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ABSTRACT 

Atomic layer deposition (ALD) is a chemical vapor 
processing method with which highly conformal, 
uniform, defect and pinhole free ultrathin films can 
be coated even on the most challenging nanoscale 
architectures such as high aspect ratio trenches, 
through silicon vias and highly tortuous through-
porous networks. ALD is already widely in use in 
e.g. electronics, optics and sensor industries but it is 
rapidly gaining foothold also inside the renewable 
energy and clean and sustainable technology 
community. Picosun is a Finnish, globally operating 
ALD equipment manufacturer whose exclusive, 
pioneering expertise in the field reaches back to the 
invention of the ALD technology itself and whose 
ALD systems are used by high profile industries and 
top level research organizations across four 
continents. 
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1 INTRODUCTION 

Atomic layer deposition (ALD), originally known as 
atomic layer epitaxy (ALE) was invented in Finland 
in the early ‘70’s by D. Sc. (tech.) Tuomo Suntola. 
One of the technique’s first applications was 
manufacturing of electroluminescent displays 
though nowadays this chemical vapor thin film 
coating method has become a necessity especially in 
various fields of electronics, optics, optoelectronics 
and sensor industries. Newer but very potential 
future application areas are also renewable energy 
production and clean and sustainable technologies 
such as solar energy, fuel cells, Li-ion solid state 
batteries, water purification and novel, fully 
recyclable packaging materials, all of which this 
paper gives a short, compact review [1-16]. 

 
The selection of depositable materials covers for 
example metal oxides, nitrides, fluorides, sulfides 
and pure, including noble, metals. Due to the 
sequential, sub-nanometer scale controlled film 

growth and the self-controlling, self-limiting nature 
of the reaction chemistry between the precursor 
gases, atomic level organized and functionalized 
structures such as nanolaminates, mixed oxides or 
doped semiconductor films can be manufactured. 
ALD film is also uniform, defect and pinhole free 
and covers conformally even the most challenging, 
through-porous and highly tortuous nanoscale 
architectures. In addition to standard Si wafers, also 
3D objects of various materials, powders and 
particle samples can be coated. Typical deposition 
temperatures vary from ca. 200 oC to 400 oC though 
with plasma enhanced process, even lower 
temperatures can be used, and the film growth rate 
from ca. 0.2 Å/reaction cycle to 1.4 Å/reaction 
cycle, depending on the material. Figure 1 illustrates 
the ALD film growth mechanism and Figure 2 
presents examples of highly conformal ALD films in 
high aspect ratio nanostructures. 

 
 

Figure 1: Simplified illustration of a single 
monolayer formation cycle in the ALD film growth 
process. 
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Figure 2: SEM-micrographs of highly conformal 
ALD films, deposited with Picosun SUNALE™ 
reactors. Top two: metal compound diffusion barrier 

film on Si trench wafer. Bottom two: Al2O3 from 
TMA and O2 plasma on DRIE Si trench wafer. 
Wafers provided by VTT Technical Research Centre 
of Finland. 
 

2 ALD IN PHOTOVOLTAICS 

In order to compete against the more traditional, 
fossil fuel or nuclear based energy production 
methods, the power conversion efficiency of solar 
panels needs constant improvement. Along with 
efficiency increase, also the panel price needs to be 
lowered and especially for the newer solar cell 
technologies, their long-term stability improved. 

 
Al2O3 is one of the most well-known and widely 
used ALD materials and its deposition process is fast 
and simple. Al2O3 finds also several performance-
improving applications in the field of solar 
photovoltaics. For crystalline silicon (c-Si) solar 
cells, passivation of the surface defects, “dangling” 
H-bonds and other recombination promoting effects 
on the cell surface is a standard procedure in 
efficiency improvement. Typically, passivation has 
been achieved with thermally grown SiO2 or 
PECVD (plasma enhanced chemical vapor 
deposition) Si3N4 layers on the front side of the cell. 
However, ultra-thin ALD Al2O3 layers have also 
been successfully employed in this purpose [1-4]. 
ALD Al2O3 passivation can be applied on both the 
front and back surface of the Si wafer, leading to 
absolute efficiency improvement of over 1 % (and 
relative efficiency improvement of 6 %) in this so-
called “passivated emitter and rear (PERC) cell” [5]. 
With just one side passivation, an impressive power 
conversion efficiency of 23.2 % has also been 
measured [4]. This recombination velocity reducing 
property of ultra-thin Al2O3 passivation layers can 
be attributed to two mechanisms: chemical 
passivation, which arises from the reduction of the 
density of  electronic surface states, and field-effect 
passivation, which originates from an internal 
electric field near the surface, i.e. reduction of the 
local electron or hole concentration, though in 
extremely thin (< 10 nm) Al2O3 layers the former 
mechanism is somewhat hindered [1]. 

 
Al2O3 is a superior passivation material compared to 
many others [5] and ALD Al2O3 offers several 
benefits over the more conventional passivation 
methods. First of all, thermal oxidation of silicon 
requires high temperatures and thus lots of energy; 
also, the thermal stress may be detrimental to the 
bulk Si. With ALD it is possible to use much lower 
deposition temperatures – especially with plasma 
enhanced process because the reactivity of the 
activated radicals compensates the smaller thermal 
energy. Film is also pinhole-free and uniform and 
coats conformally even the most complicated 
nanoscale shapes and patterns of the surface. ALD is 
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also gentler to the surface than e.g. sputtering and 
other ion bombardment based coating methods and 
there is a possibility to material savings: because in 
ALD the deposition time/area is a constant for a 
given process, there is no need to increase the 
reactant flux to coat bigger areas or larger amounts 
of samples in the same run, only the deposition 
equipment size and throughput must be matched to 
the production needs. Picosun’s new, fully 
automated SUNALE™ P-series ALD batch reactor 
answers directly this challenge – being designed 
specifically for large scale batch processing of solar 
Si wafers it enables fast, reliable and cost-efficient 
way for c-Si solar cell efficiency improvent. By 
clustering several SUNALE™ reactors together, it is 
also possible to deposit several different materials in 
the same unit, or, by connecting several precursor 
sources into the same single reactor, mixed or 
multilayer structures such as doped semiconductors 
or nanolaminates can be produced. 

 

 
 

Figure 3: Illustration of clustering several Picosun 
SUNALE™ P-series batch reactors together and 
operating with an industrial robot. 
 
ALD-grown thin films have a wide variety of 
applications also in newer solar cell technologies. 
TCO (transparent conductive oxide) layers used as 
current collectors in 2nd and 3rd generation 
photovoltaic devices (e.g. CIGS, other thin film, dye 
and organic solar cells) can be deposited with ALD 
– for example, In-doped tin oxide can be replaced 
with Al-doped zinc oxide to avoid problems arising 
from the scarcity and price of indium – and ALD 
coated non-toxic, Cd-free buffer layers have yielded 
CIGS cells of even better efficiency than those 
prepared with traditional materials [6]. In dye solar 
cells, on the other hand, ALD can be used for 
example to deposit recombination blocking layers on 
either the TiO2 photoanode (Al2O3; [7, 8]) or on the 
substrate (TiO2; [9]) or, in the case of metal 
substrate cell, the metal surface can be protected 
against possible corrosion with ALD-grown oxide 

thin films. Counter electrode catalyst such as 
platinum can also be potentially deposited by ALD. 
 
Novel, self-organizing nanostructures such as Si 
nanowires/nanorods are also a potential future 
candidate for all-inorganic high efficiency solar 
cells. This kind of cells are developed and examined 
e.g. in the European Union (7th Framework 
Programme) funded research project “ROD-SOL” 
[10], in which Picosun also actively participates. For 
the dense, delicate Si nanorod forests that form the 
basic current generating layer of the cell, ALD has 
been identified as the only method with which 
recombination blocking and current collector (TCO) 
layers can be deposited. 
 

3 ALD AND OTHER 

NEW/RENEWABLE ENERGY 

TECHNOLOGIES 

In addition to solar photovoltaics, other advanced 
energy conversion and storage methods such as fuel 
cells and novel, high energy density batteries can 
also benefit from the ALD technology. Especially 
high temperature solid oxide fuel cells (SOFC) 
which typically operate at 800 oC – 1000 oC are 
subject to drastic temperature variations during the 
process run-up and run-down which causes heavy 
thermal stress to the cell structures. This accelerates 
the degradation mechanisms in the cell materials and 
also increases the cell price because expensive 
special materials need to be used and developed. 
Ultra-thin, compact and pinhole free protective films 
could be deposited with ALD to protect the cell 
structures against the temperature-induced stress and 
damage. Also, to lower the operating temperature of 
the SOFCs and thus to increase their long-term 
stability and lower their price, the electrolyte layer 
could be manufactured ultra-thin (thickness 
reduction from µm to nm scale) by ALD [11]. In low 
temperature fuel cells, namely polymer electrolyte 
membrane (PEM) cells, ALD is also a potential 
method for impregnating the nanoporous, carbon-
based electrodes with the platinum catalyst which is 
crucial to the cell operation. For novel, 3D-
integrated solid state Li-ion batteries, on the other 
hand, ALD is one of the rare methods with which 
uniform and conformal enough metallic platinum 
current collector and TiN barrier films can be 
deposited on the high aspect ratio Si-based structures 
that form the core of the devices [12, 13]. 
 

4 WATER PURIFICATION 

Most of the current water purification methods 
require either lots of energy or use of toxic or 
otherwise hazardous chemicals. Nanoporous, 
anodized aluminium oxide separation membranes 
with the insides of the pores coated with ALD ZnO 
thin film offer a cost- and energy-efficient, non-toxic 
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and easily upscalable alternative to e.g. chlorine-
based chemical water purification processes [14]. 
ZnO has been detected to show antimicrobial 
activity towards e.g. two typical waterborne bacteria 
Escherichia coli and Staphylococcus aureus and the 
compound is also more stable at high temperatures 
and pressures than conventionally used organic 
antimicrobial agents, all of which advocates its 
utilization in novel, innovative water management 
solutions. 
 

5 FULLY RECYCLABLE 

PACKAGING MATERIALS 

When aiming at fully recyclable whilst still oxygen, 
moisture and impurity-proof packaging of consumer 
products, ALD is the only method with which 100% 
conformal coverage on highly porous packaging 
materials such as cardboards, papers and/or 
biodegradable polymers can be achieved [15, 16]. 
As illustrated in Figure 4, several hundreds of nm 
layer of ALD Al2O3 or SiO2 fills the pores of the 
underlying material and acts as a diffusion barrier. 
As non-toxic, harmless and inert materials, Al2O3 
and SiO2 promote the packaging materials’ 
environmental sustainability. 
 

U 

niform 
ity 
Figure 4: Cross-cut (top) and top (bottom) SEM 
images from two paper samples: uncoated P(UNC) 
and pigment-coated P(PIG) papers coated with 900-
nm thick ALD-grown Al2O3 layer [15]. 

6 SUMMARY AND 

CONCLUSIONS 

As presented in the examples in the previous 
paragraphs, there exist new and potential application 
areas for the ALD technology in almost all fields of 
renewable, clean and sustainable energy production 
and technologies. Especially the solar photovoltaics 
industry, with the impressive market growth rate of 
35 % – 40 % per year for several years already and 
whose main material is still crystalline silicon (over 
80 % of all installed solar power) benefits greatly of 
even the 1 % improvement in the absolute cell 
efficiency, which has been demonstrated with ALD-
grown surface passivation layers. 

 
Cost- and energy-efficient, simple water 
management techniques, on the other hand, have a 
huge potential and market especially in the 
developing countries and/or countries with limited 
resources of sweet water. Waste problems, due to 
massive use of disposable, non-recyclable packaging 
materials, also typically cumulate in societies where 
the population density is the highest and 
infrastructure the poorest – not accidentally often the 
same countries which suffer from poor water 
management. Both of these issues are prime 
examples of how huge market potential there lies in 
renewable, clean and sustainable technologies and 
how technological-intellectual know-how and export 
in these fields not only helps to improve people’s 
living conditions and promotes environmental 
protection but also creates new jobs and industries 
both in the developing countries and in the 
industrialized world. 
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