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Functional thin films play a critical role in efforts toward efficient devices for energy conversion and
storage, as well as low-loss electronics. These films need to be manufactured at scale, cost-effectively,
and with precision. Atmospheric pressure spatial atomic layer deposition (AP-SALD) has emerged as
a promising technique for fulfilling these requirements. AP-SALD replicates the subnanometer control
of thickness, uniformity, crystallinity, and conformality to the substrate featured in conventional atomic-
layer-deposited films, but has the important advantage of depositing these films with growth rates that
are orders of magnitude higher. This review discusses the opportunities and advantages that AP-SALD
opens up in energy-conversion and storage devices, as well as low-loss electronics. In particular, the
review features recent work on using AP-SALD-grown films for photovoltaics, light-emitting diodes,
self-powered sensors, and photoelectrochemical cells and batteries, as well as in transparent conductive
materials and the epitaxial growth of thin films. Perspectives on future unexplored opportunities for AP-
SALD in energy and low-loss electronics are also discussed.

DOI: 10.1103/PRXEnergy.4.017002

I. INTRODUCTION

The urgent need for more efficient and cost-effective
energy-conversion devices [such as photovoltaics (PVs),
batteries, and photoelectrochemical cells] [1–7], as well
as power electronics and computing [8], necessitates
nanomanufacturing tools that can produce high-quality
thin films with scale and high precision, and which can
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be used to explore new materials to achieve improved
performance. Atomic layer deposition (ALD) is one such
technique and has become the most cost-effective option
for producing thin films at the single-nanometer level in
complex three-dimensional (3D) architectures [9,10]. His-
torically, a significant limiting factor of ALD is its inher-
ently slow deposition [9,11–13]. Recently, this limitation
has been addressed commercially by making large ALD
batch reactors and ALD has now become the dominant
approach for front-surface passivation in the silicon-PV
industry [14,15]. At the same time, this approach leads to
little flexibility in how manufacturing is carried out, since
large batches of wafers need to be deposited onto simulta-
neously, and there are challenges with gas diffusion over
long path lengths in large reactors, as well as precursor
wastage due to fouling onto the inside of reactor walls.
Spatial atomic layer deposition (SALD) could offer a route
to overcome these challenges and has been gaining atten-
tion for the development of thin-film semiconductors for
next-generation devices.
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FIG. 1. An illustration of how spatial ALD works. (a) Cycling of the gas that the substrate is exposed to, alternating from precursor
A to precursor B, which are separated with a purge step. In conventional ALD (or temporal ALD), precursors A and B are separated in
time with a vacuum purge step to remove these precursors from the reaction chamber. By contrast, in spatial ALD, these two precursors
are separated with an inert gas curtain (e.g., N2 or Ar gas) [17]. (b) A schematic of a typical spatial ALD reactor operating based on
the close proximity design, in which the gas manifold is brought close (tens to hundreds of microns) to the substrate. This can be
achieved either by floating the manifold over the substrate (or vice versa) and is referred to as the gas-bearing design. Alternatively,
the manifold could be mechanically maintained over the substrate and the manifold-substrate spacing is a controllable parameter [18].
(c) The growth per cycle as a function of the precursor exposure time, showing the saturation reached with ALD (in this case for
Al2O3 growth at different deposition temperatures). Reproduced with permission from Ref. [19]. Copyright 2014, American Chemical
Society. (d) An example of the conformal growth of Al2O3 (left) and ZnO (right) onto ZnO nanorods by atmospheric pressure spatial
ALD. Reproduced with permission from Ref. [20]. Copyright 2016, Royal Society of Chemistry.

SALD carries out the same two half reactions as ALD,
but separates the precursors in space (e.g., via a gas man-
ifold with channels to guide the gas flows) rather than in
time (as in ALD, which uses long purge steps between
pulses of the two precursors) [16], as shown in Fig. 1(a).
This allows films to be deposited orders of magnitude
faster under atmospheric conditions, obviating the need
for a vacuum chamber. For example, Al2O3 grown by
ALD and SALD both have a growth per cycle (GPC) of
approximately 0.1 nm per cycle, but the growth rate in
SALD is higher, at 1.2 nm s−1 compared to 0.05–0.3 nm
s−1 for conventional ALD (Table I) [21]. This opens
up many possibilities, e.g., the growth of oxides onto
thermally sensitive active-layer materials, such as lead-
halide perovskites and organic semiconductors, by sub-
stantially reducing the deposition time at elevated tem-
peratures. SALD is also highly customizable, with many
different reactor-head designs possible for applications in
depositing custom film patterns, wide reactor heads for
roll-to-roll and sheet-to-sheet deposition, or even cylindri-
cal reactors intended for coating tubular membranes [63].
A particularly common design is the “close-proximity”
design, in which the reactor head and flat substrate are
parallel to each other and brought close together (tens of
micrometers), as shown in Fig. 1(b). Past reviews have

covered the history and development of SALD, along
with the reactors that have been created, and some of
the basic applications of using SALD to grow binary and
multicomponent oxides (mostly based on ZnO and TiO2)
[9,11–13,64,65]. This review will discuss in detail the
recent applications of SALD for energy devices and elec-
tronics, focusing on energy conversion (light to electricity
and vice versa, as well as light to fuels), energy storage
(batteries and fuel cells), transparent electrodes, and epi-
taxial films for low-loss electronics. The more complex
materials recently developed (e.g., nonoxide materials and
epitaxial films), the opportunities opened up by SALD over
conventional ALD, as well as current challenges, will be
discussed, along with future perspectives on the energy-
materials challenges that SALD could address and how
this may be carried out.

II. WORKING PRINCIPLES OF SPATIAL ALD

Detailed descriptions of how spatial ALD is carried
out and the types of reactors used are covered elsewhere
[9,11–13,64,65]. Here, a concise description will be given
to provide context for the discussion later in this review. In
both conventional (or temporal) and spatial ALD, the two
precursors (A and B) need to be separated to ensure that
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TABLE I. A comparison of the growth rate and growth per cycle of conventional temporal ALD (t-ALD) with spatial ALD (SALD)
for common binary oxides. Representative deposition rates are selected. More detailed comparisons between different reactor types
can be found in Ref. [21]. Tdep is the deposition temperature.

Material Method Tdep (°C)
Growth rate

(nm s−1)
Growth rate

(nm per cycle) Sample size Ref.

Al2O3 t-ALD (Ultratech) 150–300 0.05–0.3 0.1 n.r. [22]
Al2O3 SALD (TNO) 200 1.2 0.12 3-cm-wide ring [23]
Al2O3 SALD (Levitech) 150–300 n.r. 0.12 15.6 × 15.6 cm2 [24]
Al2O3 SALD (SoLayTec) 200 0.5–1.2 n.r. 15.6 × 15.6 cm2 [25]
Al2O3 SALD 200 n.r. 0.17 n.r. [26]
Al2O3 PE SALD (O2 + N2

plasma)
160 n.r. n.r. n.r. [27]

Al2O3 SALD (Nexusbe; O3
oxidant)

200 n.r. 1.33 6 × 6 cm2 [28]

Al2O3 SALD 200 >1 0.13–0.10 n.r. [29]
Al2O3 SALD 150 n.r. 0.13 n.r. [30]
Al2O3 PE AP t-ALD (Ar + O2

plasma)
80 n.r. 0.18–0.19 Various [31]

Al2O3 PE SALD (Ar + O2 plasma) 75 n.r. 0.16–0.17 Various [32]
Al2O3 t-ALD (Beneq) 75–150 n.r. 0.18–0.15 n.r. [32]
Al2O3 AP t-ALD 50–120 >0.05 0.105 Various [33]
Al2O3 SALD 200 n.r. 0.12 n.r. [34]
Al2O3 SALD (Al precursor:

DMAI)a
150–300 >0.07 0.09–0.13 6.25 × 6.25 cm2 [19]

AlZnO SALD (DEZ + DMAI) 100–300 n.r. 0.10–0.19 6.25 × 6.25 cm2 [19]
ZnO t-ALD (Microchemistry

F-120)
105–180 0.13–0.18 0.15–0.21 n.r. [35]

ZnO SALD 100–300 0.02–0.2 0.11–0.22 6.25 × 6.25 cm2 [19]
ZnO SALD (TNO) 75–250 0.3–0.9 0.18 3-cm-wide ring [36]
ZnO SALD (V-CUCP) 150 1.1 0.95 3.5 × 5.5 cm2 [37]
ZnO SALD (SoLayTec) 100–260 0.29–0.61 0.09–0.19 15.6 × 15.6 cm2 [38]
ZnO SALD (oxide mixture;

H2O2, H2O, O2)
<200 n.r. 0.12 n.r. [16]

ZnO SALD 200 n.r. 0.12 n.r. [26]
ZnO SALD 200 n.r. 0.155 n.r. [39]
ZnO SALD 120 n.r. 0.18 n.r. [30]
Zn(O, S) SALD (oxide mixture;

H2O, H2S)
120 n.r. 0.15 n.r. [40]

ZnO SALD 95 0.17 0.1 n.r. [41]
ZnO/ZnS SALD (oxide mixture;

H2O, H2S)
100–200 n.r. 0.13 (ZnO), 0.15 (ZnS) n.r. [42]

ZnO SALD 200 n.r. 0.20 n.r. [34]
ZnO SALD 200 0.3 0.18 15 × 15 cm2 [43]
In:ZnO PE-SALD 160 n.r. 0.14 ∅15 cm [44]
In:ZnO SALD 200 >0.1 n.r. 15 × 15 cm2 [43]
In2O3 SALD 200 n.r. 0.004 15 × 15 cm2 [43]
TiO2 t-ALD (Microchemistry

F-120)
150 <0.01 0.04 n.r. [45]

TiO2 SALD (V-CUCP) 150 0.26 0.15 3.5 × 5.5 cm2 [21]
TiO2 SALD (Beneq TFS-200) 80–120 n.r. 0.015–0.045 n.r. [46]
TiO2 PE-SALD (O2 + N2

plasma)
65 n.r. 0.15 0.33 × 1.2 cm2 [47]

TiO2 SALD Pen 150 n.r. 0.075 Various [48]
TiO2 SALD (Atlant3D) 120–300 n.r. 0.035 n.r. [49]
MgO t-ALD (viscous-flow ALD

reactor)
150 0.09 0.14 5 × 5 cm2 [50]

MgO SALD (LMGP) 220 n.r. 0.25 2.5 × 2.5 cm2 [51]

Continued.
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TABLE I. (Continued.)

Material Method Tdep (°C)
Growth rate

(nm s−1)
Growth rate

(nm per cycle) Sample size Ref.

SiO2 (etching) PE-SALD (O2 plasma) <200 0.32 n.r. ∅15 cm [52]
SiO2 PE-SALD (Beneq) Up to 200 °C 0.55 n.r. ∅20 cm [53]
SnO2 t-ALD (different setups) 75–400 n.r. 0.01–1 Various [54]
SnO2 SALD (LMGP) 140–200 n.r. 0.85 5 × 2.5 cm2 [54]
SnO t-ALD (different setups) 100–200 n.r. 0.13–0.20 Various [55]
SnO SALD (TNO) 100–210 n.r. 0.09–0.55 3-cm-wide ring [56]
SnOx SALD 80–150 n.r. 0.07–0.15 7 × 7 cm2 [57]
SnOx PE SALD (O2 + Ar plasma) 80–150 n.r. 0.11–0.16 Various [58]
Cu2O t-ALD (different setups) 110–220 0.001–0.003 0.006–0.012 Various [59]
Cu2O SALD (V-CUCP) 100–225 1.3 n.r. 6 × 2 cm2 [60,61]
Cu2O SALD (LMGP) 180–260 0.018–0.059 0.016–0.052 5 × 2.5 cm2 [59]
ZrO2 SALD pen reactor 150 n.r. 0.21 Various [48]
ZrO2 PE-SALD (O2 plasma) 150–250 n.r. < 0.14 15 × 15 cm2 [62]

aDMAI = dimethylaluminum isopropoxide; n.r. = not reported.

half reactions take place on the substrate. For example,
precursor A may be water vapor, which chemisorbs onto
the substrate to form a layer of hydroxyl groups covering
the entire surface. Precursor B could be an organometal-
lic compound (e.g., diethylzinc), which reacts with the
hydroxyl groups to form a monolayer of the oxide. Having
all reactions take place at the surface enables ALD films
to be highly conformal to high-aspect-ratio nanostructured
substrates and ensuring that chemisorption reactions take
place over the entire surface results in pinhole-free films.
However, it is then essential to ensure that precursors A
and B do not react in the gas phase to avoid chemical vapor
deposition (CVD) and oxide particles forming in the gas
phase. In conventional ALD, this requires a sufficiently
long purge step between each precursor pulse, such that
a vacuum chamber is typically required, and these purge
steps can take up to 50% of the total deposition time [9]. In
spatial ALD, most commercial designs so far operate under
low vacuum; however, newer designs—particularly those
targeting the energy and electronics applications discussed
in this review—can be operated under atmospheric condi-
tions (i.e., atmospheric pressure, or AP-SALD). In almost
all AP-SALD reactors, a wide curtain of inert gas (usu-
ally N2 or Ar) is used between the precursor gas channels
[Figs. 1(a) and 1(b)]. By having this reactor gas manifold
brought close to the substrate (manifold-substrate gap on
the order of 10–20 μm), there is a sufficiently high pres-
sure gradient to direct gases from inlet to exhaust, which
helps to avoid precursor mixing in the gas phase. This
small manifold-substrate spacing can be achieved by either
floating the manifold over the substrate or vice versa and
the substrate-manifold spacing is naturally adjusted until
a high pressure gradient exists between inlet and exhaust.
In this case, the inert gas curtains are also acting as gas
bearings to ensure that the substrate or manifold is floating
[Fig. 1(b), top].

Another approach is to mechanically hold the mani-
fold over the substrate [Fig. 1(b), bottom]. This allows
the manifold-substrate spacing to become a free parame-
ter that can be adjusted. The advantage is that increasing
this spacing allows some mixing between precursors A and
B to take place in the gas phase, enabling either mixed
ALD-CVD growth, or pure CVD growth, which leads
to a higher growth rate. Whether this mechanical-close-
proximity reactor is operating in ALD or CVD mode can
be determined by measuring the growth per cycle as a
function of the exposure time, which can be adjusted by
the speed at which the substrate is oscillated underneath
the gas manifold. In ALD growth, saturation is reached
for long exposure times, resulting in the growth per cycle
leveling off as the exposure time is increased further
[Fig. 1(c)]. By contrast, in CVD growth, the growth per
cycle will monotonically increase with further increases in
exposure time.

We have found in many instances that operating AP-
SALD in CVD mode maintains the advantages of ALD-
grown films, including pinhole-free films, having the
same crystallinity at the same deposition temperature,
and conformality to nanostructured substrates [20,60,66].
An example of Al2O3 films grown using an SALD with
the mechanical-close-proximity design in ALD mode on
ZnO nanorods is shown in Fig. 1(d) (right), where it
can be seen that the Al2O3 layer is uniformly 25 nm
thick. In CVD mode, ZnO has also been successfully
grown to conformally cover ZnO nanorods [Fig. 1(d),
left]. On the other hand, when operating in pure ALD
mode (i.e., no CVD component), the maximum deposi-
tion rate that can be achieved with SALD depends on
the kinetics of each particular process and the nature of
the sample to be coated, in which slow growth occurs
on high-aspect-ratio features or porous substrates (see
Sec. IV).
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III. ENERGY-CONVERSION-DEVICE
APPLICATIONS

A. Silicon photovoltaics

Early efforts to commercialize spatial ALD have focused
particularly on the silicon-PV industry, which dominates
the global PV market [67,68]. Work by Hoex and co-
workers over a decade ago has shown that ALD-grown
Al2O3 effectively passivates the surface of c-Si, lead-
ing to low surface-recombination velocities of 2 cm s−1

[Fig. 2(a)] [69,78,79]. The passivation from ALD-grown
Al2O3 comes about because (1) deposition onto silicon
results in the formation of a thin layer of SiOx, which
provides chemical passivation, (2) Al2O3 is doped with
H, which diffuses into the c-Si bulk, passivating dangling
bonds, and (3) Al2O3 has a negative fixed charge, which
leads to field-effect passivation. The last point occurs
because the negative fixed charge in Al2O3 (typically on
the order of 1013 cm−2 [69]) causes upward band bending
at the Si-Al2O3 interface through an accumulation of holes
(for p-type c-Si bulk), or depletion of electrons (for n-type
c-Si bulk). This space-charge region separates electrons

and holes [Fig. 2(b)], reducing the probability of electron-
hole annihilation through nonradiative recombination via
defects at the surface of c-Si. Dingemans and Kessels
have illustrated the effects of chemical and field-effect pas-
sivation on the effective surface-recombination velocity
(Seff) of c-Si through numerical simulations [Fig. 2(c)].
Reducing the interface defect density (N it) from 1012 to
1010 cm−2 through chemical passivation results in Seff
reducing by 2 orders of magnitude. Increasing the nega-
tive fixed interface charge (Qf ) to above 1011 cm−2 also
leads to a substantial reduction in Seff. Postannealing Al2O3
films grown by a variety of ALD-based methods is impor-
tant to increase the Qf to 1012–1013 cm−2 [Fig. 2(d)],
which, as shown in Fig. 2(c), enables low Seff. Detailed
investigations into Al2O3 grown by conventional ALD
have found the optimal postannealing temperature range
to be 350–450 °C, with a duration of only 1–2 min being
adequate [76,80]. Further improvements in passivation
through increases in Qf could be achieved through plasma-
assisted growth of Al2O3 [Fig. 2(d)]. However, these
plasma-ALD Al2O3 films have required postannealing in
order to reduce the interface defect density (Dit), which

(a) (b)

(c) (d) (e)

FIG. 2. The use of ALD for silicon-interface passivation for PVs. (a) A sketch of a common industrial silicon-PV device (in this
case, Al back-surface field), illustrating the use of Al2O3 for front passivation. Adapted with permission from Ref. [69]. Copyright
2008, American Institute of Physics. (b) An illustration of the band bending in c-Si interfaced with Al2O3 that has a negative fixed
charge. Adapted with permission from Ref. [70]. Copyright 2021, Springer Nature. (c) The calculated effective surface-recombination
velocity (Seff) for silicon for different negative fixed charges (Qf ) at one interface, depending on the interface defect density (N it) and
the ratio of the electron and hole capture cross sections (σ n/σ p ). The upper bound to the surface-recombination velocity assuming only
recombination at wafer surfaces (Seff,max) is also provided. (d) The Qf value of Al2O3 thin films versus the midgap interface defect
density (Dit), showing the effect of annealing. Data obtained from Refs. [71–75]. Parts (c) and (d) reproduced with permission from
Ref. [76]. Copyright 2012, American Institute of Physics. (e) A comparison of the refractive index (RI) and growth per cycle (GPC)
of Al2O3 deposited by SALD without plasma (thermal) and with low- and high-voltage plasma (N2 and O2). Data from Ref. [77].
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would have otherwise led to high Seff [76]. More detailed
reviews delving into the engineering of ALD Al2O3
films for passivating c-Si for PVs can be found in Refs.
[76,81–83].

For SALD Al2O3, improvements in film density have
also been obtained through plasma-assisted growth [77].
Roozeboom and co-workers have used a dielectric-barrier-
discharge plasma source and directly introduced the
plasma (20% O2, 80% N2) to the growing film. As
shown in Fig. 2(e), Al2O3 films deposited with a high-
power plasma (5 W cm−2) had a higher refractive index
than thermally grown SALD films (using water vapor as
the oxidant), indicating a higher film density. Plasma-
SALD films also had a higher growth per cycle than
thermal SALD, especially at low deposition temperatures
[Fig. 2(e)] [77,84]. Beyond directly depositing Al2O3 onto
c-Si, the use of ZnO or Al-doped ZnO, grown by AP-
SALD, between c-Si and Al2O3 has been found to be
effective in enhancing field-effect passivation by increas-
ing the band bending of Si [85]. SALD MoOx has also
been found to be effective as a hole-selective contact for
c-Si and could replace p-type H-passivated amorphous sil-
icon for PVs made in the heterojunction cell architecture
[86]. A more detailed discussion of how MoOx, as a high-
work-function n-type oxide, could transport holes is given
in Ref. [87].

In early work, temporal ALD (t-ALD) was considered
to be too slow for c-Si PV manufacturing [23,88,89]. On
the other hand, it can be seen from Table I that while
the growth per cycle of SALD is comparable to that of t-
ALD for Al2O3 deposition, SALD has a growth rate that
is orders of magnitude higher. This has been considered to
be advantageous for reaching the required manufacturing
throughput of c-Si PVs, which in 2010 was approximately
2000–3000 wafers per hour [23]. As a result, commer-
cial SALD systems have been particularly designed for
c-Si PVs, especially from LeviTech and SoLayTec [17,21],
which could achieve throughputs of 3600 wafers per hour
(LeviTech) and 4500 wafers per hour (SoLayTec) [17,21].
However, the assumed throughput advantage of SALD has
recently been displaced by making t-ALD reactors larger.
That is, while the total deposition time of ALD remains
long, each reactor contains a large batch of silicon wafers.
LeadMicro have adopted this design and have achieved
throughputs well above 10 000 wafers per hour for Al2O3
passivation layers [90]. As a result, LeadMicro has largely
displaced SALD from the mainstream PV sector. How-
ever, the use of large ALD reactors is disadvantageous in
(1) having a long path length for precursor gases to dif-
fuse to, (2) offering little flexibility in the manufacture of
c-Si PVs, which needs to proceed on a batch basis, and
(3) leading to significant wastage of precursor gases in
the interior of the reactor. Opportunities therefore remain
for SALD to offer semicontinuous production of passiva-
tion layers on c-Si PVs, with potentially small precursor

wastage and improved control of the uniformity of the thin
films deposited.

B. Emerging photovoltaics

In thin-film PVs, AP-SALD has been used to deposit
a wide range of binary and multicomponent oxides. The
advantage of the short deposition time of SALD is that
it can not only deposit oxides onto the thermally stable
conducting-glass substrate (i.e., beneath the photoactive
layer) but also on top of the photoactive layer, either
directly or with the photoactive layer protected with a
charge-transport layer. This opens up the range of appli-
cations for these functional oxides, not just as charge-
transport layers but also as layers to mechanically and
environmentally protect the photoactive layer. In this
section, we discuss the materials developed by AP-SALD
for use in thin-film PVs as the oxide underlayer [Fig. 3(a)],
overlayer [Fig. 3(c); i.e., where there is at least one charge
transport layer between the absorber and the SALD oxide]
or the buffer layer [Fig. 3(e); i.e., with the SALD oxide
directly grown on the absorber layer], as well as for the
encapsulation of devices.

1. Oxide underlayers

The simplest way to integrate AP-SALD oxides into a
PV device is to deposit the oxide film onto the transparent-
conducting-oxide (TCO)-coated glass substrate, followed
by depositing the rest of the device stack on top [Fig. 3(a)].
This is because commercial TCOs (typically indium tin
oxide and fluorine-doped tin oxide) are thermally sta-
ble over the entire deposition-temperature window usually
used for AP-SALD oxides (from room temperature up
to 350 °C) [93]. As such, there are no severe restrictions
on the temperature, oxidant, or duration of the deposition
used, enabling a wide range of materials and processing
parameters to be explored.

In an early effort, TiO2 thin films have been used
as the electron-transport layer (ETL) in organic-bulk-
heterojunction (BHJ) solar cells [94]. In BHJ solar cells,
the electron donor [e.g., poly(3-hexylthiophene-2,5-diyl),
or P3HT] and the electron acceptor (e.g., [6,6]-phenyl-C61-
butyric acid methyl ester, PC61BM) are mixed together,
ensuring that photogenerated excitons only need to dif-
fuse a short distance before they are separated into free
electrons and holes at the donor-acceptor interface [95,96].
Therefore, between the BHJ and the electrodes, there need
to be charge-selective layers that only extract one charge
carrier, while blocking the other. The AP-SALD ETL
has been deposited at 100 °C (amorphous) and compared
to films deposited at 350 °C, and by spray pyrolysis at
450 °C. Due to the pinhole-free nature of the AP-SALD
films, ultrathin films (12 nm) of amorphous TiO2 have
performed equally to thicker films (80 nm) deposited at
higher temperature [94], which represents a saving in both
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(a)

(b)

(c)

(d)

(e)

(f)

hν

hν hν hν

FIG. 3. Applications of AP-SALD oxides in PVs. An illustration of the use of oxides as the (a),(b) underlayer, (c),(d) overlayer,
and (e),(f) buffer layer. When used as the overlayer, the oxide is deposited over the absorber, which is already protected by a charge-
transport layer (typically an organic material), whereas when used as the buffer layer, the oxide is directly deposited onto the absorber.
(b) An illustration of electron-affinity tuning through the Mg content in Mg:ZnO and how this could reduce the thermalization loss of
the injected electron in ZnO, leading to improvements in the open-circuit voltage. Reproduced under the terms of the CC-BY license
from Ref. [91]. Copyright 2014, The Authors. (d) A cross-section scanning-electron-microscopy (SEM) image of a semitransparent
perovskite device, showing the layers used, including the Cu2O overlayer (left), and the current density-voltage curves of semitrans-
parent devices without and with the Cu2O overlayer. Reproduced with permission from Ref. [60]. Copyright 2020, American Chemical
Society. (f) A transmission-electron-microscopy (TEM) image of the ZnO-BiOI interface in BiOI PVs. Reproduced with permission
from Ref. [92]. Copyright 2022, The Authors.

the processing time and the use of materials. Similarly, in
the same year, Thierich et al. prepared TiOx thin films by
atmospheric pressure plasma ALD (APP-ALD) as ETLs
for P3HT:PC61BM BHJ devices and obtained the same
power-conversion efficiency (PCE) as for devices using
conventional ALD blocking layers [97]. AP-SALD could
therefore prepare TiO2 films that perform similarly to these
batch-based techniques.

Another early effort has involved the demonstration of
AP-SALD ZnO as the ETL in BHJ solar cells [98]. ZnO
is a highly effective and commonly used ETL because its
electron affinity is well aligned with the lowest occupied
molecular orbital (LUMO) of common electron acceptors,
while simultaneously having a high ionization potential,
enabling effective hole blocking. The authors have shown
that AP-SALD can grow dense and compact thin films
of ZnO with similar crystallinity and electronic proper-
ties as ALD-grown films, with good wettability for the
P3HT:PC61BM blend, leading to BHJ devices with PCEs

reaching up to 3.6% (Table II). Importantly, 40-nm-thick
ZnO films have been sufficient for forming a complete
layer between the indium tin oxide TCO and BHJ blend to
prevent shunting, and these ZnO films could be deposited
in only 1.5 min (without vacuum), significantly shorter
than the total processing time for similar ALD films. Fur-
thermore, the as-deposited ZnO films were crystalline,
with a mobility of 3.4 ± 0.1 cm2 V−1 s−1, 2 orders of
magnitude higher than the mobility of spin-coated ZnO
nanoparticles, and also had high transmittance >90% in
the visible wavelength range. As a result, these rapidly
grown AP-SALD films effectively transport electrons, with
minimal contributions to the series resistance or parasitic
optical losses in the device [98].

The properties of these AP-SALD films could be
tuned through postprocessing or compositional tuning. For
example, the electron carrier concentration could be low-
ered through postannealing in air or doping with N [115].
For example, doping ZnO with 0.22 ± 0.04 at.% N [by
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TABLE II. A comparison of the performance achieved in thin-film PVs using spatial ALD (SALD) versus conventional t-ALD. The
t-ALD examples are selected to serve as points of comparison for the PVs making use of spatial ALD oxides. A comprehensive review
specially discussing ALD oxides for PVs is provided in Ref. [99].

Material Method Cell structure VOC (V) J SC (mA cm−2) FF (%) PCE (%) Ref.

Oxide underlayers
ZnO t-ALD ITO/ZnO/PbS/Au 0.54 ± 0.02

(0.55)
34.5 ± 0.6

(35.2)
39 ± 1 (40) 7.2 ± 0.5

(7.6)
[100]

ZnO t-ALD ITO/ZnO/perovskite/spiro-
OMeTAD/MoOx/Ag

0.97 ± 0.02 14.2 ± 0.7 48 ± 4 6.6 ± 0.4 [101]

ZnO SALD ITO/ZnO/P3HT:PC61BM/
MoOx/Ag

0.60 ± 0.01 9.7 ± 0.3 54 ± 3 3.3 ± 0.3 [98]

ZnO:N SALD ITO/ZnO:N/PbS/ MoOx/Au 0.46 10 32.6 1.5 [102]
ZnO:N SALD ITO/ZnO:N/PbSe/

MoOx/Au
0.4 17.5 ∼42 ∼3 [102]

ZnO SALD ITO/ZnO/P3HT/ MoOx/Ag 0.22 0.17 37 0.014 [103]
ZnO:N SALD ITO/ZnO:N/P3HT/

MoOx/Ag
0.11 0.50 36 0.020 [103]

ZnO/ZnO:N SALD ITO/ZnO/ZnO:N/P3HT/
MoOx/Ag

0.20 0.68 43 0.058 [103]

Mg:ZnO SALD ITO/Mg:ZnO/PbSe/
MoOx/Au

0.51 ± 0.02
(0.53)

18 ± 2 (21) 32 ± 4 (35) 3.2 ± 0.8
(3.7)

[91]

SnO2 t-ALD ITO/SnO2/perovskite/spiro-
OMeTAD/Au

1.09 ± 0.03 21.4 ± 0.6 70 ± 2 16.2 ± 0.7 [104]

TiO2 t-ALD ITO/TiO2/perovskite/spiro-
OMeTAD/Au

1.03 20.3 76 15.8 [105]

TiOx APP-ALD ITO/TiOx/P3HT:PC61BM/
MoOx/Ag

0.52 11.1 56 3.2 [97]

TiO2 t-ALD ITO/TiO2/P3HT:PC61BM/
PEDOT:PSS/Ag

0.53 7.17 51 1.99 [94]

TiO2 SALD ITO/TiO2/PbSe/ MoOx/Au 0.49 ± 0.01
(0.51)

11 ± 1 (15) 28 ± 2 (37) 1.7 ± 0.3
(2.8)

[106]

TiO2/Nb2O5 SALD ITO/TiO2/Nb2O5/PbSe/
MoOx/Au

0.53 ± 0.01
(0.54)

13.9 ± 0.2
(15.5)

30 ± 4 (32) 2.25 ± 0.05
(2.68)

[106]

NiOx t-ALD FTO/NiOx/perovskite/
PC61BM/BCP/Ag

1.03 ± 0.01 20.8 ± 0.6 75.0 ± 0.6 16.7 ± 0.3 [107]

NiOx SALD ITO/NiOx/perovskite/
PC61BM/Al

1.02 (1.08) 22.1 (23.0) 76 (81) 15.7 (17.1) [93]

Oxide overlayers
ZnO SALD ITO/NiO/perovskite/

PC61BM/ZnO
NPs/SALD ZnO/ITO
(bottom illumination)

1.01 ± 0.01
(1.00)

19.7 ± 0.3
(19.8)

67 ± 6 (73) 13 ± 1 (15) [41]

ZnO SALD ITO/NiO/perovskite/
PC61BM/ZnO
NPs/SALD ZnO/ITO
(top illumination)

0.99 ± 0.01
(1.00)

20.4 ± 0.3
(20.4)

69 ± 8 (70) 13 ± 1 (14) [41]

TiOx SALD ITO/NiOx/perovskite/
PC61BM/TiOx/BCP/Al

0.99 ± 0.01 21.5 ± 0.5 76.4 ± 0.3 16.2 ± 0.4 [66]

SnO2 t-ALD ITO/PEDOT:PSS/MAPbI3/
PC61BM/AZO
NP/SnOx/Ag

0.85 ± 0.02 19.1 ± 0.5 73 ± 2 12.0 ± 0.5 [57]

SnOx SALD ITO/PEDOT:PSS/MAPbI3/
PC61BM/AZO
NP/SnOx/Ag

0.89 ± 0.04 18.5 ± 0.5 76 ± 2 12.5 ± 0.7 [57]

SnOx SALD TO/NiOx/perovskite/
PC61BM/SnOxBCP/Ag

82 ± 2 18 ± 1
(19.7)

[66]

Continued.
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TABLE II. (Continued.)

Material Method Cell structure VOC (V) J SC (mA cm−2) FF (%) PCE (%) Ref.

Cu2O SALD FTO/TiOx/perovskite/
PTAA/Cu2O/Au

1.07 ± 0.03
(1.11)

22 ± 1 (24) 72 ± 3 (76) 18 ± 2 (20) [60]

Cu2O SALD Ag/ITO/Cu2O/a-Si:H(i)/c-
Si(n)/a-Si :H(i)/a-Si :
H(n)/ITO/Ag

0.584 36.8 63.8 13.7 [108]

Buffer layers
Mg:ZnO t-ALD Glass/Cr/ITO/Cu2O/

Mg:ZnO/Al:ZnO
0.55 ∼7 ∼43 1.67 [109]

Ga2O3 t-ALD Au/Cu2O/Ga2O3/Al:ZnO 1.20 7.37 44.7 3.97 [110]
Mg:ZnO SALD Au/Cu2O/Mg:ZnO/ITO 0.65 6.9 49.2 2.2 [111]
Mg:ZnO SALD ITO/Cu2O/Mg:ZnO/ITO 0.42 ± 0.01

(0.43)
5.8 ± 0.1 (5.9) 49 ± 2 (52) 1.2 ± 0.1

(1.4)
[112]

ZnO SALD ITO/NiOx/BiOI/ZnO/Al 0.75 ± 0.01
(0.75)

6.3 ± 0.5 (7.0) 39 ± 3 (43) 1.79 ± 0.03
(1.82)

[113]

Cu2O SALD ITO/ZnO/ECD
Cu2O/SALD Cu2O/Au

0.32 5.8 43 0.77 [114]

using NH3 (aq) as the oxidant rather than water] lowers
the carrier concentration from approximately 1019 cm−3

(undoped ZnO) to approximately 1017 cm−3 (ZnO:N). This
leads to a reduction in interface recombination in PbS col-
loidal quantum dot solar cells, improving the PCE from
0.8% (ZnO) to 1.5% (ZnO:N) [102].

Beyond the carrier concentration, the band positions
of ZnO can also be tuned, e.g., through Mg incorpora-
tion, which lowers the electron affinity because of mix-
ing between Mg 3s orbitals and empty Zn 4s orbitals in
the lower conduction band [Fig. 3(b)]. Oxides with two
metal components or more can be achieved in AP-SALD
through co-doping, in which the metal precursors are
mixed together in the gas phase before being introduced to
the gas manifold [Fig. 1(b)]. Lowering the electron affinity
of ZnO through Mg incorporation has resulted in reduced
energy losses for the electrons extracted in PbSe colloidal
quantum dot solar cells [91], as well as hybrid solar cells
(in which exciton separation is achieved at the ZnO-P3HT
interface) [37], leading to improvements in PCE [Fig. 3(b);
Table II].

Importantly, AP-SALD films maintain the high confor-
mality of ALD films to high-aspect-ratio surfaces, such as
nanorods [Fig. 1(d)]. This occurs despite the AP-SALD
reactor depositing films in “CVD mode.” For example, the
authors have shown that ZnO nanorods could be confor-
mally coated with ZnO:N and Mg:ZnO films grown by
AP-SALD in CVD mode and this has led to improve-
ments in PCE in both hybrid and PbSe colloidal quantum
dot solar cells through improvements in the open-circuit
voltage [20].

Apart from doping, AP-SALD can also be used to
deposit bilayers of functional thin films. For example, the
authors have shown that using a layer of ZnO:N between
ZnO and P3HT leads to a doubling in the short-circuit

current density. This has been attributed to an enhance-
ment in the detrapping of electrons at the surface of ZnO
by photogenerated holes when the ZnO was N doped,
thus enabling more facile exciton dissociation [103]. Sim-
ilarly, adding a layer of Nb2O5 in between TiO2 and P3HT
enhances the dissociation of excitons and reduces the
nongeminate recombination of excitons by passivating the
deep traps present in TiO2, improving both the open-circuit
voltage and short-circuit current density [106]. While the
PCEs of these hybrid devices were low, similar effects have
been observed using PbSe colloidal quantum dots instead
of P3HT and devices with TiO2/Nb2O5 have reached up
to 2.68% PCE (Table II) [106]. These improvements are
attributed to the cascade in energy levels obtained by
introducing the Nb2O5 interlayer, which helps to separate
electrons and holes [106].

Note that in these discussions, it is reasonable to com-
pare efficiencies within individual studies but making
comparisons between works is difficult, even if the same
AP-SALD reactor is being used. This is because the PCE
is primarily determined by the properties of the absorber
layer being used. For example, while compositional tuning
of ZnO improves the performance of PbS colloidal quan-
tum dot solar cells, the highest PCEs reported in Table II
are with ALD-grown ZnO, because of the higher quality of
the quantum dots prepared in this particular study [100].

Finally, AP-SALD has also been used to prepare p-
type metal-oxide hole-transport layers for lead-halide per-
ovskite solar cells (Table II). Here, MacManus-Driscoll
and co-workers have used bis(methylcyclopentadienyl)
nickel as the Ni precursor and O2 gas as the oxidant.
Owing to the low reactivity of the Ni precursor, the sub-
strate needed to be heated to 350 °C, and the substrate-
manifold spacing was increased to 100 μm [Fig. 1(b)],
such that the reactor proceeded in CVD mode. This
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was necessary in order to obtain an appreciable growth
rate, such that 10-nm-thick films were obtained after 20
scans of the substrate underneath the gas manifold. These
films led to improved PCEs (of up to 17.1%) compared
to poly(3,4-ethylenedioxythiophene) polystyrene sulfonate
(PEDOT:PSS) (up to only 13.0%) [93] and comparable to
the performance of perovskite solar cells with ALD NiOx
(Table II) [116].

2. Oxide overlayers

From Table II, it can be seen that there are few works on
the use of n-type oxides as ETLs for n-i-p-structured lead-
halide perovskite solar cells. Thus far, the few demonstra-
tions of perovskite PVs with the three most common n-type
oxides used in thin-film PVs (ZnO, TiO2, and SnO2) have
delivered PCEs well below those reached using conven-
tional spray-pyrolyzed TiO2 or chemical-bath-deposited
SnO2 (>25% PCE) [117]. However, a critical advantage
of ALD and AP-SALD is the capability to deposit compact
thin films on top of lead-halide perovskite device stacks,
which cannot be realized with spray pyrolysis or chem-
ical bath deposition because of thermally or chemically
induced degradation of the halide perovskite or organic
charge transport layers. Indeed, early work on monolithic
perovskite-silicon tandem PVs has made use of ALD to
grow a layer of SnO2 and zinc tin oxide on top of the
perovskite top cell [Fig. 3(c)], to mechanically protect it
against damage when sputter depositing the indium tin
oxide TCO on top. At the same time, the limiting factor
of ALD is that it is inherently a slow deposition method.
There is therefore a limit to the maximum temperatures (up
to 80–110 °C) and times that could be used to deposit oxide
thin films, which restricts the range of electronic properties
and crystallinity achievable [66,107,118,119].

Riedl and co-workers have used AP-SALD to deposit
SnO2 onto methylammonium lead iodide (MAPbI3) per-
ovskite devices that were first protected by a layer of
Al:ZnO nanoparticles [57]. Despite this protective layer,
they found that the SnO2 films could not be grown at above
80 °C without causing a decrease in the PCE, which was
similar to what they found when using conventional ALD
to grow the SnO2 layer [57]. Using the close-proximity
AP-SALD system in the MacManus-Driscoll group, oper-
ating in CVD mode, Hoye and colleagues found that SnO2
could be grown at 150 °C using water vapor as the oxi-
dant to obtain devices that were similar in performance
to the control devices made without any AP-SALD oxide
layer [66]. The lower damage was attributed to the short
deposition time, which was completed within a couple
of minutes (as opposed to >30 min to obtain compara-
ble films by conventional ALD). Nevertheless, improved
performance was still obtained by using milder growth
conditions (100 °C, and with O2 as the oxidant instead). By
optimizing the thickness of this SnO2 layer to 60 nm, the

PCE of triple-cation perovskite solar cells was improved
from 16.5% (no oxide buffer layer) to 19.4% (with a 60-
nm SnO2 buffer layer). This came about because the dense
SnO2 layer blocked the shunt pathways present in the
spin-coated PC61BM layer deposited over the perovskite
film, leading to improvements in the fill factor to 82 ± 2%.
Similarly, TiO2 overlayers could be deposited onto either
thermally sensitive MAPbI3 device stacks or more stable
triple-cation device stacks at up to 180 °C without degrad-
ing the performance. This was because these TiO2 films
could be deposited well within 1 min [66].

At the same time, such results could not be obtained with
ZnO. This is because diethylzinc degrades the perovskite
film [41,120]. Furthermore, ZnO has a high isoelectric
point and is known to degrade iodide-based perovskites
[121].

The majority of works on oxide overlayers for per-
ovskite solar cells have focused on the growth of n-type
oxides on p-i-n-structured devices, because n-type oxides
are more established in the field. However, the record
PCEs for single-junction halide perovskite PVs have
typically come from n-i-p-structured devices [122,123].
Hoye and colleagues selected Cu2O as a p-type buffer
layer to investigate, because this is a well-known p-type
oxide, like NiOx. But, unlike NiOx, Cu2O can be grown
by AP-SALD at lower temperatures, down to 100 °C,
when using allyloxytrimethylsilyl hexafluoroacetylaceto-
nate copper(I) (Cupraselect®) as the metal precursor and
water vapor as the oxidant [60,61]. These films have
4.3 ± 2 cm2 V−1 s−1 mobility, which is orders of mag-
nitude higher than that of the poly[bis(4-phenyl)(2,4,6-
trimethylphenyl)amine (PTAA) hole-transport layer onto
which it was deposited in the perovskite device stack. Fur-
thermore, the valence-band maximum (VBM) of the Cu2O
deposited, 5.3 ± 0.2 eV, is well aligned with the VBM of
the perovskite absorber and the highest occupied molec-
ular orbital level of the PTAA (5.25 eV), making the
buffer layer well suited for hole extraction. Although Cu2O
absorbs in the visible wavelength range, Hoye and col-
leagues could obtain compact films that were only 3–5 nm
thick, such that the transmittance was >95% across the
entire visible and near-infrared wavelength ranges. These
thin Cu2O films could be deposited within a couple of min-
utes, thus avoiding thermal degradation of the perovskite
device stack, but were sufficient to mechanically protect
the perovskite device from damage when sputter deposit-
ing the TCO top electrode [Fig. 3(d)]. As a result, semi-
transparent n-i-p-structured perovskite devices with 20%
PCE (Au top electrode) or 16.7% PCE (indium tin oxide
top electrode) were obtained, and the latter allowed us
to successfully demonstrate >24%-efficient four-terminal
perovskite-silicon tandems [Fig. 3(d)] [60].

Given that it has been shown to be possible to deposit
oxide buffer layers by AP-SALD onto perovskite thin films
without bulk structural damage, an important question is
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whether it is possible to directly deposit onto the halide
perovskite itself, thus obviating the need for organic charge
transport layers. Hoye and colleagues have found, how-
ever, that the direct deposition of the oxides onto per-
ovskite films leads to a severe deterioration in perfor-
mance [66].

Schulz and co-workers have directly deposited SnO2 by
ALD at 100 °C onto halide perovskite films and used hard
x-ray photoelectron spectroscopy (HAXPES) to analyze
the buried interface between SnO2 and the halide per-
ovskite [124]. They have concluded that the deterioration
in performance comes about from the formation of chemi-
cal defects on the surface of the perovskite when exposed
to the tin precursor [tetrakis(dimethylamino)tin] [124].
Hultqvist et al. have also believed that species form at
the perovskite-SnO2 interface when the SnO2 is deposited
by ALD, reducing device performance [125]. Hoye and
colleagues have used this same precursor in AP-SALD.
However, it was found that the direct deposition of SnO2 at
100 °C onto either MAPbI3 or triple-cation perovskites led
to no bulk degradation products that could be found from
x-ray-diffraction measurements [66], which was not the
case in the work by Schulz and co-workers, using t-ALD
[124]. Nevertheless, this does not preclude the possibility
of the tin precursor chemically damaging the surface of the
perovskite even when grown by AP-SALD. On the other
hand, Hoye and colleagues have found that TiOx grown
by AP-SALD at either 100 °C or 150 °C in <1 min does
not lead to any changes in the core-level peaks of Pb or I
in MAPbI3 incompletely covered with PC61BM, although
there was a narrowing in the N 1s peak [66]. Further work
is needed to understand why degradation of the perovskite
surface occurs when depositing oxides onto the perovskite
by AP-SALD and to develop strategies to suppress this
without requiring protective organic layers.

The limited degradation associated with the high depo-
sition rates with AP-SALD has also been exploited to
replace the p-doped amorphous silicon layer [a-Si:H(p)]
with Cu2O in silicon-heterojunction solar cells [108]. The
interest in using p-type Cu2O is that it is more transpar-
ent than a-Si. Muñoz-Rojas and co-workers have shown
that shorter deposition times of Cu2O at higher tempera-
tures are more beneficial than longer depositions at lower
temperatures. Conformal and uniform 10-nm-thick Cu2O
films have been deposited at a low thermal budget with-
out reducing the passivation effect of the intrinsic hydro-
genated amorphous silicon (a-Si:H(i)) layer, yielding high
efficiencies for Si-based cells incorporating Cu2O, with
device areas of 3 × 3 cm2 [108].

3. Oxide buffer layers

While it has not been possible thus far to use AP-
SALD to deposit oxides directly onto lead-halide per-
ovskite films and achieve efficient performance, oxides

have successfully been directly incorporated onto Cu2O
and BiOI thin-film light absorbers by both t-ALD and
AP-SALD [Fig. 3(e); Table II]. The advantage of directly
depositing the oxide films onto the absorber layer (form-
ing a buffer layer) instead of having an organic transport
layer in between include being able to (1) form a p-n
junction with the absorber layer to drive charge separation
and (2) tune nonradiative recombination at the interface
through the carrier concentration of the buffer layer and
the band offset with the absorber layer [126]. Furthermore,
AP-SALD, like ALD, is advantageous in growing pinhole-
free thin films that are conformal to textured surfaces,
which occurs in both BiOI and Cu2O thin films [110,113].
Being able to achieve a continuous covering over tex-
tured absorber layer surfaces with a thin buffer layer (on
the order of tens of nanometers) is advantageous in max-
imizing the illumination level to the heterojunction in a
device illuminated from a transparent top electrode. The
fine control over the thickness of films by AP-SALD also
allows the optimal buffer layer thickness to be achieved
that allows the full depletion region to be formed.

In Cu2O solar cells, the conduction-band offset with n-
type buffer layers (commonly ZnO) is a critical parameter
that needs to be minimized to reduce interface recombi-
nation. Buffer layers with lower electron affinities, such
as Mg:ZnO [109,112] or Ga2O3 [110], have been shown
to improve performance through higher open-circuit volt-
ages. However, the challenge with Cu2O is that it is not the
most thermodynamically stable phase of the Cu-O system
under ambient conditions and there is a strong tendency for
the lower-band-gap CuO to form, which acts as a nonradia-
tive loss channel in Cu2O solar cells [127,128]. In vacuum-
based conventional ALD, the formation of the CuO layer
during the deposition of the buffer layer could be sup-
pressed by using a pulse of diethylzinc to reduce Cu(II)
to Cu(I) during the deposition of amorphous zinc tin oxide
[128]. However, it is difficult to adopt a similar strategy
with AP-SALD operating in an open ambient environment,
given the high chemical potential of O2 present. Poten-
tially, this could be addressed if the AP-SALD reactor were
built within an isolated inert gas environment.

BiOI, on the other hand, is more stable against reacting
with the oxidant, since Bi3+ is already in its most stable
oxidation state. Hoye and colleagues have found BiOI to
remain phase pure at processing temperatures up to beyond
400 °C [129]. Therefore, depositing ZnO thin films by AP-
SALD at 150 °C or lower onto BiOI [Fig. 3(f)] did not lead
to any observable phase impurities [113], although BiOI at
the buried interface is I deficient due to the low formation
energy of I vacancies [113]. However, BiOI is able to tol-
erate I vacancies and these do not affect the optoelectronic
properties of the films [113,130].

Another application of AP-SALD is to create back-
surface field PVs. Cu2O grown by AP-SALD has a
carrier concentration that is orders of magnitude higher
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(approximately 1016 cm2 V−1 s−1) than that of electrochem-
ically deposited Cu2O (approximately 1014 cm2 V−1 s−1)
[114]. Thus, depositing a thin (approximately 200-nm)
layer of AP-SALD Cu2O over the electrochemically
deposited Cu2O increases the built-in field gradient, which
reduces the total thickness of the Cu2O layer required
to achieve full depletion from 3 to 1 μm. This reduces
the required transport length of charge carriers, leading to
increases in short-circuit current density, while still main-
taining a high open-circuit voltage, thus leading to overall
improvements in PCE [114].

There is clearly a wide range of applications of oxide
overlayers prepared by SALD onto the PV device stack.
NanoPrint Innovations Ltd. have recently commercialized
a range of SALD reactors, spanning from the laboratory
scale (for 30 mm × 30 to 50 mm × 50 mm substrates)
to wafer-scale (12-in.-diameter substrates). These systems
have been demonstrated to be capable of growing a wide
range of oxides, from electrically insulating to conductive,
including Al2O3, ZnO, SnO2, and In2O3.

4. Encapsulation

The highly compact nature of oxide films prepared by
AP-SALD also gives them the advantage of having low

permeability for moisture or gas, with a water-vapor trans-
mission rate (WVTR) as low as 10−5 g m−2 day−1 for
SnO2 and Al2O3 [32,57,131]. These WVTRs are similar
to those of ALD-prepared films [132–136], such that these
thin films can protect moisture-sensitive semiconductors
from degradation in ambient air. Originally employed for
encapsulation of organic light-emitting diodes (OLEDs)
[137,138], AP-SALD films have more recently been used
to protect lead-halide perovskite solar cells. For exam-
ple, Musselman and co-workers have demonstrated the
deposition of Al2O3 gas-diffusion barriers onto complete
perovskite device stacks (i.e., that have the metal elec-
trode deposited already), as shown in Fig. 4(a). N-doping
and the incorporation of Zn have both been found to
reduce the concentration of oxygen-related defects on the
Al2O3 surface and produce more compact films, which
has reduced the WVTR [131,140]. When used to encap-
sulate n-i-p– or p-i-n–structured perovskite devices, coat-
ing with 60-nm N:Al2O3 or Zn:AlOx has led to greater
than sixfold improvements in stability at both room tem-
perature (with 55% relative humidity) and 65 °C (with
85% relative humidity). Importantly, the short process-
ing time by AP-SALD allows higher processing tem-
peratures (e.g., 130 °C) to be used without thermally

(a)

(d) (e) (f)

(b) (c)

FIG. 4. Gas-diffusion barriers deposited by AP-SALD (a) on a complete device stack and (b) as electron-transporting SnOx in the
device stack. Adapted with permission from (a) Ref. [131], Copyright 2024, Elsevier and (b) Ref. [57], Copyright 2018, American
Chemical Society. (c) A cross-section SEM image of a 21-layer Al2O3/polymer nanolaminate gas-diffusion barrier. The nanolaminate
structure disrupts water-vapor permeation pathways and the polymer improves bending resistance. Reprinted with permission from
Ref. [139]. Copyright 2020, American Vacuum Society. (d) The WVTRs of some SALD gas-diffusion barriers and (e),(f) reported
normalized PCEs of p-i-n perovskite solar cells encapsulated with different AP-SALD barriers under accelerated testing conditions
(Musselman group). Adapted with permission from Ref. [57], Copyright 2018, American Chemical Society, Ref. [131], Copyright
2024, Elsevier, Ref. [140], Copyright 2023, John Wiley and Sons, and Ref. [141], Copyright 2024, John Wiley and Sons.
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degrading the perovskite device [131,140]. This is impor-
tant, especially because the WVTR of Al2O3 tends to
improve at higher deposition temperatures [137]. A small
reduction in device performance has only been noted if
ozone has been used as the oxidant for AP-SALD; no
degradation has been seen when H2O or H2O2 have been
used [142].

Riedl and co-workers have demonstrated the use of
SnO2 as a barrier coating to improve the stability of per-
ovskite devices and that it could also be integrated into the
perovskite device stack by being able to conduct charge
carriers (unlike Al2O3) [57,143]. The WVTR of AP-SALD
SnO2 grown at 80 °C has been found to be approximately
10−4 g m−2 day−1 when measured in a 60 °C, 60%-relative-
humidity environment. Better WVTR values of approx-
imately 10−6 g m−2 day−1 have been achieved in SnO2
films grown by ALD at 200 °C [132]. Nevertheless, the
low-temperature-grown AP-SALD SnO2 has been suffi-
cient for enabling MAPbI3 perovskite devices to be stable
at 60 °C for over 3000 h by using a combination of Al:ZnO
nanoparticles and AP-SALD SnO2 to encapsulate the per-
ovskite device stack [Fig. 4(b)]. The metal electrode was
deposited over the SnO2 layer [57].

AP-SALD facilitates rapid switching between precursor
gas flows to produce nanolaminates. Nanolaminates with
Al2O3 layers of different densities [144] and carbon con-
tents [145] have been deposited by SALD and provide bet-
ter barriers by decoupling the defect-induced permeation
pathways in the individual layers. SALD has also been
used to produce Al2O3-polymer nanolaminates [Fig. 4(c)],
which have the added benefit of improved bending resis-
tance [139]. Recently, AP-SALD has been used to deposit
a five-layer 60-nm-thick ZnO/AlOx nanolaminate gas-
diffusion barrier onto complete perovskite solar cell stacks.
It has provided a WVTR of 5.1 × 10−5 g m−2 day−1 and
an order-of-magnitude improvement in the device lifetime
under accelerated testing conditions (65 °C and 85% rel-
ative humidity) [141]. The WVTRs and device-stability
improvements from several of these reports are summa-
rized in Figs. 4(d)–4(f).

Nfinite Nanotechnology Inc., a startup from the Univer-
sity of Waterloo, is commercializing roll-to-roll AP-SALD
systems for encapsulation. While their focus is on vapor-
barrier coatings for sustainable packaging, these encapsu-
lation layers have broad applicability for the PV, LED, and
electronic applications discussed here.

C. Energy harvesting and self-powered devices

1. Energy harvesters

The Internet of Things (IoT) constitutes billions of inter-
connected devices and is forecast to grow to trillions soon
[146]. This will necessitate distributed power generation

to meet the associated energy demand. A range of energy-
harvesting devices are being developed, including piezo-
electric, triboelectric, thermoelectric, electromagnetic, and
indoor PV energy harvesters. In a recently published
roadmap, low cost and manufacturability at scale were two
of the important criteria identified for energy harvesters
[146] and AP-SALD is advantageous in both respects.
Furthermore, the roll-to-roll compatibility of AP-SALD
is advantageous for flexible devices and integration into
wearables.

To date, AP-SALD has not been extensively used in
the field of energy harvesting; however, there are clear
opportunities. Following from Sec. III B, there is the
potential for AP-SALD films to be used for indoor pho-
tovoltaics (IPVs) and, indeed, AP-SALD has been used
to deposit ZnO onto BiOI for a recent demonstration of
4%-efficient IPVs [147]. The thickness control, potential
for doping, and modest deposition temperatures of AP-
SALD are promising for the deposition of piezoelectric
materials such as ZnO, ZrO2, and HfO2 for piezoelectric
nanogenerators [148]. Conventional ALD has been used to
infiltrate inorganic compounds into polymers (sequential
infiltration synthesis) to modify their dielectric and elec-
trical properties for triboelectric nanogenerators [149,150]
and to coat metal-oxide films, particularly ZnO, onto a
variety of substrates, including plastics and textiles, for
flexible and wearable thermoelectric energy harvesters
[151,152]. Some of the reported thermoelectric films have
been several hundred nanometers thick; the rapid nature of
AP-SALD would facilitate manufacturing of these thicker
layers and is beneficial for thermally sensitive polymer and
textile substrates.

Electromagnetic energy can be wirelessly transmitted
to IoT devices and harvested from the surrounding envi-
ronment to provide power for periodic operation of IoT
devices. Radio-frequency (rf) energy can be harvested
using a “rectenna,” which includes an antenna and a rec-
tifier circuit that converts the ac signal to dc power. The
integration of AP-SALD films into rectifying Schottky
diodes and transistors has received little attention to date;
however, recent work on AP-SALD of quantum tunneling
metal-insulator-metal (MIM) diodes is promising in this
regard. MIM diodes consist of a thin insulator layer sand-
wiched between metal contacts with different work func-
tions to produce an asymmetric tunneling barrier, which
results in preferential conduction in one direction, i.e.,
rectification. Notably, the quantum tunneling mechanism
can operate at zero bias for low power consumption and
rapid tunneling rates make these diodes promising for rec-
tification of high-frequency signals, which could extend
wireless energy transmission or harvesting beyond the rf
into the terahertz regime (IR and optical). Alshehri et al.
first demonstrated the use of an AP-SALD system to make
MIM diodes with a 6-nm-thick Al2O3 insulating layer in
2019 [153]. Then, in 2021, the same authors leveraged
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the ability of an AP-SALD system to operate in a spa-
tially varying CVD mode, whereby the deposition rate
varies across the substrate, to deposit Al2O3 films with
nanoscale-thickness gradients for combinatorial study of
a Pt/Al2O3/Al MIM diode. Diodes with 18 different Al2O3
thicknesses have been studied and approximately 7.0 nm
has been identified as optimum [154].

More recently, Alshehri et al. have used this combi-
natorial approach to study dual-insulator metal-insulator-
insulator-metal (MIIM) diodes [155]. The use of two
insulators allows the introduction of greater asymmetry.
By depositing ZnO and Al2O3 films with orthogonal thick-
ness gradients using an AP-SALD system, they have
constructed diodes with 414 different ZnO/Al2O3 film-
thickness combinations on a single substrate [Figs. 5(a)
and 5(b)] and demonstrated optimized diode performance
when a trap-assisted tunneling mechanism has been dom-
inant for insulator thicknesses of 3.4–4.4 nm (ZnO) and
7.4 nm (Al2O3). The use of AP-SALD in MIIM diodes
is promising for implementation in large-area and flexible
energy-harvesting surfaces. The process reliability has also

been encouraging; the conformal pinhole-free nature of the
AP-SALD films has resulted in functioning diodes over
several square inches, despite the very thin nature of the
oxide films. These energy-harvesting technologies can be
combined with energy-storage devices, where AP-SALD
again has the potential to play an important role, as will be
discussed in Sec. IV.

2. Self-powered devices

AP-SALD also has the potential to enable self-powered
devices. Self-powered photodetectors [157] and gas sen-
sors [158] have used conventional ALD films. The speed
and scalability of AP-SALD could be advantageous in
these applications. In one example, Mistry et al. have fabri-
cated self-actuating frequency-shift cantilever gas sensors
using AP-SALD [156]. They made a microcantilever from
an AP-SALD ZnO film, which served as both the structural
and gas-sensing receptor layer [Fig. 5(c)]. The 200-nm-
thick ZnO cantilever layer was an order of magnitude
thinner than conventional microcantilever sensors, which

(a)

(c)

(b)

FIG. 5. Applications of AP-SALD for energy harvesting and gas sensing. (a),(b) The combinatorial MIIM device architecture pro-
duced using thickness-gradient Al2O3 and ZnO films deposited using an AP-SALD system. A schematic (a) and photograph (b)
showing a portion of the 414 devices on a wafer, each with a different combination of insulator layer thicknesses. Each device (black
circles in left) had an active area of 10 μm × 10 μm. Reproduced under the terms of the CC-BY license from Ref. [155]. Copyright
2024, The Authors. (c) A SEM image of a 200-nm-thick self-actuating ZnO cantilever gas sensor fabricated by AP-SALD. Reprinted
with permission from Ref. [156]. Copyright 2022, American Chemical Society.
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reduced the mass of the cantilever and made it more
sensitive to gas-adsorption mass changes. Because of its
reduced size, the ZnO cantilever was also self-actuated at
its resonance frequency by mechanical-thermal noise from
the surrounding gas, i.e., unlike traditional cantilevers, it
did not need piezoelectric or electrostatic actuation. While
an external power input would still be needed for sig-
nal readout, this is a promising step toward self-powered
gas sensors. Notably, the AP-SALD process provided con-
formal pinhole-free ZnO that enabled structurally robust
cantilevers. AP-SALD was also fast: deposition of the
200-nm ZnO layer may be prohibitively long using con-
ventional ALD, whereas only 15 min was required to
deposit the ZnO on photoresist using AP-SALD.

More recently, ZnO SALD thin films on top of Si
cantilevers have been used as sacrificial layers to form
cantilevers sensitized with ZIF-8 (a type of metal-organic
framework) by reacting the ZnO films with vapors of the
ligand. The resulting sensors showed 2 orders of magni-
tude more sensitivity than the cantilevers sensitized with
ZnO [159]. In this case, in addition to a high deposition
rate, SALD is appealing as different cantilevers could be
coated with different oxide sacrificial layers due to the
possibility of performing localized deposition with SALD
[160].

D. Other energy applications

1. Solar fuels

Photoelectrochemical cells are devices that harvest sun-
light to carry out redox reactions, such as reducing H+

(aq) to produce green hydrogen [161]. Recently, the photo-
electrochemical field has been incorporating the learnings
from the PV field, such as utilizing multilayer device
stacks to improve charge separation and protecting the
light harvester in a photoelectrode from degradation by the
electrolyte [6,92,162]. Hoye and colleagues have recently
demonstrated this with BiOI photocathodes, which used
the oxide-based device architecture developed for PVs,
including the use of AP-SALD to deposit ZnO to com-
pletely cover the textured surface of BiOI [92,113]. The
combination of using oxide charge-transport layers, along
with a graphite epoxy encapsulant, led to photoelectrodes
with improved stability from a couple of minutes (BiOI
directly in the electrolyte) to a couple of months [92]. ALD
has attracted growing interest in the solar-fuel field, not
just for photoelectrochemical cells but also in photocataly-
sis and PV electrolysis [163]. More effort should be made
to utilize the advantages of SALD in the solar-fuels area.

2. Light-emitting diodes (LEDs)

LEDs are the inverse of PVs and involve charge injec-
tion at forward bias leading to radiative recombination
and electroluminescence. While inorganic III-V materials

are now mainstream for the white-LED market, emerg-
ing thin-film emitters (e.g., organic materials and quantum
dots) are gaining commercial importance for the next
generation of displays, especially flexible displays. These
include polymer LEDs, two-dimensional (2D) materials,
and halide perovskite LEDs, the latter of which provide
some of the sharpest electroluminescence peaks, which
is important for realizing displays with a wider color
gamut [164,165]. AP-SALD can play a role by deposit-
ing oxide charge-transport layers or charge injectors with
tunable charge-injection levels, encapsulation of the LED
device stack, or depositing materials that can reduce inter-
face recombination. For example, the authors have used
Mg:ZnO to raise the electron-injection level, which low-
ered the turn-on voltage for blue-polymer LEDs [166].
As another example, the authors have used AP-SALD
to grow Mg:ZnO directly onto perovskite emitters. The
Mg:ZnO also presents a larger barrier to holes injected
into the perovskite emitter than fluorenes, thus avoiding
parasitic emission from the charge-transport layer, lead-
ing to an early demonstration of color-pure emission from
halide perovskite emitters [166]. Recently, the applica-
tion of AP-SALD films has been extended to LEDs based
on 2D transition-metal dichalcogenides. A ZnO electron-
transport layer has been deposited directly on top of a WS2
emissive layer at temperatures ranging from 75 to 150 °C
[167]. Thus, the advantages discussed in the Sec. III B for
AP-SALD also apply to LEDs and further work should be
implemented to explore these opportunities.

IV. ELECTROCHEMICAL
ENERGY-STORAGE-DEVICE APPLICATIONS

The most common electrochemical storage devices are
batteries and supercapacitors. In both cases, ALD has
been extensively explored, given its ability to conformally
coat complex and porous surfaces with sub-nanometer-
level precision. ALD coatings are particularly appealing
for batteries, since they can act as an artificial solid-
electrolyte interface (SEI) to minimize electrode degra-
dation, suppress dendrite formation, or allow operation at
high voltages [168].

While there is already abundant literature on the use
of ALD for batteries and supercapacitors, there are only
a few works so far exploring the use of SALD for elec-
trochemical energy-storage devices, all of them dealing
with batteries. One of the main areas of study has been to
assess the capability of SALD to conformally coat porous
materials and the impact on the deposition rate and confor-
mality, given that rapid film deposition is a key advantage
of AP-SALD. In the first report on the use of SALD for bat-
teries, Sharma et al. have explored the deposition of thin
Al2O3 coatings on Li0.20Mn0.54Ni0.13Co0.13O2 electrodes,
resulting in enhanced capacity retention as compared with
uncoated electrodes [169]. In a second work from the same
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team, Yersack et al. have optimized their reactor to achieve
higher deposition rates by adding spacers between the
precursor modules and the adjacent extraction modules.
The uniformity of the coatings improved for longer expo-
sure times but became worse for increasing aspect-ratio
substrates [170].

Since these initial empirical demonstrations that SALD
can effectively coat complex porous battery substrates,
Moitzheim et al. have taken a more analytical approach,
in which they have developed a model for the diffusion
of precursors through micropillar substrates to calculate
the minimal exposure time required to achieve conformal
deposition [171]. The model shows that for extreme aspect
ratios (i.e., the height-to-diameter ratio of the micropil-
lars) of 200 and reaction probabilities, β, of β = 1 down
to β = 0.001, it would take up to approximately 40 min to

deposit a 100-nm-thick coating, which is a feasible time
frame. This model has been reasonably accurate, with the
actual exposure time required to conformally deposit Cl-
doped TiO2 onto TiN-coated Si micropillars being only 5
times larger than the minimum theoretical value (Fig. 6).
Reducing the precursor exposure time (i.e., faster deposi-
tion) closer to the theoretical value has resulted in non-
conformal films but this has had a negligible effect on the
performance in batteries. This is a promising step forward
in the development of nanostructured thin-film batter-
ies, which could have capacities exceeding state-of-the-art
coin-cell batteries [171].

In a more recent work, Li et al. have used
computational-fluid-dynamics (CFD) simulations with
multilevel pore-scale diffusion to study the potential of
SALD to coat porous battery electrodes [172]. The results

(a)

(c) (d) (e)

(b)

FIG. 6. (a),(b) Optical and SEM images of TiN-coated Si micropillar arrays used to study the conformality of SALD Cl-doped
amorphous TiO2 films, which have been grown over these arrays. A photograph of the sample in inset in (a). (c)–(e) The thicknesses
obtained from SEM images of different points of the arrays as a function of the deposition parameters (temperature and exposure time).
Reprinted with permission from Ref. [171]. Copyright 2019, American Chemical Society.
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show that slightly reduced operating pressures (0.1 versus
0.01 or 1 atm) are optimum for maximizing the deposition
rate, and that the pore size, precursor concentration and
flow rate, and temperature also play key roles [172].

The effectiveness of SALD coatings on the stability of
batteries under high-temperature operation has been the
focus of several works. Hsieh et al. have explored the
deposition of TiO2 coatings on Ni-rich electrode materi-
als for high-temperature operation [173]. The parameters
evaluated were the deposition temperature (120–180 °C)
and the substrate speed (2–40 mm s−1) [173]. The coated
substrates showed improved stability due to the reduc-
tion of parasitic reactions between the electrode and the
electrolyte, as demonstrated by electrochemical impedance
spectroscopy (EIS). The EIS results also showed that the
SALD coatings reduced charge-transfer resistance. Pro-
tected electrodes fabricated at substrate speeds up to 2.4 m
min−1 sustained operation at 55 °C under a high-voltage
window (3.0–4.35 V), showing improved specific capacity,
superior rate capability, excellent cyclability, and ultrahigh
Coulombic efficiency retention of up to 99.7% [173]. In
another study, Panda et al. have demonstrated that Li-rich
electrodes coated with TiO2 can be cycled under an aggres-
sive voltage window (2.0–4.8 V) at 60 °C, showing a high
stability and a decrease in overpotential [174]. The coating
again prevented side reactions between the electrode and
the electrolyte and facilitated charge transfer. The coating
was deposited at rates above 1.2 m min−1 [174]. Similar
results have been obtained by the same group on cells in
which both electrodes and the separator were protected
with a SALD TiO2 layer [175]. The fabricated cells did not
show any appreciable volume expansion when operated at
55 °C [175]. Lee et al. have shown that a 5-nm-thick SALD
Al2O3 coating on commercial battery separators (Celgar)
improves the mechanical properties and thermal stability.
After 100 cycles at 1 °C and 80 °C, the batteries incorpo-
rating the coated separator showed a capacity retention of
79.5% versus 70% for an uncoated separator [176].

Finally, the chemistry of the ALD process can have an
important impact on battery performance. Moitzheim et al.
have shown that the amount of Cl doping present in amor-
phous TiO2 films deposited using TiCl4 and water vapor in
a rotary SALD reactor had a direct impact on the battery
efficiency, and this will need further study [177].

The appealing prospects of using SALD to improve
the reliability and performance of solid-state batteries has
led to this application area being a core priority for sev-
eral companies commercializing SALD systems. These
include SparkNano [178], SALD B.V. [179,180], and
Beneq [53,180], who have publicly indicated that they see
value in the use of their systems to develop coatings for
the components in batteries (e.g., powders used for cath-
odes and anodes, as well as the SEI) to improve energy
density, reliability, and safety [178–180]. Furthermore,
all three companies have developed roll-to-roll SALD

systems [179–181] that could contribute to faster and
more cost-effective manufacturing of next-generation bat-
tery materials. Forge Nano have also developed a spatial
ALD reactor for coating particles for battery cathodes and
these systems have been used for high-volume cathode
production [182].

V. APPLICATIONS IN ELECTRONICS

A. Transparent conducting materials

A wide range of devices, from touch screens to PVs,
require transparent conducting materials (TCMs). TCMs
include oxides (i.e., TCOs, as well as nonoxide and metal-
lic materials). In general, TCMs should have high trans-
mittance in the operational wavelength range, along with a
low sheet resistance, but the precise figures of merit depend
on the target application [183]. Other important factors
for TCMs are the haze factor, flexibility, processability by
low-cost scalable approaches, the use of nontoxic noncriti-
cal materials, and chemical stability against other materials
in the device with which the TCM is in contact, the pro-
cessing conditions used, and the ambient environment.
ITO (tin-doped indium oxide) and FTO (fluorine-doped
tin oxide) are currently the most industrially used TCMs,
due to their low sheet resistance, high transmittance, and
maturity. However, these TCMs have important limita-
tions, including the scarcity and high cost of In, as well as
the high deposition temperatures required for fabricating
FTOs (limiting their use for flexible polymer substrates),
thus motivating the search for alternative TCMs.

SALD has been explored for depositing TCMs rapidly
with low cost. Indeed, early work on SALD TCMs has
focused on undoped ZnO [184]. Illiberi et al. have shown
that AP-SALD ZnO films can be conductive (n-type, 4 m�

cm resistivity for 250-nm thickness) or insulating, depend-
ing on the partial pressure of diethylzinc (DEZ) used.
In their study, the films were deposited at temperatures
between 75 and 250 °C and had good crystallinity, with
high transmittance (∼85%) in the visible range [185].

In a later work from the same group, it has been
demonstrated that Al-doped ZnO (AZO) thin films can be
deposited at rates of 0.2 nm s−1 with controlled stoichiom-
etry by co-injecting DEZ and trimethyl aluminum (TMA)
in the same deposition region of their rotary SALD sys-
tem and controlling the TMA flow rate to the reactor or
the TMA exposure time to the substrate [34]. AZO with
a transmittance of 85% and a low resistivity of 2 m� cm
could be achieved for films with approximately 200 nm
thickness, deposited at 200 °C with around an 8 at.% Al.
The carrier concentration reached 1020 cm−3 and the mobil-
ity 5 cm2 V−1 s−1. The c-axis preferred orientation of ZnO
was accentuated upon Al doping until 40 at.% Al con-
tent, beyond which the films became amorphous. Nguyen
et al. have used a close-proximity AP-SALD system to
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deposit ZnO and AZO films, using DEZ and TMA as pre-
cursors [186]. The ZnO films had a high transmittance of
80–90% in the visible wavelength range, with a band gap
between 3.30 and 3.55 eV, for increasing deposition tem-
peratures (100–220 °C). For AZO, the optimal Al content
was only 1.19 at.% and this was difficult to reproducibly
control through co-doping. Therefore, instead of contin-
uously mixing the TMA precursor with the DEZ vapors,
TMA was mixed into the metal-precursor gas stream as
pulses. The films were again grown at 200 °C, and the
minimum resistivity was 5.57 m� cm (4.25 × 1020 cm−3

carrier concentration, 2.6 cm2 V−1 s−1 mobility). The tex-
ture of the films evolved from (002) for ZnO to (100) for
AZO.

However, these AP-SALD AZO films have mobilities
that are much lower than AZO films deposited using high-
vacuum techniques, such as pulsed laser deposition (PLD)
or sputtering. A parameter that strongly affects the mobil-
ity of ZnO thin films is the oxygen partial pressure. Nguyen
et al. have reasoned that the low mobility of SALD AZO
films is due to oxygen being trapped at grain boundaries
when the films are grown under ambient conditions, requir-
ing charge-carrier tunneling between grains [187]. These
trapped oxygen species can be partially eliminated through
illumination with UV light with mild heating at 200 °C.
If the films are exposed to air at high temperature, oxy-
gen is again absorbed [184]. Absorption of oxygen can be
prevented by covering the AZO with an Al2O3 layer (the
same approach has been used by Illiberi et al. for ZnO films
deposited by CVD) [185].

Interestingly, a work by Hsu et al. has reported high
mobilities in the range of 20–50 cm2 V−1 s−1 from AP-
SALD AZO, obtaining a resistivity of 0.35 m� cm for
an Al-doping level of approximately 1 at.% [188]. While
this seems to deviate from the observations made above
about ambient-processed AZO, it is noted that the undoped
ZnO films have a surprisingly high reported mobility of
48 cm2 V−1 s−1, despite the grain size being only <25 nm
and the film thickness only being 60 nm. The same DEZ
and TMA precursors have been used in this work as in
other works on AZO [188].

It is emphasized that while several works [187–190]
have reported AP-SALD AZO, there is inconsistency in
the optimal doping level of Al, texture evolution, and resis-
tivity values. Conductivity values comparable to those of
ITO have been reported in these works but a systematic
investigation is necessary to assess the parameters having
the most impact on the TCM figure of merit and repro-
ducibility [e.g., dimethylaluminumisopropoxide (DMAI)
seems to be more efficient for doping than TMA]. Finally,
the deposition of indium-doped ZnO has been evaluated
by Illiberi et al. and the resistivity obtained (3 m� cm)
was similar to that of optimized ZnO and AZO films [43].

Tin oxides, SnO2 (n-type) and SnO (p-type), have also
been deposited by SALD (see Table I). Nguyen et al. have

used tin acetylacetonate [Sn(acac)2] and water to deposit
321.5-nm-thick amorphous SnOx films at 270 °C, with a
surprisingly low resistivity of 7 m� cm (8 × 1019 cm−3

carrier concentration and 11.2 cm2 V−1 s−1 mobility) [54].
While Sn(acac)2 does not react with H2O in t-ALD, the
presence of oxygen in the ambient for AP-SALD allows
the formation of SnOx films. The deposition of p-type
SnO has been reported by Mameli et al., using a new liq-
uid precursor, tin(II)-bis(tert-amyloxide) [Sn(TAA)2] and
H2O [56]. The deposition rates were 5–19 times higher
than those of previously reported ALD processes for SnO.
Mobility values up to 0.4 cm2 V−1 s−1 were obtained when
the films were implemented in TFTs.

Another interesting semitransparent p-type oxide is
Cu2O. Muñoz-Rojas et al. have reported AP-SALD Cu2O
with 100 � cm resistivity (150-nm-thick films; approxi-
mately 1016 cm−3 carrier concentration, 5.3 cm2 V−1 s−1

mobility), using Cu(hfac)(tmvs) and H2O as the precur-
sors and a deposition temperature of 225 °C [61]. By
changing the metal precursor to copper(I) hexafluoro-2,4-
pentanedionate cyclooctadiene complex [Cu(hfac)(cod)],
Sekkat et al. have improved the mobility to 92 cm2 V−1 s−1

(close to the values reported for Cu2O single crystals) but
have obtained similar resistivity values (64–160 � cm;
70-nm-thick films) [59]. The key to the increased mobil-
ity is a low defect concentration, as deduced from Raman
spectroscopy. By adding oxygen during the deposition, the
same team has obtained Cu2O with very low resistivity
values of 0.4 � cm [191]. By combining Raman spec-
troscopy, photoluminescence, and positron-annihilation
spectroscopy, it has been shown that increasing the oxygen
concentration results in a decrease in oxygen vacancies,
yielding increased carrier concentration with still very
high mobility values. In addition, the carrier concentra-
tion and mobility of the films can be tuned by varying the
concentration of oxygen used (Fig. 7) [191].

Finally, metallic nanowire networks are being widely
explored as alternative TCMs to ITO, due to their high
transmittance (both visible and IR), conductivity, and flex-
ibility. In addition, metallic nanowires can be fabricated
by scalable low-cost-solution approaches [191]. Given the
high electronic conductivity of Ag and Cu, these have
been the most used for nanowires so far. Despite their
advantages, metallic nanowires present thermal, electri-
cal, and chemical instabilities. These can be prevented by
depositing a thin transparent oxide layer that blocks atomic
diffusion and prevents reaction of the nanowires with the
environment [192].

ALD, with its intrinsic low-temperature operation, high
deposition rate, and conformality, has been proposed as a
suitable technique to protect Ag nanowires (NWs) with
a thin conformal coating of Al:ZnO [193]. Given that
SALD produces films with properties similar to those of
ALD, Muñoz-Rojas’s and Bellet’s teams at LMGP have
conducted several studies evaluating the use of SALD to
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(a) (b)

FIG. 7. (a) The resistivity values of Cu2O thin films deposited at different temperatures and by different techniques. Th.Ox. =
thermally oxidized. (b) The impact of the O content during Cu2O SALD deposition on film transport properties. Reproduced under the
terms of the CC-BY license from Ref. [191]. Copyright 2022, The Authors.

coat metallic nanowire networks with oxide films, focus-
ing especially on the stability and the optical and electronic
properties. So far, Ag nanowire networks have been com-
bined with ZnO [194], Al2O3 [195,196], AZO [197], TiO2
[198], SnO2 [199], ZnO/Al2O3 bilayers [200], and MgO
[51]. In all cases apart from TiO2 (deposited from TiCl4
and H2O), the composites have been more stable than the
bare networks. The evolution of the stability with the oxide
thickness is oxide dependent and needs to be optimized.
For example, composite electrodes of silver nanowires
and SnO2 have been used as electrodes for electrochromic
devices, while electrodes made with ZnO have degraded
during the fabrication of the devices [51]. Al2O3 coat-
ings have also proved to be very efficient to obtain robust
composite electrodes with Cu nanowires [201].

B. Low-loss electronics

1. Recent developments

Devices for digital processing, memory storage, and
computing critically underpin modern society and industry
but, equally, need to be developed with greater capacity,
functionality, and reduced energy consumption and loss
[202]. High-performance electronics benefit from epitax-
ial growth, which give rise to improved charge-carrier
mobilities, and reduced defect density in the bulk and
at interfaces. But epitaxial oxides are typically grown at
high temperatures >500 °C, with high vacuum (�1 mbar
pressure) [203].

High temperature and vacuum are necessary to achieve
a high surface diffusivity, a high mean free path, and suffi-
cient energy for high-crystallinity films. These restrictions
severely limit the throughput of manufacturing and how
low the capital intensity could be. Given these limitations,
there is substantial work in the field to develop routes

to achieve epitaxial oxides at lower temperatures (with a
lower CO2eq footprint) and lower capital intensity.

In situ epitaxy, where epitaxial growth is achieved
without postannealing, has been achieved using conven-
tional ALD. However, this has only been reported thus far
mainly for binary oxides (e.g., ZnO, Co3O4, and CeO2)
at deposition temperatures exceeding 200 °C [204–206].
Very recently, Sønsteby et al. have extended this to ternary
oxides (LaNiO3) at deposition temperatures as low as
225 °C, achieving resistivities as low as 100 µ� cm [207].
However, these systems are still limited by the need for
vacuum batch-based processing.

Sun et al. have recently shown that AP-SALD can
produce epitaxial oxide perovskites (WO3), grown under
ambient conditions [208]. Furthermore, epitaxial films
have been grown at deposition temperatures as low as
350 °C on single crystals of SrTiO3 (STO), LaAlO3
(LAO), and yttrium aluminium oxide (YAO) substrates.
The growth rate at 350 °C was 5 nm min−1 on all sub-
strates, and the films were uniform and epitaxial over a
cm2 area. Lowering the substrate temperature to 300 °C
did not result in film growth, while depositing at 375 °C
resulted in similar films to those deposited at 350 °C.
The 2θ–ω scan of 20-nm-thick WO3 films on STO is
shown in Fig. 8(a), along with cross-section transmis-
sion electron micrographs in Fig. 8(b). These show a
clear epitaxial relationship between the film and sub-
strate, along with the high crystallinity and low defect
density of the WO3 films. The films has reached thick-
nesses as high as 80 nm before epitaxy has been lost
[208].

Other vacuum techniques, such as PLD and sputter
deposition, have used temperatures as high as 750 °C to
obtain epitaxial WO3 on STO, LAO, and YAO [209,210].
The mechanism for low-temperature epitaxy has been con-
sistent with the highly exothermic reaction between the
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FIG. 8. The growth of epitaxial oxides. (a) A 2θ–ω scan of four samples of 20-nm-thick WO3 films prepared on a 1 × 1 cm2 single
crystal (001) SrTiO3 (STO) substrate. The inset shows an enlarged region around the WO3 (001)pc peak for x-ray scans across the four
differently artificially colored regions of the film. (b) (i) A cross-section scanning-transmission-electron-microscopy (STEM) image of
40-nm-thick as-deposited WO3 film on STO. (ii) A magnified view of the region marked with a black square in (i). (c) A schematic of
the AP-SCVD growth of WO3 with an enlarged schematic of the exothermic reaction between W(CO)6 and O2 releasing heat in the
process and giving additional energy to the deposition process. Reproduced under the terms of the CC-BY license from Ref. [208].
Copyright 2024, The Authors.

W(CO)6 precursor and oxygen, with the heat of reac-
tion being comparable to the combustion of propane
(–2200 kJ mol−1). The exothermic heat is confined by
the 800-μm spacing between the substrate and the reac-
tor head, a situation unique to the AP-SALD reactor
[Fig. 8(c)]. That is, in conventional ALD, there is no
such confined region for localized heating. Thus, while
the temperature of the substrate holder is low, the local
heating on the surface in AP-SALD is then sufficient
to enable epitaxial growth to occur. Consistent with
this proposed explanation, Sun et al. have observed a
decrease in nonuniform strain by around half when the
flow rate of the inert carrier gas for the metal pre-
cursor has been halved, indicating higher film quality,
due to an increase in local heating. Overall, open-
atmosphere epitaxial growth is a very promising avenue for
AP-SALD.

2. Perspectives for epitaxy

The realization of epitaxy by AP-SALD represents
a promising advancement in thin-film growth. Future
research should focus on how to achieve epitaxial films
across many different compositions, beyond the first
demonstration with WO3. For example, achieving in situ
epitaxy in ternary oxide perovskite is highly desirable.
This is because of the enormous promise of epitaxial per-
ovskites across a wide range of diverse applications in
electronics and energy [211]. To date, this promise is
unfulfilled, as conventional epitaxy requires vacuum-based
physical vapor deposition (PVD) or chemical vapor depo-
sition (CVD), above approximately 700 °C. Thus, current
approaches are energy intensive. PLD is the preferred PVD
method, as it enables better stoichiometry control than
other PVD or CVD methods. However, PLD is area lim-
ited and the lasers required are relatively expensive. If
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AP-SALD could be used to achieve epitaxial ternary per-
ovskite films at deposition temperatures of 400 °C, as has
been demonstrated for WO3, this would be game chang-
ing, because a large number of electronics and energy
applications would be attainable.

Unlike PVD, epitaxy via AP-SALD is achieved simul-
taneously with chemical reactions on the substrate sur-
face. These reactions are sensitive to a variety of param-
eters, including the adsorption and desorption dynam-
ics of the precursors, as well as ion migration across
the surface. Therefore, the surface chemistry between
the precursors and the substrate must be matched for
nucleation to occur. In addition, a high-volatility precur-
sor is required to have adequate vapor pressure above
the substrate for the reaction to occur. The devel-
opment of a broader range of precursors that meet
these stringent requirements should be a research prior-
ity.

To achieve epitaxy by AP-SALD for WO3, localized
heating in the confined space between the reactor gas man-
ifold and substrate was required, as it compensates for
the high temperature typically used in conventional epi-
taxial PVD and CVD methods. Choosing precursors that
undergo exothermic reactions upon oxidation is therefore
likely to be important. There is added complexity for
ternary-oxide perovskites, in that precise control of the
ratios of the two cation precursors and a degree of gas
mixing are required to form a homogenous-composition
film through its thickness. Simultaneously, the growth
rates should be sufficiently low and carefully controlled
to ensure epitaxy. Striking this fine balance would bene-
fit from the development of accurate models for precursor
mass transport and reactions involved for epitaxial film
formation.

Scaling up epitaxy by AP-SALD to the wafer scale is
another area that requires attention. Film-thickness unifor-
mity across large areas remains a major technical bottle-
neck. Factors such as gas flow dynamics, reaction kinetics,
and temperature gradients across the substrate must be
optimized to ensure consistent film quality. Novel gas
injectors should be designed to ensure the uniformity of
the partial pressure of the precursor gases across the width
of the manifold.

In summary, epitaxy by AP-SALD shows substantial
potential as a versatile and scalable deposition method.
A number of future directions of research should be
addressed, including the limited availability of suitable
precursors, achieving in situ epitaxy with multicompo-
nent oxides, chemical compatibility of precursors and sub-
strates, and scaling up to wafer-scale production. Address-
ing these topics will require strong interdisciplinary
research efforts. With these efforts, AP-SALD could evolve
into a highly efficient industrially viable method for epitax-
ial growth, opening up new opportunities in the electronics
and energy sector.

C. Beyond metal oxides

The vast majority of research into AP-SALD has been
on metal oxides, since these are widely used across many
energy-device applications and are most compatible with
growth in atmospheric conditions. But there are a small
but growing number of reports demonstrating the ability
to achieve nonoxide compounds by AP-SALD, namely,
metals and nitrides.

1. Metals

Although AP-SALD takes places under atmospheric
conditions, it has been possible to grow metal films. Cur-
rently, efforts in this area are nascent, with a limited
set of reports, mostly focused on Ag and Cu [212–217].
The motivation for growing these metal films has been
to achieve transparent electrodes, e.g., by sandwiching
(5–15)-nm-thick Ag between two layers of MoOx [217],
or for growing metal interconnects for electronics [213].
Achieving metal films, rather than oxides, under atmo-
spheric conditions, requires careful metal-precursor design
and selection of growth conditions. In early efforts to
grow Ag by AP-SALD, Roozeboom, Poodt, Kessels, and
co-workers used a reducing H2-N2 plasma instead of
an oxidant in their growth process, using Ag(fod)(PEt3)
[triethylphosphine(6,6,7,7,8,8,8-heptafluoro-2,2-dimethyl-
3,5-octanedionate) silver(I)] as the precursor [216,217].
From EDX measurements, the F and C contents of the
Ag films were below detection limits, indicating that these
species from the ligands of the precursor were not signifi-
cantly left in the film. The O:Ag ratio was 0.3, possibly due
to surface oxidation, but the best film resistivity (18 µ� cm
for 50-nm-thick films; 100 °C deposition temperature) was
still an order of magnitude above that for bulk Ag. This was
attributed to islandlike growth of Ag grains that had not
completely coalesced [216]. Improved film coverage was
obtained on Mo substrates that were pretreated with H2-N2
plasma before Ag deposition to remove the native MoOx
layer, thereby improving wetting by Ag nuclei [217].
Riedl, Devi, and co-workers have reduced the resistivity of
AP-SALD Ag films down to 2.7 µ� cm at 100 °C deposi-
tion temperature [214]. This has been achieved by using
a new carbene-based Ag precursor [Ag(tBuNHC)(hmds)]
[Fig. 9(a)], which enables an approximately 2.5 × growth
rate of Ag than Ag(fod)(PEt3) due to improved volatil-
ity and reactivity [214,215]. Here again, a reducing H2
plasma (this time with balance Ar) has been used in the
co-reactant channels in place of the oxidant in the AP-
SALD reactor gas manifold, while maintaining sizeable N2
gas curtains [Fig. 9(b)]. Another important factor has been
to increase the thickness of the films. 50-nm-thick AP-
SALD Ag films grown with [Ag(tBuNHC)(hmds)] were
just barely conducting due to the islandlike morphology
of the Ag grains. Increasing the thickness to 71 nm (1200
ALD cycles; 0.059 nm per cycle) led to the best resistivity
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(a)
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FIG. 9. The growth of nonoxide materials by spatial ALD. (a) The organometallic precursors used to grow Ag, Cu, and
Pt. Left to right: 1,3-di-tert-butyl-imidazolin-2-ylidene silver(I) 1,1,1-trimethyl-N -(trimethylsilyl)silanaminide [Ag(tBuNHC)
(hmds)], 1,3-di-tert-butyl-imidazolin-2-ylidene) copper(I) bis(trimethylsilyl)amide [Cu(tBuNHC)(hmds)], Cu(1,1,1,5,5,5-
hexafuoroacetylacetonate)(vinyltrimethylsilane) ([Cu(hfac)(tmvs)], or Cupraselect®), trimethyl(methylcyclopentadienyl)platinum(IV)
(MeCpPtMe3). [Ag(tBuNHC)(hmds)] and [Cu(tBuNHC)(hmds)] reproduced with permission from Ref. [212]. Copyright 2020, Royal
Society of Chemistry. [Cu(hfac)(tmvs)] reproduced with permission from Ref. [213]. Copyright 2023, Elsevier. (b) A schematic of an
AP-SALD gas manifold reconfigured for Ag deposition using [Ag(tBuNHC)(hmds)]. (c) SEM images of AP-SALD Ag films deposited
for 1200 (left) and 1800 cycles (right). Increasing the thickness leads to percolating films, resulting in a change from nonconducting
to conducting films, with a sheet resistance of 0.9 � �−1. Part (b) reproduced under the terms of the CC-BY license from Ref. [214].
Copyright 2022, The Authors. Part (c) reproduced with permission from Ref. [215]. Copyright 2018, John Wiley and Sons.

of 2.7 µ� cm due to grain coalescence and the formation
of conductive percolation paths [214].

Riedl, Devi, and co-workers have also modified their
precursor to obtain [Cu(tBuNHC)(hmds)] for the deposition
of Cu films by AP-SALD, again using the same reactor
layout, shown in Fig. 9(b) [212]. This carbene-stabilized
precursor is shown in Fig. 9(a) and again benefits from
suitable volatility, reactivity, and thermal stability. Com-
pared to the Ag precursor, however, the N—Cu—C bonds
are shorter and more stable, leading to lower reactivity,
and therefore the growth per cycle (0.023 nm per cycle)
being less than half that of the Ag precursor [212]. Cu films
with a resistivity of 29 µ� cm were obtained after 6000
ALD cycles, compared to a bulk resistivity of 0.168 µ�

cm. Scanning-electron-microscopy (SEM) images showed
that pinholes remained in these films, despite there being
conductive percolation paths [212]. Sekkat et al. have
achieved Cu films with lower pinhole density and lower
resistivity down to 3.7 µ� cm using [Cu(hfac)(tmvs)] as
the precursor [Fig. 9(a)] [213]. In contrast to the other
Ag and Cu precursors, [Cu(hfac)(tmvs)] forms Cu through
disproportionation, following [213]

2Cu(I)(hfac)(tmvs) → Cu(0) + Cu(II)(hfac)2 + 2(tmvs).
(1)

This time, rather than using an H2-containing plasma, the
SALD gas manifold had thick curtains of N2 gas to prevent
air ingress, ensuring that [Cu(hfac)(tmvs)] disproportion-
ated rather than forming Cu2O or CuO. Cu films could be
formed at temperatures as low as 160 °C and it was at the
lowest deposition temperature that the lowest resistivity
was obtained. The increase in resistivity with the deposi-
tion temperature was attributed to grain coarsening and a
reduction in conductive percolation paths [213].

Pt has also been grown in a fluidized-bed spatial ALD
reactor [218]. In this case, the trimethyl(methylcyclopenta-
dienyl)platinum(IV) [MeCpPtMe3; Fig. 9(a)] metal pre-
cursor was reacted with oxygen from air to form Pt
nanoparticles. MeCpPtMe3 is a very widely used precur-
sor in the ALD growth of Pt and the metal forms because
the ligands are removed through combustion reactions with
oxygen, the metal itself being very stable [219].

2. Nitrides

Beyond metals, Roozeboom and co-workers have
demonstrated the growth of SiNx by AP-SALD [220]. This
has also been achieved using plasma-enhanced growth,
this time using a N2 plasma. The Si source used was
bis(diethylamino)silane (BDEAS), and wide N2 gas cur-
tains were kept between the Si source and the N2 plasma
to ensure their spatial separation. This design successfully
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enabled low O contents in the films, with values down to
4.7 at.% measured by XPS. However, O incorporation into
the films increased with increasing deposition temperature,
whereas the C contamination decreased due to increased
ligand removal. Opposite trends in O and C contamina-
tion in the films were also observed in the effects of tuning
the N2 plasma exposure time, in which increasing plasma
exposure times resulted in increased O content, while the
C content decreased. Roozeboom and co-workers specu-
lated that this was due to the increased O incorporation
from the traces present in the N2 gas and that any O2
that diffuses into the reactor from the surrounding envi-
ronment. At a deposition temperature of 200 °C, a growth
per cycle of 0.19 nm per cycle was achieved (similar to
plasma-enhanced ALD) but the deposition rate (1.52 nm
min−1) was at least an order of magnitude higher, but
still below the highest values achievable from industry-
dominant plasma-enhanced CVD [220]. This successful
first demonstration of SiNx by AP-SALD motivates further
efforts at exploring nitrides by this method.

Furthermore, beyond these inorganic materials, a tech-
nique analogous to SALD, termed molecular-layer depo-
sition, has been developed for organic thin-film growth
[221]. In this technique, the metal precursor and oxi-
dant are replaced by the two co-reactants for forming
the organic material, such as trimesoyl chloride and m-
phenylenediamine for growing polyimide films that are
conformal to nanostructured surfaces, such as the fibers for
membrane filters [221].

VI. CONCLUSIONS AND OUTLOOK

In conclusion, AP-SALD has proven to be a highly
robust system for the fabrication of a wide range of oxide
thin films, from amorphous to epitaxial, with properties
spanning from insulators through to degenerate conduc-
tors. After over a decade of research, AP-SALD is now
being used for a broad range of energy and electronics
applications, with many instances of improvements over
t-ALD or other state-of-the-art methods for growing thin
films. For example, the rapid but soft nature of the depo-
sition makes AP-SALD advantageous for depositing films
onto thermally sensitive active layers, such as halide per-
ovskite device stacks. At the same time, AP-SALD films
maintain the pinhole-free nature of ALD films, as well as
their conformality to high-aspect-ratio nanostructured sub-
strates, moisture impermeability, and high mobility. This
makes AP-SALD appealing for forming ultrathin layers
that mechanically protect device stacks from sputter dam-
age (important for tandem PV applications) or prevent the
ingress of moisture, thus improving the ambient stability of
PV devices. The high conformality of AP-SALD films is
also important for battery applications to coat porous elec-
trodes. At the same time, the properties of AP-SALD films
are finely tunable through the composition, deposition

temperature, and oxidant used, enabling optimization of
their performance in devices. It is anticipated that this field
will push forward on the range of materials and properties
achieved by AP-SALD and the applications in which these
materials are used, as well as on the commercial use of AP-
SALD. Below, perspectives on the future of AP-SALD in
energy and electronics are discussed.

A. Perspective for energy applications

AP-SALD is highly appealing for growing overlayers
onto perovskite device stacks for fabricating semitrans-
parent solar cells for tandem PV applications. But the
potential of AP-SALD goes beyond this. As discussed
in Sec. V, AP-SALD can be used to grow TCMs and
there is the possibility of directly depositing a TCM onto
the perovskite device stack rather than using a protective
layer and a sputter-deposited TCM. However, it will be
important to achieve high figures of merit using low depo-
sition temperatures (approximately 100 °C) and fabricate
sufficiently thick TCMs with low sheet resistance within
approximately 2 min to avoid thermally damaging the per-
ovskite device. Realizing this could simplify the manufac-
ture of perovskite top cells for tandem PVs. Furthermore,
if AP-SALD can directly deposit oxide layers onto the
halide perovskite thin film, this would obviate the need for
an expensive organic charge-transport layer and open up
opportunities for field-effect (through band bending at the
interface) and chemical passivation at this interface. How-
ever, more work is needed to understand why depositing
AP-SALD oxides onto perovskite films has yielded poorer
devices than the inverse (depositing perovskite films onto
AP-SALD oxides). Furthermore, there are opportunities to
apply AP-SALD overlayers and buffer layers to improve
the performance of broader classes of emerging materi-
als for optoelectronics, including organic semiconductors,
chalcogenide semiconductors, and emerging nanocrystal
materials, not only for PVs, but also photoelectrochemical
cells and LEDs using similar device architectures.

The versatility of AP-SALD extends well beyond PV
applications, offering numerous opportunities for the fab-
rication of piezoelectric, triboelectric, and thermoelec-
tric energy-harvesting technologies. It is well known in
the literature that piezoelectric characteristics improve
with increasing film thickness [148,222,223] and the
rapid deposition achievable by AP-SALD makes it highly
advantageous over conventional ALD for growing micron-
thick piezoelectric films. The initial challenge will be
to stabilize the noncentrosymmetric phase of piezoelec-
tric materials. While lead-free piezoelectric oxides, such
as ZnO, are stable in the wurtzite phase, materials
such as ZrO2 and HfO2 exhibit inherent instability in
the orthorhombic phase [224]. Additionally, Ga2O3 dis-
plays piezoelectric properties in the ε-polymorph phase
[225], which requires optimized deposition conditions.
The second challenge concerns the control of structural
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and electrical properties. The enhancement of piezoelectric
properties is closely linked to the tuning of the structural
texture of the material [226,227]. This remains a signif-
icant challenge, especially in polycrystalline films. Addi-
tionally, controlling electrical properties often requires a
doping process that reorganizes the electrical properties.
Being an adaptable method, AP-SALD allows integra-
tion with plasma, UV techniques, environmental con-
trol, dopant incorporation, and combinatorial setups. This
makes it a promising technique that can overcome these
challenges and optimize the deposition process while
maintaining improved piezoelectric qualities.

AP-SALD also has potential for applications in electro-
chemical energy storage beyond batteries. Fuel cells are
particularly important, producing electricity from H2 or
other fuels. Although there are no SALD studies on fuel-
cell applications, the surge in research in this field will
certainly attract interest from the community to explore
the fast SALD approach. Indeed, there are already works
describing the deposition of ZrO2 by SALD [48,62]. These
can be used as starting point to deposit yttrium-stabilized
zirconia (YSZ), a typical fuel-cell solid electrolyte. The
purification and separation of gases, especially H2, is of
key importance as well in this context and specific SALD
setups are to be developed for these applications. A recent
work by Toldra-Reig et al. has presented a proof of con-
cept of a cylindrical SALD reactor to coat ceramic tubular
membranes [63].

The combination of AgNWs and SALD oxides can also
be exploited in energy applications beyond TCMs. For
example, AgNWs/TiO2 nanocomposites have been used
as transparent resistive-switching (RS) devices after an
initial intentional partial degradation of the AgNW net-
work [198], while AgNWs/Cu2O electrodes have shown
enhanced performance for the oxygen-evolution reaction
(OER) during water electrolysis [228]. Finally, SALD
coated AgNW networks are promising low-emissivity
coatings [196].

Furthermore, greater efforts should be made to build
upon recent demonstrations of growing metal films by AP-
SALD. These metal films can be used as the electrodes
in optoelectronic devices, which opens up the possibility
of fully roll-to-roll processed devices made under ambient
conditions (since the metal electrode is currently typically
deposited by thermal evaporation under vacuum). Many
metals (e.g., Pt or Cu) have higher surface energy [218].
This can be a disadvantage for metal electrodes, since
grains will initially form isolated islands and the film needs
to exceed a certain thickness to form conducting perco-
lation paths. On the other hand, isolated metal clusters
provide high surface-area-to-volume ratios, which could
be advantageous for photocatalysis and/or electrocataly-
sis. Already, SparkNano are commercially exploring the
potential of SALD to reduce the amount of Ir catalyst
used in proton-exchange membranes for green hydrogen

production by controllably producing thin coatings of this
metal [229].

B. Perspective for electronics

Future materials for low-loss electronics include ferro-
electrics for ferroelectric field-effect transistors (FeFETs)
and ferroelectric capacitors, plus a wide range of oxides for
RS for nonvolatile memory, including HfO2, TiO2, WO3
(popular CMOS-compatible materials), and many other
oxides. 2D materials are also actively being investigated
for 2DFETs [141,146,147] and RS memory [148–150]. All
of the aforementioned materials have wide potential for
showing artificial neural networks, i.e., for neuromorphic
computing [151–153]. If these different functional materi-
als could be made reliably, uniformly, with a high spec-
ification of performance requirements (e.g., a high on-off
ratio, endurance, and retention, along with low currents),
and in a CMOS-compatible fashion, many applications
could emerge in across a wide range of areas, including
IoT devices, flexible electronics, bioelectronics, and sens-
ing. In this regard, compared to standard CVD and PVD
methods, the advantages of AP-SALD are the ability to
fabricate films under ambient conditions (vacuum-free),
as well as to localize the heat from exothermic reactions,
enabling lower growth temperatures, while maintaining
high uniformity for large-area film growth.

In terms of binary oxides for RS, there are strong
prospects of using AP-SALD for creating these materials
in a uniform and reliable way, whether they be crys-
talline or amorphous. RS is observed in a wide range of
binary oxides, such as TiO2 [230], ZnO [231], NiO [232],
Nb2O5 [233], WO3 [234], Cu2O [235], ZrO2 [236], and
HfO2 [237]. All of these materials can be made by t-
ALD and many such materials have been demonstrated by
AP-SALD as well, such as ZnO [36] and ZrO2 [48,77].

For all RS materials, an important factor for achiev-
ing uniform behavior is to control the conductive-filament
formation (guiding their location and dimensions) and/or
to use an interface switching process, although the latter
approach has challenges of state retention. A combination
of these two approaches in an amorphous doped HfO2 thin-
film system grown by PVD at 400 °C has shown to be
very promising [155]. It should be possible to replicate
this combined strategy with AP-SALD and further work
is needed to explore this.

With the discovery of HfO2 [156] and ZrO2 ferro-
electrics [157], and mixtures thereof (i.e., Hf1–xZrxOy
[158]), there has been great excitement about the prospect
of using these simple (pseudobinary) group-IV-oxide
materials for the aforementioned low-loss electronics
applications, e.g., in FeFETs. Typically, ALD is used
to deposit an amorphous film of the group-IV oxide
and rapid thermal annealing is used to crystallize the
phase. To date, AP-SALD has not been used to grow
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ferroelectric group-IV oxides. For HfO2 and ZrO2, the
standard ALD precursors for these films are tetrakis
(dimethylamido)-hafnium (TDMA-Hf), tetrakis-(ethylme
thylamino)-hafnium (TEMA-Hf), and tetrakis(dimethyl
amido)zirconium (TDMA-Zr), respectively [158–161].
While there are other precursors in the halide and alkoxide
form, TDMA and TEMA are preferred due to the higher
reactivity and thermal stability [161].

The above-mentioned precursors tend to have low vapor
pressures; thus heating would need to be applied to the
containers to ensure precursor evaporation. For example,
ALD-grown HfO2 requires the TDMA-Hf and TEMA-
Hf to be heated above 70 °C and 105 °C, respectively, to
obtain saturation [162]. Therefore, the same precursors can
be used by AP-SALD with heating to ensure that sufficient
precursor is delivered to the reactor [53]. Another method
of delivery for low-vapor-pressure precursor is through
ultrasonic nebulization, where the liquid precursor is atom-
ized and subsequently carried to the reactor with the carrier
gas. For example, WO3 thin film has been deposited with
low-vapor-pressure precursor BTBMW through nebuliza-
tion, since the precursor tends to decompose at elevated
temperature [163].

Other ferroelectrics from (pseudo)binary oxide have
also been reported recently, e.g., Mg-doped ZnO [164]
or Bi2O3 [238], and so it would be interesting to explore
these materials by AP-SALD. In fact, Mg-doped ZnO films
have already been grown by AP-SALD (with wide-ranging
Mg:Zn ratios) but these films have been used to optimize
performance of solar cells (see Sec. III B and Table II)
and the ferroelectric properties have not been explored.
Bi2O3 films have not yet been explored by AP-SALD but
have been grown successfully by ALD, e.g., using Bi(thd)3
(where thd is 2,2,6,6-tetramethyl-3,5-heptanedionato) and
H2O as precursors [238]. There is also strong potential to
grow Bi2O3 by AP-SALD using these precursors.

A disadvantage of AP-SALD taking place under ambi-
ent conditions is that it is challenging to grow films with-
out any O incorporated, and yet chalcogenide and nitride
materials are highly promising materials for neuromorphic
computing applications [239–241]. The recent successful
demonstration of SiNx growth by AP-SALD with <5 at.%
O incorporated [220] is very promising and further efforts
should be made to explore the growth of nitrides more
broadly with this system. This could be attempted by using
a N2 plasma, as Roozeboom and co-workers have done
[220] (or perhaps an NH3 plasma), and by having suf-
ficiently wide inert gas (N2 or Ar) curtains around the
channels in the gas manifold where reactions take place
to minimize air ingress. However, this could be challeng-
ing to implement safely with chalcogenides, where there
is the risk of H2S formation when the sulfur source reacts
with moisture in air. An alternative approach is to convert
films postdeposition (as recently demonstrated with the
sulfurization of ALD-grown Bi2O3 or MoO3 [238], or

the formation of nitrides [242]). A challenge with this
approach is that it can require high processing tempera-
tures and long reaction times. Otherwise, one could build
AP-SALD reactors within an oxygen-free environment
(e.g., a glovebox filled with inert gas) and directly form
chalcogenides or nitrides.

C. Final points

It is important to note that while the chemistries are
in principle the same, the different processing conditions
between conventional and spatial ALD can have an impact
on the final properties of the materials deposited—even
more so when comparing low-pressure ALD to atmo-
spheric SALD. This could prevent the transfer of an ALD
process into SALD, as shown in Sec. V A for the case of
AP-SALD AZO, in which processing under atmospheric
conditions leads to oxygen trapping at grain boundaries,
which reduces mobilities [187]. In the case of Cu2O dis-
cussed above, it has also been shown that the oxygen
partial pressure can have a significant impact on the final
concentration of defects—in particular, oxygen vacan-
cies—dramatically affecting the transport properties of the
films [191]. Therefore, the impact of the specific AP-
SALD processing conditions on the final properties of the
materials needs to be taken into account when developing
an industrial process for a particular application.

Another challenge when transferring a process from
conventional vacuum-based ALD to atmospheric-pressure
SALD is the increased difficulty in handling low-vapor-
pressure precursors in the latter. This is because operating
at atmospheric pressure rather than vacuum would mean
that higher precursor temperatures would be needed to
ensure a high partial pressure of the precursor in the gas
phase and this can compromise the stability of the precur-
sors during the deposition process. This problem is accen-
tuated by the fact that high deposition rates are targeted
in SALD, which requires a high precursor partial pres-
sure to completely saturate the substrate surface oscillating
quickly underneath the gas manifold. However, there are
now several reports on the use of solid low-volatility pre-
cursors for AP-SALD, e.g., to deposit WO3 and Cu2O
[59,208]. In using low-volatility precursors, it is essen-
tial to avoid the deposition of the precursors in the pipes
and gas manifold, which could otherwise cause blockages
or cross-contamination. This challenge is common to both
conventional ALD and AP-SALD and is typically avoided
through external heating, e.g., with tapes or by enclosing
in an oven.

On the other hand, SALD has the potential to exhibit
lower environmental impact than ALD due to the local-
ized heating typically used and the higher deposition rates
associated with SALD, with both leading to a decrease
in the amount of electrical energy used [243]. Indeed, a
recent report by Niazi et al. shows that SALD is more
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environmentally friendly than ALD (evaluated for the
deposition of Al2O3 thin films) [244].

An increasing number of ALD companies are develop-
ing commercial SALD systems (e.g., Beneq, Leadmicro),
with new companies appearing as well (e.g., NanoPrint
Innovations Ltd., Nfinite Nanotechnology, SparkNano,
and SALD B.V.). Historically, commercial systems (e.g.,
Levitech and SoLayTec) have focused on well-established,
simple binary oxides for the PV industry. Translating the
more complex materials developed in the laboratory will
require the gap between the low-cost highly customizable
laboratory-scale systems versus more expensive commer-
cial systems to be bridged. Doing so could enhance the
performance and reduce the cost of manufacturing of
emerging devices for clean energy production, energy
storage, or nonvolatile memory storage. This review has
highlighted several applications in which SALD can pro-
vide these potential advantages but little work has been
done to date, including on energy harvesters, self-powered
devices, and low-loss electronics, among others. Signifi-
cant opportunities for pioneering research and new startup
companies exist in these fields.
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J. L. MacManus-Driscoll, Strongly enhanced photovoltaic
performance and defect physics of air-stable bismuth
oxyiodide (BiOI), Adv. Mater. 29, 1702176 (2017).

[114] A. T. Marin, D. Muñoz-Rojas, D. C. Iza, T. Gershon, K.
P. Musselman, and J. L. MacManus-Driscoll, Novel atmo-
spheric growth technique to improve both light absorption
and charge collection in ZnO/Cu2O thin film solar cells,
Adv. Funct. Mater. 23, 3413 (2013).

[115] L. Dunlop, A. Kursumovic, and J. L. MacManus-Driscoll,
Reproducible growth of p-type ZnO : N using a modi-
fied atomic layer deposition process combined with dark
annealing, Appl. Phys. Lett. 93, 172111 (2008).

[116] S. Seo, I. J. Park, M. Kim, S. Lee, C. Bae, H. S. Jung, N.
G. Park, J. Y. Kim, and H. Shin, An ultra-thin, undoped
NiO hole transporting layer of highly efficient (16.4%)

017002-30

https://doi.org/10.1021/acsami.8b15503
https://doi.org/10.1002/pip.2380
https://doi.org/10.1038/nmat5063
https://doi.org/10.1002/cvde.201207039
https://doi.org/10.1016/j.solmat.2013.04.020
https://doi.org/10.1002/solr.201900332
https://doi.org/10.1021/acsaem.1c02511
https://doi.org/10.1016/j.solener.2015.07.030
https://doi.org/10.1021/nn400656n
https://doi.org/10.1002/adfm.201303994
https://doi.org/10.1021/acsami.8b09515
https://doi.org/10.1002/admi.201701456
https://doi.org/10.1021/acsnano.5b05934
https://doi.org/10.1002/adma.201801010
https://doi.org/10.1039/D1TA02931B
https://doi.org/10.1016/j.solmat.2016.12.017
https://doi.org/10.1002/adma.201401054
https://doi.org/10.1016/j.solmat.2014.09.018
https://doi.org/10.1021/am5058663
https://doi.org/10.1002/adma.201702176
https://doi.org/10.1002/adfm.201203243
https://doi.org/10.1063/1.3000604


SPATIAL ATOMIC LAYER DEPOSITION. . . PRX ENERGY 4, 017002 (2025)

organic-inorganic hybrid perovskite solar cells, Nanoscale
8, 11403 (2016).

[117] J. J. Yoo, G. Seo, M. R. Chua, T. G. Park, Y. Lu, F.
Rotermund, Y.-K. Kim, C. S. Moon, N. J. Jeon, J.-P.
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