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Interface engineering by ALD

Atomic layer deposition for 

photovoltaics

ALD Al2O3 surface passivation of crys-
talline silicon (c-Si) surface defects is the 
only case of ALD integration in PV high 
volume manufacturing [1]. However, 
ALD has been widely explored also in 
thin film PV technologies such as CIGSe, 
organic PV and dye-sensitized solar cells 
(DSSC) [2]. Also organo-metal halide 
perovskite solar cells (PSCs) represent 
an exciting R&D playground to explore 
the well-known ALD merits of precise 
control in chemical composition, thick-
ness and conformality of layers. What 
was perhaps considered just a hype early 
in 2010, is now the objective of intensive 
research, which has enabled to reach a 

photovoltaic conversion efficiency (PCE) 
of 25.2% this year [3]. The excellent PSC 
opto-electronic properties potentially al-
low photo-conversion efficiency values 
close to radiative limits [4]. The hybrid 
organic/inorganic chemistry ABX3 [5] of 
perovskite enables tuning its band-gap 
in the range of 1.55-2.3 eV, with tangible 
opportunities for tandem architectures. 
Starting from 2014, ALD has permeated 
the field of PSC technology by focusing 
on the several challenges to be met by 
this PV technology to become mature 
and ready for commercialization. What 
is intriguing is the fact that nowadays the 
ALD research in perovskite PV draws the 
attention of the PV perovskite communi-
ty in ALD (and spatial ALD). In this per-

spective article, which is a follow-up of 
the review paper published early in 2017 
[6], I will reflect on the progress accom-
plished by ALD in the field of PSCs, but 
also on the opportunities and challenges 
yet to be met.

Interface engineering by ALD in 

hybrid perovskite PV: state-of-the 

art [7]

The early works on ALD for PSCs had 
primarily an exploratory character, 
where metal oxide charge transport lay-
ers (CTLs) were synthesized and imple-
mented in thin film PSC cells either in 
n-i-p or p-i-n configuration [8]. Thin 
(10-15 nm) metal oxides are generally 
preferred to the conventional organic-
based transport layers borrowed by 
organic PV, because of the decrease in 
parasitic absorption losses and series re-
sistance in the cell. Moreover, ALD dem-
onstrated to deliver conformal, electri-
cally continuous thin films, whereas wet 
chemistry approaches would generally 
lead to films with pinholes, responsible 
for short circuit pathways in the cell.
Engineering a CTL/perovskite hetero-
junction requires, however, to go be-
yond the ALD merits of conformality 
and uniformity. A primary consideration 
is the energy level alignment: the elec-
tron transport layer (ETL) should have 
a conduction band (CB) aligned with 
or slightly lower than the CB level of the 
perovskite, whereas the hole transport 
layer (HTL) should have a valence band 

Over a relatively short period of about ten years, organo-metal ha-
lide perovskite solar cells have gained a widespread attention in the 
photovoltaic community, with a current record efficiency of over 
25%. This accomplishment is the result of both fundamental under-
standing of the perovskite absorber itself (e.g. crystal growth, chemi-
cal composition and opto-electronic properties) and improved de-
sign and engineering of the device architecture. In this respect, the 
adoption of atomic layer deposition has been particularly alluring, 
specifically for the design and engineering of charge transport and 
passivation layers. In this perspective I reflect on the state-of-the art 
of ALD processing for perovskite solar cells and on the opportunities 
and challenges yet to be met.
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(VB) aligned with or slightly higher than 
the VB level of the perovskite absorber. 
In parallel, both transport layers should 
block the injection of the charge coun-

terparts. The extensive literature of the 
last five years has focused primarily on 
TiO2 and SnO2 as ETLs [9,10] and NiO 
as HTL [11,12]. The Fermi level position 

and hence the work function of transport 
layers and the offsets with respect to the 
energy level of the perovskite absorber 
can be tuned significantly by the specific 
ALD process (plasma ALD vs. thermal 
ALD), substrate temperature (figure 1) 
and post-treatment (e.g. annealing as 
shown in figure 2a).
ALD SnO2 is presently the material of 
choice in single junction p-i-n configu-
ration and in the top perovskite cell in 
tandems [13], because it highly contrib-
utes to cell performance stability under 
thermal stress and humidity exposure. It 
also serves as buffer layer, protecting the 
sensitive organic layers underneath from 
the sputtering process of the top contact. 
Oxford PV-The Perovskite Company 
announced a certified world record for 
a 1cm2 c-Si/perovskite tandem of 28% 
[14]. Although no details were disclosed 
on the cell design, it can be expected that 
the ALD SnO2 plays a major role in the 
tandem architecture. Recently, Solliance 
and its partners demonstrated a glass/
glass encapsulated perovskite module 
(figure 3), where ALD SnO2 plays a major 
role in promoting the cell performance 
stability [15].
The role of ALD charge transport metal 
oxides is by now quite established in the 
perovskite cell architecture. However, 
the metal oxide/perovskite interface suf-
fers from the presence of defects (figure 
1c). This is also the case of metal oxides 

Figure 1 Plasma-assisted ALD of SnO
2
 ETL [10]. a) Current-voltage 

characteristics of n-i-p PSC cells with SnO
2
 deposited at a substrate temperature 

of 50 and 200°C. b) Evolution of PCE: although the cells have a similar initial 

performance, the cell with the 50°C SnO
2
 presents light instability, which can 

be suppressed by the addition of a PCBM interlayer. c) Energy levels (eV) via 

UPS analysis of the layers present in the PSC: the CB energy offset at the 50°C 

SnO
2
 /perovskite interface does not affect the initial cell performance (figure 

1a). However, the cell light instability (figure 1b) points to the presence of 

photo-activated defects, leading to charge accumulation and recombination. 

Acknowledgment for UPS analysis: dr. C.H.L. Weijtens (TU/e). Research carried 

out in collaboration with Solliance Solar Research.

Figure 2 Plasma-assisted ALD of NiO HTL [11,12]. a) Forward and backward scanned current-voltage of p-i-n perovskite cells 

with pristine and post-annealed NiO: the annealing leads to higher short-circuit current and fill factor because of improved 

hole extraction and NiO/perovskite adhesion. b) 2-terminal CIGSe-perovskite tandem cell with NiO as HTL and as part of the 

tunnel recombination junction with ZnO. c) Conformal growth of NiO on the rough CIGSe structure monitored by TEM-EDX Ni 

elemental map. Acknowledgement for the TEM: dr. M.A. Verheijen (Eurofins EAG & TU/e). Research carried out in collaboration 

with Helmholtz-Zentrum Berlin.
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developed by other deposition methods. 
Interface defects are responsible for non-
radiative charge recombination path-
ways, which hamper the PSC technology 
to reach the full thermodynamic poten-
tial of the absorber and deliver a PCE ap-
proaching 30% [16]. In this respect, the 
organic layers PCBM and PTAA [17] are 
not only excellent charge transport lay-
ers, but they also passivate the trap states 
at the perovskite surface. Therefore, it is 
not surprising that these layers are often 
found in PSC architectures in combina-
tion with ALD metal oxides (figures 1b 
and 2b).
As it can be expected, ALD of Al2O3 (fig-
ure 4a) and other wide-gap metal oxides, 
is subject of a wide investigation for the 
passivation of the perovskite surface 
states. Although several studies [18,19] 
have shown its successful implementa-
tion in terms of PCE enhancement, im-
proved stability against humidity and 
decrease in hysteretic behavior, in-depth 
understanding on the perovskite/Al2O3 
interface is taking off only now [20,21].

Current challenges and new 

opportunities for ALD for hybrid 

perovskite PV

Defective interfaces. The earlier ad-
dressed explorative character of the 
research on metal oxide/perovskite in-
terfaces has had limited implications so 

far: it is sized to the specific interface 
under investigation and findings cannot 
be extended towards universal conclu-
sions. This is partly because ALD charge 
transport layers are not yet included in 
systematic studies along with tradition-
ally adopted organic transport layers 
and solution-processed metal oxides. 
Methods studying interface recombina-
tion processes should be applied also to 
ALD metal oxide/perovskite interfaces 
to quantify the non-radiative interfacial 
recombination losses; to benchmark the 
ALD route (and possibly unravel its new 
merits) with respect to other technolo-

gies; to develop new strategies to ‘heal’ 
defective interfaces.

ALD processing directly on organo-

metal halide perovskite? So far, any 
attempt to develop ALD CTL directly 
processed on top of the perovskite has 
delivered rather disappointing PCE val-
ues. Next to the control on parameters 
such as substrate temperature and pro-
cessing time, this research field requires 
efforts to generate insights into the sur-
face reactions between the ALD chemis-
try (precursor and co-reactant) and the 
chemically challenging nature of hybrid 

Figure 3 Glass/glass encapsulated perovskite module with an aperture area of 

100cm2 and efficiency above 10%, developed by Solliance Solar Research and 

collaborators [15]. The module withstands 1000 hrs continuous illumination at 

1 Sun, 1000 hrs exposure to high humidity and 50 thermal cycles from -40 to 

85°C. The thermal ALD SnO
2
 (TU/e) plays a major role in protecting the perovskite 

absorber during the thermal test. Acknowledgement for the photograph: Niels 

van Loon (Solliance Solar Research).

Figure 4 Thermal ALD Al
2
O

3
 on perovskite [18,20]. a) High-angle annular dark field scanning TEM image of a perovskite/

Al
2
O

3
/HTL interface. Acknowledgement for the TEM: dr. M.A. Verheijen (Eurofins EAG & TU/e). b) Differential IR spectra with 

increasing number of ALD cycles of Al
2
O

3
: the negative features represent species which are abstracted during interaction of 

the perovskite with the TMA precursor. Positive absorption features indicate Al
2
O

3
 growth. c) Proposed reaction mechanism 

between the perovskite surface and ALD chemistry (trimethylaluminum and H
2
O) according to IR and XPS measurements.
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(2019) 2778.

17 PCBM (serving as ETL) is the common 
abbreviation for the fullerene derivative 
[6,6]-phenyl-C6-butyric acid methyl es-
ter. PTAA (serving as HTL) is the com-
mon abbreviation for poly[bis(4-phenyl)
(2,4,6-trimethylphenyl)amine.
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Kuang, R. Gehlhaar, A. Hadipour, J. Poort-
mans, ACS Energy Letters, 4 (2018) 259.
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M. Creatore, ACS Appl. Mat. Interfaces, 11 
(2019) 5526.

21 M. Kot, C. Das, Z. Wang, K. Henkel, Z. 
Rouissi, K. Wojciechowski, H.J. Snaith, D. 
Schmeisser, Chem. Sus. Chem. Comm., 9 
(2016) 3401.

22 A. Al-Ashouri, A. Magomedov, M. Roβ, 
M. Jost, M. Talaikis, G. Chistiakova, T. 
Bertram, J.A. Marquez, E. Kohnen, E. 
Kasparavicius, S. Levcenco, L. Gil-Escrig, 
C.J. Hages, R. Schlatmann, B. Rech, T. Ma-
linauskas, T. Unold, C.A. Kaufmann, L. 
Korte, G. Niaura, V. Getautis, S. Albrecht, 
Energy Environ. Sci., 12 (2019) 3356.

perovskite. In situ diagnostics tools (figure 
4b-c) allow to investigate how the chemi-
cal fingerprint of perovskite is modified 
upon exposure to the ALD chemistry and 
how ALD film growth develops.

Novel ALD chemistries and ALD mer-

its for perovskite PV. Molecular Layer 
Deposition (MLD) can contribute to the 
expansion of the toolbox of atomic scale 
processing for perovskite PV. Recently, 
it has been demonstrated that self-as-
sembled monolayers (SAMs) deliver 
(non-radiative) lossless interfaces with 
perovskite absorbers [22]. MLD offers 
the opportunity to recreate (and possibly 
emulate) the SAM chemistry, but then 
avoiding spin-coating or dipping proce-
dures. Finally, ALD has been extensively 
acknowledged for delivering superior 
moisture (and O2) permeation barrier 
layers for several applications, e.g. or-
ganic LEDs and organic PV. Surprisingly, 
this merit has not been exploited yet into 
its full potential to address the perovskite 
environmental instability. A last note 
concerns with the increasing interest into 
perovskite PV implementation in the 
built environment, e.g. in windows. The 
necessary compromise between conver-
sion efficiency and transparency offers 
intriguing opportunities to further ex-
pand the atomic scale processing toolbox 
towards selective growth of mesoscopic 
perovskite structures on spatially- func-
tionalized ALD CTLs.
These research directions represent only 
a selection among the several opportu-
nities, which I foresee developing in the 
field of ALD interface engineering for 
perovskite PV.
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