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Robust Inorganic Hole Transport Materials for Organic
and Perovskite Solar Cells: Insights into Materials
Electronic Properties and Device Performance
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Interfaces in perovskite and organic solar cells play a central role in advancing ef-
ficiency and prolong device durability. They improve charge transport/transfer from
the absorber layer to the collecting electrodes, while also blocking the opposite charge
carriers, minimize voltage losses by suppressing charge recombination. and may act
as buffer/protective layers and nanomorphology regulators for the absorber layer.
One such interface is formed by the hole transport layer (HTL) and the organic/
perovskite absorber. These HTLs typically consist of organic semiconductors, which,
although are solution processable at low temperatures and allow perfect energy-level
alignment with the absorber layer and therefore efficient charge collection, are prone
to degradation in ambient conditions and under continuous light exposure. In a quest
for robust alternatives, inorganic materials such as metal oxides, graphene oxide,
bronzes, copper thiocyanate, and transition metal dichalcogenides are actively in-
vestigated. However, their hole extraction capability is inferior compared with organic

1. Introduction

Solar cells which convert sunlight directly
into electricity via the photovoltaic (PV)
effect represent cost-effective and environ-
mentally friendly alternatives to fast deplet-
ing fossil fuels. Among the various types of
solar cells being developed, those based on
Earth-abundant silicon (Si) and crystalline
thin films (amorphous silicon, cadmium
indium gallium selenide [CIGS], cadmium
telluride (CdTe), etc.) are commercially
available. These types of solar cells exhibit
power conversion efficiencies (PCEs) of
over 26% and an average lifetime of about
25 years.'™ However, as Si or thin-film

semiconductors as they possess specific energetics leading to significant charge
extraction barriers and moderate charge collection. To achieve further advancements
in their hole transporting capabilities, strongly interconnecting knowledge of their
synthesis, electronic properties, and device performance metrics is required.

solar cells request large energy consump-
tion for their fabrication, it was recently dis-
cussed what types of solar cells can replace
them from their increasingly entrenched
position.! Future solar cell technologies
should outperform established PVs to enter
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the commercial market. This brings into account future genera-
tion solar cells, such as organic solar cells (OSCs), quantum dots,
and perovskite solar cell (PSCs).

These future generation PVs offer a comparable PCE to Si
and thin-film counterparts delivering a certified PCE of
25.2% and 17.3% for PSCs and OSCs, respectively (Figure 1).
In addition, their low-temperature compatible solution process-
ing brings in added functionalities that silicon and thin-film
solar cells may not offer. For example, their manufacturing on
flexible substrates enables energy harvesting from diverse areas
such as automobiles, indoor electronics, lightweight portable
applications, and so on. It also enables roll-to-roll processing of
their large-area modules, which is compatible to massive through-
puts.”™ Furthermore, these future-generation solar cells, unlike
silicon and thin-film inorganic counterparts, also show high per-
formance in diffused or dim lights.””! Extensive research activities
to improve their lifetime also demonstrated a lifetime beyond
1000 h for these solar cells, although they still require significant
improvement before they enter the market.

The improvements in the performance and stability of both
the PSCs and OSCs have been also due to the novel device
architecture and materials. Generally, organic thin layers used
to extract electrons and holes from the absorber layer despite large
efficiencies achieved have led to inferior operational stability and
increased device processing costs as well. As an example, 2,2/,7,7’-
tetrakis[ N, N-di(4-methoxyphenyl)amino]-9,9’-spirobifluorene
(Spiro-OMeTAD) and poly[bis(4-phenyl)(2,4,6-trimethyl-
phenyl)amine (PTAA), which are the two most successful hole
transport layers (HTLs) in PSCs, are among the most expensive
materials in a PSC stack.[® Robust inorganic materials such as
metal oxides, copper dichalcogenides, graphene oxide, etc. have
successfully replaced organic rivals and improved operational
stability in both OSCs and PSCs. Another interesting aspect is
the comparison of the charge extraction capabilities of organic
versus inorganic transport/extraction layers and their interfaces
formed with an absorber (organic materials or perovskites).
These interfaces govern barrier properties such as energetics
and voltage loss, transport within the device which is determined
Dby their selectivity and conductivity, and also dictate nonradiative
recombination at the heterointerfaces.’*"! The electronic prop-
erties of these charge transport interlayers either in the bulk or at
the interface play a key role in enabling interfacial charge trans-
port and suppressing recombination losses. However, they are
generally overlooked instead of serving as guidance for the devel-
opment of effective charge transport materials.

In the present Review, we discuss the recent progress made
using various cost-effective and robust HTLs for OSCs and PSCs.
Emphasis is given on the widely applied class of transition metal
oxides (TMOs) and the recently emerged graphene oxide (GO),
transition metal dichalcogenides (TMDs), and more. First, we
describe the working principle of PSCs and OSCs and role of
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interfacial layers in them. Then, for each class of the inorganic
materials used as HTLs in the aforementioned PV devices, we pro-
vide theoretical details and factors that influence the structure and
electronic properties relevant to the hole transporting functionality
such as deposition methods, doping, etc., while also listing down
key examples on their application in PSCs and OSCs, respectively.
An improvement in the operational stability of both PSCs and
OSCs due to these HTLs is subsequently detailed. Finally, we pro-
vide a detailed outlook for future research directions to improve
the HTL/absorber interface to enable higher efficiencies combined
with exceptional lifetimes of these types of solar cells.

2. Working Principle of Perovskite and OSCs:
The Role of Interfacial Layers

2.1. Perovskite Solar Cells—Configuration and Operation

Organometallic hybrid halide perovskites are materials with a
general formula of ABX;. A range of elements can be substituted
at A, B, and X sites that lead to perovskite materials with different
dimensionalities at the molecular level (3D, 2D, 1D, 0D).?? The
typical examples for A-site substitution are methylammonium
(CH3NHj;-, MA) and formamidinium (CH(NH,),-, FA) or an
inorganic cation such as cesium (Cs) and rubidium (Rb); for
B-site occupation, a heavy metal such as lead (Pb), tin (Sn),
and germanium (Ge) can generally provide stable perovskite
structures while X is a halogen anion (i.e., Cl, Br, I). The initial
reports on the first solid-state PSCs demonstrated a PCE between
6% and 10%,**! which was doubled within a few subsequent
years only. Immense research to improve device performance by
combining novel perovskite materials and their processing tech-
niques has led to a remarkable certified PCE of 25.2%.1%°!

In a typical device architecture, a thin layer of the perovskite
absorber layer (300-500 nm) is used between the electron and
HTL/extraction layer (ETL/EEL and HTL/HEL, respectively),
which guides photogenerated charges toward their respective
electrode.””) A range of materials are used as ETLs and
HTLs; the most commonly used are TiO, and spiro-OMeTAD,
respectively. The unique photophysical properties and ambipolar
charge transport in halide perovskites suggest that various
device configurations for a PV device are possible; however,
the most successful among these are planar and mesoporous
PSCs.®?% In planar PSCs, a compact thin ETL (HTL) in the
range of several tens of nanometers (nm) is deposited on a trans-
parent conducting oxide (TCO) substrate (such as fluorinated
tin oxide, FTO, or indium tin oxide, ITO), followed by the depo-
sition of the perovskite absorber layer, HTL (ETL), and a metal
back contact (usually silver, Ag, or gold, Au).?%%! This thin layer
can be electron or hole selective, which determines the types of
PSCs to be n—i-p or p—i-n, respectively (Figure 2a,c). These
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Figure 1. a,b) A trend of research publications in perovskite and OSCs and their comparison with focused articles on HTLs. The data were taken from
Scopus on April 3, 2020, using keywords ‘perovskite solar cells AND HTLs/materials’ and vice versa. c) The PCE trend for both PSCs and OSCs. Both
these solar cells demonstrated a rapid increase in the PCE in the last few years. The graphs are plotted from values reported in this article and based on the
values reported in the National Renewable Energy Laboratory efficiency chart.!?®!

planar devices can be processed at temperatures below 150 °C
and therefore are advantageous for mass production. In contrast,
in a mesoporous PSC, a thicker ETL scaffold (~200-500 nm),
typically TiO,, is deposited on the TCO. The perovskite absorber
layer infiltrates within the pores of the ETL scaffold and also
forms a capping layer on top of it.[**]

Unlike their planar counterparts, mesoporous PSCs require
a high-temperature (~450°C) annealing process, which is
regarded as a drawback for mass production.*® Another impor-
tant device architecture, which replaces expensive metal contacts
such as Au or Ag with carbon (C), is the monolithic configuration
of PSCs.[*33738 such structures, even though they lag behind in
efficiency compared with their mesoporous or planar counter-
parts, provide improved operational stability and low-cost
fabrication. Another interesting aspect of perovskites is their tun-
able electrical properties such as carrier mobility, which can be
tuned to be either n- or p-type by manipulating their defect den-
sity.?*~*! This leads to a variation in the energy band diagrams,
as shown in Figure 2d,e, which necessitates the application of
charge transporting materials with tunable energetics.

The typical 3D halide perovskite, for example, MAPDbI; or
FAPDI;, show optimum direct bandgaps (E,) of ~1.6 and 1.5V,
respectively.*>** Theoretical calculations predicted that an opti-
mized single-junction MAPbI; PSC can deliver a PCE of ~31%.

Sol. RRL 2021, 5, 2000555 2000555 (3 of 44)

This efficiency corresponds to a photocurrent density (Jsc) of
26 mA cm™?, an open-circuit voltage (Vo) of 1.3 V, and a fill factor
(FF) of 91%.*) However, this requires that there are no nonradia-
tive losses within the bulk of the perovskite as well as the device
interfaces. The PSCs still have to overcome losses due to bulk and
interfacial defects to reach their Shockley—Queisser limit.

The PV process in PSCs can be split into three steps, e.g., light
absorption from the perovskite absorber, charge dissociation,
and charge transport to respective electrodes. An optimum
bandgap of the perovskite (~1.55-1.6 eV) and a high absorption
coefficient (~10° cm™) ensure that maximum visible light is
absorbed by the perovskite layer.*®! A high-efficiency PSC
requires negligible light absorption by the TCO and charge trans-
port/extraction layers such that most light reaches the perovskite
layer and is absorbed therein, followed by charge dissociation
and separation. Herein, the low-exciton binding energy (BE)
of MAPDI3, in the range of a few eV only,!*”) suggests that photon
absorption leads to the generation of free charge carriers. This
is extremely desired for a high-efficiency solar cell operation
as no external force is required to separate the photogenerated
electron—hole pair. The low BE and the generation of free charge
carriers are among the key reasons for high-efficiency PSCs."*®!
In other excitonic solar cells, where photogenerated charge pairs
(excitons) are bound with a higher BE (300-500 meV), losses

© 2020 The Authors. Solar RRL published by Wiley-VCH GmbH
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Figure 2. Typical device architecture of perovskite solar cells. a) The regular (n—i—p) PSC configuration where electrons are collected at the conducting
substrate and c) an inverted (p—i—n) architecture with hole collection at the TCO. b) The crystal structure of a typical ABX; perovskite with a cubic phase.
Schematics showing the energy levels of PSCs are d) short circuit and e) open circuit for perovskites with different conductivities. Here, E is the Fermi
energy level at equilibrium and Eg, and Eg, are quasi-Fermi levels of electrons and holes, respectively. f) A PSC stack highlighting various degradation
pathways within the device. Reproduced with permission.’”! Copyright 2018, WILEY-VCH.

during exciton dissociation and migration account for significant
losses.[*”!

During the process of charge separation, which starts when
electrons (or holes) are injected into the neighboring ETL
(HTL), an electron generated near the HTL/perovskite interface
(or holes near the ETL/perovskite interface) must travel through
the entire perovskite film to be collected at their respective elec-
trode. Herein, high electron and hole mobility in the range of
1-10cm?V~'s™ and beyond,”*>? a large diffusion length
beyond 1 pm,? and their ambipolar charge transport?®*>> char-
acteristics ensure effective charge screening and transport
toward the respective electrodes. The high dielectric constant
in hybrid perovskites (=1000) is also beneficial as it reduces
the Columbic attraction between these electron—hole pairs and
thus enables efficient charge separation.*®l

The third step that completes the PV operation in PSCs is
charge extraction toward respective electrodes. This requires
the injection of at least one type of charge carrier from the perov-
skite absorber layer into the transport/extraction layer (and block-
ing of the other type). Charge-selective layers that allow only one
type of charge carriers to be extracted are used alongside the
perovskite layer (Figure 2a) to facilitate their extraction. It is
important that these selective layers have 1) a negligible energy
offset for charge extraction from the perovskite layer, 2) a high
conductivity to maximize charge transport and collection effi-
ciency, and 3) a clean electronic interface to avoid any nonradia-
tive recombination.'? These selective contacts heavily influence
interfacial recombination, charge accumulation, and extraction
and consequently play a critical role in determining PV
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parameters in PSCs.*” For instance, upon photon absorption,
electrons are excited from the valence band (VB) to conduction
band (CB), splitting the Fermi levels. This splitting can be
numerically translated by the difference between the electron
(Epn) and hole (Egp) quasi-Fermi levels and represents the upper
limit of the achieved Vo in the fabricated cell. In order for the
Voc to be maximized, energy losses should be minimized and
selective layers play a vital role in this process. An “ideal” selec-
tive layer would enhance charge mobility and maintain the Fermi
levels close to the interface without causing losses during the
charge transfer (CT) process and should not induce the degrada-
tion of the absorber. A “nonideal” selective interface would result
in a loss of achievable Vg, i.e., a voltage lesser the Fermi-level
splitting (Egn—Egp).l"” For a detailed insight into the working
principle of PSCs and their unique photophysical properties,
we refer to some focused articles.” %%

2.2. OSCs-Working Principle and Common Device
Architectures

The PV process in OSCs differs from that in perovskite and inor-
ganic counterparts. In the latter, the absorption of photons with
energies above the optical bandgap results in the generation of
free carriers (electrons and holes) that diffuse through the cor-
responding bands, i.e. conduction and VB, under the application
of an external electric field, and are collected at the respective
electrodes. Organic semiconductors, however, exhibit much
lower dielectric constants (around 3.5) than the perovskites

© 2020 The Authors. Solar RRL published by Wiley-VCH GmbH
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and inorganic counterparts (reaching 1000), which leads to a
stronger Coulombic interaction between electrons and holes.
Light absorption thus generates Coulombically bound elec-
tron/hole pairs, the so-called Frenkel excitons, rather than
free charge carriers.[*>®"! In order for these excitons to dissociate
into free carriers, the presence of a driving force provided by a
two-component system containing an electron donor (D) and an
electron acceptor (A) that is similar to that of a p-n junction is
necessary (Figure 3a).[*>®* Upon photon absorption usually by
the donor, an exciton is formed through excitation of an electron
from its highest occupied molecular orbital (HOMO) to the low-
est unoccupied molecular orbital (LUMO) (Figure 3b). This exci-
ton then diffuses towards the donor:acceptor interface, where it
dissociates into a hole and an electron when

Ey—Ef > Up 1)
where E4 and EX are the acceptor and donor electron affinity,
respectively, and Uj, is the BE of the exciton. The electron is then
transferred to the LUMO of the acceptor and forms a CT complex
(Figure 3b).

The electron/hole pair that forms the CT state can also be
referred to as the geminate pair and is highly dependent on
the Coulombic attraction between opposite carriers and on the
distance that separates these species.'® If the latter becomes
larger than the Coulomb capture radius, the geminate pair dis-
sociates into free carriers; otherwise, the geminate pair will
recombine across the donor:acceptor interface, the so-called
geminate recombination, which constitutes a common loss
mechanism in OSCs.[*** The dissociated electrons and holes
can then be transported through the acceptor and donor
domains, respectively, to the respective electrodes, with electrons
being collected at the cathode and holes at the anode.

www.solar-rrl.com

In the most efficient OSC architecture, the so-called BH]J
(Figure 3a), an interpenetrating network of donor and acceptor
domains, forms the photoactive layer that assures a balance
between light absorption and exciton dissociation efficiencies.
Key objectives in OSCs are the minimization of energy and charge
losses both upon exciton dissociation and through transport
within the BHJ device (the latter is crucial due to the low carrier
mobility and low diffusion length of the order of 10 nm in organic
semiconductors)® to enhance the efficiency of devices. For a
more detailed explanation of these complex processes, the reader
is referred to excellent reviews already published.[5*¢7-%%

A challenging step that contributes to efficient OSC operation
is charge transport and collection at the electrodes. As most pho-
toactive materials exhibit large energetic differences of their
molecular levels, i.e., the HOMO of the donor and the LUMO
of the acceptor with the work function (W) values of the corre-
sponding electrodes, a typical OSC device configuration, fabri-
cated on a transparent rigid (e.g., glass) or flexible substrate,
usually comprise a HTL/HEL and an ETL/EEL, which are all
sandwiched between a high- Wy anode (the hole-selective contact)
and a low- W cathode (the electron-selective contact). The inter-
facial properties of charge transport/extraction materials can
strongly influence the device performance. The main require-
ment that needs to be satisfied for highly efficient interfacial
CT to occur is the energetic alignment of the HOMO and
LUMO of the photoactive layer with both the respective ones
of the HTL and ETL and the Fermi level (i.e., the WE) of the elec-
trodes. An energetic mismatch at any device interface may lead to
barriers for charge extraction, high contact resistance, space
charge formation, and undesirable recombination; all these fac-
tors decrease device performance.”® Other issues that may influ-
ence charge transport/extraction, even when interfacial energetic

() (b) ¢ Charge transfer
A - states
100 gl
$ %l J} Light AELUMOI A . —
i . Charge
Interfacial layer | Bandgap :/Geminate pair separated
Absorber layer @ (E.) / recombination States
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() (d)
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Jsr - Jarin i i
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Electron blocking layer case (independent of
electric field): Jy = 0

Figure 3. a) Schematic representation of the mixed donor:acceptor (the so-called bulk heterojunction, BHJ) OSC. b) The energy-level diagram in a
representative OSC structure depicting the HOMO (So) and LUMO (S;) levels of the donor and the formation of CT states between the donor
and acceptor. The process of geminate recombination is also illustrated. Illustration of electron leakage toward the anode (the hole-selective contact)
in c) the absence and d) presence of an appropriate EBL. Reproduced with permission.[*] Copyright 2011, the Royal Society of Chemistry.
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alignment is excellent, are the presence of interface defect states
and poor interfacial compatibility/morphology.’® To address
these issues, several strategies have been explored. In particular,
to ameliorate stringent CT/extraction requirements, a common
approach involves inserting varying functionality interlayers at
the electrode/organic interface with desirable electronic charac-
teristics to act as an energy gradient (by providing a lower energy
step) and, thus, mediate CT/extraction.

2.3. The Role of the HTL

The HTL serves as the medium that enables efficient extraction
of photogenerated holes from the absorber. Therefore, it plays a
key role in enhancing the device efficiency and stability in both
the regular and inverted architectures. A higher efficiency can be
achieved due to its role in allowing fast hole transport toward the
hole-selective contact (termed the anode in OSCs and as the cath-
ode in PSCs), improving the selectivity of the corresponding
interface, suppressing carrier recombination, and blocking elec-
tron transfer toward the respective contact. HTLs deposited
prior to the photoactive layer deposition (in regular OSCs and
inverted PSCs) are also important in modifying the morphology/
crystallization of the organic/perovskite underlayer that signifi-
cantly influences the device efficiency and stability. There are
two large categories of materials serving as HTLs in OSCs/
PSCs, namely organic and inorganic compounds.”*”? The
organic ones possess the advantage of the simple manipulation
of their chemical/electronic structure and facile solution process-
ing. The inorganic ones are more robust, hence also acting as
buffers to protect the device from degradation.

The HTL is also vital for device stability because it can protect
the underlying absorber (in inverted OSCs and regular PSCs)
from degradation caused by the penetration of moisture/oxygen
through the electrode or the HTL itself.®”*74 As inferior stability
represents a major bottleneck toward the commercialization of
these devices, especially of those based on perovskite absorbers,
the development of robust HTLs could offer the opportunity to
resolve this issue. Furthermore, a high efficiency can be achieved
due to its role in improving interfacial transport, suppressing
charge recombination, and blocking electron transfer toward
the hole-selective contact (Figure 3c,d). The surface energy of
the HTL is also of paramount importance because it largely influ-
ences the morphology/crystallinity of the organic or perovskite
absorber when grown above it. However, the basic requirement
is the favorable energy-level alignment at the interface. In partic-
ular, the HOMO or valence band maximum (VBM) of the HTL
should be aligned with or slightly higher than the HOMO of the
donor material in OSCs or the VBM of the perovskite in PSCs.
Such requirement allows for efficient hole extraction with mini-
mal voltage loss, leading to improved open-circuit voltage (Voc).
Moreover, the LUMO or conduction band minimum (CBM) of
the HTL should be considerably higher than the corresponding
energy levels of the photoactive absorber (i.e., the LUMO of the
donor in the BH]J architecture or the CBM of the perovskite) to
act as an electron blocking layer (EBL), hence preventing electron
leakage toward the hole-selective contact. Therefore, the elec-
tronic structure of the material is of paramount importance when
designing novel HTLs. Additional merits are good solubility,
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high environmental and thermal stability, and hydrophobic
nature. They should also provide the advantage of simple prepa-
ration and manipulation of their properties.

3. Transition Metal Oxides: Theoretical
Investigations of Electronic Properties and
Influence Of Processing Methods and Doping in
their Charge Transport Properties

TMOs have demonstrated adjustable structural, electronic, and
optical properties, which are highly desirable for their application
as HTLs in diverse PV architectures. They also exhibit highly
attractive features, such as high transparency and nanometer-
scale controllable film morphology with excellent reproducibility.
Their stoichiometry can be adjusted from fully stoichiometric
(i-e., molybdenum trioxide, MoO;) to semimetallic (like MoO,)
with a bandgap energy ranging from about 3.5 to below 2.7 eV.
Oxygen vacancies are critical on the surface of the electronic struc-
ture, especially in a-phase MoO3, and thus their control is pivotal to
alter the conductivity and chemical stability of TMOs.””) Apart
from the oxygen vacancies, other factors that affect their conduc-
tivity are doping, film thickness, grain size, and thermal treat-
ment.””) The electronic structure of TMOs should be well
known when designing OSCs/PSCs with them as the HTL as it
defines the energetic alignment at the hole extracting interface.
We hence include in this Review theoretical calculations of the
most studied TMOs regarding their crystal structure and electronic
properties and dependence on processing methods and doping.

3.1. Molybdenum Oxides (MoO,)

Molybdenum oxides have been successfully applied as HTLs in
OSCs and PSCs due to their desired optical and electronic prop-
erties such as a high Wr above 6.0 eV, optical transparency, and
adequate conductivity, especially in under-stoichiometric phases.
Regarding their structural properties, stoichiometric molybde-
num trioxide (MoO3) is generally found in two phases, the ortho-
rhombic a-phase (a=3.96 A, b=13.85A, ¢=3.69 A), which
exhibits a 2D structure,’® and the monoclinic p-phase with a
3D crystal structure.””! B-phase can be converted to the a-phase
upon thermal treatment (T > 350 °C). Figure 4a shows the X-ray
diffraction (XRD) patterns of electrodeposited MoO5 films on
FTO, showing the evolution from quasiamorphous to crystalline
thin films, having both a- and f-MoO; phases upon annealing at
300°C. Other crystal structures include e-MoOs, a metastable
high-pressure phase, and the hexagonal h-MoOj structure, with
the latter octahedral phase illustrating similar properties with
a-phase.

In the 2D a-phase, the Mo—Mo and O-O distances between
interlayers are ~7 and 0.79A, respectively (Figure 4b).
Regarding the electronic structure of MoOs, the upper states
of the VB mainly consist of O 2p orbitals, whereas the bottom
of the CB shows contribution mainly from Mo 4d atomic orbitals.
In Figure 4c, the arrow indicates the indirect bandgap between
the VBM and CBM from U to I' symmetry points. The nonstoi-
chiometric oxides present both Mo and O vacancies (termed Vi,
and Vo, respectively) that create gap states (see density of states
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Figure 4. a) The XRD patterns of MoOs films electrodeposited on FTO, from top to bottom: annealed at 300 °C for 2 h, as deposited; asterisk denotes
FTO peaks. Reproduced with permission.””! Copyright 2012, American Chemical Society. b) Unit cell of the MoOj structure and c) MoOs band structure
diagram with the black arrow indicating the indirect bandgap from U to I' symmetry points. d) MoO; DOS diagram with a Mo vacancy. The arrows
indicate the defect-induced gap states. €) Vo (oxygen vacancy), with red and black lines corresponding to the Mo and O DOS, respectively, including the
defect-induced gap states. Reproduced with permission.”®! Copyright 2016, Springer Nature. f) Total, Mo 4d and O 2p orbital DOS of MoOj3 and under-
stoichiometric MoO, phases. Reproduced with permission.’® Copyright 2017, American Chemical Society. g) MoO; unit cell illustration including the
stable interstitial sites (i1, i2, i3). h) The DOS of MoOs (pristine) and after including different dopants (along with O and Mo vacancies). Reproduced with

permission.®" Copyright 2018, American Chemical Society.

[DOS] charts in Figure 4d,e). Vi, induces states being closer to
the VB and that can be attributed to oxygen atoms being unsatu-
rated. However, Vg leaves behind immobilized Mo due to the
dangling bond and induces d states that are closer to the CB.
This indicates unintentional p-type and n-type doping of this
oxide in the first and latter case, respectively. Vo, is energetically
more favored than Vy,, which leads to commonly used MoO,,
n-type semiconductors.”®!

The MoOj structure consists of six oxygen atoms surrounding
octahedrally the Mo atom.”®! Inzani et al.”® demonstrated that
oxygen vacancies affect the lattice parameters of the MoO; struc-
ture (Figure 4f). In particular, O; and O, vacancies have only a
minor impact on a and ¢ parameters, with the b parameter
remaining unchanged. The formation of O; vacancies, however,
results in a large increase in the b parameter and a decrease in a
and c parameters. These changes significantly affect the electronic
properties of Mo oxides and consequently, their functionalities as
hole transport materials (HTMs) in both OSCs and PSCs.

Besides oxygen vacancies, the structure and electronic proper-
ties of these oxides can be effectively controlled through doping
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in either interstitial or substitutional sites with several elements.
Density functional theory (DFT) calculations have predicted
that three sites are stable for substitutional doping, as shown
in Figure 4g, with i1 and i3 interstitial sites being the most pref-
erable for different ions including sodium (Na), potassium (K)
(also preferring i2, i3 sites),®™® indium (In), manganese (Mn),
and gallium (Ga) (also preferring i2 sites).®" A bandgap reduc-
tion is observed in all cases due to the creation of intergap states
(Figure 4h), which are generally closer to the CBM, except for
doping with copper (Cu), which serves as a p-type interstitial dop-
ant, hence inducing gap states near the VBM.

A good match between the theoretical and experimental
bandgap of MoO; has been reported, with the theoretical
bandgap being around 2.8 eV, closely matching the experimental
range (2.7-3.4eV).®% As O concentration is decreased, the
bandgap is narrowed due to the filled 4d states of Mo, with
the Fermi level being inside the CB in nonstoichiometric Mo
oxides that are generally of n-type character. The indirect
bandgap of the stoichiometric MoO; ranges between 2.7 and
3.2 eV, with an electron affinity at around 6 eV, ionization energy
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at around 9eV, and a W higher than 6.9 eV.”?! This high- W5
value constitutes MoOjs as the selection material for engineering
the hole-selective interface of several types of PV devices as it
induces the formation of large positive interfacial dipoles, hence
significantly strengthening the device’s built-in field that acceler-
ates hole transport.

3.2. Tungsten Oxides (WO,)

Tungsten trioxide (WOs3) has also been frequently applied as HTL
in OSCs and PSCs. It is considered a wide-bandgap semiconduc-
tor, with O 2p and W 5d contributions in the VBM and CBM,
respectively, the difference of which corresponds to the band
gap value Eg.

WO; can be found in monoclinic phases (e-WOs3, y-WOs),
orthorhombic -phase, tetragonal a-phase, and cubic phase.®**%
The transition to different phases is achieved mainly through
annealing and cooling processes (Figure 5a), with stable y-phase
occurring mostly at room temperature and either p-phase or
a-phase occurring at high annealing temperatures. At very low
temperatures, the e-phase is stabilized. The WO; structure is
composed of several perovskite structures (Figure 5b), which
explain its nonstoichiometric properties. Like in MoO,, electric
conductivity of WO5 depends on several factors like film thick-
ness, presence of defects such as Vo, grain size and boundary,
and synthesis method, and it can be also increased by the intro-
duction of different dopants.®*#°

The most recent theoretical studies consider WOj3 as the per-
fect cubic despite the distortion in the crystal structure that has
been attributed to the rotation of WOg octahedra and differences
in the lengths and angles of the W-O and W-O-W bonds,
respectively.B*#? Both phases of WO; (hexagonal and cubic,
Figure 5¢) have demonstrated similar characteristics, including
similar theoretical bandgaps, e.g., 0.4 and 0.5eV for the cubic
and hexagonal, respectively. Notably, both showed high deviation
from the experimental values (~2.5-3.0 eV). Also, hexagonal and
cubic WO; have shown similar formation and ground-state ener-
gies, with the hexagonal tungsten phase illustrating high stability
in temperatures up to 500 °C and the cubic tungsten phase being
the most preferred and most commonly occurred.’®*

Similar to MoO;, WO; is a high-Wr semiconductor
(Wg > 6.0 eV), which renders it appropriate for hole extraction,
as it is expected to form large positive interfacial dipoles with
the commonly used ITO hole-selective contact material
(Wg ~ 4.7 eV). However, the low conductivity of the stoichiomet-
ric phase necessitates the use of relatively thin interlayers.

3.3. Copper Oxides (CuO,)

Copper oxides show intrinsic p-type semiconducting behavior
and attractive physical and chemical properties along with super-
conductivity at a relatively high temperature, a phenomenon not
yet fully understood.

Cupric oxide (CuO) has been investigated for a range of
applications, such as electrode material in diverse types of opto-
electronics such as solar cells, batteries, and gas and infrared
radiation sensors. It has a monoclinic structure, bandgap
between 1.2 and 2.1eV depending on its nature (direct or
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indirect) and thickness of the CuO layer, and Bohr’s radius of
6.6 nm. It shows a strong quantum confinement effect below that
thickness range.[*”#® Its electron configuration has an open 3d
cell (3d°), which is considered to significantly affect the ioniza-
tion states and its band structure. While cuprous oxide (Cu,0)
has a cubic structure, CuO is monoclinic with lattice a, b, and
¢ parameters approximately equal to 4.68, 3.42, and 5.13A,
respectively, with each atom neighboring four atoms of the other
kind (Figure 5d).5

Due to their intrinsic p-type conductivity, copper oxides have
been also applied as HTLs underneath the photoactive layer in
regular OSCs and inverted PSCs. They are generally processed
using the solution deposition method followed by appropriate
thermal annealing.

3.4. Nickel Oxides (NiO,)

Nickel oxides (NiO,) are the most widely studied metal oxides for
use as HTLs in PSCs with the inverted architecture. NiO, unlike
CuO, adopts the NaCl rock salt structure (Figure 5e) and is com-
monly nonstoichiometric.”” In its stoichiometric form, it is an
insulator.””] Due to its high specific capacitance (theoretically
around 2584 F g, resistivity of around 10 Qcm (at room
temperature), and its multiple oxidation state favoring redox
reactions, it has been used for a broad range of applications
including supercapacitors, electrochromic devices, chemical sen-
sors, micro- and normal batteries, photocatalysis, and smart win-
dows.’*** It has a melting temperature of 1995 °C and a density
of around 6.7 gcm™>. Like CuO, it shows p-type semiconducting
behavior; however, it has a significantly wider bandgap ranging
between 3.6 and 4eV. The most widely used manufacturing
method for NiO involves the thermal sol-gel decomposition
of nickel hydroxide, with thermal evaporation being the most
commonly used deposition method.®*>%! Other successful
deposition methods include pulsed laser deposition and solution-
processed NiO.l”%!

The thermodynamically most abundant defect is the nickel
vacancy (Vy),?%'° whose twofold negative charge is compen-
sated by the stabilization within the lattice of Ni*" cations, result-
ing in p-type self-doping."®" Due to this, Ni;_s (or NiO, as
generally referred to in the perovskite PV field) optoelectronic
properties depend on the oxidation state of the film, which
can be controlled by processing conditions.'*? Therefore, the
bandgap of NiO might vary between 3.4 and 4.0eV,'%! with
the VB lying between 5.0 and —5.4eV."%" This makes NiO
attractive for perovskite PVs, due to good energy-level alignment
with the VB of the most common perovskite composition
(such as methyl ammonium iodide, MAPDIs;, or triple-cation per-
ovskites). Further, the wide bandgap assures high transparency
and promotes selectivity in charge extraction (or “EBL”).

The spin coating of a precursor solution followed by an anneal-
ing step at about 300 °C is the standard deposition route for NiO
hole-selective layers in p-i-n perovskite solar cells.'%>!%¢
Combustion chemistry principles allow a reduction of the
annealing temperature.['””) Herein, an additive couple is selected
to initiate a combustion (exothermic) reaction, which provides
the energy required for the crystallization of NiO, allowing to
reduce the annealing temperature at 250 °C and still achieving
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Figure 5. a) XRD patterns of tungsten oxide at different stages of fabrication.*® Copyright 2009, American Chemical Society. b,f) illustrations of the crystal
structure of WO3 and V,0Os, respectively. Adapted from ChemTube3D (https://www.chemtube3d.com/). c) DOS of cubic (top) and hexagonal (bottom)
WOs. Reproduced with permission.'® Copyright 2005, American Physical Society. Crystal structure of d) CuiO and €) NiO. g) XPS spectra of the Mo 3d core
level in MoOs (top) and V 2p core level in V,05 (bottom). The circles show the experimental XPS data and the solid lines show the fits. h) Band diagrams

MoO; and V,0s with oxygen vacancies (—) and excess oxygen (+). VL, EF, CB, and VB represent vacuum level, Fermi level, CB, and VB, respectively.
Reproduced with permission."®"! Copyright 2013, WILEY-VCH.
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20% efficient p-i-n PSCs."%! However, to adopt plastic sub-
strates (e.g., polyethylene terephthalate, PET) for flexible PVs,
the processing temperature must be substantially lower than
250°C. In this case, NiO thin films can be deposited from inks
of NiO nanoparticles (NPs).l"%11% The advantage is that NiO is
already crystalline, and the annealing step is replaced by a drying
step at temperatures within 100 °C. NiO NPs are obtained from
the annealing of Ni(OH), precipitated from aqueous solution. It
has been proposed that the crystalline NP dispersion stability is
guaranteed by an amorphous coexisting phase,™! whose impact
in hole extraction, recombination, and stability might deserve
further investigation, especially considering that this route is
widely adopted to fabricate devices with PCEs approaching
20%.1''2) Notably, the NP route might enable effective adoption
of NiO in the n—i—p architecture,'**! especially if the NPs are
functionalized to be dispersed in perovskite-compatible sol-
vents.'1*115] Electrodeposition,'®”) chemical bath deposi-
tion,""®! and spray coating™'? are alternative solution-based
techniques demonstrated, suitable to obtaining good performing
NiO. High-performing devices have been demonstrated, also
using NiO from physical methods: pulsed laser deposition,™’
e-beam deposition,'*!! glancing angle deposition,**? atomic
layer deposition (ALD),"?*'%* sputtering,'*>'?%) or even the
evaporation of metallic nickel followed by oxidation in air at high
temperatures.[lm

The high conductivity of selective contacts is fundamental to
minimize the resistive losses detrimental to the energy output of
PV devices. One of the first parameters investigated in detail was
the effect of “oxygen doping” on NiO, which can be exploited via
UV-ozone or O,—plasma as postsynthesis treatments™®® or by
tuning the O, partial pressure during synthesis, such as in
the case of physical deposition techniques like sputtering.'?’!
The oxidation of NiO yields a more conductive material and deep-
ens the Wg,'*” improving the energy match between the NiO
and perovskite VB. However, optical losses accompany the
improved electrical properties, and concerns about the stability
of the NiO oxidized state should be addressed. It has been proved
that semiconducting metal oxides can exchange oxygen!"*! or
hydrogen!*** with the perovskite, and oxidized NiO phases tend
to be unstable,!"** which might be an interesting research topic
to improve our understanding on the effect of selective contacts
on the stability of PSCs.

Conventional doping through the alloying of Ni with foreign
cations appears as a more robust strategy. Copper doping of NiO
has been a successful strategy, first demonstrated in 2014.%
The conductivity of NiO increased from 2.2 x 10 °Scm™" to
8.4x107*Scm™! when introducing 5% of Cu®". The same
group later also demonstrated a low-temperature process by
exploiting the nitrate-acetylacetonate combustion route and
deposited an efficient Cu:NiO at 150 °C.***! Copper doping
was later implemented in NiO NPs, which led to the best-
performing NiO-based mesoscopic PSC to date (with efficiency
approaching 20%).*®! The doping mechanism is not trivial. In
fact, the stable oxidation state of copper is Cu®", the same for
nickel. Due to the observation of lattice shrinkage upon doping
despite the large ionic size of copper than nickel, Kim et al., pro-
posed that the substitutional replacement of Ni*™ with Cu®"
leads to an increase in the concentration of Vy;.['** Chen
et al., through X-ray photoelectron spectroscopy (XPS), observed
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the copresence of Cu*" and Cu™, with the latter acting as the
effective p-type dopant.*”)

Several other transition metal cations have been introduced as
p-type dopants in NiO such as Ag,[*® Co,1*?! Y, and Zn.**!
Cobalt (Co)-doped NiO was first demonstrated by Huang et al.,
with a co-sputtering deposition route.'*?) The conductivity
increased upon Co doping, whereas the Wr was slightly reduced.
Interestingly, the change of the Wy in the opposite direction was
observed later by Kaneko et al."**! (using Co-doped NiO NPs) and
by Xie et al.'** (using a solution-processed NiO), still obtaining
an increase in conductivity. A reason behind this opposite behav-
ior might be the different cobalt oxidation state obtained from the
high-vacuum cosputtering route, where only a single XPS peak
for the Co 2p;;, peak is obtained, compared with solution-
processed Co:NiO, where Co 2ps; is more complicated, pointing
to the coexistence of 2+ and 3+ oxidation states, as reported by
Lee et al."**! Hou et al. explored a regime beyond the doping,
investigating a mixed Ni-Co (1:1) oxide."**! Here, the coexistence
of Co®" and Co’" in the mixed oxide (similarly to CoO,) is evi-
dent and the work function is increased as in the works from
Kaneko et al.™*¢! and Xie et al.'*”! Along with Co®", Fe*" has
been reported to enhance the hole concentration (by a factor
of 1.5) and hole mobility (by a factor of 2.5) of NiO NPs.[**®!

The case of zinc (Zn) is of particular interest, as this cation
assumes only the 24 oxidation state, the same of Ni*'.
Nonetheless, its doping into NiO enhances the conductivity
and the PV performances of p—i-n PSCs, as demonstrated by
Wan et al.™*" DFT calculations showed that the DOS around
the Fermi level increases when Zn®" replaces Ni*" in the NiO
lattice along with a substantial reduction of the Vy; formation
energy. Zn”" is not the only isovalent dopant effective in NiO.
In fact, Ge et al., systematically investigated the effect of alkaline
cation doping of NiO."**! The main effect found was a downward
shift of the VBM going from —5.04 eV for the pristine NiO to
—5.19eV with magnesium (Mg) and —5.29eV with calcium
(Ca) and —5.34 eV with strontium (Sr) (and barium, Ba, leading
to —5.18 eV), with all the cations apparently substituting Ni, as
suggested by the lattice expansion from XRD. At the
same time, the conductivity was increased due to enhanced
hole mobility. Another successful dopant is Mg*", which
demonstrated that the downward shift of the VBM is proportional
to Mg concentration, introduced via a cosputtering route.!*>”

The Mg-induced downshift of NiO VBM was exploited by
Chen et al.,*" in their seminal paper on lithium and magne-
sium codoped NiO, where the synergy between the enhancement
of conductivity due to p-doping of lithium and tuning of energy
level from Mg was achieved. Li* has a different valence and a
similar ionic radius with respect to Ni*", two features easily
allowing p-doping through substitutional replacement.[>

In fact, different groups reported a positive impact of NiO
lithium doping on PSC performances, due to a substantial
increase in the conductivity of Ni0.'>*1> Moreover, codoping
strategies including lithium and transition metal cations were
demonstrated, such as lithium:silver (Li:Ag)"*® and Li:Co."*”)
Interestingly, positive effects on NiO HTL properties have been
demonstrated by alloying also the larger alkaline cations, for
which the substitutional replacement of Ni** should be energet-
ically hindered. Indeed, Na™ has been shown to passivate NiO
defectivity rather than increasing the conductivity,>> whereas
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potassium (K*) doping combines the two positive effects."*®! An
increase in conductivity has been observed also from rubidium
(Rb")™7 and Cs* doping."**'5% Cesium, moreover, has been
reported to suppress the eventual formation of metallic Ni during
the processing of Ni0.[*8

3.5. Hydrogen Molybdenum and Vanadium Bronzes

The stoichiometric composition of TMOs is a crucial consider-
ation for synthesized HTMs.["®” For instance, vanadium oxides
may be found in the form of V,05 and V,0s (Figure 5f), which
also present intrinsic n-type conductivity (similar to MoO, and
WO,) due to oxygen vacancies and high- Wy values.

Besides oxygen content, the presence of hydrogen (H) or other
elements within the TMO structure has a significant influence on
their electrical properties (i.e., band structure). Xie et all'*!
prepared solution-processed hydrogen Mo and V bronzes for
application as HTLs in OSCs. To successfully obtain hydrogen
bronzes, ethanol was used to control the reaction between metal
oxide NPs and hydrogen peroxide. XPS regarding Mo 3d in
molybdenum and V 2p in vanadium bronzes (Figure 5g) revealed
that the Mo 3d spectrum could be well fitted by two separated
doublets in the form of a Gaussian function, indicating molybde-
num species present in two different oxidation states. The major
contribution was from the peaks centered at BEs of 232.8 and
236.0 eV. These are the typical doublets for Mo 3d in the oxidation
state 6+. The minor peaks were the doublets at 231.7 and 234.7 eV
attributed to Mo 3d in the oxidation state 5+. The atomic concen-
tration ratio of Mo®* to Mo®* was 6:1 and that between Mo and O
was about 1:2.93, indicating a small degree of oxygen deficiency.

Similar results were obtained for vanadium bronzes prepared
in the same work.'®" The XPS spectrum of vanadium bronze
consisted of two Gaussian-like 2p doublets, which were indica-
tive of V> and V** oxidization states. V* accounted only for 8%
of total vanadium atoms. The atomic ratio between V and O was
found equal to 1:2.46, also indicative of a small degree of oxygen
deficiency in that case. The oxygen deficiency (the presence of
oxygen vacancies) was attributed to the insertion of a small
amount of H' into the structure of the oxides, which hence
were treated as bronzes (H,MoO; and H,V,0s, respectively).
The electronic band structure of these bronzes was evaluated
using ultraviolet photoelectron spectroscopy (UPS). From the
secondary electron cut-off of these spectra, the Wy values for
ITO, H,M003, and H,V,0s5 were found as 4.6, 5.4, and 5.5¢eV,
respectively. From the band diagram (Figure 5h), it is observed
that H,MoO; and H,V,0s films exhibit very low-lying CBMs and
n-type characteristics, which are typical for molybdenum and
vanadium oxides. These characteristics could be very beneficial
for their application as HTLs in OSCs, where hole transport
through n-type metal oxides has been considered to be realized
by extracting electrons through their CBs.

4. Applications of TMOs in OSCs and PSCs
4.1. TMOs as HTLs in OSCs

TMO, where a transition metal is bonded to oxygen, is one of the
most widely studied class of solid compounds that shows diverse
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structures and semiconducting properties.'®*'®3] They have
been widely applied as HTLs in OSCs and PSCs with both
the regular and the inverted architecture. The most successful
applications in OSCs are discussed in the following sections
and shown in Table 1.

4.1.1. MoO, in OSCs

As a notable example, a high-Wr MoO, was proposed as an effi-
cient HTL in OSCs, as it can form layers with excellent quality
and controlled thickness by various deposition techniques.
Especially, they have been of paramount importance in BH]
OSCs, where the interface between the HTL and the anode
(hole-selective contact) has been reported to play a major role
in efficient hole extraction.'**

Lee et al’®! inserted in both polymer and small-molecule
cells MoO; interlayers between the ITO bottom anode electrode
and the active layer (a mixture of poly(3-hexylthiophene-2,5-diyl)
with phenyl-C61-butyric acid methyl ester, P3HT:PCBM, for

Table 1. PV parameters of OSCs using TMOs as HTLs.

HTL Organic absorber PCE [%] Jsc Voc [V]  FF  Ref.
[mA cm’z]

MoO; P3HT:PC¢:BM 3.08 7.20 0.59 0.68 [165]
MoQ; P3HT:PCBM 3.46 9.15 0.60 0.63 [168]
MoQO; P3HT:PCBM 4.03 10.20 0.61 0.65 [169]
H,2M0O;_,3 P3HT:PC,,BM 434 11.64 069 054 [166]
MoO,:Cs PBDTDTTT-S-T:PC;,BM 6.00 15.68 0.61 0.63 [170]
HWO;_, PCDTBT:PC;,BM 6.00 10.50 0.89 0.64 [174]
WO, P3HT:PCBM 3.04 7.79 0.60 0.64 [36]
V,0s-nH,O  PBDSe-DT2PyT: PC;;BM  5.87 13.96 0.72  0.59 [182]
sV,0, PFDT2BT-8:PC;0BM 5.90 1020 087 0.67 [185]
V205 s0l,N2,N2) P3HT:PCBM 3.34 8.13 0.59 0.65 [186]
V,0,:Cs PBDTDTTT-S-T:PC7;BM 6.08 15.81 0.63 0.61 [170]
NiO, P3HT:PCBM 3.54 12.31 0.645 0.44 [190]
NiO, P3HT:PCBM 3.60 8.60 0.583 0.71 [191]
0,-NiO, d-DTS(PTThy),:PC;BM  5.10 1230 0735 056 [193]
NiO P3HT:PCBM 5.16 11.30 0.638 0.69 [192]
NiO, TQ1:PC;»BM 6.42 10.50 0.87 0.70 [197]
NiO, PCDTBT:PC;,BM 6.70 11.50 0.88 0.65 [188]
NiO, PBDTTT-C-T:PC;,BM 7.42 15.82 0.75 0.625 [195]
NiO pDTG-TPD:PC;BM 7.82 13.90 0.82 0.68 [196]
e-CuO P3HT:PC¢:BM 3.91 10.98 0.63 0.571 [199]
Cuo, P3HT:PC¢BM 4.02 11.90 053 0.64 [198]
Cu,0 P3HT:PCBM 413 12.14 0.58 0.59 [202]
CuO, P3HT:PC¢:BM 4.14 10.10 0.63 0.65 [201]
CuO, PBDTTT-C:PC#BM 5.84 15.03 0.71  0.55 [201]
UVO-treated PCDTBT:PC;,BM 6.44 10.58 0.89 0.68 [203]
CuO

CuO, PBDTTT-C:PC;,BM 7.14 16.86 0.71  0.60 [200]
Cu,0 PTB7:PC;,BM 8.51 16.40 0.77 0.66 [205]
0O-CuO, PTB7:PC;,BM 8.68 16.44 0.74 0.71 [204]
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polymer cells) to facilitate the hole transport process. In polymer
cells, the insertion of MoO3 improved the FF and the PCE (for
about 4% and 16%, respectively) while also reduced the series
resistance compared with reference cells using poly(3,4-ethylene-
dioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS). The UPS
measurements revealed that the insertion of MoO; has changed

the energetic alignment at the heterointerfaces.

www.solar-rrl.com

Vasilopoulou et al.'*® reported an extensive study on the
correlation between the structure (Figure 6a), stoichiometry
(Figure 6D), and electronic properties (Figure 6¢) of MoO,.
They demonstrated that both Vo and Wi can be precisely
controlled through depositing nonstoichiometric MoO,, in the
reducing environment to beneficially tune the oxides electronic

structure (Figure 6d,e). They found that the significant
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Figure 6. a) Raman of the fully oxidized and hydrogenated Mo oxides prepared in different environments; from top to bottom: MoOs3, deposited in oxygen
environment; MoO;_,q, deposited in nitrogen; H,;MoOs_,,, deposited in forming gas (FG, 90% N; and 10% H,); H,,Mo0O;_,3, deposited in pure
hydrogen and e) H,3MoOs_,4, deposited in FG while also injecting H, pulses. b) XPS and c) UPS spectra of the same Mo oxide films. In (c), it is
shown from top to bottom: VB spectra, near the Eg region VB and secondary-electron cut-off region. d) Illustration of the band structure of MoOs,
where the occupied orbitals with the dominant O 2p character comprises the VB, whereas empty orbitals with mainly the Mo 4 d character comprise
the CB. The d-d bands attributed to Mo—Mo bonds formed in the distorted lattice of the oxygen-deficient Mo oxides are also shown. e) Schematic
illustration of the evolution of gap states occupation and Fermi-level movement toward higher a BE in Mo oxide (1) with the progress of oxygen vacancy
formation in hydrogen-poor reducing environments and (I1) with the evolution of hydrogenation. f) Current density versus voltage characteristics for
P3HT:PCBM BH] devices embedding 5 nm Mo oxide hole extracting layers. g) Variation of Js. and V. with the degree of reduction (the portion of Mo
atoms with oxidation states 5% and 47 relative to the total Mo cations, as derived from 3d Mo XPS measurements) and the hydrogen content (the amount
of Mo—OH relative to Mo—O bonds, as derived from O 1s XPS results), respectively. Reproduced with permission."®® Copyright 2012, American Chemical
Society.
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enhancement of OSC performance was achieved when using
hydrogenated Mo oxides with an optimized hydrogen content
as the HTL/extraction (Figure 6f,g), as a result of the favorable
energy-level alignment at the metal oxide/organic interface and
enhanced charge transport through the formation of a large den-
sity of gap states near the Fermi level.

The PEDOT:PSS component has been reported to play a signif-
icant role regarding degradation issues in inverted OSCs,”* as its
phase separation to PEDOT rich and PSS rich results in more rapid
degradation, which becomes more intense under high humidity
conditions. MoO3, V,0s, and WO; have been reported as potential
substitutes of PEDOT:PSS in inverted OSC. MoOj3 is considered an
extremely promising alternative due to energy alignment levels and
its high Wy (6.9 eV for the fully stoichiometric compound).'*”)
Weerasinghe et al.[168] compared the performance of OSCs using
MoOj; as the HTL with those using PEDOT:PSS and both showed
degradation issues in high humidity levels. This could be attributed
to the alternatives of the Wy and conductivity properties of MoOs
due to humidity. Also, under UV radiation, the W of MoOj shifted
due to the fact that MoO; releases oxygen, which consequently low-
ers Mo oxidation states. Furthermore, even without UV radiation
and just under high heat conditions, Mo undergoes reduction due
to its interaction with the Al contact.!"*”

Li et al.l’’” addressed the earlier-mentioned degradation
issues of OSCs using PEDOT:PSS by intercalating different
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mole ratios of Cs in V,0, and MoO, layers of varying thicknesses
that can be efficiently used as HTLs. Also, a constraint for the
preparation of such intercalated oxide layers has been their high
annealing temperature. They managed to process these layers at
room temperature and fabricated both normal and inverted
OSCs. Figure 7 shows the layer-by-layer energy diagram of all
the materials, as studies have reported the significance and
impact that the alignments of these energy levels can have in
the performance of 0SCs.["”"'”? They demonstrated the depen-
dence of the Wr of the resultant oxide layers on the varying
molar ratio of the intercalated Cs. Their report also emphasizes
the prospect of tunability of the Wi by altering the Cs molar
ratio, with MoO,, and V,0,, demonstrating W values changing
for about 1.14 and 1.31 eV, respectively. Both inverted and regu-
lar structures have been tested and the devices using small-
bandgap polymer semiconductors in the active layer along with
Cs-intercalated oxide interlayers achieved efficiency values com-
pared with those obtained in PEDOT:PSS OSCs, demonstrating
the potential of M0O,:Cs and V,0,:Cs HTLs.

4.1.2. WO, in OSCs

One of the main factors that limit the performance of OSCs is
charge carrier recombination losses due to the poor charge
carrier mobility of the photoactive layer.'”*) Oxygen deficiencies

Figure 7. a) The structure of OSCs with the WO; interlayer of different thicknesses for different temperatures: ITO/WO;3/P3HT:PCBM/LiF/Al. b) AFM
images of (up, left) bare ITO, (up, right) WO; on ITO (RT), (down, left) WO; on ITO (200 °C), and (down, right) WO3 on ITO (350 °C). XRD spectra of
P3HT films on WO; films for different annealing temperatures. Inset: The contact angles of the WO; films with increasing temperature. Reproduced with

permission.®® Copyright 2013, Elsevier.
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in TMOs have been reported as a potential method to reduce
these losses. Vasilopoulou et al.’’* fabricated high-efficiency
conventional OSCs by intercalating hydrogen ions in the WO;
lattice. The resultant hydrogenated tungsten trioxide demon-
strated high charge carrier mobility due to the formation of par-
tially occupied energy states close to the Fermi level. These states
facilitated fast electron extraction toward the anode (hole-selec-
tive contact) and increased the device built-in field, hence reduc-
ing undesired recombinations.

Nonstoichiometric tungsten oxides demonstrate unusual
defects that significantly improve their electric behavior. Still,
tungsten oxides have drawbacks that have to be considered.
Their low solubility in polar solvents and low crystallinity when
processed at low temperatures along with wide-bandgap values
and their instability issues are their more severe drawbacks.[”*!
Oxygen vacancies in WO, have been reported to significantly
narrow the relatively wide bandgap. That is mainly due to
the formation of energy states below the CB due to oxygen
deficiencies.®™ Regarding their instability, it has been
explained on the basis of their high photocatalytic activity.
More specifically, the CB of WOs5 is higher than the reduction
potential of H,/H,0 and the VB is higher than the oxidation
potential of H,0/0,. This explains the high degradation
effect that occurs when it is used alongside organic
compounds."'”® One of the characteristic properties of tungsten
oxides is their easily adjustable morphology. The temperature
conditions along with the precursor concentration have been
reported to heavily affect the morphological properties of
WO,S.

Lee et al.®! replaced PEDOT:PSS with W03 as an interlayer
between the anode and the active layer (Figure 7a). In the same
study, the PCE values of the fabricated devices improved with
increased thickness of the deposited WO; layer due to the
improved morphology (Figure 7b), crystallinity, and hydropho-
bicity (Figure 7c) of WO; annealed at high temperatures. For
WOs5 layers thicker than 40nm though, the PCE started to
decrease. Thus, 40 nm is reported as the optimal thickness.
Another factor that affects the performance of the devices is
the annealing temperature applied after WO; deposition. They
demonstrated that the wetting properties of WO, strongly affect
the growth and nanomorphology of P3HT used as the donor
component in the photoactive absorber layer. After pouring drop-
lets of diionized (DI) water during the annealing of WOj; layer,
Lee et al.®*) managed to increase the WO hydrophobic behavior.
They also reported that higher annealing temperatures resulted in
an increase in the Wy of the WOs; film. Generally, hydrophobicity
increases the crystallinity of the P3HT film, which significantly
improves hole mobility. Also, the undesired aggregation of
PCBM acceptors can be avoided using a hydrophobic layer.!'””)
Moreover, Jafari et al.’’® also reported that annealing at
350°C results in the formation of a smooth and crystalline
interlayer of high hydrophobicity. Thus, hydrophobic inter-
layers have the potential to improve the crystallization of the
photoactive blends used in OSC technology.!'”*"*#”) When intro-
ducing small amounts of dopants like H, Na, or Li, they were
able to formulate stability at high-temperature applications in
the cubic c-WOj; phase. An additional advantage of WO; and
tungsten oxides, in general, is their stability in different pH
environments. Moreover, they are very stable in acidic
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environments, as under these conditions they are not soluble.
Remarkably, WO; can withstand extremely high temperatures,
as its melting point is around 1473 °C.["8!]

4.1.3. V205 in OSCs

Acquiring films of sufficient quality using solution-processed
high-Wr metal oxides needs high annealing temperatures
along with other post-annealing processes (e.g., plasma post-
treatment).l"®”) Vanadium oxide-based layers, however, can be
deposited in ambient air conditions at low temperatures.!'®*!
For example, vanadium pentoxide (V,Os) layers have been
reported to result in high-quality thin films without the need
for any post-treatment processes.

Jiang et all"® reported a melting-quenching sol-gel
process for the preparation of the V,0s layer, which was
enabled by a higher solubility of V,0s nanocrystals that was
an issue in other related reports.'”® These authors applied
the hydrated vanadium pentoxide layer (V,05-nH,0),
with water concentration being adjustable through thermal
treatment, to replace PEDOT:PSS HTL. The inclusion of
such an HTM improved the crystallinity of the active layer
and the fabricated devices illustrated enhanced charge genera-
tion and collection efficiencies and reduced recombination
losses.

As already mentioned, low-temperature synthesis and depo-
sition methods under ambient conditions for OSCs using
TMOs are highly desirable. Alsumani et al.'® included
V,0, interlayers (acquired from a vanadium oxytriisopropoxide
precursor) in OSCs and investigated their performance
characteristics at different annealing temperatures. Figure 8
shows the energy levels of the materials used in this study,
including the HOMO and LUMO levels, along with the
chemical structure of the active layers. The J-V characteristics
and transmission spectra of the s-V,0, devices using
different annealing temperatures for the metal oxide HTLs
along with their Tauc plots derived from absorption measure-
ments for the estimation of the bandgap energy are also shown
in the same figure. It is shown that, at relatively low annealing
temperatures of the metal oxide, the performance characteris-
tics of the devices seem to stay unaffected. At higher temper-
atures, a decrease in the operational characteristics,
especially of the V,,. values, is obtained, which can be attributed
to the reduced shunt resistance values. The absorption spectros-
copy results indicated that the variations of the optical bandgap
of V,0, did not affect the performance of the devices. A large
efficiency reduction was reported when the s-V,0, layers
were annealed at 400 °C, which was explained by the increased
number of oxygen vacancies that are generated at higher
temperatures.

Hancox et al.'®! further investigated how atmospheric
conditions affect the performance of polymer solar cells using a
solution-processed V,0, interlayer. When comparing the metal
oxide devices with PEDOT:PSS ones, the V,0,-based OSCs
illustrated similar performance and stability characteristics.
However, they showed efficiency reduction under ambient
temperature-processed V,0,-based devices, which were attrib-
uted to a bandgap reduction of the oxide. Such performance
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Figure 8. a) Energy-level diagrams of the different materials used by Alsulami et al. b) PFDT2BT-8 chemical structure. c) J-V curves and d) optical
transmission spectroscopy and Tauc plots of V,0, devices tested at different temperatures. Reproduced with permission.'® Copyright 2016, MDPI.

decline was not observed when the metal oxide was processed
under N, conditions, which was explained on the basis of the
formation of an impurity-free material.

4.1.4. NiO, in OSCs

Among the TMOs mentioned earlier, nickel oxide (NiO,) has
been widely used as an interfacial layer, improving charge carrier
injection/transport in organic optoelectronic devices, especially
in inverted OSCs, due to its excellent electronic properties, high
transparency in the visible light, along with good environmental
stability.*7789 NjQ, is an ideal material for the HTL offering
excellent hole transport, as well as electron blocking properties,
attributed to its well-matched VB with the HOMO level of
many polymer donors and the high-lying CBM, respectively.
In the past decade, NiO, thin films have been deposited with
various techniques and incorporated as efficient interfacial layers
in OSCs.

Wang et al.l'*”! developed Ni thin layers using thermal evapo-
ration, followed by oxygen plasma treatment to oxidize the pure
Ni film and form NiO, layers, and investigated the influence of
these layers thickness on the OSCs performance. Olson’s
group!"®! deposited a solution-processed NiO film on ITO sub-
strates, using a Ni metal-organic ink precursor, followed by ther-
mal annealing at 250 °C along with oxygen plasma treatment.
Interestingly, it was found that the O,—plasma surface treatment
of the NiO film was critical to the device performance, exhibiting
reduced series resistance and improved FF compared with the
reference device with PEDOT:PSS HTL. The improvement
was attributed to the increase of the NiO Wy after O,—plasma

[190
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treatment. The same group!"®® also investigated the optoelec-
tronic properties of pristine and oxygen plasma-treated NiO
HTLs using UPS and inverse photoemission spectroscopy
(IPES) measurements (Figure 9). An increase in the Wg of
0.5eV was demonstrated for the modified NiO sample,
leading to enhanced hole transport and device performance.
In addition, the insertion of the NiO HTL in OSCs improved
the device stability, maintaining 82.7% of the initial PCE value
after 450 h.

In another study, Irwin and coworkers!'®” demonstrated the
efficient application of NiO as an HTL in BHJ P3HT:PCBM-
based OSCs deposited by pulsed layer deposition (PLD) on
the ITO anode. OSCs based on a 5-10 nm thin NiO anode inter-
facial layer exhibited a high PCE of 5.16%, whereas the control
device showed a poor PCE value of 2.87%. The dual role of NiO
as the hole transporting and EBL was also reported, as the VB of
NiO was aligned to the HOMO level of P3HT, leading to a favor-
able ohmic contact at the BHJ/anode interface, whereas its wide
bandgap prevented electron transfer to the anode.

The hole transporting and electron blocking properties of NiO
were also investigated by Ratcliff et al.®® It was found that the
large bandgap of NiO substrates and the formation of a strong
dipole at the PCDTBT:PCBM photoactive layer/anode interface
facilitated hole transfer from the organic layer to the HTL, lead-
ing to a high PCE value of 6.7% for the NiO-based OSCs.
Furthermore, Garcia et al.**? reported the influence of NiO
properties and interfacial chemistry on OSCs performance using
as photoactive layer the d-DTS(PTTh,),:PCBM blend. OSCs
based on the NiO HTL exhibited a PCE value of 5.1%, which
was much higher than that of the reference device with the
PEDOT:PSS HTL (PCE of 2.3%). It is suggested that the poor
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Figure 9. UPS and IPES measurements of the DOS near the VB edge and CB and the resulting band energies. a) UPS spectra (He I) of the photoemission
cut-off, showing an increase in the WF after Op—plasma treatment of the NiO,. b) Combined UPS and IPES spectra of NiO, near the VB and CB edge.
) Energy-level diagrams of NiO, before and after O,—plasma treatment. d) Schematic showing architecture and energy levels of the OSCs. e,f) Current
voltage and dark J-V characteristics of OSCs. Reproduced with permission.'®! Copyright 2011, WILEY-VCH.

efficiency of reference OSCs was due to the chemical interaction
of PEDOT:PSS with the active layer, whereas no such interfacial
chemical interactions were observed in the case of the NiO HTL,
according to XPS and UV-vis spectroscopy measurements. To
strengthen the opinion that NiO is an outstanding hole transport-
ing interfacial layer, Irwin et al.’®* studied the structural and
electronic functionality of the NiO HTL in BHJ OSCs. It was
found that NiO films deposited with pulse laser deposition
(PLD) were smooth, crystalline, and highly transparent in the vis-
ible range, as well as electrically passivating the ITO anode,
reducing the hole extraction barrier, and preventing electron
transport toward the anode. Consequently, the application of
NiO as the HTL in OSCs resulted in enhanced electrical param-
eters and thus the device performance.

Fan et al'! demonstrated the effect of the optimized
thickness of the NiO, anode interlayer deposited with a radio-
frequency magnetron sputtering deposition system on the
performance and stability of OSCs based on PBDTTT-C-T:
PC;0BM photoactive layer. The OSC with the optimum
9 nm-thick NiO HTL exhibited not only a higher PCE value of
7.42% compared with the reference device (6.91%), but also
enhanced long-term stability, maintaining 92.1% of the initial
PCE value after 60 days. It was suggested that the enhanced sta-
bility of NiO-based OSCs was a result of the chemical robustness
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and low reactivity of the NiO HTL; on the contrary, the acidic
nature of PEDOT:PSS affected the BHJ film, thus leading to
device degradation. In addition, solution-processed nonstoichio-
metric NiO was used effectively as the HTL in highly efficient
and stable OSCs by Manders et al.'**! The nonstoichiometry
of NiO films was determined by XPS measurements, confirming
the p-type conductivity of the metal oxide, whereas from the UPS
results, the favorable energy-level alignment of the HTL with the
pDTG-TPD:PC7BM active layer was evident, leading to a high
PCE value of 7.82%. The NiO layer also affected the morphology
of the active layer deposited on top of it, due to the hydrophobic
nature of NiO samples, inducing a smooth and homogeneous
donor/acceptor phase nanomorphology at the HTL/active layer
interface, resulting in improved hole transport.

Although low-cost solution-processed NiO films have been
successfully used as HTLs in OSCs, the high processing temper-
ature (over 250 °C) during film formation may prohibit the use of
NiO in flexible optoelectronic devices. Bai et al.'*”! demonstrated
the low-temperature approach of 175°C to sufficiently convert
the metal oxide precursor solution to thin NiO films. In addition,
a high PCE value of 6.42% was obtained when low-temperature
solution-processed NiO films were introduced as anode interfa-
cial layers in OSCs based on TQ1:PC;;BM blend photoactive
films.
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4.1.5. CuO, in OSCs

In the past decade, copper oxides, including cupric (CuO) and
cuprous (Cu,O) oxides, which are also p-type semiconductors,
have been extensively used as HTLs in organic OSCs due to their
advantages of being Earth-abundant sources, low-cost, and sim-
plicity of film formation, along with their ability to form an ohmic
contacts with the commonly used ITO anode electrode.

One of the first studies on the application of CuO, as the inter-
facial layer in OSCs was demonstrated by Lin et al.,"*® where the
formation of the ohmic contact between the P3HT:PCBM photo-
active blend films and the anode was reported. These authors
demonstrated that the application of CuO, as the HTL in
OSCs resulted in reduced a hole extraction barrier, decreased
series resistance, and thus improved device performance with
a PCE value up to 4.02%. Similarly, Lien et al. reported the
energy-level alignment at the active layer/electrode interface
using a fully oxidized copper oxide HTL.'**! CuO,-based
OSCs exhibited a PCE value of 4.06%, whereas the device showed
improved stability, maintaining 75% of the initial PCE value. In
another study, Xu et al. demonstrated the use of solution-proc-
essed CuO, deposited from an environmentally friendly 1,2-
dichlorobenzene solution of the Cu(acac), precursor, followed
by thermal annealing at 80 °C to form the oxide from its precur-
sor.?% CuO, showed remarkable optoelectronic properties,
including high transparency at the visible light and high Wr,
facilitating hole transport, as well as reducing recombina-
tion losses, when used as HTLs in OSCs (Figure 10).
Consequently, a high PCE value of 7.14% was obtained for
the CuO,-based OSC using a PBDTTT-C:PCBM BH]J layer.
Moreover, Shen et al®®! introduced an ultrathin CuO,,
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consisting of CuO and Cu,O according to XPS measurements,
as an HTL in OSCs. It was found that the CuO,, film exhibited a
smoother surface and better hydrophobic properties compared
with the widely used PEDOT:PSS HTL, resulting in a more favor-
able contact with the photoactive layer and beneficial hole trans-
fer from the BH]J toward the anode. Therefore, an improvement
in device performance was observed when CuO, was used as the
HTL in these OSCs, reaching a maximum PCE value of 4.14%,
which was higher than those based on PEDOT:PSS (3.63%). The
CuO,-based device also showed enhanced stability, showing an
efficiency loss of only 10% after 7 days. Yu et al.*°? investigated
the incorporation of Cu,0O between the photoactive layer and the
anode of OSCs. The enhanced efficiency of Cu,0O-based devices
was attributed to an improvement in hole transport and
reduction of series resistance. In addition, Cu,O acted as the pro-
tection layer of the underlying photoactive film, hence improving
the long-term stability of the device.

Furthermore, low-temperature, low-cost, and environmental-
friendly solution-processed CuO, NPs were used successfully
as HTLs in OSCs, by Zhang and co-workers.”*! A UV-ozone
treatment of CuO, substrates was proposed to increase their
W, resulting in favorable interfacial contact and improved hole
transport/extraction. The fabricated OSCs using CuO, NP HTLs
showed improved performance as well as enhanced stability,
ascribed to the less hydrophilic nature of CuO, NPs compared
with that of PEDOT:PSS. Chen’s group demonstrated that
UV-ozone transformed Cu,O into CuO, which was found to
be more efficient in facilitating the dissociation of photogener-
ated excitons into free carriers and thus increasing the photocur-
rent density of the device. Therefore, an OSC based on PTB7:
PCBM with a CuO, HTL exhibited a high PCE value of 8.68%
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Figure 10. a) Device structure of the polymer solar cells. b) The HOMO and LUMO energy levels of the materials involved in the PSCs. c) XPS of CuO,
and Cu(acac) films on the silicon substrate: Cu 2p core-level spectra (upper panel) and typical deconvolution of the Cu 2p;/, main peak of CuO,

(lower panel). Reproduced with permission.?°” Copyright 2013, American
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and remarkable long-term stability.”*” Recently, Guo et al.%’!

studied the use of highly transparent and p-conductive single-
phase Cu,0 HTLs deposited by magnetron sputtering in OSCs.
A 15% improvement in device performance was observed when
Cu,O was inserted as the interfacial layer in PTB7:PCBM-based
OSCs compared with that using the PEDOT:PSS HTL, attributed
to the well-matched HOMO level of PTB7 (donor polymer) with
the VB of CuO,, suggesting that copper oxides are promising
HTMs for large-area PV technologies.

4.2. Metal Oxide Bronzes as HTLs in OSCs

Metal oxide bronzes have also been explored as HTLs in OSCs
mainly due to their highly desirable conductivity induced from
metal nonstoichiometry. Xie et al.l"®" developed a simple one-
step synthesis method for low-temperature solution-processed
hydrogen Mo and V bronzes with an excess of oxygen vacancies
that increased their conductivities to serve as effective HTLs. The
oxygen vacancy was found to play an essential role in the mea-
sured W values in these materials. Moreover, Soultati et al.[?%%
synthesized Mo bronzes using a sol-gel method with the critical
step being the partial reduction/hydrogenation of molybdenum
oxide used in the precursor solution in the alcohol-based solvent.
The bronze composition, stoichiometry, and electronic proper-
ties were correlated with the postannealing process. Hydrogen
molybdenum bronze with a moderate degree of reduction was
found to be highly advantageous as HTL because it maintained
a high W, whereas it simultaneously exhibited a high density of
occupied gap states near the Fermi levels. These were considered
to serve as available paths for the transfer of holes toward the
anode. Enhanced Jsc, Voc, and FF were obtained for a variety
of BHJ mixtures based on different polymeric donors and fuller-
ene acceptors, compared with the reference devices using
PEDOT:PSS.

4.3. TMOs as HTLs in PSCs

As already discussed, metal oxides exhibit a large variety of
desired characteristics for use as HTLs in optoelectronic devices.
They are transparent in the visible wavelength region, are either
n- or p-type semiconductors with mobility, and have Wr values
that can be precisely controlled through doping. They are, there-
fore, of interest for use as HTLs in the rapidly advanced field of
PSCs (Table 2).

4.3.1. MoO, in PSCs

MoO, is incorporated as a HTM not only to reduce the cost of the
fabrication process, but also to improve the performance of the
devices. MoO, can be paired with different electrode materials
like Ag, Au, and especially Al, which improve the hole extraction
process both in OSCs and in PSCs.?*”2% According to Sanehira
et al.,21% when MoO, is used as the HTL combined with the Al
electrode in PSCs, it inhibits the decomposition of the perovskite
layer and enhances the performance and stability of the devices.
The MoO,, PSCs, based on the same paper, showed lower humid-
ity rates, indicating that the layer reduced the moisture retention
in the perovskite—-HTL interface. Apart from moisture retention,
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Table 2. PV parameters of PSCs using TMOs as HTLs.

HTL Perovskite absorber ~ PCE Jse Voc FF  Ref.
6] [mAcm ] V]
MoO, MAPbI; 12.26 17.06 1.02 0.693 [216]
MoO,/F4-TCNQ MAPbI; 16.26 20.17 1.06 0.760 [216]
Spiro/MoO, FAMAPbI; ,Br, 18.63 23.31 111 0.72 [218]
WO, /PEDOT (FA0.4MAg ¢Pbl; gBro,  15.1 22.69 1.025 0.648 [228]
VO, MAPbI; 11.15 16.83 0.95 0.702 [233]
VO,:0.3Cs MAPbI; 14.48 20.67 0.92 0.765 [233]
PEDQOT/ VO, MAPbI; 14.22 20.3 0.969 0.722 [234]
NiO/DEA MAPbI;_,Cl, 15.90 20.90 0.95 0.80 [246]
NiO MAPbI; 16.03 22.61 1.058 0.699 [249]
NiO/F6TCNNQ MAPbI; 19.75 22.05 112 0.80 [250]
NiO/PEAI MAPbI; 20.11 24.21 1.092 0.761 [249]
NiO/F6TCNNQ CsFAMA 20.86 23.15 112 0.802 [250]
CuOy, MAPbI; 171 23.2 099 0.73 [270]
CuO, MAPbI; 17.43 22.42 1.03 0.76 [272]
FBT-Th4/CuO, MAPbI; 18.85 22.3 112 0.754 [272]

the devices illustrated lower absorption losses compared with
devices using no HTL. The thickness of the HTL layer seemed
also to play an important role in the performance and stability,
with a thicker MoO,, layer that significantly lowers degradation
rates and reduces the photobleaching effect, as shown via
XRD analysis.

Although several reports have used MoOj as an interlayer to
enhance the hole extraction in PSCs, its working potential is not
fully utilized due to the following challenges: when MoOs is
placed in direct contact with the perovskite layer, e.g., MAPDI;
it leads to a chemical reaction creating nonperovskite species that
deteriorate device performance.’'! Also, the misalignment of
the electronic levels of the two layers results in a less efficient
charge carrier collection process. Schulz et al.*'? revealed that
the MoO3;/MAPDI; interface in PSCs leads to severe band bend-
ing and also caused a chemical reaction that limits device perfor-
mance. This leads to the creation of interfacial states (ISs). They
added a thin layer of Spiro-MeOTAD to minimize the direct con-
tact between MoOj and the perovskite layer to inhibit the chemi-
cal reaction (Figure 11). Energy levels derived from UPS show
that both MoO3 and an interlayer of Spiro-MeOTAD resulted
in 0.5 eV band bending of the MAPbDI; layer toward the Fermi
energy (Eg). It is noteworthy to add that the Fermi energy level
of halide perovskites has shown to depend on the Wi of the
substrate layer underneath, behaving either as an n-type or a
p-type. 207213

MoO; deposition on top of the perovskite layer has led to poor
contact between the two layers which can limit device effi-
ciency.™ Further, Liu et al.?"™ reported the formation of a
MoO, transition layer at the perovskite/MoOj; interface, which
may inhibit device performance. This transition layer was formed
due to the chemical reaction between the perovskite and the MoO;
layer during MoOs deposition on the perovskite. The formation of
the MoO, layer created a potential barrier of 1.36eV for hole
extraction. The authors suggested that, unless these interfaces
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Figure 11. a) Energy-level diagram of MAPbI; PSCs using MoOs as a HTL. This leads to the creation of IS due to a chemical reaction between MoO;
and perovskite. b) Incorporation of a thin organic HTL layer (Spiro-MeOTAD) inhibits such a chemical reaction. For each layer, the Fermi-level position
(Er, dotted line), work function (in red), electron affinity, and ionization energy (in black) are indicated in eV. Reproduced with permission.?'?

Copyright 2016, American Chemical Society.

properties are controlled to avoid degradation and the
energy mismatch, MoO, is not a preferred choice as the HTL
in PSCs.

An efficient strategy to overcome interfacial degradation is the
incorporation of an intermediate layer between the MoO, and
perovskite layer, i.e., the so-called bilayer HTL architecture.
This has proven helpful not only in PSCs,”® but also in
0SCs.?"! For example, Chen et al. *'*) demonstrated that a thin
layer of an organic molecule (F4-TCNQ) between solution-
processed MoO; and MAPbDI; perovskite increased the PCE from
12.06% to 16.26%. The devices also showed remarkable improve-
ment in terms of operational stability. Incorporation a thin MoO,
layer between the HTL and top electrode in n-i—p PSCs has
also shown to improve hole extraction and device performance.
For example, Lin et al.?*® showed an improvement in PCE
from 17.02% to 18.62% when a thin MoOj; layer was deposited
between Spiro-OMeTAD and the Ag electrode. Impedance spec-
troscopy and dark current investigations revealed that this
increase is due to a decrease in series resistance and inhibition
of leakage current upon the incorporation of MoOj that resulted
in a higher Vo and FF. It is important to note that the thickness
of the MoOjs layer significantly influenced device performance.
When the thickness was increased beyond 14 nm, the device per-
formance started to decrease due to inefficient hole extraction, as
shown in Figure 12.

It is noteworthy that the MoO,/perovskite interface is not as
successful for hole extraction as in the case of the MoO,/organic
absorber interface. This is because the MoO,/perovskite inter-
face, for both the inverted or regular architecture, leads to a high
energy barrier for hole extraction and limits the achievable V.
For regular architecture,*"” where the MoO, layer was evapo-
rated on top of the perovskite (MAPDI;), the barrier height
was ~0.30eV. For the inverted PSCs, the barrier height was
found to be even higher (i.e., 0.8 eV), when MAPDI; was evapo-
rated on top of the MoQ; layer.”*") More importantly, it was also
found that MoO,, forms a reactive interface with perovskite, cre-
ating biproducts which act as recombination sites.****? This
explains the generally lower PCE in PSCs using MoO,.

The inferior performance can be overcome using interlayers
that improve energy-level alignment and also avoid interfacial
degradation. Pérez-del-Rey et al.*'”! showed that a thin (1-2 nm)

Sol. RRL 2021, 5, 2000555 2000555 (19 of 44)

interlayer  of  2,2,2"-(1,3,5-Benzinetriyl)-tris(1-phenyl-1-H-
benzimidazole, TPBi, results in efficient charge extraction
and a PCE exceeding 19%. The insertion of the TPBi
interlayer also inhibits chemical reaction at the MoOs/perovskite
interface.

4.3.2. WO, in PSCs

Tungsten oxides, both stoichiometric (WO;) and nonstoichio-
metric (WO;_,), are also investigated for PSCs. WO, can be
more suitable for building integrated PVs due to their electro-
chromic properties.”*”! In fact, WO, can be used as both the
ETL and the HTL due to their wide bandgap and energetics
and high carrier mobility (20 cm®V~'s").?*?*}l For instance,
when used as an ETL, WO, resulted in a higher Jsc than
TiO, counterpart in PSCs using MAPbI,Cl;_, as an absorber
layer and Spiro-OMeTAD as the HTL.*** The WO, ETL showed
a nearly identical transmittance as that of TiO, but a higher
conductivity. In another report, Masi et al.?*! used room
temperature-processed WO, carved nanorod (CNR) as the ETL
and achieved a PCE higher than 13.3% in MAPbI; PSCs. The
CNRs allowed for easy modification after the deposition through
AcOH and UV treatment, resulting in improved hydrophilicity
behavior, wettability, and reduced surface resistivity.

The presence of Vg in the WO, film is a challenge that limits
device performance. To minimize these vacancies, Ali et al.
reported a room temperature-processed WO;_, thin film using
e-beam evaporation.*”®! To reduce the number of oxygen vacan-
cies, the WO;_, films were annealed at 300 °C for 1 h in air. XPS
and electron paramagnetic resonance analysis of the as-deposited
film with the annealed ones confirmed a reduction in oxygen
vacancies in the latter. In another report, these Vo have shown
their crucial dependence on device performance and stability in
printable PSCs.**”) It was shown that the presence of these
vacancies makes them attractive toward moisture ingress and
the devices showed a rapid degradation as compared with a con-
trol TiO,-based PSC.

Toward the use of WO, as the HTL, Yi et al. used WO,
NPs-PEDOT:PSS composite to enhance the PCE of their perov-
skite solar cells.””® They noted ~20% improvement in the PCE

© 2020 The Authors. Solar RRL published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.solar-rrl.com

ADVANCED
SCIENCE NEWS

a ‘RRL

www.advancedsciencenews.com

www.solar-rrl.com

(a) (b)
72f 21
/ 18
64r 3
w m
2
15 <
56} ——FF :
——PCE (%)
A A A A 12
0 4 8 12 16
MoO, thickness (nm)
(©) 400 (d) 1e4 (€) o0.10
Ly : o + Spiro/MoO . = Spiro
€ ~——— Spiro/Mop, £ 15 p| 3 P Fit Li 43
S 200} s o 1 *— Spiro g itLine
g —— Spiro E . 0.08 = Spiro/MoO, 33
E = 1E-6 = Fit Line
£ o g \ z
c 4 £
8 '8 1E.7[ . g 0.06 +
£ 200} £ 7
£ g 1es) L
3 3
400 1E-9 M " " A M 04 M M M "
-1.0 -0.5 0.0 0.5 1.0 a 04 0.0 04 08 1.2 0.0000 0.0003 0.0006 0.0009 0.0012
Voltage (V) Voltage (V) J(A)

Figure 12. a) A schematic showing device architecture and cross section of PSCs using MoOj as a buffer layer. b) FF and PCE as a function of MoO;
layer thickness. c) J-V curves of HTLs between two metal electrodes, showing the electrical properties. d) Dark J—V curves of PSCs using both
HTLs. e) Plots of d(V)/d(InJ) versus J curves with and without MoO; in the dark condition. Reproduced with permission.?'® Copyright 2018,

Springer Nature.

as compared with a pristine PEDOT:PSS HTL counterpart. The
WO;3/PEDOT:PSS HTL showed a PCE of 15.1%, which origi-
nated from simultaneous improvement in FF, Voc, and Jsc.
The incorporation of WO; NPs increased hole mobility and filled
the voids in the PEDOT:PSS HTL surface and also formed an
interface with perovskite absorber with a lesser defect density
and interfacial recombination, as characterized using a series
of characterizations (electrochemical impedance spectroscopy
[EIS] and space-charge-limited current-voltage [SCLC] measure-
ments). In another report, p—i-n planar PSCs using WO, HTLs
showed a PCE of around 8%.1*"!

4.3.3. V,05 and VO, in PSCs

VO, has emerged as a suitable alternative to the highly reactive
MoO, HTL. VO, is also a wide-bandgap TMO (E; > 2 eV) with a
low-lying CB. Its charge transport properties heavily depend on
the concentration of V.2*#*" Chu et al.**% reported the low-
temperature (50 °C) ALD of VO, as the HTL in PSCs. A VO, thin
layer of 1nm resulted in PCE 11.53%. It was reported that the
as-deposited VO, film is not suitable as a HTL and a UV post-
treatment is required to enhance hole extraction from the
perovskite layer and attain high performance. Photoelectron spec-
troscopy studies suggested that, upon UV treatment, the density of
V> defect states that are responsible for hole extraction increases.
Doping in VO, HTL has been shown to improve hole extraction
properties. Yao et al. showed that the doping of VO, with cesium
hydroxide monohydrate (VO,:yCs, y being the Cs/V molar ratio)
enhanced device performance by around 30%.**) Cs doping
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resulted in enhanced conductivity and a higher Jsc and FF as com-
pared with the devices using undoped pristine VO, layers.

A more successful strategy is to use VO, as a bilayer HTL
configuration. For example, VO,-PEDOT:PSS bilayer HTL in
inverted PSCs showed improved band alignment and a higher
Voc.2*Y The champion devices showed a nearly hysteresis-free
PCE of ~14.22%, which is higher than the PEDOT:PSS counter-
part. A similar improvement is demonstrated in the work of
Wang et al., where the V,05-PEDOT:PSS bilayer HTL demon-
strated around 20% improvement in PCE,”**! compared with
conventional PEDOT-only devices. EIS measurements revealed
that recombination resistance of the bilayer-based devices were
57% higher than the control devices. The bilayer HTL-based
PSCs also showed interfacial capacitance and negligible hystere-
sis. VO,, was also used in two-terminal tandem PSCs to simulta-
neously address the two key challenges, e.g. parasitic absorption
and long-term instability, which primarily arise due to the widely
used Spiro-OMeTAD HTL. Bagri et al”*! used the 9nm
air-stable VO,, (via ALD) and 30 nm undoped Spiro-OMeTAD
in a bilayer HTL configuration, leading to a nearly semitranspar-
ent PSC. The PSC made using this bilayer HTL showed
~15% higher Jsc as compared with a control device using
150nm of the doped Spiro-OMeTAD HTL. The devices used
Cs0.17FA.83Pb(Brg 171083)3 as the photoactive layer and ALD
VO,/ITO as the top contact. It is noteworthy that, while the
ALD of VO, slightly increased the surface roughness (see
Figure 13), the surface height distribution showed an improve-
ment. In fact, the VO, films seemed to adapt the morphology of
the underneath substrate layer.
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Figure 13. a) AFM images of a bare perovskite (Csq 17FAg.33Pb(Bro17l0.83)3) film and those deposited on two types of HTLs. Scan rate is T pum x 1 pm.
Root mean square roughness (Rq) values are shown in the inset of each image. b) The SEM image showing a cross section of the PSC and c) the current—
voltage characteristic curve of PSCs using two types of HTLs. Reproduced with permission.?®”) Copyright 2019, the Royal Society of Chemistry.

4.3.4. NiO, in PSCs

NiO, has emerged as one of the most reported and successful
HTLs in PSCs for both p-i-n and n-i—p configura-
tions.[11110:159237.238] However, proper attention is required to
control the surface properties of NiO. The chemistry of the
NiO surface is influenced by the coexistence of different oxidized
Ni phases (e.g., NiO, Ni(OH),, Ni,03, and NiOOH), as revealed
by XPS investigations!'’»****** and determined by the prepara-
tion conditions.**! For instance, increasing the annealing tem-
perature from 275 to 400 °C (within the range used to anneal the
NiO hole-selective layers for PSCs and OSCs) reduces the surface
concentration of hydroxides together with the W (by about
0.5 eV).2*2l Moreover, the exposure to the strong oxidizing envi-
ronment (such us in UV-ozone or oxygen—plasma treatment)
induces the formation of a NiOOH superficial layer, which
increases the Wi and the conductivity of the material.***! The
Ni’" states are energetically localized within the bandgap of
NiOP*2%] and might promote surface or interface recombina-
tion in PV devices.”*”) The passivation of these defects is
required to reduce the PV losses.

Interfacial engineering is the winning strategy in this direc-
tion and it can be accomplished by introducing the molecular
monolayer, polymers, or additional inorganic materials on the
surface of NiO. Bai et al. introduced a self-assembled monolayer
(SAM) of diethanolamine on the surface of NiO,***! exploiting
the binding of the amine group to the Ni cations. The modified
NiO had a deeper VBM, from —5.12 to —5.17 eV, and a lower W,
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from 4.47 to 4.41eV, suggesting chemical passivation of the
surface. Further, the MAPDI; perovskite (with the addition of
chloride in the precursor solution) was of better quality on the
modified NiO, with device efficiency increasing from 11.5% to
15.9%, mainly due to an improved FF. One advantage of the
molecular monolayer is the possibility to transfer whatever the
desired molecular function to the NiO surface.?*”) Wang
etal.”*® investigated the effect of a series of para-substituted ben-
zoic acid, modifying the adhesion and growth of the perovskite
layer on NiO and, more interestingly, systematically tuning the
Wr of the HTL. The perovskite quality improved with methoxy-
and halide-substituted acids and worsened with an amine,
whereas a direct correlation between the molecular dipole and
the Vo of the devices was observed. Halide-substituted benzoic
acids deepened the VBM of NiO, increased the devices’ built-in
potential, and reduced interface recombination. Top performing
devices were obtained out of p-bromide benzoic acid, benefiting
also from improved hole transfer. A different approach to
improve the p-type interface properties is the insertion of mol-
ecules, enabling an energetic cascade for the holes from the
perovskite to NiO, as demonstrated by Cheng et al.,***) who
introduced pyridine-terminated organic molecules with the phe-
nothiazine (electron-donating) group as the core of the skeleton,
improving all the PV parameters. Consequently, the PCE
increased from 12.53% to 17.00% upon surface modifications
of NiO, with pyridine derivatives. The alignment of the NiO/
perovskite interface can be also improved, using the strong elec-
tron acceptor FGTCNNQ, whose LUMO is at —5.37eV, as
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demonstrated by Chen et al.”*” The molecular layer was formed
upon surface p-type doping, with excess electrons lying on
F6TCNNQ and the doped NiO surface undergoing a slight recon-
struction. The difference between the VBM and Eg for NiO was
reduced from 0.58 to 0.29 eV with subsequent improved hole
transfer, enabling a record device with 20.86% PCE (the control
device was 19.75% efficient).

The fact that such a large variety of different molecules, as well
as polymers®*! or chemical treatments,*? were successfully
demonstrated to improve the NiO/perovskite interface supports
our statement that the optoelectronics at this interface is not
intrinsically of top quality. One limiting factor could be the qual-
ity of the underlying perovskite, which has been addressed by
several authors. Recently, Glowienka et al. proposed that the
NiO/perovskite interface can be modeled by introducing the con-
cept of the “dead layer”,>* which is a physical region of few-nm
thickness with very high nonradiative recombination. Although a
structural hypothesis for this dead layer was not provided by the
authors, it was shown that the introduction of PTAA as a passiv-
ation agent reduced the thickness and the impact of this dead
layer, according to the model proposed. A reasonable hypothesis
is that the dead layer arises from the strain in the perovskite due
to its lattice mismatch with NiO. This is in line with the work
of Tsai et al.,*** showing that light soaking reduces the strain
in the perovskite, improving the energetic of the NiO/perovskite
interface. Along with strain effect, the firsts perovskite layers can
shift from the metal halide perovskite stoichiometry by incorpo-
rating oxygen due to chemical reactions with NiO during the

CBM/ZrACac

Perovskite

.
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device fabrication, as suggested by Lin et al.,”* who observed

a MAPbI;_,;0; interface phase and proposed a beneficial effect
from this mixed halide-oxide compound in promoting the hole
transfer.

Yu et al**® demonstrated significant suppression of interfa-
cial recombination by facile alkali chloride interface modification
of the NiO, HTL in inverted planar PSCs (Figure 14).
Experimental and theoretical results revealed that the alkali
chloride interface modification resulted in significantly improved
ordering of the perovskite films, which in turn reduces defect/
trap density, causing reduced interfacial recombination and
hence increased Voc from 1.07V for pristine NiO, to 1.15V
for the KCl-treated one. As a result, a PCE approaching 21%
was obtained. Furthermore, the suppression of ion diffusion
in the potassium chloride (KCl)-treated NiO, devices improved
their stability.

Ionic conduction properties of lead halide perovskites force us
in considering that the interface quality is a dynamic feature. The
lack of current density—voltage (J-V) hysteresis in NiO-based
p-i—n PSCs does not necessarily imply that ion migration is sup-
pressed, and this can have a strong impact on interface behavior
and even formation. In fact, Cheng et al. proposed that NiO elec-
trostatics leads to a certain amount of perovskite precursor ions
(i.e., methylammonium and iodide), remaining attached on the
surface and ruining the interface quality.”>”) The high defect con-
centration at the interface, proved by photothermal deflection
spectroscopy and photoluminescence (PL), was reduced by UV
light soaking or the introduction of n-butylamine monolayer,
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Figure 14. a) Schematic diagram of the device structure of PSCs. Pristine or alkali chlorides (MCl)-modified NiO, were used as HTLs. b) Cross-section
scanning electron microscopy (SEM) image of a typical PSC with CsFAMA perovskite and sodium chloride (NaCl)-modified NiO, HTLs. c) A supercell
illustrating the structural details in the perovskite/NaCl/NiO, HTL interface. d) Current-voltage characteristics of the optimal CsFAMA PSCs with pristine
or alkali chlorides (MCl)-modified NiO, HTLs. e) External quantum efficiency (EQE) spectra of the corresponding PSCs in (d). f) Stabilized PCE of the
corresponding PSCs in (d). Reproduced with permission.®>® Copyright 2019, Wiley-VCH.
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which reduced the effect of the NiO dipole on the formation of
perovskite. The detrimental interaction of NiO with perovskite
ions has been further highlighted by Di Girolamo et al., who
reported the occurrence of noncapacitive hysteresis in the dark
for NiO-based p—i-n PSCs.!*®! The noncapacitive hysteresis has
been proposed to arise from bias-induced reactions (e.g., electro-
chemical reactions such as iodide oxidation)?**%%! at the inter-
face between the HTL and perovskite. In fact, by introducing a
solution-processed MgO interlayer, the hysteresis vanished and
the devices became electrically more stable. Similarly, Zhang
et al. stabilized the p-type interface with the introduction of
5-aminovaleric acid (5-AVA, bonded to NiO through the carbox-
ylic functional group).l®

Doping in NiO has proved to be a successful strategy to
increase the performance of PSCs. For example, Cu-doped
NiO has shown improvement in PCE up to 15.4% (from
11.16% for pristine NiO counterparts).'**! In another report,
low-temperature-processed Cu:NiO showed an even higher
efficiency of the devices of 17%.I"*) Copper doping has been
later implemented in NiO NPs!**? for planar PSCs and also for
the best-performing NiO-based mesoscopic PSCs to date (with
efficiency approaching 20%).1*®! Similarly, alkaline doping in
NiO has also enhanced device performance,!™*” primarily due
to a downward shift of the VBM going from —5.04 eV for the pris-
tine NiO to —5.19 eV with Mg and —5.29 eV with Ca and —5.34 eV
with Sr (and barium leading to —5.18 eV), with all the cations
apparently substituting Ni, as suggested by the lattice expansion
from XRD. At the same time, the conductivity was increased
due to enhanced hole mobility. The best device performances were
obtained using Sr-doped NiO, with PCE attaining 19.49% and Vo
of 1.14 V, in line with the results from Zhang et al.*®*! Li et al.">”
demonstrated that Mg-doped NiO improves the FF of PSCs from
70% for NiO to 79% when 8% of Mg is introduced via a cosputter-
ing route. Nonetheless, an excessive concentration (>10% atomic
ratio), worsened the charge extraction, as demonstrated low FF of
64% when 12% of Mg is introduced.

4.3.5. CuO/Cu,0 in PSCs

PSCs with copper oxides as efficient HTLs have also been
demonstrated with enhanced performance. Wang et al.** and
Hossain et al.”?®*! conducted theoretical studies on planar PSCs
based on MAPbI;_,Cl, or MAPDI; as the active layer and Cu,O
as the HTL, using a solar cell simulation program (wxAMPS).
The influence of Cu,O thickness, hole mobility, and midgap
defects on the device performance was extensively investigated,
leading to the conclusion that 10-50 nm Cu,O films could suc-
cessfully be used as HTLs in PSCs achieving a PCE close to 24%.

Ding’s group® reported a facile low-temperature Cu,0 film
formation via the reaction of Cul films in NaOH solution,
whereas CuO films were formed by heating Cu,O in air.
PSCs with Cu,O and CuO HTLs showed high PCE values of
13.35% and 12.16%, respectively, attributed to the well-matched
energy levels between the copper oxide HTLs and the perovskite
absorber, leading to reduced energy loss. Cu,O and CuO sub-
strates also improved the film quality of MAPDbI; deposited on
top of them, resulting in favorable hole transport as well as
improved device stability.
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Cu,0 thin films have also been deposited by successive ionic
layer adsorption and reaction (SILAR),**”! reactive magnetron
sputtering,?®® and electrodeposition'**” methods and used as
HTLs in PSCs. Although the PCE values of 8.23%, 8.93%,
and 9.64% were poor, it is shown that Cu,O is a promising
HTM, which could effectively replace the widely used, but also
expensive, Spiro-OMeTAD, offering high hole extraction ability,
appropriate energy levels for charge carrier separation, and
good pin-hole free film formation of the perovskite absorber
deposited on top. A high PCE of 17.1% was reported by Sun
and coworkers®? for inverted planar heterojunction PSCs
based on MAPDI; using a solution-processed CuO, as the
HTL. The same group reported an even higher PCE of ~19%
in MAPbI;_,Cl, CuO, PSCs.?! Interestingly, the oxidation of
Cu(acac), was observed after a UV-ozone treatment, forming
CuO, films of high transparency and a large W, leading to bene-
ficial energy-level alignment at the CuO,,/perovskite interface and
thus improved hole extraction and enhanced device performance.

In a similar study, Yu et al.?”?] fabricated efficient PSCs using
a solution-processed CuO,, HTL, followed by UV—ozone, exhib-
iting a PCE of 17.34%, proper surface properties of the HTL, and
a good ohmic contact between the perovskite absorber and the
CuO,, film, resulting in reduced recombination losses. In addi-
tion, the CuO,-based device showed good stability in ambient air.
Recently, Guo et al.?”® proposed the use of an organic—
inorganic HTL consisting of conjugated polymer FBT-Th4 and
CuO, in PSCs. It was found that the FBT-Th4/CuO, HTL facili-
tated hole extraction, resulting in an enhanced PCE value of
18.85%, whereas it also enhanced long-term device stability
due to successfully blocking moisture penetration into the perov-
skite layer.

5. Graphene Oxide and Reduced Graphene Oxide

5.1. Electronic Properties

Graphene oxide (GO) has gained large interest for application in
solar cells among other optoelectronic devices. It is an atomically
thin, 2D framework of carbon atoms. These mutable sp>-sp’-
bonded carbon atoms are draped with oxygen functional groups
on the basal plane and edges.*””* This arrangement results in
unique optical and electrical properties, that is a complex recip-
rocation of the size, shape, and fraction of sp” and sp® hybridized
carbon atoms (Figure 15).*”%!

The idealized structure of GO consists of the in-contact hex-
agonal ¢ framework of the carbon lattice that can be obtained by
controlled temperature and manufacturing conditions.’”% Since
its reconsideration from 2004, the elucidation of structural and
electronic properties of GO was the key research area for gra-
phene and its derivatives, which have been revolutionized with
the advancement in atomic scale fabrication and characteriza-
tions.”””) Despite its higher electrical conductivity, graphene
lacks the semiconducting features of field-effect transistors
and resonant tunneling diodes, hindering its way to potential
future electronic devices.””®) However, its oxidized variant
(GO, rGO) offers itself to be used as transistors and Schottky
diodes with isolated conductive regions and barrier layers, explic-
itly reliant on the degree of the oxidation and manufacturing
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Figure 15. a) Charge mobility of a suspended graphene device as a function of carrier density. Reproduced with permission.1?®l Copyright 2008, Elsevier.
b) Elastic stiffness and distribution of graphene film on a silicon oxide cavity. Reproduced with permission.?®”} Copyright 2008, AAAS. c) Chemical
structure of GO. Reproduced with permission.”®®! Copyright 2012, American Chemical Society. d,e) Scanning tunneling microscopy (STM) topographs
of epitaxial graphene on silicon carbide (SiC). Scale bar in (e) is 5 nm. Reproduced with permission.!?®% Copyright 2007, Elsevier. f) Morphology of GO
sheets (oxygen concentration is 20%). g) Measured Raman spectra of graphite, GO, and rGO. Reproduced with permission.*®! Copyright 2015,

American Institute of Physics.

process.””®! These sp® covalent-bonded oxygenated functional
groups on basal planes and edges (hydroxyl, epoxy, carboxyl, car-
bonyl, lactone, phenol, and quinone)?®” induce stoichiometric
inhomogeneities increasing to surface defects, residual defects,
and Stone-Wales, defects resulting in loss of electrical conduc-
tivity and carrier mobility.?”*) However, it is also beneficial to
tune the physicochemical properties rendered from hydrophilic-
ity and fine dispersibility in many solvents, making it applicable
to be used as cost-effective transparent conducting electrodes that
can be deposited by common methods.

The nonuniformity in the electronically hybrid GO due to
the presence of the sp cluster (conducting 7 states) and sp’-
bonded C-O framework (nonconducting o states) has been
identified by nuclear magnetic resonance (NMR),”*”® atomic
force microscope infrared spectroscopy (AFM-IR),*®! high-
resolution transmission electron microscopy (HRTEM),[ZSZ]
PL,*®¥ tunneling electron microscopy (TEM), and Raman
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spectroscopy.l*”?! Even though extensive efforts have been con-
ducted to determine the structure, a precise understanding of
GO structural parameters remains ambiguous due to inherent
nonstoichiometric arrangements, the mixture of chaotic sp?,
sp® framework, and concealed atomic assembly due to the pres-
ence of surface impurities like airborne oxidative moieties
(Figure 15).236:284-289]

Over the years some conflicting models were proposed for the
structural considerations (see a study by Chen 7% and studies
therein). Gao et al. suggested the complete structure of GO hav-
ing a five-to-six-membered ring in the basal plane as well as the
decorated functionalities at the edges.”®* Perumbilavil et al.
demonstrated that in the Raman spectra of graphite, GO, and
rGO, the G band is common for all sp® carbon forms, and it
arises from the C-C bond stretch (Figure 15g). This band is
formed from first-order Raman scattering.”® Liang et al. repre-
sented the elucidation of the complete band structure of GO by
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detailed analysis of PL, UV-vis, and Raman spectroscopy, sug-
gesting an approximate value of 3.54eV for as-prepared GO,
which is decreased during the reduction process.?%*!

Recently, Feicht and Eigler explained several types of defects
in GO, for example, rearrangement defects, transient defects,
vacancy defects, on-plane functionalization, and in-plane lattice
defects.'” According to them, Raman spectroscopy is the best
analytical technique among others to probe and differentiate
the various kinds of possible defects.””®) Liu et al. determined
the spatial distribution of the sp>~sp?, carbon—oxygen framework
with the resolution at the molecular level by combined AFM-IR
mapping and presented an updated structural model for GO that
is very useful to determine morphology, chemical composition,
and type and position of C—O bonding in the GO layer.[?2"

5.2. GO and rGo in OSCs

GO and its derivatives are wide-bandgap, high-Wr materials
suitable to make an ohmic contact with the organic absorber
layer and hence are successful HTLs in OSCs (Table 3).*”
Interestingly, GO can also be used as a dopant in the photoactive
layer. For example, Amollo and coworkers*®" explored the dual
nature of GO as a dopant in the PEDOT:PSS-based HTL and also
in the photoactive layer and reported an improvement in PCE up
to 120% and 40%, respectively. They attributed this improvement
in PCE to an enhanced photocurrent of 18 mA cm ™2, which arose
from the improved optical absorbance and conductivity of the
photoactive layer. They, however, explained that GO synthesized
in their work was not beneficial to improve charge transport due
to the high sheet resistance of 68 kQ sq ", although it effectively
blocked electron leakage. Furthermore, the carboxylic edge group
of GO induced the formation of an ohmic contact with P3HT,
providing a low extraction barrier for holes.

Chen et al. successfully modified GO with noncovalent phos-
phorylation and compared OSCs using pristine GO, modified
GO, and PEDOT:PSS as HTL and various donor—acceptor poly-
mer blends.**” Due to enhanced hole extraction efficiency, mod-
ified GO shows the highest PCE of 7.85% with Vo 0.71V, Jsc of
16.12mA cm™?, and a FF of 0.68. A lower leakage current was
also observed for modified GO-based OSCs. The use of a phos-
phate ester group enhanced the W of ITO/GO from 4.2 to
4.7 eV, thus improving hole extraction in modified GO-based

Table 3. PV parameters of OSCs using GO as HTLs.

HTL Organic absorber ~ PCE Jse Voc FF Ref.
% [mAcm M

PEDOT:PSS-GO P3HT:PCBM 2.80 14.00 0.53 038 [297]
GO PTB7:PC;BM 6.03 15.26 0.65 0.61 [292]
GO PTB7-Th:PC;,BM 7.10 15.19 0.775 0.60 [293]
Go:CuCl, PTB7-Th:PC;,BM 7.68 15.52 0.785 0.63 [293]
GO PTB7-Th:PC;,BM 7.80 15.65 0.776 0.64 [295]
P-GO PTB7:PC;BM 7.85 16.12 0.71  0.68 [292]
GO/Mo0O;_ PThBDTP:PC;BM  8.05 12.21 0.97 0.68 [294]
F-rGO PTB7-Th:PC;,BM 8.60 16.89 0.786 0.65 [295]
L-GO:NiO, PBDB-T:IT-M 11.45 17.81 091 0.71 [296]
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OSCs. In a different study, Sun et al.?% ysed a mixture of
CuCl, and GO as the HTL in OSCs and compared their device
performance with pristine GO and PEDOT:PSS as HTLs. They
reported a higher PCE for the GO:CuCl,-based device (7.68%)
than that of the pristine GO HTL-based OSC (7.10%). A similar
improvement was also reported for GO and oxygen-deficient
MoOs_,, bilayer HTL.?*" The PCE of OSCs using PThBDTP:
PCy0BM as the photoactive layer increased to 8.5%, higher than
areference device using PEDOT:PSS as the HTL (PCE of 7.85%).

Recently, Cheng and coworkers®! used fluorine-functional-
ized rGO (F-rGO) as the HTL in OSCs and reported PCEs of
8.6% in contrast to pristine GO and PEDOT:PSS-based OSCs
with PCEs of 7.8 and 7.9%, respectively. They showed this
improvement due to a higher conductivity and Wg of F-rGO
HTL. Similarly, Cheng et al.”**! demonstrated the self-assembled
quasi-3D GO:NiO,, composite as a HTL in an inverted OSC. The
remarkable improvement in conductivity led to a high PCE of
12.13% (average PCE was 11.45%), which was at that time the
highest reported value for inverted OSCs. This improvement
was referred to as breaking the vertical conductivity limit of
the usual 2D HTL and enhanced carrier extraction properties
probed by transient photocurrent decay analysis and impedance
spectroscopy. The devices with GO:NiO,, HTLs presented a low
leakage current (0.06 vs 0.96 mA cm™?) in comparison with a
pristine GO HTL, benefitting the suppression in electron-hole
recombination at the HTL/anode interface.

5.3. GOs and rGOs in PSCs

GO is among the successful HTL material in PSCs (Table 4) due
to its effective hole extraction, alignment of its VB with that of the
perovskite, and cost effectiveness. Jokar et al.**”! compared the
performance of GO, PEDOT:PSS, and rGO as HTLs in PSCs
and reported 16% PCE for rGO devices, exceeding PEDOT:
PSS and GO counterparts. Interestingly, despite lower PCEs,
GO/perovskite interfaces showed superior hole extraction than
rGO, as suggested by PL spectra, PL decay, and transient photo-
voltage decay. The authors suggested that, while the GO interface
offers improved hole extraction, hole transport/transfer from GO
to ITO substrates was slower than that in rGO, which increases
charge recombination and is responsible for the lower perfor-
mance in GO-based devices. A PCE of 13.5% was also reported
in flexible PSCs using rGO HTL.

A solution-processable sulfated GO
(1:1 ratio) composite was used by Guo and coworkers!
as HTL. Notably, the pristine sGO showed a lower PCE of
~9.9% compared with a PEDOT:PSS-based reference device
(PCE 11.3%). The optimized ratio of sGO and PEDOT:PSS com-
posite led to a higher PCE ~13.9% due to improvement in hole
extraction and improved morphology of the perovskite deposited
on top of the composite HTL. In another report,?*”! GO-modified
PEDOT:PSS also led to PCE improvement from 11.9% to 15.34%
in inverted PSCs. The improvement was attributed to the
improved wettability of the HTL film and higher crystallinity
of the perovskite film deposited on top of it. GO incorporation
also led to an improvement in hole extraction and higher carrier
mobility. Similarly, Yu et al.**® reported a composite HTL
made of PEDOT:PSS and GO that led to high performance

(sGO):PEDOTPSS
298]
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Table 4. PV parameters of PSCs using GOs as HTLs.
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HTL Perovskite absorber PCE [%] Jse [IMAcm™? Voe V] FF Ref.
GO MAPbI; 13.8 19.5 0.943 0.75 [297]
sGO-PEDOT MAPbI; 13.9 20.4 0.95 0.72 [298]
rGO/CuSCN MAPbI; 14.28 18.21 1.031 0.76 [368]
GO flakes FAo2MAosPb (losBro2)s 14.9 21.00 1.00 0.71 369]
GO MAPbI; 14.9 21.8 0.898 0.76 [256]
GO-Au NP MAPbI; 14.9 20.2 0.913 0.81 [256]
rGO-BH MAPbI; 15.3 21.8 0.970 0.72 [297]
PEDOT/GO-30 MAPbI; 15.34 21.92 0.94 0.75 [299]
rGO-NH, MAPbI; 15.9 21.3 0.963 0.78 [297]
rGO Cso.05(MAo.17FA0 83)0.95Pb(lo.83Bro.17)3 16.28 21.46 1.06 0.72 [302]
rGO-HBS MAPbI; 16.4 221 0.961 0.77 [297]
GO MAPbI; 16.5 21.6 1.00 0.76 [301]
GO-MoO, NP MAPbI; 16.7 21.8 0.99 0.77 [300]
PEDOT:GO MAPbI;_,Br, 18.09 21.55 1.02 0.82 [256]

(PCE 18.09%) inverted PSCs. This remarkable performance was
due to an optimized HTL that showed higher transmittance,
higher electrical conductivity, an aligned Wg with the perovskite
absorber, better perovskite crystallinity, and suppression of leak-
age current than the PEDOT:PSS counterpart.

In another report, Bhosale et al.** conducted the functional-
ization of GO with NPs of Au and MoO,.. The modified GO HTLs
showed improved alignment for hole extraction, as evidenced by
Kelvin probe force microscopy and ultraviolet photoelectron
spectra measurements and hence a higher Voc. However,
the AwGO HTL (PCE 14.6%) showed an almost identical
performance to the GO HTL (PCE 14.4%), despite a faster hole
extraction, whereas the MoO,:GO HTL showed significant
improvement in PCE (16.7%). In addition, a lower Jsc was
obtained for Au:GO HTL (Figure 16). Using transient photoelec-
tric measurements, the authors revealed that the Au NPs led to
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hole trapping and their localization inside NPs, leading to rapid
charge recombination. In the case of MoO,:GO HTL, the delo-
calization of holes and no hole trapping led to rapid CT to ITO,
thus leading to a higher Jsc and Voc.

Optimization of GO film thickness is a key parameter to
improve device performance. This was shown in the work of
Yang and coworkers,*°"! where an optimized GO thickness
(2nm) as the HTL demonstrated a low series resistance, high
conductivity, and optimum work function. The balanced work
function thus led to a hysteresis-free PCE of 16%. Upon
systematically increasing the GO thickness to 10nm, the
device performance decreased due to higher series resistance.
Similar to optimizing film thickness, surface coverage by GO
HTL was also found to be critical in determining device
performance. Yin et al.>*® deposited GO and rGO via a layer-
by-layer self-assembly process to control HTL thickness and also
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Figure 16. a) The measured energy levels and the PSC structure. b) Current—voltage and EQE curves of PSCs using GO and GO modified with Au and
MoO, NPs. c) A schematic showing hole extraction and hole trapping mechanism in modified GO HTLs. Reproduced with permission.?°” Copyright

2017, WILEY-VCH.
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attain a better surface coverage and showed ~33% improvement
in PCE.

6. Other Inorganic HTLs in OSCs

Apart from TMOs, other novel inorganic semiconducting molec-
ular materials such as copper-based semiconductors and TMDs
have been used as HTLs in OSCs (Table 5).

6.1. Cul and CuSCN

Copper iodide (Cul) has a high hole mobility of ~1 cm?*V~*s™*
and was the first transparent p-type inorganic semiconductor to
be successfully used as a HTL in OSCs. Its high transparency and
hole mobility combined with its suitable energetics (i.e., a high
Wr of &5.1 eV) rendered it suitable for an inexpensive HTL with
low-temperature solution processability. Peng et al.?°* reported
the first application of Cul in OSCs with a PCE of 5.54%, whereas
Mohamed et al.*°" demonstrated improvements in OSCs with a
PCE of 3.20% when using a Cul HTL.

More recently, another wide-bandgap p-type semiconductor,
namely copper thiocyanate (CuSCN), with a hole mobility of
~0.5cm?>V s ! and a Wi of ~5.2 €V, suitable to match the
ionization energy (HOMO) of most organic semiconductors,
was reported. CuSCN HTLs have been used in different OSCs
(regular and inverted types) withPCEs reaching 8.07% for
OSCs based on blends of narrow-bandgap polymer semiconduc-
tors with PCBM. CuSCN was also found to be beneficial on reg-
ulating the morphology (i.e., grain size) and enhancing the
crystallinity and the photoactive underlayer.*%>=2%7]

To increase its hole conductivity, p-type molecular doping with
strong organic electron acceptors such as CgFyg and F,-TCNQ
has been successfully demonstrated.?°%2%! The p-type doped
CuSCN layers were used as HTLs in OSCs. Improved PCEs
of 6.60% for PCBTBT:PC;oBM-based OSCsP%3%) have been

Table 5. PV parameters of OSCs using Cu-based and TMDs as HTLs.

HTL Organic absorber PCE [%] Jsc Voo FF  Refl
[mAcm™? M
Cul AnE-PVab:PCBM 1.3 242 0.82 0.52 [304]
Cul AnE-PVstat:PCBM 3.2 5.45 0.76 0.63 [304]
Cul PBDTTPD:PCBM 5.54 14.0 0.81 0.50 [303]
CuSCN PCDTBT:PC;0BM 6.3 11.8 0.91 0.59 [308]
CeoF4g:CuSCN PCDTBT:PC,oBM 6.6 1.5 092 0.61 [308]
CuSCN p-DTS(FBTTh,),:PC;1BM  6.89 13.9 080 0.62 [306]
CuSCN PDPP-2T-TT:PC;,BM 7.72 16.3 0.70 0.68 [305]
CuSCN PBDTTPD:PCBM 8.07 12.74 0.92 0.69 [305]
CuSCN PTB7-Th:PC;0BM 10.70 21.1 0.80 0.63 [307]
Cus P3HT:PCBM 2.64 8.38 0.62 0.44 [314]
MosS, PBDTTT-C-T:PC;0BM 8.43 15.69 0.76 0.70 [370]
MoS, PBDB-T-SF:IT-4F 12.0 20.0 0.84 0.71 [315]
WS, PBDB-T-SF:IT-4F 135 20.6 0.88 0.74 [315]
WS, PBDB-T-SF:Y6 15.8 259 0.84 0.73 [315]
WS, PBDB-T-SF:Y6 :PC;;BM 17.0 26.0 0.84 0.78 [315]
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reported, accompanied by a lower dark current and enhanced
shunt and lower series resistance. Enhanced solar cell perfor-
mance was attributed to the enhanced hole mobility and the
facile hole transfer as a result of the Fermi level shift toward
the VB of the p-type-doped CuSCN, thus reducing the interfacial
energetic mismatch.

6.2. Transition Metal Dichalcogenides (TMDs)

TMDs are a novel family of 2D nanosheets with the chemical
form MX, (M is the transition metal and X is the chalco-
gen).?1%31! Water and/or alcohol solubility and their superior
optoelectronic properties make them excellent candidates for
charge extraction/transport in OSCs. A plethora of recent reports
unambiguously demonstrated that OSCs based on TMDs, such
as sulfides and selenides as HTLs and/or ETLs, exhibited supe-
rior performance, in terms of both PCE and stability, compared
with other used materials.'%3'%3!3] Representative examples are
discussed in this section.

Copper sulfide (CuS) was initially reported to function as an
effective HTL in P3HT:PCBM-based OSCs with a PCE of
2.64%.P™ Liquid-exfoliated tungsten sulfide (WS,) was proposed
to function as an effective HTL in nonfullerene-based OSCs. High
uniformity on ITO, large, tunable, Wg (=5.2-5.9 eV, depending
on the number of deposited layers), favorable photonic structure,
and reduced recombination losses resulted in a superior PCE of
16.50% for PBDB-T-2F:Y6:PC;;BM-based OSCs with an excep-
tional Jsc of 26 mA cm ™2, thus representing the highest PCE to
date for OSCs with 2D charge transport layers.*!”)

As an attractive alternative to WS,, molybdenum sulfide
(MoS;) has been used as a highly effective HTL in OSCs. The
enhanced interfacial energy-level alignment facilitated exciton
dissociation and charge transport, and excellent uniformity of
the fabricated organic and perovskite layer on the MoS, layer
resulted in high PCEs of 8.43% for PBDTTT-C-T:PC;,BM-based
0SCs.>'% Figure 17a,b show a schematic diagram illustrating
the process of sonication-assisted liquid exfoliation used to pre-
pare MoS, and WS, suspensions and their work function was
determined both experimentally and with DFT calculations.?**”!
Figure 17¢,d show the OSC architecture used (ITO/MX, (M: Mo
or W)/PBDB-T-2F:Y4:PC;;BM/PEN-Br/Al) and the EQE curves
of the fabricated OSCs for both MoS, and WS, HTLs.

6.3. Cul and CuSCN as HTLs in PSCs

Recently, copper-based inorganic compounds have emerged as
cost-effective alternatives to organic HTLs. This field has been
extensively reviewed in recent years and the readers are referred
to several specific review papers.’'”**®] Here, some representa-
tive examples are summarized and discussed (Table 6).

The incorporation of Cul as a HTL in n—i—p type (i.e., regular)
MAPDI;-based planar PSCs was first reported by Li et al., result-
ing in a PCE of 17.60%, reduced hysteresis, and outstanding sta-
bility, as manifested by a constant PCE over a period of 50 days
after storage in the dark.’'” Saranin et al. later reported the
advantageous application of Cul as a HTL in p-i-n-type
(inverted) MAPbI;-based PSCs with a PCE of 14.23%.°*" Few
other reports on Cul as the HTL in MAPDbI5-based PSCs with
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Figure 17. a) Schematic illustrating the process of sonication-assisted liquid exfoliation used to prepare MoS, and WS, suspensions. b) The UV-vis
absorption spectra of MoS; and WS,. ¢) Schematic diagram of the OSC architecture used (ITO/MX; (M: Mo or W) /BH]/PFN-Br/Al. d) J-V characteristics
taken under 1sun simulated light and e) EQE curves of OSCs based on a PBDB-T-2F:Y¢:PC7,BM active layer for different HTLs. Reproduced with

permission.?'>! Copyright 2019, WILEY-VCH.

Table 6. PV parameters of PSCs using Cu-based and TMDs as HTLs.

HTL Perovskite PCE [%] Jsc Voc [VI FF  Ref.
absorber [mAcm™?
Cul MAPbI; 11.82 17.57 095 0.71 [320]
Cul-PEDOT:PSS MAPbI; 13.5 19.8 091 0.75 [322]
Cul MAPbI; 13.58 21.06 1.04 0.62 [326]
Cul MAPbI; 14.7 20.9 1.04 0.68 [323]
Cul-NiO MAPbI; 15.26 20.60 1.07 0.69 [320]
CuSCN MAPbI; 1.1 19.0 092 0.62 [309]
FATCNQ- CuSCN MAPbI; 15 20.4 099 0.72 [309]
CuSCN MAPbI; 16.6 21.9 1.0 076 [33]
CuSCN/NHs(aq) MAPbI, 17.5 227 11071 [307]
CuSCN CsFAMAPbI; ,Br,  20.3 23.4 110 077 [327]
CuSCN/rGO CsFAMAPbI;_,Br, 20.4 23.2 111 0.78 [327]
WS, MAPbI;_,Cl, 9.53 14.9 096 0.67 [328]
WS, MAPbI;_,Cl, 15 21.2 0.97 0.73 [323]
MoS, MAPbI; 6.01 12.6 0.84 0.57 [337]
MoS, MAPbI;_Cl, 9.93 15.9 082 064 [328]
MoS, MAPbI; 13.3 21.5 093 0.68 [324]
MoS, MAPbI;_,Cl, 14.35 20.94 0.88 0.78 [323]
MoS, MAPbI; 14.7 21.2 095 0.73 [333]

PCEs of 14.7%2! and 13.5%**?! have also appeared recently in
the literature. Wang et al.?**! adopted a simple solid—gas reaction
method to deposit compact and uniform Cul films. They,
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particularly, exposed a Cu film fabricated via thermal evaporation
to iodine vapors and applied it as a HTL in inverted planar PSCs.
The optimized devices exhibited PCEs of 14.7%, derived from a
Voc 0of 1.04V, a Jsc 0f 20.9 mA cm 2, and a FF of 0.68. Moreover,
these devices exhibited good long-term stability at ambient atmo-
sphere, which was mainly attributed to the hydrophobicity of
Cul HTL.

Since Cul possesses several desired characteristics, such as
high hole mobility combined with high transparency, good
chemical stability, and low production cost,** and it stimulated
increasing interest as alternative HTLs for efficient and stable
PSCs. Recently, Uthayaraj et al.’?* fabricated highly efficient
PSCs made in air with either Cul or Spiro-OMeTAD as
HTLs. A simple and novel pressing method was used for incor-
porating a Cul powder layer between the perovskite layer and Pt
top contact to fabricate devices with Cul. The average Jsc of the
Cul devices was over 24 mA cm ™2, which was marginally higher
than that of Spiro-OMeTAD devices. This was attributed to the
high hole -mobility of Cul, which minimizes the electron-hole
recombination. However, the average PCE of the Cul devices was
lower than that of Spiro-OMeTAD ones due to slightly lower Vo
and FF. This was due to the surface roughness of Cul powder.
However, optimized devices with solvent-free powder-pressed
Cul as the HTL showed a promising efficiency of over 8.0%
when fabricated in an open environment with Cul.

One of the successful reports on PSCs, incorporating Cul as
the HTL, has been the work of Chen et al.??® In this report, a
low-cost, solution-processed method has been used to prepare
hydrophobic Cul films, that served as the HTLs in inverted
planar PSCs with the structure of FTO/Cul or PEDOT:PSS/
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MAPDI;/PCBM/AL. A PCE of 13.58% was achieved using
Cul as the HTL, higher than that of the reference device using
PEDOT:PSS with a PCE of 13.28%. Added to the merits,
Cul-based devices exhibited a high long-term stability upon
air exposure. Sun et al. >’ exceeded the work of Tian et al., using
a different, one-step, fast deposition—crystallization method for
the perovskite absorber, and managed to increase the PCE to
16.8%. Moreover, the optimized PSCs based on the Cul HTL
exhibited excellent air stability, retaining more than 90% of
the PCE for 300 h of illumination.

CuSCN is another successful inorganic HTL PSC due to its
wide bandgap (>3.4 eV), excellent hole extraction/transport prop-
erties, and high optical transparency. Wijeyasinghe et al.*%”)
reported an ultrathin CuSCN layer (3-5nm) processed at a
low temperature, i.e., 100 °C. Their CuSCN films revealed a five-
fold higher hole mobility than conventionally reported CuSCN
films, with a maximum value reaching 0.1cm”*V~'s™%
When used as a HTL in PSCs (ITO/PEDOT:PSS/CuSCN/
MAPDI;/PCBM/LiF/Ag), a remarkable PCE of 17.5% was shown
with negligible hysteresis. Ye et al. **! used CuSCN in p-i-n pla-
nar PSCs. They used a fast crystallization method to deposit the
perovskite layer, which led to a reduced surface roughness and a
smaller contact resistance at the CuSCN/perovskite interface.
They reported a champion PCE of 16.6% (average PCE of
15.6%) in their devices. Jin et al.** reported molecular doping
in CuSCN by 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodime-
thane (F4ATCNQ) and showed around 35% enhancement in the PV
performance of their devices. They showed a more efficient charge
transport and less carrier recombination in the FATCNQ-doped
CuSCN-based PSCs, which a PCE of over 15% and negligible
hysteresis.

In fact CuSCN as the HTL has led to one of the highest PCEs,
exceeding 20% in planar PSCs n-i-p PSCs.P*”] A fast
solvent removal technique is used to deposit a dense conformal
thin film of CuSCN on top of the perovskite (Figure 18). When
compared with a Spiro-OMeTAD reference device (PCE of
~20%), the CuSCN HTL showed a faster hole extraction
from the perovskite photoactive layer (Figure 18c,d). It was how-
ever found that the CuSCN reacts with Au electrode (and not
with perovskite layer, as often suggested in literature).
The authors introduced a thin layer of rGO to overcome the
reactivity of the CuSCN/Au interface, which not only
slightly improved PCE, but also the operational stability
of these devices. Notably, these devices used all-inorganic
charge extraction layers (TiO, as ETL and CuSCN-rGO
as HTL), thus paving the way toward high-efficiency stable
PSCs.

6.4. TMDs as HTLs in PSCs

Liquid-exfoliated WS, was proposed to function as an effective
HTL in PSCs. Kim et al.**®! applied smooth and uniform
WS, films as HTLs in PSCs using the chemical vapor deposition
(CVD) method. The corresponding device exhibited a PCE value
of 8.02%, which was inferior to that of the reference device with
the PEDOT:PSS HTL, due to the lower value of Voe. Similar
results were also obtained from the same authors for MoS,-based
PSCs with a PCE of 9.53%, suggesting that TMDs are promising
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materials for HTLs in PSCs. The successful use of a water-
soluble WS, film as the HTL in high-efficiency PSCs was also
demonstrated by Huang et al.*?*! The fabricated devices reached
a PCE value of 15%. Moreover, the stability of the WS,-based
PSC was significantly improved, maintaining 72% of the initial
efficiency after 56 days.

As an attractive alternative to WS,, MoS, has been used as a
highly effective HTL in PSCs. Capasso et al.?** inserted MoS,
flakes between Spiro-MeOTAD HTL and the Au electrode, dem-
onstrating PSCs with a PCE of 13.3%. The stability of the MoS,-
based device showed significant improvement, maintaining 93%
of the initial efficiency after 550 h. On the contrary, the reference
cell without the MoS; layer degraded much faster with the initial
PCE value decreasing 34% over the same period. Kakavelakis
et al.®?% investigated the stability of planar inverted PSCs under
illumination conditions in ambient air, introducing MoS, nano-
flakes between the PTAA HTL and the perovskite absorber. It
was demonstrated that MoS, acted as a protecting layer for
the perovskite, preventing water molecule penetration, along
with the migration of indium ions from the ITO electrode to
the perovskite film. Therefore, encapsulated PSCs based on
the MoS, interlayer exhibited a high stability, retaining 80%
of the initial PCE value (Tg) after 568 h of continuous operation.
More recently, Kohnehpoushi et al.?*% studied, via device simu-
lation, the impact of MoS,; film thickness on the design of low-
cost, stable, and highly efficient PSCs. Optimum thickness not
only of MoS,, but also of perovskite and ETL films, as well as the
selection of aluminum or silver electrodes, showed the potential
to achieve PCE beyond 20%.

Dasgupta et al.?*" applied a centrifugally cast thin-film forma-
tion technique to grow homogeneous MoS, thin films through a
liquid-based exfoliation method. These thin films have been
introduced as HTLs in PSCs. They observed that the band edges
of MoS, formed a type-II band alignment with the perovskite
absorber (MAPbI;), especially when the 2D material was sub-
jected to ozone treatment. p-i-n heterojunction planar PSCs
with the thin film of 2H-MoS, showed good device characteris-
tics with a small series resistance and a large shunt resistance.
Moreover, Peng et al.*>*?! demonstrated that atomically thin Mo$S,
films exhibit strong light-matter interaction, large optical conduc-
tivity, and high electron mobility, hence being highly promising
materials for PSCs. By creating sulfur vacancies in MoS; using
mild plasma treatment, they enabled the formation of a defect-
free heterostructure geometry, comprising MoS, and MAPbI;
perovskite for ultrafast hole transfer from MAPbI; to MoS,, fol-
lowing photoexcitation. Furthermore, Wang et al.***! demon-
strated that MoS, nanoflakes can be successfully applied as
HTLs in inverted (p—i-n) PSCs. These nanoflakes were blended
within the PEDOT:PSS to form a hybrid HTL. The modified devi-
ces simultaneously exhibited significant improvement in the
PCE and stability. Compared with the reference device with
PEDOT:PSS, the efficiency enhancement of MoS,-incorporated
devices was more than 18%, attributed to reduced recombination
at the interfaces (absolute PCE as 14.7%), with a significantly
lower-electrode polarization and hysteresis. The composite
HTL-based devices also exhibited high device stability, retaining
more than 95% of the initial PCE even after 4 weeks. These
results demonstrate the potential of 2D TMDs for successful
application as HTLs in PSCs.
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Figure 18. a,b) Preferential out-of-plane orientation of CuSCN (the in-plane orientation rotated by 90°). Color code: red, copper atoms; yellow, sulfur
atoms; gray, carbon atoms; blue, nitrogen atoms. c) SEM cross-sectional view of the PSC using CuSCN-rGO as HTL. d,e) Steady-state and time-resolved
PL spectra of the perovskite film on various substrates, evidencing efficient charge extraction for CuSCN-rGO interface. f) A stabilized PCE from the
maximum power point tracking of a champion device and a control device. Reproduced with permission.??”} Copyright 2017, AAAS.

7. HTL Layers Toward Operational Stability in
OSCs and PSCs

7.1. Stability of OSCs

Apart from improving the PCE of OSCs when incorporated as
HTLs, TMOs also have the potential to significantly improve
their longevity and stability. In regular OSCs with the HTM
deposited underneath the semiconductor blend, the interface
between the organic absorber and the front contact has been
reported to play a major role in device stability. Besides the reduc-
tion in hole extraction barrier, improved physical contact
and altered surface energy of the underneath TMO facilitate
the formation of compact, pinhole-free photoactive layers with
improved morphology and crystallinity.'®*. Contrary to highly
acidic PEDOT:PSS which has been reported to cause severe

Sol. RRL 2021, 5, 2000555 2000555 (30 of 44)

degradation not only in regular but also in inverted OSCs,”*
where its phase separation to PEDOT-rich and PSS-rich phases
results in more rapid decomposition under high humidity con-
ditions, these materials are chemically and thermally robust
while also preventing moisture penetration into the active layers
in the inverted structures. Therefore, TMOs have been widely
applied as buffer layers to protect the photoactive blend from
undesired degradation.

Nevertheless, in some cases, the application of TMOs, espe-
cially MoOj3, has been proven to be detrimental for device longev-
ity. Results indicated that inverted OSCs using a combination
of PEDOT:PSS/MoO5 for the HTL showed an even higher
degradation than OSCs using pristine PEDOT:PSS, indicating
possible chemical interaction between MoO3; and PEDOT:PSS.
In a detailed study by Hermerschmidt et al.,>** the stability
of OSCs was investigated following the 1SOS-D-2 protocol.***)
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Herein, the devices were kept in the dark at 65 °C with a con-
trolled humidity of ~45% for several hours. Using a range of
thiophene-based photoactive materials (P3HT, PTB7, and
DPPTTT blended with PC;,BM), they investigated two interfa-
ces, ITO/ZnO/photoactive layer and photoactive layer/HTL/
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Ag. They concluded that P3HT:PC;,BM/MoOj; is the main ori-
gin of the degradation of inverted OSCs, although they found
that the MoO3/Ag interface also contributed to device instability
(Figure 19). At an elevated heat test, this degradation became
more intense. Several studies have reported how the doping
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Figure 19. a) Normalized photocurrent maps of inverted nonencapsulated OSCs with MoOs as the HTL and P3HT:PC;,BM blend as the photoactive
layer. The devices are subjected to a heat test at 65 °C for a period of over 165 h. b) Voc, ¢) Jsc, d) FF, and e) PCE versus time of OSCs using different top
electrode configurations. Reproduced with permission.®**l Copyright 2017, American Chemical Society.
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of different metal oxides (MoO;) with Cs can significantly affect
their conductive behavior, electron transfer, and blocking prop-
erties and also their stability.[?2¢-338]

Moreover, Pan et al.?** demonstrated a MoQ;:Au coevapora-
tion composite film with a weight ratio of 70:30% (MoOs:Au),
that can be effectively applied to OSCs to enable better stability
than the reference device based on PEDOT:PSS. The MoOs:Au
composite film was found to improve the surface properties of
the ITO electrode, which became smoother upon the deposition
of the former, hence increasing the shunt resistance and improv-
ing the FF and efficiency of the fabricated devices. The air sta-
bility of OSCs using different HTLs (PEDOT:PSS, MoOs, and
MoOs:Au) was investigated and revealed that the MoO5:Au com-
posite layer significantly enhanced the device stability with shelf
lifetime improved by a factor of 40 and 3 compared with PEDOT:
PSS and MoQ; HTLs, respectively. Girotto et al.**” reported the
application of sol-gel-based-synthesized MoO; thin films as
HTLs for all solution-processed OSCs. Their solution-based
MoOs; films (s-MoOs) were compared with either PEDOT:PSS
or thermally evaporated MoOj; (e-MoO;) ones regarding the
device performance and operational stability. The device shelf
lifetime experiments revealed enhanced overall stability when
using either thermal-evaporated (e-MoO3) or solution-processed
(s-MoO;) HTLs compared with those using PEDOT:PSS. Cao
and coworkers managed to fabricate stable OSCs with the struc-
ture of ITO/HTL/donor/acceptor/cathode using a thin layer
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(5nm) of MoO; doped with copper phthalocyanine (CuPc) as
the HTL and CuPc/C60 as the organic absorber.*** The surface
morphology of the HTL played a decisive role in improving the
device stability.

Besides MoOj3, WO; has also been found to play an important
role in improving OSC stability. Guillain et al.**?! developed a
solution-processed annealing-free method to deposit WO; films,
that have shown good performance when used as HTLs in OSCs.
In a fully optimized structure, an average PCE of 3.5% was
achieved, which was comparable with devices with vacuum-
deposited TMOs. More importantly, they demonstrated stable
and easily fabricated sol-gel-processed oxides holding the prom-
ise for industrial roll-to-roll production on flexible substrates.
In a similar manner, Stubhan et al. managed to obtain an
improved overall performance in inverted OSCs when using
low-temperature postannealed solution-based WO; as HTL
instead of the commonly used PEDOT:PSS.**’!

In a different approach, Kim et al.?*" developed PEDOT:
PSS-free OSCs based on mixed electrodes composed of WO;
and indium oxide (In,03). The resultant composite films (termed
IWO) acted as the device-mixed electrodes, protecting buffers
and HTLs simultaneously (Figure 20a-d). Through cosputtering
and rapid thermal annealing (RTA) of the two oxides in the mix-
ture, they were able to deposit films with a sheet resistance of
17 Ohm square™ and a remarkable transmittance of 90.32%,
having also a high Wr of 4.83 eV. OSCs fabricated on an IWO
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Figure 20. a) Cosputtering of a WO3 and a transparent conducting indium oxide (In,O3) layer to form IWO thin films for the all-in-one (contact + HTL)
electrode for OSCs. b) An IWO thin film (on a glass substrate) and IWO-based OSC device. c) The energy-level diagrams for different materials used in the
device fabrication process. d) Stability of a PEDOT:PSS-free OSC fabricated on a buffer and anode-integrated IWO electrode. Reproduced with
permission.?*Y Copyright 2013, Elsevier. e) The OSC architecture and f) the stability study of NiO-based devices. Reproduced with permission.['®%]
Copyright 2013, Elsevier. Schematic representation of the g) inverted and j) regular configuration of OSCs containing water-based, solution-processed
V,0s as the HTL. Normal configuration: glass/FTO/V,0s/P3HT:PCBM/ZnO/Ag. Inverted configuration: glass/FTO/ZnO/P3HT:PCBM/V,0s/Ag. The
band energy diagram for the h) inverted- and the k) regular-configuration OSCs. Outdoor stability analysis of sealed OSCs containing water-based,
solution-processed V,Os as the HTL. A comparison of the normalized PCE response: ) normal configuration versus inverted configuration (both without
the UV filter), I) with the UV filter versus without the UV filter (both in the inverted configuration). The cells were analyzed outdoors in Barcelona, Spain
(41.30° N, 2.09° W). The PCE values were calculated using the maximum irradiance level per day. Average temperatures: 10-15 °C (day) and 5-7°C
(night). Average relative humidity: 70%. Reproduced with permission.**”! Copyright 2013, the Royal Society of Chemistry.
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electrode exhibited PCE values up to 2.87% with highly improved
long-term stability, hence highlighting the potential of
TMO-based materials to act as effective electrodes and HTLs
simultaneously.

Several other TMOs have shown improvements in OSCs life-
time when used as HTLs in these devices. Liu et al.*'*! demon-
strated a remarkable improvement in cell lifetime when
replacing PEDOT:PSS with NiO (Figure 20e,f). The improve-
ment was related to the increased oxygen concentration ratio
of the NiO structure. Park et al.***! reported the beneficial appli-
cation of p-type NiO thin films with a resistivity of 2.7 1072 Q cm
deposited by magnetron sputtering on the stability of OSCs.
The insertion of a 5nm-thick NiO HTL resulted in a PCE of
2.87%, which was comparable with that obtained with PEDOT:
PSS. However, the measured lifetime of OSCs adopting the
NiO layer was three times higher than that of the PEDOT:
PSS-containing devices. Similarly, Wong et al.***! demonstrated
that OSCs incorporating solution-based NiO HTLs show prom-
ising enhancements in device photocurrent and stability. The
impact of parasitic shunt and series resistances on both the per-
formance and ambient degradation of these devices was thor-
oughly investigated. The results showed that charge extraction
was predominantly affected by degradation via a decrease in car-
rier mobility and increased trapping/recombination, revealing
the physical mechanism behind the degradation observed in
these cells. NiO-based devices, however, sustained their initial
performance for a longer time compared with the PEDOT:
PSS-containing ones.

Teran-Escobar and coworkers demonstrated an extensive
study on OSCs with either the regular or the inverted configura-
tion using solution-processed layered vanadium pentoxide
hydrate as the HTL (Figure 20g-1).%*”) V,05 was deposited from
a sodium metavanadate solution in water under ambient condi-
tions. The resultant material exhibited the formula V,05-0.5H,0.
The 0.5 water molecules remains in the V,0s layered structure
unless the sample is heated above 250 °C. It was found that such
high annealing made the thin film highly stable under different
conditions. The electronic structure of the deposited V,0s thin
films was assessed with several methods. It was found that V,05
films exhibited Wr values dependent on the preparation condi-
tions. The measured Wy was lower for films prepared from fresh
V,0s-isopropanol (IPA) solutions (5.15 eV) than those prepared
from a 24 h-old solution (5.5 eV). This difference was attributed
to a gradual reduction of vanadium (from V°* to V*¥) in IPA.
OSCs made with V,0s from fresh IPA solutions required no
phototreatment before measurements, whereas those derived
from old solutions required photoactivation. Outdoor stability
measurements of encapsulated OSCs using V,0s HTLs in either
the normal or the inverted configuration revealed high stability
for both devices: the PV response at Tg, was retained for more
than 1000 h.

Besides TMOs, GO and rGO have also demonstrated high
potential for high-stability OSCs. Yun et al.**® developed an
alternative method to obtain pr-GO that was prepared using
p-TosNHNH, as a reductive medium and compared it with
GO and rGO as HTLs in OSCs. A significantly enhanced perfor-
mance of the fabricated devices was demonstrated by introducing
pr-GO into the OSCs. Furthermore, cells with pr-GO manifested
a much longer cell lifetime compared with cells with PEDOT:
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PSS. Moreover, the use of CuSCN as the HTL improved the over-
all device stability as well as PCE,?**! compared with the devices
fabricated using either thermal-evaporated MoO3; or PEDOT:PSS
HTLs. These are few examples of OSCs that benefitted from the
application of inorganic HTLs in advancing their shelf lifetime
and long-term stability.

7.2. Stability of Perovskite Solar Cells

From an application point of view, the stability of solar cells is as
important as their efficiency and processing cost. This is of par-
ticular significance for PSCs, as if they have to compete with
existing PV technologies such as silicon and thin-film PVs that
ensure a lifetime of over 20-25 years, they should also provide
similar operational stability.l"*°=%? It is important to note that
the energy output of a solar cell is the product of its efficiency and
lifetime,*>*! suggesting that any new PV technologies must dem-
onstrate an operational stability prior to commercialization.

Perovskite materials are well known for their instability when
exposed to operating conditions of a PV device. While much of
their instability is material oriented, device interfaces also play a
crucial role as some common charge extraction layers, e.g., metal
oxides such as TiO,, ZnO, and MoOQO; are known to induce a
chemical reaction at their interface with the perovskite photoac-
tive layer.'3211334=3%¢ In many cases, this interfacial reaction is
induced due to the defect states present at the surface of the adja-
cent charge extraction layer to the perovskite photoactive layer.
This can be affirmed as efficient and stable PSCs almost always
include a passivation agent or a post-treatment of these charge
extraction layers prior to the deposition of the perovskite layer.
Nonetheless, once the surface defects of these inorganic charge
extraction layers are well taken care off, they lead to a more stable
device operation than their organic counterparts.

For instance, Chen et al. used inorganic charge extraction
layers and reported a certified hysteresis-free PCE > 15% in
large-area (1.cm?) MAPbI; PSCs.">" They used a ternary oxide
HTL (NiMgLiO) for rapid charge extraction and niobium
(Nb)-doped TiO, as the ETL in inverted planar PSC configuration
and showed that the PSC retained over 90% of the initial perfor-
mance after 1000 h of light soaking (Figure 21a—c). One must,
however, note that low-temperature-processed NiO may limit
electrical properties due to the high density of surface defects.
SAMs on the NiO surface have also shown to improve their elec-
trical properties, device performance, and stability. For instance,
the anchoring of a ferrocene carboxylic acid on NiO improved the
performance and stability of devices to UV light stress, as dem-
onstrated by Zhang et al.**”) Not only the PCE increases from
15.1% to 18.2%, but also the device retained ~50% of the initial
PCE after 24 h of UV light exposure.

The structure and quality of NiO/perovskite interface affect
the transience in the optoelectronic behavior of solar cells, from
J-V hysteresis to light-soaking effects and stability. Nie et al.
proposed the high-interface perovskite crystallinity, evaluated
through grazing-incident XRD (GIXRD) and grazing-incident
wide-angle XRD (GIWAXS) investigations, as the reason for their
improved stability under light (up to 10 suns), using a hot casted
MAPDI;.["** Moreover, in agreement with the work of Tsai
et al., >4 the strained perovskite grown on PEDOT:PSS required
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Figure 21. a) Energy levels of the various active layers in PSCs. b) Operational stability of nonencapsulated PSCs based on three different ETLs and doped
NiO as HTL, stored in <20% humidity and in the dark. The devices were measured in ambient conditions. c) Stability measurements of encapsulated
PSCs kept in the dark under continuous solar illumination (AM 1.5, 100 mW cm ™2, bias potential = 0, surface temperature 45-50 °C). UV light was cut off
using a 420 nm UV light cutoff filter. Adapted with permission.['®" Copyright AAAS. d) Energy levels of PSCs based on UPS measurement and e) current—
voltage curve of a champion device measured at 1sun condition. f) Stability of nonencapsulated PSCs stored and measured in ambient conditions.
Reproduced with permission.l'%! Copyright 2016, Springer Nature. g) Current—voltage curves of the champion PSCs based on combustion based NiO,.
The device architecture is glass/FTO/NiO (combustion)/MA,_,FA,Pbl;_,Cl,/PCBM/BCP/Ag. h) Maximum power point tracking of the same device in
(g). i) Operational stability of nonencapsulated devices based on different HTLs, stored and measured in air. Reproduced with permission."% Copyright
2018, WILEY-VCH. j) A cross-sectional view of the PSC showing chlorinated GO interlayer between the perovskite and metal contact. k) Histogram
showing device performance trends with and without the GO interlayer. I) Lifetime of the encapsulated PSCs using different HTLs (no GO, GO, or
chlorinated (Cl) GO). The stability was measured under 1000 h of light soaking (AM1.5G, 100 mW cm™?) at the maximum power point of 60 °C.
Reproduced with permission.?®*! Copyright 2019, AAAS.
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up to 10 min of light soaking to stabilize the Vo, which was sta-
ble from the first seconds for the unstrained perovskite on NiO.
Similarly, Chen et al. showed that the introduction of KCI or
Nacl at the interface between NiO and CsFAMA perovskite sta-
bilizes (and enhances) the Vo and light emission properties due
to an improved perovskite crystallinity, as evaluated from first-
principles calculation.®*® This, in turn, benefits operational sta-
bility of device.

You et al.’®! demonstrated remarkable stability of all-metal-
oxide PSCs using NiO, and n-type ZnO NPs as the HTL and ETL,
respectively, against water and oxygen, as compared with control
devices using organic charge transport layers. Their p—i-n
planar PSCs (glass/ITO/NiO, /perovskite/ZnO/Al) retained
90% of their initial PCE after 60 days of storage in air at room
temperature. The control device using organic transport
layers completely degraded in just five days at the same measure-
ment conditions (Figure 21d-f). In another report, Liu
et all'%! developed a low-temperature solution combustion-
based method for high-quality NiO, thin films. They applied
this NiO, film in devices and compared its performance with
sol-gel NiO, and PEDOT:PSS-based PSCs. Not only did the
combustion-based NiO, HTL show a better energy alignment
with MA,_,FA,Pbl;_,Cl, perovskite, leading to a PCE exceeding
20%, but also a much higher stability compared with sol-gel-
processed NiO, and PEDOT:PSS-based devices (Figure 21g—i).

In another report, Tsai et al.?>* demonstrated a remarkable
PCE of over 20% using LiNiO as HTL (ITO/LiNiO/
FA7MAg 35Cs0.0sPbI3/PCBM/Al) and stability under continu-
ous operation at AM 1.5G (100 mW cm %) illumination for more
than 1500 h. The devices retained over 60% of the PCE after
1500 h. Jsc did not show any notable change; however, the FF
of the device dropped substantially, leading to a PCE drop over
time. It was suggested to be due to the degradation of the PCBM/
Al contact, as also suggested in other literatures.*>®! Notably, the
authors also reported stability under accelerated 10sun solar
intensities. While the reference MAPbI3-based PSCs completely
degraded in 30 min, the FAg;MA ,5Csg05Pbl; devices retained
over 80% of the initial PCE after 600 min.

GO and rGO HTLs have also led to enhanced stability in PSCs.
As an example, Zhou et al. reported a low-temperature-processed
bilayer HTL comprising rGO and poly(triarylamine) PTAA for
flexible and rigid inverted PSCs with 15.7% and 17% PCE,
respectively.?®” These devices exhibited significant light-soaking
stability by retaining 96% of their initial PCE after continuous
illumination of 500 h at 100 mW cm ™2 The control devices using
PTAA only retained only 67% of the initial PCE after the same
time. This improvement in stability was ascribed to the strong
absorption of GO in the near-UV region, which prevents UV
radiation damaging the perovskite photoactive layer. Wang
et al. used GO and 2D MoS, as interlayers in p—i-—n planar
PSCs to reduce chemical reactions at the PEDOT:PSS /perovskite
and perovskite/Ag interfaces.**!! Not only did their devices show
a PCE of 19.1%, a significant improvement was also demon-
strated after 500h of continuous testing at maximum power
point. It was suggested, via chemical analysis of these interfaces,
that the incorporation of the 2D materials minimizes reactivity at
the interfaces and inhibits the movement of ionic species. In
another report, Mahmoudi et al. demonstrated that Ag NPs
anchored with rGO lead to enhanced thermal and
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photostability.?*?l Ag:rGO-based PSCs aged at 90°C retained
94% of their initial performance after 90 h, whereas a control
device without rGO showed a 39% decrease in PCE.

A remarkable device performance and operational stability
were reported by Wang et al., who used chlorinated GO:PTAA
bilayer as the HTL.”®®! They not only reported the highest
PCE of 21% on an active area of 1 cm® using GO, but also, more
importantly, retained 90% of its initial PCE after continuous illu-
mination at a maximum power point under AM 1.5G at 60 °C for
1000 h. Importantly, the stability of their devices was further cer-
tified by an accredited test center (AIST). This high stability is
attributed to the formation of a strong bond between Pb of perov-
skite and Cl of chlorinated GO by obstructing the decomposed
perovskite part to further degrade the organic HTL. As the inter-
facial degradation is avoided, damage to organic HTL is reduced
and the devices demonstrate such a high stability for a prolonged
period of time (see Figure 21j-1).

CuSCN as the HTL has also improved the operational stability
of PSCs.?33?7] As discussed earlier, Arora et al.**”! found that
their high-performance PSCs (PCE > 20%) underwent degrada-
tion due to the chemical reaction between Au (metal electrode)
with CuSCN (HTL). To overcome this, they introduced an inter-
layer of rGO, which improved device thermal and photostability.
The CuSCN-rGO-based device retained 95% of its initial perfor-
mance after illumination of 1000 h at a maximum power point at
60 °C, which was far superior to the control device using Spiro-
OMeTAD HTL.

A key route to instability in PSCs is the migration of
ionic species toward interfacial layers and their chemical reaction
with metal electrodes, particularly the Ag top electrode.*%"
Wu et al. used doped NiO as the HTL in p—i-n planar PSCs
and introduced a thin layer of chemically inert bismuth (Bi)
between the organic ETL and the top electrode."*® Not only this
thin layer prevented the migration of ionic species toward
the metal electrode, but also enhanced device resilience against
moisture. PSCs demonstrated remarkable long-term stability
under humidity, thermal, and light stress (Figure 22).
The devices maintained above 95% of the initial PCE after ther-
mal aging at 85 °C and after storage in ambient conditions for
over 6000h, making them one of the most stable planar
PSCs to date.

8. Outlook and Challenges

Organic and perovskite solar cells represent two rapidly advanced
PV technologies that continue to draw much interest. For further
developments, many novel materials and alternative solution-
based fabrication techniques are continuously demonstrated.
Interfacial materials, in particular, play a vital role as they facili-
tate charge transport, passivate surface/interface defects, act as
buffer/protective layers, and so on. These materials should pos-
sess favorable properties, such as chemical stability, robustness,
and a desirable electronic structure combined with the ease of
preparation, through solution-based techniques which could
be applicable in large-area devices. Several recent reviews have
been devoted to the progress made in the field of organic and
inorganic charge transport interlayers for OSCs and PSCs with
emphasis on device performance.?'72'83%] In this Review, we
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have summarized both the fascinating electronic properties of
robust inorganic HTMs that are very relevant to device perfor-
mance, as well as the latest advances in their application in
organic and perovskite solar cells. This Review therefore differs
from the relevant already existing ones that summarize the prog-
ress in HTLs in the rapidly evolving field of OSCs and PSCs in
the sense that it correlates the materials’ characteristics with the
device performances. It can thus serve as a guide for the design
and further development of robust inorganic compounds to be
applied as interfacial materials at the hole-selective contacts of
both OSCs and PSCs.

TMOs have been long established as highly efficient HTLs
first in OSCs and subsequently in PSCs, due to their suitable
electronic properties such as high Wg and transparency within
the visible spectral range. In principle, they are more stable than
organic molecules, but this is only true if their surface defects are
passivated. A big advantage of metal oxide-based HTLs is their
facile and controllable synthesis using a wide range of prepara-
tion methods. Their stoichiometry can be easily tuned during
preparation (i.e., through doping), according to the properties
that are desired for the targeted application. Even though they
are able to deliver efficient hole transport for both regular and
inverted OSCs and PSCs, they might compromise device stability
especially in perovskite-based devices, due to the undesired
degradation to create biproducts at the metal oxide/perovskite
interface. Moreover, mixing with other oxides to form ternary
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compounds (i.e., NiMgLiO or NiLiO) with “ideal” properties such
as high crystallinity, less defects density, high conductivity, and
energy-level alignment opens novel paths toward low-cost and
high-performance OSCs and PSCs.

However, the existing TMO-based HTLs are characterized
from fixed energy band edges and hence do not exactly fulfill
the stringent requirements that govern ideal transport materials
design, whose energy band positions should match those of the
organic or perovskite absorber. Oxide-based charge transport
interlayers are commonly used in OSCs and PSCs, but true inter-
facial energetic tunability has not been achieved, significantly
limiting their adaptability to emerging PV absorber materials
having different frontier orbital energies. Thus, HTMs having
a broadly tunable VBM would provide generalizable means to
optimize OSC/PSC performance. One way is to implement a
design strategy using solution-processed TMO alloys where con-
tinuous VBM tunability could be achieved by alloying two or
more electronically dissimilar oxides, realized by precursor com-
positional adjustment. For instance, wide-bandgap metal oxides
with deep-lying O 2p-based VBMs and a high W should be used
as tunable HTMs when altered in alloys with appropriate oxides.
The position of the VBM will depend on the alloy composition
(the nature of metal cations and atomic ratio). Tuning the oxides
levels on demand will allow the perfect matching of the VBM of
the HTL with that of the absorber to achieve high CT rates toward
the hole-selective contact.
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TMDs and copper-based HTLs have recently shown
significant potential in advancing OSCs and, especially PSC
performance, achieving high PCEs and good overall stability.
Their ability to be processed from aqueous media makes them
suitable candidates for the inverted PSC architecture, excluding
them from being applied in the opposite device structure
where they would cause the immediate destruction of the
perovskite film. While in most cases of OSCs and PSCs device
failure has been attributed to a spatial degradation at the
absorber/transport layer interface, in the case of CuSCN,
it was CuSCN/Au interface that led to degradation, which
indicates that Ag electrodes are more appropriate to be
combined with this highly promising HTM. There is still
plenty of room for improvement, by exploring a combination
of 2D perovskites and CuSCN, as it has been demonstrated
recently.

Graphene oxide and reduced graphene oxide-based HTLs are
very effective in enhancing the efficiency and prolonging
the stability, especially UV stability, as they absorb UV.
However, the application of doped or decorated GO and rGO
as HTLs in these classes of PV devices has begun to draw
attention and should be further explored in the years to come.
Moreover, the development of composite materials such as
GO:carbon nanotubes (CNTs) with extraordinary charge
transport capabilities will allow full exploration of carbon-based
compounds as interfacial materials for low-cost, large-area
devices.

We note that the inorganic materials, particularly in their pris-
tine form, leads to a lower PCE than their state-of-the-art inor-
ganic counterparts, for both the OSCs and PSCs. As already
elaborated earlier, this is because of a high energy barrier for
hole extraction at the HTL/absorber interface, which limits
the achievable Vg, and also, due to the fact that some of the
inorganic materials have shown to form a reactive interface with
the absorber (perovskite). This creates byproducts at the HTL/
perovskite interface, which acts as the recombination site during
the CT process. The poor characteristics of the HTL/absorber
interface can be overcome by efficient surface passivation and
addition of ultrathin (1-2nm) organic interlayers. The use of
such interlayers has already shown to be very successful in,
for example, PSCs and has resulted in PCEs between 18%
and 21% using a range of inorganic materials (metal oxides, gra-
phene oxide, CuSCN, etc.). Future research should focus to
quantify losses at the HTL/perovskite interfaces, such as to cal-
culate band bending and quasi-Fermi level splitting to provide an
elaborated picture of the interfacial properties. Moreover, the
combination of these robust inorganic materials with organic
small molecules with desired electronic properties and ease of
synthesis and processing methods such as SAMs, porphyrins,
and phthalocyanines could also be in the correct route as it would
prevent their direct contact with the absorber layer, hence pre-
venting possible interfacial degradation while also allowing the
development of novel material platforms with broadly tunable
physical, optical, and electronic properties derived from combi-
nations of the existing ones. To conclude, we should keep in
mind that combined research studies at both material properties
and device performances would offer the necessary knowledge to
further advance these exiting classes of inorganic compounds
and, accordingly, OSCs and PSC technologies.
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