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Abstract
Thin transparent layers on polymer films are used to drastically enhance 
the permeation barrier properties of polymer webs while at the same 
time maintaining the flexibility and optical transparency. Applications 
range from food packaging films to encapsulation films for solar cells or 
flexible electronics. Very low water vapor and oxygen transmission rates 
are required for the encapsulation of flexible organic electronic devices 
such as organic solar cells and organic light emitting diodes (OLED).

The density and distribution of defects and particles on a barrier 
film surface is a critical aspect for using barrier films as substrate for 
or encapsulation of organic light emitting diodes. Not only the barrier 
layers need to have a low defect density, but also the substrate particles 
and defects need to be covered and planarized. One approach to low-
defect permeation barrier films is the deposition of multi-layer stacks 
combining oxide permeation barrier layers with polymer planarization 
layers. 

This paper gives an overview about multi-layer permeation barrier 
technologies in comparison to common single layer techniques. The 
distribution and origin of defects in sputtered single layer barriers on 
different polymer substrates as well as the evolution of these defects in 
multi-layer barrier systems are investigated in detail. The focus thereby 
lies on a combination of sputtered barrier layers with a hybrid-polymer 
(ORMOCER®) interlayer applied from liquid phase. The influence of 
substrate polymer surface quality and processing steps on defects in 
single- and multi-layers is characterized by using scanning electron 
microscopy, optical defect inspection and an optical calcium test. The 
relationship between the defect density and distribution and the water 
vapor permeability on different polymer substrate is investigated.

Finally, multilayer barrier films are used as a transparent substrate 
for small molecule OLED devices to evaluate the effect of barrier layer 
defects in an application relevant environment – also giving an outlook 
on current challenges on the topic of device encapsulation.

Introduction
Flexible (bendable and formable) electronic devices usually rely on 
active materials and low work function cathodes being sensitive to a 
reaction with water vapor and/or oxygen. They need to be protected 
(encapsulated) against ingress of these gases. Among different types of 
devices (e.g. organic transistors, thin film solar cells or organic light 
emitting diodes (OLED)), OLEDs are known to have the strongest 
requirements in terms of a water vapor transmission rate (WVTR) 
through the encapsulation material [1]. It is commonly accepted that  
only a maximum water vapor transmission rate of 10-6 g/(m²d) is 
tolerable to reach a sufficient lifetime [2]. 

However, the requirements strongly depend on the specific type of 
the device and the desired application environment. E. g. flexible solar 
cells require a low average WVTR on a large area – potentially under 
harsh environmental conditions such as in a damp-heat test at 85°C 
/ 85% relative humidity (r.h.) for outdoor application. OLED devices 

instead are strongly sensitive to local defects (accelerated gas diffusion 
paths) in the permeation barrier system that cause the formation 
of visible dark spots in the OLED display or lighting module. The 
concept of intrinsic and effective WVTR was introduced to distinguish 
between permeation through local defects and large-area average 
permeability [3, 4]. Thereby the intrinsic WVTR describes the water 
vapor transmission through the material itself (Fickian Diffusion) and 
through small nano-defects, only, excluding all larger defects (such 
as pinholes). In contrast to that, the effective WVTR represents an 
“average” value over a large area including every defect in the sample. 

However, besides defects also other material properties such as 
optical transparency, intrinsic layer stress, adhesion of organic layers, 
surface conductivity and – in terms of water vapor ingress to the 
device – the amount of residual water in the barrier film determine 
the applicability of a barrier material for flexible electronics. One 
also has to distinguish between using a barrier film as substrate for 
a device (after adding a transparent electrode) or laminating the 
barrier as encapsulation onto the device. In the first case particles and 
defects could damage the device even if they do not provide a path 
for accelerated water vapor diffusion (e.g. substrate particles that are 
covered but not planarized by the barrier layers).

Therefore this paper provides a detailed characterization of defects 
in single and multi-layer permeation barriers on different polymer 
substrates. The influence of substrate surface defects on the permeation 
barrier performance is investigated for both single sputtered layers and 
multi-layer systems. A detailed investigation about the origins as well as 
typical shapes and sizes of layer defects is given for both the single- and 
multi-layers. 

Finally, the multi-layer barrier films are evaluated in an application 
environment by using them as a transparent substrate for small-
molecule organic light emitting diodes. Defect and dark-spot formation 
in the OLED as well as important current challenges for transparent 
barriers for flexible electronics will be discussed based on the OLED 
encapsulation results.

Literature Overview About Permeation Barrier Technologies
Two common major concepts are used to prepare transparent 
permeation barrier materials on polymer substrates: high quality single 
layers and multi-layer stacks. The term single-layer thereby refers to 
a layer stack that contains only one (oxide or nitride) barrier layer. 
This comprises also layer systems that contain already a planarization 
layer on the substrate. Therefore the same coating technology and the 
same layer material may result in significantly different water vapor 
permeability depending on what type of polymer substrate has been 
used. Table 1 gives an overview about most common single layer barrier 
techniques. Thermal and electron beam evaporation are the mainly 
used techniques to manufacture barrier films for food packaging. These 
evaporation techniques target a medium barrier performance at a very 
high productivity. Reactive sputtering and plasma-enhanced chemical 
vapor deposition (PECVD) instead are used to reach significantly 
reduced water vapor permeability even on low-cost PET substrates, 
however, at a lower productivity. PECVD thereby describes a class 
of deposition techniques in which the final layer properties strongly 
depend on the specific machine setup and the used plasma-source. 
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Because of that a wide range of water vapor transmission rates is reported by different 
groups using PECVD. 

Typical setups of all three techniques operate with a directed particle flow towards the 
substrate. Also, when coating polymer surfaces, the substrate temperature and the surface 
mobility of the layer-forming particles are low. Therefore these coating technologies have 
limited possibilities for covering particles and defects on the substrate. Instead shadowing 
effects often lead to the growth of nodular defects in the layers at places of particles on the 
substrate [8].

In contrast to that, atomic layer deposition allows a conformal coating of non-even 
surfaces and a coverage of particles and defects on the substrate surface. Using this unique 
ability, water vapor transmission rates below 10-4 g/(m²d) have been reported for Al2O3
and also TiO2 layers grown using ALD in a batch process even on low-cost substrates [9]. 
The major drawback of ALD is the limited productivity, which is, however, currently being 
addressed by several groups that work on increasing deposition speed by introducing 
different spatial ALD concepts [10-12]. However, thin ALD-layers are not capable of 
planarizing large particles and defects on the substrate surface to provide a smooth surface 
for subsequent OLED layer deposition.

Table 1. Overview of common single layer permeation barrier techniques: PET describes the polymer substrate polyethylene-
terephthalate, PEN the polymer polyethylene naphthalate. For ALD coatings a typical cycle length is 1...3 minutes [9,25]

Table 2. Overview of selected multi-layer barrier techniques, LVLS describes a Liquid-Vapor-Liquid-Solid Process. The reported WVTR 
is for 38°C / 90% r.h. if not denoted differently in the table.

Multi-layer stacks are designed to reduce and 
overcome the influence of the substrate surface 
quality for improved permeation barrier properties 
compared to single layers. The simplest multi-layer 
stack is a dual layer (dyad) of a base polymer – for 
planarization of the polymer surface – and an 
inorganic oxide barrier layer. In typical multi-layer 
systems, however, at least two barrier layers are 
used and separated by a polymer interlayer. The 
interlayer is used to interrupt the growth of defects 
in the oxide barrier layers, to planarize particles that 
are either on the substrate or incorporated during 
processing, to reduce mechanical stress compared to 
thick single layers and finally to lengthen the path 
of diffusion and therefore increase the lag-time / 
penetration time of water vapor through the barrier 
film material [27].

Table 2 summarizes selected multi-layer 
approaches for permeation barriers for flexible 
electronics. It clearly shows that, even with a low 
number of layers, water vapor transmission rates of 
10-4 g/(m²d) and below are possible under tropical 
conditions (38°C / 90 % relative humidity (r.h.)). 
Although the table covers only a part of the research 
on multi-layers mainly two multi-layer strategies are 
followed: 

1) Planarization and defect coverage polymer 
layers and oxide barrier layers as described   
above 

2) Conformal ALD layers and protection /   
support layers (lower entries in the table).

Latter ones do not have the goal to planarize 
substrate particles and defects but to close the water 
diffusion pathways by a conformal coating. The 
barrier performance in that case is mainly obtained 
by using an atomic layer deposition (ALD) process. 
That ALD layer is combined with other layers that 
can but not need to be a polymer layer. Sputtering, 
PECVD and also wet coating (e.g. [28]) are used to 
protect the ALD layer or to provide a seed layer for 
improved ALD layer quality.

Experimental Setup and Characterization 
Methods
Coating Equipment and Processes

Single layers used for this study have been deposited 
in a reactive dual magnetron sputtering process 
as described in an earlier publication [19]. Zinc 
tin oxide (ZTO, Zn2SnO4) was found to have the 
lowest water vapor transmission rate (while at 
the same time having a very high deposition rate) 
among reactively sputtered oxide layers. Therefore 
that material was used for all studies presented in 
this paper. Zn:Sn alloy targets (52 wt.% zinc and 
48 wt.% tin) have been used for all experiments 
presented in this paper. All ZTO coatings have been 
done in either the labFlex® 200 (shown in [19]) 
or the coFlex® 600 (described in [7]) roll-coater. 
The base pressure was < 10-3 Pa in both machines 
and a plasma power density of 4 Watt per cm² 

continues on page 38

Reference Processes / 

Materials 

typical stack thickness reported 

WVTR 

[g/(m²d)]

productivity / roll-to-roll 

remarks

Burrows et al., 

Moro et al. 

(VITEX)

[29, 30] 

sputtering (Al2O3) + 

in-vacuum LVLS 

process with UV 

curing 

base polymer + 3 dyads 

of

Al2O3: 30…100 nm 

and polymer:  

0.25 μm … few μm 

total:  3 … 7 μm 

< 10-5 batch process, direct encapsulation of 

devices, all-in-vacuum 

Roehrig et al. 

[31]

sputtering of 

SixAlyOz,  and 

polymer layer as 

described above 

top polymer 

oxide barrier layer 

base polymer 

substrate 

< 10-3 roll-to-roll implementation of VITEX 

process, lower WVTR with increasing 

number of layers, commercial barrier 

film [32] 

Hack et al. [34] 

van de Weijer et 

al. [4] 

PECVD + 

printing 

SiNx, 100 nm 

planarizing polymer 

SiNx, 100 nm 

PEN / device 

< 10-5 batch process, direct encapsulation of 

devices, roll-to-roll processing in 

development (status of 2013) 

Lohwasser et al. 

[35]  

e-beam evaporation 

+ wet chemical 

coating 

SiOx

ORMOCER®, 1 μm 

SiOx

< 10-3

(23°C / 

50 %) 

high productivity for barrier layer 

deposition, focus on low 

manufacturing cost, further 

improvement possible using laminates 

Fahlteich et al. 

(Fraunhofer

POLO®) [7] 

sputtering + wet 

chemical coating 

Al2O3 or ZTO, 150 nm 

ORMOCER®, 1 μm 

Al2O3 or ZTO, 150 nm 

2·10-4 roll-to-roll, pilot-scale process with 

400 mm roll width, combines vacuum 

and atmospheric process 

Fahlteich et al. 

(Fraunhofer FEP) 

[5-6]

sputtering + 

PECVD 

ZTO, 60 … 100 nm 

SiOxCyHz, 400 nm 

ZTO, 60 … 100 nm 

5·10-3 simultaneous deposition of all layers, 

single run in vacuum, roll-to-roll pilot 

scale 

Chen et al. [33] PECVD 6·(SiOx + SiNx)

SiNx

Polycarbonate (PC) 

3·10-6

(25°C / 

40 %) 

compensation of internal stress by 

alternating SiOx and SiNx layers 

(batch process) 

Carcia et al. [32] ALD + PECVD Al2O3, ALD, 5-10 nm 

SiNx, PECVD, 100 nm 

PEN Teonex® Q65FA 

< 5·10-5 batch process, also inverse layer order 

tested: SiNx on Al2O3 prevents 

corrosion of Al2O3 by condensed 

water.

Krug et al. [9] ALD + sputtering Al2O3 sputt. 100 nm 

Al2O3 ALD, 5…20 nm 

Al2O3 sputt., 100 nm 

PET 

6·10-5

(at 23°C) 

cheap PET substrate, combination of 

both processes in same vacuum 

machine (batch process) 
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target area was applied in all cases. The reactive gas flow (oxygen) has 
been controlled using the optical emission of excited metal atoms in 
the plasma as control variable in a proportional-integral-differential 
control loop. The layer thickness was set by adjusting the web speed 
in the roll-to-roll process. The dynamic deposition rate thereby was 

60 … 70 nm·m/min. 
In multilayer coatings presented in this paper, the ZTO layers have 

been combined with two types of interlayers:
1) SiOxCyHz plasma polymer interlayer
2) ORMOCER® inorganic, organic hybrid polymer interlayer
The SiOxCyHz layers were deposited in a dual-magnetron-PECVD 

process as described in [5]. Therefore a dual-magnetron system was 
used and equipped with titanium targets. The plasma power density was 
2 W/cm² and hexamethyldisiloxane and oxygen were used as precursor 
gases. A monomer to oxygen ratio of 1:1 was used to obtain a plasma-
polymer layer with a targeted layer composition of [(CH3)2Si-O]m.

ORMOCER® layers were deposited in a reverse gravure wet 
chemical coating process in the roll-to-roll lacquering and lamination 
machine as described in an earlier publication [7] on rolls with a 
width of 400 mm. The web speed was 5 m/min and the material was 
thermally cured at a temperature below 130 °C. The term ORMOCER® 
thereby refers to organic-inorganic hybrid-polymers as a class of 
materials whose properties may be tailored with respect to the different 
applications [35].

A low-cost polyethylene-terephthalate (PET) Melinex® 400 CW, 
75 μm and a heat-stabilized and planarized polyethylene naphthalate 
(PEN) Teonex Q65FA, 125 μm (both from DuPont Teijin Films) 
have been used as substrates for the presented study. In all cases, the 
substrates have been coated directly as received from our supplier 
without prior cleaning or deposition of an additional planarization 
layer.

Methods for Layer Characterization

Water vapor permeability has been measured using a carrier gas based 
measurement device with a coulometric sensor from BRUGGER 
Feinmechanik GmbH, Germany. The device has a lower limit of 
detection of 1·10-3 g/(m²d) with a measurement uncertainty of ± 2% 
or at least ± 1·10-3 g/(m²d). The measurement area was 78 cm² and the 
measurement conditions were set to 38°C / 90% relative humidity (r.h.). 
All samples that had a water vapor permeability below the detection 
limit of the device were characterized in an optical Calcium-Test 
measurement according to the setup described by Hergert et al. [37]. 
Thereby a photodiode was used as detector for the optical transmission 
of the calcium layer. The WVTR was calculated from the remaining 
calcium layer thickness which was periodically calculated from the 
optical transmittance using Beer-Lambert's Law. The measurement spot 
had a diameter of 3 mm. An arithmetic average of at least 9 samples 
has been calculated to determine the WVTR of each barrier film 
sample. Also pinhole defects (white spots) have been included in the 
measurement to determine the effective WVTR. 

Cross-section images have been obtained by cutting the samples 
using a focused ion beam cross-section polisher (Jeol SM-09010) 
and a scanning electron microscope (SEM) HITACHI SU8000 with 
1 kV electron acceleration voltage. SEM surface images have been 
measured using a ZEISS DSM 962 scanning electron microscope with 
an acceleration voltage of 15 kV. Surface roughness has been measured 

The Role of Defects in Single- and Multi- Layer Barriers 
for Flexible Electronics 
continued from page 37

using an atomic force microscope (AFM) (TOPOMETRIX Explorer) in 
non-contact mode on an area of 2.3 x 2.3 μm².

In addition to that, defect densities have been measured on large 
area using a roll-to-roll defect and particle inspection system (INFRA-
VISION Gmbh, Germany) with an attached optical microscope. The 
minimal detectable particle size was 1 μm. 500 surface images in 
reflected light configuration have been taken in an automatic mode to 
determine the defect densities on the coated polymer film surface.

To evaluate the performance of the barrier films in an OLED 
application environment, a small-molecule bottom-emitting white 
OLED stack has been applied onto the barrier films using both 
sheet-to-sheet and roll-to-roll vacuum evaporation as described by 
Mogck et al. [38].

Defect Characterization in ZTO Single Layers on Different 
Polymer Substrates
Zinc tin oxide layers have been deposited onto two different polymer 
substrates: a low-cost PET Melinex 400 CW film and a planarized and 
heat-stabilized PEN Teonex Q65FA film. Latter one has been optimized 
for being used for flexible electronics application [33] and is used in 
many studies on permeation barrier layers on polymers (see section 3). 
However, the intrinsic (AFM-scale) surface roughness is in a similar 
range for both polymer webs (arithmetic roughness average = 0.9 nm, 
peak-to-valley roughness RT 10 nm). This roughness does not 
increase after coating of the substrate with a 200 nm ZTO layer.

Figure 1. Comparison of the WVTR of ZTO layers on Melinex 400 CW and Teonex Q65FA substrates

Figure 1 shows the water vapor transmission rate of ZTO single 
layers on both substrates in dependence of the layer thickness. A 
significantly lower WVTR has been measured for layers on the 
TEONEX Q65FA substrate in a thickness range between 25 nm and 
160 nm. This difference in the WVTR is on a first view supported by the 
fact that the uncoated Teonex® substrate has a WVTR of 1.3 g/(m²d) 
whereas the Melinex® film has a WVTR of 7.9 g/(m²d) (both at 38°C / 
90% r.h.).

Table 3. Surface defect densities and estimated WVTR of single layer barriers on Melinex® 400 CW and 
TEONEX® Q65FA. The expected single layer WVTR has been calculated for 38°C / 90% relative humidity.

However, the most important difference between both substrates 
is their surface defect and particle density. Table 3 shows the particle 
density measured using the optical microscope attached to the roll-to-
roll particle inspection tool with a detection limit of 1 μm particle size. 
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A difference of more than 2 orders of magnitude in the defect density 
is observed on the uncoated substrate surface after inspecting both 
substrates as delivered from the manufacturer. Thereby the Melinex® 
400 CW film shows a lower average defect size which means that 
the film contains a lot of additional smaller defects/particles on the 
surface which are not visible on the PEN film. Calculating an expected 
/ theoretical WVTR from these numbers shows a difference of even 
three orders of magnitude for the model case that a single layer barrier 
is impermeable on defect free places but unable to cover the detected 
particles (which lead to pinhole defects). Thereby the very simplified 
assumption is made that the average defect size obtained from optical 
microscopy equals the size of the paths for accelerated water vapor 
diffusion through the ZTO barrier coating. 

In spite of these simplifications, the calculated WVTR for the 
single layers on the PET Melinex® substrate surprisingly matches the 
measured WVTR for 100 nm thick ZTO layers on that polymer. In 
contrast to that the calculated WVTR for the single layers on PEN 
Teonex® is still two orders of magnitude lower than the measured 
results for the ZTO layer. This is due to additional defects that are 
introduced to the polymer surface during processing. Table 3 shows 
that winding of the polymer film in a vacuum roll-to-roll coating 
machine (which is installed in a normal lab-environment and not in 
a cleanroom) increases the number of surface defects drastically. As 
the average defect size is decreasing, mainly smaller particles are added 
during processing of the polymer. Calculating the WVTR of a single 
layer barrier based on the defect density after processing gives a better 
agreement to the experimentally determined results for a 100 nm thick 
ZTO layer (which is 4·10-3 g/(m²d) and therefore less than an order of 
magnitude higher than the calculated WVTR). Interestingly a slight 
reduction of the surface defect density has been observed after ZTO 
deposition which might be interpreted as a plasma cleaning effect. It 
finally has to be noted that the defect size detection limit of the optical 
microscope is 1.3 μm. Therefore smaller defects are not counted and not 
included in the theoretical WVTR calculation using the pinhole-model.
Scanning electron microscopy (SEM) surface analyses have been 
performed to determine the dominant types of surface defects on both 
substrates. Figure 2 (a) to (d) show a selection of defects that have 
been observed prior to ZTO deposition. Thereby the Melinex® 400 
CW film contains a high density of film manufacturing defects and 
PET crystallites (Figure 2 (a) and (b)). Similar surface defects from 
polymer film manufacturing are rarely found on the Teonex® surface. 
The dominant defects on the PEN substrate, however, are traces from 
electrostatic discharges that appeared after unwinding the material from 
the original roll. Particles such as dust and also mechanical damage 
after winding have been found on both substrates but do not play a 
dominant role on both surfaces. That also means that surface cleaning 
techniques may have a limited effect only, if the substrate defects are 
not dominated by removable particles but by other surface irregularities 
or processing damage as shown for the two substrates characterized in 
this study. Lehmann et al. support that assumption by showing only a 
reduction of the defect density by a factor of two after cleaning of the 
PEN surface using a contact cleaning system by Teknek Ltd. [41]. 

ZTO deposition on both substrate surfaces does not significantly 
add additional defects and new defect types to the surface. However, as 
described already by Brett et al. [8], nodular defects form at positions 
where particles or other irregularities are found on the surface of both 
substrates (Figure 2 (f) and Figure 3 (a)). 

Figure 2. Surface images of selected surface defects on the two different polymer substrates: (a) “bubbles”, 
manufacturing damage on PET Melinex®, (b) manufacturing damages and PET crystallites on PET 
Melinex®, (c) traces from electrostatic discharges after unwinding of PEN Teonex®, (d) a loose surface 
particle, (e) mechanical damage that can be found on both substrates, (f) effect of substrate surface 
defects on ZTO coating on PET Melinex®

continues on page 40
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Properties of Multi-Layer Barriers
As shown in the last section, sputtered single layers are not able to cover 
and planarize surface defects on polymer substrates. Their water vapor 
permeability strongly depends on the quality of the substrate surface. 
To evaluate the influence of substrate defects on multi-layer barrier 
stacks, a three and four layer stack of the ORMOCER® based multi-
layer system has been deposited onto both a PET Melinex® 400 CW 
and a TEONEX Q65 FA substrate. In addition to that, a two layer stack 
made of an ORMOCER® planarization layer and a single ZTO barrier 
layer has been produced and characterized regarding its water vapor 
permeability.

Figure 3 shows the SEM cross section image of the three layer stack 
ZTO / ORMOCER® / ZTO on PET in comparison to the all-in-vacuum 
ZTO / SiOxCyHz multi-layer barrier that has been described in [5] and 
[6]. Both images were taken at a position that exhibits a small substrate 
defect / particle. Figure 3 (a) (all-in-vacuum system) shows well that 
a nodular defect has been formed in the first substrate near barrier 
layers which exhibits an accelerated path of diffusion at its edges due 
to shadowing effects in the coating process. Growing the ZTO layer 
thicker would also result in further growth of the layer defect without 
closing the accelerated diffusion path. However, the SiOxCyHz PECVD 
interlayer is able to cover the defect in a way that the accelerated path of 
diffusion is interrupted and covered by the second barrier layer. As the 
used Magnetron-PECVD process suffers from a directed particle flow 
towards the substrate and from low surface mobility of the reactants, 

a surface unevenness / defect is still visible in the multi-layer structure. 
The right image (b) in Figure 3 shows the structure that contains the 
printed ORMOCER® interlayer which is able to planarize small surface 
defect and also able to provide a very smooth surface for the next 
barrier layer. 

Figure 3. SEM cross-section images of multi-layer barriers on PET at a surface-defect position; 
(a) ZTO 100 nm / SiOxCyHz 400 nm/ ZTO 100 nm, (b) ZTO 160 nm/ ORMOCER® 1400 nm/ ZTO 160 nm.

The Role of Defects in Single- and Multi- Layer Barriers 
for Flexible Electronics 
continued from page 39
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continues on page 42

Table 4. Water vapor transmission rates of the ORMOCER® based multi-layer stack on different substrates 
with different layer structure. The WVTR values of the single layer and the ORMOCER® / ZTO dual layer 
have been measured using the coulometric device, whereas all other values have been determined by 
optical calcium test measurements. A good agreement of the hereby used calcium test with large area 
permeability measurement methods has been demonstrated in an earlier publication [7].

Table 4 summarizes the water vapor transmission rates of different 
ORMOCER® based multi-layer stacks. The first interesting result is that 
a single ORMOCER® planarization layer between the PET substrate and 
the ZTO layer provides only limited improvement of the WVTR: This 
may be due to the low ORMOCER® layer thickness that is not able to 
cover and planarize the larger substrate surface defects and also due to 
additional defects being introduced to the ZTO layer during processing 
and winding as demonstrated in a previous section of this paper.

Table 4 also shows that there is no significant difference between 
a three and a four layer stack on the same PET substrate in case the 
ORMOCER® is the top layer of the multi-layer system. An ORMOCER® 
top layer, however, may prevent processing damage (scratches, etc.) in 
subsequent deposition or device manufacturing steps or may improve 
adhesion of subsequent layers deposited onto the barrier film and is 
therefore valuable even without a significant additional improvement 
of the barrier performance. The results also show clearly that the 
influence of the substrate surface quality on the barrier performance is 
significantly reduced for the three (or four) layer stack.

Also interesting is the question what minimum sputtered oxide 
layer thickness is needed to obtain the lowest water vapor transmission 
rate of the multi-layer stack. As demonstrated above, on Melinex® 400 
a higher layer thickness is needed for a single ZTO layer to achieve 
a comparably low WVTR as on the Teonex® substrate. Using the 
planarizing effect of the ORMOCER® layer, a lower ZTO thickness 
might be sufficient to achieve the lowest possible WVTR. Figure 4

shows the water vapor transmission rate of a three layer stack on PET in 
dependence of the ZTO layer thickness. Thereby both ZTO layers have 
been set to the same ZTO thickness and the ORMOCER® thickness was 
kept constant at (1000 ± 150) nm in all stacks.

Over the whole ZTO thickness range, the WVTR of the multi-layer 
stack is decreasing with growing ZTO thickness without reaching a 
constant level. However, surprisingly the acceleration factor (ratio) 
between the WVTR values for both conditions is decreasing with 
increasing ZTO thickness which indicates a change in the activation 
energy of permeation. This might partially be caused by a change of 
the permeation mechanisms in the system. Further investigations are 
required to clarify the behavior in detail. The calcium degradation 
pattern (Figure 5), however, indicates that with increasing ZTO 
thickness the number of permeation relevant defects is decreasing and 
the permeation mechanism is shifting from a gas transport through 
many smaller defects to only few large defects. 

Figure 4. Water vapor transmission rates of a three layer stack on PET: ZTO / ORMOCER® / ZTO with 
constant ORMOCER® thickness of 1000 nm in dependence of the ZTO thickness. Thereby the lower and the 
top ZTO layer have the same thickness. The WVTR has been measured using the optical calcium test.

Figure 5. Defect pattern in a three layer stack (PET/ZTO/ORMOCER®/ZTO)in dependence of the ZTO layer 
thickness and the measurement conditions measured in the optical calcium test.

Encapsulation of Devices and Challenges
The most sensitive test method to determine the permeation barrier 
performance and the degradation relevant defects is a test on the OLED 
device itself. Therefore a white small-molecule OLED stack has been 
deposited onto the multilayer barrier on the PEN Teonex® substrate 
after prior deposition of a 32  indium tin oxide (ITO) conductive 
layer as shown in Figure 6. Prior to OLED material deposition, the 
substrate has been dried under vacuum condition at 60°C for three 
days. Finally the OLED has been coated with a 100 nm thick Al 
electrode and afterwards encapsulated by laminating the same barrier 
film on top of the device again. 

Figure 6. Multi-layer barrier with conductive layer that has been used as transparent electrode for small 

molecule white OLED devices.

(a) 50 nm ZTO, after 770 h at 23° / 50% r.h. (b) 150 nm ZTO, after 988 h at 23° / 50% r.h.

(c) 50 nm ZTO, after 309 h at 38° / 90% r.h. (d) 150 nm ZTO, after 988 h at 38° / 90% r.h.
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Figure 8. Flexible OLED that has been processed on a multi-layer barrier stack without prior drying (top 
photo) and after drying the barrier film at 60°C for 72 hours in vacuum (bottom photo) after 2 days 
storage in a lab atmosphere. Both photos also show the inhomogeneous illumination due to the high sheet 
resistance of the ITO electrode on the polymer substrate.

Summary and Conclusion
This paper demonstrates the importance of knowing the origin 
and behavior of substrate surface defects in single and multi-layer 
permeation barrier coatings on polymer webs. It has been shown that 
single layers strongly rely on a smooth and clean substrate surface if the 
used coating technology is based on a directed particle flow suffering 
from shadowing effects on surface irregularities. Layers grown by 
atomic layer deposition are able to cover surface defects but still rely on 
a clean and smooth surface as particles tend to damage the layers during 
winding and loose particle tend to fall out and break the ALD layers, 
too [24].

Multi-layer barriers can be used to reduce the dependence on a 
clean substrate surface. However, the effect of planarization layers may 
be limited by processing defects damaging the barrier layers during 
winding or layer deposition. In any case it has to be distinguished 
between different classes of defects that have different effects on the 
local water vapor permeability of the barrier film. In multi-layer 
barriers the interruption of diffusion paths supports a reduced gas 
permeability although a surface defect might not be planarized 
completely because the polymer layer is deposited in a process with a 
directed particle flow (e.g. PECVD).

In any case, the most sensitive defect and permeation measurement 
system is the flexible electronic device itself. The device is able to detect 
defects in the multi-layer barrier that might not be visible in classical 
permeation measurement methods. It mainly depicts the defect pattern 
of the last barrier layer facing the device’s active layers [4] which may 
be different from the resulting defect pattern that describes the whole 
multi-layer stack.

Another critical issue is residual water being trapped in the interlayer 
or in the polymer substrate of multilayer barrier stacks. Due to the 
coverage of it with an inorganic barrier layer that water is released 
slowly and therefore degrading the device even when stored in an inert 
environment.
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Figure 7 (a) shows the prepared OLED device after 5 weeks of 
storage under ambient condition (approx. 20°C and 50% r.h.). On 
a first view, the OLED shows a high brightness and no dark spots 
are visible with the used digital camera. However, zooming into the 
photograph as shown in Figure 7 (b) reveals a regular dark spot pattern 
in the OLED which has a preferred orientation in winding direction. 
Although the origin of that damage is still under investigation, it 
shows that damage of the barrier film during winding and processing 
is an important issue to address even if multi-layer barriers are used. 
According to Weijer et al. [4] the defect pattern in the last oxide barrier 
layer is potentially reproduced as dark spot pattern in an OLED that has 
been prepared on a polymer based barrier substrate.

Besides barrier defects and the cleanliness of the barrier substrate, 
another current key challenge for large-area fabrication of flexible 
OLEDs on flexible barrier substrates is the surface conductivity of the 
transparent electrode. A significantly lower sheet resistance than that of 
a typical ITO layer on polymers is required to achieve a homogeneous 
illumination on a large module area (see Figure 8). Another critical 
issue – being especially important for highly productive roll-to-roll 
processing – is residual water that is trapped in a multi-layer barrier 
stack or the polymer substrate [38]. That water is slowly released 
through the last barrier layer of the multi-layer system and causes 
degradation of the OLED already when stored in an inert atmosphere. 
In sheet-to-sheet processing, annealing steps (as shown here e.g. for 72 
hours at 60°C under vacuum conditions) are used to dry the barrier 
substrate prior to OLED layer deposition. However, in roll-to-roll 
processing which is used to increase productivity such an annealing step 
might not be applicable and other techniques have to be found. Current 
research focuses on the reduction of the amount of residual water in the 
barrier film by either proper processing or accelerated roll-to-roll drying 
methods.

Figure 7. Sheet-to-sheet prepared flexible OLED on the barrier substrate shown in Figure 6.

(a) overview image

(b) showing the regular dark-spot pattern in winding direction.

The Role of Defects in Single- and Multi- Layer Barriers 
for Flexible Electronics 
continued from page 41
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