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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 Al
2
O

3
: 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.
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process simplifications and potentially 
raising efficiency. A prime example of 
such contacts are stacks of tunneling 
SiOx and doped poly-Si (see figure 3, 
left), which are already popping up in the 
newest commercial solar cells. Also here 
ALD Al2O3 can be used, but for a very 
different purpose than in a PERC cell: 
Al2O3 appears to be an excellent source 
of hydrogen, which can diffuse from the 
Al2O3, through the poly-Si, to the SiOx-

tunnel layer. Here it binds to remaining 
interface defects, thereby improving pas-
sivation and significantly boosting cell 
voltage [9,10].
ALD layers themselves can also be used 
as passivating contacts. These include 
various metal oxides such as titanium 
oxide (TiOx) electron contacts, and mo-
lybdenum oxide (MoOx) hole contacts, 
see figure 3. Such materials are – as far as 
manufacturers disclose − not in produc-
tion yet, but have already shown efficien-
cies in the range of 22-24% and I wonder 
where they will end [11,12].

Silicon-perovskite tandem cells: New 

opportunities for ALD?

One application that definitely deserves 
to be mentioned is the silicon-perovskite 
tandem cell, where the fields of silicon 

Figure 2 Timeline highlighting the discovery of novel passivation and passivating contact materials.

Al
2
O

3
 in PERC solar cells:  

What does it do?

The Al2O3 layer at the silicon rear surface yields excellent passivation of the 
silicon surface: It form a SiOx-interface with a very low electronic defect den-
sity. Such passivation is crucial, as charge gets lost at these defects. Impor-
tantly, the distinguising feature of Al2O3 − especially at the time of discovery 
− is that this layer has a fixed, negative charge. This negative charge repels 
the free electrons in the silicon and attracts the positive holes towards the 
surface, which is ideal for passivating the p-type rear surface.

Figure 1 Schematic cross-section of a PERC-type silicon solar cell, which 

typically reach 23+% efficiency. The inset image shows an electron 

microscopy image of the ALD Al
2
O

3
 passivation layer. Image is not to scale.
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and perovskite photovoltaics meet. As 
shown in figure 4, in such a tandem cell 
a perovskite solar cell is placed on top of 
a silicon bottom cell. As the sub-cells are 
sensitive to different parts of the solar 
spectrum, in combination they can yield 
a higher efficiency. In only a few years, 
lab efficiencies have soared to 29% [13].
The performance of the tandem cell is 
largely dictated by the many nanolayers, 
which manage and optimize the flow of 
charge and light, as well as connect the 
two subcells. ALD has already made 
its mark in this field, especially in the 
perovskite sub-cell, as is shown in the 
article on ALD for perovskites in this 
NEVAC blad [14]. For the silicon bottom 
cell, it remains to be seen which silicon 
cell architecture (heterojunction, PERC, 
…) in the tandem will be the most indus-
trially viable. Either way, there is plenty 
of room to explore ALD innovations in 
the bottom cell, such as the aforemen-
tioned new passivation layers and pas-
sivating transparent conductive oxides 
(TCOs), and most notably, for tailoring 
the tunneling recombination junction: 
At this junction, a local high doping level 

is desired, and ALD is uniquely suited to 
accurately and locally control the com-
position of layers.

Concluding remarks

To conclude, I think that ALD is a great 
technology to explore novel nanolayers, 
owing to the large materials library [15] 
and its excellent control over film deposi-
tion at the atomic level, while at the same 
time being a relevant technology at the 
gigawatt scale. ALD for photovoltaics 
is a highly active and exciting research 
field, and I am curious to see which in-
novations will make it to the solar cells 
of tomorrow.
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Figure 4 Schematic cross-section of a typical silicon-perovskite tandem solar 

cell. Not to scale.

Figure 3 Illustrative false-color electron microscope images of ALD nanolayer 

cross-sections of various new uses in passivating contacts.


