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Abstract: Charge transporting materials (CTMs) in perovskite solar cells (PSCs) have played an
important role in improving the stability by replacing the liquid electrolyte with solid state electron or
hole conductors and enhancing the photovoltaic efficiency by the efficient electron collection. Many
organic and inorganic materials for charge transporting in PSCs have been studied and applied to
increase the charge extraction, transport and collection, such as Spiro-OMeTAD for hole transporting
material (HTM), TiO2 for electron transporting material (ETM) and MoOX for HTM etc. However,
recently inorganic CTMs are used to replace the disadvantages of organic materials in PSCs such as,
the long-term operational instability, low charge mobility. Especially, atomic layer deposition (ALD)
has many advantages in obtaining the conformal, dense and virtually pinhole-free layers. Here, we
review ALD inorganic CTMs and their function in PSCs in view of the stability and contribution to
enhancing the efficiency of photovoltaics.

Keywords: perovskite; atomic layer deposition; charge transporting materials

1. Introduction

Presently, perovskite solar cells (PSCs) are one of the most outstanding devices using
the solar cell technology, and their conversion efficiency has reached 25.5% in case of
single-junction perovskite cells and 29.1% for perovskite/Si tandem cells [1]. Although
PSCs have almost overtaken Si solar cells in terms of power conversion efficiency, the com-
mercialization of PSCs is inhibited by several problems, such as the long-term stability and
the large-scale fabrication issues. PSCs can be an alternative to the other solar cells if they
are cheaper and more efficient with guaranteed long-term stability. Current manufacturers
of photovoltaic (PV) modules provide a warranty for lost power replacement with power
output of 90% after a decade and of 80% at the end of the warranty, which corresponds
to less than 1% power loss per year [2]. The degradation of PSCs is known to be caused
by oxygen and moisture, UV light, solution processing and thermal effects [3]. These fac-
tors react with the perovskite layers, such as the perovskite absorption layer, buffer layer,
electron transporting layer (ETL) and hole transporting layer (HTL). This results in the
decomposition of the perovskite absorber, non-stoichiometry defects, which are related to
oxygen vacancies and titanium interstitials [4]. The traditional dye-sensitized solar cells
(DSSCs) dye-sensitized and infiltrated a porous TiO2 with a liquid electrolyte. This inherent
instability in devices has been solved by replacing the liquid with the organic–inorganic
metal halide materials, such as CH3NH3PbBr3 and CH3NH3PbI3 and as a result, the stabil-
ity and the power conversion efficiency has been improved rapidly over a relatively short
time. By replacing the liquid electrolyte with the organic–inorganic metal halide, the ETL
and HTL have been investigated to reduce the degradation of organic ETL and HTL.

In this review, we focus the application and contribution of ALD to PSCs. First,
in Section 2, we briefly describe the key materials and the historical background and
development of PSCs and in Section 3, we describe the principle of ALD and its application
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to PSCs. In Section 3, we discuss the CTMs grown by ALD for ETL and HTL. We conclude
by summarizing PSCs and describing ALD issues.

2. Perovskite Solar Cells

Perovskites had been well-known in the scientific community for over a century
before they were used as solar cell absorbers. The first natural perovskite was discov-
ered by the mineralogist Gustav Rose in 1839 and perovskites, which have the chemical
formula ABX3, adopt the same crystal structure as CaTiO3. PSCs historically originate
from DSSCs [5] and over decades the efficiency of PSCs has been enhanced considerably
by the organic–inorganic metal halide materials. Metal halide perovskites have a direct
band gap and strong light-absorption properties, high charge-carrier mobility, and small
exciton binding energy [6]. These halide materials with the formula of ABX3 consist of
three ion parts, the organic cation (A), the metallic cation (B), and halide ion (X), as shown
in Figure 1 [7]. Methylammonium CH3NH3

+, formamidinium HC(NH2)2
+ and cesium

(Cs+) are the materials used as the cations in perovskite absorbers and Pb2+, Sn2+, and
Ge2+ are the metal cations. I−, Cl−, and Br− are used as the halide ions. The combination
of these materials shows various properties and solar cell performances [7–9]. Recently,
organic–inorganic hybrid metal halides are emerging as perovskite absorber materials.
But the structure and physical properties of CH3NH3MX3, which is a type of perovskites,
were first reported by Weber in 1978 [10] and these organic–inorganic perovskite materials,
such as (C4H9NH3)2(CH3NH3)n−1SnnI3n+1, have been highlighted as high-temperature
superconductor materials. These materials can be transformed into metal by inserting
more inorganic layers; however, in the 1990s little attention was paid to them as solar cell
absorbers [11].

Figure 1. Crystal structure of an organic–inorganic metal halide perovskite. Reproduced with
permission from Reference [7].

In 2006, Kojima presented the use of the perovskites, CH3NH3PbBr3 as the sensitizer
with 2.2% efficiency, in dye-sensitized cells at the 73rd Congress of the electrochemical Soci-
ety of Japan at Tokyo Metropolitan University. Kojima et al. (2009) also reported PSCs using
CH3NH3PbBr3 and CH3NH3PbI3 as absorbers and their PCEs were recorded 3.13% for the
CH3NH3PbI3 and 3.81% for the CH3NH3PbBr3-based devices, respectively [12]. However,
owing to its low conversion efficiency and extreme instability, it could not be considered.
Park et al. (2011) reported a 6.5% efficient PSC with CH3NH3PbI3 absorber layer that
had a little improved stability in electrolytes. However, the perovskite nanocrystals were
dissolved in the iodide liquid electrolyte, which led to rapid device degradation, and it
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only lasted approximately 10 min [13] and ever since the fabrication of the 9.7% solid-state
PSCs with a 500 h long-term stability, the study of PSCs has become widespread [14].

PSCs sensitized the mesoporous TiO2 layer with an organic–inorganic metal halide
material such as methylammonium lead iodide CH3NH3PbI3 (referred to as MAPbI3)
perovskite nanocrystals. The organic–inorganic metal halide material is an excellent light
absorption material for PSCs. In terms of structure PSCs position the perovskite absorber
between charge-transporting layers (CTLs) on a glass substrate. The light passes through
the layers in the order ETL, perovskite absorber, and HTL from this glass referred to as
n-i-p structure, a p-i-n structure has light pass through layers in the order HTL, perovskite
absorber, and ETL. PSCs have two unique structures: a mesoscopic nanostructure and a
planar structure. In a mesoscopic nanostructure PSC, the mesoporous Al2O3 and TiO2
scaffold was infiltrated partially or completely by the perovskite materials.

Various organic and inorganic CTLs have been used in PSCs. Inorganic ETL materi-
als comprise TiO2, ZnO, SnO2 and organic ETL materials include fullerene-based small
molecular ETM, such as, [6,6]-Phenyl C61 Butyric acid Methyl ester (PCBM), and non-
fullerene-based small molecular ETM, such as, a soluble perylene diimide (PDI) derivative,
PDI-EH [15]. CTLs have been grown by spin coating, spray-pyrolysis, vacuum evaporation,
chemical bath deposition, electro-deposition, and atomic layer deposition (ALD) [16]. In
many growth methods, a thin charge selective layer is necessarily accompanied by the
poor uniformity and conformality. These result in the decrease of carrier transporting
and blocking characteristics, lowering the open-circuit voltage (VOC), fill factor (FF), and
reducing the long-term stability of solar cells. However, ALD can be a breakthrough to
overcome this issue.

The solid contact was a prerequisite to enhance the PSCs stability because of polar
iodine coming from iodine liquid electrolyte degraded the performance of PSCs. By mid-
2012, a solid-state DSSCs was fabricated with exceptionally high PCE of 9.7% using spiro-
OMeTAD as an HTM and a perovskite solar absorber (CH3NH3PbI3) with a 500 h confirmed
stability. The use of a solid-state HTM dramatically improved the stability of the device.

3. Atomic Layer Deposition (ALD)

The inorganic CTMs used in a PSC, have effective properties, such as, high hole
mobility and low cost, e.g., CuI, CuSCN and NiO, but the solvent used for their deposition
causes the perovskite to dissolve and degrade the device’s stability [17]. ALD can be an
alternative to solve the problem that is caused by the solution process, it is a piece of
equipment used for depositing very thin and uniform films. ALD has good controllability,
better step coverage, excellent stoichiometry, relatively low growth temperature, low
impurity concentration and precise thickness control. For these reasons, ALD has a wide
range of applicability, such as semiconductor, photovoltaics (PV), catalysis and biomaterials.
The device downscaling in the semiconductor industry has greatly contributed to increasing
the power conversion efficiency in PV with the ability to deposit the uniform Al2O3
passivation layer in crystalline Si solar cells.

The ALD process starts by injecting the metal precursor and oxidant pulse alternatively
into the reaction chamber, as shown in Figure 2. Metal precursors and oxidant are adsorbed
by surface chemical reactions on the substrate. This is followed by the purge steps which
are inserted after the precursor and the oxidant pulse by injecting the inert gas, such as
N2 or Ar. ALD technique has been rapidly adopted in microelectronic device processes to
deposit a wide variety of thin-film materials such as oxides, nitrides, and metals [18].

Metal oxides are grown by ALD, and these metal oxide films are used in many solar
cells, such as c-Si, perovskite, heterojunction, and dye-sensitized solar cells as a surface
passivation layer, buffer layer, absorber layer, electron/hole selective contact, or transparent
conductive oxide. The ALD Al2O3 passivation layer began to be applied in c-Si solar cell,
and the Al2O3 passivation layer increased the conversion efficiency, up to 23.2% in n-type
Si solar cell [19].
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Figure 2. The schematic of atomic layer deposition (ALD) process and ALD characteristics.

4. Charge Transporting Materials (CTM) Grown by ALD

The charge separation and collection are very important to obtain a high-efficiency
solar cell. A PSCs should overcome the degradation and dissolution of the absorbers by the
solution process. ALD-CTM can be an alternative and has been studied for decades to avoid
the degradation caused by the electrolyte solution. CTM must have several characteristics
to collect electrons and block holes in the electrode and reduce the recombination loss.
The ability of CTM in a solar cell depends on the alignment of energy level between the
PSCs absorber and ETL or HTL (as shown in Figure 3). ETL (TiO2, ZnO, SnO2) is required
to have a conduction band minimum (CBM) aligned with or slightly lower than that of
the PSCs absorber, transporting electrons and blocking holes. On the contrary, HTL (NiO
and MoOX) should have a shallower valence band maximum (VBM), for the VBM of the
perovskite, extracting holes and blocking electrons, respectively (as shown in Figure 4).

Figure 3. (a) Device architecture and (b) false color SEM image of the inverted perovskite photovoltaic device (scale bar
500 nm). (c) Idealized energy level diagram of the corresponding device architecture. Reproduced with permission from
Reference [20].

4.1. Electron Transporting Materials
4.1.1. TiOx

Lu et al. (2017) reported that a TiO2 bilayer as an ETL in planar perovskite cells
(FTO/spin-coating and ALD TiO2/perovskite/spiro-OMeTAD/Ag) was designed and
fabricated by combining the ALD and spin-coating methods. Applying the TiO2 bilayer as
the ETL show enhanced FF, VOC, short circuit current density (JSC), and power conversion
efficiency (PCE) compared with single layer-based cells.
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Figure 4. Schematics of charge extraction path ways at the anode buffer (MoO3) and P3HT interface.
Reproduced with permission from Reference [21].

The optimized spin-coating/ALD based devices show the highest PCEs of 16.5%.
The excellent performance of the bilayer ETL based devices is caused by the improved
carrier extraction, low charge transfer resistance, reduced recombination rate, and de-
fect passivation [22]. Kim et al. (2015) fabricated highly efficient and bendable PSCs
in a low-temperature process with a 20 nm-thick, low-impurity, amorphous TiOx layer.
The unaltered PEN/TiOx nanolayer/perovskite/spiro-OMeTAD multilayer shows that
the bending durability of the TiOx nanolayer-employed PSCs can be increased if that is
achieved on the transparent conducting substrate [23]. However, effective TiO2 electron
selective layers (ESLs) usually are deposited in high-temperature processing, which is an
obstacle for the commercialization of PSCs [24]. Although the electron transports from ab-
sorber to TiO2 ETL are reported to be very fast, the TiO2 layer cannot use this characteristic
because of low electron mobility, which effectively raises the electron recombination loss at
the interface [25,26]. Various reports have investigated zinc oxide (ZnO) as an alternative
ETL because of better electron mobility than TiO2. However, ZnO suffers from inherent
chemical instability, which can lower the long-term stability of the perovskite absorber [27].
TiO2 was also reported to exhibit some limitations in the photovoltaics, such as low con-
ductivity and a large number of defects, leading to the increase of carrier recombination
rate [28]. This is also the reasons that the ZnO nanomaterials are paid attention in PbS
colloidal quantum dots heterojunction photovoltaics [29].

4.1.2. ZnO

The resulting device of atomic layer deposited ZnO and Al2O3 films as a cathode
buffer layer (CBL) and encapsulation layer with reflective opaque Ag electrode exhibited a
remarkable PCE, up to 16.5% by combining low-temperature processed (≤100 ◦C) ALD
ZnO with Al2O3 films as CBL and encapsulation layer into semitransparent(ST) PSCs,
respectively [30].

ZnO is another commonly used ETM with a wide band gap and high electron mobility.
However, ZnO has low chemical stability even when exposed to weak acids and bases [31]
and it could easily react with perovskite in the thermal annealing condition of more than
100 ◦C, which leads to the poor long-term stability of the devices [32].

4.1.3. Nb2O5

Subbiah et al. (2020) reported that ALD-grown Nb2O5 could serve as an alternative
ETL with better stable power output than that of TiO2. A conformal Nb2O5 with 30 nm
thickness using atomic layer deposition techniques with Nb(OEt)5 and H2O was deposited
on a fluorine-doped SnO2 (FTO) substrate around 150 ◦C. ALD-Nb2O5 shows a smooth
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pinhole-free compact blocking layer in 3 × 3 cm area, which can be easily extended to
the large-scale industrial manufacturing process. The amorphous ALD-Nb2O5 ETL-based
perovskite devices offered device efficiencies of 14.2%, whereas the spin-coated crystalline
Nb2O5 followed by annealing at 500 ◦C for 3 h showed highly resistive behavior with 1.5%
efficiency. [27].

4.1.4. SnOx

SnOx as the ETL in the inverted solar cell stack was grown by ALD using tetrakisdime-
thylamino-Sn, Sn(N(CH3)2)4 (TDMASn) as the Sn precursor. The cells with SnOx show an
efficiency of 3.4%, but it increases to 7.8% after consecutive JV sweeps, primarily due to an
enhancing VOC. Sn, O and halides are shown to be rich in perovskite/SnOx interface. This
is a possibility of nonideal chemical surface reactions during the ALD deposition and the
current transport may be lowered [33]. Baena et al. (2015) demonstrated that planar PSCs
employing the compact and pin-hole-free TiO2 layer made by ALD exhibit a band misalign-
ment and SnO2 layer as ESL showed 1.19 V and 18% efficiency, respectively. The conduction
band modification of the ESL could result in planar, high-performance PSCs with high
voltages and good long-term stability. Furthermore, femtosecond transient absorption
(TA) analysis clearly show that the mixed (FAP-bI3)0.85(MAPbBr3)0.15 perovskite materials
injected charges efficiently into SnO2 but not into TiO2 corroborating the conduction band
misalignment at the TiO2/perovskite interface. A barrier-free charge transport across the
SnO2/perovskite interface gives rise to the high and stable current densities–regardless of
the sweep rate—which is not observed in TiO2 based devices [34].

Wang et al. (2017) reported that the charge transport ability and electrical conductivity
of SnO2 ESLs grown by plasma-enhanced atomic layer deposition (PEALD) were increased
after the annealing at 100 ◦C in H2O ambient. As a result, VOC and FF were improved and
J−V hysteresis was reduced in PSCs using SnO2 ESLs. Their flexible PSC showed a PCE of
18.36 (17.12)% measured under reverse (forward) voltage scan and a stabilized efficiency
of over 17% using a commercial ITO/PET substrate [35]. Wang et al. have also reported
that low-temperature PEALD SnO2 ESLs has low electrical conductivity and can cause
the degradation of charge transporting quality in PSCs and their planar PSC has recorded
20.3% PCE without antireflection coating [36].

Recent progress has suggested that SnO2 is grown by PEALD below 100 ◦C as ETL [37]
and highly efficient organic–inorganic metal-halide PSCs with a planar cell structure are
fabricated as an excellent alternative to TiO2, with enhanced bulk electron mobility, suitable
band alignment, and high transparency (wide bandgap), resulting in highly efficient
perovskite devices with reduced hysteresis [38,39].

4.2. Hole Transporting Materials
4.2.1. MoOX

Recently Battaglia et al. (2014) introduced MoOX (x ≈ 3) as a promising candidate
material, and it has already been applied successfully as hole selective contact in organic
solar cells and PSCs [40–43]. The MoOX is a suitable option for the replacement of p-type
a-Si:H as hole selective layer owing to its high transparency, which can lead to a significant
reduction in parasitic absorption. MoOX has a much lower extinction coefficient and a
higher band gap than a-Si:H (3.0 eV versus 1.7 eV). In addition, the refractive index of
MoOX is close to 2, which is ideal for light incoupling into the c-Si substrate. Although the
mechanism of hole-selectivity of MoOX is still under debate, it is perceived that the high
work function of MoOX of approximately 6.6 eV plays an important role and leads to an
electronic band diagram that is similar to the conventional heterojunction with intrinsic
thin layer (HIT) solar cell [44].

Jeong et al. (2019) reported that MoOX film is deposited by ALD using molybdenum
hexacarbonyl [Mo(CO)6] as metal precursor and ozone (O3) oxidant. The growth rate is
about 0.036 nm/cycle and the thickness of interfacial oxide is approximately 2 nm. The
band gap and work function are 3.25 eV and 8 eV, respectively. By applying ALD-MoOX
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layer instead of the p-type a-Si layer in the HIT solar cell, similar results to HIT cell were
shown in lifetime and implied VOC, as shown in Figure 5, and the power conversion
efficiency reached 21.06% and VOC 726 mV, JSC 38.5 mA/cm2, FF 75.1%, as shown in
Figure 6 [45].

Figure 5. Change of effective carrier lifetime and implied VOC before and after MoOX application to
HIT cell. Reproduced with permission from Reference [45].

Figure 6. I–V Curve for the ALD-MoOX applied HIT cell. Reproduced with permission from
Reference [45].

4.2.2. WOx

Tungsten oxides (WOx) have wide bandgaps (2 to 3 eV) [46,47] and higher electron
mobility (10–20 cm2·V−1·s−1) and are chemically stable [48,49]. These excellent properties
enable the efficient extraction of photogenerated electrons to electrode. Very recently, WOx
ETL was prepared for PSCs via high-temperature annealing, and a WOx−TiO2 core−shell
nanostructure was applied to decrease charge recombination rate at the perovskite/WOx
interface [50].

4.2.3. VOX

Chu et al. reported that ultra-thin VOX layer was grown at the low temperature of
50 ◦C and can be one of the candidates of HTL for PSCs. After UV post-treatment, ALD-
VOx showed 11.53% efficiency by enhancing hole transporting characteristic. The interface
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energy band bending was preferred for the FTO–VOX–UV/MAPbI3 interface, thereby
enhancing the hole transport across the interface [51].

To investigate the passivation characteristic of VOX, it was grown by ALD on an n-type
Si solar wafer, and the lifetime and implied VOC were measured by QSSPC. Vanadium
triisopropoxide (VTIP) was used as a metal precursor and H2O as an oxidant, and its
growth rate was 0.016 nm/cycle. As shown in Figure 7, the implied VOC was raised by
about 20 mV, compared to that of the thermal evaporated VOX [52]. After post-annealing
for 30 min in ambient N2, the lifetime and implied VOC was improved by 20 µs; and 10 mV
owing to the decrease of carbon content in ALD-VOX film [53].

Figure 7. The comparison of lifetime and implied VOC for as-dep and annealed ALD-VOX and
thermal evaporated VOX. Reproduced with permission from Reference [53].

4.2.4. NiOx

Koushik et al. (2019) reported that a plasma-assisted ALD-NiO thin film has been
grown using Ni(MeCp)2 as metal precursor and O2 plasma as oxidant. The polycrystalline,
cubic 10 nm NiO films as HTL with 3.75 eV bandgap is deposited, and the ALD-NiO layers
recorded 17.07% PCE after post-annealing. Hole transporting quality is improved and
as a result, JSC and FF increased. This improvement is attributed to enhanced wetting of
the perovskite layer atop. The electrical conductivity and charge mobility of NiO are also
increased after post-annealing [54].

5. Conclusions and Perspectives

This review article focuses on the historical progress of PSCs and the contribution
of ALD to PSCs. Over the decades, the study of PSCs have improved the efficiency of
PSCs to be competitive to that of Si solar cells, but there are still several obstacles that
inhibit commercialization, such as the long-term stability. The degradation mechanism of
PSCs needs to be understood to overcome these obstacles. From this perspective, ALD
has advantages and can be an excellent alternative to solution processes, such as spin
coating, spray pyrolysis, and chemical bath deposition. The long-term stability issue has
been overcome by ALD-grown inorganic CTLs and the absorber layer grown by a vacuum
process, replacing the solution process. Although ALD has recently been applied and
contributed to PSCs development, it is still a minor growth method, compared to the
solution process. In addition, the carbon content in the CTL films should be reduced at
low-temperature deposition during the ALD process. Direct oxide-CTL deposition using
ALD on perovskite film is difficult owing to the deterioration of the perovskite film.

An interlayer is required between perovskite and ALD-CTL. Direct oxide-CTL depo-
sition using ALD on perovskite films requires that the ALD deposition temperature be
maintained below 60 ◦C to prevent degradation of perovskite properties. The architecture
of the PSCs and the application of CTLs and their properties is summarized in Table 1.
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Table 1. The summary of charge-transporting layers (CTL) and their properties.

Device Design/Architecture Bandgap/eV Refractive Index JSC/mAcm−2 VOC/V FF/% PCE/% Active Area/cm2 Ref

FTO/spin coated TiO2/ALD
TiO2(10 nm)/perovskite/Spiro-

OMeTAD/Ag
3.2 2.6 20.5 ± 0.17 1.07 ± 0.014 75.2 ± 0.80 16.5 ± 0.44 0.15 [21]

ITO/PEDOT:PSS/perovskite/ALD
ZnO/Ag NWs 3.2 2 20.73 ± 0.79 1.02 ± 0.01 76.36 ± 3.02 16.15 ± 0.20 0.04 [28]

FTO/ALD-
Nb2O5/MAPbI3/spiro-

OMeTAD/Au(Backward)
3.4 2.3 21.7 1.013 70 15.4 0.12 [25]

glass/fluorine dopled SnO2
(FTO)/PEALD-SnO2/fullerene
self-assemblemonolayer (C60-

SAM)/MA0.7FA0.3PbI3/Spiro-
OMeTAD/Au

3.5 2.3–2.8 22.61 1.125 79.77 20.29 0.08 [34]

FTO/VOx/perovskite/phenyl-
C61-butyric acid methyl

ester(PCBM)/bathocuproine
(BCP)/Ag

3.6 1.6–2.3 17.58 0.87 66.41 10.17 0.1 [49]

glass substrate/ITO/ALD
NiO/perovskite/C60/BCP

(bathocuproine)/Cu, inverted
(p–i–n) planar structure

3.5 2.1 21.75 1.05 73.36 17.07 0.86 [52]

FTO/TiO2/CH3NH3PbI3/spiro-
OMeTAD/MoOx/Metal (Ag or

Al)
3.25 2.1 20.14 0.993 0.602 12.04 0.2–0.3 [40]

FTO/WOx/MAPbIxCl3-x/Spiro-
OMeTAD/Ag 3.15 3.9 21.77 ± 1.04 0.71 ± 0.03 0.58 ± 0.02 8.99 ± 0.41 0.06 [48]

In the future, if the dissolution and degradation of the PSCs absorber layer by the
solution process are removed by ALD, ALD-metal oxide will be a remarkable breakthrough
for commercialization, similar to the contribution of ALD-Al2O3 as the passivation layer to
Si solar cell and ALD CTLs are promising for silicon–perovskite tandem solar cells.
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54. Koushik, D.; Jošt, M.; Dučinskas, A.; Burgess, C.; Zardetto, V.; Weijtens, C.; Verheijen, M.A.; Kessels, W.M.M.; Albrecht, S.;
Creatore, M. Plasma-assisted atomic layer deposition of nickel oxide as hole transport layer for hybrid perovskite solar cells.
J. Mater. Chem. C 2019, 7, 12532–12543. [CrossRef]

http://doi.org/10.1039/C5EE02608C
http://doi.org/10.1021/acsenergylett.7b00644
http://doi.org/10.1002/aenm.201700414
http://doi.org/10.1039/C6TA04503K
http://doi.org/10.1039/C6EE02390H
http://doi.org/10.1021/acs.jpcc.5b00541
http://doi.org/10.1016/j.solmat.2011.12.004
http://doi.org/10.1063/1.4903467
http://doi.org/10.1063/1.4868880
http://doi.org/10.1088/0957-4484/26/6/064001
https://research.tue.nl/en/studentTheses/atomic-layer-deposition-of-molybdenum-oxide
https://research.tue.nl/en/studentTheses/atomic-layer-deposition-of-molybdenum-oxide
http://doi.org/10.3740/MRSK.2019.29.5.322
http://doi.org/10.1016/j.ssi.2003.08.030
http://doi.org/10.1016/S0039-6028(00)01075-X
http://doi.org/10.1021/jp7100286
http://doi.org/10.1016/j.tsf.2004.04.018
http://doi.org/10.1021/acs.jpclett.5b00010
http://doi.org/10.1088/1361-6641/aae071
http://doi.org/10.1016/j.solmat.2015.08.028
http://doi.org/10.3740/MRSK.2020.30.12.660
http://doi.org/10.1039/C9TC04282B

	Introduction 
	Perovskite Solar Cells 
	Atomic Layer Deposition (ALD) 
	Charge Transporting Materials (CTM) Grown by ALD 
	Electron Transporting Materials 
	TiOx 
	ZnO 
	Nb2O5 
	SnOx 

	Hole Transporting Materials 
	MoOX 
	WOx 
	VOX 
	NiOx 


	Conclusions and Perspectives 
	References

