‘\ Lappeenranta

University of Technology

Tommi Kaariainen

POLYMER SURFACE MODIFICATION BY
ATOMIC LAYER DEPOSITION

Thesis for the degree of Doctor of Science (Technology) to be presented with
due permission for public examination and criticism in the Auditorium of the
Mikkeli University Consortium, Mikkeli, Finland on the 19th of December,
2011, at noon.

Acta Universitatis
Lappeenrantaensis 461



Supervisor

Reviewers

Opponent

Professor David Cameron

Faculty of Technology

Department of Mechanical Engineering

Advanced Surface Technology Research Laboratory
Lappeenranta University of Technology

Mikkeli, Finland

Professor Peter Kelly

Dalton Research Institute
Manchester Metropolitan University
UK

Professor Steven George

Department of Chemistry and Biochemistry
University of Colorado at Boulder

USA

Professor Steven George

Department of Chemistry and Biochemistry
University of Colorado at Boulder

USA

ISBN 978-952-265-188-4

ISBN 978-952-265-189-1 (PDF)

ISSN 1456-4491

Lappeenranta University of Technology
Digipaino 2011



ABSTRACT
Tommi Kédridinen

Polymer surface modification by atomic layer deposition

Current industrial atomic layer deposition (ALD) processes are almost wholly confined to
glass or silicon substrates. For many industrial applications, deposition on polymer
substrates will be necessary. Current deposition processes are also typically carried out at
temperatures which are too high for polymers. If deposition temperatures in ALD can be
reduced to the level applicable for polymers, it will open new interesting areas and
applications for polymeric materials. The properties of polymers can be improved for

example by coatings with functional and protective properties.

Although the ALD has shown its capability to operate at low temperatures suitable for
polymer substrates, there are other issues related to process efficiency and characteristics
of different polymers where new knowledge will assist in developing industrially
conceivable ALD processes. Lower deposition temperature in ALD generally means
longer process times to facilitate the self limiting film growth mode characteristic to
ALD. To improve process efficiency more reactive precursors are introduced into the
process. For example in ALD oxide processes these can be more reactive oxidizers, such
as ozone and oxygen radicals, to substitute the more conventionally used water. Although
replacing water in the low temperature ALD with ozone or plasma generated oxygen
radicals will enable the process times to be shortened, they may have unwanted effects
both on the film growth and structure, and in some cases can form detrimental process

conditions for the polymer substrate.

Plasma assistance is a very promising approach to improve the process efficiency. The
actual design and placement of the plasma source will have an effect on film growth
characteristics and film structure that may retard the process efficiency development. Due
to the fact that the lifetime of the radicals is limited, it requires the placement of the

plasma source near to the film growth region. Conversely this subjects the substrate to



exposure by other plasma species and electromagnetic radiation which sets requirements

for plasma conditions optimization.

In this thesis ALD has been used to modify, activate and functionalize the polymer
surfaces for further improvement of polymer performance subject to application. The
issues in ALD on polymers, both in thermal and plasma-assisted ALD will be further

discussed.
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1 INTRODUCTION

1.1 Research problem and scope of the work

Up to now, atomic layer deposition (ALD) has only been applied in a large scale to a few
commercial products, principally flat panel displays and, to a growing extent, in the
semiconductor industry. There are many other industrial sectors to which this process
could be applicable. The great potential of ALD has been notified in the applications
where there is a need for very high performance diffusion barriers or to cover complex
geometrical shapes, such as nanoporous structures for catalysis and filtration purposes,
with conformal and ultra thin layers. One group of materials of great interest is polymers

because they are often used in these industrial applications.

Polymeric materials have countless applications in our daily life. The applications are
varying from common domestic to very sophisticated scientific and technical
instruments. The characteristics of polymers that give advantages compared to other
materials are lightness, resilience, resistance to corrosion, color fastness, transparency,
ease of processing etc. These characteristics of polymer materials can be furthermore
enhanced with appropriate surface treatment such as thin film deposition. Thin film

coatings on polymers will give new fascinating areas for their usage.

Current ALD processes are often confined to glass or silicon substrates and deposition
processes are also typically carried out at temperatures which are too high for polymers.
If deposition temperatures in ALD can be reduced to the level applicable for polymers, it
will open new interesting opportunities to develop the existing applications or new
applications where polymers could be utilized. The properties of polymers can be

improved for example by coatings with functional and protective properties.
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Plasma assisted atomic layer deposition (PA-ALD) has been considered as a possibility to
extend the materials selection for ALD and a way to lower the substrate temperature.
Using plasma in ALD can result in increased reaction rates on surfaces, increased
fragmentation of the precursor molecules, bombardment-enhancement of the removal of
product molecules, or a combination of all of these steps [1-2]. Therefore it has been
investigated, more and more, for low temperature applications. In PA-ALD the additional
energy for the chemical reactions in the deposition chamber is provided by applying a
pulse of plasma energy at an appropriate point during the reaction cycle. Using plasma in
polymer processing will also set demands on process development. The process
development is a routine step in PA-ALD to optimize the film growth, but in the case of
polymers it is necessary also because of polymer related issues, such as the damaging

effect of ion-bombardment and electromagnetic radiation from plasma.

In this research the problems of functional and protective oxide ALD films on polymer
substrates will be addressed. The study of different precursor combinations will be
informative particular in deposition on polymers and will gain understanding in chemical
reactions both on the polymer surface and grown film. The behavior of the polymer
substrates during the deposition will give the knowledge which enables the application of
ALD films to polymeric materials for a wide range of uses in many industrial
applications. The main focus of the research will be based on the development of a low
temperature ALD processes for protective and functional films, applicable to polymer

substrate materials.
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1.2 Atomic layer deposition

Atomic Layer Deposition (ALD) is a surface controlled layer-by-layer process for the
deposition of thin films with atomic layer accuracy [1]. Each atomic layer formed in the
sequential process is a result of saturated surface controlled chemical reactions.
Commonly, in the growth of binary compounds such as metal oxides, a reaction cycle
consists of two reaction steps. In one step the metal compound precursor is allowed to
react with the surface, and in the other step it reacts with the oxygen precursor. Between
the steps a purge is applied to remove the excess of precursor and the reaction by-
products. The self-controlled growth mode of atomic layer deposition contributes several
advantages. The thickness of the films can be controlled in a straightforward manner by
controlling the number of reaction cycles, therefore enabling the controlled growth of
ultra thin layers. The precursors form stoichiometric films with large area uniformity and
conformality even on complex surfaces with deformities. Layer-by-layer growth allows
one to change the material abruptly after each step. This gives the possibility of
depositing multicomponent films, so called nanolaminates or mixed oxides, for example

[1-4].
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1.3 Atomic layer deposition on polymers

Atomic layer deposition on polymer substrates is increasingly gaining interest both in
research and industry. Combining the properties of organic polymer and inorganic
nanometer scale coating to form composite structures, may create unique properties that
will expand the application range of polymers. Based on the requirements for future
devices [5], research efforts in the field of ALD have revealed that ALD can provide the
extremely high performance to meet these requirements. The applications with the most
potential for ALD on polymers can be seen in barrier and transparent conducting layers
for flexible organic light emitting diodes (F-OLEDs) [6-11], organic photovoltaics
(OPVs) [12-17], CIGS photovoltaics (CIGS PVs) [18], thin film transistors (TFT) [19,
20], packaging materials [III , 7, 21-23], structures to be exposed to electromagnetic
radiation and ion flux [II, 24, 25], polymer surface modification to improve wettability,
printability, biocompatibility and adhesion properties [II, 26-28], and in more
fundamentally and characteristically to ALD, encapsulation and formation of complex

shapes and nanostructures [29-41].
The literature review of ALD on polymers is presented in Table 1, by means of the film

materials, precursors used, deposition temperature and polymer substrates used in the

study.
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Table 1. Materials deposited on polymers by ALD.

Material Metal Counter Polymer Deposition Reference
precursor reactant substrate temperature
[°Cl]
ALO; TMA H,O PS-DVB 33 [30, 33]
HDPE particles 77 [31]
PET 25-100 [6,42,43]
H,0, O3, PET 75 [44]
0O, plasma,
CO; plasma
heat-stabilized PEN 100-180 [7,9, 10 24,
PEN, PET, PI 45-47, 125]
(Kapton)
PES 90 [48]
(polyethersulfone)
LDPE, PE, PLA, 80-100 [21-23, 49]
PEN, PP, PET,
PLA
PMMA, PEEK, 80-250 [26]
PTFE, ETFE
Cellulose cotton 100 [27]
nonwoven PP, PP 120 [28]
LDPE particles 77 [34]
PS, PP, PMMA, 85 [50]
PE, PVC
PMMA 100-150 [51]
PEDOT:PSS, 140-150 [17]
P3HT/PCBM
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Material Metal Counter Polymer Deposition Reference

precursor reactant substrate temperature
[°Cl
H,0 and O3 PEDOT:PSS, 140 [15]
P3HT/PCBM
metallized PET 100 [52]
P3HT, PVP, 125 [53, 54]
PMMA
PVA fibers 45 [37]
PMMA, PI (Kapton 90 [25]
H), PTFE (FEP
Teflon)
FEP Teflon 65-200 [125]
PP 60-90 [55]
porphyrin 50-80 [56]
CO; plasma Cr metallized PI 200 [20]
Oxygen PE, PP, PTFE 25-300 [57, 58]
radicals
O3 PMMA 65 [I1]
LDPE, PP, PET, 65 [III]
PLA
O, plasma PEN RT - 100 [8]
0O, plasma PES 90-150 [59]
O; plasma PVK RT [41]
AlCl; H,O PC 100 [60]
AlOy - - PET - [61]
ALOs/W TMA, H,0, Si,Hg Kapton, PI, PEN 125 [62]
nano- WFg¢

laminates
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Material Metal Counter Polymer Deposition Reference

precursor reactant substrate temperature
[°Cl

HfO, TDMAH H,0O PMMA 100-150 [51]
PEDOT:PSS, 140-150 [17]

P3HT/PCBM
Pd (Pd"(hfac), Ho/N; PPX 80 [63]

plasma

SiO; TPS TMA Kapton, heat- 175 [9]

stabilized PEN
TiO, TTIP H,0 HDPE particles 77 [32]
PC 80-200 [64]
PVP 70 [65]
porphyrin 50-80 [56]
Oxygen PC, PP, PE 50 [66]

radicals

TiCly H,0 PC 80 [67]
PMMA, PEEK, 80-250 [26]

PTFE, ETFE
PA particles 40 [29]
PET 40-120 [42]
PS spheres 80 [38]
PMMA 90 [25]
PC 120 [68]
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Material Metal Counter Polymer Deposition Reference
precursor reactant substrate temperature
[°Cl
TDMAT  O;plasma PI (Kapton) 150-250 [69,70]

O, plasma PMMA, PP, PC 70 [IV]
Os PMMA 65 (]
LDPE 65 [1I1]
w WF¢ Si>He PVC, PS, PMMA, 80 [35]

PC, PP
WCN WF¢ (C,Hs);B SiLK [71]

and NHj;
ZnO DEZ H,O ITO-coated PEN 45-80 [13]
PET 100-210 [12]
porphyrin 50-80 [56]
PS 85 [72]
PP (ALD Al,04 115 [73]
seed layer),
cellulose cotton,
cotton fiber

N»O plasma Cr metallized PI 200 [20]
O, plasma  Poly-4-vinylphenol 150 [74]

(PVP)
ZrO, TDMAZ H,O PMMA 100-150 [51]
ZTB H,O PC 80-200 [64]

Zr(O'Bu),
ZTB H,0 with PET 20 [69]
Uv
assistance
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Polymers are challenging materials for processes which are dependent on external
thermal or other source of energy to initiate and enhance the chemical reactions for the
film growth. In the case of ALD both thermal energy and e.g. plasma can be used. Since
ALD on polymers must be performed at low temperatures, due to the thermal fragility of
the polymers, the processing conditions shall meet a number of complexities compared to
ALD at elevated temperature. In general these can be divided into ALD process
dependent, and polymer material dependent factors. The ALD process dependent factors
can be scrutinized by using the so-called ALD window in Figure 1, which defines the
dependency of the film growth rate on the deposition temperature [1]. Ideal and self-
limiting ALD film growth conditions can be found inside the ALD window. At low
deposition temperature the increase in film growth rate may result from multilayer
adsorption and condensation of precursors, and the decrease in growth rate from slow and
incomplete chemical reactions. Depending on the precursor chemistry the self-limiting
growth rate inside the ALD window may be temperature dependent. This will usually
appear as a decreasing growth rate with increasing deposition temperature due to a

decreased density of reactive surface species [1].
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Figure 1. The growth rate vs deposition temperature dependencies in ALD processes
that may occur outside the ALD window [1].

A generic model of ALD on polymers for binary compounds suggests that the film
nucleation and growth occurs through the following steps: a) Diffusion of one precursor
into the near surface region of the polymer; b) Cluster formation of the ALD material
through bimolecular reaction between two ALD precursors; ¢) The cluster growth and
coalescence; d) Continuous film growth that prevents the additional precursor diffusion
into the polymer, and; ¢) The linear ALD film growth [50]. Although many studies have
proven the possibility of ALD on polymers, the process is complicated due to the
inhomogeneous nature of the polymer surface, and the lack of functional groups
terminated on it. Due to this the reactions between the surface species and the precursor
are limited to the sites on the surface where the exchange reaction or chemisorption can

take place.
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1.4 Low temperature ALD process enhancement; Substitutive oxidizing
agents for water

Low temperature ALD suffers from slow reactions and often longer purge times are
required to avoid CVD film growth. The commonly used oxidizer in ALD oxide
processes is water. Water is known as a substance difficult to remove and requires
relatively long purge times at low deposition temperatures to meet ALD growth mode
[5]. More reactive oxidizers such as ozone [75-77] and radicals produced by plasma [2,
8,41, 42,44, 57, 58, 63, 66, 78- 81] have been studied to enhance process efficiency and
possibly to decrease the deposition temperatures. Plasma activation will also extend the
range of materials suitable for ALD and has enabled efficient deposition of e.g. metal
ALD films [2, 39, 82, 83]. In plasma assisted atomic layer deposition (PA-ALD), plasma
is used to produce radicals by gas dissociation. A very common plasma source in PA-
ALD is the radio frequency-generated plasma with inductively [2, 8] or capacitively [83,
84] coupled design. In general the plasma assistance used in ALD can be divided into
two modes based on how the plasma interacts with the ALD process, and with the
substrate. In the remote mode the plasma source is located remotely from the substrate so
that only radicals generated by the plasma are allowed to reach the substrate surface.
Based on this the term radical enhanced ALD (RE-ALD) is used to define distinction
between RE-ALD and PA-ALD or plasma enhanced ALD (PE-ALD) [58]. In the direct
plasma mode, referred also as PA-ALD and PE-ALD, the plasma source is located in the
same space or very near at the substrate [I, 84]. In the case of PE-ALD, in addition to
radicals, the other plasma species and electromagnetic radiation of the plasma may also
interact with the substrate. The issues that may arise due to this fact are further discussed

in papers II and IV.

Demands for higher process efficiency can be justified through one of the ALD
applications on polymers with the most potential, which are barrier and modification
layers on flexible polymer substrates. In these applications industrial production depends
on high throughput roll-to-roll production technology. Although the ALD process
temperature can be decreased and process efficiency increased by plasma assistance,

other issues may arise when treating polymers with plasma. Depending on the plasma
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characteristics and polymer photochemistry the resulting film performance and effect on
the polymer substrate itself can be detrimental. Both oxygen plasma and ozone used in
ALD oxide processes can lead to formation of reaction by-products that are reactive and
capable of re-adsorbing on the surface [76, 79, 80]. Readsorption of by-products may
lead to decreased growth rate if they are blocking the adsorption sites from the precursor
molecules, or cause thickness non-uniformity if readsorption occurs non-uniformly across

the substrate [85].

1.5 General properties of polymers

Polymer materials are an integral part of human life and their applications and usage vary
widely from domestic items [86] through medical and biomaterials [87], microfabricated
devices and MEMS/NEMS structures [88, 89] to fibre-based packaging materials [87].
The applicability of polymer materials is often determined by their physical and chemical
properties. Optical properties, transparency being one of the most important, of polymers
are important e.g. in applications where a substitute for glass is desired [90].
Transparency can be sacrificed for flexibility e.g. in flexible packaging. Among the
thermoplastic materials the material structure, amorphous or semi-crystalline, generally
defines the characteristics of the material. For example amorphous polymers, such as
poly(methyl methacrylate) (PMMA), polycarbonate (PC), and polystyrene (PS) are the
most transparent polymers (around 90 % transparency in visible light region). Usually
transparency decreases with increasing crystallinity [91]. Amorphous thermoplastics in
general have lower chemical resistance than crystalline thermoplastics due to a more
open random structure [86]. In thermal processes, such as in ALD, the defining polymer
properties like glass transition temperature (T,) and the coefficient of thermal expansion
(CTE) are of great importance. Although these properties can be generally quantified for
each polymer they depend on a number of factors, even within the same polymer type.
For example T, depends on the rate of cooling, the pressure, and the number of average
molecular weight (M,). T, changes also with degree of crystallinity and the nature of the
morphology of the materials, which increase the variance of properties such as density

and CTE in polycrystalline polymers [92, 93]. Tg, especially for amorphous polymers, is

25



useful information since it correlates with CTE, so that usually there is a sudden increase
in CTE at T,. For example, the CTE for PMMA below its T, ranges from 1.8 to 2.7 - 10°*
K and increases to 5.5 - 10° K™ above the Tg [92, 93]. From the ALD perspective the
CTE of the polymer can be seen to be more relevant than Tg, since it defines how much
the polymer will change in dimension when subject to a change in temperature. CTE
values of polymers are tens of times higher than CTE values of inorganic ceramic
materials. At too high and uncontrolled processing temperature this mismatch between
CTE’s can lead to a build up of unfavorable compressive stress in an inorganic ALD film,
which finally causes cracking of the film. Furthermore the cracking of the film will
deteriorate the film performance, especially in barrier applications [126]. The values of
T, and CTE of some polymer materials are presented in Table 2. The critical
characteristics of polymers concerned in this study are shortly described hereafter,
concentrating on glass transition temperature, thermal expansion coefficient and behavior

under chemical, mechanical and UV exposure.
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Table 2. Some properties of polymers.

Material CTE,a T, (°C) Max. Typical structure Reference
(um/m/°C) operating A — amorphous
temperature  SC — semi crystalline
(®)
LDPE 126-198 * -120 50 SC [86, 94%]
-25--15 %
PP 122-180 * -10 100 SC [86, 94%]
-25--15 %
PET 114-120 * 68-80 * 110 SC [86, 94%]
PLA 2:107 (K')*  50-60 - SC [95, 96%]
PMMA 72-162 * 105, 50 A [86, 94%]
(acrylic) 85-165 *
PC 120-137 * 142-205 * 125 A [86, 94*]

The physical and chemical properties of thermoplastics depend on morphology i.e., the
state of crystallinity [97]. The morphology of thermoplastics can be controlled by
controlling the temperature during the processing. Among the polyesters semi-crystalline
PET, and biodegradable polylactide (PLA) are good examples. Semi-crystalline PET has
good strength, ductility, stiffness, hardness, chemical resistance and possesses low
moisture absorption. Amorphous PET is more ductile than crystalline PET, but is not so
stiff and hard [86, 98]. The desired structure and consequently the property may be
application driven, such as in the polymer extrusion coated fibre-based packaging
materials. In packaging applications the state of crystallinity of PET is lowered towards
the amorphous state by cooling the polymer melt rapidly from high temperature (300 °C)
to below its glass transition temperature (T,), for PET that is 70-80 °C. More amorphous

PET is heatsealable, which is a particular characteristic desired in packaging application
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[90]. Amorphous PET crystallizes in the solid state when it is heated above the T,. This
can be beneficial for the improvement of barrier properties [99] or detrimental if
crystallization takes place at too high and uncontrolled temperature leading to a brittle
structure [III]. Barrier properties of PLA can also be improved by heat treatment above
T through morphological change and control of the structure [100]. Polyolefins such as
PE and PP similarly change their properties depending on morphological change due to a
thermal cycling [101].

It is critical to know how different thermoplastic polymers behave under thermal cycling.
In general two polymer dependent factors can be considered as a critical for polymer
processing; T, and CTE. From these T, is often too high for further processing, since the
modification of structure and properties may initiate already at considerably lower

temperature than T,.

1.5.1 Chemical solubility of polymer and free volume of the polymer
surface region

Since in ALD the film deposition will take place from the chemical vapor phase, the
chemical solubility and free volume of the polymer surface region are important
characteristics. The film nucleation on polymer substrates during the first ALD cycles has
been suggested to differ depending on the chemical solubility and free volume of the
particular polymer. In the case that the polymer has a large free volume it has high
diffusion rate of precursor molecules into the polymer surface region. If the polymer has
high chemical solubility it largely retains these precursor molecules. Within the polymers
PP, PMMA and PE have been found to have a high diffusion rate of TMA, whereas the
diffusion rate is small for PVC. At the same time PMMA and PP have low chemical
solubility and PVC and PE have high chemical solubility for TMA [50]. Polyesters such
as PET, PEN and PLA and polyolefins such as PE and PP can change their morphology
during the thermal cycling. This also affects solubility. Solubility together with
diffusivity defines the polymer permeability [98]. ALD film nucleation and growth on PP

has been observed to be temperature dependent. Jur et.al. suggested that the penetration
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of precursor and reactants into the polymer leading to subsurface generation on PP is due
to a increase in free volume and diffusivity of the polymer with the increase of growth

temperature [55].

1.5.2 Polymers under ultraviolet radiation

Polymer characteristics under ultraviolet (UV) radiation become important in this study
for two reasons. Since plasma is used as a part of the ALD process the polymers may be
exposed to deteriorating plasma UV radiation. Another interest is related to protection of
the polymer from degrading UV radiation, where the ALD films have been demonstrated
to provide a good barrier [II, 24]. Polymer degradation under plasma UV radiation is
based on the dissociation of covalent bonds caused by photon energy. These
photochemical changes can affect the physical, chemical and mechanical properties of the
polymer and therefore are of great importance. The consequence of photodegradation can
be e.g. polymer surface damage leading to film delamination. This will be further

discussed in paper II.

UV radiation is based on emission from transitions between electronic states of a
molecule [96]. Therefore the emission spectrum is depending on the gas species present
in the plasma. In chemical processes, such as in PA-ALD, molecular spectra can be very
complex due to a number of different gases. In addition to mono- and diatomic gases,
such as argon, nitrogen and oxygen typically used in ALD processes, the plasma species
can originate from a variety of reactants and reaction products such as organometallic
species, hydrocarbons, other carbonous molecules, water and hydroxyl. Atomic and
molecular transition probabilities are well documented in the literature for optical

emission analysis of measured spectra [103-105].

Dissociation energies for common covalent bonds in polymers lie on the energy range of
3 — 4.3 eV, corresponding approximately to 413 — 310 nm in radiation wavelength.
Molecular bond dissociation energies e.g. for CHs, CH and CH30-H are 110.4 kcal/mol,
80.9 kcal/mol and 104.6 kcal/mol corresponding to 4.8 eV, 3.5 eV and 4.5 eV
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respectively [106]. Photodegradation of the polymer is possible when the UV radiation is
absorbed by the polymer and pathways for photoexcited singlet (S) and triplet (T) species
exists to transfer the absorbed photon energy to polymer bond dissociation. Based on the
absorption coefficient of the polymer, they have different cut-off wavelengths for UV
radiation. For example cut-off wavelengths for PMMA, PC, PET, PP and PE are 240 nm,
280 nm, 310 nm, < 180 nm and < 180 nm respectively. Cut-off wavelength for these
polymers has been considered to be the level of 1 absorbance of 10 um thick polymer

film [107]. Absorbance is a measure of absorbed radiation and is defined as [108]:

A= logw([]o] (1)

Where,

1y is the intensity of incident energy

1 is the intensity of transmitted light

In practice the cut-off wavelength alters within the polymer depending on e.g. the
morphology of the polymer and impurities and additives present. Fundamentally the
photochemical reactions in the polymers leading to photodegradation are well studied
with the intention of developing their stability under environmental conditions (solar UV
radiation). Photodegradation behavior of the polymers generally has been classified to
categories such as photodegradation with and without significant chain scission, and
photoinitiated oxidation with and without significant chain scission. The
photodegradation can be initiated by different species in the polymer, originating from
the polymer chain, but also from processing and oxidation. For example the
photodegradation in polymethacrylates may be initiated by —C=0 groups through so
called Norrish I reactions, or direct photolysis of ester or methyl side groups, or
photolysis of -O-O- groups from processing or from oxidation. In thermoplastic
polyolefins, such as in PE and PP, the initiation process is reportedly still controversial.

The potential initiation species for polyolefins can be the -O-O-, OOH, -C=0 and C=C
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groups from processing or from oxidation, pigments and metal catalyst residues, and

charge transfer complexes with O, [107, 109].

The role of plasma and vacuum ultraviolet (VUV) radiation in polymer processing has
been intensively studied among the vacuum coaters and those using plasma for polymer
treatment [110-120]. In plasma treatment the desired effect can be e.g. a sterilized or
functionalized polymer surface to improve compatibility or adhesion to another
substance. In vacuum plasma processing the plasma can have beneficial, neutral or
detrimental effects on the polymer surface. Plasma pretreatment can improve the coating
adhesion through the modification of the surface layer of PMMA by ion bombardment,
but also deteriorate the adhesion due to the detrimental effect of VUV radiation on
polymer surface structure [111]. Polyolefins, that have tendency to photo-oxidation and
oxidative degradation may undergo optical deterioration during the plasma treatment, but
at the same time improve the coating adhesion [121]. Depending on the polymer
absorption coefficient and plasma emission characteristics, the bond breakage in the
polymer may result in unwanted effects. In the case of PMMA, both beneficial and
detrimental effects have been reported. In PMMA the structural change may happen
through the side-chain scission or cross-linking caused by photon energy and plasma ions
or electrons [111, 114, 116, 121]. In the VUV wavelength region (A < 200 nm) the
absorption of the electromagnetic radiation is also characteristic of each polymer. PE
absorbs below 170 nm due to the 6 — ¢ transitions in C-C and C-H bonds. At higher
wavelengths the absorption is due to double bonds or oxidation products. PMMA absorbs
around 210 nm due to the transitions in carbonyl (C=0) group, and at 150 nm due to the
transitions in its elementary unit. The absorptions in PMMA at higher energy are typical

for the hydrocarbon backbone [118].

Concerning the electromagnetic radiation of plasma, the energy required for polymer
bond dissociation lies in the optical frequency range, i.e., from ultraviolet (UV) to near
infrared (IR) region (100 nm to 1000 nm). The plasma emission can be measured by

using optical emission spectroscopy (OES) to determine the species present in the
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plasma. OES has also been used in PA-ALD processes to monitor the generated radicals

and reaction products, only referring to a few here [65, 79, 80, 122, IV].

1.5.3 Polymer surface structure

Polymer surface modification, where molecules are introduced from the gas phase with
the intention of adsorption on the surface, is challenging because of the inhomogeneous
nature of the polymer surface. The adsorption process is influenced by the chemical and
physical properties of the polymer surface such as the appearance of functional groups,
charge degree (oxidation, ionization), polarity, surface morphology (roughness, degree of
crystallinity) and surface contamination [123, 124]. The orientation of the polymer chain
and the concentration of chain ends in the surface plane will also change the surface
structure influencing the adsorption of desired molecules [124]. Some of these above
mentioned surface characteristics are beneficial, some disadvantageous for surface

modification by atomic layer deposition.

Polymers are mostly required to maintain their structure and morphology in their end
application under a diversity of temperature and environmental conditions. The same
requirements can be set on polymers during vacuum deposition processing. Since in this
study ALD has been applied to polymer substrates, the deposition has been carried out in
a low deposition temperature range (< 150 °C). Plasma has been utilized to enhance the
low temperature ALD process by substituting for the water as an oxidizer. Within the
polymers the appropriate processing temperature is also characteristic to each polymer.
The same polymer may exhibit different properties such as thermo-mechanical resistance,
surface properties (free surface volume), chemical solubility, etc. depending on the
manufacturing and process conditions such as casting, extrusion and vacuum processing.
Processing temperature should not reach the level where the polymer changes its
mechanical performance. This is especially important in those applications where the
inorganic thin nanometer scale film is intended to provide extreme barrier performance
combined with polymer substrate. For this reason, knowledge of the elastic and inelastic

behavior of the flexible polymer substrate is important.
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1.5.4 Thermo-mechanical behavior of thin film on flexible polymer
substrate

Barrier films on polymer substrates are one the applications seen to have the most
potential for ALD films. The barrier properties and performance of thin ALD films have
been studied for flexible electronics [6-11, 78] and food packaging [21-23, 100, 101]
applications. In both of these applications the polymer substrate is typically flexible foil
material, which will be exposed to mechanical stress and thermal load under processing
conditions. Even though ALD has shown its capability in low temperature processing, it
is of great importance to understand the thermo-mechanical behavior of the substrate-thin
film structure, especially in barrier applications. In general the lower the processing
temperature will be, the less mismatch in thermo-mechanical behavior between the

polymer substrate and thin inorganic film will occur.

Stresses present in thin films can be divided into two general categories; 1) intrinsic
stresses, and 2) extrinsic stresses. Mechanical theory of thin films on flexible substrates
can be scrutinized by using Figure 2 describing dimension and strain change (mechanical
strain is defined as a relative change in dimensions) in this system at room and elevated

temperatures [125].
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Figure 2. Length and width of film-on-foil structure at room and film growth

temperatures [125].
When a substrate (s) with the thickness of d; is coated with a film (f) with the thickness of

dy, the in-plane strain (&y) in the substrate of the flattened work piece with respect to the

uncoated substrate at temperature T can be defined as [125]:

34



l(Td - T)((ZS - af)+ gbiJ

e (T)= 2
(1) v'd (2)
1+-—=2
Y.d,
Where,

os and ay are the coefficients of thermal expansion (CTE) of the substrate and the film
respectively
&pi 18 the built-in strain in the film

Y, and Y/-* are the biaxial strain moduli of the substrate and the film respectively defined

as

y oL 3)
1-v

Where,

Y is the Young’s modulus

v 1s the Poisson ratio

Similarly the in-plane strain in the film of the flattened workpiece with respect to the

free-standing film at the temperature T can be defined as:

T, -1, - bi
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S

5

Y. d
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Applications where thin films are used generally require accurate overlay of the film on

the substrate on which the device is to be fabricated. This is especially important in the
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case of integrated circuits where misalignment between source/drain and gate electrodes
can cause inferior device performance [125]. Strain/stress behavior of the film on the
flexible substrate is of great importance also in those cases where thin inorganic films
perform as diffusion barriers. Uncontrolled stress in the film will lead to the fracture of

the film and consequently degraded diffusion barrier performance.

Accurate overlay alignment of the film would require & (at room temperature after

deposition) to become close to zero. & can be minimized by minimizing the numerator
*

(T-T)( o - ar )+ €, and maximizing denominator 1+——>= in equation 1. In practice in
s

the case of flexible polymer substrates this can be made by 1) choosing the CTE of the
polymer close to that of device layer, 2) lowering the deposition temperature, and 3)
compensating the CTE mismatch with the strain built into the film. CTE of the polymer is
usually larger than the CTE of the inorganic material and this option is quite difficult to
implement in practice. Lowering the deposition temperature and compensation of the
CTE mismatch caused by built in strain in the film are both related to deposition process
optimization. In ALD, lower deposition temperatures require longer deposition times due
to the need for longer purge times between the precursor pulses. Lowering the deposition
temperature in ALD will also lead to a higher amount of impurities in the film, which
may not be beneficial in the final application. A low deposition temperature in ALD,
enabling deposition on polymer substrates, will mostly lead to an amorphous film
structure. This can sometimes be beneficial for the film behavior during processing and in

the final application.

In barrier applications where flexible polymer substrates are used, an amorphous
structure of the thin film may find benefits over crystalline films through lack of grain
boundaries [47]. The inorganic film thickness, though, has been found to be of primary
importance since the critical strain leading to steady state channel crack propagation
decreases with increasing film thickness. Miller’s et al. results show that the film
thickness has a significant role in the mechanical performance of thin films on compliant

substrates, especially in applications where the substrate will be bent in its end
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application or shall withstand a certain amount of curvature during the processing as in
roll-to-roll deposition [47]. The failure modes such as film delamination, channel
cracking, spalling of the film/substrate, and film buckling combined with delamination
are related to elastic mismatch between the film and substrate. This elastic mismatch
between two isotropic materials (substrate s and film f) can be scrutinized by using the
so-called Dunder’s elastic mismatch parameters, which define the mismatch in the plane
tensile modulus across the interface (Dy,) and the mismatch in the in-plane bulk modulus

_(E,-E)

= m Q)

CLE(+v)(I-2v)—E(1+v,)(1-2v))
"2 E (v -v) +E (v )(1-v))

(6)

The effective modulus of the substrate or film in the case of in-plane strain can be

expressed by equation 7.

\
&

s %)

In the equations E and v are Young’s modulus (Pa) and Poisson’s ratio (unitless)
respectively. Subscripts f and s are indicating the film and the substrate respectively. As
can be seen from equation 5 the value of D,, comes close to 1 when film material is much

stiffer than substrate material and comes close to -1 when film material is compliant with
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the substrate material. In the case where an inorganic film is deposited on polymer
substrates the D,, parameter indicates values close to 1 varying by some extent with the
polymer used and the inorganic material characteristics. Mechanical robustness of ALD
AlL,O3 and molecular layer deposited (MLD) aluminum alkoxide has been studied by
Miller and Jen [47, 126]. In Miller et.al’s work the ALD and MLD films were studied as
a monolayers on PEN substrates and also as multilayer structures forming nanolaminate
films of aluminum oxide and aluminum alkoxide. They found experimentally that the
critical strain of single layer ALD AL,Os leading to crack propagation is increasing with
decreasing film thickness. This was also supported theoretically. A 5 nm thick Al,O;
layer had a critical strain of 5 %, which was found to be significantly higher than the
critical strain for conventional thin film materials on the micrometer scale. This strain is
equivalent to 0.64 mm critical bending radius on a 75 pm thick PEN substrate. However,
the critical strain of a 25 nm thick Al,O; layer had a value of 1.56 %, which already is at
the same level as conventional thin film materials. Dependency of critical tensile strain
on ALD film thickness has also been reported by Jen et.al. Ultrathin Al,O; films
deposited on heat-stabilized PEN showed clearly higher critical strains than thicker films.
The critical tensile strains for 5 nm and 80 nm Al,O; films were reported to be 2.4 % and
0.52 % respectively. In the same study, Teflon FEP substrates were used to study the
critical compressive strains of Al,O; ALD films due to a large thermal expansion
coefficient of Teflon FEP and consequently larger contraction of the substrate than ALD
Al,O5 films during the cooling down. Similarly to tensile strain, the critical compressive

strain was found to be higher for thinner ALD films [126].

The substrate-film curvature caused by elastic mismatch strain may have a different
origin such as thermal expansion effects, epitaxial mismatch, phase transformation,
chemical reaction, moisture absorption or other physical effect [127]. Regardless of the
reason for the strain, it is important for many applications to identify the critical limit for
the substrate/film curvature where the film remains in the elastic deformation region and
avoid mechanical failure in the device. The radius of curvature can be defined by the

Stoney formula (8) [125, 127, 128].
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R=— (®)

In equation 8 ¢ is the mismatch strain, which arises from the thermal mismatch strain
caused by the difference between the thermal expansion coefficient of the substrate a

and that of the film o and the built-in strain &; in the film. & can be written as,

e=(a,-a,) AT +s, )

where AT is the difference between the deposition and the room temperature. Equation 8
applies only when Yid, << Y,d,, when the substrate dominates and the film complies with
it. In the case where a stiff film has been deposited on a compliant substrate the products
of Young’s modulus and thickness may become close to equal, Y,d,= Yd,, and it leads to
much more complicated mechanical situation than with resistant substrates [125, 127].

Now the radius of curvature is given by,

d s s s s s YF‘
R=—+7 ,
6?*2 & [1+Z’S’I1 YCZ:]{(l—vf)(va)jL:i’(l—viX1+vY)}
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In equation (10) Y, = lif and Y, = " *— represent the plain strain moduli of the film
! 5

and the substrate, respectively.
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2 EXPERIMENTAL METHODS

2.1 Thin film deposition and plasma treatments

The ALD films were grown in a flow-type hot-wall Beneq TFS-500 ALD tool, that was
equipped with a plasma reactor (I, IV) or conventional thermal energy reactor (ILIII).
The film depositions were mainly carried out at temperature below 65 °C to be suitable
for the polymer substrate used in this study. The effect of higher deposition temperature
of 150 °C on PET substrates and the combined performance of ALD layers on PET was
scrutinized in the study presented in paper III. The pressure during the deposition was
around 2-10° Pa. Two different ALD film materials, Al,O3; and TiO, were deposited by
using trimethylaluminium (TMA) and tetrakis(dimethylamido)titanium (TDMAT) as
metal precursors and both O3 and O, plasma as oxidizers. The films were deposited on

Silicon (100), sodalime glass and number of polymer substrates presented hereafter.

Magnetron sputtering of Ti and TiC films was carried out in a Sloan SL1800 magnetron
sputtering deposition system. These films were deposited on PMMA and ALD coated
PMMA substrates to study the performance of the ALD oxide film as an intermediate
adhesion layer on polymer substrates and as a shield against ion bombardment and
plasma UV radiation [II]. In this study two different plasmas were studied. A pulsed DC
plasma exposure was carried out in the Sloan SL1800 magnetron sputtering system and
the RF plasma treatments with argon in the plasma reactor attached to the Beneq TFS-

500 ALD system, described more detailed in [I].
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2.2 Substrate materials

221 PMMA

Polymethylmethacrylate (PMMA) has wide range of applications. It is used e.g. in
optoelectronic and optical applications due to its high optical clarity [110, 111, 121, 129-
131], in medical applications such as in microfluidic devices and in tissue engineering
due to its biocompatibility [132-135], and in microelectromechanical systems (MEMS)
[86]. Commercial PMMA (PLEXIGLAS® XT) with average molecular weight of 150000
— 160000 gmol™ was used in this study.

222 PC

Polycarbonate (PC) is a widely used engineering plastic with high toughness. It is used
e.g. in compact discs and as a food packaging material [86]. Polycarbonate is transparent
and therefore finds its usage in optical applications [110, 131]. Commercial PC plate with

thickness of 2 mm was used in this study.

2.2.3 Low density polyethylene (LDPE)

LDPE is very widely used polymer and one of its main applications is in packaging film.
LDPE is very tough and flexible, that makes it especially suitable for flexible packaging
applications [86]. In this study the LDPE was used as an extrusion coated barrier film on
paper to form a typical fiber based flexible packaging material. In extrusion coating
processes the melt temperatures are much higher than the melting temperatures of coating
polymers. For LDPE, the melt temperature is approximately 200 °C over the melting
temperature. The polymer melt is then cooled down rapidly on a chill roll when
laminated with the web material. The morphology of extrusion coated LDPE is
semicrystalline with the level of crystallinity typically around 50 % [90]. Crystallinity of

the LDPE coating, however, depends on processing conditions and the crystallinity of the
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polymer pellet. The crystallinity of the polymer coating may be lower than the
crystallinity of its pellet due to a rapid cooling in the process and consequently a short

time for the polymer to crystallize [136].

2.2.4 Polypropylene (PP)

Polypropylene is a multipurpose thermoplastic and it has been used in various formats.
Polypropylene is available in fibre form and it is a widely used polymer in nonwoven
products. Other usage can be found from different types of consumer and engineering
products and it is also used in packaging applications. As a packaging and cover material
it finds use in applications where temperature and grease resistance is required [86].
Isotactic polypropylene is a semicrystalline material. The crystallinity depends on the rate
of melt quenching and annealing [137]. Similarily to LDPE, the crystallinity of extrusion

coated PP may decrease in the extrusion coating process [136].

2.2.5 Polyethylene terephthalate (PET)

Polyethylene terephthalate (PET) belongs to the group of polyesters. PET is a product of
esterification of ethylene glycol with a dibasic acid [90]. Depending on the thermal
cycling during its processing PET can be found both in an amorphous and a
semicrystalline form. Similarily to polyolefins, the state of crystallinity determines the
properties of PET. Semicrystalline PET together with polyethylene naphthalate (PEN) are
the two main polymeric transparent film material used in the development of flexible
electronic applications [138]. Commercial PET films are available in a heat stabilized
form, which can undergo higher temperatures with higher thermal stability [138, 139]. In
extrusion coating, PET can be processed as an amorphous or as a semicrystalline material
depending on the required end properties. Amorphous PET is clear and heat-sealable, an
important characteristic in packaging applications. Amorphous PET will crystallize under

thermal cycling. Increased crystallinity will reduce the permeability of e.g. oxygen [90].
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2.2.6 Polylactide (PLA)

Biodegradable polymers are an interesting group of materials because of their
biocompatibility and biodegradability and consequent wide range of applications from
medicine and surgery to packaging [90, 95]. Synthetic biodegradable polymers, such as
polylactides (PLA), have been studied in extrusion coating to meet the requirement of
sustainable development and polymer waste management [90]. Copolymers of PLA with
polyglycolic acid (PGA) and poly(e-caprolactone) (PCL) have been studied in medical
applications, such as in implant materials [90, 95]. The percentage of the L-unit in PLA
(repeating unit of polymer) is commonly used to indicate its optical purity. PLA with
high optical purity is a semicrystalline material. Optical purity decreases with decreasing
crystallinity and PLA with less than 87,5 % optical purity is amorphous. PLA is a strong
but brittle polymer with 4 % elongation at break [95].
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2.3 Film and ALD process characterization

The films and their performance were characterized by many different methods. The
ALD film thickness and refractive index were measured from silicon substrates with a
spectroscopic ellipsometer M-2000FT from J. A. Woollam. The sputtered Ti and TiC film
thickness was measured with a stylus profiler Veeco DEKTAK 6M.

The structure of the deposited ALD films and polymer substrates was studied with ATR-
FTIR (Attenuated total reflection Fourier transform infrared) spectroscopy method using
a Nicolet 4700 FT-IR spectrometer equipped with a Smart Orbit ATR accessory. In
ATR-FTIR spectroscopy contrary to FTIR where the IR beam travels through the sample,
the substrate is placed in close optical contact with an internal reflection element (IRE)
that is transparent to the IR wavelengths concerned. This measurement set up is surface
sensitive and is well suited for thin film characterization [111]. In ATR-FTIR the IR
radiation is used to initiate the molecular vibrations in the material. When the vibrational
or rotational motion of the molecule has been initiated, its dipole moment can change.
The molecule will absorb the infrared radiation if there is a net change in the dipole
moment. If the infrared radiation and molecular vibration oscillates at the same
frequency, a net transfer of energy occurs that will be seen as a change in amplitude of
the molecular vibration. Molecules will vibrate at particular frequencies which then can
be identified [140].

Raman spectroscopy and IR spectroscopy can be seen as complementary techniques to
each other. Some molecular bonds are infrared active, whereas some others are Raman
active. Similarly to IR spectroscopy the Raman spectroscopy can be used to identify the
type of quantized vibrational changes in molecules. Whereas IR absorption requires a
change in molecule dipole moment, in Raman scattering a change must occur in the
polarization of the molecule. When an electric field is applied to a molecule it can distort
the distribution of electrons causing temporary polarization and induce a change in dipole
moment. In Raman spectroscopy a sample will be irradiated with a powerful laser source

with variable wavelengths. When photons interact with the molecules of a sample they
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can induce transitions between energy states of the molecules. The photons are scattered
by the molecular system, characteristic to the material, and the scattered radiation will be
depicted with a spectrometer. When the scattered radiation has the same wavelength as
the irradiated radiation, the emitted radiation is elastic and is called Rayleigh scattering.
In Rayleigh scattering no energy will be lost. Raman scattering occurs when the incident
and emitted radiation have different wavelengths. If the energy changes in the molecule
due to a photon interaction the energy of the scattered photon will also change in respect
to the incident photon energy. This energy change will produce so-called Stokes and anti-
Stokes scattering depending on whether the energy of the scattered radiation is less or
greater than the incident photon energy. The Stokes and anti-Stokes scattering is
frequency-shifted from the Rayleigh scattering corresponding to the energy change [140].
In this study, a Horiba Jobin Yvon HR 800 UV Raman spectrometer was used to
scrutinize the structure and structural transitions with increasing deposition temperature

of TiO; films. The laser source used was a He-Cd laser with 325.04 nm wavelength.

The structure and the crystallinity of TiO, films grown from TDMAT and ozone were
verified by X-ray diffractometry (XRD) with a Philips X Pert system using CuKa
radiation at wavelength of 1.54 A. The glancing angle used for the incident beam was 1°

and scanning was performed over the 20 ranging between 20 to 60°.

The films chemical analysis, both qualitative and quantitative, were performed by energy
dispersive X-ray spectroscopy (EDS) (EDAX Sapphire Si(Li) detecting unit), attached to
scanning electron microscopy (SEM) and X-ray photoelectron spectroscopy (XPS). In
EDS the energy of the X-rays emitted when the material is bombarded with electrons is
collected by energy dispersive spectrometer. The X-rays are formed in a process where
the emitted electron from the inner orbital of the atom is replaced by the electron from the
outer orbital of the same atom. The energy of the emitted X-rays is characteristic to each
element depending on the difference between the orbitals of the atom [140]. In XPS the
source of radiation is X-ray photons. When material is bombarded with photons of
sufficient energy the energy will be transferred to the electrons of the atoms and thus can

be ejected. The specific kinetic energy and intensity of the ejected photoelectrons can be
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measured by an electron spectrometer. When the energy of the X-ray photons is known
(typically used sources are MgKo with photon energy of 1253.6 eV and AlKo with
1486.6 V) the binding energy of an electron, characteristic to the atom and orbital from
which the electron was emitted, can be determined. The advantage of XPS is that
additionally to atomic composition of material it can provide information about the
structure and oxidation state of the compounds [140]. This characteristic was used to
study the structure of PA-ALD TiO; films presented in paper IV. In this study the XPS
measurements were performed by using PHI 5400 XPS system with MgKa radiation

(1253,6 eV) at 1,33:10° Pa pressure in the measurement chamber.

The surface morphology of the substrates, films and fracture interfaces was studied from
scanning electron microscopy (SEM) images taken with a field emission gun (FEG) SEM
Hitachi S-4800, and by tapping mode atomic force microscopy (AFM) using a CP-II
scanning probe microscope from Veeco Instruments. In SEM the surface of the sample is
scanned with an electron beam resulting in a number of emitted signals, from which the
backscattered and secondary electrons are used to visualize the object. In AFM the force-
sensing cantilever with tip is scanned over the sample surface. The force between the
flexible cantilever and the sample surface causes deflections of the cantilever, which can
be detected optically. In tapping mode AFM the cantilever is oscillated at a frequency of
a few hundred kilohertz and the tip will be in contact to sample surface only periodically
at the bottom of each oscillation cycle. The changes in frequency when the position of the
tip changes in respect to sample surface will then be used to image the surface
topography. Contrary to contact mode AFM, by tapping mode it is possible examine

highly sensitive materials such as biological samples and soft polymers [140].

Transmission electron microscopy (TEM) was used to examine further the structural
changes taking place in TiO; films with increasing deposition temperature. The TEM
system used was a JEOL 2010 F microscope with accelerating voltage of 200 kV. TiO,
films produced using TDMAT and ozone at 55 and 180 °C deposition temperatures were
deposited directly on an electron-transparent Si/SiO, membrane window. The method

was used both for surface imaging and for selected area electron diffraction (SAED, or
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SAD). In TEM a thin sample is irradiated with a high-energy electron beam. The electron
intensity distribution behind the sample is then imaged with the specific lens system

[141].

The film adhesion was measured by a simple peel-off tape test and by the stud pull-off
method using the PAT adhesion tester according to the ASTM D 4541-02 standard. The
ALD film performance as a barrier against water (WVTR) and oxygen vapor (O,TR) was
studied by using the cup-method following the SCAN P22:68 and Mocon Ox-Tran Model
2/21 following the standard ASTM D 3985 respectively.

Optical emission spectroscopy (OES) was used to study the plasma characteristics during
the plasma pulse of the ALD cycle. Two different OES systems were used. The time-
resolved emission of particular spectral lines was collected with an IFU AOS-4 system
and the full emission spectra between the wavelengths of 180 nm to 880 nm were

collected with a Plasus Emicon system.
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3 RESULTS AND DISCUSSION

The main results are summarized in this Chapter. More detailed experimental work,

results and discussion are presented in the original publications (I-IV).

3.1 Film growth characteristics

Plasma-assistance in ALD has been shown to provide a tool to develop efficient ALD
processes at low temperatures suitable for thermally fragile polymer substrates. A new
design of plasma source was used to study the growth characteristics of Al,O3 by using
TMA and O, plasma at room temperature [I]. The film growth rate was found to follow a
different trend when the substrate distance from the plasma source was changed (Figure
3). The lower film growth rate with the longer plasma source distance and short oxygen
plasma pulse length is believed to be caused by reduced oxygen radical concentration at
the substrate surface leading to unsaturated film growth. This shows that the distance of
plasma source from the substrate is a critical factor in respect of film growth and process
efficiency. The efficient radical production and flux for the ALD surface reactions
becomes more dominant in the spatial ALD processes, where the conventional time
sequencing of precursor pulses and purges is dependent on substrate speed [52, 140]. In
general, insufficient radical flux may lead to unsaturated film growth [57, 58, 66] and in
the case of spatial ALD to a compromise between film growth rate and web speed [52,

142].
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Figure 3. The film growth rate of Al,O; films as a function of oxygen plasma pulse

length and the plasma source distance from the substrate.

In addition to the difference in oxygen radical concentration available to ALD reactions
between two different plasma source distances, the difference in film growth rate was
attributed to a difference in reaction mechanism. The higher growth rate with shorter
plasma source distance and with short oxygen plasma pulse length may lead to a
concurrent reaction path with H,O possibly produced in this type of oxygen plasma

process [77].

The growth rate of PA-ALD TiO, increases with an increase of oxygen pulse length and
saturates at the level of around 0,1 nm/cycle after 3 seconds pulse length as shown in
Figure 4. An earlier study with ozone as the counter reactant revealed that the growth rate
is temperature dependent at deposition temperature below 100 °C as shown in Figure 5
[143]. The growth rate above 100 °C saturates at the level of around 0,044 nm/cycle, that
agrees well with the earlier studies where water [144], H,O, [145] and oxygen plasma
[146] have been used as a counter reactant to TDMAT. In the case where the film below

100 °C (at 55 and 70 °C) is grown in the self-limiting manner, one can expect that the
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density of the reactive surface species is higher at these lower temperatures. When
temperature has been increased the growth rate decreases due to the decreased density of
reactive surface species [1]. If the film growth is out of the self-limiting region the
increase in growth rate can be explained through multilayer adsorption and the
condensation of precursors as described in Figure 1 [1]. However, the film growth rate of
PA-ALD TiO; using TDMAT and O, plasma in the low deposition temperature region is
clearly higher (Figure 4) than the growth rate of the film grown from TDMAT and ozone
(Figure 5).

One characteristic related to process efficiency shown in Figure 4 compared to previous
studies [144, 145] is the several times longer oxygen plasma pulse required to saturated
film growth compared to water and H,O,. The issue of low radical concentration was
discussed earlier together with Al,O3 PA-ALD and should be considered here also as a
possible debilitating factor for process efficiency. On the other hand at low temperature,

especially, water requires relatively long purge time.
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Figure 4. Growth rate and refractive index of PA-ALD TiO; films as a function of
O, pulse length. Nitrogen was used as a carrier gas.
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The change of process parameters by means of carrier gas and plasma power used in PA-
ALD TiO; process revealed some divergences. At low plasma power level (25 W) and
with nitrogen carrier gas the growth rate remained at a considerably lower level than with

higher plasma power and with argon carrier gas (Figure 1 in paper IV).
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Figure 5. Growth rate of ALD TiO; films as a function of deposition temperature.
Precursors used were TDMAT and ozone.
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3.2 Film composition and film structure

The PA-ALD Al,O; film chemical composition was determined and scrutinized by EDS
and ATR-FTIR [I]. The films had an aluminum content similar to previous studies [57],
were oxygen rich and had carbon as an impurity. Due to the insensitivity of the EDS
method to light elements, the elemental compositions are not quantitatively precise, but
will show relative changes between the films grown under different conditions. In general
the carbon and carbonaceous groups content decreased with increasing oxygen plasma
pulse length with both plasma source positions. Longer oxygen plasma pulse length with
both plasma source distances led to a quite similar film composition. Nitrogen
incorporation was detected from the films in the case of short plasma source distance and
when longer oxygen plasma pulse and higher plasma power was used for longer plasma
source distance. It was also noticed that the plasma power has an effect both on film
growth characteristics and film chemical composition. Lower plasma power with this
particular plasma source design resulted in lower growth rate but more a stoichiometric

O/Al ratio than with higher plasma power.

The PA-ALD TiO, chemical composition measured by XPS revealed no significant
difference was found in Ti, O, N, and C concentration between the films deposited with
different plasma power, different carrier gas, and varied oxygen plasma pulse length
(Table 1 in IV). Similarly to Al,O; films TiO, films have carbon contamination in the
film. All the films regardless of deposition conditions have relatively high nitrogen
incorporation in the film thought to originate from the TDMAT precursor. Further
examination of chemical bonding in the films from the Ti 2p, O 1s, N 1s and C 1s peaks
of the XPS spectra revealed that the Ti in the films is mostly in TiO, format, but is also
somewhat dependent on plasma power and the carrier gas used in the process. This can
be seen most clearly in the film grown with 25 W plasma power and nitrogen carrier gas,
which has highest concentration of reduced oxidation states (Ti;Os, Ti®*) within the films
studied. The same deposition conditions led also to the lowest growth rate, shown in

Figure 4 in the previous Chapter.
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XRD analysis of TiO, films grown from TDMAT and ozone indicated that the film
structure is amorphous regardless of deposition temperature in the range 55 to 180 °C.
Raman spectroscopy, though, showed itself to be an applicable method to study the film
structure and the transitions occurring in the film structure with increasing deposition
temperature. Raman spectra of these films shown in Figure 6 agree well with those in
previous studies for anatase [148-155] and reveal that Raman active optical modes
develop in the films with increasing deposition temperature. Anatase TiO, belongs to the

space group D;, (I4;/amd) and its primitive unit cell is tetragonal [147]. Based on factor

group analysis there are six Raman active modes E, (v6), Eu(v5), Big (v4), (AigtBig)
(v2+v3) (duplicate), and E,(v1) [148-153] . In bulk anatase (e.g. in powder format) these
Raman active modes have Raman shifts at 143, 196, 396, 515, 637 cm’! respectively
[153]. Similar peak positions of these Raman active vibrational modes have been
reported also for magnetron sputtered TiO, [148, 149] and sol-gel type TiO; films [151].
Bands can shift to higher position in wave number, broaden asymmetrically and decrease
in intensity with the decrease in particle size [153, 154]. Shifting of wave number to
higher position has also been suggested to be due to a heating and plasma effect of the
laser [150]. The peak positions in Figure 6 are 156.3, 206.6, 400.3, 522.7, and 632.7 cm’
attributed to belong to Raman active modes of anatase E, (v6), E4(v5), By (v4),
(A1gtBig) (v2+v3) (duplicate), and Eg(v1) respectively. All the wave numbers, except
Eg(v1) at 632.7 cm™, are shifted to higher positions from those to reported bulk anatase.
As reported in earlier studies [150, 153, 154] this is attributed to a heating and plasma
effect of the UV laser used in the measurements, and also to the fine grain size existing in
the mainly amorphous film matrix. The other two crystal structures of TiO,, brookite and
rutile have also been studied by Raman spectroscopy. Brookite may show 36 Raman
active modes, which are 9Aj,, 9B, 9B,, and 9B;,, where as Rutile has four Raman
active modes Aj,, Big, Bog and E,; [154]. Three natural crystal structures of TiO, (anatase,
brookite and rutile) can be distinguished by Raman spectroscopy and their Raman shifts

can be found from literature [152, 153, 155-157].
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Figure 6. Raman spectra of ALD TiO; films deposited at temperature range of 55 to
180 °C. The measurement was done on the film deposited on sodalime glass by using
UV (254 nm) laser.

Transition in film structure studied by Raman spectroscopy can be further scrutinized and
confirmed by transmission electron microscopy (TEM). TEM images and inserted
selected area electronic diffraction (SAED) patterns of TiO, films grown at 55 and 180
°C using TDMAT and ozone in Figure 7 reveal the transition of film structure with
increasing deposition temperature. The TiO; film grown at 55 °C shows an amorphous
structure in the TEM image, and the diffraction rings in SAED insets, typically observed
in crystalline films [158-164] can not be seen. Furthermore a similar diffuse ring is
observable in SAED of dark-field TEM image (lower SAED inset in Figure 7a), earlier
reported to be indicative of the amorphous state of material [165]. The TEM image of
TiO, grown at 180 °C shown in Figure 7b indicates the transition of the film from
amorphous (7a) to fine-grained structure (dark spotty network) embedded in an
amorphous matrix. The size of the crystallites, attributed to anatase, measured from the
Figure 7b, is approximately 10 nm. The inset SAED pattern in Figure 7b clearly shows
diffraction spots along the diffraction rings indicating the development of crystalline

structure [158-160, 162]. The fine grained structure shown in Figure 7 agrees well with
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Raman spectroscopy analysis, where the shifting of peak positions to higher wave

numbers was partly attributed to a small particle size.

—————— < \n".“,_‘;V! u

Figure 7. TEM images with SAED insets of ALD TiO; films grown from TDMAT
and ozone at deposition temperature of a) 55 °C and b) 180 °C.
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3.3 Film performance

3.3.1 ALD film adhesion

ALD has shown its ability to deposit functional and extremely well-adhered films on a
number of polymeric substrates. In certain cases the film adhesion, though, can be
degraded due to deposition process characteristics [II, IV, 111, 113, 114, 117-120]. In
this study, the ALD oxide film adhesion was studied on PMMA substrates. It is known
that the photodegradation of PMMA is happening through the direct photolysis of ester or
methyl side groups that will lead to side chain scission [96, 107]. This will then greatly
weaken the bonded surface region of PMMA and can cause poor film adhesion. PMMA,
as susceptible to radiation damage, makes plasma deposition processes especially
challenging given the existence of plasma UV radiation and ion bombardment e.g. in the
case of magnetron sputtering. ALD oxide films were studied as intermediate adhesion
layers and plasma UV shielding layers prior to magnetron sputtered Ti and TiC [II]. The

cross-cut image of such a duplex film on PMMA substrate is shown in Figure 8.

54800 5.0kV 5.8mm x120k SE(U) 2007-03-20 16:21 400nm

Figure 8. The cross-cut SEM image of ALD Al,O3; and magnetron sputtered Ti films
on PMMA.
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Adequate film adhesion of magnetron sputtered Ti or TiC was achieved only with an
intermediate ALD layer between the PMMA substrate and magnetron sputtered film.
Film adhesion increases with increasing ALD film thickness and around 30 nm ALD film
thickness was required to achieve an adhesion strength higher than the cohesive strength
of PMMA itself. This can be seen as a clear removal of polymer from the polymer bulk in
a pull-off adhesion test (Figure 9a). In contrast to high film adhesion case in Figure 8a,
the figure 9b represents the situation without ALD intermediate layer. The low adhesion
strength measured by pull-off test visualizes as a removed weakly bonded polymer

netlike structure together with deposited film, caused by the mechanism described above.

Figure 9. Fracture interface viewed from the metal stud removed from the PMMA
substrate by pull-off test procedure: a) PMMA with around 30 nm ALD Al,O3 and
sputtered Ti; b) PMMA with sputtered Ti.

3.3.2 ALD film shielding effect against UV/VUV -radiation and ion
bombardment

ALD films can be used to protect polymers from atomic oxygen erosion, ion
bombardment and VUV-induced degradation [II, 25]. Initially, the magnetron sputtering
of Ti and TiC films and the adhesion evaluation proved that this concept of polymer
protection is possible. Further investigations to study the effect of ion bombardment and
plasma UV radiation on PMMA substrate were carried out by using two different plasma

sources. A pulsed DC plasma source was used to provide a source of both ion
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bombardment and plasma UV radiation, whereas an RF plasma source with relatively
low self-bias voltage was used as a source for the plasma UV radiation. In fact, the same
RF plasma source was used in the PA-ALD studies [I, IV]. Furthermore the RF plasma
treatment on PMMA substrates was carried out behind a quartz window, with an
absorbance edge of 170 nm, to see if the UV radiation above this wavelength affects
PMMA and thin film adhesion deposited on PMMA. Initially both plasma treatments
showed degradation of the PMMA surface. The outcome is poor ALD film adhesion after
plasma treatments. The shielding effect of an ALD oxide layer against plasma exposure
was found to depend on both plasma type and the composition and thickness of the ALD
layer. The damaging effect of plasma exposure created by the pulsed DC was able to be
avoided with 33 nm ALOs, whereas with TiO, only 20 nm was required. More effective
shielding by TiO; is attributed to the higher absorption coefficient of TiO, than Al,Os and
consequently better shielding of UV radiation [II]. Less than 10 nm ALD film thickness
for Al,O; on PMMA, when exposed to pulsed DC plasma, showed CH, formation in
ATR-FTIR attributed to a PMMA side chain scission. The formation of CH, could be
detected with the same thickness of TiO,, which further indicates the better UV resistance
of the TiO, film. The better shielding effect of ALD TiO, film than the Al,Os3 has also
been reported by Minton et.al. [25]. In their study the PMMA degradation under UV
exposure was measured as a mass-loss by QCM. They found that Al,O3 with thickness of
15,2 nm will significantly prevent the mass-loss of PMMA under VUV radiation. Due to
a low absorption coefficient and consequently low absorption capability of Al,Os in the
VUV region, the phenomena was suggested to be caused by the physical barrier effect of
AlL,O3 to avoid the escape of photodegraded gaseous products rather than shielding the
PMMA from VUV radiation. Particular plasma conditions have a significant role in
polymer surface modification both directly and through side effects when plasma is used
as a part of the deposition process. According to film adhesion results both Al,O; and
TiO, showed shielding effects against VUV radiation. The shielding effect is, however,
dependent on the particular plasma conditions and consequently the radiation
wavelengths created. The RF plasma conditions showed themselves to be more
detrimental to coating adhesion than the pulsed DC plasma suggesting that RF plasma
had more intense radiation in the VUV region. ATR-FTIR results revealed that the
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modification depth is greater for pulsed DC plasma than for the RF plasma. This can be
explained through higher intensity of DC plasma in the UV/VUYV region or existence of
the particular wavelengths in each of the plasmas. One hypothesis can be drawn based on
the pressure difference and consequently difference in molecules present in these
different plasmas. The operating pressure for the RF plasma was around 100 Pa while for
the DC-plasma it was 3 Pa. Higher pressure allows higher concentration of molecules
from air and water contamination present in the plasma that can build up intensive
emission in the VUV region. However RF plasma creates radiation that causes greater

degradation of the PMMA side chains than DC plasma.

The effect of ion bombardment on PMMA degradation can not be disregarded, especially
in the case of magnetron sputtering, but also in the case of pulsed DC plasma treatment,
where the average self-bias voltage is set around -350 V. A distinction between the effect
of UV radiation and ion bombardment on the polymer substrate is relevant when tailoring
the barrier structure. SRIM Monte Carlo ion implantation simulation for Ar ions with ion
energy of 300 eV gives no significant difference in the penetration depth between Al,O3
and TiO,. According to simulation the maximum implantation depth for both Al,O3 and
TiO; is around 6 nm. Thus ion bombardment cannot account for the differences between
the effect of TiO, and Al,O; films of low thickness and therefore the structural changes
in PMMA are attributed to be due to the plasma VUYV radiation.

3.3.3 ALD film diffusion barrier properties on polymer extrusion coated
flexible packaging materials

ALD films have shown their potential as diffusion barriers on flexible polymer
substrates. Here the ALD Al,O; and TiO; films and their performance have been studied
as moisture and oxygen barriers on polymer extrusion coated flexible packaging
materials [III]. Initially LDPE coated paper material was used to investigate the diffusion
barrier properties as a function of polymer coating thickness and ALD film thickness. For
this purpose the reciprocal of the measured WVTRs were plotted, named as the

“diffusion resistance” of the material (a combination of paper, extrusion coated polymer
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and ALD film) (Figure 1 in paper III). Increase in diffusion resistance will designate the
decrease in WVTR. The study revealed that below an ALD film thickness of 15 nm the
diffusion resistance is only slightly increased and therefore the polymer coating is
dominating the gas diffusion. After an ALD film thickness of between 20 and 30 nm the
additional diffusion resistance was found to be almost proportional to the additional ALD
film thickness for all polymer coating weights and therefore above this ALD film

thickness the gas diffusion is dominated by the ALD film.

ALD Al,O3 deposited on LDPE reached its maximum WVTR value for thicknesses of
around 100 nm. One explanation can be the susceptibility of inorganic ALD films to
exterior effects caused by thermal misfit between the polymer and ALD film. The
handling of the sample pieces after ALD was done carefully but the degradation of the
film due to a lack of mechanical robustness of ALD films with this thickness cannot be
disregarded. The study of mechanical robustness by means of defect detection with the

accuracy required for ALD films [45], though, was beyond the scope of this study.

Oxygen permeation shows different behavior from that of water permeation within the
different polymer coating weights and ALD film thicknesses. The threshold value found
in the case of WVTR can not be observed for oxygen (Figure 2 in paper III). O,TR
results also reveal that the polymer coating weight does not have a major effect, if any, on
barrier performance after initial ALD film growth. This result provides an option to
reduce the polymer coating weight in barrier structures. Similarly to WVTR, the O,TR is
not further decreased after the ALD film thickness has reached the level of 100 nm and

one possible reason can be the defect formation in the ALD film.

Different polymers applied on flexible packaging material by extrusion coating have
initially different performance as a moisture barrier (Table 1 in paper III). These
polymers also behave differently in the barrier system where ALD film has been applied.
The comparison of relative WVTR and O,TR between LDPE, PP, PET and PLA with
over 100 nm ALD Al,Os denotes that the highest relative decrease in transmission values

can be achieved on PET (Figure 3 in paper III). This can be explained through the lowest
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initial O,TR for PET. Presumably PET has lower level of surface defects that makes it
favorable substrate for ALD. The highest decrease in WVTR for PET with ALD supports
this hypothesis as well. Furthermore the AFM topography (in Figures 5b and 6c in paper
III) shows the lowest surface roughness for PET. In the earlier study it has been
suggested that the oxygen diffusion through the inorganic film is mainly dominated by
defects and micron-scale pinholes [139]. Some evidence for this can be seen from the
WVTR and O,TR results where the ALD film was deposited on PET at 150 °C (table 3 in
paper IIT). The barrier against water vapor has not been completely damaged since the
WVTR with ALD film is still lower than initial WVTR of bare PET, but barrier against
oxygen, that is reportedly dominated by defects and micron-scale pinholes, has been
dramatically deteriorated. This suggests the defect formation has occurred not only in the
ALD film but PET as well due to a high deposition temperature. The difference between
the coefficient of thermal expansion of polymer and inorganic film will lead in an
uncontrolled situation to increase in strain and consequently cracking of the film under
thermal cycling. This is critical in barrier applications since it has a direct effect on

product performance.

Even if the strain in the polymer can be controlled other structural changes may take
place during the deposition at elevated temperature. The surface morphologies studied by
AFM show that the polymers behave differently under thermal cycling even at low
temperature. LDPE seems to remain its surface structure at deposition temperature of 65
°C, whereas PET and PP undergo structural changes at the surface. Both PET and PP
form round shaped granules during deposition, which can be attributed to crystallization
of the polymer. However, according to WVTR and O,TR results, the crystallization of
the polymer does not seemingly affect barrier performance. One factor suggested is still
the relatively thick ALD layer deposited on the polymer. The effect of polymer
crystallization may become more relevant in the case of ultrathin ALD layers (few nm),
because the amorphous and crystalline sites of the polymer may give significantly

different templates to ALD film nucleation and consequently initial film growth.
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3.3.4 PA-ALD process characteristics and their effect on polymer
substrate and film performance

Plasma conditions have particular interest in the case of PA-ALD. Plasma conditions in
PA-ALD have been shown to affect film growth characteristics, film structure, and also
polymer surface structure. The effect of plasma exposure can be beneficial or detrimental

depending on the particular objective desired for the polymer surface modification.

One motive in using PA-ALD is to lower the deposition temperature allowing deposition
on polymers. The mixture of plasma and carrier gases used in PA-ALD process and the
reaction products created, such as hydrocarbons, can form a complex plasma situation
and an intense source of VUV radiation [114]. Primarily in the case of thin film
deposition by PA-ALD, the deposition itself is the desired modification of the polymer
surface and the effect of plasma alone is mostly undesired. PMMA provides a good
template to study the effect of plasma in respect of detrimental surface modification

resulting in poor film adhesion [IV].

TiO, deposited on PMMA, PC and PP substrates by PA-ALD demonstrated the
importance of understanding the plasma characteristics in PA-ALD on polymers [IV].
Satisfactory film adhesion measured by the peel off tape test was observed only in certain
conditions depending on the RF plasma power and carrier and plasma gases used. The
plasma emission spectra for two different processing conditions studied with plasma
power of 50 W are shown in Figure 10. The plasma power of 50 W was the upper limit
where the film adhesion was still satisfactory when nitrogen was used as the carrier gas.
The same plasma power with argon carrier gas caused complete film delamination.
Radiation power density (irradiance) increases with increasing plasma power. This is also
shown as having a detrimental effect on PMMA, with nitrogen plasma above 50 W RF

plasma power.
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Figure 10. Plasma emission spectra from argon and nitrogen carrier gas plasma
with 50 W plasma power during the plasma exposure step of the PA-ALD cycle
(Figure 2 in paper IV).

The argon emission spectrum in Figure 10 gives the evidence for the argument in the
previous Chapter where the more detrimental effect of RF plasma was attributed to the
presence of contaminant molecules in the plasma. This is shown in Figure 10 as a clear
nitrogen emission from the 2™ positive system for the argon plasma as well. That is
attributed to originating from the background gas, mainly air remaining in the chamber.
However this particular emission at this wavelength region can not be the source of
photodegradation leading to poor film adhesion since the film deposited with nitrogen
carrier gas showed satisfactory film adhesion. The dissociation energies of covalent
bonds in polymers generally are within the range of about 3.0 — 4.3 eV corresponding
approximately to 413 — 310 nm in radiation wavelength. The intensity of the nitrogen 2™
positive system emission shown in Figure 10, however, is not enough to cause the film
delamination by side chain scission of PMMA within the 3 seconds plasma pulse over the
500 ALD cycles. Furthermore absorption of electromagnetic radiation is required before
the photodegradation can take place [107]. The cut-off wavelength for PMMA film sits
around 240 nm [107], which agrees well with measured absorbance of 2 mm PMMA

plate shown in Figure 10 where the absorbance starts to increase around 250 nm. Thus it
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can be concluded that the detrimental VUV radiation in the case of argon carrier gas lies
below 200 nm. Time-resolved OES spectroscopy measurements of different plasma
species revealed that the possible source of intensive VUV radiation exists through
reaction products of PA-ALD process shown in Figure 8, where the optical emission of
the chosen plasma species are compared between the processes where nitrogen and argon
where used as carrier gases. The plasma emission monitoring and characterization in the
VUV region below 200 nm, which was beyond the scope of this study, would provide
valuable information from the plasma emission itself, but also about further chemical gas
phase reactions taking place during the plasma pulse step. One example of such a
reaction is hypothesized from the intensive OH-cation production with nitrogen carrier
gas plasma, which may indicate the water molecule breakage [105]. More detailed

plasma characterization and VUV emission monitoring are given as a future study
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Figure 11. Average optical emission of selected plasma species in argon and nitrogen
carrier gas plasmas during the plasma pulse step. (Figure 3b in paper IV).
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4 CONCLUSIONS

Surface modification of polymers in industrial applications is often required to improve
the performance to the desired level or to provide a way to create new value-adding
properties. One surface modification method that has great potential to meet these
demands is ALD. The results of this work show that ALD can be used to modify the
polymer surface for further processing, to create certain characteristics on the polymer

surface, and also to improve the performance e.g. in barrier applications.

Polymer material processing is limited by the temperature characteristic of each polymer
and also by the electromagnetic radiation that can initiate the photodegradation process in
the polymer surface and bulk. These limiting factors can be challenging for ALD
especially in industrial applications where roll-to-roll production technology is required

and fast product throughput is expected.

Water is the typical oxidizer used in ALD oxide processes. Water, though, has certain
drawbacks at low deposition temperatures. Water requires long purge times that may
complicate or even prevent the implementation of ALD in current industrial applications
of polymers. Therefore it is crucial that more active precursors and, consequently, the
enhancement of low temperature ALD process efficiency will be studied. More active
oxidizers studied in this work were ozone and oxygen radicals produced by plasma
activation. The film growth rate with ozone was found to be lower than with oxygen
radicals. One possible explanation is that films grown in this study were achieved still at
unsaturated mode even when a relatively long ozone pulse was used. This hypothesis
suggests even longer ozone pulse or higher ozone generation is needed to reach saturated
film growth. Plasma is an efficient way to generate oxygen radicals for low temperature
ALD oxide processes. Plasma activation though will bring issues if the plasma conditions
are not controlled with regard to the UV/VUV radiation produced by the plasma.
Uncontrolled conditions will lead to photodegradation of the polymer, which can result in

insufficient film adhesion.
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The limited lifetime of oxygen radicals will put demands on plasma source development.
In this study it was shown that the shorter distance between the plasma source and the
substrate allows saturated film growth with shorter oxygen plasma pulse length. This
supports the idea that for efficient production of radicals the plasma source should be
located near at the substrate. On the other hand the close location of the plasma source
from the substrate sets more demands on ALD process development and control, because
of the existence of plasma UV radiation and possible ion bombardment. Both of these
may have an effect on the polymer substrate and on ALD process chemistry and

consequently on the film grown.

ALD oxide layers can be used as a shield against UV/VUYV radiation and at the same time
as an intermediate adhesion layer for the films produced by plasma processes, such as
magnetron sputtering as used in this study. TiO, films performed better than Al,Os3,
which was attributed to the better absorbance of TiO, for UV/VUYV radiation. The film
performance as studied by means of film adhesion is promising for applications where

metallization and hard coatings on plastics are desired.

ALD has been shown to provide extremely good gas barrier layers on polymer substrates
and this has been put forward as one of the most promising industrial applications for
ALD on polymers. In this study the ALD was applied on polymer extrusion coated
flexible packaging materials. The results showed that ALD Al,Os film can provide a
sufficient level of barrier performance suitable for tropical packaging use. This particular
application as well as many other industrial polymer based application, where barrier
improvement is pursued, utilizes roll-to-roll production technology. This determines also

the future research and development needs for ALD.

Spatial and roll-to-roll ALD development is necessary to open up the implementation of
ALD in many of the industrial applications studied for low temperature ALD films thus
far. High throughput processing requires even more efficient ALD processes. Polymers
are thermally fragile and susceptible to electromagnetic radiation and due to that the

understanding of ALD and PA-ALD process characteristics and their effects on polymers
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during the deposition are of great importance. Suggested future work to clarify the
findings and develop the ideas given in this work could be done under the following

topics:

- Low temperature ALD process development (below 100 °C) in spatial and roll-to-
roll ALD.

- Detailed plasma characterization and photo emission monitoring at UV/VUV
region by OES and other plasma characterization methods.

- PA-ALD process development and characterization subject to absorption of
electromagnetic radiation of polymers. Here e.g. different gas combinations can
be scrutinized to optimize the radical generation and filter out the detrimental
electromagnetic radiation.

- Development of plasma sources used in PA-ALD for efficient radical production,
also suitable for spatial ALD usage.

- Detailed studies on inorganic ALD film and compliant polymer substrate
performance specific to the application. This may included e.g. thermo-
mechanical resistance of combined ALD and polymer structure, and barrier

performance development through multilayer structures.
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A new design of plasma source has been used for the plasma-assisted atomic layer deposition
(PA-ALD) of Al,Os films at room temperature. In this PA-ALD reactor the plasma is generated by
capacitive coupling directly in the deposition chamber adjacent to the substrate but can be
separated from it by a grid to reduce the ion bombardment while maintaining the flow of
radicals directly to the substrate surface. During the ALD cycle a mixture of nitrogen and argon
was introduced into the reactor to act as a purge gas between precursor pulses and to facilitate
the generation of a plasma during the plasma cycle. Sequential exposures of TMA and
excited O, precursors were used to deposit Al,O; films on Si(100) substrates. A plasma
discharge was activated during the oxygen gas pulse to form radicals in the reactor space.
The experiments showed that the growth rate of the film increased with increasing plasma
power and with increasing O, pulse length before saturating at higher power and longer O,
pulse length. The growth rate saturated at the level of 1.78 A.cycle ~*. EDS analysis showed that
the films were oxygen rich and had carbon as an impurity. This can be explained by the
presence of bonds between hydrocarbons from the unreacted TMA precursor and excess
oxygen in the film. ATR-FTIR spectroscopy measurements indicated a change in growth
mechanism when the distance between the location of the radical generation and the
substrate was varied. A similar effect was observed with the use of different plasma power
levels.

Introduction

Atomic layer deposition (ALD) is a CVD type thin film
deposition method where sequential exposures of gas
phase reactants are used for the deposition of thin films
withatomiclayer accuracy. Each atomiclayer formedinthe
sequential process is a result of saturated surface controlled
chemical reactions. Commonly, in the growth of binary
compounds such as metal oxides, areaction cycle consists of
two reaction steps. In one step the metal compound
precursor is allowed to react with the surface, and in the
other step the chemisorbed metal precursor reacts with the

T. O. Kaaridinen, D. C. Cameron

Advanced Surface Technology Research Laboratory, Department
of Mechanical Engineering, Lappeenranta University of
Technology, so100 Mikkeli, Finland

E-mail: tommi.kaariainen@lut.fi

Plasma Process. Polym. 2009, 6, $237-5241
© 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

oxygen precursor. Between the steps a purge is applied to
remove the excess of precursor and the reaction by-
products. The self-controlled growth mode of ALD con-
tributes several advantages. The thickness of the films can
be controlled in a straightforward manner by controlling
the number of reaction cycles, therefore enabling the
controlled growth of ultra-thin layers. The precursors form
stoichiometric films with large area uniformity and
conformality even on complex surfaces with deformities.™

In plasma-assisted ALD (PA-ALD), additional energy for
the chemical reactions in the chamber is provided by
applying plasma energy at an appropriate point during the
reaction cycle. Plasmas are used for gas dissociation to
produce desired radicals. A very common plasma source
used in PA-ALD is radio frequency-generated plasma, both
inductively!®*] and capacitively®*! coupled being used.
Other plasma sources, such as microwave plasma® has also
been investigated. In general, the use of plasma activation
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will extend the range of materials suitable for ALD.[”) Using
plasma in ALD can result in increased reaction rates on
surfaces, increased fragmentation of the precursor mole-
cules, bombardment-enhancement of the removal of
product molecules, or combination of all of these steps.
Furthermore the addition of non-thermal energy to the
process can result in lower substrate temperatures than for
conventional CVD.!? Low deposition temperatures that are
compatible with thermally fragile polymeric materials
have been in the focus of researchers in a field of ALD for
some time.®! Amongthe oxides, Al,03 has been extensively
studied® and has low temperature applications, e.g., in gas
and moisture permeation barriers.**? Recent studies have
shown that PA-ALD at temperatures close to room
temperature enables short deposition cycles while still
attaining high quality oxide films.*®! As in the case of the
trimethyl aluminium (TMA) and H,O ALD process, the
mechanism of the TMA and O, plasma process is not very
well understood. Research has recently focused on the film
growth and reaction mechanism in ALD Al,Os processes
where Os and O, plasma are used as oxidizing agent. It has
been established that in Al,0; ALD where TMA and O,
plasma is used the process follows mainly the combustion-
like reaction driven by O radicals but there is also the
possibility for the existence of a concurrent reaction path
with H,0 generated by the plasma.[**~24

In this paper, we report the details of low temperature
PA-ALD of amorphous Al,0; by using a new design of
plasma source. In this ALD reactor the capacitively coupled
plasma source is situated inside the deposition chamber
and it can be separated from the substrate by using a metal
grid to reduce ion bombardment while maintaining the
flow of radicals to the substrate surface.

Experimental Part
Film Deposition

Al,O; films were grown using Al(CHs); (98%, Strem Chemicals)
and O, (99 999%, AGA) plasma on Si (100) substrates (Si-Mat) in a
Beneq TFS-500 ALD tool equipped with a plasma reactor. The
reactor is a cylindrical shaped with diameter of 200 mm. The TMA
precursor was keptat 20 °C during the deposition. Depositions were
done without additional heating of the reactor. Ina stable situation,
the temperature inside the reactor was around 30 °C. The schematic
of the reactor is shown in Figure 1. In the reactor, plasma was
generated by capacitive coupling with a 13.56 MHz 1f plasma
source. The position of electrode and grid between the electrode and
substrate can be modified. During the ALD cycle a mixture of
nitrogen and argon was continuously introduced into the reactor to
act as a purge gas between precursor pulses and to facilitate the
generation of plasma during the plasma cycle. Nitrogen gas
(99.999%, AGA) was introduced normally through the precursor
channel also to carry the precursors to the reactor. Argon (99.999%,
AGA)was introduced to the reactor through the plasma electrode to
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B Figure 1. Schematic of PA-ALD reactor.

improve the plasma generation and also to ensure a pressure
difference between thereactor and Ar flow channel. One deposition
cycle consisted of a 250 ms TMA pulse, 5 s N,/Ar mixture purge,
varied length of plasma pulse and 5 s N,/Ar mixture purge. In the
N2/Ar mixture the flow rates of N, and Ar were 500 and 50 sccm,
respectively. During the plasma pulse, O, gas (99.999%, AGA) was
introduced through the precursor channel to the reactor to produce
oxygen radicals for reactions on the substrate surface. The O, pulse
length was varied from 250 ms to 6 s to study the effect of the O,
dose on the film growth and the film properties. In each deposition
the plasma was ignited 250 ms before the O, pulse and turned off
250 ms after the O, pulse to ensure the stable plasma condition
during the O, pulse. The plasma electrode and grid plate distance
was varied with respect to substrate surface. The gap between the
electrode and grid was fixed at 12 mm while the position of
electrode/grid assembly was varied between 36 and 16 mm
distance from the substrate surface. In order to study, the effect of
plasma power to the film growth and the film properties, the
plasma power was varied from 25to 200 W. The vacuumlevel in the
reaction chamber during the deposition remained constant during
the ALD cycle at 2 mbar.

Film Analysis

The film thickness and consequently the film growth rate was
measured by using a spectroscopic ellipsometer M-2000FI from J. A.
Woollam Co. Inc. Measurements were made at five different spots
to record the film uniformity over the whole deposition area. The
structure of the deposited film was studied with ATR-FTIR
spectroscopy using a Nicolet 4700 FT-IR spectrometer equipped
with a Smart Orbit ATR accessory. The internal reflection element
(IRE) used was a diamond crystal. Chemical analysis of the film was
collected using an EDAX X-ray spectrometer attached to the FEG-
SEM Hitachi $-4800.

Results and Discussion

Film Growth

The film growth rate and refractive index at a wavelength of
633 nm of the Al,Os films as a function of the oxygen pulse

DOI: 10.1002/ppap.200930605
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Figure 2. The film growth rate and the refractive index at 633 nm
of Al,O; films as a function of O, pulse length and the plasma
source position. Measurements have been determined for the
films grown at room temperature with 100 W plasma power for
1000 ALD cycles by ex situ spectroscopic ellipsometry.

length and plasma source position with a plasma power of
100 W are shown in Figure 2. It can be seen that the growth
rate follows a different trend when the position of the
substrate is changed with respect to plasma source. It is
believed that the longer distance between the grid and the
substrate reduces the concentration of O radicals present
for the reactions on the substrate surface because of their
limited lifetime and results in unsaturated growth at
shorter plasma pulses. The growth rate saturates at

Plasma Processes
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longer O, pulses as the dose of O radicals available for
the reaction is increased. The carbon content and absor-
bance of the carbonaceous groups in the film decreases with
increasing O, pulse length as shown in Table 1 and in
Figure 3, respectively. This is attributed to the more
effective removal of hydrocarbon ligands from the sub-
strate surface during the plasma pulse, as suggested by an
earlier study.'¥ When the grid—substrate distance is
reduced, more O radicals are already provided for the
surface reactions with shorter O, pulse length. It has been
previously shown that in the reaction between TMA and O,
plasma the reaction products include CO, CO,, H,0, and
CH,.*274 1t has been reported that the CH, is a reaction
product during the O, plasma pulse formed in a concurrent
reaction with H,O produced in the combustion-like
reaction of the —CHj surface group.**! This is true during
the early stage of O, plasma pulse. The higher growthrateat
shorter O, pulse lengths may be explained both with higher
concentration of compounds formed by hydrocarbons and
O radicals on the surface but also through the concurrent
reaction path described above. It is believed that this
concurrent reaction path, where H,O is produced by the
plasma, has a more dominant role in the reaction at shorter
pulse length compared with longer pulse length leading to
additional growth of Al,05 during the following TMA half-
cycle by achemical vapor deposition path. This is supported
by previousresults where this concurrent reaction pathway
plays a significant role only during the time when there are
still CH, groups present at the surface.[**! With shorter pulse
length the concentration of hydrocarbons is higher for this

Table 1. Properties of Al,O films deposited at room temperature using a) 1000 cycles TMA and varied O, pulse length during the plasma
ignition (plasma power =100 W) and b) 1000 cycles of TMA and 1s O, pulse length with different plasma power.

Plasma source distance® 0, pulse length

Composition [at. %]gps

a) O/Al ratio Al o c N
36 mm 250 ms 3.6 17.4 61.9 20.7
1s 29 223 64.9 12.9
3s 2.7 25.3 67.67 7.1
6s 2.6 26.0 68.6 51 0.2
16 mm 250 ms 3.1 21.0 64.5 13.6 0.9
1s 2.9 22.6 66.1 10.0 1.3
3s 2.8 23.8 66.3 8.2 1.7
6s 2.5 26.0 64.1 8.9 1.0
b) Plasma power [W]
36 mm 25 2.5 26.1 64.5 9.4
100 2.9 22.3 64.82 12.9
200 2.7 241 66.0 8.3 1.6

IPlasma source distance is the distance between the grid and the substrate.

Plasma Process. Polym. 2009, 6, $237-5241
© 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.plasma-polymers.org

$239



5240

Plasma Processes
and Polymers

075 F T T T
Plasma power 100 W, pulse length varied

[ 0, puise lengin, plasma source distance:

250 ms, 36 mm

Infrared absorbance
=
&

0,10 7 ~—_CH,a-Defom,
: CH, Deform, O-CH,
0,05 \cm = ' 4
=0 Stretch N

C=0
f 1 L L L L L s E|
4000 3600 3200 2800 2400 2000 1600 1200 800 400

Frequency [cm™]

Figure 3. ATR-FTIR difference spectra of ALO, films on Si(100)
wafer after 1000 ALD cycles of TMA and O, plasma as a function
of O, pulse length and plasma source position. The signal from
the substrate has been subtracted from the spectra. The films
were grown at room temperature and the spectra were recorded
after deposition using as deposited films.

reaction. ATR-FTIR spectra shown in Figure 3 support these
insights as well. The features at frequencies of 1620, 1550,
and 1473 cm™* are attributed to C=0, COO—, and the
asymmetric deformation of CHs, respectively.™®! The
feature at 1473 cm ' may belong to O—CH; as well. The
distinction between these two groups cannot be confirmed
inthis study. The absorbance of these groups decreases with
increasing O, pulse length revealing a decrease in the
concentration of hydrocarbons and other carbonaceous
groups in the film. The same phenomena can be observed
with longer distance between the plasma source and the
substrate. A longer O, pulse length in both plasma field
positionsleads to the same growth rate and growth fits into
the same ALD window. Figure 3 also reveals the existence of
the bulk Al,O5 vibrational mode at 400-1 000 cm * which
agrees well with previous studies.™®!

Plasma power was varied at 36 mm plasma source
distance from the substrate in order to study its effect on
film growth and film properties. Figure 4 shows the film
growth rate and refractive index of the films deposited with
different plasma power. The O, pulse length used was 1s.
The growth rate increases with increasing plasma power. It
was also noticed that deposition at plasma powers of 50 and
25 W resulted in non-uniform growth over the substrate
area and that deposition was not consistent from runto run.
With this specific reactor configuration, stable plasma
conditions for ALD require a certain minimum plasma
power which according to this study lies around 100 W. One
notable result is that deposition with plasma power of
200 W leads to nitrogen incorporation in the film as shown
by energy dispersive X-ray spectroscopy (EDS) measure-
ment. This is also seen with longer plasma pulses,
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Figure 4. The film growth rate and the refractive index at 633 nm
of ALO; films as a function of rf plasma power. Measurements
have been determined for the films grown at room temperature
for 1000 ALD cycles by ex situ spectroscopic ellipsometry.

particularly for closer grid—substrate separation. This arises
since nitrogen was used in both the carrier and purging gas.
This could be simply avoided by replacing the Ar/N,
mixture carrier gas with an inert gas such as argon. For
longer plasma pulse cycles there is some increase in reactor
temperature. During the deposition of 1 000 cycles with 1's
plasma pulse with 200 W power the reactor wall reached a
temperature ~46 °C due to the heating effect of the plasma.
The same phenomenon was observed with depositions
where plasma power was fixed at 100 W while plasma pulse
length and plasma source distance were changed. Reactor
wall temperature increased from starting level of 31 to
around 55 °C with 6 s plasma pulse.

Film Properties

Ellipsometry measurements indicated that refractive
indices of Al,O3 films grown using 1000 cycles of TMA
and O, plasma increases slightly with increasing plasma
pulse length and plasma power as shown in Figure 2 and 4.
The lowest refractive index of 1.525 at the wavelength of
632 nm was measured from 25 W plasma power deposited
film and the highest 1.585 from the films where 6 s O, pulse
was used. The refractive index of these films is slightly
higher than has been reported earlier for TMA + H,0
process at low temperatures.['”) However, the refractive
index for these amorphous Al,Os films remain clearly lower
than for the crystalline hexagonal Al,0; (n=1.7673 at
589 nm).[t®!

Energy dispersive X-ray spectroscopy (EDS) analysis for
the films deposited on Si (100) substrates reveals that films
are oxygen rich and have also carbon as an impurity. The
compositions calculated according to the ZAF method
taking into account the background are shown in Table 1.

DOI: 10.1002/ppap.200930605



Plasma-Assisted Atomic Layer Deposition

Because of the insensitivity of EDS to light elements, the
elemental compositions shown here should not be taken as
definitive but as showing relative changes which occur
under different conditions. The compositions change
according to the process parameters used. The decrease
in carbon content as a function of plasma pulse length was
discussed in the previous chapter. It is noticeable that even
forashort 250 ms O, pulse, the carbon content is lower with
ashorter plasma source distance than forlonger O, pulses at
larger distance. Comparison between the IR absorbance of
the films deposited in shorter and longer plasma separation
distance using a 250 ms O, pulse in Figure 3 reveals that the
feature at 1 620 cm ™" attributed to C=0 bond is reduced for
the film deposited with shorter plasma field distance.
Consequently fewer carbon containing groups are present
in the film. It is also evident that using nitrogen both as a
carrier and purging gas leads to nitrogen doping of the film.
Although EDS is not an ideal technique for measuring low
nitrogen concentrations, emission peaks from the N atoms
can clearly be seen above the background in some cases. The
exact levels of N will be subject to some uncertainty butitis
clear that there is some N in certain films. This is not
observable with 36 mm distance of plasma source from the
substrate for oxygen plasma pulses shorter than 6 s. The
reason for this may be a less complete reaction between
TMA and O radicals since radical concentration on the
substrate surface is believed to be lower with 36 mm
plasma source distance or the lifetime of the excited
nitrogen species may be shorter. The O/AL ratio of the films
measured by EDS decreased with increasing O, pulselength
for both plasma source positions. The low O/AL ratio of the
film deposited with 25 W plasma power is notable. One
reason for this may be that plasma conditions are
drastically different at this power level compared to higher
power level, indicated by the substantially smaller in
magnitude self-bias on the powered electrode at 25 W. The
radical mixture in the plasma may be significantly different
with a consequently different effect on film growth such as
less complete fragmentation of the TMA molecules on the
surface. This is a topic for future investigations.

Conclusion

A new design of capacitively coupled plasma reactor was
used for PA ALD of Al,05 by using TMA and O, plasma as a
reactants at room temperature. We have shown that the
reaction mechanism leading to the film growth is
dependent on the distance between the plasma source
and the substrate surface consistent with the effects of
radical lifetime on the concentration at the substrate. The
film growth rate, which is dependent on the distance
between the plasma source and the substrate surface,

Plasma Process. Polym. 2009, 6, $237-5241
© 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Plasma Processes
and Polymers

the O, plasma pulselength, and plasma power, achieved the
level of 2 A-cycle™®. A shorter distance between the plasma
source and the substrate allowed saturated growth with
shorter O, pulse lengths. The films are oxygen rich and the
carbon content of the film decreased with increasing O,
pulse length consistent with a more complete precursor
reaction. There was significant nitrogen concentration in
the film in particular at higher powers and longer pulse
times. The exact nature of the reactions which occur to
produce this nitrogen content have still to be clarified.
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Magnetron sputtered metal and metal compound films generally show very poor adhesion to
PMMA,; this limits the use of the polymer for components which are wear or scratch resistant
or have a decorative finish. We have shown that adhesion could be significantly improved by a
duplex process where a nanometer-scale thickness adhesion layer of TiO, or Al,0; was
deposited by low temperature atomic layer deposition (ALD) prior to magnetron sputtering.
The metal precursors used for TiO, and Al,03; were TDMAT and TMA, respectively, and ozone

was used as a source of oxygen in both processes.
This process was followed by deposition of the
metal/metal carbide layer using pulsed DC reac-
tive magnetron sputtering. With the presence of
the ALD adhesion layer, the pull-off adhesion
strength increased with its thickness until a point
where the failure mechanism was due to cohesive
disruption of the substrate material itself. It has
been shown that the ALD deposited layers protect
the PMMA against plasma damage during the
sputtering process by blocking both direct ion
damage and disruption of the polymer structure
by ultra-violet radiation.

Introduction
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Poly (methyl methacrylate) (PMMA) is a widely used
polymer due to its low cost, good optical characteristics and
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biocompatibility. It is one of most important optical
polymer materials used in precision optics today.l*!
Applications for PMMA also include microfluidic
devices,>™ composite implant materials for tissue engi-
neering,!®) microfabricated devices for chemical analysis'®’
and MEMS.”) In many applications, the functionalization of
the polymer surface is desired to improve its properties,
such as mechanical durability, wettability, printability,
adhesion to other substances and biocompatibility.®°!
Applications for polymers can be expanded with thin film
coatings deposited by sputtering or other methods.
Deficient adhesion of these thin film coatings on PMMA
is a well-known problem; this is due to the combination of
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the low surface energy of PMMA and the effects of
deposition, for example stress in the deposited film.!’
Many methods have been studied to modify the PMMA
surface chemistry and structure to enhance film adhesion.
Among these methods are surface activation by different
plasma glow discharges,®** ultra-violet (UV) and vacuum
ultra-violet (VUV) radiation,*?! and deposition of inter-
mediate adhesion layers.**) In general, depending on
treatment used, there are several reactions that take place
on the polymer surface during the surface modification
including oxidation, crosslinking, degradation and isomer-
isation.l*?!

Plasma treatment can be used to modify the polymer
surface region without affecting the bulk properties of the
polymer. The polymer surface is affected by plasma UV and
VUV radiation through the photo-chemically induced chain
scission. According to Coen et al., the structural modifica-
tion through microwave (2.45 GHz) plasma exposure occurs
below the surface typically within thickness of a few tens
of nm.™ The penetration depth of UV/VUV radiation
into the polymer and the etch rate of different polymers
depends on their chemical structure, consequently the
absorption coefficient of the polymer,*>) and also on the
plasma conditions used defining the emission of UV/VUV
radiation.*? According the Shultz et al, the modified
layer thickness of PMMA after DC glow discharge was at
least 150 nm. Although only the near surface region is
affected during the plasma treatment or processing, it
might also have some deleterious effects on the bulk
polymer properties. Thelimited coating adhesion on PMMA
has been reported to be due to cohesive failure in the
subsurface region of PMMA close to the film-polymer
surface.[10] Furthermore, thermal or ion bombardment
induced film stress combined with the low surface energy
of PMMA has been suggested to cause the poor adhesion.**]
Groening et al. have shown that chemical modification of
the PMMA surface is due to the ions from the argon plasma
and leads to the scission of the whole side chain of
PMMA."*?) This happens by degradation of the ester group
in a two-step process. After this process, the chemical state
of the main chain of PMMA will be similar to polypropylene.
Additionally, Shultz et al. suggested that the coating
adhesion of plasma-treated PMMA is more determined
by the modification of the subsurface region, rather than a
change of surface energy. They reported that DC plasma
treatment improved the coating adhesion, but microwave
plasma treatment which didn’t improve the adhesion only
deposited oxygen groups at the surface.”! The nature of
PMMA as susceptible to radiation damage makes the
adhesion improvement of thin films difficult. This is
especially true with plasma processes (magnetron sputter-
ing, for example) where ion bombardment and VUV
radiation take place due to the existence of the plasma.
The effect of VUV radiation (4 < 200 nm) on the properties of
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the polymer-film interface and polymer subsurface has
been widely studied and its complexity has been
observed [12:15:17:1]

Atomic layer deposition (ALD) is a thin film deposition
method where sequential exposures of gas phase reactants
are used for the deposition of thin films with atomic layer
accuracy. Each atomic layer formed in the sequential
process is a result of saturated surface controlled chemical
reactions. Commonly, in the growth of binary compounds
such as metal oxides, a reaction cycle consists of two
reaction steps. In one step, the metal compound precursoris
allowed to react with the surface, and in the other step it
reacts with the oxygen precursor. Between the steps a purge
isapplied toremove the excess of precursor and the reaction
by-products. The self-controlled growth mode of atomic
layer deposition presents several advantages. The thickness
of the films can be controlled in a straightforward manner
by controlling the number of reaction cycles, therefore
enabling the controlled growth of ultra thin layers. The
precursors form stoichiometric films with large area
uniformity and conformality even on complex surfaces
with deformities.**) Due to the nature of polymeric
substrates, ALD on polymers has several requirements.
One of the main limitations is the thermal fragility of
polymers which requires deposition to be restricted to low
temperatures. For commercial PMMA used in this study, the
maximum temperature given for continuous usageis 70 °C.
Higher temperature may lead to thermal degradation of the
polymer. As a chemical gas phase method, ALD has
advantages for materials such as PMMA which are
susceptible to radiation damage that is caused when
plasma processes are used. PMMA has a flat surface with
sporadically occurring dendritic features.?®! Nucleation
and initial growth of Al,05; ALD film on PMMA has been
suggested to be affected by the large porosity of PMMA and
its low chemical solubility for the trimethyl-aluminium
(TMA) reactant.’?*) The ALD film grows conformally all over
the surface, including inside pores and other features.
However, a certain minimum thickness is needed to obtain
auniform film on the surface due to the nucleation behavior
of the film and the dendritic features possessed by the
PMMA surface.

In this paper, we aim both to demonstrate that ALD
coatings can make a significant improvement to the
adhesion of sputtered metal and ceramic coatings on
PMMA and to clarify the mechanisms whereby exposure of
PMMA surfaces to a plasma can alter the coating adhesion.
This has been done by (i) exposing the PMMA to RF and DC
plasmas and measuring the change in chemical bonding at
the surface, (ii) measuring the effect of various thickness of
ALD-deposited TiO, and Al,Os interlayers on the surface
changes in the PMMA and the adhesion of the metal/
ceramic coatings, and (iii) exploring the relationship
between the various bombarding species (UV photons,
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VUV photons and ions) on the surface and subsurface
structure of the PMMA.

Experimental Part

The Film Deposition

ALD Deposition

Amorphous Al,0; and TiO, were deposited on commercial
poly(methylmethacrylate) (PMMA) plates (PLEXIGLAS™ XT,
M,, =150000-160000g - mol ') at temperatures between 60
and 65 °C by atomic layer deposition (ALD) using a Beneq TFS-
500 ALD tool with a 200 mm? reaction chamber basal area. The
pressure in the reaction chamber during the deposition was
approximately 2 mbar. Nitrogen (99.999%, AGA) was used as the
precursor carrier gas, as well as for purging between the precursor
pulses. The PMMA substrate material was pre-cleaned in 5% NaOH
solution for ten minutes and in de-ionized water for 20 min in an
ultrasonic bath at room temperature. Samples were then baked in
the oven at 50 °C for several hours to remove the absorbed water.
TiO, films were grown from tetrakis(dimethylamido)titanium
(TDMAT) (Sigma-Aldrich, 99,999%) and Os and Al,O; films from
trimethylaluminum (TMA) (STREM Chemicals, 98%) and ozone (Os).
TDMAT has been used earlier for TiO, ALD process development
with H,0,222% 0, 122241 j,0,[2%] and 0, plasmal®® as a counter
reactant. TMA used together with H,O form a very common ALD
process for AlLO;.?'The TMAand O, process has beenstudied quite
extensively,?®! and it has also been used previously in ALD for
deposition on polymer substrates.?*! In this study, O; was
generated from O, (99.999%, AGA) in an ozone generator (Wedeco
Ozomatic 4 HC) and injected into the reactor at a nominal ozone
concentration of around 90g-m ™ as informed by the generator
manufacturer. One deposition cycle consisted of a metal precursor
pulse, N, purge, ozone pulse and N, purge. For depositing TiO,,
TDMAT was vaporized from the source at a temperature of 23 °C.
One deposition cycle consisted ofa 10 s TDMAT pulse, 40 s purge, 4 s
ozone pulse and 10 s purge. The deposition started with 30 s water
pulse and 90's purge to increase the number of OH groups on the
PMMA surface. Neither the changes due to the 30 s water exposure
nor 120 s ozone exposure could be detected from PMMA surface by
FTIR-ATR method. Due to the low vapor pressure of TDMAT at 23 °C,
a relatively long pulse time for TDMAT was needed to allow it to
saturate the substrate surface. The overall number of cycles used
were 120, 320 and 820 leading to film thicknesses around 7 nm,
20 nm and 50 nm respectively measured by spectroscopic ellipso-
metry. TMA was vaporized from the source at a temperature of
20 °C. The pulse and purge times during one deposition cycle were
0.5s TMA pulse, 3 s purge, 3 s ozone pulse and 5 s purge. The overall
number of cycles deposited for the Al,O5 films were 70, 170 and 420
leading to film thicknesses around 7, 19 and 33 nm respectively.

Sputter Deposition

In order to study the behavior of ALD Al,03 and TiO, films as
intermediate adhesion layers for the magnetron sputtered metal
and metal compound films, Ti and TiC were first sputtered on
uncoated and ALD coated PMMA substrates. The deposition was
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carried out in a Sloan SL1800 magnetron sputtering deposition
system. One single rectangular titanium target was used. The
sputtering gases were Ar and CH,, the latter as areactive gas for TiC
films. The stoichiometry of TiC was controlled using optical
emission monitor (OEM) feedback from the titanium emission line
at 501nm. The OEM setting was 80% of the maximum titanium
emission. Asymmetric pulsed DC power was applied to the
titanium target at a frequency of 250 kHz and a pulse off time of
1600 nsusingan Advanced Energy Pinnacle Plus power supply. The
target was operated in the controlled current mode, fixed at 2 A. The
average target power was ~3 W -cm ™2 The background pressures
in the chamber was 7 x 10 >mbar and the sputtering pressure
during titanium and titanium carbide deposition were around
3 x 10 *mbar and 9.5 x 10> mbar, respectively. The thickness of
the deposited films was approximately 350 nm. Ti with thickness of
around 50 nm was deposited as an adhesion layer prior to the TiC.
The temperature of the substrate during deposition was monitored
by means of temperature-sensitive tapes attached to substrate
surface and it was maintained below 50 °C during the deposition.

Plasma Treatments

To investigate further the effects of plasma processing on the
PMMA structure and magnetron sputtered film adhesion, different
plasmatreatments were applied to the plain PMMA and ALD coated
PMMA substrates. After these treatments, the Ti layer was
sputtered onthe selected surface to evaluate the effect of treatment
on coating adhesion. A pulsed DC plasma with frequency of 250 kHz
was created in the Sloan SL1800 magnetron sputtering system,
where the substrate holder was biased to produce a plasma glow
discharge. The plasma gas used was argon at an operating pressure
of 3 x 10 ?mbar. A bias voltage of 350V applied to the substrate
gave a plasma power of 140 W. The RF plasma treatments with Ar
were carried out in a plasma reactor attached to the Beneq TFS-500
ALD system. The plasma power used was 300 W at a frequency of
13.56 MHz. The substrate was placed on the grounded electrode.
The operating pressure during the Ar RF-plasma treatment was
around 1 mbar. Process time in all plasma treatments was 10 min.

Film and Polymer Surface Characterization

ALD film thickness was measured on silicon (100) and soda lime
glass substrates by using spectroscopic ellipsometry (J.A.Woollam
Co., Inc. M-2000FI). Sputtered film thicknesses were measured with
a stylus profiler (Veeco, DEKTAK 6M). The ALD film structure and
the structural changes in PMMA after plasma treatment were
studied with ATR-FTIR spectroscopy using a Nicolet 4700 FT-IR
spectrometer equipped with a Smart Orbit ATR accessory. The
internal reflection element (IRE) used was a diamond crystal. The
ATR-FTIR method was also applied for evaluating the fracture
interface after the film adhesion test.

Film Adhesion Measurements

The adhesion testing for combined ALD and magnetron sputtered
coating on PMMA substrate was carried out by the stud pull-off
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Figure 1. Pull-off test arrangement for thin film adhesion
measurement.

method using the PAT adhesion tester of DFD"INSTRUMENTS
according to the ASTM D 4541-02 standard. The circular stud used
had anarea of 12.6 mm?®. Surface contaminants were removed from
the stud by a three step cleaning procedure in detergent solution,
isopropyl alcohol and acetone in an ultrasonic bath. The stud was
attached to the titanium and titanium carbide surface with a
thermally curable epoxy adhesive (Locktite 9466 A&B Hysol),
which was cured at 40 °C for 5 h. The mechanical tensile strength of
the coating was measured by determining the force needed to
break the bond between the coating and substrate. An illustration
of the pull-off test method is shown in Figure 1. The tape adhesion
test (Scotch 810) was used as a prerequisite for the pull-off test
method and as an adhesion test for the plasma treated PMMA
samples. The tape test was used only as a peel off test where no
cross-cuts were applied on the film prior to tape removal. The
fracture interface was analyzed by using an optical stereomicro-
scope Leica MZ 16.

Results and Discussion

Film Adhesion

The adhesion of the sputtered Ti and TiC was significantly
improved with the intermediate ALD oxide layer as shown
in Figure 2. The reported value is an average of five single
measurements. The error bars show the standard deviation.
Poor or no adhesion was observed with the samples with no
intermediate layer. It can be seen that the adhesion
strength increases with ALD film thickness. With 33 nm
Al,03; and 50nm TiO2 ALD intermediate film, adhesion
increased to the point where the failure mechanism was
due to cohesive disruption of the substrate material itself.
The maximium measured adhesion value of ~20 MPa was
limited by the cohesive strength of the PMMA. The bond
strength between film and substrate exceeded this level.
This was observed visually with the procedure following
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Figure 2. Adhesion strength of sputtered a) Ti and b) TiC films on
plain PMMA and on PMMA with intermediate ALD layer.

the ASTM D 4541-02 standard. It isimportant toremark that
even though the test results in the pull off test are given
quantitatively, the overall adhesion strength evaluation
requires visual examination. The fracture strength recorded
is always a combination of the adhesion of the various
layers in the system described in Figure 1. Microscopic
examination together with ATR-FTIR analysis of the
fracture interface provides a reasonably accurate evalua-
tion tool for studying the adhesion mechanism on PMMA.
In Figure 3, the metal stud and PMMA sample surface are
viewed after the pull-off test. The various images show the
different failure conditions, depending on the coating and
the pretreatment used prior to deposition. Visual inspection
revealed that in all of the cases shown in Figure 3, the metal
film had been completely removed from the PMMA surface
by the metal stud. Figure 3a and Figure 3b illustrate the
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Figure 3. Fracture interface viewed from the metal stud surface after pull-off test: a,
b) PMMA with 33 nm ALLO, ALD and sputtered Ti (white arrow in Figure 3b points to the
hole on the substrate surface left by failure in PMMA); ¢,d, ) PMMA with sputtered Ti;
f, g h) RF-plasma treated PMMA prior to 33nm AI,O; ALD and Ti sputtering;
i, j) RF-plasma treated PMMA with 33nm Al,O; ALD prior to Ti sputtering; and
k, 1) behind quartz window RF-plasma treated PMMA prior to 33nm Al,O; ALD and Ti
sputtering (darker area on the stud and on the PMMA surface are PMMA removed from
the surface and the hole on the surface left by failure in PMMA respectively).

typical fracture interface of metal stud and PMMA surface
respectively after the pull-off test of the combined ALD and
sputtered film on PMMA. The removal of bulk PMMA
material together with film from the sample is evident. The
cohesive strength of bulk PMMA material has clearly been
exceeded; an average fracture strength of 21 MPa was given
by the pull-off test. Figure 3c—3e show the fracture interface
of PMMA and sputtered Ti, where the substrate surface
shows only PMMA and no ALD deposited material. The
netlike structure on the fracture interface on the metal stud
inFigure 3cindicates the removal of subsurface of PMMA as
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suggested by authors in previous stu-
dies®**! The Scanning Electron Micro-
scope (SEM) image from the metal stud
surface in Figure 3e reveals that the point
of fracture is deep within the PMMA as
shown by the net-like structure standing
proud of the ALD and metal films (light
grey area). This sample failed the tape
test and the average fracture strength
measured by the pull-off test was less
than 8 MPa. The fracture interfaces in
Figure 3f-3j illustrate the adhesion fail-
ure mechanisms when the fracture
strength is between the two extreme
cases shown in Figure 3a-3e. Average
fracture strength in the pull-off test for
the samples in Figure 3f-3h and 3i-3j was
higher than for sample in Figure 3c, 3d,
and 3e, being 12.5 and 12.6 MPa, respec-
tively. Figure 3f-3h illustrates the frac-
ture interface of the sample which was
RF-plasma treated for 10min prior to
33nm Al,O; ALD and Ti sputtering.
Figure 3i and 3j illustrate the fracture
interface of the sample which was first
deposited with 33nm Al,0; ALD film
then RF-plasma treated for 10 min and
finally coated with Ti by magnetron
sputtering. Looking at the fracture inter-
face in the cases in Figure 3f-3j, it can be
seen that the features of polymer that
exists on the fracture interface shown in
Figure 3c and 3e have disappeared. The
fracture surfaces adhering to the metal
studs in Figure 3f and 3i have larger
randomly oriented features coming from
PMMA residues, but also smaller features
which follow the stress distribution
caused by tensile stress from the round
shaped metal stud. This is attributed to
the fact that the fracture interfaces in
Figure 3f and 3i appear closer to the
PMMA surface thaninFigure 3¢, since the
height of the removed PMMA features is lower in Figure 3h
than in Figure 3e. The PMMA sample surfaces in Figure 3d,
3g and 3j appear smoother compared to the opposite metal
stud surfaces in Figure 3c, 3f and 3i due to the different
contrast effect between transparent PMMA and more
reflecting metal stud surface under microscopic examina-
tion. Similar type of structuring of PMMA surface, that can
be seen in Figure 3c—3e has been reported earlier caused by
plasma treatment.*! Figure 3k and 31 present the fracture
interface of the sample which was RF-plasma treated
behind a quartz window prior to the deposition of the 33 nm
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Al,05 ALD and sputtered Ti layer. In this case, the fracture
occurs in bulk PMMA, but the average fracture strength was
reduced from 21 MPa to 16.4 MPa, indicating the degrada-
tion of PMMA subsurface due to the VUV radiation from RF-
plasma above the wavelength of 170 nm (the absorbance
edge of quartz window).

The effect of pulsed DC- and RF-plasma treatment on film
adhesion is outlined in Table 1. As mentioned above,

[ Table 1. Effect of different plasma treatments on film adhesion.

T. O. Kaaridinen, D. C. Cameron, M. Tanttari

plasmas can affect the substrate surface by both ion
bombardment and VUV radiation effects. It is important to
try to distinguish between these in the effects of the ALD
layer on adhesion. In the pulsed DC plasma situation, the
substrate will be subjected to UV radiation and high energy
ion bombardment since the self-bias voltage was —350V
(average), whereas in the RF plasma, only UV radiation is
likely to be important. The first feature of note is that where

PMMA sample description in adhesion test Adhesion Fracture interface
(Ti — magnetron sputtered Titanium) detected visually
(qw — sample behind the quartz window) and by ATR-FTIRY
Sample Step 1 Step 2 Step 3 Tape test Pull-off test?
Metal
% of film that MPa
adheres on the
surface
1 10 min pulsed DC,  Ti— Ti 0 Subsurface of PMMA
10min DC Bias
2 10min pulsed DC, ALD Al,05 (33nm) Ti 0 Subsurface of PMMA
10 min DC Bias
3 10 min pulsed DC,  ALD TiO, (50 nm) - 0 Subsurface of PMMA
10 min DC Bias
4 10 min RF Ti— Ti 0 Subsurface of PMMA
5 10 min RF ALD Al,03 (33nm) Ti 5 1254+1.6 Subsurface of PMMA
6 10 min RF ALD TiO, (50 nm) - 0 Subsurface of PMMA
7 ALD Al,Os5 (33nm) 10min RF Ti 5 12.64+2.8 Subsurface of PMMA
8 ALD Al,O3 (19nm) 10min pulsed DC, - 0 Subsurface of PMMA
10min DC
9 ALD Al,O3 (19nm) 10 min pulsed DC, Ti 0 Subsurface of PMMA
10min DC
10 ALD Al,Os (33nm)  10min pulsed DC, - 100 9
10 min DC
11 ALD Al,O3 (33nm) 10min pulsed DC, Ti 100 9
10 min DC
12 10 min RF with qw ALD Al,03 (33 nm) Ti 50 16.4+35 Subsurface/Bulk of
PMMA
13 ALD TiO, (50nm)  10min RF - 100 9
14 ALD TiO, (20 nm) 10 min RF - 0 Subsurface of PMMA
15 ALD TiO, (50nm)  1h pulsed DCDC - 100 9
16 ALD TiO, (20 nm) 1h pulsed DCDC - 0 Subsurface of PMMA
17 ALD TiO, (20nm)  10min pulsed DCDC ~ — 100 a
18 ALD TiO, (20 nm) 10 min RF with qw - 100 9

Dpull-off test carried out on the samples that have received indistinct result from the tape test. Fracture interface detection was done
visually on the stud and by ATR-FTIR on the PMMA sample surface; “Fracture interface detection was done visually on the tape and by
ATR-FTIR on the PMMA sample surface; “Fracture does not occur since the sample passed the tape test.
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thereisno ALD layer between the plasma pretreatment and
the Ti metallization, there is no adhesion (samples 1 and 4).
When an intermediate ALD layer is included, both film
thickness and material play a significant role. It is also clear
thation bombardment is not the major effect in giving poor
adhesion in sputtered metallization. If that were the case,
even 10 nm of an intermediate ALD layer would protect the
surface since the penetration depth of the ions in pulsed DC
magnetron sputtering will be at most a few nm. It can
be seen from samples 2 and 3 that this did not happen. The
major effect, therefore, must be UV radiation from the
plasma.

The effects of the UV radiation on adhesion were
investigated by depositing an ALD layer on the PMMA
substrate and, in some cases, depositing a sputtered Tilayer
on top. The sample was exposed to UV radiation from
pulsed DC or RF plasmas either before or after the ALD layer
was deposited to investigate its shielding effect against UV.
In all cases, where the substrate was exposed to UV before
ALD, the tape test showed very poor adhesion (samples 2, 3,
5, 6). When the ALD layer was deposited before plasma
exposure, there was an improvement in adhesion, which
depended on both the type of plasma to which the samples
were exposed, and the thickness and composition of the
ALD layer. With 10 min exposure to a pulsed DC plasma,
33 nm Al,05 enabled the adhesion to successfully pass the
tape test, whereas with TiO,, only 20nm was required
(samples 10, 11, 17). 50 nm of TiO, provided good adhesion
when the sample was exposed for 1h pulsed DC plasma
(sample 15). With an RF plasma, thicker layers were
required; 33nm of Al,0s; was not sufficient (sample 7)
but 50 nm of TiO, was (sample 13). To try to evaluate the
effects of the ALD layer against deep UV radiation, samples
were exposed to the plasma, while shielded by a quartz
window before and after ALD (samples 12, 18).1t is clear that
in sample 12, the quartz plate reduces the effect of plasma
exposure compared to the unshielded sample 7, but the
combination of the quartz plate and 20nm TiO, allows
the sample to pass the tape test. The absorption edge of the
quartz window was 170 nm, thus the RF plasma emissions
both above and below this wavelength have damaged the
PMMA structure.

From theresults described above, it is clear that one of the
main effects of the ALD layer in improving adhesion on
PMMA is that it protects the substrate from the damaging
effects of UV radiation which occurs during the subsequent
magnetron sputtering of the metal layer. It is also clear that
TiO, is more effective than Al,Os for this purpose. This can
be ascribed to the different bandgaps of Al,05 and TiO,. The
bandgap of TiO, measured by UV-VIS transmission on soda
lime glass substrates was 3.58 eV (347 nm). The bandgap for
33 nm Al203 could not be measured due to the substrate,
which had E;=3.75eV (absorption edge at 331nm). The
real bandgap of the deposited Al,O3 is much higher; values

Plasma Process. Polym. 2009, 6, 631-641
© 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Plasma Processes
and Polymers

0,15
0,10
o a
o i
& i /
g 33nm ALO, A }
2 - VA
S 0,05 T — i
5 0,054 19 nm ALO. i fanad
3 ot L0, 1 \
5 e TG
= B ,JN,M[ "
7amALQ, [ Pt “'\‘»-w
\ i
0,00 et R e ‘l,t'“m-»”h gl 5
Bulk
O Stretch c0 Al

T T T A T T T
4000 3600 3200 2800 2000 1600 1200 800 400

Frequency [cm]

Figure 4. ATR-FTIR difference spectra of Al,O; films on PMMA
substrate after 70,170 and 420 ALD cycles of TMA and ozone. The
signal from the substrate has been subtracted from the spectra.
Subtraction has been done by using equation (A - B*factor =C) in
each measurement point of the spectra, where A represents a
spectrum of mixture of Al,0; and PMMA, B represents a spectrum
of PMMA, and C is a result spectrum presented in Figure 4. Factor
used in subtraction was 1.

of 5.4-8.8 eV have been reported.>*=>Y Thus, a thin layer of
TiO, willhave amuch higher absorption coefficientand be a
more effective shield against UV radiation.

Film Structure and Structural Changes in Subsurface
Region of PMMA

The infrared absorption spectra of ALD grown Al,05; and
TiO, films are shown in Figure 4 and Figure 5, respectively.
Due to the linear growth, the linear increase with film
thickness of the intensity of typical features in absorbance
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Figure 5. ATR-FTIR difference spectra of TiO, films on PMMA
substrate after 120, 320 and 820 ALD cycles of TDMAT and ozone.
The signal from the substrate has been subtracted from
the spectra. Subtraction has been done by using equation
(A - B*factor=C) in each measurement point of the spectra,
where A represents a spectrum of mixture of TiO, and PMMA,
B represents a spectrum of PMMA, and C is a result spectrum
presented in Figure 5. Factor used in subtraction was 1.
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can be expected.?” In the model of film growth on
polymers, the metal precursor absorbs into the polymer
and, after subsequent oxidant precursor exposure, the
Al,O3 starts tonucleate as clusters inthe near surface region
of the polymer. As this nucleation continues, the clusters fill
the space between the polymer chains.”?* Both of the film
materials have a broad absorption band at 3000-
3500 cm ! attributed to O—H stretching vibrations, which
is increasing with increasing the film thickness. A similar
increase can be observed for the stretching vibration of the
bulk Al-0 bond with broad band of spectrum in Figure 4 at
400-1000cm ™, and broad band of spectrum at 630—
1000cm ™ in Figure 5 attributed to the Ti—O stretching
vibration.?3273%] The nonexistence of any particular
phonon bands of crystalline structures of TiO, in this
region can be explained by the amorphous film struc-
ture.?®! Furthermore, it has been shown earlier that the
Raman active vibrational modes Eg(v6) and Eg(v5) can be
detected for this TiO, film deposited at 55 °C using TDMAT
and O as a precursors.? The feature at 1630cm ™ in
Figure 4, which arises only with ALD film and increases with
increasing the film thickness, is attributed to the C=0 bond
in Al,O5 film, which is believed to be due to the incomplete
reaction between TMA and ozone.

The IR spectra of untreated and DC argon plasma
treated PMMA and Al,O; ALD coated PMMA are shown
in Figure 6a and 6b. The assignments of absorption bands
are based on literature values.[***~#] significant reduction
ofthe absorbance inthe bandsof C=Oat1724cm %, C—Oat
1190cm ™! and 1140cm Y, O—CH; at 1483cm ! and
2996 cm™* and CHs at 2956 cm™* of PMMA after plasma
treatment indicates degradation and restructuring of the
PMMA. The higher absorbance of C=0, C—0 and O—CH; for
plasma treated ALD deposited PMMA compared to plasma
treated PMMA without ALD film are attributed to reduced
degradation due to the shielding effect of the ALD film
against plasma VUV radiation and plasma ion bombard-
ment. The absorbance level of PMMA functionalities shown
in FTIR spectra in Figure 6 reduce with increasing the ALD
film thickness, which is due to the ATR method where the
intensity of the IR radiation decays exponentially into the
substrate so that a thicker ALD layer naturally reduces
the absorption signal from the PMMA. Concentrating onthe
functionality of C=0 at 1724 cm~tin Figure 6c., it can be
clearly seen that untreated ALD deposited PMMA has
higher functionality than plasma treated one, but still
lower than untreated PMMA. This indicates that the plasma
treatment has an effect on the subsurface which lowers the
absorbance of the ALD-coated samples; the changes are not
due to the ALD layer alone. The features at 1630 cm™* and
3500 cm™* shown in Figure 6a and 6b are attributed to the
C=0 and O-H stretch of the ALD Al,O; film. This
information, characteristic to the film, has also been
used for evaluating the fracture interface and adhesion
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I Figure 6. ATR-FTIR spectra of PMMA and Al,O; ALD coated PMMA
after DC plasma treatment: a) 1000-1850cm™" range; b) 2 750—
3250cm™" range; c) 1500-1800cm™' range.

mechanism of the ALD film. ATR-FTIR analysis of the ALD-
deposited PMMA sample after the adhesion test shows the
features belonging to the ALD film in case the film remains
on the PMMA surface, whereas the features cannot be seen
ifthe film has been removed. It is important to mention that
when actual fracture interface occurs in the subsurface of
PMMA, the removed subsurface cannot be detected by the
ATR-FTIR method on the tape or stud which has been pulled
off if the thickness of this layer is less than ~10nm as
reported earlier.””) The IR spectra of the untreated and DC
argon plasma treated PMMA and TiO, ALD deposited
PMMA are shown in Figure 7. A similar kind of shielding
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effect against ion bombardment and VUV radiation can be
observed for TiO, ALD film than for Al,O3 film. This can be
seen as higher functionalities of typical PMMA absorbance
bands after plasma treatment for TiO, ALD-deposited
PMMA compared with PMMA without ALD film. The results
of ATR-FTIR analysis indicate that already 7 nm thick Al,03
and TiO, can protect PMMA from plasma VUV radiationand
ionbombardment toacertain degree, asshowninIR spectra
in Figure 6 and Figure 7. The formation of the CH, band at
2930 cm ™ * for 7 nm Al,05 coated PMIMA, indicating PMMA
side chain degradation, however, is a clear indication that
the protection is limited. The formation of CH, cannot be
seen for TiO, at any thickness range, which indicates its
better shielding characteristics. As mentioned above, with
the ATR-FTIR method, the smallest detectable layer
thickness on PMMA is around 10nm.[® Thus, we can
conclude that the PMMA subsurface region affected by DC
plasma treatment used in our experiments was clearly
thicker than 10 nm.

Changes in PMMA during the RF plasma treatment have
been mainly attributed to plasma VUV radiation. The
effects of UV radiation without ion bombardment were
investigated by using 1 mm thick quartz plate (absorbance
edge at 170 nm) during the RF-plasma treatment (sample 12
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in Table 1). This protects the surface from ions, but still
allows UV irradiation. After the RF-plasma treatment, the
PMMA sample was deposited with 33 nm Al,0; ALD film
prior to sputtered Ti. Both the pull-off adhesion test
(16.4 MPa), and the tape test results presented in Table 1,
show reduced adhesion for this sample, indicating that UV
radiation with wavelength above 170nm also has a
damaging effect on the PMMA subsurface. Visual inspec-
tion revealed that the fracture occurred in bulk PMMA, but
the amount of PMMA removed was smaller than for the
sample with highest fracture strength value.

As mentioned in Film Adhesion section, lower adhesion
for the combined Al,03 ALD and sputtered Ti film was also
observed when a PMMA sample with 33 nm Al,03 ALD film
was RF-plasma treated prior to Ti sputtering (sample 7 in
Table 1). This indicates that 33 nm Al,05; ALD layer does not
protect the PMMA against VUV radiation from the RF
plasma at these particular plasma conditions. Looking at
the ATR-FTIR spectra of RF-plasma treated PMMA, PMMA
with 33 nm Al,Os; film and PMMA blocked with quartz plate
in Figure 8a and 8b, no change in absorbance of typical
functional groups of PMMA can be observed for these
samples. This is attributed to the fact that the subsurface
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a) 1000-1850cm ™" range; and b) 2850-3350cm ™" range.
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region affected by VUV from RF-plasma in these casesisless
than 10 nm. This can be contrasted with the DC plasma
experiments where the effect of the plasma in reducing this
absorbance is much greater, as shown in Figure 6 and 7.
Earlier studies have shown that both relatively long
exposures of plasma VUV radiation (10-30 min) and strong
emission in the VUV region (direct He plasma or H, plasma-
generated VUV radiation) could be used to stabilize the
subsurface region of PMMA for attaining improved coating
adhesion of PE-CVD optical coatings.*# It has been reported
that argon plasma has relatively weak UV emission
compared to e.g. hydrogen and nitrogen in the wavelength
range of 100 to 400 nm.[*?! Thus, we can expect that in the
particular RF-plasma conditions used in our investigation,
the VUV radiation emission that affected the PMMA
subsurface within thickness of 10nm was not intense
enough to stabilize it.

The effect of the RF-plasma on the polymer substrate
has particular interest in the case of plasma assisted ALD
(PA-ALD). One of the advantages of PA-ALD is a low
deposition temperature, allowing the deposition on tem-
perature sensitive materials such as polymers. Typically,
the gases used in PA-ALD include Ar, N,, O,, H, and NHs.
Moreover, the precursors like TMA and TDMAT for oxides
provide natural source for hydrogen. These gases can forma
complex plasma situation and provide an intense source of
VUV radiation.*? Our study has shown that, with the type
of plasma conditions used in PA-ALD, it is possible to form a
weakly bonded subsurface region on PMMA leading to
reduced coating adhesion. This should be taken under
consideration when plasma is used as a part of the ALD
process.

Both DC- and RF-plasma treatment used in our study
prior to film deposition have been shown to have an
unfavorable effect on the PMMA subsurface causing
insufficient adhesion of the ALD oxide layer, the magnetron
sputtered Ti layer and combination of these. Nevertheless,
the mechanism that affects PMMA differs significantly
between these two plasma conditions. The modification
depth is greater for DC plasma than for the RF-plasma, as
shown in ATR-FTIR measurements, and also the RF plasma
proved to be more aggressive than the DC-plasma in
reducing the coating adhesion. This could be because, either
the intensity of UV/VUV radiation is higher in the DC
plasma, or because of the particular wavelengths of UV/
VUV radiation present in each of the plasmas. The operating
pressure for the RF-plasma was ~1 mbar, while for the DC-
plasmait was 3 x 10~ > mbar. Higher pressure allows higher
concentration of nitrogen (from small air leaks) and
hydrogen (from absorbed water) to be present in plasma.
These gases produce higher emissions in the VUV region
(4 <200 nm), thus it may be that this is the reason for the
more damaging effects of the RF plasma. Under RF plasma
exposure, theradiation at these wavelengths causes greater
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degradation of the side chains of PMMA, consequently
forming a weakly bonded surface layer with thickness less
than 10 nm. This explanation remains only speculative at
this stage. ATR-FTIR analysis revealed the reduction of the
typical functional groups of PMMA after DC plasma
treatment, even for the samples that were evaluated to
possess good adhesion, namely the PMMA samples with
33nm Al,0; and 50nm TiO, ALD layer. This means that
some PMMA side chain degradation in subsurface region
occurs, but it is not enough to affect film adhesion.
Improvement of adhesion through the modification of
the PMMA subsurface by plasma treatment alone, as
reported by Schulz et al.[”) was not observed in our study.
Only the addition of an intermediate ALD layer was
effective in improving adhesion.

Conclusion

Amorphous Al,03; and TiO, ALD films have been shown to
be very effective intermediate layers in improving the
adhesion of magnetron sputtered titanium and titanium
carbide films on PMMA substrates. A 33 nm ALD Al,O5 film
thickness was achieved adhesion strength higher than
cohesive strength of PMMA itself. A 50 nm of ALD film of
TiO, had the same effect, although it is clear that TiO, layers
were better at protecting the substrate from UV radiation
due to the lower bandgap of this material. The excellent
adhesion of combined ALD oxide and sputtered Ti and TiC
films on PMMA is attributed the characteristics of ALD film
growth on PMMA, where a degree of interpenetration
occurs, the ALD film structure compatible with sputtered
layer, and the shielding effect of the ALD films against
damaging VUV and ion bombardment. This shielding effect
has been shown by ATR-FTIR analysis, where the applica-
tion of an ALD layer causes a reduction in polymer
degradation after exposure to plasmas, more effectively
in the case of TiO, films. This technique could have wide
application where a decorative or wear resistant coating
has to be applied to PMMA substrates.
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1. Introduction

ABSTRACT

One of the most promising areas for the industrial application of atomic layer deposition (ALD) is for gas
barrier layers on polymers. In this work, a packaging material system with improved diffusion barrier
properties has been developed and studied by applying ALD on flexible polymer based packaging materials.
Nanometer scale metal oxide films have been applied to polymer-coated papers and their diffusion barrier
properties have been studied by means of water vapor and oxygen transmission rates. The materials for the
study were constructed in two stages: the paper was firstly extrusion coated with polymer film, which was
then followed by the ALD deposition of oxide layer. The polymers used as extrusion coatings were
polypropylene, low and high density polyethylene, polylactide and polyethylene terephthalate. Water vapor
transmission rates (WVTRs) were measured according to method SCAN-P 22:68 and oxygen transmission
rates (0,TRs) according to a standard ASTM D 3985. According to the results a 10 nm oxide layer already
decreased the oxygen transmission by a factor of 10 compared to uncoated material. WVTR with 40 nm ALD
layer was better than the level currently required for most common dry flexible packaging applications. When
the oxide layer thickness was increased to 100 nm and above, the measured WVTRs were limited by the
measurement set up. Using an ALD layer allowed the polymer thickness on flexible packaging materials to be
reduced. Once the ALD layer was 40 nm thick, WVTRs and O,TRs were no longer dependent on polymer layer
thickness. Thus, nanometer scale ALD oxide layers have shown their feasibility as high quality diffusion
barriers on flexible packaging materials.

© 2011 Elsevier B.V. All rights reserved.

used for extrusion coating. Also a variety of so-called barrier polymers
such as ethylene vinyl alcohol (EVOH) and polyamides like MXD-6

In flexible packaging polymer extrusion coating has been the main
technology for producing gas permeation barriers on fiber-based
materials. The most commonly used polymers for such technology are
high density polyethylene, low density polyethylene (LDPE) and
polypropylene (PP). Depending on the requirements in the final
application, other polymers may lead to better performance of the
product. Polyethylene terephthalate (PET) has a very low absorption
of the compounds causing odor whereas polymethylpentane pos-
sesses very high melting temperature providing good heat resistance
[1,2]. In the group of copolymers, ethylene vinyl acetate, ethylene
acrylic acid, ethylene methacrylic acid, ethylene butyl acrylate,
ethylene methyl acrylate and ethylene ethyl acrylate are typically
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and PA-6 are used to provide high barrier performance. The tendency
in the packaging material industry due to economical and environ-
mental reasons is to replace the aluminum foil with other barrier
structures and these barrier polymers are often used for that purpose.
Economical and environmental drivers have also set a trend to explore
new techniques and a variety of material combinations for manufac-
turing thinner structures enabling packaging material reduction at
source with improved barrier properties. A very interesting and
increasingly used group of polymers in extrusion coating is that of
biodegradable polymers. They may have a great impact in sustainable
development where the main challenges are the solid waste
management and the reduction of usage of petrochemical sources
[1]. In particular polylactides (PLA) have also been studied for their
ability to meet the requirements of flexible packaging applications [3].
Polylactides and polyglycolic acids have also wide application in
medicine and surgery due to their biocompatibility [1]. One drawback
of the polymer-coated fiber-based materials still is that they do not
meet all the demands of barrier performance in flexible packaging
applications today. The demands are dependent on varying climatic
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and transportation conditions but also by the requirement to reduce
the polymer coating weight to reduce technical and commercial
disadvantages (curling, material costs etc.) [4]. Barrier requirements
for sensitive food products have been reported to vary between 0.01
to 100 cm?/m?/day for oxygen transmission rate (O,TR) and 0.01 to
100 g/m?/day for water vapor transmission rate (WVTR) [5]. While
requirements for barrier performance vary depending on packaging
application the high barrier performance can be achieved with
different barrier structures sufficient for each application. In flexible
packaging the ultimate barrier performance has been traditionally
achieved with aluminum laminate and increasingly with barrier
polymers. The level of O,TR for high barriers by using EVOH has been
reported to be in the range of 0.2 to 2 cm?/m?/day (23 °C, 0% relative
humidity (RH)) [1]. Biodegradability forbids the usage of conventional
materials such as aluminum foil and barrier polymers in barrier
structures and therefore the necessity to develop other structures for
high performance barriers for biodegradable materials is validated.

Atomic layer deposition (ALD) is a thin film deposition method
where sequential exposures of gas phase reactants are used for the
deposition of thin films with atomic layer accuracy. Each atomic layer
formed in the sequential process is a result of saturated surface
controlled chemical reactions. Commonly, in the growth of binary
compounds such as metal oxides, a reaction cycle consists of two
reaction steps. In one step the metal compound precursor is allowed
to react with the surface, and in the other step it reacts with the
oxygen precursor. Between the steps a purge is applied to remove the
excess of precursor and the reaction by-products. The self-controlled
growth mode of atomic layer deposition contributes several advan-
tages. The thickness of the films can be controlled in a straightforward
manner by controlling the number of reaction cycles, therefore
enabling the controlled growth of ultra thin layers. The precursors
form stoichiometric films with large area uniformity and conformality
even on complex surfaces with deformities [6-8].

ALD film growth characteristics on polymer substrates have been
studied more fundamentally by George et al. [9-12]. While ALD is
based on the chemical reactions at the substrate surface the initial
growth mechanism of the film is strongly dependent on the surface
chemical structure, namely the presence of functional surface groups.
In previous studies, especially concerning oxides, the hydroxyl (-OH)
groups are found to form on the native substrate surface and are the
basis for the initial film growth and nucleation [5,8,13]. Polymers like
polyethylene and polypropylene lack the favorable chemical func-
tional groups for the ALD surface reactions [11]. According to
Ferguson et al. ALD film growth follows the mechanism where
initiation of ALD deposited Al,03 on LDPE surface will take place
through the adsorption of the aluminum precursor onto the LDPE
surface or absorption into the porous LDPE. This will lead to Al,03
cluster formation with subsequent water exposure and to the linear
film growth after the nucleation period [10]. Wilson et al. demon-
strated the same mechanism to be applicable for the other polymers
as well, although the initiation of the first precursor doses may differ
between the various polymers [9]. Nevertheless ALD films can be
applied on a number of different polymers [9-12,14] and the potential
of ALD on organic and biological substrates has been acknowledged
[15]. It is also shown that ALD oxides adhere strongly to polymeric
surface [16,17].

The gas permeation through a single inorganic layer is dominated
by the defect size and density in the film [5,18,19]. The development of
inorganic layer based ultrabarriers has concentrated e.g. on multilayer
structures [18,20,21], modification of inorganic layer chemical
structure [22] and single layer optimization by ALD [23-25]. The
main advantages of ALD are the extreme degree of conformality and
uniformity which can be obtained regardless of the orientation or
shape of the substrate. Furthermore as a chemical vapor deposition
method ALD is favorable over the physical methods such as sputtering
that can be detrimental to the polymer surface. As a consequence, ALD

layers provide excellent results when used as barrier layers where the
diffusion of water vapor or oxygen must be minimized. For
polyethylene naphthalate (PEN) and Kapton® substrates Groner et
al. reported the 5 nm Al,03 ALD film to possess O,TR lower than 5x 10
—3cm?/m?/day at 23 °C and 50% RH and 26 nm Al,03 ALD film had
WVTR of ~1x1072 g/m?/day [23]. Depending on the test method
used even lower water vapor transmission rates (WVTRs) of ~6x 10
~5g/m?/day have been reported with 25 nm Al,O5 layers on PEN
substrates suitable for organic light-emitting diode (OLED) devices
[24].

For industrial applications, it is important to assess the usefulness
of ALD as a technique compared to the more established processes.
0,TR and WVTR reported with related barrier structures produced
with other thin film deposition methods such as magnetron
sputtering [20] and plasma enhanced chemical vapor deposition
[26] remain clearly at higher level compared to ALD barriers. It is also
clear that, at present, conventional batch ALD processes suffers from
slow throughput and the difficulty of applying a batch process to
continuous webs. However, continuous and roll-to-roll processing of
ALD is now being developed e.g. by Dickey and Barrow [27], and by
the authors [28], which validates the study of the ALD film properties
on flexible materials being processed in a roll-to-roll facility. Both the
characteristics of ALD to produce the ultra thin and highly conformal
films leading to extremely low gas diffusion rates on polymers and the
efforts taken in the process development towards roll-to-roll ALD
encourage exploring the possibilities for ALD films to be used as a
barriers in other polymer based applications such as in flexible
packaging.

In this paper we have studied the barrier system for flexible
packaging applications combining inorganic nano-scale ALD layer and
conventionally used polymer extrusion coated paper materials. We
will demonstrate that the water and oxygen permeation through a
variety of polymer extrusion coated paper can be significantly
decreased by adding an Al,O3 ALD film. Furthermore, we show the
effect of ALD film thickness on the barrier performance, behavior of
polymer extrusion coated substrate materials during thermal ALD and
its effect on overall barrier performance and permeation mechanism.

2. Experimental details

Al,03 and TiO, were deposited on polymer extrusion coated paper
materials at temperatures from 65 °C to 150 °C by ALD using a Beneq
TFS-500 ALD tool. The polymer extrusion coated paper samples were
prepared at the paper converting line of the Paper Converting and
Packaging Technology of Tampere University of Technology. The
coating polymers studied were LDPE (CA7230, Borealis), PP
(WF420HMS, Borealis), PET (Lighter C98, Equipolymers) and PLA
(test grade). The LDPE-coated paper was used to study the effect of
the polymer layer thickness on diffusion barrier properties in the
system combining the polymer and inorganic ALD layer. Three
different polymer coating weights were used for this purpose; 18,
27, and 36 g/m?. Other polymers were studied only by using 25 g/m?
coating weight. The polymer coated paper samples were loaded to the
ALD reactor as received from the paper converting line, only clean
compressed air was used to remove the loose particles from the
polymer surface prior to deposition. Two polymer extruded paper
samples were pressed together polymer sides facing away from each
other. This set up combining two samples was then pressed and
sealed between polycarbonate frames laminated with aluminum foil,
which leaves an area of 10x 10 cm? inside the frame to be coated by
ALD. Penetration of the ALD film inside the frame was ensured not to
reach the effective coating area by having enough width in the frame
boundary and pressing two frames against each other tightly by using
metal clips. Al,O3 films were grown from trimethylaluminum (TMA)
(STREM Chemicals, 98%) and O3. TMA was vaporized from the source
at a temperature of 20 °C. TiO, films were grown from tetrakis
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Fig. 1. Diffusion resistance against water vapor at 38 °C and 90% relative humidity
(inverse of WVTR) of ALD Al,05 deposited on LDPE extrusion coated paper material.
The effect of the polymer substrate has been subtracted from the curves.

(dimethylamido)titanium (TDMAT) (Sigma-Aldrich, 99.999%) and Os.
TDMAT was vaporized from the source at a temperature of 41 °C. O3
was chosen as it is a powerful oxidizing agent and has a faster
desorption rate compared to water, which is known to be difficult to
remove at low deposition temperatures leading to longer purge times
and consequently decreased process efficiency [9]. O3 was generated
from O, (99.999%, AGA) in an ozone generator (Wedeco Ozomatic 4
HC) and injected into the reactor at a concentration of around 90 g/
Nm>. One deposition cycle for Al,0; consisted of a 0.5s metal
precursor pulse, 6 s N, purge, 3 s ozone pulse and 6 s N, purge. The
timing sequence used for TiO, deposition was 1-10s. For the both
oxides the deposition started with 40 s ozone pulse and 90 s purge
intended to increase the chemically reactive sites on the polymer
surface. The ALD film thickness was varied by changing the number of
ALD cycles. The number of cycles varied from 120 to 1660. Depositions
were performed on the polymer coated side only.

ALD film thickness was measured from silicon (100) substrates by
using spectroscopic ellipsometry (J.A.Woollam Co., Inc. M-2000FI).
The ALD film and polymer structure was studied by attenuated total
reflectance Fourier transform infrared spectroscopy (ATR-FTIR) using
a Nicolet 4700 FT-IR spectrometer equipped with a Smart Orbit ATR
accessory. The internal reflection element (IRE) used was a diamond
crystal. The surface morphology of the polymer extrusion coated
papers with and without the ALD film was examined by tapping-
mode atomic force microscopy (AFM) (CP-II Scanning Probe Micro-
scope, Veeco Instruments).

The diffusion barrier properties were tested by means of the WVTR
and O,TR. The test procedure for WVTR followed the SCAN P22:68
(cup method). In this method, a circular sample is positioned against
an aluminum dish containing calcium chloride. The sample is then
covered with a cylindrical weight with a base area of 50 cm? The
sample is sealed tightly on the dish with hot wax. After the wax is
cooled, the cylinder is removed and the dish is placed into the
controlled atmosphere. After stabilization, the daily increase in weight

Table 1
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of the dish is measured and the WVTR is expressed as g/m?/24 h [2].
The WVTRs were measured in two atmospheric conditions: 23 °C, 50%
RH and 38 °C, 90% RH. The O,TR measurements were done with
Mocon Ox-Tran Model 2/21 according to a standard ASTM D 3985
[29]. In this method, the coated side of the sample with active test area
of 50 cm? is sealed against a test cell using vacuum grease, thus the
paper side is facing oxygen/nitrogen gas mixture during the
measurement [2]. 10% oxygen was used for the test. The result from
0,TR is expressed as cm?/m?/24 h. The conditions used for 0,TRs
were 23 °C, 0% RH. Each WVTR and O,TR result shown in this paper is
a mean value of two parallel measurements.

3. Results and discussion
3.1. Barrier properties

LDPE coated paper was used as a substrate to study the diffusion
barrier properties as a function of polymer coating thickness and ALD
film thickness. In Fig. 1 the inverse of WVTRs (named as diffusion
resistance) measured at 38 °C and 90% RH with three different
polymer coating thicknesses as a function of ALD film thickness are
plotted to demonstrate the dependency of barrier performance on
ALD film thickness. The diffusion resistance was chosen for the y axis
because it more clearly shows the effect of film thickness on
performance. If the WVTR were to reduce in inverse proportion to
the film thickness, this would give a straight line with a zero intercept
on the diffusion resistance graph whereas it would give a hyperbolic
curve on the WVTR graph. Fig. 1 clearly shows that when the ALD film
thickness is less than around 15 nm the diffusion resistance is only
slightly increased suggesting that the ALD film is not properly sealed.
In this region the gas diffusion is dominated by the polymer coating.
When the ALD film thickness is doubled to around 30 nm a clear rise
in the rate of increase of diffusion resistance can be observed. If the
slopes of the graphs for higher thicknesses are extrapolated back they
intersect the x axis at between 20 and 30 nm film thickness. This
indicates a change of behavior in this region after which the additional
diffusion resistance is almost proportional to the additional ALD film
thickness for all polymer coating weights, thus the ALD film
dominates the diffusion through the material above this point. This
is attributed to a more defect free and uniform ALD film structure
leading to a more efficient barrier. Similar behavior where the
diffusion barrier properties improve significantly after a certain ALD
film thickness have been reported in earlier studies [23,25]. In both of
these studies the polymer substrate was PET film and the clear
improvement in WVTR appeared at Al,0;3 ALD film thickness of
around 10 nm. Langereis et al. attributed this to be due to a not
completely pinhole-free structure of the film or not conformally
sealed ALD film due to the defects on the polymer surface [25]. This
behavior suggests that the ALD film dominates the diffusion through
the material above the ALD film thickness located between 15 and
30 nm. The polymer coating weight of 27 g/m? was chosen for the
further studies. After the ALD film thickness of around 45 nm, the
diffusion resistance is still increasing with increasing ALD film
thickness but with slower rate than in the region between 15 and
45 nm. After the film thickness of around 100 nm no change in WVTR
can be observed as shown in Table 1. This behavior suggests that

Summary of WVTR and O,TR measurements of A,O3 ALD films deposited at 65 °C on LDPE, PP, PET and PLA extrusion coated paper materials (ref. in first column of each polymer

refers to reference substrate material without Al,O3 ALD layer).

Polymer LDPE PP PET PLA

ALD film thickness [nm] Ref. 105 177 Ref. 122 143 Ref. 128 195 Ref. 108 208
WVTR, g/m?*24 h, 23 °C, 50% RH 4.6 0.4 0.5 43 0.3 0.2 19.0 0.1 0.6 72.0 4.1 14.7
WVTR, g/m?*24 h, 38 °C, 90% RH 21.1 26 35 10.5 1.9 27 69.0 0.8 5.6 290.0 53.0 279.5
0,TR, cm®/m?*24 h, 23 °C, 0% (dry 05) 9177 590 4000 230 150 2 0.9 660 53 12
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above this certain film thickness, the ALD film on this type of flexible
material is more susceptible to exterior effects, such as bending and
tension caused by thermal misfit between the polymer and inorganic
ALD film, resulting in irregularities or defects in to the film structure
and consequently providing pathway for gases to diffuse through the
film.

Concerning oxygen permeation the barrier system behaves
differently than in the case of water vapor. The existence of a
threshold at low ALD film thickness is not so obvious as it is in the case
of diffusion resistance against water shown in Fig. 1, and increases in
the diffusion resistance to oxygen can already be observed at low ALD
film thickness region as shown in Fig. 2. This is attributed to the fact
that the initial O,TR of LDPE is quite high compared to the initial
WVTR which is low and the effect of ALD film on to the barrier is more
apparent in the case of oxygen permeation. Comparison between
three different polymer coating weights in Fig. 2 suggests that the
polymer coating weight does not have a major effect on barrier
performance after the initial growth of ALD film, thus the barrier
performance is ALD film dominated. Since it has been suggested
earlier that the oxygen diffusion through the inorganic film is mainly
dominated by defects and micron-scale pinholes [22], the increase in
diffusion resistance already at low ALD film thickness region shown in
Fig. 2 is taken to indicate the conformal film structure. When ALD film
thickness is increased to around 100 nm no improvement in barrier
against oxygen can be observed as O,TR value shows in Table 1. It is
suggested that one possible reason for this may be the defects
generated to the ALD film similarly as suggested in the case of water
vapor. The drop in diffusion resistance for 18 g/m? polymer coating
with 25 nm ALD film is probably due to defect formation during the
sample handling and is also good indication of sensitivity of
nanometer-scale film to external effects.

The observations in water vapor and oxygen transmission
measurements shown in Figs. 1 and 2 are of great importance when
designing the barrier system combining micrometer scale polymer
layer and nanometer scale inorganic layer. Based on the results in this
study the effective barrier for Al,O3 ALD appears to be in the film
thickness region between 15 nm and 180 nm. The results presented in
Table 2 show higher WVTR for 180 nm Al,05 than for 105 nm Al,03
film suggesting that the actual upper level of effective and functional
ALD film thickness lies somewhere between 105 and 180 nm. Since
the barrier performance is not totally controlled by the ALD layer
thickness, it suggests that the development of barrier performance of
this type of flexible substrate shall concentrate on subjects such as
polymer surface modification, polymer-inorganic layer interface
modification and inorganic layer structure.

In addition to LDPE the Al,O3 ALD films were applied on PP, PET
and PLA extrusion coated paper materials. The results in WVTR and
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Fig. 2. Diffusion resistance against oxygen at 23 °C 0% relative humidity (inverse of
0,TR) of ALD Al,03 deposited on LDPE extrusion coated paper material.

Table 2

Summary of WVTR and O,TR measurements of TiO, ALD films deposited at 65 °C on
LDPE extrusion coated paper materials (ref. in first column refers to reference substrate
material without TiO, ALD layer).

Polymer LDPE
ALD film thickness [nm] Ref. 10 23 40
WVTR, g/m?*24 h, 38 °C, 90% RH 19.8 221 16.9 215

0,TR, cm?/m?*24 h, 23°C, 0% (dry 0,) 8745 10026 1133 761

0,TR measurements for the films over 100 nm thickness deposited at
65 °C are summarized in Table 1. Obviously the measurement
conditions have major effect on transmission rates. For the LDPE, PP
and PET with ALD film thickness of around 100 nm and above, the
WVTRs at 23 °C and 50% RH show the level below 1 g/m2/24 h. At
38 °C and 90% RH the WVTRs remain at higher levels for the film
thickness around 100 nm and are increasing with increasing ALD film
thickness. The effect of increasing ALD film thickness on barrier
properties is more obvious when observing the transmission rates for
PLA. A clear decrease in WVTR at 23 °C and 50% RH can be seen for the
PLA with ALD film thickness of around 100 nm, but the barrier effect
starts to deteriorate with 200 nm ALD film. This is more obvious at
38 °C and 90% RH where the WVTR has reverted to the level of bare
PLA with ALD film thickness of around 200 nm.

In the case of O,TR there are clear differences between the
polymers both in O,TR level achieved and in the barrier system
behavior as a function of ALD film thickness. This difference between
the polymers is demonstrated in Fig. 3 where the normalized WVTRs
and O,TRs of the samples with 1200 ALD cycles (105 nm for LDPE,
122 nm for PP, 128 nm for PET and 108 nm for PLA) are plotted with
respect to transmission rate of bare polymer extrusion coated
material. The bare polymer extrusion coated material in Fig. 3 has a
transmission value of 1. It is clear that the films show divergent
performance in gas permeation depending on both the polymer layer
and measurement conditions used. With PET 100 times lower
transmission rates can be obtained at any measuring conditions for
both oxygen and water vapor permeation. The other three polymers
behave differently within the measurement conditions. The relative
permeation of water vapor measured at 38 °C and 90% RH remains
remarkably higher compared to permeation measured at 23 °C and
50% RH for PP and PLA. The difference in LDPE is not so obvious.
Oxygen permeation shows similar performance for LDPE, PP and PLA.
Looking at the O,TR of bare polymer coated samples in Table 1, it can
be seen that the O,TR of PET is more than four times lower than O,TR
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Fig. 3. Relative WVTR and O,TR of 1200 ALD cycles deposited Al,O3 on polymer
extrusion coated paper materials normalized by the transmission rate of bare polymer
extrusion coated paper material.
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Table 3

Summary of WVTR and O2TR measurements of Al,03 ALD films deposited at 65 °C and
150 °C on PET extrusion coated paper materials (ref. in first column refers to reference
substrate material without Al,05 ALD layer).

Polymer PET

Growth temperature °C 65 65 150 150
ALD film thickness [nm] Ref. E E ? 97
WVITR, g/m2*24 h, 38 °C, 90% RH 69 08 5.6 21 17
WVTR, g/m?*24 h, 23 °C, 50% RH 19 01 0.6 6 5.1

0,TR, cm?/m?*24 h, 23 °C, 0% (dry 0,) 150 2 09 2000 2000

of PLA and almost two orders of magnitude lower than the O,TR of
LDPE and PP. This has been reported for PET also in the literature [1].
Evidently the PET structure itself is beneficial for the oxygen barrier
but at the same time the highest decrease in WVTR for PET with ALD
film gives reason to believe that PET is a favorable substrate for ALD
film deposition for further development of the barrier performance.
This can be explained e.g. through lower level and size of surface
defects on PET that are able to be sealed by ALD film. The highest
relative decrease in WVTR for PET supports this hypothesis as well.
This makes also evident the fact that the low WVTR of bare polymer
substrate is not the only factor in determining the performance of the
barrier system where a micron-scale polymer layer and a nanometer
scale inorganic layer are combined.

Relatively low WVTR can be achieved already with bare LDPE and
PP whereas WVTR for bare PET remains several times higher. Looking
back to the normalized transmission rates in Fig. 3 it can be concluded
that LDPE, PP and PLA have a larger effect on permeation rates in the
combined barrier system than PET. Therefore it is critical to
concentrate on the structural characteristics of the polymer, partic-
ularly the reduction of irregularities on the polymer surface. Although
the analysis of relative permeation provides a tool to develop the
understanding of the barrier system, the actual permeation rates
cannot be disregarded since they define the material usability in the
final barrier application. For example the WVTR of all the polymers
with around 100 nm ALD film, except PLA, meets the requirements for
dry packaging solutions, but the ambient temperature in the final
application may define the polymer chosen for the barrier structure.
Another interesting observation from transmission rates of Al,O3;
deposited PET and PLA is that for both materials the WVTR with
around 200 nm ALD layer is increasing from the level with around
100 nm ALD layer while the O,TR is decreasing with higher ALD layer
thickness. This is attributed to the difference in permeation
mechanism of water vapor and oxygen. One hypothesis can based
on previous studies where it was suggested that the oxygen
permeation is mainly happening through the nano-scale and micro-
scale pinholes whereas the water vapor permeates through tortuous
pathways and can also be affected by chemical interactions between
water and the inorganic layer material [19,21]. If this model is applied
in our study it suggests that the defect size or opening in 200 nm Al,03
ALD film on PET and PLA is still at a low level but does occur and
allows water to permeate into the film. The difference in permeation
mechanism between water and oxygen is further proven with the
results of WVTR and O,TR of ALD TiO, shown in Table 2. There is no
improvement seen in WVTR with 40 nm TiO,, film but O,TR decreases
to over ten times lower level than that of bare LDPE substrate. As a
conclusion by selecting carefully the polymer and ALD film combina-
tion in extrusion coated flexible packaging materials, it is possible to
achieve the high barrier performance reported in literature. In respect
of future development in recyclable flexible packaging materials the
barrier results on PLA extrusion coated packaging material are very
promising since the barrier results meet the requirements for
sensitive food products today.

Graff et al. reported that to meet the requirements of barrier
performance in OLEDs the single inorganic layer must have certain

effective diffusivity that requires an equivalent defect size of 0.01 nm
at a defect spacing of around 100 pum, or 10 nm defect size at 10 mm
spacing [18]. ALD Al,Os; as an inorganic material is brittle and
susceptible to cracking under primary mechanical stress and stress
due to the thermal load when deposited on materials with higher
coefficient of thermal expansion such as on polymers. It has been
demonstrated by the recently developed fluorescent tag method [30]
that 25 nm thick Al,03; ALD using TMA and water on PEN substrates
[9] is initially defect free. Particulate contamination on the substrate is
suggested to be the reason for individual defects in the film [25,26]
which consequently causes limited barrier performance [19,24]. The
critical strain value for crack formation and their propagation in Al,03
ALD film can be significantly improved by decreasing the ALD film
thickness. This has been observed in a recent study where the critical
strain improved from 0.88% to 5.08% when the Al,0O3 ALD film
thickness was decreased from 125 nm to 5 nm [17]. Furthermore in
this same study, the critical strain value for 5 nm Al,03 ALD film was
found to be notably greater than for conventionally used micrometer
scale thin film materials. Fine-scale morphology that means more
densely packed coatings is suggested to be the reason for the lower
WVTR values of sputtered coatings [22].

It is well documented that ALD film improves its properties such as
film density and a lower level of impurities in the film with increasing
deposition temperature [9,31]. With respect to barrier performance,
denser film presumably provides smaller defect sizes in the film.
Generally two properties of polymers, the coefficient of thermal
expansion and the glass transition temperature, define their behavior
under thermal cycling. Since inorganic materials used in barriers have
significantly lower coefficient of thermal expansion than the
underlying polymers, this elastic misfit will lead to an increase in
strain and consequently cracking under thermal cycling [32]. In the
case of Al,03 ALD film on polymers this phenomenon has been
explored more comprehensively by Miller et al. [17]. Here, we studied
the effect of higher deposition temperature of ALD Al,O3; on the
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Fig. 4. The surface of PET with 80 nm Al,03 ALD film deposited at 150 °C showing a) the
crack spacing, and b) the crack opening.
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barrier properties of PET. WVTR and O,TR of Al,O3 film deposited at
150 °C on PET shown in Table 3 indicate the importance of an
awareness of the thermal behavior of the substrate during the thermal
cycling. Even allowing for the lower film thickness of the film
deposited at 150 °C compared with the film deposited at 65 °C it is
clear that the barrier performance of the Al,05-PET combination has
deteriorated. WVTR of the sample deposited at 150 °C shows four
times lower value than bare PET substrate indicating that the ALD
layer still has a role in the barrier system. However, the dramatic
increase in O,TR (over 2000 cm®/m?/day) for this sample suggests

679 nm

50 um

368 nm

50 um

543 nm

50 pm

Fig. 5. 2500 um? AFM images of bare a) LDPE, b) PET and c) PLA extrusion coated paper
materials.

damage not only to the ALD film but to the polymer structure as well.
This loss of barrier performance is attributed to be due to the both to
cracking of Al,Os3 layer and structural changes in the PET. Cracks
appeared on the surface with spacing of around 100 pm and with
openings of 170 nm as shown in Fig. 4. Cracks with smaller spacing
and opening may not have been observed by SEM. Change in the PET
structure was observed as a curling of the paper sample that exposed
the ALD film to compressive stress. This is attributed to be due to the
crystallization of PET when exposed to the deposition temperature of
150 °C. The curling effect of the PET sample leaves also the option for
cracking of ALD film to happen during the sample handling when
flattening it for further examination. The SEM sample was taken from
the middle of the curled sample and it was not bent during the sample
mounting. However at which point the cracks are formed cannot be
confirmed in this study. Nevertheless the heavy curling effect of the
polymer substrate is a disadvantage for the post-deposition handling
of the sample since it is apparently detrimental to barrier perfor-
mance. The difference in permeation mechanism between water
vapor and oxygen was discussed earlier and can be observed here as
well. The barrier performance against water vapor of PET with Al,03
deposited at 150 °C still remains at a lower level than for bare PET
while the barrier in this sample against oxygen is completely lost.
These findings are similar to the results published earlier where the
oxygen transmission through AlOyN, film was reported mainly
happening through the micron scale defects whereas the mechanism
of water vapor permeation was more complicated and the micron-
scale defects in the coating had only minor role in total WVTR. Water
permeation was also found to be affected by chemical interaction
between water and film material [22]. This raises the idea that the ALD
film structure and chemical composition can be controlled through
doping the film e.g. by growing nanolaminates and so further develop
the barrier properties.

3.2. Nano-scale morphology by AFM

The surface morphologies of the materials used in this study are
shown in Fig. 5. AFM images of 2500 um? reveal that the surface is
structured by the features such as longitudinal cavities and dents that
have been formed during the polymer extrusion process. Using ALD
on these type of surfaces is well justified since the ALD film grows
conformally in deep trench structures [6]. Surface smoothness and
defect density of the polymer are the key factors affecting the
permeation performance of thin inorganic barrier layer [18,24].
Therefore it is more relevant to study the fine scale structure since
the surface morphology and morphological changes during the ALD
affecting the barrier performance are taking place in the nano-scale.
For the deeper analysis of surface morphology the AFM images of
9 um? are shown in Fig. 6. In general Al,O3 ALD film seems to overlay
smoothly on all the polymers which is based on the observation in
which the polymer surface features can be clearly seen underneath
the ALD layer in Fig. 6b, d, f and h. Closer examination of each polymer
surface shows the difference in their structure and structural change
during the deposition. The surface structure of bare LDPE and Al,O3
deposited LPDE shown in Fig. 6a and b appear similar which indicates
no change in surface structure during the deposition. Different
behavior can be observed for the other polymer surfaces. The surface
structure of PET and PP shown in Fig. 6d-i clearly changes during the
deposition forming round shaped granules. Line profile analysis
reveals that the maximum height of granules is in the range of around
40 nm for PET and 25 nm for PP. The surface of PP shown in Fig. 6g has
also more general granularity with voids in the structure. These voids
are suggested to be possible pathways for gas diffusion especially if
they have appeared during the deposition or cooling period when
there is a possibility for defect initialization in the ALD film due to the
polymer contraction. The surface of bare PET shown in Fig. 6¢ is
smoother than the surface of PP and it remains smooth during the
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Fig. 7. ATR-FTIR difference spectra of Al,O3 films on polymer extrusion coated paper
substrate after 1200 ALD cycles of TMA and ozone. The signal from the substrate has
been subtracted from the spectra.

deposition with the exception of randomly spread granules. Combin-
ing this with the barrier performance presented in Fig. 3 and Table 2,
where the ALD film on PET among the other polymers shows the
deepest drop in WVTR and O,TR, it can be stated that PET is favorable
for ALD under these conditions.

A good indication of the capability of the ALD to seal the nano-
structured surface is also the relatively low transmission rates
achieved for PET, even when the round shape granules are formed
at the surface during the deposition. The surface structure of bare PLA
and PLA with ALD film shown in Fig. 6h and i suggests that the surface
of PLA is smoothening during the deposition but at the same time
small cavities with a size of 10 nm are formed. These cavities are
suggested to provide a pathway for gases to permeate through the
film. This is also shown as a moderate barrier performance in Fig. 3
and Table 2. The morphological change observed in the surface of PLA
and PP during the deposition is a critical factor in the development of
the barrier system combining polymer and inorganic thin film. It is
also important to determine in which actual point of the process the
morphological changes take place. If the cavities and larger voids in
polymer are formed before the starting of the deposition the inorganic
layer may still cover these irregularities resulting in good barrier
performance. If the morphological changes take place during the
cooling period after the deposition, the thermal misfit between the
polymer and inorganic layer may cause cracking of the film resulting
in reduced barrier performance. Further decrease in O,TR for 200 nm
Al,O3 deposited PLA compared to 100 nm Al,0Os; sample though
suggests that the number and size of voids leading to oxygen
permeation has not increased during the longer ALD process.

3.3. Film structure and effect on barrier properties

The infrared absorption spectra of Al,05; deposited at 65 °C on
polymer extrusion coated paper materials are shown in Fig. 7. A
typical broad absorption band is seen at 400-1000cm~'
corresponding to the stretching vibration of bulk Al-O and a broad
absorption band at 3000-3500 cm™ ! attributed to O-H stretching
vibration is shown on all the substrates. We have earlier reported
similar film characteristics when Al,O; was deposited on PMMA
substrate [16]. The feature at 1630 cm™ ' was attributed to the C=0
bond in Al,O3 due to the incomplete reaction between TMA and
ozone. The features arising from the absorbance spectra of all the
substrates after Al,O3 deposition at 65 °C which are different from the
bare polymer absorbance spectra are related to Al,Os. This suggests no
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Fig. 8. ATR-FTIR spectra of bare PET extrusion coated substrate material (A), Al,O5 film
deposited at 65 °C on PET substrate (B), and Al,O3 film deposited at 150 °C on PET
substrate (C).

change in chemical structure of polymer surface region during the
Al,03 deposition. PET extrusion coated paper material was also used
for ALD at 150 °C. The degree of crystallinity of PET film can be
examined by monitoring the changes in CH, wagging region of PET
infrared absorbance spectrum. The decreases in absorbance band at
1370 cm™ ! and increase at 1340 cm ™~ ! indicate increased crystallinity
based on a model described in previous studies [33,34]. Similar
behavior can be seen in Fig. 8 where the absorbance spectra of bare
PET, PET with Al,05 deposited at 65 °C and PET with Al,03 deposited
at 150 °C are shown suggesting increased crystallinity for the PET that
was deposited with Al,05 at 150 °C. From this result together with the
barrier results shown in Table 3 we conclude that the crystallization of
PET structure taking place at 150 °C deposition temperature is
detrimental to the barrier properties of this type of barrier system.

4. Conclusion

Atomic layer deposition was used to deposit oxide layers on
various polymer extrusion coated paper materials. The results show
enhanced barrier properties against water and oxygen permeation.
The WVTR and O,TR measurements indicated that for Al,O3 deposited
on LDPE extrusion coated paper, the barrier performance of the
structure improved with increasing ALD film thickness. Between 15
and 30 nm ALD film thickness the diffusion resistance starts rising
rapidly. The water vapor barrier performance of the ALD film finds its
optimum at approximately 100 nm thickness. For oxygen transmis-
sion the change in the rate of increase cannot be seen. That is believed
to be due to the difference in permeation mechanism between water
vapor and oxygen. Sample handling becomes more critical with
increasing ALD film thickness since the film becomes less resistant to
stress. Due to this the barrier performance especially with higher ALD
film thickness may be influenced by irregularities produced in the film
during the sample handling.

Differences in the diffusion barrier performance of the barrier
system combining a polymer extrusion coating and inorganic ALD
layer were observed for different polymers. These are attributed to the
presence of irregularities both in the ALD layer and the polymer film
as a consequence of different polymer chemical structure, surface
morphology and behavior under thermal cycling. 128 nm Al,05 film
deposited on PET decreased WVTR measured at tropical conditions of
38 °C and 90% RH below the level of 1 g/m?/day. On LDPE and PP with
roughly the same ALD film thickness, WVTR around 2 g/m?/day was
achieved. The relative decrease in WVTR and O,TR for PLA was in the
same range with LDPE and PP, but the real WVTR of Al,03; deposited

Fig. 6. 9 um? AFM images of a) bare LDPE, b) LDPE with 100 nm Al,0s, ¢) bare PET, d) PET with 128 nm Al,Os, e) bare PP, f) PP with 122 nm Al,03, g) PP with 122 nm Al,05, 1 um?

image size, h) bare PLA, and i) PLA with 108 nm Al,03, 4 um? image size.
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PLA remained still at moderate level, presumably because of a high
defect level in the PLA. The results show that an ALD layer of Al,03 on
polymer extrusion coated paper can achieve sufficient levels of barrier
performance suitable for tropical packaging use.
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ARTICLE INFO ABSTRACT

Available online 3 April 2011 The inhomogeneous and hydrophobic surface characteristics of many polymers can be incompatible with other

substances which are required for their further functionalization. Various plasma methods have been used to

Keywords: overcome this problem and to enable functionalization to take place. Plasma modification can nevertheless lead
Plasma-assisted atomic layer deposition to a nonuniform and chemically unstable surface which results in only a moderate performance in the final
pMMA application. Deposition of ultrathin layers by atomic layer deposition (ALD) as a surface modification of the
;‘O?;mers polymers is a useful way to bring the desired functionality to polymer surface. ALD at low temperature suffers
Adhesion from slow reaction rates, consequently giving low deposition rates. Among the different ALD methods, plasma

assisted ALD (PA-ALD) is suitable for depositions at low temperatures with faster chemical reactions compared to
thermal ALD. In this work tetrakis-dimethyl-amido titanium (TDMAT) and plasma excited O, precursors were
used to deposit TiO, on Si(100) and polymethylmethacrylate (PMMA) substrates. Changes in the process
conditions were studied by means of varying plasma power, oxygen pulse length and the point in time of plasma
ignition during the ALD cycle. In the case where a mixture of nitrogen and argon was introduced into the reactor
to act as a purge gas between precursor pulses and also to facilitate the generation of a plasma during the plasma
cycle, the plasma did not show detrimental effects on film adhesion on PMMA substrate, whereas using only
argon as a carrier and plasma gas was found to cause poor film adhesion to the PMMA. ATR-FTIR analysis showed
lower levels of carbonaceous compounds for the film grown at lower plasma power. The films grown with lower
plasma power also showed higher refractive index which suggests the low plasma power is more beneficial for

this particular PA-ALD TiO, process.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

As an oxide semiconductor TiO, (titanium dioxide) has been
extensively studied both in bulk and thin film forms because of its
attractive properties such as photocatalytic activity [1-3], photo-
induced hydrophilicity [4], electron transport properties in solar cell
applications [5-7], gas sensing [8], biocompatibility [9] and optical
properties [10]. In many of these applications, thermoplastics such as
poly (methyl methacrylate) (PMMA) [11-14], polycarbonate (PC)
[12,14], polyethylene terephtalate (PET) [14,15], polyethylene naptha-
late (PEN) [15] and polypropylene (PP) have been advantageous as
substrates compared with the conventional materials because of the
ease of processing, inexpensiveness, lightness, corrosion and chemical
resistance, insulation property etc. [16].

Due to the inhomogeneous and hydrophobic characteristics of the
polymer surface, further functionalization is often desired to improve
the performance [17]. Deposition of ultrathin layers by atomic layer
deposition (ALD) has been demonstrated to be useful way to bring the
desired functionality to polymer surface. Thin ALD layers can be used e.g.
as a barrier on polyimide against atomic-oxygen flux in spacecrafts in

* Corresponding author.
E-mail address: tommi.kaariainen@lut.fi (T.O. Kddridinen).

0257-8972/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.surfcoat.2011.03.094

low Earth orbit [ 18], as an adhesion promoting layer for sputtered metal
and ceramic coatings and barrier against damaging effect of plasma UV
radiation on PMMA [19], to change the polymer surface hydrophilicity
under UV radiation (PMMA, PC)[20], (PMMA, PEEK, ETFE, PTFE) [21], as
a gas diffusion barrier on flexible PEN [22-25] and flexible PET, PP and
PLA substrates [25], and to create polymer nanocomposite materials
with polyamide (PA) [26] and poly(styre-divinylbenzene) (PS-DVB)
[27].

Atomic layer deposition (ALD) is a CVD type thin film deposition
method where sequential exposures of gas phase reactants are used for
the deposition of thin films with atomic layer accuracy. Each atomic layer
formed in the sequential process is a result of saturated surface
controlled chemical reactions. In plasma-assisted atomic layer deposi-
tion (PA-ALD), plasmas are used to produce radicals by gas dissociation.
These bring advantages through increased reaction rates giving
increased process efficiency, increased fragmentation of the precursor
molecules, enhancement of the removal of product molecules. Further-
more the addition of non-thermal energy to the process can result in
lower substrate temperatures than for conventional ALD which extends
the range of materials which can be used as substrates [28,29]. Recent
PA-ALD studies have concentrated on low temperatures suitable for
polymer substrates [23,30-33]. Here it is relevant to make a distinction
between plasma-assisted (PA-ALD) or plasma enhanced (PE-ALD) (both
meanings are the same) and radical enhanced ALD (REALD). In PA-ALD
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and PEALD the substrate will be exposed to plasma discharge since it is
located in the same space with the plasma source or very near at the
substrate [28,32,34]. In REALD the plasma source is separated from the
substrate so that only radicals generated by the plasma are allowed to
reach the substrate [35]. In the plasma reactor used in our study [33] the
plasma source and the substrate are located in the same space but
separated by metal grid to block the ion bombardment but allow the
flow of radicals to the substrate surface. However the metal grid does not
shield the substrate from plasma UV exposure, which will also effect the
substrate surface. The definition of PA-ALD is used in our study because
the plasma will have this ambiguous function. The divergence between
PA-ALD and REALD becomes relevant especially when depositing on
polymers that are sensitive not only to the flux of plasma species but also
to photoemission from the plasma. Such a polymer is PMMA, which is
susceptible to radiation damage. Depending on the plasma conditions,
the plasma UV radiation can be detrimental to the PMMA surface leading
to poor film adhesion [19].

In this paper, we report the details of low temperature PA-ALD of
amorphous TiO, on various polymer substrates. We show that the film
adhesion on PMMA is dependent on the gas mixture and plasma
power used. The effect of different plasma conditions on the film
growth rate and properties has been measured.

2. Experimental
2.1. Film deposition

TiO; films were deposited on silicon (100), PMMA (PLEXIGLAS® XT,
M,, = 150000-160000 g/mol), PC and PP substrates at temperatures
between 50 and 70 °C by PA-ALD with a Beneq TFS-500 ALD plasma tool
described elsewhere [33]. Both nitrogen (99.999%, AGA) and argon
(99.999%, AGA) were studied as precursor carrier gas and purging gas
between the precursor pulses, and consequently the plasma forming gas
during the plasma pulse. In both cases argon was also introduced to the
reactor through the plasma electrode to improve the plasma generation
and also to ensure a pressure difference between the reactor and argon
flow channel. Precursors used were tetrakis(dimethylamido)titanium
(TDMAT) (Sigma-Aldrich) vaporized from the source at a temperature
of 40 °C and O, (99.999%, AGA) mixed with carrier gas (N, or Ar) and
argon through the showerhead electrode. One deposition cycle
consisted of a 500 ms TDMAT pulse, 10 s purge, a plasma pulse which
varied from 250 ms to 6 s and a 10 s purge. Plasma power was varied
between 25 and 200 W. The overall number of cycles used was 500. The
PMMA substrate material was pre-cleaned in 5% NaOH solution for ten
minutes and in de-ionized water for 20 min in an ultrasonic bath at
room temperature. PC and PP substrates were pre-cleaned similarly
except the NaOH was replaced with isopropanol. Samples were then
baked in an oven at 50 °C for several hours to remove the absorbed
water.

2.2. Film analysis

The film thickness and consequently the film growth rate were
measured from the films deposited on silicon by using a spectroscopic
ellipsometer M-2000FI from ]. A. Woollam Co. Inc. The structure of the
deposited film was studied with ATR-FTIR spectroscopy using a Nicolet
4700 FT-IR spectrometer equipped with a Smart Orbit ATR accessory.
The internal reflection element used was a diamond crystal. The
absorption spectrum of PMMA was measured with UV-vis spectropho-
tometer Evolution 500 (Thermo Electron Corporation). The TiO, surface
was analyzed using an XPS instrument (PHI 5400) with Mg K, radiation
(energy of 1253.6 eV) in pressure of 1-10~° Torr. The photo activity of
the deposited film was verified with water contact angle measurement
under UV exposure (302 nm). Plasma emission during the plasma pulse
was observed with optical emission spectrometry (OES) by using two
OES systems. An IFU AOS-4 was used for time-resolved monitoring of
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Fig. 1. Growth rate and refractive index of TiO, films as a function of plasma power.

particular spectral lines and a Plasus Emicon system (version 2.33.9.9)
was used to collect the full emission spectra between the wavelengths of
180 nm and 880 nm. The optical fiber was placed on the quartz window
perpendicular to the plasma electrode. The distance between the
substrate surface and plasma electrode was 28 mm.

3. Results and discussion
3.1. Film growth

The film growth rate increases slowly with increase of oxygen
plasma pulse length and saturates with around 3 s 02 pulse for nitrogen
carrier gas grown films. Based on this, 3 s plasma pulse length was
chosen for plasma power variation study with nitrogen and argon
carrier gasses. The film growth rate and refractive index at 632 nm as a
function of the plasma power are shown in Fig. 1 for both nitrogen and
argon carrier gasses. With nitrogen carrier gas the low plasma power
(25 W) results in considerably lower growth rate than with plasma
power of 50 W and above. This was not observed with argon carrier gas.

OES monitoring of the plasma during the plasma pulse step revealed
that argon and nitrogen carrier gasses form considerably different plasma
conditions and consequently different reaction mechanisms for the film
growth. Fig. 2 shows the emission spectra for argon and nitrogen carrier
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Fig. 2. Plasma emission spectra from argon and nitrogen carrier gas plasma with 50 W
plasma power during the plasma exposure step of the PA-ALD cycle. Additionally, the
graph shows the absorption of PMMA in the wavelength region from 190 nm to 880 nm.
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gasses used during the plasma pulse step of ALD cycle. The spectra are the
average from the emission intensity during the 3 s plasma pulse. Typical
emission for nitrogen from the first positive system (B’I1,-AS,) and
from the second positive system (C3HU—B3Hg) can be seen in the
wavelength ranging from 503.08 nm to 880 nm (limited by OES
detection range) and 218.43-497.64 nm respectively. Atomic argon
emission can be seen in the wavelength ranging from 696.54 nm to
794.82 nm [36,37]. It is noticeable that the emission typical to nitrogen is
also present when argon is used as a carrier gas but with lower intensity.
This emission probably arises from the background gas, mainly air
remaining in the chamber. Time-resolved OES measurement of atomic
oxygen shown in Fig. 3a clearly indicates that with argon carrier gas the
oxygen radical concentration increases during the plasma pulse and
saturates at a high level after approximately two seconds showing that
the surface reactions between oxygen radicals and surface species also
saturate. With nitrogen carrier gas the atomic oxygen concentration
shows a gradual decline from its initial level (although with some scatter
in the data). Although the oxygen radical concentration is decreasing
during the plasma pulse with nitrogen carrier gas it is reasonable to
believe that surface reactions still saturate because the film growth rate
and the film elemental composition for both nitrogen and argon carrier
gas grown films are nearly the same. Decreasing oxygen radical
concentration during the plasma pulse with nitrogen carrier gas suggests
that after the surface reactions with oxygen radicals are saturated,
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Fig. 3. Optical emission of O radical (777.194 nm) concentration in argon and nitrogen
carrier gas plasmas as a function of time during the plasma pulse step (a), and average
optical emission of plasma species in argon and nitrogen carrier gas plasmas during the
plasma pulse step (b).

oxygen radicals are further consumed in other chemical reactions in the
plasma. From a process development perspective further chemical
reactions of oxygen radicals in the nitrogen plasma may help to decrease
the following purge step length. One example is the excess of H,O
contamination in argon plasma that does not appear in nitrogen plasma.
A clear difference between the optical emissions from when the Ar and
N, purge gasses are used is shown in Fig. 3b. Water is known as a
substance difficult to remove in low temperature ALD processes. Argon
carrier gas produces an excess of oxygen radicals (peaks at 777.194 nm,
777.417 nm and 777.516 nm). It also produces H,O (peaks at 646.8 nm
and 651.68 nm) and CH and CH, groups, which can not be detected when
nitrogen is used as a carrier gas. Another difference in nitrogen carrier gas
compared to argon is the intensive OH cation production during the
plasma pulse (peaks between e.g. 356.85 nm and 357.35 nm), which
may indicate the water molecule breakage [38]. More detailed OES
monitoring of reaction products and other plasma species and their effect
on ALD process will be a topic for future investigations. Oxygen radical
emission monitoring and its saturation during the plasma pulse were also
used for PA-ALD process studies for TMA and 02 by Heil et.al. [32,34].

3.2. Film properties

The results of elemental analysis performed by XPS for the films
deposited in different conditions are shown in Table 1. XPS measure-
ment was performed both on as—deposited and argon ion-sputtered
surfaces. Sputtering time prior to XPS measurements was 15 min with
an acceleration voltage of 3 kV and ion current of 2 pA on 4x4 mm?
rastered area. No significant difference in Ti, O, N, and C concentration
between the films can be observed. An interesting observation is
relatively high nitrogen incorporation in the film. Nitrogen is
incorporated in the film with both nitrogen and argon carrier gas
suggesting that nitrogen is coming from TDMAT. This was not observed
earlier in a TDMAT and water process for thermal ALD TiO,, where the
possibility of nitrogen doping was considered [39]. The nitrogen
content remains almost unchanged after argon sputtering compared
to the untreated surface suggesting that most of the N is bonded in the
film. By contrast a clear decrease in C content after argon sputtering
reveals high surface contamination on the as-deposited surface.

Chemical bonding in the films was investigated from the Ti 2p,0 1 s,
N1 sand C1 s peaks of the XPS spectra. The analysis was done on the as-
deposited surfaces since the argon ion sputtering can greatly alter the
chemical states of the film surface. Deconvoluted Ti 2p spectra of the
film A (marked in Table 1) into two Lorentz-Gauss type peaks shown in
Fig. 4a display peaks at binding energy (BE) of 458.6 eV corresponding

Table 1
Chemical composition of TiO2 films and plasma characteristics during the plasma pulse
step of ALD cycle.

Chemical composition (At.%) Plasma pulse characteristics

As-deposited surface  Argon sputtered

surface

Sample Ti (o] N C Ti 0] N C Plasma Plasma Oxygen

power  gas pulse
[W] length
[ms]

A 202 508 5 24 327 551 47 7.5 100 N 250
B 201 502 45 252 335 55 47 68 100 N 500
C 181 474 5 295 318 574 44 64 100 N 3000
D 20 509 41 25 332 579 4 49 100 N 6000
E 222 528 3 22 343 552 41 64 25 N 3000
F 205 524 53 21.8 324 562 45 69 50 N 3000
G 202 52 48 23 328 572 43 57 200 N 3000
H 20.8 535 52 205 325 575 43 57 25 Ar 3000
I 19.2 487 5 271 335 554 47 64 50 Ar 3000
] 216 551 46 187 335 568 42 55 200 Ar 3000
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Fig. 4. Deconvoluted XPS spectra of TiO, film; (a) Ti 2p, (b) O 15, (c) N 1s where (NOy)o denotes substitutional NO,, (NO)i interstitial NO, (NO)o substitutional NO and (N)

interstitial N, and (d) C 1s.

to TiO, and at BE of 457.1 eV corresponding to Ti,O5 or TiN,Oy type
structures [40-43]. Analysis of the deconvoluted spectra of the films for
which the overall elemental compositions and process descriptions are
given in Table 1 are summarized in Table 2. Ti 2p spectral analysis
suggests that the oxidation state is somewhat related to plasma power
and carrier gas used. This can be seen as a higher composition of reduced
oxidation state (Ti,Os, Ti* ™) for the film grown with nitrogen carrier gas
and with plasma power of 25 W. With nitrogen carrier gas at higher
plasma power and argon carrier gas at any plasma power studied here,
the oxidation remains at higher state referring to the TiO, structure.
Deconvoluted spectraof O 1s,C1 sand N 1 s are shown in Fig. 4b, cand
drespectively. Lineshape analysis of O 1 s shows typical oxygen bonding
both bulk TiO, (O-Ti at BE of 530.1 eV) and surface contamination (OH-
at BE of 531.7eV). N 1s lineshape reveals that nitrogen is mainly

Table 2
Results of lineshape analysis of deconvoluted XPS Ti 2p, O 1s, C 1s and N 1s spectra.

incorporated as different NO-types (BE of 400 eV and 398.3 eV) with
some N-C bonding (BE of 401.8 eV) [44,45]. Weakly physisorbed N at
the surface has also been suggested to present the peak at around
402 eV [41]. Low plasma power (25 W) with nitrogen carrier (sample E)
gas leads to a higher amount of N-C in the film as shown in Table 2.
Higher concentration of C-N can also be observed from the C 1s
lineshape for this sample. One possible source for this excessive N-C in
the film is from the Ti-N-CH3 branch in TDMAT due to the incomplete
breakage or substitution of the N-CH; during the oxidation step of PA-
ALD cycle. By using argon carrier or higher plasma power with nitrogen
carrier gas make this reaction more efficient leading to lower N-C
concentration. Lineshape analysis of C 1 s indicates high concentration
of C-H contamination (BE of 284.7 eV) for all of the samples (A-])
believed to originate mainly from atmospheric surface contamination

Peak State interpretation Position Reference Sample/Component ratios (value multiplied by 100%)
BE [eV] A B C D E F [ H I ]

Ti 2p TiO, 458.6 [38,43] 0.92 0.87 0.93 0.93 0.80 0.88 0.88 0.88 0.85 0.90
TiN,Oy, Tiz03 457.1 [38,43] 0.08 0.13 0.07 0.07 0.20 0.12 0.12 0.12 0.15 0.10

O1s O-Ti 530.1 [38,43] 0.81 0.79 0.78 0.79 0.87 0.77 0.78 0.80 0.80 0.82
OH 531.7 [38,41,43] 0.19 0.21 0.22 0.21 0.13 0.23 0.22 0.20 0.20 0.18

Cls C-H 2847 [41,43] 0.61 0.67 0.68 0.68 0.65 0.57 0.60 0.52 0.68 0.59
C-0, C-N, etc. 286.1 [38,41,43] 0.25 0.16 0.12 0.12 0.25 0.15 0.20 0.21 0.13 0.17
0=C-0 288.8 [41,43] 0.14 0.16 0.19 0.19 0.10 0.27 0.20 0.27 0.19 0.24

N 1s (NO)i, (NO3)o, NOy 400 [39,42,43] 0.81 0.84 0.85 0.85 0.67 0.84 0.86 0.83 0.87 0.86
(NO)o, (N)i 3983 [39,42] 0.08 0.06 0.06 0.06 0.04 0.09 0.07 0.10 0.07 0.08
N-C 401.8 [40,43] 0.11 0.10 0.09 0.09 0.29 0.07 0.07 0.07 0.06 0.07
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and carbon contamination in the film as a form of C-0 and C-N types (BE
0f286.1 eV) and O =C-0 type (BE 0f 288.8 eV) [38,41,43]. The decrease
of the component interpreted as O=C-0 concentration of sample E
agrees well with our earlier study where C=0 bonding could not be
found from this sample by ATR-FTIR analysis [46].

The detrimental effect of plasma UV radiation was observed as a poor
film adhesion on PMMA. Satisfactory adhesion with tape peel off test
(Scotch tape 810) was observed only for the films E and F showing the
importance of selecting appropriate plasma conditions for depositions
on PMMA. Films E and F were deposited with nitrogen in the plasma gas
and with 25 W and 50 W plasma powers respectively. Plasma emission
during the deposition of the film F and comparatively for deposition
where argon was used with the same plasma power (film I in Table 1)
were shown in Fig. 2. The spectra reveal that nitrogen used as a carrier
gas produces photoemission with higher energy than argon in the
wavelength region from 180 nm to 880 nm. Furthermore the photo-
emission with low plasma powers at this wavelength region was not the
cause of film delamination when depositing on PMMA, as shown for
films E and F. This suggests that in the case of photo emission the
detrimental emission lies below the wavelength of 180 nm and is
related to interaction between the argon and other plasma species, or
that the detrimental effect of plasma to PMMA is related to interaction of
energetic ions (ion bombardment). The characteristic of long-lived
argon metastables is that they can transfer energy very efficiently e.g. to
species such as Hy, H»0, air, and hydrocarbons, and consequently lead to
intense photoemission in the VUV region. This has been reported earlier
by Wertheimer et al. [47]. The other possibility, that the chemical
modification of the PMMA surface is due to low energy argon ion
bombardment, has also been reported by Groning et. al [48]. In our study
relatively low plasma power with argon carrier gas (25 W) already
resulted in detrimental film adhesion on PMMA. Considering this factor
together with the PA-ALD reactor design, where the plasma and
deposition area are separated with metal mesh, it is concluded that the
detrimental effect is most probably caused by photoemission from
plasma at wavelength below 180 nm. The source of this photoemission
is most probably created by the interaction between argon and other
plasma species, mainly reaction products and residuals during the ALD
cycle. The films deposited under these conditions on polymer substrates
showed photo-induced hydrophilicity behavior under UV (302 nm)
light illumination.

4. Conclusions

We have shown that the gas mixture forming the plasma and plasma
power during the plasma pulse in PA-ALD process play a significant role
in radical formation and chemical reactions at the substrate surface and
in the plasma. Argon and nitrogen carrier gasses formed different
plasma conditions and consequently different reaction mechanisms for
the film growth. The effect of different reaction mechanism on the film
chemical structure was relatively small. Different plasma conditions,
however, showed different film adhesion behavior on PMMA. Argon
carrier gas used at any plasma power between 25 and 200 W caused
plasma conditions detrimental to adhesion on PMMA as shown by TiO»
film delamination. Satisfactory film adhesion was achieved with
nitrogen carrier gas below 50 W plasma power. Relatively high nitrogen
concentration found in the film supports the usage of TDMAT as a
precursor when nitrogen doping of TiO, is desired.
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