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ALD@NL day
Friday November 6, 2020

The aim of this national event is to bring researchers, technologists and other people 
interested in ALD together to learn about the latest developments in research, 

development and manufacturing.
The day will feature presentations and also provide ample opportunity for networking.

Please reserve the date!

Please preregister to receive updates on the event:

www.AtomicLimits.com/ALD-NL-day

ALD in the 
Netherlands

Concept preview
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Atomic layer by atomic layer
Atomic layer deposition (ALD) is vapor-
phase deposition technique in which 
thin films are deposited atomic layer by 
atomic layer (figure 1) [1,2]. This is done 
by repeating cycles in which carefully 
chosen reactants are dosed to a surface 
in an alternating fashion. Typically, one 

can distinguish two half-cycles A and B 
that are separated by purge steps: half-
cycle A consists of dosing a precursor to 
the surface that deposits the main con-
stituent of the film whereas half-cycle B 
consists of dosing a co-reactant that 
turns the precursor into the material 
of choice and reestablishes the starting 

surface. Next a new cycle can be carried 
out and the process can be repeated un-
til the targeted thickness of the film is 
achieved. 
ALD processes rely on surface chemi-
cal reactions that are self-limiting. This 
means that for an ALD process the surf-
ace reactions in every half-cycle self-
terminate because either the reactive 
surface sites have been reacted away or 
are not available anymore otherwise. The 
fact that the surface reactions are self-
limiting means that the ‘growth per cycle’ 
is independent of the dosing time as long 
as sufficient precursor or co-reactant is 
dosed. This is typically verified by mea-
suring saturation curves in which the 
growth per cycle is monitored as a func-
tion of dosing and purge times. 
The number of ALD processes is conti-
nuously being extended but the proto-
typical ALD process is the one for Al2O3 
which consists of the alternating dosing 
of Al(CH3)3 as precursor and H2O as co-
reactant. In half-cycle A Al(CH3)3 reacts 
with –OH surface groups leading to ad-
sorbed –Al(CH3)x and in half-cycle B the 
H2O reacts with –CH3 surface groups 
reestablishing a –OH covered surface 
with an Al2O3 atomic layer deposited. In 
both half-cycles CH4 is the volatile reac-
tion product released. 
In most cases the processes are carried 
out in ALD reactors under low vacuum 
conditions and with the A and B half-cy-
cles alternated as a function of time. Yet 
also ALD processes under atmospheric 
conditions exist whereas the half-cycles 
can also be alternated in the spatial do-

Atomic layer deposition (ALD) is a method to precisely deposit high-
quality nanolayers of all kind of materials. As such, it is a true nano-
technology which – among a multitude of other applications – ena-
bles the fabrication of the integrated circuits in your smart phone. 
In this introductory article, the method of ALD and its merits are 
briefly introduced. Also its history is presented in a nutshell and it is 
discussed how our country has played a vital role in the research and 
development of ALD and its widespread use now and in the future. 

Erwin Kessels
Department of Applied Physics
Eindhoven University of Technology
w.m.m.kessels@tue.nl

ALD – a truly enabling 
nanotechnology 
And how the Netherlands contributed to its wide 
spread application

Figure 1 Schematic representation of an ALD cycle. By repeating the cycle, 
nanolayers can be prepared atomic layer by atomic layer until the targeted 
thickness is reached [8].
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A brief history
Although ALD has only become very po-
pular in the last decades, the method is 
not new at all. The first patent filed dates 
back to 1974, but even before the Finnish 
inventors Suntola and Antson disclosed 
their work there was already some re-
lated activity on molecular layering in 
Russia. Figure 4 shows a timeline high-
lighting some main developments over 
the years [5].
Focusing on the role that the Nether-
lands played, a couple of important ac-
tivities that contributed to the popularity 
of ALD can be mentioned:
A first notable fact is that the first report 
on plasma-assisted ALD originated from 
researchers from the Philips Research 
Laboratories in 1991 [3]. Later, from 
2003 on, plasma-assisted ALD was really 
boosted by the research carried out at the 
TU/e. Nowadays, about 1/3rd of all ALD 
production tools are plasma-assisted 
ALD tools with a major application of 
plasma-assisted ALD in nanopatterning 
combining lithography, ALD and plasma 
etching [4].

One of the leading global manufactu-
rers of ALD tools for the semiconductor 
market is the Dutch company ASM [6]. 
They were among the first to recognize 
the potential of ALD and through the ac-
quisition of the Finnish company Micro-
chemistry in 1999 they acquired a lot of 
ALD know-how. It is a public secret that 
ASM was a main partner of Intel in their 
efforts to replace SiO2 by HfO2 as gate 
dielectric in chips (since 2007).
Besides the semiconductor industry, the 
solar cell industry has also embraced 
ALD in high-volume manufacturing sin-
ce 2012. The pioneering TU/e research 
on surface passivation of silicon by ALD 
Al2O3 nanolayers has contributed to this 
largely [7]. Currently also other applica-
tions of ALD in solar cell manufacturing 
are actively being considered and the 
TU/e has also had a pioneering role in 
the application of ALD in the production 
of perovskite solar cells.
The interest of solar cell industry in 
Al2O3 sparked the development of spatial 
ALD tools for high volume manufactu-

ring. TNO and the companies Levitech 
and SolayTec where pioneers in the deve-
lopment of such tools that are currently 
used in production and which can reach 
a throughput up to 6000 solar cell wafers 
per hour. Also other Dutch companies 
started to work on spatial ALD such as 
VDL, Smit Thermal Solutions, SALDtech 
and SALD. These work on emerging ap-
plications of ALD such as batteries and 
displays.
Dutch researchers have also spearheaded 
other ALD approaches, application fields 
and related technologies that expected 
to have their breakthrough in a couple 
of years. This includes ALD on powders 
(TUD); hot-wire ALD (TU); ALD on and 
for 2D materials (TU/e); area-selective 
deposition by ALD (TU/e) and atomic 
layer etching (ALE), the etch-counter-
part of ALD.
The articles in this special issue will give 
more insight in these ALD research ac-
tivities in the Netherlands and provide a 
perspective on current and future appli-
cations of ALD.

Figure 4 Timeline highlighting some remarkable events in the history of ALD.
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ALD is already big in the solar 
industry
Without argument, the biggest success 
story for ALD in solar cells deals with 
ALD aluminum oxide (Al2O3). This ma-
terial has enabled to boost silicon solar 
cell efficiency in so-called PERC struc-
tures, and as such it is present in most of 
the solar cells sold today. The key charac-
teristic of a PERC cell is an Al2O3 nano-
layer at the back side. For a concise sum-
mary of the function of this Al2O3 layer, 
see the box and figure 1. 
About 15 years ago, together with IMEC, 
our Plasma & Materials Processing group 
at the Eindhoven University of Technol-
ogy pioneered ALD Al2O3 for surface 
passivation, and an absolute efficiency 
gain of >1% was demonstrated in PERC 

cells in 2008 [1,2]. This really sparked in-
dustrial interest, and nowadays the lion’s 
share of commercial silicon solar cells 
are PERC-type. The Netherlands played 
a strong role in scaling up this technol-
ogy, with companies such as SoLayTec 
and Levitech developing spatial ALD 
Al2O3 solutions [3]. Besides spatial ALD, 
nowadays also batch ALD is becoming 
big in solar. Giving a number, LeadMi-
cro stated that they have supplied over 30 
GW of batch ALD passivation systems, 
which translates to about 6 billion silicon 
wafers per year [4].

Beyond Al2O3: New ALD nanolayers 
Over the last decade, many other new 
nanolayers have been explored for silicon 
solar cells, summarized in the timeline in 

figure 2 [5]. Clearly, ALD has played a 
central role in this exploration. A poten-
tially better performance and new func-
tionalities are the motivation for explor-
ing new materials. I will highlight a few 
of these materials, with a focus on recent 
work at the TU/e.
Our current research is focused on two 
new passivation materials we recently 
discovered: ALD phosphorus oxide 
(POx) and zinc oxide (ZnO) [6,7]. Both 
materials are abundant, inexpensive, 
and yield state-of-the-art passivation on 
n-type silicon. ALD POx passivation lay-
ers are of interest as they are the ‘posi-
tive twin’ of Al2O3. Like Al2O3, they yield 
very low defect density interfaces, but 
they exhibit a very strong fixed positive 
charge. Whereas the negative charge 
of Al2O3 makes it suitable for the pas-
sivation of p-type surfaces, the positive 
charge in POx explains its excellent pas-
sivation of n-type surfaces. ALD ZnO is 
also a new passivation material that gives 
state-of-the-art passivation of n-type sili-
con, but it is unique in the fact that it is a 
conductive passivation layer. Because of 
this unique aspect, this passivation layer 
can potentially also help in transporting 
current out of the solar cell, and we are 
currently exploring new cell designs that 
can leverage this additional conductivity.
Another truly hot topic in our field is 
passivating contacts.[8] These nanolay-
ers passivate the silicon interface − like 
Al2O3 − but also act as contacts: they 
are ‘membranes’ that only let electrons 
or holes pass. This removes the need for 
n+ and p+ regions in the wafer, enabling 

Over the last decade, solar energy has boomed with an annual pro-
duction already exceeding 140 gigawatts. This market is dominated 
by crystalline silicon cells, for which innovations at the nanoscale 
have been key to enabling higher cell efficiency at low cost. Atomic 
layer deposition is very much present in the research for nanolayer 
innovations, as ALD provides a platform to prepare these nanolayers 
with atomic-level precision and control. Meanwhile, nanoscale ALD 
layers are also deployed at the gigawatt scale, with Dutch companies 
and universities playing a pioneering role in scaling up. In this per-
spective article, I will show where ALD nanolayers can be found in 
the solar cells you buy today, and which future innovations are ex-
pected.

Bart Macco
Department of Applied Physics
Eindhoven University of Technology
b.macco@tue.nl

Atomic Layer Deposition for  
crystalline silicon solar cells  

Innovate at the nanoscale,  
deploy at the gigawatt scale 
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Motivation for area-selective ALD
The multilayered devices at the heart of 
every integrated circuit are fabricated 
by repeating deposition, lithography 
and etching steps for each device layer, 

as illustrated in figure 1. Area-selective 
deposition (ASD) focuses on the deposi-
tion of material only where it is needed, 
and thereby eliminates the need for a li-
thography and an etching step after the 

deposition [1,2]. Because of the atomic-
level control of ALD and its strong de-
pendence on the surface chemistry of the 
substrate, it has been considered as an 
ideal starting point for the development 
of ASD processes.
There are several different motivations 
for working on area-selective ALD. The 
early work on area-selective ALD aimed 
at reducing the complexity of nanofabri-
cation and at dealing with compatibility 
issues [1]. When working with materials 
that are not compatible with convention-
al etching or lift-off steps, it is desired to 
process the material in a bottom-up fash-
ion. These initial studies predominantly 
focused on the development of methods 
that involve patterning steps. For in-
stance, our previous work aimed at the 
patterning of contacts on sensitive nano-
materials such as carbon nanotubes and 
graphene by a combination of e-beam 
patterning and ALD [3,4].
In recent years, most work on area-se-
lective ALD is motivated by challenges 
in alignment for sub-5nm technology 
nodes [2,5]. With the downscaling of 
nanoelectronics, it becomes more and 
more difficult to align structures relative 
to one another during the fabrication 
of multilayered device structures. The 
alignment is typically described by refer-
ring to the parameter edge placement er-
ror (EPE), which is allowed to be roughly 
a quarter of the size of the structure (i.e. 
~2nm for a critical dimension of 10nm). 
Area-selective ALD is currently explored 
for applications in self-aligned fabrica-
tion schemes. For these applications, 
a partially processed device structure 
fabricated using conventional top-down 

Area-selective atomic layer 
deposition for bottom-up fabrication 
of nanoelectronics

Ever since Richard Feynman’s lecture on nanotechnology entitled 
There is plenty of room at the bottom, one of the main challenges in 
nanoscience has been to develop reliable approaches for bottom-up 
processing of materials. Despite this vision, the miniaturization of 
electronics in the past few decades according to Moore’s law relied 
completely on innovations in top-down processing. In this article, 
the alternative of using area-selective ALD for bottom-up fabrication 
is discussed. The approaches that currently exist for achieving area-
selective ALD are reviewed, together with their merits and limita-
tions.

Adrie Mackus, Marc Merkx, Jun Li
Department of Applied Physics
Eindhoven University of Technology
a.j.m.mackus@tue.nl

Figure 1 Conventional patterning relies on repetition of deposition, lithography 
and etching steps for every layer in a multilayered device. At the small 
dimensions of current and future devices, it is often difficult to align features on 
top of each other, which results in an edge placement error (EPE). Area-selective 
ALD solves alignment issues, and eliminates etching and lithography steps.
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