8
30 150 22.2 6.0
31 150 22.2 12.0
32 150 22.2 18.0
33 150 22.2 12.0
34 150 22.2 12.0
35 150 22.2 12.0
36 150 22.2 12.0
37 150 34.0 16.2
38 150 34.0 7.8
39 150 38.4 12.0
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