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THE ROAD NOT TAKEN 
Robert Frost 

Two roads diverged in a yellow wood, 
And sorry I could not travel both 
And be one traveler, long I stood 
And looked down one as far as I could 
To where it bent in the undergrowth; 

Then took the other, as just as fair, 
And having perhaps the better claim, 
Because it was grassy and wanted wear; 
Though as for that the passing there 
Had worn them really about the same, 

And both that morning equally lay 
In leaves no step had trodden black. 
Oh, I kept the first for another day! 
Yet knowing how way leads on to way, 
I doubted if I should ever come back. 

I shall be telling this with a sigh 
Somewhere ages and ages hence: 
Two roads diverged in a wood, and I— 
I took the one less traveled by, 
And that has made all the difference. 
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I  Flexible encapsulation films 

In 2016, the U.S. Energy Information Administration (EIA) projected an alarming 
48% increase in the world’s energy consumption by 2040.1  This rise 
understandably, could have a catastrophic impact upon the environment.  However, 
the utilisation of renewable energy sources is also forecast to more than double in 
the same time frame.  The current circumstances therefore present an excellent 
opportunity for the development of pioneering technologies in both the renewable 
‘clean’ energy sector and in the field of electronics. 

One particular subject attracting considerable attention is that of flexible 
electronics.  They are an innovative array of devices that include among many 
others,  flexible solar cells, thin film transistors, quantum dot liquid crystal displays, 
and organic light-emitting diodes (OLEDs).  However, their particular chemical 
nature renders their main components vulnerable to oxidation and crystallisation, 
upon exposure to environmental moisture and oxygen.2,3  Therefore, the 
incorporation of a suitable equally flexible thin encapsulating layer is essential in 
order to extend the lifetime of these devices and ensure their commercial viability.  

As the kinetic diameter of molecular oxygen (3.46 Å) is significantly larger than 
that of a water molecule (2.65 Å), greater focus is generally placed on investigating 
the water permeability of encapsulation films.  Each flexible electronic device has a 
particular water vapour transmission rate (WVTR) limit, the majority of which are 
displayed in Figure 1.  Flexible OLEDs are therefore the most challenging devices to 
protect, and consequently govern this field’s principal research direction.4–7 

The encapsulation films themselves not only must limit water and oxygen 
permeation, they must also be flexible, thermal and scratch resistant, smooth, 

 
 

 

Figure 1.  WVTR requirements for common flexible devices and the barrier performance 
provided by available materials.  Values modified from the original schematic in,6 to be 
representative at 40 °C, 90% relative humidity. 
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durable and both simple and inexpensive to manufacture.2  They typically consist of 
a flexible polymer substrate and single or multi-layered stacks of amorphous 
inorganic thin films.  Commonly used substrate materials include polyethylene 
terephthalate (PET), polyethylene naphthalate (PEN) and polycarbonate (PC); and 
encapsulating materials can comprise silicon nitride (Si3N4), alumina (Al2O3), titania 
(TiO2) and silica (SiO2) of varying thicknesses.  A basic depiction of an encapsulation 
film is shown in Figure 2.  

Single layer inorganic thin films deposited on flexible polymeric substrates have 
so far demonstrated good effective* (10-3 g m-2 day-1 (at 40 °C, 90% relative humidity 
(RH))),8–11 and excellent intrinsic† (10-5 g m-2 day-1 (at 20 °C, 50% RH)) WVTR 
performances.12  They are therefore currently suitable to be used for the protection 
of flexible solar cells and thin film transistors.6  Whilst the intrinsic values are very 
promising, previous investigations have revealed that the effective encapsulating 
performance of single layer barriers, is often limited by defects, as the means by 
which the films are deposited can make the inorganic layers highly susceptible to 
cracking or pinhole formation.9,13–15  And contrary to theoretical assumptions, 
increasing the thickness of the single layer barriers does little to improve their 
performance.  Thick inorganic layers on polymer substrates have been found to be 
more prone to cracking and delamination than their thinner counterparts.15   

To circumvent these issues, organic-inorganic multi-layer barriers deposited on 
polymeric substrates,13,16–23 have been reported as a successful substitute to prevent 
the formation and propagation of pinhole defects.13,15–17  This is primarily due to the 
alternating organic layer’s ability to effectively decouple pinhole defects between 
the thinner, intrinsically denser inorganic barrier layers, and thus prevent the 
coupling of pinhole defects throughout the entire film.  The barrier performance of 
these organic-inorganic multi-layer films is therefore improved via longer diffusion 
pathways and a reduction in pinhole density.24  The lowest reported intrinsic WVTR 

                                                           
* Refers to the overall permeation of the layer including contributions from macro-defects, the intrinsic 
microstructure, and the silica lattice network.  
† Excludes permeation through macro-defects in the layer.  

 

Figure 2.  Elementary representation of a typical flexible encapsulation film. 
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values for these encapsulation barriers are within the region of 10-5–10-7 g m-2 day-

1 (at ambient atmospheric conditions),16–20 and therefore essentially achieve the 
OLED protection requirement of 1×10-6 g m-2 day-1 (at 25 °C, 40% RH),6 which is 
necessary to ensure a device lifetime of 10000 h is met.2   

The most widely reported organic-inorganic multi-layer barriers consist of 
polyacrylate-Al2O3 composite layers (Figure 3), deposited using the Vitex 
System.2,16,22  The deposition technique involves flash evaporation of the acrylic 
monomer under vacuum onto a cooled substrate surface, followed by ultraviolet 
curing.  The cross-linked polyacrylate film is then coated with a thin Al2O3 barrier 
layer via reactive sputtering from an aluminium sputtering target, and the process 
repeated to create a stack.16  Additional methods also used for the deposition of 
organic-inorganic multi-layer barriers include atomic layer deposition (ALD) and 
molecular layer deposition (MLD) processes.   

Despite their excellent encapsulation performance, the manufacturing of the 
aforementioned barriers can be highly expensive and complex, due to the alternate 
vacuum deposition processes usually required.13  They often demand a large 
structural footprint and either intricate transfer chambers or batch processing 
methods, which can make the manufacturing process both industrially and 
economically challenging.8 

 

Figure 3.  Scanning electron micrograph of a fracture cross-section of a generic 
polyacrylate-Al2O3 multi-layer barrier structure deposited on a polyethylene terephthalate 
substrate by the Vitex barrier deposition system.16 
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The encapsulation potential of hybrid inorganic layered architectures 
comprising an inorganic dyad, or nano-laminates with different chemical 
compositions and densities, was recently evaluated.25–34  Notable barrier 
performances were demonstrated, highlighting the synergistic effects of the 
inorganic layered architecture.  The majority of these particular hybrid structured 
layers were, however, produced both at low pressure and using low deposition rate 
processes.  Conversely, Starostin et al.30 showed that a combination of roll-to-roll 
atmospheric pressure-plasma enhanced chemical vapour deposition (AP-PECVD) 
and stationary plasma assisted ALD could be used to deposit a multi-layered silica-
alumina moisture permeation barrier on a polymeric substrate that exhibited an 
excellent intrinsic (10-5–10-6 g m-2 day-1 (at 20 °C, 50% RH)) and good effective (10-

3 g m-2 day-1 (at 40 °C, 90% RH)) WVTR performance.  The encouraging result was 
attributed to two phenomena.  First, the enhancement of the polymeric substrate 
through the use of the mechanically stabilising AP-PECVD silica ‘buffer’ layer.  And 
second, the ‘capping’ of the nano-pores in the silica buffer layer by the thin ALD 
alumina ‘barrier’ layer. 

However, the monetary processing targets for large scale production of 
encapsulation films are very demanding (1–10 € m-2, subject to the final 
application), signifying that a cost-effective manufacturing method is essential.  The 
generation of all the above-mentioned multi-layer barriers can be decidedly 
expensive due to the low-throughput vacuum deposition processes typically 
required for their synthesis.13  Dynamic processes performed at atmospheric 
pressure, such as the aforementioned roll-to-roll AP-PECVD, therefore present a 
significantly more favourable solution.8,35  This pioneering technology can be easily 
integrated into many existing manufacturing systems, and the in-line processing 
method is very versatile and relatively straightforward.  Similarly, the utilisation of 
only one material as the deposited encapsulating layer is also more financially 
advantageous.  In view of this, the research presented hereafter is focussed on AP-
PECVD processing of flexible amorphous silica, as prior work has confirmed that it 
is not only an effective encapsulating layer, but also contains very few impurities.8   
 

II  Research areas in AP-PECVD silica thin film processing 

A  AP-PECVD 

Industrially scalable roll-to-roll AP-PECVD was first introduced in 2007 by Starostin 
et al. as a method for the deposition of flexible amorphous silica thin films onto 
polymeric substrates by means of a glow-like dielectric barrier discharge (DBD) 
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open to ambient air.36  A schematic representation of the AP-PECVD reactor in 
question can be seen in Figure 4, depicting two cylindrical rotary drum electrodes 
(with radii 120 mm; and 0.5 mm gaseous gap) connected to a matching network, 
power supply, voltage and current probes.  The discharge is ignited between the two 
electrodes, and the plasma (with a width of 150 mm, and 20 mm expansion along 
the gas flow) created using a high frequency generator.  For the deposition of thin 
films, a pulsed operational mode is used.  

Despite PET and PC being less expensive, the favoured substrate material for use 
in this reactor is thermally stabilised optical grade PEN.  This material serves two 
purposes, and hence also acts as the dielectric material in the DBD.  The polymeric 
foil is connected to independent roll-to-roll foil transport and tension control 
systems, and the speed at which the foil moves through the discharge can thus be 

 

Figure 4.  Schematic diagram of the scalable roll-to-roll atmospheric pressure-plasma 
enhanced chemical vapour deposition reactor. 
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varied.  An air-like gas mixture is typically used, together with tetraethyl 
orthosilicate (Si(OC2H5)4, TEOS) as the silicon-containing precursor molecule.  The 
chemical structure of TEOS is shown in Figure 5, alongside another popular silicon-
containing precursor molecule, hexamethyldisiloxane (O(Si(CH3)3)2, HMDSO).   

TEOS is generally the preferred precursor molecule for use in AP-PECVD 
systems, largely because it is both non-toxic and inexpensive.  The deposited silica 
layers are also almost entirely carbon-free and demonstrate superior encapsulating 
ability.8  Nevertheless, carbon-free films were previously grown from HMDSO using 
a similar reactor, but with plane parallel electrodes.37  However, unlike films 
deposited using TEOS, the carbon content of HMDSO-deposited layers is highly 
dependent upon the precursor flow rates used.8,37  The absence of a Si–C bond in 
TEOS and the fact that the starting O:Si stoichiometry is significantly higher than for 
HMDSO, are factors probably contributing to the lack of carbon incorporated into 
TEOS-deposited silica films.  This is in addition to the bond dissociation energies of 
C–O (4.0 eV) and Si–O (5.0 eV) bonds in the TEOS monomer being considerably 
lower than for Si–O bonds in HMDSO (5.7 eV).38 

A multitude of complex reactions are thought to occur both in the plasma 
discharge and at the surface during the amorphous silica thin film growth process.39  
Both dense and porous layers can be synthesised (Figure 6), depending upon the 
deposition conditions used.  To date, roll-to-roll AP-PECVD has been successfully 
used to produce ultra-smooth,40 100 nm single layer silica-like thin films on a 
polyethylene 2,6 naphthalate (PEN) substrate that demonstrated a good effective 
water vapour barrier performance of 1.8×10-3 g m-2 day-1 (at 40 °C, 90% RH).8  It was 
found that an increased substrate temperature and decreased precursor mass flow,8 

 

Figure 5.  Chemical structures of tetraethyl orthosilicate (Si(OC2H5)4) and 
hexamethyldisiloxane (O(Si(CH3)3)2. 
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in combination with an enhanced duty cycle or power density,14 had a profound 
positive effect on the chemical composition of the silica layers.  Unwanted network-
disrupting hydroxyl groups (–OH) were seen to disappear, which coincided with the 
encapsulating properties of the films improving.8   

However, despite this technology showing particular promise as a technique in 
the field of protective layer synthesis for flexible solar cells, it is also intended for 
the production of barriers for flexible OLEDs (with a significantly more demanding 
WVTR requirement).6  Additionally, in order to meet the very demanding 1–10 € m-

2 monetary processing target, a high manufacturing throughput is required.  
Unfortunately, the 100 nm single layer films were only deposited at a rate of 50 mm 
min-1;8 a production speed that is not presently commercially sustainable.  The 
influence the deposition conditions have upon the final film quality also requires 
greater insight, in order to ensure this cost-effective manufacturing method is used 
to its full potential. 

Therefore, the following research objectives should be addressed with the 
intention to understand how AP-PECVD processing can be used to synthesise cost-
effective, high quality, flexible amorphous silica encapsulation films: 

 
1. Identify the different classes of porosity and permeation mechanisms that 

can exist in amorphous silica, determine the most effective ways to study 
their existence, and assess their influence upon encapsulation performance. 

 
2. Understand how the AP-PECVD processing conditions can be adapted to 

control the occurrence of particular classes of porosity. 
 

 

Figure 6.  Possible chemical structures of ‘dense’ and ‘porous’ amorphous silica. 
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3. Investigate the potential advantages of multi-layered encapsulation films 
over single layered films, with regard to performance improvements and 
increased manufacturing throughput. 

 

B  Characterisation of film porosity 

At the outset of this work, the dependence of the roll-to-roll AP-PECVD reactor 
deposition conditions on the encapsulation performance and basic properties of the 
synthesised thin films was known to a certain extent.8,36,40  However, the intrinsic 
microstructure (namely the Si–O–Si bonding and degree of open and closed 
porosity), and the presence of larger pinholes or macro-defects in the resulting 
amorphous silica thin films was not well understood.  Nor was the influence the 
deposition conditions had upon the creation of the different pore types and in turn, 
the water permeation mechanisms and resulting encapsulation performance of the 
films.   

 

i  Classes of porosity and permeation mechanisms 

Three different kinds of porosity are thought to exist in amorphous silica (Figure 7).  
Unhindered permeation can occur through ‘macro-defects’ or pinholes with a pore 
diameter >1 nm, and hindered transport can occur through the intrinsic 
microstructure of the silica film in the form of ‘nano-defects’ with pore diameters 
ranging from 0.3–1 nm and through the amorphous ‘lattice’ itself with pore 
diameters from 0.2–0.3 nm.41   

Several models have been proposed to explain the transport mechanisms of 
permeant molecules through amorphous silica encapsulation films.  Of these 

 
 

 

Figure 7.  Schematic diagram of the three major permeation pathways through an 
encapsulating layer.41   
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models, the three most extensively studied are the ideal laminate theory (ILT), the 
pinhole-dominated diffusion model, and the tortuous path model.42   

The ILT is the simplest of the three models, and assumes uniform permeation 
throughout the whole film and substrate.42  As the thin silica encapsulation films are 
technically multi-layered systems with n layers, a series resistance model can be 
utilised to express this particular permeation mechanism (Equation 1): 

 
𝑄𝑄 = 𝑃𝑃

𝐿𝐿1
𝐷𝐷1𝑆𝑆1

+ 𝐿𝐿2
𝐷𝐷2𝑆𝑆2

+⋯+ 𝐿𝐿𝑛𝑛
𝐷𝐷𝑛𝑛𝑆𝑆𝑛𝑛

         (1) 

 
where 𝑄𝑄 denotes the steady-state flux of the permeant molecule through both the 
film and substrate, 𝑃𝑃 is the vapour pressure of the permeant molecule, 𝐿𝐿 is the 
thickness of the layer, 𝐷𝐷 is the diffusivity of the permeant vapour in the layer and 𝑆𝑆 
is the solubility of the permeant molecule in the layer.22  Given that this model 
assumes the layers are homogenous, it fails to take into account the influence of 
pinhole defects and the amorphous nature of the encapsulating layer.  Therefore the 
degree of fit between calculated and measured values is highly dependent upon the 
uniformity of both the silica film and substrate material. 

In contrast to the ILT, the pinhole-dominated diffusion model does incorporate 
the effect of macro-defects in the silica encapsulating layer on the total permeability 
of the film.  However, as pinholes comprise the largest defect area in the thin silica 
layers, the pinhole-dominated diffusion model assumes unhindered transport is 
only via these defects, and not via the intrinsic silica microstructure.24,41–44  It also 
presumes that all the pinhole defects are circular, of a uniform size, and sufficiently 
far apart that they are additive.24,42,44  The expression below (Equation 2), obtained 
from a publication by da Silva Sobrinho, et al.44 describes permeation through 
encapsulation barrier coatings containing numerous pinholes with uniform radius 
𝑅𝑅0:  
 

𝑄𝑄 = 𝑁𝑁𝑞𝑞𝑝𝑝
𝐴𝐴𝐴𝐴

= 𝑛𝑛 �2𝜋𝜋𝑅𝑅0𝐷𝐷𝛷𝛷0 + 𝜋𝜋𝑅𝑅0
2𝐷𝐷𝛷𝛷0
𝐿𝐿𝑝𝑝

�       (2) 

 
where 𝑄𝑄 is the steady-state transmission rate through the whole sample of surface 
area 𝐴𝐴, 𝑛𝑛 = 𝑁𝑁/𝐴𝐴 is the number density of pinholes, 𝑞𝑞𝑝𝑝 quantity of permeant leaving 
the polymer substrate in time 𝑡𝑡, 𝐷𝐷 is the diffusion coefficient of the polymer 
substrate, 𝛷𝛷0 is the partial pressure of the permeant in the gas phase if it does not 
interact with the polymer substrate, and 𝐿𝐿𝑝𝑝 is the thickness of the polymer substrate.   

Despite the pinhole-dominated diffusion model being perhaps marginally more 
representative than the ILT of the permeation mechanism in amorphous silica, 
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hindered transport of permeant molecules through the intrinsic microstructure of 
the silica film should not be entirely neglected.  In order to account for this, the 
tortuous path model can therefore be applied.  The microstructure of amorphous 
silica consists of nano- and lattice-defects or pores of varying diameter, and not all 
of which are wide enough to accommodate every permeant molecule.  This 
particular feature of the microstructure consequently limits and elongates the 
diffusion pathways of the permeant molecules, and thereby forms the basis of the 
tortuous path model.42   

This model can also be applied to anisotropic polymeric materials that contain 
both porous amorphous and dense crystalline regions.  It is most frequently used in 
combination with the pinhole-dominated diffusion model to explain the 
encapsulating success of organic-inorganic multi-layer barriers.  Greener et al.24 
found that organic-inorganic barriers with organic layers thinner than the average 
diameter of the pinholes present in the inorganic barrier layer, followed the 
tortuous path permeation mechanism.  And when organic layers were thicker than 
the average diameter of the pinholes present in the inorganic barrier layer, the 
permeation mechanism followed that of the pinhole-dominated diffusion model.24  
This is due to the lateral diffusion between pinhole defects in thick organic layers 
being significantly greater with respect to equivalent thinner layers,42 and hence 
implies that the greatest improvement in encapsulation performance should be 
realised by using very thin organic layers.24 

As demonstrated by the abovementioned example, the degree of complexity 
surrounding amorphous silica thin films is such that no single model alone can be 
used to precisely explain the permeation mechanisms.41  Many critical factors must 
be accounted for, including the size of the permeant molecule, the number and size 
of each defect, the thickness of every layer and the architecture of the overall film. 

  

ii  Characterisation of intrinsic porosity 

Characterisation of the porosity in thin films can prove challenging, especially when 
the substrate material is an anisotropic polymer and the deposited layer is not 
crystalline.  X-ray photoelectron spectroscopy (XPS) has been used in prior studies 
to successfully determine the elemental composition and hence approximate O:Si 
ratio of the films.8  Unfortunately in these instances, the technique was unable to 
provide a sufficiently detailed insight into the changes in the silica network 
structure as a function of the deposition conditions, and hence the impact this had 
upon the encapsulation performance of the films. 

Attenuated total reflectance-Fourier transform infrared (ATR-FTIR) absorption 
spectroscopy with an un-polarised light source has also been a popular technique to 
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study the intrinsic microstructure of amorphous silica films, with focus on the extent 
of hydroxyl (–OH) impurities.45–49  It is understood that the degree of porosity in a 
silica-like thin film is directly correlated with the presence of hydroxyl groups in the 
network structure.45–49  The presence of this functional group disrupts the 
continuous –Si–O–Si–O– network and in turn causes the microstructure of the silica 
lattice to decrease in density (see Figure 6), thereby reducing the film’s 
encapsulating ability.  However, no direct detailed analysis of the Si–O–Si bonding 
was yet carried out on amorphous silica deposited using AP-PECVD in order to 
verify this assumption, and provide additional information relating to the 
magnitude of the Si–O–Si bond angles and bond lengths present in the network.  
Fortunately, this type of bonding can be resolved by performing ATR-FTIR 
absorption spectroscopy using a polarised light source.   

Amorphous silica, unlike conventional crystalline silicon dioxide (SiO2), does not 
possess a silicon-oxygen (Si–O) microstructure with obvious long range order.50,51  
The crystal symmetry is broken by disordered linkage, and by the existence of 
oxygen atoms that are not shared among neighbouring tetrahedra.  This disorder 
therefore gives rise to localisation, and hence the vibrational properties of 
amorphous silica are usually interpreted in terms of Si–O–Si subunits.51  However, 
due to its lattice-like network structure, longitudinal optical (LO) and transverse 
optical (TO) phonons associated with the Si–O–Si symmetric (SS) and asymmetric 
stretching (AS) modes also exist.52–54   

It is possible to activate the LO modes (with a transition dipole moment oriented 
perpendicular to the film surface; and a longitudinal wave that moves parallel to the 
direction of energy transfer 𝑘𝑘) by utilising the p-polarised component of IR light in 
oblique-incidence reflectance.  P-polarised light has an electromagnetic wave that 
moves parallel to the plane of incidence and can therefore couple to the longitudinal 
wave of the LO mode.55–58  In a similar fashion, TO modes (with a transition dipole 
moment oriented parallel to the film surface; and a transverse wave that moves 
perpendicular to vector 𝑘𝑘) are activated alongside LO modes, but can be isolated by 
using s-polarised light,55,56 as depicted in Figure 8.  The s-polarised component of IR 
light has an electromagnetic wave that moves perpendicular to the plane of 
incidence and can therefore couple to the transverse wave of the TO mode.58  

Furthermore, the Si–O–Si asymmetric stretching mode in fact generates two 
vibrational modes: the AS1 mode whereby adjacent oxygen atoms execute the 
asymmetric stretching motion in phase with one another, and the AS2 mode 
characteristic of the Si–O–Si ‘shoulder peak’, in which adjacent oxygen atoms 
perform the asymmetric stretch 180° out of phase (see Figure 9).59–61  This therefore 
results in six IR active modes associated with the Si–O–Si functional group; namely 
the TO and LO phonons for the symmetric stretch (SSTO and SSLO), and the TO and 
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LO phonons for both asymmetric stretches (AS1TO, AS2TO, AS1LO and AS2LO).61  In 
order to study individually each of the six IR active modes associated with the Si–O–
Si functional group, deconvolution of the ATR-FTIR spectra is required.   

Subtle variations in the specific centre, the full width at half maximum and the 
absorbance of each peak corresponding to one of the six modes are known to 
indicate fluctuations in the strength and length of the Si–O–Si bonds,62 and in the Si–
O–Si bond angles present in the network structure.45,63  As a consequence, the impact 
of the AP-PECVD conditions upon the resulting intrinsic silica network disorder,64 
and density (see Figure 10),65,66 can be assessed qualitatively,67–69 and correlated 
with the films eventual encapsulation performance.  

Fundamentally, ATR-FTIR spectroscopy using a polarised light source is an 
extremely powerful technique to resolve the intrinsic lattice structure in amorphous 
silica.  Nevertheless, this technique alone does not provide a complete 

 
 

 

Figure 9.  The AS1 and AS2 asymmetric stretching modes. 
 
 
 

 

Figure 8.  Schematic showing IR radiation arriving on a thin film at oblique incidence with 
longitudinal optical (LO) and transverse optical (TO) components.  Ep is the parallel 
component of the electromagnetic wave and Es is the perpendicular component of the 
electromagnetic wave, with respect to the direction of energy transfer (phonon vector, k).  
Modified from the original schematic in.56 
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representation of the degree of porosity found within silica thin films.  Ellipsometric 
porosimetry (EP) and electrical impedance spectroscopy (EIS) were two techniques 
used extensively by Perrotta et al. to very effectively characterise the nano-porosity, 
the pore size range and the presence of macroscale defects in the structure of 
amorphous silica layers.70–73  Due to the nature of these techniques, however, the 
majority of the analysis was performed on samples deposited upon rigid silicon 
wafers, rather than flexible polymer substrates.  A full characterisation of the nano-
pore content of silica layers was unfortunately found to be problematic using EP if a 
polyethylene terephthalate substrate was used.73  

A method unhindered by the composition of the substrate material, and 
therefore an alternative to EP and EIS, is a technique involving proton exchange via 

 

Figure 10.  The influence of film densification on the vibrational frequencies of the Si–O–Si 
asymmetric stretch (~1050 cm-1), rock (~440 cm-1) and symmetric stretching (~800 cm-1) 
modes.  Adapted from the original figure in,65 where each symbol refers to different 
experimentally obtained data. 
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exposure to heavy water (D2O) and subsequent detection of said transfer using FTIR 
spectroscopy, highlighted relatively recently by Liu et al.74  Due to the increase in 
the reduced mass of the vibrating deuterium atoms, hydrogen-deuterium exchange 
induces a detectable decrease in the frequency of the O–H vibration (Figure 11).62  
Therefore, this method can be used to provide information relating to the total pore 
surface area and the extent of closed porosity.  By using this procedure, it is possible 
to obtain a more comprehensive interpretation of the bonding arrangements in 
amorphous silica films deposited on polymer substrates using AP-PECVD.  

 

iii  Characterisation of macro-porosity 

To detect for the presence of macro-defects or pinholes in the amorphous silica 
layers, alternative methods must be employed.  One effective approach is to expose 
the films to a solvent vapour.  The solvent must have a molecular kinetic diameter 
small enough to permeate through macro-defects and potentially  also  nano-defects 
in the silica layer,41 to the underlying PEN substrate.  Moreover, it must have an 
enhanced  solubility  in  the  PEN   substrate;   specifically,   the   Hildebrand   solubility  
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Figure 11.  Hydrogen-deuterium exchange observed in silica thin films using FTIR 
spectroscopy.  Adapted from Chapter 1, Figure 4a.  
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Figure 12.  Schematic of the ‘solvent permeation’ method to detect for macro-defects in 
amorphous silica thin films deposited on polymeric substrates. 
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parameter of both solvent and polymer must be very similar.75  This is in order to 
induce the formation of circular blisters at the location of each macro-defect.76   

To initiate blister formation, it is necessary for partial dissolution of the 
amorphous ‘glassy’ polymer to occur.  In this instance, the solvent must penetrate 
and swell the polymer, causing a transition from the glassy to the rubbery state.  Two 
interfaces are formed: a swelling glassy–rubbery interface and a rubbery–solvent 
interface.  As the glassy–rubbery interface moves towards the centre of the polymer, 
the rubbery–solvent interface migrates in the opposite direction.  Once the 
concentration of the solvent in the polymer exceeds a critical value, chain 
disentanglement commences, at which point the glassy core disappears and true 
polymer dissolution begins.75  Therefore, the resulting blister size is dependent 
upon both the diameter of the defects in the amorphous silica layer and the solvent 
exposure time.   

Interferometric microscopy is the most effective technique to detect for the 
presence of the blisters and hence for macro-defects in the silica films, following 
solvent exposure.  A summary of the solvent permeation method is outlined in 
Figure 12. 

The relationship between the AP-PECVD reactor deposition conditions used to 
synthesise the amorphous silica and the resulting pinhole defect densities can 
therefore be determined.  In turn, the pinhole-dominated diffusion model can also 
be utilised to establish the dependency of the film’s encapsulation performance 
upon the pinhole defect density. 

 

iv  Encapsulation performance evaluation 

In terms of evaluating the encapsulation performance of silica barrier layers, the 
most favourable method to date is undoubtedly the ‘calcium (Ca) test’.  It follows the 
oxidation of a layer of Ca, pre-deposited over the barrier layer under investigation.  
Upon exposure to moisture, changes in the optical transmittance of the Ca layer can 
be attributed to oxidation of Ca to CaO, and hence to permeation of water vapour 
through the barrier layer.  The detection limit for this method is 3×10-7 g m-2 day-1, 
however it is only truly effective at determining the intrinsic WVTR of the films.  To 
measure the effective WVTR of a silica barrier layer, an alternative method is 
required. 

One such instrument is a Deltaperm (Technolox Ltd.).  It is a direct pressure 
device that fulfils both the ASTM D 1434-82 (2003) standard for permeation 
measurements and ISO 15106-5:2015; and has a WVTR limit of 2×10-4 g m-2 day-1.  
Sample areas of 50 cm2 are investigated, with each measurement continuing until 
the permeation rate has stabilised.  The chamber pressure downstream of the 
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sample is recorded each minute (Figure 13), and the WVTR, 𝑄𝑄, calculated from 
Equations 3 and 4: 

 

𝑄𝑄 = 𝐶𝐶𝐶𝐶
𝑇𝑇
⋅ Δ𝑃𝑃
Δ𝐴𝐴

           (3) 

 
𝐶𝐶 = 24∙60∙𝑇𝑇0𝑀𝑀

𝑉𝑉𝑚𝑚
           (4) 

 
where 𝑑𝑑 is the depth of the WVTR measurement vessel, 𝑇𝑇 is the measurement 
temperature, Δ𝑃𝑃/Δ𝑡𝑡 is the downstream pressure increase with time, 𝑇𝑇0 is the 
freezing point of water, 𝑀𝑀 is the molar mass of water and 𝑉𝑉𝑚𝑚  is the molar volume of 
water at 𝑇𝑇0 and 1 atm.  The measurement therefore takes into account the overall 
‘effective’ water vapour transmission rate of the films; including contributions from 
macro-defects, the intrinsic microstructure, and gas transport through the silica 
lattice itself.41   

From the Deltaperm measurements, data concerning the lag-time (the time 
taken for the WVTR to reach a steady-state) can also be obtained.  The lag-time is 
calculated from the x-axis intercept of an extrapolated line from the steady-state 
region of the curve, for a plot of downstream pressure expressed as a function of 
time (see Figure 14).  In turn from the lag-time results, the apparent diffusion 

 

Figure 13.  Deltaperm operation schematic.77 
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coefficient 𝐷𝐷, of the encapsulation layer can be calculated for each sample using 
Equation 5 as follows: 

 

𝐷𝐷 = 𝐿𝐿2

6𝐴𝐴𝑙𝑙𝑙𝑙𝑙𝑙
           (5) 

 
where 𝐿𝐿 is the thickness of the encapsulation layer and 𝑡𝑡𝑙𝑙𝑙𝑙𝑙𝑙  is the lag-time.78 

This technique is therefore the preferred method to measure the encapsulating 
performance of silica thin films in this work, as it provides a more realistic 
representation of the true potential of the ‘final product’. 
 

III  Research approach and thesis outline 

The overall intention of the work described in this thesis is to obtain multi-layer 
solutions to control gas permeation in thin, flexible amorphous silica films produced 
at a high deposition rate using AP-PECVD.  Focus is placed upon the scientific 
understanding of the deposited material and its final application, as opposed to 
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Figure 14.  Conceptual plot of cumulative permeation data (downstream pressure vs time), 
defining lag-time and steady-state regimes for a single-layer system.78   
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unravelling the material growth mechanisms or comprehending the physics of the 
plasma source.  The utilised research approach consisted of the following three 
stages:  
 

1. Advance the knowledge and understanding of the impact roll-to-roll AP-
PECVD reactor conditions have upon the creation of different pore types, 
the water permeation mechanisms, and resulting encapsulation 
performance of deposited amorphous single layer silica films.   
 

2. Apply the knowledge gained in 1. to the development of porosity controlled 
multi-layer amorphous silica encapsulation films, with emphasis placed on 
understanding the function and necessity for the inclusion of each layer in 
the multi-layered architecture. 
 

3. Utilise the scientific insights obtained in 2. to optimise the structure of 
multi-layered amorphous silica, with the intention to improve both the 
encapsulating ability of the final product and increase the manufacturing 
process throughput. 
 

The novel findings from the research undertaken have been published as several 
separate articles in different international peer-reviewed scientific journals.  Each 
article is presented as a chapter in Part B of this thesis, and adheres sequentially to 
the research approach described above. 

The important chemical structure-performance relationships and the influence 
roll-to-roll AP-PECVD processing has upon single layer amorphous silica 
encapsulation films are discussed in Chapter 1.  Chapter 2 demonstrates the 
influence pinhole defects have upon the encapsulation performance of intrinsically 
dense single layer silica barrier films.  Bilayer silica films are introduced in Chapter 
3 as an alternative to single layered encapsulation films, utilising the deposition-
structure-performance knowledge obtained in Chapters 1 and 2.  The function and 
necessity for the inclusion of a ‘porous’ buffer layer within a bilayer silica 
encapsulation film is explained in Chapter 4.  And Chapter 5 describes the 
optimisation of the layered silica architecture for thin films deposited using AP-
PECVD onto flexible polymer substrates, in order to improve film quality and 
increase processing throughput. 
 
Outline of the chapters in Part B: 
Chapter 1. Control of the intrinsic microstructure in AP-PECVD synthesised 

amorphous silica thin films 
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F. M. Elam, B. C. A. M. van der Velden-Schuermans, S. A. Starostin, M. C. 
M. van de Sanden and H. W. de Vries, RSC Adv., 2017, 7, 52274–52282. 

 
Chapter 2. Visible detection of performance controlling pinholes in silica 

encapsulation films 
F. M. Elam, B. C. A. M. van der Velden-Schuermans, S. A. Starostin, M. C. 
M. van de Sanden and H. W. de Vries, submitted for publication. 

 
Chapter 3. Atmospheric pressure roll-to-roll plasma enhanced CVD of high quality 

silica-like bilayer encapsulation films 
F. M. Elam, S. A. Starostin, A. S. Meshkova, B. C. A. M. van der Velden-
Schuermans, J. B. Bouwstra, M. C. M. van de Sanden and H. W. de Vries, 
Plasma Process. Polym., 2017, 14, 1600143. 

 
Chapter 4. Defect prevention in silica thin films synthesised using AP-PECVD for 

flexible electronic encapsulation 
F. M. Elam, S. A. Starostin, A. S. Meshkova, B. C. A. M. van der Velden-
Schuermans, M. C. M. van de Sanden and H. W. de Vries, J. Phys. D: Appl. 
Phys., 2017, 50, 25LT01. 

 
Chapter 5. Structural optimisation of silica thin films synthesised using atmospheric 

pressure-PECVD for cost-effective flexible electronic encapsulation 
F. M. Elam, A. S. Meshkova, B. C. A. M. van der Velden-Schuermans, S. A. 
Starostin, M. C. M. van de Sanden and H. W. de Vries, submitted for 
publication. 

 
The research was carried out at the FUJIFILM Manufacturing Europe B.V. Tilburg 

Research Laboratory, FUJIFILM’s European Research & Development centre, 
utilising both the ‘FS1’ roll-to-roll glow-like AP dielectric barrier discharge reactor 
(as depicted in Figure 4) and the extensive surface analysis equipment available.  
The group has an abundance of expertise comprising plasma physics, deposition 
technologies, and the detailed analysis of a multitude of surfaces, making it an ideal 
environment for the study of AP-PECVD of amorphous silica encapsulation films. 

All scientific work reported in this thesis received funding from the European 
Union Seventh Framework Programme: RAPID-ITN‡ project ESR7.  RAPID is an 
interdisciplinary training network at the intersection of chemistry, physics and 

                                                           
‡ RAPID (Reactive Atmospheric Plasma processIng–eDucation network) Marie Curie Initial Training 
Network (www.rapid-itn.eu). 
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engineering aimed principally at the development of non-equilibrium reactive 
processes in atmospheric pressure plasmas.  The intention was to utilise the easy 
integration of atmospheric pressure plasmas into current industrial processes such 
as material synthesis, automotive and microelectronics.  Particular research focus 
within RAPID was placed upon the emerging fields of large area solar cells, barrier 
coatings to improve the permeation properties of polymers and plasma chemical 
gas conversion.  The consortium was a co-ordinated effort involving 10 academic 
partners and 10 industrial partners from eight European countries. 

Additional support towards the development of the presented work was given 
in the form of an Industrial Partnership Programme§ that is carried out under an 
agreement between FUJIFILM Manufacturing Europe B.V. and FOM, which is part of 
the Netherlands Organisation for Scientific Research (NWO).   
 

IV  Conclusions and outlook 

The manufacture of cost-effective, high quality flexible encapsulation films is a 
research area that has vastly expanded in the last decade, in response to the 
development of the flexible electronics industry and the demand for renewable 
energy sources.  The use of AP-PECVD as a novel and industrially scalable processing 
technology to deposit cost-effective flexible silica as the encapsulating material, has 
made a notable contribution to the advancement of this field. 

In particular, this work has demonstrated the influence the AP-PECVD 
processing conditions, namely the plasma residence time and precursor flux 
(otherwise referred to as the specific deposition input energy per precursor 
molecule) has upon the resulting amorphous silica chemical structure and hence the 
porosity found in the films.  The intrinsic silica lattice, with pore diameters ranging 
from 0.2–0.3 nm,41 was found to gradually densify as a direct result of increased 
specific disposition energy.  ATR-FTIR was proven to be the most effective analytical 
technique to assess the chemical structure of the deposited silica films, followed by 
XPS.  The techniques revealed a gradual decrease in the Si–O–Si bond angle, Si–O 
bond length and the silanol (Si–OH) content of the silica layers, in combination with 
a steady decline in the O:Si ratio towards 2:1.  In addition, exposure of the layers to 
heavy water uncovered a transition in lattice pore interconnectivity, with silica 
deposited at higher specific energies featuring a larger degree of isolated pores. 

                                                           
§ The work described in this thesis will complement the work of Liu and Meshkova that was carried out 
simultaneously, but supported exclusively by the Industrial Partnership Programme i31 (APPFF).  Their 
work placed greater focus on understanding the AP plasma source, and amorphous silica growth 
mechanisms in the AP discharge respectively. 
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However, despite the intrinsic silica lattice density increasing as a function of 
rising specific deposition energy, the encapsulation performance of single layered 
silica was observed to decrease.  Further studies were therefore performed to 
ascertain the quantity of macro-defects with pore diameters >1 nm in the silica 
layers,41 utilising a method of solvent exposure to induce blister formation.  The 
blisters at the location of the macro-defects were subsequently detected using 
interferometric microscopy (IM).  This technique revealed that the presence of ~1 
μm diameter defects in the intrinsically dense single layer silica films were the 
reason for the limited effective encapsulation performance. 

Nevertheless, this performance restriction for single layered silica films 
deposited using AP-PECVD at increased specific energies was overcome by the 
deposition (at 1.6 keV/TEOS) of a semi-porous silica ‘buffer layer’ between the PEN 
substrate and the denser, upper silica ‘barrier’ layer.  It was discovered that the 
buffer layer within the multi-layered architecture could act as a protective coating 
to prevent the formation of said ~1 μm diameter defects, thus vastly improving the 
encapsulating ability of the films.  It is likely that the defects originated as a result of 
the gradually intensified processing conditions (the sustained plasma and heat 
exposure in conjunction with decreased precursor availability) necessary to deposit 
barrier layers at increased specific energies.  These conditions are thought to induce 
plasma-polymer interactions, namely etching,79–81 but may also transform the 
discharge from glow-like to that displaying filamentary characteristics.  Both 
processes can thus trigger the formation of defects in the deposited silica layers, via 
interaction with the substrate material. 

This multi-layered film architecture could therefore be engineered and 
optimised in order to attain significant performance and processing throughput 
enhancements.  Bilayer films consisting of a 30 nm barrier layer and 100 nm buffer 
layer demonstrated exceptionally low effective water vapour transmission rates in 
the region of 2×10-4 g m-2 day-1.  These values are so far unprecedented for silica 
encapsulation films deposited at atmospheric pressure on flexible polymer 
substrates, and presents a significant development towards low-cost, versatile 
production of silica encapsulation films designed for the protection of flexible 
OLEDs.  Regarding processing throughput improvements for the efficient and 
profitable manufacture of silica thin films capable of protecting flexible solar cells 
(WVTR ~2.7×10-3 g m-2 day-1),6 a very promising result was exhibited by a bilayer 
film with a 5 nm barrier layer and 50 nm buffer layer.  The barrier layer (the rate 
limiting manufacturing step) in this case was produced with a processing speed of 
240 mm min-1, more than double that of an equivalent performing 100 nm single 
layer barrier typically deposited at 100 mm min-1. 
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The three research objectives originally proposed in Section II:A, were therefore 
all successfully answered by this thesis.  Regarding the future outlook, it is quite 
clear that for the cost-effective development of AP-PECVD processing of silica thin 
films designed for the encapsulation of flexible electronics, the use of a multi-layer 
architecture is essential.  However, further optimisation of this architecture is 
definitely still required if AP-PECVD is to be used to manufacture encapsulation 
films for flexible OLEDs.  This optimisation could arise in the form of additional 
encapsulating layers of varying density, thickness, and potentially elemental 
composition.  For instance, although it may complicate the manufacturing process 
somewhat, the encapsulating performance of organic-inorganic multi-layer barriers 
deposited using roll-to-roll AP-PECVD should be investigated.   

Regarding a reduction in production expenditure, significantly less expensive 
substrate materials such as PET should be considered.  The research regarding this 
subject should be focussed on the deposition of dense, defect-free layers at lower 
deposition temperatures, due to the heat-sensitive nature of PET and its lower glass 
transition temperature.82  A heat-stabilised form of PET is available on the market, 
but unfortunately still remains susceptible to deformation at temperatures greater 
than 180 °C.82   

While this work may have exposed the current limitations of the roll-to-roll AP-
PECVD reactor, it has also provided an insight into the ways in which the system can 
be adapted to control the porosity of deposited silica layers; an advantage that could 
be utilised to generate films for a variety of other applications, such as membranes 
for water purification and gas separation. 
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Chapter 1 
 
Control of the intrinsic microstructure in 
AP-PECVD synthesised amorphous silica 
thin films* 
 
 
Abstract 

Amorphous single layered silica films deposited using industrially scalable roll-to-
roll atmospheric pressure-plasma enhanced chemical vapour deposition were 
evaluated in terms of structure-performance relationships.  Polarised attenuated 
total reflectance-Fourier transform infrared absorption spectroscopy and heavy 
water exposure to induce hydrogen-deuterium exchange, revealed it was possible 
to control the film porosity simply by varying the precursor flux and plasma 
residence times.  Denser silica network structures with fewer hydroxyl impurities, 
shorter Si–O bonds, decreased Si–O–Si bond angles and a greater magnitude of 
isolated pores were found in films deposited with decreased precursor flux and 
increased plasma residence times, and consequently exhibited significantly 
improved encapsulation performance. 
  

                                                           
* Published as:  F. M. Elam, B. C. A. M. van der Velden-Schuermans, S. A. Starostin, M. C. M. van de Sanden 
and H. W. de Vries, RSC Adv., 2017, 7, 52274–52282. 
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I  Introduction 

The economical manufacture of thin functional films with precisely controlled 
porosity is of particular importance for industries involved in gas separation, water 
purification, and the protection of flexible electronics, the latter of which this work 
is focussed.   

Flexible encapsulation barriers are designed primarily to protect electronic 
devices such as solar cells against degradation from oxygen and water,1–9  thus 
prolonging device lifetimes and improving operational stability.  A widely regarded 
material for such a barrier is amorphous silica, which can be deposited onto flexible 
polymer substrates using a variety of different deposition methods.2,10–21  One 
particularly cost-effective and thus industrially relevant method, is atmospheric 
pressure-plasma enhanced chemical vapour deposition (AP-PECVD).  The absence 
of any large footprint vacuum equipment,9 and potential for continuous processing, 
renders it an ideal technology for the large scale manufacture of flexible protective 
coatings.9–12,22 

It was discovered recently that encapsulation performance could be improved 
for amorphous silica films deposited onto flexible polymer substrates using 
industrially scalable roll-to-roll AP-PECVD, by increasing the deposition input 
energy per precursor gas molecule (a parameter that relates increasing plasma 
residence time with decreasing precursor vapour flow rates, whilst maintaining a 
constant power dissipation in the discharge).10,12  X-ray photoelectron spectroscopy 
(XPS) was used to successfully determine the elemental composition and hence 
approximate O:Si ratio of the films.10,12  Unfortunately in these instances, XPS was 
unable to provide a sufficiently detailed insight into the changes in the silica network 
structure as a function of deposition input energy, and hence the impact this had 
upon the encapsulation performance of the films. 

Attenuated total reflectance-Fourier transform infrared (ATR-FTIR) absorption 
spectroscopy with an un-polarised light source was therefore used as an alternative, 
to study the intrinsic microstructure of these amorphous silica films, with focus on 
the extent of hydroxyl (–OH) impurities.10,12,23–27  It was shown that an improved 
encapsulation performance was due in part to a decrease in concentration of 
network disrupting silanol (Si–OH) groups, thus implying that the microstructure of 
the silica lattice increased in density at higher specific deposition energies per 
precursor molecule.10,12  However, no direct detailed analysis of the Si–O–Si bonding 
was carried out to verify this assumption.  Fortunately, this type of bonding can be 
resolved by performing ATR-FTIR absorption spectroscopy using a polarised light 
source.   

Control of the intrinsic silica microstructure 
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However, ATR-FTIR analysis alone does not provide a complete representation 
of the degree of porosity within the silica films.  Ellipsometric porosimetry (EP) and 
electrical impedance spectroscopy (EIS) were two alternative techniques used 
extensively by Perrotta et al. to very effectively characterise the nano-porosity, the 
pore size range and the presence of macroscale defects in the structure of silica 
layers.28–31  Due to the nature of these techniques, however, the majority of the 
analysis was performed on samples deposited upon rigid silicon wafers, rather than 
flexible polymer substrates.  A full characterisation of the nano-pore content of silica 
layers was unfortunately found to be problematic using EP if a polyethylene 
terephthalate substrate was used.31  

A method unhindered by the composition of the substrate material, and 
therefore an alternative to EP and EIS, is a technique involving proton exchange via 
exposure to heavy water (D2O) and subsequent detection of said transfer using ATR-
FTIR, highlighted relatively recently by Liu et al.32  This method can provide 
information relating to the total pore surface area and the extent of closed porosity.  
It is therefore possible, by using this procedure, to obtain a more comprehensive 
interpretation of the bonding arrangements in amorphous silica films deposited on 
polymer substrates using AP-PECVD. 

The ability to economically produce functional films with a specific porosity 
would be highly advantageous in the encapsulation barrier market.  Therefore, 
understanding the influence roll-to-roll AP-PECVD processing has upon the intrinsic 
microstructure (namely the Si–O–Si bonding and degree of closed porosity), and 
resulting encapsulation performance of the synthesised amorphous silica layers is 
of paramount interest, and hence forms the basis of this work.  Focus will be placed 
on the utilisation of two complementary analytical techniques known to be suitable 
for the structural analysis of films deposited upon polymeric substrate materials, 
namely polarised ATR-FTIR and hydrogen-deuterium exchange. 
 

II  Experimental section 

Single layer amorphous silica-like films were deposited onto thermally stabilised 
optical grade polyethylene 2,6 naphthalate (PEN) foil (Teonex Q65FA, Teijin DuPont 
Films) with a width and thickness of 180 mm and 100 μm respectively, using a glow-
like AP dielectric barrier discharge in an industrially scalable roll-to-roll set-up open 
to ambient air.  A schematic representation of the AP-PECVD reactor is shown in an 
article by Starostin et al.,10 and basic device and thin film deposition parameters can 
be found in a recent publication by Elam et al.12  The reactor itself is located in an 
ISO class 3 cleanroom, in accordance with ISO 14644-1 standards. 

II Experimental section 
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The PEN foil was positioned over the lower drum electrode and the foil transport 
speed was varied from 133–33 mm min-1 to enable the deposition of uniform ~150 
nm barrier layers.  A 63 μm thick sacrificial polymer, polyethylene terephthalate 
(PET) (ASTERATM Functional Foils, AGFA), was used as the dielectric material for 
the upper drum electrode, with foil transport speed maintained at 50 mm min-1 in 
all cases.  The reactant gases for every deposition were oxygen (technical grade) and 
tetraethyl orthosilicate (Si(OC2H5)4, TEOS) (≥99.0%, Sigma-Aldrich).  The precursor 
gas, TEOS, was injected via a controlled evaporation mixer unit (CEM-Technology, 
Bronkhorst HIGH-TECH B.V.), where the liquid precursor was combined with 1 slm 
argon (technical grade).  The carrier gas in all cases was nitrogen (technical grade), 
with a flow of 20 slm.  All four gases were mixed before being released into the 
plasma.  In order to vary the specific input energy per TEOS molecule and therefore 
the layer densities for the 150 nm barrier layers, the TEOS and oxygen gas flows 
were adjusted with a fixed ratio of 4.5×10-3 in the range of 7.2×10-3–1.8×10-3 slm 
and 1.6–0.4 slm respectively.  This resulted in the deposition of barrier layers with 
input energies ranging from approximately 1.4–4.9 keV/TEOS molecule.  A 
description of the method used to calculate the input energy per TEOS molecule 
(E/TEOS) is outlined in a publication by Elam et al.12 

Spectroscopic ellipsometry (SE) was performed using a variable angle 
spectroscopic ellipsometer (M-2000D, J.A. Woollam Co. Inc.) in the wavelength 
range of 400–1000 nm in order to ensure that the single layer barriers post-
deposition were of the expected thickness and demonstrated good overall 
uniformity.33  The Cauchy dispersion function was used to model the PEN substrate 
and the silica-like thin films as two separate entities.  The optical model did not take 
into account the substrate anisotropy;14 however sample orientation was consistent 
for each measurement. 

The effective WVTR of the single layer samples comprising barrier and substrate 
layers were determined using a Deltaperm (Technolox Ltd.), with set conditions of 
40 °C, 90% relative humidity (RH).  This measurement therefore took into account 
the overall permeation of the films; including contributions from macro-defects (>1 
nm), and the intrinsic microstructure (nano-defects (0.3–1 nm) and gas transport 
through the amorphous silica-like lattice itself (0.2–0.3 nm)).17  The Deltaperm 
fulfils the ASTM D 1434-82 (2003) standard for permeation measurements, and has 
a WVTR limit of 2×10-4 g m-2 day-1.  Sample areas of 50 cm2 were investigated, with 
each measurement lasting for 60–190 hrs depending on encapsulating ability, in 
order to ensure the permeation rate had stabilised.  The WVTR was recorded each 
minute, and calculated as summarised in.12  From the Deltaperm measurements, 
data concerning the lag-time (the time taken for the WVTR to reach a steady-state) 
was also obtained, and from this the apparent diffusion coefficient of the 
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encapsulation layers calculated as outlined in.12  It should be noted that all barrier 
layers used for the encapsulation performance measurements showed excellent 
adhesion to the polymeric substrate.  No evidence of delamination was observed 
after evaluation using a cross-cut tape adhesion test (in accordance with ISO 
2409:2003).10 

Attenuated total reflectance-Fourier transform infrared (ATR-FTIR) absorption 
spectroscopy was performed using s-polarised light (Frontier FT-IR/FIR 
Spectrometer, PerkinElmer; VeeMAX III Accessory, PIKE Technologies) to 
investigate the average chemical structure of the barrier layers,34 with particular 
focus upon the Si–O–Si stretching modes.  This set-up utilised a Ge crystal with a 60° 
face angle and one internal reflection.  Spectra were obtained at a set angle of 60° 
(and hence a 60° effective angle 𝜃𝜃𝑒𝑒), which resulted in a penetration depth 𝑑𝑑𝑝𝑝 range 
of 391–678 nm for the selected wavenumber range of 1300–750 cm-1, calculated 
using Equation 1,35 

 
𝑑𝑑𝑝𝑝 = 1

100𝜐𝜐��2𝜋𝜋�𝑛𝑛1
2 sin2 𝜃𝜃𝑒𝑒−𝑛𝑛2

2�
1/2

�
        (1) 

 
where �̅�𝜈 is the wavenumber, 𝑛𝑛1 is the refractive index of the Ge crystal (4.0) and 𝑛𝑛2 
is the refractive index of the silica layer (1.48).  To minimise the effect of background 
noise, 16 scans were acquired for every measurement.  The absorption spectrum of 
the substrate was subtracted from each sample spectrum.  In addition, every sample 
spectrum was normalised to the Si–O–Si asymmetric stretch peak centred at 
approximately 1050 cm-1, and interpreted assuming that an increase in peak 
absorption intensity equated to an increase in the presence of the corresponding 
functional group.  Deconvolution of all spectral peaks was carried out (Peak 
Analyzer–Fit Peaks (Pro), OriginPro 9.1) in order to determine the position, full 
width at half maximum (FWHM) and intensity of each elementary contribution.  For 
the purpose of this analysis, a separate set of samples were investigated as the PEN 
substrate has strong IR absorption peaks in the spectral region of interest for silica-
like film evaluation.  Therefore, a set of equivalent barrier layer-type films that had 
been deposited onto a PET substrate pre-coated with a 1 μm thick layer of 
polyvinylidene chloride (PVDC) were analysed instead.  The PVDC layer was thick 
enough to prevent penetration of the IR evanescent wave into the underlying PET 
substrate, and its FTIR absorption spectrum neutral enough not to impede the 
absorption spectrum of the silica layers, thereby ensuring ‘clean’ spectra of the films 
could be obtained.  All equivalent barrier layer-type films were ~200 nm in 
thickness, as it is known, especially when using polarised light, that both the FTIR 
absorption peak positions and FWHM can vary as a function of film thickness.36–40 
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The pore interconnectivity within the 150 nm silica-like barrier layers deposited 
on PEN, was determined by means of exposure to deuterium oxide (D2O) (Sigma-
Aldrich) and subsequent detection of hydrogen-deuterium (1H-2H, H-D) exchange 
using un-polarised ATR-FTIR absorption spectroscopy (Frontier FT-IR/FIR 
Spectrometer, PerkinElmer; Frontier UATR Ge/Ge, PerkinElmer).  This accessory 
similarly used a Ge crystal with one internal reflection, but a 45° face angle.  Spectra 
were acquired at a fixed angle of 45°, which resulted in a penetration depth range of 
176–330 nm for the selected wavenumber range of 3750–2000 cm-1 (calculated as 
before using Equation 1) and thus improved the detection and subsequent analysis 
of SiO–H and H–OH spectral peaks.  The full procedure comprised drying the 
samples in a desiccator under vacuum for one week, followed by exposure to D2O 
for one week using a climate chamber, with set conditions of 40 °C, 90% RH.  
Samples were then dried again for one week in a desiccator under vacuum and 
finally exposed to ambient air for one week.  ATR-FTIR absorption spectra were 
recorded directly after every step. 
 

III  Results and discussion 

A  Encapsulation performance 

The effective WVTR trend (at 40 °C, 90% RH) with respect to increasing input energy 
per TEOS molecule (a parameter that relates increasing plasma residence time, or 
substrate transport speed, with decreasing TEOS vapour flow rates, whilst 
maintaining a constant power dissipation in the discharge) during the deposition of 
the 150 nm barrier layer is shown in Figure 1a.  As previously reported, a clear 
correlation can be observed between increasing input energy per TEOS molecule 
and decreasing effective WVTR, suggesting that the encapsulation properties of 
silica-like films deposited using AP-PECVD improve as a function of increased 
deposition input energy.10  However, this improvement is unfortunately limited by 
the formation of macro-defects that occur as a result of the gradually intensified 
processing conditions required to achieve deposition input energies greater than 6 
keV/TEOS for single layered films and 20 keV/TEOS for bilayer films.12,13  Figure 1b 
that illustrates the lag-time and apparent diffusion coefficient of the single layer 
barrier as a function of input energy per TEOS molecule, complements the WVTR 
data, reaffirming the above statements that encapsulation performance improves to 
a certain extent with increasing input energy per TEOS molecule during the 
deposition process. 
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Figure 1.  Water permeation measurements (at 40 °C, 90% relative humidity): (a) water 
vapour transmission rate with respect to increasing input energy per TEOS molecule for 
synthesis of a 150 nm barrier layer; (b) lag-time and corresponding apparent diffusion 
coefficient with respect to increasing input energy per TEOS molecule for synthesis of a 150 
nm barrier layer. 
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B  Silica network structure: Polarised ATR-FTIR spectroscopy 

Figures 2 and 3 show the normalised s-polarised ATR-FTIR absorption spectra and 
subsequent deconvolution, of the amorphous silica barrier layers deposited by AP-
PECVD, with particular focus upon the Si–O–Si  stretching modes.  The presence of 
the silanol (Si–OH) group in amorphous silica deposited using AP-PECVD is 
discussed in greater detail in a recent publication by Elam et al.12  For the purpose 
of understanding the extent and nature of the variation in film structure as a 
function of increasing input energy per TEOS molecule during the deposition 
process, the data set was extended to include samples deposited at energies up to 
70 keV/TEOS molecule.12 

Amorphous silica, unlike conventional crystalline silicon dioxide (SiO2), does not 
possess a silicon-oxygen (Si–O) microstructure with obvious long range order.39,41  
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Figure 2.  Normalised s-polarised ATR-FTIR absorption spectra showing: the Si–O–Si 
transverse optical symmetric stretch (SSTO, ~800 cm-1); the silanol stretch (Si–OH, 930 cm-

1); the Si–O–Si transverse optical asymmetric stretch with adjacent O atoms in phase (AS1TO, 
~1050 cm-1); and the Si–O–Si transverse optical asymmetric stretch with adjacent O atoms 
180° out of phase (AS2TO, ~1160 cm-1) of 200 nm silica-like thin films deposited with input 
E/TEOS from 1.2–72.2 keV onto a modified PET substrate using AP-PECVD, under conditions 
replicating those of the barrier layer synthesis. 
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The crystal symmetry is broken by disordered linkage, and by the existence of 
oxygen atoms that are not shared among neighbouring tetrahedra.  This disorder 
therefore gives rise to localisation, and hence the vibrational properties of 
amorphous silica are usually interpreted in terms of Si–O–Si subunits.41  However, 
due to its lattice-like network structure, longitudinal optical (LO) and transverse 
optical (TO) phonons associated with the Si–O–Si symmetric (SS) and asymmetric 
stretching (AS) modes also exist.42–44  It is possible to activate the LO modes with a 
transition dipole moment oriented perpendicular to the surface of the film,45,46 by 
utilising the p-polarised component of IR light in oblique-incidence reflectance.46–48   

In a similar fashion, TO modes oriented parallel to the surface,45,46 are activated 
alongside LO modes, but can be isolated by using s-polarised light.48  Furthermore, 
the Si–O–Si asymmetric stretching mode in fact generates two vibrational modes: 
the AS1 mode whereby adjacent oxygen atoms execute the asymmetric stretching 
motion in phase with one another, and the AS2 mode characteristic of the Si–O–Si 
shoulder peak, in which adjacent oxygen atoms perform the asymmetric stretch 
180° out of phase.49–51  This therefore results in six IR active modes associated with 
the Si–O–Si functional group; namely the TO and LO phonons for the symmetric 
stretch (SSTO and SSLO), and the TO and LO phonons for both asymmetric stretches 
(AS1TO, AS2TO, AS1LO and AS2LO).51   

The most prominent peaks in the normalised s-polarised ATR-FTIR absorption 
spectrum of amorphous silica shown in Figure 2 can be assigned to the Si–O–Si SSTO 
mode (~800 cm-1), the silanol (Si–OH) stretch (930 cm-1), the Si–O–Si AS1TO mode 
(~1050 cm-1) and the Si–O–Si AS2TO mode (~1160 cm-1).  It should be highlighted 
that no peaks at 1275 cm-1 due to the bending mode of methyl groups in Si-CH3 are 
observed,24,52–54 indicating that all silica-like films deposited using the AP-PECVD 
process are essentially carbon free.  This assumption has also been verified by prior 
XPS analysis, which revealed the maximum percentage of elemental carbon present 
in the silica layers was 3.5%.10,12 

Several clear trends become apparent upon deconvolution (Figure 3) of the 
spectra shown in Figure 2.  The absorbance of the SSTO mode increases with 
increasing input energy per TEOS molecule during the deposition process.  
According to the Beer-Lambert law,12 this implies an increase in concentration of Si–
O–Si species and thus reduction in the porosity of the intrinsic microstructure of the 
silica network as a function of increasing deposition input energy.  Contrary to this, 
however, the absorbance of the AS2TO vibrational mode decreases.  An increase in 
the intensity of the AS2TO mode has been previously associated with disorder-
induced mechanical coupling to the AS1 mode,50,51,55 increased porosity in the 
layer,56 and increased disorder in the silica microstructure.25,27,50,55  Therefore a 
decrease  in  the  intensity  of  the  AS2TO  vibrational  mode  would  also  indicate   a  
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Figure 3.  Deconvolution (a) of the normalised s-polarised ATR-FTIR absorption spectra 
shown in Figure 2 illustrating the specific peak centre (grey; circle), FWHM (gold; triangle) 
and absorbance (blue; diamond) as a function of increasing input E/TEOS for the synthesis 
of the barrier layer for: (b) Si–O–Si SSTO. 
 
 
 

Control of the intrinsic silica microstructure 



53 
 

 
 

0 10 20 30 40 50 60 70 80 90
1040

1050

1060

1070

1080

(c)

Pe
ak

 c
en

tr
e 

(c
m

-1
)

Energy per TEOS molecule (keV)

0

25

50

75

100

125

FW
H

M
 (c

m
-1

)

0.0

0.2

0.4

0.6

0.8

1.0

N
or

m
al

ise
d 

ab
so

rb
an

ce
 (a

.u
.)

0 10 20 30 40 50 60 70 80 90
1150

1160

1170

1180

1190

Pe
ak

 c
en

tr
e 

(c
m

-1
)

Energy per TEOS molecule (keV)

0

25

50

75

100

125

(d)

FW
H

M
 (c

m
-1

)

0.00

0.05

0.10

0.15

0.20

N
or

m
al

ise
d 

ab
so

rb
an

ce
 (a

.u
.)

 

Figure 3 cont.  Deconvolution of the normalised s-polarised ATR-FTIR absorption spectra 
shown in Figure 2 illustrating the specific peak centre (grey; circle), FWHM (gold; triangle) 
and absorbance (blue; diamond) as a function of increasing input E/TEOS for the synthesis 
of the barrier layer for: (c) Si–O–Si AS1TO and (d) Si–O–Si AS2TO. 
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reduction in porosity and hence densification of the intrinsic microstructure of the 
silica network. 

The peak FWHM, widely acknowledged to be indicative of the degree of variation 
in bonding arrangements surrounding a particular functional group,50,57–59 can be 
seen to increase for all Si–O–Si stretching modes, as the deposition input energy 
increases.  As the intrinsic silica network densifies with a reduction in the 
concentration of network-disrupting silanol groups,12 the distribution of Si–O–Si 
bond angles in the network is likely to increase, thereby resulting in an increase in 
the FWHM.23,60  The greater distribution of bond angles may also coincide with an 
increase in bond strain and thus film tensile stress.61 

The specific peak centres of the SSTO and AS2TO vibrations are observed to 
increase in wavenumber with increasing film density,62 most likely the consequence 
of an increase in the force constant 𝑘𝑘, of the Si–O–Si bonds since the reduced mass 
of the vibrating atoms 𝜇𝜇, remains unchanged.63  Due to the removal of network-
disrupting Si–OH groups,12 the length of Si–O bonds are liable to decrease, resulting 
in an increase in bond strength and thus rise in vibrational frequency as a function 
of increasing deposition input energy.  Conversely, the specific peak centre of the 
AS1TO vibrational mode is quite visibly seen to decrease in wavenumber as a 
function of increasing input energy per TEOS molecule and hence reduction in 
porosity.  This effect was also previously observed in conjunction with removal of 
hydroxyl species,23,60 and densification.62  Slight variations in peak positions can also 
be attributed to changes in the intrinsic bond angles, as described in Equation 2, 
which is specific for the Si–O–Si vibration: 

 
𝜔𝜔2 = 𝑘𝑘

𝑚𝑚𝑂𝑂
(1 − 𝑐𝑐𝑐𝑐𝑐𝑐 𝜃𝜃) + 4

3
𝑘𝑘
𝑚𝑚𝑆𝑆𝑆𝑆

        (2) 

 
where 𝜔𝜔 is the stretching frequency, 𝑚𝑚𝑂𝑂 and 𝑚𝑚𝑆𝑆𝑆𝑆  are the mass of oxygen and silicon 
atoms respectively, 𝜃𝜃 is the Si–O–Si inter-tetrahedral bond angle and 𝑘𝑘 in this case 
is the Si–O stretching force constant.27  And so, any decrease in frequency of the Si–
O–Si AS1 vibration can theoretically be associated with a decrease in the Si–O–Si 
bond angle, within the range 90–180°, and consequently, like the aforementioned 
increase in FWHM, also an indication of an increase in strain within the Si–O–Si 
structure.57–59 

Therefore the presented ATR-FTIR analysis suggests that the intrinsic micro-
structure of AP-PECVD synthesised amorphous silica densifies as a function of 
increasing deposition input energy.  The densification is confirmed by an increase 
in the presence of Si–O–Si groups due to removal of hydroxyl species,12 a decrease 
in Si–O bond lengths and decrease in Si–O–Si bond angle which may in turn result in 
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increased bond strain.  The findings suitably confirm the improved encapsulation 
performance observed as a function of increasing deposition input energy shown in 
Figure 1.  

However, as illustrated in Figures 3b, c and d, the silica network regarding the 
Si–O–Si bonding appears to rapidly densify and then plateau at deposition input 
energies of approximately 6–10 keV/TEOS.  This does not entirely coincide with the 
prior reported ATR-FTIR analysis focussed on the hydroxyl content of the films,12 
which showed a more gradual removal of silanol impurities as a function of 
deposition input energy up to at least ~35 keV/TEOS.  This finding would imply that 
a potential two-part densification process occurs as a function of increasing 
deposition input energy for amorphous silica films synthesised using AP-PECVD.  
First, rapid densification of the silica network takes place, alongside the steady 
removal of hydroxyl impurities for films synthesised at specific deposition E/TEOS 
up to ~6 keV.  The silica network then continues to densify, but at a much slower 
rate, in line with the gradual to almost complete removal of hydroxyl impurities only 
seen for films deposited at specific energies greater than ~35 keV/TEOS.12 

 

C  Pore interconnectivity: Hydrogen-deuterium exchange 

The influence of the D2O exposure process performed to understand pore 
interconnectivity in the 150 nm silica-like thin films can be seen in the normalised 
un-polarised ATR-FTIR absorption spectra shown in Figure 4.  Hydrogen-deuterium 
exchange, due to the increase in reduced mass of the vibrating atoms 𝜇𝜇, induces a 
detectable decrease in the frequency of the O–H vibration.63  This is clearly evident 
for all films upon exposure to D2O, and is seemingly reversible upon subsequent 
drying and contact with ambient air.  

As previously discussed by Elam et al.,12 the hydroxyl groups in the amorphous 
silica network, whether covalently bonded as in the case of isolated silanol (iSiO–H, 
3650 cm-1),53,54,60 and neighbouring silanol (nSiO–H, 3450 cm-1),53,54,64 or unbound 
in the case of trapped molecular water (HO–H, 3250 cm-1),27,54,64 gradually decrease 
in concentration with increasing deposition input energy.  This characteristic 
decrease in absorbance can be seen clearly in Figure 4b.  However, what becomes 
apparent upon exposure to D2O, is the variation in the degree of pore 
interconnectivity.  It appears that samples deposited at specific energies greater 
than 2.6 keV/TEOS molecule have a greater magnitude of isolated pores within the 
silica network (Figure 4c), as the extent of H-D exchange during the one week 
exposure is significantly less for samples deposited at 4.9 keV/TEOS molecule.  This 
finding directly correlates with the one order of magnitude improvement in 
encapsulation performance (10-2 to 10-3 g m-2 day-1) observed for films deposited  at  
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Figure 4.  Normalised un-polarised ATR-FTIR absorption spectra showing: (a) the influence 
of the D2O exposure process upon the hydroxyl (O–H, 3750–3000 cm-1; O–D, 2750–2250 cm-

1) stretching region for a 150 nm silica-like thin film deposited with an input E/TEOS of 1.4 
keV; (b) the hydroxyl stretching region of 150 nm silica-like thin films deposited with input 
E/TEOS ranging from 1.4–4.9 keV illustrating films immediately after deposition. 
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Figure 4 cont.  Normalised un-polarised ATR-FTIR absorption spectra showing: (c) the 
influence of the D2O exposure process upon the hydroxyl (O–H, 3750–3000 cm-1; O–D, 2750–
2250 cm-1) stretching region after one week exposure to D2O and (d) after one week 
exposure to ambient air (post D2O contact). 
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4.9 keV/TEOS with respect to 2.6 keV/TEOS (Figure 1).  Upon drying of the samples 
post D2O exposure and subsequent contact with ambient air for one week, it appears 
in general that the reverse deuterium-hydrogen exchange occurs, bar a small 
concentration of deuterium that still remains in all films, covalently bonded in the 
form of isolated silanol (iSiO–D), as shown in Figure 4d. 

For the purpose of understanding pore interconnectivity in amorphous silica 
thin films deposited at energies greater than 4.9 keV, the data set was extended to 
include samples deposited at energies up to 70 keV/TEOS molecule.  The results 
showing the influence of one week exposure to D2O on the hydroxyl stretching 
region of these films can be seen in Figure 5.   

From the aforementioned polarised ATR-FTIR analysis of these films, it was 
proposed that a two-part densification process occurs as a function of increasing 
specific energy during the deposition of amorphous silica films using AP-PECVD.  
The silica network structure was thought to initially undergo a rapid densification 
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Figure 5.  Normalised un-polarised ATR-FTIR absorption spectra showing the influence of 
one week exposure to D2O upon the hydroxyl (O–H, 3750–3000 cm-1; O–D, 2750–2250 cm-1) 
stretching region for 200 nm silica-like thin films deposited with input E/TEOS ranging from 
1.2–72.2 keV onto a modified PET substrate using AP-PECVD, under conditions replicating 
those of the barrier layer synthesis.  The peaks at ~2350 cm-1 are due to the carbon dioxide 
asymmetric stretch. 
 
 
 
 
 

Control of the intrinsic silica microstructure 



59 
 

 

for films synthesised at specific deposition E/TEOS up to ~6 keV, alongside the 
steady removal of hydroxyl impurities.  This phenomenon can be seen in Figure 5, 
with films deposited at energies lower and higher than ~6 keV displaying different 
behaviour regarding H-D substitution.  Films deposited at specific energies <6 keV 
show almost complete H-D substitution, suggesting that the silica network is open 
enough to permit the unhindered permeation of (heavy)water molecules and thus 
the exchange of hydrogen and deuterium, even for supposedly isolated silanol 
groups.  For films deposited at a specific deposition energy of ~6 keV however, the 
pore interconnectivity decreases (the Si–O bond length and Si–O–Si bond angle 
decreases) to such a degree that only hindered permeation of (heavy)water 
molecules is permitted, leading merely to partial H-D substitution.  This observation 
holds true for films deposited at energies up to ~20 keV, after which no H-D 
substitution is observed.  Amorphous silica films deposited at specific energies >20 
keV appear to have a network structure impermeable to (heavy)water molecules.  
The diameter of the pores within the lattice must therefore be <0.265 nm (the 
kinetic diameter of water), making the few remaining hydroxyl impurities within 
the silica network of these films completely isolated. 

This finding would imply that amorphous silica thin films deposited using AP-
PECVD at specific energies greater than 20 keV should show excellent encapsulating 
ability due to their intrinsically dense nature.  However, as mentioned before, the 
performance of these films can unfortunately be limited by the formation of macro-
defects that occur as a result of the gradually intensified processing conditions 
necessary to achieve such high deposition input energies.12,13   
 

IV  Conclusions 

The structure-performance relationships in single layer amorphous silica 
encapsulation films deposited using industrially scalable and cost-effective roll-to-
roll AP-PECVD were evaluated.  Extensive polarised ATR-FTIR analysis revealed the 
intrinsic micro-structure of the amorphous silica rapidly densified as a function of 
increasing deposition input energy, a parameter that related increasing plasma 
residence time with decreasing TEOS vapour flow rates.  The network densification 
was confirmed by an increase in the presence of Si–O–Si groups, removal of hydroxyl 
species, a decrease in Si–O bond length and decrease in Si–O–Si bond angle.  In 
conjunction, exposure of the silica layers to D2O to induce hydrogen-deuterium 
exchange uncovered a transition in pore interconnectivity as a function of input 
deposition energy, with a greater magnitude of isolated pores incorporated into 
silica networks deposited at higher input energies.  The technique also permitted 
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the estimation of pore diameters within the lattice structures of the films found to 
be impermeable to (heavy)water molecules. 

In addition, the findings exposed a clear correlation between encapsulation 
performance (WVTR and lag-time) and the intrinsic amorphous microstructure, 
proving that the intrinsic porosity of AP-PECVD silica films could be controlled 
merely by varying the deposition precursor flux and plasma residence times.  The 
results presented in this article hereby demonstrate the remarkable potential of AP-
PECVD as an economical, reliable and versatile production method for the synthesis 
of encapsulation films. 
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Chapter 2 
 
Visible detection of performance 
controlling pinholes in silica 
encapsulation films* 
 
 
Abstract 

For the first time in atmospheric pressure-plasma enhanced chemical vapour 
deposition of amorphous silica onto flexible polymer substrates, pinholes have been 
visibly detected using interferometric microscopy and their average diameter of 1.7 
μm calculated.  Pinholes were found to control the water vapour transmission rate 
of all 30 nm films deposited with input energies greater than 9 keV per precursor 
molecule, thus presenting an opportunity for the synthesis of single layer thin films 
with precisely targeted permeation rates.  The pinholes themselves were 
understood to originate from interactions between the polymer substrate and 
filaments in the plasma.  The non-uniformity of the discharge was attributed to the 
reduced concentrations of precursor tetraethyl orthosilicate and oxygen species 
necessary to deposit amorphous silica at high specific energies.    
 
 
  
                                                           
* Submitted for publication:  F. M. Elam, B. C. A. M. van der Velden-Schuermans, S. A. Starostin, M. C. M. 
van de Sanden and H. W. de Vries. 
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I  Introduction 

Roll-to-roll atmospheric pressure-plasma enhanced chemical vapour deposition 
(AP-PECVD) is an innovative technology that can be integrated into many existing 
manufacturing systems to facilitate the cost effective mass production of functional 
films; specifically encapsulation foils.1,2  These barrier films are essential to the 
flexible electronics industry, envisioned to protect devices such as flexible 
photovoltaics, thin film transistors, quantum dot liquid crystal displays and organic 
light emitting diodes against degradation from oxygen and water.3  

AP-PECVD, like many other deposition methods, has certain limitations.  The 
most prominent is the creation of pinholes in the deposited films under ‘harsh 
processing conditions’, namely long plasma residence times in conjunction with low 
precursor flux.4  These processing conditions are thought to induce specific plasma-
surface interactions such as substrate etching,5–7 which can in turn result in the 
formation of pinholes.  In a recent study,4 it was found that pinhole formation could 
be prevented in silica films deposited upon a polymer substrate using AP-PECVD, if 
a bilayer film structure was applied.  A low density silica layer was deposited directly 
onto the substrate under lenient conditions, prior to the deposition of the dense, 
active silica barrier layer, and thus acted as a protective coating to prevent plasma-
surface interactions.4  

Unsurprisingly, pinholes have been detected and studied in silica films deposited 
using a variety of techniques,8–14 but to our knowledge have not been examined to a 
great extent in films deposited on polymer substrates using AP-PECVD.  The focus 
of the presented work is to attempt to detect these pinholes visibly, determine their 
size, and to evaluate their influence upon the encapsulation performance of 
intrinsically dense single layer silica barrier films.  Increasing our understanding of 
the nature and occurrence of these performance limiting pinholes can present 
potential opportunities to tune the porosity of single layer silica thin films for 
specific applications, based upon the deposition conditions of this industrially and 
commercially relevant manufacturing method. 
 

II  Experimental section 

A roll-to-roll glow-like AP dielectric barrier discharge open to ambient air was used 
to synthesise 30 nm (27 ± 4 nm) silica-like single layer films by PECVD.  Recent 
publications by Starostin et al. and Elam et al. present schematic representations of 
the AP-PECVD reactor, and basic device and thin film deposition parameters.1,2  The 
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reactor is located in an ISO class 3 cleanroom, in accordance with ISO 14644-1 
standards.   

Polyethylene 2,6 naphthalate (PEN) foil (Teonex Q65HA, Teijin DuPont Films) 
with a width and depth of 180 mm and 100 μm respectively, was used as the 
substrate material and positioned over the lower drum electrode.  To enable the 
deposition of a ~30 nm silica layer, the foil transport speed was varied from 372–
35 mm min-1.  Polyethylene terephthalate (PET) (ASTERATM Functional Foils, 
AGFA), was used as the dielectric material for the upper drum electrode, and the 
transport speed maintained at 50 mm min-1 in all cases. 

Reactant gases in all instances were oxygen (technical grade) and tetraethyl 
orthosilicate (Si(OC2H5)4, TEOS) (≥99.0%, Sigma-Aldrich).  The precursor gas, TEOS, 
was injected via a controlled evaporation mixer unit (CEM-Technology, Bronkhorst 
HIGH-TECH B.V.), where the vapours were combined with 1 slm argon (technical 
grade).  Nitrogen (technical grade) with a flow of 20 slm, was used as the carrier gas.  
All four gases were combined in the gas injector before being released into the 
plasma.  The TEOS and oxygen gas flows were adjusted with a fixed ratio of 4.5×10-

3 in the range of 3.6×10-3–0.2×10-3 slm and 0.8–0.05 slm respectively, in order to 
vary the input energy per TEOS molecule and therefore the layer densities.1,2  This 
resulted in the deposition of silica layers with input energies ranging from 
approximately 3–30 keV/TEOS molecule.  A description of the method used to 
calculate the input energy per TEOS molecule is outlined in a publication by Elam et 
al.2  It should be noted that because of system limitations, for films deposited with 
oxygen gas flows below 0.075 slm, dry air was used as the reactant gas in place of 
oxygen.   

To determine the exact thickness of the silica layers post-deposition, 
spectroscopic ellipsometry was performed using a variable angle spectroscopic 
ellipsometer (M-2000D, J.A. Woollam Co. Inc.).  Operational parameters are again 
listed in recent publications by Elam et al. and Starostin et al.1,2   

Regarding pinhole detection, two approaches were utilised.  The primary 
method employed interferometric microscopy (IM) (Wyko NT9100 Optical Profiling 
System, Veeco Instruments Inc.) of the pristine silica surface, analysing areas of 
47×63 μm2 in phase-shift interferometry mode with an optical resolution of 0.49 
μm.  A series of 10 individual images were processed, resulting in the overall 
evaluation of 0.03 mm2 for every sample.  Pinholes visibly deeper than 6 nm and 
greater than 1μm in diameter were recorded.  The secondary method involved 
exposure of the films to a solvent with a molecular kinetic diameter of 0.33 nm, thus 
small enough to permeate through pinholes in the silica,15 to the PEN substrate and 
induce blister formation at the location of each pinhole.  IM in vertical scanning 
mode was then performed post-exposure, in order to detect for the presence of the 
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blisters and hence pinholes in the silica layers.4  Areas of 47×63 μm2 were analysed 
and resulting micrographs processed and stitched to form images with areas of 25 
mm2 using Wyko Vision software.  The pinhole density (pinhole number per cm2) 
was calculated from an average of 10 stitched interferometric micrographs, with 
circular peaks greater than 0.3 μm in height considered pinholes. In total, an area of 
2.5 cm2 was evaluated for every sample. 

In order to determine the influence of the pinholes upon the encapsulating 
performance of the films comprising the 30 nm silica layer and PEN substrate, a 
Deltaperm (Technolox Ltd.), with set conditions of 40 °C, 90% relative humidity 
(RH) was used to establish the effective water vapour transmission rate (WVTR) of 
each sample.  A detailed description of the method can be found in.2   
 

III  Results and discussion 

A representative interferometric micrograph of the pristine surface of a 30 nm silica 
layer deposited with an input energy of 6.0 keV/TEOS molecule can be seen in 
Figure 1, alongside a corresponding interferometric micrograph that illustrates the 
outcome of the solvent vapour exposure analysis performed on the same sample.  
For the first time in the reported surface analysis of amorphous silica films 
deposited on polymer substrates using AP-PECVD, pinholes (represented by the ~1 
μm diameter blue circles in Figure 1a) are distinctly visible in an IM image.  Previous 

 
 

 

Figure 1.  Interferometric micrographs of a 30 nm silica encapsulation film deposited with 
an input energy of 6.0 keV/TEOS molecule illustrating: (a) the pristine silica surface 
revealing two ~1 μm diameter pinholes (blue circles) indicated by arrows and (b) the typical 
outcome of solvent vapour exposure analysis, with small high features indicative of blister 
formation resulting primarily from the presence of pinholes.4  
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studies,4 have so far failed to provide direct visual evidence for their existence, 
despite using techniques such as atomic force microscopy (AFM) to analyse the 
morphology of the amorphous silica surface.  This is however, largely due to the 
relatively low pinhole density with respect to the AFM scanning areas applied (2×2 
μm2), and consequently reduces the probability of detection.4  

The density of the pinholes in the IM images found via the direct analysis of the 
pristine surface and by the solvent vapour exposure method was quantified, and 
plotted as a function of increasing input energy per TEOS molecule during the 
deposition process.  A graphical representation is shown in Figure 2.   

There is a distinct disparity between the two detection methods regarding the 
magnitude of error in the pinhole density data obtained.  This is most likely due to 
the difference in the sample area analysed for each technique.  An area of 250 mm2 
was evaluated per sample using the solvent vapour exposure method, whereas for 
the IM images of the pristine silica surface, only 0.03 mm2 per sample was examined.  
The solvent vapour exposure technique is therefore considerably more statistically 
reliable.  Also noticeable in Figure 2 is the large discrepancy between the pinhole 
densities determined by the two methods for the sample deposited at the lowest 
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Figure 2.  Pinhole density data obtained from IM analysis of the pristine silica surface and 
solvent vapour exposure analysis plotted as a function of increasing input energy per TEOS 
molecule during the deposition process.4 
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input energy.  This probably results from the accidental inclusion of non-penetrating 
pinholes during the analysis of the IM images of the pristine surface, thus accounting 
for the increased pinhole density reported.   

In order to establish if there was in fact a significant difference between the two 
methods used to determine the pinhole density, a two-tailed Mann-Whitney U Test 
was performed with a 5% level of significance (𝛼𝛼 = 0.05).  The null and two-tailed 
research hypotheses for the nonparametric test are stated as follows: 

 
H0: The two populations are equal 

H1: The two populations are not equal 
 

If the observed value of U is less than or equal to the critical value, H0 is rejected in 
favour of H1, and if the observed value of U exceeds the critical value, H0 is not 
rejected.  For a two-tailed level of significance (𝛼𝛼 = 0.05) and sample size 𝑛𝑛1 = 𝑛𝑛2 =
5, 𝑈𝑈𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 2.  In the investigated case, 𝑈𝑈𝑜𝑜𝑜𝑜𝑜𝑜 = 11, thus H0 is not rejected as 11 > 2.  
Therefore, there is no statistically significant evidence at 𝛼𝛼 = 0.05, to show that the 
pinhole density data obtained via solvent vapour exposure analysis, and the density 
data acquired from the detection of ~1 μm diameter pinholes in pristine silica layers, 
are not equal.  Based upon this finding, it can be concluded that the size distribution 
of the pinholes found in the silica layers is likely to be relatively uniform. 

In order to ascertain the impact of the supposedly 1 μm diameter pinholes upon 
the encapsulating performance of the 30 nm silica films deposited using AP-PECVD, 
the effective WVTR of each film was measured.  A plot of the effective WVTR of each 
sample as a function of the number of pinholes per square centimetre (detected 
using the statistically more reliable solvent vapour exposure technique) is shown in 
Figure 3.  It is quite clear that for films deposited at input energies greater than 
approximately 6 keV/TEOS molecule, the effective WVTR is not regulated by the 
intrinsic film porosity,2,4 but controlled by the pinholes.  This observation is 
emphasised by the strongly positive linear correlation (Pearson’s correlation 
coefficient, 𝑟𝑟 = 1), defined by the straight line with equation 𝑄𝑄 = 0.0931𝑛𝑛 − 0.0185 
(and associated slope and intercept errors of 0.4% and 8.1% respectively), which 
essentially intersects the origin and also assumes a uniform pinhole diameter.  
Consequently, it should be possible, based purely upon the pinhole density, to 
estimate the WVTR of any 30 nm single layer silica film with a pinhole density 
greater than ~11000 pinholes cm-2. 

Moreover, from the inserted graph in Figure 3, the specific input E/TEOS at 
which the effective WVTR becomes pinhole controlled for 30 nm silica layers can be 
identified.  A perfect linear association (Pearson’s correlation coefficient, 𝑟𝑟 = 1), is 
observed between the WVTR and input E/TEOS of films deposited with energies 
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greater than 12.2 keV.  Hence extrapolation of this line with equation 𝑄𝑄 =
0.0268𝐸𝐸 − 0.242 (and respective slope and intercept errors of 0.6% and 1.4%) to 
𝑄𝑄 = 0, reveals an input E/TEOS threshold of 9.03 keV, after which the effective 
WVTR becomes theoretically pinhole controlled.  Therefore, provided the input 
E/TEOS is greater than ~9keV, the effective WVTR of a 30 nm single layer silica film 
can potentially be targeted, determined by the specific input E/TEOS during the AP-
PECVD process.   

As the effective WVTR of the 30 nm silica films deposited at energies greater than 
~9 keV/TEOS is clearly governed by pinholes, it is possible to calculate their average 
diameter and thus validate the visibly detected pinhole size.  Equation 1, obtained 
from a publication by Da Silva Sobrinho, et al.16 describes permeation through 
encapsulation barrier coatings containing numerous pinholes with uniform radius 
𝑅𝑅0:  
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Figure 3.  Effective WVTR (at 40 °C, 90% RH) plotted as a function of increasing pinhole 
density (with labels corresponding to input energy (keV) per TEOS molecule during the 
deposition process).  The inserted graph illustrates how the effective WVTR changes with 
input E/TEOS.  
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𝑄𝑄 = 𝑁𝑁𝑞𝑞𝑝𝑝
𝐴𝐴𝑐𝑐

= 𝑛𝑛 �2𝜋𝜋𝑅𝑅0𝐷𝐷𝛷𝛷0 + 𝜋𝜋𝑅𝑅0
2𝐷𝐷𝛷𝛷0
𝐿𝐿𝑝𝑝

�       (1) 

 
where 𝑄𝑄 is the transmission rate through the whole sample of surface area 𝐴𝐴, 𝑛𝑛 =
𝑁𝑁/𝐴𝐴 is the number density of pinholes, 𝑞𝑞𝑝𝑝 quantity of permeant leaving the polymer 
substrate in time 𝑡𝑡, 𝐷𝐷 is the diffusion coefficient of the polymer substrate, 𝛷𝛷0 is the 
partial pressure of the permeant in the gas phase if it does not interact with the 
polymer substrate, and 𝐿𝐿𝑝𝑝 is the thickness of the polymer substrate.  Equation 1 can 
be simplified by substitution of Equation 2, which describes the transmission rate 
through the polymer substrate 𝑄𝑄𝑝𝑝 , to give Equation 3:  

 
𝑄𝑄𝑝𝑝 = 𝑞𝑞𝑝𝑝

𝐴𝐴𝑐𝑐
= 𝐷𝐷𝛷𝛷0

𝐿𝐿𝑝𝑝
          (2) 

 
𝑄𝑄 = 𝑛𝑛�2𝜋𝜋𝑅𝑅0𝑄𝑄𝑝𝑝𝐿𝐿𝑝𝑝 + 𝜋𝜋𝑅𝑅02𝑄𝑄𝑝𝑝�        (3) 
 

The average pinhole radius 𝑅𝑅0 can then be calculated by substituting Equation 3 
into the straight line equation from Figure 3 that demonstrates the relation between 
water vapour transmission rate 𝑄𝑄 and pinhole density 𝑛𝑛, to give Equation 4:   

 

𝑄𝑄 = 0.0931𝑛𝑛 �𝜋𝜋𝑅𝑅0𝑄𝑄𝑝𝑝�2𝐿𝐿𝑝𝑝 + 𝑅𝑅0�� − 0.0185      (4) 

 
By solving the differential of Equation 4 for 𝑅𝑅0, thus gives an average pinhole radius 
of 0.878 ± 0.003 μm, and hence average diameter 1.76 ± 0.01 μm.  The calculated 
and observed values are therefore in agreement, confirming that ~1 μm diameter 
pinholes directly control the effective WVTR of 30 nm single layer silica films 
deposited at specific energies greater than ~9 keV/TEOS.  The calculated and 
observed values are also within the range of diameters reported by Deilmann et al. 
(0.25–3.09 μm) for pinholes in 60 nm silica coatings deposited onto polyethylene 
terephthalate using a low-pressure microwave plasma reactor;11 and close to the 
upper range of diameters determined using conductive atomic force microscopy by 
Marathe et al. (0.1–1.3 μm) for ~3 nm silica grown by thermal oxidation onto p-type 
silicon.8 

Regarding the origin of the ~1 μm pinholes, gradually intensified processing 
conditions (sustained plasma and heat exposure in conjunction with decreased 
precursor availability) necessary to deposit films at specific energies greater than 6 
keV/TEOS, induce plasma-polymer interactions such as etching,5–7 that are thought 
to result in said pinhole formation.4  However, other processes may also influence 
their existence.   
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The uniformity of the plasma throughout the deposition process is monitored 
using a sensitive line-scan camera (Eclipse EC-11-05h40, DALSA) with a 13 μs frame 
integration time.  During deposition conditions necessary to generate silica layers at 
increased specific energies, the output of the line-scan camera revealed a reduction 
in discharge uniformity, suggesting that the plasma was no-longer completely glow-
like, but became partially filamentary.  It is therefore possible, that under conditions 
of reduced precursor and oxygen concentration,17 and in the absence of a protective 
coating for the polymer substrate,4 enhanced filamentation can arise and trigger the 
formation of pinholes in the deposited silica layers, via interaction with the 
substrate material.  These plasma-polymer interactions would be particularly 
enhanced near the boundaries of the discharge, where the bare substrate is directly 
exposed to the plasma. 
 

IV  Conclusions 

Pinholes in 30 nm amorphous silica thin films deposited onto a PEN substrate using 
roll-to-roll AP-PECVD were visibly detected for the first time using low 
magnification interferometric imaging.  Both the observed and calculated average 
pinhole diameters (~1 μm) were in agreement, and within the range reported in 
literature.  The size distribution of the pinholes was also relatively uniform.  The 
effective WVTR of films deposited at specific energies greater than ~9 keV/TEOS 
was found to be pinhole controlled.  This therefore presents an opportunity for the 
synthesis of single layer films with precisely targeted permeation rates, determined 
by the specific input E/TEOS during the AP-PECVD process.   

The pinholes themselves were understood to originate from the interaction of 
the polymer substrate with filaments in the plasma discharge.  It is highly likely that 
the reduced concentrations of precursor and oxygen necessary to deposit silica 
layers at high specific energies, attributed to the non-uniformity of the discharge.    
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Chapter 3 
 
Atmospheric pressure roll-to-roll plasma 
enhanced CVD of high quality silica-like 
bilayer encapsulation films* 

 
 

Abstract 

A glow like atmospheric pressure dielectric barrier discharge in a roll-to-roll setup 
was used to synthesise 90 nm silica-like bilayer encapsulation films composed of a 
30 nm dense ‘barrier layer’ and a comparatively less dense 60 nm ‘buffer layer’ onto 
a polyethylene 2,6 naphthalate substrate by means of plasma enhanced chemical 
vapour deposition.  Tetraethyl orthosilicate was used as the precursor gas, together 
with a mixture of nitrogen, oxygen and argon.  The microstructure, chemical 
composition, morphology and permeation properties of the films were studied as a 
function of the specific energy delivered per precursor molecule, and oxygen 
concentration in the gas mixture, during the deposition of the barrier layer.  The 
presence of the buffer layer within the bilayer architecture critically enhanced the 
encapsulation performance of the bilayer films, and this in conjunction with 
increasing the specific energy delivered per precursor molecule during the barrier 
layer deposition to a value of 20 keV, enabled an effective water vapour 
transmission rate as low as 6.9×10-4 g m-2 day-1 (at 40 °C, 90% relative humidity) to 
                                                           
* Published as:  F. M. Elam, S. A. Starostin, A. S. Meshkova, B. C. A. M. van der Velden-Schuermans, J. B. 
Bouwstra, M. C. M. van de Sanden and H. W. de Vries, Plasma Process. Polym., 2017, 14, 1600143. 
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be achieved.  Furthermore, the bilayer film structure has given rise to a remarkable 
50% reduction in deposition energy consumption per barrier area with respect to 
single layer silica-like films of equivalent encapsulation performance and thickness.  

AP-PECVD of silica bilayer encapsulation films 
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I  Introduction 

Flexible electronics are an innovative array of devices that have the potential to 
revolutionise the electronic and energy markets.  They cover a wide range of 
applications, from light-emitting or photovoltaic diodes to thin film transistors and 
solar cells.  However, due to their particular chemical nature, exposure to 
environmental moisture and oxygen,1–9 can result in oxidation and crystallisation of 
the main components.4  Therefore, a suitable flexible thin film encapsulation barrier 
is required in order to extend device lifetime and ensure their commercial viability.   

Aside from excellent moisture barrier performance and flexibility, these 
encapsulation foils must fulfil a specific set of requirements.  They should be thermal 
and scratch resistant, smooth, durable and both simple and inexpensive to 
manufacture.5  Thus far, these barrier coatings have typically consisted of single or 
multi-layer stacks of silicon nitride (Si3N4), alumina (Al2O3), silica (SiO2) or titania 
(TiO2) layers deposited onto a flexible plastic substrate via various deposition 
methods.2,4–24 

One such method is atmospheric pressure-plasma enhanced chemical vapour 
deposition (AP-PECVD).  This pioneering technology can be easily integrated into 
many existing manufacturing systems to facilitate the mass production of 
encapsulation thin films.  Contrary to traditional vacuum deposition methods, the 
entire AP-PECVD process is potentially very cost effective, as films can be generated 
at high throughput without the need for any large footprint vacuum equipment.9  
The in-line processing is hence very versatile and relatively straightforward. 

To date, roll-to-roll AP-PECVD has been successfully used to produce ultra-
smooth,25 100 nm single layer silica-like thin films on a polyethylene 2,6 naphthalate 
(PEN) substrate that demonstrated a good effective water vapour barrier 
performance of 1.8×10-3 g m-2 day-1 (at 40 °C, 90% relative humidity (RH)).11  It was 
found that an increased substrate temperature and decreased precursor mass 
flow,11 in combination with an enhanced duty cycle or power density,26 had a 
profound positive effect on the chemical composition of the silica layers and 
therefore upon the permeation properties of the films.  AP-PECVD has therefore 
shown particular promise as a technique in the field of protective layer synthesis for 
flexible solar cells, which have a water vapour transmission rate (WVTR) 
requirement of 10-3 g m-2 day-1.9,27  However, this technology is also intended for the 
production of permeation barriers for flexible organic light emitting diodes 
(OLEDs), which have a significantly more demanding WVTR requirement of 1×10-6 
g m-2 day-1 (at 25 °C, 40% RH),5,6,10 to ensure the device lifetime of 10000 h is met.5 

Previous studies have shown that single layer barrier performance is often 
limited by defects,2,4,9,11,26,28 as the means by which the films are deposited can make 
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the inorganic layers highly susceptible to cracking or pinhole formation.9,11,26  And 
contrary to theoretical assumptions, increasing the thickness of the single layer 
barriers does little to improve their performance.  Thick inorganic layers on polymer 
substrates have been found to be more prone to cracking and delamination than 
their thinner counterparts.29   

To circumvent these issues, organic-inorganic multi-layer barriers,4,6–10,17,18,28 
have been reported as a successful substitute to prevent the formation,1,4,6,9 and 
propagation of pinholes.9  Typical WVTR values for these encapsulation barriers are 
within the region of 10-5 g m-2 day-1 (at 30 °C, 90% RH), therefore almost achieving 
the OLED protection requirement.  They commonly consist of organic polymeric-
Al2O3 composite layers deposited using techniques such as sputtering, atomic layer 
deposition (ALD) and molecular layer deposition (MLD) processes.4,7,8  However, the 
generation of these encapsulation barriers can be highly expensive, due to the 
alternate vacuum deposition processes usually required for their synthesis.9 

The encapsulation potential of hybrid inorganic layered architectures 
comprising an inorganic dyad, or nano-laminates with different chemical 
compositions and densities, was recently evaluated.12,16,30–33  Notable barrier 
performances were demonstrated, highlighting the synergistic effects of the 
inorganic layered architecture.  The majority of these particular hybrid structured 
layers were, however, produced both at low pressure and using low deposition rate 
processes.  Conversely, Starostin et al.16 showed that a combination of roll-to-roll 
AP-PECVD and stationary plasma assisted ALD could be used to deposit a multi-
layer silica-alumina moisture permeation barrier on a polymeric substrate that 
exhibited excellent intrinsic (10-5–10-6 g m-2 day-1 (at 20 °C, 50% RH)) and good 
effective (10-3 g m-2 day-1 (at 40 °C, 90% RH)) WVTR performance.  The promising 
result was attributed to two phenomena.  First, the enhancement of the polymeric 
substrate through the use of the mechanically stabilising AP-PECVD silica ‘buffer’ 
layer.  And second, the ‘capping’ of the nano-pores in the silica buffer layer by the 
thin ALD alumina ‘barrier layer’. 

Therefore the objective of the presented work is to attempt to synthesise high 
performance bilayer silica-like encapsulation films comprising a thin, dense ‘barrier 
layer’ and comparatively thicker, less dense ‘buffer layer’ using roll-to-roll AP-
PECVD.  By using the same material in the multi-layer film architecture, and by 
having roll-to-roll AP-PECVD as the only deposition method, renders this 
investigation highly industrially and commercially relevant to the eventual large 
scale production of encapsulation barriers for flexible OLEDs.  Furthermore, the 
influence of reactant gas concentrations and the input energy per precursor 
molecule during the deposition of the barrier layer will be explored.  It is likely that 
these parameters will influence the chemical composition, porosity and hence 

AP-PECVD of silica bilayer encapsulation films 



81 
 

 

encapsulating function of the film. The energy consumption per deposited barrier 
area for single and bilayer films will be evaluated, in addition to the significance of 
the buffer layer with respect to the encapsulation performance of the overall films. 
 

II  Experimental section  

A  Encapsulation film synthesis 

A glow-like AP dielectric barrier discharge (DBD) in a roll-to-roll set-up open to 
ambient air was used to deposit 90 ± 6 nm silica-like bilayer films comprising a 30 
± 4 nm barrier layer and 60 ± 6 nm buffer layer (see Figure 1) by PECVD.  In addition 
to the bilayer encapsulation films, 30 ± 5 nm single layer barrier films were 
synthesised so that the significance of the 60 nm buffer layer with regard to the 
bilayer encapsulation performance could be evaluated.  

A schematic representation of the AP-PECVD reactor is shown in a recent 
publication by Starostin et al.11  The DBD was ignited between two cylindrical rotary 
drum electrodes each with a radius of 120 mm and separated by a 0.5 mm gaseous 
gap.  The electrodes were connected to a matching network, power supply, a voltage 
probe (Passive High Voltage Probe P6015A, Tektronix) and current probe (Pearson 
current monitor model 4100, Pearson Electronics, Inc.).  The electrodes were heated 
to 80 ± 1 °C by means of spiral oil-filled tubes located on the inner surface of the 
metal electrode casing. 

Thermally stabilised optical grade polyethylene 2,6 naphthalate (PEN) foil 
(Teonex Q65FA, Teijin DuPont Films) with a width and thickness of 180 mm and 
100 μm respectively, was positioned over each drum electrode, acting as both the 
dielectric layer in the DBD system and the substrate upon which the silica layers 
were deposited (see Figure 1).  The PEN polymeric web was connected to 
independent roll-to-roll foil transport and tension control systems.  The foil 

 
 

 

Figure 1.  Elementary representation of the silica-like bilayer and single layer films 
deposited by means of atmospheric pressure-plasma enhanced chemical vapour deposition 
using a roll-to-roll type dielectric barrier discharge.  
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transport speed was fixed at 400 mm min-1 to ensure a 60 nm deposition during the 
buffer layer synthesis, and varied from 200–16 mm min-1 for the bilayer barrier 
synthesis (200–32 mm min-1 for the single layer barrier) to guarantee a 30 nm 
deposition.  An infrared camera (FLIR A320, FLIR Systems Co Ltd.) was used to 
monitor the temperature of the substrate during the deposition process. 

The plasma was created using a high frequency generator (L3001, Seren 
Industrial Power Systems), tuned within the range 180–200 kHz in order to 
optimise forward power matching.  The PECVD reactor was operated in the pulsed 
mode, with pulse lengths of 800 μs and a 90% duty cycle.  The voltage amplitude 
measured between the two drum electrodes was 2–3 kV.  The reflected power was 
generally in the range 2–5% of the forward signal, and the power dissipated in the 
discharge was 600 W.  This corresponded to a specific power density of 
approximately 0.2 W mm-2, assuming an effective plasma discharge width of 150 
mm, and a 20 mm expansion along the gas flow.  The peak current density averaged 
over treated surface area was estimated to reach up to 1.7 mA mm-2.  The I–V 
waveforms of the discharge during deposition can be seen in a publication from 
Starostin et al.11  In order to monitor the uniformity of the plasma throughout the 
deposition process, a sensitive array camera (Eclipse EC-11-05h40, DALSA) with a 
13 μs frame integration time was utilised. 

The reactant gases in each case were oxygen (technical grade) and tetraethyl 
orthosilicate (Si(OC2H5)4, TEOS) (≥99.0%, Sigma-Aldrich).  The precursor gas, TEOS, 
was injected via a controlled evaporation mixer unit (CEM-Technology, Bronkhorst 
HIGH-TECH B.V.), where the vapours were combined with 1 slm argon (technical 
grade).  The carrier gas in all cases was nitrogen (technical grade), with a flow of 15 
slm for buffer layer syntheses and 20 slm for barrier layer synthesis.  All four gases 
were combined in the gas injector before being released into the plasma.  The 
reactant gas flows for buffer layers were kept constant at 8.2×10-3 slm TEOS and 1.8 
slm oxygen.  However, in order to vary the input energy per TEOS molecule for the 
barrier layers and therefore the layer densities, the TEOS and oxygen gas flows were 
adjusted with a fixed ratio of 4.5×10-3 in the range of 1.8×10-3–0.1×10-3 slm and 0.4–
0.025 slm respectively for the bilayer barriers (and 1.8×10-3–0.2×10-3 slm TEOS; 
0.4–0.05 slm oxygen for the single layer barriers).  This resulted in the deposition of 
bilayer barriers with input energies ranging from 6–80 keV/TEOS molecule (and 
input energies ranging from 6–35 keV/TEOS molecule for single layer barriers).  
Equation 1 below,11 related to the Yasuda composite power parameter,34 was used 
to calculate the input energy per TEOS molecule for the barrier layers, 

 
𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 𝑝𝑝𝐸𝐸𝐸𝐸 𝑇𝑇𝐸𝐸𝑇𝑇𝑇𝑇 𝑚𝑚𝑚𝑚𝑚𝑚𝐸𝐸𝑚𝑚𝑚𝑚𝑚𝑚𝐸𝐸 =  𝑃𝑃𝑑𝑑

𝑅𝑅𝑑𝑑𝑑𝑑𝑑𝑑𝜌𝜌
⋅ 𝑀𝑀
𝑁𝑁𝐴𝐴

      (1) 
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where 𝑃𝑃𝑑𝑑  is the power density in the discharge, 𝑅𝑅𝑑𝑑𝑑𝑑𝑑𝑑 is the deposition rate of SiO2 
layers simultaneously upon two substrate webs,11 (also expressed as 𝑑𝑑ℎ/𝑑𝑑𝑡𝑡𝑑𝑑𝑑𝑑𝑑𝑑, 
where ℎ and 𝑡𝑡𝑑𝑑𝑑𝑑𝑑𝑑 are film thickness and deposition time respectively), 𝜌𝜌 is the 
density of amorphous SiO2 (2.2 g cm-3), 𝑀𝑀 is the molar mass of SiO2 and 𝑁𝑁𝐴𝐴 is 
Avogadro’s Number.  Contrary to the Yasuda composite power parameter that was 
originally used to determine input energies for plasma polymerisation,34 Equation 1 
is based not upon the flow rate and molecular weight of the precursor molecule, but 
upon factors directly related to the deposited amorphous silica layer.11  For the 
studied conditions, the reactor was operating in the complete precursor depletion 
mode. 

To investigate the effect of reactant gas concentrations on the resulting 
properties of the bilayer barriers, a second set of films were produced with the same 
buffer layer, but barrier layers with TEOS to oxygen gas flow ratios of 1.5×10-3:1 
(TEOS vapour flows ranging from 1.8×10-3–0.1×10-3 slm; oxygen gas flows ranging 
from 1.2–0.075 slm).  Despite the increased oxygen flow rate, the input energy per 
TEOS molecule for these films remained within the range 6–80 keV, due to the 
identical TEOS vapour flows.  It should be noted that because of system limitations, 
for films deposited with barrier layer oxygen gas flows below 0.075 slm, air was 
used as the reactant gas in place of oxygen. 

Spectroscopic ellipsometry (SE) was performed using a variable angle 
spectroscopic ellipsometer (M-2000D, J.A. Woollam Co. Inc.) in the wavelength 
range of 400–1000 nm in order to determine the thickness of the buffer layers, the 
combined buffer-barrier bilayers and the single layer barriers post-deposition.  The 
Cauchy dispersion function was used to model the PEN substrate and the silica-like 
thin films as two separate entities.  The optical model did not take into account the 
substrate anisotropy; however sample orientation was consistent for each 
measurement. 

 

B  Compositional and performance analysis 

Attenuated total reflectance-Fourier transform infrared (ATR-FTIR) absorption 
spectroscopy was performed using un-polarised light (Frontier FT-IR/FIR 
Spectrometer, PerkinElmer; Frontier UATR Ge/Ge, PerkinElmer) to investigate the 
silica-like network structure of the barrier layers, with particular focus upon the Si–
OH, SiO–H and HO–H spectral peaks.  This set-up utilised a Ge crystal with a 45° face 
angle and one internal reflection.  Spectra were obtained at a fixed angle of 45°, 
which resulted in a penetration depth range of 165–1016 nm for the selected 
wavenumber range of 4000–650 cm-1.  To minimise the effect of background noise, 
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16 scans were acquired for every measurement.  The absorbance spectrum of the 
substrate was subtracted from each sample spectrum and all spectra were 
interpreted assuming that an increase in peak absorption intensity equated to an 
increase in the presence of the corresponding functional group.  Deconvolution of 
all spectral peaks was carried out (Peak Analyzer–Fit Peaks (Pro), OriginPro 9.1) in 
order to determine the position, full width at half maximum (FWHM) and intensity 
of each elementary contribution.  For the purpose of this analysis, a separate set of 
samples were investigated as the nature of the original silica-like bilayer films, 
namely the combination of the extremely thin barrier layers and the dominant PEN 
FTIR absorption peaks, meant the quality of the subtracted barrier layer silica-like 
FTIR absorption spectrum was particularly poor.  Therefore, a set of ~200 nm 
equivalent barrier layer-type films that had been deposited onto a polyethylene 
terephthalate (PET) substrate pre-coated with a 1 μm thick layer of polyvinylidene 
chloride (PVDC) were analysed instead.  The PVDC layer was thick enough to 
prevent penetration of the IR evanescent wave into the underlying PET substrate, 
and its FTIR absorption spectrum neutral enough not to impede the absorption 
spectrum of the silica-like barrier layers.  This thereby ensured ‘clean’ spectra of the 
silica-like barrier films could be obtained. 

In order to determine the stoichiometry of the buffer and barrier layers, X-ray 
photoelectron spectroscopy (XPS) was performed (AMICUS / ESCA 3400, Kratos 
Analytical Ltd).  The measurement was carried out using a Mg Kα X-ray source with 
a photon energy of 1254.6 eV, in combination with 25 cycles of 30 second 
monatomic argon ion beam etching with an ion energy of 0.5 kV.  The resulting 
spectra were processed using CasaXPS software. 

Atomic force microscopy (AFM) (Park NX10, Park Systems) was performed to 
investigate the surface morphology of the PEN substrate, the buffer layer and the 
bilayer barriers.  The measurement was implemented in non-contact mode, using a 
tip with a radius of approximately 8 nm.  Images of 512×512 pixels obtained with a 
scanning area of 2×2 μm2, were then processed using Gwyddion software in order 
to obtain root mean square (RMS) roughness values and cross-sectional height 
profiles of the layers.35  The RMS roughness of the pristine PEN substrate was 1.75 
± 0.04 nm. 

The effective WVTR of both bilayer samples comprising barrier, buffer and 
substrate layers, and single layer samples comprising barrier and substrate layers 
were determined using a Deltaperm (Technolox Ltd.), with set conditions of 40 °C, 
90% RH.  This measurement therefore took into account the overall permeation of 
the films; including contributions from macro-defects, and the intrinsic 
microstructure (nano-defects and gas transport through the amorphous silica-like 
lattice itself).36  The Deltaperm is a direct pressure device that fulfils both the ASTM 
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D 1434-82 (2003) standard for permeation measurements and ISO 15106-5:2015, 
and has a WVTR limit of 2×10-4 g m-2 day-1.  Sample areas of 50 cm2 were 
investigated, with each measurement lasting for 100–150 hrs in order to ensure the 
permeation rate had stabilised.  The chamber pressure downstream of the sample 
was recorded each minute, and the WVTR calculated from the output (x-variable 
coefficient and x-variable standard error) from a linear regression of the final 200 
downstream pressure data points.  The WVTR of the pristine PEN substrate was 1.7 
g m-2 day-1.  From the Deltaperm measurements, data concerning the lag-time (the 
time taken for the WVTR to reach a steady-state) was also obtained for bilayer 
samples deposited at a reduced oxygen flow rate.  The lag-time was calculated from 
the x-axis intercept of an extrapolated line from the steady-state region of the curve, 
for a plot of downstream pressure expressed as a function of time (see Figure 2).  
The lag-time of the pristine PEN substrate was approximately six hours.   

In turn from the lag-time results, the apparent diffusion coefficient 𝐷𝐷, of the 
encapsulation layer was calculated for each sample using Equation 2, 

 

𝐷𝐷 = 𝐿𝐿2

6𝑡𝑡𝑙𝑙𝑙𝑙𝑙𝑙
           (2) 
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Figure 2.  Conceptual plot of cumulative permeation data (downstream pressure vs time), 
defining lag-time and steady-state regimes for a single-layer system.37   
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where 𝐿𝐿 is the thickness of the encapsulation layer and 𝑡𝑡𝑙𝑙𝑙𝑙𝑙𝑙  is the lag-time.37  In this 
specific case, as the combination of the buffer layer and barrier layer contributed to 
the overall apparent diffusion coefficient of the bilayer films, an encapsulation layer 
thickness ℎ of 90 nm was used, rather than assuming the 30 nm barrier layer was 
the sole contributing factor. 
 

III  Results and discussion 

The ATR-FTIR spectroscopic analysis of the barrier layers is shown in Figures 3 and 
4.  It is understood that the degree of porosity in a silica-like thin film is directly 
correlated to the presence of hydroxyl groups (–OH) in the network structure.38–42  
The presence of this functional group disrupts the continuous –Si–O–Si–O– network 
and in turn increases the porosity of the thin film.  Figures 3a and 3b show the 
hydroxyl (O–H) stretching region (4000–3000 cm-1) and silanol (Si–OH) stretching 
region (930 cm-1) respectively.  Three individual hydroxyl stretching components 
are widely acknowledged to combine to form the large peak observed between 4000 
and 3000 cm-1.  An isolated silanol (iSiO–H) stretch is thought to occur at 3650 cm-

1,43–45 the hydroxyl stretch of silanol groups (nSiO–H) involved in hydrogen bonding 
(neighbouring silanol groups) is said to appear at 3450 cm-1,44–46 and finally the 
hydroxyl stretch due to water molecules (HO–H) trapped within the silica network 
is understood to arise at 3250 cm-1.42,44,46  The spectra depicted in Figure 3a were 
therefore deconvoluted and the specific peak centres, FWHM and absorbance of 
each individual hydroxyl stretch portrayed in Figure 4 as a function of the input 
energy per TEOS molecule during the barrier deposition process, together with 
equivalent data from the spectra in Figure 3b for the Si–OH stretch. 

Subtle variations in the specific peak centre are known to indicate fluctuations 
in the strength and length of bonds present in the assigned functional group, as is 
outlined in Equation 3 (Hooke’s Law), 

 

�̅�𝜈 = 1
2𝜋𝜋𝜋𝜋 �

𝑘𝑘
𝜇𝜇

          (3) 

 
where �̅�𝜈 is the fundamental vibrational frequency, 𝑚𝑚 is the speed of light, 𝑘𝑘 is the 
force constant (the proportionality constant relating to the force required to extend 
a bond) and 𝜇𝜇 is the reduced mass (Equation 4), 

 
𝜇𝜇 = 𝑚𝑚1𝑚𝑚2

(𝑚𝑚1+𝑚𝑚2)
          (4) 
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Figure 3.  ATR-FTIR absorption spectra showing: (a) the hydroxyl (O–H, 4000–3000 cm-1) 
stretching region and (b) the silanol (Si–OH, 930 cm-1) stretching region of 200 nm silica-
like thin films deposited with input E/TEOS from 6.1–72.2 keV onto a modified PET substrate 
using AP-PECVD under conditions replicating those of the barrier layer synthesis: (solid 
lines) barrier layers deposited at a reduced oxygen flow rate; (dashed lines) barrier layers 
deposited at an increased oxygen flow rate. 
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Figure 4.  Deconvolution of the ATR-FTIR absorption spectra shown in Figure 3 illustrating 
the specific peak centre (grey; circle), FWHM (gold; triangle) and absorbance (blue; 
diamond) as a function of increasing input energy per TEOS molecule for the synthesis of 
the barrier layer for: (a) isolated SiO–H stretch; (b) neighbouring SiO–H stretch.  (Solid 
lines) barrier layers deposited at a reduced oxygen flow rate; (dashed lines) barrier layers 
deposited at an increased oxygen flow rate. 
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Figure 4 cont.  Deconvolution of the ATR-FTIR absorption spectra shown in Figure 3 
illustrating the specific peak centre (grey; circle), FWHM (gold; triangle) and absorbance 
(blue; diamond) as a function of increasing input energy per TEOS molecule for the synthesis 
of the barrier layer for: (c) HO–H stretch and (d) Si–OH stretch. (Solid lines) barrier layers 
deposited at a reduced oxygen flow rate; (dashed lines) barrier layers deposited at an 
increased oxygen flow rate. 
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where 𝑚𝑚1 and 𝑚𝑚2 are the component masses for the chemical bond under 
consideration.47 Therefore, any increase in the frequency of a peak can potentially 
be attributed either to an increase in the strength of the chemical bond in question, 
or a decrease in the reduced mass of the two atoms associated with said chemical 
bond. 

The peak FWHM is acknowledged to be indicative of the degree of variation in 
bonding arrangements surrounding a particular functional group.48–51  For instance, 
interactions such as hydrogen bonding can influence the chemical environment of 
certain functional groups. 

The absorbance, or peak intensity 𝐴𝐴, as defined in Equation 5 (the Beer-Lambert 
Law) below, can provide information relating to the concentration of species 
present, 

 
𝐴𝐴 = 𝜀𝜀𝑚𝑚𝑚𝑚          (5) 

 
where 𝐴𝐴 denotes the measured absorbance, 𝜀𝜀 is the molar attenuation coefficient 
(or molar absorptivity), 𝑚𝑚 is the path length of light and 𝑚𝑚 is the concentration of 
species present.  Fundamentally, the equation states that an increase in peak 
absorbance correlates directly with an increase in concentration of species 
associated with the alleged peak. 

The data in Figures 3 and 4 clearly illustrate that the absorbance of all hydroxyl 
groups in the barrier layers decrease with increasing input energy per TEOS 
molecule during the deposition process, to levels where the presence of any 
hydroxyl group is virtually undetectable.  A reduction in the concentration of 
network disrupting silanol groups, and likewise the concentration of water trapped 
within the pores, would suggest that the intrinsic microstructure of the silica 
network gradually increases in density as a function of increasing deposition input 
energy.  The FWHM of each hydroxyl peak is simultaneously seen to decrease with 
decreasing film porosity due to a decline in the number of different chemical 
environments or bonding arrangements.  As a consequence of a decreased number 
of pores, there are less neighbouring silanol groups and less water molecules 
present for hydrogen bonding interactions to occur.  Thus the FWHM of each peak 
is decreased.  Unsurprisingly, this decline in FWHM is therefore most noticeable for 
the nSiO–H stretch.   The deviation in the FWHM trend seen for the trapped water 
(HO–H) stretch is likely to be due to the error involved in the deconvolution of an 
essentially non-existent peak.  Finally, the specific peak centre is observed to 
increase in wavenumber in all cases with increasing film density, most likely due to 
an increase in the force constant 𝑘𝑘, of the O–H and Si–OH bonds, since the reduced 
mass of the vibrating atoms 𝜇𝜇, remains unchanged.  This is an outcome of a decrease 
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in the degree of hydrogen bonding interactions in the network, meaning that the 
strength of the O–H (and Si–OH bonds to some extent) increase, resulting in a slight 
rise in vibrational frequency.  Therefore it is likely that by increasing the input 
energy per TEOS molecule during the synthesis of the barrier layer, a gradual 
improvement should be observed with regard to the bilayer and single layer 
encapsulation barrier performance; a phenomenon that was observed at lower 
input energies by Starostin et al.11 

From the ATR-FTIR analysis it is also apparent at these particular deposition 
input energies, that the oxygen flow rate during the barrier layer deposition has a 
minimal effect upon the concentration of hydroxyl groups present in the silica-like 
network structure of the barrier layers.  Therefore, it is unlikely that the oxygen flow 
rate should influence the encapsulation barrier performance of the bilayer films. 

Figure 5 shows the O:Si ratios of the barrier and buffer layers obtained from XPS 
analysis of the bilayer films deposited under different conditions.  It is fairly evident 
that increasing the input energy per TEOS molecule during the deposition process 
leads to a barrier layer with an O:Si ratio closer to the desired SiO2 stoichiometry.  
The oxygen flow rate during the deposition process, however, appears to have little 
or no influence at these specific input energies, on the O:Si ratio of the resulting 
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Figure 5.  O:Si ratio obtained from XPS analysis with respect to increasing input energy per 
TEOS molecule for the synthesis of the bilayer barrier during the deposition process. 
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barrier film.  Both these findings complement the ATR-FTIR results, signifying that 
by increasing the input energy per TEOS molecule during the deposition of the 
barrier layer, a denser and therefore superior encapsulation film should result; 
while varying the oxygen flow rate appears to have no influence upon the chemical 
composition of the film and hence a negligible effect should be observed with 
respect to encapsulation performance. 

The percentage elemental composition of the barrier layers is presented in Table 
1.  It is therefore possible that the silica-like barrier layers are not completely pure, 
with small percentages of carbon and nitrogen also present in the network.  

AFM micrographs presented in Figure 6 illustrate the typical surface 
morphologies of the bilayer barriers, the buffer and the PEN substrate layers.  From 
these images, it is reasonably clear that the morphology of the buffer and 
subsequent barrier layers follow that of the PEN substrate; a phenomenon that was 
also observed by Premkumar et al.25,52  The buffer layer does however appear to 
show a greater number of small, high features.  This could be the result of incomplete 
precursor breakdown due to the increased precursor flow rate required for the 
deposition of this layer and thus reduced plasma residence time.  Further 
investigation is required however, in order to fully verify this. 

Topographic analysis displayed in Figure 7 reveals that the bilayer barriers are 
extremely smooth, with RMS roughness values for all bilayer films less than 1.5 nm.  
This RMS roughness value is considerably less than the PEN substrate, which has an 
RMS roughness of 1.75 ± 0.04 nm.  The use of the buffer layer is potentially 
responsible for the exceptionally smooth bilayer barriers, as it appears to smoothen 
the PEN substrate profile in preparation for the bilayer barrier deposition.  This 

 
 
Table 1.  XPS compositional analysis for bilayer barriers deposited at different input 
energies per TEOS molecule and oxygen flow rates. 

E/TEOS 
(keV) 

Reduced O2 flow rate during deposition Increased O2 flow rate during deposition 

Si (%) O (%) C (%) N (%) Si (%) O (%) C (%) N (%) 

6 31.3 ± 0.4 64.8 ± 1.8 3.3 ± 2.0 0.6 ± 0.2 31.1 ± 0.1 66.0 ± 0.1 2.1 ± 0.4 0.7 ± 0.1 

10 31.6 ± 0.0 65.2 ± 0.7 2.9 ± 0.3 Presenta) 31.6 ± 0.1 65.0 ± 0.4 2.7 ± 0.2 0.8 ± 0.2 

20 31.0 ± 0.1 64.2 ± 0.4 3.5 ± 0.1 1.3 ± 0.3 31.1 ± 0.7 64.5 ± 0.8 3.5 ± 1.7 1.0 ± 0.2 

36 31.8 ± 0.4 65.0 ± 0.2 2.3 ± 0.5 0.9 ± 0.1 32.0 ± 0.1 64.5 ± 0.6 2.4 ± 0.3 1.1 ± 0.2 

72 31.5 ± 0.2 64.0 ± 0.9 3.2 ± 0.6 1.3 ± 0.1 31.8 ± 0.2 65.2 ± 2.0 2.2 ± 1.4 1.3 ± 0.1 

a) Element present but not detectable. 
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buffer layer-induced substrate smoothening is also known to be an important factor 
with regard to reducing the gas permeation rate of the final films.16,53 

Neither the input energy per precursor molecule, nor the oxygen flow rate during 
the deposition process appears to have any obvious effect upon the RMS roughness 
of the bilayer barriers.  This again is likely to be a consequence of the buffer layer in 
the bilayer architecture.  Height profiles of the layers also shown in Figure 7, 
highlight that the local roughness is potentially also decreased for the bilayer barrier 
films compared to the PEN substrate, as the variation in height between 
neighbouring peaks is seen to reduce. 

The effective WVTR values (at 40 °C, 90% RH) with respect to increasing input 
energy per TEOS molecule during the deposition of the silica-like barrier layer for 
four different film types are shown below in Figure 8.  As previously stated, this 
measurement accounted for permeation through the overall film; including 
contributions  from  macro-defects,  and  the  intrinsic  microstructure  (nano-defects  

 

Figure 6.  AFM micrographs illustrating the surface morphology of: (a) the bilayer barrier 
deposited with a reduced oxygen flow rate at 37.2 keV/TEOS molecule; (b) the bilayer 
barrier deposited with an increased oxygen flow rate at 34.3 keV/TEOS molecule; (c) the 
buffer layer; (d) the PEN substrate. 
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Figure 7.  Topographic data obtained from AFM micrographs (Figure 6): (a) RMS 
roughness plotted as a function of increasing input energy per TEOS molecule for the 
synthesis of the barrier layers during the deposition process; (b) typical height profiles for: 
(i) the bilayer barrier deposited with a reduced oxygen flow rate at 37.2 keV/TEOS molecule; 
(ii) the bilayer barrier deposited with an increased oxygen flow rate at 34.3 keV/TEOS 
molecule; (iii) the buffer layer; (iv) the PEN substrate. 
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and gas transport through the amorphous silica-like lattice itself).36  By using the 
bilayer approach, it is therefore possible to surpass the 100 nm single layer barrier 
limit,11 and produce films that exhibit a WVTR as low as 6.9×10-4 g m-2 day-1.  Despite 
this value not quite being low enough to meet the WVTR requirement for flexible 
OLEDs,5,6,10 it is however the lowest WVTR obtained to date for a silica-like film 
deposited upon a polymer substrate by AP-PECVD. 

As can be expected, the thickness of the barrier layer has an impact upon the 
WVTR for films deposited at 6 keV/TEOS molecule, with the 100 nm barrier 
exhibiting superior moisture barrier properties.11  This input energy is still 
relatively low and therefore the intrinsic microstructure of these barrier layers is 
comparatively less dense, meaning that the barrier thickness has greater influence 
upon WVTR performance.  Nevertheless, increasing the input energy per TEOS 
molecule for the barrier layer synthesis by a mere 4 keV/TEOS molecule shows a 
stark improvement in WVTR performance for the bilayer films, to rates equivalent 
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Figure 8.  Water vapour transmission rate (at 40 °C, 90% relative humidity) with respect to 
increasing input energy per TEOS molecule for synthesis of the barrier layer: (grey; closed 
circle) values obtained for a 90 nm bilayer film deposited with a reduced O2 flow rate; (gold; 
closed triangle) values obtained for 90 nm bilayer film deposited with an increased O2 flow 
rate; (grey; open circle) a 30 nm single layer barrier deposited with a reduced O2 flow rate; 
(blue; open diamond) a 100 nm single layer barrier deposited with a reduced O2 flow rate.11 
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to that of the best 100 nm barrier.11  The bilayer architecture therefore has the 
potential to be significantly more successful than the single layer technique, 
especially at higher input energies.  This assumption is confirmed by the poor 
performance of the 30 nm single layer films, which not only show an increase in 
WVTR with increasing input energy per TEOS molecule during the deposition 
process, but to the extent whereby the reduction in performance is almost three 
orders of magnitude at the highest comparable input energy.  The presence of a 
buffer layer is therefore vital with regard to achieving the remarkable WVTR 
performance of the bilayer films, especially at higher input energies.  The precise 
function of the buffer layer is unknown at present, however it is speculated that the 
layer could provide a means of mechanical stabilisation to the PEN substrate in 
preparation for the barrier layer deposition, as highlighted by the AFM topographic 
analysis and in the recent publication by Starostin et al.16 

An additional particularly remarkable advantage of the bilayer films over the 
single layer films is the apparent 50% reduction in energy consumption per barrier 
area required for their deposition, if films of equivalent encapsulation performance 
and thickness are compared.  This is primarily due to the increased throughput 
necessary for the synthesis of the 30 nm barrier layer, and is a positive consequence 
with regard to commercialisation of the encapsulation barrier production process 
using roll-to-roll AP-PECVD. 

Figure 8 also illustrates, however, that the trend observed for the bilayers 
deviates somewhat from the expected gradual decrease in WVTR with increasing 
input energy per TEOS molecule, predicted by the ATR-FTIR and XPS results.  Values 
are seen to plateau and increase for samples deposited with input energies greater 
than 20 keV/TEOS molecule for the barrier layer. 

This deviation can potentially be attributed to the presence of macro-defects in 
the film, as the intrinsic microstructure of the barrier layers is known from ATR-
FTIR and XPS analysis to densify with increasing input energy per TEOS molecule 
during the deposition.  These macro-defects can occur as a result of the harsh 
processing conditions (sustained plasma and heat exposure) required to achieve 
very high input energies.  Inconsistencies in the quality of the PEN substrate can also 
potentially contribute to the variations observed.  In addition, Figure 8 also shows 
that increasing the oxygen flow rate during the deposition process can reduce the 
WVTR for samples with barrier layers deposited from 6–20 keV/TEOS molecule.  
While this may indicate that moisture barrier performance is improved by 
depositing barrier layers at an increased oxygen flow rate, it is likely that the 
phenomenon observed is a consequence of varying substrate quality, or gas phase 
processes resulting in oligomer and particle formation, which thus incorporate into 
the silica layer causing defects.  For the input energies investigated, ATR-FTIR and 
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XPS analysis revealed no obvious indication that the oxygen flow rate had any 
influence on the density of the intrinsic microstructure of the silica-like barrier 
layers. 

Figure 9 that illustrates the lag-time and apparent diffusion coefficient of the 
bilayer thin films as a function of input energy per TEOS molecule, complements the 
WVTR data with regard to the macro-defect theory.  An initial increase in the lag-
time, followed by a plateau and notable decrease for films deposited at energies 
greater than 20 keV/TEOS molecule for the barrier layer can be observed.  Since the 
apparent diffusion coefficient is seen to initially decrease with increasing keV/TEOS 
molecule, but increase again for films deposited from 25–80 keV/TEOS molecule, it 
is likely that below 20 keV/TEOS molecule, the intrinsic microstructure of the 
barrier layer dominates the WVTR and lag-time performance, while macro-defects 
such as pinholes dominate the performance of the barrier layers deposited above 20 
keV/TEOS molecule.  It is also evident from Figure 9 that the bilayer films with 
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Figure 9.  Lag-time (at 40 °C, 90% relative humidity) and corresponding apparent diffusion 
coefficient with respect to increasing input energy per TEOS molecule for synthesis of the 
barrier layer: (grey; closed circle) lag-time values obtained for a 90 nm bilayer film 
deposited with a reduced O2 flow rate; (grey; open circle) apparent diffusion coefficient 
values obtained for a 90 nm bilayer film deposited with a reduced O2 flow rate. 
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moisture barrier properties governed by their intrinsic silica-like microstructure, 
exhibit an apparent diffusion coefficient close to that of bulk SiO2 glass at 40 °C 
(approximately 9.0×10-21 m2 s-1).37  Had the films deposited at higher energies not 
been subject to the effect of macro-defects, it is likely that the apparent diffusion 
coefficient of these films would decrease even further, towards that of bulk SiO2 
glass, as indicated by the ATR-FTIR and XPS findings. 
 

IV   Conclusion 

High performance 90 nm silica-like bilayer encapsulation films comprising a 30 nm 
dense barrier layer and a comparatively less dense 60 nm buffer layer were 
deposited onto a polyethylene 2,6 naphthalate substrate using a glow-like AP DBD 
in a roll-to-roll setup by PECVD.  TEOS was used as the precursor gas, together with 
a mixture of nitrogen, oxygen and argon.  Effective WVTR measurements confirmed 
that rates as low as 6.9×10-4 g m-2 day-1 (at 40 °C, 90% RH) were achievable using 
the bilayer film structure.  The presence of a buffer layer within the bilayer 
architecture, while itself exhibiting a very poor WVTR, was found to critically 
enhance the encapsulation performance of the 30 nm barrier layers.  A remarkable 
50% reduction in energy consumption per barrier area required for the deposition 
of bilayer films compared to single layer silica-like films of equivalent encapsulation 
performance and thickness was also demonstrated.  All bilayer films generated, 
irrespective of barrier layer deposition conditions, were extremely smooth with 
RMS roughness values less than 1.5 nm in all cases.  This was attributed to possible 
buffer layer-induced substrate smoothening prior to the bilayer barrier deposition.   

It was discovered by complementary lag-time measurements and diffusion 
coefficient calculations that moisture barrier performance was limited for bilayer 
films with barrier layers deposited at input energies greater than 20 keV/precursor 
molecule.  Macro-defects in the film possibly resulting from the extreme processing 
conditions required to achieve the increased input energies per precursor molecule, 
were proposed as a reason for the limited performance.  This was supported by ATR-
FTIR and XPS analysis, which showed a gradual decrease in the silanol content and 
a steady decline in the O:Si ratio towards 2:1, suggesting that the intrinsic 
microstructure of the barrier layers actually densified with increasing input energy 
per precursor molecule and thus intensified processing conditions.  The presented 
findings therefore show that bilayer silica-like encapsulation films deposited under 
atmospheric conditions have a strong potential for further performance 
improvement, provided the macro-defect related limitations are addressed. 
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Chapter 4 
 
Defect prevention in silica thin films 
synthesised using AP-PECVD for flexible 
electronic encapsulation* 
 
 
Abstract 

Industrially and commercially relevant roll-to-roll atmospheric pressure-plasma 
enhanced chemical vapour deposition was used to synthesise smooth, 80 nm silica-
like bilayer thin films comprising a dense ‘barrier layer’ and comparatively porous 
‘buffer layer’ onto a flexible polyethylene 2,6 naphthalate substrate.  For both layers, 
tetraethyl orthosilicate was used as the precursor gas, together with a mixture of 
nitrogen, oxygen and argon.  The bilayer films demonstrated exceptionally low 
effective water vapour transmission rates in the region of 6.1×10-4 g m-2 day-1 (at 40 
°C, 90% relative humidity), thus capable of protecting flexible photovoltaics and thin 
film transistors from degradation caused by oxygen and water.  The presence of the 
buffer layer within the bilayer architecture was mandatory in order to achieve the 
excellent encapsulation performance.  Atomic force microscopy in addition to 
solvent permeation measurements, confirmed that the buffer layer prevented the 
formation of performance-limiting defects in the bilayer thin films, which likely 
occur as a result of excessive plasma-surface interactions during the deposition 
                                                           
* Published as:  F. M. Elam, S. A. Starostin, A. S. Meshkova, B. C. A. M. van der Velden-Schuermans, M. C. M. 
van de Sanden and H. W. de Vries, J. Phys. D: Appl. Phys., 2017, 50, 25LT01. 
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process.  It emerged that the primary function of the buffer layer was therefore to 
act as a protective coating for the flexible polymer substrate material.  
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I  Introduction 

Encapsulation films, typically consisting of single or multi-layer stacks of silicon 
nitride, alumina, silica or titania,1–23 are essential to the flexible electronics industry, 
envisioned to protect devices such as flexible solar cells, thin film transistors, 
quantum dot liquid crystal displays and organic light emitting diodes (OLEDs) 
against degradation from oxygen and water.1–8 

It is known that single layer encapsulation performance is limited by the 
presence of defects, such as cracks or pinholes in the inorganic layer.1–4,9,24,25  Studies 
have shown that the use of multi-layer encapsulation barriers,1,3–7,10–12,24 deposited 
using techniques such as sputtering, atomic layer deposition and molecular layer 
deposition processes, can prevent the formation,1,3–5 and propagation,3 of such 
defects.  Water vapour transmission rate (WVTR) values for multi-layer 
encapsulation barriers have been reported within the region of 10-5 g m-2 day-1 (at 
30 °C, 90% relative humidity (RH)),1,6,7 and hence almost achieve the OLED 
protection requirement of 1×10-6 g m-2 day-1 (at 25 °C, 40% RH).4,5,8,12  

However, cost effective manufacturing of encapsulation films is crucial, and the 
generation of the aforementioned multi-layer barriers can be highly expensive due 
to the alternate vacuum deposition processes usually required for their synthesis.3  
Processes performed at atmospheric pressure, such as atmospheric pressure-
plasma enhanced chemical vapour deposition (AP-PECVD), therefore present a 
significantly more favourable solution.3,9,26,27 

A scalable roll-to-roll AP-PECVD system was recently used to produce smooth, 
90 nm silica-like bilayer thin films comprising a dense inorganic ‘barrier layer’ and 
comparatively porous inorganic ‘buffer layer’ that demonstrated exceptionally good 
encapsulation performance with effective water vapour transmission rates in the 
region of 6.9×10-4 g m-2 day-1 (at 40 °C, 90% RH).26  Despite this value not quite being 
low enough to meet the WVTR requirement for flexible OLEDs,4,5,8,12 it was however 
the lowest effective WVTR obtained to date for a silica-like film deposited upon a 
flexible polymer substrate by AP-PECVD, and suitable for the protection of flexible 
photovoltaics and thin film transistors.3,4,28  By using the same material in the multi-
layer film architecture, and by having AP-PECVD as the deposition method, rendered 
this investigation highly industrially and commercially relevant to the eventual large 
scale production of flexible encapsulation foils.  It was discovered that increasing 
the input energy per precursor gas molecule during the deposition of the dense 
barrier layer, resulted in an improved encapsulation performance.  Nevertheless, 
the individual role performed by each layer in the overall success of the bilayer films 
is not yet fully understood.   
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The use of an organic ‘buffer layer’ was previously found to be responsible for 
the improved adhesion of ‘high barrier’ silica-like coatings deposited onto 
polyethylene terephthalate substrates by pulsed low-pressure microwave 
plasmas.29  However, it is unlikely in the case of the aforementioned silica-like 
bilayer films that the purpose of the inorganic porous buffer layer is merely to 
promote adhesion.  The focus of the presented work is therefore to understand the 
function of the porous buffer layer in a bilayer silica-like encapsulation film 
deposited using roll-to-roll AP-PECVD.  A deeper insight into the necessity for such 
a layer in an encapsulation film, will further efforts to improve both film quality and 
process throughput, making roll-to-roll AP-PECVD processing commercially 
accessible.  
 

II  Experimental 

A glow-like atmospheric pressure dielectric barrier discharge in a roll-to-roll set-up 
open to ambient air was used to synthesise 80 nm (81 ± 5 nm) silica-like bilayer 
films comprising a 30 nm (32 ± 2 nm) barrier layer deposited over a 50 nm (49 ± 5 
nm) buffer layer; and 65 nm (64 ± 4 nm) silica-like bilayer films comprising a 15 nm 
(16 ± 2 nm) barrier layer deposited over a 50 nm (48 ± 3 nm) buffer layer by PECVD.  
Similarly, 30 nm (27 ± 4 nm) and 15 nm (16 ± 3 nm) single layer barrier films were 
deposited so that the function of the ~50 nm buffer layer with regard to the bilayer 
encapsulation performance could be evaluated.  

A schematic representation of the AP-PECVD reactor can be seen in,9 depicting 
two cylindrical rotary drum electrodes (with radii 120 mm; and 0.5 mm gaseous 
gap) connected to a matching network, power supply, a voltage probe (Passive High 
Voltage Probe P6015A, Tektronix) and current probe (Pearson current monitor 
model 4100, Pearson Electronics, Inc.).  The electrodes were heated to 80 ± 1 °C, and 
an infrared camera (FLIR A320, FLIR Systems Co Ltd.) was used to monitor the 
temperature of the substrate (dielectric material) during the deposition process. 

The dielectric barrier discharge was ignited between the two electrodes, and the 
plasma created using a high frequency generator (L3001, Seren Industrial Power 
Systems) tuned within the range 180–200 kHz.  A pulsed operational mode was used 
with pulse lengths of 800 μs and a 90% duty cycle.  The voltage amplitude measured 
between the two drum electrodes was 2–3 kV, and the power dissipated in the 
discharge was 600 W, with a reflected power of approximately 5% of the forward 
signal.  An effective plasma discharge width of 150 mm, and a 20 mm expansion 
along the gas flow was assumed, which resulted in a specific power density of ~0.2 
W mm-2, and an average peak current density of ~1.7 mA mm-2 for the treated 
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surface area.  The I-V waveforms of the discharge during deposition are also 
presented in the recent publication by Starostin et al.9  The reactor itself is located 
in an ISO class 3 cleanroom, in accordance with ISO 14644-1 standards. 

Thermally stabilised optical grade polyethylene 2,6 naphthalate (PEN) foil 
(Teonex Q65HA, Teijin DuPont Films) with a width and thickness of 180 mm and 
100 μm respectively, was positioned over the lower drum electrode and thus acted 
as the substrate material.  A 63 μm thick sacrificial polymer, polyethylene 
terephthalate (PET) (ASTERA Functional Foils, AGFA), was used as the dielectric 
material for the upper drum electrode.  The PEN foil transport speed was fixed at 
400 mm min-1 to ensure a 50 nm deposition during the buffer layer synthesis, varied 
from 372–35 mm min-1 to enable the deposition of a ~30 nm barrier, and adjusted 
from 744–80 mm min-1 to guarantee that a ~15 nm barrier layer was deposited.  In 
all cases, the sacrificial upper PET foil transport speed was maintained at 50 mm 
min-1. 

The reactant gases in each case were oxygen (technical grade) and tetraethyl 
orthosilicate (Si(OC2H5)4, TEOS) (≥99.0%, Sigma-Aldrich).  The precursor gas, TEOS, 
was injected via a controlled evaporation mixer unit (CEM-Technology, Bronkhorst 
HIGH-TECH B.V.), where the vapours were combined with 1 slm argon (technical 
grade).  The carrier gas in all cases was nitrogen (technical grade), with a flow of 15 
slm for buffer layer synthesis and 20 slm for barrier layer synthesis.  All four gases 
were combined in the gas injector before being released into the plasma.  The 
reactant gas flows for buffer layers were kept constant at 8.3×10-3 slm TEOS and 1.8 
slm oxygen, resulting in layers with a deposition input energy of 1.6 keV/TEOS 
molecule. It should be noted however, that the reported growth conditions for the 
buffer layer are not yet completely optimised.   

In order to vary the input energy per TEOS molecule and therefore the layer 
densities,9,26 for both the 30 nm and 15 nm barrier layers, the TEOS and oxygen gas 
flows were adjusted with a fixed ratio of 4.5×10-3 in the range of 3.6×10-3–0.2×10-3 
slm and 0.8–0.05 slm respectively.  This resulted in the deposition of barrier layers 
with input energies ranging from approximately 3–30 keV/TEOS molecule.  A 
description of the method used to calculate the input energy per TEOS molecule is 
outlined in a publication by Elam et al.26  Due to system limitations, for films 
deposited with barrier layer oxygen gas flows below 0.075 slm, dry air was used as 
the reactant gas in place of oxygen. 

Spectroscopic ellipsometry was performed using a variable angle spectroscopic 
ellipsometer (M-2000D, J.A. Woollam Co. Inc.) in the wavelength range of 400–1000 
nm in order to ensure the thickness of the buffer layers, the combined buffer-barrier 
bilayers and the single layer barriers post-deposition were as expected.  The Cauchy 
dispersion function was used to model the PEN substrate and the silica-like thin 
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films as two separate entities.  The optical model did not take into account the 
substrate anisotropy; however sample orientation was consistent for each 
measurement. 

The effective WVTR of both bilayer samples comprising barrier, buffer and 
substrate layers, and single layer samples comprising barrier and substrate layers 
were determined using a Deltaperm (Technolox Ltd.), with set conditions of 40 °C, 
90% RH.  This measurement therefore took into account the overall permeation of 
the films; including contributions from macro-defects (>1 nm), and the intrinsic 
microstructure (nano-defects (0.3–1 nm) and gas transport through the amorphous 
silica-like lattice itself (0.2–0.3 nm)).30  The Deltaperm is a direct pressure device 
that fulfils the ASTM D 1434-82 (2003) standard for permeation measurements, and 
has a WVTR limit of 2×10-4 g m-2 day-1.  Sample areas of 50 cm2 were investigated, 
with each measurement lasting for 5–120 hrs depending on encapsulation ability, in 
order to ensure the permeation rate had stabilised.  The WVTR was recorded each 
minute, and calculated as summarised in.26  

The presence of any ‘large’ defects in the 30 nm single layer and bilayer films 
were determined by means of exposure to a solvent vapour for 1.5 hours and 24 
hours respectively.  The solvent had a molecular kinetic diameter of 0.33 nm, which 
enabled it to permeate through macro-defects and potentially also nano-defects in 
the silica layer,30 to the underlying PEN substrate.  This resulted in the formation of 
circular blisters at the location of these defects due to the locally enhanced solubility 
of the solvent in the PEN substrate.31  Interferometric microscopy (Wyko NT9100 
Optical Profiling System, Veeco Instruments Inc.) was then carried out on the films 
post-exposure to detect for the presence of these blisters and hence for macro-
defects in the silica-like films.  The interferometric microscopy measurement was 
performed in vertical scanning interferometry mode, analysing an area of 47×63 
μm2.  Micrographs were then processed and stitched to form images with areas of 
25 mm2 using Wyko Vision software.  The defect density (defect number per cm2) 
was calculated from an average of 10 stitched interferometric micrographs, with 
circular peaks greater than 0.3 μm in height considered defects. In total, an area of 
2.5 cm2 was evaluated for every sample. 

Atomic force microscopy (AFM) (Park NX10, Park Systems) was performed to 
investigate the surface morphology of the PEN substrate, the buffer layer, bilayer 
and single layer barriers.  The measurements were implemented in tapping mode, 
using a tip with a radius of approximately 8 nm.  Images of 512×512 pixels obtained 
with a scanning area of 2×2 μm2, were then processed using Gwyddion software in 
order to obtain root mean square (RMS) roughness values of the layers.32 
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III  Results and discussion 

Figure 1 shows the effective WVTR trend (at 40 °C, 90% RH) with respect to 
increasing input energy per TEOS precursor molecule (a parameter that relates 
increasing plasma residence time with decreasing TEOS vapour flow rates, whilst 
maintaining a constant power dissipation in the discharge) during the deposition of 
the barrier layer for four different film types.  At input energies of 3 keV/TEOS 
molecule, the presence of a buffer layer appears to have little impact upon the WVTR 
performance of the bilayer films.  However, by doubling this energy to 6 keV/TEOS 
molecule, a one order of magnitude improvement in performance of the bilayers 
with respect to the single layers can be observed.  This performance enhancement 
continues with increasing input energy up to ~25 keV/TEOS molecule, where the 
difference in the encapsulation performance of films with and without a buffer layer 
is essentially three orders of magnitude.  The importance of the buffer layer in the 
bilayer architecture with respect to achieving an exceptionally low overall effective 
WVTR is therefore clearly highlighted. 

The buffer layer itself is known to be intrinsically porous with respect to the 
barrier layers due to the low specific deposition energy (1.6 keV/TEOS molecule) 
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Figure 1.  Effective WVTR (at 40 °C, 90% RH) with respect to increasing input energy per 
TEOS molecule for synthesis of the barrier layer.26 
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used to synthesise the layer.  It is understood from attenuated total reflectance-
Fourier transform infrared (ATR-FTIR) analysis of silica films that the intrinsic 
porosity gradually increases with decreasing input energy/TEOS molecule, as the 
concentration of silica network-disrupting silanol (Si–OH) groups increases thus 
decreasing the film lattice density as a consequence.17,26  This, coupled with a poor 
effective WVTR of 0.19 g m-2 day-1, is further evidence to suggest that the deposited 
buffer layer can be referred to as ‘porous’ and provides very little resistance to water 
vapour permeation. 

As expected, due to the thickness of the barrier layers, both single and bilayer 
films with 30 nm barriers consistently outperform films with 15 nm barriers 
deposited at equivalent deposition input energies.  Nonetheless, the difference in 
the encapsulation performance between the two bilayer films decreases as the 
deposition input energy increases due to gradually intensified processing 
conditions (increased plasma residence time in conjunction with decreased 
precursor flux), which are likely to result in the formation of performance limiting 
macro-defects.26  This trend is not observed for the single layer films, probably 
because the difference in the total film thickness still carries a more prominent role. 

Interestingly, the encapsulation performance of the single layer barrier films 
initially improves with increasing input energy per TEOS molecule, but 
progressively deteriorates after 6 keV/TEOS molecule.  The 15 nm single layer film 
deposited at 25 keV/TEOS molecule in fact exhibits essentially no encapsulating 
ability at all.  As the decline in performance occurs for both the 30 nm and 15 nm 
single layer films, a similar phenomenon is likely responsible.  As mentioned above, 
the intrinsic porosity of the films gradually decreases with increasing input 
energy/TEOS molecule.26  Therefore, it is likely that after 6 keV/TEOS molecule, the 
effective WVTR increases for the single layer films due to the gradual appearance of 
macro-defects, rather than the intrinsic or lattice porosity of the silica-like network 
increasing.30  As aforementioned, it is speculated that macro-defects can result from 
gradually intensified processing conditions, namely the increased plasma residence 
times and decreased precursor flow rates required to attain the desired increases in 
input energy per TEOS molecule necessary for dense intrinsic barrier layer 
synthesis.  Both increased plasma residence time and decreased precursor flux can 
in turn influence the film growth mechanism, possibly stimulating ‘island’ growth as 
opposed to layer-by-layer growth,33–37 and increase plasma-surface(polymer) 
interactions, inducing  processes such as etching.38–40  Together these events could 
therefore lead to macro-defect formation, most likely observed to a significantly 
greater extent in the absence of a buffer layer.   

In order to determine if macro-defects, or pinholes, were indeed present and 
therefore responsible for the very poor encapsulation performance of the single 
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layer barriers, solvent vapour exposure analysis was performed on the 30 nm single 
and bilayer films.  As can be seen in Figures 2 and 3, the number and density of 
pinholes in the 30 nm single layer barrier films increases as a function of increasing 
input energy per TEOS molecule during the deposition process, and also 
consequently, increasing plasma residence time and decreasing precursor flux.  
These pinholes are with considerable certainty, the main reason for the very poor 
encapsulation performance observed for the high input E/TEOS buffer-less films, as 
it is known from ATR-FTIR analysis that increasing the input E/TEOS during the 
barrier layer deposition decreases the intrinsic porosity of the films.26  A transition 
occurs for single layer films deposited from 6–12 keV/TEOS, where the effective 
WVTR converts from being controlled by the intrinsic film porosity to being 
dominated by the macro-defects.  It is known that the intrinsic porosity of the 12.2 
keV/TEOS film is less than that for the 6.0 keV/TEOS film,26 however the density of 
macro-defects increases to such an extent that the lower intrinsic porosity of the 
12.2 keV/TEOS film has little or no influence on the WVTR, resulting therefore in a 
poorer encapsulation performance. 

Also observed in the 30 nm single layer interferometric micrographs are linear 
regions of higher defect density, particularly obvious in the 22.3 keV/TEOS and 29.5 
keV/TEOS samples.  Equally apparent are thin scratches oriented in the direction of 
foil transport.  The regions of higher defect density are therefore aligned 
perpendicular to the foil transport and thus parallel with the plasma discharge.  It is 
likely that a ‘stick-slip’ mechanism occurs during the substrate transport, especially 

 
 

 

Figure 2.  Interferometric micrographs illustrating the outcome of solvent permeation 
measurements carried out on: (a) 30 nm single layer and (b) 30/50 nm bilayer films 
deposited at a range of deposition input energies and foil transport speeds.  Small high 
features are indicative of blister formation resulting from the presence of macro-defects 
such as pinholes. The distance between two defect regions for the 22.3 and 29.5 keV samples 
are approx. 2 mm and 1 mm respectively. 
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at lower foil transport speeds (and hence increased E/TEOS), and consequently 
certain areas of the film remain in the plasma discharge for longer time intervals 
than others.  This is supported by a direct correlation relating the distance between 
two defect regions and the foil transport speed for the 22.3 and 29.5 keV/TEOS 
samples (Figure 2).  Hence this would infer that an increased plasma residence time 
does result in the formation of macro-defects in the single layer films. 

Moreover, as only very few defects were observed in the equivalent high 
deposition energy 30 nm barrier samples incorporating a buffer layer, the results 
displayed in Figures 2 and 3 indicate that the macro-defects form primarily in the 
absence of said buffer layer.  The function of the buffer layer therefore likely includes 
the prevention of defect-inducing plasma-surface interactions, as outlined above. 

AFM micrographs displayed in Figure 4 illustrate the typical surface 
morphologies of the PEN substrate, the single layer barriers, the buffer layer and the 
bilayer barriers.  It is fairly evident that the morphology of all the deposited layers 
follows that of the PEN substrate, with the 15 nm high energy single layer being the 
only exception.  Small, high  features can be seen in the low energy 30 nm single 
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Figure 3.  Defect density data obtained from interferometric micrographs (Figure 2) plotted 
as a function of increasing input energy per TEOS molecule for the synthesis of the barrier 
layer. 
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layers, the buffer layer and all bilayer films, but disappear for the high energy 30 nm 
single layers and all 15 nm single layers.  It still remains unclear what causes the 
formation of these small high features, however, their disappearance correlates with 
an increase in the WVTR and also the presence of macro-defects. 

The 15 nm single layer film deposited at the highest E/TEOS shows a remarkably 
different morphology to that of the other films.  It is also comparatively very rough, 
with an RMS roughness of 11.3 ± 2.9 nm (Figure 5) and adheres exceptionally poorly 
to the PEN substrate.  It is therefore likely that the deposition parameters for the 
synthesis of this layer, namely the very low precursor flux in combination with a 
relatively high plasma residence time and the absence of a buffer layer, are not 
suitable for barrier film synthesis.  This is verified by the essentially non-existent 
encapsulation performance shown in Figure 1.  In this particular case it is possible 
that the presence of a ‘semi-porous’ buffer layer would act not only to prevent 
defect-inducing plasma-surface interactions, but also to mechanically stabilise the 
porous PEN substrate in preparation for the deposition of the extremely thin, dense 
silica barrier layer.  The buffer layer may function as a bridging material to reduce 
the high initial structural stress felt ordinarily by the two layers of differing density, 
thus preventing crack formation and delamination,29 of the barrier layer. 

 

Figure 4.  AFM micrographs illustrating the surface morphology of: (a) the PEN substrate; 
(b) the 30 nm single layer barrier deposited at 6.0 keV/TEOS molecule; (c) the 30 nm single 
layer barrier deposited at 29.5 keV/TEOS molecule; (d) the 15 nm single layer barrier 
deposited at 5.3 keV/TEOS molecule; (e) the 15 nm single layer barrier deposited at 25.5 
keV/TEOS molecule; (f) the buffer layer; (g) the 30 nm bilayer barrier deposited at 4.9 
keV/TEOS molecule; (h) the 30 nm bilayer barrier deposited at 25.6 keV/TEOS molecule; (i) 
the 15 nm bilayer barrier deposited at 4.6 keV/TEOS molecule and (j) the 15 nm bilayer 
barrier deposited at 28.4 keV/TEOS molecule.  
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Figure 5 shows the data obtained from the topographic analysis of the AFM 
images illustrated in Figure 4.  An increase in RMS roughness as a function of 
increasing input energy per TEOS molecule during the deposition process can be 
observed for both single and bilayer films, however the extent of said increase and 
the starting point is both much steeper and higher for the single layer films.  The 
thickness of the barrier layers, however, appears to have little or no impact upon the 
RMS roughness values calculated, suggesting the underlying materials (the PEN 
substrate in the case of the single layers, and the silica buffer layer in the case of the 
bilayers) pose a greater influence. 

All bilayer films are seen to have RMS roughness values less than 1.4 nm.  This 
RMS roughness value is considerably less than the PEN substrate that has an RMS 
roughness of 1.75 ± 0.04 nm.  It is evident that the presence of a buffer layer is 
responsible for the decreased RMS roughness of the bilayer films, as it appears to 
smoothen the PEN substrate in preparation for the barrier layer deposition.  

A direct correlation can be observed between the encapsulation performance, 
the number of macro-defects in the single 30 nm layers (Figures 1, 2 and 3) and the 
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Figure 5.  Topographic data obtained from AFM micrographs (Figure 4). RMS roughness 
plotted as a function of increasing input energy per TEOS molecule for the synthesis of the 
barrier layer. 
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corresponding RMS roughness.  As stated previously, an increase in E/TEOS 
combines increased plasma residence time with decreased precursor flows and 
hence film growth rate.  This therefore results in intensified plasma-
surface(polymer) interactions (such as etching) that could contribute to the rapid 
increase in RMS roughness observed for the single layer films.38–40  As before, 
regarding the formation of macro-defects, the presence of a buffer layer limits the 
extent of said plasma-surface(polymer) interactions thus reducing the RMS 
roughness of the bilayers, despite equivalent barrier deposition conditions.  The 
primary function of the buffer layer, rather than to merely smoothen the PEN 
substrate, could in fact be as a protection layer to prevent excessive plasma-surface 
interactions during the barrier layer deposition in harsh processing conditions. 
 

IV  Conclusions 

The function of the porous buffer layer in flexible bilayer silica-like encapsulation 
films deposited using the industrially and commercially relevant roll-to-roll AP-
PECVD process was evaluated.  Extensive effective WVTR measurements confirmed 
that the presence of this buffer layer within the bilayer architecture was mandatory 
in order to achieve excellent encapsulation performances as low as 6.1×10-4 g m-2 
day-1 (at 40 °C, 90% RH), capable of protecting flexible photovoltaics and thin film 
transistors from oxygen and water degradation.  The buffer layer was found to 
prevent the formation of macro-defects in the bilayer architecture, which otherwise 
occurred when identical barrier layers were deposited directly onto the flexible PEN 
substrate.  It is speculated from AFM and solvent permeation measurements that 
the buffer layer acted as a protective coating to prevent excessive plasma-surface 
interactions, which are likely to occur as a result of the harsh processing conditions 
(increased plasma residence time in conjunction with decreased precursor flux) 
required for the deposition of dense barrier layers.  For the continued development 
of AP-PECVD processing of silica-like thin films designed for the encapsulation of 
flexible electronics, the use of a porous buffer layer in the thin film architecture is 
therefore essential. 
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Chapter 5 
 
Structural optimisation of silica thin films 
synthesised using atmospheric pressure-
PECVD for cost-effective flexible electronic 
encapsulation* 
 
 
Abstract 

For the first time in atmospheric pressure-plasma enhanced chemical vapour 
deposition, investigations into the thin film architecture of silica-like encapsulation 
films deposited onto flexible polymer substrates has enabled an effective water 
vapour transmission rate as low as 2.0×10-4 g m-2 day-1 to be achieved (at 40 °C, 90% 
relative humidity).  Similarly, this has permitted a 140% increase in barrier 
production throughput with respect to equivalent standard 100 nm single layer 
films capable of protecting flexible solar cells.  The findings presented demonstrate 
a significant development towards low-cost, versatile production of thin silica 
encapsulation films, designed to be protective coatings for flexible electronics. 
  

                                                           
* Submitted for publication:  F. M. Elam, A. S. Meshkova, B. C. A. M van der Velden-Schuermans, S. A. 
Starostin, M. C. M van de Sanden and H. W. de Vries. 
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I  Introduction 

Encapsulation films are vital to the flexible electronics industry, intended to protect 
devices such as flexible solar cells, thin film transistors, quantum dot liquid crystal 
displays and organic light emitting diodes (OLEDs) against degradation from oxygen 
and water.1–8  Each device has a particular water vapour transmission rate 
requirement, the majority of which are displayed in Figure 1. 

Commercial-scale production of encapsulation films can be decidedly expensive, 
due in part to the alternate vacuum deposition processes typically required for their 
synthesis.8  Innovative processes operated at atmospheric pressure, namely 
atmospheric pressure-plasma enhanced chemical vapour deposition (AP-PECVD), 
present a considerably more advantageous solution.8–11  AP-PECVD offers a highly 
versatile manufacturing method, with the potential for high throughput film 
production using in-line processing, without the need for any large footprint 
vacuum equipment.8 

A scalable roll-to-roll AP-PECVD system was recently used to successfully 
deposit 80 nm silica-like bilayer thin films onto a polyethylene 2,6 naphthalate 
(PEN) substrate.  The films demonstrated very good encapsulation performance, 
with an effective water vapour transmission rate of 6.1×10-4 g m-2 day-1 (at 40 °C, 
90% relative humidity (RH)),12 thus capable of protecting flexible photovoltaics and 
thin film transistors from degradation caused by oxygen and water.3,8,13  The 
bilayers were comprised of a 30 nm dense inorganic ‘barrier layer’ and 
comparatively porous 50 nm inorganic ‘buffer’ layer.  The buffer layer itself was 
found to act as a protective coating to prevent excessive plasma-surface interactions 
and thus the formation of performance-limiting macro-defects in the bilayer 

 
 

 

Figure 1.  WVTR requirements for common flexible devices and the barrier performance 
provided by available materials.  Values modified from the original schematic in,3 to be 
representative at 40 °C, 90% relative humidity. 
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architecture.12  As a result, it was concluded that for the continued development of 
AP-PECVD processing of silica thin films designed for the encapsulation of flexible 
electronics, the use of a porous buffer layer in the thin film architecture was 
essential. 

The intention of the presented work is to optimise the layered architecture of 
silica bilayer thin films deposited using AP-PECVD onto flexible polymer substrates, 
in order to both improve film quality and increase process throughput.  A deeper 
insight into the necessity and function of barrier and buffer layers in a bilayer 
encapsulation film will further efforts to generate films capable of protecting flexible 
OLEDs and render roll-to-roll AP-PECVD a commercially accessible manufacturing 
method.  
 

II  Experimental 

A glow-like AP dielectric barrier discharge (DBD) in a roll-to-roll set-up open to 
ambient air was used to synthesise a series of silica-like bilayer films comprising 
barrier/buffer layers with the following thicknesses: 30/100 nm, 30/50 nm, 30/30 
nm, 15/50 nm and 5/50 nm by AP-PECVD.  A schematic representation of the AP-
PECVD reactor is shown in,9 and basic device and thin film deposition parameters 
can be found in a recent publication by Elam et al.10  Thermally stabilised optical 
grade polyethylene 2,6 naphthalate (PEN) foil (Teonex Q65HA, Teijin DuPont Films) 
with a width and thickness of 180 mm and 100 μm respectively, was used as the 
substrate (and dielectric) material.  The foil transport speed was set to 667, 400 and 
200 mm min-1 to ensure the respective deposition of 30, 50 and 100 nm buffer 
layers.  For the synthesis of the 30, 15 and 5 nm barrier layers on top of the pre-
deposited buffer layers, the foil speed was varied from 371–35 mm min-1, 744–80 
mm min-1, and 654–240 mm min-1 respectively.  In all cases, a 63 μm thick sacrificial 
polymer, polyethylene terephthalate (PET) (ASTERA Functional Foils, AGFA) was 
used as the dielectric material for the upper drum electrode and kept at a constant 
foil transport speed of 50 mm min-1.   

The reactant gases in each case were oxygen (technical grade) and tetraethyl 
orthosilicate (Si(OC2H5)4, TEOS) (≥99.0%, Sigma-Aldrich).  The precursor gas, TEOS, 
was injected via a controlled evaporation mixer unit (CEM-Technology, Bronkhorst 
HIGH-TECH B.V.), where the vapours were combined with 1 slm argon (technical 
grade).  The carrier gas in all cases was nitrogen (technical grade), with a flow of 15 
slm for buffer layer synthesis and 20 slm for barrier layer synthesis.  All four gases 
were combined in the gas injector before being released into the plasma.  The 
reactant gas flows for buffer layers were kept constant at 8.3×10-3 slm TEOS and 1.8 

II Experimental 



126 
 

slm oxygen, resulting in layers with a deposition input energy of 1.6 keV/TEOS 
molecule.  However, in order to increase the input energy per TEOS molecule and 
therefore the layer densities,9,10 for the 30, 15 and 5 nm barrier layers, the TEOS and 
oxygen gas flows were decreased with a fixed ratio of 4.5×10-3 in the range of 3.6×10-

3–2.0×10-4 slm and 0.8–0.05 slm respectively for 30 and 15 nm barriers; and 9.0×10-

4–2.0×10-4 slm and 0.2–0.05 slm respectively for 5 nm barriers.  This resulted in the 
deposition of 30 and 15 nm barrier layers with input energies ranging from 
approximately 3–30 keV/TEOS molecule; and 12–30 keV/TEOS for 5 nm barriers.  A 
description of the method used to calculate the input energy per TEOS molecule is 
outlined in a publication by Elam et al.10  

Spectroscopic ellipsometry was performed using a variable angle spectroscopic 
ellipsometer (M-2000D, J.A. Woollam Co. Inc.) in the wavelength range of 400–1000 
nm in order to verify that the thickness of the buffer layers, and the combined buffer-
barrier bilayers post-deposition were as anticipated.  The effective WVTR of bilayer 
samples comprising barrier, buffer and substrate layers were determined using a 
Deltaperm (Technolox Ltd.), with set conditions of 40 °C, 90% RH.  This 
measurement therefore took into account the overall permeation of the films; 
including contributions from macro-defects (>1 nm), and the intrinsic 
microstructure (nano-defects (0.3–1 nm) and gas transport through the amorphous 
silica-like lattice itself (0.2–0.3 nm)).14  The WVTR was recorded each minute, and 
calculated as summarised in.10  Atomic force microscopy (AFM) (Park NX10, Park 
Systems) was performed to investigate the surface morphology of the PEN 
substrate, the buffer layer, and the bilayer barriers.  The measurements were 
implemented in tapping mode, using a tip with a radius of approximately 8 nm.  
Images of 512×512 pixels obtained with a scanning area of 2×2 μm2, were processed 
using Gwyddion software in order to calculate the root mean square (RMS) 
roughness values of the layers.15  
 

III  Results and discussion 

Figure 2 shows the effective WVTR trend (at 40 °C, 90% RH) with respect to 
increasing input energy per TEOS molecule during the deposition of the barrier 
layer for three different bilayer films with different buffer layer thickness.  
Unsurprisingly, the bilayer film with the thickest buffer layer outperforms all other 
films, exhibiting an effective WVTR as low as 2.0×10-4 g m-2 day-1.  This value is 
unprecedented for silica encapsulation barriers deposited at atmospheric pressure 
on polymer substrates.  Notable intrinsic WVTR values have however been reported 
in the region of 10-5–10-7 g m-2 day-1 (at ambient atmospheric conditions),5,7,16,17 for 
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organic-inorganic multi-layer barriers deposited on polymeric substrates.5–8,16–19  
These encapsulation films therefore essentially achieve the OLED protection 
requirement of 1×10-6 g m-2 day-1 (at 25 °C, 40% RH).3  Nevertheless, organic-
inorganic multi-layer barriers are typically produced using techniques such as 
sputtering, flash evaporation deposition, atomic layer deposition and molecular 
layer deposition, meaning that the production of these encapsulation barriers can 
be highly expensive due to the alternate vacuum deposition processes usually 
required for their synthesis.8  Hence the result displayed in this article, presents a 
remarkable advancement towards low-cost, versatile production of silica 
encapsulation films designed for the protection of flexible OLEDs.  

Also emphasised by Figure 2 is the similarity in the performance of samples with 
30 nm and 50 nm thick buffer layers.  Whilst the effective WVTR of each individual 
buffer layer shows a one order of magnitude difference due to film thickness scaling, 
there appears to be only a slight variation in the performance of the corresponding 
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Figure 2.  Effective WVTR with respect to increasing input energy per TEOS molecule for 
synthesis of the barrier layer: (grey; circle) values obtained for a bilayer film composed of a 
30/30 nm barrier/buffer layer; (gold; triangle) values obtained for a bilayer film composed 
of a 30/50 nm barrier/buffer layer;12 (blue; diamond) values obtained for a bilayer film 
composed of a 30/100 nm barrier/buffer layer.  
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bilayer films at lower specific deposition energies.  This can be attributed to the ideal 
laminate theory, which assumes uniform permeation throughout the whole film and 
substrate.20  The effective WVTR of the films in this regime is therefore controlled 
by the intrinsic porosity of the 30 nm barrier layer within the bilayer architecture.  
Moreover, the effective WVTR of both varieties can be seen to converge at barrier 
deposition energies of approximately 15 keV/TEOS molecule, reaching an effective 
WVTR limit of 6.0×10-4 g m-2 day-1.   

It is known from previous work that the intensified processing conditions 
(sustained plasma and heat exposure in conjunction with decreased precursor 
availability) required to achieve the high input energies necessary to deposit barrier 
layers with gradually increasing intrinsic densities,9,10 are likely to cause the 
formation of macro-defects in the films, therefore limiting their encapsulating 
potential.10,12  The buffer layer itself was found to act as a protective coating for the 
flexible PEN substrate material, to stop excessive plasma-surface interactions which 
likely occur during the harsh processing conditions, and thus prevent the 
development of said macro-defects.12  However, it appears from Figure 2 that under 
conditions of severe plasma and heat exposure, the protective nature of these buffer 
layers is limited by their thickness.   

Buffer layers with thicknesses of 30 nm and 50 nm both fail to act as protective 
coatings for the PEN substrate at barrier deposition energies of approximately 12 
keV, after which the water permeation mechanism in these films becomes governed 
by macro-defects,14,20–23 and thus a performance plateau is observed.  However, the 
permeation mechanisms in the 30/100 nm bilayer continue to be controlled 
primarily by the intrinsic porosity of the 30 nm barrier layer, up until specific barrier 
deposition energies of at least 18 keV, which in turn enables the effective WVTR of 
2.0×10-4 g m-2 day-1.  It appears that the additional 50 nm of material in the 100 nm 
buffer layer can effectively prevent the formation of macro-defects in the bilayer 
films under more extreme conditions of plasma and heat exposure.  Potential 
reasons for this include an increased resistance to plasma-surface interactions; and 
an improved ability to prevent heat-induced polymer deformation by acting as a 
stabilisation layer for the PEN substrate material. 

It is possible therefore, that the encapsulation performance of these AP-PECVD 
bilayer films could be further improved if a buffer layer of 200 nm was utilised, as 
its thickness would likely be enough to avert the creation of macro-defects in the 
silica layers deposited at specific energies greater than 18 keV.  However, for devices 
such as flexible photovoltaics and thin film transistors with a WVTR requirement of 
merely 10-3 g m-2 day-1,3,8,13 the deposition of very dense barrier layers at high 
specific energies is not necessary.  Therefore, a thick buffer layer is not warranted, 
meaning a buffer layer of only 30 nm would in fact be sufficient to prevent oxygen 
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and water from degrading this type of application, saving both material and 
processing costs. 

The effective WVTR trend (at 40 °C, 90% RH) with respect to increasing input 
energy per TEOS molecule during the deposition of the barrier layer for four films 
with different barrier layer thickness is shown in Figure 3.  Predictably, the lowest 
effective WVTR is achieved for the bilayer film with the thickest barrier layer.  
However, again probably due to macro-defects,10,12 the encapsulation performance 
of each film plateaus and the effective WVTR becomes macro-defect controlled at a 
specific deposition energy of approximately 12 keV, when the 50 nm buffer layer 
ceases to act as a protective coating for the polymer substrate. 

With regard to process throughput, the speed at which the barrier layer is 
synthesised is the most prominent limiting factor.  The 5/50 nm bilayer films 
therefore present a novel  opportunity  to  overcome  this  processing  boundary.   In  
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Figure 3.  Effective WVTR with respect to increasing input energy per TEOS molecule for 
synthesis of the barrier layer: (grey; circle) values obtained for a bilayer film composed of a 
5/50 nm barrier/buffer layer; (gold; triangle) values obtained for a bilayer film composed 
of a 15/50 nm barrier/buffer layer;12 (blue; diamond) values obtained for a bilayer film 
composed of a 30/50 nm barrier/buffer layer;12 (green; open square) values obtained for a 
100 nm single layer barrier.9 
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Figure 4.  AFM micrographs illustrating the surface morphology of: (a) the 30/30 nm 
bilayer barrier deposited at 17.3 keV; (b) the 5/50 nm bilayer barrier deposited at 17.5 keV; 
(c) the 30/50 nm bilayer barrier deposited at 17.5 keV;12 and (d) the 30/100 nm bilayer 
barrier deposited at 18.0 keV.  Topographic data obtained from AFM micrographs: (e) RMS 
roughness plotted as a function of increasing input energy per TEOS molecule for the 
synthesis of the barrier layer. 
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particular, the demonstration of an effective WVTR of 2.7×10-3 g m-2 day-1, a value 
exceeding the requirements for the protection of flexible solar cells,3,8,13 is a 
particularly promising result.  This barrier can be produced with a processing speed 
of 240 mm min-1, 140% faster than that of an equivalent performing 100 nm single 
layer barrier.9  

Figure 4 displays data obtained from the topographic analysis of AFM images.  A 
slight increase in RMS roughness as a function of increasing input energy per TEOS 
molecule during the deposition process can be observed for all bilayer films.  The 
thickness of the barrier and buffer layers appears not to influence the RMS 
roughness values calculated.  However, the presence of a buffer layer is certainly 
responsible for the reduction in RMS roughness observed for the bilayer films with 
respect to the PEN substrate.12  In addition, the smoothening of the original 
substrate material is known to be an important factor with regard to reducing the 
water vapour transmission rate of the final films.24,25 

 

IV  Conclusions 

Silica thin films with various layered architectures deposited onto flexible PEN 
substrates using roll-to-roll AP-PECVD were evaluated in terms of their 
encapsulation performance with the outlook to improve film quality and processing 
throughput.  It was found that using a bilayer construction with a 30 nm dense 
barrier and comparatively porous 100 nm buffer layer, enabled an exceptional 
effective WVTR of 2.0×10-4 g m-2 day-1 to be achieved.  This finding presents a 
significant development towards low-cost, versatile production of silica 
encapsulation films designed for the protection of flexible OLEDs.  Regarding 
processing throughput, a very promising effective WVTR of 2.7×10-3 g m-2 day-1, a 
value exceeding the requirements for the protection of flexible solar cells, was 
exhibited by a 5/50 nm bilayer film.  The barrier layer (the rate limiting step) was 
produced with a processing speed of 240 mm min-1, more than double that of an 
equivalent performing 100 nm single layer.  The thickness of the barrier and buffer 
layers appeared not to influence the RMS roughness values calculated for any of the 
thin films, all of which had an RMS roughness less than 1.4 nm.  
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Atmospheric pressure-plasma enhanced chemical vapour 
deposition of silica 

Characterisation and control of porosity in multi-layer encapsulation films 

Atmospheric pressure-plasma enhanced chemical vapour deposition (AP-PECVD) is 
an innovative technology that can be integrated into many existing manufacturing 
systems to facilitate the mass production of functional films; specifically 
encapsulation foils.  These barrier films are essential to the flexible electronics 
industry, envisioned to protect devices such as flexible solar cells, quantum dot 
liquid crystal displays (QD LCDs) and organic light emitting diodes (OLEDs) against 
degradation from oxygen and water.  

The overall intention of the work described in this thesis was to obtain multi-
layer solutions to control gas permeation in thin, flexible amorphous silica films 
produced at a high deposition rate using AP-PECVD.  Focus was placed upon the 
scientific understanding of the deposited material, and its final application as an 
encapsulation film.   

An industrially scalable roll-to-roll AP-PECVD reactor was used to deposit both 
single and bilayer silica thin films onto flexible polyethylene 2,6 naphthalate (PEN) 
substrates by means of a glow-like dielectric barrier discharge.  For all films, an air-
like gas mixture was used, together with tetraethyl orthosilicate (TEOS) as the 
silicon containing precursor molecule.  Spectroscopic ellipsometry was used to 
ensure the films post-deposition were of the expected thickness and demonstrated 
good overall uniformity.  To assess their encapsulation performance, both the 
effective water vapour transmission rate (WVTR) and the effective lag-time (the 
time taken for the WVTR to reach a steady state) of the films were determined using 
a Deltaperm direct pressure device, with set conditions of 40 °C, 90% relative 
humidity (RH).  Polarised attenuated total reflectance-Fourier transform infrared 
absorption spectroscopy (ATR-FTIR) and x-ray photoelectron spectroscopy (XPS) 
were used to ascertain the chemical structure of the amorphous silica films.  Pore 
interconnectivity was determined by means of exposure to deuterium oxide and 
subsequent detection of hydrogen-deuterium exchange using un-polarised ATR-
FTIR absorption spectroscopy.  The quantity of macro-defects (>1 nm dimeter) in 
the silica layers were measured by a solvent exposure method that induced blister 
formation in the films.  Blisters at the location of the macro-defects were later 
detected using interferometric microscopy (IM).  Both IM and atomic force 
microscopy (AFM) were used to evaluate the morphology of the pristine surface of 
the silica films. 
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It was discovered that the intrinsic silica lattice (with pore diameters ranging 
from 0.2–0.3 nm), of single layer films gradually densified as a direct result of 
increased plasma residence time and reduced TEOS flux; otherwise referred to as 
increased specific deposition input energy per TEOS molecule (E/TEOS).  This was 
confirmed by ATR-FTIR and XPS analysis, which revealed a gradual decrease in the 
Si–O–Si bond angle, Si–O bond length and silanol (Si–OH) content of the silica layers, 
coupled with a steady decline in the O:Si ratio towards 2:1.  In conjunction, exposure 
of the layers to deuterium oxide uncovered a transition in pore interconnectivity, 
with a greater magnitude of isolated pores incorporated into silica lattice networks 
deposited at higher specific energies.  However, a deposition input E/TEOS greater 
than only 9 keV was found to limit the effective encapsulating performance of 
intrinsically dense single layered silica films, due to the creation of ~1 μm diameter 
pinhole defects.   

This restriction was overcome by the deposition (at 1.6 keV/TEOS) of a semi-
porous silica ‘buffer’ layer between the PEN substrate and the denser silica ‘barrier’ 
layer.  The buffer layer within the bilayer architecture acted as a protective coating 
to prevent excessive defect-inducing plasma-surface interactions, which likely 
occurred as a consequence of the harsh processing conditions necessary to generate 
intrinsically dense barrier films at increased specific energies. 

As a result, bilayer films consisting of a 30 nm barrier layer and 100 nm buffer 
layer were able to demonstrate exceptionally low effective water vapour 
transmission rates in the region of 2×10-4 g m-2 day-1.  These values are so far 
unprecedented for silica encapsulation films deposited at atmospheric pressure on 
flexible polymer substrates.  Finally, regarding process throughput for the efficient 
and profitable manufacture of silica thin films capable of protecting flexible solar 
cells (WVTR ~2.7×10-3 g m-2 day-1), a 140% increase in processing speed was 
achieved for bilayer films (5 nm barrier layer; 50 nm buffer layer) with respect to 
100 nm single layer barriers of equivalent encapsulation performance. 

For the future cost-effective development of AP-PECVD processing of silica thin 
films designed for the encapsulation of flexible electronics, the use of a multi-layer 
architecture is essential.  However, further optimisation of this architecture is still 
required if AP-PECVD is to be used to manufacture encapsulation films for the 
protection of flexible devices with a WVTR requirement more demanding than that 
of solar cells and QD LCDs, namely OLEDs.  Nevertheless, this work has provided an 
insight into the ways in which the AP-PECVD system can be tailored to control the 
porosity of deposited silica layers; an outcome that could be developed to generate 
films for a variety of other applications. 
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