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I. Applications of silica moisture barrier films  

 

The fast evolving field of flexible electronics demands a variety of novel 

processing techniques and highly tailored functional materials. Thin silicon 

oxide (SiOx) films have attracted much interest as coatings on plastic materials 

to improve the gas barrier properties. By providing a thin functional barrier 

film the water vapour transmission rate (WVTR) can be reduced by 3-4  orders 

of magnitude. Such high performance barrier films deposited on polymer 

substrate are required for applications in flexible organic light emitting diodes 

(OLED), photovoltaic devices and quantum dot displays in order to prevent the 

ingress of oxygen and water vapour, and to achieve the desired device lifespan 

[1]. This so called encapsulation layer must fulfill the requirements of being 

flexible, transparent, mechanically robust, scratch resistant, light weight and 

inexpensive to produce. Key factors in achieving an excellent performance of 

the protective barrier coatings are dense, defect free and smooth film 

properties [2]–[4]. A schematic depiction of an encapsulation layer is shown in 

Figure 1.  

 
Figure 1. An overview of WVTR requirements for various flexible devices. Values 
modified for the conditions of 40℃, 90 % relative humidity from the original schematic 
in  [5]. 

 

An overview of the moisture barrier requirements is displayed in Figure 1. 

For example, OLED devices demand very rigorous encapsulation requirements 

with WVTR values of less than 10-6 g∙m-2∙day-1 at 20 ℃ and 50% RH to achieve 

a minimum life time of 10,000 hrs of the OLED device.   

Well-known processing methods for the deposition of encapsulation films 

are physical vapour deposition (PVD), atomic layer deposition (ALD) and 
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plasma enhanced chemical vapor deposition (PECVD) [6]–[14]. Atmospheric 

pressure plasma enhanced chemical vapour deposition (AP-PECVD) is a 

promising candidate for barrier layer processing due to good prospects to 

synthesize dense inorganic layers at relatively low temperatures and high 

throughput. The advantage of atmospheric pressure deposition is, the cost-

effectiveness due to the absence of expensive and large vacuum equipment as 

required in conventional low pressure PECVD. Moreover at atmospheric 

pressure roll-to-roll in-line production without complex transfer chambers or 

batch processing becomes feasible. Effective water vapor transmission rate 

(WVTR) measurements showed that rates as low as 6.9∙10−4 g·m−2·day−1 (at 40 

°C, 90% RH) [15] can be obtained.  

 

i. Factors controlling the barrier performance 

 

The encapsulation performance of the barrier layer is controlled by the 

number density and size distribution of the permeating channels. According to 

Roberts et al. the permeation channels in the layers can be categorized by three 

types of permeation mechanisms [16] that control the transport of moisture. 

First the unhindered transport of moisture through so called macro-defects 

with a pore diameter >1 nm. Second the hindered transport of water through 

nano-defects with the pore diameters ranging from 0.3-1 nm, and finally 

hindered transport through lattice defects (intrinsic permeation) having a pore 

size of less than 0.3 nm. 

The lattice diffusion is mainly controlled by the density of the silica, or the 

ring size (bond angles) of the Si-O-Si-O bonds and disruption of the ring size by 

silanol groups. The silanol concentration is particularly associated with nano-

defects [16]–[20]. It was shown that the moisture permeation in silica dioxide 

layers grown on polymers is mainly controlled by the presence of silanol 

groups which were attributed to the presence of nano-defect permeation 

pathways. The macro defects can have many different causes (silanol related, 

cracks, surface flaws, globules, particles incorporated in the film, etc.). 

Roughness formation can lead to a globular surface structure and, when large 

globules break out of the layer this will lead to the formation of macro defects. 

Factors like defect size, coating thickness and density as well as the surface 

roughness are all likely to affect the encapsulation performance of the layers. 
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Figure 2. Schematic diagram of the permeation pathways in the encapsulating SiO2 
layers [16]. 

 

To further the understanding of AP-PECVD in the growth front evolution, 

the plasma surface interactions in the growth process should also be taken into 

account. From ex-situ FTIR analysis [21] it was observed that at low precursor 

concentration a strong plasma polymer interaction occurred as evidenced by a 

high concentration of COx (x=1, 2) in the gas effluent. Moreover, with increased 

power density an increase in the number of macro defects was observed as a 

result of strong plasma polymer interactions [22].  Accordingly it is concluded 

that the first layers of depositing species can strongly interact with the 

polymeric substrate and can thus affect the film growth front development. In 

the bilayer architecture mechanical stabilization of the layer was successfully 

achieved by use of a so called ‘buffer’ layer to improve barrier quality. 

However, the effective encapsulating performance of layers is often limited by 

defects related to either the growth conditions or flaws of the substrate [22]–

[25]. Therefore a fundamental understanding of the surface morphology and 

microstructure of the coating during the deposition process, and the resulting 

final structure is required. 

 

ii. Introduction to thin film growth and research objectives 

 

The growth process of thin films can be broken down in three steps: (1) 

activation of an organic precursor compound in the gas phase; (2) transport of 

resulting reactive film-forming species to the substrate surface; and (3) 

condensation onto the substrate either directly or via a chemical reaction. An 

overview of the plasma chemistry is shown in Figure 3.  
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Figure 3. Plasmo-chemical reactions involved in the silica-like film deposition in AP 
PECVD [26]. 

 

In the first step, the precursor molecule is dissociated in the plasma into 

reactive fragments mainly by electron impact or via interaction with excited 

species such as atomic oxygen. Activation and generation of reactive fragments 

in the plasma depends on the average energy available per monomer molecule 

and the discharge power density. To grow inorganic films the organosilicon 

undergoes scission of C-O and Si-O bonds resulting in the removal of the 

hydrocarbon groups. The energy required for the direct scission of mentioned 

bonds is 4.0 eV–5.0 eV per bond respectively. As an alternative to the Yasuda 

parameter Starostin et. al [27] proposed a macroscopic composite Yasuda 

parameter based on the discharge power density ~20 W∙cm-2 and the specific 

energy delivered per deposited precursor molecule unit of ~6.5 keV/ TEOS 

molecule for the AP PECVD of barrier films. This specific energy delivered per 

precursor molecule in the plasma results in strong monomer fragmentation. In 

the next step the fragments are transported to the surface by diffusion and 

further oxidation takes place on the surface, as it was concluded in [28]. The 

growth process is quite complex due to the partial contribution of the gas phase 

and surface reactions in AP-PECVD making this topic highly discussed in the 

literature.  

The critical parameter in the deposition process is the local deposition rate 

which is proportional to the flux of precursor fragments to the substrate, and 

is highly non uniform within the discharge region in the AP PECVD reactor. 

Deshmukh and Aydil [29], [30] studied in a low pressure PECVD reactor the 

growth of silica-like films from TEOS and they considered water and Si—OH as 

intermediate surface reaction products. The formation of the silica network 

was thought to happen dominantly by surface reactions of adjacent Si—OH 
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groups and subsequent water release. With increasing deposition rate the 

subsequent reactions and elimination of the silanol species can become the 

surface limiting step. This leads to conditions where the Si—OH has no time to 

react and will be buried in the bulk of growing film. As a consequence, in 

relation to the application of gas diffusion barriers the presence of hydroxyl 

groups in the network structure of silica film is directly related to a decrease in 

the density of the silica layer which is negating its barrier functionality [17]–

[20]. Therefore it was found that in a single layer deposition the increased 

substrate temperature together with a decreased precursor flux had a positive 

outcome on the chemical structure of the layers [27]. As, in dielectric barrier 

discharge (DBD) AP-PECVD with cylindrical geometry of electrodes, the local 

deposition rate is highly variable along the gas flow due to depletion of the 

precursor. So it is expected that a variable flux of depositing species will affect 

the formation of unwanted network disrupting hydroxyl groups (-OH) and thus 

the density of the film within the reactor. When the silica films are deposited 

on a moving substrate (dynamically) these variable film properties translate 

into a vertical gradient of the film. This could provide a means to control the 

depth properties of the layers, such as the network porosity [17]–[20], [31], 

which has a direct correlation with the moisture barrier properties of the films.  

In order to understand the influence of the local non uniformity of the 

precursor flux on the film microstructure and how this affects the thin film 

growth process, the following research questions should be addressed: 

How is the film morphology and structure influenced by the local deposition rate 

due to the non-uniform precursor depletion rate under moisture barrier 

deposition conditions using industrially relevant cylindrical electrode geometry? 

How can the vertical gradient in the film properties be exploited to reduce the 

network porosity and improve the SiO2 barrier film properties? 

Another important factor that controls the moisture barrier properties is 

the film growth front evolution as this determines the film roughness and thus 

the effectiveness of the film thickness as a moisture barrier. To acquire the 

most efficient barrier improvement an ultra-thin conformal and smooth 

coating is required. In addition the film should be free of particles. Any particle 

formed in the gas phase or at the surface can lead to more or less encapsulated 

particles. These particles can break out of the film and leave a pinhole defect in 
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the layer. Both factors, conformal and pinhole (defect) free layers, are essential 

to achieve high performance moisture barrier layers [2]–[4].  

Most common growth effects are surface diffusion, shadowing and 

reemission. Surface diffusion and reemission tend to smoothen the surface 

while shadowing creates growth front roughness, see Figure 4. The 

mechanisms are divided into local effects such as surface diffusion and 

nonlocal effects like shadowing and reemission that have a longer range effect. 

In many different deposition techniques such as sputter deposition, chemical 

vapour deposition or PECVD  atoms arrive at the surface with an angular 

distribution. Therefore, some of the atoms will be captured at high peaks of the 

surface and may not reach the lower valleys of the surface, this leads to an 

increasing roughness of the film surface which is called a shadowing effect [32]. 

 
Figure  4. Schematic representation of growth effects such as diffusion, reemission, 
shadowing and anti-shadowing that may play a role in forming the surface 
morphology. 

 

These competitive mechanisms of surface smoothening and roughening 

during film growth form the unique landscape of the grown film. Figure 5 is an 

example of the surface morphology of a silica film made by atomic force 

microscopy. The films grown using AP-PECVD showed unique scaling 

characteristics of time invariant surface roughness growth [33], [34]. This 

unique absence of roughness development with thickness was successfully 

modelled utilizing the conventional Monte Carlo simulation with adjustment 

for the high pressure regime with the definition of a parameter, namely ℎ𝑙 , 

which acts as the average transport distance between the deposition species 

and its last collision above the evolving film [35]. Merkh and Lu found that 

simulated films grown under the influence of this ℎ𝑙 parameter would 
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experience long term roughness saturation. The so-called “anti-shadowing” 

mechanism would dominate the surface growth by allowing a significant 

portion of the particle flux to enter valleys, limiting or eliminating the effects of 

the shadowing flux at the peaks that would have otherwise left the surface 

rougher. Thus, anti-shadowing was found to leave the roughness evolution 

invariant in the long-term.  

 
Figure 5. An atomic force microscopy image of the surface morphology of 200 nm 
thick silica film grown by AP PECVD. 

 

To elucidate if one of the above described mechanisms plays a role during 

the growth of the thin film, the statistical analysis and scaling approach is 

utilized. It was found that most of the thin film surfaces comply to common 

scaling properties. The self-affine scaling is very common and allows to rescale 

the horizontal and vertical directions of the surface where this newly obtained 

surface is statistically identical to the original surface [36]. A self-affine surface 

is characterized by a roughness exponent (𝛼), which describes the local 

roughness of the surface. Dynamic scaling describes the scaling behavior in 

time and is characterized by the dynamic exponent (𝑧) and growth exponent 

(𝛽) which hold the relationship 𝑧 = 𝛼 𝛽⁄  [37], [38]. From a study of the local 

surface roughness evolution  in statically deposited films a deeper insight into 

growth mechanisms and their influence on structural properties of 

dynamically grown films can be gained. However a systematic study of the 

surface roughness development in the precursor deficient regime (and 

moisture barrier deposition conditions) in an industrially relevant set-up was 

not yet performed which leads to the following research questions: 

To what extend is the time invariant growth valid and how do ultra-thin layers 

compare to ultra-thick layers? 
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How does the barrier film evolve in a multiple stacked layer and how to control 

the film properties under these conditions to enable the growth of smooth and 

defect free films? 

Understanding the thin film growth in the cylindrical  AP PECVD geometry 

for barrier applications is the main objective of this work. To resume, moisture 

barrier properties of the film are affected by many different causes: by macro 

defects normally caused by substrate induced defects, lattice defects (intrinsic 

porosity) as well as nano-defects [16]. The silanol concentration is associated 

with lattice and nano-defects whereas roughness formation can lead to a 

globular surface structure inducing permeation channels. 

1. Investigate thin film growth of amorphous silica under non-

uniform precursor depleted deposition condition. 

2. Obtain a deeper understanding of these spatio-temporal 

phenomena to enable a better control over substrate-film interface 

and uniformity, and functional film properties such as surface 

morphology and film density.  

 

II. Experimental approach and investigation of thin film 

growth 

i. AP PECVD (static and dynamic deposition regimes) 

 

Already for decades the dielectric barrier discharge type reactor as used 

for surface treatment applications is the subject of intense research efforts 

[39]. Both a plane parallel and a cylindrical electrode geometry were 

successfully employed for the synthesis of functional thin films [13], [40]–[44]. 

In this research a roll-to-roll atmospheric pressure plasma enhanced chemical 

vapor deposition (AP-PECVD) reactor was utilized based on a glow-like 

dielectric barrier discharge as a deposition method of amorphous silica thin 

films on polymeric substrate. The parallel plate AP-PECVD process was first 

introduced by Starostin et al. in 2007 and proved to produce protective layers 

suitable for flexible solar cells with effective water vapour transmission rate of 

1.8∙10-3 gm-2day-1 [27]. The system consists of two cylindrical drum electrodes 

(with radii 120 mm and gaseous gap 0.5 mm) open to ambient air, a gas injector 

and a foil transport system. A schematic representation of the AP-PECVD 

reactor is depicted in Figure 6. The discharge is ignited between the electrodes 
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by applying a high voltage amplitude of 2-3 kV. The discharge width is typically 

150 mm. To enable precise temperature control, the drum electrodes are 

equipped with a spiral tube affixed to the inner surface of the metal electrode 

shell and heated up to 80 ℃.  

Both electrodes are covered with polymeric foil which has two functions: 

as a dielectric barrier for the DBD system and as a substrate for deposition. 

 

 
Figure 6. Schematic depiction of the roll-to-roll atmospheric pressure plasma 
enhanced chemical vapour deposition reactor. 

 

Two types of foil are typically used Polyethylene-2,6-naphthalate (PEN) foil as 

the substrate for deposition and a sacrificial foil (ASTERATM Functional Foils, 

AGFA PET). Nitrogen gas is used as a carrier gas together with oxygen as the 

oxidizer of the tetraethylorthosilicate (Si(OC2H5)4, TEOS) precursor which 

provides a building block of the silica layers. It should be mentioned that other 

inorganic precursors, such as Si3N4, SiON and Al2O3 have also been used for 

barrier lay deposition in low pressure PECVD. Nevertheless the choice for 

silica-like precursor such as tetraethyl orthosilicate (TEOS) and 

hexamethyldisiloxane (HMDSO) is made because of its good compatibility with 

open air reactors, non-toxicity, high vapour pressure and low cost price for 

industrial scale applications. 

Two types of deposition modes are adopted in this work. The ‘static mode’ 

without foil transport in which the deposition takes place just in the discharge 

region, and the ‘dynamic mode’ when the foil is transported with a constant 
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velocity in the same direction as the gas flow yielding a uniform deposited film 

thickness. Figure 7 represents a schematic depiction of these two deposition 

methods. In the DBD reactor where the gas mixture is injected parallel to the 

electrodes the process is operating in the precursor deficient regime, and as a 

consequence the precursor depletion results in a non-uniform deposition rate 

profile along the gas flow. 

 
Figure 7.  Static deposition (left) where the electrodes are kept stationary and 
dynamic deposition (right) where the foil is transported over the electrodes to form a 
uniform film. 

 

 Chapter 1, 2, 3 of this thesis describe in detail why and how the statically 

deposited films are of interest for the dynamically deposited films. The film 

properties obtained at different positions in the statically deposited films will 

translate into a vertical gradient of the dynamically deposited films. This 

translation of the static regions into dynamic layers carries significant 

implications for the understanding of the local film properties of the dynamic 

layers that cannot be obtained and characterized otherwise.  

In Figure 8  it is shown how the locally deposited precursor fragments in 

the static profile translates into the film growth as a function of film position in 

the reactor when the foil is transported in the same direction as the carrier gas 

flow. 

To achieve very precise spatially resolved thickness measurements a 

focused beam accessory was mounted on the spectroscopic ellipsometer (SE) 

to reduce the spot size of the beam to 120 µm. The SE was equipped with a 

translation table which allowed space resolved measurement of the static 

samples in the range of -20 mm to 20 mm over 641 points with a step of 0.1 

mm. 
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Figure 8. Integration of the local deposition rate profile translated into the film 
growth at the start of a dynamic profile: a) local deposition rate profile; b) growth 
profile of the film deposited in the dynamic mode (integrated plot of the local 
deposition rate). 

 

The principle of SE is to measure the change in the polarization state of a 

linearly polarized beam upon reflection on a film surface. The incident light 

beam is separated into an s-component and p-component of polarization state 

as indicated in Figure 9 [45]. The emitted linearly polarized light changes upon 

reflection in elliptically polarized light with s- and p- components. A 

fundamental ellipsometry equation gives a description of the polarized light 

after reflection and relates the Fresnel coefficients and ellipsometric 

parameters Δ and Ψ, see Equation 1: 

 
ρ =

r̃p

r̃s
= tan(Ψ) ei∆ (1) 

where ρ is the complex refraction index, rp the p-polarised Fresnel reflection 

coefficient, rs the s-polarised Fresnel reflection coefficient. Measured 

ellipsometric parameters Δ and tan(Ψ) represent the phase difference 

between p- and s- polarizations and the ratio of amplitudes upon reflection, 

respectively. 

To describe the PEN substrate and the silica-like film a Cauchy dispersion 

function is applied for both materials. The substrate anisotropy was not 

implemented into the model, and the sample orientation was kept the same for 

each measurement. 
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Figure 9. Schematic representation of the ellipsometry principle [45]. 

 
 

ii. Film morphology analysis 

 

In order to determine the microstructure of a thin film, spatially resolved 

attenuated total reflection Fourier transform infrared spectroscopy (ATR-

FTIR) is used. This method allows the measurement of statically deposited 

samples on specific locations across the film height profile providing insight 

into the intrinsic microstructure of the silica films. 

The IR absorption spectra were acquired over 8 scans from 650 to 4000 

cm-1 using the Perkin Elmer Frontier (Frontier FT-IR/FIR Spectrometer, 

PerkinElmer; Frontier UATR Ge/Ge, PerkinElmer).  

A typical example of the absorbance spectrum of a SiO2 film is depicted in 

Figure 10.  The areas of 1300 – 800 cm-1 (Si-OH) and 4000 – 3000 cm-1 (O-H) 

are of particular interest for the analysis of silica layers. Since hydroxyl groups 

interfere with the continuous SiO2 networks, a higher concentration of 

hydroxyls translates to a higher film porosity. The O-H stretch region occurs at 

the 4000 – 3000 cm-1 range and consists of three peaks; the isolated silanol 

peak at 3650 cm-1, the associated silanol peak at 3450 cm-1 and the free O-H 

peak attributed to adsorbed water on the sample at 3250 cm-1.  

Figure 11 displays the Gaussian deconvolution of this region. 

Deconvolution of the region gives a clearer view on the individual peak 

intensities lattice defect induced porosity of the layer. 
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Figure 10. ATR FTIR spectrum of SiO2 thin film. The peaks of interest for the analysis of 
thin silica layers are indicated. 

 

Due to deconvolution of this broad hydroxyl stretch it was found that the 

isolated silanol are particularly linked with lattice defects (dangling bonds 

surrounded by dense Si-O-Si network structure) [46]. The associated silanol 

peak is linked with nano-porosity and to some extend macro pores [15], [46]. 

In Chapter 1 and 2 of Part B it was shown how the deconvoluted silanol profile 

of static films allowed to reconstruct the gradient silanol concentration in the 

dynamic films. It was found that the lower density part of the film is facing the 

polymer and gradually transforms to a higher density film in the top part of the 

film in dynamically deposited films.  

3600 3400 3200 3000

0.0

2.0x10
-3

4.0x10
-3

6.0x10
-3

-OH

a-SiO-H

A
b
s
o
rb

a
n
c
e
 

Wavenumber [cm
-1
]

i-SiO-H

 
Figure 11. Deconvolution of hydroxyl stretch peak at 4000 – 3000 cm-1 region, where i-
SiO-H isolated silanol stretch 3650 cm-1, a-SiO-H associated silanol stretch at 3450 cm-1 

and –OH stretch at 3250 cm-1.  
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Interestingly this helps to maintain the film integrity on the polymer, ensuring 

good adhesion of the film [47]. Since the increase of the thickness and density 

of the film leads to a build-up of internal stress in the films, which induce higher 

levels of mechanical stress at the interface between the film and polymeric 

substrate due to the difference in mechanical properties. So the importance of 

thin film adhesion to the substrate should not be underestimated [25]. 

 

iii. Surface morphology analysis 

 

Atomic force microscopy (AFM) is a form of scanning probe microscopy 

developed to quantitatively analyse the surface morphology on a nanometre 

scale. The principle is to measure the profile of the surface by measuring the 

deflection of the cantilever. The cantilever is a small plate protruding from a 

base with a nanometres wide tip at the end. 3D or 2D profiles of the surface are 

obtained at magnifications over one million times, providing detailed 

topographical information than cannot be obtained by optical or scanning 

electron microscopes.  

 
Figure 12. Force – distance interaction for different AFM modes.  

 

An  AFM can function in three modes: contact mode, tapping mode and non-

contact mode. Figure 12 displays the combined forces plotted versus the 

distance between the tip and the surface. The contact mode operates in the 

strong repulsive Coulomb interaction. In this mode, the cantilever tip is in 
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direct contact with the surface. This mode results in damage of both the tip and 

the sample and will result in a shorter tip life-span. 

When the AFM is in non-contact mode, the cantilever is placed at a very 

specific height above the sample at which the van der Waals attractive forces 

are predominant. The attractive force between the probe tip and the sample is 

detected in the non-contact mode by the change in the phase or the vibration 

amplitude of the cantilever. The cantilever oscillates mechanically near the 

resonance frequency between 100 kHz and 400 kHz. The benefit of the non-

contact mode is that there is no contact between the tip and the sample’s 

surface. So the surface of the sample will not be damaged during the 

measurement. Also the tip wear will be much less and will thus have an 

extended lifetime. The non-contact (NC) mode was used throughout this 

research. 

With the advent of surface probe techniques in the last decades the surface 

of polymers, particularly semi-crystalline thermoplastics have been the subject 

of detailed investigations, and are characterised by complex microstructures. 

It must be pointed out that the surface of the pristine PEN foil used in the 

experiments of this research is characterized by a high local roughness with 

specific oriented structures resulting in an rms surface roughness of 1.75±0.04 

nm, see Figure 13.  

 
Figure 13. AFM image of pristine PEN with a scanning area 0.5x0.5 𝜇m2 
(Polyethylene-2,6-naphthalate) acquired in NC mode. 

 

Aue et al. [48] showed that the surface fractal dimensions determined with 

a scanning probe technique underestimates the actual scaling dimensions, due 

to the convolution of the tip size and surface. Keeping in mind the limited 

resolution of the pyramidal AFM tip [48]–[50], two tip sizes were investigated 

(radii of 4 and 8 nm) to estimate the fine feature size of PEN of between 10-20 
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nm. Figure 14, 15 show the surface morphology of pristine PEN and plots of 

the height-height correlation function (HHCF) and the cross section of the 

surface for 4 and 8 nm tip radii. Even though the 4 nm tip allows a slightly 

better resolution of fine rice structure of PEN, the statistical values, rms 

roughness and roughness exponent were not significantly affected by the tip 

size. The rms roughness (1.75 ± 0.04 nm) is the same for both tip sizes and 

more importantly the slope of the HHCF, i.e. that the surface statistics at short 

length scale is minimally affected. Thus the 8 nm tip provides a satisfactory 

resolution. PEN foil is produced by casting and biaxial stretching which leads 

to anisotropic (mechanical, optical and morphological) film properties. 

Moreover, the surface morphology of PEN is not free of flaws and these flaws 

can be a limiting factor in the barrier properties. A vast number of surface 

features with variable size and shape can be visualized by Scanning Electron 

Microscopy, see Figure 16.   

  
Figure 14. AFM image of pristine PEN (Polyethylene-2,6-naphthalate) obtained with 
4 nm tip radius on the left and 8 nm on the right (scanning area 2x2 𝜇m2) 
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Figure 15. The cross section of the surface morphology of pristine PEN scanned by 4 
nm and 8 nm tip on the left and height-height correlation functions on the right.  
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Figure 16. Scanning electron microscopy of pristine PEN surface.  

 

An important feature of the APGD reactor is a strong precursor depletion 

resulting in a highly non-uniform deposition rate profile within the discharge 

zone. In Chapter 3 it is shown that one of the factors influencing the surface 

roughness evolution is the local precursor flux and an increase of roughness 

for high precursor flux [51]. Also in Chapter 3 it is discussed that the formation 

of protrusions under high precursor flux conditions results in self-augmenting 

of these features propagating with the deposition time subsequently 

roughening the surface. This intrinsic variation of surface roughness will be 

inherently integrated into the film growth history. An important finding of this 

study is a rapid roughness increase emerging after a period of invariant growth 

as a critical thickness of 200 nm is reached as discussed in Chapter 4. The 

conventional Monte Carlo methods were employed to study the roughness and 

morphological evolution of the SiO2 film growth under the influence of 

protrusion formation. It was found that experimentally observed surface 

roughness evolution from time invariant type of growth to super-rough growth 

could be explained by transition from the anti-shadowing to the shadowing 

mechanism, accompanied by the presence of protrusions at the surface. 

 

iv. Statistical approach to film front growth   

 

A well-known approach to study the film growth is by quantitative analysis 

of the surface morphology. Elementary surface processes during the 

deposition can be described by a few quantitative values such as the mean 

height, interface width and lateral correlation length, see Figure 17.  
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Figure 17. A schematic illustration of the surface statistics to describe rough surfaces. 
Mean height<h>, interface width 𝜔, lateral correlation length 𝜉. 

 

The dynamic scaling theory introduced by Family and Vicsek to describe 

both the temporal and spatial scaling behavior of the interface width or root-

mean-square (rms) roughness is referred in the literature [37], [38]. The 

ansatz of Family-Vicsek can be expressed as follows: 

 
𝜎(𝐿, 𝑡) = 𝐿𝛼𝑓(𝑡/𝐿𝛼/𝛽) {

𝑓(𝑢)~𝑢𝛽 ,                 𝑢 ≪ 1

𝑓(𝑢) = 𝑐𝑜𝑛𝑠𝑡, 𝑢 ≫ 1
 (2) 

 

where α and β are roughness and growth exponents. The scaling exponents 

deduced from these analyses are correlated to the theoretical predictions, and 

the mechanisms controlling the growth of the film can thus be understood. Two 

categories of growth mechanisms can be identified. The first category which 

leads to a growth exponent 𝛽<0.25 in which various smoothening mechanisms 

play a role such as surface diffusion and the second with 𝛽~1 when shadowing 

is responsible for roughness increase. In some cases this concept proved to 

work in explaining the growth mechanism for various techniques such as 

sputtering, CVD and PECVD. While in other cases no agreement between 

theoretical predictions and experimental results were obtained, indicating 

non-universal behaviour. Hence, another scaling relationship not fulfilling the 

Family-Vicsek ansatz was introduced and called anomalous scaling. In 

anomalous scaling the roughness exponent differs for local and global surface 

fluctuations.  
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The surface height profile, obtained from AFM, can be characterised by the root 

mean square (rms) roughness or also known as the interface width (w). This 

well-known entity provides a measure for the overall roughness of the surface. 

Family and Vicsek [37] introduced dynamic scaling to describe both the 

temporal and spatial scaling behaviour. The growth mechanisms can be 

understood by analysing the surface morphology within the framework of the 

dynamic scaling theory (DST) characterized by the roughness (𝛼), growth (𝛽) 

and dynamic (z) exponents. In the framework of the DST it is possible to set up 

relations between pairs of α and β exponents and its ratio z= α / β to identify 

the type of growth mode. Thus, depending on the different surface relaxation 

mechanisms such as surface diffusion, shadowing, etching etc. a particular set 

of scaling exponents is obtained. This concept proved to work in explaining the 

growth mechanism for various techniques such as sputtering, CVD and PECVD 

[52]–[55]. The roughness is calculated as the root mean square (rms) of the 

measured heights of the surface structure which is defined as: 

w(t) =√<[h(r,t)-<h>]2>,                                                            (3) 

where h(r,t) is the height of the surface at a position r and time t, and <h> is the 

mean height of the surface. The interface width describes the correlation with 

the growth time according to 𝑤(𝑡)~𝑡𝛽 . The rms roughness value describes only 

the vertical properties of a surface. Therefore correlation functions must be 

introduced such as the height-height correlation function (HHCF) which is 

defined as: 

𝐻(𝑟) = 〈[ℎ(𝑥 + 𝑟, 𝑡) − ℎ(𝑥, 𝑡)]2〉,                                                (4) 

where h(x,t) represents the surface height at position x on the scanned area. 

And the power spectral density function (PSDF) defined as: 

𝑃(𝑘, 𝑡) = 〈𝐻(𝑘, 𝑡)𝐻(−𝑘, 𝑡)〉,                                                 (5) 

where H(k,t) is the Fourier transform of the surface height in a system of lateral 

size L and k the spatial frequency in the reciprocal space [38].   

Another scaling framework is the anomalous scaling where a local (𝛼𝑙𝑜𝑐), 

spectral (𝛼𝑠) and global (𝛼) roughness exponent 𝛼𝑙𝑜𝑐 ≠ 𝛼𝑠 ≠ 𝛼 are introduced 

to describe the surface growth of the films [56], [57].  



32  Framework and overview of the research 

 

The anomalous scaling approach leads to the following scaling relations of 

the HHCF, see Figure 18: 

𝐻(𝑟, 𝑡) ∝ {
(𝑚𝑟)2𝛼𝑙𝑜𝑐 , 𝑟 ≪ 𝜉(𝑡)

2𝑤2(𝑡),   𝑟 ≫ 𝜉(𝑡)
                                            (6) 

where ξ(𝑡) is the lateral correlation length defined as the largest distance in 

which the height is still correlated and, 𝛼𝑙𝑜𝑐  is the local roughness exponent. 

The time – dependent behaviour of the lateral correlation length is often found 

to be a power-law ξ(t)~t1/z, where z is the dynamic exponent [37], [38], [58]. 

The local slope of the surface profile is denoted by m. The value of the local 

roughness exponent α𝑙𝑜𝑐   is determined by applying a linear regression in the 

double logarithmic plot at the length scale less than the lateral correlation 

length beyond which the surface is uncorrelated. 

In the anomalous scaling the interface width takes the following scaling form, 

𝑤(𝑙, 𝑡) ∝ {
𝑡𝛽 , 𝑡 ≪ 𝑙𝑧

𝑡𝜅𝑙𝛼𝑙𝑜𝑐 ,   𝑡 ≫ 𝑙𝑧                                                     (7) 

where κ=β-αloc/z and 𝛼𝑙𝑜𝑐 ≠ 𝛼. Such behaviour is observed when the local 

slope, m, evolves with a power law in time as 𝑚(𝑡)~𝑡𝜅  [58]. 

The PSDF can be expressed in the following scaling form, 

𝑃(𝑘, 𝑡) = 𝑘−(2𝛼𝑠+1)𝑠(𝑘𝑡1/𝑧),                                                  (8) 

where the spectral roughness exponent 𝛼𝑠 is a new and independent exponent, 

see Figure 19 [56]. 
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Figure 18. An example of self-affine height-height correlation function in a log-log 
scale where a linear behavior for r ≪ 𝜉 yields 𝛼𝑙𝑜𝑐 
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 Figure 19. An example of self-affine power spectral density function in a log-log scale 
where a linear behavior for high k  yields 𝛼𝑠 

 

The relationships of the three roughness exponents and the scaling class 

they belong to can be summarized as follows [56]: 

𝛂𝐬 < 𝟏 → 𝛂𝐥𝐨𝐜 = 𝛂𝐬 𝛂𝐬 > 𝟏 → 𝛂𝐥𝐨𝐜 = 𝟏   

Family-Vicsek Intrinsic anomalous Super-rough New class 
𝛂𝐬 = 𝛂 αs ≠ α αs = α αs ≠ α 
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III. Thesis outline  

 

This research project aimed at providing a better understanding of the 

mechanism of film growth on polymer surfaces which is relevant for the 

synthesis of  moisture barrier films in an industrially relevant roll-to-roll 

atmospheric pressure plasma enhanced chemical vapor deposition (AP 

PECVD) configuration. The focus was on the understanding of the plasma 

surface interactions in a discharge having a non-uniform depletion of the 

precursor monomer and how this affects the film front growth evolution 

(roughening) and film morphology. Elucidating the film growth mechanisms 

may not only lead to qualitative improvements in functional film barrier 

performance, but also to enhance film production throughput and optimization 

of AP-PECVD reactor designs. The research approach was structured as 

follows: 

1. A deeper understanding of the local non uniformity of the precursor 

depletion to enable better control over functional film properties such 

as the film porosity, density and adhesion. 

2. The knowledge gained in 1. provided a way to control the vertical 

density gradient in the film via convective transport of precursor 

fragments. Three types of permeation causes that negate barrier 

performance were identified. 

3. Utilizing the knowledge that the precursor deficient deposition 

conditions result in a variable film growth rate. Spatially resolved 

statistical analysis of the growth front evolution of  statically deposited 

silica films showed dependence of surface roughness evolution in time 

on deposition rate. This suggests that the roughness development can 

occur under the anti-shadowing mechanism as a result of a) probability 

of protrusion formation and b) protrusions already existent on the 

substrate.  

4. Scientific insight obtained in 3. provided the possibility to control  

roughness evolution of the surface morphology of the films grown as a  

single layer grown in a dynamic way. 

The novel findings of this research have been published as several 

publications in different peer-reviewed scientific journals. Each article is 

presented as a chapter in Part B of this thesis.  
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Non uniform depletion of the precursor in the roll-to-roll AP-PECVD that 

results in a non-uniform local deposition rate profile is discussed in Chapter 1. 

The same chapter describes the important findings of the vertical chemical 

gradient film properties of amorphous silica films. Chapter 2 demonstrates the 

possibility to tailor the barrier properties of the encapsulation films due to 

increased carrier gas flow utilizing the knowledge transfer of static film 

synthesis to dynamic synthesis. Chapter 3 and 4 are dedicated to the study of 

the growth front roughness evolution in statically and dynamically deposited 

films respectively. The dependence of surface roughness evolution on local 

deposition rate is described in Chapter 3. In Chapter 4 the conventional Monte 

Carlo methods were employed to study the roughness and morphological 

evolution of the dynamically deposited SiO2 films growth from the PEN 

substrate.  Together with the experimental study of surface dynamics under 

web-rolled conditions for variable sets of film thicknesses deposited, on 

pristine PEN and on prior deposited silica buffer layers either as a single layer 

and as a stacked structure. 

Outline of the chapters in Part B: 

Chapter 1. The role of the gradient film properties in silica moisture 
barriers synthesized in a roll-to-roll Atmospheric Pressure 
Plasma Enhanced CVD reactor 
A. S. Meshkova, Y. Liu, F. M. Elam, S. A. Starostin, M. C. M. van 
de Sanden, H. W. de Vries, Plasma Process. Polym., 2018, 15. 

Chapter 2. The role of carrier gas flow in roll-to-roll AP-PECVD 
synthesized silica moisture barrier films  
A. S. Meshkova, F. M. Elam, S. A. Starostin, M. C. M. van de 
Sanden, H. W. de Vries, Surf. Coatings Technol., 2018, 339, 20–
26. 

Chapter 3. Variable roughness development in statically deposited SiO2 
thin films: a spatially resolved surface morphology analysis 
A. S. Meshkova, S. A. Starostin, M. C. M. van de Sanden, H. W. 
de Vries, J. Phys. D:Appl. Phys., 2018, 51. 

Chapter 4. From time invariant to super-rough film front growth in AP-
PECVD thin SiO2 film deposition  
A. S. Meshkova, W. J. Meese, S. A. Starostin, T.-M. Lu, M. C. M. 
van de Sanden, H. W. de Vries, submitted for publication. 

 

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

Tilburg Research Laboratory in the form of an Industrial Partnership Program 
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i31 (APPFF) between FUJIFILM Manufacturing Europe B.V. and 

FOM/Netherlands Organisation for Scientific Research-NWO.  

IV. Conclusions and outlook 

 

The main objective of this PhD study was to understand the role of the local 

deposition rate in the surface and film morphology of amorphous SiO2 

moisture barrier films grown by AP-PECVD.  In such a reactor configuration the 

local deposition rate (DR) is highly non-uniform along the gas flow which is 

due to the depletion of the precursor and the spatio-temporal non uniformity 

of the discharge. Thus, we took a step back to study the locally resolved film 

microstructure and surface dynamic evolution in the PECVD reactor i.e. taking 

into account the growth stages that evolve under different local deposition 

rates without transportation of the substrate. 

As a result of this approach the variation in the film microstructure with 

respect to the silanol (Si-OH) content in the discharge region was resolved and 

reported in Chapter 1 (Part B). By doing spatially resolved ATR-FTIR analysis 

a maximum in the silanol content was found in the front part of the local 

deposition profile. This observation is particularly relevant for the architecture 

of the functional deposition of moisture barrier layers, because in the discharge 

region these variable film properties translate into a gradient in the deposited 

films. It was discovered that the gradient film properties incorporated in the 

film enabled good adhesion as well as good moisture and oxygen barrier 

properties. Hence, a single step deposition process thus produced a dual layer 

functionality. 

Furthermore,  control of the vertical density gradient in the film properties 

is studied in Chapter 2 (Part B). The network porosity in the films was tailored 

by varying the carrier gas flow, i.e. controlling the convective transport of 

precursor fragments while keeping the energy cost of the process fixed. It was 

discovered that the overall silanol concentration decreased when the gas flow 

rate increased. As a result a reference WVTR of 2∙10-3 g·m-2·day-1 is achieved 

for half the thickness of a non-optimized film by increasing the gas flow rate. 

Subsequently, the role of a porous interface layer is addressed and found to be 

essential for the deposition of a good barrier film preventing the formation of 

defects and providing a possibility to increase the throughput of the barrier 

film by a factor of 2. Three types of permeation causes were identified that 
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negate the barrier performance: nano (network) porosity, large pinhole 

defects and process induced pinholes defects.  

Another factor which is negating silica moisture barrier performance is  

roughness. Once more the approach of translating static deposition to dynamic  

mode was implemented. We show that the surface roughness evolution is not 

locally invariant in the reactor. The film growth mechanism under atmospheric 

pressure is very complex and to obtain a better understanding of the growth 

process the variable deposition rate should be accounted for. The dependence 

of β on the local deposition rate suggests a mechanism of surface roughening 

due to the formation of protrusions. It is considered that at higher LDR the 

probability of forming protrusions on the surface is increasing and as a result 

the roughness increases. Time resolved surface morphology analysis at two 

specific positions at high and low LDR indicated different growth exponents 

𝛽 = 0.33 and 𝛽 = 0.11, respectively and reported in Chapter 3 (Part B).  From 

the analysis of the static roughness development in the AP-PECVD reactor 

certain limitations on the deposition time and the maximum local deposition 

rate for dynamic or web rolled deposition conditions have been elucidated. 

Moreover, the system is characterized by a set of roughness exponents 𝛼𝑙𝑜𝑐 =

0.9, 𝛼𝑠 = 1.6 and global roughness exponent 𝛼 = 2.3. The different values of α 

indicate an anomalous scaling behaviour of the system whereas different 

growth exponents β suggest a breakdown of the anti-shadowing mechanism. 

Furthermore, it can be concluded that the development of the growth front 

roughness can be controlled either by reducing the maximum local deposition 

rate or by reducing the deposition time to achieve the desired film thickness 

under web rolled conditions. The lateral grain growth and nonlocal 

interactions due to shadowing effects are proposed to be responsible for the 

anomalous scaling at a high flux of depositing species.  Under the conditions of 

a low flux of depositing species a time invariant film growth is observed, as a 

result of the anti-shadowing mechanism. However, the anti-shadowing 

mechanism can be overruled at high flux of depositing species in the presence 

of surface protrusions, and subsequently shadowing may prevail which results 

in the formation of a granular surface morphology. 

All the complexities observed in static film transport conditions become 

integral parts of the film morphology in dynamically deposited films. 

Projecting this intrinsic variation of surface roughness within the discharge 

zone to the deposition of films in the web-rolled condition means the existence 
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of film growth history inherently integrated into resulting films. Lead to the 

finding, reported in Chapter 4 (Part B) that is after a period of invariant surface 

roughness growth, reported previously, a rapid roughness increase emerges 

when a critical thickness is reached remaining valid for variable sets of films 

deposited as single layers, upon buffer layer or stacked manner. The region of 

sharp roughness increase is assigned to the anomalous scaling with 

characteristic exponents: 𝛽 = 0.66, 𝛼 = 1.7,  𝛼𝑙𝑜𝑐 = 0.84,  𝛼𝑠 = 1.16. The sets 

of films deposited on a buffer layer and in a stacked manner revealed super-

rough growth behaviour as well with 𝛽 = 0.61 and 𝛽 = 1.05 respectively. It 

was suggested that the formation of protrusions under high precursor flux 

condition resulted in self-augmenting of these features propagating with the 

deposition time subsequently roughening the surface. High pressure chemical 

vapour deposition simulations using conventional Monte Carlo methods such 

as those described in [35] were employed to show that the anti-shadowing can 

be over-powered by the development of protrusions at the film surface.  

A future research avenue that can be pursued is to further elaborate on the 

growth model for PECVD at atmospheric pressure utilizing Monte Carlo 

methods as described in Chapter 4 of this thesis. This will increase the ability 

to control surface roughness and have a direct impact on tailoring film 

properties to many fields of application. Multi-layered structures as used for 

optical, magnetic and electronic devices often crucially depend on surface 

specific interfacial roughness properties, so process control by understanding 

the parameters of roughness evolution during layer synthesis can be a very 

important key to quality control. 
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Chapter 1 
 

The role of the gradient film properties in silica 

moisture barriers synthesized in a roll-to-roll 

Atmospheric Pressure Plasma Enhanced CVD 

reactor* 

 

 

Abstract 

Silica-like films for moisture barriers were deposited on a polymeric substrate 

in an Atmospheric Pressure PECVD reactor using a N2/O2/TEOS gas mixture. 

Statically deposited silica films were characterized by spatially resolved ATR 

FTIR and revealed a clear gradient in the silanol concentration. Silanol is an 

impurity in the silica network, resulting in pore formation, thus a higher silanol 

content leads to a decrease in the film density. Hence the spatial non-

uniformity in the static profile results in a density gradient in the thickness of 

web-rolled films. The gradual transition from a lower to a higher density film 

appeared to be an essential requirement for maintaining the film integrity on 

the polymer. Hence, the porous layer acts as an adhesion promotion layer for 

the dense top layer. These optimal layer properties are achieved in a 

continuous single processing step. 

 

*Published as: A. S. Meshkova, Y. Liu, F. M. Elam, S. A. Starostin, M. C. M. van de Sanden, 

H. W. de Vries, Plasma Process. Polym., 2018, 15, 1700093.  
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I. Introduction 

 

Over the past decades numerous applications of thin films have emerged 

in everyday life. The reason for the advancement in thin film technology is the 

broad range of useful film properties that can be accessed by understanding 

the thin film growth process. An example of such a functional film is an oxygen 

and water permeation barrier deposited on a polymer substrate. These 

functional films can be used in practical applications for the protection of 

flexible electronic components against exposure to moisture, like solar cells 

and quantum dots, but also for keeping food and medical packaging under 

controlled gaseous environments [1]–[4]. 

Atmospheric Pressure Plasma Enhanced Chemical Vapor Deposition (AP-

PECVD) has recently gained a lot of interest as a roll-to-roll compatible process 

to produce functional films. The small footprint and the absence of a complex 

and expensive vacuum system make the technology attractive from a 

technological and economic perspective. Thin silica films with excellent 

properties can be deposited by AP-PECVD using roll-to-roll processing. For 

example silica films with a Water Vapor Transmission Rate (WVTR)<6·10-4 g 

m-2 day-1 (at 40 °C, 90% relative humidity) have recently been reported [5]. 

Further improvement of the film quality as well as the throughput of the 

AP-PECVD process is an important industrial target. This target requires a 

detailed understanding of the plasma chemistry and the thin film growth 

mechanisms in the AP-PECVD reactor. In the “side fed” reactor, under 

investigation, the gas mixture is injected parallel to the electrodes (here from 

the left side of the electrodes), see Figure 1. The parallel gas injection between 

the cylindrical electrodes results in a reactive convective flow with a spatial 

deposition profile in the direction of the gas flow [6]. Several studies  were 

carried out to characterize the local film properties in this reactor geometry by 

growing thin films without displacement of the substrate [6]–[9]. 

Kakiuchi et al. [6] deposited thin films in an helium based atmospheric 

pressure plasma reactor using a VHF (150 MHz) source generating a power 

density of 20 W·cm-2. The film properties and thickness of silicon and silica 

films, under static deposition conditions, were studied as a function of the 

position in the reactor. The silicon layers were grown from silane (SiH4). Due 

to the gradient properties of the silicon microstructure, the films were 

unsuitable for electronic devices demanding uniform electrical properties. The 
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silica layers were deposited from the organosilicon precursor 

hexamethyldisiloxane (HMDSO). Spatially resolved FTIR indicated a variation 

in the carbon composition featuring a decrease in the carbon content for 

positions further away from the gas inlet position.  

 
Figure 1.  A schematic depiction of the electrode geometry (not to scale) from the side 
view of the roll-to-roll AP-PECVD reactor. In static mode the foil is not transported 
whereas in dynamic mode the foil is transported in the same direction as the gas flow. 

 

The growth mechanisms of silica thin films was also studied by Massines et 

al. [7] using a parallel plate Atmospheric Pressure Townsend Discharge 

(APTD). The properties of the films synthesized with N2O/HMDSO and 

N2O/SiH4 were compared. In the case of the SiH4 precursor the density of the 

layer was influenced by particle formation in the plasma due to the high 

reactivity of SiH4. In both cases the chemical composition was comparable and 

silanol (Si-OH) bonds were present in the films regardless of the position in the 

reactor. Enache et al. [10] studied the growth rate profile experimentally in a 

gas mixture of N2O/HMDSO, and compared the results to a fluid dynamics 

model.  

Earlier research by Premkumar et al. [8] was carried out using a parallel 

plate AP-PECVD reactor in an Ar/N2/O2/HMDSO gas mixture using low duty 

cycle deposition conditions (0.25~4 W∙cm-2). It was shown that the thickness 

profiles (precursor depletion rates) were influenced by the average discharge 

power. The silica films directly deposited on the bare polymer substrate were 

smooth and transparent at the gas inlet, followed by a region of powdery 

deposits. However, this powdery region was not observed when the polymer 

was protected by a thin silica (buffer) layer. Based on this study it was 

concluded that a powder-like coating was formed due to polymer etching of 

non-depositing active plasma species. A spatially resolved XPS study showed a 
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constant over-stoichiometry of O/Si>2. This was attributed to the presence of 

silanol groups together with some carbon in the discharge effluent zone.  

These earlier studies point to the formation of non-uniform film properties 

with respect to chemical composition and density. Hence a critical parameter 

in the film deposition process is the local deposition rate, which controls the 

flux of precursor fragments to the substrate, and their sticking probability. The 

precursor depletion along the gas flow via dissociation in the plasma as well as 

the drift-diffusion transport of the fragments results in a non-uniform 

deposition rate profile. The shape and properties of this deposition profile 

depend a.o. on the specific reactor geometry, type of precursor, gas flow rates 

and dissipated power in the plasma.  

The aim of this study is to understand how the film morphology and 

structure are influenced by the local deposition rate due to the non-uniform 

precursor depletion rate under moisture barrier deposition conditions using 

an industrially relevant cylindrical electrode geometry as reported by Starostin 

et al. [1]. Moreover, a better understanding of the non-uniform growth rate is 

obtained which is essential for the design of the reactor geometry, processing 

conditions and functional film properties in terms of adhesion and barrier 

performance. 

 

II. Experimental Section  

 

The films were deposited using a roll-to-roll AP-PECVD reactor. An 

elaborate description with a schematic representation of the AP-PECVD 

reactor used in this study was shown in a recent publication by Starostin et al. 

[1]. In short, the system consisted of a parallel bi-axial cylindrical electrode 

geometry, a gas injector and a foil transport system. Both electrodes were 

covered with polymeric foil which had two functions: as a dielectric barrier for 

the DBD system and as a substrate for deposition. Polyethylene-2,6-

naphthalate (PEN) foil was used for the bottom electrode and a sacrificial foil 

(ASTERATM Functional Foils, AGFA PET) for the top electrode, which was 

transported at a constant line speed of 50 mm∙min-1. Nitrogen gas was used as 

a carrier gas with a flow rate of 18 slm. Oxygen was used as the oxidizer of the 

tetraethylorthosilicate (TEOS) precursor for the silica layers. TEOS was diluted 

with 1 slm argon, and the reactant gas flows were kept constant at 1.8·10-3 slm 
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TEOS and 0.5 slm oxygen. A high voltage of approximately 2-3 kV was applied 

in a pulsed mode with 90 % Duty Cycle (DC) and the frequency ranged from 

180-200 kHz. The dissipated power in the discharge was 575 W, corresponding 

to an approximate power density of 19.2 W·cm-2 (taking a characteristic 

discharge expansion length of 20 mm for the described experimental 

conditions). The radii of the drum electrodes were 120 mm. The discharge 

width was 15 cm and the smallest gaseous gap was 0.5 mm. Two types of 

deposition modes were adopted in this study. The ‘static mode’ when there was 

no foil displacement and deposition took place just within the discharge region, 

and the ‘dynamic mode’ when the foil was transported in the same direction as 

the gas flow and a uniform film thickness was deposited. In this study 

experimental conditions were selected based on previous work  of dynamically 

deposited 100 nm thick films that resulted in a WVTR equal to 2·10-3 g·m-2·day-

1 and deposited in the full precursor depletion mode [1]. It is known from 

previous work [1],  that for the present experimental arrangement 

approximately 70% of the supplied gas flow was contributing to the deposition 

process. The gas loss can be attributed to intentional “leaks” to secure the 

narrow gap (≈100 𝜇m) between the gas injector and the polymer on the 

cylindrical electrodes. This paper concentrates on the study of static deposition 

profiles with the bottom electrode fixed. The statically deposited films were 

grown during 60 s of plasma exposure on a PEN substrate protected by a silica 

layer (to prevent interaction with the organic substrate) [8] and directly on the 

bare PEN substrate. The protective silica (buffer) layer was deposited at a 

precursor flow of 8.2·10-3 slm and a web speed of 1 m·min-1, which resulted in 

a thin layer of 20 nm. 

 

i. Film characterization 

 

The variation of deposition rate along the gas flow direction was assessed 

by measuring the film thickness profile using a focused beam Spectroscopic 

Ellipsometry (SE). The spot size of the beam was 120 µm and the wavelength 

range was 245–1000 nm (M-2000D, J.A. Woollam Inc.). The SE was equipped 

with a translation table which allowed spatially resolved measurements of the 

static samples in the range of -20 mm to 20 mm over 641 points with a step of 

0.1 mm. To describe the PEN substrate and the silica-like film, a Cauchy 

dispersion function was applied for both materials. The substrate anisotropy 
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was not implemented into the model [11],  however the sample orientation was 

kept the same for each measurement. The ellipsometric data was analyzed 

using the J.A. Woollam Co. WVASE 32 software. The Mean Square Error (MSE) 

between the experimental data and the optical model was monitored. 

Spatially resolved Attenuated Total Reflectance (ATR)-FTIR was 

performed on statically deposited silica-like films to clarify the role of local 

deposition rate on the film morphology. This set-up utilized a Ge crystal with a 

45° face angle and one internal reflection. The IR absorption spectra were 

acquired over 8 scans from 650 to 4000 cm-1 using the Perkin Elmer Frontier 

(Frontier FT-IR/FIR Spectrometer, PerkinElmer; Frontier UATR Ge/Ge, 

PerkinElmer). The spatial resolution of the crystal is 1 mm. Each absorption 

spectrum was determined by subtracting the bare substrate together with 

buffer layer spectrum and background from the sample spectrum to remove 

interfering bands in the substrate and background. The penetration depth  L of 

the evanescent wave can be determined with Equation 1 below [12],  where θ 

is the angle of incidence of the infrared light, λ is the wavelength in the crystal, 

n1 is the refractive index of the crystal and n2 the refractive index of the sample. 

 
𝐿 =

𝜆

2𝜋(𝑛1
2 𝑠𝑖𝑛2 𝜃 − 𝑛2

2)1/2
 (1) 

 

The Ge crystal used in this research has a refractive index of 4.0. Silica film 

has a refractive index of approximately 1.5 and the angle of incidence was 45°. 

The calculated penetration depth according to Equation 1 for the wavenumber 

region of 4000 – 3000 cm-1 is 221 nm and 830 nm in the region of 1300 – 800 

cm-1. Deconvolution of all spectral peaks in the region of  4000 – 3000 cm-1  was 

carried out by Peak Analyzer – Fit Peaks (Pro), OriginPro 9.1 in order to 

determine the absorbance intensity of each individual contribution of SiO-H  

and HO-H spectral peaks. 

The surface morphology of the silica-like films was measured using Atomic 

Force Microscopy (AFM) (Park Systems NX10) in non-contact mode, using a tip 

with a radius of approximately 8 nm. In order to investigate the film 

morphology evolution, AFM images of 512x512 pixels were obtained with 

scanning areas of 2x2 μm2. AFM images were analyzed by using GWYDDION 

software [13]. 
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Interferometric Microscopy (IM) (Wyko NT9100 Optical Profiling System, 

Veeco Instruments Inc.) was carried out on the films to obtain larger field of 

view on the surface morphology, analyzing an area of 47×63 μm2. 

X-ray photoelectron spectroscopy (XPS) measurements were carried out 

using a Mg Kα  X-ray source with a photon energy of 1253.6 eV (PHI 5500). The 

C1s, Si2p and O1s peaks were measured after a short sputter cleaning of the 

sample surfaces with an Ar ion beam. 

A cross-cut tape adhesion test was performed on the silica samples in order 

to analyze the adhesive properties of the barrier layers in accordance with ISO 

2409:2003. This test involved cutting a 5 by 5 grid over an area of 1 cm2 

through the silica layer using a special grid cutter and applying tape to the cut 

area. Glass fibre TQC High Performance Filament tape with a tensile strength 

of 7.6 N·cm-2 (TQC, 2000) was used for the test. The tape was removed in one 

motion under an angle of approximately 60°. The crosscut samples were then 

examined under a microscope and the area of the remaining film is estimated 

for each of the squares. The method described may only be used as a pass/fail 

test and cannot be regarded as a quantitative measure of adhesion. 

 

III. Results and Discussion 

 

In the static deposition mode, the film thickness profiles and the local film 

morphology can provide valuable information about the precursor 

consumption as well as the main growth processes involved in AP-PECVD. The 

typical thickness profile of a film deposited in the static mode can be accurately 

resolved using the focused beam SE and is presented in Figure 2. The zero 

position on the x axis of the thickness profile corresponds to the smallest gap 

distance between the cylindrical electrodes. The thickness profile displays a 

very steep front growth starting at the position of -7 mm growing to almost 

400 nm within a 1 mm distance. 

As a result the thickness profile displays a high deposition rate before the 

zero position, followed by a decrease in the deposition rate caused by the 

precursor depletion. 
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Figure 2.  Local deposition rate (LDR) profile with respect to the position in the 
reactor at 90% DC. 

 

In addition, two distinct maxima can be observed in the deposition profile 

at 90% DC. The presence of two maxima suggests a difference in the transport 

kinetics of the precursor fragments arriving to the surface. This indicates that 

the fragmentation degree and density of the precursor molecules change in a 

very short time scale, causing non-uniformity in thickness and possibly also in 

the microstructure in the gas flow direction. Under these process conditions 

the deposition width is 22 mm, which also has consequences for the local gap 

distance. In the present experimental arrangement the minimum  gaseous gap 

between the cylindrical electrodes is 0.5 mm but at the border of the discharge 

the gap distance is more than 1 mm. Therefore both electric field and local 

power density are non-uniform, while larger inter-electrode distance at the 

discharge peripheries may increase the probability of filament formation.  

The earlier study in a parallel plate electrode geometry and lower power 

densities (up to 4 W∙cm-2) [8],  the film growth was less steep and the formation 

of the first maximum was assumed to originate from local electric field 

enhancement due to the relatively sharp electrode edge. Such a field 

enhancement is less likely in the case of the cylindrical electrodes. Despite the 

differences in electrode geometry, the power density and chemistry, and the 

general shape of the static deposition profile is similar to [8]. 
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Figure 3.  ICCD image of the discharge expansion at 50% DC and associated thickness 
profile measured with SE. The green line indicates the geometrical center of the 
electrodes. The colors in the integrated ICCD image reflect the spatial intensity of the 
discharge. 

 

To correlate the dimension of the measured thickness profiles with the 

discharge expansion, an ICCD image in side view is obtained [14], see Figure 3. 

The ICCD image of the discharge is integrated over multiple discharge events 

using an exposure time of 10 ms. To obtain a direct view on the discharge, the 

duty cycle is reduced to 50 % which is required to prevent edge instabilities 

normally counteracted at 90 % DC by a spacer [14].  The integrated intensity 

profile of the discharge is quite symmetric, and the gas flow with the depleting 

TEOS precursor only shows a small disturbance. The width of the discharge 

region is approximately 15 mm having a clear correlation with the associated 

thickness profile. The slight deviation in the onset of the thickness profile and 

the discharge intensity can be caused by an alignment error of the sample 

during the thickness measurement. For both a 50% and 90% DC, the static 

profiles are asymmetric with the deposition starting at the position of -7 mm, 

reaching a maximum thickness at around -3 mm. The tail end of the profile 

expands much further in the case of 90% DC (~15 mm) than in the case of 50% 

DC (~9 mm). This suggests that also the discharge expands further to around 

15 mm in the case of 90% DC. 
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i. Film morphology 

 

Previously it was shown that the porosity in the silica films is introduced 

by the presence of hydroxyl groups [15]–[19]. To investigate the influence of 

the local deposition rate on the film microstructure, spatially resolved ATR-

FTIR was performed [5]. In Figure 4 the ATR-FTIR spectra of the static profiles 

are shown at different positions along the gas flow direction in the regions of 

interest between 3000-4000 cm-1 and 1000-850 cm-1. 

The hydroxyl stretch region shows a change in the spectral feature at 2800-

3700 cm-1 which is associated with the O–H vibration. This broad peak can be 

considered a superposition of three peaks: 1) at 3350 cm-1 associated with -OH 

from absorbed water in the film 2) at 3515 cm-1 attributed to associated silanol 

(a-SiO-H) groups and 3) at 3640 cm-1 attributed to isolated silanol (i-SiO-H) 

groups [20], [21]. 
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Figure 4.  ATR-FTIR spectra of a silica-like film probed at different positions 
downstream in the gas flow direction in a) 3000-4000 cm-1 and b) 1000-850cm-1 
spectral regions. The positions of spectra represented in various colors refer to Figure 
2. 

 

The gradual decrease in the concentration of –OH groups is indicative of a 

decrease in the network porosity (increase in network density), which is 

particularly clear from the associated Si-OH groups. This prominent decrease 

in the silanol concentration in the static profile is not reported by other groups 

[6], [7]. The peak related to the silanol bond vibration at 930 cm-1 (Si-OH) 

displays the same gradual decrease in Si-OH density, see Figure 4b. The film 

microstructure changes as a function of the position in the discharge. A shorter 

gas residence time results in higher network porosity, whereas a longer gas 

residence time results in denser films.  
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Deshmukh and Aydil reported in the case of low pressure PECVD, that a 

higher surface temperature and lower deposition rate is associated with a 

densification of the silica-like films via reduction of silanol groups in the layer 

[22]. They concluded that water and SiOH species were formed as an 

intermediate surface reaction product, and subsequent reaction and 

elimination of the silanol species could become the surface limiting step when 

the deposition rate was too high. The surface limited growth is also observed 

by Starostin et al. [1]. 

However, the role of homogeneous reactions cannot be excluded in the 

silanol formation, as shown in Figure 4. Taking two positions in the static 

profile at -5 mm and 0 mm, with the same local deposition rate of 6.5 nm∙s-1, a 

clear drop in hydroxyl group concentration in the film is obtained. According 

to the study by Enache et al. [10] the highest precursor concentration will not 

coincide with the maximum of the deposition rate profile because the 

precursor radicals created in the vicinity of the surface can directly stick to the 

surface, whereas the precursor radicals present in the bulk of the gas phase 

have to diffuse to the surface before sticking. This leads to a larger dissociation 

of the precursor and thus less silanol incorporation. This behavior is in good 

agreement with the variation in film microstructure observed in the 

downstream direction, assessed by spatially resolved ATR-FTIR analysis: 

higher network porosity for short gas residence time, and denser films 

deposited in longer residence time regions. Figure 4 clearly illustrates that the 

absorbance of hydroxyl groups decreases in the downstream direction of the 

gas flow. 

The XPS compositional analysis is listed in Table 1. All measured positions 

showed an O/Si ratio of approximately 2 with a barely detectable carbon level 

in the film. Hence, the films are inorganic and a variation in the stoichiometry 

with the position in the static profile that cannot be resolved by XPS. However, 

ATR-FTIR measurement clearly indicates the subtle gradient changes in silanol 

concentration. 

The gradient properties in the film density of the static profile along the gas 

flow direction translate as a variation in the depth of the layer in the 

dynamically deposited film as shown in Figure 5. When the LDR profile is 

integrated over the deposition length along the electrode the actual growth 

front during dynamic deposition conditions can be deduced.  
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Table 1.  Spatially resolved XPS compositional analysis of the static profile. 

Position in 
the static 
profile, [mm] 

Si [at. %] O [at. %] C [at. %] O/Si 

-5 32.90±0.99 67.01±2.01 0.00 2.04±0.04 
0 33.19±0.99 66.51±1.99 0.03 2.0±0.04 
4 33.68±1.01 65.95±1.98 0.01 1.96±0.04 
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Figure 5. Integration of the local deposition rate profile translated into the film growth 

at the start of a dynamic profile: a) local deposition rate profile; b) growth profile of the 

film deposited in the dynamic mode assuming a line speed of 100 mm∙min-1 (integrated 

plot of the local deposition rate). 

As mentioned, the O–H stretching region that occurs in the 4000 – 3000 

cm-1 range consists of three peaks; the isolated silanol peak at 3650 cm-1, the 

associated silanol peak at 3450 cm-1 and the H-OH stretch peak attributed to 

interaction with adsorbed water on the sample at 3250 cm-1 [20], [21]. 

Therefore deconvolution of these three components may provide a clearer 

understanding of the individual contributions in the composite absorption 

peak observed between 4000 and 3000 cm-1. The spectra depicted in Figure 4 

were deconvoluted and the absorbance of each individual hydroxyl stretch was 

portrayed as a function of the position in the static profile, see Figure 6a and as 

the relative thickness in the barrier layer film, see Figure 6b. 

Figure 6b shows a reduction in the concentration of the network disrupting 

silanol groups as well as a reduction in the concentration of water trapped in 

the pores of the barrier layers deposited in the dynamic mode from the bottom 

(polymer interface) to the top (surface). 
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Moreover, the depth gradient properties of the silanol concentration with 

respect to the local film thickness of the silica layer can be derived. It should be 

noted that characterization of the film morphology of dynamically deposited 

films by ATR-FTIR will always probe an average value of the silanol 

concentration for the whole film thickness [5]. 

By looking into trends from each individual hydroxyl stretch, the isolated 

SiO-H is almost constant throughout the film thickness. However, there is a 

clear decrease in the concentration of associated silanol and the O-H stretch 

from the bottom to the top region of the film. The fact that the associated silanol 

shows the same trend as the O-H stretch indicates that the presence of these 

peaks are indicative for permeating channels. This also means that the 

probability of interconnected nanoporous permeation channels from the 

bottom to the top of the film decreases due to the presence of a thin and dense 

top-layer. From Figure 6, the thickness of the dense part of the silica layer is 

estimated to be approximately 10-15 nm assuming a line speed of 100 mm∙min-

1. The dense top-layer is deposited beyond the center position at relatively low 

LDR values of 1-3 nm∙s-1. Interestingly this gradient transition from a porous 

layer facing the polymer to the gradually denser top-layer is always present 

and independent of the web speed.  
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ii. Adhesion properties (polymer-film interface) 

 

To understand the role of the intrinsically formed relatively porous layer, 

when the films are deposited in the dynamic mode, static profiles were 

deposited on a protective silica (buffer) layer and directly on the bare PEN 

substrate as shown in Figure 7. The thickness profile without the buffer layer 

is very similar to the profile of the film with the buffer layer up to 1 mm beyond 

the center of the electrodes. Further downstream the calculated layer thickness 

is very erratic with a large uncertainty, characterized by the Mean Square Error 

(MSE). Since the MSE represents the quality of the match between the ψ and Δ 

calculated from the model and the ψ and Δ from the experimental data, it can 

be concluded that the optical model in this region is not valid due to (local) 

variations in the film properties being the size of the wavelength of the light 

source.  

-15 -12 -9 -6 -3 0 3 6 9 12 15
0

50

100

150

200

250

300

350

400

T
h

ic
k
n

e
s
s
 [

n
m

]

Position [mm]

 without buffer

 with buffer

0

50

100

150

200

250

300

350

M
S

E

 MSE

 
Figure 7. Thickness profile deposited in the static mode without a buffer layer in a 
solid black line, thickness profile deposited with a buffer layer depicted in dashed blue 
line. The red line is Mean Square Error (MSE). 

 

The surface morphology of both static samples was studied by AFM. 

Different regions of the samples were compared as shown in Figure 8. First 

films deposited on bare PEN foil, and second films deposited on a pre-

deposited protective buffer layer characterized by a high degree of porosity.  

The surface morphology of the film deposited on the protective layer is 

smooth and transparent without fissuring from the start to the end. However, 

the surface morphology of the films deposited on the bare polymer show many 
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small fissures at the position of 2 mm and beyond. The discrepancy in the 

surface morphology with and without the protective layer clearly occurs after 

the center position and coincides with a strong increase in the MSE of the SE 

thickness calculation. Meanwhile the surface becomes cracked for the film 

deposited on the bare polymer. The visual appearance of the tail end region is 

hazy in comparison to the film deposited on the protective layer. However, 

from the AFM analysis no dust formation is observed on both thickness 

profiles. The change in the surface morphology suggests that the tail end part 

is delaminated from the polymer surface. 

 
Figure 8.  AFM micrographs of static samples deposited without a buffer layer (top 
images) and with a buffer layer (bottom). The indicated positions (x) refer to the static 
profile position shown in Figure 7. 

 

As earlier discussed, in the region of the tail end the silica layer has the 

highest degree of cross-linked Si-O-Si network, and thus it can be expected that 

this region of the film exhibits the highest level of brittleness and stress. In 

Figure 9 a more detailed AFM analysis of the surface morphology of the film 

directly deposited on the polymer in the region from 2 to 9 mm is shown. The 

surface morphology of this region reveals wavy structures with a height 

difference of about 80 nm and regions with fissures having a size in the range 

of 20-100 nm. 

Additional surface analysis by Interferometric Microscopy confirms that 

the waviness of the silica layer determined by AFM extends over a large area, 

see Figure 10. 
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Figure 9.  AFM micrographs of badly adhered region for the sample deposited without 
a buffer layer. 

 

Generally it is considered that compressive or tensile stresses in the films 

can cause fractures, delamination and buckling. Cui et al. [23] reported that 

parameters such as the deposition rate, exposure time in the plasma, the 

network structure of the layer and the density of the inorganic layer can 

significantly affect the adhesion of atmospheric plasma deposited films on 

polymeric substrates. They observed that the adhesion energy increased with 

decreasing film density, and they hypothesized an increased plasticity 

occurred due to molecular relaxation and rearrangement as well as increased 

flexibility of the Si-O-Si chains [23]. 

 
Figure 10.  Surface morphology of a badly adhered region imaged by IM with a field 
of view of 47x63 µm2. 

 

From the spatially resolved ATR-FTIR it can be concluded that exactly in 

the region where the fissuring occurs, the film has the highest density and 

comprises the least flexible Si-O-Si chains. The stress relaxation may be 

induced by the fissuring of the layer as portrayed in the AFM micrographs of 

Figure 9. Similarly the wavy structure between positions 2-9 mm can be an 

indication of stress relaxation as the film is very loosely adhered to the 
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polymeric substrate which can lead to the formation of a buckled structure 

[24], [25]. 

To assess the adhesion properties a cross-cut tape adhesion test is 

performed on the statically deposited films both with and without a buffer 

layer.  
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Figure 11.  Qualitative indication of the layer coverage after a crosscut adhesion test 
on the static sample deposited without a buffer layer. The picture is made by optical 
microscopy of the border line between remaining layer and fully removed layer. 

 

Optical microscopy reveals that the silica layer deposited without buffer 

layer is completely removed in the tail end region, and the silica layer is well 

adhered in the upstream region, see Figure 11. The edge of the silica film can 

also be seen in the inserted microscopic image. On the other hand, the static 

film profile deposited on the buffer layer exhibits excellent adhesion in any 

region of the profile. The adhesion improvement using an additional buffer 

layer was also observed for example by Cui et al. [26] Apart from the stress 

incorporated in the film due to the thermal expansion mismatch between the 

polymer and the dense silica layer, a competition between the interaction of 

oxygen radicals and the polymer (etching), and the flux of depositing species 

(deposition) cannot be excluded [8]. The plasma polymer interactions can 

induce a thin and weak boundary layer that can promote delamination of the 

silica layer. Hence, it can be concluded that complete mechanical 

destabilisation is observed in the precursor depleted region when a very dense 

silica film is deposited on a bare polymer substrate. An adhesion layer 
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deposited at higher local deposition rate (10 nm·s-1) is required to promote 

adhesion of the dense layer to the polymer. In fact, the adhesion layer, or buffer 

layer, can bridge the stress between the polymer and the dense silica layer. 

Moreover, the higher local deposition rate may prevent the formation of a weak 

boundary layer due to excessive plasma polymer interactions.  The deposition 

of a dynamically grown silica film will thus always lead to the formation of a 

porous well adherent layer between the polymer and the dense barrier top-

layer. 

 

IV. Conclusion 

 

The gradient film properties of static silica layers synthesized in an 

Atmospheric Pressure PECVD reactor were studied using spatially resolved 

ATR-FITR analysis. A variation in the film microstructure has been observed 

within the discharge region; with higher network porosity for a short gas 

residence time, while denser layers were deposited in the region with a longer 

gas residence time. This observation is particularly relevant for the 

architecture of the functional deposition, because within the discharge region 

these variable film properties translate into a gradient in the dynamically 

deposited films. This could provide the means to control the properties of the 

layers, such as the network porosity, which has a direct correlation with the 

barrier properties of the films. In a 50 nm thick silica layer only the top 10-15 

nm most likely contributes to good moisture barrier properties.  

Comprehensive AFM analysis of the static profiles and cross-cut adhesion 

testing revealed that a direct deposition on the polymer of a well crosslinked 

and dense SiO2 film exhibited poor adhesion properties, probably due to stress 

build up and consequent delamination of the film. A good adhesion can be 

achieved by using a relatively porous layer as a compensation or buffer to 

provide an interface between the bare PEN and the dense silica film.  

In our case, an adhesion promotion layer is automatically formed between 

the polymer and a dense top-layer. The gradient film properties, thus 

inherently grown in the AP-PECVD process, incorporate a film that enables 

good adhesion as well as good moisture and oxygen barrier properties. A single 

step deposition process can thus produce dual layer functionality. In the 

dynamic deposition mode when uniform films are deposited, the gradient in 
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the film properties are difficult to resolve. A comprehensive analysis of the 

static profiles by spatially resolved ATR-FTIR provides a better understanding 

of the film morphology along the film depth. This approach is very suitable to 

investigate the role of specific precursors, gas flows and electrode geometry in 

optimizing the desired film properties. 
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Chapter 2 
 

The role of carrier gas flow in roll-to-roll AP-

PECVD synthesized silica moisture barrier films* 

 

 

Abstract 

Moisture barrier films are deposited on a polymer foil by roll-to-roll 

Atmospheric Pressure Plasma Enhanced CVD reactor using a N2, O2, TEOS gas 

mixture. The film microstructure and permeation properties are studied as a 

function of the carrier gas flow rate with both static and dynamic film 

transport. The microstructure is analyzed by spatially resolved attenuated 

total reflectance (ATR)-FTIR and correlated with the vertical density gradient 

obtained in the dynamic films and the moisture barrier performance. It is 

shown that by varying the carrier gas flow rate the vertical density gradient, or 

the network porosity, can be tuned by governing the convective transport 

inside the reactor consequently densifying the inorganic film at fixed energy 

cost (i.e. Yasuda parameter) of the process. Moreover, adopting the bilayer 

architecture allows to achieve the same moisture barrier properties of 2·10-3 

g·m-2·day-1 (40 °C, 90% RH) at only half the film thickness of a single layer 

barrier films, which consequently leads to a throughput increase of almost two 

times. 

 

*Published as: A. S. Meshkova, F. M. Elam, S. A. Starostin, M. C. M. van de Sanden, H. W. 

de Vries, Surf. Coatings Technol., 2018, 339, 20-26.  
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I. Introduction  

 

The dielectric barrier discharge (DBD) reactor type, widely employed in 

surface treatment applications [1] is nowadays subject of intense research for 

the synthesis of functional thin films either in a plane parallel and in a 

cylindrical electrode geometry [2–9]. In the DBD reactor with the gas mixture 

injected parallel to the electrodes and operating in precursor deficiency 

regime, the precursor depletion results in a non-uniform deposition rate 

profile along the gas flow [10], [11]. The chemical composition and density of 

the layer depends on the local flux of reactive species arriving at the surface. 

Thus, the properties of the thin films deposited, depend on the exact growth 

location in the reactor. Therefore, deposition on the moving web produces a 

vertical gradient (in depth profile in the direction of film growth) in the film 

properties, which is of interest for numerous thin film applications. For 

example, in gradient layers combining stress relaxation properties to bridge 

the difference in density between the organic and inorganic material 

(providing excellent adhesion to the substrate) with tailored surface 

properties [11, 12]. The tailored surface can be either highly hydrophilic and 

possess adhesive properties with specific chemical reactive sites, or can be 

repellent to liquids with hydrophobic or oleophobic properties [13, 14]. In 

addition, the vertical variation in the film properties can be exploited in anti-

reflection coatings [15] by creating a gradient in the refractive index, in 

membrane layers by producing a gradient in the size and inter-connectivity of 

the porosity or in films with a gradient in the chemical composition for the 

synthesis of ultra-low moisture barrier films [6, 16, 17]. In other applications 

the vertical gradient properties can be highly undesirable, for example, in 

silicon microstructures used for electronic devices demanding uniform 

electrical properties [3]. 

In the present work we concentrate on dense silica-like films deposited on 

a polymer substrate by a roll-to-roll atmospheric pressure plasma enhanced 

chemical vapor deposition (AP-PECVD) which despite the intrinsic vertical 

gradient properties possess a significantly reduced oxygen and water 

permeation function. These functional foils can therefore be used for the 

protection of electronic components such as flexible solar cells, optical 

components like quantum dots or in food and medical packaging applications 

[18–27]. Effective water vapor transmission rate (WVTR) measurements 
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showed that rates as low as 6.9∙10−4 g·m−2·day−1 (at 40 °C, 90% RH) can be 

achieved using a bilayer film architecture [28].  

In a recent study [11] the gradient film properties of films deposited on 

static substrate in an AP-PECVD reactor were investigated using spatially 

resolved ATR-FITR analysis. As ATR-FTIR has proved to be a valuable 

technique to study the intrinsic microstructure of amorphous silica films, with 

a focus on the relative content of hydroxyl (-OH) impurities [5, 6, 29-32].  A 

clear variation in the film microstructure has been observed within the 

discharge region. A higher network porosity was observed for a short gas 

residence time and high precursor partial pressure, while denser layers were 

deposited in the region with a longer gas residence time and low precursor 

partial pressure. The network porosity in silica-like films is correlated with the 

presence of hydroxyl groups in the network structure [6, 29-33]. This 

observation is particularly relevant for the moisture barrier film, because 

within the discharge region these variable film properties translate into a 

vertical porosity gradient when the silica films are (dynamically) deposited on 

a moving substrate. This could provide a means to control the in depth 

properties of the layers, such as the network porosity [29–33], which has a 

direct correlation with the moisture barrier properties of the films. Thus, it was 

demonstrated that the dynamically deposited films are characterized by a 

vertical gradient in the microstructure, having depth dependent mechanical 

and moisture barrier properties. The previous study [11] argued that for a 

single layer moisture barrier with a thickness of about 50 nm, only the top part 

of the layer of approximately 10-15 nm of silica is significantly contributing to 

the barrier properties whereas the underlying silica of 35-40 nm provides 

adhesion to the polymer and assures stress relaxation between the polymer 

and the dense silica barrier film. From a practical point of view this provides 

new insight in the possibility to scale the reactor throughput and to increase 

the production of high quality barrier film. Considering that the energy 

delivered per precursor molecule [5] should remain constant (in analogy to the 

similarity defined by the Yasuda parameter [34]), an increase in the 

throughput means an increase in reactive gas flow rates with proportional 

increase in power dissipated in the plasma. However, in practice this 

straightforward approach has limitations such as the dependency of the DBD 

regime on the dissipated power density, thermal sensitivity of the polymeric 

substrates and a limited length of the reactive plasma zone. At the same time 

both the dynamic deposition rate and specific energy spent per precursor 
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molecule, as discussed in [5], represents averaged values in the PECVD reactor. 

Hence, the local deposition rate as well as the local plasma chemical kinetics 

significantly varies along the gas flow direction due to the precursor depletion.  

It was earlier suggested by Starostin et al. [35] that the scaling of the AP-PECVD 

reactor throughput for a moisture barrier layer strongly depends on the non-

uniform deposition rate profile along the gas flow. As the active plasma region 

is rather limited and only a small portion of the total film thickness is 

contributing to the barrier film functionality, a more uniform deposition rate 

profile may thus increase the portion of the silica film that contributes to the 

barrier properties.  

The question addressed is, how the vertical gradient in the film properties 

can be exploited to reduce the network porosity and improve the SiO2 barrier 

film properties. In this context, the present work is a step forward in tailoring 

the network porosity in the films by varying the carrier gas flow meaning 

controlling the convective transport of precursor fragments while keeping 

fixed energy cost of the process. A comprehensive analysis is carried out of how 

the gradient in the silanol concentration, induced by changing the carrier gas 

flow rate, is related to the moisture barrier films. In addition the role of the gas 

flow rate on the moisture barrier performance in a single and a bilayer 

architecture [22–26, 36–38] is systematically investigated.  

 

II. Experimental Section 

 

The experimental roll-to-roll reactor for thin film deposition was already 

described in detail elsewhere [5]. In brief, the system consisted of cylindrical 

electrodes in a bi-axial geometry, a gas injector and an independent foil 

transport system. The dielectric barrier discharge was ignited between the two 

metal rotary drum electrodes with radii of 120 mm. Both electrodes were 

covered by dielectric foils. On the bottom electrode polyethylene-2,6-

naphthalate (PEN) foil was used and a sacrificial foil (ASTERATM Functional 

Foils, AGFA Polyethylene terephthalate) was used for the top electrode. The 

PET was transported at a constant line speed of 50 mm∙min-1. The discharge 

was sustained by applying an AC high voltage of approximately 2-3 kV in a 

frequency range between 180 and 215 kHz. The experimental conditions were 

selected based on our previous work [5], i.e. dynamically deposited 100 nm 
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thick silica films having a WVTR of 2·10-3 g·m-2·day-1 at 40 °C, 90% RH. The 

dissipated power in the discharge was 575 W, as calculated from the current 

voltage characteristic [5], corresponding to an approximate power density of 

19.2 W·cm-2 (taking a characteristic discharge expansion length of 20 mm for 

the described experimental conditions). The discharge width was 15 cm and 

the smallest gaseous gap was 0.5 mm.  Oxygen was used as an oxidizer and 

argon as an inert mixing gas to carry the precursor vapor in the controlled 

evaporation mixer unit. Nitrogen was used as the carrier gas and the flow rate 

(Q) was varied between 5 to 40 slm meanwhile oxygen and 

tetraethylorthosilicate (TEOS) precursor for the silica layers were kept 

constant at flow rates of 0.5 slm and 1.8·10-3 slm, respectively. The nitrogen 

flow rate of 18 slm was used as a reference condition for direct comparison 

with the previous study [11], [5]. 

 
Figure 1.  A schematic representation of the silica-like layer in the single and bilayer 
architecture. 

 

Two types of deposition modes were utilized in this work. The ‘static mode’ 

without foil transport and deposition took place just in the discharge region, 

and the ‘dynamic mode’ when the foil was transported in the same direction as 

the gas flow and a uniform film thickness was deposited.  The static films were 

deposited for 60 s on a silica buffer layer which served as a protective layer to 

prevent any plasma interaction with the bare PEN foil [4].  The silica buffer was 

deposited at a precursor flow of 8.2·10-3 slm and a web speed of 800 and 400 

mm·min-1, to prepare a thin protective layer of 20 and 40 nm [11,39].  For the 

WVTR measurements two types of dynamic films were deposited single barrier 

films and bilayer barrier films.  The web speed for the single films was 60 

mm∙min-1 and for the bilayer films 110 mm∙min-1, aiming for a film thickness of 

80 and 40 nm, respectively.  Hence, the bilayer architecture of the film 

comprised of a 40 nm buffer layer and a 40 nm silica barrier film to exclude 

thickness effects when the WVTR is compared. A schematic architecture of the 

single barrier films and bilayer films is shown in Figure 1. 

The film thickness of SiO2 profiles was measured using a focused beam 

spectroscopic ellipsometry (SE) (M-2000D, J.A. Woollam Inc.) in the 
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wavelength range of 245–1000 nm with 120 µm spot size of the beam. The SE 

was equipped with a translation table which allowed space resolved 

measurement of the static samples in the range of -20 mm to 20 mm over 641 

points with a step of 0.1 mm. To describe the PEN substrate and the silica-like 

film a Cauchy dispersion function was applied for both materials. The substrate 

anisotropy was not implemented into the model [40], however the sample 

orientation was kept the same for each measurement.  

To clarify the role of the local deposition rate on the film morphology 

spatially resolved Attenuated Total Reflectance (ATR)-FTIR was performed on 

the statically deposited silica-like films. The IR absorption spectra were 

acquired over 8 scans from 650 to 4000 cm-1 using the Perkin Elmer Frontier 

(Frontier FT-IR/FIR Spectrometer, PerkinElmer; Frontier UATR Ge/Ge, 

PerkinElmer). This set-up utilized a Ge crystal with a 45° face angle and one 

internal reflection. The spatial resolution of the crystal is 1 mm. Deconvolution 

of all spectral peaks was carried out (Peak Analyzer – Fit Peaks (Pro), OriginPro 

9.1) in order to determine absorbance intensity of each individual 

contribution. The detailed ATR-FTIR analysis was described elsewhere [11].  

A Mocon Aquatran Model 1 was used to measure the overall Water Vapor 

Permeation Rate (WVTR) with set conditions of 40 ℃, 90% RH. The minimum 

detection limit of this system is 5·10-4 g·m-2·day-1 and the sample area is 50 cm2. 

The WVTR was recorded after the value reached equilibrium with an average 

measurement time of 71 hours.  

The macro defects such as pinholes were resolved in the dynamic series for 

the single layer and bilayer films by means of the solvent vapor exposure test. 

In this test the silica films were exposed to a solvent vapor and in the case of 

pinhole defects locally enhanced diffusion of the vapor induces a local swelling 

of the PEN leading to the formation of blisters [41]. The exposure time was kept 

at 5 hours for all the samples. Interferometric microscopy (IM) (Wyko NT9100 

Optical Profiling System, Veeco Instruments Inc.) was then carried out on the 

films post-exposure to detect for the presence of blisters and hence for macro-

defects in the silica-like films. The IM measurement was performed in phase-

shift interferometry mode, analyzing an area of 47×63 μm2. Micrographs were 

then processed and stitched to form images with areas of 25 mm2 using the 

Wyko Vision software. In total, an area of 250 mm2 was evaluated, for each 

sample and based on this area the defect density was determined. 
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III. Results and discussion 

 

i. Static profile analysis 

 

A systematic analysis of the static films over a wide range of nitrogen 

carrier gas flow rates (5 to 40 slm) is carried out. With a gas flow rate of (Q) 5 

slm the discharge is visually unstable which is also reflected in variation of the 

voltage current measurements. At higher gas flows, between 10 and 40 slm, the 

discharge appears stable and uniform. The thickness profiles are measured 

using the focused beam SE and the results are presented in Figure 2 as the local 

deposition rate (LDR). The zero position on the x scale of the profiles indicates 

the smallest gap distance between the cylindrical electrodes. By integrating the 

LDR profile over the deposition length in the electrode space the actual growth 

front of a dynamically deposited film can be deduced as the dashed lines in 

Figure 2. It is clear from Figure 2 that the shape of the LDR profiles is strongly 

affected by the gas flow rate. At Q = 5 slm a spatially condensed deposition is 

obtained which is characterized by a very narrow thickness profile (7 mm) 

relatively far away from the zero position. Moreover, the dynamic deposition 

rate is relatively low compared to the higher gas flow rates which can be a sign 

of the discharge instability for this condition. At Q = 10 slm the total width of 

the thickness profile increases to approximately 12 mm whereas, the profiles 

with higher nitrogen flow result in a progressive flattening and increase of the 

width of the thickness profile. Hence, the local deposition rate decreases less 

steep after the maximum. The strong influence on the shape of the deposition 

profile can be explained by the fact that the convective transport of precursor 

and its fragments along the gas flow direction will be higher as the nitrogen 

flow increases, while the diffusive transport towards the walls remains the 

same. Enhancement of the convection over the diffusion results in a flattening 

of the deposition profile or, a higher gas flow results in an overall decrease of 

the local deposition rate. As earlier reported by [11] two maximums can be 

observed in the deposition rate profile for all nitrogen gas flows. Remarkably, 

the local deposition rate of the first maximum is more or less constant, between 

5-7 nms-1, whereas the second maximum (main peak) is strongly dependent 

on the carrier gas flow, see Figure 2. The precursor flow is kept constant and 

as a consequence the dynamic deposition rate (DDR) value which is defined as 

the product of film thickness and web transport speed is constant and 

independent of carrier gas flow. Because the power density remains unvaried, 
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the specific energy delivered per precursor molecule (related to Yasuda 

parameter) is constant. For the current experimental conditions the DDR is 

around 75 to 80 nm∙mm∙s-1 (for Q=10-30 slm) and the estimated energy spent 

per TEOS molecule is 6.5 keV/molecule, the specifics of the calculation can be 

found in [5, 28]. The gradual decrease in the calculated DDR value from the 

static profiles with increasing gas flow is mainly attributed to a slight increase 

in the gas loss due to stronger convection, see Figure 2.  
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Figure 2.  Local deposition rate profiles of  static depositions with a variation in the 
nitrogen flow rate of 5 to 40 slm. On the right axis the dashed line indicates the 
accumulative dynamic deposition rate (DDR) value which is comparable to the 
growth front in the dynamic mode of the DBD reactor. 
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 Figure 3.  ATR-FTIR spectra of silica-like film probed at different positions, x, in the 
static deposition profile in the wavenumber range of 3000-4000 cm-1 for a) Q=10 slm; 
b) Q=18 slm and c) Q=30 slm. The broad peak in this wavenumber range consists of a 
superposition of three peaks: 1) at 3250 cm-1 associated -OH from absorbed water in 
the film 2) at 3450 cm-1 attributed to associated silanol (a-SiO-H) groups and 3) at 
3650 cm-1 attributed to isolated silanol (i-SiO-H) groups [32, 43–45]. The positions 
(x) of the spectra represented in different colors refer to the positions in the static 
profiles of Figure 1. The gas flow direction is always fixed from left to right. 
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        As the presence of the hydroxyl groups disrupts the continuous -Si-O-Si-O- 

network structure [29–32, 42] the concentration of hydroxyls has a significant 

impact on the moisture barrier quality. To estimate the variation in the local 

film microstructure for different carrier gas flows spatially resolved ATR-FTIR 

spectroscopic analysis was performed on the profiles shown in Figure 2. Three 

representative flow rates of the carrier gas were selected for spatially resolved 

ATR-FTIR analysis. In Figure 3 the ATR-FTIR spectra of the static profiles are 

shown at different positions along the gas flow direction for Q = 10, 18 and 30 

slm in the region of hydroxyl stretch between 3000-4000 cm-1.  

 

The gradual decrease in the hydroxyl stretch absorption as a function of 

the position indicates a decrease in silanol density, which in turn is an 

indication of a decrease in the network porosity. As can be seen in Figure 3 the 

gradient in the silanol concentration is present for all the investigated 

conditions. Moreover, the change in the LDR profile with the gas flow rate goes 

along with a redistribution of the silanol concentration in the thickness profile. 

The absorbance spectra of SiO2  film deposited at 10 slm of nitrogen shows the 

highest silanol concentration ([OH]) at the position of the maximum value of 

the LDR. Notable is that the silanol concentration at the position of the first 

maximum (with LDR = 5-7 nms-1) is more or less independent of the carrier 

gas flow rate. 

The hydroxyl stretch region, in the 4000 – 3000 cm-1 range, is known to 

include three peaks. An isolated silanol peak at 3650 cm-1, an associated silanol 

peak at 3450 cm-1 and the H-OH stretch peak attributed to interaction with 

adsorbed water on the sample at 3250 cm-1 [32, 43–45]. The spectra depicted 

in Figure 3 were deconvoluted according to these peak positions, see Figure 4. 

In Figure 4 the absorbance of each individual hydroxyl stretch is portrayed as 

a function of the relative thickness (of about 80 nm) in the barrier layer if 

projected as a deposition in the dynamic mode with a line speed of 60 mm∙min-

1. From Figure 4 a clear gradient in the hydroxyl group distribution in the 

vertical direction (from the bottom to the top of the film) can be observed for 

the different gas flow rates. An exception is the static profile deposited at Q=10 

slm see Figure 4(a) where the hydroxyl concentration ([OH]) is the highest at 

the maximum LDR. Here, the deviation in the drop of the [OH] at the positions 

of -5 and -3 mm can be related to a significant difference in the LDR. It should 

be realized that the density difference between the top and the bottom of the 

silica film is always the same for a given deposition condition, and the gradient 
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in the [OH] in the film will be controlled by the line speed or the film thickness 

(z), according to d[OH]/dz.  

As the practical objective of the work is to improve the moisture barrier 

properties, the aim is to synthesize films with the lowest possible silanol 

content, which can be achieved by tuning the carrier gas flow rate. The 

approach is to correlate the local silanol concentration for different gas flow 

rates with dynamically deposited films assuming a film thickness of 80 nm. The 

gradient silanol concentration of the films in the dynamic mode is 

reconstructed based on the static profiles, see Figure 4.   
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Figure 4.  Deconvolution of the ATR-FTIR absorption spectra shown in Figure 2: a) Q=10 

slm ; b) Q=18 slm and c) Q=30 slm of nitrogen. The graph on the left side shows the 

absorbance as a function of the position (x) in the static profile in the reactor; on the right 

side the absorbance is shown as a function of the relative film thickness of the samples if 

projected as a deposition in the dynamic mode with a line speed of 60 mm∙min-1. 
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Although the transition in the film properties will not be discrete the film 

synthesized with a flow rate of 10 slm results in a thick porous layer of around 

55 nm and a thinner and denser top layer of ~25 nm. The local silanol profile 

for a gas flow rate of 18 slm is characterized by the most gradual transition 

from a porous layer to around 20-25 nm of a dense top-layer. Further increase 

of the gas flow rate to 30 slm leads to a thinner porous bottom layer and a 

thicker about 50 nm dense top layer. Hence, it can be assumed that based on 

the spatially resolved ATR-FTIR analysis of the microstructure the films 

deposited at a gas flow rate of 30 slm and higher will have the best moisture 

barrier properties due to the reduced porosity in the integrated film profile. It 

is worthwhile to mention that the specific energy delivered per precursor 

molecule is kept constant and only the convective transport of fragments 

within the discharge is increased due to higher carrier gas flow.  

 

i. Dynamically deposited films 

 

The silica like layers with a thickness of 75±3 nm are deposited in a single 

step and the effective WVTR is measured as a function of the carrier gas flow 

rate as shown in Figure 6. The best performing moisture barrier layer is 

obtained for Q =18 slm while at a gas flow rate of 10 and 30 slm the moisture 

barrier performance is worse.  However, based on the trend in the intrinsic 

porosity the best performing moisture barrier layers should be obtained at Q = 

30 slm and higher, see Figure 4(a,c). As the Mocon apparatus characterizes the 

effective WVTR, the type of permeation channels determining the moisture 

barrier performance is not taken into account, i.e. intrinsic porosity, nano 

defects or large pinholes defects [5, 18, 22–24, 27, 40, 41, 46], and thus the 

origin of the decrease in the effective barrier performance may be different. In 

order to determine whether pinholes are responsible for the degraded 

moisture barrier performance the solvent vapor penetration test analysis is 

performed on the 80 nm single barrier films. The result of the pinhole defect 

analysis is shown in Figure 5. 

The IM micrographs depict a very clear presence of blisters for different 

gas flow rates. The highest density of defects is observed at Q = 5 slm which can 

be attributed to the discharge instability and consequently high degree of 

filamentation.  A low defect density is observed in the case of Q = 10 slm when 

a relatively thick porous interface layer is formed and the moisture permeation 

is dominantly controlled by the network porosity.  At Q = 18 and 25 slm the 
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WVTR gradually improves due to the decrease in the [OH] and thus decrease 

in the network porosity while the defect density remains low.  Remarkably at 

Q = 30 and 40 slm the defect density increases 2 orders of magnitude which is 

also reflected in a gradual increase in the effective WVTR.  The number of 

blisters are quantified and plotted in Figure 6. 

 
Figure 5.  IM micrographs of blisters developed due to solvent vapor exposure of 
dynamically deposited layers for single layers with varying gas flow rates of 5-40 slm. 
The image size is 5x5 mm2. 

 

To further investigate the role of the defect formation mechanism at higher 

gas flows the bilayer architecture is investigated [5, 39]. A porous so-called 

buffer layer is first deposited on the PEN substrate followed by a barrier layer 

deposited at different carrier gas flow rate Q = 5 to 40 slm. The total thickness 

of the bilayer is 82±4 nm consisting of approximately 40 nm of buffer layer 

and 40 nm of dense barrier layer. It should be mentioned here that in this study 

the thickness of the buffer and barrier layer are not optimized. 
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Figure 6.  Effective WVTR (black line) and corresponding defect density (red line) with 
respect to the nitrogen gas flow rate of single layers. The WVTR of bare PEN foil is 
indicated as a solid green line. 

 

The effective WVTR of the bilayer film architecture is shown in Figure 7. By 

increasing the carrier gas flow up to 30 slm a WVTR = 2∙10-3 g·m-2·day-1 can be 

achieved for an effective barrier thickness of only 40 nm as the buffer layer is 
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essentially characterized by a non-existent moisture barrier with a WVTR = 1 

g·m-2·day-1 [39]. Moreover, the density of pinhole defects in the bilayer is 

independent of the gas flow rate, see Figure 7. The porous interface layer is 

therefore extremely important for the final quality of the moisture barrier and 

cannot be neglected.  In general, it can be concluded that the moisture 

permeation at low gas flows is governed by a poor Si-O-Si network structure, 

see Figure 4.  At higher gas flow rates the Si-O-Si network becomes more 

crosslinked (having much lower [OH]). The effective WVTR is most probably 

limited to 2∙10-3 g·m-2·day-1, due to the presence of a low density of pinhole 

defects whereas the residual porosity is further decreased. These pinhole 

defects can origin from the polymer surface and the buffer layer deposition 

process.  From the polymer surface it can be induced by surface flaws 

(scratches, particles, pinholes, etc).  Notable is that the defect density appears 

to be constant and the varying gas flow rates used for the barrier layer do not 

affect the density of pinhole defects, see Figure 7.  Based on the pinhole 

calculation model of A.S. da Silva Sobrinho et al. [47] the pinhole size is 

estimated to be > 20 𝜇𝑚 in the bilayer architecture assuming pinhole 

controlled moisture permeation. 
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Figure 7.  Effective WVTR (black line) and corresponding defect density (red line) with 
respect to the nitrogen gas flow rate for the bilayer film architecture. The WVTR of 
bare PEN foil is indicated as a solid green line. The WVTR of the buffer layer is indicated 
as a blue line.  

 

In the single barrier layer case at higher gas flow rates a particularly strong 

increase in the defect density is observed at Q = 30 and 40 slm.  The increase in 
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density of small (~1 micron) pinhole defects [28] must be the main reason for 

the gradual deterioration of the WVTR values for Q > 25 slm. 

In the previous work of [11] it was concluded that the intrinsic buffer layer 

(acting as a stress relaxation layer) plays a significant factor in the integrity of 

the layer by forming a transition layer between the low density PEN substrate 

and the dense SiO2 film.  Alternatively, it cannot be excluded that during the 

initial phase of the film growth there is a competition between deposition and 

etching of the substrate by non-depositing radicals produced in the plasma. If 

the foil transport direction opposes the gas flow direction a reverse density 

gradient within the layer will be formed. As a result the first dense part of the 

layer facing the polymer support will have a very poor adhesion [11].  

Interestingly enough by depositing a buffer layer prior to the deposition of a 

dense barrier layer solves the problem and the barrier film adhesion is 

independent of the foil transport direction and gas flow direction.  

Considering the arguments above for the single layer the mechanism of 

permeation is highly dependent on the gas flow variation. A first regime is 

characterized by a porosity controlled permeation at Q=10 slm (with a pore 

size of <1 nm).  In a second regime from Q=15-25 slm the barrier is defect 

controlled by a low density of presumably substrate defects with a pore size of 

>20 𝜇𝑚 and a third regime at Q=30 slm and higher, the layer is controlled by 

process induced pinholes (size 0.5~1 𝜇𝑚).   
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Figure 8. Comparison of the WVTR for the gas flow rate of 30 slm to the reference gas 
flow rate of 18 slm for 3 types of layers (sets of bars). The first set of bars the single 40 
nm thick films deposited at a web speed of 110 mmmin-1; the second set of bars the 
single 80 nm thick films deposited at 60 mm.min-1 and the third set of bars with the 
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bilayers consisting of 40 nm buffer layer with 40 nm barrier layer, deposited at 110 
mmmin-1.  

 

The possibility to increase the throughput of the process becomes evident 

and can be enhanced by adjusting the carrier gas flow to synthesize a silica 

layer with the desired vertical silanol profile gradient. For comparison the 

moisture barrier properties of a 40 nm single layers for Q =18 and 30 slm are 

assessed in Figure 8. The 40 nm single layers deposited at 110 mmm-1 have a 

worse barrier performance. This is confirmed by the abundance of pinhole 

defects for barriers deposited with increased flow rates, see Figure 6. Hence, 

an increase in the throughput by almost a factor of 2 becomes evident for the 

bilayer in Figure 8. Therefore, the scaling of the AP-PECVD reactor throughput 

for the processing of moisture barrier films strongly depends on the non-

uniform deposition rate profile along the gas flow. The specific energy per 

precursor molecule should always be related to the convective transport of the 

depositing species in order to connect the specific energy per precursor 

molecule to the functional (i.e. moisture barrier) film properties [48, 49].  

 

IV. Conclusions  

 

From the spatially resolved ATR-FTIR a non-uniform deposition rate 

profile with a gradient in the chemical composition is observed for different 

carrier gas flows with a decrease in the silanol content for increasing carrier 

gas flow rates. This finding makes control of a vertical density gradient in the 

film properties via carrier gas flow rate variation possible while keeping the 

energy cost of the process constant. Although the overall silanol concentration 

continuously decreases with the gas flow the best performing single layer 

barrier film is observed for a carrier gas flow of 18 slm. However, the increased 

gas flow rates carries the penalty of a decreased local deposition rate which 

leads to undesired effects like etching and the formation of defects. Therefore, 

three types of permeation causes were identified. The effective WVTR is 

controlled by the intrinsic porosity for low carrier gas flows, by a low density 

of large pinhole defects presumably from the substrate for gas flows up to 25 

slm and for gas flows of 30 slm and higher the permeation is mainly controlled 

by process induced pinholes. Thus, a porous interface layer is essential for the 

deposition of a good barrier film. By adopting a bilayer architecture in order to 
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exclude detrimental plasma polymer interactions it is shown that the carrier 

gas flow rate can control the gradient film structure and overall barrier 

permeation properties by controlling intrinsic porosity and formation of the 

pinholes.  

The scaling of the moisture barrier film throughput can be achieved by 

adjusting the non-uniform deposition rate profile by controlling the gas flow 

rate. These conclusions can have large impact on the industrial roll-to-roll 

production of functional SiO2 thin films. Not only can AP-PECVD be used as an 

effective production method without the need for large low pressure set-ups, 

but by tuning the gas flow rate the throughput can be almost doubled while the 

same moisture barrier properties can be obtained. As a result a reference 

WVTR of 2∙10-3 g·m-2·day-1 is achieved for half the thickness of a non-optimized 

film by increasing the gas flow rate.  

The findings of this study will be relevant for DBD reactors of similar type 

with the gas and precursor injection parallel to the electrodes, particularly in 

the case of full depletion of the precursor in the reactor. 
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Chapter 3 
 

Variable roughness development in statically 

deposited SiO2 thin films: a spatially resolved 

surface morphology analysis* 

 

 

Abstract 

For the first time a systematic analysis of the growth front evolution of 

statically deposited silica films in an atmospheric pressure (AP)-PECVD reactor 

was carried out. The growth front evolution was studied as a function of time 

and position in the reactor. Focussed beam spectroscopic ellipsometry was 

used to assess the local film growth rate and atomic force microscopy (AFM) to 

analyse the surface roughness development. Spatially resolved AFM analysis 

showed a strong dependence of the rms roughness on the position, and 

consequently on the thickness and local deposition rate (LDR), in the reactor. 

Time resolved surface morphology analysis at two specific positions at high 

and low LDR indicated different growth exponents β=0.33 and β=0.11, 

respectively.  From the analysis of the static roughness development in the AP-

PECVD reactor certain limitations on the deposition time and the maximum 

local deposition rate for dynamic or web rolled deposition conditions have 

been elucidated. Moreover, the system is characterized by a set of roughness 

exponents 𝛼𝑙𝑜𝑐=0.9, 𝛼𝑠=1.6 and global roughness exponent 𝛼=2.3. The 

different values of α indicate an anomalous scaling behaviour of the system 

whereas different growth exponents β suggest a breakdown of the anti-

shadowing mechanism. 

*Published as: A. S. Meshkova, S. A. Starostin, M. C. M. van de Sanden, H. W. de Vries, J. 

Phys. D:Appl. Phys., 2018, 
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I. Introduction 

 

High performance moisture barrier films deposited on polymer substrates 

are required for encapsulating flexible OLED, photovoltaic devices and 

quantum dot displays in order to achieve the desired device lifespan [1].  A 

defect free and smooth surface is considered to be a key factor in achieving 

excellent performance of the moisture barrier coatings for flexible electronics 

[2–4].  Understanding the growth mechanism and the surface structure at the 

nanometre length scale is therefore of paramount importance to control the 

surface roughness and to precisely predict the functional properties of the thin 

film [5–8].  

Recently it was demonstrated that high quality dense inorganic films can 

be synthesized on polymers from roll-to-roll utilizing an atmospheric pressure 

plasma enhanced chemical vapour deposition (AP-PECVD) process [9,10].  

Silica-like moisture barriers on PEN foil with a WVTR<6∙10-4 g∙m-2∙day-1 were 

successfully achieved.  Premkumar et al. [11] reported ultra-smooth SiO2 layers 

grown in a flat parallel plate AP-PECVD reactor operating in a high current 

dielectric barrier discharge.  The films were grown in a self-similar way having 

unique scaling characteristics of time invariant surface roughness growth 

[11,12] up to thickness values of 350 nm. 

Generally the flux of fragments during the deposition process is assumed 

to be uniform and constant in time for PECVD reactors requiring a uniform 

discharge.  However, due to a strong precursor depletion in the reactor the 

deposition rate profile along the gas flow is highly non-uniform [13, 14].  As a 

result a variable local deposition rate (LDR) exists which is controlled by the 

local precursor partial pressure and the flux of precursor fragments arriving at 

the surface. In the recent studies [13, 15] using spatially resolved ATR-FTIR 

analysis it was demonstrated that the film microstructure is significantly 

affected by the gas residence time and local deposition rate (local vapour 

pressure of the organosilicon precursor).  

Attempts to model the time invariant film growth observed in AP-PECVD 

were unsuccessful both for the continuum and discrete surface growth models.  

However, in a recent study by Merkh et al. [16] the conventional Monte Carlo 

simulation was adjusted for the high pressure regime in which the mean free 

path of the depositing particles is considered to be on the same order as the 

surface feature size.  More specifically, in the Monte Carlo simulation [16], the 
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short mean free path of the depositing species results in a mean collision height 

above the surface.  Hence, the actual particle trajectory towards the surface can 

result in a time invariant roughness evolution. Such an anti-shadowing 

mechanism can explain the time invariant roughness evolution in dynamically 

deposited films as previously reported in the work of Premkumar et al. [11, 

12].  

Prior studies on the surface roughness evolution were mainly carried out 

in vacuum batch reactors and at atmospheric pressure under dynamic 

deposition conditions (showing a time invariant roughness development).  In 

the latter case the potential roughness development due to variations in the 

local deposition rate cannot be unraveled and this variation is inherently 

integrated into the film growth history [11, 12]. Thus, we take a step back to 

study the locally resolved surface dynamic evolution in a PECVD reactor 

operating at atmospheric pressure i.e. taking into account the growth stages 

that evolve under different local deposition rates without transportation of the 

substrate.  

In this study we show that the surface roughness evolution is not locally 

invariant in the reactor. The film growth mechanism under atmospheric 

pressure is much more complex and to obtain a better understanding of the 

growth process the variable deposition rate should be accounted for.  A further 

aim is to contribute to the development of a new elaborated growth model for 

PECVD at atmospheric pressure in the context of an industrially relevant 

cylindrical roll-to-roll geometry under process conditions used for barrier 

deposition. In addition, the understanding of the growth dynamics under static 

deposition conditions can be exploited to achieve smooth and defect free films 

grown under dynamic, or web rolled, deposition conditions.  

 

II. Experimental section 

 

The SiO2 coatings were deposited in a roll-to-roll AP-PECVD reactor with a 

parallel bi-axial cylindrical electrode geometry described in detail elsewhere 

[9, 13].  The reactor itself is enclosed in an ISO class 3 cleanroom, in accordance 

with ISO 14644-1 standards to prevent contamination of the substrate surface 

by airborne particles. The process gas effluent is removed from the process in 

a general exhaust.  Both electrodes were covered with a polymeric foil, on the 
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top electrode AGFA PET and on the bottom electrode Polyethylene-2,6-

naphthalate (PEN) foil which also provided the substrate for deposition. The 

copper electrodes were heated to 80±1 °C by means of spiral oil-filled tubes 

located on the inner surface of the metal electrode casing. In the previous study 

the control of the substrate temperature during the discharge was evaluated 

[9]. There it was concluded that an surface temperature increase during the 

discharge is typically 40-50 °C above the temperature of the circulating oil 

which does not significantly change in time along the discharge zone. In this 

study the static thickness profiles were synthesised on the bottom electrode 

which was kept fixed while the top electrode moved with a constant speed of 

50 mm∙min-1.  The applied voltage between the electrodes was 2-3 kV and the 

frequency ranged from 180-200 kHz. The dissipated power in the discharge 

was 575 W corresponding to approximately 19.2 W∙cm-2 specific power 

density with characteristic discharge expansion length of around 2 cm.  The 

discharge width was 15 cm and the smallest gaseous gap was 0.5 mm. Silica 

like forming monomer was Tetraethoxysilane (TEOS) and the process gasses 

were nitrogen and oxygen. Nitrogen gas was used as a carrier gas with a flow 

rate of 18 slm. TEOS was diluted with 1 slm argon, and the reactant gas flows 

were kept constant at 1.8∙10−3 slm TEOS and 0.5 slm oxygen.  For the present 

experimental arrangement approximately 70% of the supplied gas flow was 

contributing to the deposition process. The gas loss can be attributed to 

intentional “leaks” such as  the narrow gap (≈100 µm) between gas injector 

and the cylindrical electrodes. All the reactant gases were mixed in the buffer 

chamber before they were introduced into the plasma. For the studied 

conditions the reactor was operating in the complete precursor depletion 

mode [9]. 

The static films were deposited on a buffer layer to prevent undesirable 

interaction of non-depositing species with the polymer [13, 17].  The protective 

silica (buffer) layer was deposited at a precursor flow of 8.2∙10−3 slm and a web 

speed of 1 m∙min−1, which resulted in a thin SiO2 layer of 20 nm.  The duration 

of the static depositions was varied in the range of 10 – 90 s. 

The variation of the film thickness profile and deposition rate along the gas 

flow was characterized by means of focused beam spectroscopic ellipsometry 

with a spot size of 120 µm (M-2000D, J.A. Woollam Inc.).  The spectroscopic 

ellipsometer was equipped with an automated translation table with a step size 

of 100 µm which allowed space resolved measurements over the deposition 



93 

 

width.  To correct for positioning errors the peak maximum of the profiles is 

determined by taking the derivative of the thickness profile and subsequently 

re-aligning the profiles according to the value of the maximum thickness.  

These positioning errors (Δx) can be introduced during the deposition process 

as well as the thickness measurement and are estimated Δx=±0.5 mm. 

The surface morphology of silica-like films was measured using atomic 

force microscopy (AFM) (Park Systems NX10) in non-contact mode with a tip 

radius of about 8 nm.  In order to investigate film morphology evolution, AFM 

images of 512x512 pixels were obtained with scanning areas of 2x2 μm2.  The 

surface morphology of each experimental point was measured at least 3 times 

to improve the statistics and to obtain representatives images.  It should be 

noted that all the samples are deposited on the buffer layer. The buffer layer is 

characterized by the rms roughness of 1.36±0.04 nm which is smoother than 

the surface roughness of bare PEN (~1.75 nm).  The rms roughness of the 

individual profile of 90 s deposition time was measured as a scan through the 

deposition width of the sample.  The probe tip was changed as needed to 

maintain good quality of images.  After the tilt corrections, the roughness of the 

films is calculated as the root mean square (rms) of the surface heights at 

different surface points. AFM images were analysed using open source 

GWYDDION software [18].  

 

i. Method of data analysis 

 

The surface height profile, obtained from AFM, can be characterised by the 

root mean square (rms) roughness or also known as the interface width (w).  

This well-known entity provides a measure for the overall roughness of the 

surface.  Family and Vicsek [19] introduced dynamic scaling to describe both 

the temporal and spatial scaling behaviour. The growth mechanisms can be 

understood by analysing the surface morphology within the framework of the 

dynamic scaling theory (DST) characterized by the roughness (𝛼) growth (𝛽) 

and dynamic (z) exponents. In the framework of the DST it is possible to set up 

relations between pairs of α and β exponents and it’s ratio z = α / β to identify 

the type of growth mode.  Thus, depending on the different surface relaxation 

mechanisms such as surface diffusion, shadowing, etching etc. a particular set 

of scaling exponents is obtained.  This concept proved to work in explaining 
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the growth mechanism for various techniques such as sputtering, CVD and 

PECVD [20–23].  The roughness is calculated as the root mean square  of the 

measured surface heights which is defined as: 

𝑤(𝑡) = √< [ℎ(𝑟, 𝑡)−< ℎ >]2 >,                                                  (1) 

where h (r, t) is the height of the surface at a position r and time t, and <h> is 

the mean height of the surface.  The interface width describes the correlation 

with growth time according to 𝑤(𝑡)~𝑡𝛽 .  The rms roughness value describes 

only the vertical properties of a surface. Therefore correlation functions must 

be introduced such as the height-height correlation function (HHCF) which is 

defined as: 

𝐻(𝑟) = 〈[ℎ(𝑥 + 𝑟), 𝑡) − ℎ(𝑥, 𝑡)]2〉,                                                (2) 

where h(x,t) represents the surface height at position x on the scanned area.  

The power spectral density function (PSDF) which is defined as: 

𝑃(𝑘, 𝑡) = 〈𝐻(𝑘, 𝑡)𝐻(−𝑘, 𝑡)〉,                                                  (3) 

where H(k, t) is the Fourier transform of the surface height in a system of lateral 

size L and k the spatial frequency in the reciprocal space [24].  

Another scaling framework is the anomalous scaling where a local (𝛼loc), 

spectral (𝛼s) and global (𝛼) roughness exponent 𝛼loc≠ 𝛼s≠ 𝛼 are introduced to 

describe the surface growth of the films [25, 26].  

The anomalous scaling approach leads to the following scaling relations of the 

HHCF: 

𝐻(𝑟, 𝑡) ∝ {
(𝑚𝑟)2𝛼𝑙𝑜𝑐 , 𝑟 ≪ 𝜉(𝑡)

2𝑤2(𝑡),   𝑟 ≫ 𝜉(𝑡)
                                            (4) 

where 𝜉(𝑡) is the lateral correlation length defined as the largest distance in 

which the height is still correlated and, 𝛼𝑙𝑜𝑐  is the local roughness exponent. 

The time – dependent behaviour of the lateral correlation length is often found 

to be a power-law ξ(t)~t1/z, where z is the dynamic exponent [19,24,27]. The 

local slope of the surface profile is denoted by m.  

In the anomalous scaling the interface width takes the following scaling form, 
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𝑤(𝑙, 𝑡) ∝ {
𝑡𝛽 , 𝑡 ≪ 𝑙𝑧

𝑡𝜅𝑙𝛼𝑙𝑜𝑐 ,   𝑡 ≫ 𝑙𝑧                                                     (5) 

where t is time, κ=β-αloc/z (anomaly factor) and 𝛼loc≠ 𝛼. Such behaviour is 

observed when the local slope, m, evolves with a power law in time as 𝑚(𝑡)~𝑡𝜅 

[27]. 

The PSDF can be expressed in the following scaling form, 

𝑃(𝑘, 𝑡) = 𝑘−(2𝛼𝑠+1)𝑠(𝑘𝑡1/𝑧),                                                  (6) 

where the spectral roughness exponent 𝛼𝑠 is a new and independent exponent 

[25]. 

The relationships between these three roughness exponents and the 

scaling class they belong to can be summarized as follows [25]: 

{
if αs < 1 → αloc = αs  {

αs = α → Family − Vicsek          
αs ≠ α → Intrinsic anomalous 

 

 if αs > 1 → αloc = 1  {
αs = α → Super − rough                
αs ≠ α → New class                         

 

 

III. Results and discussion  

 

i. Characterisation of the substrate morphology and static 

profiles 

 

The precursor depletion along the gas flow within the discharge length of 

the DBD reactor results in a highly non-uniform film thickness, and the local 

deposition rate profile, as reported in [13]. Figure 1a shows the thickness 

profiles as a function of the position, x, in the reactor for different deposition 

times between 10-90 s.  

In all the thickness profiles of Figure 1a, one can clearly observe two peak 

values, the first peak starts immediately at the discharge entrance at x=-7 mm 

and the second peak with the highest deposition rate at x=-4.3 mm.  Both peaks 

are observed at the same relative position independently of deposition time.  

After the second peak the thickness rapidly decreases due to the depletion of 

the precursor. The zero position on the x axis of the thickness profile 
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corresponds to the smallest gap distance between the cylindrical electrodes. In 

an earlier study [13] the presence of two maxima was attributed to a difference 

in the transport kinetics of the precursor fragments arriving to the surface. It 

was suggested that the fragmentation degree and density of the precursor 

molecules change in a very short time scale, causing non- uniformity in 

thickness and also in the microstructure in the gas flow direction. The time 

dependent deposition profiles variation of the 10 s profile suggests that the 

first peak may be caused by transient effects. 

From the integrated values of the static profiles the film thickness can be 

obtained if the films are grown dynamically for different residence times, see 

Figure 1b. The integrated film thickness is linearly increasing with the 

deposition time and from the slope of the line an average deposition rate of 5.4 

nm∙s-1 is obtained.  
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Figure 1. a) The thickness profiles of the static depositions as a function of the position 
for a time range 10-90 s and b) the film thickness from the integrated thickness profiles 
as a function of the deposition time. 

 

ii. Spatially resolved analysis of the surface morphology  

 

To understand whether the variations in the thickness play a role in the 

surface morphology evolution a comprehensive space resolved analysis is 

performed on the sample deposited at t=90 s.  Figure 2 shows the dependence 

of the rms roughness on the position in the profile and correlates the rms 

roughness to the local film thickness. A strong correlation between the 

thickness and the rms roughness of the static deposition profile is observed.  In 

the region of x<-2 mm, with a high precursor partial pressure, a clear 
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roughness increase is observed, whereas in the precursor depleted region with 

x≥0 mm the roughness development is small. 
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Figure 2. a) The thickness profile deposited at t=90 s and the rms roughness as a 
function of the position in the reactor b) the rms roughness dependence on the local 
thickness (in a semi-log plot). 

 

The semi-log plot of Figure 2b indicates an exponential dependence of the 

rms roughness with the local film thickness (d), or local flux of depositing 

species.  Fitting the data according to an exponential relation, with 

rms~exp(d/dc), yields a critical film thickness dc=650 nm.  So, for a deposition 

time of t=90 s and d>dc  the surface roughness significantly increases whereas 

well below 650 nm the layer remains rather smooth, see Figure 2b.  

Based on the critical film thickness also a critical deposition rate can be 

defined as the roughness will develop over time.  Such a critical deposition rate 

can be used to set a limit to the maximum allowable local deposition rate for 

which smooth films can be obtained.  For the present deposition condition the 

critical local deposition rate is ~7.2 nms-1.  By increasing the carrier gas flow 

to 30 slm, the convective transport of depositing species is increased and the 

maximum local deposition rate is reduced [15].  Consequently, the roughness 

is much less and a relatively smooth surface is obtained over the entire static 

deposition profile, see Figure 3. 
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Figure 3. The local deposition rate and the rms roughness as a function of the position 
in the reactor for a deposition time of t=60 s and a carrier gas flow of 30 slm, the 
maximum local deposition rate remains below the critical local deposition rate. 

 

iii. Time dependent film front growth analysis for high and 

low LDR 

 

To examine the evolution of the surface morphology in time, two specific 

regions in the thickness profiles of Figure 1 were analysed, one region above 

and one region below the critical film thickness. More specific, at the maximum 

deposition rate which corresponds to a LDR=10.7±0.6 nm∙s-1 at the position 

x=-4.3±0.5 mm and at the centre position at x=0±0.5 mm with a LDR=5.4±0.6 

nm∙s-1.  Typical examples of the evolution in time of the morphology of the SiO2 

film are shown in the 2x2 μm2 AFM images of Figure 4.  

The morphology of the surface exhibits a grain-like structure for t>10 s, in 

particular for the high LDR position. In Figure 5 a typical cross-section of the 

AFM images of Figure 4 is shown.  Both lateral and vertical dimensions of the 

surface features increase with deposition time, and the grain growth for the 

high growth rate is more pronounced than for the features at low growth rate. 

The feature size increases from 30 nm up to 150 nm with the deposition time 

from 10 s to 90 s at the position of the maximum LDR.   

The variation of the surface roughness with deposition time is illustrated 

in Figure 6. The growth exponent β is determined from the plot of the 

roughness versus deposition time in a double-logarithmic scale. Then, a linear 

regression is applied to obtain the slope which yields the value of β.  At 



99 

 

LDR=10.7 nm∙s-1 the growth exponent β=0.33±0.05, and at LDR=5.4 nm∙s-1 a 

β=0.11±0.02 is obtained. It should be noted that for x>0 mm the growth 

exponent β is even further decreasing (β<0.11), and at x=8 mm and t=90 s the 

rms roughness is 1.8 nm, see  Figure 2a. 

 
Figure 4. AFM images of scanning area 2x2 μm2 showing the evolution of the surface 
morphology of SiO2 films for different deposition times at the position x=-4.3 mm: (a) 
10 s (b) 40 s, (c) 90 s; and at x=0: (d) 10 s (e) 40 s, (f) 90 s. 
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Figure 5. Cross section of the surface morphology for high LDR : (a) 10 s (b) 40 s, (c) 
90 s ; and low LDR: (d) 10 s (e) 40 s, (f) 90 s. 

 

Previously observed time invariant film growth front in the dynamically 

deposited films, which was attributed to anti-shadowing [16], may thus be 

overruled in the statically deposited films when the flux of fragments to the 

surface becomes too high.   
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On the other hand when the flux of fragments to the surface is relatively 

low, the anti-shadowing mechanism starts to play a role which leads to time 

invariant film growth in this region of the static profiles.  

30 6010 100

2

3

4

5

6

 

 

 LDR = 10.7 nm.s
-1

 LDR =  5.4 nm.s
-1

rm
s
 r

o
u
g

h
n

e
s
s
 [

n
m

]

Time [s]
 

Figure 6. Evolution of surface roughness with time for thin films grown at x=-4.3 mm 
(LDR=10.7 nms-1) and x=0 mm (LDR=5.4 nms-1) positions. 

 

Apparently the growth exponent β depends on the flux of fragments which 

is relevant for understanding the growth dynamics of the films when the 

substrates are transported through the discharge and undergo these multiple 

growth stages. If a single growth mechanism for SiO2 would exist in AP-PECVD, 

only a single value of the growth exponent, independent of processing 

parameters, should be observed in the system. The failure in describing the 

surface morphology with only one growth exponent was observed by many 

authors [20, 28–31] and usually indicated the existence of cross-over effects or 

multiple growth regimes but it was never reported to be an inherent feature of 

the deposition process.  

To understand the time invariant film roughness in the dynamic deposition 

process it should be realised that the roughness increase at all positions in the 

reactor remains small for relatively short processing times (t<10 s), as pursued 

in the dynamic deposition process in the previous studies [11, 12]. This 

indicates that a much longer deposition time is required to obtain a notable 

roughness increase in the dynamically deposited films. If the flux of precursor 

fragments is high and the deposition time is long (t>>10s) then the surface 

roughening of the film is inevitable under dynamic deposition conditions.  
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iv. Second order statistics 

 

Because the global roughness of the films is determined from the rms 

roughness, it does not reflect the short range roughness. A measure of the short 

range roughness can be deduced from the roughness exponent α. This 

quantitative information of the surface morphology can be extracted from 

different correlation functions.  In this work two functions are employed to 

derive the roughness exponents αloc and αs from: i) The height-height 

correlation function (HHCF) defined as in Equation 5; ii) The power spectral 

density function (PSDF) defined as in Equation 6. In Figure 7 the HHCF for high 

and low LDR of SiO2 films for t=10 to 90 s are shown.  The value of αloc is 

calculated from the slope of the initial linear part of the HHCF curves using the 

exponential correlation model for isotropic self-affine film growth [32]. 
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Figure 7. HHCF as a function of the distance r is plotted in log-log scale. The curves 
correspond to deposition time from 10 to 90 s in a) high LDR at x=-4.3 mm; b) low LDR 
at x=0 mm. 

 

The calculated roughness exponent 𝛼loc increases with the deposition time 

for both the high LDR and low LDR and then saturates at 30 s deposition time 

at a value of around 𝛼loc =0.99~1.0.  In addition, in Figure 7, for small values of 

r (less than the correlation length) the curves of the HHCF do not overlap. For 

high LDR the local slope, m, gradually increases which implies that the film 

growth is nonstationary, and this behaviour is not in agreement with the 

requirements of the conventional DST. The nonstationary behaviour of the 

HHCF suggests an anomalous scaling which is commonly observed for films 

prepared by PECVD [26]. Note, that for the low LDR the local slope is not 

increasing. 
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To clarify the anomalous growth behaviour the spectral roughness 

exponent (αs) is calculated from the PSDF.  Here αs is calculated from the slope 

i of the linear region of the PSD functions as αs=(i-d)/2 where d=1 for the one-

dimensional PSD functions.   
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Figure 8. PSDF is plotted in log-log scale, the curves correspond to a deposition time 
of 10 up to 90 s in a) high LDR at x=-4.3 mm; b) low LDR at x=0 mm. 

 

In Figure 8, the PSDF of the SiO2 films for t=10 to 90 s in log-log scale for 

the high and low LDR position are shown.  One can notice the existence of two 

slopes in the PSDF. This subtle transition occurs at the same spatial frequency 

and the corresponding surface feature size can be estimated LC≈30 nm. 

Interestingly this is the size of the smallest granular feature existing in both the 

high and low LDR region. While at high LDR the feature size continues to grow 

with deposition time for low LDR the granules enlarge only slightly. 

The values of the local and spectral roughness exponents are plotted in Figure 

9.  Typical values for αs obtained from the linear region of the high k (>0.08 

nm-1) part of the PSDF are around 1.6. Meaning that the system shows an 

anomalous scaling behaviour as αs≠αloc which indicates that a new exponent 

enters the scaling, with αs>1 and αloc~1. Figure 10a shows the increase of the 

lateral correlation length as a function of the deposition time.  Applying the 

scaling relation ξ(t)~t1/z yields the dynamic exponent, z, as determined from 

the slope of the log-log plot.  Dynamic exponents of z=6.6±1.8 and z=16.6±5.5 

are obtained for the positions x=-4.3 mm and x=0 mm, respectively.  Sinha et 

al. [32] proposed the following analytical form of the HHCF for an isotropic 

self-affine surface:  

𝐻(𝑟) = 2𝑤2[1 − exp [− (𝑟 𝜉)⁄ 2𝛼
]]                                            (7) 



103 

 

With this exponential model the local slope equals to  m=(√2 𝑤)1/𝛼/𝜉 an 

elaborate derivation can be found in [27, 32].   
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Figure 9. Roughness exponent determined for local roughness exponent (black 
squares) and global roughness exponent (red squares): a) high LDR ; b) low LDR, as a 
function of time. 

 

In Figure 10b the local slope is shown as a function of the deposition time 

and according to anomalous scaling theory the local slope m should follow a 

power law relation with m(t)~tκ [27].  Because in anomalous scaling αloc differs 

from α global, κ >0 and thus κ=β-αloc/z [25, 27, 33].  In case of high DR the local 

slope is increasing in time with κ=0.20±0.03 but in case of low DR local slope 

is constant with κ=0. From the relation between α=κ∙z+αloc, the global 

roughness exponent can be determined from the dynamic exponent z.  
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Figure 10. a) The correlation length as a function of time for the high LDR and low 
LDR region, b) calculated values of the local slope as a function of time derived from 
the HHCF. 

 

At the low LDR position the correlation length values are only slightly 

increased which is reflected in the local slope indicating a constant value.  The 
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global roughness exponents for high LDR is obtained from the relation 

α=κz+αloc which results in α=2.32±0.32. In Table 1 the different scaling 

parameters are listed as obtained from the static profile analysis.  

Table 1 Overview of the different scaling parameters in the statically deposited 

AP-PECVD films. 
 αloc αs β z α κ 

LDR [nm.s-1] HHCF PSDF w(t)~tβ ξ(t)~t1/z α=κz+αloc m(t)~tκ 

5.4±0.6 0.9±0.1 1.58±0.03 0.11±0.02 16.6±5.5 - ~ 0 

10.7±0.6 1.0±0.1 1.58.±0.03 0.33±0.05 6.6±1.8 2.3±0.3 0.20±0.03 

 

The variation of the roughness exponents 𝛼𝑠 ≠ 𝛼𝑙𝑜𝑐 ≠ 𝛼 and the growth 

exponent 𝛽 varying with the local deposition rate suggests that the system 

belongs to a new anomalous scaling class [25].  However, not all systems can 

be assigned to one of the universal classes.  In general, the scaling exponents 

deduced from these analyses are correlated to the theoretical predictions, and 

the mechanisms controlling the growth of the film can be understood.  Even 

though the exact mechanisms has not been understood yet, similar exponents 

were obtained by Yanguas-Gil et al. [34].  They showed that the anomalous 

scaling behaviour can be reproduced, by a kinetic Monte Carlo simulation of 

the growth of SiOxCyHz and SiO2 thin films prepared by PECVD [34, 35].  In the 

model by varying angular distribution function of the incoming particles, a 

wide range of growth exponents was obtained [34]. The main factor 

responsible for anomalous scaling of the growth process was attributed to 

lateral grain growth due to nonlocal effects of shadowing [35, 36]. The films 

depicted a well-defined granular microstructure and were characterized by 

values of 𝛼𝑠=1.3 determined by the PSDF, and values of 𝛼loc=0.7 obtained from 

the HHCF [34, 35].  A recent experimental study [37] on the surface evolution 

of CdS thin films grown by the chemical bath deposition technique resulted in 

a similar set of scaling exponents of 𝛼=2.2, 𝛼s=1.49 and 𝛼loc=0.78.   

Nevertheless, in this study at atmospheric pressure the system presents an 

anomalous scaling behaviour although the process is not characterized by a 

high growth exponent as observed by others [33, 34, 37, 38].  Even though the 

local deposition rate is varied within the discharge region the fact that the local 
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and spectral roughness exponents are not affected by the LDR may suggest a 

uniform activation of the precursor within the discharge. 

In contrast to the growth history of the statically deposited films having an 

intrinsically local roughness development with 𝛽 ≠ 0 is in the dynamically 

deposited films a time invariant roughness growth is observed, which was 

explained by the anti-shadowing mechanism [16].  The formation of seed 

protrusions is proposed as a mechanism triggering the surface roughness 

increase which depends on the flux of depositing species.  From the static 

profiles it can be concluded that the anti-shadowing mechanism is mainly 

dominating the film growth at a relatively low flux of depositing species. Under 

these conditions the probability of the formation of surface protrusions is low 

and the granular microstructure is not developing.  At high LDR, with a high 

flux of depositing species, shadowing overrules the anti-shadowing 

mechanism and the anomalous film growth leads to κ>0, in the presence of 

surface protrusions. The origin of the seed protrusions can be either from 

irregularities present on pristine polymer, can be the result of the intrinsic 

random nature of the deposition process, or from oligomers formed in the gas 

phase migrating to the surface.  In any case the presence of these seed 

protrusions will be enhanced at high flux of depositing species which leads to 

a higher probability of evolving surface protrusions. As a consequence the 

mean collision height cannot follow the surface asperities and shadowing 

prevails in the surface growth, thus developing a granular microstructure. 

Moreover, the lateral grain growth that results in a grain-like 

microstructure in the high LDR region can lead to the formation of overhangs, 

thus forming a more porous structure as previously observed in [15].  

Consequently the remedy for depositing smooth films is to reduce the 

probability of protrusions by reducing either the deposition time or the 

maximum local deposition rate.  

 

IV. Conclusions 

 

The SiO2 film front growth has been studied, space and time resolved, in 

statically deposited thickness profiles synthesised in an atmospheric pressure 

PECVD reactor.  The rms roughness displayed an exponential scaling with the 

local film thickness, and a critical local deposition rate LDR=7.2 nms-1 was 
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derived.  The scaling behaviour of the surface roughness evolution was studied 

as a function of time for two positions in the reactor: at the maximum local 

deposition rate, with LDR=10.7±0.6 nm∙s-1 and in the centre of the reactor at 

the 0 position with LDR=5.4±0.6 nm∙s-1.  The growth exponents 𝛽 have been 

calculated for both positions at the maximum LDR with 𝛽=0.33±0.05 and at a 

lower LDR with 𝛽=0.11±0.02.  The dependence of 𝛽 on the local deposition 

rate suggests a mechanism of surface roughening due to the formation of 

protrusions. It is considered that at higher LDR the probability of forming 

protrusions on the surface is increasing and as a result the roughness 

increases.  Moreover, it can be concluded that the development of the growth 

front roughness can be controlled either by reducing the maximum local 

deposition rate or by reducing the deposition time to achieve the desired film 

thickness under web rolled condition. 

From the second order statistics it was found that the system exhibits an 

anomalous scaling behaviour characterized by values of αs=1.58±0.03 

determined from the PSDF, 𝛼loc≈1 obtained from the HHCF and the global 

roughness exponent α=2.3±0.3.  The lateral grain growth and nonlocal 

interactions due to shadowing effects are proposed to be responsible for the 

anomalous scaling at a high flux of depositing species.  Under the conditions of 

a low flux of depositing species a time invariant film growth is observed, as a 

result of the anti-shadowing mechanism. However, the anti-shadowing 

mechanism can be overruled at high flux of depositing species in the presence 

of surface protrusions, and subsequently shadowing may prevail which results 

in the formation of a granular surface morphology.  

This experimental finding is of interests from a fundamental perspective as 

it elucidates the growth mechanisms in atmospheric pressure discharges, and 

from a practical point of view as it opens new possibilities for growing 

conformal and smooth films.  
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Chapter 4 
 

From time invariant to super-rough film front 

growth in AP-PECVD thin SiO2 films deposition* 

 

 

Abstract 

The development of the morphology and surface roughness of amorphous 

SiO2-like films was analysed by atomic force microscopy. A detailed study of 

the surface roughness statistical parameters characterizing morphology is 

reported for varied sets of films deposited as single layers on PEN foil, on prior 

deposited buffer layer and in a stacked manner. The surface roughness 

evolution of silica films deposited as a single layer on PEN is characterized by 

three regions with characteristic behaviours of smoothening, invariant 

roughness evolution and sharp roughness increase. These three regions 

exhibit different scaling behaviour and surface feature size. The region of sharp 

roughness increase is assigned to the anomalous scaling class with 

characteristic exponents: 𝛽 = 0.66 ± 0.05, 𝛼 = 1.7 ± 0.2, 𝛼𝑙𝑜𝑐 = 0.84 ± 0.03, 

𝛼𝑠 = 1.16 ± 0.02. The sets of films deposited on buffer layer and in a stacked 

manner revealed super-rough growth behaviour as well with 𝛽 = 0.61 ± 0.02 

and 𝛽 = 1.05 ± 0.17 respectively. High pressure chemical vapour deposition 

simulations using conventional Monte Carlo methods are employed to show 

that the anti-shadowing mechanism could be over-powered by the 

development of protrusions at the film surface transitioning to shadowing 

mechanism reproducing the experimentally obtained results. 

 

*Submitted  as: A. S. Meshkova, W. J. Meese, S. A. Starostin, T.-M. Lu, M. C. M. van de 

Sanden, H. W. de Vries 



112  Chapter 4 

 

I. Introduction 

 

Precise control of the morphology, microstructure and growth front 

surface roughness is of paramount importance to produce high functional 

films. Depending on the application either enhancement or smoothening of the 

surface roughness is required to control the functional properties of thin films. 

A protective coating is an example where the surface smoothness becomes a 

critical property [1–3]. Focus of this study is on the growth dynamics of silica 

like amorphous layers on polymeric substrate. These films have been produced 

by atmospheric pressure plasma enhanced chemical vapour deposition (AP–

PECVD) process from a gas mixture comprised of nitrogen and oxygen using 

TEOS as a precursor. This type of films is attractive in  the field of protective 

barrier coatings for example for OLED and quantum dot displays where 

smooth and defect free coatings are required.  

Elementary surface processes in thin film deposition can be described by 

the topographical evolution of a standard deviation of the surface heights, 

referred as the interface width or root-mean-square (rms) roughness. The root 

mean square is defined as 𝑤(𝑡) = √< [ℎ(𝑟, 𝑡) − 〈ℎ〉]2 >, where h(r, t) is the 

height of the surface at a position r and time t, and <h> is the average height at 

the surface. The characteristic behaviour of the interface width forms the basis 

of the dynamic scaling theory introduced by Family-Vicsek to describe both the 

temporal and spatial scaling behaviour [4]. The ansatz of Family-Vicsek, 

𝜎(𝐿, 𝑡) = 𝐿𝛼𝑓(𝑡/𝐿𝛼/𝛽) where 𝛼 and 𝛽 are roughness and growth exponents and 

f(u) is the scaling function behaves as f(u) =const when u≫ 1 and f(u)~𝑢𝛽 for 

u≪ 1. In general, the scaling exponents deduced from these analyses are 

correlated to the theoretical predictions and the mechanisms controlling the 

growth of the film can be understood. In some cases this concept proved to 

work in explaining the growth mechanism for various techniques such as 

sputtering, CVD and PECVD [5–7]. However, in other cases no agreement 

between theoretical predictions and experimental results were obtained, 

which indicates a non-universal film growth front behaviour [8]. Thus another 

scaling relationship which is not fulfilled by Family-Vicsek ansatz, was 

introduced and called anomalous scaling [9,10]. In the anomalous scaling the 

roughness exponent differs for local and global surface fluctuations [9, 11–13]. 

In the earlier study by Premkumar et al. [14] the evolution of the surface 

roughness with film thickness was investigated in a roll-to-roll AP-PECVD 
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reactor. Surface analysis showed that the films grow in a conformal and self-

similar way following the topology of the pristine polymer and unique scaling 

characteristics of time invariant surface roughness development was observed 

[14, 15]. Moreover, it was shown that the time invariant roughness 

development was independent of the type of precursor, processing gas or 

reactor geometry utilized, indicating the existence of a universal smoothening 

mechanism unique for atmospheric pressure deposition.   

This remarkable feature of the process, which is considered to be a critical 

film property for flexible device applications, was recently explained by the 

anti-shadowing mechanism [16]. The implementation of Monte Carlo methods 

to study silica films at atmospheric pressure CVD has been successful with the 

definition of a parameter, namely ℎ𝑙 , which acts as the average transport 

distance between the deposition species and its last collision above the 

evolving film [16]. Merkh and Lu found that simulated films grown under the 

influence of this ℎ𝑙 parameter would experience long term roughness 

saturation, mimicking the experimental results published by Premkumar et al. 

[14, 15, 17]. Further, the size of ℎ𝑙 was found to be in one-to-one 

correspondence with, and to be within an order of magnitude of, the specific 

value of the saturated roughness itself. These results indicated that when the 

average distance between the film surface and the last transport collision was 

on the order of the surface features, the so-called “anti-shadowing” mechanism 

would dominate the surface growth by allowing a significant portion of the 

particle flux to enter valleys, limiting or eliminating the effects of the 

shadowing flux at the peaks that would have otherwise left the surface rougher. 

Thus, anti-shadowing was found to leave the roughness evolution invariant in 

the long-term. Figure 1 contrasts the deposition geometry of the usual 

shadowing mechanism with that of the recently documented anti-shadowing 

mechanism.  

The study by Premkumar et al. were carried out using a parallel plate AP-

PECVD reactor [14, 15, 17] and it was shown that smooth films up to 350 nm 

thick can be deposited having a comparable roughness as the polymer 

substrate. The unique invariant roughness growth behaviour of silica moisture 

barrier films deposited by AP PECVD was successfully explained by this 

mechanism [14, 15]. 



114  Chapter 4 

 

 
Figure 1. A comparison of the opposing growth mechanisms: shadowing and anti-
shadowing. Shadowing will lead to rougher surfaces in the long-term, in general; 
whereas anti-shadowing leads to smoother or invariant surfaces in the long-term. (a) 
A sketch of an incident particle that is “shadowed” by a peak at the growth front 
because it was initialized above the maximum surface height. (b)  A sketch of incident 
particles that are “anti-shadowed” by the valleys of the growth front since they are 
below the maximum surface height. 

 

Meanwhile, Merkh and Lu also found that short-term surface roughening 

can occur for films grown with a specified ℎ𝑙 , and the rate of roughening also 

depends on the value of ℎ𝑙 . This roughening regime was present because ℎ𝑙 was 

greater than the average feature size on the film during this time period.  Thus, 

an average depositing particle was initialized above the surface while the 

roughening was present.  These simulations were algorithmically equivalent to 

those described by Pelliccione and Lu [18], during the early short-term 

roughening regimes, where shadowing dominated roughness evolution.  

However, as the films grew rougher, the ℎ𝑙 eventually grew to be on the order 

of the surface features, and then the shadowing transitioned to anti-shadowing.  

This distinct behavior of surface roughness due to the presence of the ℎ𝑙 

parameter was fundamental in modelling the experimentally observed 

complex roughness behaviour of the SiO2 films under the web-rolled condition 

in the discharge zone. 

An essential characteristic of the APGD reactor is that it operates in the 

precursor deficient regime resulting in varied local precursor concentration 

within the discharge zone [19, 20]. A prior study on the spatially resolved 

surface roughness evolution of statically deposited films, reported a strong 

dependence of the surface roughness on the local precursor flux, with an 

increase in roughness for higher precursor flux [21]. It was suggested that 

formation of protrusions under high precursor flux condition resulted in self-

augmenting of these features propagating with the deposition time 
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consequently roughening the surface. Projecting this intrinsic variation of 

surface roughness within the discharge zone to the deposition of films in the 

web-rolled condition means that the film growth history is inherently 

integrated into the final film. A high growth rate initiates globular growth due 

to the shadowing effect which leads to substantial roughness propagation and 

cancelling of the invariant growth. At relatively low precursor flux conditions 

the growth exponent 𝛽 ≤ 0.1 and the anti-shadowing mechanism takes over 

and as a result time-invariant growth front evolution is observed. 

An important finding of this study is that after a period of invariant growth 

a rapid roughness increase emerges when a critical thickness is reached. In the 

present study, we report a detailed experimental analysis of the surface 

dynamics of SiO2-like films grown in an atmospheric pressure discharge. To 

obtain a comprehensive understanding of the surface morphology and 

roughness evolution, variable sets of film thicknesses were deposited, on 

pristine PEN and on prior deposited silica buffer layers either as a single layer 

and as a stacked structure.  From these analyses, the role of the initial surface 

morphology as well as the film growth front evolution with pre-deposited silica 

stacks is addressed. This approach may lead to a more robust process against 

surface roughening. In this study we argue that the formation of protrusions 

are responsible for overcoming the anti-shadowing mechanism that would 

normally be present in the AP-PECVD [16]. High pressure chemical vapour 

deposition simulations using conventional Monte Carlo methods such as those 

described in [16] were employed to show that the anti-shadowing can be over-

powered by the development of protrusions at the film surface.  

 

II. Experimental section 

 

A roll-to-roll AP-PECVD reactor based on a glow-like atmospheric pressure 

dielectric barrier discharge (DBD) was used to grow a set of SiO2 films. The 

schematic and detailed experimental conditions of the set up were elaborately 

described elsewhere [20, 22, 23]. The reactor comprised of parallel bi-axial 

cylindrical electrodes with radii of 120 mm and 0.5 mm gaseous gap. Both 

electrodes were covered with polymeric foil which had two functions: as a 

dielectric barrier to sustain the DBD system and as a substrate for the 

deposition. Polyethylene-2,6-naphthalate (PEN) foil was used for the bottom 
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electrode with a width and thickness of 180 mm and 100 µm respectively, and 

a sacrificial foil (AGFA PET) for the top electrode, which was transported at a 

constant line speed of 50 mmmin−1. The film thickness was varied by adjusting 

the web speed between 6 – 2000 mmmin−1 in order to deposit films with a 

thickness between 3.5-741 nm. The dynamic deposition rate (DDR) defined as 

the product of web speed and film thickness was approximately 10 nm∙m∙min-

1. Hence, the film thickness was varied by adjusting the web speed. The 

estimated energy spent per TEOS molecule was 6.5 keV/molecule which was 

required to deposit good performing moisture barrier layers [22]. The 

dielectric barrier discharge was ignited between two electrodes applying a 

high voltage of 2-3 kV in a pulsed mode with the pulse duration of 800 µs and 

90% duty cycle. The frequency ranged from 180-200 kHz. The power 

dissipated in the discharge was 600 W, with a reflected power of 

approximately 5% of the forward signal. Nitrogen gas was used as a carrier gas 

with a flow rate of 18 slm. Oxygen was used as the oxidizer of the 

tetraethylorthosilicate (TEOS) precursor for the silica layers. TEOS was diluted 

with 1 slm argon, and the reactant gas flows were 1.8·10-3 slm TEOS and 0.5 

slm oxygen. An effective plasma discharge width of 150 mm, and a 15 mm 

expansion along the gas flow was assumed, which resulted in a specific power 

density of ~0.25 W∙mm−2.  

A second set of single pass films was deposited on a silica buffer layer of 30 

nm thick. The film thickness was varied by adjusting the web speed between 6 

– 340 mm min-1 in order to deposit films with a thickness between 51 – 810 

nm. The silica buffer was deposited at a precursor flow of 8.2·10-3 slm and a 

web speed of 1 m·min-1. 

The third set of films consisted of stacks of approximately 50 nm silica 

layers. By keeping the web speed constant while increasing the number of 

passes in the discharge the final thickness of the film is obtained from 1 pass 

up to 15 passes. The passes were made by moving the foil in the forward 

direction. Each stack comprised of a fixed thickness of approximately 50 nm by 

maintaining a constant web speed of 100 mm∙min-1, while all other process 

conditions were kept the same. 

The thickness of the films was measured using spectroscopic ellipsometry 

(M-2000D, J.A. Woollam) in the wavelength range of 400–1000 nm. The 

procedure was reported earlier by Starostin et al. [22].  Atomic force 

microscopy (AFM) (Park Systems NX10) was used to measure the surface 
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morphology of PEN substrate and SiO2 films. The measurements were operated 

in a non-contact mode, using a tip with a radius of approximately 8 nm. The 

probe tip was changed as needed to sustain a good quality of images. AFM 

micrographs of 2x2 μm2 scanning area and 512x512 pixels were obtained for 

each sample and measured at least on 3 different locations to obtain sufficient 

statistics. After the tilt corrections, the roughness of the films is calculated as 

the root mean square (rms) of the surface heights at different surface points. 

AFM images were analysed using open source GWYDDION software [24]. 

 

III. Model 

 

The Monte Carlo simulations of the SiO2 films were conducted on a 𝑁 × 𝑁 ×

𝐿 cubic lattice with periodic boundary conditions in the 𝑁 × 𝑁 plane. The 

simulations were set such that each simulated time step corresponded with the 

deposition of 𝑁2 total particles on the film so the average height would 

increase by one lattice unit per simulation step. In all simulations, 𝑁 = 512 and 

𝐿 = 1024. The AFM scans of the PEN substrate were used to define a real-space 

length scale to the vertical lattice spacing of one nanometre, and a planar lattice 

spacing of one pixel of AFM. These simulations focused on recreating the 

experimentally-observed invariant growth while modelling some mechanism 

for the very rapid roughening observed under the dynamic deposition rate 

(DDR). We employ both low pressure and high pressure simulations to study 

the effects shadowing, anti-shadowing, and protrusions have on the surface 

roughness. 

In a typical low-pressure simulation, the initial height of each particle is 

instead taken to the first lattice point above the maximum height at a 

randomly-selected point in the 𝑁 × 𝑁 plane. The particles are then assigned an 

incident trajectory such that the polar angle as measured with respect to the 

𝑁 × 𝑁 periodic grid is sampled from a cosine-flux distribution on the interval 

[0, 𝜋/2) and the azimuthal angle is uniformly-sampled on the interval [0, 2𝜋), 

as is described by Greenwood [25]. Pelliccione et al. [26] documented that such 

low-pressure simulations lead to surface roughening attributed to the 

shadowing growth mechanism. They also found that the shadowing 

mechanism with a cosine-flux distribution can lead to mound formation at the 

surface by identifying a characteristic wavelength in the power-spectrum 
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density function (PSDF) of the film’s surface. Meanwhile, Meese and Lu showed 

that the initial height during low-pressure simulations has no statistical effect 

as long it is at least a single lattice space above the maximum height [27]. This 

contrasts the nature of high-pressure simulations, wherein the incident 

particles would be initialized at height ℎ𝑙 above the film-height at a uniformly-

selected point within the 𝑁 × 𝑁 periodic grid. Particle trajectories afterward 

are identical to the low-pressure case. These simulations are modeled on the 

work done by Merkh and Lu [16], where it was shown that the existence of a 

constant initialization height eventually leads to invariant roughness evolution 

through anti-shadowing.  

One marked difference between the simulations employed in this work and 

those in past works is the presence of ellipsoidal protrusions that develop 

along the surface. These protrusions were observed throughout the entire AP-

PECVD chamber, although their appearance at the film surface was seemingly 

random. Therefore, we introduced protrusions with a fixed binomial 

probability after each individual particle deposition.  For example, if the 

protrusion probability were 𝑝 = 1 × 10−3, then we would expect a single new 

protrusion to appear along the simulated film surface every 1000 particle 

depositions for a total of 𝑁2 × 10−3 = 262 protrusions per simulated time 

step. The protrusions themselves were implemented in the simulation as 

ellipsoids whose centers would randomly selected along the film surface and 

whose three orthogonal axes were randomly chosen to be no more than 20 

lattice units in accordance to what was observed experimentally.  For 

simplicity, we focused our attention on the effect of their number density along 

the film rather than tune their geometry. Once the protrusions were deposited, 

they were free to accrue particle flux as any other section of the film. 

 

IV. Results and discussion 

 

i. Surface growth analysis of a single pass film on polymer 

substrate 

 

The evolution of the surface morphology of the silica layer on the pristine 

surface of the PEN substrate is shown in Figure 2. It must be pointed out that 

the surface of the pristine PEN foil used in the experiments is characterized by 
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a high local roughness. The specific oriented structures due to the semi-

crystalline morphology of the polymer results in an rms surface roughness of 

1.75±0.04 nm.  The typical structure of the PEN substrate can be seen from the 

AFM image of  Figure 2 a.  For very thin film thicknesses (d) ranging from 3.5-

12 nm, the local substrate roughness is important and the SiO2 films reproduce 

morphological features that are very close to the features of the pristine PEN, 

see Figure 2 b.  In the 12 nm thick layer the fine “rice like” structure is absent.  

This suggests that the fine structure of the pristine PEN is levelled before the 

characteristic trend of the silica film emerges.  In Figure 3 a,b a typical cross-

section of the AFM images from Figure 2 a,b is shown and confirms a similar 

profile and surface feature size.  

 
Figure 2. AFM micrographs of a) pristine PEN; b) SiO2 films of 12 nm c) SiO2 film of 
100 nm; d) SiO2 film of 741 nm. 

 

As the thickness of the deposited silica layer increases a nodular surface is 

developed with a constant feature size of approximately 100 nm, see Figure 2 

c.  This behaviour is observed for the film thickness range from 30 nm up to 

100 nm.  After this cross-over thickness and onward the surface morphology 

of the silica film exhibits nodules whose lateral and vertical size grows with 

increasing film thickness, see Figure 2 d and Figure 3 d. The nodules are 

randomly shaped and do not show any specific pattern formation. In this 
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respect the nodular structure differs from the globular structure comprising of 

spherical features as observed in the static profile analysis [21] as well as in in 

section 0 discussing the stacked layers. 

 
Figure 3. Cross section of the surface morphology for a) pristine PEN; b) 12 nm of 
SiO2 film; c) 100 nm of SiO2 and d) 741 nm of SiO2. 

 

From the quantification of the surface morphology it becomes clear that 

three regions with a characteristic behaviour of smoothening, invariant 

roughness and super-roughening can be identified.  Figure 4 shows the log-log 

plot of the rms roughness as a function of thickness (and time) for SiO2 layers 

deposited on pristine PEN.  The value of β, the growth exponent, is determined 

from the plot of the rms roughness versus film thickness for the different 

regions. In the first region up to 16.5 nm film thickness, the rms roughness 

decreases from 1.73±0.07 nm at a thickness of 3.5 nm to 1.61±0.06 nm for 16 

nm thick film, indicating dynamic smoothening growth. In the second region 

up to 100 nm film thickness the film growth front is characterized by a growth 

exponent β≈0 which indicates time invariant growth roughening.  In the third 

region for film thicknesses of more than 200 nm the growth exponent is equal 

to β=0.66±0.05.  
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After the roughness onset, starting at d=200±10 nm, with growth exponent 

higher than in case of random deposition growth (β=0.5). Moreover, the 

roughness onset suggests that a certain threshold roughness needs to evolve.  

In earlier studies under dynamic deposition conditions in single and multi-pass 

films the analyses was confined to thicknesses up to ~300 nm [14, 17] and a 

roughness onset thickness was not observed before [14, 15].  From statically 

deposited films the correlation between β and the local deposition rate 

suggested a mechanism of surface protrusion formation triggering the 

development of surface roughness [21].  However, according to the growth 

dynamics in static samples discussed in [21] the roughness increase for high 

LDR remains small as long as the deposition time (t<10 s) is not too long.  

 
Figure 4. Dependence of rms roughness as a function of the thickness (and residence 
time) of SiO2 films deposited on pristine PEN. 

 

To assign the system to one of the scaling classes additional statistical 

exponents should be determined. Figure 5 a-c shows the HHCF for three 

regions characterized by smoothening, invariant roughness growth and super-

roughening.  The value of the local roughness exponent 𝛼loc is determined by 

applying a linear regression in the double logarithmic plot of HHCF at the 

length scale less than the lateral correlation length. The second order statistics 

reveal the transition from an anisotropic surface morphology (non-self-affine) 

typical for the pristine PEN substrate to a rather smooth isotropic self-affine 

silica surface. The anisotropic surface morphology of the pristine PEN surface 
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is clearly present in the 3.5 nm thick film whereas the transition to an isotropic 

surface occurs at around 5.5 nm. This change-over from the anisotropic to the 

isotropic surface morphology is observed both in the HHCF and the PSDF as 

characterised by a double slope with a transition point in the presence of 

surface anisotropy (PEN and 3.5 nm) and a single slope for d>5.5. nm for an 

isotropic surface morphology.  The transition of the film morphology is 

complete as the layer thickness increases from 5.5 nm to 16.5 nm, see Figure 5 

a.  It should thus be noted that the quantification of the small scale roughness 

(α) is not possible for the anisotropic surface morphology (for d<5.5nm) still 

revealing the template of the pristine PEN.   

Figure 5 b represents the time-invariant roughness growth regime where 

the HHCFs overlap and a single value of the local roughness exponent αloc=0.78 

is obtained.  In Figure 5 c, for small values of r, the curves of the HHCF do not 

overlap anymore. The gradual increase of the local slope, m, implies that the 

film growth is nonstationary, suggesting an anomalous scaling behaviour [11, 

18, 28].  An overview of the local roughness exponents for the different growth 

regimes are presented in Table 1 and Figure 6.  

Anomalous scaling is characterized by one more independent exponent 

called the spectral roughness exponent 𝛼s [29]. A typical value from the PSDF 

for αs, obtained from the linear part of the high k region from k=0.03 to 0.8 nm-

1, is αs=1.16, see Figure 5 d-f and Figure 6 a, respectively.  The straightness of 

the slope over a broad range of spatial frequencies indicates that the surface 

morphology is stochastic.  Compared to the PSDF graphs of the static profiles 

[21], a slight change in the slope is observed at a transition point k=0.2 nm-1. 

The transition point may be attributed to the formation of a globular surface 

structures.  With αs>1 and αloc~1 the anomalous scaling behaviour of the 

system is confirmed and is similar to the static deposition analysis.  Anomalous 

scaling and time invariant behaviour of the HHCF implies that κ=β-αloc/z and 

κ>0 [18].  

In Figure 6 c the lateral correlation length as a function of the thickness is 

shown and it confirms that the correlation length is not significantly changed 

up to a cross-over thickness of 212 nm.  Subsequently, a sharp increase of the 

lateral correlation length within the film thickness range of 221 -741 nm is 

observed.  Due to the lateral grain growth in the rough region the correlation 

length rapidly increases while before the roughness onset the correlation 

length is constant indicating a constant feature size, see Figure 6 c. The 
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dynamic exponent z is derived from the correlation length which scales in time 

as ξ(t)~t1/z and yields a value z=2.1±0.3 (z-1=0.47±0.07) for the rough region 

and z→ in the time invariant regime.  

 

 
Figure 5. The HHCF as a function of the distance r plotted for different thickness in 
the a) smoothening regime from 3.5 -16.5 nm; b) invariant roughness regime from 
16.5-212.3 nm: c) super-roughening regime from 212.3-740 nm; The power spectral 
density function as a function of the spatial frequency k for different thickness in the 
d) smoothening regime from 3.5 -16.5 nm; e) invariant roughness regime from 16.5-
212.3 nm: f) super-roughening regime from 212.3-740 nm. 
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Figure 6. a) The roughness exponents derived from a) HHCF (black squares) and 
PSDF (red circles); b) the local slope derived from the HHCF and c) the correlation 
length all as a function of the film thickness. 

 

In Figure 6 b the local slope (m) is shown as a function of the deposition 

time and according to the anomalous scaling theory the local slope m should 

follow a power law relation with m(t)~tκ [18].  Hence, the global roughness 

exponent can be calculated for d>200 nm from the relation α=κ∙z+αloc, which 

yields α=1.7±0.2.   

Consequently, the film growth can be assigned to a new class of anomalous 

scaling which is characterized by the following roughness exponents αs≠αloc≠α 

and a high growth exponent β=0.66 [29].  Yanguas-Gil et al. [30, 31] showed 

that, for the growth of SiOxCyHz and SiO2 thin films prepared by PECVD, the 

anomalous scaling behaviour can be reproduced by a kinetic Monte Carlo 

simulation.  They identified shadowing as the main factor for anomalous 

scaling which was simulated by varying the angular distribution of the 

incoming particles and the presence of lateral grain growth.  
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ii. Surface growth analysis of single pass films on a silica 

buffer layer 

 

To investigate the evolution of the surface morphology on a silica layer 

compared to the films grown on pristine PEN substrate a 30 nm thick silica 

layer is pre-deposited as a buffer layer.  The buffer layer is isotropic and self-

affine with an RMS=1.2±0.1 nm and αloc~0.85, αs~1.16.  

 
Figure 7. Rms roughness as a function of thickness of silica films grown on a 20 nm 
silica buffer layer compared to films deposited on pristine PEN.  

 
 

Figure 7 shows that the same growth exponents are observed in the super-

roughening region for pristine PEN and the silica buffer layer with β=0.66±0.05 

and β=0.61±0.02 nm, respectively. Interestingly, the films grown on the silica 

buffer layer display a faster roughening onset, starting at around dros=100±10 

nm, whereas the films deposited on the pristine PEN substrate have a 

roughening onset of dros=200±10 nm.  Apparently, the roughness increase is 

delayed when the silica film is directly deposited on the pristine PEN. The 

roughness onset seems to be affected by the initial growth stages of the film 

differently for polymeric and silica-like substrate. The delay in the surface 

roughness onset may be related to the initial plasma polymer interactions 

resulting in etching which competes with deposition.  The absence of etching 

due to the protective buffer layer results in solely deposition. However, the 

buffer layer may enhance instabilities due to incorporation of seeds 
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protrusions which can lead to a film growth front with a faster onset of 

roughness, i.e. enhanced growth of protrusions.   

The statistical analysis of the HHCF and PSDF is not shown because the 

same roughness exponents (α) are obtained for the films deposited on the 

buffer layer, which indicates that for silica films with d>20 nm the initial 

surface morphology (either being pristine PEN or 30 nm silica buffer layer) is 

not affected by the small scale roughness of the films. For the deposition of a 

single layer on the silica buffer layer the roughness onset is about 24 s and 

dros=100 nm indicating that further control of the film roughness can be 

achieved by reducing the thickness of the individual sublayer. This approach 

may lead to a more robust process against surface roughening.  

 

iii. Surface growth analysis of stacked layers  

 

To advance the understanding of the surface growth dynamics in the AP-

PECVD system, thick films up to 800 nm were synthesized by stacking thin 

silica layers by keeping the foil speed constant and repeating the number of 

web passes (p) up to 15 times.  As a result an even stronger roughening of the 

surface of the stacked layers is observed, see Figure 8.  An average film 

thickness of 55±5 nm was obtained for each deposited sublayer. The onset of 

surface roughening occurs at around dros=190±10 nm which is grown with an 

interpolated number of web passes of p»3.5. This is in line with the hypothesis 

that the main factor triggering the roughness development is the presence of 

protrusions on the surface.  

Figure 9 shows the morphology of the films represented by AFM images as 

a function of thickness. The analysis shows the development of a globular-like 

growth behaviour both in lateral and vertical directions as shown in the cross-

section of the surface height profile, see Figure 10. Interestingly, the surface 

morphology of the stacked films is different from the surface morphology of 

the dynamic single pass layers. The single pass layers exhibit randomly shaped 

nodule-like features opposing the globular like features observed in the 

stacked layers.  
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Figure 8. Rms roughness as a function of stacked layer thickness, the number of 
stacks is included. 

 

Moreover, the globular like structure obtained in the stacked films has a 

clear resemblance with the surface morphology of the statically deposited films 

in the regime of high local deposition rate (>7.2 nm∙s-1) [21].  

 

 
Figure 9. AFM micrographs of stacked layers of variable thicknesses processed with 
increased number of passes: a) 50 nm (p=1); b) 108 nm (p=2); c) 221 nm (p=4); d) 
531 nm (p=10) and e) 832 nm (p=15). 
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Apparently the surface morphology is mainly controlled by shadowing in 

the high LDR regime and the film growth in the low LDR regime is too low 

during each pass to have any effect on the eventual film morphology. 

Despite the globular surface morphology from the PSDF it is clear that 

there is no mound formation.  Moreover, the PSDF spectra indicate that a bi-

stable film growth mode exists. In the stacked layers the slope tends to flip 

during the stacking which occurs in the spatial frequency range of k=0.08~0.8 

nm-1.  In the static profiles a similar, although less pronounced, bend in the 

slope behaviour was observed at a spatial frequency of k=0.2 nm-1.  

 
Figure 10. Cross section of the surface morphology of the stacked layers with a) 50 
nm (p=1); b) 108 nm (p=2); c) 221 nm (p=4); d) 531 nm (p=10) and e) 832 nm 
(p=15). 
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In Figure 10 it can be seen that the roughness is mainly determined by the 

large globules.  The globules are very local and spherically shaped and this may 

explain why the PSDF displays different slopes.  The large globules can also be 

responsible for a strongly enhanced shadowing effect. 
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Figure 11. The HHCF and PSDF of the stacked layers. 
 

Hence, the spectral roughness exponent is determined in two regions of the 

slope of the PSDF. In the medium frequency range from k=0.08-0.2 nm-1 and in 

the high frequency range with k≥0.2 cm-1, the roughness exponent α alternates 

between αs=0.7±0.1 and αs=1.5±0.2.  In Figure 12 b the roughness exponent αs 

is depicted as a function of the film thickness with the exponents alternating 

around an average value of 1.15.   

The local roughness exponent (αloc) from the slope of the HHCF is 

increasing with film thickness almost monotonically to a value of αloc»0.91.   

From the correlation length as a function of the film thickness two regimes 

can be identified: for p≤4 a gradual increase of ξ (and z=10±2) and for p≥7 a 

steep increase of ξ (with z=1.5±0.3).  The correlation length is strongly affected 

for p≥7 by the rapid growth of the globules locally present on the surface.  On 

the other hand, the local slope m=(√2 𝑤)1/𝛼/𝜉, associated with small scale 

roughness, is increasing for p≥2 which indicates a nonstationary growth.  From 

the increase of m in time, the value of the “anomaly factor” κ, from m(t)~tκ, is 

obtained with κ=0.7±0.1.  Hence, from the statistical analysis it can be 

concluded that the growth front evolution is strongly determined by the 

presence of the large (local) protrusions.  During the layer stacking the smooth 

surface regions can remain rather smooth or (gradually) evolve into a rough 

structure. Moreover, the regions containing the initial protrusions (that exceed 

a threshold size) tend to exhibit enhanced growth, which is reflected in a very 

high growth exponent (β=1.05).  
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Figure 12. The local (a) and spectral (b) roughness exponents determined from the 
HHCF and PSDF, respectively and the local slope (c) and correlation length (d) as a 
function of the film thickness as evolving from the number of layer passes.  

 

The scaling parameters such as the local and spectral roughness exponents 

are comparable for the different dynamic deposition conditions and the 

relationship αs≠αloc≠α holds. An overview of all the scaling exponents can be 

found in Table 1. 

Table 1 Overview of the different scaling parameters in the dynamically 

deposited AP-PECVD films. 

 αloc αs β z α κ 

 HHCF PSDF w(t)~tβ ξ(t)~t1/z α=κ·z+αloc m(t)~tκ 

Single pass 

0) smooth - - <0 - -  - 

1) invariant 0.78±0.04 1.16±0.01 0 - α»αloc 0 

2)super rough 0.84±0.03 1.16±0.02 0.66±0.05 2.1±0.3 1.7±0.2 0.39±0.07 
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Multi pass (p) 

1) invariant 

 

 

(p>1) 

0.91±0.02 

Bi-stable 

0.7±0.1 

1.5±0.2 

(p≤2) 

- 

(p≤4) 

10±2 

 

 

 (p>1) 

0.7±0.1 

2) super rough 

 

(p≥4) 

1.05±0.17 

(p≥7) 

1.5±0.3 

 

3.3±0.4 

 

 

iv. Numerical results  

 

The first set of simulations performed fixed the protrusion probability at 

zero to study the relative strength of anti-shadowing on the film, given the PEN 

substrate imported from the AFM measurements. Figure 13 shows the 

simulated film roughness as a function of film thickness for these simulations. 

At the same time, the experimentally-observed invariant growth and 

roughening regimes are superimposed in the black, shaded region of the plot.  

These simulations show the long-term invariant-growth as predicted by Merkh 

and Lu, as well as short-term smoothening for low ℎ𝑙 or short-term roughening 

for high ℎ𝑙 .  One can also see from Figure 13 that there exists a critical value of 

ℎ𝑙 between 8 nm and 16 nm for which the film roughness from the PEN 

substrate barely changes at all during the deposition of one micrometre of 

simulated SiO2. It is important to note, meanwhile, that the experimentally-

observed roughness behaviour cannot be explained solely with the high-

pressure simulations. More specifically, there needs to be some external 

mechanism to transition the experimental film roughness 𝑤 from being 

invariant to increasing according to a power law of 𝑤 ∼ 𝑡𝛽 , where 𝑡 is the 

deposition time. 

Since the protrusions were observed for all experimental film thicknesses, 

their existence is inherent to the experimental chamber itself, and any 

sufficient explanation for the experimentally-obtained long-term surface 

roughening needed to take this fact into account.   Figure 14 shows the results 

of simulating roughness growth as a function of film height while fixing the ℎ𝑙 

parameter at a value of 9 nm. Each data point was averaged over five trials and 

the error bars come from the standard deviation in that average. The various 

curves correspond to different protrusion probabilities (given in the legend) 



132  Chapter 4 

 

with the general trend that higher protrusion probabilities lead to rougher 

surfaces throughout the entire simulated deposition. However, as can be seen 

in the plot, the required strength of anti-shadowing needed to observe largely 

invariant roughness for thinner films will always lead to long-term 

smoothening as opposed to the experimentally observed roughening. 

Nevertheless, it is clear from the thinner films – films which had a smaller 

deposition time to undergo smoothening from anti-shadowing that the 

appearance of protrusions on the surface can induce short-term roughening, 

effectively mimicking the typical shadowing growth mechanism. 

 
Figure 13: The simulated film surface roughness as a function of film thickness for 
depositions without any protrusions.  Each curve corresponds to a different 𝒉𝒍 
parameter held fixed throughout the simulation. The black, shaded region corresponds 
the experimental data. 

 

Since it was observed that the protrusions themselves could not sustain 

roughness evolution for the long-term (as is shown in Figure 14), some other 

shadowing mechanism was postulated to be responsible for the roughening 

beginning at 200 nm. Thus, Monte Carlo simulations were run that imposed the 

conventional model for shadowing in the low-pressure regime after 200 nm of 

simulated SiO2 was deposited by setting the initialization height to be one 

nanometre above the maximum surface height for all incident particles.  These 

results are shown in Figure 15 and each data point corresponds to the average 

of five simulations and the error bars represent the standard deviation in that 

average.   



133 

 

 
Figure 14: The simulated film roughness as a function of thickness for films grown 
with a constant initialization height parameter of ℎ𝑙 = 9 nm for varying protrusion 
probabilities, 𝑝. The roughness development observed experimentally is superimposed 
in the black dashed curves. Anti-shadowing is the dominating growth mechanism in 
the long-term. 

 

As is the case in Figure 14, each of the curves were generated from a 

constant protrusions probability given in the legend. Before each of the films 

reached the 200 nm thickness mark, they were set to grow under anti-

shadowing with a strength of ℎ𝑙 = 9 nm to induce nearly invariant roughness 

evolution. It can be seen from these data that pure shadowing actually exceeds 

the rate of surface roughening than what was observed experimentally, even 

with extremely low protrusion probabilities, especially compared with those 

given in Figure 14.  Thus, it seems as though the experimentally-observed 

growth is found as some combination of shadowing and anti-shadowing within 

after 200 nm, as it exists in the transition between the two limiting cases. 

Shadowing itself leads to mound formation identified by a characteristic 

wavelength in the power-spectrum density function (PSDF) [26].  Meanwhile, 

no experimentally-obtained PSDF isolated any such wavelength. As can be seen 

in Figure 16, the existence of the protrusions randomly throughout the surface 

can be seen to destroy the periodicity in the films. Figure 16 juxtaposes the 

PSDFs from simulated films grown under nearly identical conditions, where 

each row corresponds to each film. For simplicity, these films were grown from 

flat substrates instead of the PEN substrate to better elucidate any mound 

formation on the surface. The only difference between deposition conditions 
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for the films is that Figure 16 d shows the PSDF after the film in the bottom row 

accrued protrusions at random (𝑝 = 1 × 10−5) while exhibiting clear mound 

formation in Figure 16 c. While the characteristic peak widens between the 

shadowing-only cases depositions in Figure 16 a, b the mound formation is still 

present, whereas the protrusions themselves eliminate any formation by 

contributing higher wavelength modes (lower spatial frequency). Hence, the 

lack of experimental evidence of mound formation normally seen in 

conjunction with extreme surface roughening seems to be due to the 

protrusions on the surface. 

 

 
Figure 15: The roughness evolution as a function of film thickness in simulations where 
anti-shadowing was disengaged after 200 nm of simulated material was deposited. 
The experimentally-observed data is represented by the black dashed curves. 
Shadowing in combination with the appearance of protrusions at the surface is the 
dominating growth mechanism for the long-term growth for all protrusion 
probabilities.  
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Figure 16. Comparable power-spectrum density functions (PSDF) for the simulated 
films grown from flat substrates.  (a) The PSDF of the film after 158 steps without any 
protrusions.  There is clear wavelength selection. (b) The PSDF of the film after 251 
steps without any protrusions. There is still clear wavelength selection (although the 
wavelength has grown ~ leftward frequency shift). (c) The PSDF of the film after 158 
steps before any protrusions form on the surface.  The wavelength selection closely 
resembles the film in (a). (d) The PSDF after 251 steps and after protrusions were 
introduced. Notice there is no longer any clear wavelength selection, unlike that in (b). 

 

V. Conclusions 

 

In this study, the dynamic morphological evolution of SiO2 films deposited 

in variable configurations was investigated. The deposited layer configurations 

included single pass layers on  PEN foil, on prior deposited silica-like buffer 

layer and multiple stacked layers. The analyses of AFM images of thin films 

allowed us to derive, as a function of the film thickness, the rms roughness and 

roughness exponents either from the Height-Height Correlation Function and 

Power Spectral Density Function. The statistical analysis of the AFM data for 

all investigated set of films revealed a transition in the film growth 

development from invariant surface roughness growth to super-rough growth.  
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The result for films deposited on PEN foil shows that the surface of very 

thin films is smooth and characterized by invariant roughness behaviour.  

Between 20 and 200 nm the SiO2 thin films follow a power-law behaviour with 

a roughness exponent of 𝛼=0.8 and a growth exponent 𝛽 = 0.  As the film grows 

thicker, the surface roughness increases and the feature size of the roughened 

surface is increased in both the vertical and lateral directions developing in to 

big lumps. A critical thickness of about 200 nm is observed where a transition 

from invariant roughness development to a sharp roughness increase 

(anomalous scaling) takes place. After this sharp roughening transition, the 

roughness exponent remains the same 𝛼=0.8, and the growth exponent 

increases to 𝛽 = 0.66 ± 0.05. The super-rough growth regime with a growth 

exponent 𝛽 = 0.61 ± 0.02 is observed for films deposited on pre-coated 

protective buffer layer. However, the surface roughness emerged earlier then 

when the films were deposited directly on PEN. This observation can be 

explained by the absence of competition between deposition and etching and 

by the presence of seed protrusion in the buffer layer. The surface morphology 

of films deposited in a stacked manner showed a globular like structure with a 

growth exponent exceeding 𝛽 = 1.05 ± 0.17. Nevertheless the experimentally 

observed roughness behaviour cannot be explained solely with the anti-

shadowing mechanism. The conventional Monte Carlo methods were 

employed to study the roughness and morphological evolution of the SiO2 films 

growth under the influence of protrusions formation. It was found that 

experimentally observed surface roughness evolution from time invariant type 

of growth to super-rough growth could be explained by the transition from 

anti-shadowing to shadowing mechanism accompanied by the presence of the 

protrusions at the surface. 
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Summary 
 

Atmospheric pressure plasma enhanced chemical 

vapour deposition of silica 

Understanding the role of the local deposition rate in the 

surface and film morphology 

 

It was recently demonstrated that high quality dense inorganic oxide films 

can be synthesized on polymers utilizing the roll-to-roll atmospheric pressure 

plasma enhanced CVD (AP-PECVD) process assisted by a diffuse dielectric 

barrier discharge between cylindrical drum electrodes. The small footprint and 

the absence of a complex and expensive vacuum system make the technology 

attractive from technological and economic perspectives. These functional foils 

can be used for the protection of electronic components such as flexible solar 

cells, optical materials like quantum dots or in food and medical packaging 

applications. By providing a thin functional barrier film on a polymeric 

substrate the water vapor transmission rate (WVTR) can be reduced by 3-4 

orders of magnitude. Further improvement of film quality as well as process 

throughput are important industrial targets. These targets require a detailed 

understanding of the plasma chemistry and the thin film growth mechanisms 

in the AP-PECVD reactor. 

Moisture barrier films were deposited on a flexible polyethylene 2,6 

naphthalate (PEN) foil in a roll-to-roll AP PECVD reactor using a N2, O2, TEOS 

gas mixture. In such reactor configuration the local deposition rate (DR) as well 

as the local plasma chemistry is highly non-uniform along the gas flow due to 

the depletion of the precursor and spatio-temporal non uniformity of the 

discharge. Static and dynamic deposition modes were adopted to understand 

how the film morphology and microstructure are influenced by the local 

deposition rate due to the non-uniform precursor depletion rate under 
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moisture barrier deposition conditions. Focused beam spectroscopic 

ellipsometry was used to measure the local thickness of the thickness profiles 

and afterwards the local deposition rate was determined. Spatially resolved 

attenuated total reflectance (ATR)-FTIR and X-ray photoelectron spectroscopy 

(XPS) were used to ascertain the chemical structure of the silica films locally 

within the discharge region. To characterize an encapsulation performance of 

the barriers a Mocon Aquatran Model 1 was used to measure the overall WVTR 

with set conditions of 40°C, 90% RH. The macro defects such as pinholes were 

resolved in the dynamic series for the single layer and bilayer films by means 

of the solvent vapor exposure test that induced blister formation in the films. 

Blisters at the location of the macro-defects were later detected using 

Interferometric Microscopy (IM). A dynamic morphological evolution of SiO2 

films on PEN foil was investigated by means of Atomic Force Microscopy 

(AFM). The surface structure was also spatially resolved for static mode 

deposition. The analyses of AFM images of thin films allowed us to derive the 

rms roughness and Height-Height Correlation Function as a function of the film 

thickness or position within the discharge expansion. 

An important finding of this work is a vertical chemical gradient in the film 

microstructure. It was discovered that the gradient film properties, inherently 

grown in the AP-PECVD process, produce a film that enables good adhesion as 

well as good moisture and oxygen barrier properties. A single step deposition 

process can thus produce dual layer functionality. This observation is 

particularly relevant for the architecture of the functional deposition of 

moisture barrier layers, because within the discharge region these variable 

film properties translate into a gradient in the deposited films. This could 

provide the means to control the properties of the layers, such as the network 

porosity, which has a direct correlation with the barrier properties of the films. 

And as shown that by tuning the carrier gas flow rate and effectively creating a 

bilayer architecture it is possible to decrease the network porosity induced 

permeation channels that negate moisture barrier function. Moreover this 

bilayer architecture achieves the same moisture barrier properties of 2·10-3 

g·m-2·day-1 (40 °C, 90% RH) at only half the film thickness of a single layer 

barrier films, which consequently leads to an almost doubling of production 

throughput. 

To obtain a better understanding of the growth front evolution mechanism 

statically deposited layers were investigated and a dependence of the rms (root 
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mean square) surface roughness on the local deposition rate and thus the flux 

of film precursors fragments was revealed. Comprehensive AFM 

measurements of the static profiles were analyzed in the framework of the 

dynamic scaling theory and the growth behavior of the films at different  

positions in the discharge zone (with high and low growth rates within the 

discharge zone) was studied. The investigated film roughening can be 

described by a power law with the growth exponents β=0.33 for high 

deposition rate and for low deposition rate β=0.11. Due to the fact that the 

calculated exponents do not match any of the current continuum growth 

models as well as nonstationary behavior of the height-height correlation 

function (HHCF), it is concluded that for atmospheric pressure depositions 

conditions anomalous roughening is observed. Subsequently, the surface 

growth front roughness evolution of SiO2 films was investigated in an 

industrially relevant dynamic deposition regime in order to correlate the local 

growth front with the morphology evolution of statically deposited films. 

Unexpectedly, two regimes with characteristic behaviors of invariant 

roughness evolution (β=0) and sharp roughness (β=0.62) increase were 

observed. In collaboration, the Monte-Carlo simulation was applied to explain 

this unusual evolution of thin film morphology under atmospheric pressure 

deposition conditions. A nodular growth regime was observed for thin films 

with longer deposition time and it was hypothesized that the presence of 

nodules are responsible for the rapid roughness increase.  

Further understanding of the growth mechanism of thin films is of great 

interest for an effective control and precise prediction of certain thin film 

characteristics such as surface roughness or porosity. 

 

 

 

 

 

 

  



142   

 

  



143 

 

List of publications related to this work 
 

The role of the gradient film properties in silica moisture barriers 

synthesized in a roll-to-roll Atmospheric Pressure Plasma Enhanced CVD 

reactor 

A. S. Meshkova, Y. Liu, F. M. Elam, S. A. Starostin, M. C. M. van de Sanden, H. W. 

de Vries, Plasma Process. Polym., 2018, 15. 

The role of carrier gas flow in roll-to-roll AP-PECVD synthesized silica 

moisture barrier films  

A. S. Meshkova, F. M. Elam, S. A. Starostin, M. C. M. van de Sanden, H. W. de Vries, 

Surf. Coatings Technol., 2018, 339, 20–26. 

Variable roughness development in statically deposited SiO2 thin films: a 

spatially resolved surface morphology analysis 

A. S. Meshkova, S. A. Starostin, M. C. M. van de Sanden, H. W. de Vries, J. Phys. 

D:Appl. Phys., 2018, 51. 

From time invariant to super-rough film front growth in AP-PECVD thin 

SiO2 film deposition  

A. S. Meshkova, W. J. Meese, S. A. Starostin, T.-M. Lu, M. C. M. van de Sanden, H. 

W. de Vries, submitted for publication. 

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, H. W. de Vries, Plasma 

Process. Polym., 2017, 14. 

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, J. B. Bouwstra, M. C. M. van de Sanden, H. W. de Vries, J. Phys. D: 

Appl. Phys., 2017, 50, 25LT01. 



144   

 

  



145 

 

Acknowledgements 
 

Like most PhD students, I owe an enormous debt of gratitude to a number 

of people whose help and support have made this PhD thesis possible and 

doing it lots of fun. 

I would like to begin by thanking my supervisor Hindrik de Vries for your 

constant support and enthusiasm for the project. You were always there for us 

to discuss to do experiments together and to guide through not easy path of the 

researcher. You could always find a kind word and encouragement to comment 

on the presentations, papers and any other activities, it meant a lot thank you. 

This PhD work would not start without believe of Richard van de Sanden that 

I can do it. I am grateful for your sharp comments on the results and for how 

much time and care you would always put into discussions and guidance of my 

work. I have never felt lost in the jungles of the research only because I had the 

best people to guide me. I would also like to thank the other committee 

members that took time to read and evaluate my thesis: Maria Loi, Guus 

Rijnders, Peter Awakowicz, Paul Koenraard, Johan Hoefnagels, Gerrit Kroesen.  

The experimental work would definitely not be possible without a team of 

FujiFilm. Sergey, thank you very much for all the enormous knowledge that you 

have for our system I always knew that you can answer even the most difficult 

question I may have. Rinie, Emile and Bruno you made all my difficulties with 

the experiments always very easily solvable. Rinie and Emile you made time in 

the clean room fun and enjoyable all the laughs we shared during numerous 

lunches and coffee breaks will forever stay as a warm memory in my heart. 

Bernadette, thank you very much for sharing all the knowledge on the 

analytical equipment that you have and your willingness to help with any 

difficulties that I encountered in the analysis, the way you took care of our team 

was really valuable. But most of all Rinie, Emile, Bernadette and Sergey thank 

you All for your warm welcome to be part of your team. Working in our team 

was very dynamic as we had so many nice bachelor students during the years 

of experimental work: Shelly, Arend, Tommy, Freek, Lucy, Joris, Huib, Yieuw 

Wing. Kevin, it was nice to see you back and I enjoyed sharing the office with 

you in my last few months of writing a thesis. I am especially thankful to the 

students who worked on my project and that I had a chance to supervise Bart 

and Kitty, your work was really helpful and you never complained even when 



146   

 

you had to do some boring and repetitive analysis and tolerated my exercising 

in being a supervisor. My life period in FujiFilm would not be complete without 

many more wonderful people that I met there: Morihito, Davide, Eiko, 

Margherita, Emile, Giuseppe, Serdar. Didem and Ugur it was really amazing to 

go to your wedding and meet your family and discover Turkey and Turkish 

food with you. Kendell, you introduced Thanksgiving celebration for all of us 

and made us feel like a little family sharing all the food that you gracefully 

prepared for us each time, till now I am very happy to receive letters from you 

even though I am terrible in replying back. Laura my dear friend, I am very 

happy that I met you and that we manage to keep in contact and discover 

Switzerland together even if it happens less often then I would want to.  

Thank you Joe for doing simulation for our system which helped to push 

the understanding of the growth regimes a little bit further and the discussion 

with prof. Toh-Ming Lu was a great contribution to that. Thank you for 

welcoming me in Troy, New York and sharing with you the Thanksgiving lunch 

was a great experience to me. 

All these years would not be as fun and full feeling without DIFFER people: 

Vladimir, Tesfaye, Renato, Tom, Rochan, Tiny, Alex, Rifat, Kiran, Mozghan, 

Bram L., George. Stein, Tom, Nicola, Floran, Srinath, Mohammad, Dirk, Damien, 

Fiona, Yaoge, Bram, Teo thank you for all the craziest parties and trips we 

shared all together through these years and the enormous amount of coffee 

drank while discussing tough life of PhD students which we secretly enjoyed 

deep down in our hearts. Special thank you goes to Mohammad for starting a 

tradition of ‘pasta a la Mohammad’ with so many memories connected to these 

dinners. Thank you for PMP Thursday borrels where I had a chance to meet 

Joris, Maarten and Martijn. 

I had got a unique opportunity to participate in DIFFER cabaret which I do 

not regret even for a moment to enroll into ‘Lab Zonnepot’, 2015. I could not 

wish for a better team to do it together then with Dirk, Damien, Niek, Bram L., 

Ed and Gerben. It is an experience of a life time and thank you guys a lot for 

being such fun and creative cabaret team. 

You get to travel the world and present your results at numerous 

conferences but moreover you go there to meet your friends that was all 

possible because of Igor, Patrick, Morteza, Antonin, Beata. Even such small 

places like Mol we managed to discover together. 



147 

 

Of course the vacation is usually followed after that and the most 

memorable trip that I took was to Canadian Rockies with Bram and Teo, Fiona 

it’s a pity that you had to leave too early. I am grateful that we did not get eaten 

by bears but I guess that happened only because I had you guys by my side. I 

will always cherish memories of breathtaking landscapes and aquamarine 

lakes that we saw together and the loud earth shaking snoring in the tent 

during the nights.  

My PhD journey would not be the same without people I shared it with 

from the beginning till the end Fiona and Yaoge. We went together through ups 

and downs of the project but stayed positive and always had fun discussions in 

the office. All the conferences, trips, experimental work and writing papers are 

totally connected to you and filled with memories of bright and happy  

moments that we shared together. Yaoge, I wish you all the best on the way to 

find your future career step and that you will manage to stay as dedicated to 

your work and do not lose your sense of humor. My dear friend Fiona, I am 

happy that we could work, be friends and have fun through all these years and 

I hope we will continue doing so. 

My Russian friends who already got families and even babies, moved to 

different countries and changed jobs while I was pursuing my PhD and still 

remained friends through all the difficulties of the distance. Thank you Masha 

for always telling me how ‘cool’ what I do and reminding of little things that 

makes the life special. Vera and Yulia thank you guys for being proud of me all 

the way through. Nargiz, you are an example of dolce vita and thank you for 

sharing it with me. My dear Kate thank you for being real friend and believing 

in me and being proud of my achievements as I am of yours. 

Markus, I would not have enough words to express how grateful I am to 

have you in my life. Thank you for giving me all the support and encouragement 

that I can ever wish for. Your strong believe in me and unconditional love made 

this PhD possible and it is your achievement as much as mine. 

Спасибо моей большой семье за поддержку и за то что скучаете: тетя 

Ирина, Оля, Валя и дядя Саша мои братья Коля, Илюша, Гена и Сережа. 

Спасибо Мама, Папа и Ярослав, что поддерживали меня и всегда ждали 

дома. Надеюсь, что вы мной гордитесь, этот тезис для Bас. Люблю! 

 



148   

 

 

 

 

 

 

 

 

 

 

 

 
 
 
  



149 

 

 
Curriculum vitae 
 

Anna Sergeevna Meshkova was born on 15th of July 1991 in the city 

Dimitrovgrad, Russia. She graduated with honors from Physics and 

Mathematics Department of high school in June 2008 at Lyceum 26 in Podolsk, 

Moscow region. After 5,5 years she received a Specialist Engineer Physicist 

degree (equivalent to MSc) in Physics of Atomic Nucleus and Particles with 

specialization in Plasma Physics at National Research Nuclear University 

«MEPHI» Department of  Experimental and Theoretical Physics. Moscow, 

Russia.  

During her studies she worked on her graduation thesis, under the 

supervision of Y.S. Akishev, in the laboratory of Non-Thermal Plasma at SRC RF 

TRINITI, the research was focussed on the development of non-thermal plasma 

sources based on corona and barrier discharges at atmospheric pressure.  

These plasma sources were used for plasma medicine, in particular, for 

bacteria inactivation. 

From April 2014, she began working as a PhD student at DIFFER (Dutch 

Institute for Fundamental Energy Research) working on an industrial 

partnership project with FUJIFILM Manufacturing Europe BV. In the team of 

Dr. Hindrik de Vries and under supervision of Prof. Richard van de Sanden she 

was involved in the research of elucidating the plasma surface interactions in 

a discharge having a non-uniform depletion of the precursor monomer and 

how this affects the film nucleation and growth front evolution (roughening). 

This research project will provide better understanding of the mechanism of 

film growth on polymer surfaces relevant for moisture barrier thin film 

applications. Elucidating the film growth mechanisms may lead to both a novel 

solution to control film growth and improved Atmospheric Pressure Plasma 

Enhanced Chemical Vapour Deposition reactor design. 




