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Atomic Layer Deposition (ALD) is the technology of choice where very thin and highquality films are required. Its advantage is its ability to deposit dense and pinhole-free
coatings in a controllable manner. It has already shown promising results in a range of
applications, e.g. diffusion barrier coatings for OLED displays, surface passivation layers
for solar panels. Spatial Atomic Layer Deposition (SALD) is a concept that allows a
dramatic increase in ALD throughput. During the SALD process, the substrate moves
between spatially separated zones filled with the respective precursor gases and reagents
in such a manner that the exposure sequence replicates the conventional ALD cycle.

The present work describes the development of a high-throughput ALD process.
Preliminary process studies were made using an SALD reactor designed especially for this
purpose. The basic properties of the ALD process were demonstrated using the wellstudied Al 2 O 3 trimethyl aluminium (TMA)+H 2 O process. It was shown that the SALD
reactor is able to deposit uniform films in true ALD mode. The ALD nature of the process
was proven by demonstrating self-limiting behaviour and linear film growth. The process
behaviour and properties of synthesized films were in good agreement with previous ALD
studies. Issues related to anomalous deposition at low temperatures were addressed as well.

The quality of the coatings was demonstrated by applying 20 nm of the Al 2 O 3 on to
polymer substrate and measuring its moisture barrier properties. The results of tests
confirmed the superior properties of the coatings and their suitability for flexible
electronics encapsulation.

3

Successful results led to the development of a pilot scale roll-to-roll coating system. It was
demonstrated that the system is able to deposit superior quality films with a water
transmission rate of 5x10-6 g/m2day at a web speed of 0.25 m/min. That is equivalent to a
production rate of 180 m2/day and can be potentially increased by using wider webs.

State-of-art film quality, high production rates and repeatable results make SALD the
technology of choice for manufacturing ultra-high barrier coatings for flexible electronics.

Keywords: atomic layer deposition, aluminium oxide, moisture barriers, flexible
electronics, thin films, polymer substrate, roll-to-roll
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I. Introduction
Flexible electronics is an emerging market with very high potential for growth. The
current figure for the total market of printed, flexible and organic electronics is $24
billion with an estimated growth to $77 billion in 10 years [1]. The largest share of the
market belongs to Organic Light-Emitting Diode (OLED) display and lighting products
together with conductive inks [1]. Indeed, flexibility together with OLED technology
brings a number of advantages both for consumers and manufacturers. OLED displays
are known for their ability to provide very bright, high contrast and clear pictures with
high viewing angles, low response time and attractive power consumption. Their
suitability for roll-to-roll manufacturing can potentially minimize their costs. However,
there are certain challenges arising, particularly with manufacturing of flexible OLED
devices. Light emitting material can be easily oxidized by either moisture or oxygen
penetrating from the ambient environment. Therefore, the device must be hermetically
encapsulated to ensure a long life-span. The most commonly indicated maximum
allowable permeation rate for OLED devices is in order of 10-6 g/m2day. For devices
produced on rigid substrates this does not exhibit any problem since encapsulation can be
done by covering the device with transparent glass that has virtually zero water
permeation rate. However, for devices on flexible substrates, additional requirements
such as flexibility must be fulfilled. Polymeric substrate itself does not provide enough
gas barrier properties with an intrinsic WVTR of 1 – 10 g/m2day. The most common
approach used to improve gas barrier properties of the polymer is to coat it with
impermeable material such as metal oxides. Mostly vacuum coating methods are used for
this purpose. E.g. methods based on physical processes such as vacuum thermal or
electron beam evaporation and magnetron sputtering to name a few. These methods
usually provide fairly high production rates but fail to produce adequate barrier coating
and are mainly used for less demanding packaging technology. Methods based on
chemical processes are able to produce coating with higher qualities. Chemical Vapour
Deposition (CVD) especially Plasma Enhanced Chemical Vapour Deposition (PECVD)
is able to produce high quality barriers with WVTR level of 10-5 g/m2day [2]. Another
technique which is based on a chemical process is Atomic Layer Deposition. It is a
13

deposition method that is based on chemical interaction between the solid substrate and
gaseous reagents. The method has been used to deposit moisture barrier films with great
success. Superior barrier properties of ALD films and their suitability for OLED
encapsulation were proved in several studies [3-4]. Carcia et al. showed with accelerated
calcium test (60 °C and 85% relative humidity (RH)) that 25 nm of Al 2 O 3 film deposited
with ALD can decrease moisture permeation of Polyethylene naphthalate (PEN) polymer
by 6 orders of magnitude resulting in 6x10-6 g/m2day of WVTR [3]. Superior protection
of an actual OLED device was demonstrated by Ghosh et al. OLED encapsulated with
180 nm of Al 2 O 3 ALD layer showed no signs of degradation for 1000 hours [4].
Although it is clear that ALD is the technology of choice for encapsulation solutions, it
has some drawbacks related to its process throughput. Unfortunately, ALD is known for
its slowness due to process features, which will be explained in later sections.

Considering such promising results in a field of ultra-high moisture barrier application,
increase of its throughput is an essential step towards further industrialization of the
technology. The Spatial ALD concept is an approach that allows the turning of low
production ALD into a high-throughput technology including adaptation into roll-to-roll
manufacturing line. However, there is a lack of process understanding due to complete
absence of experimental data. The SALD concept implies employment of a reactor
design, which is very different from those used in conventional ALD. Thus, it is very
crucial to perform experimental work and carry out the following steps:
• Verifying the Spatial Atomic Layer deposition concept for various thin film
materials
• Developing a thin film coating process based on the SALD concept
• Scaling up the process by implementing a roll-to-roll coating scheme

14

A.

Atomic Layer Deposition process. General description and
remarks.

The history of ALD starts in the beginning of 1960s in the USSR when the first
hypothesis of a surface modification theory by Molecular Layering was proposed by
Prof. Aleskovski [5-9]. It remained unknown until later on in the 1970s Suntola invented
a coating process based on the same principle and described in his works [1019]. Since
then it has gained the attention of the scientific community. Today, the ALD method is a
well-established technique with a robust technological base approved by use in industry.
E.g. Intel Corporation implemented the ALD process to deposit HfO 2 and Al 2 O 3
dielectric layers for microprocessor manufacturing. Another example is Lumineq
(Finland) which is using a ZnS ALD process for thin film electroluminescence displays
manufacturing.
The ALD process is known for a number of advantages such as uniform film growth,
precise thickness control, high quality film deposition and the ability to coat complex
shaped substrates. These advantages are brought by the self-limiting nature of the
process. In ALD, growth of solid matter is a result of chemical interaction between
gaseous reagents and reactive sites of the surface. During the ALD process precursor
vapour is injected into the reactor where it reacts with surface sites of the substrate. Gassolid reaction continues until the surface is saturated with the reagent and one monolayer
of molecules is formed. Before the next reagent is introduced, the chamber must be
purged with inert gas in order to remove leftovers and reaction by-product. This sequence
is called the ALD half-cycle and needs to be performed a number of times depending on
the required film thickness. The scheme of a full ALD cycle consisting of two sequential
half-cycles is shown in figure 1.
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Figure 1. Schematic representation of the ALD process.
Conventional ALD is a vacuum based technology. Process-wise it is a sequence of
reactant pulses intermittent with inert gas pulses in order to purge the chamber. Precursor
injection time is usually relatively short and can be optimized by increasing the vapour
pressure. For flow-through type ALD reactors, the precursor pulsing time depends on the
gas flow rate, reactor volume, reagent vapour pressure and chemical kinetics between the
particular reagent and the functional groups of the surface. Typical pulsing time is in the
order of tenths of seconds for most of the processes and reactor chambers, but it can be
longer in certain cases, e.g. slow reaction rates or large industrial deposition chambers.
In contrast, purging is a longer step. It varies from a few seconds to tens of seconds and
greatly depends on the reactor shape and volume. As a rule purging is a limiting step as it
requires a considerable amount of time for filling and flushing the chamber compared to
the time for injection and chemical reaction. Purging is applied until the inert gas has
completely removed the residuals. Thus, purging time depends on the inert gas flow rate,
reactor geometry and volume and the desorption rate of the by-products. The time for
purging varies greatly and can be up to 180 s at low temperatures [20]. As can be seen,
the ALD cycle duration can be from a few seconds to up to one minute with the purging
step being the limiting process.
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Most of the studies dealing with process development pay great attention to showing selflimiting behaviour in order to prove the ALD nature of deposition. It is important indeed
because the ALD growth mode can be easily turned into CVD type if the technological
parameters are not set in a right way. Even in the case of partial CVD film quality can be
compromised. The pulsing and purging procedure should be optimised in a way that the
surface receives enough precursor and all its excess and reaction by-products are
removed. In order to show this self-limiting behaviour so-called saturation curves are
plotted. A saturation curve describes how the amount of material deposited per one
precursor exposure depends on the precursor exposure time. A typical saturation curve
for the TMA + H 2 O ALD process is shown in figure 2. As ALD is based on a
chemisorption process, usually the shape of the saturation curve can be described by one
of the adsorption isotherms, e.g. Langmuir isotherm. The most common x-axis is either
the pulsing time or partial pressure while the y-axis is film growth per cycle.

Figure 2. Typical saturation curve of the TMA+water process. Reprinted from [21].

Self-limiting behaviour brings another feature of the process: linearity of growth rate as a
function of ALD cycles. This dependence should show a straight line as every ALD cycle
produces a fixed amount of material to be deposited on a substrate. However, it can be
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different in the initial stage because of slow nucleation and such effects as substrate
induced or inhibited growth.
Another feature of the ALD technique is its inherent ability to produce uniform coatings
even on complex shape substrates. Again, because of the gas-solid interaction based on
chemisorption mechanism, precursor molecules attach to the surface, uniformly covering
the surface.
The present work is based on the Al 2 O 3 ALD process. There are several reasons for
choosing Al 2 O 3 over other oxides that can be grown by ALD. It is probably the most
well studied chemistry with lots of data collected over years of studies. The behaviour of
the process has been investigated by various techniques including in situ ellipsometry,
Fourier transform infra-red spectroscopy (FTIR), quartz crystal microbalance (QCM),
quadrupole mass spectrometry (QMS). A number of studies have been dedicated to the
surface chemistry of Al 2 O 3 ALD. For example, in situ FTIR confirmed the exchange
ligand reaction between –CH 3 and –OH groups [22-25]. By-products of the reaction were
determined by quadrupole mass spectrometry [26, 27]. Additional data on the deposition
mechanism was acquired using QCM [28]. Density functional theory was used to model
the interaction between surface and gaseous reagents [29].
Information on growth behaviour on different substrates including polymers has been
obtained [24, 30]. Al 2 O 3 by ALD is a material that is ready to be commercialized for
several applications such as crystalline silicon solar cell passivation layers and moisture
barrier layers for electronics.
Another good reason to go for the Al 2 O 3 ALD process is that it follows the ideal ALD
growth model with (almost) true saturation behaviour and absence of artifacts. This
should be beneficial in avoiding possible confusion when moving to a completely new
reactor setup.
The basic metal precursor is trimethyl aluminium (TMA) which is used together with an
oxidizing precursor that replaces methyl ligands with hydroxyl groups. TMA is a
pyrophoric compound and reacts violently with oxidizing agents by forming Al 2 O 3 .
Thus, reaction time is very short which favors a high-speed process. Another advantage is
that any process imperfection would be easily highlighted.
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Generally, ALD studies concerning Al 2 O 3 have been extensively reviewed and detailed
information on the process, materials and applications can be found elsewhere [31-39].

B.

Spatial Atomic Layer Deposition

1. Spatial ALD concept

Spatial Atomic Layer Deposition is a concept that facilitates increasing the production
rate of ALD technology by eliminating steps that are limiting the ALD process such as
gas filling and purging. While conventional ALD uses time-separated pulsing of gases to
treat a fixed substrate, the SALD concept involves a different approach: the SALD
concept utilizes spatially separated zones with steady gas flows arranged in such a way
that: (i) when substrate is being moved between the zones gas the exposure sequence
replicates the conventional ALD cycle; (ii) there is no intermixing between gases.
Schematically the SALD approach is illustrated in figure 3.

Figure 3. Scheme of spatially separated ALD process showing the flexible
substrate moving between gas zones.
SALD brings a number of advantages. First of all, it allows continuous substrate
treatment and implementation of roll-to-roll handling scheme. Secondly, it eliminates
19

process downtime due to loading/unloading and heating/cooling time. Implementation of
steady gas flows does not need the presence of precise gas pulsing valves, thus making
the equipment cheaper and more reliable. Finally, process speed is not limited by the
hydrodynamic characteristics of the system but by the chemical kinetics of the particular
reaction.
A number of attempts have been made to realize the SALD concept by building various
coating systems. The most successful ones will be discussed in the next section.

2. Spatial ALD systems

Initially, the SALD concept was suggested by T. Suntola and described in two of his
patents [18,40]. The patent discusses the reactor with inlet and exhaust slit intended for
creating reactive zones separated by inert gas shields (figure 4).

Figure 4. SALD concept by T. Suntola. Reprinted from patent [40].
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The first report of a coating system that utilizes the SALD concept was published by
Levy et al. [41,42]. The core of the system is a coating head with recessed channels
suspended approximately 30 um above the substrate [43]. Gas is introduced on one end
of the channel and removed from the other end. Film deposition is carried at atmospheric
pressure and achieved by oscillating the head over the sample a certain amount of times
in order to obtain the desired thickness. The reports describe the construction of the head
(figure 5) and initial deposition results for Al 2 O 3 and ZnO processes. The system was
used to produce a Thin Film Transistor (TFT) device and its electrophysical
characteristics were investigated [44].

Figure 5. Eastman Kodak concept. I – nitrogen gas flow; A and B – oxidizing and
metal precursors, respectively. Reprinted from [41].
TNO developed and described an atmospheric pressure SALD prototype intended for
rigid substrate coating [45-49]. The design of the tool is schematically shown in figure 6.
The tool consists of immobile coating head and rotating substrate holder. The coating
head has linear gas injectors and pie-shaped recessions in a cylindrical body under which
substrate is rotated. The gap between the gas bearing plane and the substrate was set to 20
um while the reagent inlet to substrate distance was 200 um. The head is mounted inside
an oven that is capable of heating up 400 °C. An impressive coating rate of 1.2 nm/s was
achieved. Deposited films were tested as a backside passivation for crystalline silicon
solar cells very showing promising results [45].
The same prototype system was used to study a low temperature SALD process [46].
Reactor temperatures below 100 °C expectedly led to CVD type of growth due to the
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excess of adsorbed water on the substrate surface. To avoid this effect an intermediate
step of helium plasma treatment was added to the oxygen precursor. This approach
showed good results but still further refinement was needed.

Figure 6. Schematic drawing of Spatial ALD reactor with stationary injector head
and rotating substrate holder by TNO. Reprinted from [45].
The kinetics of the SALD process was studied experimentally and a model was
developed. It was found that surface coverage is proportional to exp(√t).It was suggested
that the reason for such dependence may be the fact that deposition rate is limited by a
diffusion step [47].
The development of a high-speed roll-to-roll coating system was announced by TNO in
2012 [46]. The system comprises a rotating drum with combinations of inlet, exhaust
ports and gas bearings. The substrate is wrapped over the drum and kept away typically
100-200 µm from the surface by applying high pressure from gas bearings. Deposition is
achieved by rotating the drum while polymer web is being guided over it. The system is
designed to handle 30 cm width webs. The operating principle of the device is illustrated
in figure 7.

22

Figure 7. Roll-to-roll tool SALD coater by TNO. Reprinted from [46].
SoLayTec is a TNO spin-off company that developed a commercial sheet-to-sheet SALD
system [50, 51]. The core of the system is a narrow channel with gas flowing from top
and bottom sides with the substrate suspended in between as shown in figure 8. A silicon
wafer is floating back and forth exposing itself to the reaction zones and building up
monolayers of materials during each passage. Essentially the same approach is used by
Levitech which is in turn a spin-off company from ASM International [52,53]. Unlike the
SoLayTec system, the substrate is moved in one direction and the required thickness
achieved by using a module that is long enough to accommodate the respective number
of “reaction cells”. Both systems are targeted for silicon solar cell passivation application.

Figure 8. SoLayTec system. Reprinted from [54].
Lotus Applied Technology developed a roll-to-roll coating tool in a single chamber [55].
The chamber is divided into three zones by walls with slots to allow the web to pass
through. Two zones are filled with reagent gases and one in between is filled with inert
gas. The reactor scheme is shown in figure 9. Deposition is achieved by guiding the web
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between zones multiple times in a serpentine fashion. The system is able to operate in
roll-to-roll and single-loop mode. The first report describes deposition of TiO 2 film on
PET substrate for moisture barrier application [56]. Growth rate saturation behaviour was
shown and WVTR of TiO 2 /PET structures was measured as a function of film thickness
and web speed. Films exhibited moisture transmission levels of 10-2 g/m2day at a web
speed range of 0.2 – 5 m/s. The company was granted a number of patents related to the
technology [57-62] including energy enhanced deposition [63, 64]

Figure 9. Lotus system. Reprinted from [65].
Improved results were reported by the same group by replacing water as a precursor with
a plasma oxidation step. The motivation for introducing plasma was to eliminate a CVDlike deposition effect due to excess of water adsorption. Deposited coatings demonstrated
very low WVTR of 10-4 g/m2day. The damaging effect of the web rewinding step was
demonstrated as well. Permeation level of rewound films was 10 times higher compared
to films that were kept intact. The authors demonstrated that the issue can be solved by
applying UV-curable coating on the top of ALD layer to prevent its damage [66].
Lotus Applied Technology announced the development of a scaled up reactor that will be
able to handle 300 mm wide webs and rolls of 1000 m length. The system will be capable
of coating layers with 100 ALD cycles resulting thickness ranging from 10 to 20 nm [67].
The research group from Colorado University carried out an extensive study on the
operating conditions of a multiple slit coating head system [68]. The SALD system
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operates at atmospheric pressure and in contrast to Eastman Kodak system uses variable
mechanical spacing to maintain the gap. Helium was used as a tracer to detect possible
gas intermixing and study the effect of gap spacing, pumping speed and N 2 purging
pressure.
Another atmospheric roll-to-roll ALD system was developed by the research group from
Jeju National University (South Korea). The authors report achieving a web speed of 7
mm/s and WVTR of ~10−3 g/m2/day at 37.8 °C/100% for Al 2 O 3 films with thickness
ranging from 15 to 40 nm [69].
Since 2009, the ASTRaL group of Lappeenranta University of Technology has been
developing a high-throughput process based on the SALD concept. This PhD thesis
describes research work that has been carried out from 2009 to 2014.

C.

Moisture barrier layers

1.

Ultrahigh barriers by ALD

Probably the first demand for barrier coatings application was in the food industry to
preserve food against moisture and oxygen in order to increase its shelf-life. The
requirements for food packaging are not so stringent – in the order of 10-1 – 10-2 g/m2day.
Nevertheless, polymer alone is not able to provide suitable protection as its intrinsic
barrier properties are 2 or 3 magnitudes higher (see figure 10). Then it was realized that
coating polymer with an inorganic layer could solve the problem. The first methods used
to coat the polymer were Physical Vapour Deposition (PVD) techniques such as physical
vacuum evaporation and electron beam evaporation. Metallic aluminium was used as a
barrier material. The resulting coating is flexible and provides virtually zero moisture
permeation rates. Demand for transparent packaging pushed the development towards
metal oxides such Al 2 O 3 , SiO 2 , TiO 2 , etc. Oxide coatings prepared with PVD techniques
are good enough to use in food and pharmaceutical industry. Another advantage of using
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PVD is its high production rate with web speeds of up to 370 m/min [70]. However, they
were not good enough for electronics application.

Figure 10. WVTR and OTR requirements for ultra-high barrier coatings. Reprinted
from [71].
Magnetron sputtering is another deposition technique that belongs to PVD family. Its
advantage is its ability to produce denser films by using higher energy species compared
to other PVD techniques. Nevertheless, it is comparatively slow and has shadowing
effects which make the coating sensitive even to small surface roughness.
Much better barrier films can be deposited using deposition techniques based on chemical
interaction. One of the first attempts to use ALD for moisture barrier layers was made in
2004. Yun et al. [72] directly encapsulated an actual OLED device by depositing a 300
nm Al 2 O 3 layer on top of an aluminium cathode contact using low temperature Plasma
Enhanced ALD (PEALD). OLED lifetime was assessed by luminance degradation. The
device could withstand 850 hours with decay of 4% compared to initial luminance values.
Environment conditions were not reported.
Park et al. used a thermal ALD process to deposit 50 nm of Al 2 O 3 on Polysulfone (PES)
substrate [73]. Barrier layers were subjected to the WVTR test using MOCON
Permatran-W1A at 38° C and 100% RH. Resulting transmission values were in the order
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of 10-1 g/m2day for single side coated and 10-2 g/m2day for double side coated. OLED
encapsulation performance was tested at 25° C and 80% RH with the result of 65.4% of
the initial luminance value after 600 hours of exposure.
The first successful attempt to use the Al 2 O 3 TMA+O 3 process for OLED encapsulation
was made by Ghosh et al. [4]. 180 nm of Al 2 O 3 were directly deposited on the OLED
cathode layer followed by 2 um of parylene to avoid direct condensation of water onto
the oxide layer. Encapsulated OLEDs were placed into an environmental chamber and
subjected to 85 °C and 85% RH conditions for the permeability test. Regular radiometric
measurements were performed that included device efficiency and emission spectra.
Negligible degradation was observed after 1300 hours of accelerated test.
Similarly to Yun et al. [72], Langereis et al. investigated the suitability of the low
temperature PEALD process for OLED encapsulation [74]. The WVTR was measured
using the calcium test (21 °C and 60% RH). Permeation was studied as a function of film
thickness and reactor temperature. Transmission values of 10-3 g/m2day were obtained.
No specific cleaning procedure was applied. Similar results were shown by Groner et al.
[75]. WVTR of 10-3 g/m2day and critical thickness of 10 nm was found.
A real breakthrough in terms of moisture barrier performance was made in 2006 by
Carcia et al. [3]. For the first time it was demonstrated that ALD was able to produce
single layer barrier films with WVTR of less than 10-5 g/m2day. 25 nm of Al 2 O 3 were
deposited on PEN at 120 °C reactor temperature. The WVTR was measured using the
calcium test at 38 and 60 °C and 85% RH with resulting values of 1.7x10-5 and 6.5x10-5
g/m2day, respectively.
Potscavage et al. demonstrated the suitability of ALD films for encapsulation of
pentacene/C60 organic solar cells [76]. 200 nm of Al 2 O 3 were deposited straight on to
the aluminium electrode of the prepared device and the structure was subjected to
ambient atmosphere. Power conversion efficiency, fill factor and short-circuit current
density were monitored. Some degradation of the parameters (6% of the initial values)
was noted after 6145 hours of exposure.
Dameron et al. studied permeation of single and multilayer stack of Al 2 O 3 prepared by
thermal ALD and SiO 2 prepared by Rapid ALD [77]. WVTR values were measured by
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the radioactive HTO tracer method. Barrier performance of a 26 nm Al 2 O 3 single layer
was ~10-3 g/m2day, an Al 2 O 3 / SiO 2 layer - ~10-4 g/m2day and an Al 2 O 3 / SiO 2 bilayer
reduced transmission rate to ~5x10-5 g/m2day. Further increase of Al 2 O 3 / SiO 2 layer
numbers showed higher permeability than a single Al 2 O 3 layer. Poorer results were
attributed to the greater brittleness of thick layers.
Carcia et al. published thorough studies on comparison between barriers prepared by
PECVD and ALD [78]. WVTR measurements were performed by a Ca test at 38 °C and
85% RH. A single Al 2 O 3 layer by ALD with thickness of 10 nm exhibited a water
transmission rate of ≤5x10-5 g/m2day while 100 nm of SiN PECVD layer had a 100
times the transmission rate. At the same time, only 5 nm of ALD layer deposited on top
of PECVD film reduced its permeability to ≤5x10-5 g/m2day. Notably, the authors
reveal some details on the substrate cleaning procedure. Polymer substrates were rinsed
with methanol followed by soft scrubbing and again rinsing with methanol. Finally,
substrates were rinsed with water and dried by blowing with N 2 .
The suitability of ALD technology to protect Copper Indium Gallium Selenide (CIGS)
solar cells against moisture was demonstrated by Carcia et al. [79]. CIGS modules
covered by 55 nm of Al 2 O 3 were exposed to harsh environmental conditions of 85 °C
and 85% RH together with simulated solar illumination. Monitoring the main parameters
(power conversion efficiency, fill factor and short-circuit current density) did not show
any signs of degradation after 1020 hours of exposure.
This survey shows that ALD technology has advanced in the field of moisture barriers
over the past 10 years. ALD films were thoroughly investigated and their barrier
properties were quantified using different types of WVTR tests, demonstrating the
readiness of ALD technology to fulfil the stringent protection requirements for organic
electronics. However, there are several questions remaining obscured. There is clear
scattering in the results between the studies – about 10-3 to 10-5 g/m2day. One of the
obvious reasons for this scattering is the absence of metrological standards for WVTR
test conditions. The level of surface contamination is the key parameter for high quality
moisture barrier production as it can be easily compromised by the presence of airborne
particles, aerosols, etc. Most of the studies do not provide any information on the
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cleaning procedure or the level of environmental contamination at which the experiments
were carried out.

2.

Permeation mechanism

Numerous studies have been dedicated to understanding the moisture and gas permeation
mechanism. Generally, permeation through the material is a complex phenomenon with
difference in chemical potential as the driving force. Permeation through material
proceeds in several steps. The first stage is adsorption of the permeant molecule on the
surface followed by its diffusion through the material layer and subsequent desorption out
to the environment. Intramaterial diffusion is obviously a limiting step and governed by
Fick’s law which for thin barriers is:
𝐹𝐹 = −𝐷𝐷

∆𝑐𝑐

(1)

𝑥𝑥

where F is the molecular flux; ∆c – concentration difference across the barrier; x –
barrier thickness; D – diffusion coefficient.
In turn D is a function of temperature and described by the Arrhenius equation:
𝐸𝐸

𝐷𝐷 = 𝐷𝐷0 exp(− 𝑅𝑅𝑅𝑅𝑑𝑑 )

(2)

where D is the diffusion coefficient at temperature T; D 0 is the maximum diffusion
coefficient; E d – the activation energy; R – the gas constant.
Another factor that contributes to permeation is the degree of porosity. It can be caused
either by an imperfect deposition process or airborne contaminants. It has been shown
that there is a correlation between density and size of pinholes with density and size of
the atmospheric dust particles [80]. Intentional contamination was used to verify this
hypothesis by Wang et al. [81]. Particles with known diameter were spread on the
protective cover of the device in order to create artificial dark spots. The development of
the dark spots was monitored with respect to time and particle diameter which led to the
conclusion that formation of dark spots is due to airborne dust.
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A number of studies used activated rate theory to investigate the permeation mechanism
[82-84]. Tropsha et al. found out that activation energies of four different polymer
substrates coated with SiO 2 by PECVD are identical suggesting the chemical interaction
between water molecules and the SiO 2 structure [82].

3. Measurement techniques

Such low permeation rates require advanced measurement methods with very high
sensitivity level. All the methods are based on the same principle where tested sample
serves as a membrane between a “test gas” zone and a “sensor” or “detection” zone. The
only difference is in the means of detecting and quantifying the gas which has penetrated
through the membrane. Sensing and quantifying are based on either physical or chemical
interaction of the sensing material with moisture. Typically used methods are mentioned
below.
Most commonly and industrially approved are coulometric methods. A typical
representative is the latest generation of MOCON Aquatran 2 WVTR measurement
device which is able to detect moisture transmission rates down to 5x10-5 g/m2day [85].
The disadvantage of the method is the quite high level of background leakage through the
edge seal.
Another recently developed WVTR measurement system is Vacutran. Quantification,
based on mass spectrometry and claiming sensitivity levels down to 10-6 g/m2day [86].
The advantage of the tool is virtually zero background signal due to leakage because it
uses deuterium oxide as a permeant. Another benefit of using mass spectrometry is the
ability to measure permeability of the membrane with any gas, e.g. O 2 , CO 2 , etc. The
downside of the method is very high cost of the equipment compared to other methods.
The calcium test is a measurement technique that is based on chemical conversion of
metallic calcium into calcium hydroxide via reaction with water [87]. A thin layer of Ca
deposited on glass is sealed with the barrier structure and exposed to predefined
environmental conditions. Moisture penetrating inside oxidizes the Ca making it
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transparent and conductive. Therefore, quantification is based either on measuring optical
transmittance [88] or electrical conductivity of the film [89] as a function of time. A
schematic illustration of the optical Ca-test is shown in figure 11. The great advantage of
the method is that it gives an insight into the permeation mechanism. By looking at the
sample with an optical microscope it is possible to spot local defects as well.

Figure 11. Calcium test scheme.
Another sensitive technique is the tritium diffusion test. The working principle is based
on measurement of radioactive emission counts of tritiated water (HTO) permeating
through the polymer (figure 12). The method possess very low theoretical detection limit
but is not so common due to the hazardous nature of HTO [90-93].

Figure 12. Drawing that represents HTO permeation test setup showing HTO source,
polymer sample and vial with hygroscopic LiCl for HTO collection. Reprinted from [77].
Finally, the suitability of barrier layers for particular application can be non-arguably
proven by simply encapsulating the device with the barrier coating. Respective
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characteristics are being measured as a function of time to verify the level of protection.
For example, for OLED devices measured parameters include luminance, current density,
and degradation due to local defects. Encapsulation for photovoltaic devices is considered
to be successful if the power conversion factor, fill factor and short-circuit current density
do not change overtime [94, 95].
Despite the diversity of measurement methods and techniques, there is a fairly good
agreement between them. Nisato et al. made a comparative study by measuring the same
barrier structure using different methods, namely: Ca- test (CCD, optical and electrical);
cavity ringdown spectroscopy; tuneable diode laser absorption spectroscopy; isotope
marking mass spectroscopy and a coulometric test. Results of the comparison study are
shown in figure 13.

Figure 13. Comparison of WVTR measurement methods. Ca-CCD – calcium CCD test;
Ca-OD – calcium optical test; Ca-E – calcium electrical test; CRDS – cavity ring-down
spectroscopy; TDLAS – tuneable diode laser absorption spectroscopy; IMMS – isotope
marking mass spectroscopy; COUL – coulometric. Reprinted from [92].
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II. Experimental part

A.

Spatial ALD system

ASTRaL began the development of an SALD prototype reactor in 2008. The first system
was built as a test-bed to check the feasibility of the approach and acquire preliminary
data before moving to the next step and scaling up the process. The system was built in
conjunction with the Finnish ALD tool manufacturer Beneq Oy. In 2010, the reactor of
the system was replaced with its second revision followed by development of a pilot rollto-roll ALD system in 2012. The current section describes the construction of the main
layout of the system and both revisions of the reactor.

1. General layout

The main components of the system are the vacuum chamber, precursor sources, filter
unit and vacuum pump (figure 14). The system consists of two chambers: an outer
stainless steel vacuum-tight cold wall vessel and an aluminum inner cylindrical shape
reactor. The outer chamber contains the reactor heating system and gas supply lines. It
plays an auxiliary role while the actual deposition takes place in the inner reactor. The
construction of the inner reactor is discussed in the next sections.

The precursor source units comprise heated vessels with shut-off valves. These can be
heated up to 100 °C to provide sufficient reagent pressure in case of low volatility
precursors or high substrate rotation speed which will demand a higher vapour flow. The
gas delivery lines are heated to create a temperature gradient to prevent precursor
condensation in them. For controlling and adjustment of precursor flows, pneumatic
valves and needle valves are installed. Carrier gas flows are adjusted by respective mass
flow controllers.
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Figure 14. General layout of SALD tool by ASTRaL.

2. Reactor description

The core of the system is a cylindrical reactor which has four vertically aligned inlet slits
for incoming gases (two for precursors and two for inert gas) and four similar outlet slits
for outgoing gases (reaction products, excess of precursors) which are connected to the
vacuum pump. These slits are arranged in the following sequence: precursor A inlet –
pump out –N 2 inlet– pump out– precursor B inlet – pump out – N 2 inlet. The substrate is
mounted on a 100 mm diameter rotating aluminum cylindrical drum with the surface to
be coated facing the gas slits. The reaction vessel and the substrate holder form a narrow
reaction chamber in the space between them. The spacing between the slits and rotating
drum is 1mm and was chosen on the basis that on the one hand, small reactor volume
would decrease the precursor consumption and make the gas separation more efficient;
while on the other hand large spacing would make mechanical assembly easier because
of the need to avoid any drum vibrations affecting the reactor volume and as a result the
flow dynamics. Moreover, a large spacing gives more freedom in choosing the substrate
thickness without affecting the process.
Schematic radial and axial cross-sections of the reactor and the arrangement of the inlets
and outlets are depicted in Figure 15. The principle of operation is as follows: as the
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drum rotates, the substrate is led through the various gas zones formed by continuous
flows between respective precursor and exhaust slits – see Figure 15. The purge zones
and exhaust lines serve to isolate the precursor zones so that no gas phase mixing occurs
between the precursors. One rotation of the drum is equivalent to one cycle of the ALD
process. Additional gas flows can be set from top and bottom to ensure precursor
confinement and stop precursor leakage from the ends of the drum. The drum is rotated
by a servo motor and the maximum rotation speed used was 250 rpm.

Figure 15. Reactor cross-section of SALD reactor (revision 1).
Promising results with the SALD reactor allowed further development. A new reactor
was constructed such that it accommodated more inlet/exhaust slits with a new design
that makes reagent separation more efficient. The arrangement of nozzles is depicted in
figure 16. Constant precursor gas flow rate takes place between the central nozzle and the
exhaust nozzles surrounding it. Additional separation between precursors is provided by
inert gas counter flows from the sides of the nozzle arrangement. As can be seen from the
picture one rotation of the drum provides sequential exposure of the substrate equivalent
to 4 ALD cycles. The drum rotation speed dictates such important parameters as
precursor dose and substrate residence time, which is defined here as the length of time
that a point on the substrate remains within a particular precursor zone as it rotates. Table
1 shows the drum rotation speed values used in present studies and their relation to
residence time and substrate linear speed. The gap between the drum and reactor wall
was decreased to 0.5 mm.
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Table 1 Drum rotation speed and related parameters used for film deposition

Drum rotation speed, min-1

2

5

8

15

20

25

45

100

Substrate residence time, s

1.146 0.459 0.287 0.153 0.115 0.092 0.051 0.023

Linear speed, m/min

0.628

1.57

2.512

4.71

6.28

7.85

14.13

31.4

Figure 16. Cross-section view of SALD reactor (revision 2).

B.

Roll-to-roll ALD system

This section describes the general layout and vacuum chamber design of the Beneq
WCS500 coating system. The coating system is a result of a development work that was
carried out on the smaller SALD system. The WCS500 was manufactured by Beneq Oy
(Finland).
The system comprises a main vacuum chamber, where the actual coating process takes
place, and auxiliary units such as chilling/heating unit, web handling control, precursor
storage and delivery system, precursor neutralizing and filter system, and pumping unit.
The main chamber accommodates web unwinding and rewinding reels, the main
processing drum and coating head which are designed to handle a 500 mm wide web. The
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vacuum chamber layout is schematically shown in figure 17. The main drum is 600 mm
in diameter, made of stainless steel. The drum is temperature controlled by oil that
circulates between the chamber and heating/chilling unit. The reactor features a
pendulum-type coating head which is mounted beneath the drum and consists of 29
sections. Each section has a nozzle for reactive gas release and a surrounding exhaust slit.
These nozzles are additionally separated by inert gas curtains to prevent the unwanted
spreading and intermixing of reagents. The gap between the coating head and the drum is
set to 0.5 mm. The coating head arrangement is schematically shown in figure 18.
Additional heating is provided by resistive heaters mounted beneath the coating head.
The purpose of the pendulum motion is to increase the relative speed between the moving
drum and the coating head allowing multiple passes of the coating head over the web.
This enables film thicknesses in the tens of nm to be deposited in a single pass of the web
through the coating system.

Figure 17. WCS 500 chamber layout.
The coating process is organized as follows: the web leaves the winding reel and moves
towards the main drum. While the web is being guided over the drum, it is sequentially
exposed to the precursor gas sections of the head. Each pair of sections provides one
ALD cycle. As mentioned above, the pendulum motion of the head allows additional
deposition cycles to be provided. The coating head is designed to travel 82mm in each
direction providing 2 ALD cycles per one full swing. The system can also be operated
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without using the intermediate guiding rollers between the winding and unwinding reels
and the coating drum.

Figure 18. Fragment of coating head showing precursor inlets, exhaust and inert gas slits.
Substrate residence time is an important parameter that affects the process and growth
rate to a great extent. It is defined as a time for which the substrate is exposed to one
precursor vapour and during which actual gas-surface interaction occurs, that is, the time
a point on the substrate surface spends within an individual precursor zone. In the present
system it is determined by the web transport speed, the coating head oscillation speed and
acceleration/deceleration of the coating head as it changes direction. This means that
there will be a difference in the relative speed between the web and the coating head
depending on the direction of the pendulum’s swing. In the studies reported here,
variations in the residence time due to this effect were neglected as the coating head
speed is much greater than the web transport speed. Acceleration/deceleration times start
to become significant at short residence times. This effect was taken into account and
average residence time was used in the present studies. The number of cycles applied to
the web is determined by the number of oscillations made by the head while the web is
passing through the coating zone.
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C.

Materials and methods

The current section describes the materials that were used for deposition and process
studies. Any variations are noted in the respective part of the Results section.
All depositions were carried out using 98% purity (TMA) delivered by Volatec (Finland).
Deionised water with a conductivity of 0.056 uScm−1was used as an oxidising precursor.
Ozone was produced from 99.999% purity O 2 (Aga, Finland) by BMT 803N (BMT
Messtechnik GmbH, Germany) ozone generator. Ozone concentration was measured by
BMT 964 ozone analyzer (BMT Messtechnik GmbH, Germany). Nitrogen for the process
was sourced either from bottles (99.999%, Aga, Finland) or from a liquid N 2 evaporation
vessel (Aga, Finland). Helium (99.996%, Aga, Finland) was used for gas entrainment
tests. Depositions for process studies were made on PET metallized with titanium and on
ultrathin 50 um thick crystalline silicon. The purpose of metallization is to create a
reflective layer that facilitates optical measurements. Barrier coatings were deposited
straight on PEN polymer from Dupont Teijin Films. The particular polymer grade as well
process conditions are noted in the respective chapter of the Results section.
A J.A. Woollam M2000FI spectroscopic ellipsometer was used to determine thickness
and refractive index of the films. Measurements were carried out at 65, 70 and 75° of
incident and reflected beam. A Cauchy model was used for fitting and extracting the
thickness and refractive index data.

The WVTR of the Al 2 O 3 coated films was measured by using the Aquatran Model 1G
(Paper IV) and Aquatran Model 2G (Paper III) test module by MOCON (Minneapolis,
MN, USA). In this method, the ALD coated side of a sample is sealed against a test cell
by using high vacuum grease. The measurements were carried on at 38 °C/ 90% RH and
the active test area of the sample was 50 cm2.

An optical calcium test was used for evaluation of ultra-barrier levels of the WVTR. In this
method, the evaluation of the WVTR is based on the change in transmission of white light
through a semi-transparent metallic Ca film with transmission (T) around 10% [87]. It is
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known that at low temperature, oxidation of Ca proceeds by reaction with H 2 O according
the complete reaction
Ca + 2H 2 O → Ca(OH) 2 + H 2 .
Ca-films about 60-80 nm thick were deposited on 6” round glass wafers used as substrates
in a high vacuum system equipped with a cryo-pump. The Ca-film was deposited in 6
distinct and isolated areas covering about 40% of the total wafer area. Each individual area
is between 7 and 20 cm2 in size. Their distance from the edge ranges from 10 to 15 mm.
The Ca film was then encapsulated in situ with a thin oxide film to avoid any initial
deterioration by the following handling in atmosphere with residual moisture content.
Previous experiments had shown that the oxide film was not a good barrier in accelerated
testing at 85oC/85% RH. Complete oxidation of Ca films protected with this oxide would
occur in a few hours of exposure. The ALD barrier to be measured was then glued in a
face-sealing configuration on top of the glass plate described above by using a proprietary
epoxy adhesive with low WVTR. This configuration shown in figure 19 represents the best
simulation for using the ALD barrier in a lamination approach.

Figure 19. Calcium test setup.
The samples were subjected to accelerated testing at 40 °C/90% RH and 85 °C/85% RH.
The change in transmission of the Ca film was monitored at the beginning of the lifetime
test, and periodically, with a spectrometer, and the WVTR was calculated. Multiple points
were acquired for each area with a spot size of 2-3 mm. In addition, optical observations
in transmitted light were carried out to detect the early appearance of transparent pinholes
that would indicate a localized failure that may have been below the lateral resolution by
the spectrometer.
Optical transmission measurements were carried out using a Thermo Nicolet 500 UV-Vis
spectrophotometer.
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III. Results and discussion

A.

Initial results on deposition behaviour with first revision of
SALD reactor.

The current section describes the first results of the deposition behaviour and makes some
comments on the approach that was implemented in the studies. It was very important to
show that the process possesses ALD’s distinctive hallmarks – self-limiting, linear and
uniform growth rate.

1. Linearity and uniformity

Linear film growth is a feature of an ALD process when film thickness is strictly
proportional to the number of deposition cycles. The film thickness was plotted against
the number of cycles at rotational speeds of 20 and 50 rpm as shown in Figure 20.
Regardless the rotation speed used for the experiments, the film thickness dependence
exhibits straight lines with zero intercept.
In order to assess the uniformity of the ALD growth, film thickness was measured across
the substrate in the direction perpendicular to substrate movement. Figure 21 shows the
resulting profiles. The process provides uniform film growth at rotation speed up to 40
rpm (375 ms of residence time). However, at higher rotation speeds there is a clear
deviation at the edge of the substrate. The reason for that could be the design of the
reactor which has the same width of inlet and outlet slits leading to inefficient gas
separation at the edges.
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Figure 20. Film thickness as a function of the number of substrate rotations.

Figure 21. Film thickness as a function of position across the polymer sheet.

2. Saturation behavior

For conventional flow-through type ALD system self-limiting behavior can be shown by
altering the amount of reagent delivered to the reactor and measuring the growth rate. In
the SALD system, the ALD mechanism can be demonstrated by changing the time that
the substrate is exposed to the precursor gas zone which has the effect of altering the
precursor dose. In the first design of SALD reactor, the substrate residence time is
estimated as the time it takes to travel one quarter sector of the reactor.
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A series of runs was carried out to demonstrate saturation of the ALD growth rate. 1000
ALD cycles were applied to the substrate in the speed range of 10 to 250 rpm. The
resulting saturation curve is shown in figure 22. It can be seen that the curve does not
look like a typical ALD saturation curve that can be found in conventional studies.
However, a saturation region that occurs at over 300 ms of residence time can be clearly
distinguished. The growth rate exhibits a very gradual increase with the residence time
that may indicate the presence of CVD growth. The gradual increase of deposition rate
that is observed here is typical of the behaviour reported for the Al 2 O 3 process in
conventional ALD [97]. An abrupt drop of growth rate at residence times below 120 ms
due to precursor starvation can be easily recognized as well. In between these regions (1
and 2), there remains a narrow region (3) with abnormally high growth rate values that
has to be explained.

Figure 22. Growth rate per cycle as a function of substrate residence time for
1000 cycles deposition.
It was suggested that anomalous growth is an artifact attributed to gas entrainment effect.
Gas entrainment occurs due to viscous friction caused by relative movement between the
substrate and gas. This leads to formation of a near-surface boundary layer which in turn
may serve as a means of precursor transfer between the zones. The width of the boundary
layer and hence the amount of the gaseous reagent that is being dragged is inversely
proportional to the square root of relative velocity. Once it arrives to the purging zone it is
being disrupted by means of reagent diffusion out of the boundary layer into the N 2 flow.
The amount of precursor removed from the boundary layer is proportional to residence
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time and thus inversely proportional to substrate velocity. Therefore, we can speculate that
there is a certain speed range where the boundary layer is too thick while the corresponding
residence time is too short to remove the entire precursor. This situation is illustrated in
figure 23. Overall, it will lead to precursor transfer and subsequent reaction with CVD type
of growth.

Figure 23. Illustration of factors contributing to anomalous deposition as a
function of residence time. Note: purge inefficiency and gas entrainment effects are on
arbitrary scales.
Therefore, if we sum all the factors contributing to film growth, specifically growth due
to ALD, minor CVD factor and gas entrainment, it is possible that the resulting curve
would look like experimental (figure 24). A detailed discussion on the phenomena can be
found in the Results section of Paper I.
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Figure 24. Contributing factors to the growth rate behaviour as a function of
residence time: model results compared with measured results.

3. He leak test

To either prove or disprove the explanation of the growth anomaly, additional tests were
carried out. Helium was employed as a tracing gas to gain a better understanding of the
flow distribution and mass transfer in the gas boundary layer. A schematic view of the
radial cross-section of the cylindrical reaction chamber indicating the helium injection
and measurement ports is shown in figure 25. Helium, without any carrier gas mixture,
was injected into the reactor via one precursor inlet with the same partial feeding pressure
that was used for the ALD precursor (0.1 mbar). A helium leak detector Smart Test HTL
560 (Pfeiffer Vacuum) was connected via a needle valve to an exhaust port. The helium
leak rate was measured at each exhaust port as a function of substrate rotation speed and
purging flow. The signal was recorded as an average during a 5 minutes rotation session.
The background signal was recorded between each session to avoid any mistake due to
background concentration change. Tests were carried at a chamber temperature of 100 °C
to reproduce the typical situation during deposition. Measurements were made with
rotation speed up to 900 rpm.
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Figure 25. He injection scheme. 1 - main gas flow; 2 - additional gas flow
provided by gas entrainment; 3 - leak detector.

The rate of helium flow into the detector mounted on port 1 (immediately adjacent to the
He inlet port in the direction of substrate movement – see figure 25) as a function of
rotation speed for three different purge gas flow rates is shown in figure 26. As rotation
speed increases, the He signal increases in a sub-linear manner.

This dependence can be explained by considering the following factors: (i) constant leak
due to He diffusion into the reactor volume; (ii) He leak due to boundary layer effects.
While the contribution of first factor is clear, the second factor needs further clarification.
As has been mentioned in the previous section, the amount of reagent trapped in the
boundary layer depends on its thickness and this is inversely proportional to the square
root of the relative velocity. At the same time, the amount of helium that reaches port 1
per unit of time is proportional to the substrate velocity. Thus, the final dependence
should follow

Q1 = A + B v

(3)

where Q 1 – He signal at port 1, mbar.l/s; v – substrate velocity; A and B are constants for
a given speed. A refers to the constant leakage.
As can be seen from figure 26, the model shows a fairly good fit with the experimental
data. A detailed discussion and fitting parameters can be found in Paper II.
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Figure 26. Helium leak rate at port 1 as a function of rotation speed and purge flow.

The helium signal measured at port 2 is depicted in figure 27. This dependence can be
understood by considering the following processes. As has been just discussed, the
amount of helium that reaches the purging zone per unit of time is proportional to the
square root of the substrate velocity. In the purging zone He is being removed from the
boundary layer by means of diffusion described by Fick’s law. Based on the additional
assumption that He has a linear distribution in a boundary layer with zero on its edge and
a maximum near the substrate surface, the overall signal at port 2 should be described by
following equation:

[

]

Q 2 = A + B v × [G o exp(− Evt ) + K ]
where E and K are the constants.
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(4)

The model exhibits fairly good fitting with experimental results (figure 27).

Figure 27. Helium leak rate at port 2 as a function of rotation speed and purge
flow.

From the deposition rate date of figure 22, the growth rate anomaly occurs in the rotation
speed range of 70-120 rpm. As can be seen from the simulations in figure 27, there is no
behaviour at these rotation speeds which could give rise to the anomaly. Therefore, we
conclude that gas entrainment is not likely to be the reason for it.
Another hypothesis that explains the abnormal process behaviour is excess of water
adsorption on the surface that cannot be eliminated during the purge step. Thus, it is
possible that the adsorbed water may be transferred into the TMA zone if the purge time
is too short for the complete removal of any excess adsorbed water. When the surface
with active reaction sites is exposed to water vapour, the bonding between the surface
and the water takes place in two stages: (i) H 2 O molecules react with the surface and
terminate the reactive sites forming a monolayer of chemically bonded hydroxyl groups.
This is the desired effect. (ii) Once the surface is saturated with hydroxyl groups
additional water molecules can physisorb to the surface forming a multilayer of adsorbed
water. This is the undesired effect. In the former case, the sticking coefficient of water is
~1 and it can be assumed that any water molecule arriving at the surface will undergo a
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reaction. In the latter case, the sticking coefficient will be <1. If this adsorbed water is not
removed in the purge zone, it will cause extra growth when the substrate arrives in the
TMA zone.
This phenomenon was modelled with derivation that can be found in the Results section
of Paper II. The excess growth rate was modeled by estimating the adsorption and
desorption rates. Assuming that both processes are thermally activated, the overall
anomalous growth effect is given by

∆G = 0 for t < t m

 t   t 
= bISτ 1 − exp −   exp −  for t > t m
 τ   τ 


(5)

where I is the impingement rate of water molecules; S is the sticking coefficient; τ, b are
constants; t – residence time; t m – the time taken to create an OH monolayer.

 t
ISτ 1 − exp −
 τ



  describes the water accumulation on the surface while the substrate is


passing the precursor zone.

 t
b exp −  describes the desorption process that takes place in the purging zone.
 τ
It is clear that if the abovementioned hypothesis is right, a varying deposition temperature
should have an effect on the presence of growth artifacts. Thus, in order to verify this, an
additional series of depositions was performed at 110 and 150 °C reactor temperature.
The results are shown in figure 28. Noticeably, increasing the temperature by only 10 °C
removes the excessive growth rate. Figure 28 also shows modeled curves calculated by
using Eq. 5 assuming an activation energy of 0.69 eV [98]. While the model exhibits a
good fit, it is not intended to be an accurate simulation of the deposition rate but it is
intended to show that a simple physical model of the processes going on in the
continuous ALD system can reproduce the anomalies which are observed in the growth
rate during deposition.
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Figure 28. Growth rate as a function of residence time at 100 – 150 °C
temperature range (experimental and modeled data).

B.

Comparison of ozone and water based processes

There are several ways to solve the problem mentioned in the last section. One would be
to extend the purging zone that would allow more time for water molecules to desorb.
But as the reactor geometry is usually fixed it is not practically possible to independently
change the purge times without changing precursor dose. To do so would require
physically changing the purging zone width which is constrained by the reactor size. The
substrate speed can be decreased to give more time for water molecules to desorb but that
would seriously impact on the process throughput.

Another way to eliminate the water adsorption problem is to use a different oxidizing
agent such as ozone or the excited atoms and radicals produced by oxygen plasma. Ozone
has been widely used for aluminum oxide ALD processes and has been found to be
beneficial for some applications. For example, substitution of water with ozone results in
better performance of Al 2 O 3 used as a dielectric [99] and in lower impurity levels [100].
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Another interesting and important question, especially considering future industrial use of
the technology is the ability of oxidizers to produce superior films at the highest possible
production rates. The current section is dedicated to a direct comparison between the
characteristics of water and ozone as oxygen sources for the Al 2 O 3 ALD process using a
Spatial ALD reactor. The results described in current section were obtained using the
second revision of the SALD reactor. Details on deposition conditions can be found in
the Experimental part of Paper III.

1. Reagent Concentration dependence

Before comparing the two processes it is essential to study their behaviour as a function
of reagent dosage. To do that, a series of runs was performed. Growth rate behaviour was
studied as a function of residence time (0.023 – 0.469 s) and precursor mass flows (18.8 353 mg/min of TMA; 21.6 -248 mg/min of H 2 O).

The resulting saturation curves are shown in figure 29. As expected, the curves are
displaced upwards with increasing flow rate until it reaches 160 mg/min of TMA and 176
mg/min for H 2 O (series D to B). Doubling the flow rates results in negligible further
increase of growth rate (series A).
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Figure 29. Variation of growth rate as a function of substrate residence time for Al 2 O 3 films
grown at 120°C of reactor temperature and precursor mass flows: A - 350 mg/min of TMA,

250 mg/min of H 2 O; B - 160 mg/min of TMA, 175 mg/min of H 2 O; C - 40 mg/min of
TMA, 40 mg/min of H 2 O; D - 20 mg/min of TMA, 20 mg/min of H 2 O.

Analysing the saturation curve the following conclusion can be drawn: there is negligible
variation of the growth rate at long residence times and high precursor dosages, which
confirms the ALD nature of the process. The growth rate value of 0.13 nm/cycle is within
the values obtained for Al 2 O 3 ALD process at this temperature; from a practical point of
view, the part of the curve at lower residence times is the region of interest as for high
production yields it is important obtain highest possible growth rates at possibly shortest
residence time. A fairly short residence time of 150 ms provides 0.11 nm/cycle for the
growth rate while an extremely short residence time of 23 ms results in a growth rate of
0.085 nm/cycle.
The variation of the refractive index shown in figure 30 suggests that the film density
reaches stable values at 150 ms of residence time. The lower refractive index values at
shorter residence times indicate a poorer film quality.
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Figure 30. Variation of the refractive index as a function of substrate residence time for
Al 2 O 3 films grown at 120 °C reactor temperature and precursor mass flows: A - 350 mg/min

of TMA, 250 mg/min of H 2 O; B - 160 mg/min of TMA, 175 mg/min of H 2 O; C - 40
mg/min of TMA, 40 mg/min of H 2 O; D - 20 mg/min of TMA, 20 mg/min of H 2 O.

The same approach was applied to study the TMA+ O 3 process. Ozone mass flows of 40
and 60 mg/min of O 3 were applied while the TMA flow was fixed at 160 mg/min.
Residence time ranged between 0.023 – 1.146 s. Figure 31 shows the resulting saturation
curves.
Both ozone mass flow rates provide almost identical growth rate behaviour except for the
long residence time region where the growth rate is slightly higher if 60 mg/min of O 3 is
used. Generally, it can be concluded that these dosages are sufficient for the process since
any further increase of the O 3 flow rate will not benefit the process performance.

The refractive index exhibits an essentially similar behaviour to that observed for growth
rate. In the saturated region it exhibits values in the range from 1.575 to 1.590 and drops
down to 1.545 for residence times lower than 200 ms.
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Figure 31. Variation of growth rate as a function of substrate residence time for Al 2 O 3 films
grown using TMA and O 3 at 120°C of reactor temperature.

Figure 32. Variation of refractive index as a function of substrate residence time for Al 2 O 3
films grown using TMA and O 3 at 120°C of reactor temperature.

The film density was estimated using Lorentz-Lorenz equation:
n 2 − 1 N A ρα
=
n 2 + 2 3Mε o

(6)

where n is the refractive index, N A is Avogadro’s number, M is the molar mass, ρ is the
density and α is the mean molecular polarizability [101]. This gives 2.85 and 2.77 g/cm3
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for the density of films grown using water and ozone, respectively, assuming an
electronic polarizability of 4.922 × 10−24 cm3 [102].
The Specific Precursor Dosage (SPD, mmol/m2cycle) was introduced as an additional
parameter that facilitates process understanding and process transfer between different
systems with similar working principles and geometry. The parameter was calculated
using the following formula:

𝑆𝑆𝑆𝑆𝑆𝑆 =

𝐹𝐹

(7)

4𝑀𝑀𝑀𝑀𝑅𝑅 2

where F is precursor mass flow, g/min; M is respective molar mass, g/mole; S is substrate
area (0.031 m2); R is the drum rotation speed, min-1.
Figure 33, 34, and 35 show the growth rate per cycle (GPC) and refractive index (RI) for
TMA, H 2 O and O 3 respectively. Saturation behavior is observed for all three precursors.
An SPD of 0.042 mmol/m2cycle is found to be critical for TMA with a respective growth
rate of 1.1 Å/cycle. An abrupt drop of GPC and RI is observed if SPD is applied below
the critical value. TMA+H 2 O requires 0.2 mmol/m2cycle of water to be applied to the
surface while, for the O 3 process, critical SPD is half this value (0.1 mmol/m2cycle).
The equation for the Redlich-Peterson Isotherm (RPI) was used to fit the results [103].

𝑄𝑄𝑒𝑒 =

𝑄𝑄𝑚𝑚𝑚𝑚𝑚𝑚 𝐾𝐾𝑅𝑅𝑅𝑅 𝐶𝐶𝑒𝑒
𝑛𝑛

1+𝐾𝐾𝑅𝑅𝑅𝑅 𝐶𝐶𝑒𝑒 𝑅𝑅𝑅𝑅

(8)

where Q e is amount of chemisorbed material mole/m2, Q max is maximum surface
capacity, mole/m2; K RP and n RP are the RPI constants; C e –is the equilibrium
concentration (in the present case equal to SPD), in mole/m2.
The experimental amount of adsorbed material Q e was calculated on the assumption that
growth rate is proportional to the surface coverage.

𝑄𝑄𝑒𝑒 =

𝑄𝑄𝑚𝑚𝑚𝑚𝑚𝑚 𝐺𝐺𝐺𝐺𝐺𝐺

(9)

𝐺𝐺𝐺𝐺𝐺𝐺𝑚𝑚𝑚𝑚𝑚𝑚

where GPC and GPC max are the equilibrium and maximum growth rates, respectively.

The solid line curves in figure 33a, 34a and 35a show modelled data that were calculated
using the RPI equation. The model exhibits a good fit with a correlation coefficient of
0.98 for TMA and 0.96 for water and ozone. All three curves were fitted with a power
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exponent n RP of 0.9 which suggest strong saturation behaviour and the absence of
uncontrolled condensation. The n RP value of one means that process follows ideal case
described by Langmuir equation while a zero n RP value turns the RPI equation into a
linear dependence which means condensation of the precursor on the substrate surface.

Figure 33. Variation of growth rate (A) and refractive index (B) as a function of applied
TMA dosage for Al 2 O 3 films grown at 120 °C of reactor temperature, and model fitting
using RPI constant n RP =0.90, correlation coefficient R=0.98. Squared marks – experimental
data; solid line – model fitting.
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Figure 34. Variation of growth rate (A) and refractive index (B) as a function of the applied
H 2 O dosage for Al 2 O 3 films grown at 120 °C of reactor temperature, and model fitting using
RPI constant n RP =0.90, correlation coefficient R=0.96. Squared marks – experimental data;
solid line – model fitting.

Figure 35. Variation of growth rate (A) and refractive index (B) as a function of applied O 3
dosage for Al 2 O 3 films grown at 120 °C of reactor temperature, and model fitting using: RPI
constant n RP =0.93, correlation coefficient R=0.96. Squared marks – experimental data; solid
line – model fitting.

2. Temperature dependence

Changing the process temperature may affect the process and film quality in multiple
ways including: (i) growth rate change; (ii) film properties; (iii) process kinetics; (iv)
undesirable artefacts which may appear such as excessive growth rates at low
temperatures.
Figure 36 shows saturation curves that were built in the 100 – 140 °C temperature range.
A noticeable change of growth rate was observed at 100 °C deposition temperature.
Lower reactor temperatures result in lower growth rates at short residence time while
depositions at substrate speeds faster than 15 rpm (150 ms of residence time) gives sharp
increase of growth rate and non-uniform growth rate. This effect was discussed in
previous sections. In turn, replacement of water with ozone completely changes the
process behaviour at temperatures lower than 100 °C. Figure 37 shows the results of
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TMA+O 3 deposition runs made in the 60 – 120 °C temperature range. Generally, ozone
as an oxidant provides a much more robust process and more repeatable results. It is
notable that the O 3 process at 60 °C exhibits slightly higher growth rate values than
higher temperatures. This may happen because of water formation as a by-product in the
oxidation step and its subsequent adsorption on the substrate surface [100].

The temperature dependence of the refractive index for H 2 O and O 3 oxidation chemistry
are shown in figure 38 and 39, respectively. The refractive index of the films decreases
with short residence times and low temperatures indicating a lower density and possibly
poorer moisture barrier properties.

Figure 36. Growth rate as a function of residence for Al 2 O 3 (TMA+H 2 O) films
grown at a temperature range of 100 °C – 140 °C. Data points of 100 °C series at shorter
residence are not shown due to a harsh CVD effect and uneven film deposition.
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Figure 37. Growth rate as a function of residence for Al 2 O 3 (TMA+O 3 ) films
grown at a temperature range of 60 °C – 120 °C.

Figure 38. Refractive index as a function of residence for Al 2 O 3 (TMA+ H 2 O) films
grown at a temperature range of 100 °C – 140 °C.
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Figure 39. Refractive index as a function of residence for Al 2 O 3 (TMA+O 3 ) films
grown at a temperature range of 60 °C – 120 °C.

3. Water vapour transmission measurements

To test the moisture barrier performance of the coatings, 20 nm thick Al 2 O 3 films were
grown on PEN Teonex Q65FA polymer foils. Specific substrate rotation speeds and
deposition temperatures were chosen to test favourable, moderate and non-favourable
conditions. Table 2 and 3 summarize the experimental parameters and results of water
vapour transmission rate measurements for the water and O 3 based processes,
respectively.

Table 2 Water vapour transmission rate of 20 nm of Al 2 O 3 deposited on PEN Teonex using
TMA and H 2 O as precursors, in mg/m2day.
T, °C

100 rpm

20rpm

5rpm

120

3.76

0.41

0.64

100

NA

0.70

<0.05*

*Sensitivity level of MOCON Aquatran model 2
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Table 3 Water vapour transmission rate of 20nm of Al 2 O 3 deposited on PEN Teonex using
TMA and O 3 as precursors, in mg/m2day.
T, °C

100 rpm

20rpm

5rpm

120

0.68

0.33

0.40

100

2.39

0.56

0.64

80

64.38

0.7

0.65

60

1177

2.53

0.38

As expected, favourable coating conditions yield better results and lower WVTR values.
The high temperature run at substrate rotation speeds up to 20 rpm provides good quality
coatings with WVTR level of 10-4 g/m2day. Films with lowest WVTR of 5x10-5 g/m2day
were obtained at 100 rpm and 100 °C using water as an oxidant. In turn, the ozone based
process gave good results at temperatures ≤100 °C where the water based process fails
completely. The use of ozone helps to achieve excellent barrier properties for films
coated at 5 and 20 rpm through the entire temperature range. Very low WVTR values of
0.68x10-3 g/m2day were obtained even at 100 rpm substrate speed. However, the film
quality deteriorated at lower temperatures for high speed runs – 100 rpm and 60 °C does
not result in any improvement of the WVTR compared with the bare polymer.

C.

Roll-to-roll ALD

As has been mentioned in the Introduction section, the final aim of the research project
was scaling up the SALD process in order to increase its through-put compared to
conventional ALD. Therefore, the implementation of SALD into the roll-to-roll coating
mode is a logical and obvious continuation of technology development. A roll-to-roll web
coating system was developed and manufactured in conjunction with Beneq Oy
(Finland). All tests and process development were carried out in ASTRaL, Lappeenranta
University of Technology, Mikkeli, Finland.
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1. Basic process studies

The current section describes initial test results that were acquired with a roll-to-roll ALD
system. Process conditions are outlined in the Materials and Process section of Paper IV.

In the first place, it is essential to check the growth mechanism when establishing a new
process. A series of depositions was carried out using residence times in the range of 49 –
609 ms, corresponding to 0.4–0.02 m/s of coating head speed. The parameters used for
the tests are shown in Table 4.

Table 4 Deposition parameters for building saturation curves.

Coating head

Residence time,

Web handling

ALD

Growth rate,

speed, m/s

ms

speed, m/min

cycles

Å/cycle

0.02

609

0.05

580a

1.10

0.03

410

0.044

500

1.06

0.06

211

0.059

700

0.81

0.1

132

0.083

800

0.75

0.2

75

0.117

1000

0.59

0.4

49

0.119

1500

0.494

a

Web sample was guided 2 times through the coating zone to achieve a large enough number of

cycles for easy film thickness measurement.

The resulting saturation curve is shown in figure 40. The curve shows the dependence of
the growth rate on residence time.
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Figure 40. Al 2 O 3 growth rate as a function of residence time. Films were grown at
105°C process temperature and 5 l/min of N 2 carrier for each precursor containing 0.6%
of TMA and 11% water (volume fraction).

From the graph it can be seen that growth rate stabilizes at 410 ms of residence time or
0.03 m/s of coating head speed. The respective growth rate is 1.1 Å/cycle which is in
agreement with previous results [Paper I, III] and conventional ALD studies [21].
It is important to verify the growth rate uniformity, especially when using wide
substrates. Deviation of the thickness profile could mean flow distribution imperfections.
Extra growth rate would mean a local CVD effect and lower growth rate could mean
insufficient precursor flow. 70 nm of Al 2 O 3 was deposited on Ti coated web and the
thickness profile was measured by spectroscopic ellipsometry. An image of the sample is
shown in figure 41. Spectroscopic ellipsometry confirmed uniform coverage with ±5%
thickness deviation across the substrate width.

Figure 41. Image of a section of Ti metalized PET substrate coated with 70 nm of Al 2 O 3 .
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Barrier properties

2.

Finally, the barrier performance of the coating was assessed in order to verify its quality.
20 nm of Al 2 O 3 were deposited on PEN OPTFINE® (125 µm thickness) using range of
coating head speeds specified in Table 5. It is important to note that the sample for
WVTR measurements was cut off before it reached the rewinding reel to avoid possible
mechanical damage to the film during rewinding.

Table 5 Deposition parameters for 20 nm Al 2 O 3 coatings on PEN.

Residenc

Growth

e time,

rate,

ms

Å/cycle

0.4

49

0.2

Coating head

SPD TMA

Web speed,

WVTR,

D cycles

m/min

g/m2 day

0.494

405

0.44

0.01043

1.12

75

0.59

339

0.35

0.00188

1.70

0.1

132

0.75

267

0.25

<0.0005

3.01

0.06

211

0.81

247

0.17

<0.0005

4.80

0.03

410

1.06

189

0.11

<0.0005

9.33

speed, m/s

AAL

dosage mg/m2
cycle

Figure 42 shows the WVTR data plotted against residence time. Excellent barrier
properties were obtained for samples deposited using long and moderately short
residence times (400 – 132 ms). The measured WVTR values were below the sensitivity
level of the MOCON Aquatran Model 1 system. Shortening the residence time leads to a
gradual increase in moisture transmission rate up to 10-2 g/m2day. A residence time of
132 ms corresponds to an SPD of ~3 mg/m2 or 0.042 mmol/m2cycle which was found to
be critical for the SALD process [Paper III].
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Figure 42. WVTR data and respective specific precursor dosage as a function of
residence time.
To overcome the sensitivity limitation of the Aquatran system, a Ca test was employed to
measure WVTR values of the samples. For that purpose, Ca/Al 2 O 3 /PEN structures were
produced as described in the Experimental section. 20 nm of Al 2 O 3 were deposited at a
coating head speed of 0.1 m/s and 0.25 m/min of web speed.
Figure 43 shows an image of the Ca test setup. The encapsulated area is marked with a blue
square and therefore only parts of the sample marked with “A” and “B” were considered
for the trials. The samples were placed into a climate chamber at 40 °C/90% RH initially
for 185 hours. The absence of pinholes and lack of change in the optical transmission of
the samples allowed the use of harsher conditions and continuation of the test for another
800 hours at 85 °C/85% RH.

Figure 44 shows images of the sample over time: (a) after 185 hours at 40 °C/90% RH; (b)
after 470 hours at 85 °C/85% RH; (c) after 800 hours at 85 °C/85% RH. No change in
optical density was observed for the sample throughout the test. At the same time, oxidation
can be clearly seen on non-encapsulated areas. However, some oxidation occurs at the edge
areas of the sample “A” and “B” (figure 43) due to lateral penetration of moisture through
the sealant.

Additionally, the absence of degradation due to local defects in the barrier film was
confirmed by optical microscopy. The estimated WVTR is ~3 x 10-5 g/m2day at 38 °C/90%
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RH and ~5 x 10-6 g/m2day at 20 °C/50% RH. These figures confirm the superior barrier
properties of the coatings.

Figure 43. Partially laminated Ca-test wafer. The size of the barrier foil is shown by the
overlapped blue contour. Only areas A and B were considered in the WVTR evaluation
because they were completely covered with the ALD barrier.

Figure 44. Samples subjected to accelerated Ca test: a) after 185 hours at 40 °C/90% RH;
b) 468 hours at 85 °C/85% RH; c) 800 hours at 85 °C/85% RH.
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IV. Conclusions

The aim of the present studies was to increase the production rate of the ALD process by
implementing the SALD concept. For this purpose a prototype system was built in order
to test the feasibility of the SALD approach and to study the basic properties of the
process. The development work was done using TMA+H 2 O chemistry. It was
demonstrated that thin film deposition based on the SALD approach is possible and
inherits all the basic properties of the ALD process. The growth rate per cycle of 0.1 nm
is similar to batch ALD for Al 2 O 3 process. ALD’s hallmarks such as self-limiting and
linear growth rate were demonstrated as well.

Nevertheless, the process possesses some artefact such as an extra growth rate at certain
rotation speeds of the substrate. In relation to this question, such effects as gas
entrainment and excessive water physisorption were studied. Flow distribution in the
reaction chamber was studied by employing He as a tracing gas. Studies revealed that
there is formation of a near-surface boundary layer which is a means of transport of
gaseous precursors between the zones that can lead to CVD extra growth. Nevertheless,
this occurs at rotation speeds much greater than were used for actual deposition. The
effect of excessive water adsorption on the substrate was modelled. It was shown that due
to low deposition temperature and slow desorption rate, the presence of extra water on
the surface leads to anomalous growth rate values and non-uniform deposition. Both
model and experiments confirm that deposition temperatures above 100 °C should be
used in order to avoid this effect.

Additionally to water, ozone was evaluated as an alternative oxidizer. The kinetics of
both chemistries were directly compared and evaluated. The influence of reactor
temperature, residence time and precursor flows on the deposition process were
investigated. Using water as an oxidizer helps to achieve higher growth rates and
refractive index values. At the same time the production of good films at temperatures
below 100 °C fails. In contrast to water, ozone based chemistry performed very well at
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temperatures as low as 60 °C. Generally, both oxidation chemistries provide high quality
barrier films with WVTR values of 10-4 g/m2day.

Based on the acquired experimental data and practical knowledge, a pilot roll-to-roll
SALD coating system was built. Self-limiting behaviour of the process was demonstrated
indicating the ALD nature of the process. Uniform coatings were obtained on the 500
mm width substrate with a thickness deviation of ±5%.

In order to evaluate the barrier performance of the films 20 nm of Al 2 O 3 were deposited
on PEN substrate at web speeds up to 0.44 m/min. The barrier performance of
Al 2 O 3 /PEN structures was evaluated using WVTR coulometric and calcium tests. The
lowest transmission rate of 5x10-6 g/m2day was obtained for films coated at 0.25 m/min
of web speed. This is equivalent to 180 m2 of coated web per day.

Generally, SALD coating systems provide a very robust process and repeatable results. It
was shown that the SALD concept allows a dramatic increase in production yield
compared to conventional ALD without affecting the quality of the films. Barrier films
synthesized with SALD technology satisfy the stringent requirements for encapsulation
of flexible electronic devices.
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a b s t r a c t
A new design of atomic layer deposition (ALD) system for deposition on to moving ﬂexible substrates
has been demonstrated. The basic design is a cylindrical drum to which the substrate is attached which
rotates inside a reaction chamber ﬁtted with a number of different precursor and purge zones. It is
intended as a vehicle for determining the parameters which are important in the design of a roll-to-roll
ALD system. The system shows that deposition takes place according to the typical ALD model where
there is dose saturation above a certain dose levels and that the thickness of ﬁlm deposited is proportional
to the number of ALD cycles carried out. The deposition rate for a reaction temperature of 100 ◦ C is
∼1 Å/cycle. Good uniformity across the width of a 300 mm × 100 mm ﬂexible substrate is demonstrated.
The deposition process shows some deviations from classical ALD behaviour which can be understood
taking into account the movement of the substrate.
© 2011 Elsevier B.V. All rights reserved.

1. Introduction
Atomic layer deposition (ALD) is a technology which can deposit
very high-quality thin ﬁlms which have extreme uniformity even
on three-dimensional structures, high density, low porosity and
freedom from defects. ALD is the method of choice in depositing
high-k dielectrics in microelectronics [1] and shows very promising results in area such as gas barrier layers for encapsulation [2],
sensors [3] and protective coatings [4]. More details of applications
and capabilities can be found in various reviews [5–7]. These desirable characteristics are brought about by the nature of the ALD
process which is based on sequential surface reactions between
active chemical groups bonded to the substrate surface and precursor molecules. The gas ﬂow sequencing ensures that there is an
inert gas purge process between the exposure of the substrate to
the active precursors, which removes any non-attached species and
prevents any gas phase reactions. Detailed explanations of the ALD
process can be found elsewhere, for example, in Ref. [8].
The typical ALD process requires ﬁlling the reaction chamber
with precursor so that the surface reactive sites are saturated, purging away the excess, ﬁlling with the second precursor and purging
away the by-products. This sequence constitutes one cycle of the
process and, in principle, forms a monolayer deposit on the surface. The required ﬁlm thickness can then be obtained by repeating
the process the appropriate number of times. The cycle time is
determined by (i) the chemical reaction time at the surface, (ii) the
reactor ﬁlling time and (iii) the reactor purging time. The limiting

∗ Corresponding author. Tel.: +358 40 836 93 08.
E-mail address: philipp.maydannik@lut.ﬁ (P.S. Maydannik).
1385-8947/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
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factors here are typically the reactor ﬁlling and purging times since
the chemical reaction time is normally very short. This has limited
the possibility of commercialisation, even though ALD has shown
promising results in many areas. In particular, where barrier layers
are needed for encapsulation and packaging purposes, a continuous roll-to-roll process is necessary in order that the encapsulation
can be integrated into the production process in an efﬁcient way.
A continuous process system can be envisaged where, instead of
using a stationary substrate and a time sequence of pulses of precursor and purge gases, the gas ﬂows can be separated spatially in
different zones and the time sequencing can be achieved by moving
the substrate between the zones. Several patents have been granted
using this approach [9–12]. There have been some recent developments using this concept which have shown promising results.
Levy et al. [13] and Poodt et al. [14] have demonstrated atmospheric
pressure systems using rigid substrates and Dickey and Barrow [15]
has described a roll-to-roll process based on guiding a 100 mm wide
plastic web through different gas zones as many times as is desired
to achieve a given number of cycles at speeds of 0.2–10 m s−1 .
In this paper, we report the results obtained from a new design
of continuous ALD (CALD) system for coating ﬂexible substrates.
The tool was designed to evaluate the behaviour and characteristics of a moving ﬂexible substrate system in order to facilitate the
development of a true roll-to-roll process.
2. Experimental details
The main feature of the CALD system is a rotating aluminium
drum 100 mm diameter and 130 mm height to which a thin ﬂexible substrate of 300 × 120 mm size can be ﬁtted. This drum rotates
in a heated cylindrical reaction chamber which is equipped with
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Fig. 1. Schematic radial cross-section of the continuous ALD system.

four vertically aligned slits to allow the inlet of two precursor and
two purge gases, with four exhaust slits in the intermediate spaces.
The exhaust slits are connected to a rotary vane vacuum pump.
A schematic diagram of this layout is shown in Fig. 1. The spacing between the slits and rotating drum is 1 mm and was chosen
on the basis that on the one hand, small reactor volume would
decrease the precursor consumption and make the gas separation
more efﬁcient; while on the other hand large spacing would make
mechanical assembly easier because of the need to avoid any drum
vibrations affecting the reactor volume and as a result the ﬂow
dynamics. Moreover, large spacing gives more freedom in choosing
the substrate thickness without affecting the process.
The cylindrical reaction chamber is mounted in a cold wall vacuum vessel. The reaction chamber temperature is varied using
radiant heaters. An axial cross section of the reaction chamber is
shown in Fig. 2. The principle of operation is as follows: as the drum
rotates, the substrate is led through the various gas zones formed by
continuous ﬂows between respective precursor and exhaust slits –
see Fig. 1. The purge zones and exhaust lines serve to isolate the
precursor zones so that no gas phase mixing occurs between the
precursors. One rotation of the drum is equivalent to one cycle of
the ALD process. Additional gas ﬂows can be set from top and bottom to ensure precursor conﬁnement and stop precursor leakage
from the ends of the drum. The drum is rotated by a servo motor
and the maximum frequency used was 250 rpm. The CALD system
was manufactured by Beneq Oy.
The system was tested using the well studied trimethylaluminium (TMA) and water ALD process for aluminium oxide. This

Fig. 2. Schematic axial cross-section of the continuous ALD system.

process was chosen because it is extremely sensitive to unwanted
mixing of the precursors and the presence of residual water vapour.
It is therefore a good vehicle for showing up imperfections in the
process. The process was carried out at a reaction temperature
of 100 ◦ C using heated precursors and heated gas lines to avoid
any condensation of the precursors. The TMA was 98% purity and
deionised water with a conductivity of 0.056 S cm−1 was used.
The precursor ﬂows were adjusted with respective needle valves
so that there was no noticeable deposition while the substrate was
at rest. The ﬂows were estimated by measuring the precursor mass
consumption and were approximately 1 and 10 sccm for TMA and
water, respectively. Total deposition pressure was ∼1 mbar with
precursor partial pressure of 0.1 mbar. The purge gas was nitrogen
with a purity of 99.999% with total ﬂow of 100 sccm. It should be
noted that no additional gas ﬂows from the top and bottom of the
drum were used. Films were deposited on ﬂexible silicon pieces and
on PET sheets of size 300 × 120 mm. The PET sheets were previously
metallised with sputtered titanium, purely as an aid to visibility
of the coatings and ease of analysis. Film thickness measurements
were carried out by spectroscopic ellipsometry using a J.A. Woollam
M2000FI.

3. Results
The main goal of the present studies was to verify that the
growth mechanism was indeed ALD and to detect any effects due
to the movement of the substrate. In conventional systems, the
mechanism is assumed to be ALD if the growth process is shown
to be self-limiting, that is the growth rate becomes independent
of precursor dose above a certain dose level – so-called saturation
behaviour. Film growth rate which is strictly independent of the
number of growth cycles (except perhaps for an initial nucleation
period) is also necessary. In a batch system, precursor dose can
be varied by altering the gas pulse time or by changing the precursor partial pressure. In the CALD system, dose variation can be
achieved by changing the time that the substrate is exposed to the
precursor gas zones – which we have designated the “residence
time”. This is achieved by changing the rotation speed. Varying the
precursor ﬂow rates can also be used to change dosing but that
may have consequent effects on the overall gas ﬂow pattern and
cause unreacted precursors to leak out from the reaction zone in the
drum. These effects will be explored in future work. It is assumed
that the residence time is approximately the time it takes the substrate to travel through a 90◦ sector of the reaction chamber, that
is, between exhaust slits. Thus 60 rpm corresponds to a residence
time of 250 ms.
Films were deposited using 1000 rotations at speed range
from 10 to 250 rpm corresponding to total process time range of
100–4 min respectively. Fig. 3 shows the growth rate per cycle as
a function of the residence time. At ﬁrst sight, the behaviour looks
very complex but it can be understood by considering three regions:
region 1 for residence times above 300 ms, region 2 for residence
times below 120 ms and region 3 between these values. In region
1, the deposition rate is relatively constant but shows a gradual
increase as the residence time increases. The gradual increase may
be indicative of a partly CVD-type process taking place. However,
even in conventional ALD using TMA and water, the growth rate
does not perfectly saturate but continues to increase slowly as the
precursor dose is increased, probably due to more complete surface saturation at longer exposure times. The range of the gradual
increase of deposition seen here is typical of the behaviour reported
[16] for these processes. Taking 300 ms as the point where saturation occurs (as indicated by the start of the curve showing stable or
gradually increasing deposition per cycle), this indicates a deposition rate due to ALD of 0.97 Å per cycle. The slope of the growth rate
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Fig. 4. Film thickness as a function of number of rotations.

Fig. 3. Growth rate per cycle as a function of substrate residence time for 1000 cycles
deposition.

curve at longer residence times indicates an additional component,
either due to CVD or to the non-ideal behaviour of the TMA – water
process, as mentioned above, of ∼0.2 nm min−1 . For the purposes of
this discussion it will be referred to as a CVD component, regardless
of its actual cause. The deposition rate due to ALD is comparable to
that of a conventional process using the same reaction [17]. Region
2 can be understood if it corresponds to the region where insufﬁcient dose of precursor is applied to the substrate because the
residence time is too short. This can lead to incomplete coverage
of the substrate surface with precursor. This is also typical of the
conventional ALD process. The slope of the curve in this region
conﬁrms that the deposition rate is approximately proportional to
the residence time, as would be expected from incomplete saturation. Region 3 is somewhat more complicated. As residence time
reduces, the deposition rate shows an initial increase followed by
a sharp decrease. A possible explanation for this behaviour can be
constructed if we consider the different processes which are occurring in the deposition and purge zones. This question is explored
further in Section 4 below.
As was mentioned above, a feature of an ALD process is that the
ﬁlm thickness is strictly proportional to the number of deposition
cycles. Fig. 4 shows the ﬁlm thickness as a function of the number of
cycles for two rotational speeds, 20 and 50 rpm. It can be seen that
both processes are linear with a zero intercept. An important feature of conventional ALD is the uniformity of ﬁlm thickness across
the substrate. Fig. 5 shows the ﬁlm thickness across the width of the
substrate for ﬁlms obtained from 20 to 50 rpm for 1000 cycles. From
20 to 40 rpm (750–375 ms of residence time) the ﬁlms show good
uniformity across the substrate. At 50 rpm (300 ms of residence
time), however, it can be seen that there are deviations towards
each edge of the substrate. Part of the reason for this is due to the
design of the reaction chamber. In the current design, the inlet and
outlet slits are 10 mm narrower than the width of the substrate
so there will be an edge zone where the gas ﬂows are different. A
detailed explanation is given in Section 4.

reduces below this saturation level. At high and low residence times
the growth behaviour has been observed corresponds to this with
addition of a CVD-type component discussed in Section 3. However there is anomalous extra growth which must be explained.
An important factor could be gas entrainment by the moving substrate. It has been reported that the relative movement between a
surface and a gas gives rise to a near-surface boundary layer with
thickness inversely proportional to the square root of the relative
velocity [18].
Put simply, the contribution of gas entrainment to the process can be explained by the following relations: (i) formation of
a boundary layer with thickness reducing as speed is increasing.
Thus, the amount of material that is being dragged per one revolution is decreasing at higher speeds; (ii) at the same time, the
boundary layer is disrupted while passing the purging zone. The
level of disruption is proportional to the time during which the
substrate is exposed to the purging zone, that is, inversely proportional to speed. If we assume that, at a certain speed, on the
one hand the boundary layer is thick enough to entrain enough
precursor to cause extra growth, while on the other hand the purging is already not effective enough to remove it because substrate
exposure time is short, than some of the reactant contained in the
boundary layer is transferred to the opposite precursor zone. As

4. Discussion
An “ideal” ALD process should have a deposition rate independent of residence time, above the saturation dose, and a deposition
rate which decreases approximately linearly to zero as the dose

Fig. 5. Film thickness as a function of position across the polymer sheet.
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a result we can expect precursor intermixing, a chemical reaction
and excess growth. This hypothesis has been illustrated using the
relation between substrate speed and boundary layer thickness,ı,
[18]



ı∼

1
Vs

Where Vs is the substrate speed. Thus the dependence of concentration of the reactant in the boundary layer is proportional to ı which
is then proportional to the square root of the substrate residence
time since residence time is inversely proportional to substrate
velocity. Based on the assumption that both boundary layer and
purging N2 are ﬂowing in the laminar mode, and the boundary layer
removal in the purge zone can be described by Fickian diffusion of
reactant from the boundary layer into the pure N2 of purging ﬂow,
an inverse relation between substrate exposure time to the purge
gas and reactant residue can be assumed. These tendencies and
the resulting curve are depicted in Fig. 6. The curve referred to as
“boundary layer thickness” shows the magnitude of the variation
in thickness as a function of residence time and rotational speed.
The curve referred to as “purge inefﬁciency” shows the relation
between relative residue concentration in the boundary layer after
the substrate has passed through the purging zone and the residence time in the zone. If the amount of material being dragged
through is multiplied by the fraction that is not purged from the
boundary layer, the curve referred as “resulting effect on growth”
will show the dependence of the extra growth caused by the gas
entrainment effect on residence time or rotational speed. Note that
this “resulting effect on growth” is not meant to accurately model
the actual behaviour but merely to indicate how the physical processes taking place could feasibly cause the real behaviour which is
seen. If we add the ideal ALD process curve where saturation occurs
at 300 ms residence time, a component due to CVD or non-ideal
behaviour mentioned in Section 3, and an additional component
due to gas entrainment as argued above, resulting curve approximately reproduces the shape of the measured data as shown on
Fig. 7.
As has been mentioned the inlet and outlet slits are 10 mm narrower than the substrate width at each side. It is obvious that at
these edge zones, purging ﬂows are much lower than at the 100 mm
central region. This will inﬂuence the purging efﬁciency and it can

Fig. 7. Contributing factors to growth rate behaviour as a function of residence time.

be expected that excess growth attributed to the gas entrainment
effect appears at lower speeds than for the central area. That is what
is observed in Fig. 5 at 50 rpm of substrate rotation speed and supports our proposed explanations of anomalous behaviour of growth
rate.
5. Conclusion
A novel prototype continuous ALD system has been demonstrated for coating on ﬂexible substrates. The deposition per cycle
of ∼1 Å is similar to conventional ALD for the TMA + water process at the same deposition temperature. The process has shown
typical ALD behaviour, that is, dose saturation (albeit with a small
dose dependent component), constancy of deposition rate per cycle
and ﬁlm thickness uniformity over a large area. It has also demonstrated other anomalies under certain process conditions which
can be understood by considering gas entrainment and purge inefﬁciency processes which are dependent on rotational speed. This
system has shown itself to be a good test-bed for researching the
uniformity and throughput factors which will be important in a
roll-to-roll process based on this type of design. It has also demonstrated that additional process factors become signiﬁcant when a
moving substrate system is used.
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Spatial atomic layer deposition (ALD) on moving substrates has recently been the subject of
increasing interest and development. Recent results of deposition on flexible substrates in a
cylindrical rotating continuous ALD system showed that in certain regions of operation, deviations
from ideal ALD behavior occurred showing excess deposition during the trimethylaluminium
(TMA)/water process for aluminum oxide. It was speculated that this was due to boundary layer
gas entrainment at the surface of the moving substrate and consequent drag-through of precursors
between the different precursor vapor zones. In this paper a study has been made of these gas
entrainment effects by using helium as a tracer gas to determine how the transport between zones
takes place. A simple model of the process based on physical principles has been constructed
which replicates the observed helium transport behavior in the boundary layer. Based on this, it has
been shown that gas entrainment is not the reason for the anomalous excess growth in this system.
As an alternative explanation, adsorption of excess water molecules on the substrate surface and
their carry over to the TMA zone has been proposed as the cause of the anomalous growth. A physical model for this process has been constructed and it has been shown that simulations based on
C 2012
this model reproduce the observed behavior over a range of substrate temperatures. V
American Vacuum Society. [DOI: 10.1116/1.3662861]

I. INTRODUCTION
Atomic layer deposition (ALD) has been shown to be a
very promising technique for various applications where
dense and nonporous thin films with extreme thickness control are needed.1 These features are brought about by the nature of the ALD process. Film deposition is carried out in a
step-by-step manner and growth is limited by process chemistry. At first sight, ALD is very similar to the chemical
vapor deposition (CVD) technique. However, in contrast to
CVD, deposition occurs not due to reaction between incoming precursors and subsequent condensation of the reaction
products on a surface, but via the reaction between the precursors and the surface species of the substrate. This can
bring extreme thickness control and perfectly uniform surface coverage over the substrate area. The typical ALD system consists of vacuum chamber where the substrate is at
rest. Pulses of precursors and purge gases are controlled by
pulsing valves and the excess gases and by-products are
removed by a vacuum pump. Precursor pulsing is performed
in such a way that only one of them is in the reaction chamber at any time. This avoids any reaction between them
which would cause a CVD process. To ensure proper precursor separation either, excess precursors are removed by a
pulse of an inert purging gas such as nitrogen or by pumping
the chamber down to pressures at which the precursor concentration is negligible.
Unfortunately, the conventional ALD scheme is not able
to provide very high deposition rates as it is limited by
precursor filing and purging times. High throughput is
a)
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achievable only by using large batch mode systems which
can coat a large number of substrates at the same time. For
industrial utilization, particularly with flexible substrates, a
continuous roll-to-roll process is necessary. This requires a
“spatial ALD” concept in which a mobile substrate travels
between each gas zone which is permanently filled with the
particular precursor or purge gas. The zones are allocated so
that when substrate passes through them in sequence film
deposition occurs as in conventional ALD. The important
advantage of the concept is that it allows coating of continuous flexible web materials which is not possible when using
the conventional process. In the spatial ALD system, the
issue of gas separation between the various zones becomes
very challenging since precursors are fed to them simultaneously and there can be no impermeable physical barrier
between them.
The spatial ALD concept has been successfully implemented by several research groups. Description of those can
be found elsewhere.2–4 Our implementation of this concept
is the result of collaboration between the Advanced Surface
Technology Research Laboratory (ASTRaL), Lappeenranta
University of Technology, Finland, and Beneq Oy, Finland.
This system, known as continuous ALD (CALD) was built
as a test bed for optimizing the parameters and obtaining
process understanding as well as to prove feasibility of technical concept as a precursor to development of a roll-to-roll
system.
The CALD system features a cylindrical-shaped aluminum reactor and a 100 mm diameter aluminum rotating
drum centered inside. The volume between the reactor and
the rotating drum forms the reaction space. The reactor has
overall eight slit-shaped gas ports—four inlet and four outlet
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ported from one zone to another as a part of a near-surface
boundary layer. This procedure was outlined in a previous
paper.5
The current paper deals with detailed studies of the gas
transfer between the reactor ports under conditions which
simulate the ALD process and then a comparison between
these results and a model of the effect of mass transfer in the
gas boundary layer in the CALD reactor. It is shown that the
growth anomaly cannot be explained by gas entrainment
effects. However, an alternative model based on the desorption rate of excess adsorbed water has been shown to closely
reproduce the observed behavior.
FIG. 1. (Color online) Flow scheme for the CALD reactor of TFS 200 R system: 1—precursor flow; 2—purging flow.

arranged symmetrically around the reaction chamber, as
shown in Fig. 1. Precursors and purge gases are injected continuously through their respective ports and extracted from
the exhaust ports. The purge zones act as a gas barrier to prevent intermixing of precursors. One ALD cycle is provided
by one rotation of the drum with the substrate mounted in it
through the gas zones. A detailed description of the system
is given in Ref. 5.
The tool provides deposition in true ALD mode and has
shown itself to be a good vehicle for studying the continuous
process. However, a growth anomaly was observed during
the deposition of aluminum oxide using trimetylaluminium
(TMA) and water as precursors. The anomaly shows up as
excess growth rate within a certain range of substrate rotation speed. This is shown in Fig. 2. The growth rate increases
above the normal, expected rate which is indicative of CVD
type of growth due to precursor intermixing. In the light of
the fact that this excess growth was observed only when substrate was rotating, precursor intermixing was believed to be
caused by gas entrainment in which precursors can be trans-

FIG. 2. Growth rate curve of Al2O3 films deposited at 100  C.

II. EXPERIMENT
The measurements were carried out using a Beneq
TFS200R ALD reactor. Two types of experiments were
done: one series with He as a tracing gas and the other series
with actual deposition of Al2O3. For the first series, there
were no precursors used but the flow of one of the precursors
was replaced by helium (99.996%, Aga). A radial crosssection of the cylindrical reaction chamber indicating the helium injection and measurement ports is shown on Fig. 3.
Helium, without any carrier gas mixture, was injected into
the reactor via one precursor inlet with the same partial feeding pressure that was used for the ALD precursor (0.1 mbar).
A helium leak detector Smart Test HTL 560 (Pfeiffer Vacuum) was connected via a needle valve to an exhaust port.
The helium leak rate was measured at each exhaust port as
function of substrate rotation speed and purging flow. The
signal was recorded as an average during 5 min rotation session. The background signal was recorded between each session to avoid any mistake due to background concentration
change. Nitrogen (grade 99.999%, Aga) was used as the
purging gas. Tests were carried at chamber temperature of
100  C to reproduce the typical situation during deposition.
Measurements were made with rotation speed up to 900 rpm.
The aluminum oxide deposition was carried out using
TMA (98%, Volatec Oy, Finland) and deionized water as

FIG. 3. Scheme of the experimental setup for gas transfer studies. 1—main
gas flow; 2—additional gas flow provided by gas entrainment; 3—mass
spectrometer.
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precursors and the reaction temperature was varied from 100
to 150  C. Both precursors were delivered to the reactor due
to their own vapor pressure without any carrier gas. Accurate
measurements of growth rate were made by depositing on
flexible silicon pieces and measuring the thickness using a
spectroscopic ellipsometer (F2000UI, J W Woollam). Further details of the deposition conditions are given in Maydannik et al.5
III. RESULTS AND DISCUSSION
The rate of helium flow into the detector mounted on
port 1 (immediately adjacent to the He inlet port in the
direction of substrate movement—see Fig. 3) as a function
of rotation speed for three different purge gas flow rate is
shown on Fig. 4. As rotation speed increases, the He signal
increases in a sublinear manner. The He signal can be considered to consist of two components. The main component
is the result of He leakage from high pressure inlet to low
pressure exhaust through the reaction space and across the
ends of the rotating drum. This component is assumed to
be constant as a function of rotation speed for a given purging flow. An additional component comes about by gas
entrainment effects. This component depends on the width
of the boundary layer dragged by the substrate and the relative speed between the gas and the moving substrate surface. It is to be expected that as the rotation speed
increases, more He will be trapped in the boundary layer
and reach port 2 while the rotation will prevent leakage
back to port 4. This behavior can be modeled by using the
following argument.
The width of the boundary layer is inversely proportional
to the square root of relative velocity between the gas and
the moving substrate. For simplicity, we have ignored the
gas flow velocity in this simulation. This may change the
absolute values of the He flow detected but is not likely to

FIG. 4. Measured and calculated data for He signal on port 1 with 100, 200,
500 sccm of N2 purge flows at 100  C.
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TABLE I. Parameters for model fitting at port 1.
Purge flow rate (sccm)
100
200
500

B

A

0.002044
0.002800
0.004153

1.27
1.57
2.35

significantly change the general trend in behavior. Moreover,
the He flow detected is not an absolute quantity since the
detector is only sampling the exhaust gas stream through a
leak valve and can therefore not be accurately calibrated.
The width of the boundary layer, w, is given by6
1
w / pﬃﬃﬃ ;
v

(1)

where v is the relative linear velocity of the moving surface
and the purge gas. However, the quantity of gas arriving at
the exhaust port per unit time due to the boundary layer, Qb,
is proportional to the width of the layer multiplied by the
substrate velocity, that is,
pﬃﬃﬃ
(2)
Qb / wv / v:
So, the total He signal at port 1 can be modeled as
pﬃﬃﬃ
Q 1 ¼ A þ B v;

(3)

where A and B are constants for a given speed. A refers to
the constant leakage
This will also be affected by the purge gas flow rate
which will alter the gas flows and change the likelihood that
He will pass into the purge zone thus A and B will depend on
purge gas flow rate. Figure 4 shows the experimental and
calculated data for port 1 at 100, 200, and 500 sccm of purging flow. The modeled curve shows a reasonable fit to the
experimental data although with some deviation at lower
rotation speeds. The coefficients A and B are displayed in
Table I.
The He signal measured at port 2 is shown in Fig. 5. The
He entering the purge zone after port 1 will be the amount
which is able to resist extraction at the exhaust, does not exit
at port 1and is therefore carried into the purge zone. Of the
He which enters this purge zone, a fraction of it will be
removed as it desorbs and diffuses out of the boundary layer.
Thus the signal measured at port 2 will be proportional to
the signal at port 1 multiplied by the probability of its removal in the purge zone plus a leakage term independent of
rotation speed. The removal of He from the boundary layer
in the purge zone is based upon two further assumptions:
pﬃﬃﬃ
(1) As before, boundary layer width w / 1= v; where v is
the relative linear velocity of the moving substrate surface and the purge gas.
(2) Precursor concentration falls linearly from maximum at
the substrate surface to zero at the boundary layer edge.
This enables a very simple expression to be obtained for
the rate of diffusion out of the boundary layer. In practice, there may not be a linear variation but if, for
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TABLE II. Parameters for model fitting at port 2.
Purge gas flow rate (sccm)
100
200
500

K

G0

E

2.70
1
0.1

1
1
1

4.18  105
2.61  105
2.09  105

where K allows for direct leakage to port 2 (for example,
through the reactor space or across the ends of the reactor).
The overall flow at port 2 can then be estimated by multiplying Eqs. (11) and (3), that is,

pﬃﬃﬃ
Q2 ¼ A þ B v  ½Go expðEvtÞ þ K :
(12)

FIG. 5. Measured and calculated data for He signal on port 2 with 100, 200,
500 sccm of N2 purge flows at 100  C.

example, there were an exponential variation, this would
only give rise to a different constant for the magnitude
of the rate without changing its dependency on the speed
therefore this simplification is justifiable.
With these assumptions, the total quantity of precursor in
the boundary layer G ¼ [1/2]Csw (per unit area) where Cs is
the concentration at the substrate surface which will reduce
in time as the substrate progresses through the purge zone.
The flux of precursor out of the boundary layer will
depend on the concentration gradient, that is,
FðtÞ ¼ D

dC
Cs
2G
 D ¼ D 2 ;
w
dx
w

(4)

where G is the quantity of He in the boundary layer.
The rate of change of G,
dG
2G
¼ F ¼ D 2
dt
w
 t
thus G ¼ J exp  ;
s

(5)
(6)

where J is a constant and
s¼

w2
2D

(7)

when t ¼ 0, G ¼ Go, therefore J ¼ Go,
so
but



2Dt
G ¼ Go exp  2
w
const
w ¼ pﬃﬃﬃ ;
v

therefore

G ¼ Go expðEvtÞðE is a constantÞ:

(8)
(9)

(10)

The amount of He signal at port 2 is then given by
H ¼ Go expðEvtÞ þ K;

(11)

The outcome of these factors gives a good fit to the measured data as shown in Fig. 5. The factors in the equation are
shown in Table II.
From the deposition rate date of Fig. 2, the growth rate
anomaly occurs in the rotation speed range of 70–120 rpm.
As can be seen from the simulations in Fig. 5, there is no
behavior at these rotation speeds which could give rise to the
anomaly. Therefore, we conclude that gas entrainment is not
likely to be the reason for it.
As mentioned in the Introduction, the results shown in
Fig. 2 were obtained using the TMA/water precursor system.
Water vapor adsorbs on surfaces which are exposed to it. It
is possible that the adsorbed water may be transferred into
the TMA zone if the purge time is too short for the complete
removal of any excess adsorbed water. We will show that
this process can be simply modeled to give a good approximation to the observed behavior. When the surface with
active reaction sites is exposed to water vapor, the bonding
between the surface and the water takes place in two stages:
(i) H2O molecules react with the surface and terminate the
reactive sites forming a monolayer of chemically bonded
hydroxyl groups. This is the desired effect. (ii) Once the surface is saturated with hydroxyl groups additional water molecules can physisorb to the surface forming a multilayer of
adsorbed water. This is the undesired effect. In the former
case, the sticking coefficient of water is 1 and it can be
assumed that any water molecule arriving at the surface will
undergo a reaction. In the latter case, the sticking coefficient
will be < 1.7 If this adsorbed water is not removed in the
purge zone, it will cause extra growth when the substrate
arrives in the TMA zone.
The final thickness of the multilayer will depend on two
factors: the arrival rate of water molecules and their rate of
desorption. The rate of desorption in turn, depends on the
surface concentration, Q, and the probability that water molecules will desorb. This probability depends on the binding
energy of the adsorbed molecules according to the Boltzmann equation giving a desorption rate per molecule of


qE
;
(13)
Rd ¼ L exp 
kT
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where L is a constant which includes the molecular vibrational frequency, E is the molecule binding energy (eV), q,
k, T are the electronic charge (C), Boltzmann’s constant
(J K1) and temperature (K), respectively.
The rate of water molecules accumulation is
dQ
¼ IS  QRd ;
dt

(14)

where Q is the surface concentration, I is the impingement
rate of water molecules, and S is the sticking coefficient. For
a surface exposed to vapor with pressure p the number of
molecules reaching the surface per unit of time is
pNA
I ¼ pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ ;
ð2pMkTÞ

(15)

where NA is Avogadro’s number, M is the molar mass (kg),
and p is the partial pressure of the water vapor (Pa). The solution to this equation is

 t 
;
Q ¼ ISs 1  exp 
s

(16)

(17)

The amount of excess water adsorbed as a function of
time spent in the precursor zone is approximately given by
Qo ¼ 0 for t < tm

 t 
for t > tm ;
¼ ISs 1  exp 
s

(18)

where tm is the time takes to create an OH monolayer. It is
assumed that the initial water exposure will only cause the
formation of the chemisorbed OH layer until all the surface
sites have been reacted with. The total surface concentration
of adsorbed water, Qo, will be limited by tr, the residence
time in the water zone. As the substrate then rotates through
the purge zone, it will desorb water in a thermally activated
way such that the amount of water remaining on the substrate is given by
 t
Q ¼ Qo exp  ;
s

(19)

where t is the time substrate spend in the purge zone and s is
the same as defined above. The excess growth rate, DG, will
depend on the amount of water remaining on the surface and
will be
 t
(20)
DG ¼ bQ ¼ bQo exp  ;
s
where b is a constant.

The overall anomalous growth effect is given by
DG ¼ 0 for t < tm

 t 
 t
exp  for t > tm ;
¼ bISs 1  exp 
s
s

where the time constant s is given by
 
1
1
qE
:
s¼
¼ exp
Rd L
kT

FIG. 6. Growth rate as a function of residence time at 100–150  C temperature range (measured and modeled data).

(21)

where ISs 1  exp  st describes the water accumulation
on the surface while substrate is passing the precursor zone
and b expðt=sÞ describes desorption process that takes
place in the purging zone.
Since the time constants will depend on the temperature
because of the Boltzmann equation, depositions at different
temperatures should show marked differences in the amount
of this anomalous growth. Depositions were done in the
range from 100 to 150  C using the same conditions as those
where the anomaly was observed. The results are shown in
Fig. 6. The graph also shows the modeled curves based on
the above equation. These curves give a reasonable fit if the
activation energy for desorption of water molecules is set to
0.69 eV, within the range of that given by Hodgson.7 The
other parameters are adjusted for the best fit. The modeled
results are not intended to be an accurate simulation of the
deposition rate but they are intended to show that a simple
physical model of the processes going on in the continuous
ALD system can reproduce the anomalies which are
observed in growth rate during deposition.
IV. CONCLUSION
He tracing gas and mass spectrometry have been used to
study gas flow behavior and detect possible gas transfer
between zones in the continuous ALD reactor. The method
has shown high sensitivity and reproducible results. The test
results show that the moving substrate influences the gas flow
in a way which can be modeled using gas entrainment in a
boundary layer attached to the moving substrate. It is also
shown that this does not explain the anomalous behavior of
the deposition rate in the rotation speed range of 70–120 rpm.
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An alternative reason for the anomalous growth rate has
been proposed in which excess water is adsorbed on the substrate. This is then carried through to the TMA zone where it
reacts to give extra deposition. This process has also been
modeled and it has been shown that the model can reproduce
the effects of deposition at different temperatures if a binding energy of the water molecules to the substrate surface of
0.69 eV is assumed. This indicates that to avoid these anomalous effects, temperatures higher than 100  C must be used to
speed up the desorption of excess adsorbed water. However,
that poses problems for deposition on flexible polymer substrates because temperatures above the glass transition point
cause mechanical stress and make them prone to film cracking. In that situation, an oxidizing precursor other than water
must be used, e.g., ozone or a water-free plasma process.
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Water and oxygen were compared as oxidizing agents for the Al2O3 atomic layer deposition
process using spatial atomic layer deposition reactor. The influence of the precursor dose on the
deposition rate and refractive index, which was used as a proxy for film density, was measured as a
function of residence time, defined as the time which the moving substrate spent within one
precursor gas zone. The effect of temperature on the growth characteristics was also measured. The
water-based process gave faster deposition rates and higher refractive indices but the ozone process
allowed deposition to take place at lower temperatures while still maintaining good film quality. In
general, processes based on both oxidation chemistries were able to produce excellent moisture barrier films with water vapor transmission rate levels of 104 g/m2 day measured at 38  C and 90% of
relative humidity on polyethylene naphthalate substrates. However, the best result of <5  105
C 2015 American Vacuum
was obtained at 100  C process temperature with water as precursor. V
Society. [http://dx.doi.org/10.1116/1.4914079]
I. INTRODUCTION
Atomic layer deposition (ALD) is a thin film technology
that allows the deposition of various functional materials in an
extremely controllable manner on a wide range of substrates
including complex shaped and porous materials. These technology features provide outstanding material properties such
as uniformity, conformality, and film integrity, which can
facilitate development in a range of applications.
ALD materials find their niche in several applications.
Nowadays, especially, their use is very pronounced in the flexible electronics field where very thin and high quality films are
needed. One of the most demanding applications is device
encapsulation for organic light emitting diodes (OLEDs) and
solar cells to provide moisture barrier qualities. The requirements for barrier layer coatings are very stringent—the coating
must (1) provide a water vapor transmission rate (WVTR) as
low as 106 g/m2 day; (2) be continuous and conformal; (3) be
pinhole-free and at the same time; (4) be flexible; and (5) be
transparent in the visible range.1 A number of studies have
shown that ALD technology fulfills these requirements. The
excellent performance of Al2O3 films has been demonstrated
by Carcia et al.2 Accelerated calcium water permeation tests
were performed at 60  C and 85% relative humidity (RH) on
25 nm of Al2O3 grown on polyethylene naphthalate (PEN).
Tests exhibited a WVTR level of 105 g/m2 day corresponding to 6  106 g/m2 day at room temperature.2 In addition,
Ghosh et al. demonstrated that 180 nm of Al2O3 deposited by
ALD can protect actual OLED devices for 1000 h during harsh
accelerated WVTR testing at 85  C/85 RH.3 Similar results
have been shown for copper indium gallium selenide solar
cells moisture protection.4
a)
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Nevertheless, despite promising results at the research
and development stage, ALD technology possesses some
drawbacks that restrain its development in the high volume
manufacturing area. Conventional ALD uses a batch coating
scheme where the substrate is sequentially exposed to precursor gases, interposed with inert gas purging. This
sequence, known as the ALD cycle, needs to be repeated sufficient times to achieve the desired film thickness. The ALD
cycle time depends on the gas filling and purging times for
the reaction chamber. While the precursor injection pulse
can be quite short (tens of milliseconds), purging must be
long enough to remove all the unreacted precursor and
byproducts. The exact time this takes is very dependent on
the reactor volume and its configuration, as well as chemistry of the process, but may be more than several seconds
even in case of small R&D reactors. Additionally, the downtime for loading/unloading and heating/cooling must be
taken into account for reactors utilizing the batch scheme.
One of the ways to increase the production yields and
decrease the manufacturing costs is to implement a roll-toroll substrate handling scheme into the coating process. The
recently developed spatial ALD (SALD) concept allows
such a process to be implemented.5 Spatial ALD utilizes an
alternative approach to batch ALD where a moving substrate
is alternatively exposed to active and inert gas zones in a
way that replicates the exposure sequence of conventional
ALD cycle. First of all, it allows continuous substrate coating and thus roll-to-roll handling, and second, it eliminates
precursor filling and purging times. Thus, the coating speed
depends solely on process chemical kinetics and substrate
moving speed.
Currently, the SALD concept is under active development. Both home-made and commercial systems are
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available nowadays. The state-of-the-art of hardware development was recently comprehensively reviewed.6–8
Nevertheless, further studies are needed for better process
understanding. Most of the research published so far is application driven and dealing with material development rather
than process studies. Materials that have been obtained using
SALD based ALD systems include: Al2O3,9–12 TiO2,11 and
ZnO.13
George et al. studied a “multiple slit gas source head”
system at atmospheric pressure.12 Such a system was tested
and described by Levy13 and is one of the ways in which the
SALD concept can be implemented. The effects of gap spacing between the coating head and substrate, and exhaust
pumping speed and nitrogen separation flows were investigated. The features of a low pressure Al2O3 SALD process
were studied using a cylindrical shape type reactor.9,14
Chemical vapor deposition (CVD) excess growth rate effects
due to excess water adsorption and/or gas boundary formation were revealed under certain conditions.
As can be seen from the abovementioned studies, the
main difficulty in the process is to keep two reagents separate from each other to avoid gas-phase reactions or multilayer surface deposition. Since both precursors are fed into
different segments of one reactor volume it is very important
to show that there is no intermixing and that inert gas separation works efficiently. As in conventional ALD studies, this
is done by building so-called saturation curves that demonstrate that the precursor dose has no effect on growth rate
once a saturation level has been reached.
Recent studies on the SALD process show that process
artifacts may occur due to relative movement between substrate and precursor gases. Formation of near surface boundary layer leads to entrainment of gaseous precursors and can
result in CVD type of growth.9 Another type of artifact can
be observed at low temperature when water is used as oxidizing agent. At low deposition temperatures water molecules tend to form multilayers instead of monolayer and if
the purging is insufficient, it can result in a higher than
expected growth rate.14,15 This effect is well known in conventional ALD studies and usually solved by applying much
longer purging pulses compared to high temperature runs. In
SALD studies, this effect is more dramatic and not straightforward to solve. As the reactor geometry is usually fixed,
then it is not practically possible to independently change
the purge times without changing precursor dose. To do so
would require physically changing the purging zone width,
which is constrained by the reactor size. The substrate speed
can be decreased to give more time for water molecules to
desorb but that would seriously impact on the process
throughput.
One way to eliminate the water adsorption problem is to
use a different oxidizing agent such as ozone or the excited
atoms and radicals produced by an oxygen plasma. Ozone
has been widely used for aluminum oxide ALD processes
and has been found to be beneficial for some applications.
For example, substitution of water with ozone results in better performance of Al2O3 used as a dielectric16 and in lower
impurity levels.17

031603-2

The aim of the present study is a direct comparison
between the characteristics of water and ozone as oxygen
sources for the Al2O3 ALD process using a low pressure spatial ALD reactor. For successful industrialization, a deep
understanding of the relationships between parameters such
as precursor dosage and concentration, process speed and
material properties and quality are essential.
II. EXPERIMENT
Depositions were carried out using modified spatial ALD
TFS200R reactor (Beneq Oy, Finland). The general description and layout can be found elsewhere.9 The reactor features
a cylindrical drum that serves as a substrate holder and an
annular reaction chamber fitted with nozzles for either gas
delivery or exhaust. The arrangement of nozzles is depicted
in Fig. 1. Constant rate precursor gas flow takes place
between the central nozzle and the exhaust nozzles surrounding it. Additional separation between precursors is provided
by inert gas counter flows from the sides of the nozzle
arrangement. As can be seen from the picture, one rotation
of the drum provides sequential exposure of the substrate
equivalent to four ALD cycles. Drum rotation speed dictates
important parameters such as precursor dose and substrate
residence time, which is defined here as the length of time
that a point on the substrate remains within a particular precursor zone as it rotates. Table I shows the drum rotation
speed values used in present studies and their relation to residence time and substrate linear speed. The gap between the
drum and reactor wall is set to 0.5 mm. Nitrogen for the carrier and curtain process gas was sourced from liquid nitrogen
supplied by Aga, Finland. Trimethylaluminum (TMA), 98%
(Volatec, Finland), and deionized water precursors were
evaporated using heated sources and delivered to the reactor
by 100 sccm of carrier gas, respectively. Precursor concentration was adjusted by needle valves, and the respective
dosages were determined by measuring reagent weight loss
in the precursor container. Four thousand six hundred standard cubic centimeters per minute of N2 curtain flows were
used in order to separate precursor flows and prevent intermixing. Ozone was produced by a BMT 803N (BMT
Messtechnik GmbH, Germany) ozone generator from
99.999% purity oxygen (Aga, Finland). O3 concentration
was measured with BMT 964 ozone analyzer (BMT
Messtechnik GmbH, Germany). Thin films were deposited

FIG. 1. (Color online) Schematic view of modified SALD TFS200R reactor
with drum and N2 and precursor inlet, and exhaust ports.

J. Vac. Sci. Technol. A, Vol. 33, No. 3, May/Jun 2015

Redistribution subject to AVS license or copyright; see http://scitation.aip.org/termsconditions. Download to IP: 157.24.72.250 On: Mon, 16 Mar 2015 11:48:59

031603-3 Maydannik et al.: Spatial atomic layer deposition

031603-3

TABLE I. Drum rotation speed and related parameters used for film
deposition.
Drum rotation
speed (min1)

2

5

8

15

20

25

45

100

Substrate
1.146 0.459 0.287 0.153 0.115 0.092 0.051 0.023
residence time (s)
Linear speed
0.628 1.57 2.512 4.71 6.28 7.85 14.13 31.4
(m/min)

onto 50 lm thick flexible silicon pieces and titanium metalized polymer foils in order to monitor thickness variation
across the substrate. Film thickness and refractive index (RI)
data were extracted using spectroscopic ellipsometry (J.A.
Woollam M2000FI). Al2O3 films for the moisture barrier
measurements were deposited on 125 lm thick TeonexV
Q65FA foils. WVTR measurements were carried out using
an Aquatran model 2 (Mocon, USA) at 38  C and 90% RH.
R

III. RESULTS AND DISCUSSION
Successful industrialization requires the adaptation of
ALD technology into a continuous operating mode (roll-toroll or sheet-to-sheet) in order to achieve high-production
yields. As was mentioned in Sec. I, the SALD concept
allows continuous treatment of web substrates. In SALD
technology, process conditions must provide simultaneous
achievement of high growth rate values and fast substrate
moving speed. As far as chemical kinetics are concerned, the
rate of a particular chemical reaction depends on the reagent
concentration and temperature. The first part of the studies is
dedicated to investigation of the effect of reagent concentration on the film growth and properties while the second part
focuses on how temperature affects the process behavior.
A. Reagent concentration dependence

Before comparing two processes, it is essential to study
their behavior as a function of reagent dosage. It is important
to show that the chemical reaction is not limited by reagent
supply. In conventional batch flowthrough-type ALD systems dosage can be altered either by changing reagent pulsing time or increasing reagent vapor pressure. In case of
SALD, the same task can be fulfilled in two ways: by changing reagent flow rate or by changing time during which substrate is being exposed to the precursor vapors (substrate
residence time). In terms of process throughput decreasing
substrate residence time is beneficial. Thus, loss of exposure
time has to be compensated by applying higher reagent dosages per unit of time. To explore the process limits, a series
of depositions was performed using the following precursor
dose ranges: 18.8–353 mg/min of TMA, 21.6–248 mg/min of
H2O, and 40–60 mg/min of O3 mass flow rates. Substrate
residence times ranging from 0.023 to 1.146 s were studied.
Growth rate curves for the TMA þ H2O process are shown
in Fig. 2. It can be seen that with increasing mass flow rates
of reagents, the growth rate curves rise (series D to B) until
the flow rates reach 160 mg/min of TMA and 176 mg/min
for H2O. Further increase of flow rates by 100% results only

FIG. 2. Variation of growth rate as a function of substrate residence time for
Al2O3 films grown at 120  C of reactor temperature and precursor mass
flows: A—350 mg/min of TMA, 250 mg/min of H2O; B—160 mg/min of
TMA, 175 mg/min of H2O; C—40 mg/min of TMA, 40 mg/min of H2O; and
D—20 mg/min of TMA, 20 mg/min of H2O.

in a slight increase of growth rate by up to 5% at higher
speeds (curve A). At 150 ms of residence time, these conditions provide a saturated growth rate value (0.11 nm/cycle)
that is normally observed in batch ALD studies. It is known
that the TMA þ H2O ALD process does not exhibit true saturation, and in the present studies, 0.13 nm/cycle of growth
rate was reached. Already, fairly high growth rate values of
0.085 nm/cycle were observed at the low residence time of
only 23 ms. Refractive index data in Fig. 3 suggest that film
quality maximizes at 150 ms of residence time. The refractive index is 1.61 in the saturated region of the curve and
exhibits a gradual decrease for lower residence times, indicating a lower density and perhaps lower quality of those
films.
To illustrate the effect of ozone, instead of water, as a precursor, Fig. 4 shows the saturation curves for film growth at
40 and 60 mg/min of O3 and TMA mass flows fixed at
160 mg/min. It can be seen that the growth rate behavior

FIG. 3. Variation of refractive index as a function of substrate residence time
for Al2O3 films grown at 120  C reactor temperature and precursor mass
flows: A—350 mg/min of TMA, 250 mg/min of H2O; B—160 mg/min of
TMA, 175 mg/min of H2O; C—40 mg/min of TMA, 40 mg/min of H2O; and
D—20 mg/min of TMA, 20 mg/min of H2O.
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FIG. 4. Variation of growth rate as a function of substrate residence time for
Al2O3 films grown using TMA and O3 at 120  C of reactor temperature.

does not change with O3 mass flow rate, indicating that a
sufficient amount of O3 is present. In particular, the reduction of growth rate with decreasing residence time is pronounced in the unsaturated part of the curves, which are
evidently very sensitive to precursor feed rates. Growth rate
stabilizes at 0.11 nm/cycle above 400 ms residence time,
which is slightly lower than 0.13 nm/cycle obtained previously using conventional ALD reactors.18 The refractive
index curves shown on Fig. 5 can be divided into two parts.
From the figure it can be clearly seen that below 200 ms residence time the index decreases rapidly down to 1.545, while
above 200 ms, the index exhibits very gradual increase from
1.575 to 1.590, indicating better film quality.
Generally, refractive index values are in agreement with
previous experiments with films being denser if water is
used.15,17 The Lorentz–Lorenz equation relates the refractive
index to the molecular density according to
n2  1 NA qa
¼
;
n2 þ 2 3Meo

(1)

where n is the refractive index, NA is Avogadro’s number, M
is the molar mass, q is the density, and a is the mean

FIG. 5. Variation of growth rate as a function of substrate residence time for
Al2O3 films grown using TMA and O3 at 120  C of reactor temperature.

molecular polarizability.19 This gives 2.85 and 2.77 g/cm3 for
the density of films grown using water and ozone, respectively, assuming an electronic polarizability of 4.922  1024
cm3.20 It has been shown that the Lorentz–Lorenz equation
may not predict the exact value of the film’s density but it
gives fairly good agreement with other analytical methods.15
Hence, it can be used to study the change of density as a function of process parameters.
Previous studies using batch ALD reactors do not provide
any experimental data on quantitative chemical kinetics.
Some information can be extracted from time resolved quartz
crystal microbalance (QCM) studies.21–23 Nevertheless,
growth rate is usually plotted against valve pulsing time,
which also includes time required to deliver chemical reagent
into the reactor. Poodt et al. carried out studies on Al2O3
ALD process kinetics using a rotary spatial ALD reactor.24 In
this study, almost full surface saturation was already reached
at 15 ms of residence time at 150  C reactor temperature.
Notably, much higher dosages of water were used than in this
work. The water sticking coefficient increases at lower temperature and this leads to formation of water multilayers on
the surface and sequentially to CVD type of growth. Thus,
there is always a tradeoff between process temperature and
water dosage that will affect the maximum achievable speed.
To develop a better understanding of process behavior
and its limitations, growth per cycle (GPC) and RI were plotted against the amount of reagent applied per one ALD cycle
and square meter of substrate for each precursor. Hereinafter
referred as specific precursor dosage (SPD, mmol/m2cycle).
Applied dosage was calculated for each run using the following formula:
SPD ¼

F
;
4MSR2

(2)

where F is precursor mass flow (g/min); M is respective
molar mass, (g/mole); S is substrate area (0.031 m2); and R
is the drum rotation speed (min1).
In conventional ALD studies, the saturation point is
reached once growth rate per cycle become independent of
the reagent amount that the substrate is exposed to per half
cycle. In practical application, full saturation is not essential
if two conditions are fulfilled: (1) the requirements for film
quality are met and (2) the film grows uniformly over the
substrate area. In these cases, running the process at higher
substrate speeds is much more beneficial in a production situation rather than achieving complete saturation.
Figure 6 shows growth rate and refractive index as a function of SPD of TMA. It can be seen that both parameters exhibit clear saturation as a function of applied dosage.
0.042 mmol/m2 cycle of TMA is required for process to
reach growth rate value of 1.1 Å/cycle and refractive index
of 1.61 that are commonly reported in batch ALD studies.
However, full saturation of 1.3 Å/cycle is reached once
0.6 mmol/m2 cycle of reagent is applied. An SPD of
0.042 mmol/m2 cycle is equivalent to 3 mg/m2 cycle. Below
that level, an abrupt drop of growth rate and RI is observed.
This is in good agreement with the result obtained previously
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FIG. 6. Variation of growth rate (a) and refractive index (b) as a function of
applied TMA dosage for Al2O3 films grown at 120  C of reactor temperature. And model fitting using Redlich–Peterson isotherm: RPI constant
nRP ¼ 0.90, correlation coefficient R ¼ 0.98. Squared marks—experimental
data and solid line—model fitting.

using a scaled up SALD reactor where 3 mg/m2 cycle was
found to be critical dosage for WVTR properties of the
films.5 Growth rate and refractive index curves for water and
ozone are shown in Figs. 7 and 8. Similar to TMA, both oxidizing agents exhibit saturation behavior with abrupt drop if
dosage goes below certain level. The critical reagent dose
for water is 0.2 mmol/m2 cycle, which is twice larger than
that for ozone (0.1 mmol/m2 cycle).
It is interesting to compare these quantities with actual surface uptake measured by QCM. There is some inconsistency
between QCM measurements of TMA uptake 34 ng/cm2
(Ref. 23) and 39 ng/cm2.15 To calculate the number of molecules attached per unit of area we assume that TMA undergoes
ligand exchange reaction on the surface and half of the TMA

031603-5

FIG. 8. Variation of growth rate (a) and refractive index (b) as a function of
applied O3 dosage for Al2O3 films grown at 120  C of reactor temperature.
And model fitting using Redlich–Peterson isotherm: RPI constant
nRP ¼ 0.93, correlation coefficient R ¼ 0.96. Squared marks—experimental
data and solid line—model fitting.

molecules are attached through exchange of one methyl group
and half lose two methyl groups. Based on the aforementioned
assumptions and TMA uptake of 39 ng/cm2, the resulting
amount of TMA chemisorbed on the surface is 0.788
 102 mmol/m2 according to QCM data. Thus, if we compare
it with present studies, it can be concluded that the process
requires up to 100 times as much supply of reagent excess to
reach saturation under given conditions. At the same time,
chemisorption is shown to be very efficient. If we assume a
value of 0.788  102 mmol/m2 cycle as an applied
dosage, then it results in 0.51  102 mmol/m2 of adsorbed
TMA with reagent utilization of 65%. Water mass gain
behaves in a somewhat different fashion. Mass gain exhibits
values of 10 ng/cm2 immediately after exposure and then
decreases to 5 nm/cm2 probably due to desorption of byproducts.15 Based on 10 ng/cm2 figure, the number of reacted
water molecules is 0.555  102 mmol/m2. Thus, reagent
excess of 500 is required for complete saturation. These figures
highlight the importance of water reagent supply during the
process.
The equation for the Redlich–Peterson isotherm (RPI)
was used to fit the results25
Qe ¼

FIG. 7. Variation of growth rate (a) and refractive index (b) as a function of
applied H2O dosage for Al2O3 films grown at 120  C of reactor temperature.
And model fitting using Redlich–Peterson isotherm: RPI constant
nRP ¼ 0.90, correlation coefficient R ¼ 0.96. Squared marks—experimental
data and solid line—model fitting.

Qmax KRP Ce
;
1 þ KRP Cne RP

(3)

where Qe is amount of chemisorbed material (mol/m2); Qmax
is maximum surface capacity (mol/m2); KRP and nRP are the
RPI constants; and Ce is the equilibrium concentration (in
the present case equal to SPD) (mol/m2).
The experimental amount of adsorbed material Qe was
calculated on the assumption that growth rate is proportional
to the surface coverage
Qe ¼

Qmax GPC
;
GPCmax

(4)
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FIG. 9. Growth rate as a function of residence for Al2O3 (TMA þ H2O) films
grown at temperature range of 100–140  C. Data points of 100  C series at
shorter residence are not shown due to harsh CVD effect and uneven film
deposition. Dashed line does not represent actual behavior but only indicates
presence of CVD growth.

where GPC and GPCmax are equilibrium and maximum
growth rates, respectively.
As can be seen from Figs. 6(a), 7(a), and 8(a), the model
exhibits excellent fit for TMA and both oxidizing agent with
correlation coefficient R of 0.98 and 0.96, respectively. The
Redlich–Peterson equation combines features of Langmuir
and Freundlich isotherms. An important parameter here is
the power exponent nRP, which indicates saturation behavior
of the process. Values of nRP constant lie between 1 and 0.
In the first case, the RPI equation turns to Langmuir equation
isotherm and in the second case into a linear law. Derivation
of Langmuir equation assumes ideal case of adsorption with
homogeneous energy site distribution and what is important
in our case formation of only one monolayer of adsorbate. A
linear law clearly means condensation of material onto the
substrate (CVD type of growth). All the curves were fitted
with nRP of more than 0.9 that suggest strong saturation
behavior and absence of condensation.
It should be noted that SPD is a characteristic of particular reactor arrangement and likely to vary with reactor

FIG. 10. Growth rate as a function of residence for Al2O3 (TMA þ O3) films
grown at temperature range of 60–120  C.

031603-6

FIG. 11. Refractive index as a function of residence for Al2O3 (TMA þ H2O)
films grown at temperature range of 100–140  C.

volume and process parameters. On the other hand, it is a
good approach to evaluating the efficiency of the process
and comparing it between different reactor setups. Despite
the fact that SPD is an integrated unit that takes into account
both residence time and mass flow, it is clear that in the case
of the particular ALD reaction studied here, process speed is
limited solely by precursor supply rather than time of chemical reaction. If substrate rotation speed were not enough to
provide necessary reaction time then GPC curve would show
a gradual decrease with speed regardless of high SPD values
being applied.
B. Temperature dependence

Changing the process temperature affects the process and
film quality in a several ways. First, growth rate change usually occurs. Nevertheless, process throughput is mainly
affected by substrate moving speed rather than growth rate
value. Temperature is one of the parameters that has a significant effect on the refractive index, hence the density of the
films. As a rule, a decrease of the temperature results in
lower refractive index and can be considered as undesirable.
The sticking coefficient of water increases at lower temperatures, which makes it difficult to remove excess water

FIG. 12. Refractive index as a function of residence for Al2O3 (TMA þ O3)
films grown at temperature range of 60–120  C.
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TABLE II. Water vapor transmission rate of 20 nm of Al2O3 deposited on
PEN Teonex using TMA and H2O as precursors.
T (  C)
120
100
a

100 rpm

20 rpm

5 rpm

3.76
NA

0.41
0.70

0.64
<0.05a

Sensitivity level of MOCON Aquatran model 2.

molecules from the surface. Tens of seconds may be required
for complete purging of a conventional ALD reactor at temperatures less than 120  C.23 This issue is especially pronounced with SALD reactors with fixed geometry that does
not allow the purging and exposure time to be changed independently.14,24 Differences in thermal expansion coefficients
between substrate and the film may cause mechanical stress
and cracking; thus, lower process temperatures should be
used if possible. And finally, the rate of chemical reaction is
highly determined by temperature.
Figure 9 shows how process temperature affects saturation behavior of TMA þ water process. Decrease of reactor
temperature from 120 to 100  C leads to slower reaction that
appears as lower growth rate values at short residence time
values. Another observation is that temperatures of 100  C
and residence time shorter than 150 ms result in an abrupt
increase of growth rate and nonuniform growth due to CVD
effects. This has been observed previously and has been a
motivation for the current studies. The process based on O3
oxidation chemistry behaves much more robustly at lower
temperatures, exhibiting relatively low variation of growth
rate compared to the water-based process (Fig. 10). It is notable that the O3 process at 60  C exhibits slightly higher
growth rate values than higher temperatures. This may happen because of water formation as a byproduct of the oxidation step and its subsequent adsorption on the substrate
surface.17
Refractive index decreases with the temperature both for
water and ozone based processes (Figs. 11 and 12).
Generally, the water-based process is able to produce films
with higher refractive index values. The overall trend and
values are in agreement with previous studies.17 Lowest RI
values are observed for low temperature samples obtained at
high substrate speeds predicting low density and poor moisture barrier performance.
C. Water vapor transmission measurements

Samples for WVTR measurement were prepared using
parameters that represent favorable, moderate, and
TABLE III. Water vapor transmission rate of 20 nm of Al2O3 deposited on
PEN Teonex using TMA and O3 as precursors.
T (  C)
120
100
80
60

100 rpm

20 rpm

5 rpm

0.68
2.39
64.38
1177

0.33
0.56
0.7
2.53

0.40
0.64
0.65
0.38

FIG. 13. WVTR as a function of refractive index of films deposited using
TMA þ H2O and TMA þ O3 processes.

unfavorable conditions for ALD growth based on the data
presented above. Twenty nanometer thick Al2O3 films were
grown on PEN Teonex Q65FA foils at 5, 20, and 100 rpm.
Tables II and III summarize the experimental parameters
and results of water vapor transmission rate measurements
for water and O3 based processes, respectively.
First, it can be seen that there is a fairly good correlation
between WVTR and refractive index of the samples (Fig.
13). Shortening of residence time results in worse barrier
properties, and this effect is even more pronounced at lower
temperatures. Best barrier performance of less than 5  105
g/m2 day was achieved at 5 rpm and 100  C of process temperature using water as an oxidant. Apparently, this provides
the most favorable conditions that allow proper surface saturation and produce less stress between coating and substrate
during cooling. At the same time, the ozone based process
produces better barrier film at conditions where water process fails. For example, high speed runs at 100 rpm and
120  C results in relatively low WVTR of 0.68  103 g/m2
day. As expected, runs performed at high speed and low temperatures were not able to produce high quality films. The
corresponding refractive values were also very low confirming poor film density, which explains the WVTR results.
IV. CONCLUSION
A SALD reactor was employed to study the behavior of
Al2O3 ALD process based on H2O and O3 oxidation chemistry. It showed itself as an excellent vehicle for studying process kinetics as it allows precise alternation of exposure
time. The performance of both processes was evaluated as a
function of key parameters (precursor flow, exposure time,
and reactor temperature). WVTR measurements were carried
out to assess film quality and suitability for flexible electronics encapsulation application. The usage of H2O chemistry
resulted in higher growth rate and refractive index values.
However, adequate ALD coatings at temperatures below
100  C cannot be produced. Coatings with a moisture permeation rate of <5  105 g/m2 day were obtained using
100  C and 0.459 s of exposure time. Employing O3 allows
decreasing process temperature down to 60  C. It has been
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found that the WVTR results correlate with refractive index of
the coatings. In the light of that fact can be concluded that there
is a relation between film density and barrier performance.
The Redlich–Peterson isotherm was used to model
growth rate as a function of applied precursor dosage. The
isotherm shows a very good fit with experimental data,
showing that film growth is based on gas–solid interaction.
Current studies show that successful ALD intensification
requires consideration of many factors. Precursor flows
should provide sufficient reagent for saturation at low exposure time while purge time should be kept long enough to
allow water excess removal. Temperature should be chosen
in the way that it favors shorter chemical reaction time from
one hand and does not produce mechanical stress between
coating and the substrate from the other hand. Specific precursor dosage is a useful parameter that enables process efficiency assessment as well as making easier process transfer
between different systems, which facilitated process up
scaling.
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At present flexible electronic devices are under extensive development and, among them, flexible
organic light-emitting diode displays are the closest to a large market deployment. One of the
remaining unsolved challenges is high throughput production of impermeable flexible transparent
barrier layers that protect sensitive light-emitting materials against ambient moisture. The present
studies deal with the adaptation of the atomic layer deposition (ALD) process to high-throughput
roll-to-roll production using the spatial ALD concept. We report the development of such a process
for the deposition of 20 nm thickness Al2O3 diffusion barrier layers on 500 mm wide polymer
webs. The process uses trimethylaluminum and water as precursors at a substrate temperature of
105  C. The observation of self-limiting film growth behavior and uniformity of thickness confirms
the ALD growth mechanism. Water vapor transmission rates for 20 nm Al2O3 films deposited on
polyethylene naphthalate (PEN) substrates were measured as a function of substrate residence time,
that is, time of exposure of the substrate to one precursor zone. Moisture permeation levels measured
at 38  C/90% relative humidity by coulometric isostatic–isobaric method were below the detection
limit of the instrument (<5  104 g/m2 day) for films coated at web moving speed of 0.25 m/min.
Measurements using the Ca test indicated water vapor transmission rates 5  106 g/m2 day.
Optical measurements on the coated web showed minimum transmission of 80% in the visible range
C 2014 American Vacuum Society.
that is the same as the original PEN substrate. V
[http://dx.doi.org/10.1116/1.4893428]
I. INTRODUCTION
Flexible organic light-emitting diode (OLED) displays are
among the fastest emerging applications in the market areas
of electronic devices. OLED technology provides flexibility
together with lightness, improved brightness, wider viewing
angle, power efficiency, and extremely low response time.
Another advantage of OLED displays is their potential low
cost if high-throughput production processes such as roll-toroll methods are used. It has been shown that flexible OLEDs
can be produced on polymeric substrates such as polyethylene
terephthalate (PET).1 The possibility of implementing ink-jet
printing technologies in the manufacture of flexible OLED
panels would provide very cost efficient production.2
One of the major challenges in producing reliable flexible
OLEDs is the necessity for proper encapsulation of the device, as the polymer films used as substrate material are not
able to provide the required barrier properties. The components of the OLED, particularly the organic light-emitting
a)
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materials and the electron injection layer at the cathode interface, are very sensitive to moisture and oxygen and require a
very high level of protection. Commonly stated requirements
for the gas barrier performance that can be found in the literature are on order of 106 g/m2 day of water vapor transmission rate (WVTR). Additionally, requirements such as high
optical transparency and flexibility must be fulfilled.3
Inorganic coatings are used for this purpose. SiONx,4
Al2O3,5 TiO2,6 ZnO,7 and SiO28 are among the materials
that have been tested. Atomic layer deposition (ALD) is a
thin film deposition technique that has shown promising
results and is being considered as a potential technology for
OLED encapsulation. The ALD process is based on the
chemical interaction between chemisorbed surface species
on the substrate and gaseous reagents. The nature of the process provides a number of advantages, such as strong adhesion, excellent uniformity, and precise thickness control,
which cannot be fulfilled by any other deposition technique.
Twenty five nanometer Al2O3 layers deposited by ALD have
shown WVTR values of 106 g/m2 day; this complies with
abovementioned requirements.5
At the same time, the chemical nature of the process
brings some drawbacks. The main disadvantage of the
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method in its traditional implementation is that it is slow due
to intrinsic process features. In the standard batch process,
the substrate is sequentially exposed to the active precursors
one at a time. The reagent chemically binds to surface sites
forming a monolayer of material. A following inert gas
purge stage is required to remove leftover reagents and
byproducts. While the precursor feeding time is quite
short—of the order of tens or hundreds of milliseconds, the
purging time at low process temperatures can be significantly longer—of the order of seconds—in order to ensure
that all active materials are removed from the reaction chamber. The actual time sequence also depends on the reactor
shape and volume. Thus, taking into account the low growth
rate per cycle and also unavoidable downtime for loading/
unloading and heating/cooling, this makes the process
unsuitable for low cost, large area production.
To overcome the drawbacks mentioned above and enable
large-scale continuous production in a roll-to-roll configuration, the ALD process must be reconfigured to handle a moving continuous web substrate. The spatial atomic layer
deposition (SALD) concept allows this. During the SALD
process, the substrate moves between spatially separated
zones filled with the respective precursor gases and reagents
in such a manner that the exposure sequence replicates the
conventional ALD cycle. The working principle of the
SALD concept is illustrated in Fig. 1. SALD processes have
been described by a number of authors,9–12 and concepts for
developing these into a roll-to-roll process have been proposed.13–15 Previously, only one implementation has been
constructed, which enables narrow webs to be coated in a
roll-to-roll basis with a very restricted number of deposition
cycles in one pass.13,14
Up until now, there has been no roll-to-roll SALD system
reported, which can deposit barrier layer coatings on a scale
suitable for industrial production. In this paper, we report the
results of a true roll-to-roll SALD process, which enables the
deposition of 20 nm aluminum oxide moisture barrier layers
with <5  104 g/m2/day on polymer web substrates of
500 mm width with a web speed of 0.25 m/min.
II. EXPERIMENT
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FIG. 2. WCS 500 vacuum chamber layout showing configuration of main
components.

neutralizing and filter system, and pumping unit. The main
chamber accommodates web winding and rewinding reels,
the main processing drum and coating head, which are
designed to handle a 500 mm wide web. The vacuum chamber layout is schematically shown in Fig. 2. The main drum
is 600 mm in diameter made of stainless steel. The drum is
temperature controlled by oil that circulates between the
chamber and heating/chilling unit. The reactor features a
pendulum-type coating head which is mounted beneath the
drum and consists of 29 sections. Each section has a nozzle
for reactive gas release and a surrounding exhaust slit. These
nozzles are additionally separated by inert gas curtains to
prevent the unwanted spreading and intermixing of reagents.
The gap between the coating head and the drum is set to
0.5 mm. The coating head arrangement is schematically
shown in Fig. 3. Additional heating is provided by resistive
heaters mounted beneath the coating head. The purpose of
the pendulum motion is to increase the relative speed
between the moving drum and the coating head, allowing
multiple passes of the coating head over the web. This

A. ALD roll-to-roll web coating system

The roll-to-roll ALD was carried out in a Beneq WCS500
coating system. The system comprises a main vacuum chamber, where the actual coating process takes place, and auxiliary units such as chilling/heating unit, web handling
control, precursor storage and delivery system, precursor

FIG. 1. (Color online) Schematic diagram of spatial atomic layer deposition
coating head.
J. Vac. Sci. Technol. A, Vol. 32, No. 5, Sep/Oct 2014

FIG. 3. (Color online) Schematic diagram of part of coating head showing
configuration of precursor and purge gas nozzles and vacuum exhaust slits.
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enables film thicknesses in the tens of nanometer to be deposited in a single pass of the web through the coating system.
The coating process is organized as follows: the web
leaves the winding reel and moves toward the main drum.
While the web is being guided over the drum, it is sequentially exposed to the precursor gas sections of the head. Each
pair of sections provides one ALD cycle. As mentioned
above, the pendulum motion of the head allows additional
deposition cycles to be provided. The coating head is
designed to travel 82 mm in each direction providing two
ALD cycles per one full swing. The system can also be operated without using the intermediate guiding rollers between
the winding and unwinding reels and the coating drum.
Substrate residence time is an important parameter that
affects the process and growth rate to a great extent. It is
defined as a time for which the substrate is exposed to one
precursor vapor and during which actual gas–surface interaction occurs, that is, the time a point on the substrate surface
spends within an individual precursor zone. In the present
system, it is determined by the web transport speed, the coating head oscillation speed and acceleration/deceleration of
the coating head as it changes direction. This means that
there will be a difference in the relative speed between the
web and the coating head depending on the direction of the
pendulum’s swing. In the studies reported here, variations in
the residence time due to this effect were neglected as the
coating head speed is much greater than the web transport
speed. Acceleration/deceleration times start to become significant at short residence times. This effect was taken into
account and average residence time was used in the present
studies. The number of cycles applied to the web is determined by the number of oscillations made by the head while
the web is passing through the coating zone.
B. Materials and process

The ALD web coating system was tested using the trimethylaluminum (TMA) þ water process for Al2O3 deposition.
This process was chosen because it is very sensitive to the
presence of moisture and to reagent intermixing and thus can
easily highlight possible imperfections. TMA (98%)
(Volatec, Finland) and deionized water were evaporated at
35  C and 45  C, respectively, and delivered to the coating
head using 5 l/min of N2 as a carrier gas. Precursor dosage
was adjusted by needle valves to 0.6% and 11% of the volume fraction, for TMA and water, respectively. Carrier gas
flows were controlled via mass flow controllers. The process
temperature was kept at 105  C. Previously, it was found
that for the spatial ALD process the temperature should be
above 100  C to allow excess water molecules to desorb
from the surface during the purging stage.16 On the other
hand, the temperature should be low enough so that the polymer web is not affected. An overall flow rate of 60 l/min was
used for the inert curtain gas. Nitrogen for the carrier and
curtain process gas was sourced from liquid nitrogen supplied by Aga, Finland.
Additional experiments were carried out using a
TFS200R (Beneq Oy, Vantaa, FI) continuous ALD system
JVST A - Vacuum, Surfaces, and Films
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(Beneq, Finland). A detailed description of the system can
be found elsewhere.12,16 The reactor in this system features
similar space geometry, size of the inlet and exhaust nozzles
and substrate to nozzle gap to that of the large scale WCS
500 ALD system. Comparisons of performance between the
systems have shown that they both behave in a similar manner. Therefore, use of the TFS200R allows process development at a smaller scale and direct transfer of the parameters
to the larger system. Precursors were delivered to the reactor
using 200 sccm of N2 flow and 4600 sccm of N2 were used
as an inert gas curtain flow in order to separate two precursors within the reactor. Precursor concentrations were
adjusted by needle valves.
For process tests, PET web metalized with Ti was used as
a substrate. The purpose of Ti metallization was to provide a
reflective surface for accurate thickness measurements using
spectroscopic ellipsometry (J.A. Woollam M2000FI). Al2O3
films for diffusion barrier coating application were deposited
on polyethylene naphthalate (PEN) OPTFINEV (125 lm)
supplied by Dupont Teijin Films.
Optical transmission measurements were performed using
a Thermo Nicolet Evolution 500 UV-Vis spectrophotometer.
R

C. Moisture barrier tests

WVTR of the Al2O3 coated films was measured by using
Aquatran Model 1G by MOCON (Minneapolis, MN, USA).
In this method, the ALD coated side of a sample is sealed
against a test cell by using high vacuum grease. The measurements were carried on at 38  C/90% relative humidity
(RH) and the active test area of the sample was 50 cm2.
An optical calcium test was used for evaluation of ultrabarrier levels of WVTR. In this method, the evaluation of
WVTR is based on the change in transmission of white light
through a semitransparent metallic Ca film17 with transmission (T) around 10%. It is known that at low temperature,
oxidation of Ca proceeds by reaction with H2O according
the complete reaction
Ca þ 2H2 O ! CaðOHÞ2 þ H2 :
Following this reaction, the originally metallic Ca
becomes transparent Ca hydroxide. Therefore, the light
transmitted through the film increases. By calibrating the
transmission of the Ca film versus Ca thickness and measuring the transmittance change of the film, it is possible to
evaluate the amount of water reacting with the metallic Ca
and from it calculate the WVTR of the barrier. Ca-films
about 60–80 nm thick were deposited on 6 in. round glass
wafers used as substrates in a high vacuum system equipped
with a cryopump. The Ca-film was deposited in 6 distinct
and isolated areas covering about 40% of the total wafer
area. Each individual area is between 7 and 20 cm2 in size.
Their distance from the edge ranges between 10 and 15 mm.
The Ca film was then encapsulated in situ with a thin oxide
film to avoid any initial deterioration by the following handling in atmosphere with residual moisture content. Previous
experiments had shown that the oxide film was not a good
barrier in accelerated testing at 85  C/85% RH. Complete
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oxidation of Ca films protected with this oxide would occur
in a few hours of exposure. The ALD barrier to be measured
was then glued in a face-sealing configuration on top of the
glass plate described above by using a proprietary epoxy adhesive with low WVTR. This configuration shown in Fig. 4
represents the best simulation for using the ALD barrier in a
lamination approach.
The samples were subjected to accelerated testing at
40  C/90% RH and 85  C/85% RH. The change in transmission of the Ca film was monitored at the beginning of the
lifetime test, and periodically, with a spectrometer, and the
WVTR was calculated. Multiple points were acquired for
each area with a spot size of 2–3 mm. In addition, optical
observations in transmitted light were carried out to detect
the early appearance of transparent pinholes that would indicate a localized failure that may have been below the lateral
resolution by the spectrometer.
III. RESULTS AND DISCUSSION
A. ALD behavior

ALD technology is valuable because it is able to produce
conformal pinhole-free films on complex shape surfaces or
even porous structures. Quality films are produced only if
the process follows the unique self-limiting mechanism that
signifies ALD film growth. Particle and void formation and
nonuniform growth occur when precursor separation is not
efficient and reagent mixing takes place in the gas phase.
Thus, it is essential to check the growth mechanism when
establishing a new process. The issue is especially critical
in spatially separated atomic layer deposition where precursors are simultaneously introduced in one reaction chamber
volume and confined within their zones by means of inert
gas. One way of proving the ALD process mechanism is by
showing self-limiting growth behavior. This is done by
building so-called saturation curves, which show the dependence of growth rate on the precursor dose, which in the
case of SALD is defined by the precursor residence time, if
the precursor flow rate is fixed. To verify this, a series of
depositions was carried out using residence times in the
range of 49–609 ms, corresponding to 0.4–0.02 m/s of coating head speed. The parameters used for the tests are shown
in Table I.
The resulting saturation curve is shown in Fig. 5. The
curve shows dependence of growth rate on residence time. It
should be noted that in contrast to the conventional ALD
process, altering the residence time affects the applied

FIG. 4. (Color online) Setup structure for accelerated Ca test.
J. Vac. Sci. Technol. A, Vol. 32, No. 5, Sep/Oct 2014
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TABLE I. Deposition parameters for building saturation curve.

Coating head
speed (m/s)
0.02
0.03
0.06
0.1
0.2
0.4

Residence
time (ms)

Web
handling
speed (m/min)

ALD
cycles

Growth
rate
(Å/cycle)

609
410
211
132
75
49

0.05
0.044
0.059
0.083
0.117
0.119

580 a
500
700
800
1000
1500

1.10
1.06
0.81
0.75
0.59
0.494

a
Web sample was guided two times through the coating zone to achieve a
large enough number of cycles for easy film thickness measurement.

dosage of both precursors simultaneously. Nevertheless, in
the present case, the conditions were chosen in such a way
that water is largely in excess. It was shown in previous studies that water flow rate greatly affects the resulting growth
rate.18
From the curve, it can be seen that process reaches saturation approximately at 410 ms residence time and additional
time does not increase the growth rate. It confirms that no
precursor is being deposited on the surface once all reactive
sites on the surface have been occupied. Saturation growth
rate of 1 Å/cycle and residence time value is consistent with
the results obtained from a similar SALD system16 and,
indeed, from conventional TMA þ water ALD processes.19
Another important feature is growth rate uniformity over
the substrate area. In case of spatially separated ALD, this
test can show how uniform gas flows are and help to detect
possible process imperfections. Increased thickness is usually attributed to CVD growth and reduced thickness to low
precursor concentration. Figure 6 shows an image of the Ti
metalized substrate web sample coated with 70 nm of
Al2O3using roll-to-roll mode. Spectroscopic ellipsometry
reveals 65% deviation thickness deviation across the substrate width. The thickness variation value agrees with earlier studies.16

FIG. 5. Al2O3 growth rate as a function of residence time at 0.6% and 11%
of the volume fraction of TMA and water respectfully.
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FIG. 6. (Color online) Image of a section of Ti metalized PET substrate
coated with 75 nm of Al2O3.

B. Barrier properties

One of the potential applications mentioned in Sec. I is a
gas diffusion barrier for flexible electronics. To evaluate the
barrier properties of the film, PEN OPTFINE (125 lm) polymer web was coated with 20 nm of Al2O3 at a range of parameters depicted in Table II. The last column in the table
shows the respective TMA dosage for each run. Noncoated
PEN OPTFINE exhibits WVTR of 1.3 g/m2 day. Samples
for the WVTR measurements were cut off the web before it
reached the idle roller. Thus, the surface was kept intact to
prevent possible mechanical damage from the rewinding.
Certainly, this is one of the issues to be addressed in the
future. One of the possible solutions could be usage of lamination techniques to protect sensitive coatings (e.g., pressure
sensitive adhesives, UV curable coatings). However, the aim
of this work is to determine the basic properties and capabilities of a roll-to-roll process. It is important to note that the
actual thickness of the Al2O3 film on the PEN substrate is
likely to be less than the 20 nm, which was measured on a
metalized foil. It is known that during ALD on polymers
there is some penetration of the precursor into the polymer
resulting in a lower thickness than expected.20 It is difficult
on a routine basis, however, to measure the thickness of a
nm scale transparent film on a transparent substrate.
WVTR data and TMA precursor dosage as a function of
residence time are shown in Fig. 7. From the WVTR curve,
it can be seen that barrier films perform well in the range of
132–400 ms giving values below the Aquatran detection
limit (5  104 g/m2 day). Further decrease of the residence time causes critical worsening of barrier performance.
This behavior is predictable as the minimal dosage of TMA
required for complete surface saturation derived from conventional ALD experiments is 3 mg/m2, thus lower doses
will give incomplete surface coverage per individual cycle.

FIG. 7. WVTR data and respective specific precursor dosage as a function of
residence time.

Ca tests were carried out to measure extremely low permeation rates down to the 106 g/m2 day range because
commercially available WVTR measurement equipment do
not possess the required sensitivity for measuring ultrahigh
barrier films. Barriers of 20 nm of Al2O3 on PEN obtained
using 0.1 m/s of coating head speed were assembled for Catests as described in Sec. II.
Accelerated lifetime testing was carried on by aging the
samples at 40  C/90% RH initially for 185 h, then at 85  C/
85% RH. Because of the limited size of the PEN foil with
ALD barrier, only a part of the Ca test vehicle was covered
with barrier foil. With reference to Fig. 8, only the Ca areas
labeled “A” and “B” were considered in the evaluation of
the WVTR of the barrier. The samples were first aged at
40  C/90% RH for 185 h. Because no transmission change
was measured and no pinhole had appeared in areas A and
B, the samples were moved to an aging chamber set for
more aggressive accelerated test conditions at 85  C/85%
RH.
Figure 9 shows the image of the sample prior to the test,
after 470, and 800 h at 85  C/85%RH. It can be seen that the
optical density of the central part of areas A and B does not
change with time in accelerated testing at high temperature
and humidity. The transmission versus aging time curves
were also flat. This confirms the superior barrier quality of
the films. In contrast, Ca oxidation occurred rapidly in the
areas not covered by the film confirming the negligible contribution of the protective oxide to the overall barrier performance evaluation. At longer aging time, further oxidation

TABLE II. Deposition parameters for 20 nm Al2O3 coatings on PEN.
Coating head speed (m/s) Residence time (ms) Growth rate (Å/cycle) AALD cycles Web speed (m/min) WVTR (g/m2 day) TMA dosage (mg/m2 cycle)
0.4
0.2
0.1
0.06
0.03

49
75
132
211
410
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0.494
0.59
0.75
0.81
1.06

405
339
267
247
189

0.44
0.35
0.25
0.17
0.11

0.01043
0.00188
<0.0005
<0.0005
<0.0005

1.12
1.70
3.01
4.80
9.33
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FIG. 8. (Color online) Partially laminated Ca-test wafer. The size of the barrier foil is shown by the overlapped blue contour. Only areas A and B were
considered in WVTR evaluation because they were completely covered
with the ALD barrier.

occurs at the periphery of the encapsulated Ca-area by water
due to penetration through edge of the sealant.
Absence of local degradation in the central areas of zone
A and B was confirmed by the absence of any pinhole upon
observation by optical microscopy. Estimated WVTR of
the samples according to Ca test is 5  106 g/m2 day at
20  C/50% RH. This value is equivalent to 3  105 g/m2
day at 38  C/90% RH, about one order of magnitude lower
than the detection limit of the MOCON Aquatran Model G1.
To explore the effect of the specific precursor dose
on the WVTR performance, as mentioned earlier, additional experiments were performed using the small scale
TFS200R Spatial ALD reactor. The system features a
reactor with identical design to the large scale system with
respect to nozzle arrangement and geometrical dimensions
except nozzles length reduced to 100 mm (compare to
500 mm of WCS500). A series of depositions was carried
out in order to study the effect of TMA precursor dosage on
the film properties. Applied precursor dosage was adjusted
in two ways: (a) changing the speed of the substrate and
hence the residence time and (b) adjusting the precursor
concentration using the respective needle valve. In order to
take into account the influence of both factors, the amount
of precursor applied per unit of area and per one ALD cycle
was calculated, and hereinafter, this is referred to as the
specific precursor dosage (mg/m2 cycle). Ranges of
23–459 ms for residence time and 20–350 mg/min for
precursor flow were used, which results in a wide range of
specific precursor dosage of 0.37–51.8 mg/m2 cycle.
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FIG. 10. Growth rate and refractive index of the ALD films as a function of
specific precursor dosage.

Respective growth rate and refractive index values were
measured and plotted against the specific precursor dosage
calculated for each deposition run. Growth rate and refractive index curves are shown in Fig. 10. From Fig. 10(a), it
can be seen that film growth rate exhibits typical saturation
behavior for the TMA þ H2O process once the specific precursor dosage exceeds 14 mg/m2 cycle and a dramatic drop
from 1 to 0.43 Å/cycle if dosage less than 3 mg/m2 cycle is
applied.
Refractive index data in Fig. 10(b) also shows great dependence on the applied dosage in a range below 3 mg/m2
cycle. If refractive values of 1.610–1.615 are consistently
achieved within the saturated region, the values for the nonsaturated range (below 3 mg/m2 cycle) exhibit an abrupt
drop from 1.600 to 1.566. Mass density calculation using
the Lorentz–Lorenz equation21 reveals density values of
3.33–3.35 g/cm3 for films synthesized at high dosages and
3.28–3.13 g/cm3 for low dosage films. It can be concluded
that poorer barrier properties of the films are caused by lower
film density as a result of incomplete surface saturation.
Obviously, the critical dosage of 3 mg/m2 cycle characterizes a particular type of reactor assembly rather than chemistry of the process itself. Previous studies of the Al2O3 ALD
process using a quartz crystal microbalance show that actual
precursor uptake by the substrate surface is 10 times less
0.35 mg/m2 cycle.22 It is worth mentioning that precursor
uptake depends on the substrate type, e.g., some polymer
materials require much more reagent quantity during the

FIG. 9. (Color online) Samples subjected to accelerated Ca test: (a) after 185 h at 40  C/90% RH; (b) 468 h at 85  C/85% RH; (c) 800 h at 85  C/85% RH.
J. Vac. Sci. Technol. A, Vol. 32, No. 5, Sep/Oct 2014
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800 h has confirmed the superior quality of the films with the
final WVTR figure equal to 5  106 g/m2/day at 20  C/
50%RH. Production yields can be potentially increased in a
similar machine design by using wider webs and/or a larger
coating head and drum as the system exhibits a very stable
and robust process.
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FIG. 11. Optical transmittance of (a) noncoated PEN; (b) 20 nm Al2O3/PEN.

nucleation period—up to 10 times more compared to a
quartz surface.20
C. Optical transmission

Optical clarity is one of the essential requirements for
flexible photovoltaics and display applications. Transmission
measurements of Al2O3/PEN were taken at 350–800 nm
wavelength range. As an example, spectrum of 410 ms sample was compared with noncoated polymer (Fig. 11). It can
be seen that 20 nm Al2O3 coating does not affect the optical
clarity in the visible range with minimum transmission of
approximately 80%.
IV. SUMMARY AND CONCLUSIONS
A true ALD roll-to-roll process for thin Al2O3 coatings
has been developed and investigated. The ALD nature of the
process has been proven by demonstrating self-limiting
behavior. Other ALD thin films features such as growth uniformity and high moisture barrier performance have also
been shown in the present study. Effect of precursor dosage
on the film properties were studied as well. It has been
shown that 3 mg/m2 cycle is the critical value for applied
specific precursor dosage below which surface saturation is
incomplete and leads to poorer moisture barrier performance. WVTR measurements by the coulometric method at
tropical conditions (MOCON Aquatran Model 1) have
shown values of 5  104 g/m2 day for 20 nm Al2O3 films,
obtained at 0.1 m/s of coating head speed and 0.25 m/min
web speed which equal to 180 m2 of coated web per day.
Additional accelerated Ca test at 85  C/85% RH during
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