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Abstract

Growing environmental concerns related to the use of synthetic non-biodegradable
polymers in the packaging industry have led to the need for new, especially bio-
based, materials. Currently, petroleum-based synthetic polymers are widely used
due to their relatively low cost and high performance. Biodegradable plastics and
fibre-based materials have been proposed as a solution to the waste problems
related to these synthetic polymers. Fibre-based packaging materials have many
advantages over their non-biodegradable competitors, such as stiffness vs. weight
ratio and recyclability. However, poor barrier properties and sensitivity to
moisture are the main challenges restricting their use. Application of a thin coating
layer is one way to overcome these problems and to improve the barrier properties
of such materials.

Atomic layer deposition (ALD) is a well suited technique for depositing thin
inorganic coatings onto temperature-sensitive materials such as polymer-coated
boards and papers and polymer films. In the present work, thin and highly uniform
Al,O; coatings were deposited at relatively low temperatures of 80, 100 and 130
°C onto various bio-based polymeric materials employing the ALD technique. The
study demonstrates that a 25-nm-thick ALD-grown Al,O; coating significantly
enhances the oxygen and water vapour barrier performance of these materials.
Promising barrier properties were obtained with polylactide-coated board,
hemicellulose-coated board as well as various biopolymer (polylactide, pectin and
nanofibrillated cellulose) films after coating with a 25-nm-thick Al,Os layer.

Thin Al,O3 coatings can improve the properties of biopolymers, enabling the
use of these renewable polymers in the production of high-performance materials
for demanding food and pharmaceutical packaging applications. The future roll-to-
roll ALD technology for coating polymers with inorganic thin films will increase
the industrial potential of these materials and could lead to further opportunities
for their commercialization.
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Tiivistelma

Pakkausteollisuuden tietoisuus  synteettisten biohajoamattomien muovien
ymparistohaitoista on lisdnnyt tarvetta ekologisemmille biopohjaisille pak-
kausratkaisuille. Nykyisin 6ljypohjaisia synteettisia polymeereja kéytetaan useissa
pakkauksissa, koska ne ovat halpoja ja ominaisuuksiltaan hyvid. Biohajoavia
muovi- ja kuitupohjaisia materiaaleja pidetddn ratkaisuna O6ljypohjaisten
synteettisten muovien aiheuttamalle jateongelmalle. Kuitupohjaisilla pakkaus-
materiaaleilla on monia hyviad ominaisuuksia verrattuna niiden biohajoamattomiin
kilpailijoihin, kuten painoon suhteutettu kestdvyys ja kierratettavyys. Niiden
heikkoutena on kuitenkin huono kosteuden sietokyky seka korkea vesihdyryn-
lapdisy, jotka estavat tuotteiden laajamittaisen kayton. Materiaalien lapéisynestoa
voidaan parantaa sopivilla pinnoituksilla.

Atomikerroskasvatus ohutpinnoitteiden valmistustekniikkana soveltuu hyvin
epdorgaanisten pinnoitteiden kasvatukseen lampdherkille materiaaleille, jollaisia
esimerkiksi polymeeripinnoitetut kartongit ja paperit seka polymeerikalvot ovat.
Tassé tydssa kasvatettiin ohuita Al,Os-kalvoja suhteellisen alhaisissa lampétiloissa
(80, 100 ja 130 °C:ssa) ALD-tekniikalla monenlaisille biopohjaisille polymeeri-
substraateille. Ohuet (25 nm) ALD-tekniikalla valmistetut Al,Os-pinnoitteet
mahdollistavat huomattavan parannuksen biopohjaisten pakkausmateriaalien
hapen- ja vesihoyrynlapaisyn estokykyyn. Polylaktidilla ja hemiselluloosalla
paallystetyt kartongit seka polylaktidista, pektiinistd ja nanoselluloosasta
valmistetut kalvot olivat lupaavia hapen ja vesihfyryn lapaisya estavia
materiaaleja, kun ne oli paéllystetty 25 nm:n paksuisella Al,Os-kerroksella.

N&méa ohuet pinnoitteet aikaansaavat niin merkittdvan parannuksen esto-
ominaisuuksissa, ettd biopolymeerien kayttd vaativissakin pakkaussovelluksissa,
kuten elintarvike- ja ladkepakkauksissa, mahdollistuu. ALD-teknologian kehitys
kohti rullalta rullalle -prosessia mahdollistaa epdorgaanisten pinnoitteiden
valmistamisen teollisessa mittakaavassa, mika on elintdrkedd tassd tyodssa
esiteltyjen uusien pakkausmateriaalien kaupallistumiselle.
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1. Introduction

Synthetic non-biodegradable polymers derived from petroleum-based resources,
such as polyethylene, polypropylene, polyethylene terephthalate, etc., are widely
used materials in food and pharmaceutical packaging applications due to their
relatively low cost and high performance. However, growing environmental
concerns related to the use of these polymers has led to the need for new
solutions, and biopolymers (modified natural polymers, and biodegradable
synthetic polymers of bio-based monomers) have been considered to be the
environmentally-friendly solution for packaging materials in the future [1]. In
many cases, however, poor barrier properties, especially of natural polymers,
and sensitivity to moisture are preventing the wider use of these materials. In
order to commercialize novel materials from renewable sources, the properties
of these materials must be improved to a level that matches or exceeds the
properties of the materials currently in use without sacrificing recyclability. One
way to improve the barrier properties of biopolymers is to coat them with a thin
inorganic layer.

Atomic layer deposition (ALD) is an advanced thin-film deposition technique
that enables the production of high-quality coatings on a range of materials [2,3].
The technique’s layer-by-layer growth assures precise control of film thickness
even at relatively low process temperatures. Similar process control, mild
deposition conditions and high film quality combined with low thickness is
difficult to obtain with other thin-film deposition techniques. The goal of the
present work was to deposit ultra-thin high-quality barrier coatings onto
polymeric materials. The emphasis was on biopolymeric materials, such as
polylactide (PLA). The ALD-grown Al,O; coatings were shown to produce
significantly enhanced oxygen and water vapour barrier materials when coated
onto temperature-sensitive biopolymeric materials.
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1. Introduction

Nowadays biopolymers are used in relatively few packaging products. Thin
(25 nm or less) Al,Os coatings can extend the use of these polymers towards
more demanding packaging applications such as dry food and pharmaceutical
packages. The fabrication of recyclable and biodegradable barrier materials
represents a new approach to utilizing the ALD technique. The results led to
optimization of the ALD process parameters (most suitable oxygen source,
deposition temperature, and film thickness) for biopolymeric materials. In
addition, the effects on barrier properties of various pre-treatments and pre-
coatings carried out prior to the ALD process were studied.

Numerous non-biodegradable and bio-based polymers have been developed as
commercial barrier materials by companies and research institutes. The
polymers currently in use are presented in Chapter 2. ALD coatings offer the
potential to raise the properties of these materials to new, improved levels.
However, due to the highly complex nature of the barrier phenomena involved,
this goal is not easy to achieve. The gas barrier phenomena in question are
briefly presented in Chapter 3. In addition to a description of the ALD process,
the currently used thin-film deposition techniques related to the packaging
industry are discussed in Chapter 4.

The experimental section, including a description of the substrate materials
and the characterization techniques employed during the work, is presented in
Chapter 5. The main characterization methods utilized were the barrier testing
methods, i.e. oxygen and water vapour transmission rates (OTR, WVTR). The
oxygen and water vapour barrier properties of temperature-sensitive bio-based
materials combined with ALD-grown Al,O; coatings have not been as
extensively studied before. Chapter 5 also describes the methods applied to
improve the barrier properties of the polymeric materials prior to the ALD
process. Chapters 6 and 7 summarize the results. Chapter 7 also describes the
current development status of these materials and provides recommendations for
future research.

The future of the materials studied here looks bright. The future use of roll-to-
roll ALD technology to produce inorganic coatings on polymers will increase
the industrial potential of these materials as the process becomes more cost-
effective [4]. This development is being supported by new competence and
research tools and evidenced by new inventions and patent applications [5-7].
Process development is also essential for the commercialization of these novel
packaging materials, which is predicted to be a reality within the next few years.
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2. Polymeric packaging materials

2.1 The use of biopolymers as packaging materials

The use of polymers from renewable sources, i.e. biopolymers, as a replacement
for synthetic non-biodegradable polymers as packaging materials is believed to
offer a future means of significantly reducing non-compostable packaging waste
and mitigating the greenhouse effect [8]. The use of biopolymers as packaging
materials is increasing due to their advantageous properties. For instance, in
many cases they are completely biodegradable within the composting cycle. Due
to similar properties with petroleum-based polymers, biopolymers, such as
polylactide (PLA) can be used to replace conventional polymers, such as
polystyrene (PS) or polypropylene (PP). In addition, biopolymers can be
fabricated from renewable biomass which will not eventually run out as will the
feedstock of petrochemicals making biopolymers a sustainable alternative for the
packaging industry. However, when compared to synthetic thermoplastic
polymers such as polypropylene or polyethylene, the use of biopolymers is
limited due to their naturally poor moisture barrier properties. The recyclable
packaging materials currently on the market are mainly based on starch or PLA.
In the packaging industry, biopolymers are used in applications such as
biodegradable waste bags, fast food service-ware, and food containers.
Biopolymers are classified according to their source of extraction or the
production method used [9]. Biopolymers are referred to as natural polymers if
they have been extracted or removed from biomass [10,11]. Natural polymers
are formed during the natural growth processes of organisms. Biopolymers can
be produced by classical chemical synthesis starting from renewable bio-based
monomers, or they can be produced by micro-organisms. Thermoplastic,
biodegradable PLA is a biopolymer produced by polymerization of lactic acid
monomers or cyclic lactide dimers [12]. Biodegradable polymers of fossil origin
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2. Polymeric packaging materials

also exist, such as polycaprolactone, although these cannot be defined as
biopolymers.

The diversity of packed food and pharmaceutical goods will increase in the
future, as will the requirement for more sustainable packaging materials [12].
Fibre-based materials refer to materials made from cellulosic fibre networks,
such as paper and board. Paper and board products must compete with plastics
for market share. Paper and board base materials are often coated with polymers
or treated in some other way to enhance their mechanical and barrier properties.
Fibre-based materials have advantages and disadvantages similar to biopolymers
[13]. These materials are often compostable within the composting cycle but
their moisture resistance is poor. In addition, their stiffness vs. weight ratio is
also excellent and hard to beat. Due to problems in the recycling process posed
by synthetic non-biodegradable polymers, novel, easily recyclable, fibre-based
materials have been developed for these applications [1,14].

Polymer waste can be managed in three ways: mechanical recycling, energy
recovery, or biological recycling [14]. Additionally, monomer recycling has also
been proposed for several polymers such as polyvinyl chloride, although the
concept has not proven feasible to date. Mechanical recycling is the most
beneficial approach in cases where the recycled polymer only partially replaces
the polymer in the primary product. The main obstacle in the recycling process
is thermal decomposition of the polymer. In addition, polymers often contain
impurities after recycling. Energy recovery from polymers is potentially a
beneficial option, as petroleum-based polymers contain large amounts of energy
and could be used as a partial replacement for fossil fuels. However, the
formation of toxic gases during the incineration of polymers remains a key
problem in this respect. Biological recycling refers to the composting of organic
matter, i.e. the returning of polymers to biomass. Biological recycling is the
most beneficial method where mechanical recycling and energy recovery are
inefficient, for example in the case of food packages containing food waste.

2.2 The selection of suitable packaging materials

The choice of packaging material for a given application depends on a range of
factors. The type of packed good, its chemical composition, size, storage
conditions, expected shelf life, moisture content, aromas and appearance are just
a few characteristics to be considered in the material selection. The chosen
material must protect both the packed item and the environment. In the case of
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2. Polymeric packaging materials

food and pharmaceutical packages, health and hygiene must also be accounted
for. The approved packaging materials for food and pharmaceutical products are
restricted by law. In the USA, the Food and Drug Administration (FDA)
regulates factors affecting migration and changes in odour and flavour. In
Europe, one major regulator is the German Federal Institute for Risk Assessment
(Bundesinstitut fur Risikobewertung, BfR) [15-17]. In addition, the European
Union and its legislation on packaging and packaging waste regulate the
suitability of packaging materials in Europe.

In order to provide sufficient protection the packaging material must be
multifunctional, as it must serve as a barrier against gases, moisture, light, grease
and aromas. In addition, it must be durable and sealable. This must also be
achieved at low production cost and with low energy consumption [18].
Polyethylene (PE) as a commercial synthetic petroleum-based polymer is a poor
oxygen barrier, but has good water and water vapour barrier properties. Besides
low- and high-density PE, the common non-biodegradable moisture barrier
polymers include PP and polyethylene terephthalate (PET) [19,20]. Other similar
polymers with moisture barrier properties include cyclo-olefin copolymers,
liquid-crystal polymers and nano-composites [21,22]. In addition, vinyl alcohol
polymers, such as ethylene vinyl alcohol (EVOH) are examples of petroleum-
based polymers that have good oxygen, but poor water vapour barrier properties
due to their polar groups, which cause them to be hydrophilic [1]. Hygroscopic
materials, such as many biopolymers (especially polymers from natural sources),
typically lose their barrier properties at high relative humidity [23]. This is
mainly due to the adsorption of moisture from the environment by the
biopolymer which causes the polymer structure to swell, resulting in a more
porous structure. Although PLA lacks high oxygen and moisture barrier
properties as such, it has potential due to the fact that it is recyclable and fulfils
the requirements for direct contact with aqueous, acidic and fatty foods [24].

Often single polymer lacks sufficient barrier properties for demanding
applications. Multilayer structures are employed as a means of improving barrier
performance by combining the desirable barrier properties of individual
materials [25]. Traditionally, multilayer structures incorporating aluminium foil
and polymer films or metallized aluminium films have been used as barriers for
gases, moisture and light [19,20]. However, the key drawback of aluminium foil
is its lack of recyclability. The development of replacements for aluminium foil
has therefore gained considerable attention, and improved water vapour and
oxygen barrier properties for polymers have been achieved using thin SiOy
coatings [21,26].
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3. Permeation through polymeric materials

3.1 Mass transfer interactions

In a polymeric packaging system, numerous interactions take place between the
packed items and the packaging material. The internal and external
environments of a package have different concentrations of specific compounds
[27]. The fundamental driving force behind the interactions is chemical
potential, which causes molecules to diffuse into and through the packaging
material. These molecules tend naturally to move from the side of higher
concentration to that of lower concentration. The interactions can be classified
into three groups: mass transfer, biological exchange, and energy exchange
interactions. This chapter focuses exclusively on mass transfer interactions, as
these have the biggest influence on gas and water vapour barrier properties
during the shelf-life of a packaged product [27]. Shelf-life refers to the time
from fabrication to opening of the package. The mass transfer phenomena are
illustrated in Figure 1.

Outside
environment

Internal
environment

Packaging

SORPTION DESORPTION

Packed item MIGRATION
DESORPTION SORPTION

Mass transfer
through diffusion
— el

Figure 1. Mass transfer processes through and from a polymeric packaging wall (modified
from Hernandez et al. [27]).
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3. Permeation through polymeric materials

Mass transfer processes involve the process of permeation. Permeation refers to
the movement of molecules between the packed item and the outside
environment. Permeation is a complex process which involves sorption of the
permeant into the polymer from the high concentration side, diffusion through
the material, and desorption from the polymer on the low concentration side.
Transfer of permeants between the packaging material and the immediate
environment or product includes sorption, desorption and migration. The
molecules move to the packaging wall by sorption and out of the packaging wall
to the outside environment by desorption. Sorption also describes the dissolution
of the permeant molecules at the packaging wall surface prior to diffusing
through the wall. Migration refers to the release of migrating species directly
from the packaging material into the packed item. In such a case, the packed
item must be in direct contact with the packaging wall. In cases where the
packaging wall is in contact with the protecting gas, i.e. the protecting
atmosphere in the package, the molecules move by desorption from the
packaging wall into the gas. Migrating species typically consist of small residues
of monomer from the polymerization process, plasticizers or other additives
[15], but may also include chemicals from the packaging board, printing inks or
the package’s sealing adhesives [28,29]. Migration is controlled by diffusion and
driven by concentration gradients. If the packed item comes into contact with the
packaging material, species may migrate causing possible health risks.

Permeants consist of low molecular weight molecules such as aromatic
compounds, oxygen (O,), carbon dioxide (CO,) and water (H,O). The degree of
permeation of these molecules through a specific packaging material can be
described by the permeability coefficient (P) of the material. Diffusion,
solubility and permeability are among the parameters used to describe the mass
transfer for a specific combination of polymer and permeant [13]. Permeability is
an important parameter for measuring the overall transfer rate through a polymer
layer. The permeability coefficient can be expressed using a solubility
coefficient (S) and a diffusion coefficient (D) as follows [27]:

p=sp=—J"_ 1)

AtAp

In Equation (1), S is a thermodynamic term describing the amount of permeant
that can dissolve in the polymer. D is a Kinetic term indicating the velocity of the
permeant in a specific polymer host. In addition, it affects the time required to
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3. Permeation through polymeric materials

reach steady state after diffusion. D is typically described by Arrhenius type
equation as follows [27]:

D =D, exp(-E, /KT) )

The size of the permeant influences the diffusion coefficient. Geometrical and
thermal properties also affect the value of D. The size of the permeant and the
porosity of the polymeric material will affect D, whereas the temperature will
affect the exp term. The temperature change can also affect D, if temperature
changes the porosity of the polymeric material. If D is low, either the permeants
are relatively large, the polymer is tightly packed, or the temperature is low [13].
Parameter g is the quantity of permeant transferred by a unit of area (A) in a
specific time (t). Parameter | is the thickness of the material, and Ap is the partial
pressure difference. Permeability properties are additionally influenced by
chemical structure, wettability, degree of free volume in the polymer,
crystallinity, orientation, tacticity and crosslinking [30].

Fick’s laws of diffusion quantitatively describe the permeation processes [27].
These laws describe the processes by which matter is transported from one part
of a polymer film to another as a result of random molecular motions. Fick’s
first law, i.e. Equation (3) expresses the approximation of the transfer rate (F) of
the diffusing substance per unit area in the steady state by D, the concentrations
of the permeant molecules at opposite sides at the packaging wall (c; and cy),
and the direction of diffusion (x) as follows:

oc c, —C,

F=-D— =F=-D
OX X

3)

Permeants in polymers often induce interactions. Swelling, plasticizing and even
morphological changes can take place. When a large amount of permeant
molecules enters the polymer matrix, it swells [31,32]. The swelling of the
polymer by the permeant increases the diffusivity. With interacting penetrants
the diffusion coefficient can vary as a function of the concentration and time due
to swelling and plasticization of polymer [33,34]. This has usually a stronger
effect on diffusion than on solubility.
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3.2 Oxygen and water vapour barrier measurement

Term ‘barrier property’ refers to a material’s ability to resist the diffusion of
specific species (molecules, atoms or ions) into and through itself. The barrier
properties of polymeric materials are influenced by a wide range of variables,
making conclusions regarding these properties sometimes difficult to draw
[33,35]. With polymer films, permeability is affected by the chemical and
physical structure of the polymer, the chemical structure and concentration of
the permeant, temperature and humidity. In addition, the mechanical strength
and barrier properties of amorphous or semicrystalline materials, such as
polymers, are affected by their glass transition temperature (Ty) [12]. When the
polymer is cooled below its Ty, it becomes hard and brittle. Above T, the
polymer is soft and flexible due to higher mobility of amorphous polymer
chains. Many properties of both the polymer and the permeant affect gas and
vapour permeation, and these must be taken into consideration when interpreting
barrier results. The main factors are presented in Table 1 [36].

Table 1.The main properties of polymers and permeants affecting permeation.

Factor Effect

Permeant size and shape | Small permeants permeate rapidly

Polarity Impairs water vapour barrier properties
Polymer crystallinity Less permeable due to fewer intermolecular spaces
Polymer orientation The more ‘regular’ the polymer, the less permeable

There are many methods that can be employed for measuring gas and vapour
permeability through polymers and polymer-coated boards [27]. Here, the
objective was to determine oxygen and water vapour permeation properties
measured as transmission rates through the samples.

The prevention of oxygen gas permeation is important because oxygen often
permanently damages the quality of the packed item. Oxygen can be strongly
and irreversibly absorbed into the polymers present in a food product [37]. The
definition of oxygen transmission rate (OTR) is the quantity of O, gas passing
through an area in a certain time under specified conditions of temperature,
humidity and pressure [38]. In this work, the OTR values were measured mainly
using Mocon Oxtran 2/20 equipment (Figure 2).
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Figure 2. Equipment employed in measuring oxygen transmission rates.

In addition, a Systech M8001 unit was used for comparison of the obtained
results. Polymer films and polymer-coated papers and boards were clamped into
the diffusion cell, which was purged from residual O, using an oxygen-free
carrier gas (N, added with 2% H,). The carrier gas was routed to the sensor until
a stable zero level was established. Pure O, was then introduced into the outside
chamber of the diffusion cell. The flux of O, diffusing through the sample to the
inside chamber was conveyed to the sensor by the carrier gas. The OTR was
measured from two to eight parallel samples. The measurements were done
using humid gases at room temperature (23 °C, 50% relative humidity) and the
results were expressed as cm®/m?/10° Pa/day.

The water vapour transmission rate (WVTR) refers to the amount of water
vapour transmitted through an area in a certain time under specified conditions
of temperature and humidity. There are many standard procedures for measuring
WVTR using gravimetric methods [39-43]. Here, the WVTR was measured
using the gravimetric cup method, where the substrate is sealed in an absorbent
(CaCly) containing cell and exposed to humid air in a controlled environment
(Figure 3). This is the method most commonly used for determining the WVTR
of polymeric materials [44].
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Figure 3. Aluminium dish employed in the determination of WVTR values.

The permeated compounds were collected on the low-concentration side of the
cell, and the weight gain was monitored as a function of time. The WVTR
values were measured from three to five parallel samples according to the
modified gravimetric methods 1SO 2528:1995 and SCAN P 22:68 and were
expressed as g/m#/day. The g/m2/day unit is not a standard Sl-unit, but its use is
justified on the basis that it is widely used in the industry to express WVTR
values. The test conditions were 23 °C and 75% relative humidity. The WVTR
of polymeric materials decreases exponentially with increased coating layer or
film thickness if cracking of the barrier layer does not occur. Permeation takes
place mainly through coating defects such as cracks, voids and pinholes or
through the amorphous regions of polymer films [45]. In addition to layer
thickness, the WVTR is affected by temperature and humidity, with the WVTR
increasing with increased temperature and humidity [13]. The permeation
process is also affected by the surface chemistry. Less polar surfaces are
considered to improve water vapour barrier properties, as adsorption of polar
water molecules is more difficult.
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3.3 Reliability of OTR and WVTR measurements

The reliability of the obtained OTR and WVTR values may be hindered by a
number of general sources of error, as described below. To minimize the impact
of these errors, two to eight parallel samples were always fabricated and
characterized. The number of parallel samples characterized depended on the
variation of the obtained OTR and WVTR values between parallel samples. For
this reason, the standard deviation value was also determined together with the
average OTR and WVTR values obtained for an individual sample. When a low
standard deviation value was obtained, the properties of the parallel samples
were considered to be homogenous and the number of parallel measurements
was smaller.

The main sources of error in OTR and WVTR measurements are due to the
properties of the substrates. Permeability properties are greatly affected by the
thickness and the coat weight of the sample [33,35]. In addition, the properties
of the polymer itself and the coating method used influence the repeatability of
the results. The coat weight and thickness of different polymeric substrates can
vary greatly even within the same polymer sheet. The impact is usually greater
when the substrates have been fabricated, for example, by a lab sheet coater or
by solution casting. Commercial polymeric products are considered to be more
homogenous, diminishing the variation of barrier properties between parallel
samples. Sample heterogeneity increases mechanical stress in the polymeric
material, possibly leading to increased numbers of defects. This may cause
internal cracking of the sample material during measurement. In addition, to gain
good repeatability of results, i.e. low standard deviation, carefulness in handling
the samples is crucial due to the sensitivity of both the polymeric material and
the thin Al,O; coating. It was noted, that board-based samples were easier to
handle due to the stiff base material.

The measurement conditions also affect the repeatability of the results,
making stable conditions a necessity. However, some variation in temperature
(23 °C £ 0.1 °C) and humidity (relative humidity % + 2-5%) may nevertheless
occur, causing the polymer to shrink or swell. In WVTR measurement by the
cup method the sample is sealed against the aluminium dish with hot wax. This
can induce thermal stresses in some polymers. In addition, air escaping from the
dish may cause bubbles in the wax layer, and impurities or hot wax may lead to
poor adhesion between the wax seal and the aluminium dish. Such samples are
to be rejected. In addition, as the WVTR measurement is based on change in
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weight, there is a risk of error during weighing. Depending on the precision of
the weighing appliance, a very low WVTR may require prolonging the weighing
intervals. On the other hand, an extremely high WVTR can cause saturation of
the salt within the dish, thus limiting the measurable values. In OTR
measurement, however, side leakage, often referred to as the ‘by-pass stream’ or
‘zero’, can be determined. When measuring the properties of relatively good
barrier materials, the detection limits of the measurements (0.01 cm®/m%10°
Pa/day for OTR, ~1 g/m2/day for WVTR [36]) set some limitations. In addition,
it is beneficial to measure, for example, polymer-coated board or paper with the
polymer layer facing the carrier gas stream. Due to the porous structure of the
fibrous material the reverse set-up could cause lateral leakage of oxygen from
the surrounding atmosphere along the material to the inside chamber. In
addition, the carrier gas flow can pick up permeant molecules from the porous
structure. In order to avoid leakage, the sample is sealed against the test cell with
vacuum grease. However, this grease can spread onto the sample and affect the
polymer properties. Based on the fact that the sources of errors described here
were taken into account during this work, the OTR and WVTR values obtained
are considered reliable.

Instead of using the cup method, the WVTR values could be measured with
similar equipment as the OTR values. With this kind of equipment, the detection
limit for water vapour can be as low as 5*10™ g/m#day thus enabling the study
of high barrier materials. As the minimum detectable WVTR with the cup
method is ~1 g/m%day, even with a perfect barrier the result would not be better.
This was the main limitation concerning the use of the cup method.

The main difference between the cup method and several automated systems
is the means of detection. While cup method is a gravimetric method, the others
are usually based on chemical detection of water molecules. In addition, the
automated systems utilize gas flows on both sample surfaces. The advantage of
continuous gas flow is a constant concentration gradient over the sample. In cup
method the salt absorbs the moisture and becomes eventually saturated. On the
other hand, a continuous carrier gas flow can affect the results in the case of
porous materials. Measuring low WVTR values is easier with an automated
system, while the cup method allows a wide test range and several parallel
measurements with lower investment costs. This is the case especially when
dealing with moderate test conditions. High test temperature and humidity can
cause softening of the wax sealant and fast saturation of the salt.
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4. Deposition of high-quality thin-film
barriers

4.1 Conventional barrier coatings

The oxides SiOx and AlO, are commonly used barrier coating materials for
polymers in packages. SiOy, in particular, has been used to replace aluminium
foil in applications such as fibre-based packages for dry food mixes, drinks,
sauces and seasonings, polymer composite cans, and packages for snacks, coffee
and pet foods. Coatings of AIO, have been used in applications, such as
laminated heat-sealable packages for snack foods.

Industrial thin SiOy coatings for packages are mainly fabricated using vacuum
deposition techniques, such as sputtering, evaporation or plasma enhanced
chemical vapour deposition (PECVD) [19,46]. In addition, plasma deposition
has been used to apply films roll-to-roll from liquid precursors at atmospheric
pressure with reasonable high speed. One configuration is that the plasma
nozzles are moving in x-direction as the sample moves in y-direction. The
distance from the sample to the nozzle head can be kept constant. Liquid
precursor is atomized into droplets and sprayed directly into the plasma and then
onto the substrate. The atmospheric plasma deposition technique for fabrication
of barrier coatings has not yet been employed for industrial use. In PECVD the
chemical reactions of vapour precursors take usually place on a batch-type
vacuum reactor. However, the PECVD can also be employed also as roll-to-roll
process at atmospheric pressure [47].

The sputtering, evaporation and PECVD techniques have been used to
fabricate coatings with thicknesses of 10-100 nm on polymers. Of these
techniques, the PECVD deposition technique gives the best barrier properties
[19]. The fabricated SiOy coatings are transparent, water-resistant and, in terms
of barrier properties, comparable to metallic aluminium coatings. The problem

31



4. Deposition of high-quality thin-film barriers

with SiOy coating is its poor mechanical resistance, which can be solved by
varnishing or laminating [21]. The barrier properties of thin-film-coated
materials depend strongly on the properties of the polymer. Gas permeation
through thin-film-coated polymer is also affected by defects in the inorganic
layer [48-53].

Besides the techniques mentioned above, a number of other deposition
techniques can be utilized to fabricate thin SiO,, AlO, or metallic aluminium
coatings onto polymers for various applications [21,54-75]. Relevant technigques
for the present work (magnetron sputtering (MS), electron beam evaporation
(EBE), sol-gel (SG) deposition, and atomic layer deposition (ALD)) are well
described in literature [69-75], and in the case of Al,O3 coatings, in Publication
I. The sol-gel coating (SG) technique as a wet chemical method differs from
other, vacuum-based techniques discussed here. The technology is simple and
can be applied as several different variants. However, industrially, these layers
are typically thick, morphologically different and cannot be considered as thin
film technology.

4.2 Atomic layer deposition (ALD)

The ALD technique is considered to be an advanced version of the CVD
technique. There are many drawbacks with conventional CVD when fabricating
thin films on polymeric substrates. The operating temperature range for a typical
CVD process is around 300-500 °C, which is too high for sensitive polymers as
it exceeds their melting point. In addition, with CVD the use of precursor gases
cannot be effectively controlled and thus the thickness of the film cannot be
tightly controlled. Some drawbacks, such as high deposition temperature, can be
somewhat overcome with plasma-enhanced CVD. However, the film quality is
typically poorer when the CVD or PECVD process is applied compared to ALD.
CVD and PECVD leave defects and pinholes in the inorganic film [48,49,53,76].
The advantages of the ALD technique are the possibility to employ relatively
low deposition temperatures and yet still grow thin films in a highly controlled
manner. With ALD, the thin film grows layer-by-layer based on self-limiting
gas-solid reactions. This technique is well suited to producing high-performance
gas diffusion barrier coatings on porous materials as it allows the preparation of
dense and pinhole-free inorganic films that are uniform in thickness even deep
inside pores, trenches and cavities of various dimensions [63,68,77,78]. The
layer-by-layer film growth and the surface saturation through chemisorption
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enables precise control of the film growth and thickness [79,80]. This is the main
difference between ALD and CVD; in CVD chemisorption is also applied but
without surface saturation, making the growth primarily controlled by the dosage
of the precursor.

The chemical reactions take place in a vacuum chamber. The precursors are
fed alternately into the chamber in vaporized form. The precursor pulses are
separated by an inert gas purge. During the purge, unreacted excess precursor
molecules are removed together with the gaseous by-products. After the purge,
the surface is saturated with the first precursor and can react with the second
one. Finally, the surface is purged again with inert gas and the ALD cycle is
completed. The ALD technique was developed in the 1970s in Finland by
Suntola and Antson [81]. The first applications for ALD were large-area flat
panel electroluminescence displays. Nowadays a wide range of ALD-grown
materials and applications have been developed, from catalysts to electroluminescent
displays to microelectronics and beyond [82].

4.3 The ALD process for Al,0O3 coatings

The focus of the present work was to grow Al,Os films from trimethylaluminium
(TMA; AI(CHa)3) and water (H,O) or ozone (Oz). The TMA-H,O process is
considered to be a near-ideal ALD process and the reaction mechanisms are well
understood. The chemical reactions involved in the formation of an Al,O3 layer
on a silicon wafer substrate using H,O and O3 as an oxygen source are briefly
discussed in the following [81,83-99]. Al,O3 is non-toxic and non-flammable
and has a melting point of 2050 °C [90]. In controlled conditions Al,O3; forms
highly even and uniform surface films, and is for this reason considered to be an
excellent diffusion barrier. The growth of Al,O; films is relatively
straightforward by means of ALD. In this chapter, the fundamental reactions
taking place during the TMA-H,O process on smooth surfaces such as silicon
wafer are briefly described.

Water vapour in the air is adsorbed onto most surfaces, forming hydroxyl
(OH") groups. On silicon wafer, water vapour forms Si-O-H (s) groups. When
the silicon wafer is placed in an ALD reactor chamber and TMA is pulsed into
the chamber, the TMA (g) reacts with the Si-O-H (s) groups on the surface of
the silicon as shown in reaction (1). Methane (CH,4 (g)) is simultaneously
produced as a by-product.
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AI(CHa)s (g) + Si-O-H (s) > Si-O-Al(CHs ), (s) + CH4 (g) 1)

The reaction continues until the surface is passivated with Si-O-Al(CHs )2 (5).
TMA does not react with itself, which terminates the reaction to one layer. The
deposition continues by pulsing H,O into the reaction chamber. H,O reacts with
the methyl groups (CHj) forming O-Al bridges and OH™ groups as shown in
reaction (2). Again, CH, is produced as the by-product, and pumped away.

2 H,0 (g) + Si-O-Al(CHs), (s) = Si-O-Al(OH), (s) + 2 CH4(g) )

The excess H,O again does not react with the OH™ groups, thus terminating the
reaction to one atomic layer. After these two half reactions, one ALD cycle is
completed. The whole ALD cycle can be described as reaction (3):

3 Al(CHg)s (9) + 2 H20 (9) > AlO;(s) + 6 CHa (9). @)

The number of surface OH™-groups influences the number of chemisorbed
species. Although considered near-ideal, there are some drawbacks to the TMA-
H,O process. Steric hindrance of precursors can influence on the film growth. In
addition, the applied layer does not always form a fully smooth surface and the
layer can have islets [80].

The use of Oz instead of H,O as the oxygen source is in some cases desired
due to the higher activity of Os in ligand elimination [91]. Another reason for
favouring Oj; is that it does not absorb as easily as H,O into the reactor walls,
thus facilitating purging. Due to these properties, better quality films could be
obtained. On the other hand, a morphological characterization study [91] has
shown that O3 can also yield lower-quality films than H,O. The films can be less
dense and rougher, especially at low growth temperatures. When Os; is used as
the oxygen source for the preparation of Al,Os films, the following reaction (4)
is suggested to take place [92]:

2 Al(CHa)3 (9) + O3 (9) > AlO05(s) + 3 CoHs (9). 4)
The complex reaction mechanism and the use of Oz in the fabrication of Al,O;
layers have been previously studied mainly for the needs of microelectronic

applications [89,93-99]. It is assumed that during the O3 pulse, O3 decomposes
into O, and monoatomic O which is the active species [91]. The efficiency of
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this decomposition reaction is believed to be temperature-dependent [93]. The
study of Oz decomposition [91] showed that the use of Oz could yield lower
growth per cycle (GPC) rates compared to the corresponding H,O process. The
different growth mechanism and high reactivity of Oz may result in a different
film structure.

In a work by Goldstein et al. [98], the TMA-O; process at 90-377 °C was
studied by in-situ measurements. It was revealed that CH,4 (g) and CO, (g) were
the reaction by-products. In addition, it was recently noticed that besides CH,4 (g)
and CO, (g), H2O is also produced as a by-product in this process [99], and the
researchers proposed a reaction mechanism where TMA chemisorbs on the
surface, releasing CH, (g), and the following Os; pulse partly combusts the
remaining CHj; (g) ligands to form CO, (g) and H,O (g).

4.4 ALD fabricated barrier coatings

Applications for ALD-grown barrier coatings have previously been mostly
related to electronics. In addition, the ALD-coated polymeric substrates have
mainly been non-biodegradable. The most common ALD-grown gas and water
vapour barrier material has been Al,O3; [63-65,68,77,100-102]. In these studies
the Al,O3 films have mainly been fabricated using the TMA-H,O process, but
studies also show that O can also be used as the oxygen source when depositing
on polymers [103].

The advantages of ALD-grown Al,Os coating are superior moisture protection
and relatively low deposition temperature. For the purposes of protecting
electronic parts, water vapour transmission rates of the order of 1*10° g/m%day
and oxygen transmission rates below 5*10 cm*m?10° Pa/day were reported for
less than 25 nm thick Al O3 coatings on synthetic, non-biodegradable polymers
[64]. In addition, Park et al. [77] reported a water vapour transmission rate of
0.03 g/m%/day at 38 °C and 100% relative humidity for an ALD-grown Al,O;
barrier that was 30 nm thick and deposited on both sides of a poly(ethersulfone)
substrate, whereas Carcia et al. [68] showed that 25 nm thick Al,O3 barrier films
on poly(ethylene naphthalene) substrates can have a water vapour transmission
rate of less than 1*10° g/m?day. These results are, however, only partly
comparable with the results presented in the present study, in which the
substrates are mainly biopolymeric materials.

The focus of this work is on the novel benefits of ALD-grown films as oxygen
and water vapour barrier materials. Prior to this thesis, there have been no
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studies covering a wide range of different bio-based substrates combined with
less than 100 nm thick ALD-grown Al,O3 layers. The barrier level required for
food and pharmaceutical packaging applications is not as low as that needed for
the protection of electronics. Barrier requirements for sensitive food products
presented in Figure 4 have been reported to vary between 0.01 to 100 cm®m?10°
Pa/day for OTR and 0.01 to 100 g/m%day for WVTR [104].

TRADITIONAL FOOD
ALD FOCUS PACKAGING
1.0 100
———+—} wvTriOTR

Figure 4. The oxygen and water vapour barrier level required for commercial applications
(modified from Beneq Ltd marketing material).

The polymeric substrate materials employed in the present work are
temperature-sensitive, which in practice makes thin layer formation more
demanding, thus essentially limiting the number of possible ALD processes and
ALD-grown coatings which can be applied on these materials as barrier layers.
In addition, due to dust and other particles on the substrates, the ALD coatings
on polymeric materials cannot be fabricated in a cleanroom environment. This
also limits the use of impurity-sensitive ALD processes.

In this thesis the ALD-grown coating material was Al,Os, although other
ALD-grown oxides, such as silicon dioxide (SiO) [105] and titanium dioxide
(TiOy) [103], could also be employed as barrier layers. In addition, SiO, has been
grown as a part of a nanolaminate structure. Nanolaminates are structures made
up of alternating layers of different materials, and the properties of the
nanolaminate usually differ from the properties of the individual materials used
to build the nanolaminate structure. Nanolaminates using SiO, and Al,Oz; have
been found to improve barrier properties [65]. In addition, tungsten and Al,O3
nanolaminates have been grown for thermal barrier purposes [106].
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Pure tungsten has also been deposited at 80 °C as gas diffusion barrier layers
on polymer films and polymer particles [107]. Other metals, such as iridium,
have been employed as copper diffusion barriers to prevent diffusion into silicon
in copper interconnected structures [108]. ALD-grown nitrides, such as tungsten
nitride (WN) [109], niobium nitride (NbN,) [110], tantalum nitride (TaN,) [111]
and zirconium nitride (ZrN) [112] have been shown also to effectively prevent
copper diffusion.

The most recent development in polymer related ALD research concerns
molecular layer deposition (MLD). With MLD, organic-inorganic hybrid films
can be grown by a sequential, self-limiting surface chemistry process by using
an inorganic precursor, such as TMA, and an organic precursor, such as ethylene
glycol [113]. These could have potential as barrier materials, especially in
applications that demand flexibility.
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5.1 Objectives

The first task of this thesis was to study whether high-quality barrier coatings
with similar or better barrier properties could be fabricated on polymeric
materials by utilizing thin-film deposition methods other than ALD. The
hypothesis was that of all thin-film deposition techniques, ALD provides the
most defect-free films. Thereafter, the task was to perform the ALD coatings at
80, 100 or 130 °C on biopolymeric materials. This temperature range was selected
based on the fact that most biopolymers are known to be temperature-sensitive.
ALD-grown Al,O; coatings were deposited onto several polymeric substrates at
target thicknesses ranging from 10 to 900 nm. The ALD process parameters
(most suitable oxygen source, deposition temperature, and film thickness) were
optimized for these biopolymers. This enabled the investigation of the oxygen
and water vapour barrier properties of the Al,O3 coatings on polymer films and
polymer-coated papers and boards. An additional objective of the study was to
improve the barrier properties of ALD-coated materials by employing treatments
and coatings on the substrates prior to the ALD process.

5.2 Substrate materials

The objective was to study the influence of thin Al,O3z coatings on the barrier
properties of polymeric materials, concentrating mainly on bio-based substrate
materials. To focus on the impact of the coating, commercial polymeric
materials were chosen as the main substrates. Commercial products have more
homogenous surface chemistry, thus minimising the variation in properties
between parallel samples. Commercial paperboards (provided by Stora Enso
Oyj) with bio-based polylactide (B(PLA)) coatings on one side were used as the
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main substrate materials. A wide range of other commercial polymer films were
also used as substrate materials. In addition, non-commercial biopolymer
materials were also used as substrate materials in order to widen the scope of
investigation of potential ALD-coated materials. The materials employed are
presented in Table 2. It should be noted that the barrier properties of the pristine
substrate materials could not be compared as such due to differences in polymer
layer thickness, coat weight, coating and film fabrication processes, possible
additives such as plasticizers in the substrate materials, the base material type,
e.g. paper and board, and surface roughness values.

Table 2. Packaging materials employed in the present work as substrates.

Code Description Commercial | Publication

B1(PLA) Polylactide-coated board; X (T
PLA 35 g/m? on board 310 g/m?

B2(PLA) | Polylactide-coated board; X I,
PLA 35 g/m?on board 210 g/m?

B3(PLA) | Polylactide-coated board; X i, v
PLA 27 g/m?on board 210 g/m?

B(GGM) | Galactoglucomannan-coated board,;
GGM approx. 9 g/m? on pigment-coated 1
board 200 g/m?

B(PE) Low-density polyethylene-coated board; x ny
LDPE 15 g/m? on board 210 g/m?

P(UNC) | Uncoated paper; 80 g/m? X I

P(PIG) Pigment-coated and calendered paper; X Il
60 g/m?

P(LDPE) | Low-density polyethylene-coated paper X Il

PLA1 Polylactide film; 20 pm X 1", VI

PLA2 Polylactide film; 75 pm X 1

PLA3 Polylactide film; 25 pm X Il

NFC Nanofibrillated cellulose film; 11l
approx. 60 g/m?

PHB Polyhydroxybutyrate film; 180 pm X 1

Pectin Pectin film; 160 um (solution-casted) 1

PEN Polyethylene naphthalene film; 50 pm X Il

PP Polypropylene film; 30 pm X Il

PET Polyethylene terephthalate film; 50 pm X Il
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5.3 Thin-film depositions

Besides ALD, other thin-film deposition techniques were employed in the
present work, including magnetron sputtering (MS), electron beam evaporation
(EBE) and sol-gel (SG) coating. These techniques were chosen for the
comparison of the ALD technique as they are widely studied and also used in
commercial barrier applications. In addition, the chosen deposition methods are
thought to be more cost-efficient and faster than conventional batch-type ALD.
The techniques also enabled the fabrication of thin Al,O; coatings at relatively
low temperature. The depositions were made at 100 °C on B1(PLA). The deposition
processes are described in detail in Publication I.

The ALD coatings were mainly done with a SUNALE R-200 reactor from
Picosun presented in Figure 5. The target thicknesses of the fabricated Al,O3
coatings (25-100 nm) were as similar as possible for all of the thin-film
deposition techniques used.

Figure 5. During this thesis VTT invested in a new SUNALE R-200 ALD-reactor which is
not limited by clean room conditions.
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Due to differences in the controllability of the processes, some variation between
sample thicknesses did nevertheless occur. The best control of Al,Os; coating
thickness was achieved with the vacuum-based methods (MS, EBE and ALD).
In contrast, precise thicknesses were difficult to achieve using SG coating due to
the nature of the coating application method (spraying). For example, with
100 nm Al,O3 coatings, the thickness varied 10-15% from the target thickness.
Of the studied methods, ALD enabled the most precise control of film thickness.
The levels of control and film quality enabled by ALD are unobtainable with the
other studied thin-film deposition techniques. Furthermore, it should be noted
that purely inorganic Al,O3 coatings are not possible to fabricate using the SG
technique due to the presence of organic molecules from the precursor solution
in the deposited film. In addition to Al,O3 coatings, pure aluminium films were
also grown using the MS technique. This was included in the study because
metallic Al, as a thicker film, is considered to be a high performance barrier.

5.4 Pre-treatments for polymeric materials

Pre-treatments (corona and thermal) were employed to improve the surface
properties of the polymeric materials prior to the ALD process. Corona
treatment is an electrical process utilizing ionized air to increase the polarity of
the surfaces by oxidation. The surface is bombarded with O3, O, and free O
radicals in order to increase the surface energy and lead, potentially, to higher
quality coatings. In this work, the hypothesis was that the increased polarity
could increase adhesion between the polymer surface and the first ALD-grown
Al,O3 layer, possibly enabling the growth of a more uniform Al,O; coating. The
corona treatment was performed on B(PE) and B1(PLA) substrates using a
widely used method [114]. After the corona treatment, the substrate materials
were coated with Al,O5 at 100 °C.

The barrier properties of polymeric films or coatings are affected by their
chemical structure and morphology [115]. The impact of thermal treatments on
barrier properties has been previously studied [116,117]. With extruded PLA-
coatings, polymer crystallinity has been found to be inversely related to the
difference between the melt temperature and the quenching temperature [118]
leading sometimes to formation of a totally amorphous structure. Diffusion of
gas permeants occurs through the amorphous regions, while crystalline regions
are more or less impermeable. The WVTR of PLA decreases with increasing
crystallinity [119]. Drawing on these findings, the idea of the current work was
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to utilize the ability of thermal pre-treatment to increase crystallinity and thus to
improve the barrier properties of the substrate prior the Al,Os; coating and
possibly to even out the surface chemistry and topography due to more ordered
polymer structure. The B3(PLA) substrate was thermally treated in a convection
oven at 130 °C for 4, 9 or 16 minutes followed by quenching at room temperature.
After thermal treatment, the substrate materials were coated with a 25-nm-thick
Al,O3 layer grown by ALD at 80 °C.

5.5 Pre-coatings prior to ALD-AI,O3 coating

Besides pre-treatments, the barrier properties of polymeric materials can be
improved by pre-blocking the largest pinholes in the substrate using a coarser
method than ALD. In addition, pre-coatings can be utilized to alter the surface
topography prior to ALD. In this study, the pre-barrier layers were generated
using two separate methods; layer-by-layer (LbL) deposition of polyelectrolytes
[120,121], and sol-gel deposition of an epoxy-coating (epoxy-SG). The epoxy-
SG coatings with a target coat weight of 2g/m? were prepared using
3-(trimethoxysilyl)propyl glycidyl as the epoxy source, ethanol as a solvent, and
water as an initiator for the hydrolysis and condensation reactions. The coatings
were applied on corona pre-treated B2(PLA) surfaces using a spraying method,
dried at 120 °C and further coated with an ALD-grown Al,O; layer at 80 °C. A
corona treatment unit (ET1 from Vetaphone) with a treatment time of 60
seconds was used for better wetting and adhesion properties between the coating
and the substrate.

The polyelectrolyte multilayer (PEM) films from sodium alginate (ALG) and
chitosan (CHI) were fabricated according to the LbL method on PLAL. The
samples were coated with an ALD-grown Al,Os layer at 100 °C.

5.6 Sample characterizations

Thermogravimetric (TG) analyses were employed to reveal the possible thermal
limitations of different polymer coatings for use as substrates for thin-film
depositions. Scanning electron microscopy (SEM) and atomic force microscopy
(AFM) were used to image surfaces and their roughness. In addition, AFM
acquires information on surface topography, friction, and adhesion [122]. For
Publication |1, the SEM employed was a Hitachi S-3400 N VP-SEM with an
operating voltage of 15 keV, and for publications Il and VI a JEOL JSM-
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7500FA was used. In Publication IlI, a multimode scanning probe AFM
(Nanoscope Il from Digital Instruments Inc.)) was employed, and in
publications I, Il and V an AFM XE-100 (Park Systems with 905-ACTA

cantilever) was used. Non-contact ‘tapping’ mode was used for the AFM
imaging [123,124].

The thin-film film growth rates and actual film thicknesses on the polymeric
substrates could not be directly measured. Instead, the film thicknesses and the
ALD layer growth rates were estimated with a Nanospec AFT4150
reflectometer, ellipsometer or UV-Vis spectrophotometer from films grown on a
silicon Si(100) wafer. The surface coverage of ALD-grown Al,O3 layers were
determined by X-ray photoelectron spectroscopy (XPS) analyses. The amount of
Al in the Al,O;z layers was determined by inductively coupled plasma atomic
emission spectroscopy (ICP-AES) analysis.

The effects related to pre-treatments and pre-coatings were characterized by
contact angle (CA) and surface energy measurements. The CA measurement is the
oldest and still the most popular method of evaluating wettability [125]. Wide-
angle x-ray scattering (WAXS) was utilized to study the level of crystallinity of
the substrates due to its allowance of the characterization of distinctions between
different polymers [126]. The molecular weights of the components in the PEM
film were determined by viscosity and density measurements. The Mark—Houwink
equation (4) gives a relation between intrinsic viscosity /7]i» and molecular weight
M, by utilizing the Mark—-Houwink parameters K and # [127-131].

[nlin = KM/ 4)

Although many characterization methods were employed during the research,
the emphasis was on oxygen (OTR) and water vapour transmission (WVTR)
rates. Table 3 presents the main characterization methods employed and the
information obtained.
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Table 3. Characterization methods applied and the information obtained.

Method Information obtained Publication

Thermogravimetric analysis (TG) Polymer degradation temperature | 1|

Scanning electron microscopy (SEM) Structure and thickness of the I, 1, VI
Al>,O3 coating

Atomic force microscopy (AFM) Structure, morphology and -1, v
roughness of the polymeric
material prior to and after Al,O3
coating

Scanning ellipsometry Al>O3 coating thickness I, 11, VI
(20-100 nm)

UV/Vis spectrophotometer Al,O3 coating thickness I, N,V
(50-100 nm)

Reflectometer Al>O3 coating thickness I, N=VI
(25-100 nm)

X-ray photoelectron spectroscopy (XPS) |Polymer surface coverage by the |l
Al,O3 coating

Inductively coupled plasma atomic Amount of Al in the Al,O3 coating ||

emission spectroscopy (ICP-AES)

Contact angle (CA) Surface wetting H-Vvi

Surface energy (ys) Surface polarity -V

Wide-angle x-ray scattering (WAXS) Surface morphology Y,

Microviscometer and density meter Molecular weight of the VI
polyelectrolyte

Oxygen transmission rate (OTR) Oxygen barrier property of the -V
sample

Water vapour transmission rate (WVTR) |Water vapour barrier property of |I-VI

the sample
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6.1 Characterization of thin Al,O3 coatings grown on
polymers

6.1.1 Properties of polymeric substrates

The main scope of the present work was to investigate whether ALD-grown
Al,Oj3 coatings could extend the use of polymeric materials as oxygen and water
vapour barriers. The substrate materials were mainly bio-based, although some
synthetic, non-biodegradable polymeric materials were also investigated. It
should be noted, that the pristine substrates could not be compared as such. The
surfaces of different polymeric materials vary greatly, due mainly to different
coating methods and coat weights and the effect of these on material thickness
and surface smoothness. Figure 6 shows AFM images of the surfaces of the two
most studied substrate materials in publications related to this thesis, B(PE) and
B1(PLA).
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Figure 6. AFM images (2D and 3D) of LDPE-coated and PLA-coated board.
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Thermogravimetric (TG) analysis was employed to investigate the degradation
temperature of the different polymers and polymer-coated papers and boards.
This was done in order to investigate whether these materials could be used as
substrates in thin-film depositions. The TG analysis employed on the majority of
the polymeric materials confirmed that the materials tested did not degrade
thermally at the temperatures used in the low-temperature ALD experiments, i.e.
below approximately 150 °C.

The resultant TG curves in air and in nitrogen atmospheres are presented in
Figure 7. The polymeric materials behaved quite similarly. Degradation occurred
at a slightly higher temperature in nitrogen atmosphere compared to air. The first
endothermic step, water removal, began at room temperature and continued at
higher temperatures. The materials decomposed in a single step at temperatures
ranging from 300 to 450 °C. Decomposition in nitrogen was not completed for
PEN and PET at 450°C. The final step, carbon combustion, was highly
exothermic. This was naturally observed only in air, i.e. in the presence of oxygen.
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Figure 7. TG curves recorded for polymeric materials in air and nitrogen atmospheres.

6.1.2 Comparison of barrier properties obtained by different thin-
film deposition techniques

It is evident based on earlier studies [63-65,68,77,100-102] that ALD-grown
Al,O3 coating significantly improves the oxygen and water vapour barrier
properties of various conventional i.e. petroleum-based polymer films. In this
study, however, the scope was on bio-based substrates. It was observed that
although the barrier properties were improved with Al,O3 coatings fabricated by
all of the compared thin-film deposition techniques, with the thinnest coatings
(25 nm), the improvement was the largest with the ALD technique (Table 4).
This is mainly due to the nature of the ALD process. The other thin-film
deposition techniques leave defects and pinholes in the Al,O3 coating but the
ALD technique produces pinhole-free coatings even on porous materials in a
highly controlled manner.

47



6. Results and discussion

Table 4. Comparison of deposition techniques for the production of efficient barrier coatings.

OTR (cm®m?10° Pa/day)

Sample ALD MS EBE SG
B1(PLA) uncoated 420 + 10 420 + 10 420 + 10 420+ 10
B1(PLA) + 25 nm Al;03 20+3 75, 245* 150 + 10 460 * 10
B1(PLA) + 50 nm Al;03 60+5 25, 145* 300+140 | 400% 10
B1(PLA) + 100 nm Al,O3 200 + 40 65+1 210 +15 370 + 10
B1(PLA) + 50 nm Al - 26+1 - -
WVTR (g/m?/day)
B1(PLA) uncoated 649+16 | 649+16 | 649+1.6 | 649+1.6
B1(PLA) + 25 nm Al;03 1.4+0.2 11.0+05 | 259+27 | 625+1.0
B1(PLA) + 50 nm Al;03 1.8+0.5 05+0.1 21.8+4.2 | 62.3+1.9
B1(PLA) + 100 nm Al,O3 291+51 | 1.9+0.6 | 21.6+7.1 | 62.0£0.6
B1(PLA) + 50 nm Al - 1.3+0.5 - -

*For samples coated with 25 nm or 50 nm thick MS-Al,O3 layers the standard deviation for OTR could not be
calculated due to high variation in the values obtained.

Based on the results, a thin Al,O3 coating had a positive effect on both the OTR
and WVTR values. Most impressively, when coating B1(PLA) with a 25-nm-
thick Al,O; layer by means of ALD, both the OTR (20 cm*m?/10° Pa/day) and
WVTR (1.4 g/m%day) values were excellent. In terms of oxygen barrier
properties, this sample performed better than an equivalent sample coated with
50 nm thick metallic aluminium using the MS technique (26 cm*m%10° Pa/day).
The results imply that a 50-nm or thicker ALD-grown layer cracks more readily
than a 25-nm-thick layer. These results justify the use of 50 nm or thinner ALD-
grown Al,Oj3 coatings in further studies.

6.2 ALD growth process for Al,O3 coatings on polymeric
materials

A second task related to thin-film deposition was to optimize the Al,O3 process
by means of ALD for a range of non-biodegradable and bio-based temperature-
sensitive substrates. The main focus was nevertheless on bio-based substrates. In
the preliminary experiments, the ALD process parameters, i.e. deposition
temperature (80, 100 or 130 °C) and choice of oxygen source (H,O or Oz), were
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investigated. Interestingly, the growth per cycle (GPC) values for the H,O and
Os processes were found to be nearly identical, i.e. 0.1 nm/cycle (as measured
for films grown on silicon substrates). This disagrees somewhat with the
findings of Elliot et al. [91], who report lower GPC values for the TMA-O;
process compared to the TMA-H,0 process. It seems that here the O; gas might
have been wet; note that the H,O present may act as a catalyst for the reactions
during the TMA-O; process, increasing the GPC value. According to Elliot et al.
[91], the combination of both O; and H,O could increase GPC closer to the GPC
value of films fabricated using H,O alone as the oxygen source. It should be
emphasized that due to the different surface chemistries of different polymers, the
actual growth rates may deviate from that determined for Al,O3 coating on silicon
wafer [63,132].

The results obtained by ellipsometry indicate that for relatively smooth
polymer films with low anisotropy, the thickness of the ALD-grown Al,Os
coating is close to the thickness determined on silicon wafer. However, other
studies have shown that when coating polymers with ALD-grown Al,O; layers, a
nucleation period occurs within the first layers due to an insufficient amount of
surface groups to initiate growth [133]. For example, polyethylene is a saturated
hydrocarbon that lacks the typical chemical functional groups, such as hydroxyl
species, that are necessary to initiate the growth of an inorganic film.

The growth of Al,O; coatings on polymeric substrates was investigated by ICP-
AES, XPS and SEM. The ICP-AES analyses were carried out to determine the
amount of aluminium in the ALD-grown Al,O3 layers deposited on B(PE) and
B1(PLA) using TMA and H,O as precursors. Due to different surface roughness
values, the substrates accommaodate different amounts of Al,O3 during the ALD
process. During Al,Os; depositions aimed at 25, 50 and 100 nm thickness, the
B1(PLA) substrate was found to accommodate 96, 377 and 637 mg/m?and the
B(PE) substrate 128, 836 and 858 mg/m? of aluminium, respectively. One
explanation could be that when comparing to the smoother B1(PLA), B(PE) has
a larger specific surface area and, accordingly, a larger number of surface sites to
accommodate a larger number of molecules during ALD deposition (see Figure 6).
The results are in agreement with the finding that the final thickness of the ALD-
grown Al,O5 coating somewhat varies from the thickness determined with silicon
wafer [63,132]. Another explanation could be the different nucleation periods in
the beginning of the Al,O; growth on different polymers due to the indiffusion of
precursors into polymers [133].
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The XPS analyses performed on samples with 25 nm thick Al,O3 coatings
fabricated using TMA and H,O as precursors were based on surface distribution
of elements [134-137], and they were employed to evaluate the surface coverage
of the Al,O; coating. The XPS data confirmed that the substrate had been
covered quite effectively with a homogenous layer of Al,Os; within the XPS
detection depth range (2-10 nm). Even highly porous surfaces such as pigment-
coated paper P(PIG) were covered with a uniform layer of Al,Os;. The SEM
images confirmed the data from the XPS analyses, showing that the deposited
Al,O3 layers were homogeneous in thickness also in the substrate pores. This
was also achieved with very thick Al,Oz layers on highly porous paper samples.
Figure 8 shows a cross-sectional SEM image from uncoated paper P(UNC) with
a 900-nm-thick Al,Os coating. The figure also shows a top surface image from
pigment coated paper P(PIG) with a Al,O3 coating aiming at 900 nm thickness.
The thickness of this Al,O3 layer was found to vary from 980-1050 nm.

P(UNC) + 900 nm Al,0,

EP(PIG) + 900 nm AI,O

Figure 8. Images from P(UNC) and P(PIG) samples coated with 900 nm Al,Os layers.
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Surface coverage with Al,O; was also demonstrated with nanofibrillated
cellulose (NFC) fibres. The structure of NFC film resembles a fibre network. It
was observed that a 25-nm-thick Al,O3 layer grown using the TMA-H,0 process
could coat individual fibres. Figure 9 shows nanofibrillated fibres fully coated
with Al,Os. The cohesiveness of the Al,O3 coating was verified by determining
the elements of the sample surface by energy dispersive spectroscopy (SEM-
EDS). The smallest observed fibre thickness was approximately 50 nm with the
curve radius from the fibre ends being approximately 25 nm. The ability to
uniformly coat single fibres opens the potential for new applications in the area
of filter development. Such materials are currently of great interest because of
the combination of controlled integration of organic fibres and inorganic thin-
film [138].

Figure 9. SEM image (left) with magnification (right) of Al,Os-coated NFC fibre network
possibly suitable for use in the area of filter development.

6.3 Barrier properties of ALD-AIl,O3 coatings on
biopolymeric materials

The task here was to study the improvement in the oxygen and water vapour
barrier properties of mainly commercial biopolymeric materials brought about
by ALD-AIl,O3; coatings. In addition, non-commercial biopolymeric materials
were used as substrate materials in order to widen the scope of investigation of
potential ALD-coated materials. Because of the covalent bonding, the adhesion
of metal precursor, such as TMA, to the substrate should be good even if the
substrate lacks typical chemical functional groups such as hydroxyl (-OH)
species [139,140]. Typically biopolymers have functional surface groups which
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can improve the adhesion between the substrate and the Al,Os layer. This makes
biopolymeric materials interesting substrates for ALD coatings.

In preliminary experiments conducted for process optimization purposes, two
PLA-coated board samples, BL(PLA) and B2(PLA), were investigated. The
deposition parameters considered were deposition temperature (80, 100 or 130 °C)
and choice of oxygen source (H,O or O3). The results from the OTR and WVTR
experiments with variously grown Al,O3 coatings are shown in Table 5. The
deposited amount was 250 cycles aiming for a 25-nm-thick Al,O3 coating. To
optimize the thickness, some B1(PLA) samples were also deposited with 100
cycles aiming for 10 nm. The variables investigated were temperature, oxygen
source and film thickness. The results are given as average + standard deviation
of two to three parallel measurements.

Table 5. Comparison of different process parameters’ (temperature, number of deposited
cycles and oxidant) influence on barrier properties.

Sample (cm3/m2(/)1{)§Pa/day) (ngn\z//TdF;y)
B1(PLA) uncoated 420+ 10 65+2
B1(PLA) + 25 nm Al,O3 by O3 (100 °C) 12+1 5+2
B1(PLA) + 25 nm Al,Oz by H,O (100 °C) 20+3 1+£0.2
B1(PLA) + 25 nm Al,O3 by H»0O (130 °C) 107 + 12 3+2
B1(PLA) + 10 nm Al,O3 by H»O (100 °C) 48+5 11+3
B2(PLA) uncoated 400 +9 752
B2(PLA) + 25 nm Al,O3 by O3 (100 °C) 2+0.2 1+
B2(PLA) + 25 nm Al,O3 by O3 (80 °C)

B2(PLA) + 25 nm Al,O3 by H,O (80 °C) 6+1 31

Independent of the deposition parameters used, the 25-nm-thick ALD-AI,O3
coating remarkably improved both the oxygen and water vapour barrier
properties of the PLA-coated board samples. For example, it was found with
B1(PLA) that after 250 ALD cycles of TMA-O; carried out at 100 °C the OTR
value improved from 420 to 12 cm®m?%10°Pa/day and WVTR from 65 to 5
g/m%day. The improvement was from 420 to 20 cm*/m?10° Pa/day and from 65
to 1 g/m%day when using H,0 instead of Os. The 10 nm layer was found to be
too thin to form a sufficient barrier layer on B1(PLA). One explanation could be
that for Al,Os coatings this thin, the indiffusion of precursors into polymers
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during the nucleation period could affect more on the film growth than i.e. with
25 nm thick Al,O3 coatings [133].

With Os, somewhat better oxygen barrier properties may be achieved for bio-
based substrates than in the case of the TMA-H,O process. In the case of
B2(PLA), similar improvements were noticed at 80 °C. The OTR value improved
from 6 to 3 cm*/m%10°Pa/day after 250 deposition cycles made using O; instead
of H,0.

The choice of deposition temperature (in the temperature range 80-100 °C)
may not be crucially important. However, 130 °C was noticed to enhance the
oxygen barrier properties significantly less than lower temperatures, indicating
that 130 °C is too high a deposition temperature for these substrates. Although
here, the deposition temperature (80-100 °C) was not the most effecting factor
on the water vapour barrier properties, there are studies showing that the
deposition temperature has a considerable impact on the topography,
morphology as well as the adhesion to the Al,O3 coating of the polymeric
substrates [141]. The increased crystallinity of the polymers caused by the
higher temperature can cause brittleness for polymer structures which could then
lead to cracking of the polymer layer impairing the barrier properties. The use of
even lower deposition temperature than 80 °C could prevent the curling effect
due to polymer shrinkage and could cause most improved barrier properties. In
addition, the better adhesion between the polymer surface and the Al,O; coating
could be obtained by using lower deposition temperatures due to lower mobility
of polymer chains during and after the deposition. In the study by Lahtinen et al.
[141], polymers became brittle and the surfaces suffered considerable alterations
in the process due to the process temperature on 100 °C influencing on the barrier
performance. This led to easier routes for water vapour and oxygen to pass
through the structures. The use of lower reactor temperatures could prevent
cracking and enhance the barrier performance in terms of more controlled surface
topography and polymer morphology.

It should be noted that the minimum detectable WVTR with the cup method is
~1 g/m?/day, meaning that even with a perfect barrier the result would probably
be the same. Thus the barrier may be better than this but the standard deviation
may also be higher.

Furthermore, both of the processes, TMA-H,0O and TMA-Os;, seem to work
well, at least for PLA-coated boards. As seen in Table 5, the OTR values
achieved are somewhat better in the case of the TMA-O; process, whereas the
opposite seems to be true for the WVTR values. During the water pulses,
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absorbed H,O may cause the polymer to swell, which should not be the case
with Os. Hence, with the exception of the most sensitive materials which might
not withstand the strong oxidation power of Oz, the TMA-O; process can be
considered a highly potential alternative for depositing Al,Os; coatings on
biopolymers.

The moisture within the polymer chains of the substrate material should also
be considered. This is especially the case with natural polymers, as these
substrates tend to contain absorbed moisture. Removal of this moisture could
enhance barrier properties because absorbed water can act as a plasticizer, thus
deteriorating the material’s barrier properties. The possible benefit of substrate
moisture removal prior to ALD-AIl,O3 deposition was investigated by keeping a
B1(PLA) sample in a heated (100 °C) ALD reactor chamber overnight before
coating it with Al,O3 at 100 °C using the TMA-H,O process. The overnight
thermal treatment resulted in a slight improvement in the OTR value: the value
decreased from 20 to 8 cm*/m%10° Pa/day. However, the effect on the WVTR
value was the opposite: it increased from 1 to 7 g/m?day. This could be due to
the different interactions that water vapour and oxygen induce in polymers
[33,34]. Thus polymer swelling, plasticizing and possible morphological
changes — in addition to film defects — could have different influences on the
OTR than on the WVTR.

The removal of the moisture within the polymer chains reduced the
plasticization effect of the water in the polymer, making the sample brittle.

The oxygen and water vapour barrier results achieved for a variety of
biopolymer substrates with a 25-nm-thick Al,Oz layer deposited by the TMA-
H,O process are summarized in Figure 10. Note that H,O was used as the
oxygen source instead of O3 to ensure that the results would not be distorted by
the possible harmful effects of Oz in the case of the most sensitive biopolymer
film substrates. The depositions were made at 80 or 100 °C depending on the
expected temperature tolerance of the substrate material. From Figure 10, it can
be concluded that ALD-AIl,Os-coated PLA2, pectin, NFC, B1(PLA) and
B(GGM) samples are highly promising oxygen barriers with OTR values
already at the commercial oxygen barrier level for dry food applications. Besides
being a good oxygen barrier, the Al,Os-coated B1(PLA) sample is also a highly
promising water vapour barrier.
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Figure 10. Best barrier results of bio-based materials achieved by coating substrates with
a 25-nm-thick Al;Os3 layer using the ALD process.

In addition to results presented in the Figure 10, similar Al,Os; coatings have
been employed to a fibre-based substrate that has been coated with 15 g/m?
petroleum-based low-density polyethylene. It was noticed that for this substrate
a thicker Al,O3; coating was needed to improve to properties considerably. The
results from the barrier measurements showed that a 50-nm-thick Al,O3 coating
decreased the OTR value from 7900 to 2700 cm*m%10° Pa/day. The WVTR
value was decreased from 7.0 to 2.0 g/m?/day.

With the cup method, the WVTR measurement of pristine petroleum-based
polymer films, such as LDPE, PEN or PET is difficult because these materials
are already good water vapour barriers even without the Al,Os; coating. The
improvement in WVTR by the Al,O3 coating remains often unrecognized due to
the high detection limit. However, the OTR values of petroleum-based polymer
films, such as 30 pm thick PP and 50 pum thick PET films, have been measured.
The results showed that a 25-nm-thick Al,O3 coating decreased the OTR value
of PP from 1250 to 170 cm*m?/10° Pa/day and PET from 24 to 11 cm*m?10°
Pa/day (Publication I1).

With some polymeric substrates a temperature of even 80 °C may be too high
to produce the best barrier properties [141,142]. This may also be the case with
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some biopolymeric substrates and, as a result, the development of ALD processes
at temperatures closer to 50 °C is essential.

Although the scope of the research here was oxygen and water vapour barrier
properties, the results open up the potential for new applications in addition to
dry food and pharmaceuticals. Similar coatings on non-biodegradable polymers
have been shown to also reduce the permeability of other gases, such as CO,
[142].

6.4 Influence of pre-treatments and pre-coating layers on
barrier properties

6.4.1 Enhanced surface polarity by corona treatment

Corona pre-treatment was employed to improve the surface properties of the
polymeric materials prior to the ALD process. The possible effect of increased
surface polarity on barrier properties was studied. The effect of corona treatment
on surface polarity is considered to alter during time [143]. In the case of
polymer films or coatings for packages, the treatment is therefore usually
employed at the production line. The treatment was consequently investigated
over a seven-day period to determine its potential long-lasting impact. The effect
of pre-treatments was greater on B(PE) than on B1(PLA). With the corona
treatment, the contact angle value of B(PE) decreased from 90 to 67° and
remained at this level for seven days.

The increased hydrophilicity also improved the oxygen and water vapour
barrier properties after the ALD-grown Al,Os layer. The effect could be a result
of improved bonding and more even growth of the first ALD-grown layers on
the polymeric substrate surface. The OTR of the plain B(PE) decreased from
7900 to 5700 cm*/m?/10° Pa/day and the WVTR from 7.0 to 6.2 g/m?day with
the corona treatment. When B(PE) was coated with an Al,O3 layer, the values
did not drop significantly. The values were 6700 cm*m%10° Pa/day in the case
of OTR and 6.9 g/m%day and in the case of WVTR. However, when these
samples were corona-treated prior to ALD, the barrier level was improved and
the OTR was 1400 cm*m%10° Pa/day and the WVTR 6.1 g/m’/day. After the
corona treatment, the standard deviations of the OTR and WVTR seemed to
decrease in many cases, implying that the treatment would lead to more uniform
barrier properties probably due to more uniform ALD-grown layers.
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Corona treatment caused the surface of B1(PLA) to become more hydrophilic,
decreasing the contact angle value from 71 to 62°. After seven days the influence
was minor and the contact angle was measured at 67°. The change was minor for
B1(PLA) probably due to polar groups already existing on the surface of PLA.
The barrier properties of plain and Al,Os-coated substrates with and without
corona pre-treatment are presented in Table 6.

Table 6. OTR and WVTR values of plain and ALD-Al,O3 coated (25-50 nm) B1(PLA)
substrates with and without corona treatment.

OTR (cm®m?10° Pa/day) WVTR (g/m?/day)
Sample Untreated | Coronatreated | Untreated Corona treated
B1(PLA) 420 + 10 330+1 65+ 1.6 61+0.4
B1(PLA) + 25 nm 203 175 14+0.2 57+3.8
B1(PLA) + 50 nm 605 80 £ 50 1.8+0.5 14+59

The best OTR values were achieved with a 25-nm Al,O3 layer on top of a corona
pre-treated substrate. The influence of corona treatment was minor on the barrier
properties of BL(PLA), probably due to the minor increase in surface polarity of
the pristine substrates. The initial Al,O3 layers and subsequent Al,O; layers have
different functions. While the first layers influence the adhesion, the further
layers serve to increase the film’s rigidity. No further improvement in barrier
performance was achieved by a 50-nm Al,O3 layer, which may be due to the
cracking behaviour of thick ALD films. The corona pre-treatment did not
improve the WVTR value. The increased surface polarity may aid the adhesion
of polar H,O molecules to the surface and thus the permeation through the
material decreasing water vapour barrier properties. On the other hand, a more
uniform layer provides a better oxygen barrier.

6.4.2 Enhanced polymer crystallinity by thermal treatment

Thermal pre-treatment of polymeric materials prior to the ALD process could
increase crystallinity, which could in turn have an effect on barrier properties by
altering the surface chemistry and topography of the material. Here, B3(PLA)
was used as the substrate material. Topography measurements by AFM indicated
that thermal treatment caused the substrate surface to become smoother. The
average roughness (R,) values measured from 5*5 pm? images decreased from
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110 to 27 nm already with the shortest thermal treatment time (4 minutes). The
R, value was not significantly different with longer thermal treatments (9 or 16
minutes).

The effect of thermal treatment on B3(PLA) is presented in Figure 11 as phase
AFM images. Surface roughness as such has probably little effect on barrier
properties if this is insignificant compared to the overall thickness of the barrier
layer. However, surface irregularities may affect the initial wetting of the
polymer by liquids, and irregularities of specific size can cause condensation and
cluster formation of gaseous permeants, which may affect the dynamics of mass
transfer. The amount of spherulites increased with increased thermal treatment
time. The shortest thermal treatment (4 minutes) had only a small impairing
effect on the oxygen barrier properties of the plain B3(PLA) substrates. The
increased crystallinity of treated for 9 and 16 minutes seemed to create
discontinuation points between the spherulites, which were noticed to destroy
the oxygen barrier properties. WAXS analysis revealed that the crystallinity of
B3(PLA) grew with increasing treatment time.

Deg

0

-20

-40

1 2 3 4 5
pm

Figure 11. AFM phase images of plain B3(PLA) substrate and B3(PLA) after 4 and 16
minutes of thermal treatment for smoothened polymer surface.

Although the influence of thermal treatments on the morphology of the
substrates was significant, the influence on improving barrier properties of the
Al,Osz-coated samples was minor. The most significant improvement in OTR
values was realized when the 4-minute thermally-treated sample was coated with
a 25-nm ALD-grown Al,O; film. The OTR value decreased from 650 to
40 cm*/m?/10° Pa/day. The coating of 9- and 16-minute treated samples with the
Al,O3 film did not improved the oxygen barrier properties. On the contrary to
the OTR values, the WVTR value of plain B3(PLA) substrates was improved
with all of the treatment times, and most with the 16-minute thermal treatment,
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from 98 to 76 g/m%day. The Al,O; coating decreased the value to 11 g/m%day.
With 4- and 9-minute thermally-treated samples, the WVTR values were 88 and
78 g/m?/day prior to ALD, respectively. The WVTR values dropped to 3.0 and
3.2 g/m?day, respectively, with the Al,O; coating. The results indicated that the
Al,O3; coating dominates water vapour barrier properties more than changes in
crystallinity of the polymeric substrates. In addition, the oxygen barrier seems to
be more sensitive to resulting coating defects than water vapor barrier. The
WVTR is affected by the overall properties of the barrier layers.

6.4.3 Epoxy-SG layer as a pre-barrier for Al,Os-coated biopolymeric
substrates

Besides pre-treatments, the barrier properties of polymeric materials can be
improved by pre-blocking the biggest pinholes in the polymeric material by
applying a coarser coating method than ALD. Despite the promising results
achieved by coating the biopolymeric materials with the ALD-grown Al,O;
layer, further improvements are still desired. A pre-barrier layer fabricated using
a coarser deposition method could close the larger pinholes on the surface of a
porous substrate, making it denser and thus a more favourable surface on which
to grow Al,Oj3 barrier layers.

The effect of a sol-gel (SG) coating as an intermediate layer between the
substrate and the ALD-AIl,O3 coating was studied using B2(PLA) as a substrate.
Figure 12 shows the surfaces of plain, epoxy-SG-coated and epoxy-SG+Al,Os-
coated B2(PLA) substrates. The observed average roughness (R,) values are also
given. As can be seen in Figure 12, the epoxy-SG coating decreases the R, value
making the surface of the substrate smoother, while an Al,O3 coating on epoxy-
SG-coated B2(PLA) makes the surface smoother still. The total decrease in R,
was from 54 to 15 nm.

59



6. Results and discussion

nm nm

0 5 R.z54nm 150 o

5 R,=27nm

300
200

3 50 3
g . . £ mp
0 2 0
i % 100
200
0 100 oy

Figure 12. AFM surface images of plain B2(PLA) with SG coating and with a multilayer
structure consisting of SG and Al,Os layers.

The contact angle (CA) and surface energy (ys) values for plain, epoxy-SG-
coated and epoxy-SG-+Al,Oz-coated B2(PLA) samples are presented in Table 7
together with the barrier results. The intermediate layer decreases the CA value,
indicating a more hydrophilic surface. The CA value drops even further with an
additional Al,Os coating. The barrier results show a moderate positive effect of
epoxy-SG coating on barrier properties. Only after the SG-coated B2(PLA) was
further coated with Al,O3 were the considerably low OTR and WVTR values of
2 cm®/m?/10° Pa/day and 2 g/m?/day, respectively, attained. Most importantly,
these values are lower than those achieved for B2(PLA) with the ALD-AI,O;
coating only, i.e. 6 cm¥m%10° Pa/day and 3 g/m%/day, respectively. Table 7
presents the impact of epoxy-SG coating on the CA and on the surface energy
values, showing also the OTR and WVTR values. The total surface energy value
(vs) is the sum of the dispersive (y%) and polar (y*) components.

Table 7. Contact angle and surface energy values together with the OTR and WVTR
values, showing the impact of epoxy-SG pre-coating.

Sample CAC) (LSN%Q) (cm?/;F;/lo5 (ngn\é/TdF;y)
Pa/day)

B2(PLA) 71+2 | 456(74) | 4009 | 75%2

B2(PLA) + epoxy-SG 58+2 | 53.8(132) | 3102 | 44+2

B2(PLA) + epoxy-SG + 25 nm Al,O; | 52+ 1 | 54.9(18.0) | 2+1 2+1
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6.4.4 Polyelectrolyte multilayer film as a pre-coating for
Al,Os-coated biopolymeric substrates

In addition to pre-blocking the biggest pinholes prior to the ALD process, pre-
coatings can also be utilized to alter the surface topography. Here, the effect of
pre-coating the polymer film with a PEM film to improve barrier properties was
investigated by using PLA1 as a substrate material. The PEM film was made by
alternating depositions of sodium alginate (ALG) (M, 280 000 g/mol) and
chitosan (CHI) (M, 170 000 g/mol), leaving CHI as the outermost layer. The
PEM-coated PLAL film was further coated with a 25-nm-thick ALD-grown
Al,O3 layer. Figure 13 presents the targeted three-layer structure.

AL,O, (25 nm)

PEM (20 nm)

PLA (20 pm)

Figure 13. Schematic illustration of the multilayer structure of PEM- and Al,Os-coated
film, modified from that of Decher [120].

The average thickness of the film formed from ALG and CHI was 20 nm. The
PEM coating alone did not improve the water vapour barrier properties of the
substrate. In contrast, the WVTR value was increased from 53 to 106 g/m?%day
after PEM coating. This is apparently due to the dipping process in the LbL
method, which causes the hygroscopic biopolymers to swell in water solutions.
However, after the Al,Os coating had been applied on PEM-coated PLAL, the
WVTR was improved to 25 g/m*/day. When applying only the Al,O; coating,
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the WVTR was 33 g/m?/day. PEM coating combined with Al,O; coating was
found to be a suitable and cost-efficient means of producing bio-based water
vapour barrier coatings. The WVTR and contact angle values of variously-
coated PLAL films are presented in Table 8.

Table 8. Water vapour transmission rate (WVTR) and contact angle (CA) values for plain
and variously coated PLA1 samples.

Sample WVTR (g/m?/day) CA (°)
PLA 53+4 73+2
PLA + PEM 106 + 7 76+4
PLA + 25 nm Al,O3 33+6 48+1
PLA + PEM + 25 nm Al,O3 25+9 98 +4

From Table 8, the water vapour transmission rates seem to correlate with the
wettability properties of the Al,Os-coated samples such that the larger the CA,
the lower the WVTR value. Polar H,O molecules are apparently less readily
adsorbed on the less polar surface. The contact angle value of the plain PLA1
film was 73°. The PEM coating alone did not change the contact angle value
considerably. However, when the PEM-coated PLAL film was further coated
with an Al,Os layer, the contact angle value increased to 98° thus making the
surface more hydrophobic. Conversely, when the PLA1 film was coated only
with the Al,Os layer, the contact angle value was found to decrease to 48°,
making the surface rather more hydrophilic. This result was expected, due to the
intrinsically hydrophilic nature of Al,O5 surfaces [144].

Based on the above (Table 8), the PEM intermediate layer seems to influence
the hydrophobicity of the Al,O3 surface. The precise reason for this remains to
be determined by future studies. However, parallel behaviour (i.e. a CA value of
128°) was recently observed with a thermally-grown Al,O; coating with a
relatively rough surface [145]. It is known that certain special surface topologies
can even produce superhydrophobic states on intrinsically hydrophilic surfaces
[146]. The LbL dipping process may alter the surface of the PLAL film and
increase its roughness.

Figure 14 shows some SEM images of the plain and variously coated PLAL
films. The plain PLAL substrate appears to be smooth with small patterns caused
by the sputtered Pt. Nonconductive samples tend to charge when scanned by the
electron beam causing possible scanning faults. They are therefore usually
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sputtered with a thin coating of electrically-conducting material, such as Pt. The
PEM-film-coated PLAL substrate seems to have nanopores throughout the film.
After further coating with a 25-nm-thick Al,O3 layer the surface seems to be
uniformly coated with the Al,O; layer.

As can be seen, the PLAL film is a highly smooth substrate, presumably due
to the commercial production method of the film. Some surface patterning can
be observed, deriving from the sputtered Pt. Once the PLA1 film is coated with a
PEM film, a surface structure with small pores (10-30 nm in diameter) appears
on the entire surface of the film. After subsequent deposition of the 25-nm-thick
Al,O3 layer, the nanostructured surface appears to be uniformly coated with
Al,O3, such that the smallest pores are filled, yet the surface still presents some
surface structure.

Figure 14. SEM images for plain (a) and variously coated PLAL1 films (b—c).
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The objective of the present work was to investigate the suitability of ALD-
grown Al,Os layers as barrier coatings for bio-based packaging materials. The
focus was to determine whether ALD is the most feasible thin-film deposition
technique for the production of high-quality barrier coatings on polymeric
materials. Thereafter, the task was to clarify whether the ALD process could be
performed in the temperature range of 80-130 °C on biopolymeric materials
known to be temperature-sensitive. The ALD process parameters (oxygen
source, deposition temperature, and film thickness) were optimized, which
enabled the investigation of the oxygen and water vapour barrier properties of
thin ALD-grown Al,O; coatings on polymer films and polymer-coated papers
and boards. An additional objective of this study was to improve the barrier
properties of ALD-coated materials by employing treatments and coatings on the
substrates prior to the ALD process.

By utilizing ALD-grown Al,O3; coatings with thicknesses of 10-50 nm, the
oxygen and water vapour barrier properties of biopolymeric materials could be
significantly improved. The barrier ability was achieved without the use of
conventional aluminium film, thus achieving total biodegradability due to the
thinness of the Al,O3 layer. The ALD-grown Al,Os layer required to provide
sufficient barrier properties is so thin that it should not affect the
biodegradability of the substrate material.

The developed coatings with excellent gas and water vapour permeation
resistance offer a new means of manufacturing biodegradable, thin, light and air-
tight packaging materials. The oxygen and water vapour barrier levels achieved
here with the Al,O; coatings grown onto biopolymeric materials reached the
level required in commercial packaging applications for dry food and
pharmaceuticals. Other thin film methods can also produce thin Al,O3 coatings;
however, their gas and water vapour permeability is higher and the material is
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stiffer and breaks easily. With these competing methods, comparable permeation
resistance is possible only if thicker films are used.

Although a number of additional substrate pre-treatments and pre-coatings can
be employed prior to the ALD process, the overall improvement in barrier
properties gained by ALD-grown Al,Os layers seems sufficient. However, such
pre-treatments and pre-barrier coatings could make the materials and processes
in some cases more cost-efficient at the industrial scale.

With some polymeric substrates, a deposition temperature of even 80 °C may
be too high to achieve the most desirable barrier properties. This highlights the
need for future research to develop efficient ALD processes at temperatures as
low as 50 °C. In addition to corona and thermal pre-treatments, other pre-
treatments such as plasma and flame spray treatments need to be investigated in
future to clarify the overall potential of various pre-treatments to improve the
barrier properties. As regards the characterization of Al,O; coatings on
biopolymers, cross-cut imaging of 25 nm thick or thinner Al,Os layers has
proven challenging due to the sensitive nature of the substrates. These imaging
difficulties need to be overcome in order to be able to truly determine Al,O;
layer growth with respect to different substrate types.

The fabrication of nanolaminates wholly from several metal oxides or by
utilizing molecular layer deposition (MLD) at low temperature for barrier
purposes requires investigation in future. The resulting novel structures have the
potential to provide improved flexibility as well as good barrier properties
combined. By using the ALD process, different functions can be integrated in
the packaging material, such as antimicrobial properties. As regards production
of packages, the behaviour of Al,Os layers during processes, such as sealing,
greasing and laminating, is another significant area for future research.
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Atomic layer deposition (ALD), electron beam evaporation, magnetron sputtering and a sol-gel method were
used to deposit thin aluminum oxide coatings onto two different fiber-based packaging materials of
commercial board grades coated with synthetic and biodegradable polymers. Significant decreases in both
the water vapor and oxygen permeation rates were observed. With each technique the barrier performance
was improved. However, among the techniques tested ALD was found to be most suitable. Our results
moreover revealed that biodegradable polylactic acid-coated paperboard with a 25-nm thick layer of
aluminum oxide grown by ALD on top of it showed promising barrier characteristics against water vapor and

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Fiber-based packaging materials have many advantages over their
plastic competitors, such as sustainability, recyclability and stiffness/
weight ratio [1]. However, poor barrier properties and sensitivity
towards moisture are the main challenges for their extended use. In
order to improve the barrier properties packaging materials are often
coated with polymers or laminated with other materials such as
aluminum foils and plastic films. Most of the studies have concerned
polyethylene (PE), accompanied mainly by ethyl vinyl alcohol and
poly(ethylene terephthalate) [1]. In recent years environmental
aspects have become important and considerable efforts have been
made to replace fossil-based raw materials by environmentally
friendly, biodegradable or recyclable materials from natural sources.

The general permeation process through non-porous materials
includes collision with the polymer surface and sorption on the high
permeant concentration side, diffusion through the material and
finally desorption of the permeant on the low concentration side.
Mass transfer properties of polymer films define the permeation
process. Diffusion, solubility and permeability are among the param-
eters used to describe the mass transfer for a specific material/
permeant combination [2,3]. Permeability is an important parameter,
which measures the overall transfer rate through a polymer film [2].

* Corresponding author. Tel.: +358 40 5308 472; fax: +358 20 722 7026.
E-mail addresses: terhi.hirvikorpi@vtt.fi (T. Hirvikorpi), mika.vaha-nissi@vtt.fi
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When considering polymer-coated paperboards, the water vapor
transmission rate (WVTR) is affected by e.g. the coating weight of the
polymer as well as the temperature and humidity of surroundings [4].
The common synthetic moisture barrier polymers include low- and
high-density polyethylenes, polypropylene and polyethylene tere-
phthalate [5]. Other polymers with moisture barrier properties
include cyclo-olefin copolymers, liquid-crystal polymers and nano-
composites [6,7]. Hygroscopic materials, such as many biopolymers,
typically lose their barrier properties at high relative humidity. This is
due to absorption of water and swelling of the polymer which results
in a more porous or open structure [8]. Therefore, efforts have been
made to improve the water vapor and oxygen barrier properties by
coating such materials by e.g. thin glass-like SiO, coatings [6,9].
Atomic layer deposition (ALD) is a surface controlled layer-by-
layer process based on self-terminating gas-solid reactions and is
uniquely suited to produce high-performance gas diffusion barrier
coatings on porous materials as it allows preparation of dense and
pin-hole-free inorganic films that are uniform in thickness even deep
inside pores, trenches and cavities of various dimensions. In our
previous work [10] we demonstrated that a thin layer of Al,0O;
deposited by the ALD technique is an efficient way to improve the
barrier properties of sensitive packaging materials such as various
uncoated papers, polymer-coated papers and boards and plain
polymer films. The suitability of ALD to produce high-performance
barriers has also been studied elsewhere [11-13]. Especially Al,05
depositions have been used to produce gas diffusion barriers on
polymers. One of the problems of coating barrier layers on packaging
materials is poor flexibility. Liang et al. previously reported an
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alternative method of barrier membrane fabrication by ALD [14].
Membranes made from polymer/ceramic nanocomposite were fabri-
cated by extruding ALD-Al,O3 coated micron-sized high-density
polyethylene particles. According to Liang et al., the difficulty seems
to be the interface between the polymer and the ALD-Al,03 layer. Due
to the different surface properties of these materials voids are formed
during extrusion. Parallel results have been reported also elsewhere
[15-20]. There is a need to upgrade the existing packaging materials,
and thin inorganic coatings are an interesting way to create high-
performance materials for food packages.

Despite of its obvious advantages, ALD is in its current form a time
consuming and relatively expensive process. In this work the aim was
to clarify whether the ALD technique could be replaced with other
techniques and still produce as efficient barriers toward gases as with
the ALD technique. For the comparative techniques, magnetron
sputtering (MS), electron beam evaporation (EBE) and a sol-gel
(SG) method were chosen, as they have been in general employed to
produce coatings with relatively good or excellent barrier properties
[6,21,22].

2. Experimental details

Commercial-grade paperboards (provided by Stora Enso Oyj) with
synthetic low-density polyethylene (LDPE) and biopolymer polylactic
acid (PLA) coatings on one side as summarized in Table 1 were used as
test substrates. The substrates were ca. 10x 10 cm? in size. On these
substrates Al,O3 coatings aiming at thicknesses of 25, 50 and 100 nm
were deposited at temperatures below 100 °C by means of the four
comparative thin-film techniques tested, i.e. ALD, MS, EBE and SG. The
processes employed are well established and accordingly the actual
thicknesses of the Al,03 layers are believed to deviate at most by few
nanometers from the target values.

The ALD-Al,O3 depositions of 250, 500 and 1000 cycles were
carried out in a Picosun SUNALE™ reactor at 100 °C reaction
temperature. Depositions were made on silicon wafers and paper-
board samples. Trimethylaluminum (TMA, electronic grade purity,
SAFC Hitech) and water were used as precursors. High purity nitrogen
(99.9999%N,) was used as carrier and purge gas. The precursors were
evaporated at near room temperature and a deposition sequence was:
0.2 s TMA pulse, 4 s purge, 0.1 s water pulse, and 15 s purge. The
operating pressure was 500-1000 Pa. The resultant film growth rates
and actual film thicknesses on the polymer-coated boards could not
be directly measured. Instead, we estimated the film thicknesses
based on the growth rate determined to be 0.094 nm/cycle with a
Nanospec AFT4150 reflectometer for films grown with the same TMA-
H,0 ALD process on a silicon wafer Si(100). It should however be
emphasized that because of the different polarities and functional
groups of the PE and PLA surfaces the actual growth rates on our
polymer-coated board substrates may somewhat deviate from that
determined for the ALD-Al,O3 coating on flat silicon wafer [23,24].
Although the aim was to deposit only on the polymer-coated side, film
growth also on the uncoated side could not be totally prevented.

The MS-Al,03; films were deposited using a Sloan SL1800
magnetron sputtering deposition system. One single rectangular
aluminum target was used. The sputtering gases were Ar and 0?7,

Table 1
Commercial substrates used in the deposition tests.

Code Description Skeletal of the polymer
B(PE) Low-density polyethylene

(LDPE) coated (15 g/m?) board —é CH,— cr—c2
B(PLA) Polylactic acid (PLA)

polymer-coated (35 g/m?) board

A

the latter being the reactive gas for oxide film formation. Stoichiom-
etry of the film was controlled using in-situ optical emission monitor
feedback from the target emission lines [25]. Pulsed DC power was
applied to the aluminum target at a frequency of 150 kHz and a pulse
off time of 1000 ns. The target was operated in the controlled current
mode, fixed at 3 A. The background pressure in the chamber was 0.2-
2.6*10~ 4 Pa and the sputtering pressure during the Al,Os deposition
was around 0.28 Pa. The thicknesses of the deposited films were
measured from Si(100) reference samples by spectroscopic ellipso-
metry. The temperature of the substrate was monitored by means of
temperature-sensitive tapes attached to the substrate surface to
assure that it remained below 100 °C during the depositions. For
comparison, pure aluminum films with a thickness of 50 nm were also
grown by the MS technique on both substrate materials. This was
made because as a thicker film, metallic Al is considered to be a high-
performance barrier.

The equipment used in the EBE-Al,03 depositions was a UHV-class
electron beam gun evaporator. The distance from the Al,03 source
was approximately 30 cm. Before the depositions the chamber was
flushed with dry N, gas in order to improve the pumping efficiency.
The chamber was pumped into pressure of 0.1-1*107> Pa. After this
the electron beam of 200-250 W was focused on the Al,03 source
with a voltage of 6.55 kV. The area of the electron beam was 3-6 mm?.
The deposition rate was 0.3-0.5 nm/min.

For the SG-Al,O5 depositions the substrates were pretreated with
plasma in order to clean the surface before the depositions. The SG
solution was a mixture of water and alcohol and it was catalyzed with
acid. Aluminum alkoxide was used as a precursor. The SG solution was
sprayed on the substrate and hardened in an oven. The temperature of
the oven was kept below 100 °C. It should be noted that pure Al,03
depositions are not possible with the SG technique but traces of
organic molecules will be always present in the film due to the
precursor solution. The thicknesses of the SG-Al,03 layers deposited
on Si(100) substrates were measured with the spectrophotometric
modeling method described by Ylilammi and Ranta-aho [26]. The
reflectance spectra for thickness modeling were recorded with a
Hitachi U-2000 spectrophotometer in the 190-1100 nm wavelength
range and modeling was performed with the Thinfilm program.

Images were taken of the uncoated substrates with an atomic force
microscope (AFM; Park Systems XE-100) in order to clear their
surface morphologies. Inductively coupled plasma atomic emission
spectroscopy (ICP-AES) analyses were carried out in order to
determine the amount of aluminum in the ALD-Al,Os deposited
samples. Test pieces of the substrates before and after each ALD
treatment were ignited and dissolved in an alkali metal melt.
The results are expressed as mg/m?. Two to three parallel analyses
from every sample were performed.

All the samples together with the uncoated substrate materials
used were characterized for their oxygen transmission rate (OTR)
expressed as cm>/m?/10° Pa/day and water vapor transmission rate
(WVTR) expressed as g/m?/day. The OTR measurements were carried
out using humid gases with Mocon OXTRAN equipment such that the
Al,03-deposited side of the sample faced the carrier gas stream. The
measurements were performed at room temperature (23 °C) and at
50-60% relative humidity. Two to three parallel samples were
measured. The WVTR measurements were carried out for five parallel
samples according to the modified gravimetric methods ISO
2528:1995 and SCAN P 22:68. The test conditions were 23 °C and
75% relative humidity.

3. Results and discussion

Fig. 1 presents AFM images of the two uncoated substrate
materials, B(PE) and B(PLA). The surface of B(PLA) appears to be
smoother than that of B(PE). This might be due to its larger polymer-
coating weight (35 g/m?) in comparison to that for B(PE) (15 g/m?),

1/2
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Fig. 1. AFM images of PE-coated paperboard (B(PE)) and PLA-coated paperboard (B
(PLA)) substrate materials.

see Table 1. Another explanation could be the different chill roll
surface patterns used in extrusion coating of the paperboard.

Due to their different surface roughness, the two substrate
materials apparently accommodate different amounts of Al,O5 during
parallel ALD treatments. In Table 2, ICP-AES results for the Al contents
(expressed in mg/m?) in the various ALD-Al,O5 treated B(PE) and B
(PLA) samples are summarized. The results are given as average +
standard deviation of two to three parallel analyses. It can be seen
from Table 2 that the Al content increases with increasing number
or ALD cycles or increasing Al,Os-film thickness. Compared to the
smoother B(PLA) substrate, the B(PE) substrate has larger specific

Table 2
ICP-AES results for the Al content in ALD-Al,05 coated B(PE) and B(PLA) samples. The
results are given as average + standard deviation of two to three parallel analyses.

Al content (mg/m?)

B(PE) B(PLA)
25 nm ALD-Al,0; 260+3 9640.2
50 nm ALD-AL,05 650 + 260 380150
100 nm ALD-AL,0; 860 + 200 495478

1/3

surface area and accordingly larger concentration of surface sites to
accommodate larger amounts of TMA and water molecules upon the
ALD depositions. The results show, however, that the standard
deviations with the thicker (50 and 100 nm) films are greater than
those with the thinner (25 nm) films. The porosity and the variances
in porosity within pristine substrate materials may explain this. This
may partly be also due to the different polarities of the polymer
surfaces leading to different nucleation periods needed for the ALD-
Al,Os5 film growth as explained elsewhere [23,24].

Results from the oxygen transmission rate (OTR) and water vapor
transmission rate (WVTR) measurements are presented in Tables 3
and 4, respectively. Based on the results the positive effect of a thin
Al,03 layer on both the OTR and WVTR values is evident. The oxygen
barrier performance of B(PLA) remains better than that of B(PE)
independent of the thickness of the Al,O5 layer and the deposition
technique employed. Tables 3 and 4 also reveal that the ALD
technique is the best among the coating techniques investigated.
Most impressively, when coating B(PLA) with a 25-nm thick Al,03
layer by means of ALD, both the OTR (21 cm®/m?/10° Pa/day) and
WVTR (1.4 g/m?/day) values are excellent. In terms of the oxygen
barrier property this sample is even better than the one coated with
metallic aluminum by means of the MS technique (26 cm®/m?/10° Pa/
day).

The barrier performances of B(PE) and B(PLA) coated with Al,03
by different techniques were found quite different. This could be due
to the different ability of different techniques to form high-quality
conformal films under the chosen deposition conditions. ALD is the
only technique where the substrate is most perfectly and conformally
coated from all sides. The probability of a pin-hole extending through
the thin film or the whole material is smaller when the film is
constructed of layer-by-layer deposited Al,O3 coating compared to a
single deposition. In addition, the moisture being removed from the
board during the deposition may affect the processes utilizing lower
pressures, such as the MS technique.

The barrier properties of the pristine substrates were different
making the reference level very different for these two substrates.
Nevertheless, based on the results from OTR and WVTR measurements
it seems to be so that when the substrate is rough a thicker Al,05 layer
is needed to block the diffusion of oxygen and water molecules. If the
substrate is smooth a thinner Al,Os; barrier layer is enough; an
excessively thick Al,O5 layer on top of a smooth substrate may be
rather prone to cracking, which in turn impairs the barrier properties.
It should also be emphasized that the two substrate materials used
possess different surface chemistries. There are significantly fewer

Table 3

Oxygen transmission rates of uncoated, Al,03-coated and Al-coated B(PE) and B(PLA)
samples. The results are given as average 4 standard deviation of two to three parallel
measurements.

OTR (cm?/m?/10° Pa/day)
Deposition technique ALD MS EBE SG
B(PE) uncoated 790041600 79001600 790041600 7900+ 1600

B(PE) + 25 nm 670042500 >10 000? 390041900 8300+ 2400
ALO;

B(PE) + 50 nm 27004400 >10 0007 52004400 74003600
ALO;

B(PE) + 100 nm 23004100 >10000; 645° 3300600 8400+ 2200
Aleg

B(PE) + 50 nm Al - >10 000° = =

B(PLA) uncoated 420410  420+10 420410 420+10

B(PLA) +25nm ALO; 2043 160120 150+ 10 460+ 10

B(PLA)+50 nm ALO; 6045 85485 300140 400410

B(PLA) + 100 nm 200440 65405 210+15 370410
ALOs

B(PLA) + 50 nm Al = 26+ 1 = =

2 The reliable detection limit with this OTR equiplment is 10 000 cm>/m?/10° Pa/day.
b Great variation between parallel samples, average could not be reliably calculated.
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Table 4

Water vapor transmission rates of uncoated, Al,03-coated and Al-coated B(PE) and P
(PLA)samples. The results are given as average 4 standard deviation of five parallel
measurements.

WVIR (g/m?/day)

Deposition technique ALD MS EBE SG

B(PE) uncoated 7.0+£0.9 7.0+09 7.0+£0.9 7.0+£09
B(PE) +25 nm Al,03 6.9+0.1 35+1.0 57+12 92+33
B(PE) + 50 nm Al,03 2.0+05 24409 39+03 6.8+0.5
B(PE) + 100 nm Al,03 2.0+05 28+13 3.7+03 6.4+0.6
B(PE) + 50 nm Al - 20+£12 - -

B(PLA) uncoated 64.9+1.6 649+1.6 64.9+1.6 64.9+1.6
B(PLA) + 25 nm Al,03 14402 11.0+5.0 259+27 62.5+1.0
B(PLA) + 50 nm Al,05 1.8+0.5 0.5+0.1 21.8+42 623+19
B(PLA) + 100 nm Al,03 29.1+5.1 1.9+0.6 21.6+7.1 62.0+0.6
B(PLA) + 50 nm Al - 13405 - -

functional groups on the surface of B(PE) compared to the functional
OH™ groups on the surface of B(PLA). The lack of functional groups at
surface may lead to poor bonding between the polymer surface and the
Al,03 layer. The lack of functional groups may also lead to cracking
after the Al,O3 layer has been deposited.

The paperboard itself and even more significantly the polymer
coating on top of it have an effect on the barrier performance of the
final Al,03-coated sample. Among the two polymers (at least in pure
form), the melting point and the glass transition temperature are
higher for PLA than for LDPE, making PLA more stable under the
presently employed deposition conditions. At elevated deposition
temperatures (around 100 °C) the polymer chains of LDPE start to
move which may create pores and result in poor film growth. As a
general observation from the OTR and WPTR values given in Tables 3
and 4, it is clear that with both the substrate materials the relation
between the Al,Os-layer thickness and the gas barrier performance
was not completely linear. The results for e.g. MS-Al,O3 treatments
showed a very irregular behavior. This is at least partly due to the fact
that the substrate is somewhat sensitive to the treatment conditions
and thus the barrier performance varies accordingly. Although the
ALD-Al, 05 layer deposited at 100 °C should be amorphous, the Al,03
layer has also an effect on the cracking behavior as partial
crystallization of the polymer coating on the substrate may cause
interfacial tension between the Al,O5 layer and the polymer coating.
This means that in practice a thicker inorganic film does not
necessarily lead to improved barrier properties. This was in particular
clear with the ALD-grown films, as even very thin films grown by the
ALD technique are known to be highly conformal, dense and pin-hole
free. Here, among the ALD-treated samples the best results were
gained for samples with a 25-nm or 50-nm (but not 100-nm) thick
ALD-Al, 053 coating. For the MS-grown films the film thickness had to
be approximately doubled to achieve the same barrier level, see
Tables 3 and 4. The growth circumstances were not optimized to these
substrates during the depositions which may lead to better barrier
results in the future.

When compared to the OTR and WVTR results in our previous
studies [10] the results in this paper are better. This is due to several
factors; the quality of the substrate materials may differ between
different manufacturing lots. The tests indicate that the materials used
in this study were better barriers as such. The other plausible
explanation for the different barrier performance could be that in this
study we used TMA with higher purity and 20 °C higher deposition
temperatures. These could influence on the quality and conformality
of the ALD-Al,0O5 coating.

4. Conclusions

Thin (25-100 nm) layers of Al,O3; were grown at low temperatures
on two types of polymer-coated paperboards by means of four

different thin film deposition techniques, i.e. atomic layer deposition
(ALD), magnetron sputtering (MS), electron beam evaporation (EBE)
and a sol-gel (SG) method. The aim of the work was to compare the
different deposition techniques for their capability to produce high-
quality gas barrier layers on top of commercial paperboard packaging
materials. Despite the substrate material and the deposition tech-
nique employed, the gas barrier properties were significantly
improved once the packaging material was coated with a thin layer
of Al,05. Among the four deposition techniques investigated, the best
results were obtained with the ALD technique, followed by the MS
technique. ALD technique was best among these techniques because
the ALD-grown Al,O3 layers were most dense and the deposition
conditions were most suitable for these sensitive materials in the ALD
reactor. Films grown by ALD are typically highly conformal, dense and
pin-hole free and therefore even nanometer-scale films are thick
enough to work as efficient gas barriers. Paperboard coated with
polylactic acid (PLA) polymer and a 25-nm thick ALD-grown Al,03
layer was found as a highly promising barrier against oxygen and
water vapor.
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Thin aluminum oxide coatings have been deposited at a low temperature of 80 °C on various uncoated papers,
polymer-coated papers and boards and plain polymer films using the atomic layer deposition (ALD) technique.
The work demonstrates that such ALD-grown Al,Os; coatings efficiently enhance the gas-diffusion barrier
performance of the studied porous and non-porous materials towards oxygen, water vapor and aromas.
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1. Introduction

Various future distribution channels and the key role of packaging in
ensuring the quality and safety of a wide variety of food items will increase
the need for better packaging materials. Here the paper and board
industry has to compete with the plastics industry for the market share.
Fiber-based packages have advantages over their plastic competitors, such
as sustainability, recyclability and stiffness/weight ratio. However, poor
barrier properties and sensitivity towards moisture are some of the main
challenges of the fiber-based materials. On the other hand, oil-based
barrier coatings create problems for recycling. Development of biomater-
ials to replace the currently used oil-based ones is under way thus
improving the competitiveness of fiber-based packaging materials and
enabling enhanced packaging solutions [1]. There is a clear need to
upgrade the existing materials and thin inorganic coatings are an
interesting way to create high-performance materials for food packages.

Here we demonstrate significantly enhanced barrier properties
towards oxygen, water vapor and aromas for various polymer-coated
papers and paperboards as achieved by coating them with a thin
conformal aluminum oxide layer grown by the atomic layer deposition
(ALD) technique. ALD is a surface controlled layer-by-layer process
based on self-terminating gas-solid reactions and is uniquely suited to
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Finland. Tel.: +358 40 5308 472; fax: +358 9 464 305.
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(M. Vdha-Nissi), tuomas.mustonen@vtt.fi (T. Mustonen), eero.iiskola@kcl.fi (E. liskola),
maarit.karppinen@tkk.fi (M. Karppinen).
! VTT Technical Research Centre of Finland, Tekniikantie 2, Espoo, P.O. Box 1000, FI-
02044 VTT Finland.

0040-6090/$ - see front matter © 2009 Elsevier B.V. All rights reserved.
doi:10.1016/j.ts£.2009.08.025

produce high-performance gas-diffusion barrier coatings on porous
materials as it allows preparation of dense and pinhole-free inorganic
films that are uniform in thickness even deep inside pores, trenches and
cavities of various dimensions. The other advantages of ALD include low
impurity content and mild deposition conditions in terms of temper-
ature and pressure. There is a wide range of ALD-grown materials and
commercial applications, from catalysts to electroluminescent displays
in microelectronics and beyond [2-4].

The ALD technique has been used to produce gas-diffusion barriers on
polymers [5-7]. Water-vapor transmission rates of the order of 110> g/
m?/day were reported for less than 25-nm thick Al,O5; depositions on
polymers [5]. In addition, Park et al. [7] reported a water-vapor
transmission rate value of 0.03 g/m?/day at 38 °C and 100% relative
humidity for an ALD-grown Al,Os barrier that was 30 nm thick and
deposited on both sides of a poly(ethersulfone) substrate, whereas Carcia
et al. [6] showed that a 25-nm thick ALD-Al,05 barrier films on poly
(ethylene naphthalate) substrates can have a water-vapor transmission
rate less than 1*107>g/m?/day. These results are, however, only partly
comparable with our results because some of our substrates are
biodegradable. Our aim was to study biodegradable and recyclable
substrates and compare the results to those obtained for conventional
synthetic polymer substrates used as gas-diffusion barriers. There are no
previous studies concerning less than 100-nm thick ALD-grown Al,O3
layers on biodegradable polymers or fiber-based substrates coated with
synthetic or biopolymers.

2. Experimental details

A variety of uncoated papers, polymer-coated boards and papers,
and plain polymer films as summarized in Table 1 were used as
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Table 1
Commercial substrates used in the ALD-Al,05 deposition tests.
Code Description
P(PIG) Pigment-coated and calendered high gloss paper 60 g/m?

P(LDPE) Polyethylene (LDPE) coated paper

P(UNC) Commercial uncoated copy paper 80 g/m?
B(PE) Polyethylene-coated (15 g/m?) board
B(PLA) Polylactic acid (PLA) coated (35 g/m?) board
PEN Polyethylene naphthalene (PEN) film, 50 pm
PP Polypropylene film, 30 pm

PET Polyester (PET) film, 50 pm

PLA PLA film, 25 pm

substrates for the Al,O3; depositions. Al,O3 coatings of different
thicknesses (of 5, 25, 50, 100 and 900 nm) were deposited at 80 °C
using a commercial ALD TFS 500 reactor manufactured by Beneq Ltd.,
Finland. Trimethylaluminum (TMA, Sigma-Aldrich, 98% purity) and
water were used as precursors for aluminum and oxygen, respective-
ly. The precursors were introduced in the reactor in alternate pulses,
separated by an inert N, gas pulse such that one ALD cycle comprised
the following four process steps: (i) TMA pulse, (ii) N, purge pulse,
(iii) water pulse, and (iv) N, purge pulse [8]. The substrates were ca.
10 cm* 10 cm in size, and they were coated on one side only. This was
achieved by taping the substrate on the sides so that the gas flow
could only reach one side of the substrate. The targeted coating
thicknesses were produced according to the TFS 500 reactor process
parameters based on the thicknesses determined for Al,O3 films on a
silicon wafer by means of ellipsometry with an accuracy of +0.5 nm.

Thermogravimetric (TG) analysis was performed for all substrate
materials except P(PIG) and P(UNC) to reveal the thermal behavior
and the limitations of different polymer coatings to be used as
substrates in ALD depositions. The TG experiments were performed in
both air and nitrogen atmospheres with a heating rate of 10 °C/min.

Selected samples, i.e. P(UNC), P(PIG), B(PE) and B(PLA), were
characterized with X-ray photoelectron spectroscopy (XPS; KRATOS
AXIS 165) for the surface chemistry and surface distributions and by
scanning electron microscopy (SEM; Hitachi S-3400 N VP-SEM,
operating voltage 15 keV) for the microstructure. In the XPS analysis
monochromatic Al K o (12.5 kV, 8 mA) radiation at 100 W was used.
Wide binding energy range spectra (0-1100 eV) were recorded using
80 eV pass energy and 1 eV step. The high-resolution spectra of C 1s
and O 1s regions were also recorded, using 20 eV pass energy and
0.1eV. The area measured was approximately 1 mm? while the
analysis varies from 2 to 10 nm, depending on the element and on the
sample material. Also an atomic force microscopy (AFM; Nanoscope
Il a Multimode scanning probe microscope, Digital Instruments Inc.)
image from the PEN film (PEN) was taken to demonstrate the
topography of the ALD-treated sample surface.

The oxygen transmission rates (OTR) were measured using humid
gases with a Mocon OXTRAN equipment and expressed as cm’/m?/
10°Pa/day. The measurements were performed at 23 °C and at 50—
60% relative humidity. The water-vapor transmission rates (WVTR)
were measured from flat samples according to the modified
gravimetric methods ISO 2528:1995 and SCAN P 22:68 and were
expressed as g/m?/day. The test conditions were 23 °C and 75%
relative humidity. KCL AromaBar equipment was used for evaluating
the aroma barrier properties. Details of the test cell and the method
used have been described elsewhere [9].

3. Results and discussion
3.1. Thermal stability of the biopolymer-coated substrate materials
Thermogravimetric analyses were performed both in air and

nitrogen atmospheres to reveal the thermal behavior and the limitations
of different polymers and polymer-coated papers and boards to be used
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Fig. 1. TG curves recorded for seven different substrate materials in air and nitrogen
atmospheres.

as substrates in the ALD depositions. The resultant TG curves are
presented in Fig. 1. All the substrate materials investigated were found
to behave quite similarly. No significant water removal occurred at low
temperatures, instead the materials decomposed in an essentially
single, sharp step at temperatures ranging from 300 to 450 °C. Except for
PEN and PET, decomposition was practically complete by 450 °C in air,
whereas in nitrogen the decomposition was more incomplete and
shifted to higher temperatures. Most importantly, the TG measurements
confirmed that the materials tested do not degrade thermally at
temperatures employed in low-temperature ALD experiments, i.e.
below ~150 °C.

3.2. Characterization of the Al,O3 coatings

XPS provides two independent means of surface coverage analysis.
In the conventional approach, quantitative analysis based on XPS peak

Fig. 2. A cross-cut SEM image from a paper sample P(UNC) with a 900-nm thick ALD-
grown layer of Al,05 on top of it.
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Fig. 4. AFM topographic images of A) a pure polyethylene naphthalene film (PEN) with B) a 100-nm thick and C) a 900-nm thick ALD-grown Al,O3 layer on top of it.
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Fig. 6. SEM images of coated paper P(PIG) with magnification from the deposited 900-nm layer of Al,05.
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intensities is used. In addition to this, surface depth distributions may be
evaluated from the spectral backgrounds tailing each peak, according to
the approach formulated by Tougaard et al. [10-13]. This latter method
is especially well suited for thin film studies, because it differentiates
homogeneous films from films with loopholes, and because it gives
information of surface coverage up to three times the inelastic mean free
path (IMFP) of the photoelectron signal studied.

Here, the XPS analyses were performed on samples with a 25-nm
thick aluminum oxide coating, in order to evaluate the chemistry and
the coverage of the ALD-deposited coating. In the case of even, 25-nm
thick surface film, the sample should behave as a semi-infinite bulk
material. This means that there should be no signal from the substrate,
neither as peaks nor as changes in the spectral background. Thus, XPS
data of a uniform surface film should be similar to the respective bulk
material (including peaks and the spectral backgrounds tailing them).

In this case, coverage analysis using elements was not optimal,
since the surface contamination (unavoidable in air-exposed metal
oxide surfaces) and substrate both contained carbon. However, the
carbon signal detected was chemically similar to typical surface
contamination (but differed markedly from substrates). Furthermore,
there was no inelastic background tailing the carbon signal, indicating
that the carbon observed originated just from the outmost surface and
not from the bulk. In addition to these, the spectral background
shapes of aluminum and oxygen were both indicative of uniform,
homogeneous depth distributions.

Put together, XPS data confirmed that the substrates i.e. P(PIG), B
(PE) and B(PLA), had been covered quite efficiently by a homogenous
ALD layer of Al,0O3, within the detection depth of XPS (2-10 nm).

SEM images were taken to inspect the cross cuts and surfaces of
the Al,05-coated samples. In Fig. 2, a cross-cut SEM image taken from
a paper sample P(UNC) with a 900-nm ALD-grown layer of Al,03 on
top of it is shown. The deposited Al,05 layer is readily observed and
found to be highly conformal and homogeneous in thickness. With
porous surfaces, such as the surface of our uncoated paper sample P
(UNC), Al,O3 enters also into the pores of the paper.

Fig. 3 shows SEM images of a pigment-coated paper P(PIG) before
and after the deposition of a 900-nm thick Al,O3 layer. The initial
topography of the substrate surface has no substantial effect on the
resultant Al,05 surface. That is, the barrier layer is nearly complete as
it fills or overlays the pores. Very similar surface structures have been
observed also for other materials studied here.

Fig. 4 presents AFM images of a pure polyethylene naphthalene film
and the same film with 100-nm and 900-nm thick Al,05 layers on top of
it. The surface looks rather similar to the pigment-coated paper surface
with a similar Al,O3 coating (Fig. 3). Both pigment-coated paper and
PEN surfaces with a thick Al,O5 coating appear granular. The surface of a
pure PEN film shows also a fine structure in the nm scale (rms roughness
4.5 nm). A 100-nm thick Al,O3 layer (rms 2.94 nm) cannot totally hide
the surface features, but with a 900-nm thick layer (rms 4.89 nm) the
granularity is obvious. The granular surfaces could be due to the uneven
surface properties and hydrophobicity of the substrate. Our hypothesis
is that the unevenness and hydrophobicity influence the water pulse in
the ALD cycle. The chemical variations of the polymer as well as the
variations in crystallinity of the polymer may cause the ALD-Al,03 layer

Table 2
Oxygen transmission rates (cm>/m?/10°Pa/day) of non-coated and Al,03-coated (with
various Al,Os-layer thicknesses) samples.

Code Non-coated 25 nm 50 nm 100 nm
P(PIG) >20,000 >20,000 >20.000 >20,000
B(PE) >20,000 6650 818 3700
B(PLA) 3150 49 121 513

PP 1250 170 109 103

PET 24 11 12 10

PLA 315 44 32 57

Table 3
Water-vapor transmission rates (g/m?/day) of non-coated and 50-nm Al,0s-coated
samples.

Code Non-coated 50 nm
P(LDPE) 54 3.1
B(PE) 8.5 4.6
B(PLA) 131 14
PEN 0.9 0.6
PLA 93 33

to grow unevenly. Pretreatment procedures could solve both of these
problems.

The polyethylene-coated and polylactic acid-coated board sam-
ples, B(PE) and B(PLA), in Fig. 5 are coated with a 20-nm thick Al,03
layer. Small structural features (marked in the figure) can be observed
in the sample surfaces in the SEM images. The sample surfaces seem to
be grainy. The polymer surface is probably partly heterogeneous. This
may have an influence on the growth of the Al,03 layer, especially in
the beginning of the ALD process. In addition, if the sample is highly
porous, thin Al,O5 layers cannot totally fill the pores, as indicated in
Fig. 6 for the coated paper P(PIG).

3.3. Barrier properties

Oxygen transmission rates were measured by positioning the
Al,03-coated side of the sample facing the carrier gas stream. The thus
obtained OTR values are presented in Table 2. From Table 2, it is
clearly seen that the ALD-Al,O3 treatment has improved the oxygen
barrier properties of the materials tested here. However, the OTR
value does not change linearly with the thickness of the deposited
Al,O3 layer. In the cases of the polymer-coated paper and board
substrates, B(PE) and B(PLA), and the plain polylactic acid film sample
PLA, a higher OTR value is obtained for a 100-nm thick Al,03 coating
than for the thinner layers. For the polypropylene film substrate PP, on
the other hand, the OTR value decreases with increasing thickness of
the Al,O3 layer. With the polyester film substrate PET the thinnest
Al,O3 layer seems to improve the barrier properties as much as the
thicker layers. The varying responses could be due to e.g. differences
between the surface roughnesses of the polymers. An excessively
thick layer may cause cracking, which in turn impairs the barrier
properties. The OTR value for the pigment-coated paper P(PIG)
remains very high, even for the Al,Os-layer thickness of 100 nm. In
this case the substrate surface contained cracks and the pores were
probably not filled with a thick ALD-Al,O5 layer.

The water-vapor transmission rate measurements were carried
out for substrates coated with a 50-nm thick Al,03 layer, and for each
material three parallel samples were measured. The WVTR results are
presented in Table 3. Similarly to the OTR values, the positive effect of
a thin Al,Os layer on the WVTR value is evident. Especially the
polylactic acid-coated board and the polylactic acid film samples B
(PLA) and PLA are found to experience a significant improvement in
the WVTR as achieved through the ALD-grown Al,O5 layer.

The aroma barrier properties were measured only for one
substrate material, polyethylene-coated paper P(LDPE). Results are
shown in Table 4. Although the diffusion coefficient decreases more

Table 4
Diffusion coefficients (10~'°m?*) for different aromas measured for the P(LDPE)
sample before and after coating it with a 50-nm Al,05 layer.

Code coated 50 nm
Isoamyl acetate 9.1 3.6
p-Limonene 15.8 8.7
cis-3-hexenol 7.6 3.6
r-Carvone 9.9 52

/4



2658 T. Hirvikorpi et al. / Thin Solid Films 518 (2010) 2654-2658

than 50% of the original value the aroma barrier properties are
considered to be of medium level only. The improvement is not as
dramatic as expected. This result is in line with the results from the
WVTR measurements for the same substrate material.

4. Conclusions

Aluminum oxide films with thicknesses ranging from few nan-
ometers to one-micron scale were grown using the ALD technique at
low temperature on polymer films and on papers and boards coated
with polymers. XPS and SEM results indicated that even the thinnest
films provided a good coverage over the surface features of the various
porous and non-porous substrate materials investigated. However,
there were also signs of some graininess in nanometer scale which may
be a disturbance. Even without being optimized, the barrier properties
of the substrate materials studied were improved significantly -
especially for oxygen and water-vapor diffusion - upon coating the
materials with a thin ALD-deposited layer of Al,05.
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Thin (25 nm) and highly uniform Al,03 coatings have been deposited at relatively low temperature of 80 and
100 °C onto various bio-based polymeric materials employing the atomic layer deposition (ALD) technique.
The work demonstrates that the ALD-grown Al,O3 coating significantly enhances the oxygen and water vapor
barrier performance of these materials. Promising barrier properties were revealed for polylactide-coated
board, hemicellulose-coated board as well as various biopolymer (polylactide, pectin and nano-fibrillated

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Growing environmental concerns related to the use of synthetic
polymers in the packaging industry have led to the need for new,
especially bio-based, materials in such applications [1]. Currently
synthetic polymers are widely used in packaging applications because
of their relatively low cost and high performance. Bio-based
packaging materials would have many advantages over their plastic
competitors, such as sustainability and recyclability [2]. However, the
sensitivity towards moisture restricts their extended use. One way to
improve the water-sensitivity is to apply a surface coating.

“Barrier property” refers to a material's capability to resist the
diffusion of a specific species (molecule, atom or ion) into and through
the material. To be a good gas and vapor barrier, the material needs to
be pore-free. When considering polymer-coated boards, the water
vapor transmission rate (WVTR) is affected by e.g. the coating weight
of the polymer as well as the temperature and humidity of the
surroundings [3, 4]. The common polymers used in packages include
low- and high-density polyethylene, polypropylene and polyethylene
terephthalate [5]. Hygroscopic materials, such as many biopolymers,
typically lose their barrier properties at high relative humidity due to
water absorption [6]. There have been some efforts to improve the

* Corresponding author.
E-mail addresses: Terhi.Hirvikorpi@vtt.fi (T. Hirvikorpi), mika.vaha-nissi@vtt.fi
(M. Vdha-Nissi), juha.nikkola@vtt.fi (J. Nikkola), Ali.Harlin@vtt.fi (A. Harlin),
maarit.karppinen@tkk.fi (M. Karppinen).

0257-8972/$% - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.surfcoat.2011.05.017

water vapor and oxygen barrier properties of polymer coatings with
e.g. SiOy layers [7]. Based on our recent studies [8-11] and studies by
others [12-14], a thin Al,03 coating layer grown by the atomic layer
deposition (ALD) technique could work as a high-quality pore-free
barrier film. The ALD technique is a surface-controlled layer-by-layer
deposition process based on self-limiting gas-solid reactions [15]. It is
well suited to produce inorganic gas barrier coatings on various
materials.

Because of the covalent bonding, the adhesion of ALD-grown Al,05
layer with the substrate is commonly excellent [16, 17]. Biopolymers
typically have functional surface groups improving the bonding
between the substrate and the Al,O3 layer. This makes biopolymeric
materials, in our opinion, even more interesting substrates to create
efficient gas and moisture barrier materials when combined with a
thin Al,O3 coating than regular oil-based polymers, such as polyeth-
ylene, polypropylene or polyethylene terephthalate, for instance.

The ALD film growth characteristics on oil-based polymers have
been previously studied by others [18-21]. Metal oxide films were
found to grow on the native substrate surface. The basis for the initial
film growth and nucleation was the hydroxyl groups on the polymer
[15, 22]. The Al,03; growth mechanism on porous polymeric sub-
strates was demonstrated to occur through the adsorption of the
trimethylaluminum (TMA) precursor onto the surface or by absorp-
tion into the porous material leading to the formation of Al,0O5 clusters
and further on to the linear film growth rate after the nucleation
period [19]. The same mechanism has been demonstrated for many
polymers. However, the initiation period differs depending on the
polymer [18].

/1


http://www.elsevier.com/locate/surfcoat
mailto:Terhi.Hirvikorpi@vtt.fi
mailto:mika.vaha-nissi@vtt.fi
mailto:juha.nikkola@vtt.fi
mailto:Ali.Harlin@vtt.fi
mailto:maarit.karppinen@tkk.fi

T. Hirvikorpi et al. / Surface & Coatings Technology 205 (2011) 5088-5092 5089

Here we demonstrate that ALD is indeed a promising technique to
fabricate thin Al,O5 barrier layers on bio-based temperature-sensitive
packaging materials. We moreover show that the barrier properties
can be further improved by coating the materials with a pre-barrier
layer prior to the ALD-AIl,O5 coating.

2. Material and methods

The packaging materials investigated were commercial boards
(provided by Stora Enso Oyj) coated with bio-based polylactide (PLA).
In addition, several different biopolymer films were investigated. The
materials tested are presented in Table 1. From our previous
thermogravimetric study performed for most of the present substrate
materials [8], we may conclude that the materials do not degrade
thermally at temperatures employed in our low-temperature ALD-
Al,03 process.

The ALD-Al,O5 depositions were carried out at 80 or 100 °C in a
Picosun SUNALE™ reactor on substrates that were ca. 10x 10 cm? in
size. Trimethylaluminum (TMA, electronic grade purity, SAFC Hitech)
and H,0 or O3 were used as precursors. Ozone was produced by
feeding oxygen gas (99.9999%) into the reactor through an ozone
generator (In USA Inc., model AC 2025). The concentration of ozone
was ca. 8% and the gas flow rate during the pulse was about 200 sccm
(standard cubic centimeters per minute). High purity nitrogen
(99.9999% N,) was used as a carrier and purge gas. The operating
pressure was 1-2 kPa. The precursor pulsing sequence was: 0.1 s TMA
pulse, 6 s N, purge, 0.1 s H,0 or Os pulse, and 6 s N, purge, and the
number of ALD cycles was adjusted according to the targeted Al,03
coating thickness of 25 nm (selected based on our previous works)
[9-11]. The actual thicknesses of the Al,O5 films could not be directly
measured. Instead, we estimated the thicknesses based on the growth
rate determined to be appr. 0.1 nm/cycle with a Nanospec AFT4150
reflectometer from films grown on a Si(100) wafer. This was done for
the TMA-H,0 process at both temperatures and for the TMA-O3
process at 100 °C. Because of the different surface chemistries of
different polymers, the actual thickness may somewhat deviate from
that determined for the Al,0s-coated silicon wafer [20, 23]. It should
also be mentioned that even though the aim was to deposit only on
the polymer-coated side, film growth also on the uncoated side could
not be totally prevented.

We also considered the possibility to coat the substrate material with
a pre-barrier layer prior to the ALD-Al,O3 coating to block the largest
pinholes in the porous substrates, For these experiments B2(PLA)
substrates were used. Epoxy-based hybrid coatings with targeted
coating weight of 2 g/m? were fabricated by a sol-gel (SG) method
using 3-(trimethoxysilyl)propyl glycidyl (from Sigma-Aldrich) as an
epoxy source, ethanol as a solvent and water to initiate the hydrolysis
and condensation reactions. The coatings were sprayed on corona-
treated substrates and dried at 120 °C for 10 min. The corona treatment
unit (ET1 from Vetaphone) with treatment time of 60 s was used for
better wetting and adhesion properties between the coating and the

Table 1

Packaging materials employed as substrates.
Code Description
B1(PLA) Polylactide-coated board; PLA 35 g/m?, board 310 g/m?
B2(PLA) Polylactide-coated board; PLA 35 g/m?, board 210 g/m?
B3(PLA) Polylactide-coated board; PLA 27 g/m?, board 210 g/m?
PLA1 Polylactide film, 20 pm
PLA2 Polylactide film, 75 pm
NFC Nano-fibrillated cellulose film; NFC; appr. 60 g/m?
B(GGM) Galactoclugomannan-coated board; GGM appr. 9 g/m?,

board 200 g/m? pigment coated
PHB Polyhydroxy butyrate film, 180 pm
Pectin Pectin film made by solution casting, 160 um

substrate. The SG-coated substrates were further coated with an Al,O3
layer at 80 °C using TMA and H,0 as precursors.

The Al,03-coated samples were characterized by scanning elec-
tron microscopy (SEM; Hitachi S-3400 N VP-SEM, operating voltage
15 keV) for the microstructure. Prior to the imaging the samples were
sputter-coated with Pt. The surface topography was analyzed with
atomic force microscopy (AFM: Park Systems XE-100 equipment with
cantilever 905-ACTA) using a non-contact “tapping” mode.

Contact angle (CA) and surface energy (SE) measurements (KSV
CAM 200 Optical Contact Angle Meter) were carried out for some of
the samples in a controlled atmosphere (relative humidity 50%,
temperature 23 °C) with three to eight parallel measurements and
expressed as degrees (°). The CA value was determined using water as
solvent. For the SE measurements, water and di-iodomethane were
used as solvents. The CA values of solvents were calculated at the time
of 1s from the moment the drop contacts. The SE values were
calculated from the CA data by using the OWRK (ext. Fowkes) theory
and expressed as mN/m.

For all the samples, the oxygen and water vapor transmission rate
(OTR, WVTR) values were determined. The OTR values expressed as
cm>/m?/10°Pa/day were measured (Systech M8001 and Mocon
Oxtran 2/20) from two to three parallel samples using humid gases
at 23°C and in 50% relative humidity. The WVTR values were
measured from three to five parallel samples according to the
modified gravimetric methods ISO 2528:1995 and SCAN P 22:68
and were expressed as g/m?/day in conditions of 23 °C and 75%
relative humidity.

3. Results and discussion

Our first task was to optimize the ALD-Al,Os; process for
temperature-sensitive bio-based substrates. In these preliminary
experiments two PLA-coated board samples, B1(PLA) and B2(PLA),
were investigated and the deposition parameters considered were the
deposition temperature (80 or 100 °C) and the choice of the oxygen
source (H,0 or Os). Interestingly, the growth per cycle (GPC) values
for the H,0 and O3 processes were found to be nearly identical, i.e.
0.1 nm/cycle (as measured for films grown on silicon substrates). This
somewhat disagrees with the work by Elliot et al. [22] reporting
somewhat lower GPC values for the TMA-O5 process compared to the
TMA-H,0 process. It seems that in our case the O3 gas might have
been somewhat wet; note that the H,O present may act as a catalyst
for the reactions during the TMA-Os process, increasing the GPC value.

The results from the OTR and WVTR experiments for the B1(PLA)
and B2(PLA) samples with differently grown Al,03; coatings are
shown in Table 2. Independent of the deposition parameters used, the
25-nm thick ALD-Al,O5 coating remarkably improves both the oxygen
and water vapor barrier properties of our PLA-coated board samples.
Previous studies have shown that the deposition temperature may
have some impact on the surface topography and morphology as well
on the adhesion of Al,O5 coating in the case of polymeric substrates
[24]. Higher deposition temperature may increase crystallinity of the
polymers and cause brittleness for polymer structures which could

Table 2

OTR and WVTR values for plain and variously ALD-Al,0s-coated B1(PLA) and B2(PLA)
samples. The ALD parameters investigated were the deposition temperature (80 or
100 °C) and the choice of the oxygen source (H,O or O3).

Sample OTR (cm’/m?/10° Pa/day) WVTR (g/m?/day)
B1(PLA) uncoated 420410 65+2

B1(PLA) + Al,O5 by H,0 (100°C) 20+ 3 1402

B1(PLA) +Al,O; by 05 (100°C)  12+1 542

B2(PLA) uncoated 400+9 75+2
B2(PLA) + Al,05 by H,0 (80 °C) 641 341
B2(PLA) + Al,05 by O3 (80 °C) 341 742

B2(PLA) + Al,05 by O3 (100 °C) 2402 1402
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then lead to cracking of the polymer layer impairing the barrier
properties. Here however, the choice of the deposition temperature
(in the range investigated, i.e. 80-100 'C) may not be crucially
important. In some cases even lower deposition temperatures might
be advantageous. For extremely temperature-sensitive biopolymeric
substrates the low deposition temperature could prevent the curling
effect due to polymer shrinkage. Moreover, Lahtinen et al. [24],
demonstrated that by using lower deposition temperatures it was
possible to achieve better adhesion between the polymer surface and
the Al,03 coating.

Also, both the processes, TMA-H,0 and TMA-Os, apparently work
well at least for the PLA-coated boards. This could be due to the
different fabrication methods of the pristine substrates. From Table 2,
the OTR values achieved are somewhat better in the case of the TMA-
03 process, while the opposite seems to be true for the WVTR values.
During the water pulse, the absorbed H,O may cause the polymer to
swell, which should not be the case with Os. OTR is generally regarded
as more sensitive towards coating defects than WVTR. Hence, the
TMA-O5 process can be considered a highly potential alternative for
depositing Al,03 coatings on biopolymers except for the most
sensitive materials not standing the strong oxidation power of Os.

We should also consider the moisture within the polymer chains of
the substrate material. Bio-based substrates tend to contain absorbed
moisture and the removal of it could enhance the barrier properties
because absorbed water may act as a plasticizer impairing the barrier
properties. The possible benefits of the removal of the substrate
moisture prior to the ALD-Al,O3 deposition were investigated by
keeping a B1(PLA) sample in a heated (100 °C) ALD reactor chamber
overnight before coating it with Al,05 at 100 °C using the TMA-H,0
process. The overnight heat-treatment resulted in a slight improve-
ment in the OTR value: the value decreased from 20 to 8 cm?/
m?2/10°Pa/day. However, the effect on the WVTR value was just the
opposite: it increased from 1 to 7 g/m?/day. The removal of the
moisture within the polymer chains made the sample brittle.

The main scope of the present work was to investigate whether the
excellent results obtained for the PLA-coated boards with ALD-grown
Al,03 coatings could be extended to other bio-based materials. The
oxygen and water vapor barrier results achieved for a variety of
biopolymer substrates with a 25 nm-thick Al,O3 layer deposited by
the TMA-H,0 process are summarized in Fig. 1. Note that H,0 was
used as the oxygen source instead of O3 to be sure that the results
would not be distorted by the possible harmful effects of O3 in the case
of the most sensitive biopolymer film substrates. The depositions

were performed at 80 or 100 °C depending on the expected
temperature tolerance of the substrate material. From Fig. 1, it can
be concluded that our ALD-Al,03-coated PLA, pectin, NFC, B1(PLA)
and B(GGM) samples are highly promising oxygen barriers with OTR
values that are already close to the oxygen barrier level required for
dry food applications. For example, for PLA1 and B1(PLA) the OTR
values were improved from 702 to 43 cm®/m?/10°Pa/day and from
420 to 20 cm®/m?/10°Pa/day, respectively. Besides being a good
oxygen barrier, the Al,0s-coated B1(PLA) sample is also a highly
promising water vapor barrier as the WVTR value of it was improved
from 65 to 1 g/m?/day.

The NFC film investigated here is a highly interesting fiber network
for various potential applications. Besides enhancing the oxygen
barrier of NFC, the ALD-Al,03 coating works as a kind of protective
layer for the nanofibers (Fig. 2). Such materials are in the very focus of
current research interest as examples of the controlled material
integration of organic fibers and inorganic thin films [25]. This type of
uniform coatings on single fibers are believed to open up new
application possibilities e.g. in the area of filter development.

Despite the promising results achieved so far for the ALD-Al,O5
coated bio-based materials here and in our earlier studies [8-11],
further improvements are still desired. A pre-barrier layer could close
the larger pinholes on the surface of porous substrate making it
denser and probably smoother and thus more favorable surface for
the Al,O5 barrier layers to be grown on. The effect of a sol-gel coating
between the substrate and the top ALD-Al,O3 coating was studied
using B2(PLA) as a substrate material. In Fig. 3, AFM surface and phase
images for plain, SG-coated and SG -+ Al,03-coated B2(PLA) are
presented. The observed average roughness (R,) values are also
given. From Fig. 3, the SG coating decreases the R, value making the
surface of the substrate smoother. The ALD-Al,O3 layer on top of the
SG coating makes the surface even smoother. The total decrease in R,
was from 54 to 15 nm.

We also determined the contact angle (CA) and surface energy
(SE) values for plain, SG-coated and SG + Al,03-coated B2(PLA), see
Table 3. The SG coating decreases the CA value indicating a more
hydrophilic surface. The CA value drops even further with the
additional Al,O3 coating. In Table 3, also given are the OTR and
WVTR values for the same samples. The results show a moderate
positive effect of SG coating on the barrier properties of B2(PLA). Only
after the SG-coated B2(PLA) was additionally coated with Al,Os, the
appreciably low OTR and WVTR values of 2 cm?/m?/10° Pa/day and
2 g/m?/day, respectively, were reached. Most importantly, these

10 000
PLAL
1000 - o B3(PLA)
B B3(PLA)+ALO, " A2 B(GGM)
+
g s O 1L
5 100 | E;B’
“ B1(PLA)+Al, 0,
‘3 * L3 PLAL+Al,0, B(GGM)+Al,0,
) o PHB +Al,0, @
= NFC
E 1 NFC+AI2030
.E ¢ Pectin
o
01 | PLA2’+AI203
Pectin+Al, 05
0.01 1 i |
! 10 100 1000 10 000
WVTR (g /m day)

Fig. 1. Oxygen and water vapor barrier results achieved for various bio-based substrate materials (open markers) by means of a 25-nm thick ALD-Al,O5 coating (filled markers). The

depositions were carried out at 80 or 100 °C using the TMA-H,0 process.
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Fig. 2. SEM image (left image) with a magnification (right image) of NFC coated with a 25-nm thick Al,O5 layer, showing that the nano-fibrillated fibers are indeed uniformly coated
with Al,0s. The smallest observed fiber thickness is ca. 50 nm and the curve radius from the fiber ends is appr. 25 nm.
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Fig. 3. AFM surface topography (left image) and phase (right image) images of plain, SG- and SG + Al,03-coated B2(PLA).
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Table 3

Contact angle (CA), surface energy (SE), OTR and WVTR values for plain, SG-, SG + Al,03-, and Al,03-coated B2(PLA). The total value of surface energy (SE) is the sum of dispersive

(SEq4) and polar (SE,) components.

Sample CA () SE, (mN/m) SEq (mN/m) SE (mN/m) OTR (cm?/m?/10° Pa/day) WVITR (g/m?/day)
B2(PLA) uncoated 71 74 38.2 45.6 400+9 7542
B2(PLA) 4 SG 58 13.2 40.6 53.8 310£2 4442
B2(PLA) + SG + Al,05 52 18.0 36.9 54.9 241 241
B2(PLA) + Al,05 - - - - 6+1 3+1

values are lower than those achieved for B2(PLA) with the ALD-Al,O3
coating only, i.e. 6 cm®/m?/10° Pa/day and 3 g/m?/day, respectively.

4. Conclusions

We have demonstrated that the oxygen and water vapor barrier
properties of various bio-based boards and films are significantly
enhanced by coating them with a 25-nm thick ALD-grown Al,03 film.
Through careful process optimization excellent barrier properties
were reached for some of the bio-based materials investigated such
that the materials satisfy the basic requirements set for commercial
barrier materials for dry food or pharmaceutical packaging applica-
tions. Also shown was that there are means to improve the barrier
properties further by cheap and easy-to-make coatings applied on the
substrate surface prior to the top ALD-Al,O3 coating. In the future
these materials could be produced with a continuous ALD process.
There are already research tools and several patent applications
concerning the development of the continuous ALD process.
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The effect of corona pre-treatment on the performance of Al,O3 and SiO, gas barrier layers applied by
atomic layer deposition onto polymer-coated paperboards was studied. Both polyethylene and polylac-
tide coated paperboards were corona treated prior to ALD. Corona treatment increased surface energies
of the paperboard substrates, and this effect was still observed after several days. Al,03 and SiO; films
were grown on top of the polymer coatings at temperature of 100 °C using the atomic layer deposition
(ALD) technique. For SiO, depositions a new precursor, bis(diethylamido) silane, was used. The positive

Key W‘.)rdS: . effect of the corona pre-treatment on the barrier properties of the polymer-coated paperboards with the
Atomic layer deposition .. . . . .

Corona ALD-grown layers was more significant with polyethylene coated paperboard and with thin deposited
Barrier layers (shorter ALD process). SiO, performed similarly to Al,03 with the PE coated board when it comes

to the oxygen barrier, while the performance of SiO, with the biopolymer-coated board was more mod-
erate. The effect of corona pre-treatment was negligible or even negative with the biopolymer-coated
board. The ALD film growth and the effect of corona treatment on different substrates require further

Packaging material
Silicon oxide
Aluminum oxide

investigation.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

The tightened requirements for the quality and safety of various
food items have increased the need for better packaging materi-
als. Fiber-based packaging materials have many advantages over
their plastic competitors, such as sustainability, recyclability and
stiffness/weight ratio [1]. However, poor barrier properties and
sensitivity towards moisture are the main challenges for their
extended use. Most of the studies have concerned polyethylene,
ethyl vinyl alcohol and poly(ethylene terephthalate) but in recent
years, owing to increased impact of environmental issues, the
replacement of fossil-based raw materials with bio-based materials
has become important.

Many biopolymers are hygroscopic materials, meaning that they
will lose their barrier properties at high relative humidity. This is
due to absorption of water and swelling of the polymer, which
results in a more porous or open structure [2]. In order to prevent

* Corresponding author. Tel.: +358 40 5308 472; fax: +358 20 722 7026.
E-mail addresses: terhi.hirvikorpi@vtt.fi (T. Hirvikorpi), mika.vaha-nissi@vtt.fi
(M. Vdha-Nissi), ali.harlin@vtt.fi (A. Harlin), jaana.marles@picosun.com
(J. Marles), ville.miikkulainen@picosun.com (V. Miikkulainen),
maarit.karppinen@tkk.fi (M. Karppinen).

0169-4332/$ - see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.apsusc.2010.07.051

the phenomenon, thin glass-like SiOx coatings have been utilized to
improve the gas barrier properties of moisture sensitive materials
[3,4]. Furthermore, there is a need to upgrade the existing packag-
ing materials, and thin inorganic coatings are an interesting way to
create high performance materials for food packages.

Atomic layer deposition (ALD) technique is a surface con-
trolled layer-by-layer thin film deposition process based on
self-terminating gas-solid reactions. It is uniquely suited to pro-
duce high-performance gas-diffusion barrier coatings on porous
materials as it allows preparation of dense and pinhole-free inor-
ganic films that are uniform in thickness even deep inside pores,
trenches and cavities of various dimensions. In our previous work
thin Al,O3 coatings were deposited by the ALD technique at low
temperature on various polymer-coated papers and boards and
plain polymer films [5]. The work demonstrated that such ALD-
grown Al, O3 coatings efficiently enhanced the gas-diffusion barrier
performance of the studied materials towards oxygen, water vapor
and aromas. We also have demonstrated that ALD is a recom-
mended thin film deposition technique when making extremely
thin (25 nm) barrier coatings from Al,03 to temperature sensitive
fiber-based materials [6].

Despite the promising results, improvement in barrier perfor-
mance towards gases is still needed in order to create barrier
coatings suitable for demanding packaging purposes. One route
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towards improved barrier performance could be to pre-treat the
substrate before the ALD. The surface chemistry of the substrate
may affect the ALD deposition, especially the initial formation
of the monolayers due to e.g. different amounts of hydrogen-
bonder water on the surfaces. Based on our hypothesis, pre-treating
the surface could even out the surface chemistry and enhance
the uniformity of the ALD layer on polymeric coatings and thus
improve the barrier properties, especially those obtained with thin
ALD-grown coatings. Polymer films are often chemically inert, non-
porous, and have low surface energy. This causes surfaces to be
non-receptive to wetting and bonding with e.g. aqueous coatings.
Corona treated films exhibit a higher surface energy crucial for
producing high quality coated products.

Pre-treating substrates with corona discharge is a widely used
method for polyolefin films [7]. Corona treatment is an electrical
process which utilizes ionized air converting the substrate surface
from non-polar to polar state. The surface is bombarded with ozone,
oxygen and free radicals of oxygen and this enables the oxidation of
the surface which increases the surface energy. Corona treatment
has been found to increase oxygen content and carbon-oxygen
functionalities on low-density polyethylene, while the effect on
more polar ethylene methyl acrylate copolymer was marginal [8].
Due to the fact that there are significantly less polar functional
groups on polyethylene (PE) than on polylactide (PLA) we assumed
that the effect of corona treatment would be more profound with
PE. In addition to oxidation, the effect of corona on the polymer
surface can be due to cross-linking and removal of low molecular
weight contaminants [8,9], changing surface micro-roughness and
morphology [8-10], and formation of electret [8,11]. However, no
significant changes in roughness values have been observed with
corona treatment in earlier studies [12-14]. Changes in polymer
morphology cannot be ruled out.

The aim of the present work was to study the influence of corona
pre-treatment to the oxygen and water vapor barrier performance
of polymer-coated boards additionally coated with Al,03 and SiO,
by the ALD. In SiO; depositions, a new precursor (bis(diethylamido)
silane) was used. Use of this precursor has not been previously
published in relation with barrier coatings. SiO, has been grown
by the ALD using compounds such as Si(NCO)4, and N(C;Hs)3 as
precursors [15]. Deposition of SiO, using SiCly and H,0 as pre-
cursors has also been described [16], as well as dichloro silane
(SiH,Cly) and O3 [17]. However, the problem with these precur-
sors is the relatively high deposition temperatures which cannot
be used with heat sensitive materials, such as polymer-coated
boards.

2. Experimental details

Commercial paperboards with both synthetic low-density
polyethylene (B(PE): board 210¢g/m?; coating 15g/m?) and bio-
based polylactide (B(PLA); board 310g/m?; coating 35g/m?)
coatings were used as substrates. The corona pre-treatment was
performed at VIT with a corona treatment unit from Vetaphone
(type: CP1C MKII, 2.0 kW, TF-415). The speed of the substrate was
500 mm/min and the power output of the corona treatment was
50 Wmin/m?2. This is a widely used treatment unit for plastics [18].

ALD coatings were deposited at 100°C using a commercial
SUNALE™ R-series reactor manufactured by Picosun Oy, Finland
targeting at coating thicknesses of 25 and 50 nm. The general pro-
cedure of ALD-Al,03 depositions has been reported previously
elsewhere [6]. The ALD precursors for Al,O3 depositions were
trimethylaluminium (TMA, SAFC Hitech, electronic grade purity)
and water. High purity Ny (99.9999%) was used as a carrier and
purge gas. For Al,03 depositions the precursor pulses lasted 0.1s
and the purges 5s.
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The procedure for SiO, depositions was based on the earlier
study of Dussarrat et al. [19]. For SiO, depositions the precur-
sors were bis(diethylamido) silane (SAFC Hitech, electronic grade
purity) and ozone (20 vol%) produced from oxygen (99.9999%). Sur-
face OH~-groups have different reactivity towards Al;03 and SiO,.
In order to initiate the SiO, film growth, a thin (~2 nm) layer of
Al;03 was first deposited from TMA and water. For Al,O03 depo-
sitions the precursor pulses lasted 0.1s and the purges for 4s,
respectively. For SiO, depositions the precursor pulses lasted 1s
and the purges for 5s.

The resultant film growth rates and actual film thicknesses on
the polymer-coated boards could not be directly measured. Instead,
the coating thicknesses were produced according to the reactor
process parameters and compared to the thickness of Al,03 and
SiO, on a silicon wafer analyzed with a Nanospec AFT4150 reflec-
tometer. The film growth rates for ALD were estimated to be ca
1.1 AJcycle for TMA-H, 0 and silane-O3 0.085 A/cycle. Due to the dif-
ferent polarities and functional groups of the PE and PLA surfaces
the actual growth rates on the polymer-coated board substrates
may somewhat deviate from those determined for the ALD coat-
ing on silicon wafer [20,21]. Although the aim was to deposit only
the polymer-coated side of the substrate, film growth also on the
uncoated side could not be totally prevented.

Contact angle (CA) and surface energy (SE) measurements were
made directly after the corona pre-treatment and repeated 7 days
after the pre-treatment. These measurements were carried out in
order to study the decrease in surface energy during a certain
time period. The measurements were made with KSV CAM 200
Optical Contact Angle Meter in a controlled atmosphere (RH 50%,
temperature 23 °C) and were expressed as°® for contact angle and
mN/m for surface energy. The probe liquids used were H,0 and
di-iodomethane (CH;I;). Results are given as an average of three
parallel measurements. The surface energy values, including dis-
persive and polar components, were calculated from the contact
angle data using the OWRK (ext. Fowles) theory. The values of con-
tact angles were calculated at the time of 1 s from the moment the
drop contacts the surface.

The oxygen transmission rate (OTR) was measured from two
to three parallel samples using humid gases at room temperature
(23°C) with Systech M8001 and Mocon OXTRAN equipment and
expressed as cm3/m?/10° Pa/day. The results from the two OTR
equipments were roughly the same so the results from two differ-
ent equipments may be compared. The water vapor transmission
rate (WVTR) was measured from three to five parallel flat samples
according to the modified gravimetric methods ISO 2528:1995 and
SCAN P 22:68 and was expressed as g/mZ/day. Test conditions were
23°C and 75% relative humidity.

3. Results and discussion
3.1. Surface energies of the polymer-coated substrate materials

As described in our previous work [6], the surface topographies
of the substrates B(PE) and B(PLA) vary greatly from each other. The
surface of B(PLA) appears to be smoother than that of B(PE). This
might be due to its larger polymer-coating weight (35 g/m?2)in com-
parison to that for B(PE) (15 g/m?2). Another explanation could be
the different chill roll surface patterns used in extrusion coating of
the paperboard. Due to their different surface roughness, the two
substrate materials apparently accommodate different amounts of
Al;03 and SiO, during parallel ALD treatments. Compared to the
smoother B(PLA) substrate, the B(PE) substrate has larger specific
surface area and accordingly larger concentration of surface sites
to accommodate larger amounts molecules upon the ALD deposi-
tions.
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Table 1

Contact angle with water (CA) and surface energy (SE) values (y4, yP, y®) of pristine substrates directly after the corona pre-treatment and after 7 days from the pre-treatment.

Sample Directly after pre-treatments Seven days after pre-treatments

CA ¥ ¥P ¥ CA ¥ P ¥
B(PE) untreated 90 36.7 3.8 40.5 90 36.7 3.8 40.5
B(PE) corona treated 67 43.5 7.6 51.0 71 41.2 6.4 47.7
B(PLA) untreated 71 40.1 7.7 47.8 71 40.1 7.7 47.8
B(PLA) corona treated 62 42.7 104 53.1 67 422 8.0 50.2

The results from the contact angle measurements with water
and surface energy analyses are presented in Table 1. The total
value of surface energy (7ys) consists of dispersive (yd) and polar
(yP) components. The latter measures the increase in polarity on
the surface. The polar component is our main interest because it
indicates the density of polar groups on the surface.

Results showed that the contact angle values of both B(PE) and
B(PLA) changed after the corona pre-treatment making the surfaces
more hydrophilic. The change was greater for B(PE) than for B(PLA).
In addition, for B(PE) the contact angle remained approximately
similar for 7 days. For B(PLA) the influence of corona pre-treatment
was minor and after 7 days the contact angle with water was almost
the same than before the pre-treatment. The surface energy values
also increased when corona pre-treatment was applied. The results
imply that the amount of polar groups at the surface increased. The
effect was greater for B(PE) than for B(PLA). This can be explained
by the different behavior of the chemical bonds in these polymers,
PE and PLA, and the capability of the polymers to form additional
oxygen containing functional surface groups. For both of the sub-
strates the surface energy values remained at higher level after 7
days.

We also applied significantly lower corona treatment
(<10Wmin/m?2) to the same samples with a smaller and sim-
ple corona unit, and Enercon Industries performed atmospheric
plasma treatment to the samples with an optimized gas mixture.
Plasma treatment is interesting due to lower tendency of the base
polymer to degrade during the treatment without pin-holing and
backside treatment. Plasma treatment also allows wider adjust-
ment of surface properties by using different gases or gas mixtures.
Unfortunately, no clear effect of these pre-treatments could be
detected on contact angles or surface energy. The reason for the
poor result with the plasma treatment could be the time delay of
several days between the treatment and the measurement.

3.2. Barrier properties

Oxygen transmission rates (OTR) were measured in a way that
the ALD deposited side of the sample faced the oxygen stream. The
results are presented in Table 2.

Table 2

Oxygen transmission rates (cm?/m?/10° Pa/day) of pure B(PE) and B(PLA) substrates
and Al, 03 or SiO; coated substrates with and without of pre-treatment. The results
are given as average =+ standard deviation of two to three parallel measurements.

Sample Untreated Corona treated
B(PE) uncoated 7900 + 1600 5700 + 140
B(PE)+25nm Al,03 6700 + 2500 1400 + 70
B(PE) +50 nm Al O3 2700 =+ 400 1800 + 200
B(PE)+25nm SiO, 5050 + 1300 2000 + 140
B(PE)+50 nm SiO, 2100 + 900 2500 + 140
B(PLA) uncoated 420 + 10 328 +£ 1.0
B(PLA)+25nm Al 03 20+ 3 17 £5
B(PLA)+50 nm Al,03 60 + 5 80 + 50
B(PLA)+ 25 nm SiO; 360 £5 250 £ 10
B(PLA)+50 nm SiO, 20 £+ 2 27 +5

Corona treatment improved the oxygen barrier properties of
the substrates as such probably due to the surface cross-linking
caused by the relatively strong pre-treatment. Cross-linking of base
polymer can also decrease diffusion of precursors into the polymer
matrix. The influence of the corona treatment was greater for B(PE)
than for B(PLA). Corona treatment seems also to lead to more even
ALD-grown layers due to smaller standard deviation with corona
pre-treated samples.

For B(PE), without the corona pre-treatment, the thicker (50 nm)
Al,0O3 layer, i.e. the longer ALD process, resulted in better bar-
rier properties than the thinner (25 nm) layer, i.e. the shorter ALD
process. However, the situation was different after corona treat-
ment; better oxygen barrier properties were obtained already with
25nm Al,03 layers. For SiO, depositions, the barrier properties
were most improved when a 50 nm SiO, layer was deposited onto
substrate but after the corona pre-treatment the thinner (25 nm)
layers resulted in larger improvement.

When B(PLA) was used as a substrate and Al,0O3 layers were
deposited on the substrate without corona pre-treatment, a 25 nm
Al,03 layer improved the properties more than a thicker (50 nm)
layer. After the pre-treatment, the properties of the 25 nm Al,03
layer remain practically at the same good level. The barrier perfor-
mance did not improve further with the 50 nm Al, 03 layer, which
could be due to the cracking behavior of thick ALD films [5]. How-
ever, for SiO, depositions, the barrier properties improved most
when a 50nm SiO, layer was deposited onto substrate and the
properties were further improved after corona pre-treatment. For
B(PE) and B(PLA), in general, the best barrier properties towards
oxygen were obtained with a 25-nm Al,03 layer on top of corona
pre-treated substrates.

The WVTR results are presented in Table 3. The results show
that the corona pre-treatment only slightly improved the water
vapor barrier properties for both of the uncoated substrates. For
B(PE), both with and without the corona pre-treatment, the 50 nm
Al,03 layers resulted in better barrier properties than the 25 nm
Al,03 layers. The values with and without corona pre-treatment
are close to each other when taking into account the statistical
scattering. With SiO, depositions on B(PE), the barrier properties
were at the same level with both film thicknesses as with the Al,03
layers. However, the corona treatment improved the WVTR of the

Table 3

Water vapor transmission rates (g/m?/day) of pure B(PE) and B(PLA) substrates and
Al,03 or SiO; coated substrates with and without of pre-treatment. The results are
given as average =+ standard deviation of three to five parallel measurements.

Sample Untreated Corona treated
B(PE) uncoated 7.0 £ 0.9 6.2 +£ 04
B(PE) +25nm Al, 03 6.9 + 0.1 6.1+ 1.1
B(PE)+50 nm Al, O3 2.0+ 05 46+ 1.6
B(PE) +25 nm SiO, 6.3 +£03 29+03
B(PE) +50 nm SiO, 6.5+ 1.0 7.0 £ 04
B(PLA) uncoated 649 + 1.6 60.5 + 0.4
B(PLA)+25nm Al,03 14+02 57 + 3.8
B(PLA)+50 nm Al, 053 1.8 £ 0.5 132 £59
B(PLA) +25 nm SiO; 481+ 1.8 422 +1.1
B(PLA)+50 nm SiO; 415+ 53 419 + 2.7
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25nm SiO, layer. This could be due to a more even Al,03 layer
under the SiO, layer. With B(PLA) the best WVTR was obtained
with Al,03 without the corona pre-treatment. Corona treatment
impaired the WVTR, although the values were better than those
obtained with SiO, on the same substrate. Similarly to the OTR,
the WVTR of the 50 nm Al,03 layer increased more than with the
thinner layer. The negative effect of corona pre-treatment on the
performance of B(PLA) could be due to uneven or too excessive
treatment.

When Al,03 was applied on B(PLA) without corona pre-
treatment, the 25nm Al,03 layer improved the oxygen barrier
properties more than the 50 nm layer. Corona treatment did not
alter the situation. When SiO, was applied on B(PLA) without
corona pre-treatment the barrier properties were slightly better
with the thicker (50 nm) SiO, layer. After the pre-treatment, the
properties of the 25 nm SiO, layer were improved, as the proper-
ties of the thicker layer remained the same. The cracking of thicker
ALD layers may affect also the water vapor barrier [5]. The effect of
corona treatment on water vapor barrier properties of the studied
substrates were not as clear as it was for oxygen barrier proper-
ties for e.g. B(PE). It is evident that in order to clarify this, more
investigation is needed. Among the two polymers (at least in pure
form), the melting point and the glass transition temperature are
higher for PLA than for LDPE, making PLA more stable under the
presently employed deposition conditions. At elevated deposition
temperatures (around 100 °C) the polymer chains of LDPE start to
move which may result in a poor quality ALD-grown coating.

Neither the low corona nor the atmospheric plasma treatment
had an unambiguous effect on the barrier properties. In the case
of plasma treatment this might be due to the time delay of several
days between the treatment and the ALD test.

The decrease in the barrier properties with increasing ALD layer
thickness in some cases is in line with our initial studies [5].
The same phenomenon has been detected also with other thin
deposition methods, such as vacuum sputtering [6]. The ALD film
thickness must thus be optimized for each substrate and process
parameters separately. The effect of corona treatment was assumed
to be most obvious when aiming at thin ALD films due to the dif-
ferent initial film growth between untreated and treated polymer
surfaces. This study utilized the ALD process with two different
number of process cycles.

Due to the different polarities and type/density of functional
groups of the untreated and treated polymer surfaces the nucle-
ation and the initial film growth may somewhat deviate from
each other and from that determined for the ALD-Al,03 coating
on silicon wafer [20-22]. The reason for the different properties
between the untreated and corona treated and ALD deposited
samples could thus be dissimilar film thickness and evenness of
the grown film. Secondly, diffusion of precursors into and out of
the polymer surface [22] is likely affected both by the polymer
type and the pre-treatment, especially during the initial stages of
film growth. Cross-linking of the polymer surface during corona
treatment could decrease diffusion of precursors into the polymer,
thus making the interface between the polymer and the ALD film
sharper. The interface between e.g. polyethylene and Al,03 has
been found problematic in other studies [23]. In spite of a probably
more uniform ALD film on the corona treated samples, the inter-
facial tension could become higher with thick ALD films causing
cracking. Thirdly, corona treatment can increase the roughness of
polymer surfaces. However, this is not very likely as stated earlier.
Clearly, the ALD film growth on different substrates needs further
investigation.

The results with e.g. PLA coated board would indicate that the
SiO, film is more polar and the structure more open than the Al,03
film. The open structure would explain the need for a thicker SiO,
layer for improved oxygen barrier. However, even thick film of this
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material cannot decrease water vapor barrier significantly due to
possible swelling. The problem with SiO, ALD is in some cases for-
mation of salt [22]. It is well known that oxygen and water vapor
barrier properties do not necessary correlate. With a dense polar
polymer, such as ethylene vinyl alcohol copolymer, oxygen barrier
can be good when dry, but the polymer structure swells at humid
conditions.

4. Conclusions

The effect of corona pre-treatment on the oxygen and water
vapor barrier properties of Al,03 or SiO; layers applied by the ALD
technique onto polymer-coated paperboard was studied. Corona
treatment was performed for polyethylene and polylactide coated
boards. Al,O03 and SiO, layers were then successfully deposited
at low temperature on these fiber-based substrates. For SiO,
depositions a new precursor, bis(diethylamido) silane, was used.
Substrates that had been corona surface treated exhibited a higher
surface energy and the effect of the treatment lasted for several
days at the substrate surface. The positive effect of the corona pre-
treatment of the polymer-coated boards on the barrier properties
after the ALD deposition was more significant with the polyethy-
lene coated paperboard and with thin deposited layers, i.e. the
short ALD process. This supports our hypothesis concerning more
favorable substrate surface chemistry after corona pre-treatment,
especially with thin deposited layers. In addition, cross-linking of
polymer surface layer may decrease diffusion of precursors into
the polymer matrix. These are more important than the less likely
increase in surface roughness during the corona pre-treatment.
SiO, performed similarly to Al,03 with the PE coated board when
it comes to the oxygen barrier, while performance of SiO, with the
biopolymer-coated board was more moderate. Corona treatment
also evened out the surface properties of some samples. However,
the effect of corona pre-treatment was negligible or even negative
on the water vapor barrier, especially with the polylactide coated
board. Clearly, the ALD film growth and the effect of corona pre-
treatment on different substrates need further investigation.
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ABSTRACT: The effect of heat treatment on the gas bar-
rier of the polymer-coated board further coated with an
Al O3 layer by atomic layer deposition (ALD) was studied.
Heat treatment below the melting point of the polymer fol-
lowed by quenching at room temperature was used for
the polylactide-coated board [B(PLA)], while over-the-
melting-point treatment was utilized for the low-density
polyethylene-coated board [B(PE)] followed by quenching
at room temperature or in liquid nitrogen. Heat treatment
of B(PLA) and B(PE) followed by quenching at room tem-
perature improved the water vapor barrier. However,
because of the changes in the polymer morphology,

quenching of B(PE) with liquid nitrogen impaired the
same barrier. No improvement in oxygen barrier was
observed explained by, e.g., the spherulitic structure of
PLA and the discontinuities and possible short-chain
amorphous material around the spherulites forming pas-
sages for oxygen molecules. This work emphasizes the im-
portance of a homogeneous surface prior to the ALD
growth Al,Oz barrier layer. © 2011 Wiley Periodicals, Inc. J
Appl Polym Sci 122: 2221-2227, 2011

Key words: Dbarrier;
nanolayers; thin films

gas permeation; morphology;

INTRODUCTION

The trend today is to develop sustainable and light-
weight packaging materials, which are not interfer-
ing with the energy and material recovery schemes
set for the packaging waste. Traditional packaging
materials typically consist of layers of oil-based
polymers and aluminum foil, which are difficult to
sort out and recycle efficiently. Simultaneously, there
is an increasing interest to develop new kinds of
renewable solutions, and this opens up new applica-
tion areas for fiber-based materials and biopolymers.
Polylactide (PLA) is a biopolymer that can be syn-
thesized from renewable resources, and is thus,
environmentally and economically appropriate.’
Properties such as biodegradability and good me-
chanical strength make PLA interesting raw-material
for many recyclable products. In addition, PLA is an
attractive material option for the traditional applica-
tions where common thermoplastics, such as low-
density polyethylene (LDPE) are employed. Like
many other biopolymers, PLA looses barrier proper-
ties in high humidity conditions because of absorp-
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tion of water and swelling of the polymer. Previ-
ously thin SiO, coatings have been employed to
improve the barrier properties of these sensitive
materials.> Various kinds of thin inorganic coatings
are often utilized to create high performance materi-
als, e.g., food packages.

Atomic layer deposition (ALD) technique is a sur-
face controlled layer-by-layer thin film deposition
process based on self-terminating gas-solid reactions.
It allows preparation of dense and pinhole-free inor-
ganic films that are uniform in thickness.* In our
previous work thin AlL,O; and SiO, coatings have
been successfully deposited by the ALD technique at
low temperatures on various polymer-coated papers,
boards, and plain polymer films.>” The work dem-
onstrated that ALD is a feasible deposition technique
when making extremely thin (25 nm) barrier coat-
ings from Al,O3; onto such temperature-sensitive
fiber-based materials.® Despite the promising results,
improvement in barrier performance toward gases is
needed to create barrier coatings suitable for
demanding packaging purposes. One route toward
improved barrier performance is to pretreat the sub-
strate before the inorganic ALD coatings. In our ear-
lier studies,” corona pretreatment slightly enhanced
the oxygen barrier performance of thin Al,O; layers
on LDPE-coated board.
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The effects of heat treatment on polyolefin-coated
papers and PLA-coated boards have also been stud-
ied.®'% Barrier properties of polymers are affected
by the chemical structure, morphology, and surface
properties."’ In addition, the process used for form-
ing the polymer influences the barrier properties.
This is due to the redistributed crystalline and amor-
phous regions and the overall change in free volume
of the polymer when the film is formed. To get good
adhesion the polymer has to be applied at high melt
temperatures followed by rapid quenching to avoid
adhesion to the chill roll of the process equipment.
This leads to a polymer layer with low density as
molecules do not have time to pack efficiently. In
extrusion coating, polymer crystallinity has been
found to be inversely related to the difference
between the melt temperature and the quenching
temperature'? leading sometimes to formation of a
totally amorphous structure. This is the case with
PLA coatings.*'® Diffusion of gas permeants occurs
through the amorphous regions, whereas crystalline
regions are more or less impermeable. Water vapor
transmission rate (WVTR) of PLA decreases with
increasing crystallinity.'> This may be due to the fact
that restricted amorphous regions have higher resist-
ance to water vapor permeation compared with the
free amorphous regions. Based on recent studies”'’
concerning PLA, the improved water vapor barrier
after treatment at 130°C was due to the increase in
crystallinity and the growth of spherulites.

Crystallization and formation of spherulites in
polyethylenes have been studied elsewhere.'*'> In
the work by Scheirs et al.'” the thermal oxidation
during isothermal crystallization at 123°C decreased
the size of the spherulites similarly to fast quench-
ing. Short-chain material is usually deposited at the
boundaries of the spherulites and edges of lamellae
creating brittle areas. The over-melting-point heat
treatment has also been shown to improve the bar-
rier properties of polyethylene-coated paper.>'® This
was explained by increased level of crystallinity and
spherulite size after quenching at room temperature.
A dramatic improvement was observed in oxygen
transmission rate after 5 min treatment at 210°C,
while water vapor barrier was slightly impaired.
Increased oxidation was accounted to be the reason
for the increased water vapor permeation. The mo-
bility of polymer chain is restricted in the crystalline
region and also between such regions.'®

The aim of this work was to study the effects of a
heat treatment on the oxygen and water vapor bar-
rier performance of polymer-coated boards addition-
ally coated with a thin Al,Oj layer by the ALD tech-
nique. Our hypothesis was that an improvement
achieved with such a heat treatment in an originally
poor barrier property plays little role if the proper-
ties of the Al,O3 layer grown by the ALD technique
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dominates. Indirectly the heat treatment could have
significant effects on the surface chemistry and
topography, and diffusion of ALD precursors into
and out of the polymer.

EXPERIMENTAL

Commercial paperboards coated with synthetic
LDPE (B(PE): board 210 g/m? polymer coating 15
g/m?) and the same base board coated with bio-
based PLA (B(PLA); coating 27 g/ m?) were used as
substrates for the Al,O3 depositions by ALD. Before
the depositions the substrates were heat-treated in a
convection oven. The test conditions were chosen
based on the previous works.® ' For B(PE) the tem-
perature of the oven was 170°C or 200°C, and 130°C
for B(PLA). For B(PE) the heat-treatment lasted for
5 min after which the samples were quenched at
room temperature (23°C) or dipped into liquid nitro-
gen. With B(PLA) the treatment lasted for 4, 9, or 16
min followed by quenching at room temperature.
The times used for inserting and removing the sam-
ples into and from the oven were approximately
constant throughout the test series.

Plain and heat-treated substrates were coated with
Al,O3 by ALD technique at 80°C using a commercial
SUNALE™ R-series ALD reactor manufactured by
Picosun Oy. The targeted coating thickness was 25
nm. The ALD procedure for the Al,O; depositions
has been reported elsewhere.”” The precursors used
for the Al,O; depositions were trimethylaluminum
(TMA; SAFC Hitech, electronic grade purity) and
water. High purity N, was used as a carrier and
purge gas. The precursor pulses lasted 0.1 s and the
purges 5 s. The resultant film growth rates and film
thicknesses on the polymer-coated boards could not
be directly measured. Instead, the coating thickness
was produced according to the reactor process pa-
rameters and compared with the thickness of Al,O;
on a silicon wafer analyzed with a Nanospec
AFT4150 reflectometer. Because of the different
polarities and functional groups the growth rates on
the polymer-coated boards may deviate from that
determined with the silicon wafer.'”'8

Contact angle and surface energy measurements
were performed both for plain and heat-treated sub-
strates to detect possible chemical changes caused
by the heat-treatment. The measurements were
made with KSV CAM 200 Optical Contact Angle
Meter in a controlled atmosphere (RH 50%, tempera-
ture 23°C) and were expressed as ° for contact angle
and mN/m for surface energy. The probe liquids
used were H,O and di-iodomethane (CH,l,). Results
are given as an average of three to eight parallel
measurements. The surface energy values, including
dispersive and polar components, were calculated
from the contact angle data using the OWRK (ext.
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Fowles) theory. Contact angle values were measured
at the time of 1 s from the moment the drop contacts
the surface.

Atomic force microscopy (AFM tapping mode;
Park Systems XE-100 with 905-ACTA cantilever) was
used to study the surface topography and morphol-
ogy of plain and heat-treated substrates to detect
changes caused by the heat-treatment. From each
sample three parallel sample areas of 5 x 5 um and
0.5 x 0.5 pm were analyzed. In addition the values
of average roughness (R,) and root mean square
roughness (R,) were calculated from the larger area
images. Both topography and phase images were
taken. The phase lag is partially a function of the
viscoelastic properties of the sample surface."

Wide-angle x-ray scattering (WAXS) was meas-
ured from the samples in perpendicular transmis-
sion geometry to observe the morphological changes
caused by the heat-treatment. The radiation was pro-
duced with a rotating anode X-ray generator using
Cu Ko radiation (A = 1.541 A) monochromatized
with a Si(111) crystal and a totally reflecting mirror.
An image plate detector (MARB345, Marresearch)
was used to detect the scattered radiation in perpen-
dicular transmission geometry. Additionally, the air
scattering with an empty sample holder and the
“dark current” without beam were measured. These,
as well as corrections due to the measurement geom-
etry, measurement time, and absorption were con-
sidered during the analysis. The measured g-range
was 0.3-3.1 1/A with the definition g = (4n sin 0)/
(A) for the length of the scattering vector.

Water vapor and oxygen transmission rates were
measured from untreated and heat treated samples
with and without the ALD-AlLO; layer. The water
vapor transmission rate (WVTR) was measured from
three to five parallel flat samples according to the
modified gravimetric methods ISO 2528 : 1995 and
SCAN P 22 : 68, and was expressed as g/m?/day.
Test conditions were 23°C and 75% relative humid-
ity. The oxygen transmission rate (OTR) was mea-
sured from two to eight parallel samples using
humid gases at room temperature (23°C, 50% rela-
tive humidity) with Systech M8001 and expressed as
cm®/m?/10° Pa/day.

RESULTS AND DISCUSSION
Surface topography and polymer morphology

The results from the surface topography and mor-
phology measurements are presented in Table I. The
effect of heat-treatment on B(PE) was obvious. The
plain substrate was rough as indicated by the high R,
and R, values, and the large deviation between the
measured areas. The smoothest B(PE) sample was
heat treated at 200°C followed by quenching with

TABLE I
Average Roughness (R,) and Root Mean Square
Roughness (R,), Both in nm, Obtained from Three
Parallel Surface AFM images (area 5 X 5 pm)

Sample R, R,
B(PE) 68 * 42 89 + 58
B(PE), 170°C, RT 16 + 2.4 20 + 34
B(PE), 200°C, RT 20 =83 26 £ 11
B(PE), 170°C, LN 18 = 54 22 +72
B(PE), 200°C, LN 13+ 14 17 = 1.7
B(PLA) 110 = 63 137 = 70
B(PLA), 4 min 130°C 27 + 11 34 +18
B(PLA), 9 min 130°C 28 + 21 35+ 18
B(PLA), 16 min 130°C 26 + 11 34 + 15

RT refers to quenching at room temperature, LN to
quenching with liquid nitrogen.

liquid nitrogen. However, taking into account the sta-
tistical scattering, all the heat-treated B(PE) samples
were similar. Plain B(PLA) was rougher than the com-
mercial PLA-coated board in our previous studies™”
and the B(PE) used. Heat-treatment decreased the
surface roughness, and with the longer treatment
time the roughness of the surface became more uni-
form. The heat-treated B(PLA) samples were rougher
than the heat treated B(PE) samples. However, in the
case of B(PE), surfaces revealed that the amount of
small scale surface features actually increased as a
result of the heat-treatment. The phase images indi-
cated more organized structures with the samples
quenched at room temperature than those quenched
with liquid nitrogen. This is shown in Figure 1. With
B(PLA) the effect was significant which can be seen in
Figure 2. The amount of spherulites increased with
increased treatment time in the oven. High crystallin-
ity of samples heat-treated for 9 and 16 min seemed
also to create discontinuation points between the
spherulites (Fig. 3).

When determining the crystal sizes and crystallin-
ities of cellulose by WAXS, the measured scattering
of sulfate lignin was used to approximate the amor-
phous background of cellulose.” The intensity pat-
tern was integrated on a sector of 180° in the plane
of the image plate. For the crystal size determina-
tion, the amorphous background was subtracted and
the size was calculated with the Scherrer equation®
after fitting Gaussian functions to the diffraction
peaks. This was possible for the 200-reflection of cel-
lulose (1.6 1/A) in the B(PLA) samples only, because
the diffraction peaks of LDPE in B(PE) could not be
separated from the cellulose peaks. According to the
results, the crystal size of cellulose in 200- d1rect10n
(crystal width) was increased from 53 A to 60 A due
to heat-treatment of B(PLA) samples, being 48 A for
an uncoated paperboard (* 1 A for all). The crystal-
linity of cellulose was determined for the reference
sample and the plain B(PLA) substrate by fitting 24
Gaussian functions corresponding to the theoretical

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 1 Phase AFM images of LDPE surfaces after 5 min heat-treatment followed by quenching with liquid nitrogen (a)

and quenching at room temperature (b).

reflections of cellulose I?? in the data and calculat-
ing the ratio of the measured intensity and the
approximation for the amorphous background. No
significant difference was observed between the two
samples.

The order parameter” describing the orientation
of cellulose crystals with respect to the machine
direction was calculated from the two-dimensional
WAXS patterns of all samples. A narrow radial
range at the peak of the 200-reflection of cellulose
was chosen to minimize the contribution of the
peaks of PLA and LDPE. This parameter describes

orientational order in the samples and has a value of
0 for no orientation and a value of 1 for fully ori-
ented samples. Orientation of cellulose crystals in
the machine direction (direction the web runs on
board machine) was observed in all samples, with
order parameters varying in the range 0.03-0.05.
Heat-treatment of the B(PLA) samples increased
the level of crystallinity in PLA gradually when
comparing the intensity of the sohar]soest peak of PLA
(020-reflection at g = 1.18 1/A**®) obtained from
the heat-treated samples to the peak of the plain
B(PLA) sample (Fig. 4). This is in agreement with

Deg
30

20

Figure 2 Phase AFM images of plain B(PLA) and B(PLA) after 4 and 16 min heat-treatment followed by quenching at

room temperature.
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Figure 3 Phase AFM images of B(PLA) after 9 and 16 min heat-treatment followed by quenching at room temperature.

the observations from the AFM studies. The three
other peaks in Figure 4 are the 101-, 023-, and 121-
reflections of PLA, visible at g = 1.05 1/ A, g =135
1/A and 1.58 1/A, respectively.??

B(PE) samples were more challenging to analyze
with WAXS due to the reason stated above. How-
ever, qualitative analysis of the data showing in
Figure 5 was possible. The only diffraction peak of
LDPE visible despite the cellulose background (110-
reflection) is located approximately at g = 1.52 1/A.
On the basis of visibility of this peak, it seems that
plain B(PE) had the lowest crystallinity followed by
B(PE) heat-treated at 200°C and the quenching with
liquid nitrogen. B(PE) sample after similar heat treat-
ment but slower quenching rate resulted in higher
crystallinity. Samples heat-treated at 170°C where
more crystalline regardless of the quenching process.
It has to be kept in mind that more branched LDPE
has lower crystallization tendency than HDPE or
linear LDPE often used in such studies.

m

B(PLA) 4 min

B(PLA) 9 min

Intensity

B(PLA) 16 min

15 2
q(1/4)

0.5 25

Figure 4 WAXS patterns from the plain and heat treated
B(PLA) samples. The data for the uncoated reference
board was subtracted from the curves.
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Effect of heat-treatment on surface chemistry

Table II presents the results from the contact angle
and surface energy measurements for the plain and
heat-treated substrates. In the B(PLA) samples the
hydrophobicity increased after 4 and 9 min of heat
treatment at 130°C and then decreased after 16 min of
heat treatment. This behavior can be explained by the
surfaces containing both amorphous and crystalline
regions, and the effect of such heterogeneity on appa-
rent contact angles. After 16 min of heat treatment at
130°C the surface was covered with spherulites
resulting in a slightly more hydrophobic surface com-
pared with the amorphous surface. The values for the
B(PE) samples were more constant. The samples
which were heat-treated and quenched at room tem-
perature had higher standard deviation in the contact
angle values. These results support our findings from
AFM and WAXS results. The scattering in contact
angle makes also the analyses of the surface energy
values based on the average contact angles difficult.

Intensity

q (1/A)

Figure 5 WAXS pattern of the plain and heat-treated
B(PE) samples.
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TABLE II
Average Contact Angles (°) of the Samples with Water
and Di-iodomethane (DIM) from Three to Eight Parallel
Measurements, and Surface Energies y (mN/m) and
Relative Polarity y,/y Calculated from the Contact Angle
Data Using the OWRK (ext. Fowles) Theory

Contact Contact

Sample angle, H;,O angle, DIM v  y,/v
B(PE) 85 + 5.0 56 + 1.8 34 11
B(PE), 170°C, RT 84 + 13 60+29 33 13
B(PE), 200°C, RT 96 = 84 56 =23 32 27
B(PE), 170°C, LN 85+ 19 57+19 34 11
B(PE), 200°C, LN 90 + 2.7 56 + 0.7 33 68
B(PLA) 76 + 2.2 37+78 46 938
B(PLA), 4 min 130°C 99 =33 3410 42 0
B(PLA), 9 min 130°C 91 +95 65+76 29 10
B(PLA), 16 min 130°C 80 * 6.8 3620 45 71

The values of contact angles were measured one second
after the initial contact between the sample surface and
the test liquid. RT refers to quenching at room tempera-
ture, LN to quenching with liquid nitrogen.

Effect of Al,O; coating on gas barrier properties of
heat-treated substrates

Results from the barrier tests are presented in Tables III
and IV. The water vapor barrier property of B(PE) was
improved by the heat-treatment followed by quenching
at room temperature. This can be explained by the
increased crystallinity of LDPE. These results are simi-
lar to previous results reported.®'® However, quench-
ing of the heat-treated B(PE) with liquid nitrogen
resulted in impaired water vapor barrier property. This
is probably due to more amorphous structure when
compared with the other samples.

The Al Os layer improved the oxygen and water
vapor barrier properties of B(PE) and B(PLA) as
such. In our previous studies™® increasing the thick-
ness of the AlL,O; layer further from 25 nm was

TABLE III
Water Vapor Transmission Rates (g/m*/day) of Plain
B(PE) and B(PLA) Substrates and Al,O; Coated
Substrates With and Without the Heat Treatment

Without With
Sample ALD'A1203 ALD-A1203

B(PE) 11 = 0.6 1.7 £ 0.2
B(PE), 170°C, RT 7.6 = 0.8 43 + 36
B(PE), 200°C, RT 7.0 = 0.2 3.7+28
B(PE), 170°C, LN 15 = 3.3 92 *+53
B(PE), 200°C, LN 20 * 6.6 58 =1
B(PLA) 98 =24 58 =23
B(PLA), 4 min 130°C 88 + 1.7 3.0 + 19
B(PLA), 9 min 130°C 78 = 5.8 32*+08
B(PLA), 16 min 130°C 76 £ 6.8 11 =23

Two to eight parallel measurements were performed.
The results are given as average * standard deviation.
Target thickness of Al,O; layer was 25 nm. RT refers
to quenching at room temperature, LN to quenching with
liquid nitrogen.
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TABLE IV
Oxygen Transmission Rates (cm*/m?/10° Pa/day) of Plain
B(PE) and B(PLA) Substrates and Al,O; Coated
Substrates With and Without of Heat Treatment

Without With

Sample ALD-A1203 ALD-A1203
B(PE) 7200 = 3000 450 = 90
B(PE), 170°C, RT 4600 = 1300 8200 = 3700
B(PE), 200°C, RT 85,000 = 35,000 9200 = 1200
B(PE), 170°C, LN 71,000 = 41,000 9200 = 2800
B(PE), 200°C, LN >170,000 38,000 = 14,000
B(PLA) 530 * 35 120 = 100
B(PLA), 4 min 130°C 650 * 20 40 = 23
B(PLA), 9 min 130°C 3400 = 2300 >175,000
B(PLA), 16 min 130°C 7500 £ 70 >200,000

Two to eight parallel measurements were performed.
The results are given as average = standard deviation.
Target thickness of AlL,O; layer was 25 nm. RT refers to
quenching at room temperature, LN to quenching with
liquid nitrogen.

needed to significantly improve the barrier proper-
ties of B(PE). In this study the improvement was
obvious already with a 25 nm layer of Al,O;. The
improvement was clear even when we used lower
deposition temperature than previously. However,
after the Al,O; coating the WVTR values of the plain
and the heat-treated B(PE) samples quenched at
room temperature were on the same level, whereas
the improvement in the water vapor barrier was not
necessarily as unambiguous with the amorphous
B(PE) samples that can be explained by the
increased thermal mobility of the amorphous poly-
mer chains. This makes the nucleation and growth
of the Al,O; layer more challenging leading to poor
film formation or internal/interfacial stresses. In
addition, oxidation of the amorphous polymer could
impair the water vapor barrier performance. Heat
treatment of B(PLA) also improved the WVTR, and
the longer the heat-treatment the lower the WVTR.
This is in agreement with previous studies.”'*" In
the previous studies with B(PLA)° the optimal
Al O3 layer thickness was 25 nm. With thicker Al,O;
layers (e.g., 50 nm and 100 nm) the barrier properties
were impaired. However, the B(PLA) samples coated
with the AlLO; layer were similar to each other
within the limitations of the test method. This indi-
cates that the AlLO; layer made by the ALD tech-
nique dominated the water vapor barrier properties.
The oxygen barrier property of B(PE) was little
affected by the over-melt-point heat treatment at 170°C
or at 200°C. The oxygen barrier property was impaired
as temperature was increased or when quenching with
liquid nitrogen was used due to a more amorphous
LDPE coating. The reason for increased oxygen trans-
mission rate after treatment at 200°C followed by
quenching at room temperature could be the formation
of pathways to permeants between the crystals along
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the oxidized short-chain amorphous regions. Such a
structure has been suggested earlier'>—although for
linear high-density polyethylene (HDPE). This finding
of increased oxygen permeability is in disagreement
with the results from others.*'® In addition to different
polyethylene used in these studies, one cannot rule out
the effect of the base substrate which was in our case a
rough paperboard. The best oxygen barrier was
achieved when plain B(PE) was coated with the Al,O;
layer. The oxygen barrier properties with the Al,O5 layer
were similar for the heat-treated samples quenched at
room temperature and the sample heat-treated at 170°C
followed by quenching with liquid nitrogen. The sam-
ples exposed to 200°C and quenched with liquid nitro-
gen exhibited the highest oxygen transmission rates both
with and without the Al,O; layer. This is in agreement
with the water vapor barrier results.

In the case of B(PLA) a short heat treatment below
the melting point had only a small effect on the oxy-
gen barrier. The values were similar to the samples
with the Al,Oj layer. However, as the heat-treatment
at 130°C is prolonged to 9 or 16 min the increased
crystallinity and the growing spherulites force the
short-chain material with low crystallization tend-
ency to the spherulite boundaries, as suggested for
HDPE." If a PLA-based blend is used the different
blend components might separate. Such areas had
probably different response to the ALD process con-
ditions, and the ALD layer uniformity was impaired
thus creating additional pathways for oxygen mole-
cules. In addition, oxygen barrier is more sensitive
to resulting coating defects than water vapor barrier.

CONCLUSIONS

Heat-treatment of PLA-coated paperboard at 130°C
and LDPE-coated paperboard at 170°C or 200°C fol-
lowed by quenching at room temperature were
found to be beneficial for the water vapor barrier
performance. Quenching of LDPE-coated board with
liquid nitrogen mainly increased the WVTR value,
which was explained by changes in the polymer
morphology. No systematic improvement in oxygen
barrier property was observed which was explained
by the spherulitic structure of PLA, and the disconti-
nuities and low-chain material around the spheru-
lites forming passages for oxygen molecules. An
Al,O5 layer grown by the ALD technique improved
the barrier properties of PLA and LDPE-coated sub-
strates as such. However, heat-treatment of these
substrates before applying the Al,O; layer provided
little or no practical means to improve the barrier
performance. On the contrary, radical changes in the
polymer morphology eventually impaired the barrier
properties, and the thin Al,O3 layer could not in all

cases compensate for such changes in the substrate,
probably due to an uneven nucleation and film
growth and high mobility of amorphous LDPE
and interspherulitic PLA chains. This indicates the
importance of homogeneous surface before the
Al,O5 coating. It was also observed that decreasing
the ALD-Al,O; deposition temperature from 100 to
80°C improved the barrier properties obtained with
LDPE-coated board.

The authors thank Stora Enso Oyj for providing the paper-
board samples.
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Commercial polylactide (PLA) films are coated with a thin (20 nm) non-toxic polyelectrolyte multilayer
(PEM) film made from sodium alginate and chitosan and additionally with a 25-nm thick atomic layer
deposited (ALD) Al,05 layer. The double-coating of PEM +Al,05 is found to significantly enhance the
water vapor barrier properties of the PLA film. The improvement is essentially larger compared with the
case the PLA film being just coated with an ALD-grown Al,05 layer. The enhanced water vapor barrier
characteristics of the PEM + Al, 03 double-coated PLA films are attributed to the increased hydrophobicity
of the surface of these films.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Growing environmental concerns related to the use of syn-
thetic polymers in packaging industry have led to the need for
new bio-based materials [1]. The bio-based packaging materials
currently in the market are mainly based on starch or polylactide
(PLA). These materials have many advantages, such as sustainabil-
ity, recyclability and biodegradability [2]. However, the sensitivity
of biopolymers towards moisture has restricted their use. To over-
come the problem various surface treatment approaches have
been considered to enhance the water vapor barrier properties of
biopolymers.

A simple and cost-effective way to functionalize surfaces is
to coat them with a polyelectrolyte multilayer (PEM) film [3].
Ultra-thin PEM films can be prepared by a layer-by-layer (LbL)
technique through alternating adsorption of cationic and anionic
polyelectrolyte solutions. A charged substrate of any size or shape
is immersed into a polyelectrolyte solution with a net charge
opposite to the surface charge. The polymer is spontaneously
adsorbed onto the substrate due to the electrostatic interactions

* Corresponding author. Tel.: +35 840 530 8472; fax: +35 8946 4305.
E-mail address: mika.vaha-nissi@vtt.fi (M. Vdaha-Nissi).
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[4,5], resulting in charge reversal at the surface [6,7]. Rinsing
removes the unbound polymer from the surface. The LbL deposition
technique is well suited for the construction of precise nanolevel
architectures and there are several potential applications rang-
ing from biomaterials [8] and drug delivery [9] to membranes
[10].

Here we investigate the capability of PEM films together with
a thin inorganic layer applied on top of it to improve water vapor
barrier properties of PLA films. Our interest was to see how the
PEM film as an intermediate layer would affect the surface prop-
erties of PLA and thereby the water vapor barrier properties of
it after the surface is additionally coated with an Al,03 layer
grown by the atomic layer deposition (ALD) technique. The ALD
technique is a self-limited surface controlled gas-phase deposition
process perfectly suited to produce inorganic high-performance
(i.e., homogeneous, pinhole-free and conformal) gas and vapor
barrier coatings on polymers. Thin (5-25nm) ALD-grown Al,03
coatings have already been shown to be effective barrier layers
towards gases and vapors [11-17]. The effect of surface nanostruc-
ture on the wettability properties has been demonstrated e.g., with
ALD-grown ZnO coatings on cicada wings [18]. As a result of the
self-limiting growth mechanism, the ALD coating follows closely
the topography of the substrate, even on nanostructured surfaces
[19-22].
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The nature-based polyelectrolytes sodium alginate (ALG) and
chitosan (CHI) were selected for the LbL deposition of the PEM
film. Chitosan is a suitable counter polyelectrolyte for moisture-
sensitive ALG due to its good film-forming properties [2] and
natural antibacterial and fungicidal properties make CHI an
attractive polyelectrolyte for food and pharmaceutical packaging
applications [23]. The fabrication of PEM films does not require any
expensive equipment. The improvement in the water vapor prop-
erties of the PLA film by the intermediate PEM film could limit the
amount of Al 03 needed, thus improving the cost-efficiency of the
fabrication process. Note that for the possible future utilization of
thin Al,03 coatings as a part of the fabrication line of bio-based
packaging materials, the ALD is considered to be the most expensive
process step.

2. Materials and methods

2.1. Fabrication of PEM films for their preliminary
characterization

Polyelectrolyte multilayer films from ALG and CHI (extracted
from chitin according to [24]) were first deposited on silicon
wafers for preliminary tests for the film thickness and cytotoxic-
ity. Exactly the same LbL method as used for the PLA substrates
(see Section 2.2) was employed here. The LbL deposition pro-
cess is also well described in literature [3,25]. The solutions of
CHI and ALG were vacuum filtered in order to remove impu-
rities. Prior to the LbL depositions the silicon (100) substrates
employed were purified and silanizated. The substrates were
dipped into acetone (99.5vol.%) for 15 min, rinsed with distilled
water, followed by dipping into warm (60°C) solution of 5:1:1
H,0:NH40H (25vol.%):H,05 (30vol.%) for 60 min. Then the sub-
strates were rinsed again with distilled water and dipped into a
warm (60 °C) solution of 3:1 HySO4 (95-97 vol.%): H,0, (30vol.%)
for 60 min. Finally, the substrates were rinsed with distilled water
and dried with pressurized air. Prior to the silanization, the sil-
icon wafers were kept in an oven at 110°C for overnight. The
silanization was performed by dipping the substrates into (3-
aminopropyl)triethoxysilane in dry toluene solution (1vol.%) at
60 °C for 4 min. After the silanization, the substrates were dipped
into toluene and dried with pressurized air.

2.2. PEM and Al,03 depositions on PLA biopolymer film

Commercial PLA film with a thickness of 20 wm was selected
as a representative biopolymer substrate for the depositions.
The substrate was first coated with a PEM film using the LbL
process and subsequently with an Al,03 layer. For the LbL fabri-
cation of PEM films, four solutions were made: anionic ALG and
cationic CHI solutions plus rinsing buffer and rinsing water solu-
tions with the following concentrations: c(ALG)=c(CHI)=1 mg/ml;
c(NaCl)=0.15M, and c(AcOH)=1 mM. In order to improve the sol-
ubility of CHI, HCI (c(HCl)=10mM) was added. The pH of the
solutions was adjusted to 4.5 using NaOH. The PLA substrates were
sequentially dipped into ALG and CHI for 15 min. Between the
dippings the substrates were dipped into rinsing solutions, three
times into buffer solution for 60s followed by dipping into dis-
tilled water for 60 s and drying with nitrogen. Eleven single layers
were deposited on three parallel samples. The deposition began
and ended with a layer of CHI leaving CHI as the outermost layer
facing the Al,O3 layer.

The Al,03 depositions were carried out in a commercial
SUNALE™ R-series ALD reactor at 100°C targeting at a Al,03
layer thickness of 25 nm. Fig. 1 presents the targeted three-layer
structure. The ALD precursors for the Al,03 depositions were

Al,0, (25 nm)

PLA (20 pm)

Fig.1. Schematicillustration of the targeted multilayer structure of PEM- and Al,03-
coated PLA film.
Figure modified from that of G. Decher [3].

trimethylaluminum (TMA, SAFC Hitech, electronic grade purity)
and water. High purity Ny (99.9999%) was used as a carrier and
purge gas. One ALD cycle consisted of a TMA precursor pulse and
a subsequent N, purge followed by a water precursor pulse and
another N, purge. The precursor pulses lasted 0.1s and the purges
5s. The resultant film thicknesses on the polymer films could not
be directly measured. Instead, the coating thicknesses were pro-
duced according to the reactor process parameters and compared
to the thickness of a similarly grown Al,Os3 layer on a silicon wafer
analysed with a Nanospec AFT4150 reflectometer. The film growth
rate was estimated to be ca 1.1 A/cycle. Due to the different surface
chemistries the actual growth rate on the PLA substrate may how-
ever somewhat deviate from that determined for the Al,03 coating
on silicon wafer [26,27].

2.3. Characterizations

Molecular weights of the polyelectrolytes affect the formation
of the film and its surface properties. Therefore the molecular
weights of ALG and CHI were determined. Solutions of ALG and
CHI with concentrations from 0 to 6 x 10~ g/ml were fabricated for
the density and viscosity measurements. Molecular weights were
determined by measuring densities with an Anton Paar DMA 45
digital density meter at 25°C and viscosities with an Anton Paar
AMVn automated microviscometer.

The Mark-Houwink equation (1) gives the relation between
intrinsic viscosity [1];, and molecular weight M.

[Min = KMy (1)

From this equation the molecular weight of a polyelectrolyte can
be determined using the intrinsic viscosity and the parameters, a
and K, from literature [28,29]. The thickness and the root-mean-
square (rms) roughness value of the PEM film on silicon wafer was
determined by a scanning spectroscopic ellipsometer (Nanofilm
EP3).

The cytotoxicity of the PEM film from ALG and CHI was investi-
gated. Cytotoxicity measures the toxicity of a material to living cells.
The disinfected PEM films deposited on silicon wafer were kept in
a Medium solution (DMEM, Dulbecco’s modified Eagle’s medium,
Sigma) for 2 h at room temperature in humid conditions. The test
cells were commercial CRL-2592 cells from ATCC. In the test the
value of the lactate dehydrogenase (LDH) was determined and used
to evaluate the toxicity. Two control samples were used: highly
toxic polyvinyl chloride stabilized with organic tin compound as a

VI1/2
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Table 1

Molecular weights of the polyelectrolytes ALG and CHI, together with the salts
and their concentrations and the Mark-Howink parameters (K and a) used in
calculations.

Table 2

Water vapor transmission rate (WVTR) and contact angle (CA) values for the plain
and variously coated PLA samples. The given numbers are average values for three
parallel samples.

Species Salt C(Salt)(M) K(ml/g) A [n]in (ml/g) M, (g/mol) Sample WVTR (g/m?/day) CA(°)
ALG NacCl 0.1 0.0073 092 760 280000 PLA 53+ 4 73 £ 2
CHI NaOAc/AcOH 0.2/0.3 0.082 0.76 770 170000 PLA+PEM 106 + 7 76 + 4
PLA+25nm Al,03 33+6 48 £1
PLA+PEM +25 nm Al,03 2549 98 + 4

positive and non-toxic glass as a negative control. The cells were
placed in direct contact with the samples. After 24 h the amount of
LDH was measured by UV-Vis spectrophotometer and the cytotox-
icity (D%) was determined [30]. In the case of the D% value being
15% or higher, the sample is considered to be toxic to living cells.

The water vapor transmission rate (WVTR) was measured from
three parallel samples according to the modified gravimetric meth-
ods, ISO 2528:1995 and SCAN P 22:68, and was expressed as
g/m2/day. The test conditions were 23 °C and 75% relative humid-
ity. Additionally, we investigated the wettability properties of the
sample surfaces through contact angle (CA) measurements. The CA
measurements were performed with KSV CAM 200 Optical Contact
Angle Meter in a controlled atmosphere (relative humidity 50%,
temperature 23 °C). The contact angle values of three parallel sam-
ples were calculated at the time of 1s from the moment the water
drop contacts the surface. The samples were also investigated by
scanning electron microscopy (SEM; JEOL JSM-7500FA). For SEM,
the samples were sputter-coated with a thin layer of platinum to
promote conductivity.

3. Results and discussion
3.1. Properties of PEM films

The molecular weight values determined for the two polyelec-
trolytes, CHI and ALG, are presented in Table 1 together with
the necessary parameters used to calculate these values. The val-
ues obtained for the molecular weights are consistent with those
reported in literature [28,29].

Our aim was to prepare ultra-thin and PEM films from ALG and
CHI. This was successfully realized and the average thickness of the
films was measured (by scanning spectroscopic ellipsometry) to be
20 nm. The rms roughness in micrometer-scale of the PEM films
on top of silicon wafer was determined to be 1.6 nm determined
from the 300 wm x 300 wm image. The cytotoxicity tests revealed
that the D% value was 3.53% thus verifying that the films were non-
toxic to living cells and accordingly suitable to be used in food and
pharmaceutical packaging applications.

3.2. Properties of PEM- and Al,03-coated PLA films

The water vapor barrier and wettability properties of the PEM-
and Al,03-coated PLA films were evaluated by measuring the water

vapor transmission rates and the contact angle values for a plain
PLA film and for PLA films with various coatings. The results are
summarized in Table 2. From Table 2 the positive effect of the
PEM + Al, 03 double-coating on the water vapor barrier properties
of PLA is clearly seen.

The PEM-film coating alone did not improve the water vapor
barrier properties of the PLA film, rather the WVTR of PLA was
increased from 53 to 106 g/m?/day after the PEM-film coating. This
isapparently due to the dipping process in the LbL method exposing
the hygroscopic PLA polymer chains to swelling. The ALD-grown
Al,03 layer alone enhanced the water vapor barrier properties of
the PLA film considerably, as expected from our previous stud-
ies [11]. Here the WVTR value was found to decrease from 53
to 33 g/m?/day. Most importantly, the PEM + Al,03 double-coating
improved the water vapor barrier properties even more by decreas-
ing the WVTR value to 25 g/m?/day.

The water vapor barrier level achieved here with the double-
coating is close to the level required (0.1-10g/m?2/day) in
commercial packaging applications for dry food and pharmaceu-
tics. The present results are significant due to the fact that the LbL
deposition is a very cheap and easy-to-use method. It should also
be emphasized that the ALD-grown Al,Os layer is so thin that it
should not affect the biodegradability of the material. In addition,
the PLA film investigated here was relatively thin (20 um) when
considering typical packaging materials.

From Table 2, the water vapor transmission rates seem to cor-
relate with the wettability properties of the ALD-Al,0O3-coated
samples such that the larger the CA is, the lower is the WVTR value.
Polar H,O molecules are apparently less readily adsorbed on the
less polar surface. The contact angle value of the plain PLA film was
73°. The PEM coating alone did not change the contact angle value
considerably. However, when the PEM-coated PLA film was fur-
ther coated with an Al,03 layer, the contact angle value increased
to 98° thus making the surface more hydrophobic. On the contrary,
when the PLA film was coated only with the Al,03 layer, the con-
tact angle value was found to decrease to 48° making the surface
rather more hydrophilic. This is rather what was expected due to
the intrinsically hydrophilic nature of Al, O3 surfaces [31].

From the discussions above (Table 2) the PEM intermediate layer
apparently influences the hydrophobicity of the Al,03 surface. The
very reason for that remains to be clarified more deeply in future

Fig. 2. SEM images for the plain and variously coated PLA films. (a) The plain PLA film appears to be smooth with small patterns due to the sputtered Pt. (b) The PEM-film-
coated PLA film seems to have nanopores throughout the film. (c) After further coating with a 25-nm thick Al, 05 layer the surface seems to be conformally coated with the

Al, 03 layer.
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studies. However, parallel behavior (i.e., a CA value of 128°) was
recently observed for a thermally grown Al, O3 coating with a rela-
tively rough surface [32]. It is known that some special topologies
of surface structure could produce even superhydrophobic states
on intrinsically hydrophilic surfaces [33]. The LbL dipping process
may alter the surface of the PLA film and increase its roughness.

In Fig. 2 we show SEM images taken from the plain and vari-
ously coated PLA films. It is seen that the PLA film is a very smooth
substrate, presumably due to the commercial fabrication method
of the film. Small surface patterns can be observed due to the sput-
tered Pt. Once the PLA film is coated with a PEM film, a surface
structure with small pores (10-30 nm in diameter) appears on the
surface of the whole film. After the further deposition of the 25-nm
thick Al,O3 layer the nanostructured surface seems to be confor-
mally coated with Al, 03, such that the smallest pores are filled but
the surface still presents some surface structure. In order to gain
deeper understanding of the reasons for the increased hydropho-
bicity efforts should be made to investigate the surface structures
and chemistries in a much more detailed way.

4. Conclusions

Ultra-thin and non-toxic polyelectrolyte multilayer (PEM) films
from sodium alginate and chitosan were successfully deposited
onto commercial polylactide (PLA) biopolymer film, and further
coated with a 25-nm thick atomic layer deposited (ALD) Al,03
layer. The water vapor barrier properties of the PLA film were
considerably improved after employing the PEM + Al,03 double-
coating. Most importantly, the properties were improved more
than by applying just the Al,03; coating. This was tentatively
attributed to changes in surface morphology created by the PEM
layer. The use of a thin PEM film as an intermediate on the PLA
film prior to the Al, 03 coating could extend the use of biopolymers
in environmentally friendly food and pharmaceutical packaging
applications.
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Growing environmental concerns related to the use of synthetic, non-biodegradable
polymers in packaging industry has led to the need for new, especially bio-based
materials. Currently petroleum-based synthetic polymers are widely used due to
their relatively low cost and high performance. Bio-based packaging materials can
have many advantages over their non-biodegradable competitors, such as stiffness
vs. weight ratio and biodegradability. However, poor barrier properties and sensi-
tivity towards moisture are the main challenges for their use.

Atomic Layer Deposition (ALD) is a feasible technique to deposit thin alumin-
ium oxide (Al,0,) coatings onto temperature-sensitive bio-based materials. Such
coatings enhance significantly the barrier performance towards oxygen and water
vapor. Even extremely thin (25 nm) Al O, coatings can provide improvement ena-
bling the use of bio-based materials in fabrication of high-performance materials
for demanding food and pharmaceutical packaging applications. The future use of
roll-to-roll ALD process to coat biopolymers with ALD-grown inorganic thin-films
will increase the industrial potential of these materials and is essential for the com-
mercialization.

NOILISOdIA YAV DINOLY A9 STVIYILYIA ONIDVIIVL dISVE-019 NO NMOYD SONILYOD HI14¥YE “0“1V NIHL 0ZZ SNOILYIIGNd LIA e o e

ISBN 978-951-38-7750-7 (soft back ed.) ISBN 978-951-38-7751-4 (URL: http://www.vtt.fi/publications/index.jsp)
ISSN 1235-0621 (soft back ed.) ISSN 1455-0849 (URL: http://www.vtt.fi/publications/index.jsp)


http://www.vtt.fi/publications/index.jsp
http://www.vtt.fi/publications/index.jsp

	Abstract
	Tiivistelmä
	Academic dissertation
	Preface
	List of publications
	Contributions of the author
	Contents
	List of abbreviations
	List of symbols
	1. Introduction
	2. Polymeric packaging materials
	2.1 The use of biopolymers as packaging materials
	2.2 The selection of suitable packaging materials

	3. Permeation through polymeric materials
	3.1 Mass transfer interactions
	3.2 Oxygen and water vapour barrier measurement
	3.3 Reliability of OTR and WVTR measurements

	4. Deposition of high-quality thin-filmbarriers
	4.1 Conventional barrier coatings
	4.2 Atomic layer deposition (ALD)
	4.3 The ALD process for Al2O3 coatings
	4.4 ALD fabricated barrier coatings

	5. Experimental
	5.1 Objectives
	5.2 Substrate materials
	5.3 Thin-film depositions
	5.4 Pre-treatments for polymeric materials
	5.5 Pre-coatings prior to ALD-Al2O3 coating
	5.6 Sample characterizations

	6. Results and discussion
	6.1 Characterization of thin Al2O3 coatings grown onpolymers
	6.1.1 Properties of polymeric substrates
	6.1.2 Comparison of barrier properties obtained by different thinfilmdeposition techniques

	6.2 ALD growth process for Al2O3 coatings on polymericmaterials
	6.3 Barrier properties of ALD-Al2O3 coatings onbiopolymeric materials
	6.4 Influence of pre-treatments and pre-coating layers onbarrier properties
	6.4.1 Enhanced surface polarity by corona treatment
	6.4.2 Enhanced polymer crystallinity by thermal treatment
	6.4.3 Epoxy-SG layer as a pre-barrier for Al2O3-coated biopolymericsubstrates
	6.4.4 Polyelectrolyte multilayer film as a pre-coating forAl2O3-coated biopolymeric substrates


	7. Conclusions
	References
	PUBLICATION I
	PUBLICATION II
	PUBLICATION III
	PUBLICATION IV
	PUBLICATION V
	PUBLICATION VI



