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ABSTRACT

The process that is being investigated is a roll-to-roll vacuum deposition of a polymer film by
evaporation of a liquid monomer followed by in-line curing. In the process, a continuous stream of
an acrylate is introduced in a hot tank in order to be flash evaporated. Afterwards, the monomer vapor
passes through a nozzle and is directed to a cooled, moving substrate where it re-condenses as a liquid
monomer film. The deposition takes place in a vacuum chamber at approximately 10“*mbar. The
moving substrate carrying the liquid film moves away from the evaporation source towards an
ionizating radiation source, plasma or electron beam, inducing the curing and crosslinking of the

liquid films, solidifying them to become a network polymer.

The research project is based on making a robust comparison of an acrylate-based coating cured with
one of two power sources, plasma and electron-beam, with an investigation of the influence of process
parameters on the materials properties. For the purpose of this line of research, the chemical used is
a difunctional acrylate, TGPDA. The comparison will include a deep study on the chemical and
physical properties obtained by different power sources, at different powers and radiation time. The
aim of this part of the project is being able to link the parameters of the curing source with the polymer
properties, i.e cross-linking density, curing degree, mechanical properties, topography and thickness.
Furthermore, it would help in the better understanding of the cure control, particularly when

investigating more advanced processes, such as the mixed materials and selective curing.
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CHAPTER 1L.INTRODUCTION

This project seeks to explore the roll-to-roll vacuum deposition of polymer layers, in
particular the effect of process parameters on the properties of the resulting films, made

up of a difunctional acrylate monomer.

The process that will be investigated is a roll-to-roll vacuum deposition by evaporation
of a liquid monomer followed by in-line curing. In the process, a continuous stream of an
acrylate monomer is introduced into a hot tank in order to be flash evaporated. Afterwards,
the monomer vapor passes through a nozzle and is directed to a cooled, moving substrate
where it re-condenses as a liquid monomer film. The deposition takes place in a vacuum
chamber at approximately 10*mbar. The moving substrate carrying the liquid film moves
away from the evaporation source towards an ionizating radiation source, plasma or
electron beam, inducing the curing to crosslink the liquid film, solidifying it to become a

network polymer.

Hot tank
250°C

Figure 1.1: Schematic of the process



The research project is based in making a comparison between two curing sources
(plasma and electron beam) when vacuum depositing organic thin films. In addition, it
consists in an understanding on how the different process variables affect the polymer’s
properties. Previous to this work, it was observed within my research group, that the
dielectric and barrier properties of transistors and barrier coatings, respectively, differed
when modifying the process parameters when vacuum depositing acrylate coatings. This
finding was thought to be as a result of many factors such as degree of cure, topography,
mechanical properties. The main hypothesis for the transistor properties in which the
acrylate layer was used as a gate dielectric (1) was that, when the acrylate coatings are
not completely cured, the uncured part of the layers will be able to conduct electricity to
some degree, and this manifest itself a high leakage current in the transistor (the
undesirable current between gate and drain electrodes) that leads to a low on/off current
ratio, or at worst, short circuiting. A second factor that was observed, also thought to be
due to poor cure, which would lead to high polarizability of the polymer under an applied
field, is a high hysteresis in the voltage/current characteristic as the transistor is switched
off and on, which is undesirable for circuit design. . In addition, acrylate coatings were
used in the barrier coatings as smoothing layers, prior to deposition of inorganic layers
that have high barrier properties, in order to reduce permeation. The acrylate smoothing
layer acts to reduce the defects in the oxide, reducing the permeation too (2) (3) (4). So,
in order to improve the barrier performance they are deposited on top of a smooth, well
cured, organic layer with appropriate mechanical properties to minimize the formation of
localized defects in the rather fragile inorganic gas barrier layer, and to ensure a good
interface between the substrate and the inorganic coating. In conclusion, the control of

curing, and hence also dependent properties such as polarizability, topography and



mechanical properties, is important as it one of the key factors when it comes to

applications, as exemplified in the work on for organic electronics and barrier coatings.

Therefore, the project was born because it was felt a need of controlling the degree of
cure and hence the polymer’s properties. The project seeks to develop a curing model out

of the process variables, by exploring the degree of cure under a range process conditions.

The thickness of the resulting film will also be dependent on many process factors. In
vacuum deposition, the acrylate is put down from a vapor state, which cools down on the
substrate. Therefore, the condensation and re-evaporation rates, and indeed etching by the
curing source, play a key role in determining the thickness of the resulting layer. Again,
this study is novel, especially when trying to link these parameters out of the process

parameters or the degree of cure.

The nature of the curing source seemed to have an influence on the coatings as well.
Previous studies had been performed comparing UV and EB on one hand (5) (6), and UV
and plasma on the other hand (7) (8). However, any studies had been performed
comparing EB and plasma, which is where the novelty of this research project leads. So,
a complete study of plasma and electron beam would be performed, being the ultimate
goal, the comparison of the two curing sources. In plasma, ions, electrons or photons
interact with the material, however in E-beam only electrons are present. Because of that,
given the different nature of the two curing sources, the properties of the resulting

coatings maybe different, and it is exactly any such difference that should be studied.

Lastly, not only the degree of cure and thickness is studied but also the topography and
crosslinking density (hence mechanical properties). The challenge would be trying to

explain how the curing source influences these properties.



So, in summary the main research lines are:

The study of the degree of cure and thickness for all the process parameters (injection

rates, gas flow, power, curing source...).

The comparison of the results between plasma and electron beam.

The influence of the degree of cure or the process conditions on the topography and

crosslinking density.

The machine used is based on a roll-to-roll technique, hence the thin films would be
subjected to the curing source only once in normal conditions. However, in order to better
understand the effect of subjecting the material to a variable time to the curing source, a
single short length of substrate attached directly to a rotating drum was used in the
research project. By doing it so, multiple layers will be built on top of each other on the
surface of the drum, so that the inner layers would pass under the curing source more
times, as opposed to the “fresh layers”. All the parameters that played a role in the

research project are explained:

e Injection rate: it refers to the rate (volume per unit time) the monomer is
introduced into the flash evaporation system, and hence controls to the amount of
material that is introduced on top of the drum at each pass. It is controlled by the
speed at which a syringe moves to inject material into the system. Therefore, the
speed at which the material is introduced in the vacuum chamber will cause
differences on the thickness of each layer given that as the speed is increased,
more material will be deposited on top of the drum at each pass, but fewer layers

will be deposited for a given volume of material. As for example, when decreasing



the injection rate by half, from case A to case B in Figure 1.2 the thickness of each
layer would be reduced by half as well, but the number of layers will be twice as
many. The information that would be obtained out of it, is a better understanding
of the amount of material the reactive species of the curing source are able to

interact with at each pass of the drum.

[ ] /‘ 2™ Jayer/s ‘
Tape

Substrate . Substrate
Drum |

Figure 1.2: Schema of the deposition of two thin films when modifying the injection rate

(A has a vl ml/min and B has a speed of v2=v1/2)

e Volume: the total volume of monomer material injected into the flash evaporation
chamber. Thicker films will be obtained where there is more material interacting
with the plasma or E-Beam species. Doubling the volume of material from case C
to case D (Figure 1.3), for the same injection rate and drum speed increases the
number of rotations under the curing source the sample makes during the experiment.
So, by changing the volume, it provides information about any “post-curing” effect,
as the first layers deposited during the injection will pass the curing source multiple

times. This means, understanding on whether or not the reactive species are able to
5



interact with the underlayers, breaking the C=C bonds to further polymerize the

material.

27 Jayer Tape

Substrate .

Drum

Drum

Figure 1.3: Schema of the deposition of two thin films when modifying the volume (C

has a volume VI ml and D has a volume of V2= 2*V1)

e Volume and injection rate: When combining the volume and injection rates effects
onto the curing degree, different overall thickness, thickness per layer and number

of passes under the curing source are obtained, as it can be observed in the following

table (Table 1.1)



Volume (ml)
LOW HIGH

Injection

rate

(ml/min)

Substrate I l
Substrate
Drum
Substrate Substrate
HIGH Drum Drum

Table 1.1: Combination of volume (ml) and injection rate(ml/min) on the thickness per
layer, number of layers(= number of passes under the curing source) and overall

thickness of the coatings.




Power: As the power of the curing source is increased, more reactive species will
interact with the material. As for how the power is controlled, when using plasma
the current is modified whereas the voltage will stay unchanged. This will cause
a power modification. Regarding the E-Beam, since all the variables are linked
together in this specific case, as changing the current, not only the voltage will
change, but also the gas flow.

Gas flow: The gas flow was also modified when using plasma. As the gas flow is
increased, in theory, more reactive sites will be created, as there is more gas
subjected to the ionization. In E-Beam as mentioned before, the gas flow can’t be
modified without altering the voltage and the current. So, in this case, it is not
possible to distinguish the influence of each variable on the curing source. Finally,
the gas flow was changed. Since in both curing sources, the reactive species are
created from Ar, one can think that the more the gas flow, the more the reactive

species and therefore, the degree of cure.



CHAPTER 2.LITERATURE REVIEW

2.1. COATING TECHNIQUES

2.1.2. Vacuum deposition

Once the most widely used non radiation curing techniques had been described, the
process under study will be explained. Vacuum polymer deposition (VPD) or polymer
multilayer (PML) is a method in which ultrasmooth and pin-hole free films are deposited
at very high rates. The evaporative process can deposit films up to 10 microns thick (9) ,
with the upper thickness limit largely imposed by the penetration depth of the crosslinking
radiation employed. Physical vapor deposition often takes place in a “good vacuum” in
order to provide a long free mean path between collisions. It requires a pressure below
10-4 Torr, in order to avoid the reactive species from the curing source to interact with air

molecules, reducing the curing efficiency.

One of the many advantages of vacuum processing in radiation curing is that it prevents
the oxygen consuming the free radicals formed in the polymerization process. (2)Also, it
is especially useful for reducing the vapor and gas contaminants within the coating
material during the processing. In addition, it is more cost-effective given that the
polymers are deposited 10-100 times more quickly, as it permits ultrafast deposition of
polymer films in the same vacuum environment as conventional physical vapor
deposition (sputtered or evaporated) thin films. It is especially useful for multilayer
coatings, as it permits the deposition of multiple layers in a single pass through a vacuum
coater, involving other vacuum-deposited layers such as metals and ceramics without

issues of solvent compatibility (9). Thus, it is commonly used for polymer/metal layers



for gas barrier coating or dielectric films, as it is compatible with other vacuum processes

such as sputtering or plasma enhanced chemical vapor deposition (PECVD). (10).

Vacuum deposition techniques allow formation of thin films that actually smooth the
substrate on large areas. Polymer films can be deposited at speeds up 300m/min with an
excellent thickness uniformity (~2%) (9) When comparing it to other printing techniques,
the thermal source is less affected by the polymer viscosity, hence, as long as the vapor
pressure is maintained the coating uniformity will be good (11). Since vacuum deposition
is a solvent-free process, no solvent has to be removed after deposition. That is especially
useful in organic-inorganic multilayer applications, given that there is no problem of

swelling of the lower layer when depositing the top material. (12) .

Disadvantages include that it requires complicated equipment to maintain the vacuum
environment, and high temperatures are required in order to evaporate the monomer.
Furthermore, vacuum processes can cause the development of high internal stress in the

resulting film due to the high deposition/curing rate. (11)

Coating technology’s newest trend is looking for environmentally-friendly or more
economic processes. Among them, vacuum deposition is being seriously considered as it

does not involve solvents. (13)

2.1.3.Curing techniques

The monomers need some curing after being deposited onto the web, the different curing
techniques include: Plasma, which induce electronic excitation and ionization, and UV,
or E-Beam, which only have electronic excitation. But polymer can also be thermal cured
by using some techniques such as infrared radiation, microwave or radiofrequency (11).

Before giving a full detailed explanation of all these curing techniques, a classification
10



depending on the physical science beneath the different techniques is listed in the

following table (Table 2.1):

Radiation heating
Thermal curing Convection/Conduction heating

Induction heating

Ultrasonic heating

Resistance heating

Thermal additives based heating
Radiation curing EB

Plasma

uv

X-Ray/Gamma

Table 2.1: List of curing techniques

2.1.3.1.Thermal curing

Nowadays, thermal curing is by far the most popular curing method for polymers.
However, it has some drawbacks. In order to keep the temperature profile in range without
degrading the material, long curing cycles are required. So, because of the low heat
conductivity of polymers, the curing efficiency or in other words, the amount of time a
polymer needs to be fully cured is greater than in radiation curing. In addition, it is a non-
homogeneous process in which large thermal stress is induced in the material due to the
thermal gradients. Also, it is still challenged by the size limitation, especially in the
autoclave curing process. (11). For that reason, low-cost and highly efficient curing

methods are being investigated. (14)
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Thermal curing can be categorized, by the mechanism of heat applied, into radiation
heating, convection and conduction heating, induction heating, ultrasonic heating,

resistance heating and thermal additive-based heating.

None of these techniques produce ionization in the material due to the low energy of the
infrared and microwave radiation. Also, due to the low thermal conductivity of polymers,
they are challenged by the speed of heating, leading to long cure cycles, making it difficult

to achieve reliable uniform heating of the films. (14)

2.1.3.2.Radiation curing

Radiation curing is a technique in which the polymerization is initiated by the use of high-
energy ionizing (EB, plasma) or electromagnetic (UV) radiation. The use of ionization of
radiation-sensitive polymers not only induces curing but also crosslinking, when working
with multifunctional monomers. It has been found to be widely applicable in not only
curing but also modifying the properties of polymers, as well as to tailor the performance
of either the bulk or the surfaces. (14) (15) (16) Since the first patent in radiation curing
in the early 1960s many applications have been developed, including gas barrier coatings
(3) (6) (2), optical coatings (17), microstructuring (7) (18), gate dielectric (1) (19) (20),

adhesives (21) (22) (23) floor covering (24) , printing inks (25) or antistatic layers (26).

Radiation curing provides some unique technological superiority compared to thermal
curing, including improved resin stability, handling flexibility, fast curing speed, energy
efficiency, high productivity, high solids and elimination of solvents, low cost and energy
consumption, possible multiple operations, high degrees of cross-linking, and improved

chemical, abrasion and stain resistance. (27) . In addition, it is a more convenient

12



technology in terms of the size of the equipment needed (11) and it offers a better control

on the degree of cure (14).

2.1.3.2.1.Chemical reactions

Ionizing radiation may initiate various chemical changes in polymers. The energy of the
source is absorbed by the polymer, and free radicals are produced, resulting in the

following processes (28):

1) Polymerization: where monomers are joined together. This process consists of three

steps:

1.1) Initiation: It occurs when introducing a material that interacts with the
radiation generating suitable radicals.

INITIATOR

RCH:R (RCHaR)y + €

or RCH," + R®

R"+RCH: o

Figure 2.1: Initiation mechanism in radiation curing

1.2) Propagation: The reaction between the derived radicals with the
polymerisable species.

Xe + CH=CHCO2R XCH2CHCO2R

Figure 2.2: Propagation mechanism in radiation curing
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2.1.3.2.2.UV

The principles of UV curing differ from the other techniques aforementioned, as it is a
non-ionising radiation and it usually requires the presence of a photoinitiator. This is
because monomers don’t absorb UV light in an efficient way, hence why they won't
initiate the radical polymerization fast enough. There are essentially two types of
compounds used in UV curing in order to absorb the light: The photoiniatior is a
compound which under light excitation, is capable of generating large amounts of free
radicals, leading to photo-polymerization and crosslinking processes (29) (14) (30) and a

photosensitizer which is a light sensitive material capable of converting the UV radiation

onto a more useful form of energy, or in other words, a compound capable of activating
the photoinitiators even under visible light creating a synergetic effect with the
photoinitiators . So, the process would be as follows: Photoiniators generate free radicals
through unimolecular photocleavage or bimolecular hydrogen abstraction. Firstly, they
absorb the incoming radiation and then they split up to form free radicals causing the
polymerization of the formulation. (27) (31) Then, the chain propagation takes place and
the monomer is consumed. By last, the combination of polymer radicals occur leading to

the chain termination (32).

Light absorption PI PI*

Energy transfer to photoinitiator S* +PI S+PI*
Radical generation PI* R’

Initiaton R’ +M RM’

Propagation RM," +M RMp+1 "

Termination RM," +RMp," Polymer
14



Photoinitiators have to be selected depending on the wavelength of the radiation, so the
maximum absorption has to match the emission of the light source, so it must have a high
absorption at the exposure wavelength. The choice of the photoinitiator plays an
important role as it will govern the curing rate. The photoinitiatior must display a
high quantum yield of formation of initiating species, and a high reactivity of the radical
towards the monomer. In addition, a photosensitizer is commonly added in the

formulation in order to transfer the light energy to the other compounds. (33)

UV curing is a fast and room temperature process. It is cost efficient, energy-saving,
environment and user friendly, which requires little space for the equipment and has low
energy consumption. However, under air atmosphere it still has to overcome the oxygen
inhibition effect. (33) (14) (27) (31) . UV cannot provide efficient curing in non-UV-

transparent coatings due to the very limited penetration of the radiation. (14)

2.1.3.2.3.Plasma

Plasma cured polymers are deposited when the monomer is placed into the discharge zone
of a plasma. The plasma is generated by the excitation of a carrier gas by means of
electrical energy, creating reactive species such as ions, electrons, photons and excited
molecules. The plasma-derived species reach the monomers inducing the polymerization.
Additionally, the polymer obtained by plasma processes is subjected to further attacks by
the reactive plasma species which may cause modifications to the surface properties and
morphology. The mechanism of the plasma-induced polymerization is believed to be a

combination of the UV radiation (indirect transfer) and the active species bombardment
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(direct transfer) (18) (7) (34) (35) . However, the interaction between the plasma species

and the organic precursors is not yet well understood.

2.1.3.2.4.Electron Beam

Electron beam curing is based on highly-energetic electrons that provide enough energy to
initiate the curing reactions. Although it is well-known for almost 70 years now that
accelerated electrons can be used to enhance the physical properties of polymers,
industrial applications dates from the early 1980’s. (5) The energy used nowadays is
typically 10 times greater than in thermal curing, which makes it an appealing technique
for polymer processing. In addition, the electrons generated in EB curing can penetrate
the full depth of (suitable thickness) coatings (14) vs thermal curing in which the heat
energy diffuses through the material from the surface. (11) (27). Another advantage is
that the rate of curing is really fast and it is more associated with the absorbed radiation
instead of with the temperature achieved in the thermal curing process. As mentioned in
the previous section, thermal curing induces residual stress, and this is completely erased

by radiation curing because of the lack of thermal expansion/contraction (27).

E-beam curing has a high-dose rate and short processing times. One of the main
advantages compared to other ionization sources such as plasma or gamma, is that the
samples absorb all the energy of the source. However, they have a quick energy loss, and
that’s why it’s use is limited to thin films. However, the greater the energy of the electrons
the greater the penetration will be. (28) In addition, another important drawback of EB-
curing is that any oxygen present combines with the primary radicals, terminating the

chains and hence limiting the cure. However, since the curing takes place under vacuum
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conditions, the oxygen inhibition does not represent an issue in the curing process, when

using VPD, since even though the oxygen is not erased, at least is greatly reduced. (11)

When compared to UV, no photoinitiator is required, so they won’t interfere with the

curing reaction. However, the capital cost in the EB equipment is much greater. (27)

As for how the E-beam is created, a high current is passed through a filament, heating it
up when using a low voltage and a high current. At that temperature, a stream of electrons
are emitted from the surface, and are directed and accelerated to hit the source material.
The filament is surrounded with a negatively charged cathode except for a gap (anode).
Because of that the electrons can be directed in a specific direction in the beam. The

process normally takes place at low pressure to prevent the losses due to gas collisions

9.

2.1.3.3. Conclusions Thermal curing vs Radiation curing

Due to the energy absorption mechanism in radiation curing, it provides unique
technological superiority compared to thermal curing, including fast curing speed, energy
efficiency, and improved resin stability. In addition, it offers a better control of the cure.
However, it requires a radiation sensitive material, and more complex equipment is

required. (14)

2.1.4. Summary

Now the main coating and curing techniques have been reviewed and compared, the
technology that will be used in the project will be discussed with vacuum deposition as
the coating technique and plasma and electron beam as curing sources to polymerize a

diacrylate (Tripropylene glycol diacrylate).
17



Vacuum processing is a cost-effective and solventless process, which offers a great quality
of the films, pinholes and defects free. Regarding the curing sources, to the best of my
knowledge no studies have previously been performed on comparing plasma and e-beam
as curing sources for polymers. However, some research has been done on each of plasma
and e-beam treatment. While the chemistry of plasma samples seems to be unchanged
before and after plasma treatment, e-beam samples present scission and branching
throughout the film. This correlates with small changes on the glass transition of the
polymers. (8) It would be interesting to know if those differences occur in these coatings,
and if so, what changes about the properties of the polymers does the curing source cause.
In this regard, the research project will be based on correlating the different process

variables with the polymer’s properties.
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2.2.CONTROLLING THE THIN FILMS PROPERTIES

The project is focussed on analysing the effect of the different process parameters on the
polymer’s properties. The aim is to be able to control the curing degree and the
crosslinking density, as it will further have an effect on other polymer’s properties such
as mechanical properties, adhesion, wear resistance etc. Such properties will be of interest
for applications of such layers such as packaging, or OTFTs. In addition, since evaporated
acrylate is usually used in multilayer applications, the surface properties such as

topography will also be investigated.

2.2.1.Curing degree

Curing refers to the polymerization and crosslinking processes in oligomers and
monomers. The curing degree can be measured, by comparing the IR absorption of the
C=C double bond (810cm-1), which is present in the unreacted functional group on the
monomer, using the C=0 (1730cm-1) as a standard baseline in order to normalise for the
sample thickness, as the concentration of C=0O groups does not change during curing.
Figure 11 shows the 810cm-1 peak clearly in a sample of completely unreacted monomer,
with this peak absent in well cured material. The conversion degree (i.e. the proportion of
double bonds in the acrylate groups that have been reacted with) is then obtained by the

following equation (7):
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As it can be observed in equation 2.1, the degree of cure is based on the ratio of the
absorbances. What is measured in this work is the peak heights (above the background

intensity) of both: the —-C=C- and the —C=0 bond peaks, as opposed to the area. The peak

areas are linked to the concentration of a specific bond within the material followed by
the Beer-Lambert law (See section 3.2.2.2). Measuring peak areas, however, requires
peak fitting rather than a simple measurement as it will be the peak height case. Since it
is thought that the peak widths will not vary significantly with degree of cure, given that
the peak width describes the intermolecular interactions mainly due to the hydrogen
bonding, then measuring the peak height is a good approximation for estimating the
relative concentrations of the functional groups. In addition, since both peaks are
conveniently isolated from neighbouring peaks, peak fitting to deconvolute overlapping
peaks is not necessary. This technique is by far the most widely used technique to

estimate degree of cure (32) (9) (11) (36)

2.2.1.1.Chemistry

Acrylate-based coatings are by far the most widely used resins in UV, EB or plasma curing
applications because of their high reactivity and fast curing speed, together with the large
choice of functionalized acrylates. Since the early 1970s, acrylate coatings have
experienced a steady growth in market in both volume and the range of applications.
Therefore, many formulations have been developed in order to increase the curing speed
or to enhance the polymer’s properties. In the following graphic the double-bond

conversions of different chemistries are shown (30):
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Figure 2.4: Polymerization profiles of different types of UV-curable systems: 1.

Acrylate, 2. Vinyl ether, 3. Cycloepoxide, 4. Methacrylate, 5. Glycidyl ether (30)

The monomer functionality plays an important role in the final double-bond conversion
and in the polymerization rate (36). As the functionality increases, the polymerization
rate at the initial stage increases as well. This is due to the higher initial concentration of

acrylate groups and viscosity, which accelerates the initial degree of cure.

However, it is expected to result in a lower final degree of conversion due to the fast
increase of the crosslinking density (36). When a monomer reacts quickly, there are many
unreacted monomers in the polymer network because the monomers form a network
before achieving complete conversion. So, the chains won’t have enough time to find
other chains to crosslink with (11) . So, the fast increase on the gel fraction would limit
the extent of final conversion, given that the likelihood of reactive species to reach a C=C

would be reduced. (which is called, “the gel effect™)

On the other hand, when a monomer reacts slowly, monomers achieve complete

conversion without leaving unreacted monomers (21). In the following figure (figure 2.6)
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the curing kinetics of acrylates with different functionalities is shown: It can be observed
that indeed the monoacrylate may eventually cure to a greater extent than the diacrylate

but will take a much longer time to cure.
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Figure 2.5: Curing performance of different acrylates at different irradiation time (11)

In one report, C. Elsner et al. found that greater functionality of the monomer, led to both
reduced curing and slower polymerization (7) . The difunctional acrylates showed a
double bond conversion of 100% after 5 minutes, while a pentafunctional acrylate
achieved only 50% for the same curing time. In contradiction to the theory, it was found
that increasing the functionality was detrimental for both the initial curing rate and the
final double bond conversion. They suggested that this may be due to the differences in
viscosities between the monomers, limiting the diffusion of the reactive species within
the thin film. (37) In addition it is expected that the greater the functionality, the greater
crosslinking density and hence the stronger and stiffer the material. In addition, by

increasing the functionality, the solvent resistance, hardness and glass transition
23



temperature are increased. (38) However, it has found that the chemistry of the end
groups also plays an important role in the mechanical properties such as pendulum
hardness. It was found that when investigating the gel fraction (fraction of bonds
connected to a three dimensional network) on different chemistries the results obtained
differed between EB and UV. Depending on the chemistry, gel fractions where greater
with one curing source or another, although it is still not well understood the real reasons
of such contrasting phenomena. However, it still shows the importance of choosing the

right chemistry for the right curing source. (37)

All in all, TGPDA has been shown to be one of the best curing acrylates by far, not only
in curing rate but also in final double bond conversion, leading to a highly cross-linked

polymer film, (7) and thus it forms the baseline polymer for this study.
J @)
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Figure 2.6: TGPDA formula

2.2.1.2.Importance of the degree of cure

As mentioned above, acrylate thin films can be used in many applications (Section 1.2.2) ,
but in this specific case, the project was born when two applications were studied within
my research group, using acrylate thin films for barrier layers or as dielectric layers. In
both research projects, it was concluded that the curing degree is one of the crucial
parameters that must be controlled in order to use the acrylate thin films for those specific

applications. (6) (1) (3)
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Polymer/oxide/polymer coatings have exceptional barrier properties. When introducing
polymer layers on either side of the oxide, the barrier performance is improved a factor
of 15 or more. The acrylate layers smooth the substrate and protect the oxide layer from
being scratched and against fracture at the high points of the substrate, which reduces
the permeation rates. Affinito mentioned that even small amounts of monomer
remaining the polymer layers would lead to poor barrier performance. Indeed, when
depositing an uncured acrylate, the barrier performance was worse than the oxide layer
alone. The reason of this experimental result is not obvious to the authors (6) (1) ,
although it is suspected to be a consequence of the increase of defects in the partially
cured layers, which would ultimately allow the oxygen and vapor to go through the thin
films. Therefore, one must be certain that the Polymer Multilayers or PML are fully
cured, in order to prevent the fracture of the coating at the sharp, high points during
wind up, given the surface roughness. The uncured layers showed a rougher topography,
this will lead to an uneven load distribution, causing the oxygen and water diffusion

throughout the PML layers.

The electrical characteristics of all-vacuum-processed pentacene (dinaphtho-
thienothiophene (DNTT)) organic thin film transistors(OTFTs) using a polymerised
tripropyleneglycol diacrylate (TPGDA) insulator layer were studied (3) (39). In the
process, The acrylate layers were vacuum-deposited on top of PEN substrates patterned
with Al gate electrodes as the bottom-gate dielectric using a radiation curing source to
polymerise the TPGDA, then the semiconductor (DNTT) was evaporated directly onto
the TPGDA surface, using evaporated gold source drain electrodes. The source—drain
current was studied and it was observed that the total device current was small. It was

hypothesized that the low mobility could have been caused by the highly polar nature of
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the TPGDA surface. In addition, a comparison between devices using different curing
sources (plasma, EB and UV) was performed. It was noticed that some of the devices
failed due to the high the ‘leakage current’ (i.e. current passing between gate and drain).
By studying the cause of the failure, it was found that it could have been a consequence
of the poorly cured dielectric layer. There was noticed an increase on the leakage current
values and break-down strength, as the degree of cure of the TGPDA layers decrease,
when measuring the degree of cure qualitatively by the FTIR, studying whether or not
the disappearance of the —C=C- was observed. (3) So, the most cured samples were
obtained by plasma, whereas the least cured was the UV sample. So, it was concluded
that the higher leakage current of EB or UV cured sample devices was probably caused

due to defects e.g. pinholes or areas of poorly cured material.

These two examples show the importance of working with very well cured materials.
There are other instances on the contrary in which partially cured films are necessary i.e
manufacturing of 3D-micro- and nanostructures for micromechanical or microoptical
devices. In this case, the replication of 3D-structures by moulding with UV-curing of
liquid acrylates require two UV curing duplication cycle. First, a VUV-irradiation pre-
treatment prior the moulding, followed by a complete UV curing cycle (25). In any case,
it seems clear that being able to control the degree of cure seems to be an important goal
to achieve. So, one of the main aims of the research project is not only comparing two
curing sources, but also trying to link all the process parameters such as substrate speed,

gas flow, deposition rates, and curing power with the curing degree of the thin films.
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2.2.2 .Crosslinking density

Crosslinking refers to the formation of a three-dimensional network structure from a
linear polymer. (40) As opposed to the degree of cure, which measures the average C=C
concentration, in crosslinking density the distribution of the linkages between the
polymeric chains is determined. Hence, it is feasible that two thin films with the same

degree of cure present different crosslinking densities. (24)

Almost 20 years ago, some studies on polyethylene revealed that even though it was
thought to be an unreactive polymer, it did react under irradiation. Therefore, crosslinking
didn’t require the addition of chemicals such as sulphur or the presence of double bonds.
Radiation technology was capable of generating covalent bonds between the polymer
chains even when they lack reactive functional groups. Since then, crosslinking by
radiation on different polymers has been extensively studied. Therefore, radiation curing
not only induces polymerization but also crosslinking processes. Since the monomer used
here is a difunctional acrylate, each molecule has two sites that are highly reactive and
hence, it enables the impartation of crosslinking or branching sites to polymer
architectures. As an example, in a study of a pressure sensitive adhesive of acrylate, a
correlation between the e-beam dose and the thin film’s shrinkage was found. A shrinkage
of as much as 1.5% was possible with higher doses, but at the lowest doses there is no
change in thickness, suggesting that that dose is enough only to cure but not to crosslink

the polymer film. (22)

Crosslinking density determines the properties of the thin films as, for instance, the
crosslinking at the surface has an influence in the film hardness, while other mechanical

properties such as mechanical strength, storage modulus or stress at rupture are influenced
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by the curing degree and the overall crosslinking density. (37) (41) In addition,
improvements in the crosslinking density enhance not only the mechanical properties but

also the chemical resistance. (40)

To determine the crosslinking density of polymeric materials, some indirect
measurements can indicate an increase in the crosslinking density, such as the relationship
between the applied force and the penetration depth when pressure is applied to the
material with an AFM tip. Another method is, according to the kinetic theories of rubber
elasticity, the stress-strain-crosslink density relationship by performing tensile tests can

be established using the Mooney-Rivlin equation (40) (42):

F=2A,(e—£2)(C, +Cy/¢)
2C, = pRT /M,
Equation 2.2: Mooney-Rivlin equation

where:

F:Load [N]

Ay:initial cross-sectional area [m?]
€. extension ratio/m]

p: sample density[g/m’]

R: gas constant [m>*Pa/K*mol]

T: absolute temperature [K]

M, Average molecular weight of rubber segment between crosslinks [g/mol]
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Ci1 & C;: Mooney-Riviin elastic constant [Pa], with C; expressing the ideal elastic

behavior and C> the deviations from that behavior
Other important characterization techniques are:

1. Crosslinking can be determined by modulus measurements in the rubbery plateau
via Dynamic mechanical analysis (DMA). When the deformation when stretching
only depends on the conformational changes of sections of chain between the
crosslinks, instead of in bending or in the breakage of the bond, the relationship
between the mechanical properties and the crosslinking density can be determined

from rubber elasticity theory which gives the relationship: (41) (43)

G' E'

ve = RT = 3RT

Equation 2.3: Relationship between rubbery plateau modulus and crosslink density

Where:

ve: the crosslink density [mol/m’]

G'’is the shear storage modulus [Pa]
E’is the tensile storage modulus [Pa]
T is temperature [K]

R is the gas constant. [m’>*Pa/K*mol]

2. If the sample is not completely cured, further curing would occur when heating
the samples during the DMA measurements, leading to changes in the

crosslinking density. (43) In that case, swelling experiments is a more appropriate
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method: (40) once the sample has reached the swelling equilibrium in an
appropriate solvent, the swollen samples are weighed, and the apparent
crosslinking density is measured using the Flory-Rehner equation (44). This
requires the polymer-solvent interaction (y), which can be obtained from the
solubility parameters of both the polymer and the solvent. These parameters can
be determined using various methods such as inverse gas chromatography,

limiting viscosity measurements or turbidimetric determination. (45)

_ (I -v)+ Vi +x1*)

LN 74
Vo (V13 —71)

Equation 2.4: Flory-Rehner equation
Where:
V1: the volume fraction of rubber in the swollen gel
v: the crosslink density [mol/ cm’]

Vo : the molar volume of solvent [cm’/mol]

In swelling experiments is desired the greatest weight gain possible, which is
achieved when the solvent has the closest polar contribution of the solubility
parameter to that of the polymer. In previous works (46) , it was demonstrated that
the solvent which has the closest solubility parameters to TGPDA is ethyl acetate
(EtAc), so it was the solvent used, and the crosslinking was determined using the

experimental parameters from the same research paper (46) .
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Figure 2.7: Swelling ratio of TGPDA for different solvents (46)

2.2.3.Mechanical properties

As mentioned above (Section 2.2), mechanical properties can be an interesting tool to
better understand the structure of a polymeric thin film. They are not only interesting to
measure by itself, but also to determine the crosslinking at the surface and in the bulk of

the thin film. (37)

Some studies performed on TGPDA showed a strong correlation between the radiation
dose and both the Young modulus and stress at rupture. The greater is the radiation dose,
the higher is the crosslinking density and thus the better mechanical properties, such as
Young modulus. (47) (48) However this relationship isn’t proportional: at very low
powers, increases in the absorbed radiation dose of ionizing radiation leads to large

increases in the gel fraction and crosslinking density, resulting in the formation of a

31



compact network. However, above a certain dose, when the crosslinking density reaches
a critical extent, the mobility of the molecules is restricted and the gel fraction increases
only slowly. It is called the crosslinking saturation effect. (49). Another study on UV cured
samples, indicates that the greater the degree of cure, the higher the mechanical properties
such as flexural strength and modulus. However, the relationship between degree of cure
and power density was linear, whereas the flexural modulus showed a parabolic
relationship. That might be a consequence of the different curing conditions, leading not
only to differences in the curing degree but also in differences in the crosslinking density.

(48)

Apart from the influence of the degree of cure and crosslinking density on the mechanical
properties, some research has been done on comparing the mechanical properties of thin
films cured by different sources. When comparing the mechanical properties such as
microhardness and modulus between plasma and UV it was found that they were identical,

indicative of the same radical polymerization process. (7)

On the other hand, comparative studies between E-beam and UV had been performed on
urethane acrylate films. The tensile strength was much greater on the UV cured films. It
is believed that the EB, which has a higher energetic radiation, doesn’t allow to the
monomers to properly align such that they can attain maximum strength on
polymerization. The results were double checked by measuring the overall gel content,

which was much higher in the UV-cured systems than the EB-cured process. (37)

However, other studies performed on TGPDA showed the opposite result. In this case,
the EB samples exhibit a 20% higher mechanical strength than their UV counterparts,

caused mainly by the differences in the crosslinking density when the polymer is cured
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with different radiation sources. (Fig. 2.9) It is believed that these differences arise
because in UV curing cross-linking reactions tend to occur at the end of the polymer chain,
whereas in EB curing crosslinking occurs either via radical-radical combination or radical
attack upon an acrylate group, leading to a more regularly structured homogeneous

polymer network, with a greater crosslinking density. (47)

All in all, crosslinking density is affected by the radiation dosage, acrylate chemical

structure, curing source...

+ As the radiation dosage is increased, the crosslinking density is increased as well.
However, upon a certain radiation dose the crosslinking density does not increase

any further.

+ Given the polymerization kinetics difference between curing sources, it is
believed that the faster the curing reaction occurs, the lower crosslinking density
would be obtained. But also, due to the difference in how the curing reaction
occurs when using different curing sources, different crosslinking densities will
be achieved. EB and UV cured samples behave differently when it comes to
mechanical properties. However, when comparing plasma and UV regarding the

coating’s mechanical properties the results obtained were identical.
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Figure 2.8: Dependence of the Young modulus (a) and stress at rupture (b) on the

delivered dose for TGPDA films which were exposed to EB and UV irradiation (47)

2.2.4. Topography

In VPD, unlike in other deposition techniques, the coating doesn’t replicate the substrate
surface roughness. On the contrary, the monomer vapour condenses on the surface of the
substrate as a full-thickness liquid film, resulting in an ultrasmooth pinhole- and defect-

free coating. (9)

In gas barrier applications the topography is one of the key factors. It is desirable that the
film 1s smooth in order to minimise the defects, in subsequently-deposited ceramic layers,
that allow gas transmission. However, the smoother it gets, the more likely the
phenomenon of blocking (when two surfaces stick together when rolled up or stacked
during handling) occurs, since the imperfections on the film's surface prevent the total
contact of the two film layers (24) . Evaporated deposited acrylate has been studied as a
smoothing layer on different substrates. All in all, the results indicate that the smaller the
peaks are to cover, the smoother will be the resulting film once the acrylate is deposited.

As suspected, the greater the thickness of the acrylate, the smoother the resulting films
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(2). This effect can be also useful for optical applications. It was proved that the
reflectivity of silver thin films was enhanced when it was grown on top of an evaporated
acrylate. When evaporating a monomer, the polymer doesn 't reproduce the defects of the

substrate, erasing the defects and decreasing the pin holes in the metal film. (17)

Having explained above why topography is important, there may be a number of origins
of topography e.g. etching, or migration of material during the curing process, (either due

to surface energy effects or due to repulsion between residual charges).

As for instance, regarding the effect of the curing source on the thin film topography, a
study of evaporated polymers EB-cured showed that instead of obtaining smooth layers,
the RMS roughness was much greater in EB than in UV-cured samples (Fig.2.10). It was
believed to be a consequence of the electrostatic repulsion between the electrons that are

left in the thin film. (6)

(a)
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Figure 2.9: AFM scan of: a. UV cured, b. EB cured (6)
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Plasma can be used to selectively etch thin films. Plasma etching of polymers is not
homogeneous as the reactive species have the tendency to preferentially etch the soft
segments of the polymer. Plasma breaks the chemical bonds resulting in the ablation of

the resulting low molecular weight compounds. (8)

In addition, some differences are expected between partially and completely cured
coatings. M. Fokina reported that when the curing wasn’t homogeneous, the monomers
flow towards the polymer due to the volume shrinkage of the cured areas (50). Indeed,
they accumulate on top of the polymer due to it’s higher surface energy. In other words,
if some regions cure first, and then there is time before further reaction takes place, for
non-bonded uncured species to migrate to the top of the first cured regions. Thus the films
will be rougher due to the accumulation of the uncured species towards the surface of the
cured areas. (51) For instance, when comparing partially and completely UV cured
samples, both were really smooth, but the surface of the partially cured coating was

covered with shallow depressions. (6)
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CHAPTER 3.METHODOLOGY

3.1.Process conditions

Now that both vacuum physical deposition and radiation curing had been explained

(Chapter 2, Part 1), the specific process used in the research project will be described:

To manufacture acrylic coatings, TPGDA was vacuum-flash evaporated (flash evaporator
on Fig.3.1a) onto the substrates, which were taped to the coating drum of the Oxford

vacuum web-coater (Aerre Machines) (Fig 3.1Db).

Two alternative curing sources were used: plasma and e-beam. For plasma curing, a
plasma was generated and confined by a magnetron sputter target., The power supply was
an MDX10 K (Fig 3.1c), with a maximum current of 25A for the lowest range of voltage
(0-500V) and the lowest impedance. The power range used in the experiments was from
100 to 1500 W. Prior to polymer deposition, by the use of O2 gas flow, the sputter target
was passivated in order to avoid sputtering. And by means of the electrical energy, the
ionization of the Ar gas will take place, creating reactive species which will then interact
with the uncured material. In the experiments the complete cure is ensured by using the
10% of the maximum power approximately (Hence, at 150W, but only for injection rates
below 0.1 ml/min). Therefore, the standard current is set at 6 A, which due to the MDX

impedance causes a 230-250V.

From that initial value, the power was reduced in order to obtain partially cured samples,
which allowed to understand the breakage of the double bonds caused by interaction

between ions and electrons with the matter. Since, not only the power, but also the
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injection rate has an influence on the degree of cure, the value at which partially cured

films are obtained is not a straightforward value.

This plasma curing was compared with electron beam curing. When using plasma as the
curing source, highly energetic ions, electrons and even UV will interact with the material.
However, when using E-Beam, only high energetic electrons interact with the monomers.
The electron beam was formed by a diode-sputter-cathode which was mounted in an
earthed metal box with a slit of about 4 mm width and 400 mm long directly facing the
cathode. The electron gun operates at between -2 to -5 kV. These electrons are accelerated
by the cathode and exit the box through the slot, forming an electron beam. In this case,
the standard input current is set at 100 mA, which means a 6,4-6,8 kV. But the actual e-
beam output was, however, much smaller. These parameters again, ensured a complete

cure. So from there the power was reduced until there was no polymerization. (Fig 3.1d)
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Figure 3.1: Webcoater images. A)Flash evaporator. B) Vacuum chamber. C)Plasma

power supply.

D) E-Beam power supply

3.2.Characterization techniques

In this chapter the techniques used in this thesis to characterize the materials are outlined.

In order to measure the thin films’ properties, the substrates used were either silicon
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wafers or gelatin. Characterizing a thin layer of one polymer (acrylate) on top of another
(substrate) is challenging, as much of the signal will likely be due to the underlying
substrate. In order to avoid “the substrate effect” ( which will cause the obtention of a
signal from a substrate when measuring the chemical composition of the samples through
spectroscopic techniques), not only by the addition of the substrate weight when using
Soxhlet extraction but also to avoid the characteristic peaks of the Si or glass substrate
when using spectroscopic techniques (FTIR, XPS), mechanical testing (DMA) or gel
fraction studies (Soxhlet extraction) the substrate was removed. This was achieved by
depositing the acrylate onto gelatin leafs fixed in the coater by sticking the leafs with tape.
After coating, the gelatin was dissolved in hot water at 60°C to obtain free-standing films
of the acrylate. The hot water is not expected to have an effect on the properties of the
acrylate material (46) . In addition, when measuring the weight loss before and after being
subjected to Soxhlet, the weight of the substrate is eliminated, so all the data obtained in

the microbalance correspond to the sample’s weight.

3.2.2.FTIR

FTIR is a non-destructive technique in which molecular-level information can be obtained.
The identification and measurement of the compounds can be made for samples in various

states. The technique enables the simultaneous detection of the whole spectrum at once.

3.2.2.1.Basic Principles

When irradiating a sample with infrared light with an energy hv, it induces a transition
between the vibrational modes of the molecules. Since this interaction depends on the

displacement of the atoms from their equilibrium state, the absorption due each bond-
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type takes place at different frequencies. Therefore, the different functional groups can be
identified by their unique characteristic vibration bands. The representation of all these
bands results in the absorption spectrum, in which the vibrational movement caused by
the electromagnetic radiation depends on the direction of the movement (stretching or

wagging for example).

3.2.2.2. Instrumentation

First of all, an IR source is needed. When electricity passes through a conducting ceramic
bar (glow bar) causing the resistance to conduction of the current to heat up. This finally

results in the emission of light in the IR region.

The radiation is then reflected in equal parts by the use of a beam splitter. By the use of
two mirrors, the radiation reflects back causing the radiation to recombine for all the
wavelengths, which is called interference. The beam splitter-mirror distance is a multiple
of the laser’s radiation wavelength. So when the radiation is reflected back to the beam
splitter it would arrive “in phase” and a strong signal will be seen at the detector as a
result of the recombination of two signals (constructive interference), obtaining then a
sinusoidal signal at the detector. So, the resulting radiation goes from the sample towards
the detector. This responsive element changes the radiation into an electrical signal

(Fig.3.2).
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Figure 3.2: FTIR instrumentation (52)

In terms of use, the spectrum obtained combines the bands of the sample and the
environment, therefore a background spectrum must be performed. Once the data had
been gathered, not only qualitative, but also quantitative information can be made.
This is because the FTIR technique is based on the Beer-Lambert law (Equation 3.1).

So all the peaks absorbancies are proportional to their concentration in the sample (52)

(53).
I
A= SlC = —10g10 <_)
Iy
Equation 3.1: Beer Lambert law
Where:

A: IR absorbance
€: absorptivity of the attenuating species [cm?/mol]

b: path-length[cm]
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c: concentration of the evaluated group [mol/cm’]
I: light transmitted through the sample

Iy: incoming intensity of light

However, there is a decay on the intensity of the incoming light as it interacts with the
atoms of the material, absorbing the light. And this principle was observed in the electrons

and plasma interaction with the thin films (See Chapters 4 and 5)

In the experiments, FTIR measurements were obtained using a Varian Excalibur FTS
3500 FT-IR Spectrometer, working in the mid IR range 7,000 to 350 cm-1, with DTGS

detector, in ATR conditions.

3.2.3.Soxhlet extraction

The FTIR data were then double-checked with the weight loss of the polymer films
measured before and after being subjected to a Soxhlet extraction in a suitable solvent
(toluene) to remove unbound monomer (54). Soxhlet extraction is a solid-liquid
extraction in which a solvent is heated up until it evaporates. When the liquid reaches an
overflow level, a siphon aspirates the solvent and unloads it back into the distillation flask,
carrying the extracted molecules in the bulk liquid. (55) (Fig. 3.3) It is highly important
that the molecules that would be extracted are soluble in the solvent. Therefore, the liquid
must have a similar polarity with respect to the liquid, defining polarity as the ability of
amolecule to enter into interactions of all kinds. Soxhlet extraction is considered a hybrid
continuous—discontinuous technique, since on one hand the solvent acts stepwise, but on

the other hand the solvent is recirculated through the sample. (56)
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Figure 3.3: Soxhlet extraction set-up (56)

The aim of Soxhlet extraction is to get rid of the uncured material in order to reach the
gel point, in which the solvent would undergo gelation, as reflected in a loss in fluidity,
whereas the formation of a pure 3D network (gel fraction) would occur in the polymer
(spanning the entire system), as there won’t be internally unconnected material

susceptible to be dissolved left in the polymer.

Regarding the conditions in which the experiments took place, the polymer films were
extracted with toluene since it interacts with the uncured material. The films were then
held in a vacuum oven at 65°C for 2 days in order to be sure that it won't be solvent left
in the material. The dried films were weighted and the gel content was calculated

following the formula (Equation 3.2):
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Mass of sample after extraction (mg)

Gel content % = x100

Mass of sample before extraction (mg)

Equation 3.2: Gel content equation

When comparing the Soxhlet extraction and FTIR results different data were obtained.
This is because by means of the FTIR technique the total -C=C- are obtained. This will
include the unreacted material and the chain ends. However, by using the Soxhlet method
only the unreacted proportion is obtained, given that what is measured by this technique
is the loss of weight once the material that is not connected to the polymer network is

extracted.

3.2.4.Ellipsometry

The ellipsometry technique real-time monitors the changes in the polarization state of the

light wave produced by a solid.

3.2.4.1.Basic Principles

When the light is reflected at a planar surface, the electric field of the polarized wave can
be expressed by the contribution of two components: a parallel and perpendicular electric
field to the plane of incidence, or in other words, to the sample. The relationship between

them to respect to a plane determines the amplitude and the phase, or incident angle.
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Figure 3.4: Reflection of the light in Ellipsometry (57)

Both components of the electric field have an amplitude and a phase. So, when the
light is reflected in this certain plane, both, the phase and intensity change at the point
of reflection. The light wave interacts with the thin film, altering the complex index
of the electric field. The change in polarization is measured by the ellipsometer, and
since it depends on the wavelength of the light, the environment, the angles (incident
and refractive), but as well on the thickness of the sample, a relationship between the
amplitudes and angles of the electrical field and the thickness of the sample can be

obtained. (57)

3.2.4.2 Instrumentation

Light from the source is directed to a polarizing element that fixes the elliptically
polarized state of the light, and, after reflection from the sample it is detected by a device

capable of gathering the measuring the polarization state of the reflected beam (57) (58).
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In the research project case, the coating thickness was studied via Ellipsometry,
measuring the coatings deposited onto a Si substrate. A Beaglehole Instruments Picometer

Ellipsometer at single wavelenght was used.

3.2.5.AFM

AFM is a technique which allows us to see the surface structure under minimally invasive
conditions. It is based on the interatomic interaction forces of between the atoms in a
sharp tip and the surface of a sample, allowing one to build up a map of the sample’s

surface heights with resolution and accuracy.

The first non-contact profiler was invented in 1971 by Russell Young, who used the
dependence between the electron field emission of an electrically conductive sample and
the probe-surface distance to re-create the topography. It was improved by Binning and
Roher (1981) using the electron tunnelling instead, increasing therefore, the vibration

1solation.

The first AFM paper was published in 1986 by Binning, Quate and Gerber, which allowed
for the very first time the characterization of not only electrically conductive sample but

on insulating samples as well.

3.2.5.1.Basic Principles

In AFM the movements of a tip are controlled by a voltage applied to a piezoactuator.
Then the interaction between a sharp tip in proximity to the surface is measured. The

cantilever on which the tip is set behaves as a spring, which will locally deform as a
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consequence of the forces induced between the hemispherical end of the tip and the
sample. The z piezoelectric moves up and down to maintain the tip—sample distance fixed,
so the cantilever bends as a result of the sample topography. The amount of bend
determines the force on the cantilever. If this force is kept constant, then the height of
the tip must be changed to map the profile of the sample. In this way, by monitoring the
voltage applied to the z piezo, a map of the surface shape (a height image) is measured.

(59)

In the case of study, the imaging mode used is tapping mode, in which the tip is placed
close enough to the surface of the sample for short-range forces to become detectable, but
avoiding the tip-sample contact (contact mode) which would be undesirable especially
for partially cured samples, because the tip could potentially stick to the sample. In
addition, by using this technique sample or tip degradation can be avoided. When
comparing tapping with non-contact mode, the images resolution are greater as the

changes in force will be greater as well when using tapping mode.
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3.2.5.2 Instrumentation

AFM has two main components:

1) A piezoelectric transducer, that through a voltage applied, moves a tip converting the
electrical potential into mechanical motion. By applying a voltage, tiny movements of the

free end of the tip can be controlled.

2) The force transducer converts the output force between the sample and the probe into

voltage (59) (60) (61).
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Figure 3.6: AFM instrumentation (61)

3.2.6.DMA

Dynamic mechanical analysis is a technique in which the complex modulus of the

mechanical properties of viscoelastic materials is obtained as a function of temperature.
3.2.6.1.Basic Principles

When a load is applied sinuosoidally, it creates a sinusoidal deformation. The resulting

strain wave depends on the elastic and viscous contribution of viscoelastic materials.

The behaviour is then in between the elastic and the viscous behaviour. In the elastic limit
the behaviour is described by Hooke’s law, in which stress is linearly dependant on the
strain. Whereas, in the viscous limit the behaviour is described by Newton's law, in which

the stress is dependant to the strain rate. Then, the intermediate mechanical behaviour is
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defined as a complex modulus: storage modulus for the elastic component and loss
modulus for the viscous component. In polymers, the mechanical properties-temperature
dependence will vary depending on the chain length (distribution), degree of crosslinking,
degree of crystallinity and thermal stability. And the motions of the polymer chains can
be obtained by this sensitive technique. In polymers, the space that a molecule has for
internal movement (free volume) increases as the temperature does. Then, by treating the
polymer as n mobile segments, many useful information such as the transition of

polymers or the crosslinking density can be estimated.
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Figure 3.7: Changes in polymer’s properties with temperature (62)

3.2.6.2. Instrumentation

In DMA a thermocouple is used as a temperature sensing device. The temperature is
changed by using a cooling circuit with liquid nitrogen for low temperature and a furnace

in order to increase the temperature above ambient temperature.
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The sample is held by clamps, which can have different geometries, such as torsional or

axial configuration, in order to get different mechanical information.

There are two different analyses in which either the stress or the strain are controlled.
When the stress is controlled a set force is applied by using a force balance transducer,

whereas when the strain is controlled the probe is moved at a set distance (62) (63).

Detector
Detector
S ] =
Force is axial along Force is applied The applied foree The applied
one axis of sample torsionally to sample is controlled  deformation is controlled

(a) (b) (c) (d)

Figure 3.8: Different clamping configuration in DMA (62)

In the experiments, a DMA Q800 was used. The thin films were cut in rectangles of
5x20cm. The ends where glued on both sides to a cardboard. The cardboard was then
adjusted to the DMA instrument in tensional conformation at different temperatures (from
-90°C to ambient temperature) and different frequency (1, 5 and 10 Hz) in order to

perform the experiment.
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Figure 3.9: TA instrument DMA Q800 (university of Oxford, Engineering department)
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CHAPTER 4.CURING DEGREE

In this chapter the interaction between reactive species coming from different curing
sources (E-beam and plasma) and a polymer thin film will be analyzed. For that purpose,
the degree of cure and the thickness will be studied when varying different process

parameters such as injection rate, volume, gas flow or power.

4.1 Curing degree when using different characterization techniques

First of all, the comparison of different characterization techniques when it comes to

measuring the degree of cure will be performed.

4.1.1 FTIR vs Soxhlet

When comparing the degree of cure using the two different methods, it has been found
that the results follow the same trend. However, the degree of cure is a bit higher when
using Soxhlet extraction. In Soxhlet, the unreacted material is removed from the polymer
network. This comprises the low molecular weight oligomers and monomers, which
would dissolve in the solvent, toluene. Hence, only the not-bonded material is measured
by calculating the thin film’s weight before and after the Soxhlet extraction. With FTIR,
in contrast, both, the unreacted material and the chain ends are measured. This technique
measures the absorbance of a specific bond, in this case the -C=C-, and this bond is not
only present in the uncured material but also at the polymer’s chain ends. In both cases,

the same baseline is used, the thin film (cured + uncured material).

In the following figure (Figure 4.1) a comparison of the degree of cure between the two

characterization techniques has been made. In order to do so, the degree of cure of the
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thin films obtained by using different process parameters had been used. In this case the
process parameters including the curing source don’t play a role, given that what is
measured would be the same in every case: the difference between the -C=C- of the
unreacted material versus the ones comprising the unreacted material plus the ones

comprising the chain ends.
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Figure 4.1: Degree of cure measured by FTIR and Soxhlet (for E-beam and plasma

cured samples)

It was observed a linear correlation between the experimental data obtained by the two
different characterization techniques (with a correlation coefficient of 0.9). In both

instances the degree of cure was represented (Equation 4.1):

56



thin film — unreacted material

degree of cure = thin film

Equation 4.1: Degree of cure equation

So, now, in order to obtain only the -C=C- proportion, the following equation has been

used:

unreacted material
thin film

= (1 — degree of cure)
Equation 4.2: -C=C- proportion using the polymer network as a baseline
In the following figure (Figure 4.2) a representation of the -C=C- by using both

characterization techniques has been done. The -C=C- represent different things

depending on the characterization techniques (Eq. 4.3 and 4.4).

unreacted material
thin film

1 — Soxhlet =

Equation 4.3: unreacted material measured by the use of the Soxhlet extraction method

(_C =C _)monomers + (_C =C _)chain ends

1— (degree of cure)prig = Polymer

Equation 4.4: -C=C- measured by the use of the FTIR method
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The aim is being able to better understand the proportion between the uncured material

versus the contribution of the chain ends and uncured material.
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Figure 4.2: -C=C- measured by FTIR and Soxhlet (for E-beam and plasma cured

samples)

Hence, by a adding a trendline the gradient would indicate the uncured material obtained
by Soxhlet with respect to the uncured material + chain ends obtained with FTIR. So,

using equations 3 and 4 the gradient is obtained (Equation 4.5):
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unreacted material

Gradient = thin film
(_C =C _)monomers + (_C =C _)chain ends
thin film
] unreacted material
Gradient =

(_C =C _)monomers + (_C =C _)chain ends

Equation 4.5: Gradient equation

In plasma case, a gradient of 0.5 is obtained, suggesting that 50% of the unreacted acrylic
end groups are not connected into the network and can be dissolved away. (Figure 4.2)
The remaining 50% corresponds to the end groups of the polymer. In EB however, the
proportion of uncured material represents a 63%, with a lower proportion of chain ends

compared to plasma cured samples.

4.2 Plasma

In this study, the power of the plasma curing source, total volume of acrylate deposited,
acrylate injection rate and gas flow into the curing source have been varied in order to
understand how the different parameters affect the resulting coating degree of cure and

thickness.

4.2.1 Current

Regarding the current, one can expect that the greater the power, the greater the degree of
cure must be. When increasing the current for the same voltage, the power is increased in
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consequence, and more plasma-derived species are created, which would theoretically

increase the reactive sites, and in consequence, the degree of cure.
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Figure 4.3: Degree of cure dependence of the current for the following volumes: 0.5ml
(squares) and Sml(circles) at 0.5ml/min of injection rate (error bars estimated by the
standard deviation of each of the experimental values coming from 3 samples and 3

measurements)

As we can see in figure 8 the hypothesis fits the results when analyzing the degree of cure
versus the current for a constant voltage of 250V, and at the intermediate injection rate of
0.5ml/min. In addition, it was observed a linear and proportional relationship current-
degree of cure for both of the volumes analyzed: 0.5 and 5ml, so, as the number of reactive

species is increased, the degree of cure will increase proportionally.
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4.2.2 Gas flow

In addition, following the same logic, the degree of cure should increase when increasing
the gas flow. When the gas flow is increased while the power is maintained, the current
passing through the gas remains, however, more gas atoms would be subjected to

1onization.

The gas flow influence on the degree of cure was only studied for one condition (Plasma
Sml 1000W 0.8ml/min), given that in this particular case the aim was to get a qualitative

impression on the trend gas flow-degree of cure.

It was proved that when reducing the Ar gas flow from 200sccm? to 100sccm for the same
conditions the degree of cure decreased linearly as the gas flow decreased. Therefore, it
was demonstrated that the gas flow has an impact on the degree of cure as well as current.
But also, that this impact is proportional to the overall degree of cure obtained. This linear
trend was expected since the greater the gas subjected to ionization, the more reactive

species interacting with the material.

However, this phenomenon was not explored any further, so during all the experiments

the gas flow was maintained at 200sccm, not adding this variable in the overall analysis.

! sscm: standard cubic centimeters per minute
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Figure 4.4: Degree of cure dependence on the gas flow for the set conditions of 5ml

1000W (0.354) 0.8ml/min

4.2.3 Injection rate

The injection rate refers to how much material is put down at every pass of the drum (note
that the drum speed is constant). For a constant volume, because an increase in the
injection rate means there are fewer passes needed to deposit all the material this reduces

the amount of time the material is subjected to the curing source.

In the following figures it can be observed that in every case an increase in the injection

rate causes a decrease in the degree of cure.
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Since there is an increase on the thickness of material that is put down at each pass of the
drum, it may be that the plasma isn’t able to penetrate enough into the material, meaning
that the curing is non-uniform and only happening at the top of each layer, hence when
each layer is deposited, the thicker it is, the greater proportion does not ‘see’ the
penetrating radiation. In other words, the plasma curing could be limited by the thickness
of the acrylate (A). Alternatively, the plasma species may be distributed throughout the
thickness, but the difference in degree of cure may arise because the injection rate
increases the overall exposure time to the plasma decreases (B). In both instances the data

indicate that the cure is not complete in a single pass for plasma cure.
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reactive sites reactive sites

. . *  reactive species
®  reactive species  ® » A .
Figure 4.6: Schematic showing the possible plasma curing process. (A: upper images)
For species forming the reactive centres being retained at the surface (B: lower images)

species forming the reactive centres penetrating into the underlayers.

So, in the A hypothesis, the reactive species would be allocated on top of the layer in
every case. Therefore, when increasing the injection rate, the films would be thicker and

the reactive species would be the same. This would cause the same amount of reactive
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species in the material, but for different amount of volume. When increasing the injection
rate, the films are thicker but the reactive species are constant, creating a drop on the

degree of cure.

On the contrary, in the B hypothesis, some ions would pass through the layer reaching the
substrate, so, only some fraction of the ions would create the reactive species. When
adding a second layer, the same number of ions would be retained on the new layer, but
some would also be retained in the underlayers, increasing then the degree of cure of

these underlying layers.

For the A case, an increase on the volume for constant degree of cure won't change the
degree of cure given that all the ions would be allocated on top of the layers. However, if
what is really happening is the B case, the greater the volume, the coating passes under
the source more times so there is more exposure to the radiation overall. In this case there
would be “extra-curing”, meaning that the underlayers would interact with a greater
proportion of the radiation species as both, the overall thickness and the number of passes

under the curing source increase.

4.2.4 Volume

In order to understand the reason for the differences in the curing behavior, (either case A
or case B from the previous section), experiments at the same injection rate, but different
volumes have been performed. In this case, the thickness at each pass of the drum stays
the same, and the only difference is how long the underlayers are being subjected to the

curing source.
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Figure 4.7: Degree of cure dependence of the volume for different powers and injection
rates in plasma cured samples. (error bars estimated by the standard deviation of each

of the experimental values)

So, by increasing the overall volume, at a constant injection rate and power, what it is
being changed is the number of times a layer of material is being put down at the drum.
Since the degree of cure increases as the volume does, it necessarily means that it must
be some kind of post-curing mechanism of the underlayers. So, the reactive species do

not only interact with the layers as they are put down, but also with the underlayers.

Therefore, the longer the material is subjected to plasma the better the curing degree will
be. Then, it can be concluded the plasma species are distributed throughout the acrylate

and not only on the surface of each layer. Therefore, plasma not only cures the layers as
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they are put down but also the underlayers. This necessarily means that what is actually

happening is the B case.

4.2.6 Model proposed

From all the conclusions from previous sections (Section 4.2.1-4.2.5), a model that
describes the degree of cure was built. In order to do so, the following premises were

considered:
+ The amount of curing depends on the current of the curing source.

# The rate of cure is proportional to the amount of uncured material. Hence, for
example, the “fresh layer” deposited on top of the drum will always have the same

degree of cure, no matter the number of underlayers that are under it.

+ The degree of cure is increased with the number of passes due to the “extra-curing”

of the underlayers (Case B, as explained in section 4.2.4)

So, the main hypothesis is that the “fresh layers” will always achieve the same degree of
cure, so, the reason for which the degree of cure increases as the number of times the
material is subjected to the curing source increases, is due to the “extra-curing” of the

underlayers. In the following figure (Fig. 4.8), this hypothesis can be observed:

In the first case, when the layer is just being deposited, the initial degree of cure (no
“extra-curing”) is 0.812 (Fig. 4.8A). Now, considering that when a new layer is being
deposited on top of the first layer (Fig. 4.8B), the degree of cure of the “fresh layer” will
be 0.812 as well. But, since the overall degree of cure is of 0.821 this increase might be

due to the change on the degree of cure in the first layer.
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Figure 4.8: Schema of the deposition of two thin films. A- When one block of layers is
being deposited, B-When two blocks are being deposited, one on top of each other. (data

coming from the experimental values for 0.354 and 1.8ml/min)

So, in order to estimate the degree of cure rate with the number of passes, the following

equation has been used:

dn
Where:

c is degree of cure
n is number of passes under the curing source that a particular layer has 'seen’

Y is a fitting parameter that would depend on the current

Equation 4.6: curing rate

This equation (Equation 4.10) is based on the hypothesis that the curing rate (%) is

proportional to the uncured proportion within the thin film (/-c) i.e. that the curing rate
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will be proportional to the number of reactive centers created, and that these can only be

formed by the radiation interacting with uncured material.

Since the curing rate would depend on other factors apart from the uncured material, such

as the current of the curing source, a fitting parameter Y is used.

The model at the moment, however, doesn’t take into account the reactive species

concentration with depth. It was already observed that not only the number of passes, but

also the injection rate plays a role when it comes to the degree of cure, reason for which

the ions-matter interaction needs to be further investigated. First of all, solely the ions

would be considered in the model, due to the limited effective charge or ionizing capacity

of the electrons compared to ions for the same energy. (i.e 24 radical pairs for Ar+ ions

versus 0.009 for e-beam for IMeV (64))

Also, the probability of an ionizating particle to be absorbed by the matter won’t be

constant with depth, but rather will be ruled by the absorption cross-section. This formula

is based on the idea that there is a logarithmic decay on the number of absorbed particles

as the depth increases, followed by the Beer-Lambert law, which establishes a direct

relationship between the logarithmic decay of the radiant flux as the reactive species go

through a material with the depth. If one divides the thin layer into slices, the probability

of the deeper slices “to see” a reactive species is lower as some of them would have been

already absorbed by the upper slices. When the thickness of each slice tends to zero, the
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rate at which reactive species are being absorbed in that particular slice is proportional to

the depth of the material the electrons had to travel prior to reach that particular slice.

However, as the absorption cross-section also depends on the material, curing source and

energy, a shift on the logarithmic decay can take place. In this sense, according to different

investigation treating the interaction ion-polymers it was shown that the depth-profile

curves depend quite a lot from the ions used, and as well to the conditions (67) (68). The

theory is based on the assumption that the slowing down of ions with depth is due to the

binary collisions with the atoms in the material with straight mean free paths, which for

structureless media depends on the density. The ions then will slow down as the

contribution of the elastic (nuclear stopping) and inelastic (electronic stopping)

mechanisms causing ionization. (64) (69)This means, that at the beginning only a small

proportion of ions will stop, however, as they lose energy due to their interaction with

target nuclei or target electrons, more will stop, causing crosslinking and scission

processes as they slow down. Therefore, the probability of an ion stopping at a particular

depth initially increases at greater depth and will then decrease again until at infinite

depth the probability tends to zero. (65) So, in this case it was hypothesised that the

overall probability of an ion to be absorbed by the thin film may be characterized by a

simple Gaussian curve or the MonteCarlo model (66) (Fig.4.9).
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Figure 4.9: Penetration depth distribution of ions (66)

In this sense, SRIM is one of the most widely MonteCarlo type of codes for predicting
the ions-matter interaction (70) In fact, previous research had already showed the good
correlation between the predicting Ar+ distribution with polymer films. (71)

By running simulations for different ions energy Ar+-TGPDA using the SRIM simulation
tool, it was observed that for every case, the ions distribution follow a Gaussian curve,
being the penetration depth and the shape of the ions distribution dependent on the energy

of the ions interacting with the monomer.
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Figure 4.10: Penetration depth distribution of ions by SRIM simulation program for

25V (up) and 50V (down)

Regarding the curing model, it will be assumed that the curing rate depends on the ion

depth distribution, but since the input ion energy is unknown all of the constants would

be treated as fitting parameters. All in all, the ions distribution with depth will follow the

expression:
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_(x—b)?
ions distribution with depth=Y = Axe 2ad*

Where:

A,b,d: constants

A: maximum ions concentration

b:depth at which the maximum ions concentration are obtained

d:wide of the function

X: is the real depth, which in this case is n*i

Equation 4.7:ions distribution

Now, by introducing equation 4.7 in equation 4.6, by assuming that the curing rate is

proportional to the ions distribution with depth, the following expression is obtained:

dc a1 _@
—_— = — 2d
I ( c)e

Equation 4.8:curing rate

And by substituting x(depth) which is unknown for n times the injection rate, the curing

rate formula is obtained:
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dc _(ni-b)?
— = A(1 — 2d?
I ( c)e

Equation 4.9 :curing rate with depth (n*i)
Where:
i: injection rate[ml/min]

n:number of passes

By integrating the expression, the degree of cure is obtained:

A*erf(nid_b)

c=1—e" i

Where:

i: injection rate[ml/min]
n:number of passes

Erf: error function

A,b,d: constants

Equation 4.10: Degree of cure

In the experiments, the working conditions were: ions (Argon), high voltages (or about
250V), and different currents. As the current increases, the dose of ions absorbed by the

material increases, so it is expected an increase on the A fitting parameter with current.
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The penetration depth is governed by the energy of the ion, the electric
charge q (elementary charge) has an energy E = qV after passing through the potential V.
So, it would be expected that the fitting parameters b and ¢ remain constant in all the

experiments. (72)

However, since the output energy is unknown, the Gaussian curve shape and the
maximum penetration depth remains unknown. So, according to the theory, in this case,
the probability of absorbing ions depending on the penetration depth depends on the
voltage leading to an increase as the layers get thicker, up to some point in thickness in
which the dose will start to diminish as the thickness increases. (b and ¢ dependent). This
would apply for every current, given the fact that the penetration depth is voltage-

dependent.

Based on the assumptions of both simulations, and previous papers (71) it was assumed
here that the penetration depth of the ions is low, with small b and c fitting parameters.
This would lead, to different curing rates depending on the injection rate, increasing the
curing rate as the injection rate is increased. However, up to a certain thickness the degree
of cure no longer increases, given that the ions won't be able to penetrate any further.
This would most affect the greater injection rates, given the fact that the underlayers
would be less times subjected to the ions due to their greater thickness per layer, so that
the maximum depth until the ions interact with matter will be achieved for less times

under the curing source as compared to the lower injection rates.

In the following figures it can be observed the “post-cure” of a single layer depending on

the injection rate, curing and number of passes.
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Figure 4.11: Extra-curing depending on the number of passes for 0.354 (blue),

1.65A(purple) and 5.85A(red) for different injection rates

At the moment the equation describes the 'extra cure' in each specific layer following a
pass under the curing source. So, in order to get the degree of cure of that specific layer,
it 1s needed to add the effects of the previous cures from every pass under the curing
source. This consists of a summation of the effect the curing source will have on the thin
film every time the plasma reactive species interact with the material. And then, the
overall degree of cure is estimated by the average of the degree of cure of every layer that

comprises the thin film:
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Where:

_Xi(e)
c =

d.c : Degree of cure of the underlayer

ci: Degree of cure of one layer after pass number i

n: number of layers

Equation 4.11: Overall degree of cure

By adding the effects of the previous passes of the thin film under the curing source, a set

of data like this will be obtained:

layer 1 layer 2 layers 3  layers 4 layers
number deposited  deposited  deposited  deposited
I* layer up 1 0.19 0.42 0.7 0.87
2nd layer up | 2 0.19 0.42 0.7
3rd layer up 3 0.19 0.42
4th layer up | 4 0.19
Degree of cure 0.19 0.31 0.44 0.54

Table 4.1: Increase on the degree of cure as the number of passes under the curing

source are increased for 0.35 A, 0.8ml/min

79



So, as shown in the table, it means that at the first pass under the curing source 19% of
the material is cured, then at the 2" pass of the drum, the underlayer immediately below
it will achieve an additional 23% (42-19) cure, as reactive species be formed in the
underlayer due to penetration of the radiation, at the 3™ pass the degree of cure of the

underlayer is increased by a further 28% (70-42), and so on.

At the moment, the degree of cure is just described depending on the number of passes
and the density of ions. However, the hypothesis used for describing the model was that
it does depend on the current of the curing source as well. This effect is included on the

fitting parameter A.

As the current increases, the term on the equations decreases. Meaning, that as the current
increases the degree of cure increases “faster” with the number of passes, given the fact

that the term 4, is included in a negative exponential equation (Equation 4.10).

Indeed, by plotting A versus the current a linear trend can be observed. As the current is
increased the reactive species will increase proportionally, so the linear trend with current
is not a surprising result, as this will at the end cause an increase on the degree of cure

(Figure 4.12).
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Figure 4.12: A (the prefactor fitting parameter for the proposed curing model)

dependence with current

The degree of cure obtained by this equation allows for the very first time to numerically
obtain the degree of cure through an equation without the need of performing many
experiments. Since, as time increases so will increase the degree of cure of the thin films,

the uncured proportion of the thin films will decrease.

The correlation coefficient of the model when using different currents was obtained by

the following equation:

i (=) (i —y)
(n — Dsys,

Equation 4.12: correlation coefficient
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Where:

p: correlation coefficient

x: sample mean for the first variable (experimental data)
y: sample mean for the second variable (model)

Sx: standard deviation of first variable

sy: standard deviation of second variable

n: number of data

In the following table the fitting parameters as well as the correlation coefficients of the

overall degree of cure of the model with the experimental data.

Current (A) A fitting Correlation B fitting D fitting
parameter coefficient parameter parameter

0.354 2 86.3 3 2

1.654 22 88

5.854 2.7 94.7

Table 4.2: Fitting parameters and correlation factors for the plasma curing model

As an example, the model can be observed graphically for the greatest current in the

following figure:
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Figure 4.13: Curing model for 5.854

In summary, by using the MonteCarlo model with penetration depth, the ions
concentration will start increasing as the layers become thicker, and this would affect the
curing, the number of ions interacting with the material will initially increase as the
number of layers increases, but the curing would not only depend on the ions
concentration interacting with matter, but also on the probability of a high energetic ion
to reach a —C=C- , which will decrease as the uncured proportion drops. In this sense,
considering the influence of time under exposure to the radiation to the films, the different

research papers met at the same conclusion, once the films had reached a 60-70% of
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curing degree, the increase on the degree of cure drops significantly with time. (73) (74) .
And as seen before, these two effects would lead to decay of the degree of cure of a

specific underlayer as it is further exposed to the curing source so that:

% As the degree of cure of the underlayer is increased, the probability of a plasma
reactive species (ions, electrons...) of reaching a -C=C- is reduced, simply

because the uncured proportion of the layer is reduced.

+ But also, the propagation of the polymerization could be different as there will

likely be less uncured neighbors in the proximity of a specific -C=C-.
The main conclusions of modelling the degree of cure under plasma treatment were that:
+ The concentration of reactive species (ions) follow a Gaussian curve with depth.

% There is a post-curing effect, which depends on the time the underlayers are being

subjected to the curing source, the current and the ions concentration.

+ As the current of the curing source increases, the number of reactive species
increases as well, causing an increase on the degree of cure on the layers on every
pass under the curing source, leading to a linear relationship current- A fitting

parameter of the model.

All in all, this model represents a great advance on the radiation curing (plasma) field,
especially for industrial applications, as for all the applications the degree of cure must
be above a specific number in order to ensure an optimal quality. So, the inverse equation

could be obtained in order to obtain the process parameters for a specific degree of cure.
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4.2.7 Thickness

The total thickness of the coating deposited would ideally be = (total volume of monomer)
/ (width of drum * circumference of drum), but the actual final thickness depends on a
contribution of many physical processes that occur from the moment the material is
injected until the material is cured. In the following figure, the injection and loss of

material at every step of the process can be observed:

Figure 4.14: Schema of the vacuum deposition with the different steps that can make an

influence on the resulting thickness

A: Material deposited onto the drum: Some monomer will never condense onto the

substrate as it depends on physical variables such as the monomer vapor pressure or the

substrate temperature.
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B: Material re-evaporated before reaching the curing source: In a physical vapor
deposition process, the vapor condenses on the substrate, however only a portion of the
incoming material would be remain in the liquid phase, with the remainder re-evaporating
before reaching the curing source. The re-evaporation which takes place between the
monomer deposition slit and the curing source, refers to material which is completely

uncured.

Figure 4.15: Re-evaporation and deposition schematic for physical vapor deposition

(75)

There will always be re-evaporation due to the evaporator-to cure distance. but the amount
of material lost will depend on some process parameters such as the injection rate, the

monomer vapor pressure, the substrate temperature or the drum speed. (76) In this
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research, the drum speed and substrate temperature are constant. So, the re-evaporation
rate is estimated as a consequence of the changes on the injection rate, which would be

directly related to the vapor pressure.

C: Etching : When the plasma reactive species are in contact with the material, not only
curing but also etching can be produced on the thin films. The interplay of two
competitive effects, etching and deposition processes can occur simultaneously when

high excitation power and long exposure time are used (77).

However, the proportion of material which would be etched away as a result of the
radiation from the curing source won't presumably be homogeneous. An increase on the
surface roughness was observed already by other researchers when the films were plasma
polymerized, and it was attributed to the plasma etching. (78) (79) . (Further explained in
the topography section) as a consequence of the fact that the uncured material will be

removed much more easily than cured.

In the research, etching and curing occur at the same time, and in the same way as it was
considered with curing, it is believed that the amount of etching will depend on the curing

source power and the number of passes under the curing source as well.

D: Re-evaporation after curing — This refers to the low molecular weight species
evaporating from the material as it passes around the drum between the curing source and
the deposition slit (before the next layer goes down), not as a result of any interaction
with the curing source. As well as the plasma being able to create reactive sites to cure
the layer, it can also provide energy to re-evaporate material, in particular the low
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molecular weight or unreacted components and so a part of the material will in

consequence re-evaporate (Affinito, 1994) causing a reduction in final film thickness.

This will occur predominantly from the top layer of material at any given time and will

depend on how well cured these top layers are.

In previous studies it was observed that not all the uncured species will re-evaporate given
that a part of the liquid molecules will be embedded in the polymer. It was thought that
the more uniformly the films are cured the less post-polymerization re-evaporation will

occur. (75)

The curing homogeneity will depend on the curing source, so as far as the plasma
thickness model is concerned, this won't play a role in the thickness estimation, but

certainly will when comparing curing sources.

E: Shrinkage of the material on curing. When the films are being polymerised, they
can demonstrate a reduction in volume, shrinkage. When shrinkage occurs during curing,
another effect is produced: the coatings are subjected to internal stress, when the degree
of cure is low enough, due to the appearance of a gradient between the cured and non-
cured parts of the films. Initially the curing may be homogeneous, but as cure progresses,
these internal stresses relax, producing inhomogeneity in which cured and uncured
species within the coating are separated. (80) The amount of shrinkage will depend on
the average degree of cure of the whole layer, however the reduction of thickness
expected by shrinkage is about 12-17%. (81). In this research, the degree of cure, is in
every case above 0.8. Therefore, differences in the shrinkage between the films is very

small and will be considered negligible in this work.
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Thickness hypothesis:

The deposited thickness would be estimated using the following equation:

Thickness = (Material deposited) — (Material etched) — (Material re

— evaporated)

Equation 4.13: Resulting thickness as a function contribution of the different variables

that would affect it

4.2.7.1.Current

When studying the influence of the current on the thickness of the resulting films, an
interesting result was observed. The thickness dependence on current was studied for the
maximum and minimum volume of monomer, to get an overall idea of the trend the
thickness would follow when using different currents, always using the intermediate

injection rate of 0.5ml/min.
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Figure 4.16: Thickness (measured by ellipsometry) dependence with power for plasma

cured samples for volumes of 0.5 (squares) and 5ml (circles)

As can be observed in figure 4.16, an increase on the current, for the same voltage, slightly

increases the thickness of the films for both volumes.

In this case, for constant injection rate, it would be considered that the proportion of

material that re-evaporates before reaching the curing source is constant.
Current would have an effect on the other two variables:

+ Etching: It would be considered that the etching is proportional to the current and
number of passes, therefore the greater the current, and number of passes, the
more material will be etched away, and we would expect the thickness to decrease

with current.
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+ Re-evaporation after curing: As seen in the degree of cure model (Section 4.2.6),
a greater current increases the degree of cure, and thus reduce the re-evaporation

after curing, increasing the thickness with current.
So, as the current increases, less material re-evaporates but more material will be etched.

The first hypothesis would be considering that both, etching and re-evaporation only take

place on the top layer, so that:

Etching: the etching rate is considered constant (different for each current), therefore the
material etched is directly related to the number of passes, n, the material is being

subjected to the curing source.

Material etched

etching rate = - = constant

Equation 4.14: Etching rate

In addition, it could be assumed that the material etched is linearly dependent on the
current used. So, in order to use a general equation of the material etched, the current is

taken into account using B as a fitting parameter:

Material etched = B *n * current

Where:
B: fitting parameter (constant)

Equation 4.15: Material etched
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Re-evaporation: It will be considered that this will occur predominantly from the top layer
of material at any given time and will depend on how well cured this top layer is. The

degree of cure of the top layer was obtained from the degree of cure model (Section 4.2.6).

The overall re-evaporated material is estimated of n times the re-evaporated material at

each pass of the drum, following the equation:

Axnx (d- C)top layer
volume

Material Re — evaporated =
A: fitting parameter
d.c: Degree of cure of the top layer

Equation 4.16: Material Re-evaporated per unit volume

So, at least from these results, it could be assumed that the curing of the top layer (current

dependent) plays a more important role than the etching.

4.2.7.2.Injection rate

When analyzing the thickness with injection rate for different volumes, the same trend is
obtained, as the injection rate increases, the thickness decreases. This trend applies for

both powers (0.35 and 5.85A)
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Figure 4.17: Thickness (measured by ellipsometry) depending on the injection rate for

plasma curing samples using 0.35A (blue) and 5.85A4 (red) currents.

Based on the hypothesis that re-evaporation and etching only take place on the top layer,

it should be expected that as the number of passes is increased more etching and re-

evaporation should take place. For greater injection rate, each sub-layer is thicker, so to
deposit a particular volume of monomer takes fewer rotations, subjecting the material
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fewer times to the curing source , so we would expect that the re-evaporation and etching
would be smaller, leading to thicker films rather than the decrease in thickness that we
observe, with even more of a 60% of lost material, between the lowest and the greatest

injection rate. This could be due to different reasons:

e Re-evaporation: It depends on the increase of the degree of cure with depth as
well. Based on the curing model, the top layer is better cured (Table 4.3) as the
injection rate is increased, because the top layer is thicker, so there is more ion
interaction at the greater depth. However, when it comes to re-evaporation, it can
occur from material within a certain distance from the surface. For a low injection
rate, the top layer has the same amount of cure as the same thickness of material
whatever the injection rate. The next layer down is now more cured because its
been under the curing source one more time. Thus, it should reevaporate less,

leading to greater thickness, as observed.

Current (A) 0.08 0.36 0.8 1.8
0.354 0.12 0.15 0.19 0.34
5.854 0.16 0.19 0.25 0.42

Table 4.3: Degree of cure of the top layers based on the plasma curing model

e Deposited material: By analyzing the thickness equation again (Equation 4.13),
the other term that could potentially explain the trend is indeed the material
deposited on top of the drum before curing, or in other words the thickness of the

liquid film. By increasing the injection rate more material is put down at every
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pass of the drum, and this would lead to different vapor pressures in the system,
which would change the re-evaporation-impingement ratio (76) . In addition, there
would be differences in the condensation, given that high injection rate means a
larger ‘cloud’ emerging from the nozzle, therefore a smaller proportion of the
monomer condenses onto the substrate, leading that the ratio thickness of the

liquid film/injection rate is much smaller as the injection rate increases.

e Etching: It was considered that the etching would be constant, but if the degree
of cure depends on the ion’s distribution, causing differences in curing depending
on the thickness of the film, one should expect that the etching wouldn't be
constant with depth. Indeed, the probability of crosslinking/ scission depends on
depth. In this regard, it has been suggested that the nuclear stopping mainly cause
scission due to the atoms displacement, whereas the electronic stopping cause
crosslinking (64) .So, by making a distinction between nuclear and electronic
stopping mechanisms, it can be hypothesized that etching is indeed not constant,
but rather dependent on the knock-on collisions caused by a nuclear mechanism,
which increases with depth. (64) (82) . This would imply that not only the degree

of cure of the top layer/layers would be greater, but the etching too.

4.2.7.3. Volume

When analyzing the volume vs thickness per unit volume, it is observed, that it decreases,
as the volume is increased. Although, the trend differs depending on the injection rate,
until the extent that for the maximum injection rate it is nearly constant no matter the

volume.
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Figure 4.18: Thickness (measured by ellipsometry) per unit volume por plasma cured

samples for different injection rates with 0.354 (blue) and 5.85A (red) currents.
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Figure 4.18 suggests that indeed etching and re-evaporation come from the underlayers

too.

From the curing model, it was demonstrated that the ions don’t solely interact with the
“fresh-layer”, but with the underlayers too. This further interaction causes a post-curing
effect, increasing the overall degree of cure of the thin films. However, the ions not only
cause crosslinking but also the scission of the chains. (64) (82) . So, the only left question
is if the material not connected into the network would have enough time to diffuse
towards the surface as the drum spins. In this sense, diffusion starts at 107%s, (64) , and it
takes 4.32seconds for the drum to complete a full rotation, so it is plausible that some
uncured or mobile fragments are able to diffuse towards the surface, finally escaping from

the thin film.

As the injection rate increases thicker layers are put down on each pass until by about
1.8ml/min the etching and re-evaporation can only come from the newest top layer as this
is so thick. Thus, the thickness/volume becomes about constant with volume by then as
the material lost after condensation can only come from the newly deposited layer. For
the lower injection rates some material can also be reevaporated or etched from one or
more of the underlayers as this material is still close enough to the surface to escape.
Thus, increasing the volume allows more material to be lost per unit volume as the drum
rotates more times. This effect becomes larger as the injection rate decreases as more

underlayers are involved.

Also, from the curing model, based on the MonteCarlo model, there is a limitation on the
ions” penetration depth, which follows a Gaussian curve. This means that up to a specific
thickness the deepest underlayers won’t interact with the ions anymore, with not

significant material lost from the layers deeper down. From the experimental results, it
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can be observed that the thickness is maintained in the 2-5ml region, for all the injection
rates, suggesting that the maximum penetration depth is reached in the thickness obtained

in the region for those injected volumes.

In addition, it should be pointed out that the ions-matter mechanism causes a temperature
rise (83) as a function of the ion-current density, due to the molecular motion of the chains.
So, the underlayers would be subjected to a temperature rise due to the exothermicity of
the ions-matter interaction. When the temperature of the ‘“substrate/underlayers”
increases, it could cause more re-evaporation of the “fresh layers” before reaching the
curing source, which could cause that the liquid films get thinner given that more
proportion of the material injected would re-evaporate as the underlayers” temperature

Increases.

Regarding the power, it can be observed that the thickness is always greater with power,
for all the process conditions, meaning that re-evaporation has a greater effect than
etching. However, it was already hypothesized the importance of etching when it comes
to determine the thickness. So, even though it’s true the more current the more number
of ions, this doesn’t necessarily mean more scission, but on the contrary, as the energy is
increased, according to the authors the ions would facilitate more crosslinks due to the
closer distance between the reactive species, getting closer to the distance of the chains,

so the probability for two radical pairs to be in neighboring chains is increased (64) .

4.2.7.4.Summary

The loss of thickness of the material is due to the contribution of:
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Monomer that never condense onto the substrate- The proportion of material that

is able to condense on top of the substrate from the overall injected material
increases as the injection rate decreases, leading to greater thickness per unit

volume as the injection decreases, for all the process conditions.

Shrinkage of the material on curing. The shrinkage produced in the film due to

polymerization on TGPDA, is between 12-17%. (81) . It wasn’t considered due to

the small effect it has given the degrees of cure results obtained.

Re-evaporation of monomer before reaching the curing source- The proportion of

re-evaporated/ injected material in depends on the vapor pressure. So, as the
injection rate increases, the re-evaporation /impingement ratio would be greater.
But also, more material would be subjected to re-evaporate as the number of
passes increase, due to the local temperature rise caused by the ions-matter

interaction.

Material etched: This is material removed as a result of the radiation from the

curing source. Even though it was first believed that the etching only took place
at the top layer, the thickness per unit volume results indicate that there is a
proportion of lost material coming from the underlayers, so that the ions-
underlayers interaction, not only causes “post-curing”, but also “post-etching”. It
is believed to be a function of the nuclear stopping of the ions, which cause knock-
out displacements. This mechanism increases with depth (64) (82), so the etching

increases as the layers get thicker.

Material re-evaporated after curing: Thickness loss due to the low molecular

weight species evaporating from the material as it passes around the drum between

the curing source and before a new layer is added. This will depend on the degree
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of cure of the top layers, number of passes and thickness per layer, as all of these
factors determine the proportion of low molecular weight species that would be

able to escape from the thin films.

4.3 Electron Beam

The influence of the process parameters on the degree of cure and thickness of the
resulting thin films was studied. In an analogous way as when using plasma, the injection
rate, volume and power were modified in order to better understand how the energetic
electrons interact with the acrylate. In order to do so, volumes from 0.5 to 5 ml and
injection rates from 0.08 to 1.8 ml/min were used. The power was modified by adjusting

the current from 10 to 100 mA, obtaining then a power from 40 to 800W.

4.3.1 Current

In the following figure, the degree of cure is represented depending on the current used
to cure the samples. The data had been subdivided in 3 groups depending on the volume

of monomer injected, in all the cases the injection rate was set at 0.5ml/min.
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Figure 4.19: Degree of cure dependence with current for EB cured samples at different

volumes (0.5,1 and 5ml) and at a fixed injection rate of 0.5ml/min

The trend in the degree of cure with current is similar for different volumes. As the current
increases, more electrons interact with the coating, causing an increase in the degree of
cure. However, the current does not have a linear effect on the increase on the degree of
cure, with decreasing gradient as the current increases. So, the increase on the current has
a positive effect on the degree of cure, but as the current increases, this effect diminishes.
This could be due to the probability for an electron to reach a -C=C-, decreasing as the
proportion of uncured material decreases. This hypothesis is supported on the observed
gap 0.5-5 ml for different currents. The gap is reduced as the current is increased, or in
other words, as the degree of cure increases. So, when the degree of cure is higher, it is

less probable for the electrons to reach uncured material to form a reactive center.
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In addition, it is clear that the degree of cure isn’'t only influenced by the number of
electrons generated, given the difference on the degree of cure observed by using different

volumes.

4.3.2 Injection rate

Degree of cure as a function of injection rate was studied for different volumes by

maintaining a current constant.
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Figure 4.20: Degree of cure dependence with injection rate for EB cured samples for
37mA, with marks A and B indicating two samples in which were subjected to the same

number of passes under the curing source
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Figure 4.21: Degree of cure dependence with injection rate for EB cured samples for
50mA, with marks A and B indicating two samples in which were subjected to the same

number of passes under the curing source

In contrast to the plasma cured material (Figure 4.5), the decrease of the degree of cure
with injection rate is small. By modifying the injection rate, two variables are changed:
the time the coating is being subjected to the curing source and the thickness of each layer
that is put down on the drum. The density of reactive sites is not affected by any of these
variables, given the fact that in both figures the power is kept constant. As the injection
rate increases, the thickness of each layer would be greater, but it would be subjected by
the curing source fewer times. So, the decrease observed in the degree of cure as the

injection rate increases can be either by:

1) The electrons not being able to penetrate far enough through all the thickness of

each layer or
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2) Simply because it is being less times exposed to the curing source.

So, in order to better understand the electron-acrylate interaction the variable of volume

needs to be analyzed.

4.3.3 Volume

Based on the previous figures (Fig. 4.20, 4.21) it is clear that the degree of cure is affected
by volume, meaning that there must be “post-curing” of the underlayers, otherwise all the
volumes at the same injection rate and power, should have the same degree of cure. This

“post-curing” means that the electrons are able to penetrate in the underlayers.

Since for a given current and injection rate, the number of electrons created from the
curing source are the same, what differs, for different volumes of material, is the number

of times that electrons interact with the material and the overall thickness of the thin film.

So, firstly, the influence on the degree of cure of the number of times the material interacts
with the curing source will be analyzed. However, by observing the marks A and B, in
figures 4.20 and 4.21, it can be noticed that even though they are being subjected to the
same time to the curing source, they have completely different degrees of cure. Therefore,
time can’t be the only variable that explains the curing of the thin films. In fact, by
plotting degree of cure versus number of passes, it can be observed that the data don't fit

a single trend.
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Figure 4.22: Degree of cure of EB cured samples depending on the number of passes

under the curing source for 37mA

Building on this basis, another explanation for the modification on the degree of cure with
volume needs to be found. Figures 4.23 and 4.24 suggest that, although injection rate has

a minor influence, the trend in degree of cure is strongly related to volume.
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Figure 4.24: Degree of cure dependence with injection rate for EB cured samples for

50mA
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The other thing changed with volume is thickness, understood as overall thickness, rather

than each layer’s thickness.

The science behind the experimental results is that the electrons pass throughout the
thickness of the film easily. Thus, some of the electrons will pass through the thin film
without creating free radicals, so for which the greater the volume, the resulting thicker
films increases the probability that the electron will create a radical, leading to a greater
degree of cure. This was already concluded by other authors when studying the
penetration depth of electrons in SEM polymer thin film: it was concluded that the
probability of the electrons stopping at the surface causing inelastic scattering events was
really low, so, most of the electrons passed deeper into the sample before causing any
damage. (84) This phenomenon is energy dependent, as it can be observed in the

following figure.

(a) 1KV electron trajectory (b) 2KV electron trajectory (c) 5KV electron trajectory
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Figure 4.25: Electrons penetration depth for different accelerating voltages (84)

In fact, by simulating the energy of the electrons depending on depth by the CASINO
program based on the MonteCarlo model, it can be observed that in the region near the
substrate the electrons do not interact with the material, whereas they start slowing down
after a certain depth, due to the hits with the material which would be the causative of

ionization, and ultimately, polymerization. In the following figures, the energy
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distribution of the electrons with depth and the increase on the probability of the hits

matter-electrons with depth can be observed.
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Figure 4.26: CASINO simulation of electrons-TGPDA interaction for: (a)(b) 50mA
(5.98kV) and (c) (d) for 100mA (7.44kV). In (a) and (c) The red lines refer to the
simulated tracks of backscattered electrons that exit the sample. The yellow to blue
transition indicates the electron energy decreasing from the incident energy to lowest

allowed energy, 0.0001 keV, in each simulated track.
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The kinetic energy of the electrons starts decreasing when in contact when the coating,
the velocity then, tends to zero underneath a certain point z, point in which the electrons
would be able to interact with the material in such a way as to form radicals. Thus, the
probability of speed of electrons tending to zero increases with thickness as there is more
material they have to go through. So, the thicker the coatings the more electrons would
be “stopped” in the coating, but also, the greater the accelerating voltage, the greater the
penetration depth. (84) (85) (86) (Figure 4.26,4.27). At the same time, once the depth at
which the interactions electrons-matter is the greatest, a logarithmic decay of the intensity
as the electrons go further through the material was observed. This is a consequence of
the reduction of the electrons transmission rate as they penetrate further, as some of them
would had been already absorbed further up creating free radicals, following the Beer-

Lambert law.

4.3.4 Injection rate and volume

By comparing the influence on the degree of cure of the volume (Figures 4.23, 4.24) and
injection rate (Figures 4.20, 4.21), it can be observed that volume is the parameter that
influences the curing degree the most. However, curing degree cannot be explained only
based on the overall thickness, as it is not the only variable that makes an impact on the
degree of cure. If that were true, no changes on the degree of cure would be noticed with

injection rate.

In summary, the degree of cure is explained by number of passes and thickness of the

layers. An increase on both variables, number of passes and thickness will cause an
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increase on the degree of cure. The reason for which the volume has a greater effect on

the degree of cure than the injection rate is:

+ Volume: As the volume increases, both, the thickness and the number of passes

increase, leading to a greater degree of cure

+ Injection rate: As the injection rate increases, the number of passes is reduced, but
at the same time, the thickness is increased, reason for which both effects will

compensate, leading to a lower effect of this variable on the curing degree.

4.3.6 Model proposed

The conclusions made so far are that:

+ The degree of cure mainly depends on the overall thickness of the layers at each
pass of the drum as a consequence of the decay on the kinetic energy as the

thickness is increased, following a Gaussian curve. (Figure 4.26,4.27)

% Also, the number of times the underlayers are subjected to E-Beam, the more

curing degree will cause.

+ The degree of cure increases as the power does, given that the density of electrons

is increased.

Thus, the same premises as in the plasma modelling were used, resulting in the same

expression. (Eq. 4.8-4.11)
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The model was developed using two currents, 37 and S0mA, so, by adding the effect that
every time the material interacts to the curing source (obtained from the model) to the

degree of cure of a certain layer, the degree of cure for both currents is obtained:
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Figure 4.27: Curing model for EB cured samples (37mA,5.2kV)
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Figure 4.28: Curing model for EB cured samples (50 mA,5.98KV)

What differs with the plasma model, however, are the fitting parameters, which is a direct
consequence on the deeper the electrons can travel through, which ultimately causes a

greater interaction volume, when compared to plasma.

To better understand the models, the fitting parameters for both currents will be shown:
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Current (mA) A b d Correlation

coefficient
37 ‘ 5,000 2.7 10 97.5

50 ‘ 150,000 3.5 12 94.3

Table 4.4: Fitting parameters and correlation coefficients of both models

The physical meaning of the parameters is the same as in plasma, what changes however,

is the relationship of b and d with respect to the power used:

e Aisrelated to the increase on the degree of cure as the number of passes increase,

so in other words, how fast the electrons will “post-cure” the thin films.

e b and d, describe the increase of the curing degree as the material the electrons

have to go through increases, which is more related to the voltage.

So, as the current increases, not only the proportion of electrons interacting with the
material at each pass of the drum increase, but also the electrons distribution with depth.
In plasma however, the voltage was maintained throughout all the experiments, leading

to a constant b and d.

Since only two sets of data for each current were big enough in order to build up a proper

model, the numerical relationship of both parameters with current can’t be estimated.
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Physical explanation

In this case, what needs to be understood is why does the absorbed dose mainly depend
on the volume (0.78), in a lesser extent to the number of passes (0.65), and then with a

0.52 of correlation, by the current.

When electrons interact with the material, the electrons do slow down and their “stopping
power” depends on the amount of material they are crossing. (87). The decrease in their
kinetic energy is due to the inelastic scattering they undergo. But there is another variable
that has an impact on the depth of electron penetration (x) which is the voltage (Potts,
1987, p.336). As the voltage is increased, the penetration depth increases as well, leading
to a lower proportion of the electrons stopping at the surface. So, because of the electron
beam mechanism, the current increase goes with a voltage increase. So even though the
power has been describing as a function of the current, what actually causes the increase

on the penetration depth is the change in voltage.

The most widely used model to explain the dose distribution along the material thickness
is the MonteCarlo theory. It is based on the idea that electrons, do lose energy
continuously, as in the plasma section, this means that their probability of stopping will

increase until their rise an “optimum distance”, up to this point it will decrease. (88)

Using this model, it was concluded, that for high energy electrons, their probability of
interacting with the matter at the surface is almost zero, since most of the electrons will
pass through. (84) . So, the idea that the degree of cure in this case, depends on the overall

thickness is supported to the theory. (89)

Also, regarding power, it was concluded that for every volume and injection rate, an

increase of power caused an increase on the degree of cure. This fits with the idea, that
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when increasing the current, an increase on the dose absorbed occurs (89) , simply

because more electrons will interact with the causing a greater number reactive sites.

4.3.7 Thickness

The process parameters do not only influence on the degree of cure, but also the thickness
due to the differences on the re-evaporation and etching. For that reason, the control of

thickness of the coatings with processing parameters is investigated.

4.3.7.1. Power

By plotting the thickness versus current for a constant injection rate (0.5ml/min)
(Fig.4.30), it can be observed that for every volume the same trend occurs. At the
beginning, the thickness increases as the power does. However, up to a certain point the
thickness significantly drops. For the low powers, the curing source isn’t able to
completely cure the coatings, resulting in a partial re-evaporation of the material. As the
power increases, the degree of cure will increase as well, reducing then the re-evaporation.
However, by further increase the power, more electrons will be generated, leading to a

greater chain-scission resulting on more material being etched away from the thin film.

So, the maximum thickness is achieved at the optimum current in which both factors,

etching and re-evaporation are best compensated.
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Figure 4.29: Thickness (measured by ellipsometry) dependence on current for EB cured

samples at 0.5ml/min injection rate.

4.3.7.2. Injection rate

When analyzing the trend of the thickness with volume when using two currents (37 and
50mA), an interesting fact was observed. For the greatest volume, the thickness increases
as the injection rate does. However, as the volume diminishes, the trend of volume against
injection rate gets smaller until reaching the point in which the thickness trend is reversed,

increasing as the injection rate decreases.
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118



As in the plasma section, the differences on the injection rate will lead to different
condensation ratio, so that the proportion of monomer that doesn’t condense against the

monomer injected is greater for greater injection rate leading to thinner films.

Also, there is a depth of material from where the uncured species would re-evaporate, and
it would depend on the number of passes but also the degree of cure of the layers on top.
So the degree of cure, is more significant for lower injection rates (as the layers are
thinner), hence at lower injection rates the thickness from which re-evaporation can take
place has better cured material, so there will be less re-evaporation and the layer would
be thicker. However, as the injection rate decreases, the material also passes around the
drum more times for the same volume, so there will be more re-evaporation, hence thinner

layers and the same will be true for etching.

What differs with the plasma section however is that in this case as the volume changes,
the relative importance of these two effects changes, leading ultimately, to reverse the

plasma thickness trend with injection rate.

4.3.7.3. Volume

When changing the volume for a given current and injection rate, it can be observed that
there is a clear drop on the thickness per unit volume as the volume is increased, and this

difference is greater as the injection rate goes down.
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So, if only considering the electrons distribution with depth (from the curing model), the

decay on the thickness per layer as the volume goes up could be explained:

First of all, the figures suggest that the lost material isn’t only coming from the
top layer, but from the underlayers too. This effect is expected to be larger for

lower injection rates as there are more underlayers involved.

The interaction between radiation and matter causes an exotherm reaction
generated inside the thin film As the number of reactive species increases the
number of scattering events is greater, which not only causes the breakage of the
C double bonds, but also the rise on the thin film temperature, causing an increase
on the re-evaporation/impingement ratio, as the underlayers” temperature
increases. This could explain, why the drop on thickness per unit volume with
volume is greater for lower injection rates: because the underlayers had been

subjected more times to the interaction with electrons.

On the contrary than in plasma, where a levelling off was observed up to a certain
depth, EB cured samples don’t reach the point in which this “equilibrium” is
reached, suggesting that the effectiveness of etching (the depth over which it
happens and the amount of material removed) will be different than the re-
evaporation, and the difference between these two will be different between

plasma and electron beam.

121



4.3.7.4.Summary

In this case, the variables” influence on the thickness would be summarized:

Power: As the current increases, more electrons will interact with matter. So, the
power has a positive influence on the thickness, given the fact that it causes an
increase on the degree of cure (due to the greater current), and therefore less
material will re-evaporate. But up to a certain power, the increase on the etching
doesn’t compensate for the decrease in the re-evaporation, resulting in thinner

films.

Injection rate: It was observed for both currents a change on the tendency of the
thickness with the injection rate depending on the volume. For greater injection
rates, the underlayers would be less times subjected to the curing source, resulting
in less curing and scission, but since the layers per pass of the drum are thicker,
the ability the low fragments have to escape will be lower too. The role these two

effects play changes with volume.

Volume: It was observed a decrease on the thickness per unit volume as the
volume increased. It was considered to be a consequence of the etching and re-
evaporation of the underlayers and the rise of temperature due to the inelastic
scattering events produced by the electrons. The latter would increase as the
interaction electrons-matter increases, causing a greater re-evaporation prior to
curing. So that the layers will be thinner at each pass of the drum decreasing the

overall thickness.
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CHAPTER 5. INFLUENCE OF THE CURING DEGREE ON THE POLYMER'S

PROPERTIES

In this chapter a comparison between the two curing sources (plasma and E-beam) will
be made in terms of crosslinking density (Swelling experiments), storage modulus (DMA)

and the topography (AFM).

5.1 Crosslinking density

The crosslinking was indirectly measured by swelling experiments. The results obtained
were compared with the degree of cure obtained by different curing sources (Plasma and

E-Beam), analyzing samples obtained at different injection rates.

5.1.1 Swelling experiments

According to studies by Asmussen and Peutzfeldt (48) (90) (91), polymers with a similar
degree of cure may exhibit different crosslinking density. Degree of cure refers to an
average value, but it doesn’t take into account the different areas of low and high
conversion, hence, how homogeneously a polymer has been cured. A crosslinking density
measurement on the other hand will be sensitive to heterogeneities. If a heterogeneous
polymer is obtained in which highly cured regions coexist connected by less well cured,
more linear chains, the crosslinking density will be measured as smaller than if the
polymer was homogeneously cured, given that what crosslinking density measures is the
number of links between polymer chains and the ability segments between crosslinks (or

crosslinked regions) to unravel. In addition, it is believed, that a fast curing process favors
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the formation of more centers of crosslinking, (92) or in other words, it has been
speculated that a slow start of the polymerization, may result in a more linear polymer
structure. Given that as the curing kinetics lowers, it favors the formation of extended
polymer chains, allowing more time for molecular rearrangements and hence, reducing
crosslinking. (91) (93) Given this explanation, it should be expected that as greater is the

initial degree of cure, greater would be the crosslinking density.

Since this initial degree of cure depends in this case on the injection rate, the greatest and
lowest injection rate cured samples had been measured. On top of that, a comparison
between EB and plasma cured samples had been performed, as it can be seen in the
following figure, where the crosslinking density had been estimated by performing

swelling experiments, by following the equation 2.4 from section 2.2.2. (Figure 5.1)
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Figure 5.1: Crosslinking density of plasma and EB cured samples depending on the

degree of cure

In EB cured samples, the degree of cure-crosslinking density relationship is independent
on the injection rate. Similarly, the degree of cure itself wasn’t really affected by the
injection rate, but rather by the volume. Most of the electrons would pass through without
interacting with the material, curing it. This resulted in a really low start of polymerization
for all the injection rates, according to the EB model (section 4.3.6), which will give rise
to a more linear polymer network. As the underlayers are being further exposed to the
high energetic electrons the overall degree of cure of the underlayers increase at different

rates, however this doesn’t to cause big differences on the crosslinking density, it is only
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when the degree of cure is above 0.95, that the crosslinking starts to increase
significatively. These degrees of cure correspond to the greatest thickness and thus, the
greatest density of electrons, promoting that the interactions electrons-matter results in
crosslinks, simply because the probability of two electrons interacting with neighbor

chains is increased with depth. (64).

The same trend degree of cure-crosslinking density was observed for different injection
rates for EB cured samples, however the trend for plasma cured samples differed between
injection rates. In EB the crosslinking density seems to be volume dependent, suggesting
that the slower curing rate for 0.08ml/min is compensated by the increase in the number
of passes, where the density of electrons will be greater leading to more chances of

recombination. (94)

As for the plasma cured samples, different degree of cure-crosslinking density trends are
obtained, to the extent that if the master curves drawn would be extrapolated, the
crosslinking density couldn’t be linked to the degree of cure without taking into account
the injection rate, given the enormous influence the injection rate has on the crosslinking

density of the plasma cured samples.

From the plasma section (section 4.2) conclusions, it was believed that the top layer is
better cured as the injection rate increases, the post-curing of the underlayers is faster, due
to the ions distribution with depth. So, at the start of the polymerization the degree of cure
achieved is greater for greater injection rates, leading according to the theory to a greater
crosslinking degree, and since the curing rate in the further interactions ions-underlayers
is also greater for greater injection rates, simply because the ions density is greater, this
could lead to a greater crosslinking density on the greatest injection rate samples even for

smaller degrees of cure. However, once a certain volume is achieved the ions can’t further
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penetrate in the underlayers, resulting in that the underlayers won’t be fully cured. So, in
the same way up to certain degree of cure, the crosslinking density can’t further increased,

meaning that the master curve drawn for plasma cured samples can’t be extrapolated.

The greater crosslinking-density of plasma compared to EB even for greater curing
degrees, may be attributed to the fact that in EB the pendant groups tied to the network
could be further cured, however this wouldn’t result in an increase on the crosslinking
density, just on the degree of cure. (95) (96) . As the density of radiation species is lower
for EB, then fewer reaction centers are initiated, and hence there is lower probability that
a particular reaction center initiated will be terminated. Hence there will be more
propagation steps before termination and hence longer ‘chains’ (without crosslinks) in the
rubber, leading to a lower rubber modulus. So, the conclusion is that EB will tend to form
longer chain sections to start with before curing completes (once the chains become less

mobile) so the degree of crosslinking is lower for EB than plasma.

5.1.2 DMA experiments

Mechanical properties are closely related to the crosslinking density, as the crosslinking
density increases, the macromolecules become immobile, and hence, the material
becomes stiffer, less flexible. However, when it comes to the degree of cure, this statement
isn’t necessarily true. Previous research studies of the relationship between degree of
polymerization and mechanical properties such as storage modulus showed that higher
degrees of cure did not always result in stiffer materials (97) (98) . Hence, samples with
the same degree of cure showed different mechanical properties. The only difference

between samples was the crosslinking density space distribution. The storage modulus at
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the rubbery state depends on the crosslinking constraints which reduces the chain mobility.
This process is defined by the phantom model, which is based on the assumption that the
network junction motion determines the dynamic mechanical properties. “The junctions

are fixed in space to move affinely with the whole network™ (97)

So, in order to get an idea of how the mechanical properties (storage modulus) are
influenced by the degree of cure and crosslinking density, 4 samples had been measured
(3 plasma cured samples and 1 EB cured sample). The aim in this case is not a deep

understanding of the thin films’ mechanical properties, but rather to get a first impression.

In the following figure the data obtained by DMA can be observed. While analyzing the
results from the plasma cured samples it was noticed that the storage modulus at ambient
temperature (the rubber modulus, above Tg) decreased as the degree of cure does, being
the stiffer material the one obtained by using greater plasma power (a), followed by (b)
which corresponds to the plasma cured sample when reducing the power, and finally, (c)
which is the softest material, as it is the one obtained at the lowest plasma power and at a
maximum injection rate. This is as expected: a lower cure gives a lower crosslink density
and hence lower rubber modulus (section 2.2.2). However, when comparing these results
with the EB cured sample (d), it can be observed that even though it is the better cured
sample, it’s storage modulus isn’t a high as the highly cured plasma-cured sample, which
aligns with the conclusions of the crosslinking density section: Eb cured samples have a
lower crosslinking density even for greater degrees of cure when compared to plasma

cured samples.
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5.2 Topography

In order to better understand how the topography of the acrylate coating is influenced by

the curing conditions, measurements by AFM were performed. Roughness values such as

the RMS was estimated:
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e The root mean square value (RMS) of ordinate values within the definition area

is equivalent to the standard deviation:

1 ([
RMS = —ﬂ. Z?(x,y)dxdy
Ally

Where:

A: area [nm’]

x,y: corrdinates in the x,y axis [nm]
z: height[nm]

Equation 5.1: RMS equation

By plotting the RMS versus the degree of cure (Figure 3) and number of passes (Figure
4), it was noticed that other than some exceptions, the samples are really smooth. Also,
the roughness obtained when using plasma and EB as curing sources are pretty similar,
which contradicts Affinito et al findings: The published papers mentioned that EB-cured
samples neither replicated the substrate defects nor reduced the roughness. It was believed
to be a consequence of the electrostatic repulsion between the high energetic electrons in
the liquid films. Then before the polymerization starts the film would be already distorted
(6), however, this phenomenon wasn’t found on the plasma cured samples, resulting in
ultra-smooth thin films, compared to E-Beam which had RMS values 10 times greater.
(99). It must be noticed that those research papers referred to cured single layers, so it

didn’t take into account either the effect of the underlayers or the partially cured samples.

In the same way as in thickness (section 4.2.7), the roughness would be influenced by

numerous factors:
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Degree of cure and crosslinking density of the top layers: An inhomogeneous

curing would lead to cured/non-cured areas, in which the monomers would flow

towards the surface of the cured areas due to it’s greater surface energy. (50) (51)

Shrinkage: When the films are being polymerized, they can experiment a
reduction in volume, shrinkage. When shrinkage occurs during curing, another
effect is produced: the coatings are subjected to internal stress, when the degree
of cure is low enough, due to the appearance of a gradient between the cured and
non-cured parts of the films. This produces at the beginning a homogeneity on the
degree of cure, but as time passed by, this internal stress is transformed into
relaxation, producing an inhomogeneity in which cured and uncured species

within the coating are separated. (80)

Etching: The etching occurring at the top layers due to the interaction of the
radiation close to the surface. However, the proportion of material which would
be etched away as a result of the radiation from the curing source won't
presumably be homogeneous. An increase on the surface roughness was observed
already by other researchers when the films were plasma polymerized, and it was
attributed to the plasma etching. (78) (79) . However, the roughening attributed to

EB etching of acrylates is drastically reduced, when compared to plasma. (100)

Re-evaporation: The proportion of uncured material that re-evaporates away from

the surface. It is expected that RMS roughness would increase as a consequence
of the removal of the uncured material, given the heterogeneity nature in radiation-
cured acrylate networks. Thus, the re-evaporation would take place on the
monomer-rich domains, leading to greater clusters. (101)
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So, by plotting the RMS roughness against the degree of cure and the number of passes,
it can be observed that the general trend shows a decrease on the roughness as the degree

of cure and the number of passes are increased. (Figures 5.3 and 5.4)
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Figure 5.3: Root mean square dependence with degree of cure for plasma and EB cured

samples (measured by tapping mode: 5000x5000nm)
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Figure 5.4: Root mean square dependence with the number of passes for plasma and EB

cured samples (measured by tapping mode: 5000x5000nm)

The RMS experimental data (plasma and E-Beam) in general decreases as the number of
passes and the degree of cure increases. However, RMS roughness only provides
information regarding to the average roughness of the sample, but it doesn’t distinguish
between wavy or spiky samples. In fact, when comparing the samples obtained by using
different curing sources, the trend observed on topography wasn’t the same, as it can be

observed in the following figures:

e In EB the samples with low injection rates and powers, showed greater peaks and
valleys (Fig.5.7), but as the volume is increased, the topography becomes spikier

(Fig.5.5), being the Fig.5.6 the most common topography obtained.

e In plasma however, the samples are spiky for the lower conversion degrees
(Fig.5.8). And only as the degree of cure increases the sample starts showing a

wavy and rough topography (Fig.5.9).
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For this reason, EB and plasma curing would be analyzed separately.

Figure 5.6: EB partially cured sample’s topography (degree of cure=0.87)(37mA,

0.8ml/min,5ml)
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Figure 5.7: EB partially cured sample’s topography (degree of cure=0.78)(37mA,

0.5ml,0.08ml/min)

Figure 5.8: Plasma partially cured sample’s topography (degree of cure=0.93)

(P1ml,5.854, 0.08ml/min)
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Figure 5.9: Plasma fully cured sample’s topography (P5ml,5.85A4, 0.36ml/min)

5.2.1.E-Beam

Now, how do all the process conditions influence the topography?- By maintaining
injection rate (0.5ml/min) and volume (0.5ml) while the current and voltage was changed,
it was found that there were significant changes in the topography (Figure 5.10). As the
current and voltage are decreased, the cured and non-cured areas become more visible,
whereas for greater powers the surface becomes more homogeneous and spikier. In this
case, the roughness decreases as power is increased, except for the greatest power. This
can be attributed to that as the number of initiation sites is increased, the lesser the re-
evaporation and the more homogeneous network would be obtained. (102) However, with
the increase on power, the etching would increase too, so for the greatest power the
etching would play a major role in determining the resulting roughness. These results do

indeed, fit well with the thickness results (Sections 4.2.7,4.3.7).
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Figure 5.10: EB 10 (top left) ,37 (top right) ,50 (bottom left) ,100mA (bottom right), 0.5

ml, 0.5ml/min (RMS: 7.13,1.76,1.57,2.77)
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Figure 5.11: EB 37mA: 0.08ml/min (0.5ml-top left, 5mi-top right) (RMS: 8.9,1.57),

0.8ml/min (0.5ml-bottom left, 5ml-bottom right), (RMS: 1.71, 1.85)

When also studying the volume and injection rate (Figure 5.11), it was found that similarly,
as the volume and injection rate is decreased, the size of the lumps are bigger. It is
speculated that these lumps correspond to the cured/non-cured areas. (102) With these
results it can be implied that this would be a direct consequence on how well cured the

“top layers” are. In this sense, it can be thought that, when the films are partially cured
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they will be rougher due to the accumulation of the uncured species towards the surface

of the cured areas (78) (79).

So, in this case, according to the curing model, the last portion of material of top layers
will have the same degree of cure for all the injection rates, what differs, however, is the
time the uncured material will have to diffuse towards the surface of the cured areas,
increasing as the injection rate lowers This would result in greater clusters as the injection

rate lowers, roughening the surface.

The topography depends also on the volume, which indicates that what influences the
topography not only happens in the last portion of material, but rather the topography is
influenced by the underlayers too. The change on the topography with volume, was only
observed when the injection rate was low, in the cases were there were more underlayers
involved. It was already discussed that the high energetic electrons-matter interaction lead
to a rise on the temperature. So, the change on the topography could be attributed to the
fact that as the number of passes of drum increases, the greater the rise on the temperature.
It would imply that the proportion of uncured material re-evaporating instead of diffusing
towards the cured regions would increase with the number of passes, leading to smoother

thin films.

5.2.2.Plasma

When analyzing plasma-cured samples, it was found that the power doesn’t influence
much the topography, but the volume and the injection rate are very influential. Although,

it has been previously observed that with plasma curing, when the power is increased too
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much a portion of the polymerization happens in the gaseous phase. It results in an
increase in the roughness, giving the samples a hazy appearance. (99) However, for the
powers used in these experiments the topography isn’t changed, indicating that the

polymerization takes only place in the liquid phase.

For the lowest volume, in every case (see examples in Figure 5.12) the samples present a
spiky topography, but as the number of passes is increased due to the addition of new
material deposited on top, the surfaces start getting a wavy appearance, except for the
greatest injection rate, which keeps a spiky topography. It seems to be correlated to the
thickness section, in which the biggest changes with volume were observed for the lowest
injection rate, whereas for the maximum injection rate, the thickness per unit volume was

constant.
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Figure 5.12: Plasma cured samples at 5.85A4: 0.08ml/min, 0.5ml (top left) 1.8ml/min,
0.5ml (top right) 0.08ml/min, 2ml (bottom left), 1.8ml/min, 2ml (bottom right) RMS:

1.97,2.38, 1.5,2.6

For the greatest volume and lowest injection rate, corresponding to the fully cured
samples (Fig.5.13), it was observed the appearance of bigger and deeper depressions,

which is thought to be a consequence of the etching. (103) (104).
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Figure 5.13: Plasma cured samples 3D topography for 0.08ml, Sml, 5.854 (left), 0.354

(right) RMS:5.2,4.66

As the time the sample is being exposed to radiation is increased, so the topography could
become rougher due the greater etching of the sample by the curing source. And as
opposed as in the roughening induced by crosslinking, roughness features created by
plasma etching are random in size and shape. (105) To test this, after curing the sample

was exposed to different times of post-deposition radiation (Figures 5.14-5.16).
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Figure 5.14: Plasma cured sample’s topography (for 1 min of extra exposure to the

curing source) (P 0.5ml/min, 0.5ml) RMS:1.58

Figure 5.15: Plasma cured sample’s topography (for 2 min of extra exposure to the

curing source) (P 0.5ml/min, 0.5ml) RMS:2.78
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Figure 5.16: Plasma cured sample’s topography (for 10 min of extra exposure to the

curing source) (P 0.5ml/min, 0.5ml) RMS:28.2,24.8

Indeed, in these images it can be observed that the etching is not homogeneous, hence it
could be implied that the selective etching by the plasma reactive species is the principal
cause of the changes in topography observed in samples subjected by long plasma

exposure time.

5.2.3.Summary

The topography is mainly influenced by the degree of cure of the top layers, which would
lead to differences: on the diffusion of the uncured material towards the surface of the
cured regions, shrinkage, proportion of the uncured material re-evaporating away from
the thin film, selective etching...All of these factors are influenced at the same time by
the curing source, number of passes and thickness of the layers, reason for which the

resulting topography can’t be explained by one factor only. However, depending on the
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process conditions it was observed that the relative importance of those physical

processes differ. In this regard:

Localized variation on crosslinking density: Since the electrons tend to pass through,
different concentrations of cured and partially cured areas will occur. Thus, the slower
start of the polymerization would allow the formation of cured/non-cured areas

leading to greater lumps, when compared to plasma.

Etching: As the number of passes of the layers under the curing source is increased a
selective etching was observed only for plasma, suggesting that EB etching might be

morec homogeneous .

Re-evaporation: The changes of the topography with volume are greater as the
injection rate goes down for both curing sources. This is thought to be as a result of
more underlayers being involved, causing differences on the material re-evaporating
away from the thin film. However, as EB samples get spikier with volume, the
opposite effect was observed in plasma, suggesting that the relative importance of

etching and re-evaporation differs between curing sources.
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CHAPTER 6. CONCLUSIONS AND FURTHER WORK

6.1.Degree of cure

When comparing the behavior of plasma and E-Beam curing, it was observed an increase
on the degree of cure with volume for the same injection rate, suggesting that both
reactive species are able to further penetrate and interact not only with the “fresh layer”
but also with the underlayers, post-curing them. What differ between both curing sources
was their dependency on the overall degree of cure with injection rate: Whereas in plasma
curing, a significant increase on the degree of cure as the injection rate diminished was

found, EB cured samples weren't affected significatively by the injection rate.
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Figure 6.1: Degree of cure dependence with volume for different injection rates using

plasma(left) and EB(right) as curing sources.
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The science behind the differences on the trends between curing sources was thought to
be as a result on the different penetration depth of electrons and ions. The penetration
depth depends on the atomic mass and the energy of the radiation particles. So, due to the
smaller mass of electrons compared to ions, the electrons will be able to penetrate in a
larger depth for the same energy. Thus, ions stop closer together for a given thickness,
while electrons are deposited in a larger range within a given depth (107) (108) (109).
The slowing down, is in both cases caused by their interactions with matter, leading to
ionization as the reactive species interact with the electrons of the monomer (64) (87) ,

resulting in the initiation of the polymerization.

In both instances, the curing rate was thought to be proportional to the density of reactive
species with penetration depth, which is ruled by the Beer-Lambert law (described as a
Gaussian curve according to the MonteCarlo model) and the proportion of uncured
material (as the ability for the reactive species would depend on the proportion of double
bonds left in the thin film (74) (73)). The fitting parameters obtained differed between
curing sources. In fact, by plotting the increase on the degree of cure against the number

of passes it can be observed that:

e Thedegree of cure of the top layer is lower for EB than for plasma, as the electrons
will travel a greater distance without interacting with the material.

e The curing rate is more affected by the injection rate in EB than in plasma, which
is a consequence on the greater proportion of ions interacting with the material

near the surface.
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Figure 6.2: Curing rates model for different injection rates using plasma(left) and

EB(right) as curing sources.

6.2.Thickness

The resulting thickness was believed to be a consequence of the contribution of the
thickness of the liquid film arriving at the curing source (related to the physical vapor
deposition process) and the material lost caused by the interaction between the reactive

species with matter.

The thickness of the material prior to being subjected to the curing source was analyzed

as a function of (76) :

e Substrate’s temperature: Radiation interaction with matter reacts exothermically,

increasing then the temperature “substrate” (underlayers) at each pass of the drum.

e As the injection rate is modified, so will be the material that is being deposited on

top of the drum. As a change in injection rate, leads to a change on the vapor
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pressure, and thus, in the thickness of the liquid film before reaching the curing
source.

e The distance travelled by the monomer from it’s deposition till the curing source

is greater in plasma than in Electron Beam, so the re-evaporation is greater in

plasma than in E-Beam.

Electron Plasma
Beam

Monomer
Evaporating
From Substrate

Monomer

Rotating Chill Drum
Evaporator

Substrate Platen

Figure 6.3: Roll-to-roll process followed by in line curing (76)

When the monomer interacts with the curing source, the reactive species won't only cure
the monomer but also etch it. So, if the degree of cure isn’t achieved at the first pass of
the drum, re-evaporation can continue even after part of the material has been solidified.
(75) Both processes will have an impact on the thickness of the material and both depend
on the number of passes. Thus, the resulting thickness is obtained by the contribution of
these two opposite processes. The re-evaporation which is directly dependent on the
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degree of cure, and etching, which increases as the time of the material is being subjected

to the curing source.

Even though shrinkage induces thickness changes, it was not significant enough to be
considered, due to the high conversion degrees the samples presented and the low

shrinkage that the polymer of interest has (81).

By plotting the thickness per unit of volume injected against the volume for the different

curing sources, the main conclusions were made:
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Figure 6.4: Thickness per unit of injected volume for different injection rates using

plasma(purple) and EB(green) as curing sources.

In both cases, there is a general observation of a greater proportion of material lost as the

volume injected increases, indicating that the underlayers play a key role in the resulting
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thickness, otherwise the thickness per unit volume would be constant. This could suggest
that:

1) The material is being lost from underlayers too. The underlayers are subjected
to post-curing due to their further interaction with the reactive species. So, this
further interaction could cause etching too. In any case, it would depend on
the ability the low molecular fragments have to escape, which is dependent on:

a. the time they have to diffuse towards the surface (dependent on the
number of passes)
b. the thickness the low molecular fragments have to go through,

together with the degree of cure of the layer they have on top.

2) The interaction between reactive species and material would rise the
temperature of the thin film, so that when new material is deposited on top, a

greater proportion would re-evaporate.

What differs with the curing sources, however, is the thickness behavior observed for
different injection rates. Whereas in plasma cured samples the decay in the thickness
trends are completely dependent on the injection rate, in EB samples the thickness per

unit volume follows similar trends with injection rate.

In both instances, as the injection rate is decreased for the same volume, the material
would be subjected more times to the curing source, leading to a greater degree of cure
of the underlayers. Thus, as the layers per pass of the drum are thinner, less re-evaporation
will occur, simply because the underlayers would have been subjected more times to the

curing source. But more number of passes would also mean more etching and more re-
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evaporation due to heating. So, the difference on the thickness trends between curing
sources could be explained as the relative importance that these effects (etching, re-
evaporation and re-evaporation due to heating) would have on the resulting thickness.

In addition, plasma cured samples reach a volume up until the thickness per unit volume
becomes constant, which fits with the hypothesis that the electrons are able to travel a
greater distance than the ions. So that, this “extra thickness” of the deeper down layers
that the electrons are able to interact with, allows the further removal of material either

due to etching or re-evaporation due to heating, when compared to plasma.

By the study of other polymer properties such as crosslinking density or topography more

information related to the ions/electrons interaction with matter was obtained.

6.3.Crosslinking density

The degree of cure provides information about the average -C=C- remaining in the film.
And although it describes the effectiveness of the curing process, it does not provide
information about the distribution of the linkage between the polymeric chains. Hence, it
is feasible that two thin films with the same degree of cure present different crosslinking

densities. (90) (91)

When comparing the crosslinking density of plasma and E-Beam cured samples, it was
observed that the plasma cured layers exhibited greater density even for the same
conversion values. This property is related to the distribution of the crosslinking centers.
So, since the density of reactive species is greater in plasma than in E-Beam, it will give

rise to a more linear network, since the propagation steps until the polymerization is
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terminated will be longer in EB than in plasma. In addition, when comparing the
relationship degree of cure-crosslinking density, it wasn't really affected by injection rate

for EB cured samples, as opposed to plasma:

In EB the degree of cure of the fresh layers is really low for all the injection rates, and it
is mostly due to the post-cure that the degree of cure increases, given that as the depth the
electrons have to travel is increased, the density of electrons is increased substantially,
and this will cause an increase on the crosslinking density with volume for all the injection

rates.

In plasma however, the trends are completely different, which could be due to the fact of
the ions” penetration depth. According to the curing model, the start of the polymerization
is greater as the injection rate increases, leading to a greater cross-linking density,
however, once a certain depth is achieved, the ions won't be able to further cure or
crosslink the thin films. For lower injection rates, the start of the polymerization will be
rather low. But the number of passes would be greater, resulting in not only increasing

the degree of cure, but also the crosslinking density.

By comparing the storage modulus at ambient temperature between curing sources, it was
found that even though the EB cured sample exhibited a greater degree of cure, it's
storage modulus was much lower than the plasma cured sample. This finding aligned with
the differences found when comparing the crosslinking density of EB and plasma cured
samples, concluding that the electrons interaction with matter would lead to a more linear

network as compared to plasma cured samples.
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6.4.Topography

Finally, topography is as well affected by the process conditions. Films obtained by both
curing processes exhibited a flat topography, with a general decrease on the RMS as the

degree of cure is increased.

In both cases, it was observed that there were differences on the topography with volume,
which suggests that the underlayers would have an effect on the topography. This
difference was the greatest as the injection rate decreased. This could be linked with the
greater thickness per unit volume trend as the injection rate decreased, since for lower

injection rates a greater % of material will be lost due to etching and re-evaporation.

For EB cured samples the topography showed greater lumps, which was thought to be as
a consequence of the low degree of cure of the top layers, leading to localized variations
of cross-link density (106) . The uncured material would then diffuse towards the surface
of the cured areas due to it’s greater surface energy (78) (79) . However, as the volume is
increased a greater proportion of material will be lost. The rise on the temperature would
then cause thinner films at each pass of the drum, so that a greater proportion of the

uncured material will rather re-evaporate than diffuse.

In plasma however, the layers showed a spiky topography for low number of passes of
the drum, which was attributed to the greater degree of cure near the surface compared to
EB. But as the number of passes was increased, the layers started getting a similar
topography as the plasma etched layers, concluding that even when more material is being
deposited, the interaction between ions with matter causes selective etching in plasma

samples when the thin films are subjected long enough to the curing source. (78) (104)
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In addition, the main differences on the topography were observed for the lowest volume
in EB and for the greatest volume in plasma. In addition, as opposed to EB, no differences
were found on the topography with power in plasma cured samples, suggesting that the
re-evaporation due to heating, etching or curing rates are really different between curing

sources, aligning with the thickness conclusions.

6.5.Summary

Allin all, it has been demonstrated that the process conditions, including the curing source
affect the curing reaction, curing kinetics, re-evaporation and etching rates. All of these
variables do directly affect the polymeric thin films such as degree of cure, thickness,

crosslinking density, mechanical properties and topography.

The main difference between both curing sources is their penetration depth:

e As the electrons penetrate further before they start interacting with the material, it
results in lower degrees of cure, and greater differences of the curing rates as the

thickness of the material per number of pass is changed.

e The thickness per number of passes trend differs between both curing sources.
Plasma cured samples exhibited a levelling off of the % of material lost with
number of passes, so up to a certain depth no material is lost from the underlayers.
EB cured samples however, never reached a depth up until the material lost is
constant. These differences suggest that etching or re-evaporation due to heating

are the main causatives of the lost material.
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e The differences observed in etching and curing, had an enormous impact on the

crosslinking density and topography between curing sources.

6.6 Applications and further work

But how could all the data gathered and analyzed be useful in terms of commercial
applications?- In the industry, when using the roll-to-roll technique, the layers would be
only subjected to the curing source once, reason for which the curing models become
more handy. In this regard, for the conditions used none of them reached a complete cure
when extrapolating the models back to one pass, which indicates that either an increase

in the gas flow or current needs to be done.

Also, not only a complete cure would be desired, but also depending on the application a
specific thickness needs to be achieved. For really thin layers plasma curing would have
an advantage over E-Beam as the ions will stop closer together. However, as the thin films
become thicker, a combination of both curing techniques would achieve better results, as
ions and electrons will cover different penetration depths, achieving a greater overall
degree of cure. If by either increasing the plasma current and/or gas flow or combining
both curing sources, the increase on the degree of cure will imply an increase on the

crosslinking density in the bulk and in the surface.

This implies greater mechanical properties and smoother films. Based on the analysis, the
RMS was thought to be a consequence of the presence of heterogeneities in the
crosslinking density, etching and re-evaporation due to heating. But since the two latest

processes started to become important after the thin films had been subjected long enough
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to the curing source, they shouldn’t be considered for one single pass, as no underlayers

are involved.

In terms of further work, since the end-product will consist in multilayers, other properties
such as adhesion or surface energy could be explored. Also, a deeper analysis of the
mechanical properties related to the crosslinking density and degree of cure between both

curing sources could be explored.

All the research was performed with one single monomer, TGPDA. And apart from the
process conditions, another way to interfere in the thin film properties is by changing the
chemistry. This could be done by changing the functionality of the monomer or even by

the study of monomer mixtures.
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