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Perovskite solar cells (PSCs) have attracted a great deal of attention from the
photovoltaic (PV) community because of their remarkable performance, low
production cost, and high potential to be integrated into other optoelectronic
applications. Despite their promise, the challenges associated with their oper-
ational stability have drawn increasing attention over the past decade. Owing
to their unique structure and fascinating properties such as high charge
mobility, excellent conductivity, tunable bandgap, good optical transparency,
and optimal surface functionalization, nanostructured materials, in particular
monoelemental 2D materials, have recently been demonstrated to play versa-
tile functions in suppressing the degradation of PSCs and enhancing the PV
performance of the devices. In this review, recent advances in perovskite solar
cells employing monoelemental 2D materials are presented. A brief overview
of perovskite light absorbers based PV devices is first introduced, followed by
critical discussions on the use of various elemental 2D materials including
graphene, phosphorene, antimonene, borophene, bismuthene, and their
derivatives for different components of the perovskite solar cells. Finally, the
challenges in this cutting-edge research area are highlighted, and the authors
express their own perspectives on addressing these key issues.

an exponential increase in efforts over
the past several years toward the energy
transition from fossil fuel to clean energy.
According to International Energy Agency
(IEA), no investment in new fossil fuel
supply projects will be made from today,
while there will be no sales of new internal
combustion engine passenger cars Dby
2035.121 Renewable energy sources such as
wind and solar energy are capable of gen-
erating around 70% of global electricity
demand by 2050.2 Solar photovoltaic
(PV) technologies are of particular interest
because the sun is the world's largest
source of energy supply.

Impressively, solar cells made of silicon
(Si) semiconductors provide a combina-
tion of excellent PV performance and a
long lifetime. Their commercial modules
can last for more than 20 years, and there-
fore, mono- and poly-crystalline Si solar
cells make up >90% of the PV market.]’
Notably, recent progress in PV sector has
led to a considerable reduction in the

1. Introduction

With the rising energy costs and challenges over greenhouse
gas emissions and climate change,! the world has witnessed

module price of Si solar cells, but the overall systems still suffer
from high installation costs (known as balance of system)
which are accountable for 75% of the system cost.l Therefore,
further developments are still in demand in order to maximize
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Figure 1. A timeline of the key achievements in the development of PSC, monoelemental 2D materials and their integrations. Reproduced with per
mission.10212134.1415] Copyright 2009, American Chemical Society.% Copyright 2013, American Chemical Society.¥l Copyright 2016, Wiley-VCH.[%2
Copyright 2017, American Chemical Society.l'"*! Copyright 2018, Wiley-VCH.[*9 Copyright 2020, American Chemical Society.™¥ Copyright 2021, Royal

Society of Chemistry."*dl Copyright 2022, Springer Nature Limited.'?

the effectiveness of PV systems and reduce their fabrication
cost. The key strategies include i) lowering the production cost
of the system dramatically,” ii) developing tandem solar cells
to improve the PV cell efficiency,”) and iii) discovering new
types of PV systems that can be at least comparable to a mature Si
technology in terms of performances and lifetime while
promising a low-cost.”] Organic—inorganic halide perovskite
structures-based solar cells have shown great promises for
the requirements of all these strategies.®!

Among a wide range of emerging classes of solar
energy technology, perovskite solar cells (PSCs) are the most
promising candidates to replace and/or to be integrated
with Si solar cells. PSCs are a class of thin-film PV and con-
structed with a layered structure involving perovskite as a light-
harvesting material. Besides the manufacturing process of
PSCs is much easier than that of Si solar cells, their calculated
cost was around 2 times cheaper than the Si systems.”) The
efficiencies of PSCs have increased faster than any other PV
technologies in history, from 3.8% in 2009 to 25.7% in 2022,
making them the most advancing PV system. Notably, owing
to their high efficiencies, perovskite-Si tandem solar cells very
recently surpassed the milestone of 30% efficiency.'®® Expec-
tations are high in further improving PV efficiencies of both
single-junction PSCs and perovskite-Si tandem solar cells. To
be commercially viable, perovskite-based PV systems need to be
scaled-up while maintaining excellent stabilities.

2D layered materials have shown specific promises in not
only improving both efficiency and stability of PSCs," but
also the use of 2D materials has recently enabled the manu-
facturing of large-area (0.50 m?) perovskite solar panels.?l In
particular, monoelemental 2D layered materials such as gra-
phene, phosphorene, borophene, antimonene, and others have
gained much attention in PSC research due to their attractive
properties including tunable bandgap, high charge carrier
mobility, excellent conductivity, and high tunability in their sur-
face structures.¥! Since the first report of graphene in PSCs in
early-2014, excellent progress has been made in employing
graphene and other elemental 2D materials within the short
period of time to solve some of the obstacles that hinder further
development of PSCs.

Herein, we outline the advancements in high efficiency
and stable PSCs realized using monoelemental 2D materials
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including graphene, phosphorene, antimonene, borophene,
and bismuthene. Figure 1 displays the key progress in the
development of PSCs and monoelemental 2D materials. We
begin by providing a brief overview of PSCs. Then, the suc-
cessful applications of various elemental 2D materials in dif-
ferent components (layers) of PSCs are presented. The review
concludes by highlighting the key achievements in this rapidly
growing research area and discussing the challenges requiring
attention.

2. Overview of PSCs

Over the past decade, advances in designing and optimizing
PSCs device architecture have been achieved with the aim of
not only enhancing the extraction and transportation processes
of photogenerated charge carriers, but also protecting the perov-
skite layer from the factors that affect its long-term operational
stability such as moisture penetration, elevated temperature,
and light soaking effect. In general, PSCs are assembled based
on two main device configurations known as conventional
(n-i-p) and inverted (p-i-n) structures (see Figure 2a for n-i-p
and 2b for p-i-n). The main difference between these architec-
tures is associated with the position of the charge transporting
layer (CTL). In a conventional structure, the incident light
initially passes through the electron transporting layer (ETL)
before being absorbed by the perovskite layer, while the hole
transporting layer (HTL) is employed as the rear CTL to col-
lect photogenerated holes. On the contrary, the inverted PSCs
are fabricated by utilizing the HTL and ETL as the front and
rear CTL, respectively. A primary advantage of the devices with
conventional configuration is their high efficiencies, while the
inverted devices are much easier to fabricate and can deliver
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Figure 2. a) Conventional (n-i-p) and b) inverted (p-i-n) PSC devices.
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excellent PV performances. Promisingly, recent studies have
shown that both n-i-p and p-i-n PSCs can achieve a negligible
J-V hysteresis and can be fabricated using low-temperature
processing materials.['°]

The basic operational mechanism of PSCs is independent
of the device structure and can be briefly described as follows:
1) the incident photons are absorbed by the perovskite active
layer generating excitons (electron-hole pairs); 2) CTLs on
both perovskite sides aid in fast exciton dissociation and car-
rier transportations to the conductive electrodes (e.g., FTO/ITO
or metal); 3) the flow of the collected charge carriers generates
the electric current. Efficient charge extraction by both CTLs
plays important roles not only in achieving high efficiency
but also promoting perovskite crystal growth, suppressing
ion migration, and reducing hysteresis. Therefore, the selec-
tion of robust and inexpensive ETL and HTL materials with
high conductivity and mobility and suitable energy levels at
the perovskite interfaces to efficiently transport electrons and
holes is crucial for the realization of high efficiency and stable
devices. To date, the majority of the state-of-the-art conventional
n-i-p PSCs are constructed using titanium dioxide (TiO,) or
tin oxide (SnO,) as the electron transporting material (ETM),
while 2,2,7,7-tetrakis(N, N-pdimethoxyphenylamino)-9,9-spirobi-
fluorene (Spiro-OMeTAD) is the typical material used as the
hole transporting material (HTM).4 It is worth mentioning
that the issues associated with device hysteresis and high pro-
cessing temperature required for TiO, (>450 °C) represents
the major drawbacks toward scalability and roll-to-roll fabrica-
tion on flexible substrates.[”l On the other hand, fullerenes and
their derivatives such as 6,6-phenylC61butyric acid methyl ester
(PCBM)) and poly(3,4 ethylenedioxythiophene)—polystyrene sul-
fonate (PEDOT:PSS) are known as excellent ETM and HTM in
p-i-n PSCs, respectively.8! Despite their widespread use, many
of these materials used in CTLs suffer from several intrinsic
drawbacks such as the poor conductivity and high grain-
boundary density for TiO,, the low hole mobility for pris-
tine spiro-OMeTAD, and high acidic nature and low work
function for PEDOT:PSS." Great efforts have been made to
address these challenges in PSC research. For example, doping
Spiro-OMeTAD with lithium bis(trifluoromethylsulfonyl)imide
(TESI) has been found to increase its hole mobility by an order
of magnitude;?” however, the hygroscopic nature of lithium
salts and lithium-ion migration inevitably degrade the device
stability. In recent years, great advances have been accom-
plished in developing various ETMs and HTMs that have been
proven to be competitive alternatives to fully replace the com-
monly used candidates.[?!

The development of novel materials with appealing chemical,
physical, electronic, and optical properties is a promising path
to overcome these shortcomings of PSCs. Of particular interest
in this review is monoelemental 2D materials which have been
intensively explored and drawn great recognition over the past
few years.l?2l The attractive features of these exciting materials
include unique molecular structures and excellent fundamental
properties such as high carrier mobility, layer, or structure
dependent bandgap. In addition, the synthetic routes to pro-
duce these 2D materials include solution-processable and inex-
pensive approaches which have been proven to be promising
for large-scale device fabrication using roll-to-roll technologies.

Adv. Energy Mater. 2023, 13, 2204074 2204074 (3 of 24)

www.advenergymat.de

3. PSCs Using Monoelemental 2D Materials

Recently, elemental 2D materials have attracted growing atten-
tion since they offer important advantages such as low pro-
duction cost, high degree of tunable properties and structure
tailoring, and excellent compatibility with solution processing.
Notably, since the discovery of graphene as the first monoele-
mental 2D material in 2004,12* exciting advancements have
been made in graphene research and resulted in the Nobel
Prize in Physics in 2010. Moreover, impressive progresses have
been made in PSC research over the past more than a decade.
A broad spectrum of 2D nanomaterials such as graphene
derivatives, metal carbides/nitrides (MXene), transition metal
dichalcogenides (TMDs), and elemental 2D materials have
been employed in PSCs.[3224 Generally, 2D materials consist
of a monolayer or few-layers nanosheets, bonded with weak
out-of-plane van der Waals bond, and strong unique in-plane
chemical bonds, resulting their chemical and physical proper-
ties more extraordinary.*>! For instance, graphene with hexag-
onal honeycomb lattice formed by sp? hybridization making it a
highly conductive material.23l On the other hand, 2D materials
with buckled honeycomb structured sp?/sp® could act as semi-
conductors with high carrier mobility and tunable bandgap to
match in PSCs.[?% Table 1 summarizes the key fundamental
properties of the widely explored 2D materials in comparison
to monoelemental 2D materials. It can be clearly seen from
Table 1 that the major challenge in monoelemental 2D mate-
rials is their stability in an aqueous solvent and ambient con-
ditions although they show very defined and controllable
electronic properties.

Indeed, the first use of graphene in PSCs was reported in
2014, while phosphorene was discovered and introduced as
a new member to the monoelemental 2D family in 2014.138
More importantly, we have witnessed a significant step forward
in the emergence of monoelemental 2D materials for PSCs. A
wide range of 2D materials including graphene, phosphorene,
antimonene, borophene, bismuthene, and their functionalized
forms have been employed in PSCs. While these 2D mate-
rials show many promising properties, their suitable and tun-
able energy band alignments are of particular importance for
use in PV applications. Figure 3 depicts the energy level dia-
gram of the commonly used materials for CTL, front electrode,
perovskite light absorbers and monoelemental 2D materials for
PSCs. The following sections will discuss the exciting advances
that have been made in using various monoelemental 2D mate-
rials in different components of PSCs.

3.1. Transparent Conductive Electrode (TCE)

A TCE is an essential component of PSCs. The optical trans-
parency of the TCE defines the amount of light passing into
the photoactive perovskite layer, while its electrical conductivity
ensures the rapid transportation of photogenerated charges
to the external circuit.® In general, high efficiency PSCs rely
strongly on the use of indium-doped tin oxide (ITO), fluorine-
doped tin oxide (FTO), and indium-doped zinc oxide (IZO) as
the TCEs owing to their high optical transparencies and low
sheet resistance.!! Despite having these excellent properties,
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2D material Bandgap [eV] Carrier mobility [cm? V™' s7] Stability in water Stability in air Refs.
Graphene 0 =2x10° Very stable Very stable Ma,27]
Graphene oxide 0.11-3.00 =0.05-10 Very stable Very stable [28]
Reduced graphene oxide 0.02-3.00 =~2-200 Very stable Stable [29]
Phosphorene 0.3-2.0 =1000 Very unstable Very unstable [1a,27,30]
Antimonene 0-2.28 0.5-1.2x 103 Very unstable Very unstable [31]
Borophene 0.20-1.30 =1.51x 10° Unstable Unstable [32]
Bismuthene 0.99 322.3 Stable Stable [31a,¢,33]
MXene (Ti;C,T,) 0-3.4 =34 Unstable Unstable [24a,34]
TMDs (MoS,) 12-18 10-200 Stable Stable 35]
TMDs (WS,) 13-2.1 43-234 Stable Stable 136]
TMDs (TiS;) 0.02-2.5 7.24 Stable Stable [37]

traditional TCEs suffer from several drawbacks including the
limited resources of the raw product (e.g., indium), poor flex-
ibility and high structural defects.*?l These issues have led to
excellent efforts being focused on the replacement of conven-
tional TCEs with cheaper alternatives such as carbon materials,
2D materials, conductive polymers, metal-based nanostruc-
tures, and others.¥l In terms of monoelemental 2D materials,
unlike graphene, the majority of these 2D materials exhibit
excellent semiconducting properties owing to their tunable
bandgaps. Considering the requirement of high electrical con-
ductivity for ideal TCEs, we expect that the semiconducting
nature of the most monoelemental 2D materials (e.g., phos-
phorene, antimonene) would limit the practical utilization of
these materials as TCEs. However, interface engineering using
these 2D materials would be a valuable strategy to suppress
the charge recombination in solar cells. Table 2 presents the
PV parameters of PSCs constructed using 2D materials-based
TCEs.

On the other hand, graphene has been proven to be a prom-
ising candidate as a TCE material due to their natural abun-
dance, low-cost, mechanical flexibility, and excellent stability.[*’]
To the best of our knowledge, in 2015, Sung et al.* reported
for the first time the use of graphene as a TCE for PSCs. An
inverted PSC with a layered structure of graphene/MoO;/
PEDOT:PSS/MAPDI;/Cyy/bathocuproine  (BCP)/LiF/Al was
constructed (Figure 4a), where a few nanometer thick MoO;

layer played a critical role by providing excellent hydrophilicity
to the graphene surface and adjusting the work function of the
electrodes. With the optimum MoOj; thickness of 2 nm, gra-
phene TCE based PSC delivered a power conversion efficiency
(PCE) of 171%, which was not too far from that (18.8%) of the
device assembled on a conventional ITO electrode. It should be
noted that the sheet resistance of the graphene film on a glass
substrate before and after depositing MoO; (2 nm) was meas-
ured to be >2 and 0.5 kQ cm™, respectively, demonstrating
the significance of MoOj layer in this graphene based inverted
(p-i-n) PSC. In this pioneering work by Sung et al.,*l graphene
was grown using a chemical vapor deposition (CVD) method.
Although CVD-grown graphene provides less structural defects
and high electrical conductivity, solution processable graphene
structures are appealing because of their applicability on large-
area flexible substrates and is compatibility with roll-to-roll
manufacturing routes. Indeed, Batmunkh et al.®! was the
first to develop solution processed graphene TCEs to replace
the traditional FTO electrode in n-i-p PSCs. In this work, the
authors fabricated transparent films with different thicknesses
from chemically and thermally derived graphene and used
them as the TCE in CH;3;NH;PbI;_Cl, perovskite based solar
cells (Figure 4b). By using the electrode with an optimized gra-
phene thickness, a PCE of only 0.62% was achieved. The main
PV parameters responsible for this low cell efficiency were the
poor current density (J,) and fill factor (FF) values, which can
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Figure 3. Energy level diagram of the commonly used materials and monoelemental 2D materials for PSCs. The values of the energy levels were

collected from literature.[11213d.15d,39]
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Table 2. PV parameters of PSCs fabricated with monoelemental 2D materials-based transparent electrodes and their corresponding device stability
and bending tests. Note: the aging and bending test results are presented only for the devices with 2D materials.

Device structure Jsa Voo [V]  FF PCE; Retained %/aging Retained %/bending  Refs.
[mA cm™? [%] time/condition cycle/radius
Glass/graphene/MoO;/PEDOT:PSS/CH;NH;Pbl;/Cgo/BCP/LIF/Al; 2150 106 075  17.1 - - [44]
Glass/AuNPs-rGO/cp-TiO,/mp-TiO,/CH3NH;Pbl;_Cl,/Spiro-OMeTAD/Au;  2.55 069 035 0.62 - - [45]
PEN/graphene/MoO;/PEDOT:PSS/CH;NH;Pbl;/C60/BCP/LiF/Al; 2170 100 078 168 - 859%/5000 cycle/2 mm  [39m]
Glass/TFSA-doped graphene/PEDOT: PSS/FAPbI;_,Br,/PCBM/AI; 21.45 1.07 077 182  95%/1000 h/1 Sun at  35%/5000 cycle/4 mm  [39p]
60 °C and 30% RH
Glass/AuCl;-doped graphene/PEDOT: PSS/CH;NH;Pbl;/PCBM/AL; 2100 109 078 179  >95%/100 h/1 Sun at - [46]
50% RH
PES/graphene/NiO,/CH;NH;Pbl;/PCBM/AZO/Ag/AZO; 2090 093 073 142 - 919/1000 cycle/strain @  [39n]
1.5%
P1/Cu-grid/graphene/PEDOT:PSS/perovskite/PCs;BM/ZnO/Ag; 21.70 099 076 164 - 97%/10 000 cycle/5 mm  [391]

be elucidated by the high sheet resistance (3.08 kQ sq7}) at low  (Gr-Mo/PEN). The fabricated flexible p-in PSCs using gra-
optical transparency (55% at a wavelength of 550 nm). Although  phene TCEs reached an efficiency of 16.8% with no hyster-
this work demonstrates the feasibility of solution processed gra-  esis, while the flexible ITO electrode based device showed a
phene based TCEs in PSC devices, future studies should aim to ~ PCE of 173%. Importantly, the Gr-MoO;/PEN device showed
minimize the sheet resistance of the transparent films. Novel  an outstanding bending stability after 1000 repeated cycles at
electrode designs using solution processable graphene and con-  a bending radius of 4 mm (R = 4 mm), whereas the PCE of
ductive metal structures would be a promising route to achieve  the ITO/PEN based device decreased to 80%, 60%, and 25% of
high performance TCEs. its initial value after 500, 750, and 1000 bending cycles, respec-

It is well documented that graphene shows outstanding tively (Figure 4d,e). This superior robustness against mechan-
mechanical robustness, making it attractive for flexible devices.  ical deformation of graphene TCEs based flexible PSCs shows
In 2016, Yoon et al.’®™ made an effort to demonstrate effi-  great promise for the development of foldable PV devices. This
cient PSCs with high flexibility using MoOj;-deposited CVD-  innovative research has inspired researchers to further develop
grown graphene on polyethylene naphthalate (PEN) substrates  high efficiency and super-flexibility PSCs. A PCE of 18.3% was
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Figure 4. a) J-V curve of inverted PSC constructed using graphene as a TCE. Inset shows the corresponding device architecture.[*) Reproduced with
permission.l Copyright 2016, Wiley-VCH. b) Schematic illustration of a PSC structure employing transparent electrodes made from solution pro-
cessed graphene.l*’l Reproduced with permission.[*] Copyright 2016, Royal Society of Chemistry. c) Device structure of graphene-based flexible PSC.
Inset shows the photograph of a complete cell. J-V curves of the d) ITO/PEN and e) Gr-Mo/PEN based PSCs during bending of up to 1000 cycles at
R =4 mm .M Reproduced with permission.}*™ Copyright 2017, Royal Society of Chemistry. f) Energy band diagram of TFSA-doped graphene electrode
based p-i-n PSC.13*Pl Reproduced with permission.>Pl Copyright 2018, Royal Society of Chemistry.
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achieved FAPDI; ,Br, perovskite based flexible device (p-i-n)
using a Dbis(trifluoromethanesulfonyl)-amide (TFSA)-doped
CVD-grown graphene electrode.’! The photostability of
this TFSA-doped graphene electrode based device was tested
under a continuous light (1 Sun) soaking at 60 °C/30% rela-
tive humidity for 1000 h. Remarkably, the device retained 94.7%
of its initial performance, while displaying excellent bending
stabilities over 5000 bending cycles. This work demonstrates
that doping strategies not only enhance the electrical conduc-
tivities, but also effectively tune the energy band alignment of
the electrodes. A simple AuCl; was also found to be an effec-
tive dopant which can increase the work function of graphene
from 4.52 to 4.86 eV, while also decreasing the sheet resistance
from 890 to 70 Q cm™2, leading to remarkable enhancements in
the efficiencies.*®l Since chemical doping is a powerful method
to adjust the work function and increase the conductivity of
graphene electrodes, attempts should be made using other
types of doping agents to reveal the best dopant for graphene
TCEs-based PSCs.

An interesting study was conducted by Tran et al.,’?% who
employed plasma-assisted thermal CVD method to prepare
monolayer graphene a polymer substrate at low temperature
(150 °C). The prepared graphene electrode was used to con-
struct flexible PSCs with a layered architecture of polyester-
sulfone (PES)/graphene/NiO,/MAPDbI;/PCBM/AZO-Ag-AZO.
For comparison, the control device was also fabricated on
CVD-grown graphene electrode prepared using a high tem-
perature (950 °C). Raman results revealed that defect-free and
single crystalline graphene was achieved for using the PATCVD
method. The sheet resistance of PATCVD based graphene dis-
played a sheet resistance of 82 Q cm™ which was significantly
lower than that of the control graphene (2080 Q cm2). The
PCE of PATCVD-Gr device was measured to be 14.18%, while
the control device fabricated using the CVD-graphene showed
a PCE of only 11.65%. More importantly, the fabricated flexible
solar cells presented excellent stabilities after 1000 cycles of cur-
vature at R = 4 mm, retaining 95% of its initial PCE. Further
modification and functionalization of PATCVD-based graphene
electrodes would be valuable strategy for realizing high effi-
ciency flexible and semitransparent PSCs.

Utilizing metallic structures such as wires and meshes has
been attractive way to achieve high performance TCEs due to
their excellent electrical conductivities.*®! However, the metal-
based transparent electrodes themselves suffer from issues
associated with the stabilities due to the interdiffusion of metals
and halide ions. In a recent study, Jeong et al.’* demonstrated
that flexible hybrid TCEs made of a Cu grid-embedded poly-
imide film and graphene layer displays excellent mechanical
and chemical stabilities. The role of graphene in this TCE
was to prevent metal-induced degradation and halide diffu-
sion between the perovskite layer and electrode. Moreover, the
graphene layer provided an extra charge conducting pathways,
reducing the sheet resistance of the electrode to 5.2 Q sq™\. A
PCE of 16.4% was achieved using this novel TCE based flex-
ible PSC, whereas the reference cells with ITO on glass and
PET substrate exhibited PCE values of 175% and 15.1%, respec-
tively. The authors also demonstrated that their flexible device
employing Cu grid-embedded polyamide and graphene can
withstand under up to 10 000 bending cycles at a radius of
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5 mm. Since this study provides useful ways to overcome the
issues of metal-induced degradation when using metal-based
TCEs, future work should focus on employing other types,
structures and designs of metals integrated with highly conduc-
tive graphene. Moreover, the development of flexible PSCs with
high optical transparencies would be of great value for inte-
grating the novel devices into other advanced applications such
as building integrated PV (BIPVs).

3.2. Electron Transporting Layer (ETL)

For high efficiency PSC devices, ETL plays a vital role not only
in extracting and transporting the charge carriers, but also for
the device stability and scalability.*) In order to achieve high
performance PSCs, an ideal ETL should efficiently extract the
photogenerated electrons from the perovskite layer and trans-
port them to the conductive electrode, while suppressing the
nonradiative recombination.?'™% Metal oxides such us tita-
nium oxide (TiO,), tin oxide (SnO,), and zinc oxide (ZnO) are
the most commonly fabricated as ETL in n-i-p device config-
uration, while fullerene and PCBM are typically employed in
inverted PSCs because of their favorable properties such as
good chemical stability, suitable energy level, and intriguing
optoelectronic  properties.?®351  Despite these promising
properties, further improvements in their electron mobility
and stability under UV-light exposure are still required for the
fabrication of high efficiency and stable PSCs. In this regard,
graphene-like 2D materials hold specific promise in improving
the ETLs of high efficiency PSCs.

Integrating graphene and its derivatives into the ETL has
been proven effective strategy to enhance the efficiency of dif
ferent solar cells, before even being applied in PSCs.’? In
most cases, graphene-based materials are used to improve
the charge transporting properties of the devices due to their
high conductivity. Indeed, the first study on using graphene in
the ETL of PSCs was reported by Wang et al.' who employed
graphene to prepare low-temperature processed ETL. Notably,
the low-temperature processing is appealing for PV technology
as it opens opportunities for designing flexible devices. The
authors were able to fabricate PSCs using nanocomposites of
graphene and TiO, nanoparticles as the ETL at temperatures
no higher than 150 °C. Owing to the superior charge-collection
of TiO,-graphene nanocomposites and suitable energy align-
ment (Figure 5a), the fabricated devices showed a PCE of up
to 15.6%, while the PSC assembled using low-temperature pro-
cessed TiO,-only ETL displayed an efficiency of only 10%. Con-
sidering the processibility, the low-temperature processed TiO,-
graphene nanocomposite based ETLs could be compatible with
roll-to-roll manufacturing technique, meeting the needs of large
scale industrial fabrications. Furthermore, Han and colleagues
added reduced graphene oxide (rGO) to the mesoporous TiO,
(mp-TiO,) based ETLs (high-temperature processed) to improve
the charge collection efficiency of n-i-p PSCs.>*l The observed
enhancement in the efficiency by using rGO was 18%. Bat-
munkh et al.®! also demonstrated the same concept, but the
devices were fabricated on graphene-based TCEs.

Unlike graphene and rGO nanosheets, graphene oxide
(GO) shows poor electrical conductivity. Interestingly, in 2016,
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Figure 5. a) Schematic illustration of energy band alignment of TiO,-graphene nanocomposite-based PSC.["l Reproduced with permission.["] Copyright
2014, American Chemical Society. b) Cross-sectional scanning electron microscopy (SEM) image of PSC employing rGO added mp-TiO, based ETL.
Reproduced with permission.33 Copyright 2015, American Chemical Society. c) Photograph of a perovskite PV module (108 cm? active area, 156.25 cm?
substrate area).>>3 Reproduced with permission.l*>3 Copyright 2015, American Chemical Society. d) Schematic illustration of the layered structure of
PSC fabricated with graphene inserted mp-TiO,. The corresponding transient absorption spectra acquired at pump—probe time delay of 0.75 ps for the
as-prepared and aged PSCs with and without graphene.®l Reproduced with permission.l®l Copyright 2019, American Chemical Society. e) J-V curve
of NDI-graphene added SnO, ETL based PSC. Inset shows the chemical structure of NDI and the bonding condition of NDI-graphene with perovskite
films.13% Reproduced with permission.*d Copyright 2018, American Chemical Society. f) Energy level alignment of five-layer BP incorporated TiO, ETL-
based n-i-p PSC. Reproduced with permission.[*®dl Copyright 2019, Wiley-VCH. g) Fast Fourier transform (FFT) image of bismuthene-SnO, (Bi-SnO,),
highlighting the h) SnO, lattice (green) and i) Bi lattice (red)."*!l Reproduced with permission.['"d Copyright 2020, American Chemical Society. j) Lay-
ered structure of a PSC fabricated using borophene quantum dots as a surface passivation agent on the TiO, layer.*dl Reproduced with permission.[*dl
Copyright 2021, Royal Society of Chemistry.

Carlo's group used GO, after neutralizing with lithium (Li),
as the ETL on top of mp-TiO, for PSCs, where Li neutraliza-
tion helps to modify the work function of the ETL.¥ Owing
to the good energy matching with the TiO, conduction band,
GO-Li inserted PSCs showed improved PV efficiency from
10.3% to 11.8%. Importantly, the authors showed that the
insertion of GO-Li between the mp-TiO, and perovskite layers
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improves the hysteresis and stability of the devices. Since their
first work on using GO-Li in the ETL of PSCs,’¥ the same
group of researchers led by Bonaccorso and Carlo incorpo-
rated graphene-based structures in different layers of PSCs
including the ETLs to fabricate large area modules and also
perovskite/silicon tandem solar cells.>! For example, a module
with an active area of 108 cm?, delivering 13.4% efficiency, was
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fabricated by integrating graphene structures in both compact
TiO, (cp-TiO,) and mesoporous TiO, (mp-TiO,) layers, while
also inserting MoS, layer between the perovskite and HTL.[>>
These works demonstrate that 2D materials have the potential
to play roles in the commercialization of PSCs. Despite the
promises, the stability of PSCs still remains an issue that calls
for a solution. Interestingly, Carlo and colleagues showed that
the incorporation of graphene flakes in the mesoporous TiO,
leads to stable values of carrier temperature.”® The carrier
temperature of PSCs fabricated without graphene decreased
by about 500 K over 1 week, while the graphene incorporated
device showed a reduction of less than 200 K after the same
aging time. Moreover, the authors showed using femtosecond
transient absorption measurements that the use of graphene is
beneficial for constructing stable PSCs (Figure 5d). Although
excellent progress has been made in employing 2D graphene
in TiO,-based ETLs, other oxide semiconductors have become
more promising ETMs for PSCs.

Besides TiO,, ETLs made from SnO, have attracted much
attention owing to their wide bandgap, excellent chemical sta-
bility, high carrier mobility, and simplified device configuration,
while also requiring lower annealing temperature (<180 °C)
than TiO, (>450 °C).’”l However, one of the main bottlenecks
in SnO,-based ETLs is their significant trap states, resulting in
limited PV performance and serious hysteresis. In 2017, Xie
et al.’® used graphene quantum dots to improve the electronic
properties of SnO, ETL for PSCs. They found that the graphene
quantum dots not only fill the electron traps, but also enhance
the conductivity of SnO,, and thus reducing the charge recom-
bination at the interface of ETL and perovskite. A PCE of 20.31%
with very little hysteresis was achieved, while the control device
without graphene showed an efficiency of 17.91%. In particular,
the FF values of their devices without and with graphene
quantum dots were 0.74 and 0.78, respectively. It should be
noted that SnO, ETL based PSCs often deliver high FF values,
but Wang's group aimed to further boost the FF >0.80 using
surfactant (N,N’-bis-[2-(ethanoic acid sodium)]-1,4,5,8-naph-
thalene diimide (NDI)) modified graphene (NDI-graphene) in
the SnO, layer.?%! The role of NDI was to improve the dispers-
ibility of exfoliated graphene in an aqueous solution while also
tuning the energy level of graphene. As a result, an impressive
FF value of 0.82 was achieved, yielding a PCE of 20.16%, using
the NDI-graphene incorporated SnO, based solar cells. Another
crucial factor to achieve highly efficient PSCs using SnO, is to
control the oxygen vacancies. The optical and electrical prop-
erties of Sn0O, are controlled by oxidation state of Sn.%4 Con-
sequently, nitrogen-doped graphene oxide (NGO) was applied
as an oxidizing agent for Sn?* in SnO,, while passivating the
oxygen vacancies of the ETL.%I This newly introduced com-
posite ETL resulted in improved values of V,. (1.14 V) and FF
(0.68) as compared to the control device without NGO. It can
be clearly seen based on these studies that considerable level of
efforts have been made in using graphene derivatives and their
functionalized forms in the ETL of PSCs. However, research
progress on the development of other monoelemental 2D mate-
rials based PSCs was relatively scarce despite the great advance-
ments in the discovery of new members to the 2D family.

Unlike graphene, the majority of monoelemental 2D mate-
rials such as phosphorene, antimonene, and bismuthene show
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excellent semiconducting properties with tunable bandgaps,
making them attractive for PV applications.*”*%1 A single- or
few-layer of black phosphorus (BP), known as phosphorene,
has recently drawn increasing attention for PV devices owing to
its high carrier mobility and tunable energy band alignment.["!
When 2D materials are used for ETL of solar cells, they are usu-
ally integrated with the conventional ETMs to observe improved
efficiencies. Interestingly, because of their suitable energy align-
ment and promising electron selectivity, Fu et al.?®" prepared
and used BP quantum dots (BPQDs) as dual-functional elec-
tron selective layer to substitute traditional metal oxide-based
ETLs in PSCs. In this class of devices, BPQDs provide suitable
energy band alignment to facilitate the electron extraction from
the perovskite (FA;gsMAg1sPbl,sBrys) to the ETL. By using
BPQDs as the only ETM, the authors achieved PCEs of 11.26%
and 14.61% using the plastic and rigid substrates based PSCs,
respectively. To demonstrate the effect of BPQDs as ETM, a
control device without ETL was also fabricated. The ETL-free
PSC displayed an efficiency of only 3.58%. This work paves the
way for developing nonoxide materials-based ETLs for high effi-
ciency PSCs. Chemical functionalization and/or doping strate-
gies are greatly expected to modify the electronic properties of
BP structures and will be of great value in realizing efficient
PSCs.

Although it is reported that BP derivatives can be used
themselves as ETMs, the fabrication of efficient PSCs is of
great importance and can be achieved by incorporating them
with other traditional oxide semiconductors. However, when
integrating BP with TiO,, particular attention should paid to
the following two points: i) BP sublimes at a temperature of
>300 °C, and ii) TiO, often requires annealing steps at high
temperatures (>450 °C). Batmunkh et al.?*¥ developed an effi-
cient and easy route to prepare highly crystalline and atomically
thin few-layer BP in isopropyl alcohol using a vortex fluidic
device. The as-prepared few-layer BP was used as an effective
ETM by integrating with low-temperature (<150 °C) processed
TiO, for planar n-i-p PSCs. The device fabricated with phos-
phorene nanosheets showed a maximum efficiency of 1785%,
whereas the TiO,-only ETL-based PSC displayed an efficiency
of 16.35%. Their experimental and theoretical investigations
revealed this efficiency enhancement was due to the suitable
band alignment and high carrier mobility of the few-layer BP
nanosheets (Figure 5f). As discussed eatlier, a serious hyster-
esis effect observed during the reverse and forward scan is the
main issue in PSCs fabricated using SnO, ETLs. Very recently,
BPQDs were used as an additive to a precursor solution of
SnO, nanoparticles for PSCs.3%! Not only a high PCE of 21%
was achieved, the SnO,/BPQDs-based device showed an out-
standing stability (1000 h under AM 1.5G lamp irradiation) and
negligible hysteresis.

Besides graphene and phosphorene, efforts have shown that
monoelemental borophene and bismuthene are promising can-
didates as ETMs of PSCs. Bismuthene with its small bandgap
as compared to other typical semiconductors has been used in
electronic applications,® but its appearance in PV devices has
been very scarce. The only study incorporating 2D bismuthene
in the ETL of PSCs that we are aware of was by Xue et al.,1>d
where SnO, nanoparticles and bismuthene sheets were cou-
pled at a low-temperature based on a unique self-adaptive
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feature of 2D bismuthene, in combination with the lattice-
matching attribute of adjacent lattice-spacing between SnO,
and bismuthene (see Figure 5g—i). Although no significant
improvements were observed in the efficiency and hysteresis
of PSCs by employing 2D bismuthene in the SnO2 ETL, the
device constructed with Bi-SnO, ETL was able to store 80% of
its initial PCE after aging over 800 h, whereas the control cell
lost about 50% of its original value. The enhancement in the
device stability was due mainly to the improved hydrophobicity
of the ETL with bismuthene. On the other hand, borophene,
mono-, or few-layer of boron, is an exciting 2D material having
outstanding properties such as anisotropic metallic behavior
and excellent flexibility.®?l Recently, borophene quantum dots
were prepared using a sonication-assisted solution process-
able method and used as a surface passivation agent on the
TiO,-based ETL for inorganic (CsPbI,Br) PSCs (Figure 5j).1%4
The authors observed strong interactions of boron atoms with
both TiO, and perovskite, providing effective charge transport
through the formation of a cascade energy alignment. As a
result, borophene-based PSCs delivered a high PCE of 15.31%,
which was higher than that (14.24%) of the device without boro-
phene. Promisingly, the optimized PSCs with borophene exhib-
ited excellent stability, maintaining 94% of its initial PCE after
40 days at a relative humidity (RH) of 20%. This work opens
new research avenues for using 2D borophene for PV applica-
tions and other optoelectronic devices.

Furthermore, as an attractive member of 2D materials’
family, antimonene has shown great promise in different types
of solar cells.?*%3] However, to the best of our knowledge, there
has been no effort on using antimonene nanosheets for ETL
of PV devices. This is likely to be due to the position of con-
duction band and p-type dominated electronic properties of
antimonene.[®3®! Tt can be observed from Table 3 that there is a
lack of effort in developing flexible PSCs (no bending tests were
conducted) when 2D materials are used in ETLs. This would
be important research to demonstrate the excellent mechanical
properties of monoelemental 2D materials.

www.advenergymat.de

3.3. Perovskite Layer (PL)

In PSCs, the PL plays a critical role in absorbing lights and effi-
ciently generating electron—hole pairs. The morphology, thick-
ness, and grain size of the PL are important factors that show
influences on the carrier mobilities, electronic properties, and
performance of the devices.® Indeed the growth of PL with
high crystallinity and low-defect is the key to the fabrication of
high performance PSCs. Over the past several years, various
types of preparation strategies have been developed to obtain
high-quality perovskite films. One of the most effective strate-
gies is the additive-assisted growth method.[®’! In this regard,
2D materials are considered as promising additive materials in
the PL of PSCs because of their excellent PV properties and tun-
able bandgaps. In 2016, Hadadian et al.[%! reported for the first
time that the introduction of N-doped rGO (N-rGO) nanosheets
(Figure 6a) improves the morphology of the PL while effectively
passivating the surface at the perovskite/spiro interface. In par-
ticular, the use of N-rGO increased the perovskite grain size
by slowing down the crystallization process, leading to high J.
and FF values. In addition, the surface passivation of the perov-
skite by N-rGO sheets suppressed the charge recombination,
and thus resulting in an improved V,.. As a result, the device
fabricated with N-rGO in the PL showed a PCE of 18.7% which
was higher than that (173%) of the PSC without N-rGO.
Furthermore, Hahn's group significantly improved the sta-
bility of PSCs by integrating silver nanoparticle-anchored rGO
(AgrGO) composites in the PL (CH3NH;Pbl;_,CL).%) They
found that the addition of Ag-rGO in the PL not only sup-
presses the ion migration, but enhances the thermal and light
stabilities of PSCs. The device fabricated with Ag-rGO incorpo-
rated PL was able to retain more than 94% of its initial PCE
value after aging at a temperature 90 °C for 90 h, whereas the
reference cell without additive sustained only around 60% of
the initial performance. The result that was more exceptional
in this work was the long-term stability of the devices with
Ag-rGO, retaining nearly 100% of the initial PCEs after being

Table 3. PV parameters of PSCs fabricated with monoelemental 2D materials-based ETLs and their corresponding device stability and bending tests.
Note: the aging and bending test results are presented only for the devices with 2D materials.

Device structure Jsg [MAcm™?] Vo [V] FF PCE;[%] Retained %/agingtime/  Retained %/bending  Refs.
condition cycle/radius
FTO/Graphene/TiO,/CH;NH;Pbl;_,Cl,/Spiro-OMeTAD/Au; 21.90 1.04 073 156 - - (4]
FTO/TiO,-only/CH;NH;Pbl;_,Cl,/Spiro-OMeTAD/Au; 17.70 100 061 100
FTO/cp-TiO,/rGO-mp-TiO,/CH3;NH;Pbl/Spiro-OMeTAD/Au; 21.00 091 071 135 - - 53]
FTO/cp-TiO,/mp-TiO,/CH;NH;Pbl;/Spiro-OMeTAD/Au; 19.60 086 067 115
ITO/SnO,-GQDs/CH;NH;Pbl;/Spiro -OMeTAD/Au; 23.05 113 078 203  95%/90 days/at 30% RH - [58]
ITO/SnO,/CH;NH;Pbl;/Spiro-OMeTAD /Au; 22.10 110 074 17.9
ITO/SnO,-NDI-graphene/perovskite/Spiro-OMeTAD /Au; 22.66 1.08 082 202 =95%/300 h/at 30% RH - [39¢]
ITO/SnO,/perovskite/Spiro-OMeTAD/Au; 23.21 110 075 189
PEN/ITO/BPQDs/perovskite/Spiro-OMeTAD/Au; 16.77 1.03 065 T3 - 88.7%/200 cycles/5 mm  [39h]
FTO/TiO,-phosphorene/perovskite/Spiro-OMeTAD/Au; 2332 1.08 071 17.9 - - [39d]
FTO/TiO,/perovskite/Spiro-OMeTAD/Au; 22.21 1.07 069 164
FTO/bismuthene-SnO,/perovskite/Spiro-OMeTAD/Au; 23.61 106 075 188 80%/800 h/at 5% RH - [15d]
FTO/SnO,/perovskite/Spiro-OMeTAD/Au; 2278 1.04 073 17.4
FTO/TiO,/borophene/CsPbl,Br/Spiro-OMeTAD/Au; 15.18 128 079 153 94%/40 days/at 20% RH - [13d]
FTO/TiO,/CsPbl,Br/Spiro-OMeTAD/Au 15.14 124 076 142
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Figure 6. a) Perovskite precursor solution (left) without and (right) with N-rGO nanosheets.I®l Reproduced with permission.®l Copyright 2016, Wiley-
VCH. b) Normalized PCE of Ag-rGO incorporated CH3;NH;Pbl;_,Cl, perovskite based solar cells over 330 days under ambient condition (25-30 °C,
45-55% humidity).’”] Reproduced with permission.[¥’l Copyright 2019, American Chemical Society. ) Normalized PCE of the unencapsulated PSCs
with and without BPQDs in the PL heated at 100°C for 100 h in N, -filled glovebox.?*1 Reproduced with permission.’®1 Copyright 2019, Wiley-VCH.
d) Schematic illustration of the device structure and favorable interaction between BPQDs and CsPbl,Br perovskite.®8 Reproduced with permission.[®®l

Copyright 2020, American Association for the Advancement of Science.

aged for 330 days at a RH of 45-55% and a temperature of
25-30 °C (Figure 6b). This is an impressive stability result
for CH3NH;PbI;_,Cl, perovskite-based solar cells and encour-
ages researchers to advance the development of 2D materials
based PSCs. The authors of this work elucidated that the use
of Ag-rGO helps to suppress the perovskite degradation and
decomposition, while improving interfacial charge transfer.
Recently, inverted PSCs were fabricated using rGO-cysteine/
nanogold (rGO-CysAu) hybrid incorporated PL.Y Despite
these excellent efforts, these studies have mainly focused on
improving the perovskite film of lead based PSCs while lead-free
perovskites are appealing because of their less or nontoxicity."?
This could partially be due to the poor stability and low effi-
ciency of lead-free PSCs. Very recently, Hahn's group achieved
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over 13% efficiency for tin-based PSCs by using N-doped GO
nanosheets in PL, CTL, and as interfacial layer.”?! The use of
N-doped GO the slowed crystallization of Sn-based perovskite
and suppressed the Sn?*/Sn* oxidation, and resulted in pin-
hole-free dense perovskite films with large grains. In addition
to these improved features, the reduced charge recombination
and suitable energy levels were the key factors to the achieve-
ment of 13.26% efficiency for lead-free PSCs. More importantly,
the unencapsulated lead-free PSCs with N-doped GO incorpo-
rated PL exhibited excellent long-term stability, sustaining 91%
of the initial PCE over 60 days in ambient air condition (25 °C,
45-50% humidity). This work provides a great inspiration for
researchers to develop high efficiency and stable lead-free per-
ovskite-based solar cells using 2D materials. Moreover, Table 4
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Table 4. PV parameters of PSCs fabricated with monoelemental 2D materials integrated PL and their corresponding device stability and bending
tests. Note: the aging and bending test results are presented only for the devices with 2D materials.

Device structure

Jso [mMAcm™?] Vo [V]  FF  PCE;[%] Retained %/aging Retained %/bending  Refs.

time/condition cycle/radius

FTO/cp-TiO,/mp-TiO,/perovskite-N-rGO/Spiro-OMeTAD /Au; 21.80
FTO/cp-TiO,/mp-TiO,/perovskite/Spiro-OMeTAD /Au; 20.77
FTO/cp-TiOy/mp-TiO,/Al,O5/perovskite:Ag-rGO/Spiro-OMeTAD /Au; 23.50
ITO/PTAA/CH3;NH;Pbl;-BPQDs/PCBM/BCP/Ag; 21.90
ITO/PTAA/CH;NH;Pbl;/PCBM/BCP/Ag; 21.20
ITO/PTAA/CH;NH;Pbl;-BPQDs/PCBM/BCP/Ag; 15.86
ITO/PTAA/CH;NH;Pbl;/PCBM/BCP/Ag; 13.23
ITO/cp-TiO,/perovskite/rGO-4-fluorophenyl/Spiro-OMeTAD /Au 21.50
ITO/cp-TiO,/perovskite/Spiro-OMeTAD /Au 20.10
FTO/cp-TiO,/mp-TiO,/perovskite/MoS, QDs:f-RGO/Spiro-OMeTAD/Au 22.49
FTO/cp-TiO,/mp-TiO,/perovskite/Spiro-OMeTAD /Au 21.49

1.15 0.74 18.7 - - [66]
112 0.73 17.3

0.93 0.74 16.1 94%/90 h/90 °C; - [67]
100%/330 days/at

45-55% RH
1.10 0.83 20.0 80%/100 h/100 °C in - [39f]
1.08 0.78 17.7 N, atmosphere
125 078 155 809/500 h/at - [68]
1.07 0.64 9.26 35-45% RH
1M 079 188  50%/150 h/l-sun - 69]

1.03 0.75 15.6 illumination in N,

atmosphere
m 0.80 201 91%/1032 h/1-sun - [70]
1.06 0.78 17.5 illumination

summarizes the PV parameters of PSCs employing elemental
2D materials in the PL. The corresponding device stabilities,
where applicable, are also provided in Table 4.

Although considerable advancements have been made in
integrating graphene derivatives-based additives in PL for
PSCs, research into the use of other monoelemental 2D mate-
rials in the PL is still at a very early stage. Recent work by Yang
et al.?fl studied the effect of BPQDs additive on the crystal
growth and morphology of CH;NH;PbI; perovskite for solar
cells. Because of their superior electronic properties and well
compatibility with perovskite, BPQDs increased the perovskite
grain size and reduced the nonradiative defect density of the
cell while making perovskite films more crystalline. As a result,
a PCE of 20% was achieved using the device with BPQDs in the
PL, whereas the reference cell without BPQDs showed a max-
imum efliciency of 177%. Interestingly, the perovskite film with
BPQDs showed negligible changes after annealing at a tem-
perature of 100 °C in glovebox while the film without BPQDs
suffered from severe damages (Figure 6¢), revealing that the
presence of BPQDs helps to reduce the bulk resistance of the
perovskite film. This work successfully revealed that BPQDs
are effective additives in CH3;NH;PbI; PL for inverted (p-i-n)
PSCs. Recently, Gong et al.l%l further demonstrated the same
concept using BPQDs in n-i-p architectured inorganic halide
perovskite (CsPbl,Br) based PSCs (Figure 6d). Uniform disper-
sion of BPQDs in a mixed solvent of N,N’-dimethylformamide
(DMF) and dimethyl sulfoxide (DMSO) was prepared using a
liquid exfoliation method and were mixed CsPbl,Br perovskite
in the same solvent. When BPQDs are incorporated in the PL,
the unbonded lone pairs of BPQDs provide excess electrons and
favorable interaction with cationic ions in CsPbl,Br (Figure 6d).
As a result, effective heterogeneous nucleation sites are formed
by the attachment of CsPbI,Br and BPQDs. The fabricated cell
achieved an efficiency of 15.47% with an addition of 0.7 wt%
BPQDs, while retaining 80% of its initial PCE after aging at
a temperature of 28 °C and RH of 35-45% for 500 h. On the
other hand, the device without BPQDs showed significantly
lower efficiency than the BPQDs@CsPbI,Br based PSCs, while
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keeping the only 50% of its initial value under the same aging
conditions. This is a pioneering work in developing inorganic
halide perovskite-based PV devices with high efficiency and sta-
bility using monoelemental 2D materials. Future work should
aim to incorporated BP derivatives with lead-free perovskite
based solar cells.

Another promising strategy to prepare perovskite film
with high crystallinity and improved morphology is to use
an effective post-treatment with other materials as interface
engineering and surface passivation of the perovskite. In this
regard, Wang's group were the first to report the surface pas-
sivation of PL using 2D materials (chemically modified GO) as
an interlayer to reduce the charge recombination at the inter-
face while enhancing hole extraction.®®! A functional group
(4-fluorophenyl) was used to modify the surface of GO. PSCs
fabricated with functionalized GO displayed a high PCE of
18.75% with enhanced high V,. value of 1.11 V as compared to
its counterpart without GO (15.58% with a V,. of 1.03 V). Later,
a PCE of over 20% was achieved by employing a hybrid mate-
rial consisting of rGO nanosheets and MoS, quantum dots as
an active buffer layer between PL and HTL."% Although these
studies show great promise in integrating 2D materials with PL
for PSCs, efforts on employing monoelemental 2D materials
such as antimonene, phosphorene, bismuthene, and others are
lacking. Very recently, electrochemical delamination method
was used to prepare fluorinated BP (F-BP) nanosheets, which
reduced the interfacial traps of the PL due to the a strong
hydrogen bond between F~ and MA*/FA* as well as an ionic
bond between F~ and Pb**." An improved PCE of 22.06% was
achieved using the devices with F-BP integrated PL, whereas
the control devices without BP/F-BP and with BP-only showed
similar efficiencies of around 20%. Impressively, the devices
with F-BP showed greatly improved humidity and shelf-life
stabilities. The authors attributed these improved stabilities to
the excellent ambient stability of F-BP due to the antioxidation
and antihydration behavior of fluorine adatoms. However, the
as-prepared F-BP showed considerable level of oxidation which
may be limiting the potential to maximize the PCE of BP based

© 2023 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH

85U8017 SUOWILLIOD @A 18810 3cedldde 8y Aq pauenob ae e VO ‘8sn JO Se|nJ o} Akeid 178Ul UO A8]IAA UO (SUORIPUOD-PUR-SLULB)ALIO" A3 1M ALeIq Ul UO//:SANY) SUORIPUOD pUe SWwie | 8U1 8eS *[£202/80/62] U0 A%iqiauluo A8 IM ‘VITODONOW - dSVNI Ad 20102202 WUse/Z00T 0T/10p/LI00 A 1M Aeiq | pul|uoy/:sdny Wwoiy peapeojumod ‘2T ‘€202 ‘0v89rTIT



ADVANCED
SCIENCE NEWS

ADVANCED
ENERGY
MATERIALS

www.advancedsciencenews.com

www.advenergymat.de

Table 5. PV parameters of PSCs with 2D materials-based HTLs and their corresponding device stability and bending tests. Note: the aging and

bending test results are presented only for the devices with 2D materials.

Device structure Jes [MAcm™] Vi [V] FF PCE; [%] Retained %/ Retained %/bending  Refs.
aging time/condition cycle/radius

ITO/GO/CH;NH;Pbl;_Cl,/PCBM/ZnO/Al 17.46 1.00 071 12.4 - - [81]
ITO/PEDOT:PSS/CH;NH;Pbl;_,Cl,/PCBM/ZnO/Al 15.09 0.93  0.66 9.26

ITO/PEDOT:PSS:GO/perovskite/PCBM/ZnO NPs/Ag 21.55 1.02 0.82 18.1 80%/25 days/ambient air - [39i]
ITO/PEDOT:PSS/perovskite/PCBM/ZnO NPs/Ag 19.63 0.97 079 14.9

ITO/rGO/CH;NH;Pbl;/PCBM/Ag 22.10 096 077 16.4 60%/1000 h/at 30% RH  70%/150 cycles/5 mm  [39K]
ITO/GO/CH;NH;Pbl;/PCBM/Ag 19.50 0.94 075 13.8

ITO/SnO,/perovskite/AF-rGO/Ag 23.30 1.04 070 17.0 90%/250 h/at 30% RH - [89]
ITO/SnO,/perovskite/Spiro-OMeTAD/Ag 22.80 1.07 0.75 18.2

ITO/SnO,/perovskite/rGO+Spiro-OMeTAD/Au 23.05 m 0.71 18.1 75%/500 h/ambient air - [90]
ITO/SnO,/perovskite/Spiro-OMeTAD/Au 22.56 1.10 0.70 17.3

FTO/cp-TiO,/perovskite/Spiro-OMeTAD/CVD-graphene/Au 21.10 1.09 0.68 15.7 96%/12 h/80 °C; - [390]
FTO/cp-TiO,/perovskite/Spiro- OMeTAD/Au 21.60 1.07 072 16.6 94%/96 h/at 45% RH
ITO/PEDOT:PSS/BPQDs/perovskite/PCBM/ZrAcac/Ag 20.56 1.01 0.80 16.7 - - [15b]
ITO/PEDOT:PSS/perovskite/PCBM /ZrAcac/Ag 19.74 0.92 0.78 14.1

FTO/cp-TiO,/perovskite/BP/Au 17.09 0.84  0.55 7.88 - - [39]]
FTO/cp-TiO,/perovskite/Au 14.00 0.59 048 4.00

FTO/cp-TiO,/BP-3/perovskite/BP-1/Spiro-OMeTAD/Ag 23.86 112 0.74 19.8 80%/40 days/at 30% RH - [93]
FTO/cp-TiO,/perovskite/Spiro-OMeTAD/Ag 22.35 1.08 0.70 16.9

ITO/PTAA/Phosphorene nanoribbons/MAPbI;/PCBM/BCP/Cu 23.33 1.09 0.83 211 - - [13¢]
ITO/PTAA/MAPbI;/PCBM/BCP/Cu 2230 109 081 19.6

ITO/PTAA/Antimonene/CH;NH;Pbl;/PCeBM/Bphen)/Al 23.52 1M 077 20.1 - - [13¢]
ITO/PTAA/CH3NH;Pbl;/PCeBM/Bphen/Al 21.69 1.07 076 17.6

PSCs. Therefore, developing a strategy to better control the
oxidation of functionalized BP would be an important area of
research to obtain high efficiency and stable PSCs.

3.4. HTL

HTLs have great responsibilities for not only the efficiency of
solar cells, but also show significant influence on the device sta-
bility. An ideal HTL should fulfill the following requirements:
i) high hole mobility and conductivity, ii) suitable energy align-
ment, iii) low hole trap-density, iv) complete surface coverage,
and v) good photochemical stability."'®7] 2,2’,7,7 -tetrakis(N, N-
di-pmethoxyphenyl-amine)9,9”-spirobifluorene (spiro-
OMeTAD) is one of the commonly used HTMs owing to its
ability to tick the boxes for above requirements.”®! However,
spiro-OMeTAD generally requires other toxic or corrosive chem-
ical dopants such as 4-tert-butylpyridine (4-tbp) and Li salt to
improve its hole conductivity for use in solar cells. On the other
hand, poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine (PTAA) is
one of the most efficient HTMs due to its high transparency to
visible light, excellent conductivity and stability,””) but the use
of PTAA significantly increases the overall device cost. Poly(3,4-
ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) is
another promising HTM candidate and is often employed in
p-i-n PSCs."8l However, owing to its high energy barrier with PL,
the devices constructed based on PEDOT:PSS based HTL suffer
from relatively low J and V, values, leading to poor PV per-
formances. Additionally, poly(3-hexylthiophene2,5-diyl) (P3HT)
and inorganic NiO, are feasible HTMs, but improvements
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should still be made to maximize the PCE of the corresponding
PSCs.””) Because of their high hole mobilities, conductivities,
and excellent mechanical strengths, 2D materials are regarded
as suitable candidates to address these issues facing to the typ-
ical HTMs for PSCs.[8% In addition, the large surface area of 2D
materials was found to show positive effect on the crystallinity
of perovskite film, and thus resulting in well-ordered perovskite
with large crystalline domains. Table 5 shows the PV param-
eters and stability tests of PSCs assembled using 2D materials.

Among various types of 2D materials, graphene and its
derivatives have shown specific promise as HTMs in PV
devices including PSCs owing to their high conductivity and
excellent tunability of their electronic properties. In particular,
due to its high oxygen contents, GO shows high work func-
tion values which make GO attractive for use in inverted (p-i-n)
PSCs. To the best of our knowledge, Sun’s group were the first
to employ GO as a HTM in inverted planar heterojunction
PSCs with CH;NH;PbI;_,Cl, perovskite as a light absorber.l
In this work, they showed that GO not only acts as a HTM,
but the perovskite films grown on GO possess highly textured
crystal domains (comparable to PEDOT:PSS) and preferential
in-plane orientation of the (110) plane, as confirmed using
grazing incidence X-ray diffraction (GIXRD) measurements
(see Figure 7a,b). By using GO as a HTM, the authors achieved
a PCE of up to 12.4% with V,. and FF values of 1 and 0.71 V,
respectively. For comparison, the authors also fabricated ref-
erence PSCs without HTM and with PEDOT:PSS, which
exhibited efficiencies of only 2.64% and 9.26%, respectively.
Although the concept of using GO as a HTM in solar cells
was well documented in organic PV devices,®? this work
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Figure 7. GIXRD profiles of perovskite films grown on a) ITO/GO (=2 nm) and b) ITO/PEDOT:PSS substrates. Reproduced with permission.
Copyright 2019, Royal Society of Chemistry. c) The layered structure and cross-sectional SEM image of the device fabricated using GO incorporated
PEDOT:PSS. Reproduced with permission.®®! Copyright 2019, Royal Society of Chemistry. d) Photoluminescence spectra and e) transient photolumi-
nescence decay profiles of perovskite on ITO without and with different HTMs including GO and rGO prepared using three different reducing agents.
Reproduced with permission.l** Copyright 2018, Wiley-VCH. f) A schematic illustration of alkylated rGO (AF-rGO) structure developed for use as HTM
for PSCs. g) Dispersion of AF-rGO in chlorobenzene with different concentrations. Reproduced with permission.®%l Copyright 2021, Wiley-VCH. h) Flake
size distribution of BP nanosheets and i) the corresponding HRTEM image. Reproduced with permission.°I Copyright 2017, Elsevier B.V. j) TEM image

of phosphorene nanoribbon. Inset shows the corresponding selected area electron diffraction pattern (SAED) pattern. Reproduced with permission.

[13¢]

Copyright 2021, American Chemical Society. High resolution X-ray photoelectron (XPS) spectra of k) bulk Sb and |) exfoliated antimonene flakes. Repro-

duced with permission.[ Copyright 2018, Wiley-VCH.

has pioneered recent explorations to develop GO-based PSCs
including functionalized GO structures.?'$3] It is well under-
stood that the wettability issue of PEDOT:PSS films is a
serious drawback for depositing uniform layer of perovskite.
In this regard, GO shows a great promise as it offers several
advantages, but the insulating nature of GO remains to be a
major bottleneck when used as a HTM. A simple way to over-
come this issue is to combine GO with PEDOT:PSS.%84
For example, Yu et al.’%! constructed inverted PSCs using a
HTL based on GO incorporated PEDOT:PSS (see Figure 7c
for device structure). The composite films showed remark-
able enhancements in their performances such as good elec-
trical conductivity, suitable energy alignment, reduced series
resistance, and excellent crystallinity of the perovskite crystals.
These improvements have led to a noticeable increase in the
efficiency from 14.95% to 18.09% after incorporating GO in the
PEDOT:PSS. Moreover, this device maintained 80% of its ini-
tial PCE after being stored in ambient conditions for 25 days,
whereas the reference cell without the use of GO in the HTL
lost almost 90% of its initial value, demonstrating much slower
degradation rate in the presence of GO. Furthermore, due
to its high work function (5.2 eV), inserting GO between the
PEDOT:PSS and PL was found to improve the PV efficiencies
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of inverted devices.>8] Notably, active buffer layers not only
reduce the series resistance of the devices, but also improve
the crystallinity of perovskite film.

Since GO nanosheets suffer from poor electrical conductivi-
ties, reducing oxygen containing functional groups from GO
is a powerful method to obtain highly conductive graphene
derivatives.®] Indeed, Yeo and colleagues reported the first
rGO HTM based inverted PSCs.® A maximum PCE of 10.8%
was achieved using the device with rGO based HTL, while the
PSCs with PEDOT:PSS and GO displayed PCEs of 9.14% and
4.04%, respectively. This improvement in the device efficiency
was due to the facilitated charge collection caused mainly by
the reduced charge recombination, high conductivity, and well-
matching energy level of tGO. Furthermore, Jokar et al.?*l con-
ducted detailed systematic studies on the use of GO and rGO
nanosheets as HTMs for inverted PSCs using photolumines-
cence, transient photoelectric decay, and transient photovoltage
decay measurements. They measured that GO was able to
extract the holes faster than rGO, where the hole extraction time
for GO and rGO was 10.9 and 40.1 ns, respectively (Figure 7d,e).
Despite the slower hole extraction time, the device with rGO
based HTM showed higher PCE (16.4%) than the GO based
PSCs (13.8%). The authors revealed that the abundant number
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of localized holes on oxygen atoms were produced rapidly, how-
ever the transfer of these localized holes into the ITO electrode
was an issue, and thus increased charge recombination has
occurred at the interface of perovskite and GO. On the other
hand, slower hole injection from perovskite to rGO may have
occurred, but the delocalized holes in the benzene rings of rGO
reduced the charge recombination within the device. Moreover,
both GO and rGO based PSCs showed some promising stabili-
ties over 1000 h at a RH of 30% at 25 °C, both retaining around
60% of their initial PCEs. The authors also demonstrated that
flexible PSCs with PCEs of up to 13.8% could be fabricated
using rGO based HTMs. The flexible device maintained 70% of
its initial PCE over 150 bending cycles.

Although rGO shows some promise as a HTM in these
studies, the conductivity, electronic properties, and sur-
face chemistry of rGO nanosheets depend significantly on
the reduction routes such as the type of reduction method,
reducing agents, and conditions. Therefore, careful control
over the reduction of GO is of great importance to obtain rGO
nanosheets with desired properties. In particular, the work
function of GO can be tuned in a broad range by reducing
oxygen containing functional groups,’®”! but heavily reduced
form of GO can have work function values that are unsuit-
able for use as a HTM in inverted PSCs. In addition to the
changes in these properties, reducing GO increases the hydro-
phobicity of the structure, making rGO useful as a protection
layer for PL in conventional (n-i-p) PSCs. Indeed, Carlo's group
employed rGO nanosheets as a HTM to replace spiro-OMeTAD
in n-i-p PSCs.®®¥ The devices with a layered structure of FTO/
cp-TiO,/mp-TiO,/perovskite/rGO/Au were fabricated. Interest-
ingly, the initial efficiency of the device fabricated using rGO-
only HTM increased from 4.87% to 6.62% after aging almost
2000 h in a shelf. In contrast, the PCE of their reference cell
with Spiro-OMeTAD dropped from 11.06% to 6.5% under the
same testing condition. Despite the promising stability, the
devices fabricated using rGO-based HTM suffered from low
PV performances owing to the surface coverage of GO on PL
caused probably by the poor dispersion of rGO in organic sol-
vents. Recently, Park et al.®! developed alkylated rGO (AF-rGO)
nanosheets (Figure 7f), which can be dispersed in chloroben-
zene at a high concentration, for PSCs with an n-i-p archi-
tecture. Due to the high dispersibility of AF-rGO in nonpolar
solvents (Figure 7g), a fully covered AF-rGO film was success-
fully deposited on top of the PL using a dynamic spin-coating
method. As a result, when PSCs were fabricated using AF-rGO
as the HTM, the devices exhibited PCEs of up to 17%, which
was slightly lower than the efficiency of reference cells with
Spiro-OMeTAD (18.2%). Despite its slightly lower efficiency
in comparison to Spiro-OMeTAD based PSCs, the device with
rGO exhibited an impressive stability in ambient conditions,
maintaining almost 90% of its initial PCE after 240 h at a RH
of 30%. In comparison, Spiro-OMeTAD based reference cell
stopped functioning (0% efficiency) after only 75 h under the
same aging condition. The concept of improving device sta-
bility using rGO was also demonstrated by Suragtkhuu et al.’%
who first prepared rGO nanosheets from naturally abundant
graphite flakes and incorporated them into Spiro-OMeTAD for
PSCs. Because of their excellent conductivity and high hydro-
phobicity, researchers used CVD-grown graphene sheets as a
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stabilizer buffer layer between the Spiro-OMeTAD and metal
electrode to block the undesirable migration of the metal into
the PL.1%I Although the insertion of graphene lowered the PCE
from 16.6% (without graphene) to 15.7%, the device retained
94% of its initial efficiency after aging 96 h in air (45% RH),
while the device without graphene lost 43% of its performance.
This work demonstrates the possibility of using graphene as
an effective protection layer toward the commercialization of
PSCs. It is highly anticipated to obtain graphene-based efficient
HTMs with excellent hole selectivity by selective doping method
to introduce p-type doping effect in graphene structures.
Besides graphene derivatives, other monoelemental 2D mate-
rials such as phosphorene and antimonene have recently gained
much interest as potential HTMs for PSCs owing to their high
charge carrier mobility, ambipolar conduction type, and readily
tunable bandgap.[®**%! The first report on employing BP deriva-
tives as a HTM in PSC was conducted by Chen et al.'*®! who
prepared BPQDs using a liquid exfoliation method and inserted
them between PEDOT:PSS and PL. In this device struc-
ture  (ITO/PEDOT:PSS/BPQDs/MAPbI;/PCBM/ZrAcac/Ag),
BPQDs acted as a hole extraction layer and improved the PV
efficiency of inverted PSCs from 14.1% to 16.69%. The average
size of the BP used in this device was only =5.2 nm. Soon after,
Muduli et al.?%! reported the preparation of 2D phosphorene
flakes with large lateral sizes (Figure 7h) for use as a HTM of
n-i-p PSCs by directly replacing Spiro-OMeTAD. It should be
noted that the as-prepared phosphorene nanosheets showed a
lattice spacing of =0.3 nm which can be assigned to the (021)
crystal plane. The device with a layered structure of FTO/
TiO,/MAPDI;/BP/Au displayed an efficiency of 7.88%, which
was significantly higher than that of the cells without HTM
(4%), clearly demonstrating the excellent hole selectivity of BP
nanosheets. The authors also demonstrate that the efficiency of
the reference cells with Spiro-OMeTAD HTM can be enhanced
from 13.1% to 16.4% by mixing BP nanosheets with Spiro-
OMeTAD. They used photoluminescence quenching and elec-
trochemical impedance spectroscopy (EIS) techniques to con-
firm the improved charge extraction ability of BP nanosheets.
Recently, the concept of adding BP into Spiro-OMeTAD while
introducing surface modifications on the perovskite film using
halide Cs;TbCly quantum dots has seen significant improve-
ment in the V,. value (reaching 1.235 V).’J Furthermore, by
controlling the thickness of BP layers, Zhang et al.l”®l were able
to tune the bandgap of BP. Therefore, by inserting BP with an
appropriate thickness, the authors improved the PCE of PSCs
from 16.95% (without BP) to 19.83%. Enhanced light absorp-
tion and reduced trap density were the main factors responsible
for the improved efficiency of PSCs with BP insertion. In a
recent study by Macdonald and colleagues, a novel nanostruc-
ture of 2D phosphorene with a range of superlative functional
properties was designed.'3) Phosphorene nanoribbons with
a distribution of widths and lengths (typically from 50 nm to
10 pm in length and 5-50 nm in width) were synthesized using
sonication based solution processable method (Figure 7j). The
highest occupied molecular orbital (HOMO) level and bandgap
of the phosphorene nanoribbons were calculated to be =5.41
and =1.97 eV, respectively, both of which make them highly suit-
able for use as a HTM in PSCs. Indeed, the authors constructed
p-i-n devices by inserting phosphorene nanoribbons between
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MAPDbI; perovskite and PTAA layer. A PCE of >21% with a FF
value of 0.83 was achieved for the devices with the presence of
phosphorene nanoribbons, whereas the control PSCs exhibited
an efficiency of up to 19.60%. The authors employed the state-
of-the-art characterization techniques such as photolumines-
cence and transient absorption spectroscopy to reveal that the
enhanced hole extraction from perovskite using phosphorene
nanoribbons was critical in achieving high PV performances.
This work demonstrates that the predicted fascinating proper-
ties of BP derivatives translate to improved solar cells.

Antimonene—mono/few layers of antimony (Sb) arranged
in a buckled honeycomb architecture—is an appealing 2D sem-
iconductor material with p-type dominated band properties.’3%
Due to their excellent hole density, antimonene nanosheets
have shown some promise in the HTL of PSCs. Despite the
promise, efforts on using antimonene as a HTM have been
very scarce. Indeed, a research team led by Song was the only
group who have been working develop PSCs using antimonene
nanosheets as the HTM.? In their first work, the authors
prepared antimonene flakes using a combination of griding
and sonication-assisted liquid exfoliation methods for PSCs.
It is well established that the antimonene exhibits thickness-
dependent bandgaps. Therefore, the authors of this work were
able to tune the bandgap of antimonene from 0.8 and 1.44 eV
by changing the centrifugation speed of the exfoliated flakes.
Antimonene nanosheets with a bandgap of around 1.4 eV
were selected to fabricate p-i-n PSCs with a layered structure
of ITO/antimonene/perovskite/PCBM/Bphen/Al. A noticeable
enhancement in the hole extraction was observed when anti-
monene is used as the HTM in the device, leading to around
30% enhancement in the current density in comparison to
the HTM-free devices. Although this work demonstrated for
the first time that antimonene nanosheets can be used as a
HTM of inverted PSCs, the devices delivered limited PV per-
formances. The reason could be explained by the fact that anti-
monene nanosheets cannot fully cover the underneath surface.
This surface coverage issue is one of the main challenges for
2D materials besides the issues associated with scalability and
oxidations for device applications.

Furthermore, the same group reported that antimonene
can be used as ideal hole extraction layers in planar inverted
PSCs. In their devices, antimonene nanosheets were
inserted between the PL and PTAA (HTL). As a result, the PSCs
with antimonene layers showed PCEs ranging from 17.58% to
20.11%, while a maximum efficiency of 1760% was recorded
for the control device. The improved efficiency of PSCs in
the presence of antimonene layers was attributed to the effi-
cient hole extraction and fast hole transfer at the interface of
PL/HTL. The authors of this work further demonstrated in a
separate study that efficient, stable and hysteresis-free inverted
PSCs can be constructed by employing inorganic HTMs (Cu-
doped NiO,) and oxidized antimonene.’ It was found that
the antimonene oxide shows highly suitable energy level align-
ment with both CH3;NH3Pbl; perovskite and Cu-doped NiO,.
It can be observed from the X-ray photoelectron (XPS) analysis
of these work that both bulk and exfoliated antimonene flakes
are oxidized on their surfaces (Figure 7k,1), which are consistent
with and highlighted in several recent studies.?*%! In this
regard, the effect of surface oxidations on the electronic and PV
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properties of antimonene nanosheets should be investigated
and well elucidated.

Based on these studies, it can be concluded that antimonene
has been proven excellent candidate as a HTM for solar cells.
Importantly, recent computational study showed that the elec-
tronic properties of antimonene nanosheets can be tuned to be
p-type, n-type or even intrinsic depending on various doping
effects.’®! For instance, doping antimonene with Si results in
a p-type semiconductor. Therefore, future experimental studies
on synthesizing antimonene nanosheets with outstanding
p-type properties should focus on introducing different doping
effects in the materials. Through this approach, highly efficient
PSCs can be developed using doped antimonene nanosheets as
the HTM.

3.5. Conductive Back Electrode

In general, a thin layer of conductive metals such as gold (Au),
silver (Ag), copper (Cu), and aluminum (Al) is deposited as the
back contact to complete the fabrication of PSCs.[’l In addition
to the high costs of metal electrodes, the deposition technique
using thermal evaporation involves inherently complicated pro-
cesses. These challenges opened new avenues of research in
searching low-cost alternatives to the precious metal electrodes
for PSCs. An ideal back electrode for efficient PSCs should meet
the following requirements: i) low-cost, ii) high electrical con-
ductivity, iii) suitable energy band alignment, and iv) excellent
mechanical stability.’””?! Monoelemental 2D materials with the
exception of graphene derivatives cannot fulfill the requirement
of high conductivity in PSCs, although they possess highly tun-
able properties that can satisfy most of the requirements. The
first successful effort on fabricating efficient PSCs without
metal electrode was reported by Mei et al.’®l who discovered the
feasibility of porous carbon as the rear electrode for stable solar
cells. The work advanced the field of PSC research by inspiring
researchers in the area of carbon materials and PV. However,
the poor interface between perovskite and carbon layers has
been the key challenge limiting the PCEs of carbon based
PSCs. To our knowledge, Yang's group employed rGO as hole
extraction electrode in n-i-p PSCs for the first time.* Based on
ultraviolet photoelectron spectroscopy (UPS) measurements,
they determined the work functions of single-layer and multi-
layer graphene derivatives to be 4.8 and 5.0 eV, respectively, to
find out the suitable interfacial contact regime for hole extrac-
tion and charge separation. Moreover, their time resolved pho-
toluminescence (TRPL) measurement showed that multilayer
graphene exhibits higher hole extraction rate (5.1 ns™) than that
of the single-layer one (<3.7 ns™!) (Figure 8a). Besides its better
conductivity as compared to the single-layer structure, multi-
layer graphene has fewer defective sites within the electrode
and thus leading to higher hole extraction rate. As a result, an
efficiency of up to 11.5% was achieved using metal-free PSCs
with the following device structure: FTO/cp-TiO,/mp-TiO,/
perovskite/graphene. Considering the high hydrophobicity of
graphene, it is reasonable to expect from this type of devices
to show excellent stability in ambient conditions although no
stability test was carried out in this work. More importantly, it
can be observed from the layered structure of this PSC that the
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Figure 8. a) Schematic showing the stronger hole extraction ability of multilayer graphene (MG) than single-layer graphene (SG). Reproduced with
permission.*l Copyright 2015, Wiley-VCH. b) TEM image of single-atom Ni and N-doped graphene. Reproduced with permission.' Copyright
2021, Elsevier B.V. c) Schematic diagram of a semitransparent PSC constructed using PEDOT:PSS doped PDMS/PMMA/graphene film, and d) the
corresponding energy level alignment. e) Transmittances of the graphene films with different layers. Reproduced with permission.['”l Copyright 2015,

Wiley-VCH.

graphene electrode is acting as both hole selective and trans-
porting layers, leading to successful fabrication of HTM-free
PSCs with reasonable efficiencies. Promisingly, the fabrication
of PSCs without HTM and metal electrode would significantly
reduce the overall manufacturing cost of the systems. However,
due to the limited hole selectivity of carbon materials including
graphene, these rear electrodes based PSCs without HTM
suffer from poor device performances. Therefore, enhancing
hole selectivity and transporting properties of graphene deriva-
tives for PSCs should be explored with a great sense of urgency.
Table 6 summarizes the PV performances and operational sta-
bilities of PSCs employing monoelemental 2D materials-based
back electrodes.

Chemical doping is a proven efficient approach to adjust the
optoelectronic properties of graphene and other carbonaceous
materials.'™ Doping has been shown not only to tune the

energy band alignment of the materials, but it can also improve
the electrical conductivity of graphene.'™1%] Indeed, few
studies demonstrated improvements in the PV performance
of HTM-free and metal-free PSCs fabricated using heter-
oatom and single-atom doped graphene frameworks.10%10%] For
example, Guo et al.l% recently introduced single-atom Ni onto
N-doped graphene (Figure 8b) and employed it as the rear elec-
trode in PSCs. The efficiency of graphene rear electrode based
devices increased from 10.99% to 12.39% after the introduction
of doping species. The authors used UPS technique to reveal
what caused this improvement in the PV performances and
found that the Ni- and N-doping can effectively shift the work
function of the graphene. Despite the improvement, the PCE
of HTM-free and metal-free PSCs using 2D graphene still far
from the expectation and efforts should still be made actively in
this research area. Besides chemical doping, we anticipate that

Table 6. PV parameters of PSCs fabricated with monoelemental 2D materials-based back electrodes and their corresponding device stability and
bending tests. Note: the aging and bending test results are presented only for the devices with 2D materials.

Device structure Jso IMAcm™ Vi [V] FF PCE; [%] Retained %/aging Retained %/bending  Refs.
time/condition cycle/radius

FTO/cp-TiO,/mp-TiO,/perovskite/graphene 16.70 0.94 0.73 1.5 - - [99]

FTO/SnO,/perovskite/Ni-, N-graphene 20.33 0.95 0.58 12.4 - - [100]

FTO/SnO,/perovskite/graphene 18.93 0.94 0.53 10.9

FTO/cp-TiO,/perovskite/Spiro-OMeTAD/PEDOT:PSS/ 19.17 0.96 0.67 12.4 - - [107]

PDMS/PMMA /graphene 19.80 0.99 0.74 14.4

FTO/cp-TiO,/perovskite/Spiro-OMeTAD/Au

FTO/SnO,/perovskite/Spiro-OMeTAD/graphene/ 22.78 1.05 0.78 18.7 90%/1000 h/85 °C at 40-80% - [02]

graphene/FTO 22.82 112 0.76 19.4 RH

FTO/SnO,/perovskite/Spiro-OMeTAD/Au

FTO/cp-TiO,/mp-TiO,/perovskite/Spiro-OMeTAD/ 26.00 1.06 0.79 21.6 95%/1300 h/60 °C under - [103]

Ti;-rGO/FTO 26.00 1.14 0.79 23.5 1-sun illumination in N,

FTO/cp-TiO,/mp-TiO,/perovskite/Spiro-OMeTAD /Au

atmosphere
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heterostructures made of graphene and other monoelemental
2D materials (e.g., phosphorene, antimonene) will be prom-
ising candidates for HTM-free and metal-free PSCs as they
exhibit excellent p-type properties. For example, constructing
a layered structure of phosphorene/graphene or antimonene/
graphene would be of great value, but the interfaces between
heterostructures and perovskite should be taken into careful
consideration.

Since graphene electrodes based PSCs without HTM dis-
play limited PV efficiencies, it is reasonable to expect high
efficiency devices by using graphene electrodes on top of con-
ventional HTMs, such as Spiro-OMeTAD, P3HT, and PTAA.
Graphene films not only show remarkable electrical conduc-
tivities, but they also possess excellent optical transparencies.
This strategy to construct PSCs using conductive graphene
films enables the realization of highly efficient semitransparent
devices while being flexible and stable. In 2015, Yan's group
developed semitransparent PSCs by laminating graphene trans-
parent electrodes on top of HTL (see device structure from
Figure 8¢).%U The authors prepared 1-4 graphene layers on a
copper foil using CVD method, followed by coating a thin layer
of poly(methyl methacrylate) (PMMA) and attaching a thin
poly(dimethylsiloxane) (PDMS) film. Then the PDMS/PMMA/
graphene film is ready for deposition to complete the device
fabrication. Notably, the electrode conductivity was dramatically
increased by depositing a thin layer of PEDOT:PSS onto the
PDMS/PMMA/graphene film. Specifically, the sheet resistance
of single-layer graphene film decreased from around 1050 to
260 Q sq! after doping with PEDOT:PSS. Moreover, it was
found that doping graphene with PEDOT:PSS makes it highly
suitable for use as electrode material in n-i-p PSCs because
of the shift in the Fermi level (Figure 8d).'”] For the best-
performing device, two-layer graphene film with a sheet resist-
ance of =140 Q sq~! and an optical transmittance of >90% in the
visible region was applied (Figure 8e). The device employing
PEDOT:PSS doped PDMS/PMMA/graphene electrode deliv-
ered a PCE of up to 12.37% with a J, of 19.17 mA cm™2, V,_ of
0.96 V and FF of 0.67, when illuminated from the FTO side.
Interestingly, these PV performances were comparable to those
obtained using the reference PSCs with Au electrode (14.35%).
Remarkably, the authors showed that these graphene films
based PSCs can achieve efficiencies higher than 12% with a FF
value of 0.72 when illuminated from the graphene side, demon-
strating the excellent transparency of the electrode. It is worth
mentioning that semitransparent solar cells are sitting in the
spotlight as they show great promise for other applications such
as tandem PV and BIPVs.[®l The key advantages for using gra-
phene as the rear electrode in PSCs should include the fact that
graphene with its high hydrophobic surface is expected to pro-
tect the perovskite from moisture induced degradation. Inter-
estingly, during the preparation of this review, we realized that
no stability tests were carried out in the majority of these work
on graphene electrode based PSCs. Therefore, we strongly
encourage that future studies should pay particular attention to
the comprehensive stability tests under various conditions.

Recently, Shi and colleagues discovered a novel architecture
design to build flexible PSCs using graphene rear electrodes.'02]
This innovative modular device design can be assembled using
a wide range of carbon back electrode, whose sheet resistance
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was greatly reduced by covering it with another carbon coated
FTO substrate that was applied under pressure. Impressively,
the authors demonstrated that these two individual electrodes
could be assembled and disassembled repeatedly. The fabrica-
tion steps of modular PSCs using different carbon materials
are illustrated in Figure 9a. Among various forms of carbon
materials, graphene was found to be the material of choice for
efficient and stable PSCs without metal electrode. Briefly, two
semicells were made, with A being FTO/SnO,/perovskite/gra-
phene. The semicell B was prepared by coating graphene on
FTO glass using a spray coating. After assembling, the full
device with the structure such as illustrated in Figure 9b was
achieved. Remarkably, this device with graphene electrode was
able to deliver a PCE of 18.65% which was the best efficiency
reported for carbon based PSCs in late-2019. Impressively, the
unencapsulated device was able to retain 90% of its initial PV
performance after aging at an elevated temperature of 85 °C
over 1000 h, whereas the reference cell constructed using metal
(Au) electrode lost more than 40% of its initial PCE after only
600 h. This innovative design holds a great promise for the
commercialization of PSCs as it not only enables high effi-
ciency and excellent stability, but also the robustness and flex-
ibility of graphene should still be taken into consideration. Very
recently, the same authors made a major progress in improving
both efficiency and stability of PSCs with graphene elec-
trodes.l!%] Instead of using rGO, they introduced a single-atom
Ti onto the rGO sheets using rGO sheets and a common chem-
ical (titanium diisopropoxide bis(acetylacetonate) (Figure 9d).
It can be seen from electron energy-loss spectroscopy (EELS)
analysis that the position of Ti atom corresponds well to that of
the C vacancy, revealing that the Ti adatom is strongly anchored
into a C-vacancy defect of Ti;-rGO (Figure 9e). As a result, a
PCE of up to 21.6% was obtained for the device with single-
atom Ti-doped rGO nanosheets based rear electrodes. Notably,
this PV efficiency was close to that (23.5%) of the state-of-the-
art PSCs fabricated with Au electrode. More importantly, the
authors showed that the device with Ti;-rGO electrode was
able store 95% of its initial PCE after continuous irradiations
under 1 sun for 1300h at a temperature of 60 °C in N, atmos-
phere. Although these are harsh testing conditions for PSCs,
the authors proved that single-atom doping in graphene and
other solid support materials have the great potentials for
designing efficient and stable solar cells. Single-atom doping
has gained increasing attention in the field of materials science
over the past several years due to its ability tune the proper-
ties of nanomaterials. However, the application of single-atom
doped materials has been limited mainly to catalytic reac-
tions.l'%% Therefore, exploring the role and benefits of single-
atom doping on the electronic and PV properties of 2D mate-
rials would be of great value.

4. Summary

Perovskite light absorbers based solar cells revealed them-
selves as promising next-generation PV technologies owing
to the exponential increase in their PCEs and low manufac-
turing cost. Although they suffer from poor operational stabili-
ties under harsh conditions such as high humidity, prolonged
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Figure 9. a) Schematic illustration of the fabrication steps for modular PSC using carbon electrodes. b) Cross-sectional SEM image of a modular PSC
fabricated using graphene sheets. c) Stability comparison of reference Au-electrode and graphene-based PSCs at 85 °C temperature. Reproduced with
permission.92 Copyright 2019, Royal Society of Chemistry. d) Schematic illustration of the synthesis of single-atom Ti-doped rGO sheet. e) EELS color-
coded map of Ti, C, O of Ti;-rGO, where the green, blue, and red dots represent the distribution of Ti, C, and O elements, respectively. The overlaid
schematic represents a possible 2D structural model of Ti;-rGO. Scale bar: 0.5nm. Reproduced with permission.% Copyright 2021, Springer Nature
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light illumination, and applied heat, excellent progresses have
been made in the development of high efficiency, stable PSCs.
In this regard, elemental 2D materials such as graphene, phos-
phorene, antimonene, bismuthene, borophene, and others have
been demonstrated to be excellent candidates for different com-
ponents of PSCs due to their fascinating properties including
good optical transparencies, high electrical conductivities,
and excellent carrier transport properties. In addition to these
attractive features, the most defined and controllable proper-
ties of monoelemental 2D materials are their highly tunable
electronic properties (e.g., bandgaps, work functions), making
them appealing for PV applications. In this review, we have
outlined the recent advances and key achievements in the field
of PSCs using monoelemental 2D materials. Although excel-
lent progress has been made in this cutting-edge research area
over the past several years, there are several concepts remain
unclear and further explorations are still required. We believe
that the points highlighted below will be of great value and con-
sidered carefully in future studies.

5. Perspectives and Roadmaps

i) Graphene-based TCEs hold specific promise for PV devices.
However, there has been a major challenge in developing
high performance TCEs using solution processed graphene
structures. Therefore, new electrode designs using solution
processable graphene and other conductive materials, such as
metallic nanostructures would be valuable strategy. Chemical
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functionalization and doping should be actively explored to
develop solution processable graphene-based TCEs with tun-
able work function and high conductivity. When graphene
derivatives are used as TCEs of solar cells, experimental data
on the flexibility and robustness of the devices are strongly
encouraged to be reported in future studies. Until now, less
attention has been paid to the development of tandem solar
cells using graphene-based TCEs despite their great poten-
tials.

Since TCEs in solar cells require materials with high elec-
trical conductivities, the use of monoelemental 2D materials
such as phosphorene and antimonene as TCE materials for
PSCs is not expected. However, these 2D materials with their
tunable bandgaps are expected to be valuable interface engi-
neering layers to enhance the charge transport of the solar cells.

ii) Graphene-based structures such as rGO and GO have been
promising candidates for enhancing efficiency of various
PV devices including PSCs when incorporated in the ETLs.
High conductivities or modified work functions were found
to be the main reasons behind the efficiency enhancements.
Interestingly, few recent studies also revealed that graphene
derivatives can also help to improve the device stabilities,
but the exact mechanism for improved stabilities is still very
unclear and requires further investigations. In addition to
its high electrical conductivity, graphene has an outstanding
thermal conductivity which makes it promising material for
heat dissipation. Therefore, investigating heat dissipation
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properties of graphene in PSCs would be valuable research
direction.

A range of monoelemental 2D materials including phos-
phorene, bismuthene, and antimonene show excellent semi-
conducting properties (e.g., tunable bandgap), making them
useful for ETL of solar cells. Although some great efforts have
already been made, further improvements in the efficiency of
PSCs using these elemental 2D materials in ETLs are highly
expected. Since chemical doping can effectively modify the elec-
tronic properties of the materials, functionalized 2D materials
would be excellent candidates for ETLs of high efficiency PSCs.
Notably, progress on using elemental 2D materials as ETMs for
flexible devices is very limited.

iii) 2D materials have been widely used for PL mainly to sup-
press the degradation and decomposition of the perovskite,
while also improving the film morphology. These are gener-
ally achieved using two different strategies: i) by adding the
materials into the perovskite precursor solution before film
preparation, and ii) by using 2D materials as interface en-
gineering layer and perovskite surface passivator. Based on
recent studies, it can be noted that interface engineering or
surface passivation approach is very effective in achieving
high device performance. However, applying monoelemental
2D materials as surface passivator is still at an infant stage;
and efforts should actively be made in this research area. In
addition, future studies should aim to design high perfor-
mance lead-free perovskite films for PSCs. We anticipate that
2D materials will play important roles in lead-free perovskite
based solar cells. However, the oxidation issues of monoele-
mental 2D materials such as phosphorene, antimonene, and
bismuthene should be considered carefully.

iv) Because of their high hole mobilities, p-type dominated
electronic properties and tunable bandgaps, the majority
of monoelemental 2D materials are considered as excellent
candidates for HTM of solar cells. However, graphene and
phosphorene-based materials are mainly employed as HTMs
in PSCs. Although great efforts have been made over the past
several years, further improvements in both efficiency and
stability of PSCs are highly expected by carefully tuning the
work function of graphene-based materials.

The major challenges in employing 2D materials as HTMs
include oxidation, scalability, and surface coverage of the mate-
rials. To address the surface coverage issue, developing new
controllable designs to prepare 2D materials with full coverage
is of great importance. Moreover, the production of 2D mate-
rials with large lateral sizes will be valuable. The oxidation
effects on the electronic properties of monoelemental 2D mate-
rials, particularly phosphorene and antimonene, should be sys-
tematically studied.

v) Pure graphene structures have excellent hydrophobicity
which often helps to achieve highly stable PSCs. However,
graphene sheets without any surface functionalization suf-
fer to disperse in common solvents and thus resulting in
difficulties to prepare good electrodes. Moreover, the func-
tional groups of graphene also help to improve the hole
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selectivity and transporting properties for solar cells. There-
fore, achieving an optimal functionalization in graphene is
the key to design HTM-free and metal-free PSCs with high
efficiency and excellent stability. The development of PSCs
without HTM and metal electrode will reduce the overall de-
vice cost. In addition to functionalization strategies, careful-
ly built 2D/2D heterostructures with good interface will be
promising materials for PSCs. Particularly, the use of p-type
2D materials such as phosphorene is expected to provide
outstanding features. Graphene back electrodes are promis-
ing candidates for designing semitransparent and flexible
PSCs, but limited efforts have been made until now. More-
over, the main advantage of graphene electrodes in PSCs
is that they can be used to construct highly stable devices.
However, we noticed that no stability tests have been con-
ducted in recent studies on graphene rear electrode based
PSCs.
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