ABSTRACT

PADBURY, RICHARD PAUL Bulk Property Mdification of Fiber Forming &lymers
using Vapor Phase Techniquédnder the dection of Dr. Jesse S. Jur

Atomic layer depositiorprovides the opportunity tmtroducenanoscale inorganicoatings
to organic polymerscreding coatings withvaried compositions of finish andistinctive
interfaces Prior research has shown that ALD materials nucleation on polymers varies in
composition and structure based on how the precursor interacts with the polymestrghem
and the process conditionsto study this in more detail, 4situ quatz crystal
microgravimetryis employed to understand thefiltration and saturation behavior of
trimethyl aluminum inpolymer thin films Emphasis is placed on understanding tigac
vapor diffusion intopolymers as the exposure temperature is vardential growth
mechanisms based on the temperature rigre observations in this worke proposed
which leads to the understaridg of hybrid organicinorganicformation in polymes.

Furthermorepolymers which have subtle variations in microstrucareexploredo
elucidate the nucleation behavior of inorganic coatings on polymers in more detail.
Specifically,in-situ quatz crystal microgravimetris employed to understand thacleation
behavior of alumina ALD in a series of patymethacrylate and polyester thin films. The
work indicates the effect that a subtle change in polymer microstructure has on the properties
of the polymer film and the resultant absorption/desorpti@racteristics during TMA/water
exposures.

The effect of% crystallinity on the infiltrationmechanism is also investigatéd
polymer films with variedrystallinities. Finally, the effect of thieybrid modification on the

mechanical behavior of fibrous aterials is also explode In particular this dissertation



highlights the procesgroperty relationships betwa modified and unmodifiedibers
infiltrated with TMA. Theresults indicateghat the peak load and ahgation of the fibers
increasewith exposue to TMA. Therefore, lhis work has importanimplications on high
impact applications as well as the introduction afrganic material properties féexible

polymer systems.
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RESEARCH OUTLOOK
t Overview of the literature

Atomic layer deposition (ALD) is gechniqueof forming a broad range of nanoscale films on
a surface by sequential exposures of an organometallic precursor anebatomy vapor species such
as water. The principle of ALDrgwth is based on the cycling of organometallic precursor and co
reactant vapor exposures separated by an inert gas purge step. The corresponlimigjngelf
chemical reactions result in atomic scale precision of the pinhole free, conformal coatingh on b
planarand complex surfaces. A comprehensive description of the principal featutke &1.D

procecssnd O6ALD | i keo pdiothedtsratirelfg can be fou

A wide rangeof oxides, nitrides and pure metals have been demonstrated on a range of
surfaces. However, the most well studied and well understood ALD process is the alumina ALD
process that is typically formed by trimethylaluminum (TMA) and water exposures. The highl
favorable free energy change of the overall deposition reaction etWdé and water (~370
kcalmolfcorresponds to an o6ideald ALD process. A
alumina ALD process in great detail from the perspectives of sudlaemistry, saturation behavior

and growth mechanism.

It has been demonstrated that the direct reaction between certain ALD precursors and an
organic substrate can fara hybrid organiénorganic film**> A unique feature of hybrid materials is
the formation of a matial that is neither purely organic nor inorganic. A desirable feature of hybrid
materials is the incorporation of inorganic material properties such as: excellent thermal stability,
high dielectric constants, low permeability's, photocatalytic behamichemical resistance, without

compromise to the attractive properties of organic materials such as flexibility and ease ©f form.



Depending on the processing techniqued materials used, the development of hybrid materials
affords the opportunity to tailor the properties of a material for a specific application. Therefore, the
innovative materials space transition by hybrid materials offers opportunities to acqueralsat

with unique mechanical, electrical, and optical behavior.

Hybrid coatings are formed as a result of precursor diffusion through the poresgriade
of the organic material which is followed by chemical reaction and nuclédfiofherefore, in
contrast to the surface sdithiting reactions of a traditional ALD process, the precursor diffusion and
reaction process is distinguished by an infiltration mechanism thamitedi by the number of
reactive sites that are accessible within the bulk of the material as the process proceeds. Hybrid
organicinorganic film formation via ALD was initially demonstrated on polyarsdéPA-6).* The
reaction that occurs between TMA atie carbonyl group along the FAbackbone has also been
shown to occur with polyethylene terephthalate (PET), polybutylene thedate (PBT), polylactic
acid and poly(methyl methacrylatdPMMA). * **'* A bilayer surface formas a combination of
infiltration and ALD processes, resulting in a hybrid mebate polymer layer followedby dense
ALD layer nucleated outward from the polymer surface, respectively. These results have inspired
adaptations to the ALD process which extend the precursor exposure conditions to promote the

15,16

infiltration mechanism. Processes such as multiple pirfkration , sequential infiltration

synthesi$’ and sequential vapor infiltratidh*’are described in the literature.

As described above, the driving force behind the infiltration mechanism that promotes the
formation of a hybrid organimorganic coating is the ability for therganometallic precursor
molecules to diffuse into the polymer subsurface. To date, the evidence of hybrid growth within
polymers using ALD processes is supported in the majority of the literature isjtuex

characterization methods such as cross sectieid, TXPS and FIIR and insitu methods such as



quartz crystal microgravimetry (QCM}? These techniques arentinent analytical tools for probing

the growth mechanism (TEM, QCM) and elucidating the fundamental chemical reactions between
precursors and functional groups of the polymer (XPS|HT In-situ FT-IR has also been used to
investigate the fundamentah@mical reactions between precursors and polymertifunat groups

during a proces¥.QCM is particularly useful for investigating the growth of hybrid coatings due to

its incredibly low mass resolution that is attributed to the higladfor, high frequecy oscillation of

the piezoelectric quartz crystal. The utilization of QCM has successfully elucidated the unique
absorption/desorption behavior of a broad range of polymers exposed to different organometallic
precursors Furthermore, QCM analysisab reeakd the infiltration of precursors into polymers as
indicated by unusually high initial mass gains and transient growth periods prior to linear growth

regimes typical of traditional ALD processirfg:***

Efforts to develop growth mechanisms that diéscthe infiltration of precursor in polymers
include fundamentadtudiesto elucidate the diffusion of precursors during ALD processingeview
by Knez discusses diffusigphenomena in ALD howevefrom the principle viewpoint of surface
and interfacik diffusion that is characteristic of traditional ALD processing. Diffusion through
coatings and diffusion into substrates i.e. polymers, is briefly discussed however, from a purely
qualitative outlook?* The physics required to describe the motion of small madscthrough a
polymer already existsHenderson useéa physi c al theory of di ffusio

describe the motion of precursors through polymer masking layers used in area selectfve ALD.

The physics of such diffusiereaction processesxist and inspiratia can be drawn from
polymer fiber processes such as reactive dyeing which involves the diffusion of dye molecules and
subsequent chemical reaction with functional groups of the poRfmidnwever, me of the

significant challenges of developing a physical model is accounting for the effecatyiay process



temperatures anchemical reactions between precursard fanctional groug of the polymehason

the successive diffusion of precursenhin polymers Before a comprehensive physical model can
be developeda more extensive investigation based onitffiétration of organometallic precursors
through polymes within a wider temperature range addition to understandinfundamental

chemical reactions animportant areaf focus.

t tOrganization of Dissertationand Key Findings

Since the diffusion coefficient of a molecule through a polymer is influenced by factors such
as temperature and polymer morphology, it is clear that a comprehensive understanding of polymer
science in addion to ALD process conditions is required tadenstand the hybrichaterialformation
in polymers.To this end,Chapter ldescribes the important states of semistalline polymers,
namely the amorphous and crystalline regions. This is followed by & degeription of fiber
formation and fiber properties with a principle focus on mechanical properties and transport behavior.
The section on transport behavior elucidateskthsic physics that describes the motion of small
molecules through a polymer witgxamplesfrom reactive dyeing and diffusion through polymer
membranes. Finallhybrid materialsand the ALD technique on polymers are introduced followed by
a description ofmodified ALD processesthat promote reactive vapor infiltrationlrhis is

complenented by a short section outlining high throughput processes and their future development.

Chapter 2focuses on a range of polymers which have subtle variations in
microstructure d elucidate the nucleation behavior of inorganic coatings on polymers in
more detail. Specificallyjn-situ quatz crystal microgravimetrys employed to understand
thenucleation behavior of alumina ALD in a series of polgnethacrylate and polyester thin

films. The data indicates that the glass transition temperatsrifluenced by variations in



microstructure has a significant impact on the absorption of TMA. Polymers that possess

lower Ts0s absorb | arger quantities of TMA due
with higher 6 s absorb | ess TMA lushes Eurtherare,ahe presdnoec e d  f
of side chain pendant groups in pohmethacrylate polymers hinders the absorption and
desorption of unreacted TMA due to the tortuous path of interconnected pores created within

the polymer film. This work shows that thefluence of polymer microstructure on the
absorption and desorption characteristics of organometallic precursors must be considered
and the ALD process parameters adjusted accordingly to promote the formation of desirable

inorganic material interfaces.

To study the influence of polymer free volume in more deGlilapter 3 introduces
the readive vapor infiltration of precursors intpolymers as the exposure temperature is
varied.Specifically, in-situ quatz crystal microgravimetryQCM) is employed to urerstand
theinfiltration and saturation behavior ®MA in PA-6, poly(acrylic acid(PAA) and PET
The study indicates that the glass transition temperature of the respective polymers has a
significant impact on the infiltration behavior of precursor moles into polymers. Potential
growth mechanisms based on the temperature dependent observations in the work are stated
that lead to the understanding of hybrid organarganic formation in polymers.

The infiltration of organometallic precursors into teér polymershas inspired
adaptations to thA&LD process such as sequential vapor infiltra{isi'l) which enhances
the diffusion of organometallic precursor into the sub surface of polymer to promote the
formation of a hiprid organieinorganic coating. @apter 4 highlights the fundamental

difference in mass uptake behavior betwaéd and SVIusingin-situ methods.



For the first timein-situ QCM is used to compare the mass uptake behavidrMA in
polybutylene terephthalat@BT) and PA-6 films via bothALD and SVItechniques The
importance ofTMA infiltration into the polymeffilm and the subsequent chemical reactions
with polymer functimal groups are discussed in twerk. The key findings state that the
0hold step of the Stiohof pMAdy ieceasingexposure tesukbingi n f i |
in significantly large quantities of absorbed TMA in comparison to the ALD technique.
Finally Chapter 5 explores thefiltration of organometallic precursors into fiber
forming polymers andhe subsequent foration of ahybrid material interface. To explore
this in more detailin-situ QCM is employed to investigate thefiltration of TMA into PET.
Specifically, he effect of crystallinity on the infiltratiomechanismn PET polymer films
with varied crystalhities isinvestigated Finally, the effect of TMA infiltrationson the
mechanical behavior of fibrous materials is also investigatedpahticular this report
highlights the structureprocessproperty relationships betwa modified and unmodified
PET fibers infiltrated with TMAvia the SVI techniqueThe results indicatehat the peak

load and elngation of the PET fibelacreasewith exposure to TMA.



CHAPTER 1
INTRODUCTION
1.1.THE STRUCTURE OF SEMI-CRYSTALLINE POLYMERS
1.1.1 Polymer Structure

Semicrystalline lymers are a distinctive class of material consisting of
macromolecules that argsualizedas long chainsnade of a uniquehemicalrepeatunit.
Due to their long chain naturesemicrystalline polymers possess broad range of
phenonenaas described by their polymer physics such as, a glass transitiorsendlastic
behavior which distinguisles thenfrom other materials. However, it is their unique polymer
chemistry thatllows the behavior of one polymer to be distinguished framother.?’An
individual polymeés behavior is determined at the primary ley®t the chemical
composition of its repeat unit andt the secondary level by the configurationdan
conformation of each repeanit connected in a polymer chain. This determines the way that
the polymer chain bends and folds as it pervades the volume ticaupies. Consequently,
segments of the polymer chain can be found in two main states, namely the amorphous state

andthecrystalline state.
1.1.2 AmorphousRegion

The amorphousregion of a semcrystalline polymer possessem unordered,
entangled sticture.The total volume, Y, pervadedy thesystem of polymer chains can be

split up into o sections as shown in Figurel?®. Namely the volume that is physically



occupied by each constituent atom,, Yhat makes up the polymers long chains and the
unoccupied volume, Nthat is typically called the polymer free volumeéAt the melt
temperature, crystalline materials experience a sharp melting point followedshgra
increase in volumas molecular packing becomesatdered and the increase in interatomic
spacing causea significant increase in free volume between constituent &tbristhe
onset of melting, Xay andysis indicates an amorphous halo rather than the specifay X
bands of the crystalline material. Conversely, serystalline polymers possess a continuous
increase in volume as the melting process takes place over a larger temperatur&trange.
specfic temperature, it is possible to obserae discontinuity in theVolume verss
Temperature plot of Figure.llindicating that there ismaabruptchange in the expansion

coefficient of the semerystalline polymer.

Starting from the melt,ssthe polymeris cooled quicklythe motion of polymer chain
segments is greatly reduced. If the cooling rate is much larger thandhemntation time of
the polymer(also called the relaxation time) is unable to volumetrically relax therefore,
excess free volume 8f r oz en 6 i n sThid is calletl the glassy stabeace the
discontinuity in the Specific Volume versus Temperature [dotassociated with the
temperature at which the polymer changes from a flexible rubbery material to a brittle glassy
materal and isthus named the glass transition temperatuge, At temperature aboveTy,
polymer chains have greater mobildapd larger segments of the polymer chain are able to
re-orient therefore they are able to achieve their equilibrium conformationiicly
correspond to an increase in free volumBelow Tg, polymer chain mobility isgreatly

decreased corresponding teealuctionin polymer free volume.



Significant efforts have been made to model the glass transition phenomfenon.
single theoretical wferstanding of Tg has not been formulatbdrefore;the theoretical
models that describe Tg can be separated into three main categories, naenely
thermodynamic kinetic and free volume theories. THellowing section provides a

conceptual approach tostgibe each of the theories individually.

Arguments for a thermodynamic Tg incledée fact that when a polymer is cooled
from the melt, volume changes are associated with the conformational rearrangement of the
polymer chains whichdeterminesthe confornational entropy (§ of the systeni®
Furthermore, the discontinuity demonstrated by the melichanges of the polymer as a
function oftemperatures also observed in thermodynamic quantities such as #afisp
heat capacity, enthalpy and expansion coeffici€or. example, fi the derivative of the
specific wolume with respect to temperature is plotted versus temperature, the glass transition
temperature is indicated by the turning point on the casvslown in Figurel.2. Therefore
Tg is considered to be a second order transifitre thermodynamic theory @ibbs and
DiMarzio (1958 consides the conformation entromf the polymer chainas a function of
temperatureln 1948, Kauzmannpublished aheory which suggested thdtet extrapolated
conformational entropy passes through zero at very low temper&turBsis is
thermodynamically of or becotnthendedhattthie enateriél avil e Ka
undergo a phase transition and crystallisfore the conformational entropy reachesoz
However, ten years later Gibbs and DiMarzio recognized that the crystalline state was not
true for all materials since some polymers possessed an equilibrium amorphous state over a

broad temperature range. Consequently, the Gibbs DiMarzio theory oowesc the



Kauzmann paradox by stating that the glass formation osgben the conformational
entropyis zero at a temperature above z&elvin as shown in Figurd.3.%° This is due to

the fact that & conformational entropypproaches zero, the number afangements of
polymer chainsegmentslecreasesince thee are fewer vacancies latver temperatuie A
consequence of the thermodynamic theory is that the second order transition can only be
observed if the polymer is cooled infinitely slow. the rebxation time of the polymer chain
segments is comparable to the time scale of the cooling exmerimikis forms the

fundamental basis for the kinetic theory of the glass transition temperature.

In the kinetic theory, Tg is na thermodynamic variable biitis associated with the
rate at which the polymer achieves equilibrium. Therefore, Tg is the temperature at which the
time scale of the experimeng. rate of cooling, is equal to the relaxation time of the polymer

chain. This forms the basis of therceptual approach of the Kinetic theory of*fg.

In thermal experiments,it is important to note théysteresisand agingeffects
associated with the Tg of polymeric materiated theeffect that coolingand heatingates
have orther ability to achievean equilibrium volume Firstly; faster cooling rates have been
shown tocorrespond t@ higherTg while slower cooling rates lead to a lower Sigce the
polymerchains havenoretime to adjusto their environmenandthe polymer approaches its
equilibrium volume® Furthermore storage temperature has an important effect on the
specific volume of the polymess demonstrated diagrammatically in Figard.*® If the
polymer is cooled rapidly and maintained at a temperature close to Tg, the polymer chains

will relax and assumtheir equilibrium conformatioim a shorter period of time compared to
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a storage temperae well below Tg. The higher storage temperatgieases the free
vol ume 6 f rtooezpelyméruponncsolingwhich corresponds towolume shrinkage.

The same is true if a rapidly cooled polymer is stored at a temperature well below Tg and
exposed ta slow heating rate. The polymer chains hawee to adjust to thenvironment

they were exposed to upon coolingd assume their equilibrium conformation whaiko

leads tovolume shrinkagebelow Tg Mathematically, the rate of volume shrinkage is
propotional to the volume at time t minus the volume at infinitygy as stated in

Equation 1*°

— - W B D

wheret is the relaxation time of the polymer chains.

The kinetic theory provides a useful undamsting of the effects ohging onpolymer
propertieswhich is of commercial importance and states the significaficexperimental

time scales on Tg whidl essentiafor analytical methods such as DSC.

Some ofthe most notabléheoreticaldevelopmert of the glass transitiomcludethe
free volumetheories which form the fundamental basis for understanding other polymer
properties such as traport propdies discussed inestion 1.2.6 The most historical free
volume theory ishatdeveloped byilliams, Landel and Erry, also called WLF theori): %
The princige behind the theory is associated with the vokiemeperature relationship
demonstrated in Figure 1L As the glass transition is approached from the melt, polymer

specific voume and free volume decrease. At a certain temperature below Tg, the polymer
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free volume reduces to a critical volume which impogelymer chain sgmental motion
Therefore, in general, WLF theory relates the microscopic changes in the magnitude and re
distribution of polymer free volume as temperature is varied to the global Valige dhe

mathematical description of the WLF theory begiiith the Doolittleequation®*

£ 0Q (2

where' is the polymer viscosityd is a numerical constar@ndw andw are the occupik

and free volumes respectivelyhd WLF theory is developed by solving the ratiotloé
viscosity at any temperature, T and the viscosity at Tg which leadsetdotlowing

expression:

GE— ad 6 — — d)

where"'Q and™Qarethe free volume fractions temperature T and Tg respectively.

Assuming that the free volume fraction increases above Tg with the expansion coefficient,
then the fractional free volumat any temperature,, TaboveTg may be summarized by

Equaton 4 3*
9 0 | YUY @

By substituting [fuation 4 into Equation the WLF equation is obtained:

1T 6 S _ (5)
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The typical universal o6 form of t hmymWisF e qu:

is shown in Equation:6

(o Q- ¢V) 3 (6)

The universalconstant in Equation &) pj ¢&'Q p R indicates that the fractional free
volume at the Igss transition temperature is approximately 2.t a broad range of

polymers Similarly the constant, "Qj| L @ suggests that thdree volume
expansion coefficientusingQ ¢&, is approximately®&cp 1 0 . While thisis not the

case for all glassy polymers it is a reasonable approximation as shown in Tafle 1.

The WLF theory is useful for understanding vistastc events, transport phenomena, the
effect of molecular weight and plasticizer content on Tg and understanding the relationship
between coefficientsf expansion above and below.Tg

1.1.2Crystalline Region

The driving force behind crystallization is thecassity of a material to achieve its
lowest energy state which dictates the microscopic morphology of a material. Therefore,
given adequate time most materials crystallldewever, one of the significant factors that
prevent a polymer from being 100% dalfine is the chain entanglements that form in the
melt. As the polymer melt is cooled, the chain entanglemestsiot disentangle quick
enough to allow the long polymer chain to pack into a lattice and crys@lfzethermore,
crystallization in polymers is affected by the presence of bulky functional groups or

asymmetry along the main chain. Therefore, crystallinity in polymers is favored by regularity
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such as, isotactic and syndiotactic configurations, which allows the polymer chain to fold and

packinto a specific crystal lattice.

Polyethylene is one of the simplest polymers to describpabking of long polymer
chains within a crystdhttice There are two important stages associated with crystallization
from the melt. Firstly, the polymer clmi obtain their equilibrium conformations in order to
be in the lowest energy state. The equilibrium conformation of polyethylene is the planar
zigzag structure in which the angle between bonds is approximately Betondly, the
polymer chains pack totieer into a lattice with lattice constants a, b and ¢ which for
polyethylene are 7.41, 4.94 and 2.55 respecti¥ely’. The polymer chains are arranged
parallel to each othein the crystal latticewith a high degree or orientation in order to
achieve thdowest energy state i.e. to minimize the Gibbs free en&igpge the unit cell of
polyethylene is the smallest representation of the crystal, the entire crystal can be constructed
via translations of the unit cell by lattice vectors equal to the lgtécameters a, b and c.
Although bulky side groups may inhibit crystallization by preventing the packing of polymer
chains within the crystal lattice, some polymer chains may overcome this by introducing
0t wistdéd al ong t twech prevénts theverlap af thé& largen atom3he
result is the formation of polymer chains with helical twist within the crystal I&ttiEer
example, the center of each hydrogen atom in polyethylene is separated by approximately
254pm. The diameter of a fluorine atésrapproximately 270pm therefore, the planar zig zag
structure is not suitable for polytetrafluoroethylgf®'FE) to pack into a similar crystal
lattice aspolyethylene. To overcome this, tREFFEbackbone rotates approximately’2thd

the GC bond openspto approximately 11%6°° **In polymers such as polyamidie(PA-6)
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intra-chain hydrogen bonds between the hydrogen atom of the amine group and oxygen atom
of the carbonyl group promote crystallization by orienting neighboring chains. Conversely,
the crystallization of polyethylene terephthalate is affected by secondary bonding between
aromatic rings which stack in the c direction of the crystal lattice to maximize their electronic

interaction >

1.2FORMATION AND PROPERTIES OF FIBER FORMING POLYMERS

1.2.1 Fiber Formation

There are numerous manufacturing processes available to form both natural and
synthetic continuous fibers such as wet spinning, dry spinning, and melt spinning. Wet
spinning, in which the polymer has first been dissolved in a solvettite iadopted process
for forming acrylic, rayon and aramid fibers. Dry spinning is also used for forming fibers
from a polymer/solvent solution however, contrary to wet spinning in which the polymer
precipitates from solution; the polymer is solidifiedthg evaporation of the solvent via the
application of dry air or inert gas. A specialized method of forming micro to nano sized
fibers is the electrospinning process. In which fibers are formed by the application of a
voltage to a polymer solution. The taje causes the polymer solution to become charged
and if the voltage is sufficiently large the electrostatic repulsion of the liquid is capable of
overcoming the surface tension of the | iquic
that dries ad solidifies as it travels from a spinning tip to a grounded collector plate. Melt

spinning, in which a thermoplastic polymer is converted from a solid into a molten viscous
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liquid, is the typical method for forming fibers such as polypropylene, polgested

polyamides.
1.2.2 Melt Spinning

In melt spinning, fibers are forméxy extruding’, that is to force theiscous polymer
liquid at high pressuréhrougha spinnerevia a mechanical pumps shown in Figure 1.5
The spinneret is analogous to a shower head and contains a series of tirfyoholbich
the polymer liquid emerge$rior to extrusion, polymer chips or beads are dried in air,
typical dryingtemperatures anéimes for polyester angblypropyleneare120and70°C for 4
hoursrespectively. The removal of W& is particularly important prior to melt spinning of
polyeser due to hydrolysishat can correspond to polydispersity of the molecular weight
which can redoe the melt strength of the polymer and its mechanical properties after
extrusion. After drying, the polymer is fed intstorage hopper antbnverted into a molten
liquid in a melt grid Typical melt temperatusef polyester, polyamidé and polypropylee
are,240, 220 and 17C respectively. Once the polymer chips or beads have been converted
into a molten liquid, its transported from the melt grid to the spinneret \i@eahanicakpin
pump. The polymer emerges from the spinneret and enters thghsgirnvhich is also called
the quench zone. A cooling air inlahd series of fansolidifies the polymer as it passes
through the quench zone which initializeystal growth within the polymer. At the end of
the quench zone, the fibers are passed thraugpin finish which prevents the buildup of

static charge and allows the fibeossrhovefreely over a series of rollenshich consists of a

16



takeup roller, draw roller and relax rollefhe series ofrollers stretchthe fiber and further

crystallize the plymer by orienting adjacent polymer chains within the féoas.

The drawing process is important for establishing certain mechanical properties
within the fiber such @i percent elongation at break, toughness and ultimate tensile strength.
There are twamain strategieso introducemechanical properties within the fibarhich
include drawingthe fiberduring quench and drawing the fiber after quenih.draw the
fiber during quench, the take up roller and draw roller are typically maintained at the same
speed while the relax roller is always maintained sligtly lower speed to take tension off
the line.This is important for tb storage of the tow since high tensibailds up within the
fiber line at high takeup speeds whiclean crush the packagdsat they are wound onto.
Increasing the speed of the take roller increases the orientation of the polymer chains
which increases the crytallinityf the fiber In general, high takep speeds are required to
induce crystallinity within thefiber; howeve, this requires higher mechanical pump
velocities andcertain polymers do not possess the melt strength to cope with the high
velocities. Thereforegrawing fibers after quencghypically called cold drawings the most
suitable strategy for polymers Wwitower melt strengths. During cold drawingratio of
velocitiesis created between the take up rolded draw rollerFor example, if the takep
roller is running at 500 mpm and theawroller is running at 2000 mpm, thisrresponds to
a draw ratioof 4. Drawing the fiber via this type of process elongates the dnysteegion of

the polymerjncreases orientatioof the polymer chaingithin the fiber
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The art of fiber formation via melt spinning is not only dependant on polymer
chemistry and meilcular weight; but it is a careful balance between the quench temperature,
guench rate and drawing procellawever, variations in polymer chemistry and molecular
weight distinguish the behaviors of different polymers from each other and detehmine
optimum spinning parameters to achiexegiven mechanical property. In general a fast
guench, fast stretch process corresponds to fibers that possess a fringed fibril structure in
which crystalline regions are aligned and amorphous regions are greatly extamtled
oriented. Conversely, a fast quench, slow stretch process corresponds to a fiber with a
fringedmicelle structure. These fibers are typically referred to asapproriented fibers or
yarns and do not typically serve a broad range of applicationtaluewer mechanical

properties.
1.2.3Nonwovens

In comparison to single fibers or yarns, nonwoven fabrics are defined as web
structures bonded together by entangling fiber or filaments mechanically, thermally, or
chemically. Nonwovens have a flat, poratsucture made from separate fibers or molten

polymer and do not require weaving or knitting to form fabrts.

Nonwovenwebs can either be made with natural and synthetic fixed length staple
fibers or synthetic continuous filamenihe choice of fiber type is important in determining
the method of web formation. In general, stapberfinonwoven webare made by a wet lay

or dry lay process in which a water slurry of fibers is sprayed ootmeeyeror, in the case
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of thedry lay processthe nonwoven web is formed by carding and ctappingas shown

in Figure1.6.>°

For synthetic continuous éiments, the nonwovenelv may be formed by meltblown
or spun bond processas shown in Figure 1% The difference between these twogesses
is that the melt blowprocess does not require a post process bonding step to eglityrto
the web. For thespurbond process, bonding of fibers may be achieved by mechanical
bonding, thermal bonding or chemical bondirigxamples of mechanical and thermal

bonding includeneedle punching, hydroentangjiand calendaring respectively.

Typically, nonwoven fabricsdve been predominantly used as disposable, single use
engineered materials satisfying uses in a broad range of applications such as health and
hygiene, wipes, filtration, and medicdlhis distinguishes nonwoven fabrics from traditional
textiles which arewidely used for apparelThe driving force behind the production of
nonwoven fabrics, of which approximately 6 million tons rainwovenroll goods are

produced each year, is high speed, large volumes and lovi%ost

As mentioned above, due to theoduction of large volumes of nonwoven fabrats
high speed the focus of nonwoven products hasinly been single useapplications
However, there is a growing trend in the productiordofable nonwovensfor technical
textile applicationsthat emphasizdunctionality and performancdt is important not to
confuse durable nonwovens with long life nonwovemshsas geosynthetic fabrics used in
building applications thereforlgerein;durable refers to a material that more than sufficiently

performs its job.t has been stated that twamportantcontributions to the production of
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durable nonwovens include Polyenr Gr o u(pGl) Minate®d fabrcs and Freudenberg
Nonwovens Evion.*° The formerproduct, Miratecjs a durablenonwovenmade from staple
fibers that possesses good strength, and a high resistance to frayinijngr phe high
strength of Miratec fabic allows the use of lighter basis weights to achieve similar
performance oparallelfabrics of higher basis weightS The later product, Evolon, is made
froma Osplittabl eTheG&@plitabldfibers araiachieved bye formation of
continuous fibersnamed bicomponent fiberwhich are syntéesizedfrom two dissimilar
polymertypes thatome aparmechanically during the web formation proceBse resultis

a versatile, durable high strength microdenier fiber this light weight and compaét.
Although nonwoven fabrickave not traditionally been used in technical textile applications,
there is a growingrendin the development adurable, high performanaggnwoven fabrics

as industry searches for new niche market opportunities and academic institutions shift their
curiosity towards the development of novel, flexible materials based on natural and synthetic

polymers.
1.2.4Fiber Properties

So far the discussion of polymers has included a description of their unique
semicrystalline structures and the methods usedrto éseful materials such as fibers. The
property of a fiber such as optical, dielectric, electricalynia®, mechanicaland transport
properties are influenced by the chemistry

crystalline regions to amorphousgions which is also determined by the fiber faioraas

20



described in Section 1.1.The Fiber properties important to this study include mechanical

properties and transport properties of textile fibers.
1.2.5Mechanical Properties

During a tensile tasthe load cell applies a stresfined as the force per unit area
to the fiber which causes an elongattd&ince there is a broad range of fiber cresstional
areas it is convenient to use the linear density of the fiber which is often referred to as the
fiber denier. If a fiber has a denier of 1, the linear densitgesponds to 1 gram per 9 km of
fiber. Therefore, the specific stress is defined as the force measured Hiogranigf) or

Ne wt o n pes defied.g."QEQQér0 j Q QEThe elongatioror strainis defined as the

change in lengthdivided by the original length of the fibere. - 2 wheredis the

length of the fiber after a certain extension anig the orignal length.

Figure 1.8 shows a diagrammatic represematof a stresstrain curve of a typical
textile fiber where the stress on theaxis is plotted versus strain along thexis. The
modulus of the material can be estimated by the slope of tlesstrain curve. Firstly, the
initial modulus can be calculated at zero strain however, the modulus can be calculated at a
certain % strain for example a 10% offséhe toughness of the fiber, also considered the

work required to rupture the fiber, candsdculated by the area under the stress strain curve.

Threeregions are highlighted inigure 1.8, namely the elastic, plastic and permanent
deformation regionsAs the fiber is stressed, the amorphaobains uncoil and elongaten |

the elastic regioetveen- mand , if the load is releasette fiber is able to achieve full
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recoveryas the amorphous chains are able to obtain their original conformalionstress

strain behavior in the elastic regiomaybe described bio o k 6:5 O-aAt a certain

yield point, which is determined by the point at which the initial slope of the curve meets the
slope of the plastic region, the fiber enters the jglasgion. As the fiber is stressed in the
plastic region the crystalline segments begin to tilt indibection that they are being drawn.

As the stress continues to increases the strain on the fiber causesadtphous chainto
extend anchdjacent crystalline and amorphous regibegin to align The amorphous chains
experiencesome permanent deformatitnowever, if the load is released, the amorphous
chains are able to elastically recover some of the stiramally, the stress imposed on the
fiber is sufficient to cause permanent deforimmtbn the fiber. In this region betweenand

- the anorphous chains are fully extended and unable to elastically recover some of the
strain. The stress also causes the crystalline region to break up into smaller crystals. Finally,
the fiber fails when the amorphous chains between crystals begin to brbaly aset unable

to support the load.

The stressstrain behavior of textile fibers exist in in four main categories: synthetic
fibers with high modulus and high strength, tough synthetic fibers, weak synthetic or natural
fibers, and elastomeric fibers. Tlobaracteristic stresstrain curves are summarized in

Figure1.9.%3

One can see that there is a compromise between high performance high tensile
strength fibers with lower elongations at break and fibers that have large elongations at break

and lower tenge strengths as indicated by weak extensible or elastomeric fibers. The origin
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of this observation in tensile properties is confined within in the polymer structure of the
fiber. Imagine that we have produced two polymer fibers with the same linear d€nsity
polymer fiber has a fringed fibril structure with a high degree of orientation and percent
crystallinity while the other fiber has a fringedcelle structure with a higher amorphous
content. The fiber with the higher degree of orientation and peccgstallinity possesses a
greater ultimate tensile strength and a larger modulus while the more amorphous fiber
possesses a greater elongation at break. The amorphous and crystalline regions of the fiber
with the greater crystallinity are highly orientadd the polymer chains in the amorphous
region are fully extended therefore, the polymer fiber behaves more elastically under tensile
strain. In comparison, the polymer chains in the more amorphous polymer are randomly
coiled and entangled therefore, undensile strain the randomly coiled chains are able to
unfold and untangle resulting in l&glongations prior to failur&he dotted curve in Figure

9 represents a fiber that possesses both high strandthigh toughness which, as described
above, isnot observed in synthetic fibers. However, some biological organisms such as

spiders are capable of engineering fibers with both high strength and high toughness.

The time scale of the tensile test experiment has a significant impact on the final
properties of the polymer fiber. For example, fast test speeds correspond to an increase in
modulus due to the fixed polymer chain entanglements which correspond to constrained
motion as stress is applied to the fiber. Conversely, slow test speeds corresporadeto gre
elongations at break and a lower modulus since the polymer chain entanglements have time
to relax and flow past each other. Tk&essstrain behavior of polymer fibers at slow and

fast test speeds influenced bythe visceelastic behavior that isistinctive of polymer$?
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The visceelastic behavior of polymers may be described mathematically by a simple
Maxwell model. The viscous behavior of the polymer is modeled by a-gaswhich has

ideal viscous behaviot> *3

o= 7)

wheret is the shear modulus,is the viscosity anfl is the shear strain.

The elastic behavior is mdeled by a spring with ideal elastic behavior:

, Ol (8)

where, is the stresQis the elastic modulus ahds the etension.

The daskpot andspring are connected in seri@sd fixed at both endSince the spring and

dashpot are attached in series, their stains are additive such that:

[ f 9)

Since the strain occurs at a certain rate the time derivative of each term is taken

corresponding to the following relationship:

— - - (10)

With respect to stress relaxation, the strain rate is zero therefore the stress can be solved by

rearranging Equation 10 and integrating:

— —0b (11)
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Therefore:

aeg, — O (12)
Finally:

» - ABD=0 (13)

The Maxwell model is not sufficient to explain the exact stmetaxation phenomena
observed in polymers therefore, more complex models, such as the-Keight model has
been developed to overcome the limitations of the Maxwell nfddswever complex these
models are, they are still more appropriate for intratydhe fundamental viseslastic

behavior of polymers rather than complement experimental data.
1.2.6Transport Properties

F i cfisblaw of diffusion states that the rate of mass transfer through a specific area
is proportional to the conceation gralient of the diffusing speciggassing through the

medium as shown in Equation 3%:
0 O— (14)

where F is the flux, C is the condmtion of thediffusing speciesand x is the space
coordinate normal to the area of the meditm. c k 6 s f i rst | aw i s an
diffusion equation in which the accumulation of diffusing species within a material does not

change with timé® ThereforeFi ck 6s first | aw is suitable
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di ffusion coefficient remains the same ind
developed to account for the neteady state behavior of diffusion in which thaldup of

the diffusing species is a function of timi&

_ 0— — _ (15)

For diffusion n one dimasion, Equation 15 reduces to:

o (16)

As described above, Fi c k 6 s cidntaisrcenstansnd u me  t |
that the concentration gradient of the diffusing species is perpendicular to the surface of the
material. bwever,real systemsuch as textiléibersareanisotropicdue to their variation in
crystalline to amorphous regions. In gaiethe diffusion coefficient in amorphous regions
is much larger than the diffusion coefficient in the crystalline region since amorphous
polymer chains are able to change conformation and create free volume voids large enough
to accommodate a diffusingpecies. Thereforaiffusion can bea function ofpositionin
addition tothe concentration of the diffusing species and the temperature of the system.
Hencea mor e generalized form of Fickdbs | aw 1 s

diffusion asa function of position andoncentration®

— —0— —0— — 0— (17)

In one dimension, Equation 17 reduces to:
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— — 0— (18)

A further factor of the anisotropy in textile fibers is that the diffusion coefficient may
also be a function of directidfi. For example, ifa diffusing molecule approaches a
crystalline regionit must traverse the boundary of the crystal which means thateasured
diffusion coefficient isaveraged ovethe diffusion coefficients in the x, y and z directions.

Thereforethe most general fom o f firBtlaw ik gravided in Equations (181)2°

n 0 — 0 — 0 — (19)
n 0 — 0 — 0 — (20)
n 00— 0 — 0 — (21)

The Carésian coordinates in Equations29may be transformed to define the principle axis
of diffusionwhichleadd o t he most ¢ eseondlaw at showmimgéation Fi c k 0

(22)2°

— —0— —0— — 10— (22)

In Equation 22, the diffusion is still a function of position and concentraiovevefO , O
and'O are only dependent on the directions— and, respectively. In most diffusion
experiments, the diffusion coeffemt is measured in one principle directismch that the
concentratiorgradientoccursperpendicular tane direction, for exmple the xaxis which

may translate tadiffusion throughthe front and back or side to sidé the material.
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Therefore, for homogeneous materials it i s
Equation 16In this case, D in Equation 16 would bgual to onef' O, O orO principle

diffusion coefficient<®

Two interesting examples of diffusion through polymers include diffusion through a

polymer membrane and reactive dyeing. Each case will be discussed separately.

In a simple sorption experiment alpmer membrane is exposed to a diffusing
species undeconstant pressure. The species diffuses into the polymer membrane and the
fractional mass gaine., the mass gain at time t versus the mass gain at equilibouthe
membrane may be measured. & turface area of the membrane is significantly larger than
the thickness of the membrane one may assume diffusion in one dimension and Equation 18
may be used to describe the diffusion of the species through the membrane. The solution to

Equation 1&or short diffusion timess stated in Equation 28
— ¢— “ 7 ¢B? p Qoi-ee (23)

where— is theratio of the mass uptake at time t versus the mass uptake at equilibrisim
b

the membrane thicknesand ierfc is the integral of the error functioAt even shorer

experimental times Equation 23 may be approximated by the following expression:

— - (24)
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Values of — can be obtained experimentally and plotted vepsgii$ allowing the diffusion

coefficient to be determined from the gradie

law of diffusion is shown in igure1.10.%

Reactive dyeing wolves the diffusion of a dye fromn aqueous dye bath into the
bulk of a textile fiber. In reactive dyeing, the dye molecules react with functional groups of
the polymerence reactive dyeings an ineresting example of a diffusieneaction process.
The diffusion coefficient of the diffusing dye molecules is not only dependn the
properties of the material, but it is also affected by the consummation of dye molecules as
they react with functional groups or ionized sites. Assuming that diffusion takes place in one
dimensionwithin an infinite fiber t h e f or mstatefl in Equatidn A& may lzewsed
to describe the diffusion of the dye molecules. If there is an excess of reactive sites within the
polymer, the chemical reaction maybe assumed to be aofidst reaction. Therefore,

Equation 16 become®

— 00— B (25)

where k is the first order rate constant ands thesurfaceconcentration of the dye. If Kt is

smallEquation 25 become#’

— 607 (26)

whereG” is the surface saturation concentration of the dye molecules.
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Diffusion through polymers is influenced by the temperature of the system as well as
polymer morphology such as crystallinity or the presence of crosslinks. However, there is
another feature of polymers that influences diffusion, the polymer free voAsraescribed
previously, the polymer free volume is a consequence of the long randomly coiled nature of
the polymer chains which causes a volume difference between the space they occupy and the
space that they traverse. It has been demonstrated that atum@exffects the magnitude of
the free volume which is also influenced by the motion of polymer chain segrieris.
now, the Fickian behavior of a diffusing species within a polymer has been considered.
However,free volume theories of diffusion havedmedevelopedo accurately predict the

selt-diffusion properties of a polymer.

We will introduce the frewolume theory of diffusion by considering a simple jump
diffusion model. he motion of a single solute molecule from one region of the polymer to
an adjacent location depends on the presence friee volume void large enough to
accommodate the solute molecule. This is the theory behind the free volume model of
diffusion developed by Turnbull and Cohen in 1959 for tsldere molecules that form
idealzed liquids and amorphous glassand serves the foundation for more complicated
freeevolume models of diffusiofi A distribution function wasleveloped whictstates that
the diffusion coefficient is dependent on the probability of forming a critical free volume
void in an adjacent location that lsrge enough to accommodate a smsalute molecule,

following: 2 #4

0 6Aop- (27)
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whereQOis the diffusion coefficient, is a a correction factor between 0.5 and 1 to account
for free volume void overlap, and is the volume of a critical free volume voitt. is
important to note that aactivation energy is not required to initiate thedrgtribution of the

polymerfree volume.

Equation 27 only considers the motion of solute molecules into a sufficiently large
free volume voids however, it is also possible that if the void is large enough, a thermally
activated polymer chain segment may change conformation anghyotice freevolume
void. This alters the diffusion coefficient by preventing the motion and occupation of the free
volume void by the diffusing species. Therefore, polymer chain segment motion is accounted

for in the following expressiaff

0O 0OQuOAb—mM8Ffo (28)

wherew andw are the critical free volume voids required to accommodatgooents 1

z

and 2 respectivelely, and] are the number of moles of components 1 and 2, —

andw is the specific free volume of the lgmer which is the difference between the
specific volume of the polymer and thecapied volume. As a suggestion, the occupied
volume may be calculated by group contribution methods such as the Van der Waals

volume?®®

The most dramatic changes in the diffusion coefficientnadlsmolecules through a

polymer have been observed at “fdBelow this temperature, the diffusion coefficient is
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greatly educed however at Tg; studies have shown that there is a sharp incrélase in
diffusion coefficient.This is attributed to the temperature dependent increase in free volume
and redistribution as larger polymer chain segments are able to move and fdraestuf

voids to accommodate the motion of diffusing molecules
1.3VAPOR PHASE MODIFICATION OF POLYMERS
1.3.1Hybrid Organic-Inorganic materials

A hybrid organieinorganic material is a material that incorporates both organic and
inorganic material propties blended togethéf’® Therefore, aunique feature of hybrid
materials is the formation of a material that is neifhwrely organic nor inorgani¢dybrid
organicinorganic materials can be distinguished between each other in terms of the
interaction between the organic and inorganic component. For example, weak interactions
such as hydrogen bonding, Van der Waals formesveak electrostatic forces or strong
interactions such as covalent borfd4®>* One question that arises is what is the difference
between composites and hybrids? On the macroscale, an ermganganic composite
consists of a discrete inorganicatarial, which typically provides mechanical strength,
distributed in a flexible organic medium which bonds the inorganic material togethier.
this type of composite, there is a mechandifferencebetween the organic and inorganic
component which means that the megbal strength isdependenton good interfacial
bonding between the individual componetits® In comparison, hybrid materialseamix
togetherat the molecular scalendas we go down in scale from macroscale composites to

hybrid materialsthe homogeneity of the mixemmponents increasés>* While there may
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not be a definitivalifference between hybrichaterials and nancomposies, theremay be a
point at which a hybrid material transitions to a nanmposite since one of the components,
either the organic or inorganic component, may be inafiy@opriate size range whigh

typically 1-100nm?*" 2

Due to the increased homogeneity afforded by hybrid materials, one of their key
benefits is overcoming the mechanical property mismatch that is typical of traditional
composite matéals*’ A further benefit is the development of multifunctional materisis
incorporation of inorganic material properties such as: excellent thermal stability, high
dielectric constants, low permeability's, photocatalytic behavior and chemical resjistanc
without compromise to the attractive properties of organic materials such as flexibility and
ease of fornf.° Since the compositioaf the hybrid material can be controlled at the atomic
scale,hybrid materials affordhe opportunity to tailor the prepties of a material for a

specific application.

Figure 1.11 analyzes the number of publications based on hybrid orgamiganic
materials over a 25 year period. It is clear that the most productive years fortmgbdeidals
development was betweeretlgears 2008 and 2012. It is not clear why productivity dropped
after 2012 however, it may be related to the necessity for the development of new techniques
to form hybrid materis. As can be seen in Figure 1.1he most widely used and well
understood mcess for forming hybrid materials is the-gel process® °*°3 The solgel
process is a wet chemical technique which forms a network gel of inorganic particles from a

sol, which is typically aolution of colloid particles?” >* A historical example of a sajel
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process is the formation of silica via the hydrolysis of silicon alkoXid@he hydrated
silicica molecules are able to interact with each other and form a sol via anmEysation
reaction. Initially, the solution has a low viscosity and is capable of diffusing into porous
substrates such as textifes> Over time, the solution becomes more viscous as more silica
molecules link together which formsetlyel component of the proce3$e sol is allowed to
solidify within the substrate and residual liquid is removed from the substrate via a heat

treatment.

In comparison, vapor phase techniques such as atomic layer deposition (ALD) make
up only 1% of theiterature based on hybrarganicinorganicmaterial formation. ALD is a
unique processing for forming a broad range of nanoscale films on a surface by sequential
exposures of an organometallic precursor and-i@acting vapor species such as water. The
principle of ALD growth is based on the cycling of organometallic precursor anelactant
vapor exposures separated by an inert gas purge step. The correspondiingjtiaglf
chemical reactions result in atomic scale precision of the pinhole free, mahfooatings.
As a result of the pihmole free nature of ALD films, the process has been widely adopted by
the microelectronics industry to form high k dielectric films on the transistors of
microchips>®®® The saturation and sdlfniting behavior of the chemical reactions on the
surface ofa substrate afford the opportunity to deposit inorganic films on both planar and
complex surfacexonsequently ALD has been explored opolymer substrates such as
polymer films and textile fiber$:’® The research exploring ALD on polymers lead to the
discovery of a hybrid organioorganic coating on certain polymer chemistries affording the

oppatunity to useALD as a uniquédrybrid materiaformation technique.
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1.3.2 Characteristics of ALD

Atomic layer deposition (ALD) is a technique that is used to deposit nanoscale
inorganic coatings onto the surface of a specific substrate with atomic scale precision. The
atomic scale precision of the confor mal, pi
attribute; a carefully chosen sequence of-beliting surface reactions that typically involve
two compementary precursor gases.””’ The first precursor isreorganometalliovapourthat
is composed of an inorganic atom, such as Aluminum or Zinc, surrounded by organic ligands
such as methyl or ethyl groupBhe second precursor, also named theeagtant, contains
an oxygen sourceuch aswater or ethylene glyd that is capable of undergoing a ligand
exchange process. The precursor vapane introduced to a surface individually in a
sequential fashion to promote the formation of a monolayer therefore, a purge step is
required to separate the dose of each psecwand prevent any unwanted reactions that could

occur between them.

A traditional prerequisite for ALD is that the substrate must ideally have a high
concentration of surface functional groups that are reactive towards the ALD precursors.
When the firs precursor gas (A) is introduced to the substrate, it will react with the surface
functional groups until they have all been consumed leaving the surface covered with
adsorbed moledes of A as shown in Figuré.12. Any molecules of A that have not
adsorled to the surface will be removed from the system by the first purge step (P1) along
with any reaction byroducts. After (P1), the second precursor (B) is introduced to the

system which reacts with (A) until all reactive sites have been consumed andftoe $s
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terminated with molecules of (B). This is followed by another purge (P2) which removes the
reaction byproducts and any dreacted molecules of (B). The second step of the cycle
permits the repetition of the ALD sequence since (B) leaves thacsutérminated with
reactive surface sites that can be used to facilitate a further cycle -bimnstifg reactions.
Consequently, through the use of sequential;Iseifing surface reactions it is possible to

build up an inorganic coating of a desitbttkness with atomic scale precision.

The above sequence describes one cycle of an ALD process and it can be summarized
by the following expression, A/P1/B/P2. This is called the dose sequence which indicates the
dose time of each precursor and purgp.sitée dose times of each step in the ALD sequence
can be optimized, based on the geometry, size and gas flow characteristics of the ALD
reactor, to promote a fully saturated surface and sufficient exposure time that will correspond
to one sukatomic layerof growth per ALD cycle (GPC). At the laboratory scale, the dose
time of each precursor is typically on the order of a tenth of a second while the purge steps
are on the order of seconds for example, 0.2/30/0.2/45 therefore, one ALD cycle can be

completel within minutes.

In addition to precursor dose and surface exposure times, the GPC of the ALD
process can also be optimized for a range of temperatures which is aptly named the ALD
window. The ALD window encompasses a range of temperatures that cahsistemote
one sub atmic GPC as shown in Figufiel3. If the ALD process is operated outside of the
ALD window, uneven growth can occur as a result of precursor condensation at low

temperatures or precursor decomposition and desorption at high tengserdtoe ALD
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window is important for ALD onpolymerswhen one considers the thermally activated
chemical reactions between precursors and the variety of decomposition temperatures
possessed by different polymer chemistridss made the development of Ildemperature

ALD processes particularly importahf’: 7378
1.3.3ALD on polymers

Multiple ALD cycles can produce thin film coatings on a broad rasfgelymers as
shown in Figure1.14.°7%® However, the coating morphology depends strongly on the
polymer composition and threaction mechanism between the polymer and ALD precursors.
There are two main types of namcale finish that can be formed on pogmfibres 1)
Uniform, conformal coatings with an abrupt interface between the inorganic and fibre
surface, and 2) hybrid ganicinorganic finishes. The former, follows the principles of
ALD, whereas the latter results from the direct reaction or penetration of the ALD vapour

precursors and the polymer.

Firstly, polymers such as polyolefins typically do not possess thaidmality to
react with organometallic precursors. However, precursor molecules can react with potential
nucleation sites such as; chain ends, chain defects, impurities from the polymerization
process and oxidation products from melt processing or stdbagig the first half reaction
of an ALD process on polyolefins such as PP, organometallic precursor penetrates and
diffuses into the polymer subsurface. During the second half reaction,-tkaatant such as

water reacts with the absorbed precurseating nucleation sites of alumina. These grow
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and coalesce into a film via a Volm@reber growth mechanism with increasing number of

ALD cycles * ¢

Polymers, such as cotton, PVOH and PLA;nfoconformal inorganic coatings on
their surfaces due to a high concentration of surface functional groups that are reactive
towards organometallic precursors. Since organometallic precursors react favorably with
hydroxylated surfaces and the reactive atefgroup density of these polymers is high, there

is minimal diffusion of precursor into ¢fsubsurface of the polyméf* ¢’

Alternatively, metalleorganic precursor exposure to polymers that contain functional
groups, such as the amide group in-®And carbonyl group in PET, have shown to form a
unique organiénorganic hybrid interface® ** Analysis has shown that organometallic
precursors penetrate the ssiorface of the polymer and directly react witle tholymer
backbone. With ALD processing, a graded finish is observed that is dependent on the
diffusion of ALD precursors into the polymer ssbrface and the chemical reactions with
the functional groups of the polymérAfter a certain incubation peridd which the hybrid
layer is promoted, additional ALD cycling results in conformal inorganic growth on the
surface of the polymerpfiowing a typical ALD proces$Processing by a single precursor
exposure cycle has also been shown to result in an unbtageid modification after

diffusion of precursors into theubsurface of the polymét.

Additional factors that may influence the infiltration of organometallic precursors into
the subsurface of the polymer, indes the temperature of the process and the presence of

preabsorbed water within the polymer matfix.With respect to water absorption,
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organometallic precursors will preferentially react with the hydroxyl group of the water
molecule which may affect scessive diffusion of precursor molecules and the saturation
behavior of the polymer. The chemical reaction betweenapserbed water and
organometallic precursor molecules could from a-suiface diffusion barrier against
consecutive exposuré$Furthemore, water molecules or unreacted monomer, evaporating
from the subsurface of the polymer, may diffuse against the concentration gradient of the
organometallic precursor within the polymer matrix. In theory this could impede the

diffusion and mass uptaks precursor molecules, especially during the first few exposures.

With respect to temperature, the Arrhenius relationship predicts that an increase in
temperature increases the diffusion coefficient of the respective vapor. Additionally, an
increase inemperature also leads to polymer expansion hence, increasing the free volume of
the polymer matrix. For nereactive polyolefins, studies have shown that TMA mass uptake
scales with increased diffusion coefficients and polymer free volumes as a resigihef
reaction temperaturds™®’ However; in an ALD like process on reactive polymers, one must
consider the effect of temperature on the extent of the chemical reaction. Previous research
has indicated that thinner filnferm at higher temperatures on polymers such a$Paue
to a more complete reaction between organometallic precursors and the polymer backbone,

creating a barrier against diffusion of successive precursor doses.

As described above, analysis has shdhat organometallic precursors penetrate the
subsurface of the polymers and react to produce a graded finish. The control over this finish

is dependent on a combination of the rates of diffusion and reaction between the ALD
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precursors and polymer sgbrface and the chemical reactions with the functional groups of
the polymer. These results have inspired adaptations to the ALD process which extend the
precursor exposure conditiotes exploit the infiltration of organometallic precursors into the

polyme subsurface.
1.3.4Comparative ALD processes

Examples of other vapor phase techniques which follow the principles of ALD

Processes includenultiple pulse infiltration (MP1)*° *°

, sequential infiltration synthesis
(SIS}’ and sequential vapor infiltratiofgVI1).X2 *° ?° Each techniquearies in the exposure
timing and sequencing and thus results in different material growth behavior. For example,
sequential vapor infiltration (SVI) processing is defined by a single elongated exposure of a
precursor, followed only then Bxposure ofhe second reactafftUnlike ALD, sequential
cycling of the precursor and reactant are not performed in SVI. Thus, the SVI process allows
for growth of the hybrid layer into the polymer surface in a single exposure cycle. As a
result, no graded interfaég observean the surface of the polym#t.

Like ALD, the SVI process can be used to form inorganic coatings on textile fibers
and nonwovensNhen the first precursor gas (A) is introduced to the reaction chamber, like
ALD, it will react with the surfacéunctional groups of the substrate. However, during the
SVI process (A) is held inside the reaction chamber for an extended period of time. This
allows molecules of (A) to penetrate the subsurface of the polymer and seek out all the

potential reactive site thus, leaving the internal sshrface terminated with adsorbed

molecules of (A). Any molecules of (A) that have not reacted are removed from the system
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by a purge step (P1). After (P1), the second precursor (B) is introduced to the system and is
held irside the reaction chamber for an extended period of time which allows molecules of
(B) to seek out and react with adsorbed molecules of (A) until all reactive sites have been
consumed. This is followed by another purge (P2) which removes the reacipyadoyts

and any urreacted molecules of (B). Therefore, the typical dose sequence of the ALD
process, (A/P1/B/P2), has been subtly modified to (A/H/P1)xN (B/H/P2jas hown in
Figure1.15.* The SVI technique has been used to form high surface area cerfiom a

PET fabric!® The infiltration of TMA into the PET fabric formed alumina coatings within

the internal porous networks of the polymer. The polymer component was bukedving a

pure ceramic that mimicked the internal surface area of the PET polymer. The surface area

was dependent on the number of SVI cycles and the porosity of the polymer.

In comparisonmultiple pulsed infiltration utilizes a single precursor expesheld
for a period of time, followed by exposure of a setoeactant in the same mannkike
ALD, multiple cycles are employed, but the hold period accentuates any reaction between the
precursor and the polymer to form a hybrid material as long apréwirsor is not fully
consumed? ' Thereforethe characteristic dose sequence of MPI may be summarized by
(A/H/P1/B/H/P2)xN.This particular technique has been appliedngchanically strengthen
proteinbased fiberssuch as spider silk and collagémrough an internal modificatioft
Finally, during anSIS processthe first reaction promotes the nucleation of the second
reaction sequence. Therefore, the dose sequence may be summarized by
A/P1/B/(C/PL/D)xN.*" Conversely to SVI and MPI, increased exposure in SIS is established

by extended doses of each precursor rather than the incorporation of a hol@hstep.
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particular technique has been applied to selective reaction of a lagukyener system as a

new technique for nanopatternifg.
1.3.5Potential Applications

As described above, inorganic coatings such as alumina, zinc oxide and titania have
been deposited onto the surface of textile materials such as PP, cotton-andaRmapor
phase processes such as ALD and infiltration processes. One of the main benefits of these
processes versus alternative inorganic modification techniques sucheascal vapor
depositionsolgel, and dip coatings the conformal, pinhole free natuof the ALD coatings

that is difficult to achieve with the inorganmodification techniques mentioned above

A phenomenon related to various inorganic modification techniguasotocatalysis.
This is an extensive area of research due to the numegrplisaéions that take advantage of
photocatalytic chemical reactions such as the detoxification of gases, decontamination of
water, denaturing of viruses and bacteria s@lficleaning surface®* Titania is one of the
mog widely used semiconducting photocatalysts due to its environmental compatibility and
band gap energy equivalent to the energy of UVA photons from terrestrial radiation.
Furthermore, a titania treated cement capable of decomposing hydrocarbon smogavas rat

one of the top 50 inventiorsy Ti meds Ma¥Hzine in 2008.

An area of interest within the textile industry that may benefit from phtattysss is
active filtration. In active filtration, fabrics are treated with titania which absorb UVA

photons and generate electioole pairs on the surface of the semiconduasishown in
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Figurel.16. The electrorhole pairs can be used to reduce oda water vapor and oxygen
molecules adsorbed to the surface of the filter which forms hydroxyl and oxygen radicals that
can be used in secondary chemical reactions to purify contaminated water and decompose
organic liquids or hydrocarbon g¥5Since titania is a catalyst, it only facilitates the
chemical reactiontherefae; no material from the photocatalytic coating is lost. However,

the photocatalytic efficiency may degrade if the coating is not uniform or durable. Therefore,
ALD may be a suitable solution for improving the efficiency of existing technologies as a
resut of the pinhole free nature of the inorganic coatings. The development of photocatalytic
filters may allow us to fulfill the environmental aspect of sustainability within many textile
manufacturing processes. For example, the development of filters rreésbdown dye

residues in water used during the dying process.

An alternative application includes the use of inorganic coatings on battery separators
to enhance electrolyte uptake and prevent shrinkage of the separator at high temgératures.
The shrinkage of the polymer membrane is caused by a hysteresis effectrelated to the
thermal history of the polymer during the manufacturing process and subsequent®torage.
Shrinkage of the separator membrane leads to a short circuit of the battery since it is no
longer preventing contact between the electrodes. Cohpétk dip coating and other sol
gel methods, ALD could provide an effective alternative to coating PP battery separators
with durable, conformal, defect free inorganic coatings that possesses good thermal
properties and chemical resistance such as alumaeeover, if the surface energy changes
associated with ALD coatings promotes improved electrolyte uptake, it may be possible to

incorporate more environmentally friendly, solvent free electrolytes, such as room
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temperature ionic liquids and aqueous &l#gtes, in various energy storage tectomgis.®*

94

As stated previously, vapor phase techniques have been used to strengthen biological
fibers such as regenerated spider Silkhis is significant work sinchistoricallyit has been
difficult for researchers to replicate the true strength of natural splafus tofactors such
as, the use of caustic uncharacteristic solvgnifficulties expressing the gene sequence
and spinning the precise patternashino acid residues within the primary structure of the
fiber®® % Typically, manmade fibers are either high performance high tensile strength
fibers with lower elongations at breakfibers that have large elongations at break and lower
tensile strength® Therefore, afurther applicationof SVI is the strengthening of textile
fibers via SVI.Furthermore, the SVI techniqgue may afford the opportunity to replicate the
high toughnesghigh strength nature of spider silk fibers in mraade synthetic fiberd he
infiltration and intrachain covalent bonding of metadl@anic precursor molecules to
function groups within the sub surface of the polymeuld proveto improve the ultimate
strengthand increase the elongation at brediksyntheticfibers by actig asa mechanical
buffer layer A potential benefit of ALDor SVI strengthened fabrics is the opportunity to

reduce the basis weight of the material to achievedesalent mechanat strength.
1.3.6Roll-to-roll processes

As descibed in Sction 1.32, during a typical ALD process, a single reaction
chamber is filled with an organometallic precursor to saturate the reactive surface sites of a

particular substrate which is followed khe introduction of a suitable geactant. Lengthy
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purge steps are required temove excess precursor andgdrgducts formed during the
organometallic precursor amg-reactant exposurgepsrespectivelySince the characteristic
dosing times of therganometallic precursor and -ceactant exposure steps are relatively
short and the chemical reactions are completed quickly, the purge step has generally
prevented extensive commercialization of the ALD procddewever, as described
previously, due tohe quality, pirhole free nature of ALD films, the process has been widely
adopted by the microelectronics industry to form high k dielectric films on the transistors of

microchips.

An area of industry that ALD has found itsadequacyis within the textieé and
polymer film industries. The mismatch between processing times, since textile fibers and
fabrics can be produced at thousands of meters per minute (mpm), @eagpgicant
engineering challenge that historically has maddifficult to envision ALD as apractical
surface modification techniquélowever, the pmising and exciting results frostudies
exploring the surface and sshrface modification of polymeraakes thevision of ALD, as
aviable surface modificatioiechnique more worthwhileand realistic. Thiiasinspired the
investigation ofALD roll-to-roll processesvith successinfact, nany of the concepts are as
attractivein their apparensimplicity asthe ALD process itselfand mostof the designs are
based on the main charactddstof the ALD proces® Therefore, one can imagiseparate
chambers that contain the necessary vapors to form a metal oxide coating on arfabric
polymer filmvia the ALD process. A series of rollers that allow fle@ible materiato move
back andforth between each chamber promotes the growth of an inorganic film with a

desired thicknesghat isdependenbn the number of passes made between each chamber
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This is the concept behind the rtdtroll process designed by lotusas shown in Figure

1.17.10

This concept couldeasily be extended to the SVI process which mdgrafthe
opportunity to cut down on processing time by the single passing of the fabric through each
chamber rather than multiple passkatis charactestic of theALD processEither ALD or
SVI techniques are viable options for modifying continuoustjties of flexible substrates
and the chosen technique should be based on the final properties most desired and whether
bulk properties or surface properties are more importantthe intended application
Ultimately, throughstudies that areledicated d better understanthe unique chemical
reactions and growth mechanisms of ALD and infiltration processes on polamearthe
development of atmospheric A% or SVI techniquesroll-to-roll processes stand a

greater chance of realng wide spread commercializationthe future.
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Table 1.1. WLF equation constants andagk transition temperatures of a range of

polymers®®

Polymer F L F L JI|I [C
Polyisobutylene 16.6 104 202
Natural rubber 16.7 53.6 200
Polyurethane 15.6 32.6 238
Polystyrene 14.5 50.4 373
Poly(ethyl 17.6 65.5 335
methacrylate)

Polyethylene 12.7 66.3 317
Atactic 12.9 34.7 262
polypropylene
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Figure 1.10. Fractional mass gain as a function of time and membrane thickness.
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Figure 1.12. Diagram demonstrating the dosing sequence of an organometallic precu
co-reactant of a typical ALD process
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Figure 1.13. Diagrammatic representation of the ALD window indicating growth rate as a
function of temperature
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Figure 1.14. TEM images of various vapor deposition compositions. a) indicates a conformal
coating formed on cellulose, b) indicates a hybrid organmrganic layer formed on RA

with a graded suBurface composition, ¢) shows the island groartd nucleation associated
with vapour deposition on PP fibers and finally d) shows a hybrid orgamiganic layer

formed on PA6 via SVI with an ungraded finish
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Figure 1.15. Diagram demonstrating the dosing sequence of an organometallic prenasor
co-reactant of a typical SVI proce¥s.
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Figure 1.16. Diagram describing the photocatalytic principle within the active filtratior
toxic gas
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CHAPTER 2
THE EFFECT OF POLYMER MICRO STRUCTURE ON THE NUCLEATION

BEHAVIOR OF ALUMINA VIA ATOMIC LAYER DEPOSITION.
2.1. Introduction

Atomic layer deposition (ALD) is a thin film deposition technique in which nanoscale
inorganic coatings are formed by sequential,-laliting surface reactionssing gas phase
precursors:? Historically, ALD has been widely used by the microeletits industry to
deposit high a dielectric t¥irhesefflimtingeatuen t he
of the reaction results in st#tomic control of the inorganic coating thickness on both planar
and complex surfaces:*° In recent years, ALD has been observed as a means of introducing
inorganic material properties to flexible polymer substrates by direct reaction of the ALD

precursors with the polymerrational groups**®

ALD has been demonstrated on a broad range of polymers however, the polymer
microstructure determines the morphology of the resultant inorganic coating. Research has
revealed the formation of conformal surface ag with abrupt interfaces (e.g. celluldSe)
and hybrid organitnorganic coatings with graded sshrface composition$. Hybrid
organicinorganic coatings form as a result of precursor diffusion through the porous sub
surface of the polymer followed by chemical reaction and nucleation. Hybrid organic
inorganic film formation via ALD was initially demonstrated on polyam#l¢PA-6)** but
has also been shown to occur with other carbonyl containing polymers such as polyethylene

terephthalate (PET, polylactic acid® and poly (methyl methacrylate) (PMM&)*°,
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Polymers are highly versatile materials with microstructures that vary in size and
shape from classic linear polymers to branched polymers with long pendant groTips.
polymer microstructure plays a significant role in the final properties of the material.
Therefore, numerous generations of the same polymer have been developed for specific
applications by maintaing the functional group chemistry with variations to the length of
the repeat unit or side chain pendant groups. Examples of variations to repeat unit length
include the extensive series of polyamides from3®#® PA12, where the number indicates
the number of carbon atoms between amide functional groups, to the series of polyesters
from PET to poly(trimethylene terephthalate) (PTT) corresponding to the addition .of CH
groups along the backbone of the repeat dnfin example of variation in pendant group
size can be observed in the series of ywigethacrylate polymers in which the addition of
CH, groups varies the length of the side chain pendant dfolpall cases, there is a
variation in functional group concentration and flexibility of the polymer chains resulting in
different glass transition temperatures and the ability of the polymeystalize.

This work explores the growth of alumina ALD coatings on polymers by exposing a
series of polyn-methacrylate and polyester polymer films to sequential exposures of
trimethyl aluminum and water using a typical ALD cycle sequence. Specificgaigifu
quartz crystal microgravimetry (QCM) is used to draw conclusions between polymer
microstructure and the nucleation behavior of alumina. The impact of polymer structure on
the ALD process conditions and the resultant growth of alumina ALD coatingtheo

polymer films are clarified in this work.
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2.2. Experimental

Chemicals and materials A series of polyn-methacrylate polymer solutions were prepared

by dissolving 3 wt. % polymethyl methacylate (PMMA), polyethyl methacylate (PEMA),
polypropyl mehacylate (PPMA) and polybutyl methacylate (PBMA) pellets (Scientific
Polymer Products, Inc) in 99% purity Acetone (Sigma Aldrich Inc.). A series of polyester
polymer solutions were prepared by dissolving polyethylene terephthalate (PET) and
polybutylene teephthalate (PBT) pellets (Eastman and BASF, respectively) in 99% reagent
grade Trifluoroacetic Acid (Sigma Aldrich Inc.). The polymer solutions were allowed to mix
via magnetic stirring for approximately 12 hours at room temperature. Trimethyl Aluminum
(TMA) (STREM chemicals CAS no. #34-1, 98% purity) and high purity water (Sigma
Aldrich, biotechnology performance certified grade, CAS no. 7I/83) was used for
alumina ALD experiments. The precursors were delivered into the reaction chamber using
inert N, (Airgas National Welders, 99.999%) that was further purified with an Entegris
Gatekeeper inert gas purifier.

In-situ QCM Analysis.One method of analysing precursor reactions with polymers is via
guartz crystal microgravimetry (QCM)The QCM detects @nges in mass per unit area by
measuring the change in frequency of a quartz crystal resonator. The principal behind QCM
analysis is the converse piezoelectric effect that was established by Gabriel Lippmann in
1881. Prior t o Li pp nrereffiedt svaswliscovered by Rierre pand e z 0 e
Jacques Curie who were able to show that mechanical strain in certain crystals, such as
quartz, caused a builgp of charge in the material due to electric polarization detected as an

induced voltagé?’The significance of L i p tharoppositdvsas wo r k
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also possiblgi.e. that deformation of a piezoelectric material can occur via an applied
electric field). Hence, in QCM analysis a piezoelectric crystal is placed in an alternating
electric field causing it to oscillate in a mechanicaigonant mode. During an ALD process,

a change in frequency of the highf&tor mechanically resonating crystal from its initial
value is related to the mass added to the surface with nanogram resdlétidhis allows

for a precisan-situ analysis of reactivity and growth of the ALD films on the surfaces of

different polymers.

Thin Film Development and QCM Assemblyolymer thin films of PMMA, PEMA,
PPMA, PBT and PET were formed by spin coating (Laurekthfielogies) a sufficient
guantity of each polymer solution at 3000 rpm. The polymer thin films were spuncast
directly onto unpolished, gold plated quartz crystals (resonant frequency of 6 MHz) obtained
from Inficon and used as received. After spin coatihg, polymer coated crystals were
baked at 9C°C for 1 minute to ensure all of the residual solvent was removed from the
polymer films. Ellipsometry measurements confirmed that the film thicknesses of PMMA,
PEMA, PPMA, PBMA, PET and PBT were ~200nm, 240r2#0nm, 270nm, 540nm and
900nm, respectively. For the QCM analysis of alumina ALD, both a quartz crystal and Si
wafer were coated with 100 cycles of alumina using a cycle sequence of TMA/N2/H20O/N2 =
0.2/30/0.2/45 seconds at°%6D Ellipsometry measurement$ the alumina coating on the Si
wafer confirmed a film thickness of ~12nm corresponding to a growth per cycle (GPC) of
~1.2 angstrom/cycle The polymer and alumina coated quartz crystals were placed inside a
crystal drawer (Inficon) and secured with coaiilke silver epoxy (Electron Microscopy

Sciences). After crystal assembly, the silver epoxy was cured at room temperature for 24 hrs.
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The crystal drawer was mounted to a sensor head that was vacuum sealed inside the main
chamber of the viscous flow reactdrhe sensor head was modified to prevent buildup of
inorganic material around the electrical contacts between the sensor head and the quartz
crystal by allowing N gas to continuously purge the backside of the quartz crystal during
experiments. The change the frequency of the quartz crystal before, during and after the
precursor doses was monitored at a rate of 4 Hz.
QCM Analysis of Alumina ALD.A custommade viscous flow reactor with a stainless steel
conflatsealed tube, 90 cm in length and 20 cmdiameter was used for alumina ALD
experiments. The reactor was operated under vacuum using an Alcatel 2021SD mechanical
pump. During each experiment the flow rate of theMds controlled using an MKS (model
PR4000B) flow controller. The reactor is heatesing Omegalux fiberglass heating tapes,
and the temperature is controlled by an Omega (model 616) temperature controller. Exposure
of TMA and water was transported into the reactor through the use of Swagelok ALD
pneumatic valves.

Prior to each experimenthe QCM is allowed to stabilize for several hours to reduce
the magnitude of temperature induced mass transients in the mass uptake data. After
stabilization, the Zactor of the QCM is calculated to check that the change in frequency
caused by the polyen thin film is within 2% of the uncoated quartz crystal frequency. Under
this condition the Sauerbrey relationship is used to convert the change in frequency to a
change in mas%.For the QCM analysis of an alumina ALD process, polymer and alumina

coated quartz crystals were exposed to a cycle sequence of TMADMN,= 0.2/30/0.2/45
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seconds at 6C. The pressuar of the viscous flow reactor was kept constant at 1 Torr with a
nitrogen gas flow rate of ~300 sccm. The cycle sequence was repeated for 50 cycles.

QCM analysis of TMA dosesThe infiltration of TMA into a series of polg-methacrylate

and polyester filra was performed at a reactor temperature 3€&Mhd 1 Torr. The influence

of dose and purge time on the absorption and desorption of TMA impolgthacrylate and
polyester films was investigated by exposing the polymer films to a 0.2 second dose of TMA
followed by a 20 min purge time. The effect of dose time was further investigated in-poly
methacrylate films by varying the dose time of TMA from 0.2 seconds to 10 seconds.

2. 3. Results

The Alumina ALD ProcessA typical ALD cycle follows a sequence pfecursor and co

reactant doses separated by an inert gas purge step. The dose times of each step in the ALD
sequence are optimized, based on the geometry, size and gas flow characteristics of the
reactor, so that the exposure is sufficient to promotdhadaturated surface corresponding

to one sukatomic layer of growth per ALD cycle (GPC). The surface reactions are
considered to be sdiimiting when all available reactive sites are consumed or steric
hindrance prevents the absorption and reactionreéussor moleculeS. The ALD cycle

sequence can be repeated to grow inorganic coatings with atomic scale precision.

In addition to precursor dose and surface exposumesti the GPC of the ALD
process can also be optimized for a range of temper&fufégure 2.1shows the ALD
window for the apparatus used in this study. The temperature range betR@em80a. 75C

consistently promotes one satbmic monolayer with a GPC of approximately 1.2
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angstrom/cycle. As shown in kige2.1, uneven growth occurs either side of the temperature
window. Below 56C, a higher GPC could be caused by the condensation of precursors at
lower reactor temperatures while above °C7%here could be desorption or a loss of surface

species requirefbr further ALD nucleation resulting in a lower GPC.

Figures2.2 (a) shows the mass uptake versus time of an alumina ALD process at
60°C on a quartz crystal pmoated with 100 cycles of alumina. Prior to the onset of the first
TMA dose, the reactor wamirge for 600 seconds to provide an inert atmosphere and prevent
unwanted reactions with the alumina coated quartz crystal suiteethe initial purge, the
specimens were exposed to the first TMA dose afp 1T seconds. As shown in Figuge2
(a), the mass uptake of alumina constantly increases in awiepfashion. This is
characteristic of the sequential dosing of precursor anéacant separated by an inert gas
purge step during an ALD process. Ttwal mass gain of alumina after 50 cycles is
approximately ~1930 ng/cmFigure 22 (b) showsthe mass uptake per dose of both TMA
and water during 50 cycles of the alumina ALD process represented in Eigjed. As one
can see from Figur2.1l (b), the mass uptake per dose of TMA and water follows a linear
regime. This is indicated by the constant mass uptake per cycle of approximately 35
ng/cnf/cycle and 5 ng/chicycle for TMA and water doses, respectively. Using a liquid
density of 0.725 g/cm3 andrmaolar mass of 72.086 g/mol, Wilson et al. approximated the
mass of one monolayer of TMA as 39.7 ng/é¢mWe attribute the slightly lower mass
uptake of TMA shown in this workotthe fact that absorbed TMA forms Al(Gkl groups

which has a lower molar mass of ~57 g/mol. The linear mass uptake per cycle is a direct
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result of the optimized precursor doses that sufficiently saturate the surface of the substrate
promoting seHimiti ng reactions and the growth of one sibmic monolayer of alumina.

Alumina ALD on Polymers.In contrast,Figure 2.3 shows the mass uptake behaviour of
alumina ALD on PBT and PPMA polymer films using an ALD cycle sequence of
TMA/N »/H,O/N, = 0.2/30/0.2/45 aconds at 6. The alumina ALD curve from Figu2

(a) is shown in Figur@.3 for comparison to alumina ALD on polymers. For PBT there is a
nucleation period between o T $econds and X v seconds as indicated by the large
initial absorption and desorption of TMA during the first 6 cycles. This is characteristic of
precursor infiltration into the sugurface of the polymer film. During the firs™&.D cycles

in PBT, the absorption of TMA per cycle gradually reduces as thesstface alumina
coating progresses towards the near surface of the polymer film resulting in an alumina mass
uptake of ~ 3000 ng/cfrand. This is followed by typical linear ALD growth on thefage

of the polymer betweedn X v seconds and o v Tseconds as indicated by the constant
mass uptake per cycle. The final mass uptake of alumiga a v rsEconds is ~4500
ng/cnr.

Similarly for PPMA, there is a nucleation period of alumina betwa&eno Tt Tt
seconds and p Tt TSECONMS corresponding to the first 10 cycles of the ALD process. This
indicates that the nucleation period is slightly longer in the PPMA film. However, the initial
absorption of TMA in PPMA and the mass uptake of alumina during the nucleation period
(~1100 ngén?) are lower in comparison to the PBT film. Typical ALD growth on the
surface of the PPMA film proceeds fraim p 1 rseconds and ¢ v Ts&Econds with a

final mass uptake of alumina of ~2500 ngfcm
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Effect of Polymer Microstructure on TMA AbsorptionFigure2.4 shows the absorption of
TMA into PBT and PET polymer films at BD. PET and PBT have the same estertfonal
group chemistry along the backbone of their polymer repeat units. However, PBT contains an
aliphatic chain consisting of four GHyroups in comparison to PET that possesses two.
Therefore, PBT is more flexible than PET which is evident in theiemdifft glass transition
temperatures of 6% and 86C, respectively! The polymer films were exposed to a cycle
sequence of TMA/MH,O/N, = 0.2/600/0/600 seconds to specifically observe the initial
absorption of TMA and the desorption characteristics during the purge step. As shown in
Figure 24, the PH film absorbs more TMA (~2625 ng/énin comparison to the PET
polymer film (~400 ng/crd). Clearly there is significant desorption of TMA from both the
PBT and PET polymer films during the 20 min purge step. However, as shown in Egyure
the desorptionof TMA from the PBT film occurs for approximately 120 seconds in
comparison to the desorption of TMA from the PET film of approximately 100 seconds.
Finally, the total mass uptake of TMA from the 0.2 second dose exposed to PBT after
desorption of unreaaieTMA is ~250 ng/crhin comparison the total mass uptake of TMA in
PET which is ~ 125 ng/ch

Figure 25 (a) shows the absorption of TMA into a series of pwiyethacrylate
polymer films at 68C. Specifically, TMA is exposed to PMMA, PEMA, PPMA and PBMA
which are characterized by a pendant group consisting of an acryl group attached;o a CH
groups. The length of the pendent group changes by the contribution of addiGéhal
groups from one (PMMA) to four (PBMA). This makes the polymer more flexibiewimnas

a resultant effect on the glass transition temperature of the polymer. h& T o f PMMA,
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PEMA, PPMA and PBMA are approximately P05 65°C, 35C and 158C, respectively*
As shown in Figure5 (a), the PBMA film absorbs the largest quantity of TMA (~640
ng/cnf) in comparison to PPMA (~375 ng/émPEMA (~125 ng/cf) and PMMA (~60
ng/cnf). As shown in Figur@.5(a), there is significant desorption of TMA from the series of
poly-n-methacrylate films however, the PBMA film possesses the longest desorption period
of TMA which is ~ 525 seconds. This followed by PPMA with a desorption time of ~300
seconds and PEMA and PMMA both with desorption times of ~ 150 seconds. Finally, the
total mass uptake of TMA from the 0.2 second dose is ~50 Agitiich is consistent in all
of the polymer films excepof PPMA which has a total mass uptake of ~100 ng/énis
interesting to note that the absorption of TMA in the series of-paohethacrylate films is
considerably less than the absorption of TMA in PBT. Despite the lower absorption of TMA,
the polyn-methacrylate films also possess longer desorption times in comparison to PET and
PBT.

To this point, the series of pelymethacrylate films were exposed to a larger dose of
TMA as shown in Figur@.5(b). The polymer films were exposed to a cycle sequence of
TMA/N 2/H,O/N, = 10/600/0/600 seconds. Once more, the PBMA film absorbs the largest
quantity of TMA (~2266 ng/cf) however; the longer dose corresponds to the absorption of
~ 3 times as much TMA in comparison to the 0.2 sec dose. The corresponding atsirpti
TMA in in PPMA, PEMA and PMMA is ~1300 ng/édn600 ng/crh and 400 ng/cf
respectively. As shown in Figug5(b), there is a corresponding increase in desorption time

as more TMA has been absorbed and the final mass uptake of TMA is also slighdyihi
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comparison to the 0.2 sec dose. The total mass uptake of TMA in PMMA, PEMA and PBMA
is ~ 200 ng/crhwhereas the final mass uptake of TMA in PPMA is ~300 ng/cm
2. 4. Discussion

It is clear from Figure2.3, that the exposure of different polymer teyss to
sequential TMA/HO doses using an ALD cycle sequence results in varied nucleation
behaviors of alumina. This has been demonstrated in other studies by exploring alumina
nucleation in a wide variety of polymer systen$? *8 In this study, we focus on a narrower
range ofpolymer systems to isolate the underlying effect of polymer microstructure on the
nucleation behavior of alumina in polymers. Specifically, by varying the pendant group size
of a series of pol-methacrylate films and the length of the polymer repedtafra series
of polyesters, we are able to alter the properties of the polymer and highlight the
corresponding influence that polymer microstructure has on the absorption and nucleation of
ALD precursors. To this end, Tabl2.l summarizes the absorptiomda desorption
characteristics and the mass uptake of alumina in the polymer films studied in this work.

As shown in Figur@ .4 and summarized in Tabkl, the absorption of a 0.2 sec dose
of TMA in PBT is considerably higher than a 0.2 second dose of TMZET at 60C. Table
2.1 also shows that the glass transition temperaty)eofTPBT (~66C) is lower than the g
of PET (~86C). Furthermore, with respect to the absorption of TMA in the series ofrpoly
methacrylates, Tabl2.1 shows that there is les®sorption of TMA in PMMA with the
highest §, while the PBMA film with the lowest grhas the greatest absorption of TMA.
Numerous polymer properties are affected by the glass transition temperature of the polymer

relative to the temperature of the sumdings. This is due to the influence that thermal
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energy has on the motion of polymer chain segnféithas been stated that beloythere

is insufficient thermal energy to promote motion of polymer chain segments resulting in a
reduction in polymer free volume as shownFigure 6’ Above T, the mobility of polymer

chain segments is increased which corresponds to an increase in polymer free »lume.
60°C the temperature of the reactor is above thef both PPMA and PBMA but below the

T4 of PMMA. Therefore, as we transition through tlegies of polyn-methacrylate polymer

films we transition from a rubbery polymer with a large free volume to a glassy polymer with
a reduced free volume as further indicated in Figlie Consequently, the increase in
absorption of TMA in PBMA and PPMA pginer films is promoted by the increase in
polymer free volume which can accommodate a larger quantity of TMA. Hence, the lower
absorption of TMA in PMMA is caused by a reduced free volume that corresponds to a
reduction in TMA absorption. The same theopplées to the absorption behavior of TMA in
PBT and PET. The longer repeat unit of PBT is more flexible which means that it is easier to
move polymer chain segments resulting in a lowgrTherefore, the lower jTof PBT is
attributed to the larger absoignt of TMA at 60C due to a greater polymer free volume in
comparison to PET with the highegdnd thus, lower polymer free volume.

A key question that arises is whether the variations in absorbed TMA are a result of
the variations in polymer film thickiss and hence, the specific volume of the polymer film.
With respect to the series of polyesters, the PBT film is almost twice as thick as the PET
film. Similarly, ellipsometry measurements confirm that the PBMA film is 70nm thicker than
the PMMA film which corresponds to thickness variation of 35%. Using the data

summarized in Table 1, a quick calculation reveals that the ratio of absorbed TMA from a 0.2
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sec dose in PBT to PET is ~ 6.56 and the ratio of absorbed TMA from a 0.2 sec in PBMA to
PMMA is ~ 10.¢. Furthermore, tabl2.1 shows that with a 10 sec dose, the 270nm thick
PBMA film achieves an absorbed mass uptake of TMA of ~2266 HRgighich is
comparable to the mass uptake of a 0.2 sec dose of TMA in PBT (~ 2625 )ngitna
thickness of ~900nm. T&indicates that there is not a strong correlation between polymer
thickness and the absorption of TMA. We anticipate that once a critical free volume has been
achieved; there is sufficient space to accommodate absorbed TMA from the precursor dose
time. Explicitly, the exposure of TMA from the ALD process parameters used in this work
are low enough that the resultant absorption of TMA does not influence the entire free
volume of the polymer films.

Despite this result, it is interesting to observe thatathsorption of a 0.2 sec dose of
TMA in the series of poln-methacrlate polymers is less than the absorption of TMA in the
series of polyesters. As shown in TaBlé and Figure25 (b), a larger TMA dose time is
required to increase the absorption of TNtAthe series of pop-methacrylate films to
comparable levels of TMA absorption in polyesters from a lower 0.2 sec dose. Dorkenoo et
al?® investigated the influence of aliphatic pendant groups with varying sizes (methyl to
decyl) on thegas permeation characteristics of rigid polynorbornenes. Despite decreases in
T4 as aliphatic pendant group size increased, the study shows that gas permeation decreased.
The authors state that the linear pendant groups pack well resulting in a redudtes
volume despite a corresponding decrease ¢n Iif this work, the poln-methacrylate
backbone is more flexible however; we propose that the presence of side chain pendant

groups occupy free volume that would otherwise be available for permeatierefdre, the
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lower absorption of TMA in comparison to the polyesters is due to a reduced free volume
and tortuous network of interconnected pores created by the presence of pendant groups as
shown in Figure2.7. In comparison, the lack of bulky pendanbyps in PET and PBT
promotes a less tortuous path for the diffusion of solute molecules through the polymer. The
effect of increasing the dose time on the absorption of TMA in the series oh{poly
methacrylate films, is to increase the exposure of TMA ipovides more time for the
precursor molecules to infiltrate the polymer film resulting in a greater absorption of TMA.
The effect of pendant group size on the motion of solute molecules is expected to be more
significant in PBMA in comparison to the athpolyn-methacrylate polymer films because

it has the largest pendant group. However, this attribute only becomes evident when
comparing the polymer to other polymer systems that do not possess pendant groups such as,
PET and PBT. Moreover, this work denstrates that the free volume influence on precursor
absorption is the dominant mechanism of the absorption characteristics in polymers,
particularly for polymers within the same family.

Table2.1 summarizes the desorption times of TMA from the polyester polyn-
methacrylate polymer films. As shown in Taldé, the desorption times of TMA from the
polyesters is less than the desorption times from thempalgthacrylate polymer films. We
further attribute this observation to the position of bulky sid&n pendant groups along the
backbone of the polg-methacrylate polymer films which hinder the diffusion of unreacted
TMA out of the film. The difference in desorption time between polymer films within their

respective series is due to variations irsabed TMA. Clearly, the PBT polymer film
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absorbs more TMA than the PET polymer film therefore, it is reasonable that the desorption
time of unreacted TMA is slightly longer.

In addition to the unique absorption behavior of the polymer films exploreasn t
study, the desorption of unreacted TMA also has a significant impact on the nucleation
behavior of alumina initially observed in Figu&3. The nucleation of alumina was
introduced to the PBT and PPMA polymer films shown in FiguBeusing an ALD cyle
sequenceTMA/N2/H20O/N2 = 0.2/30/0.2/45 secondsptimized for a typical ALD process
on an Oideal substratedéd such as silicon (S
functional groups. It is clear from this study that the desorption of TMA frolynmsy
systems continues for a longer period of time in comparison to the 30 seconds required to
remove unreacted TMA from ideal substrates using a typical ALD cycle sequence.
Therefore, we anticipate that the water molecules from the water dose couldvitbact
desorbing TMA to promoting undesirable reactions in addition to the direct reaction between
precursor molecules and functional groups of the polymer. We hypothesize that this could
correspond to CVD like nucleation behaviour in preference to a pasdyid organie
inorganic interface. The effect is greater in PBT in comparison to the PPMA film since the
PBT polymer film absorbs more TMA. This explains the larger mass uptake and shorter
nucleation period of alumina in the sabrface of the PBT filmn comparison to the PPMA
film.

To demonstrate the importance of purge time on the nucleation behaviour of alumina
in polymers, Figure2.8 compares alumina ALD on PBMA using a typical ALD cycle

sequence with alumina ALD on PPMA with a longer precursoreptinge. It is important to
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note that the typical water purge time was maintained at 45 seconds for both experiments
since the majority of the water dose is consumed by chemical reaction with absorbed TMA.
As shown in Figure.8, the introduction of the wat dose prematurely during the typical

ALD process results in a greater mass gain of alumina and a shorter nucleation period. In
contrast, the mass uptake of alumina is significantly lower when unreacted TMA is given
time to diffuse out of the film priootthe exposure of #D since the additional reaction mode
between water and unreacted TMA is eliminated. Therefore, this study shows that to form a
pure hybrid organiinorganic interface using ALD, the effect of polymer microstructure on

the absorption andlesorption characteristics must be considered and the ALD process
parameters must be adjusted accordingly. Since an increase in purge time is required to fully
remove unreacted TMA from the polymer film prior to the water dose, there is a considerable
increase to the overall process time. Therefore, modified ALD processes such as sequential

1 2930 sequential infiltration synthesiSIS}* or multiple pulse

vapour infiltration (SVIj
infiltration (MPI)** may be more applicable to the hybrid modification of polymers by
promoting vapour infiltration and providing more time for TMA to ditg react with
functional groups along the backbone of the polymer.
2.5. Conclusion

This study investigates the effect of polymer microstructure on the nucleation
behavior of alumina during a typical ALD process using sequential exposures of TMA and
water The data indicates that the glass transition temperature as influenced by variations in

microstructure has a significant impact on the absorption of TMA. As shown in this work,

polymers that possess lowegoTs absor b | ar ger qugemnreevolumes o f
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whereas polymers with higher,d s absorb I ess TMA due to a
Furthermore, the presence sifle chain pendant groups in palmethacrylate polymers

hinders the absorption and desorption of unreacted TMA due to the ®rpaib of
interconnected pores created within the polymer film. The absorption of TMA influences the
desorption time required to remove unreacted TMA from the polymer film prior to the water
dose. In general, large quantities of absorbed TMA result irefashgsorption times of TMA.

This has a dramatic impact on the nucleation behavior of alumina using typical ALD cycle
sequences that have been optimized for O0ide
that the influence of polymer microstructure or #bsorption and desorption characteristics

of organometallic precursors must be considered and the ALD process parameters adjusted

accordingly to promote the formation of desirable inorganic material interfaces.
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Figure 2.1. Growth per cycle (GPC) of alumina as a function of temperature formed by
analyzing alumina growth on Si wafers using an alumina ALD cycle sequence of
TMA/N »/H,O/N,= 0.2/30/0.2/45 seocnds. Si wafers were exposed to the sequence for 100
cycles atthe various reactor temperatures. Ellipsometry measurements were used to
determine the thickness of alumina coatings on Si wafers which was converted to an average

growth per cycle.
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Figure 2.2. (a) QCM Analysis of an Alumina ALD process at°@0and 1 Torr on a quartz
crystal predeposited with 100 cycles of alumina. The mass deposition rate is indicgbgd in
which corresponds to the mass uptake per cycle.
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Figure 2.3. QCM Analysis of an Alumina ALD process at®@0and 1 Torr on PBT and
PPMA polymer thin films. The alumina ALD process from Figure 2 (a) is provided for
comparison to demonstrate the unique nucleation behavior of ALD on polymers.
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Figure 2.4. QCM analysis of a single 0.2 second TMA dose in PBT and PET films’@t 60
The analysis emphasizes the unique absorption/desorption characteristics of TMA in these
polymer films.
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methacrylate polymer films at 80. The analysis emphasis the unique
absorption/desorption characteristics of TMA in these polymer films. The absorption of
TMA is less than the absorption of TMA in polyesters. Therefdpg, indicates the
absorption/desorption of TMA at 8D with a loonger TMA dose of 10 secs
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Table 2.1. Summary ofabsorption/desorption characteristics of TMA exposed to the
polymers analyzed in this work

Polymer Tg TMA Absorbed  Desorbed Desoption Final TMA
(°C)** dosetime  TMA TMA Time (sec) Mass
(sec) (ng/cnt) (ng/cnt) Uptake
(ng/cnt)
PMMA 115 0.2 60 10 150 50
10 400 200 350 200
PBEMVA 65 0.2 125 75 150 50
10 600 400 450 200
PPMA 35 0.2 375 275 300 100
10 1300 1000 1200 300
PBMA 15 0.2 640 590 525 50
10 2266 2066 900 200
PET 80 0.2 400 275 150 125
PBT 66 0.2 2625 2375 225 250
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Figure 2.6. Effect of temgrature on the specifiolume of polymers adapted from ref (27).

The diagram shows that the specific volume of polymers can be split up into the volume
occupied by constituent atoms and the space between polymer chains called the free volume.
The glass a@nsition temperature indicates the point at which the polymer transitions from a
glassy brittle material with a low free volume, to a rubbery flexible material with a high free
volume.
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Figure 2.7. Diagram describing the variation in absorption chtmastics of polymers that
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comparison to polymers lacking pendant grosyosh as polyesters.
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CHAPTER 3
TEMPERATURE DEPENDANT INFILTRATION OF POLYMERS DURING

SEQUENTIAL EXPOSURES TO TRIMETHYL ALUMINUM
3.1. Introduction

Syntheic polymers are pervasive in everyday life with an extensive range of
application in apparél® packagind'® electrical insulatiori; *° wound dressings and drug
delivery*** filtration,®>*" high impact protection, chemical and fire protecfioff: *° The
large molecular mass and long chain nature of polymers corresponds to unique physical
properties that distinguish them from other materials. Polymers are most often differentiated
from each other by their unique chemistries and microstructlirékerefore, polymer
properties can be tuned for specific applications by varying menaombinations, the
polymerization technique and the manufacturing process to change their microstructure and
morphology. Alternatively, the surface properties of polymers can be modified to maintain
their bulk properties to improve performance for aegiapplication. This typically involves
a change in surface functionality or the introduction of a surface finish using one of many
post processing techniques such as-grgeturé™?* surface grafting * or atmospheric

plasma?®

The increasing demand for flexible, high performance materials has expanded the
potential use of polymers into more novel apggions. As a result, alternative techniques for
developing polymers with specific surface properties are required to manage the necessity for

new, high performance materials. The incorporation of inorganic materials properties into
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polymers has been obiged as a unique way to develop polymers with exceptional surface
properties such as electrical conductivity?® low permeability?® catalytic behaviof; 2% *°

and resistance to degradation mechani8isSolgel and chemical vapor deposition (CVD)
techniques have beaxplored as methods for introducing inorganic coatings to polythers.
337 The challenges associated with the-gel technique includes the final thickness,
uniformity and porosity of the inorganic coating doecontrol of the hydrolysis reaction and
thermal treatmentt ** CVD can also result in non uniform coatings due to the mixing of
vapor species and lack of control of their reaction with the substrate stirfAcemic layer
deposition (ALD has also been identified as a viable surface modification technique of

polymers due to the conformal, pinhole free quality of the inorganic coatings and the ability

to grow inorganic coatings at low temperatufes.

Previous research has revealed the varied nucleation and growth behavior of
inorganic coatings on different polymer chemistries via ALD. Analysis using-set®n
TEM clarifies the formation of inorganic coatings with varied compositions ofhfff}ig>
Conformal surface coatings with an abrupt interface between the ALD coating and the
polymer is observed in polymers that possess high concentrations of surface functional
groups, such as cotton or polyviralcohol (PVOH)*® In contrast, ALD growth o inert
polymers such as polypropylene (PP) results in a characteristicid@ided island growth,
the evolution of which occurs in the subsurface regions of the polymer stifddeurther
analysis has showthe temperature dependence of precursor infiltration into PP as the
thermal expansion of the polymer at elevated temperatures leads to higher precursor mass

gains®® Analysis of ALD growth on carbomdontaining polymers (C=0), such as
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polyamides and polyesters, has shown that organometallic precyrepetrate the sub
surface of the polymer and react to produce a graded hybrid (oiganj@nic) finish® 4> 4°
Therefore, the growth of this finish is dependent on the balance between two competing
mechamsms: (i) the rate of precursor diffusion into the polymer, and (ii) the subsequent

chemical reaction between the functional groups and ALD precursors.

While numerous studies have elucidated the fundamental nucleation and growth
mechanisms of inorganic dirags on polymers, these experiments investigate precursor
exposures at fixed temperatures or limited temperature ranges. Various polymer properties
are affected by temperature due to the thermal motion of polymer chain segments and the
relative differencébetween the surrounding temperature and the glass transition temperature
of the polymer. Therefore, this work addresses the rate of precursor infiltration as
temperature varies. In particular;situ quartz crystal microgravimetry (QCM) is employed
by spn casting polyamid® (PA-6), poly (acrylic acid) (PAA), poly (ethylene terephthatlate)
(PET) and acrylic thin films of nanoscale thickness onto quartz crystal and exposing them to

multiple doses of TMA at different temperatures.

3.2. Experimental Procedue

Chemicals and materialsPA-6 polymer solutions were prepared by dissolving 3 wt. % PA

6 pellets (Ultramid®) in 95% purity formic acid (reagent grade, Sigma Aldrich Inc.). PAA
solutions were prepared by dissolving 3 wt. % PAA powder (Sigma Aldrich Inc.
deionized water. PET solutions were prepared by dissolving 3 wt. % PET pellets (BASF) in

95% purity trifluoracetic Acid (Sigma Aldrich Inc.). The acrylic polymer solutions;
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poly(methyl methacrylate) (PMMA), poly(propyl methacrylate) (PPMA) and poty(bu
methacrylate) (PBMA) (Scientific Polymer Products, Inc.) were prepared by dissolving 3 wit.
% polymer powder in 99% purity Acetone (Sigma Aldrich Inc.). The polymer solutions were
allowed to mix via magnetic stirring for approximately 12 hours at r@mpéerature.

Spin coating procedure and QCM assemblgolymer thin films of PA6, PET, PAA,
PMMA, PPMA and PBMA and were formed by spin coating (Laurell Technologies) a
sufficient quantity of each polymer solution at 3000 rpm. The polymer thin films were
spuncast directly onto unpolished, gold plated quartz crystals (resonant frequency of 6 MHz)
obtained from Inficon and used as received. After spin coating, the polymer coated crystals
were baked at 98C for 1 minute to ensure all of the residual solveaswemoved from the
polymer films. Ellipsometry measurements of-BAPET, acrylic and PAA films spun on to
silicon wafers confirmed film thickness of 420 nm, 560, 260 and 210 nm respectively. The
polymer coated quartz crystal was placed inside a crysalest (Inficon) and secured with
conductive silver epoxy (Electron Microscopy Sciences). After crystal assembly, the crystal
drawer was placed in an oven at ZDfor one hour to cure the silver epoxy. The crystal
drawer was mounted to a sensor headwlzet vacuum sealed inside the main chamber of the
viscous flow reactor. The sensor head was modified to prevent buildup of inorganic material
around the electrical contacts between the sensor head and the quartz crystal by alowing N
gas to continuously pge the backside of the quartz crystal during experiments. The change
in the frequency of the quartz crystal before, during and after the precursor doses was
monitored at a rate of 4 Hz. The moisture regain of each polymer varies from 0.4 wt. % in

PET to 4wt. % in PAG. PAA is also known to absorb many times its weight in w4ter.
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Therefore, to remove water from the polymer filrirs situ heating at 126C for 1 hr was
performed in a nitrogen environment at 1 Torr. Aftesitu heating, the crystal was cooled to

the desired exposure temperature.

QCM amnalysis and TMA exposureslhe infiltration of TMA into PA6, PET, PMMA and

PAA polymer films was performed at varied reactor temperatures ranging from 30%6.150

A fresh coated quartz crystal was used for each experiment performed at a different reactio
chamber temperature. Prior to each experiment, the QCM was allowed to stabilize for several
hours to the designated reaction chamber temperature. The temperature stabilization is
important for reducing the magnitude of temperature induced mass transie¢hés mass
uptake data. The experiments were not conducted until the change in frequency of the quartz
crystal wa s “®Afté etabitizatidrg, thexfiaator of the QCM was calculated to
check that the change in frequency caused by the polymer thin film was within 2% of the
uncoated quartz crystal frequentinder this condition the Sauerbrey relationship is used to
convert the change in frequency to a change in mass. The pressure of the viscous flow reactor
was kept constant at 1 Torr with a nitrogen gas flow rate of ~300 sccm. To investigate the
saturation bthe polymer thin films with TMA, an ALD cycle sequence of TMA/N,O/N,

= 0.2/60/0/60 sec was selected. The above sequence was repeated for 10 cycles which
corresponded to 10 consecutive exposure cycles (i.e.-dugés) of TMA. A total purge

time of two minutes was chosen to allow reactiorgogducts and uneacted TMA to be
removed from the reaction chamber between each TMA {thodte.

ToF-SIMS analysis of PET polymer filmepth profiles of TMA exposed to PET polymer

films were obtained viaroF-SIMS (ION TOF TOFSIMS 5) with Bi, Cso and C$ ion
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sourcesThe depth profiles were obtained from thinner PET polymer films ~270nm produced
by spin coating a 2 wt. % PET polymer solution onto Si wafers at 5300 rpm. The PET
polymer films were exposed to 10a®m0 TMA doses at 16C and 1 Torr. The TMA
infiltrated PET films required no surface treatments prior to-38¥%S analysis.

3.3. Results of TMA exposure to polymers

QCM analysis of TMA infiltration in polymers.In situ QCM analysis of PA6, PAA, PET
andPMMA films exposed to consecutive TMA doses at@es provided in Figure8.1 (a).

Each exposure cycle consists of TMA doses followed by a purge step using the following
sequence TMA/NH,O/N, = 0.2/60/0/60 seconds. It is important to note that the aypic
water dose has been eliminated from the sequence to probe the saturation behavior of TMA
in this work.For convenience in Figurgl (a), the mass gain is shown as a function of both
time and the number of TMA doses.

Prior to the first TMA dose, thesaction chamber was purged for 240 seconds with
nitrogen gas which provides an inert atmosphere to prevent unwanted chemical reactions
with the sample. During the initial purge, the QCM was stable and no chemical reactions
took place as indicated by theraemass gain fron C TWO T1seconds. After the
initial purge, the specimens were exposed to the first TMA dose at.

As demonstrated in Figui@l (a),PA-6 possesses a high initial absorption of TMA
(approx. 2625 ng/ch) which is followed by desrption of TMA prior to the second TMA
dose as reaction gyroducts and unreacted TMA diffuse out of the film. Desorption of TMA
occurs from approximately ¢ T 0O @ T seconds between thé' and 6" TMA dose

which is proceeded by a zero net mass gaim 6 @ Mto 0 p o ¢smconds. This
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indicates that successive doses do not influence the total mass gain (approx. 2250 ng/cm
after 10 TMA multidoses) of TMA in the P/ film. In comparison, PAA possesses a low
initial mass gain of TMA (approx. 45 ng/émDesorption of TMA between each multidose

is not observed over the total time period of multidoses in PAA. Successive doses of TMA
after the first dose do not provide a significant contribution to the total mass gain of TMA in
PAA (approx. 10thg/cnf). After TMA multidoses, the reaction chamber was purged for 200
seconds from approximately p ¢ ta® p o ¢seconds. The total mass gain of TMA in
both PA6 and PAA films remains unchanged during the final purge indicating that the TMA

that has reacted stays within the polymer films.

The initial absorption of TMA in PET is approximately 40@cnf. Unlike PA6 and
PAA, the PET film looses nearly 60% of absorbed TMA during the 2 minute purge before
the second dose. The absorption and desorption behavior of TMA causes a gradual increase
in mass uptake of TMA betweerd ¢ T and0 p o ¢sEconds,corresponding to 10
consecutive TMA doses. A saturated mass gain is not observed suggesting that PET requires
a larger number of multidoses to fully saturate the polymer film. Finally, the mass uptake of
TMA in PMMA follows a similar behavior to PET.e. significant desorption of TMA after
each doseHowever, the initial mass gain of TMA in PMMA (approx. 200 ndici®s much
lower than PET. While successive TMA multidoses are required to increase the total mass
gain of TMA in PMMA, the onset of a saturatedass gain of approx. 250 ng/trs

observed after thé"7TMA dose at approximatelyp T seconds.
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In the following sections, TMA exposure is explored at various reactor temperatures
to investigate the rate of precursor infiltration over a range of eemyres. Polymers are
primarily influenced by temperature due to the relative difference between the surrounding
temperature and the glass transition temperature of the polymer. This has a corresponding
effect on the reorientation of polymer chain segnterand the free volume of the polymer.
Therefore, to understand the growth of inorganic coatings on polymers, the following
sections addresses the rate of infiltration specifically as it relates to polymer physics and
polymer chemistry at varied temperagsir To this point, Tabl@.1 provides a summary of the
chemical structure, glass transition temperatugg (felting transition temperature )i and
the coefficient of thermal expansion of each polymer investigated in this*vofla analyze
the infiltration characteristics of the TMAy situ QCM is utilized to approximate the TMA
absorption, desorption and reaction in each polymer film. For clarification, Fayuréb)
shows a QCM time segment clearly indicating the mass uptake behavior of 2 TMA doses
exposed to a polymer film. The figure indicates absorption of TMA at the onset of the
first dose followed by desorption of unreacted TMA. Finally, the difference between
absorbed and desorbed TMA is referred to as
polymer film before the next dose. THestinction between absorbed, desorbed and reacted

TMA is identified to facilitate the results discussion of the following sections.

Temperature dependent absorption and reaction of TMA in-BAPA-6 is a thermoplastic
polymer with a glass transition teemature ranging from 40 to 8D as summarized in Table
3.1. PA6 has a melting temperature ranging from 22B6FC therefore; it was possible to

explore the exposure of P& thin fiims to TMA between the minimum and maximum
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operating range of the viscodw reactor (36C - 150 °C). Figure 3.2 compares the
infiltration of TMA in PA-6 at various reactor temperatures as monitorea Isjtu QCM.

Prior to the onset of the first TMA dose, the reaction chamber was purged mioh 240
seconds to prevent urglmble reactions with the substrate and to minimize the absorption of
water impinged on the surface of the -BApolymer film. Ato Tthe PAG6 film was

exposed to the first 0.2 sec dose of TMA.

Figure 3.2 shows that the absorption of the first dose of TNt#&reases from 1250
ng/cnf to 2625 ng/cr between 38C and 66C respectively. However, as temperature
increases, the initial abrption of TMA decreases to 750 ngfcat 100C and further
decreases to 250 ng/€mt 150C. As shown in Figure8.3, approximately 37Hg/cnf of
TMA desorbs from the PA film betweerd Ttod o ¢ secondsi(e. between the®and
4" TMA dosg at 60°C however, at 3T there is only slight desorption of TMA. Moreover,
as the temperature increases aboVi€60 is also evident that desorption of TMA after the
first dose significantly reduces. As temperature increases fr6@ 1©0150C, the exposure
of PA-6 to successive TMA doses does not influence the total mass gain of TMA as
demonstrated by the zero net increase in mass uptake throughout the time frame of the
experiments. However, at %D it is clear that approximately 4 TMA doses are required to
achieve a saturated mass gain as shown in Figréetweerd Tmmando 1 Y seconds
As temperature increases aboveé@Oreductions in absorbed TMA and desorbed TMA
correspond to a decrease in the total mass uptake of TMA 6. RAS interesting to net

that the total mass uptake of TMA in FAat 30C falls between the total mass uptake of
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TMA achieved at 6%C and 108C. At all exposure temperatures, the total about of TMA left

inside the film after 10 consecutive doses is retained by the polymer film.

Temperature dependent absorption and reaction of TMA in PARAA is the polymer of
acrylic acid which possesses a carboxyl group in its side chain as shown in3Tlable
Therefore, PAA containgOH and carbonyl groups that have both been shown tedmtive
towards TMA. PAA has a higher glass transition temperature ofCl@®d a melting
temperature of 17€. Therefore, PAA exposure to TMA was explored in the temperature
range between 8Q - 150°C. Figure3.3 compares the exposure of 10 TMA multidesn
PAA at various reactor temperatures as monitoreith Isjtu QCM. In contrast to P&, PAA

possesses significantly lower mass gains of TMA, independent of temperature.

Figure3.3 indicates that there is not a significant correlation between temigeasud
the infiltration behavior of TMA in PAA. However, it is interesting to observe that a higher
total mass gain of TMA is achieved at’80 The mass uptake of the first TMA dose at each
exposure temperature is approximately 40 ng/cBince PAA is know to absorb large
guantities of water, each polymer film was heat treated to remove absorbed water prior to
each experiment. If there were significant quantities ofgfwsorbed water contained in each
polymer film, it would be expected that the first TMifose at each reactor temperature
would be much higher from the strong reaction between TMA and water. Therefore, the
higher mass uptake atZDmay be caused by condensation of precursor at the lowest reactor

temperature.
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Temperature dependent absorpti@nd reaction of TMA in PMMA. PMMA has a lower
melting temperature of 130 compared to previously analyzed polymers therefore; TMA
exposures to PMMA polymer thin films were analyzed betweé@ 30d 126C. Figure3.4

(a) compares the mass uptake of TMAlndoses in PMMA at various reactor temperatures
via QCM. As shown in Figur84 (a), PMMA polymer films possess lower absorption of
TMA and lower total mass uptakes compared with@Alowever, the absorption of TMA
and subsequent desorption during epahge step between doses increases as temperature
increases to 16C and 120C. Despite an increase in TMA absorption with temperature,
TMA mass uptake at higher reactor temperatures ofQ@dd 126C is not retained within

the polymer films during theral purge betweead p T yta® p o ¢seconds. As shown

in Figure34 (a), the final mass uptake of TMA decreases to approximate values between

100 and 250 ng/chover all exposure temperatures during the final purge.

To explore the infiltration behavior GIMA in PMMA in more detail, Figur8.4 (b
& c¢) show the absorbed and reacted TMA per dose as temperature varies, respectively.
Figure3.4 (b) confirms that as temperature increases the absorption of TMA also increases.
Furthermore, the absorption of TMA relatively constant for each successive dose at all
exposure temperatures. Absorption of TMA ranges from approximately 50 e at
30°C to 750 ng/criidose at 12%C. Figure3.4 (c) shows that the most significant contribution
to the total mass gaiof reacted TMA retained in the polymer film at 2G0and 126C is
achieved during the first dose of TMA. The mass uptake of reacted TMA is negligible after
the 2% and &' doses at 12 and 108C, respectively, indicating that successive doses do

not havea significant impact on the final mass uptake of TMA in PMMA at these
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temperatures. The mass uptake per dose ‘@ a0Ad 60C gradually decreases however, a
saturated mass gain is not observed &6The low reacted mass uptake per dose of TMA
indicatesthat the majority of absorbed TMA subsequently desorbs from the polymer film at

all exposure temperatures examined.

Figure 3.5 (a) compares the mass uptake of TMA multidoses in a series of acrylic
polymers at a fixed reactor temperature oiG0As showrin Figure3.5 (a) PMMA possess
lower absorption compared with PPMA and PBMA. Figdi&e (b) shows that the absorption
of TMA per dose ranges from approximately 100 ng/dose in PMMA to 750 ng/cffdose
in PBMA at 60C. Finally, the absorption of TMA is latively constant for each successive

dose of each specimen from the series of acrylic polymer films.

Temperature dependant absorption and reaction of TMA in PEIgure3.6 (a) shows the

mass uptake behaviour of TMA in PET at reaction temperatures 08mt8 156C. Figure

3.6 (a) demonstrates that the total mass gain of 10 TMA multidoses in PET increases from
less than 200 ng/cfrat 30°C to 3750 ng/chat 106C. In comparison to P&, PAA and
acrylic films, PET achieves a much greater total mass daliMé after 10 TMA doses at
100°C. However, the final mass gain of 10 TMA doses decreases to approximately 1750
ng/cnf at 156C. There is a corresponding relationship between absorbed TMA and
temperature as the amount of the absorbed TMA increases be8@@nand 106C,
followed by a decrease in TMA absorption at A50While significant quantities of TMA
desorbs from the PET polymer films at reactor temperatures betwéent®d00C, the

largest desorption is observed at ADO
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To explore the infiltratbn behavior of TMA in PET in more detail, Figué& (b & c)
shows the absorbed and reacted TMA per dose as temperature varies, respectively. In
general, Figure8.6 (b) confirms that the absorbed TMA per dose increases as temperature
increases from 3C to 100°C with a corresponding decrease in absorption per dose .150
As shown in Figure3.6 (b) the absorption of TMA per dose at°G0and 66C remains
constant however, at 18D and 100C there is a gradual increase in absorbed TMA as the

number of doseincreases.

Figure3.6 (c) shows that the reacted TMA per dose retained within the PET thin film
increases as temperature increases frol@ 8 100C with a subsequent decrease in reacted
mass uptake per dose at 160 The reacted mass uptake per ddsEMA remains constant
over the 10 consecutive doses at all exposure temperatures. This indicates that within the
temperature range of 3D to 150C, a saturated mass gain is not observed within the 10

exposure cycles employed in this work.

To observe a sarated mass gain, a thinner PET polymer film ~270nm was exposed
to a larger number of TMA doses. Fig8& (a) shows the infiltration of 100 consecutive
TMA doses in PET at 10Q. This temperature was selected for the analysis since the
infiltration behaior indicates that the largest absorption and reacted mass uptake of TMA is
achieved at 10. As shown in Figur8.7 (a) there is a sharp increase in the mass uptake of
TMA betweend mandd o 1t rsEconds (i.e. Sland 28" TMA dose). Followingd
o T tTseconds, the mass uptake gradually plateaus to a total mass gain of approximately 8625

ng/cnf. Figure3.7 (b) shows the absorption per dose and reacted TMA per dose retained
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within the polymer film over the 100 consecutive TMA doses. Between 0 and 10 TMA
doses, there is a gradual increase in absorbed and reacted TMA per dose, which is consistent
with the infiltration behavior shown in Figu®6 (b) at 108C. After 10 TMA doses, the
absorption of TMA and reacted TMA per doses gradually decrease towards zero by'the 100

TMA dose.

Furthermore, the exposure of 10 and 50 TMA doses into 270nm thick PET films on
Si wafers was investigated using a T®8MS. A thinner film and 50 TMA dosesstead of
100 TMA was chosen for the analysis as a compromise for the total sputter time of the
experiment. Figur&.8 shows ToFSIMS depth profiles indicating ‘CAI™ and ST markers
attributed to the PET polymer film, alumina (from TMA) and Si substraspectively. The
data in Figure3.8 shows the natural logarithm of the ion intensity from each marker. It is
important to note that the data does not correspond to the concentration of TMA in the
polymer film but is representative of the ion yield durihg sputtering process. The slightly
higher intensities of the Almarker for both 10 and 50 TMA doses at the start of sputtering
was attributed to charging on the surface of the film. The gradual increase in intensity of the
Si* marker between a depth ®50nm and 300nm for 10 TMA doses and 175 and 275nm for
50 TMA doses is due to the uneven surface of the PET films causing parts of the film to

sputter at different rates.
3.4. Discussion

Free volume theory of precursor infiltrationThe absorption of TMAnto each polymer

chemistry provides an interesting insight into the absorption behavior of organometallic
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precursors in polymer films. Clearly, a significant driving force behind the growth
mechanism of inorganic coatings in certain polymers is the abjityorganometallic
precursor molecules to diffuse into the polymer. For@®@ARET and PMMA|n-situ QCM
analysis shows that TMA absorption increases with temperature. However, it is interesting to
observe that in P4 there is an increase in TMA absorptivom 30C to 60C, followed by

a significant decrease in absorption at’@®and 156C. In a similar way, absorption in PET

increases from 3C to 100C before decreasing at %D

Herein, the influence of temperature on the free volume of the polyimeisfused to
describe the variation in absorption of TMA as temperature increables.total specific
volume pervaded by a system of polymer chains can be split up into two sections: (i) the
volume that is physically occupied by each constituent atotmthkes up the polymers long
chains and (ii) the unoccupied volume that is typically called the polymer free voluAze.

a polymer is cooled, insufficient thermal energy reduced polymer chain mobility which
producesthe glassy state. The temperature at which the polymergesafrom a flexible
rubbery material to a brittle glassy material is named the glass transition tempergatline T
polymer chain mobility is influenced around,. Below Ty the polymer chain mobility is
decreased resulting in a reduction in free volubove Ty the mobility is increased
corresponding to an increase in polymer free volume which causes a subsequent increase in
specific volume of the polyméP.The rate of specific volume increase is determined by the
thermal expansion coefficient of the polymee the slopeof the specific volume vs.
temperature curveThe values stated in Tab®el for the polymers studied in this work are

average values measured over broad temperature ranges. The difference in values is dictated
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by the structure of each polymer. In generajid polymer repeat units such as PET, or
highly crystalline polymers possess lower thermal expansion coefficients due to reduced
polymer chain mobility. While thermal expansion coefficient is an important parameter when
considering the temperature dagence of polymer properties, in this work we demonstrate
that the T, of each polymer relative to the temperature of the reactor has a significant impact

on the absorption of TMA.

We continue the discussion by considering a simple jump diffusion model. Th
motion of a single solute molecule from one region of the polymer to an adjacent location
depends on the presence of free volume voids large enough to accommodate the solute
molecules. This is the theory behind the free volume model of diffusion dedelmpe
Turnbull and Cohen in 1959 and serves as the foundation for more sophisticatenifnee
models of diffusion discussed in more detail elsewPer& The theory states that the
diffusion coefficient is dependent on the probability of forming a critical free volume void in
an adjacent location that is large enough to accommodate a small solute molecule. The most
dramatic changes in the diffusion coefficiaft small molecules through a polymer have
been observed atgTBelow this temperature, the diffusion coefficient is greatly reduced
however at T, studies have shown that there is a sharp increase in the diffusion coefficient.
This is attributed to the temperature dependwrease in free volume and-destribution as
larger polymer chain segments are able to move and form sufficient voids to accommodate

the motion of diffusing molecules.
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We propose that the lower mass gains of TMA in®ARET and PMMA films at low
reacto temperatures are attributed to diffusion of TMA into the polymer films belpwA3
a result there is a reduced probability of forming a free volume void large enough to
accommodate the size of the TMA molecules due to the lower polymer chain mobility.
Hence, the diffusion coefficient of the TMA molecules through the-ssuface of the
polymer films are significantly reduced resulting in lower absorption and mass gains. Since
the diffusion coefficient is proportional to the probability of formingriical free volume
void, higher temperatures are required to increase the mobility of the polymer chains,
forming larger free volume voids to accommodate the diffusing species. Therefore, the
increase in absorption of TMA in the polymer films is caused brdmanced diffusion

coefficient influenced by the polymer film free volume increase in the regiop of T

The free volume theory is further explored via TMA exposure to a series of acrylic
polymer films at 68C as shown in Figur85. Acrylic polymers arecharacterized by a
pendant group consisting of an acryl group attached to a methyl group. The length of the
pendent group can be changed by adding additi@td}- groups. This makes the polymer
more flexible which has a resultant effect on the glassitimmsemperature of the polymer.
The T6s of PMMA, PPMA and PBM@G, 3380 axd B pr oxi n
respectively. Figur&5 (b) shows that the absorption of TMA is less in PMMA, which has
the highest §, in comparison to both PPMA and PBMA. At°6Dthe temperature of the
reactor is above they bf both PPMA and PBMA and below thg af PMMA. Therefore, the
free volume of PMMA is lower than the free volume of PPMA and PBMA. Consequently,

the increase in absorption of TMA in PBMA and PPMA polymer fiimsaused by an
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enhanced diffusion coefficient influenced by the polymer film free volume increase while the
lower absorption of TMA in PMMA is caused by a reduced diffusion coefficient due to a
reduced free volume. Not only does this reinforce the impoetaof polymer § on the
infiltration of organometallic precursors, but the relationship shown in Figure 5 also indicates

the importance of the reactor temperature relative to Jlo¢ the polymer.

The Arrhenius relationship predicts that an increasemperature causes an increase
in the diffusion coefficient of the respective gas. For-reactive polyolefins, studies have
shown that TMA mass increase scales with higher reactor temperatures as a result of thermal
expansiont**® However, the mass uptakof TMA begins to reduce after a temperature
associated with the peak mass gain of TMA6CC for PA6, 100C for PET and 14T for
PMMA. The increase in temperature of Opeakéd
between TMA and PET. Therefoiiejs reasonable to assume that the low mass gain of TMA
in PAA, independent of temperature, is attributed to a faster surface reaction that prevents
uptake of successive precursor dose before the polymer film has had time to reach Tg
(106°C) causing annicrease in free volume. This states that for infiltration in reactive
polymers as demonstrated in this work, one must consider the effect of temperature on the
balance between both chemical reaction and diffusion. Furthermore, in compariso® @ PA
significant increase in absorbed TMA is not observed in PET and PMMA until higher reactor
temperatures as shown in Figu®6 (b) and 4 (b).e. 60C to 106C for PET and 6C to
120°C for PMMA.This is attributed to differences in Tg between each polymerishignas
shown in Table3.1. PET and PMMA have higherds i n ¢ o mp-@therefoen t o

higher temperatures are required before a considerable increase in absorption is observed.
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This further indicates the importance of the reactor temperature retatithee Ty of the

polymer.

Infiltration behavior of TMA in PA-6 and PAA.Thelarge mass gain of TMA in PA is
representative of diffusion of precursor molecules into the subsurface of the polymer film. In
contrast, the much lower mass gain of TMA in PAArépresentative of precursor reactions
that occur predominantly on the surface of the polymer due to larger surface concentrations
of functional group&” “*This is consistent with other studies in which QCM snaptake
behaviour is calibrated in terms of TMA monolay&rséower mass uptake corresponds to
fewer precursor monolayers indicating near surface to surface growth, while higker
uptake corresponds to a larger number of precursor monolayers signifying subsurface

infiltration.

Studies have also shown that the thickness of the hybrid (org@mganic) coatings
formed within PAG, after sequential exposures to TMA and watecrelases as temperature
increases? This is consistent with the QCM mass uptake data shown in F&iref this
study. Since the mass uptake of TMA dependent on the competition between precursor
diffusion and chemical reactiprincreasing temperature increases the extent of reaction
between TMA and P#A. This eliminates diffusing TMA from the concentration gradient
within the polymer film more rapidly as temperature increases. Subsequently, available
reaction sites throughout tldfusion length of TMA in PA6 are consumed creating a more

dense hybrid layer within narrower ssbrface regions of the polymer. This prevents the
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diffusion of successive TMA exposures resulting in shorter nucleation peloogs, mass

uptake of TMA, ad thinner hybrid coatings as shown in FigBi&

Fundamental chemical reactions between precursors and polymer functional groups
have been explored previously usingsitu FT-IR by Gong et af® The removal of C=0
stretching modes indicates that TMA attacks nucleophillic carbonyl groups along the
polymer backbone of polyesters andlyamides. This results in the formation of(R
Al(CH3), units where R is the respective polymer repeat unit. -tttean hydrogen bonds
form within PA-6 due to the orientation of carbonyl anéHNgroups in adjacent chains. A
study exploring the incorporat of gallium trichloride (GaG) in PA-6 within a common
solvent suggested that the Ga nucleus coordinates with oxygen of the carbonygfoup.
Although this work was carried out in solution, it proposes duestas to whether TMA
coordinates with the carbonyl group of $An the vapor phase or forms a Lewis abialse
complex resulting in FO-AI(CH3), units covalently bonded to the FBAbackbone as shown

in Figure3.9.

In comparison, PAA has a highly hydsgated surface and is much more favorable to
TMA reaction. The diffusion of the TMA would therefore be limited by the enhanced
reaction kinetics at higher (and lower) temperatures for PAA. This mechanism is consistent
with the results that show that PAAass increase is much lower than-BAand is

independent of TMA exposure temperature.

Infiltration behavior of TMA in PET. The absorption and significant desorption of TMA in

PET after each TMA dose, indicates a slower chemical reaction resulting in tuadeation
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periods. The slower reaction in PET may be caused by the proximity of the carbonyl to an
oxygen atom within the ester group. Since oxygen is an electron withdrawing gibis,

could make the carbonyl group less Lewis basic as electrosrara wn fr om t he
the carbonyl group. This is in comparison to-8An which the carbonyl group is situated
next to ani NH- group which is more electron donatifgnaking the carbonyl group more
Lewis basic and thus, more reactive with TMA. Once TMA has reacted with PET, proposed
modesin which TMA can attach itself to the polymer backbone are shown in F&@irg)

TMA reacts with the carbonyl group formirRrO-AlI(CH3), units covalently bonded to the
PET backbone, and (ii) TMA reacts with carbonyl groups in adjacent chains forrirg R

Al(CH3)-Runits.

As shown in Figure.7 (a), a larger number of consecutive TMA doses are required
to observe a saturated mass gain in PET using a TMA multidosing scheme. In comparison to
PA-6, the analysis indicates that the slower reaction between TMAPET retains access to
potential reactive sites and facilitates the diffusion of successive precursor doses. Therefore,
the balance between TMA diffusion and reaction in PET suggests that the infiltration of
TMA can influence the bulk of the PET polymi#m as shown in Figure.9. The bulk
infiltration of TMA in PET is clarified by the TofSIMS data shown in Figurg8 (a & b).
The AI' marker of TMA intersects the Siarker of the Si substrate indicating that TMA has
infiltrated the entire thickness tfie polymer film. The data also shows thé Adarker of
TMA conformally maps the Cmarker of PET throughout the depth of the film suggesting
that TMA and hence, alumina is homogeneously distributed throughout the polymer film.

This explains our previouslynsuccessful attempts to obtain both TEM cisesstions and
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EDX spectra of TMA exposure in PET. The concentration of alumina in the homogenous
structure is too low for detection via EDX or to cause density changes in the film that can be
detected by TEMThe most interesting observation from the TRIMS depth profile is the

fact that TMA infiltrates the entire thickness of the film independent of the number of doses.
The bulk infiltration of TMA in PET has been shown in other studies via SEM analysis
however; much larger dose times of TMA were required to observe the fedtlis
interesting to note that in traditional polymer processing techniques such as reactive dyeing,
sdts are added to the dye bath to delay chemical reactions between polymer functional
groups and the dye molecules to promote the diffusion of the dye molecules into the bulk of
the polymer?® In this case, PET is already inherently less reactive towards TMA thus

promoting diffusion.

The polymer repeat unit of PET has an arormalighatic chemical structure, as
shown in Table3.1. TMA is soluble in aromatic, saturated aliphatic and cycloaliphatic
hydrocarbons therefore, it is likely that there is a strong chemical solubility of TMA in PET.
Good solvents promote strong interactions between polymer chain segmerits aotyént
molecules which causes the uncoiling of the polymer chains and swelling of the polymer.
Consequently, thgradual increase in absorbed TMA per daseshown in Figur8.6 (b) at
100°C and 156C is attributed to swelling of the polymer film protimg the absorption of
more TMA as the number of TMA doses increases. The effect of swelling on the absorption
of TMA is more apparent at 180 and 150C since more reacted TMA is retained within the
polymer film compared with lower temperatures. The shsteviour is observed in Figure

3.7 (b) between 1 and 10 TMA doses however, after approximately 10 TMA doses the
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absorption of TMA per dose decreases. Fig@ré (b) also shows that there is a
corresponding decrease in the mass uptake of reacted TMAgemtter the TDdose. We
attribute the decrease in reacted TMA per dose after tA@ WA dose to the consumption

of potential reactive sites within the polymer film. Therefore, the decrease in absorbed TMA
is likely due to the gradual densification thie polymer film as more TMA is retained per
dose which confines the infiltration of more TMA&ince the ToFSIMS depth profiles
indicate that TMA infiltrates the entire thickness of the film independent of the number of
doses, we anticipate that the fidose of TMA can diffuse along the entire thickness of the
film consuming potential reactive sites throughout the volume of the film. Therefore,
additional doses simply consume any available reactive sites eventually leading to the

saturation of the polyer film.

Infiltration behavior of TMA in PMMA. Similarly, the absorption and significant desorption

of TMA in PMMA after each TMA dose, indicates a slower chemical reaction. However, the
reacted TMA retained in the PMMA film is much lower than PET. Dedpigeincrease in
absorbed TMA per dose as temperature increases, the lower mass uptake of reacted TMA per
dose indicates that the majority of absorbed TMA diffuses out of the PMMA polymer film;
this is consistent at both low and high temperatures. Furtihierras shown Figurg5 (c),

the PMMA film saturates with a lower number of TMA doses. Therefore, the nucleation
period in PMMA compared with PET is much shorter. This indicates that TMA infiltration of
PMMA does not have the potential to influence thik ladi the polymer instead, reacting and

nucleating within the near surface of the polymer film.
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It is interesting to observe that, unlike BAand PET, successive doses of TMA
absorb into the PMMA film at a constant mass uptake per dose even after ¢hefoas
saturated mass gain has been achieved. This can be observed over the temperature range
explored in this work. We relate the constant absorption of TMA after a saturated mass gain,
and the much lower reacted mass gain compared with PET to the pdiymsubstrate
interaction after the spin coating process and the low reactivity of TMA with PMMA,
respectively. Keddie et al., showed that there is a low interfacial energy between PMMA and
a gold (Au) surfacé’ Furthermore, the studshowed that the glat the free surface is lower
than the F within the bulk of the film. This is confirmed by the study of Xia et al., who used
computer simulations to explore the effect of polymer free surface and substrate effects on
the Ty of polymer fims>® The simulations confirmed that low interfacial energies at the
interface of the polymer film and supporting substrate causes a gradient ig tfethe
polymer film. Therefore, we propose that TMA diffuses unrestricted through the free surface,
with lower Ty and higher free volumento the suksurface of the PMMA polymer filmyith
higher Ty and reduced fregolume.Consequently, TMA reacts witfunctional groups in
more dense regions of the polymer as shown in Figure 10. The result is that the reacted TMA
consumes reactive sites and forms a barrier to reaction of successive TMA doses. However,
the open structure of the free surface continugzrémnote the diffusion and absorption of
TMA into the subsurface of the polymer film. This is our initial understanding of the growth
mechanism of the less explored acrylic polymer chemistries. Therefore, we acknowledge that
further experiments are requiréo fully understand the infiltration mechanism of precursors

in these polymers.
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Significance of this work to other studie®Vilson et al. related the retention of TMA after
chemical reaction to the chemical solubility of TMA within the polymer filea non-polar

TMA retained in more noepolar hydrophobic polymers such as .BEHowever, in this
study, we show thathe retention of TMA occurs within polar P& and PAA polymers.
Therefore, in PAA we attribute the retention of TMA to the faster reactions between the
precursor molecule and functional groups of the polymer. Similarly i¥6 Pr&tention of
TMA is attributed to either a faster reaction forming a Lewis -@8@ise complex ro

coordination with the carbonyl group.

Finally, in-situ FT-IR data can also be calibrated in terms of TMA monolayers which
highlights differences in TMA* Anblysisshpwsiaon an
lower extent of reaction in both inert polymers and polymers containing high concentrations
of surface functional groups irotrast to higher extents of reaction observed in polyamides
and polyesters. The latter is consistent with QCM studies and TEM analysis that show a
higher extent of reaction due to ssibrface precursor diffusion. However, the former cases
suggest that aolver extent of reaction can either be caused by low reactivity between
precursor and polymer, or a relatively high reactivity leading to rapid coating formation. In
contrast, QCM can provide direct evidence of the unique nucleation behavior of different
polymers by deconvoluting the effect of absorption, desorption and reacted components of

precursor infiltration within the polymer films.

This work demonstrates that coating morphologies and thicknesses can be controlled

by both polymer structure and processnditions such as temperature. With a greater
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understanding of reactive vapor infiltration of precursors into polymers, the choice of
polymer substrate and process parameters can be tailored for specific applications depending
on whether enhanced surfacibsurface or bulk properties are required. This work also
demonstrates that the formation of surface andssuface coatings produced by certain
polymer/precursor interaction® PAG6/TMA may be favoured by typical ALD processing. In
comparison, théulk infiltration and slower absorption of TMA in polymers such as PET
may benefit from modified processes that promote reactive vapor infiltragicequential

vapour infiltration (SVI)*> 39 ©°

3.5. Conclusion

In this study, the infiltration of TMANto the suksurface of PA6, PAA, PET and
acrylic thin films was investigated via-situ QCM analysis. The saturation behaviour at
varying reactor temperatures was explored by exposing the polymer to multiple doses of
TMA using an ALD sequence with anirainated water dose and extended purge time. The
data indicates that TMA absorption is promoted as temperature increases. The absorption of
more TMA at higher temperature is related to a polymer free volume theory of diffusion. At
higher temperatures abotiee Ty of the polymer, an increase in free volume promotes the
infiltration of precursor. However, the absorption of TMA peaks at a certain temperature
which is followed by a decrease in absorption as temperature increases. This observation is
attributedto a faster reaction that forms more dense-suface layers of reacted TMA
which hinders the diffusion of additional TMA molecules. While the decrease of TMA mass

uptake at higher reactor temperatures is consistent with other studies, this work atsesprov
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insight into the infiltration mechanism of organometallic vapors into polymers beJowh&
analysis of polymer films shows that the mass uptake of TMA decreases at lower reactor
temperatures below the, of the respective polymer. An explanation flois phenomenon is
presented that suggests that the diffusion is inhibited below the glass transition temperature
of the polymer due to the corresponding reduction in free voldims.work has important
implications on the introduction of hybrid mater@operties to polymer film and fibrous
systems which is of increasing interest due to the ability to develop flexible materials with

unique mechanical, electrical, and optical behavior.
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Chapter 3 Figures:
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Figure 3.1. (a) In-situ QCM anaysis of ten consecutive TMA multioses onto P4, PET,

PMMA and PAA polymer filmsat 60°C. A TMA mutlidosing scheme was created by
programming the reactor to a typical ALD cycle sequence with an eliminated water dose.
The TMA multidose cycle sequence tinis work follows TMA/N/H,O/N, = 0.2/60/0/60
seconds. The polymer films were thermally equilibrated to the reactor temperature until the
change in frequency recorded by the QCM was approx +0.2Hz over a period of 60 sec. Prior
to the first TMA epxosue dt0, the reaction chamber was purged withfdd 240 sec. For
clarification, (b) indicates absorbed TMA and reacted TMA retained within a polymer film
during 2 doses of TMA following a multidosing scheme.
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Table 3.1 Thermal properties of polymersxamined in this work includidg: glass

transition temperature (f; melting temperature () and coefficient of thermal expansion

pol

(0) . The repeat uni t structure of each
functional groups. fvalues wereused to determine exposure temperature ranges for each
polymer.
Polymer Structure T4(°C) Tm (°C) U °q?
0
PA-6 J(HW\/LLL 40-60 (dry)| 220260 | 0.830.93x10"
Oy OH
PAA 106 179 N/A
|
0. o}
PMMA Jrﬁ 105120 130 2.5x10°*
O\ //()
PET //(‘@(‘\ o 60-85 245265 1.7x10°
o 0—CH, /,
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Figure 3.2. In-situ QCM analysis of ten consecutive TMA muttbses onto P indicating

the saturation behavior of P&\between 3 and 156C.
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Figure 3.3. In-situ QCM analysis of ten consecutive TMA midtises onto PAA indicating

the saturation behavior of tipelymer film between 3 and 156C.
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Figure 3.4. (a) In-situ QCM analysis of ten consecutive TMA mudtises onto PMMA
indicating the saturation behavior of the polymer film betweeiC3ihd 126C. A lower
maximum exposure temperature watested in comparison to other polymer chemistries
due to the melting temperature of PMMA at 330(b & c) The infiltration of TMA in

PMMA is explored in more detail by separating the absorbed and reacted components of the
TMA mass uptake behavior fromdtire 4. (a)
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Figure 3.5. (a) In-situ QCM analysis of ten consecutive TMA mudtises into a series of
acrylic polymer films at 6%C. The length of the pendant group increases from PMMA to
PBMA as the addition of & groups increases. This has an effacthe T, of each polymer

film which varies from 11%C for PMMA to 15C for PBMA. (b) The infiltration of TMA is
explored further by investigating the absorbed TMA per dose of each polymer in the series.
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Figure 3.6. (a) In-situ QCM analysis of te consecutive TMA multdoses in PET between

30°C and 156C. The data indicates that at higher reactor temperatures, a saturated mass gain
is not observed within the time frame of the experimdbtg: c) The infiltration of TMA in

PET is explored in moréetail by separating the absorbed and reacted components of the
TMA mass uptake behavior.
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Figure 3.7. (a) In-situ QCM analysis of 100 consecutive TMA muitbses onto PET thiat

100 °C. An exposure temperature 00 °C was selected since the gresatmass gain, as
shown in Figure 6, was achieved at this temperature. The data proves that a significantly
larger number of TMA doses are required to saturate a PET(B)iThe infiltration of TMA

in PET is explored in more detail by separating the d&esband reacted components of the

TMA mass uptake behavior.
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Figure 3.8. Tof-SIMS depth profiles are used to elucidate the bulk infiltration of TMA in

PET at 106C after (a) 10 TMA doses and (b) 50 TMA doses. The 8i" and C markers
represent TMA, Bwafer support and PET polymer film, respectively.
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Figure 3.9 Schematic dlagram describing the suhrface nucleatlon behavior of TMA in
PA-6 and PET based on observations frorsitn QCM analysis as shown in this. The
Figures indicate possiblreaction modes between TMA and functional groups along the
backbone of P/ and PET polymer chains.

140



Chain End TMA

35 1 elee

e, * denserregion

Figure 3.10. Schematic diagram representing the-sulface infiltration of TMA in PMMA
using observations from 4isitu QCM analysis shownni Figures 5 and 6. The weak
interaction between the interfaces of the gold plated quartz crystal and PMMA polymer film
corresponds to a lowery bt the free surface. This promotes the absorption of TMA into the
subsurface of the polymer where reactionketglace with functional groups within denser

regions of the polymer film.
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CHAPTER 4

AN IN-SITU COMPARISON OF PRECURSOR INFILTRATION INTO POLYMER
THIN FILMS VIA ATOMIC LAYER DEPOSITION AND SEQUENTIAL VAPOR

INFILTRATION
41. Introduction:

Atomic Layer deposition (ALD) is an effective technique of forming neales
inorganic coatings on a surface by sequential exposures of an organometallic precursor and a
co-reacting vapor species such as wat&he saturation and sdifmiting behavior ofthe
chemical reactions on the surface of a substrate afford the opportunity to deposit inorganic
coatings on a broad range of surfatésVarious ALD chemistries, such as
trimethylaluminum (TMA) and water tadm aluminum oxide, can take place at relatively
low temperatures. Subsequently, ALD has been explored on polymer substrates such as thin
films and fibers™*> While multiple ALD cycles can produce nanoscale inorganic coatings on
a broad range of polymers, the coating nhotpgy depends strongly on the chemistry of the
polymer repeat unit and the reaction mechanism between the polymer and ALD
precursors>*>*|n a broad sense, two types of nanoscale inorganic coating morphology that
can be formed on polymease uniform, conformal coatings with an abrupt interface between
the inorganic and polymer surface, and hybrid orgarocganic coatingslhe latter has been
predominantly observed in polymers such as polyamides and polyesters that contain carbonyl

functional groups®*’
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During an ALD process, previous research has shown that hybrid cigarganic
coatings are dependent on the diffusion of precursors into the polymsudabe and the
subsequent chemical reactions with the functional groups of the polyfiErThis has
inspired the investigation of various adaptations to the ALD process for examplentsgiqu

181920 sequential infiltration synthesis (SfS)and mutiple pulse

vapor infiltration (SVI)
infiltration (MP1)?%%*2_ which promote the hybrid material formation reaction with the
polymer. While there are subtle differences between each technique, the general objective is
extending the precursor eoxgure to promote the diffusion of organometallic precursors into
the polymer sulsurface. Both ALD and infiltration processes have demonstrated the ability
to introduce highly desirable properties to various polymer substrates. For example,

controlled weting transitions on polypropylene and coffyrenhaced mechanical strength

of natural fiber& and conductive camgs on inherently insulating polyme's.

During an SVI process, the increased pre
step after each precursor dose which immerses thenpolgubstrate for an extended period
of time!®' A major difference between ALD and SVI is that successive cycling of the
precursor and reactant is not employed in SVI. That is, the organometallic precursor
exposure can be repeated multiple times to vary the extent of reaction. In reality, the SVI
process allows for growth of the hybrid coating within the polymerssuface in a single
exposure cyclé® This provides an exciting opportunity to decrease the processing time
necessarytoahi eve a given moldiKeaapi onesunidrg HRALD
of the reactivity of the precursor and organic species on a polymer surface to form the hybrid

modification.
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For the firsttime, we describe an SVI process usmgitu techniques to highlight the
characteristic infiltration behavior and subsequent mass uptake of organometallic precursor
and its cereactant. Specifically, the infiltration and mass uptake of TMA into polyaide
(PAG6) and polybutylene terephthalate (PBT) thin §ilare analyzed bin-situ quartz crystal
microgravmetry (QCM). The key mechanisms of the SVI process are emphasized and
studied in more detail by comparing the mass uptake behavior of TMA multidoses with and
without a precursor hold step. The TMA multidogischeme is achieved by using a typical
ALD cycle sequence with an eliminated water dose. The hold step is introduced to the
sequence by programming the reactor to shut off the vacuum pump for a certain period of

time after the precursor dose which iddaled by a standard \burge.

4.2. Materials and Methods:

Preparation of polymer solutionsTo compare the infiltration behavior and diffusion of
organometallic precursors into polymers via SVI and AltBsitu QCM is utilized by spin
casting polymer tm films of nanoscale thickness on to quartz crystals and exposing them to
TMA and water half exposure cycles. Initially, Aand PBT polymer solutions were
prepared by dissolving 3 wt. % P&\pellets (Ultramid®) and PBT pellets (BASF®) in 95 %
purity Formc Acid (reagent grade, Sigma Aldrich Inc.) and 99% purity trifluoracetic acid
(reagent grade, Sigma Aldrich Inc.), respectively. The polymer solutions were allowed to mix
via magnetic stirring for approximately 12 hours at room temperature prior to sigca

Spin coating procedure and QCM assembBolymer thin films of PA6, PBT, and PET

were formed by spin coating (Laurell Technologies) a sufficient quantity of each polymer
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solution at 3000 rpm for 1 minute onto unpolished, gold plated quartz erystslonant
frequency 6 MHz) obtained from Inficon and used as received. After spin coating, the
polymer coated crystals were baked af@@or 1 minute to ensure all of the residual solvent

was removed from the polymer films. Ellipsometry measuremenBAed and PBT films

spun on to silicon wafers confirmed film thicknesses of 340 nm and 834 nm, respectively. A
polymer coated quartz crystal was placed inside a crystal drawer (Inficon) and secured with
conductive silver epoxy which was cured at room taw@atpee for 24 hours. The crystal
drawer was mounted to a sensor head that was vacuum sealed inside the main chamber of the
viscous flow reactor. The change in frequency of the quartz crystal before, during and after
the precursor doses was monitored aata pof 4 Hz. the QCM was allowed to stabilize for
several hours to the designated reaction chamber temperature. The temperature stabilization
is important for reducing the magnitude of temperature induced mass transients in the mass
uptake data. The experents were not conducted until the change in frequency of the quartz
crystal was O NO. 2 Hz /factonof theAGQCMevas calculatdd itol i z a t
check that the change in frequency caused by the polymer thin film was within 2% of the
uncoatedquartz crystal frequency. Under this condition the Sauerbrey relationship is used to
convert the change in frequency to a change in mass.

QCM analysis of TMA multidoses with & without a hold stephe infiltration of TMA into

the sub surface of RA, and BT polymer films via TMA multidoses with and without a

hold step was performed at a fixed temperature 8€60. fresh coated quartz crystal was

used for each experiment. The pressure of the viscous flow reactor was kept constant at 1

Torr with a nitrogergas flow rate of ~300 sccm. To investigate the infiltration of TMA into
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the polymer thin films with a hold step, a half exposure cycle sequence of TMA
Dose/Hold/Purge = 0.2/30/90 sec was repeated for 10 cycles followed by a water half
exposure cycle sequesm of HO Dose/Hold/Purge = 0.2/30/90 for 5 cycles. A purge time of

90 secs was chosen to remove unreated TMA from the reaction chamber. The infiltration of
TMA into the polymer thin films via TMA multidoses without a hold step was investigated
using a cyte sequence of TMA/PurgefB/Purge = 0.2/60/0/60 sec. The above sequence
was repeated for 10 cycles which corresponded to 10 consecutive exposure cycles @.e. multi
doses) of TMA with an eliminated water dose. A total purge time of 120 secs was selected to
allow easy comparison with the QCM data obtained from the SVI process.

ToF-SIMS analysis of PBT and P4 polymer films.Depth profiles of TMA exposed to

PBT and PA6 polymer films were obtained vieEo~SIMS (ION TOF TOFSIMS 5) using a

Cs' ion sourceThe depth profiles were obtained from PBT and PAG films with thicknesses
~270nm and 834nm produced by spin coating 3 wt. % polymer solutions onto Si wafers at
3000 rpm. The PBT and P& polymer films were exposed tdalf exposure cycle sequence

of TMA DosédHold/Purge = 0.2/30/90 sec repeated for 10 cycles followed by a water half
exposure cycle sequence otCH Dose/Hold/Purge = 0.2/30/90 for 5 cyclékhe TMA
infiltrated films required no surface treatments prior to-B0MS analysis.

4.3. Results and Discasion

In-situ analysis of SVI processing on PBAn example of then-situ QCM analysis of SVI
processing on a PBT film at 8D is provided in Figuret.l. A temperature of 6C was
chosen to demonstrate the feasibility of the SVI mechanism at low reantipetatures’

Prior to the half exposure cycle of TMA; the reaction chamber was purged for approximately
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300 seconds with nitrogen gas which produces an inert atmosphere within the reaction
chanber. After an initial purge (120 seconds), the PBT film was introduced to the first TMA
dose ab p ¢ seconds. During the SVI process TMA was held inside the reaction chamber
for a hold period of 30 seconds after each successive dose. The mass uptkeafter the

first dose and hold step is approximately 9800 n§/snshown in Figurd.1. Following the

hold step, a 90 second purge was employed to remove any unreacted TMA in the chamber,
including that in polymer. As demonstrated in Figdrg, thereis significant desorption of

TMA from the polymer during the first purge step (~as 7000 ndicithe SVI process
described above is repeated a total of 10 times ffonl 2@ 0 1 2 s€conds. The
absorption of TMA per dose decreases with each successive TMA dose and hold step as the
subsurface of the PBT film becomes saturated with TMA and the number of accessible
reactive sites decreases.@t 1 2 Gdronds, the retion chamber is purged with,Njas at

1 Torr for 300 seconds prior to a exposure cycles of water. The length of the final purge
before the water exposure cycle is strategically lengthened to reduce potential reaction with
unreacted TMA that might still beliffusing out of polymer, which would result in
preferential CVD growth of aluminium oxide. After the 300 sec purge, a set of 5 dose and
hold steps of kKD is introduced to the PBT film from 1 5 Qo® 2 1 &drondsin-situ

FT-IR analysis of PBT polymer films has previously indicated the removal of C=0 #d C

C units of the polymer backbone and an increase € stretching modes after TMA
exposure. As such, TMA molecules react withlaaphilic carbonyl or ether groups of the

PBT backbone forming ©-Al(CHs); units}’ During the half exposure cycle of water, the

chemical reaction proceeds through a ligand exchange mechanism between tireupd
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of TMA covalently bonded to the backb®mf the PBT polymer chain and the hydroxyl
group of the water molecules forming@AI-O units!’ The overall mass gain of alumina in
the PBT specimen after the half exposure cycle of water is ~10000 ‘ngfcom the
absorption and desorption of TMA dugirthe first half exposure cycle, it is clear that
overwhelming majority of the reaction occurs in this stage.

For comparison, Figuréd.l also shows the mass uptake behaviour of alumina ALD
on a PBT polymer film using an ALD cycle sequence of TMANO/N, = 0.2/30/0.2/45
seconds. Betweamn 1 2d®conds and 4 8<kconds a nucleation period is observed in
which TMA infiltrates the sulsurface of the polymer film. This is indicated by the large
initial absorption and desorption of TMA during the first 4 cycles betweerd 2 €conds
andd 4 8deconds. After the™ALD cycle, the absorption of TMA reduces as the-sub
surface alumina coating progresses towards the near surface of the polymer film. This is
followed by typical ALD growth as indicated by the constant mass uptake bebwedn8 0
seconds and 2 4 0s€conds. In comparison to the alumina SVI process, the initial
absorption and reaction of TMA at 1 2 skconds and the final mass uptake of alumina at
o 2 4 Gé&conds during the ALD process are significantly less (2660 Agtooh 4000

ng/cnt respectively).

At this point, it is important to quantify the total exposure, defined as the amount of
precursor delivered to a growth surface during the dose time, i.e. the precursor vapour
pressure vs. tim& 2’ The unit of exposure is the Langmuir (L) which is expressed &s 10

Torr-sec. In an ALD processing sequence, the exposure is quantified by the dose time and
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vacuum pump throughput. In the appgasaused for these experiments, and assuming a TMA
partial pressure of 0.3 Torr, a 0.2 sec dose corresponds to an exposure 8fL;-6wiioh is

much greater than the exposure required to saturate growth on a planar hytinowidated
surface with TMA eposure. For growth on polymers, one needs to consider the added
consequence of diffusion and the nucleation period of the subsurface reaction which adds an
additional processing variable. As shown in Figife ALD processing on polymers show a

nucleationperiod prior to surface saturation.

Of interest is the consideration of the gas flow characteristics of TMA through the
reaction chamber and the effect that this has on the mass uptake of precursor within the
polymer film. With a reaction chamber diametd#r 20 cm and a length of 90 cm, the
subsequent gas residence time for the 0.2 second TMA dose at 1 Torr (~300 sccm) is 0.04
sec. As the 0.2 second dose of precursor travels through the reaction chamber parallel to the
growth surface, only a fraction of éhreactant exposure diffuses into the polymer- sub
surface. Furthermore, if a typical sample size is 1x1 cm, the 0.2 second dose of precursor is
in contact with the sample surface for approx 0.4 millisec. In contrast, the hold step of the
SVI process suspés the influence of diffusive and convective flow by holding the precursor
within the reaction chamber for an extended period of time. This provides more time to
build-up the concentration of precursor at the polymer surface and promotes the diffusion of

precursor into the sub surface of the polymer.

It is clear from the prior analysis that the extent of the subsurface growth can be

manipulated based on the processing parameters such as dose and the hold time. To explore
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the processing scheme in more detéie following section explores the exposure extremes

of TMA in two polymers, PA6 and PBT.

Effect of Hold Time and DoseFigure4.2 Panel (a) and (b) compare half exposure cycles of

TMA in PBT and PAG6 polymer films respectively for two sequences: teeftilowing that

of the SVI process in which a hold time is employed, and second for a pulse of TMA
followed immediately by an inert purge (i.e. an ALD sequence with $© kalf cycle,
herein referred to as O0mul the commiisong & jhe SVFi r st ,
process between PBT and PA@ comparison td&BT, the first dose and hold step of TMA

in PA-6 achieves an absorbed mass gain of 2&§@nf. As such, the PA6 polymer film

saturates after the first TMA dose and hold step asaielil by the zero net increase in mass

uptake with successive dose and hold steps. This results in a final mass uptake of TMA in
PA-6 of approximately2400 ng/cri. Consequently, PA6 achieves a lower final mass uptake

of TMA compared with PBT43000 ng/cr).

We next compare the mass uptake behavior of dose and hold steps in PBT-@&nd PA
with TMA multidosing. As demonstrated in Figude2 Panel (a)PA-6 possesses a high
initial absorption of TMA (approx. 2625 ng/&nHowever, desorption of TMA occurs from
approximatelyd 0to © 6 0 econds between the®land &' TMA dose which is
proceeded by a zero net mass gain of TMA. The initial absorption of TMA in PBT via the
multidosing scheme is approximately 2660 ndg/amd the final mass uptake of TMA after

10 multidoses is approximately 1900 ngfgnmuch lower than the absorbed mass uptake
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observed in the SVI hold step sequence. No evidence in saturation in the 10 multidoses is

observed.

The comparison of these results presents a number of interesting abserviaat
provides insight into the infiltration behavior. Perhaps the most obvious observation is that
in both the SVI and multidose sequence, the extent of reaction in PA6 saturates in an overall
less total exposure as compared to the PBT. We propatsththextent of reaction between
TMA and PAG6 creates a dense sabrface precursor layer as reaction sites are consumed
throughout the diffusion length of TMA in P8 This shields available reaction sites within
the bulk of the polymer film and preventise absorption of successive precursor doses
resulting in a lower mass uptake of TMK. addition, presence of the hold step during the
TMA exposure to PA6 provides extra time for the initial reaction to occur, albeit a slight
increase in comparison toetlsame sequence alteration for PBT. As sadthough the
reaction between TMA and PA6 appears to be more favorable, PBT achieves a greater mass
gain of TMA after multiple dose and hold steps. We expect that this is attributed to a lower
extent of reactip that maintains access to reactive sites and promotes the diffusion of
successive precursor exposures. Due to this lower affinity for reaction, materials such as PBT
possess the potential to form a more complete hybrid orgamiganic interface withinhte

bulk of the polymer filnt?

To demonstrate the bulk infiltration behavior of TMA into PBIe polymer film was
exposed to 10 TMA half exposure cycles of the SVI processaalyzed by TofSIMS. For

comparison PA was also analyzed using the same SVI parameters. H@ushows ToF
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SIMS depth profiles of P& and PBT indicating G CsAI' and Si markers attributed to the
polymer films, alumina and Si substrate, respecgtivéhe data in Figuré.3 shows the
natural logarithm of the ion intensity from each marker corresponding to the ion yield during
the Cs sputtering process. The gradual increase in intensity of ‘tmeafiier between at
560nm for PA6 PBT as shown in Figa®.3 (a) is due to the uneven surface of the polymer
film causing parts of the film to sputter at different rates. The ion intensities of t@sGI"

and Simarkers intersect at a depth of ~ 820inuticating that TMA has infiltrated the entire
thicknes of the polymer film. In comparison, the ion intensity of @Al marker in PA6

drops off at a depth of ~110nm and intersects then@&ker intensity indicating the PA
6/Alumina interface. The Gntensity continues until it intersects thé Biarker &4a depth of

~ 250nm indicating the presence of the-&8i interface.

It is evident that the introduction of the hold step to PBT allows a long diffusion time
for the TMA to infiltrate into the polymer, resulting in the higher mass gain after the 10
cycles. To demonstrate the influence of the hold step more cl&aglyte 4.4 overlays the
mass uptake of TMA attributed to one dose and hold step of the SVI half exposure cycle. As
the mass uptake is followed, the hold step allows for the continuation fasidif and
reaction into the bulk of the PBT, driven by the concentration gradient of TMA outside and
inside the polymer. The concentration gradient is reversed with the initiation of the inert
purge.Iln comparison, the higher extent of reaction in®forms a thinner hybrid organic
inorganic coating within the subsurface of the polymer film in comparison to the bulk

infiltration of TMA in PBT. This has been shown in other studies via cross section TEM
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analysis and explains the low mass uptake of TMA ftbenQCM analysis utilized in this

work 1016

In Figure4.5, the hold time and the dose time are evaluated to explore the ability to
control the overall hybrid material formation. Panel (a) shows time segments from one dose
and hold step of TMA in BT as the hold time increases from 0 to 60 sec. Within this range,
the absorption of TMA within the polymer film increases from 2660 ng/at0 sec, to
12000 ng/crhat 60 sec, a 450% increase. Within that time frame, the saturation is nearly

completed wthin the 30 sec hold as a 375% increase is observed.

Figure4.5 Panel (b) provides the effect of increasing dose time on the absorption of
TMA into PBT in one SVI half exposure cycle in which the hold time remains constant at 60
seconds. The absorpii of TMA increases from 12000 ng/€mith a 0.2 seconds dose to
approximately 14200 ng/cdmand 15500 ng/cmwith 1 second and 2 second doses,
respectively. Despite a 5 fold increase in dose time from 0.2 seconds to 1 second and a 10
fold increase in doseme from 0.2 sec to 2 sec, the corresponding increase in absorption is
only 18% and 29%, respectively. The increase in absorption of TMA from a 1 sec dose to a 2
second dose is only 9% (approx. 1300 ndlcAs would be expected, the dose time is less
significant on the amount of TMA absorption as compared to the hold time. However, the
dose time can influence the required hold time needed to obtain a given absorption. To
exemplify this behavior, Figuré.6 shows the absorption of TMA as both the doselaid
times of TMA in PBT are varied. As dose time increases from 0.2 sec to 1 sec with a 30

second hold, there is not a significant increase in absorbed TMA. When the hold time
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increases from 30 seconds to 60 seconds for a 1 sec dose, the absorptioh iotBdses

by ~30%. A similar mass gain relationship between the dose time and hold time exists as the
dose and hold time are increased. As the dose of TMA into the PBT film is given time to
diffuse into the polymer film via the hold step, the precursolenules are also given time to

react with carbonyl functional groups along the baoke of the polymer.

We hypothesize that the reaction of TMA with the PBT polymer film using a TMA dose time
of 0.2 seconds and a hold time of 30 seconds is alreadyienffito cause significant
saturation of the polymer film. We anticipate that this consumes reactive sites and causes
structural changes within the polymer film such as density changes that restricts the diffusion
and absorption of further TMA exposureshi§ accounts for the fact that as dose time
increases, the absorption of more TMA is not observed unless there is a sufficient increase in
the hold time. A longer hold time gives the TMA molecules more time to diffuse into the

polymer film and react withrey available reaction sites.

4 4. Conclusion:

For the first time we demonstrate the mass uptake behavior of the SVI process using
in-situ QCM analysis. In addition, this work highlights the fundamental differences in mass
uptake behavior between ALD an®/Irocesses. The QCM analysis of TMA SVI in PBT
indicates that the hold step of the SVI process promotes the diffusion of TMA corresponding
to a larger mass uptake of TMA compared with ALD. The absorption of TMA is followed by
significant desorption indating that the reaction kinetics between TMA and the carbonyl

group of PBT are slow. In comparison, the rapid saturation of thé RWn subsurface
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indicates that there is a faster reaction between TMA and the carbonyl of the amine group
creating a dengerecursor layer that limits the diffusion of successive precursor. Therefore, it
is clear that diffusion of TMA plays an important role in TMA mass uptake. Despite the
slower reaction kinetics between TMA and the carbonyl group of PBT, the polymer film
adhieves a larger mass gain compared with PA6. This is due to the lower extent of reaction
that maintains access to reactive sites and promoting diffusion of successive precursor
exposures. In order to control the nucleation behavior of precursor expopotgners, this

work demonstrates the importance of considering the infiltration of precursor and resultant
chemical reaction on the formation of a hybrid interface. Finally, the reactor design and gas
transport behavior inside the reactor are also criticethe delivery and hence, the exposure

characteristics.
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Chapter 4 Figures:
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Figure 4.1 In-Situ QCM analysis of a complete SVI process in a PBT polymer thin film at
60°C. The figure indicates the mass gain assediatith the TMA and water exposure cycles
separated by an inert gas purge step. The mass uptake behavior of TMA in PBT via the SVI
technique is compared to the mass uptake behavior of an alumina ALD proc€ss at 60
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Figure 4.2. In-situ QCM aralysis comparing the mass uptake of ten consecutive TMA
exposure steps to PBT and PAG6 films af@OPanel (a) and Panel (b) compare the mass
uptake of TMA dose and hold steps in PBT and@ Aespectively using a half exposure
cycle of TMA Dose/Hold/Purge 0.2/30/90 seconds. The mass uptake behaviour of dose and
hold steps in PBT and P& are compared with TMA multidoses using an ALD cycle
sequence of TMA/MH,O/N, = 0.2/60/0/60 second
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Figure 4.3. Tof-SIMS depth profiles are used to demonstrate tlie ibfiltration of TMA in
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respectively
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Figure 45 Panel (a). Time segment comparing the first dose and hold step of the SVI
process highlighting the characteristic mass uptake behavior of TMA in PBTGivéth a

cycle sequence of TMA Dose/Hold/Purge = 0.2/X/90 seconds, in which X = 0, 30, 45 and 60
second hold steps?anel (b). Time segment comparing the effect of dose timetlus
characteristic mass uptake behavior of TMA in PBT 4€C6@ith a constant hold time of 60

sec.

166



20000 :
L 2.0s Dose/90s Hold i
180001 2.0s Dose/60s Hold
16000 -1.0s Dose/60s Hold
"8 14000 }
]
é" 12000 |
=
3 10000_-
S 8000
a 6000
=
4000
2000
0 s & , i
0 30 60 90 120
Time (sec)

Figure 4.6. Time segment comparing variations in both dose time and hold tie of the SVI
process highlighting the characteristic mass uptake behavidviafiit PBT at 60C.

167



Chapter 4 References

1. Parsons, G. N.; George, S. M.; Knez, M., Progress and future directions for atomic
layer deposition and ALased chemistryMrs Bulletin2011,36(11), 865871.

2. Tai, K.; Hirano, T.; Yamaguchi, S.; Ando, T.; Hiyama, S.; Wang, J.; Nagahama, Y .;
Kato, T.; Yamanaka, M.; Terauchi, S.; Kanda, S.; Yamamoto, R.; Tateshita, Y.; Tagawa, Y.;
lwamoto, H.; Saito, M.; Nagashima, N.; Kadomura, S., High performance pMOSFET with
ALD-TiN/HfO2 gate stack on (110) substrate by low temperature procedsSSDERC
2006: Proceedings of the 36th European S&idte Device Research Conferegnimmescu,

A. M.; Declercq, M.; Leblebici, Y., Eds. 2006; pp 1224.

3. Niinisto, L.; Paivasaari, J.; Niinig, J.; Putkonen, M.; Nieminen, M., Advanced
electronic and optoelectronic materials by Atomic Layer Deposition: An overview with
special emphasis on recent progress in processing ofkhdjblectrics and other oxide
materials Physica Status SolidiAppied Researct2004,201(7), 14431452.

4, Hyde, G. K.; Park, K. J.; Stewart, S. M.; Hinestroza, J. P.; Parsons, G. N., Atomic
layer deposition of Conformal inorganic nanoscale coatings on-dimesnsional natural
fiber systems: Effect of surface topojogn film growth characteristick.angmuir2007,23

(19), 98449849.

5. Roth, K. M.; Roberts, K. G.; Hyde, G. K., Effect of Weave Geometry on Surface
Energy Modification of Textile Materials via Atomic Layer Depositidrextile Research
Journal2010,80(18), 197601981.

6. Gluch, J.; Rossler, T.; Schmidt, D.; Menzel, S. B.; Albert, M.; Eckert, J., TEM
characterization of ALD layers in deep trenches using a dedicated FIB lamellae preparation
method.Thin Solid Films2010,518(16), 45534555.

7. Devine, C K.; Oldham, C. J.; Jur, J. S.; Gong, B.; Parsons, G. N., Fiber Containment
for Improved Laboratory Handling and Uniform Nanocoating of Milligram Quantities of
Carbon Nanotubes by Atomic Layer Depositibangmuir2011,27 (23), 1449714507.

8. Kim, J. Y.; Ahn, J. H.; Kang, S. W.; Kim, J. H., Step coverage modeling of thin films
in atomic layer depositiodournal of Applied Physica007,101(7).

0. Halbur, J. C.; Padbury, R. P.; Jur, J. S., Induced wetting of polytetrafluoroethylene by
atomic layer depsition for application of aqueodmsed nanoparticle inkBlaterials Letters
2013,101, 25-28.

10. Sun, Y. J.; Padbury, R. P.; Akyildiz, H. I.; Goertz, M. P.; Palmer, J. A.; Jur, J. S,,
Influence of Subsurface Hybrid Material Growth on the Mechanicapd?ties of Atomic

168



Layer Deposited Thin Films on Polyme3hemical Vapor Depositioa013,19 (4-6), 134
141.

11. Choi, D-w.; Kim, S:J.; Lee, J. H.; Chung, KB.; Park, JS., A study of thin film
encapsulation on polymer substrate using low temperaged ZnO/AI203 layers atomic
layer depositionCurrent Applied Physic2012,12, S19S23.

12.  Jur, J. S.; Spagnola, J. C.; Lee, K.; Gong, B.; Peng, Q.; Parsons, G. N., Temperature
Dependent Subsurface Growth during Atomic Layer Deposition on Polyprepydad
Cellulose Fiberd_angmuir2010,26 (11), 82398244.

13. Ferguson, J. D.; Weimer, A. W.; George, S. M., Atomic layer deposition of Al203
films on polyethylene particle€hemistry of Material2004,16 (26), 560256009.

14.  Jur, J. S.; Sweet, W.;Oldham, C. J.; Parsons, G. N., Atomic Layer Deposition of
Conductive Coatings on Cotton, Paper, and Synthetic Fibers: Conductivity Analysis and
Functional Chemical Sensing Using "MAlber" CapacitorsAdvanced Functional Materials
2011,21(11), 19932002.

15. Wilson, C. A.; Grubbs, R. K.; George, S. M., Nucleation and growth during Al203
atomic layer deposition on polymetShemistry of Material2005,17 (23), 56255634.

16. Spagnola, J. C.; Gong, B.; Arvidson, S. A.; Jur, J. S.; Khan, S. A.; PaGomns,
Surface and suburface reactions during low temperature aluminium oxide atomic layer
deposition on fibeforming polymersJournal of Materials Chemistr2010,20 (20), 4213
4222.

17. Gong, B.; Parsons, G. N., Quantitative in situ infrared amalgf reactions between
trimethylaluminum and polymers during AlI203 atomic layer depositidournal of
Materials Chemistr012,22 (31), 1567215682.

18.  Akyildiz, H. I.; Padbury, R. P.; Parsons, G. N.; Jur, J. S., Temperature and Exposure
DependencefaHybrid Organiclnorganic Layer Formation by Sequential Vapor Infiltration
into Polymer Fiberd.angmuir2012,28 (44), 1569715704.

19. Gong, B.; Peng, Q.; Jur, J. S.; Devine, C. K.; Lee, K.; Parsons, G. N., Sequential
Vapor Infiltration of Metal Oxidesnto Sacrificial Polyester Fibers: Shape Replication and
Controlled Porosity of Microporous/Mesoporous Oxide Monolitheemistry of Materials
2011,23(15), 34763485.

20. Gong, B.; Spagnola, J. C.; Parsons, G. N., Hydrophilic mechanical buffer lakrs a
stable hydrophilic finishes on polydimethylsiloxane using combined sequential vapor

169



infiltration and atomic/molecular layer depositidournal of Vacuum Science & Technology
A2012,30(1).

21. Peng, Q.; Tseng, Y. C.; Darling, S. B.; Elam, J. W., Ailrdo Nanoscopic Materials
via Sequential Infiltration Synthesis on Block Copolymer Templates.Nana2011,5 (6),
46004606.

22. Lee, S. M.; Pippel, E.; Gosele, U.; Dresbach, C.; Qin, Y.; Chandran, C. V.; Brauniger,
T.; Hause, G.; Knez, M., Greatlydreased Toughness of Infiltrated Spider S#icience
2009,324(5926), 488492.

23. Lee, S. M.; Pippel, E.; Knez, M., Metal Infiltration into Biomaterials by ALD and
CVD: A Comparative StudyChemphysche@011,12 (4), 79%:798.

24. Lee, S. M.; Ischenkoy.; Pippel, E.; Masic, A.; Moutanabbir, O.; Fratzl, P.; Knez,
M., An Alternative Route Towards MetBlolymer Hybrid Materials Prepared by Vapor
Phase Processingdvanced Functional Materia2011,21 (16), 30473055.

25. Hyde, G. K.; Scarel, G.; Spagmagl. C.; Peng, Q.; Lee, K.; Gong, B.; Roberts, K. G,;
Roth, K. M.; Hanson, C. A.; Devine, C. K.; Stewart, S. M.; Hojo, D.; Na, J. S.; Jur, J. S;;
Parsons, G. N., Atomic Layer Deposition and Abrupt Wetting Transitions on Nonwoven
Polypropylene and Woven @on FabricsLangmuir2010,26 (4), 25502558.

26.  Groner, M. D.; Fabreguette, F. H.; Elam, J. W.; George, S. M. -teowperature
Al203 atomic layer depositiol€hemistry of Material2004,16 (4), 639645.

27. Jur, J. S.; Parsons, G. N., Atomic Layeepdsition of AI203 and ZnO at

Atmospheric Pressure in a Flow Tube Reacdms Applied Materials & Interface2011,3
(2), 299308.

170



CHAPTER 5

MECHANICAL MODIFICATION OF FIBER FORMING POLYMERS BY HYBRID

ORGANIC -INORGANIC BUFFERS CREATED IN THE VAPOR PHASE
5.1. Introduction

Hybrid organieinorganics are an exciting class of material that incorporates both
organic and inorganic components mixed together at the molecular scale. Consequently, a
unique feature is the formation of a material that is nepleely organic nor inorganic due
to increased homogeneity between the mixed compofiérfserefore, a key benefit of
hybrid organieinorganic materials is the development of multifunctional materials tailored
for specific applications by unifying inorganic material properties such as: thermal stability,
high dielectric constants, low permeability's, photocatalytic behavior and chemical
resistance, without compromise to the attractive properties of organic materials such as

flexibility and ease of fornf?®

Atomic Layer Deposition (ALD) has proven to be an effect technique of forming a
hybrid organieinorganic interface in the vapor phase by exposing polymeric substrates to
sequential exposures of organometallic precursors and a suitabctant’™'* The
formation of a hybriebrganic inorganic coating is predominantly observed in polymers that
contain functional C=0 functionality, such as polyamides and polyddtérResearch has
shown that organometallic precursors penetrate thawsdlce of the polymer and react with

functional groups along the backbone of the polymer producing coatingsawgttaded
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finish.** Further studies have revedlthat under certain conditions, precursors can infiltrate
the bulk of fiber forming polymers resulting in a hybrid modification that templates the
porous internal structure of the polymer fibeiThe infiltration of precursors into the sub
surface and bulk of polymers and the formation of a hybrid material has inspired adaptations
to the ALD process by such as sequential vapor infiltration (8\*f),sequential infiltration
synthesis (SIS and multiple pulse infiltration® *° The infiltration of precursors is
promoted by increasing the exposure conditions using either hold steps or larger precursor

doses.

This work explores the infiltration of trimethy aluminum (TMA) into polyethylene
Terephthalate (PET) films and fibers and reports on the wetestureproperty
relationships after modification using the SVI technique. To truly satisfy the requirement for
multifunctional polymers without compromise to their intrinsic properties, the infiltration of
organometalic precursors must either maintainenhance the properties of the material.
Therefore, this work explores the mechanical properties of meltspun PET fibers modified by
sequential exposures of TMA using the SVI technique. The effect of polymer structure on the
infiltration mechanism is expred and used to understand changes in mechanical properties

of the fibers.
5.2. Materials and Methods

Spin coating procedure and polymer film preparationitially, a PET polymer solution was
prepared by dissolving 3 wt. % PET pellets (Eastman) in 98%yptrifluoracetic acid

(reagent grade, Sigma Aldrich Inc.). The polymer solution was mixed via magnetic stirring
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for approximately 12 hours at room temperature. Polymer thin films of PET were formed by
spin coating (Laurell Technologies) a sufficienaqgtity of polymer solution at 3000 rpm for

1 minute onto unpolished, gold plated quartz crystals (Inficon, resonant frequency 6 MHz)
and silicon (Si) wafers (1 inch x 1 inch). After spin coating, the polymer coated crystals and
silicon wafers were baked 400 °C for 1 minute to ensure all of the residual solvent was
removed from the polymer films. Ellipsometry measurements of a PET film spun on to a
silicon wafer confirmed the film thicknesses were approximately 500 nm.

The crystallinity of PET films on dith quartz crystals and Si wafers was varied by
annealing specimens to different temperatures above g 680°C)*° on a hot plate to
promote the motion of polymer chain segments. The specimens were annealéC atritb0
200°C for 30 minutes to give the PET polymer films time to come in thermal kquit
with the hot plate and then slow quenched to room temperature to promote the growth of
crystals within the polymer film. Annealed PET films on Si wafers and quartz crystals were
used for XRD analysis and-situ QCM analysis, respectively.

QCM assenbly A polymer coated quartz crystal was placed inside a crystal drawer (Inficon)
and secured with conductive silver epoxy which was cured at room temperature for 24 hours.
The crystal drawer was mounted to a sensor head that was vacuum sealed insigie the m
chamber of the viscous flow reactor. The change in frequency of the quartz crystal before,
during and after the precursor doses was monitored at a rate of 4 Hz. The QCM was allowed
to stabilize for several hours to the designated reaction chamber régémmpe The
temperature stabilization is important for reducing the magnitude of temperature induced

mass transients in the mass uptake tfafthe experiments were not conducted until the
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change in frequency of the quartz c-fagtst al W &
of the QCM was calculated to check that the change in frequency caused by the polymer thin

film was within 2% of tle uncoated quartz crystal frequency. Under this condition the
Sauerbrey relationship is used to convert the change in frequency to a change®ffinass.

QCM analysis of TMA multidosesThe infiltration of TMA into the sub surface of PET

polymer films with varied crystallinities was perfioed at a fixed temperature of £00 A

fresh coated quartz crystal was used for each experiment. The pressure of the viscous flow
reactor was kept constant at 1 Torr with a nitrogen gas flow rate of ~300 sccm. The
infiltration of TMA into the polymer thirfilms via TMA multi doses was investigated using

a cycle sequence of TMA/Purge®iPurge = 0.2/60/0/60 sec. The above sequence was
repeated for 10 cycles which corresponded to 10 consecutive exposure cycles (i-e. multi
doses) of TMA with an eliminated watdose.

X-ray diffraction measurements of PET polymer filmsThe crystallinity of the PET

polymer films was obtained using low angleray diffraction with a Rigaku BragBrentano

XRD instrument. The Xay beam was incident on the sample at a fixed gignangle to

avoid interference from the silicon substrate. The detector collected/ Xhtensities by
moving around the sampl e t R Crysatirty values weeel u e s
obtained by fitting the XRD data to an amorphous PET samplrewia n amor phous pe
=21.3.

Meltspun PET fibersPET fibers were melt spun using a Hills Inc. melt spinning line at NC
Stateds College of Textiles. To prevent hyd

spinning, the same PET pellets (Eastinased for QCM studies were dried in air at 420
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for 4hrs to remove prabsorbed water. The PET polymer was melted in a hopper and fed
through a single screw extruder to a 69 hole count spinneret. The emerging polymer melt was
passed through a quench zamal carefully collected on a bob pin at a take up speed of 500
m/min. Finally, the PET bundle was wound onto a draw roller followed by a storage roller
that winds the bundles onto a cardboard package. To increase the crystallinity and orientation
of PET fbers, different specimens were wound onto the draw roller at higher velocities
ranging from 1000 mpm to 1600 mpm. This draws the fiber which orients adjacent polymer
chains within the fiber and promotes crystallization. The difference in velocity betiveen
take up roller and draw roller is called the draw ratio. A draw ratio of 1:2 is achieved for
example, by rotating the take up roller at 500 mpm and the draw roller at 1000 mpm. The
pump speed of the extruder was varied accordingly to maintain a dodstaer of 2 denier

per filament.

DSC measurements of PET fiber&lass transition temperatures and heats of fusion of the
PET fiber specimens were measured with a Pdekimer differential scanning calorimeter
(DSC). The weight of each specimen used he @nalysis was approx.-5ng. Each
thermogram was obtained from the temperature range 25 € 280a heating rate of 20
°C/min. The heat of fusion for 100% crystalline PET was taken from the literature to be
140.1 J/g. The crystallinity of each samplasacalculated using the following relationship:

( k- pky  fedix 100.

SVI modification of PET meltspun fibersMeltspun PET fiber specimens with varied
crystallinities were sequentially washed in methanol antioieed water to remove surface

impurities and lubricants applied to the fibers during the melt spinning process. After
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cleaning, the PET fibers were dried in air for 12 hours &E58fter drying, the specimens

were loosely wrapped around and secured to a porous aluminum cyclinderaikddet
description of the SVI process is provided elsewh®féhe cyclinder was placed inside a
viscous flow reactor at a temperature ofG@nd a pressure of 1 Torr using a nitrogen gas
flow rate of 300 sccm. Experiments were conducted 8C 30 prevent the fibers from
shrinking at tenperatures above the glass transition temperature of the polymer fibers
(approx. 86C). Prior to SVI exposure cycles, the reaction chamber was purged for 600
seconds to provide an inert environment to prevent unwanted reactions with the fiber
specimens. Té fibers were modified via SVI using a TMA half exposure sequence of
TMA/Hold/Purge = 0.5/30/30 seconds. After the TMA half exposure cycle, the process was
completed with the second half exposure of water using a sequence of H20O/Hold/Purge =
0.2/30/30 seauds. The effect of TMA exposure on the mechanical properties of PET fibers
with varied crystallinities, was investigated with 30, 50 and 100 cycles of the TMA half
exposure sequence.

Tensile testing of PET fibersAn instron tensile tester with a 250lbalb cell was used for
investigating the mechanical properties of
gauge | engt hs. Fi ber specimens were mounted
secured using a suitable adhesive. Before testing, the fibers equilibrated to the
laboratory conditions of 21°C and 65% RH for 24 hrs. The cardboard support was placed
within the grips of the tensile tester and fixed firmly with a grip pressure of 70 psi. The notch

of the cardboard support was cut to freefther specimen. Each specimen was tested with a
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constant rate of elongation (CRE) of 15mm/min. Each sample was tested 10 times using

different fiber specimens.

5.3. Results and Discussion

Crystallinity of annealed PET polymer filmsAs shown in Table5.1, polymer film
specimens on Si wafers were annealed at different temperatures to vary crystallinity. The
control specimen was an as spun PET polymer film on a Si wafer support and annealed for
one minute at 10C to remove residual solvent. The 150SQ a@@SD samples were also
annealed for one minute at £0to remove residual solvent after the spin coating process
however; these films were subjected to additional heat treatments to change their
crystallinity. The 150SQ and 200SQ samples were annealed5@C and 20€C,
respectively for 30 minutes and slow quenched to room temperature. The annealing
temperatures were above the glass transition temperature of PBI’@®E to promote the
mobility of polymer chains allowing them to attain their equilibrium conformation.

Quenching the annealed polymdmfs to room temperature slowly promotes crystal growth.

Figure 5.1 shows the XRD scan of each PET polymer film annealed at different
temperatures. In general, the XRD diffractogram of senystalline polymers,ike PET, are
made up of crystalline peaks superimposed on a broad amorphous halo. For the control
sample and specimen annealed at’C5Figure5.1 shows the formation of crystalline peaks
characteristic of the crystallographic planes (01Qland{ 0 0) f or scatteri ng

17.5, 22.5 and 25.5°, respectivéfyThe weak intensity of the peaks and broad widths
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suggest that the diffractogram is dominated by the amorphous halo and the crystal sizes are
relatively small. In comparison, the intensity of the (010) peak significamthgases as the

PET filmis annealedat260 and t he formation of an additd]i
observed. This is attributed to the crystalline reflection of th@)(Plane. The narrow peak
widths of the (010) and (@) planes for the 20C specimen suggests that the crystal &ize

larger compared with the other samples. In general, preferential orientation and uniform
distribution of crystals in the (010) plane is observed in the specimen annealed@t 200
while random distribution of crystals in additional planes is observétkinther specimens.

As shown in Tabl&.1, the % crystallinity of the samples increases as annealing temperature
increases. Higher annealing temperatures promote the mobility of polymer chains allowing
them to attain their equilibrium conformation. Oneetlieir equilibrium conformation, the
polymer chains pack together into a crystal lattice. The polymer chains are arranged parallel
to each other in the crystal lattice with a high degree of orientation. The longer time required
to quench to room temperagufrom 200C promotes the growth of crystals in the form of
three dimensional structures called spherulites resulting in higher % crystallinity and larger

crystals.

Effect of crystallinity on precursor infiltration.Figure 5.2 shows the corresponding mass
uptake behavior of TMA in PET polymer films with different crystallinitigs-situ QCM

was used to monitor the mass uptake of 10 consecutive multidoses of TMA in PETGit 100
using an ALD cycle sequence with an eliminated water dose. FlgArshows thaas

crystallinity increases, the total mass uptake of TMA after 10 consecutive doses decreases
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from 3750ng/cnf for the control as spun specimen to approx. 1000 rfofemthe PET
polymer film with the highest crystallinity. The reduction in TMA mass kpts attributed
to the effect of crystallinity on the diffusion and reaction of precursor within the polymer

film.

Typically, crystalline regions prevent the high mass transfer of solute molecules
through polymers since the chains are densely packedaintoystal lattice and lack
segmental chain motion. It is much harder to separate the polymer chains in a crystal and the
lamellae structure lacks critical fre®lume voids large enough to accommodate diffusing
molecules Therefore, when a solute moleaelgches a crystalline boundary, it is forced to
diffuse around the crystal as shown in Fighi& Hencethe diffusion coefficient becomes a
function of direction(i.e a tortuous path through the polymemhich means that the
measured diffusion coefficienwithin the polymer film is averaged over the diffusion
coefficients in the x, y and z principal directiofis.contrast, the enhanced free volume and
network of interconnect free volume voids within the amorphous region of a polymer
promotes diffusion ttough the polymer. Therefore, we propose that the reduced mass
uptake of TMA in the more crystalline polymer film is in part caused by a slower diffusion
coefficient resulting in a reduction of absorbed TMA in comparison to the more amorphous
control samfe. In addition, we speculate that the mass uptake of TMA may also be a
function of crystallinity as the TMA molecules primarily react with accessible functional
groups within the amorphous region of the polymer as demonstrated in 5i§ufderefore,
the reduced mass uptake of TMA in the more crystalline samples is further attributed to the

higher crystalline content. As crystallinity increases, the amount of amorphous regions within
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the polymer decreases which consequently reduces the number of decesadive

functional groups within the polymer resulting in a lower mass uptake of TMA.

Crystallinity of PET fibers produced with different draw ratio§.able5.2 summarizes the
specimens used for investigations of the mechanical properties of SVI edoBH&#T fibers

with different crystallinities. The crystallinity of the PET fibers was achieved by increasing
the draw speed relative to the take up speed of the fibers during the melt spinning process.
The drawing of the fibers causes the polymer chainaligm inducing crystallization and
increasing the orientation of the fiber. As shown in T&l®#ethe samples are labeled 1:1, 1:2

and 1:4 in relation to the draw ratio used to increase the orientation and crystallinity of the

fibers.

Figure 4 shows ththermogram of each PET fiber sample used in the investigation. A
crystallization peak and melting peak is clearly observed #iC1a0d 256C, respectively.
The peak height of the heat of crystallization varies significantly between each sample with a
larger peak observed for the PET fiber produced with a 1:1 draw ratio and no evidence of a
peak for the fiber produced with a 1:4 ratio. The heat of crystallization is negative or
exothermic while crystals form and the polymer structure assumes a lower stagegys the
chains orient and pack into a crystal lattice. The heat of melting is endothermic as energy is
required to break up the crystalline regions resulting in an unoriented polymer melt. The heat
of melting and crystallization can be used to ednthe crystallinity of the PET fibers as
shown in Table 2 usi nguwet-p&tyf ogdhxa0di Inigclea x pr e s

that as the draw ratio increases, the crystallinity of the PET fibers also increases. The low %
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crystallinity of the 1:1sample indicates that the fibers are mostly amorphous. This provides
insight into the height of the heat of crystallization peaks shown in FigdreThe larger

heat of crystallization peak of the 1:1 sample is attributed to the mostly amorphousestructur
of the fibers. Therefore, as the 1:1 sample is heated throu§@& 88@GC/min, the polymer
chains assume their equilibrium conformation and crystallization occurs. In comparison, the
1:4 sample has a higher % crystallinity due todteaving process (approx.38%) therefore, as
the fibers are heated through 1G0at 20C/min, additional crystallization does not occur.
The lack of a heat of crystallization peak for the 1:4 fibers suggests that the crystallinity of
the fibers has alreadyached an upper limit. This is typical of sesrystalline polymers
since molecular weight and polymer chain entanglements prevent segmental motion of the
polymer chains limiting their rerientation and packing into a crystal lattice. Therefore, it is
uncommon for certain senarystalline polymers to attain 100% crystalline structures even if

given sufficient time.

Mechanical properties of PET fibersDuring tensile testing, the 250Ib load cell applied a
force to the fiber specimens causing an elongatiora aonstant crodsead speed of
15mm/min at 23C and 65% RH. As the load cell applies force to the fibers causing an
extension, the amorphous chains uncoil and begin to elongate. At the yield point, which is
determined by the point at which the initiabgé of the curve meets the slope of the plastic
region, the fibers undergo plastic deformation. As the fiber is forced in the plastic region,
crystalline domains begin to tilt in the direction of extension. As the load cell continues to
increase the forcen the fiber, the amorphous chains extend and adjacent crystalline and

amorphous regions begin to align, this is called cold drawing. The amorphous chains
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experience some permanent deformation however, if the load is released within the plastic
region, theamorphous chains are able to elastically recover some of the strain. Eventually,

the load imposed on the fiber is sufficient to cause permanent deformation on the fiber. At

this point, the amorphous chains are fully extended and unable to elasticalgrnexsulting

in the strain hardening of the material. Finally, the force causes crystalline segments to break
up into smaller domains and the fiber fails when the amorphous chains between crystals

begin to break as they are unable to support the increlasid.

Figure 55 shows the peak loaglongation curve of the control specimefi.
unmodified specimeng)r the 1:1, 1:2 and 1:4 PET fiber samples. One can see that there is a
compromise between high strength with low elongation at break and langgagbn at
break with low strength as shown for the 1:4 and 1:1 PET fiber samples, respectively. The
1:4 PET fiber sample with the higher % crystallinity possesses a greater peak load of approx.
275 gf at an elongation of 6mm while the more amorphou®ETL fibers possess a greater
elongation at break of 58mm with a peak load of 48 gf. The 1:2 PET fiber sample falls
between the former samples with a peak load of approx. 230 gf at an elongation of 18mm.
The higher strength of the 1:2 and 1:4 samples ithatéd to their higher crystallinity in
comparison to the 1:1 sample because more force is required to break up the crystalline
regions and the amorphous chains are more aligned. In comparison to the 1:2 sample, the
polymer chains in the amorphous regame unfolded and extended due to the larger draw
ratio. Therefore, the properties become highly anisotropic in the direction of extension and
the fibers behave more elastically under force resulting in higher strength but lower

elongation at break than thie2 fiber samples. The polymer chains in the more amorphous
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1:1 PET fibers are randomly coiled and entangled therefore, under force the randomly coiled
chains are able to unfold, disentangle and glide past each other. This results in a larger
elongation & break with lower strength as the load is dissipated by polymer chain
disentanglements and viscous flow of adjacent chains. With an original gauge length of
25.4mm the strain to failure of the 1:1, 1:2 and 1:4 fibers are 228% 71% and 23%,
respectively. Eeh sample shows evidence of a yield point therefore, the 1:2 and 1:4 fiber
samples can be characterized by plastic deformation with the 1:4 fiber being closer to a
brittle transition while the 1:1 sample is more ductile as the polymer chains unfold and flo

under force.

Mechanical properties of SVI modified PET fiber&revious research has shown that the
exposure of certain polymers to organometallic precursors forms hybrid engarganic
interfaces as the precursor molecules diffuse into thesgifae of the polymer. It has also

been shown that precursors such as TMA can diffuse into the bulk of PET polymer fibers.
The SVI technique exploits the diffusion of organometallic precursors into polymers by
introducing a hold step that soaks the polymer prmanotes infiltration. Studies indicate

that infiltrated TMA in PET reacts with carbonyl functional groups along the backbone of the
polymer resulting in RO-Al-O complexes with the potential of forming@®AI-O-R intra

chain complexes. The formation af atrachain complex within the bulk of polymer fibers

is of particular interest for the effect that the structure has on the mechanical properties of the

polymer.
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Figure 56 shows the peak loaglongation curve of PET fibers modified by
sequential infirations of TMA at 56C. The mechanical properties of modified and control
fibers are compared to elucidate the protsstureproperty relationships of the PET fibers.

The effect of TMA infiltrations on the mechanical properties of the PET fiber samwples
investigated by varying the number of TMA half exposure cycles from 30 to 100. For the 1:1
PET fiber sample, there is a significant decrease in the elongation at break as the number of
TMA cycles increases. Despite the reduction in elongation, teaesiight increase in peak

load for 30 TMA infiltrations however, the peak load decreases as the number of TMA
cycles increase to 50 and 100. As the number of TMA cycles increases in the 1:2 control
sample, both peak load and elongation at break decdeas®tically. In comparison, it is
interesting to observe that both the peak load and elongation of the 1:4 sample increases with
30 and 50 cycles of TMA. Specifically, there is an 18 % increase in peak load (325 gf) and 7
% increase in peak load (298 @by 30 TMA and 50 TMA cycles, respectively. For 30 TMA
cycles the elongation at break increases by 150 % from 6 mm to 15 mm while the elongation
at break increases by approx 50% from 6mm to 9mm for 50 cycles of TMA. Finally, the

strength and elongation tife 1:4 PET fibers drastically reduces with 100 TM cycles.

Both an increase in strength and elongation is typically not observed in synthetic
polymer fibers. In general, the observations shown in Fi§&eare characteristic of their
intrinsic mechanicaproperties which are either: (i) high strendsilv elongation, (ii) high
elongationlow strength. An increase in both strength and elongation has only been observed
inherently in biological fibers such as spider slikgeneral, sercrystalline polymersuch

as PET are represented by two phase models consisting of an amorphous region of randomly
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coiled polymer chains and a crystalline region made up of densely packed folded chains.
When synthetic polymers are drawn during the meltspinning process thphau® chains
uncoil and extend causing orientation in the direction of drawing. However, amorphous
polymer chains are not all the same length and extend at different rates therefore, oriented
amorphous chains form as shown in Figbrd These chains aeis defect sites within the
polymer fiber since they more likely to fail under the applied force prior to the unfolding of
adjacent coiled chains. Herein, we propose that the infiltration of TMA into the bulk of the
PET fibers forms intr@hain RO-Al-O-R complexes that act as a mechanical buffer within
the amorphous region of the fiber by preserving the structure and reinforcing the orientated
amorphous chains as shown in Figbré. Therefore, the increased strength of the 1:4 fiber
specimen with 30 TMA ayles is attributed to the reinforcement of the oriented amorphous
chains which resist failure under force allowing the fiber to extend to a greater elongation
prior to failure. Figurés.6 clearly indicates the balance between the number of TMA cycles
and he crystallinity of the PET fibers. In general, as the number of TMA cycles increases,
the strength and elongation of the fibers decreases. We attribute this to an increase in density
of the mechanical buffer as more TMA infiltrates and reacts with fumaitigroups within

the amorphous region of the fibers. This causes a transition to more brittle fibers resulting in
reduced strength and elongation at break. The effect of increasing TMA cycles is more
dramatic as the crystallinity of the fibers decrea3éss observation is supported by the in

situ QCM analysis of TMA exposure to PET films with varied crystallinities. It is clear from
Figure5.2 that more TMA infiltrates the less crystalline specimens. This supports the fact

that the mechanical buffer withthe amorphous 1:1 fiber and moderately crystalline 1:2

185



fiber is denser in comparison to the more crystalline 1:4 fiber. Although there is a slight
increase in strength of the 1:1 fiber infiltrated with 30 cycles of TMA due the formation of R

O-Al-O-R canplexes that hold the structure, the elongation at break is still reduced. This is
due to the restriction of the mechanical buffer on the contraction and flow of polymer chains

at the yield point resulting in more brittle fibers.

5.4. Conclusion

This work explores the infiltration of organometallic precursors into PET polymer
films and fibers and explores the resulting strucpraxessproperty relationships. aitu
guartz crystal microgravimetry was employed to investigate the infiltration of TMA info PE
polymer films. Specifically, the effect of crystallinity on the infiltration of TMA in PET with
varied crystallinities was explored. The crystallinity of the polymer films was varied by
increasing the annealing temperature above the glass transitioaréung of PET for 30
minutes relative to a control sample annealed at@®@ 1 min. XRD shows that the control
sample had the lowest crystallinity which increased for samples annealed at higher
temperatures. ksitu QCM analysis demonstrates that therwer mass uptake of TMA in
the more crystalline films compared to the amorphous control sample. This was attributed to
a reduction in the diffusion coefficient due to the tortuous path created by crystal boundaries
and the crystalline content reducitige number of available reactive sites within the polymer
film. Finally, the effect of exposure to TMA/H20 SVI on the mechanical behavior of PET
fibers produced by meltspinning was explored. Three fiber samples were explored in the

study, each possessiagdifferent % crystallinity resulting in varied tensile behaviors. With

186



infiltrations of TMA, the tensile results indicate that the peak load and elongation of the PET
fibers increase with exposure to TMA. However, the increase in strength and elongation
dependent on the intrinsic crystallinity of the fiber and the number of TMA infiltrations. This
work has exciting implications for low basis weight, high impact materials as well as the

introduction of inorganic material properties to flexible polymestams.
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Figure 5.1. XRD Diffractogram of PET specimens annealed under different heating
conditions to vary crystallinity. The diffractogram shothe formation of crystalline peaks
characteristic of the crystallograip planes (010), @ ) , and (100) for scat
17.5, 22.5 and 25.5°, respectivély.
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Table 5.1.Summary of PET specimens used in this study. Each film was heat treated under

different conditions to vary % crystallinity.

PET Film Heat Treatment % Crystallinity (XRD)
Control 100°C / 1min 10
150SQ 150°C / 30 min 48
200SQ 200°C / 30 min 63
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Figure 5.2 Mass uptake behavior of TMA in PET polymer films with different

crystallinities. In-situ QCM was used to monitor the mass uptake of 10 consecutive
multidoses of TMA inPET at 108C using an ALD cycle sequence with an eliminated water
dose.
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Figure 5.3. Diagrammatic representation of the effect of crystallites on the diffusion of
precursor vapor and the cooresponding mass uptake as measuraitloIGM andysis.
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Figure 5.4. DSC thermogram of PET fiber specimens explored in this study. The
thermograms were obtained using a heat rate of 2G/min.
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Table 5.2. Fiber gecimens used for investigations of the mechanical properties of SVI
modified PET fibers with different crystallinities.

PET Take-up pH CrystampH Mg %
Fiber Speed/Draw Speed (J/9) (J/9) Crystallinity
Sample (m/min) (DSC)

1:1 500500 25.6 39.9 10

1:2 5001000 7.01 40.7 24

1:4 400-1600 N/A 53.1 38

193



300 e r—p————————r———r——
Draw ratio 1:4
250 |- o
Draw ratio 1:2
200 f i
%
~ 150 } ..
1
<
=]
i
100 i
50 F -
0 ’J 1 L 1 1 L

0 10 20 30 40 50 60
Elongation (mm)

Figure 5.5 Peak loadelongation curve of the control speciméns. unmodified specimens)

for the 1:1, 1:2 and 1:4 PET fiber sampléke data was obtained using a 250Ib load cell and
a crosshead speed of 15 mm/min in a conditioned laboratorjGte2t65% RH.
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Figure 5.6.Peak loadelongation curve of PET fibers modified by sequential infiltrations of
TMA at 50°C. The mechanical properties of modified and control fibers are compared to
elucidate the processuctureproperty relationships dhe PET fibersThe data was obtained
using a 250Ib load cell and a crosshead speed of 15mm/min.
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Figure 5.7.Diagrammatic representation of timdiltration of TMA into the bulk of the PET
fibers formingintra-chain RO-Al-O-R complexesTheseactas a mechanical buffer within
the amorphous region of the fiber by preserving the structure and reinforcing the orientated

amoiphous chains.
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