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Perovskite Solar Cells

Materials toward the Upscaling of Perovskite Solar Cells:
Progress, Challenges, and Strategies

Fangfang Wang, Yezhou Cao, Cheng Chen, Qing Chen, Xiao Wu, Xinguo Li, Tianshi Qin,*

and Wei Huang*

Perovskite solar cells (PSCs) are promising candidates for the next genera-
tion of photovoltaic technologies due to their constantly improved efficien-
cies, which gain much attention from both the scientific and industrial
communities. Although the performance of PSCs is dramatically enhanced,
most certified or reported high-efficiency PSCs are still limited to a relatively
small active area. The degradation of efficiency and stability accompanied
by upscaling must be solved, being a bottleneck toward industrialization.
This review focuses on the research progress, challenges, and strategies on
large-area PSCs, especially each functional material in various device archi-
tectures, including perovskites, hole transport materials, electron transport
materials, and electrodes. Finally, the main issues related to each functional
layer of PSCs from laboratory to industry are presented and an outlook on the

research direction of large-area PSCs is given.

1. Background and Introduction

Organic—inorganic lead halide perovskite solar cells (PSCs)
have attracted much attention due to the remarkable progress
of their power conversion efficiencies (PCEs) over the past few
years.l'”)l A record-certified PCE of 23.3% has been achieved
in 2018, which is close to the efficiency value of commer-
cial solar cells based on monocrystalline silicon films.['% The
superior performance of PSCs is due to the outstanding opto-
electronic properties of hybrid perovskite materials, which pos-
sesses advantages of both organic and inorganic semiconductor
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materials including high absorption coef-
ficient,12 high mobility,'>1 long bal-
anced carrier diffusion length,">8 and
small exciton binding energy.*! The lead
halide perovskites usually have a cubic
structure with formula ABX;, where A is a
monovalent cation (typically methylammo-
nium (MA, CH;3;NH;"), formamidinium
(FA, CH;(NH,),), K, Rb*, and Cs),
B is a divalent metallic cation (typically
Pb%, Sn?', and Ge?"), and X is a halogen
(typically I, Br~, and CI"). In such perov-
skite structure, the corner sharing [BXg]
octahedra form a 3D inorganic framework,
and the A-cation fills the interstitial space
created by the eight adjacent octahedra in
the structure (Figure 1). In 2009, Kojima
et al. first used the MAPDI; perovskite as
a sensitizer in liquid dye-sensitized solar cells (DSCs), which
exhibited a 3.8% PCE.N In 2011, Park and co-workers modi-
fied the electrolyte solvent from acetonitrile to ethyl acetate
and obtained a DSC with a 6.5% efficiency.”’”) However, the
devices possessed a poor stability due to the dissolution of the
perovskite in the liquid electrolytes. In 2012, a major break-
through in the PSC field was achieved by replacing liquid elec-
trolytes with solid state hole transport materials (HTMs), which
exhibited a 9.7% PCE.U Since then, the efficiency records of
small-area PSCs have been constantly refreshed. The first cer-
tified PSC was reported by Burschka et al. in 2013 with the
PCE of =15%.122 From 2013 to 2018, the certified PCEs quickly
increased to over 22%.12-922731 Although the device efficiency
has developed rapidly, so far the certified or reported high-
efficiency PSCs generally possess a relatively small active area
(typically =0.1 cm?, sometimes even as small as 0.03 cm?). As
shown in Figure 2, the efficiency of small-area PSCs (less than
1 cm?) has steadily achieved more than 20% since 2015, and
recently realized to a high record of 23.3%. The PSCs with
1 cm? active area only achieve =20% in the past 2 years. The
PCEs of large-area PSCs and perovskite solar modules (PSMs)
are still less than 16%, and the device efficiencies show a down-
ward trend with the enlargement of active area. In addition to
pursuing an even higher PCE, enormous research efforts are
also urgently focused on scaling up PSCs to promote the “lab-
to-fal’” translation of the perovskite photovoltaic technology.3?!
To achieve commercial applications of PSCs, we still need to
face two major challenges. The first one is that the efficiency of
PSCs decreases along with the enlargement of the device area
(Figure 2).3334 This is because the film of each functional layer
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Figure 1. Structural features of metal halide perovskite materials.

is not perfect in terms of coverage, uniformity, and flatness due
to the use of solution processing method. Even for high effi-
cient PSCs with a small area, the PCE still shows a wide range
of distribution.[>6:242931 After the size of the device is enlarged,
the defects of the functional layers will have a greater impact on
the extraction and transport of photoinduced carriers, leading
to a significant decrease in device performance.3*3* Moreover,
the credibility of testing results for small-area devices have been
questioned because measurement errors increase along with
decreasing the active area. The second challenge is the stability
issue accompanied by scaling-up.?>3¢ Stability has been identi-
fied as one of the significant problems in PSCs. The external
factors affecting stability are mainly temperature and illumi-
nation, as well as ambient (moisture, oxygen) exposure. The
device degradation can occur by the deterioration of the active
layer, charge transport layer, or electrode. Furthermore, the film
quality of each functional layer also affects the device stability,
which is related to the intrinsic properties of the materials.
Besides two challenges mentioned above, cost is also an impor-
tant factor affecting the commercialization of PSCs. Since the
main components of the PSC device can be fabricated with
low-cost coating processes using inexpensive and abundant mate-
rials, PSCs are often considered to have the potential to achieve
low-cost production compared to the conventional photo-
voltaic technology that need high energy and vacuum to pre-
pare solar cells. However, the champion small-area PSCs
with high efficiency of more than 20% wusually require
relatively expensive materials such as Spiro-OMeTAD
(2,2°,7,7 -tetrakis[N,N-bis(4-methoxyphenyl)amino]-9,9’-
spirobifluorene) and Au, and even a vacuum deposition technology.
The tradeoff between low cost and high performance of PSCs is an
important issue that must be considered in device amplification.

Herein, we review the progresses and issues on large-area
perovskite solar cells in terms of each functional layers, such
as perovskites, hole transport materials, electron transport
materials (ETMs), and electrodes, with the hope of promoting
design and optimization of materials toward the upscaling of
perovskite solar cells.

2. Device Architecture

The architecture of PSCs is multilayered which typically com-
prise five layers: transparent electrode, electron transport
layer (ETL), perovskite layer, hole transport layer (HTL) and
metal electrode. Each functional layer plays a significant role
in the photovoltaic process. Perovskites act as the active layer
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Figure 2. A) Efficiency map of PSCs and PSMs over the years. B) Efficiency distribution of large-area PSCs and PSMs related to active area. References:
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that absorbs sunlight and generates free charges. To prevent
charge recombination, the ETL (or HTL) extracts electrons (or
holes) from perovskites, followed by transporting them to the
cathode (or anode). Moreover, these two intermediate layers
should be matched with the perovskite layer to compensate for
the energy mismatch between the active layer and electrodes
(Figure 3).

2.1. Traditional n—i—p Structure

PSCs with the traditional n-i—p-type usually adopt two dif-
ferent architectures. One is mesoporous n—-i—p structure
(Figure 4A), and the other is planar n-i—p structure (Figure 4B).
A typical mesoporous n-i—p architecture consists of a fluori-
nated tin oxide (FTO) as a transparent substrate, then a very
thin and compact titanium oxide (c-TiO,, =20-50 nm) as a
hole blocking layer, a mesoporous TiO, or aluminum oxide
(m-TiO, or m-AlQ;, typically 100-300 nm) layer filled with
perovskite material, followed by an organic or inorganic HTL
(=100-300 nm), and finally a metal anode (typically Au or
Ag, =50-100 nm). The first mesoporous solid-state PSCs was
reported by Gritzel and co-workers in 2012 and exhibited a PCE
of 9.7%.211 The device features perovskite MAPDI; nanocrys-
tals as the photoabsorber, m-TiO, layer as a mesoporous

scaffold, and 2,2’,7,7'-tetrakis-(N,N-di-4-methoxyphenylamino)-
9,9"-spirobifluorene (Spiro-OMeTAD) as the HTL. After contin-
uous development, the mesoporous n—i—p PSCs have achieved
a PCE as high as 22.1%.3% In 2012, Snaith and co-workers first
confirmed the feasibility of the planar device configuration in
PSCs.”l With the rapid progress on planar PSCs, the PCE of
20.8% has been reached.?]

2.2. Inverted p—i—n Structure

An inverted p—i—n perovskite solar cell (Figure 4C) has the oppo-
site arrangement in device structure compared to traditional
n—i—p structures. First, the HTL deposited on the surface of
FTO or indium tin oxide (ITO) substrate. Then, the perovskite
materials are deposited onto the HTL, followed by an ETL, such
as fullerene derivatives [6,6]-phenyl-Cg;-butyric acid methyl
ester (PC¢BM). Finally, the device is completed by depositing
a back electrode, such as Al, Cu, Ag or Au. In 2013, Jeng et al.
first reported p-i-n PSCs with a device structure of glass/
ITO/poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate)
(PEDOT:PSS)/MAPbDI;/Cgy/bathocuproine (BCP)/Al, which
exhibited a PCE of 3.9%.538 The efficiency of inverted PSCs has
been remarkably improved by various approaches and to date
achieved more than 20%.5*"!

Figure 3. Schematic energy-level diagram of the functional layers used in PSCs including transparent electrode, electron transport layer, perovskite

layer, hole transport layer and metal electrode.
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Figure 4. Common device structures of perovskite solar cells.

2.3. Hole-Transport-Material-Free Structures

The first efficient HTM-free PSC was reported by Han and co-
workers in 2013, as shown in Figure 4D.) A dense ¢-TiO, layer
was firstly coated on a FTO. Then, a screen-printed m-TiO,
layer was employed as the electron transport layer. Subse-
quently, an insulating ZrO, space layer was printed on the top
of the m-TiO, layer to prevent short circuit. After that, carbon
black composite slurry was printed on the top of ZrO, and sub-
sequently annealed at high temperature to form a carbon black
electrode. Finally, perovskite precursor solution was infiltrated
into the mesoporous structure and an HTM-free PSC with a
PCE of 6.64% was obtained. In 2014, by using the same device
structure, a certified PCE of 12.8% was reported by Han and co-
workers.[*!l Moreover, the PSCs showed high stability for more
than 1000 h under AM1.5G sunlight illumination in ambient
air. In 2018, the efficiency of HTM-free PSCs was improved
to 15.6% by the same group.l*yl To date, many researches have
focused on this device architecture owing to the high stability of
the carbon electrode.l*3*4

2.4. Perovskite Solar Module

Module fabrication is a necessary step during the development
of photovoltaic technology from the laboratory to industrializa-
tion. PSMs can be constructed by connecting subcells in series
or parallel. The usual method for fabricating PSMs is series

connection from subcells, which can enhance the photovoltage
of the modules but keep a minimum photocurrent among
these subcells. A small photocurrent can reduce the effect of
increased series resistance mainly from large-area transparent
electrode.®”! The p-i-n and n-i-p-type PSMs in series connec-
tion are depicted in Figure 5A,B, respectively. Figure 5C shows
a photograph of the PSMs. It is noted that efficient module
fabrication appears to be more dependent on the quality of the
device layers than small solar cells. In addition, scaling-up of
the device has brought about a relatively low efficiency of the
module compared to small size PSCs, which can be clearly seen
in Figure 2.

3. Perovskite Materials

Perovskite layer as the active layer plays an important role
in the device performance, which is significantly affected
by the film morphology and crystalline quality.®® Recently,
numerous researches have focused on enlarging grain size
and improving crystalline quality of perovskite films, which
can reduce recombination loss due to decreasing the defect
density and achieving rapid charge transport. However, it is
still a challenge to control the film morphology and crystal-
line quality during the perovskite film formation over a large
device area. In this section, we summarize the development
and evolution of large-area PSCs using different perovskite
materials.

Figure 5. Structure diagrams of A) p—i—n-type and B) n—i—p-type modules. C) Photograph of the perovskite solar module (10 cm x 10 cm). C) Reproduced

with permission.3l Copyright 2014, Royal Society of Chemistry.
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3.1. Methylammonium Lead Triiodide (ABX; = MAPDbI;)

MAPDI; has been the most commonly used and investi-
gated material for large-scale perovskite films owing to
the easy preparation and simple components. This perov-
skite exhibits excellent optoelectronic properties, such as
wide absorption spectrum up to 800 nm, high absorption coef-
ficient of 1.5 X 10* cm™ at 550 nm,[ high carrier mobility
(=67 cm? V=1 s71),[4] Jow exciton binding energy(<10 meV),l*’]
and long electron- and hole-diffusion length (up to 1 pm).l"!
To realize the purpose of fabricating large-area MAPbI;-based
PSCs, several processing techniques are utilized and devel-
oped. Deposition technology can be divided into one-step and
two-step methods according to the preparation steps discussed
below. The summarized data are listed in Table 1.

3.1.1. One-Step Method

For the one-step spin-coating method (Figure 6A), both PblI,
and CH;NHj;I are usually dissolved in a polar solvent (dimeth-
ylformamide (DMF), y-butyrolactone (GBL), or dimethyl sul-
foxide (DMSO)) to form the perovskite precursors.*®! In the
spin-coating process, solvent evaporation induces the crystal
perovskite formation onto the substrate. The rate of solvent
evaporation and reaction of Pbl, with CH3NH;I needs to be
carefully controlled to benefit the perovskite crystal growth
and prevent pinhole defect formation of the final perovskite
film.?2%] In June 2014, Seo and co-workers for the first time
demonstrated a solution-processing method for the fabrica-
tion of a 10 cm x 10 cm (active area of 60 cm?) p—i-n PSM
(Figure 5C), which exhibited a PCE of 8.7%.33 Solvent engi-
neering was employed to create a highly uniform perovskite
film with a root-mean-square (RMS) roughness of 10 nm. Gen-
erally, perovskite crystalline can easily be formed by a direct
reaction between MAI and PbI, dissolved in a polar aprotic
solvent. In this solvent-engineering process, a mixed solvent of
DMSO and GBL is used and the presence of DMSO in GBL
retards the rapid reaction of PbI, with CH3;NH;l by forming
DMSO-PbI, complexs.?*>% This allows a smoother film to be
formed upon a consecutive spin-coating process. Also by using
spin-coating process, a 10 cm x 10 cm (active area of 40 cm?)
inverted PSM was fabricated by Heo et al. and the PCE was
improved to 12.9%.34 In 2015, Chen et al. reported a break-
through work, in which >1 cm? size solution-processed PSCs
with a certified PCE of 15% was achieved.P!l Heavily doped
inorganic materials were employed as the charge extraction
layers of the p-i-n-type device, which avoided pinholes and
reduced local structural defects in large-area films. The device
showed a good stability, retaining >90% of the initial PCE after
aging 1000 h of light soaking. At the end of the same year,
Yang et al. reported a 1 cm? area n—i—p-type PSC with a PCE of
15.3%, which was fabricated by solvent bathing route.”? They
found that the excessive MAI played a critical role during the
subsequent air annealing to facilitate significant grain growth,
development of strong 110 textures, and mitigation of MAPDI,
decomposition. In 2016, Leyden et al. fabricated modules
using spin-coating process and demonstrated a PCE of 14.6%
for 1 cm? single cells and 8.5% for 5 cm x 5 cm modules.?!
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In 2017, Lee et al. fabricated low-temperature processing, hys-
teresis-free, and stable PSCs with 1 cm? active area by using
a versatile organic nanocomposite that combines an electron
acceptor and a surface modifier.*l The PCE of this large-area
PSC was over 18% and the PCE of PSC with the printed ETL
was over 17%. By using an ionic-liquid additive of methylam-
monium acetate (MAAc) and a molecular additive of thiosemi-
carbazide (TSC), Wu et al. reported a 1.025 cm? aperture-area
PSC with a certified PCE of 19.19%, and the high-performing
devices can retain over 80% of its initial PCE after 500 h under
thermal stress of 85 °C.P% The high performance of devices
was attributed to the large crystals with high crystalline quality
by using the additive engineering strategy.

Besides spin-coating processing, other state-of-the-art depo-
sition techniques are also used to give high-quality crystalline
perovskite films. Blade coating, also named doctor blading
or knife coating, is usually used to fabricate large-area films
on rigid or flexible substrates. Deng et al. fabricated 1-inch?-
area perovskite films by using the modified doctor-blading
method (Figure 6B).°% They found that the larger crystalline
grains were obtained from doctor blading compared to spin
coating, which yielded a PSM with an exciting efficiency of
15.1%. Very recently, in the research of Deng et al., they used
the perovskite ink solution combined with surfactant additive
for blade-coating process and found that surfactant additive
could alter the solution flow dynamics and enhance the adhe-
sion of the perovskite solution to very hydrophobic hole trans-
port materials.’”) The additives enable the bladed perovskite
films to be uniformly coated over large areas and passivate the
charge traps. Fast blading of perovskite films in air results in
stabilized module efficiencies of 15.3% and 14.6% measured at
aperture areas of 33.0 and 57.2cm?, respectively. The method
of adding surfactants to perovskite inks could be a general
strategy for improving perovskite film quality in various scal-
able fabrication.

Novel solution processing methods were also developed to
prepare high-quality perovskite films. Ye et al. reported a soft-
cover deposition (SCD) method, in which they used a soft cover
with high surface wettability to spread perovskite precursor
solution on a large-area preheated substrate.l® The perovskite
precursor solution was thermally stable at the boiling point
because of the additional function of the soft cover blocking the
solvent evaporation into air. As a result, a pinhole-free, large-
grain-size, and rough-border-free perovskite film with a large-
area smooth surface of 51 cm? was present, which showed a
material utilization ratio of 80%. The 1 cm? working-area
PSCs with very small hysteresis and high reproducibility were
obtained, which exhibited a PCE of up to 17.6%. The major
steps of SCD are illustrated in Figure 6C. Chen and co-workers
reported a new deposition method of perovskite films, which
was irrelevant to the use of a common solvent or vacuum.?’!
The certified efficiency of the PSM with an aperture area of
36.1 cm? was 12.1% (Figure 6Dc), which was the first record
produced by perovskite solar modules in the solar cell efficiency
tables (version 49).1 The major processing method is shown
in Figure 6Da. Scanning electron microscopy (SEM) shown
that the pressure-processed perovskite films were pinhole-
free and highly uniform. The grain size of the perovskite film
deposited by this procedure was 3—4 times larger than that of
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Table 1. Representative reports of large-area PSCs or PSMs using MAPbl; as the active layer.

Perovskite Module Active Aperture Voc V] Jec[MAcm™] I [mA] FF([%] PCE([%]”  Device structure  Type® Processing Ref.
area [cm?)?) area [cm?]  area [cm?] method/steps
MAPbl; 100 (10x10) 60 (10 cell) - 0.866 20.7 - 78.3 8.7 ITO/PEDOT:PSS/ Spin coating/1  [33]
perovskite/PCBM/
LiF/Al
MAPbl; 100 (10x10) 40 (10 cell) - 10.1 - 80.1 63.7 12.9 ITO/PEDOT:PSS/ | Spincoating/1  [34]
perovskite/PCBM/Au
MAPbI; - 1.02 - 1.09 17.35 - 66.8 15/AIST FTO/NiMgLiO/ | Spin coating/1 [51]
perovskite/PCBM/
Ti(Nb)O,/Ag
MAPbI; - 12 - 1.09 213 - 66.1 15.3 FTO/c-TiO2/ P Solvent-bathing/1  [52]
perovskite/
Spiro-OMeTAD/Ag
MAPbI; - 1 - 112 205 - 63.0 14.6 FTO/c-TiO,/ M Spincoating/1  [53]
m-TiO,/perovskite/
Spiro-OMeTAD/Au
25 (5%5)  15.4 (6 cell) - 0.98 19 - 46.0 8.5
MAPbI; - 1 - 1.10 20.73 - 79.0 18.1 ITO/PEI:PCBM/ Spin coating/1  [54]
perovskite/PTAA/
MoO;/Ag
MAPbI; - 1.025 - 1.12 23.17 - 75.7  19.2/AIST FTO/NiO/perovskite/ | Spin coating/1 [55]
PCs;BM/BCP/Ag
MAPbI; Tin.x Tin. - - 1.05 21.8 - 66.0 151 ITO/c-OTPD:TPACA/ |  Blade coating/1  [56]
perovskite/PCBM/
Ceo/BCP/AL
MAPbI; N - 33.0 1.07 19.5 - 72.1 15.0 ITO/PTAA/ Blade coating/1  [57]
perovskite/Cgo/
BCP/Cu
1105 (13.0 x 8.5) - 57.8 17.24 - 725 689 14.9 ITO/PTAA/ Blade coating/1
perovskite/Cgo/
BCP/Cu
MAPbI; - 1 - 1.02 21.8 - 78.7 17.6  FTO/NiO/perovskite/ | Soft-cover [58]
PCBM/Ag deposition/1
MAPb; 6x6 - 36.13 (10cell)  8.36 - 73 715  12.1/AIST FTO/c-TiO,/ M Pressure [59]
m-TiO2/perovskite/ processing /1
Spiro-OMeTAD/Au
MAPbl; N 10.1 (4 cell) - 421 - 47 66.5 13 FTO/c-TiO,/ M Sequential [67]
m-TiO2/perovskite/ deposition/2
Spiro-OMeTAD/Au
MAPbI; - 1 - 0.99 19.63 - 50.0 972 FTO/cTiOy/m-TiOs) M Sequential (62]
perovskite/Carbon deposition/2
MAPbI; - 1.3 - 0.99 22.51 - 75.0 16.7 ITO/PEDOT:PSS/ Two step spin [39]
perovskite/PCBM/ coating/2
Ca/Al
v 11.25 - 4.69 4.25 - 770 154
MAPbDI; Roll to roll 0.96 19.35 - 63.0 11.6 ITO/ZnO/printed Sequential [63]
perovskite/ Slot die/2
doped-P3HT/Ag
MAPbDI; Roll to roll 0.98 20.38 - 59.9 11.96 ITO/ZnO/Printed Sequential [64]
Perovskite/ Slot die/2
doped-P3HT/Ag
MAPbI; 10 (2.5%4)  10.1 (4 cell) - 411 17.17 4327 5814 1026 FTO/c-TiO,/ M Blade coating  [65]
m-TiO,/perovskite/ deposition/2
Spiro-OMeTAD/Au
MAPbDI; 100 100 (9 cell) - 9.61 7.48 83.09 53.79 4.3 FTO/c-TiOy/m-TiO,/ M
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Table 1. Continued.

Perovskite Module Active Aperture Voc V] Jsc[MAcm™] I [mA] FF[%] PCE[%]”  Device structure  Type Processing Ref.
area [cm?)?) area[cm?]  area[cm?| method/steps
MAPbI; - 2.5 - 0.92 19.4 72.3 12.9 FTO/PEDOT:PSS/ | Close space 66]
perovskite/PCBM/Al sublimation
deposition/2
MAPbI; - 10 0.93 18.9 61.7 10.8
MAPbI; - 1 - 1.032 18.9 63.0 13.9 FTO/c-TiOy/ M Ultrasonic spray  [68]
perovskite/ deposition/2
Spiro-OMeTAD/Au
MAPbI; - - 5 1.03 21.5 70.1 15.5 SnO,:F(FTO)/NiO/ P Soft cover-depo-  [69]
perovskite/PCBM/ sition/2
BCP/Ag
MAPbl; 100 (10x10)  50.6 (8 cell) - 8.57 - 1148 646 12,6 FTO/c-TiO,/m- M Sequential [70]
TiO,+graphene/ deposition/2

GO-Li/perovskite/
Spiro-OMeTAD/Au

2 = not given specific area value; Y’ PCEs are certified by National Institute of Advanced Industrial Science and Technology (AIST); 9M = mesoporous n—i—p configuration,

P = planar n-i—p configuration, and | = inverted p—i—n configuration.

spin coating—processed film (Figure 6DDb). The larger grain size
indicated that the pressure process was helpful to the growth of
perovskite crystals, which could reduce trap states and enhance
the photovoltaic performance. Importantly, the new processing
method can be carried out in air at low temperatures, which is
advantageous to fabricating large-area perovskite devices.

3.1.2. Two-Step Method

The most commonly used two step method is the sequential
deposition process developed by Gritzel and co-workers.?? A
mesoporous TiO, film is firstly spin-coated by PbI, solution
and subsequently immersed into a CH3;NH;I solution to form

a perovskite crystal (Figure 6AD). This method is applicable
to PSCs using a mesoporous metal-oxide film rather than the
planar ones without the scaffold structure. In the latter, MAI
molecules could be much difficult to penetrate into the dense
Pbl, film, resulting in the incomplete reaction of Pbl,.*)l By
using two-step deposition of MAPbI;, Matteocci et al. reported
a 10.08 cm? active-area PSM with a maximum PCE of 13.0%
under AM1.5G illumination conditions.’!] In another work,
two-step sequential method was exploited to prepare a high-
quality perovskite layer for the paintable carbon-based PSCs,
in which the solvent of MAI solution used at the second step
was changed from isopropanol (IPA) to a mixed solvent of IPA/
cyclohexane.[%?l This mixed solvent not only accelerated the con-
version of Pbl, to CH3;NH;PbI; but also suppressed the Ost-

Figure 6. A) One-step a) and two-step b) spin-coating procedures for MAPbI; formation. Reproduced with permission.*8l Copyright 2014, American Insti-
tute of Physics. B) lllustration of the experimental setup for perovskite film deposition via doctor blading. Reproduced with permission.®l Copyright 2015,
Royal Society of Chemistry. C) lllustration of soft-cover deposition method. Reproduced with permission.’8 Copyright 2016, Royal Society of Chemistry.
D) Diagram of the pressure processing method for the deposition of perovskite film a). Processing method: (1) add amine complex precursors and cover
with polyimide (P1) film; (I1) apply pressure; (I11) heat and peel off the PI film. b) SEM images, and c) photograph of the module with an aperture area of
36.1 cm?. Reproduced with permission.>® Copyright 2017, Nature Publishing Group.

Adv. Funct. Mater. 2018, 1803753 1803753 (7 of 45) © 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

Figure 7. Schematic illustration of the synergistic effect for preparing the high-quality thick
MAPbI; film using a H,O additive in MAI/IPA and DMF vapor post treatment. Reproduced

with permission.*?l Copyright 2017, Royal Society of Chemistry.

wald ripening process, resulting in a high-quality perovskite
layer, e.g., pure phase, even surface, and compact capping layer.
A PCE of 10% was achieved for 1 cm? area device, which was
a record for carbon-based HTM-free PSCs at the time of pub-
lication. For improving the morphology of the perovskite film,
Chiang et al. used H,O as an additive in Pbl,/DMF precursor
solution and prepared a full coverage, good quality, and thick
MAPDI; film via a two-step spin-coating method.l%! They found
that H,0 could not only help MAI to penetrate into the thick
Pbl, to form a pure MAPDI; film but also produce larger grains
by slowing down the perovskite crystallization rate. Moreover,
H,0 could also cooperate with DMF to control the dissolu-
tion of perovskite grains during DMF vapor post treatment
(Figure 7). The minimodule with an active area of 11.25 cm?
realized a PCE of over 15%.

Among the solution-processing methods for the large-scale
production of PSCs, slot-die coating shows many advantages.
With this process, film thickness can easily be controlled by
tuning the solution feed. In addition, this process would cause
no material loss, and all injected solutions can be transferred
to the substrate. In late 2014, Vak et al. reported fully printed
PSCs with a PCE of 11.6% via 3D printer-based slot-die com-
patible process (Figure 8A) and a 47.3 cm? area module with
a PCE of 4.57%.1%1 Shortly afterward, Vak and co-workers
reported a fully printed PSCs via roll-to-roll compatible pro-
cess, and the best PCE of 11.9% was obtained (Figure 8B).[4l
The results of the two works verify the possibility of the low-
cost and full-automatic production of solution-processed PSCs
by this technology. In another work, Razza et al. reported a
sequential step method to deposit perovskite layers.% Pbl, was
blade-coated on a substrate, followed by treatment with air flow
to control the crystallization. Subsequently, the highly compact
Pbl, film was dipped into a methylammonium iodide solution
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to obtain the final perovskite layer. The large-
scale PSMs with module active areas of 10.1
and 100 cm? showed the PCEs of 10.4% and
4.3%, respectively.

Besides the traditional sequential depo-
sition method, many investigative efforts
have been invested into the design of more
stable PSCs by implementing new two-step
deposition techniques. Guo et al. employed
a new deposition method, named close space
sublimation (CSS), to grow a high-quality
MAPDI; thin film in a low-vacuum and even
nonvacuum oven.[®® With this approach, the
PCEs of 12.9% and 10.8% were achieved for
active areas of 2.5 and 10 cm?, respectively. In
this method, PbI, was spin-coated on a modi-
fied FTO substrate, and CH;NH;I was also
spin-coated on a cleaned glass substrate. The
two substrates were put facing each other
with a thin hollow aluminum foil gasket to
form the close space, followed by transferring
to an isothermal vacuum or nonvacuum oven,
as shown in Figure 8C. Along with increase
of the temperature, the MAI film will subli-
mate to generate uniform MAI vapor, which
can react with the predeposited Pbl, layer to
form MAPDI; perovskite on the FTO substrate. A similar prepa-
ration process was reported by Chen et al. over the same period
(Figure 8D).[”! They prepared high-quality perovskite thin films
with an area of 8 X 8 cm? and employed an in situ resistance
measurement method to monitor the evolution of perovskite
thin films. Huang et al. reported a two-step ultrasonic spray
method to fabricate 1 cm? area PSCs with a PCE of 13.09%.[68!
The deposition process is shown in Figure 8E. The perovskite
films deposited by this method showed better crystallinity, lower
nonradiative recombination rate, and more efficient interfacial
charge extraction property. A scalable low-temperature soft-
cover deposition (LI-SCD) method was applied by Ye et al. to
fabricate 12 cm? area, smooth and compact perovskite films.[®”]
Due to eliminating thermal convection-induced defects in the
perovskite films, a PCE of 15.5% was achieved on a solar cell
with an aperture area of 5 cm?. By low-temperature processing,
the flexible PSCs based on a polyethylene terephthalate sub-
strate achieved a PCE of 15.3%. As shown in Figure 8F, Agresti
et al. showed the concept of graphene interface engineering as
a viable route to tuning the interface properties and obtained a
50.6 cm? active-area PSM with a high PCE of 12.6%."

Based on the above discussion of the one-step and two-step
methods, many efforts have been made toward scaling-up pro-
duction of PSCs. However, there is still a long way to go to
get a better process for large-area device performance. Spin
coating is widely used in small-area PSCs to prepare thin and
uniform films owing to its simplicity and programming pro-
cess and usually achieves exciting device performance. How-
ever, in the process of fabricating the large-area PSCs, the film
may be inhomogeneous due to two factors. One is difference
in the linear velocity of the spin-coating method, and the other
is the fast drying leaving no enough time for perovskite crys-
tallization completely. Generally, tuning solvent components
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Figure 8. A) Schematic illustration of coating process of the 3D printer on a small size substrate a). Demonstration of capabilities of the modified 3D
printer b) in printing mode with a point nozzle and c) in coating mode with a slot nozzle. A) Reproduced with permission.l3] Copyright 2015, Wiley-VCH.
B) Roll-to-roll production of perovskite solar cells. Reproduced with permission.l®*l Copyright 2015, Wiley-VCH. C) The procedures of perovskite thin
film deposition using CSS deposition method. Reproduced with permission.l®l Copyright 2016, Royal Society of Chemistry. D) Schematic illustration of
perovskite film formation, as well as photographs of the Pbl, and perovskite films (8 cm x 8 cm). Reproduced with permission.[®”l Copyright 2016, Royal
Society of Chemistry. E) Schematic diagram of the two-step spray method for the deposition of perovskite film. Reproduced with permission.[® Copyright
2016, Elsevier. F) The structures of graphene interface engineering PSMs. Reproduced with permission.’% Copyright 2017, American Chemical Society.

or using additives can optimize the quality of perovskite films,
thus improving the photovoltaic performance. Nevertheless,
the large-area PSCs by spin coating are still difficult to achieve
the efficiency as high as the small-area devices. Moreover, the
waste of materials in the spin-coating method is very serious,
and the utilization rate is less than 10%, which is clearly disad-
vantage for the device enlargement. Blade coating and slot-die
coating waste less ink than spin coating, and the process can
be adapted for roll-to-roll manufacturing, which has a relatively
high throughput compared to spin coating. These two tech-
niques can be used to prepare larger size uniform film than
spin coating, but the device performance is also relatively low.
It is noted that the film quality is controlled by several factors,
including the viscosity of the precursor ink and the coating
speed. The device efficiency should be increased by optimizing
the ink compositions and processing parameters. The new
type preparation methods for perovskite film exhibit the poten-
tial to produce efficient large-area devices, such as soft-cover
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deposition and pressure processing. However, the popularity of
the new technology that relies on the preparation instruments
still needs to take time.

3.2. Modification of X Position in ABX; Perovskite (X =1, Br, and Cl)

Anion substitution is an effective method to tune the opto-
electronic properties of metal halide perovskites, such as the
replacement of the iodine in MAPDI; with both chlorine and
bromine. The bandgap of perovskites increases along with the
decrease of the halide ionic size. Halide substitutions are typi-
cally 1-,'8 Br~"1 CI-,72 BF,~,”3l and SCN~."4 It was known
that the halide in the MAPbXj perovskite is a vital parameter in
determining the photoelectric properties and film morphology,
as well as the photovoltaic performance of the perovskite.
Theoretical calculation datal”! indicated that introducing Cl in
MAPDI; will improve the film morphology!3”! without changing
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the absorption onset (800 nm) of the perovskite. MAPbI; ,Cl,
has the long carrier lifetime and fast carrier transport compared
to MAPDI; and also is more stable than MAPbCl;.B17677] Study
reveals that by introducing Br ion into the perovskite struc-
ture, ordered cubic phase MAPDI;_,Br, exhibits a good device
stability in comparison with the distorted tetragonal phase
MAPDI;.”8 Furthermore, solar cells based on MAPbI; Br,
exhibit higher open-circuit voltages because MAPbBr; has a
higher lowest unoccupied molecular orbital (LUMO) and a
lower highest occupied molecular orbital (HOMO) energy level
than MAPbI;.”?! The summarized data are listed in Table 2.

3.2.1. MAPbl;_Cl,

In 2014, the first solid-state n—i—p PSM by using MAPDI;_,Cl,
as absorber layer was reported exhibiting a PCE of =5.1% with
an active area of 16.8 cm?.8% The PCE was further improved to
8.2% by minimizing the contact resistance at the series inter-
connections via precise laser patterning by the same group./®!
Fakharuddin et al. fabricated MAPDbI;_,Cl, -based solar mod-
ules (area: 10.8 cm?; PCE: 10.5%; av. 8.1%) employing vertically
aligned TiO, nanorods as an ETL via precise laser patterning
and interfacial engineering.®!l Qiu et al. reported a PSM by
one-step spin-coating process with an aperture area of 4 cm?.1%2
The PCE of 13.6% was achieved due to the pinhole-free and
high-crystallinity perovskite films made with a precursor com-
bination of Pb(CH;CO,),-3H,0, PbCl,, and MAIL. The results
revealed that the PbCl, as one of the lead sources played an
important role on impacting the crystal grain size and pinhole
area of the perovskite film. The average grain size of the per-
ovskite crystalline increased along with the PbCl, content in the
mixture. Moreover, the optimal PbCl, content in the lead source
composition was around 20-30%. The larger grains resulted in
less grain boundaries, which could increase the performance
of PSCs. Recently, considering the role of excess halide in the
precursor in film formation and the state-of-the-art antisolvent-
extraction approaches, Yang et al. demonstrated a general pre-
cursor formulation of Cl-containing methylammonium lead
iodide along with solvent engineering, which could give a wide
precursor-processing window and increase the growth rate of
perovskite grains for the planar PSCs.83l SEM images exhib-
ited that excess MACI in the ink not only enhanced perovskite
grain size and film crystallinity but also increased the perovs-
kite grain growth rate, which significantly reduced the thermal
annealing requirements. By using this ink, the blade-coating
method showed almost the same film morphology and device
performance as the spin coating (Figure 9A). The blade-coated
devices with the active areas of 1.2 and 12.6 cm? yielded average
efficiencies of 17.33% and 13.3%, respectively.

Flexible perovskite photovoltaic modules based on
MAPbDI;_,Cl, have also been investigated. Giacomo et al. fab-
ricated flexible Perovkite PSMs (active area: 7.92 cm?) with an
efficiency of 3.1%. Figure 9B shows the module fabrication pro-
cedures.B Yang et al. adopted the one-step processing method
to simplify the blade-coating process, in which the precursor
solution was composed of CH;NH;I and PbCl, in DMF.®! A
uniform 10 cm x 10 cm perovskite film was easily prepared by
this process without wasting perovskite precursor compared
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to spin-coating process. A flexible device with a PCE of 7.14%
was also fabricated. Schmidt et al. reported around 50% loss in
PSC performance when using a fully scalable fabrication pro-
cess.l® The PCE of devices based on the spin-coating method
yields a PCE of 9.4%. The flexible devices based on ITO-poly-
ethylene terphthalate (PET) substrates and printed back elec-
trodes, as well as slot die—coated perovskite layers, exhibited a
PCE of 4.9%. Back et al. reported a large-area (1.5 cm X 4.0 cm)
MAPDI;_,Cl, perovskite film with excellent uniformity via blade
coating and a printed solar cell with a PCE of 10.15%.871 A 5 cm
% 5 cm area device with a PCE of 11.2% was obtained by intro-
ducing bidentate halogenated additives into the MAPbI;_,Cl,
precursor solution.”?l The temporary chelation between addi-
tives and Pb?" could affect the dynamic equilibrium during the
heating and annealing processes of the spin-coated perovskite
film, and slow down the crystallization of perovskite film,
which contributed to a more uniform and nondefective growth
of perovskite crystal nucleation.

3.2.2. MAPbI;_Br,

Tait et al. demonstrated the generality of concurrently pumped
ultrasonic spray coating for accurately and rapidly optimizing
precursor ratios based on PbCl,, Pb(CH;CO,),-3H,0, PbBr,,
MABr, and MAI to achieve pinhole-free perovskite films with
high crystallinity.®®¥ Initial PCE of 11.7% for 3.8 cm? area mod-
ules were achieved. The schematic of concurrently pumped
ultrasonic spray coating for perovskite precursor deposition is
shown in Figure 10Aa. Perovskite layers was spray-coated from
DMEF inks of PbCl,:MAI and PbAc,:MAL Then, a full coverage
and negligible-pinhole perovskite film was obtained, which
could be confirmed by SEM image (Figure 10Ab-d). This con-
currently pumped ultrasonic spray-coating technique offers a
strategy to rapidly and precisely optimize PSCs.

3.2.3. MAPbl5_, ,Br,Cl,

Heat treatment is very important for nucleation of perovskite
crystals. In the common program, the solution-containing PbI,
and MACI is spin-coated on a substrate at room temperature
and then postheated on a hot plate. Nie et al. reported a hot-
casting technique to prepare a perovskite film with millimeter-
scale crystalline grains, which achieved an =18% solar cell
efficiency.® Study revealed that hot-casting technique was
helpful to the grown of crystalline grains of the perovskite film.
In hot-casting processing, excess solvent was present while the
substrate was held at above the crystallization temperature for
forming the perovskite phase. Excess solvent prolonged the
growth of the perovskite crystals, resulting in large-size crys-
talline grains. Therefore, high-boiling point solvents would be
helpful in growing large crystalline grains because the excess
solvent could provide more time for perovskite crystal growth.
In Chiang et al.’s work, solar modules (active area of 25.2 cm?)
based on three types halide (Cl/Br/I) mixed perovskites with
the highest efficiency of 14.3% was achieved by one-step hot
solution spin-coating (HSS) method combined with solvent
annealing (SA).° SEM images (Figure 10B) revealed that the
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Table 2. Representative reports of large-area PSCs or PSMs using perovskite materials with halide substitution, monovalent organic cation substitu-
tion and mixed cation substitution as the active layer.

Perovskite Module
area [cm?]?)

Active
area [cm?]

Aperture
area [cm?]

VOC [V] .’SC [mA cmiz]

’SC [mA]

FF[%] PCE [%]”

Device structure

Type®)

Processing
method/steps

Ref.

MAPbI;_Cl, v

MAPbI;_Cl, y

MAPbI;_Cl, V

MAPbI;_Cl, 4(1x4)

MAPbI;_Cl, -

12.6

MAPbI;_Cl, 5.6x5.6

MAPbI;_Cl, -

MAPbI;_Cl, -

MAPbI;_Cl, -

MAPbI;_Cl, 25 (5 % 5)

MAPbI;_,Br, -

MAPbI;_, ,Br,Cl, -

FAPbI; 25 (5x5)

25 (5 x 5)
FAPbI; -

FAPbI, -

Adv. Funct. Mater. 2018, 1803753

16.8 (3.36 X 5)

10.08

10.8 (2.7 x 4)

11.09

7.92/flexible

Flexible

Flexible

12 (4x3)

25.2 (2.8 x9)

8.8 (5 cell)

12 (6 cell)

25

3.8

431

4.45

3.36

3.39

0.87

0.94

9.05

0.98

0.94
1.03

1.05

- =329

- -36.8

-13.4 -33.8

13.91 -

15.6 -

16.91 -

6.48 -

17.8 -
20.70 -

22.35 -

60.3

52.6

77.8

88

71

59.0

64.0

50

74.4

57.0

54.0
72.34

64.9
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5.081

5.1

8.2

3.

—

7.14

9.4

4.9

10.15

14.3

9.5

15.42

15.23

FTO/c-TiO,/
m-TiO,/perovskite/
Spiro-OMeTAD/Au
FTO/c-TiO,/
m-TiO,/perovskite/
P3HT/Au

FTO/c-TiO,/
m-TiO,/perovskite/
P3HT/Au

FTO/TiO, nanorods/
perovskite/
Spiro-OMeTAD/Au
FTO/c-TiO,/perovskite/
Spiro-OMeTAD/Au
FTO/Au busbar/
c-TiO,-PCBM/
perovskite/
Spiro-OMeTAD/Au
FTO/c-TiO,/perovskite/
Spiro-OMeTAD/Au
PET/ITO/c-TiO,/
m-TiO,/perovskite/
Spiro-OMeTAD/Au
ITO/PEDOT:PSS/
perovskite/PC¢1BM/
Bis-Cgo/Ag

ITO/PEDOT:PSS/
perovskite/PCBM/
ZnO/Ag
ITO-PET/PEDOT:PSS/
perovskite/PCBM/
ZnO/printed Ag

ITO/PEDOT:PSS/
perovskite/PCgoBM/
Ca/Al

ITO/PEDOT:PSS/
perovskite/PCg1BM/
TIPD/AI

FTO/TiO,/perovskite/
Spiro-OMeTAD/Au
ITO/PEDOT:PSS/
perovskite/PCgoBM/
Ca/Al
FTO/c-TiO,/
m-TiO,/perovskite/
Spiro-OMeTAD/Au

ITO/PEDOT:PSS/
perovskite/n-doped
PCs1BM/Ag
ITO/PEDOT:PSS/
perovskite/n-doped
PCeBM/Ag

M

Spin coating/1

Spin coating/1

Spin coating/1

Spin coating/1

Blade coating/1

Blade coating/1

Spin coating/1

Blade coating/1

Spin coating/1

Slot-die/1

Blade coating/1

Spin coating/1

Spray coating/1

Hot spin
coating/1

VD)2

Sequential
deposition/2

Blade coating /2

(80]

(61]

[81]

(82]

(83]

(84]

(85]

(86]

(87]

[72]

88]

[90]

(53]

[99]

[100]
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Table 2. Continued.

Perovskite Module Active Aperture  V,c [V] Joc[MAcm™?] I [mA] FF[%] PCE [%]? Device structure Type?) Processing Ref.
area [cm??)  area[cm?] area[cm?| method/steps
FAo31MAg 15 - 1 - 1.143 22.6 76.0 19.6/ FTO/c-TiO,/ M Vacuum flash/1  [102]
Pbl; 51Bro.4s Newport ~ m-TiO,/perovskite/
Spiro-OMeTAD/Au
FAg85sMAg 15 - 1.022 - 1.081 21.95 78.4 18.21/AIST FTO/NiO,/perovskite/ | Spin coating/1 [103]
Pb(logsBro1s)s PCBM/Ti(Nb)O,/Ag
Pbl,/PbBr,/FAl/ - 1 - 1.1 24.7 72.3 19.7/ FTO/c-TiO,/ M Spin coating/2 [30]
MABr/I~ Newport ~ m-TiOy:perovskite/
perovskite/PTAA/Au
FAo.s5sMAg 15 - - 16 1.13 173 61.9 121 FTO/metal grid/ M Spray antisolvent  [108]
Pb(losBro.s)s c-TiO,/ method/1
m-TiO,/perovskite/
Spiro-OMeTAD/Au
Cs05FA0s1MAg 14 - 1.1 - 1.195 215 75.7 19.5/ FTO/TiO,—Cl/ P Spin coating/1 [110]
Pbl 55Bro.s Newpot perovskite/
Spiro-OMeTAD/Au
Csp.05FA070MAg 16 - - 1.0 1.1 23.8 74.0 19.6 FTO/ m-TiO,/ M Spin coating/1 [117]
Pbl; 49Bro 51 perovskite/interlayer/
Spiro-OMeTAD/Au
Csg.07FAg.03Pbl3 25 (5% 5) 12 (2x6) - 5.84 3.67 68.1 14.6  FTO/c-TiO,/perovskite/ P CVD/cation [114]
Spiro-OMeTAD/Au exchange/2
K,Cs0.05(FA0.85 36 (6x6) 20 (6 cell) - 6.794 3.57 65.0 15.76 FTO/c-Sn0O,/ P Spin coating/1  [115]
MAq.15)0.95Pb (log5 perovskite/
Bro.s)s Spiro-OMeTAD/Au
a4 = not given specific area value; PPCEs are certified by Newport Corp. or AIST; 9M = mesoporous n—i—p configuration, P = planar n—i—p configuration, and | = inverted

p—i-n configuration.

mixed halide perovskite film prepared with the HSS method
was very smooth and the grain size was larger than that pre-
pared from the cold precursor solution. In addition, the sol-
vent annealing process further enlarged the grain size of the
perovskite thin film. They found that in the precursor solution
Cl could improve the film morphology by slowing down the
crystallization of the perovskite crystals, while Br could increase
the open-circuit voltage (V,) of the corresponding devices and
stabilize the perovskite lattices.

3.3. Modification on A Position in ABX; Perovskite
3.3.1. Modify A by Small Organic Cations (A = FA, MA)

In the ABX; perovskites, another strategy of tuning struc-
ture is to replace the cations. For MAPbI;, much unfavorable
instinct factors limit its application, such as a low reversible
phase transition temperature (54-57 °C),’!l easy degradation
against moisture, and low thermal stability, which is believed
to cause reduced performance and stability.?>?3 In addition,
much concern has been focused on the light-induced trap-
state formation and halide segregation in mixed-halide perovs-
kites MAPDbBr,I;_,.°Y However, formamidinium lead triiodide
(CH(NH,),PbI; or FAPbI;) exhibited better temperature sta-
bility than MAPbDI;.! In addition, FAPbI; has a bandgap of
1.48 eV, which is closer to the “ideal” bandgap (=1.1-1.4 eV) of
single-junction solar cells, thus enabling efficient solar photon
harvesting.[l
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In 2015, Leyden et al. used a chemical vapor deposition
(CVD) method to fabricate FAPbI;-based solar cells with 1 cm?
active area, which achieved a PCE of 7.7%.°7] After 1 year,
by using the same deposition process, FAPbI;-based PSMs
on 5 cm X 5 cm substrates with PCEs of 9.5% (active area
8.8 cm?) and 9.0% (active area 12 cm?) were obtained by the
same group.”® Perovskite films were prepared by a two-step pro-
cess where Pbl, was firstly deposited onto TiO,/FTO substrates,
followed by CVD deposition of FAI to convert films to perovs-
kites (Figure 11A). Moreover, solar modules using FAPDI; pero-
vskite films grown by CVD show much better thermal stability.
At the end of 2017, Borchert et al. used a coevaporation process
to deposit a homogeneous FAPbI; thin films with a large area
of 8 cm X 8 cm.”® The FAPDI; film exhibited a high carrier
mobility of 26 cm? V™! s7! and a very low surface roughness
with an RMS of only 6.2 nm. This method could precisely con-
trol the film thickness and achieve highly uniform, pinhole-free
layers (Figure 11B). CVD and coevaporation processes offer a
strategy for smooth and uniform perovskite films over large
areas, as well as semitransparent solar cells. However, the disad-
vantage of these high-vacuum processing technologies is time
and energy consuming. Chang et al. reported FAPbI;-based
PSCs with an active area of 1.2 cm? by solution-sequential dep-
osition and doctor-blade coating, respectively. Both of two PSCs
exhibited remarkable PCEs of more than 15%.°%1% Neverthe-
less, pure FAPbI; phase at room temperature is structurally
unstable due to its crystallization to either a photoinactive, non-
perovskite hexagonal §-phase (“yellow phase”) or a photoactive
perovskite o-phase (“black phase”).’1%l The latter is sensitive
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Figure 9. A) Top-view SEM images of perovskite films prepared with different excess amounts of MACI using blade-coating (top row) and spin-coating
(bottom row) methods. Scale bars are 1 um. Reproduced with permission.®3l Copyright 2017, Nature Publishing Group. B) Schematics of the module
fabrication procedures. Reproduced with permission.®4 Copyright 2015, Wiley-VCH.

to polar solvents or humidity.’%Y The summarized data of this
part are listed in Table 2.

The perovskite can be further tuned by appropriately
selecting different organic cations. The perovskites containing
mixed FA/MA organic cations have shown the better perfor-
mance and stability than the pure perovskite compounds. In
spite of more advantages of FA, MA can make the perovskite
structure stable and avoid its transformation into the yellow
polymorph as known for the FA perovskites.”! Li et al. fabri-
cated FAj g MA, 15PDbI, 5,Brg 45-based PSCs with a square aper-
ture area of more than 1 cm? by using a simple vacuum-flash
solution processing (VASP) method, achieving a maximum
PCE of 20.5% and a certified PCE of 19.6%.[1°% In this method
(Figure 12Aa), an m-TiO, film was firstly spin-coated with the
perovskite precursor solution, subsequently being placed into
a vacuum chamber for a few seconds to accelerate the crystal-
lization of the perovskite mesophase by removal of most of the
residual GBL and DMF solvents. SEM images (Figure 12Ab)
revealed that the VASP method yielded homogeneous films
without pinholes compared to conventional process. Hence,
very few grain boundaries could be seen on the surface of the
perovskite layer, which retarded nonradiative recombination of
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charge carriers, thus enhancing the device photovoltage. Wu
et al. reported a 1.022 cm? aperture-area inverted PSC based on
mixed-cation/halide perovskite of FAygsMA15Pb(Iyg5B1g15)3,
which exhibited a remarkable PCE of 18.21%.1%% The high
PCE was owing to the perovskite-fullerene graded heterojunc-
tion (GH]J) structure, which significantly improved the photo-
voltaic performance of PSCs. In mid-2017, Yang et al. reported
the certified PCEs of 22.1% in small PSCs and 19.7% in 1 cm?
devices by the defect engineering of perovskite films.3% This
is the highest certified efficiency for 1 cm? PSCs. Additional
iodide ions were introduced into the organic cation solution
to form the perovskite films by an intramolecular exchanging
process, which reduced the concentration of deep-level defects.
Antisolvent method (Figure 12B) is popularly used in pre-
paring perovskite film, which was first reported in 2014.124104
During the spin-coating process of a perovskite precursors, an
antisolvent, such as chlorobenzene or toluene, is poured on
top of the spinning film, which will boost crystallization and
form a good film morphology.'%-1%7] Although antisolvent pro-
cess can produce a high-quality perovskite film, the dropping
of antisolvent during spinning over a large area is difficult to
control. In the recent work of Kim et al., a spray antisolvent
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Figure 10. A) Schematic of concurrently pumped ultrasonic spray coating for perovskite
precursor deposition a). The inks ultrasonically mix inside the nozzle, prior to aerosolization.
The inset shows the basic device architecture with CH;NH;(1,Bry_,); perovskite. SEM images
of perovskite films sprayed from inks of b) PbCl,/MAI, c) concurrently pumped PbAc,/MAI
with PbCl,/MAI at 75 mol% PbAc,, and d) PbAc,/MAI. A) Reproduced with permission.8l
Copyright 2016, Royal Society of Chemistry. B) SEM images of the mixed-halide perovskite
film prepared by the a) cold solution spin-coating method and b) hot solution spin-coating
method, c) combining the HSS and solvent annealing methods (top: low magnification;
bottom: high magnification). B) Reproduced with permission.’® Copyright 2016, Royal
Society of Chemistry.
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(SAS) method was developed to facilitate
rapid nucleation and uniform crystallization
of a large-area perovskite film with densely
packed grains.'%) Compared to the conven-
tional antisolvent dropping process, the SAS
method showed many advantages such as
less antisolvent usage, rapid delivery of the
antisolvent, faster rate of supersaturation,
denser nucleation, and greater uniformity
over a large area. By incorporating a metal
grid designed in PSCs, a large-area 16 cm?
cell with a certified efficiency of 12.1% was
obtained.

3.3.2. Modify A by Inorganic Cations (A = Cs, K)

Although the mixed FA/MA perovskites
show a good performance, it is still a chal-
lenge to obtain perovskite films without
trace amounts of yellow phase even for
high-efficiency PSCs.?>1%]  The small
amounts of yellow phase impurities in per-
ovskites will remarkably affect the crystal
growth and film morphology, which can
depress efficient charge collection and thus
decrease the device performance. In 2016,
Saliba et al. first introduced Cs into MA/
FA perovskite mixtures to restrain yellow
phase impurities and form high-uniform
perovskite grains growing from the electron
transport layer to the hole collecting layer."!
The small-area perovskite solar cells based
on the mixture of triple Cs/MA/FA cations
exhibited a steady PCE of 21.1%, which
retained an output of 18% after 250 h under
operational conditions. The triple-cation
perovskite films possessed a good thermal
stability and were not easy to be affected by
temperature, solvent vapors, or heating pro-
tocols during the fabrication process. Tan
et al. used an antisolvent process to fabri-
cate a 1.1 cm? active-area planar perovskite
solar cells based on the mixed cation-halide
perovskite  Csg 0sFA(g1MAg 14PbI, 55Bro 45,
which was certified with a PCE of 19.5%.110
Very recently, Lu et al. achieved an efficient
and stable PSC by the interface modifica-
tion of the CsggsFAg79MAg16PbI; 49BT0 51
perovskite.'™] The perovskite film was
fabricated by a one-step antisolvent pro-
cedure, and 1 cm? area PSCs exhibited a
remarkable PCE of 19.6% and remained
high stability. Although the superior Cs-
containing PSCs can be prepared by using
the antisolvent method,[1!2113] the crystal-
lization dynamics in this process heavily
depend on the precise artisanship condi-
tions, which blocks the device scaling-up.
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Figure 11. A) Schematic of perovskite growth by CVD a). b) Photograph of patterned perovskite films grown by CVD. c) Complete perovskite solar cell
module grown by the CVD process, shown from the rear side. d) Photographs of cells and modules. A) Reproduced with permission.’3l Copyright 2016,
Royal Society of Chemistry. B) Schematic diagram of the dual-source coevaporation system a). b) Photograph of 8 cm x 8 cm thin film of FAPbI; deposited
on a glass substrate. The image shows the substrate after thermal annealing at 170 °C for 1 min. The results of thickness measurements at three positions
are superimposed on the image, and a metal ruler with a centimeter scale is shown as a size reference. c) Atomic force micrograph of a 5 um x 5 um
region of the sample. The surface was found to be very smooth with a root-mean-square roughness Rgys = 6.2 nm. B) Reproduced with permission.®®!

Copyright 2017, American Chemical Society.

Jiang et al. reported a method to fabricate Cs,FA;_,Pbl; film
with the adjustable Cs content from 0 to 24%./!1* As shown in
Figure 12C, a FAPDI; film was firstly grown by hybrid chem-
ical vapor deposition (HCVD), followed by immersion into
Cs" solution for cation exchange. The champion PSM based
on Csgo7FAg93Pbl; with an active area of 12.0 cm? exhibited
an initial PCE of 14.6%, and still had a 14.0% efficiency after
1200 min steady-state measurement in a glove box with 5%
RH. The good stability probably resulting from the Cs-rich
perovskite surface improving the phase stability of the bulk
film against moisture.

Bu et al. reported a novel quadruple-cation (K/Cs/FA/MA)
perovskite. High PCEs of 15.76% (forward scan) and 15.56%
(reverse scan) were achieved for 6 x 6 cm? modules with
an active area of 20 cm®[] The eliminated hysteresis was
ascribed to the enhanced conductivity and the reduced carrier
recombination as well as the decreased trap density in the pero-
vskite film. Besides, the quadruple-cation perovskite formed
highly crystallized films with the double grain size (over 1 um)
compared to the K-free counterparts (Figure 12D). The unen-
capsulated PSMs exhibited an outstanding stability with no
decrease in PCE over 1000 h under ambient air (10 £ 5 RH%).
The detailed data are listed in Table 2.
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3.3.3. Modify A by Large Organic Cations (A = Small Organic
Cations, A" = Large Organic Cations)

In the above section, we reviewed 3D halide perovskite mate-
rials for large-scale devices. Although these compounds can
accomplish high-efficiency PSCs, their ambient stability is still
one of the bottleneck of commercialization. In conventional 3D
perovskites, water intercalation,M®'"] jon migration,* and
thermal instabilities!®!l are still important factors in inducing
the device degradation. 2D perovskites have good stability
and film-forming properties, but their photovoltaic devices
are not efficient mainly due to short exciton lifetime,!'!®l large
exciton binding energy,!''%120 and narrow absorption spectrum.
Recently, multidimensional perovskites have attracted a sub-
stantial interest due to their superior stability against heat and
water.121-123] Multidimensional perovskites usually have a struc-
tural formula of A", An_;BnX;3n,,, where B is a divalent metal, X
is a halide anion, as well as A and A’ are the small organic cat-
ions and large organic cations, respectively. Layered perovskite
structures can be formed by inserting the organic cation layers
into the inorganic semiconductor sheets of corner-sharing [BXg]
octahedral, where n is the number of inorganic semiconductor
[BX;] sheets between the two large organic insulating layers
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Figure 12. A) Schematic illustration of nucleation and crystallization procedures during the formation of perovskite film via vacuum flash-assisted
solution processing a). Surface SEM images of the perovskite films fabricated by the conventional process and VASP b). A) Reproduced with permis-
sion.['% Copyright 2016, American Association for the Advancement of Science. B) Solvent engineering procedure for preparing the uniform and dense
perovskite film. Reproduced with permission.?*l Copyright 2014, Nature Publishing Group. C) Schematic drawing for the preparation of the mixed
Cs,FA,_,Pbl; perovskite films by the HCVD-CE method and CS* bulk ratio in the mixed Cs,FA,_,Pbl; films. Reproduced with permission.['" Copyright
2018, Wiley-VCH. D) SEM images of a) FA/MA, b) Cs/FA/MA, and c) K/Cs/FA/MA perovskite films. The scale bar is 1 um. D) Reproduced with per-

mission.">] Copyright 2017, Royal Society of Chemistry.

(cation A’). In the extreme case, the multilayered perovskites
form a 2D structure of A",BX, for n = 1 or a 3D counterpart
of ABX; for n = o, as shown in Figure 13. It has been revealed
that the intercalation of large organic ammonium between the
inorganic semiconductor layers could increase the formation
energy of perovskites, therefore improving material stability.['24]

In the early work, large-size ammonium ions were used as
additives to passivate the surface of 3D perovskites. In fact,
the modified perovskites can be considered to be close to the
limit of multidimensional analogs (n = o). In 2014, Mei et al.
reported perovskite solar cells based on the precursor solution
containing 5-ammoniumvaleric acid (5-AVA) iodide, PbI,, and
MALMI The mixed-cation (5-AVA),(MA);_Pbl; perovskites
showed low defect density and good pore-filling as well as

complete contact with the m-TiO, scaffold. This was because
the end —NH;" groups of 5-AVA can act as nucleation sites for
the perovskite growth when the COOH groups were anchored
on the surface of the mesoporous TiO, and ZrO, film by coor-
dinate bonds to the exposed Ti(IV) or Zr(IV) ions. The small
device achieved a certified PCE of 12.8% and was stable for
more than 1000 h in ambient air under AM1.5G sunlight illumi-
nation. The presence of 5AVA promoted the formation of pas-
sivated 3D perovskite, which was more conducive to the device
stability. Li and co-workers found that the phosphonic acid
ammonium (4-ABPA) additive could cross-link the neighboring
grains of the perovskite film by strong hydrogen bonding of the
—PO(OH), and —NHj;" end groups with the perovskite surface
(Figure 14).'%] The bifunctional 4-ABPA cations improved the

Figure 13. Energetics of perovskite formation and stability. A) Unit cell structure of perovskites with different n values, showing the evolution
of dimensionality from 2D (n = 1) to 3D (n = o). B) DFT simulation of the formation energy of perovskite with different n values in different
atmospheres. A,B) Reproduced with permission.l?l Copyright 2016, American Chemical Society.
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Figure 14. Schematic illustration of two neighboring grain structures in which the methyl ammonium groups are shown as one sphere for clarity, and
the Pblg*~ octahedra are shown in red, crosslinked by butylphosphonic acid 4-ammonium chloride (4-ABPACI) hydrogen-bonding interactions (O—H--|
and N—H--1) of the iodide from the iodoplumbate complex with the phosphonic acid (—PO(OH),) and the ammonium (—NHj3;*) end groups of the
4-ABPACI species. Reproduced with permission.['%’l Copyright 2015, Nature Publishing Group.

growth of perovskite crystals in the mesoporous network and
created smooth capping layers. Such bifunctional additives act
as surface-passivating, growth-controlling, and crosslinking
agents, which offers a novel and effective method toward engi-
neering metal halide perovskites for large-scale applications.
Priyadarshi et al. reported (5-AVA),(MA);_,Pbl; perovskite
modules with the PCEs of 10.46% and 10.74% for the active
areas of 31 and 70 cm?, respectively. The module retained
more than 95% of its initial efficiency after aging 2000 h
under an ambient condition.'?l Hu et al. reported a perov-
skite solar module employing a mixed-cation lead halide
perovskite (5-AVA),(MA);_,PbI; as the light harvester and a
mesoporous TiO,/Zr0O,/carbon layer as the scaffold.'””] The
module (10 x 10 cm?) had an active area of 49 cm? and showed
a 10.4% PCE. Light-stress stability of 1000 h and local outdoor
stability of 1 month, as well as shelf-life stability of over 1 year
have also been demonstrated. The 5AVA molecules were con-
sidered to act as a template to form perovskite crystals with
low defect density and good contact with the m-TiO, scaffold.

Grancini et al. showed 1 year stable perovskite devices based
on an ultrastable 2D/3D perovskite junction by using the ami-
novaleric acid iodide (AVAI).'?8] The (AVA),Pbl,/CH;NH;PbI;
formed an exceptional gradually organized multidimensional
interface, which yielded up to 11.2% efficiency in 10 x 10 cm?
solar modules by a fully printable industrial-scale process.
The module that was measured showed no loss in efficiency
after aging more than 10 000 h under light-soaking (AM1.5G,
100 mW cm™) and thermal (55 °C) dual stress at a short-
circuit condition (Figure 15). Lu et al. introduced ethanel,2-
diammonium ("NH;(CH,),NH;*, EDA?") cations into MAPbI;
perovskite and demonstrated a 2D/3D perovskite solar cell
(aperture area of 1.04 cm?) with a certified PCE of 15.2% + 0.5%
when 0.8 mol% EDA?" was used.?%) Furthermore, the mixed-
cation perovskite films showed greatly improved structure
stability under the environmental stimuli. Under a simu-
lated operating condition (AM1.5G illumination, 50% RH,
50 °C device temperature), the mixed-cation perovskite solar
cell retained 75% of its initial PCE after aging 72 h. On the

Figure 15. A) J-V curve using the 2D/3D perovskite with 3% AVAI in an HTM-free 10 X 10 cm? module (device statistics and picture in the inset).
B) Typical module stability test under T sun AM1.5G conditions at stabilized temperature of 55 °C and at short circuit conditions. Stability measurements
done according to the standard aging conditions. A,B) Reproduced with permission.['?l Copyright 2017, Nature Publishing Group.
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Figure 16. A) Schematic representation of the stacking structures of multilayered perovskite based on different ammonium cations. B) Optical image of
MAPbI; a). Optical images of (PEl);(MA)gPb,l,; in b) large scale and c) small scale. (d) top-surface AFM image of (PEl),(MA)¢Pb,l,,. A,B) Reproduced

with permission.[3% Copyright 2016, American Chemical Society.

contrary, the MAPbIs-based reference has almost completely
degraded in only 15 h.

Besides small-molecule organic cations, polymeric organic
cations have applications in fabricating multidimensional per-
ovskites with high ambient stability. Yao et al. have successfully
fabricated large-size (aperture area of 2.32 cm?) solar cells with
a maximum efficiency of 8.77%.13% Polyethylenimine hydrio-
dide (PEI-HI) was utilized to form stable multidimensional
perovskite films of (PEI),(MA)¢Pb;I,,. The introduced poly-
meric ammonium induced the close stacking of the inorganic
unit layers, which improved the charge transfer (Figure 16A).
Moreover, the multilayered perovskites can easily form ultr-
asmooth, pinhole-free, and highly dense thin films, which
showed good stability against moisture compared to their 3D
MAPDI; analog (Figure 16B). The summarized data of the mul-
tidimensional perovskites are listed in Table 3.

As discussed in the above sections, multidimensional per-
ovskites have opened a door to enhance both efficiency and
stability for large-scale PSCs. The rational design and selection
of organic cations for multidimensional perovskites is a key
strategy for improving ambient stability of the PSCs (or PSMs)
while maintaining their high efficiencies.

4. Hole Transport Materials

Hole transport materials in PSCs play an important role in effi-
cient hole extraction at the perovskite/HTM interface and rapid
charge transport to the anode, as well as influencing V, by deter-
mining the splitting of quasi-Fermi levels of the PSC.131-133
Moreover, HTMs can also prevent the perovskite degradation
originated from metal electrode and humidity.’3 As an ideal
HTM candidate for large-area PSCs, the following features
are required. 1) Well-aligned energy levels with perovskites:
HOMO level must be less negative than that of perovskites
for efficient hole extraction, while the high-lying LUMO level
will ensure low electron affinity to enable a beneficial electron
blocking property. 2) High hole mobility: For reducing losses
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during hole transport to the contact, the mobility of HTMs is
usually required to be more than 107 cm? V! 571, 3) Well solu-
bility: HTMs should be easy to dissolve in nonpolar and aprotic
solvents for facilitating film formation and avoiding perovskite
dissolution. 4) High thermal and photochemical stability as
well as high hydrophobicity: The intrinsic stability of HTMs
and their protection of perovskites from water are an efficient
strategy for retarding the degradation of PSCs in a long-term
durable photovoltaic operation. 5) Low cost: To ensure low-cost
large-scale PSC manufacturing, ideal HTMs should be easily
affordable by simple synthetic schemes, including minimum
steps and easy purification procedures for cost-effective upscale.

Since Spiro-OMeTAD was first reported as the HTM in solid-
state dye-sensitized solar cells two decades ago,l3”! it has still
become a dominant HTM in the PSC field, achieving a bench-
mark PCE of 20.8% in small-scale n-i-p PSCs (Figure 19).4
Sprio-OMeTAD exhibits a compatible HOMO level of —5.22 eV
with the perovskites and high solubility in nonpolar solvents
such as chlorobenzene or toluene, as well as almost no absorp-
tion in the visible region. For the large-area PSCs, Spiro-
OMeTAD was also the most common p-type material used in
n-i-p device structure.[525359.61.65,6870,8182,88102,110,114,115129] oy
ever, two drawbacks have restricted the development of its indus-
trialization. 1) High cost: The synthesis steps are complex, and
the sublimation purification is required to obtain high-purity
products, resulting in the high cost of =500 $ g~! (high purity,
Merck).[*8l 2) Low hole mobility and poor long-term stability: The
hole mobility of Spiro-OMeTAD is about 5.3 X 10~ cm? V! 57},
which needs to be improved by doping lithium trifluorometh-
anesulfonimide (Li-TFSI), 4-tert-butylpyridine (TBP), and
cobalt(I1T) complex (FK209) (Figure 17). However, the use of
dopants not only increase the manufacturing cost of PSCs but
also seriously reduce the device lifetime, mainly stemming from
the hygroscopic nature of the lithium salt and the chemical deg-
radation of the Co(III) complex.[!3% In the past few years, a lot of
organic small-molecule and polymeric HTMs have been devel-
oped as alternatives to Spiro-OMeTAD, but only a few mate-
rials can achieve the efficiency of more than 20% in small area
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Table 3. Representative reports of large-area PSCs or PSMs using multidimensional perovskites as the active layers.

Perovskite Module Active Aperture Voc V] Jsc[mMAcm™] FF[%] PCE[%|? Device structure Type® Processing Ref.
area [cm?] area[cm?]  area [cm?] method/steps
(5-AVA\(MA),, Pbl;  50(5x10) 31 (4 cell) - 3.72 19.6/strip  57.5 10.46 FTO/c-TiO,/ M Screenprinting  [126]
m-TiO,/ and drop casting/1
perovskite/ZrO,
/Carbon
50(5x10)  31.7 (4 cell) - 3.766  20.96/strip 47  9.11/Newport
100(10%x 10) 70 (10 cell) - 9.63  17.72/strip  62.9 10.74
(5-AVA),(MA)_,Pbl;  100(10% 10) 49 (10 cell) - 9.1 2 53 10.4 FTO/c-TiO,/ M Screenprinting  [127]
(m-TiOy/m- and drop casting/1
ZrO,/m-Carbon)/
perovskite
(5-AVA),Pbl,/MAPbl; 100(10 x 10) 47.6 (5.95 x 8) - 7.05 2.247 70.4 1.2 FTO/c-TiO,/ M Screen printing  [128]
m-TiO2/ and drop casting/1
perovskite/ZrO,/
Carbon
MAg gg4 EDAg o Pbls - 196 (14x14)  1.04 1.01 20.44 734 152/CSIRO  FTO/c-TiO,/ P Spin coating/1  [129]
Perovskite/
Spiro-OMeTAD/
Au
(PEI),(MA)¢Pb; 1, - - 232 1.08 11.74 63 877  ITO/PEDOTPSS/ p Spin coating/1  [130]
Perovskite/

PCq,BM/IiF/Ag

APCEs are certified by Newport Corp. or Commonwealth Scientific and Industrial Research Organization (CSIRO); M = mesoporous n—i—p configuration and P = planar

n—i—p configuration.

devices 681377139 To date, only a few new HTMs are successfully
applied in large-area PSCs due to their low mobility, poor film
morphology, and high cost during the scaling-up process. In this
section, we summarize HTMs used in large-area PSCs and fur-
ther seek inspiration from high-efficiency, nondoped, and low-
cost ones applied in small-scale devices in order to realize the
rational design of HTMs for scaling-up perovskite photovoltaics.

4.1. Organic Small-Molecule HTMs

Organic small-molecule HTMs are the most widely devel-
oped in PSCs owing to their synthetic variety, tunable proper-
ties, high purity, and simple solution processing. In this part,
we focus on the high-efficiency, low-cost, and dopant-free

small-molecule HTMs, which may be promising for device
scaling-up.

4.1.1. High Efficiency and Low-Cost Small-Molecule HTMs

It would be meaningless to list all the small-molecule HTMs
because new compounds are reported every month, but only a
small fraction shows the promising PCE of above 18%. By now,
various small-molecule HTMs with the structural core of ben-
zotrithiophene (BTT),0141l anthra-tetrathiophene (ATT),[42
truxene (Trux),*-1  phenylpyrazole (PPyra),l'*?  bipyri-
dine,"*l indolo[3,2-bJindole (IDID),"* and paracyclophancel'*’]
have successfully achieved high PCE of over 18% in small
area PSCs. However complicated synthesis steps increase the

Figure 17. Chemical structures of Spiro-OMeTAD and common dopants employed in PSCs.
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Table 4. High-efficiency and low-cost small-molecule HTMs for PSCs.

No. HTM HOMO Hole mobility Conductivity Perovskite Type® Dopant? V. [V] Jse FF PCE Ref. Cost Ref.
[ev]  [em?V7'sT] [SemTP [mAcm™?] (%] [%]Y PCE[%]Y [g7]

1 Sprio-OMeTAD -522  531x107° - (FAPbI3),(MAPbBr3),_, M LTF 116 24.6 73 208 - 500% [4]
2 X59 515  55x10° 1.9%x1072 (FAPbIs)ogs(MAPbBI;)g 15 M LTF 113 23.4 73 198 20.8 - [150]
3 X60 - 1.9%10%  1.1x10*  (FAPbls)oss(MAPbBBr;)g 15 M LTF 114 24.2 71 19.84 - - ns1
4 X55 523  6.81x10* 843x10* (FAPbI3)ogs(MAPbBI;)g 15 M LTF 115 23.4 77 208 18.8 - 137
5 X26 -5.08  431x10*  279x10* (FAPbI3)ogs(MAPbBI;)g 15 M LTF 11 243 75 202 - - [138]
6 X36 512 1.97x10* 5.05x10* (FAPbI3)ogs(MAPbBI;)g 15 M LTF 1.06 23.7 76 189 - - [138]
7 XPP 515  1.6x10™* - MAPbI; P L 1.12 23.2 75 195 5.5 - 152
8 KR216 —5.09 7x10%  3.4x107°3 (FAPbl3)ss(MAPbBr;)g s M LTF 102 223 77 178 184 1188  [153]

Biflulo-OMeTAD  -5.2 - 1.6x107° MAPbI; Slot-die L, T 1.1 197 68 117 14.7 - [154]
9 KR374 -5.06 1.2x10° - Cs1(MAg15FAg 5)0.0Pb M LTF 109 23.2 76 1926  19.5 - [155]

(lo.ssBro1s)s
10 H11 -5.00 1.58x10* 8.65x107°2 (FAPbI3)ogs(MAPbBr3)015 M LLTF 115 24.2 71 19.8 18.9 - [156]
1 DM -5.27 - - (FAPbI3)g.05(MAPbBI3) g 05 LT 1127 2492 805 226/ 213 - [157]
Newport
M/Tecm? L, T  1.125 2492 745 209/ - -
Newport

12 FDT -5.16 - - (FAPbI3)0.85(MAPbBI3) 015 M LTF 115 22.7 76 202 19.7 60$ 18]
13 V852 - 4x10™ 1.6 X107 (FAPbI3)qgs(MAPbBr3) 015 M LTF 114 21.7 71 1777 183 - [164]
14 V859 - 13x10°%  42x10°  (FAPbI3)gs(MAPBBr3)01s M LTF 112 23.3 75 19.47 183  15.65% [164]
15 V862 - 1x107 4.9x10°  (FAPbI3)o55(MAPbBr;)g.15 M LTF 114 225 77 1996 183 23.11$  [164]
16 DDOF -5.07 - 2.5%107°  (FAPbI3)g5(MAPbBBI3) 015 M LTF 11 22.4 79 194 18.8 - [160]
17 726 516  1.34x10*  35x10*  (FAPbI3)og5(MAPbBI;)g 15 M LTF 113 23.6 75 201 206  35.57$ [139]
18 V950 - 52x10™ - (FAPbI3) 55(MAPbBI;) g 15 M LTF 107 225 74 178 186  5.58%  [166]
19 HL-2 527  2.26x10™* - (FAPbI3) 55(MAPbBI;) g 15 M LTF 109 213 79 18.34 - - [167]
20 SGT-405 -526  1.8x10™* - MAPbCl5_l, M LLT,F 105 229 79 1887  17.7  29.65€ [168]

2 Conductivity with dopant; ®M = mesoporous n—i—p configuration and P = planar n—i—p configuration; 9L = LiTFSI, T = t-BP, F = FK209; 9PCEs are certified by Newport

Corp.; ¥Ref. PCE represents efficiency of reference device.

product cost and hamper the scaling-up of perovskite photovol-
taics. Therefore, numerous research efforts have been made in
molecular design and synthesis route selection to pursue both
high efficiency and low cost. The summarized data are listed in
Table 4.

HTMs with Spiro-Type Core: Using Spiro-OMeTAD (1) as
a reference, many research groups have focused on spiro-
type core compounds to pursue high PCE through slight
structural modification and reduce costs by changing the
synthetic route. A low-cost spiro[fluorine-9,9’-xanthene]
(SFX)-based  X59  (N,N’,N”,N”-tetrakis(4-methoxyphenyl)
spiro[fluorene-9,9"-xanthene]2,7-diamine ~ (2) and  X60
(N2,N2,N2’,N2’,N7,N7,N7’,N7 -octakis(4-methoxyphenyl)
spiro[fluorene-9,9-xanthene]-2,2",7,7 -tetraamine ~ (3)  were
designed and synthesized with only two synthetic steps.[>01>1]
The SFX core was constructed by a one-pot approach with
commercially available raw materials. PSCs based on the two
HTMs exhibited a high efficiency of 19.8%. X55 (N2,N7-bis(4-
methoxyphenyl)-N2,N7-di(spiro[ fluorene-9,9’-xanthen]-2-yl)
spiro[fluorene-9,9-xanthene]-2,7-diamine (4)) constructed of
three SEX units had a 3D structure and achieved a PCE of
20.8%.1137] This material showed a much deeper HOMO level
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and higher hole mobility, as well as better thermal stability than
those of Spiro-OMeTAD. More importantly, the estimated syn-
thetic cost of the SFX unit was around 30 times lower than that
of spirobifluorene (SBF), which makes SFX-based molecules
suitable for large-scale industrial production. Very recently,
X26  (N2-(2-(bis(4-methoxyphenyl)amino)spiro[fluorene-9,9’-
xanthen]-7-yl)-N2,N7,N7-tris(4-methoxyphenyl)spiro[fluorene-
9,9’-xanthene]-2,7-diamine (5) and X36 (6) were reported by the
same group,*® which could be seen as triphenylamine-linked
dimers of X59. These two HTMs achieved the remarkable
PCEs of 20.2% and 18.9%, respectively. XPP (N2,N2,N7,N7-
tetrakis(4-methoxyphenyl)-3’,6"-bis(pyridin-4-ylmethoxy)
spiro[fluorene-9,9’-xanthene]-2,7-diamine (7) was obtained by
connecting two para-position substituted pyridines on the SFX
core unit, which showed a high PCE of 19.5% in mix ion-based
planer PSCs without TBP as additive.'>? Due to the steric
hindrance effect of the molecular geometry, both nitrogen
atoms in the pyridine units of XPP could easily form a strong
chemical bonding with the Pb atoms of perovskites. The good
device performance was attributed to the strong binding cor-
relation and enhanced coupling between the XPP/perovskite
interface, which passivated surface traps through the pyridine
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substitution and further reduced the charge recombination.
HTM 8 (2,2°,7,7-tetrakis(N,N-di-p-methoxyphenylamine)-9,9’-
bifluorenylidene, coded as KR216,['*3l and Bifluo-OMeTADI>4)
with bifluorenylidene core was synthesized by two simple steps
with inexpensive precursor. Though the small-area devices
by spin-coating process showed an unsatisfactory efficiency
of 17.8%, this molecule exhibited an excellent film-forming
property and outperformed Spiro-OMeTAD in the slot die—
coated devices due to suppressed crystallization during the
fabrication process. The fully slot die—coated devices achieved
a PCE of over 14%, which was one of the highest efficiencies
reported for a printed PSC. The family of bifluorenylidene-
based HTMs was extended by introducing six-membered
O/S bridged rings into the core with a simple synthesis
route. O/S bridged rings were selected to enhance the intra-
molecularly overcrowded dipolar aromatic “push—pull” system
for achieving high charge-carrier mobility. The S-bridged
KR374 (9-{2,7-bis[bis(4-methoxyphenyl)amino]-9H-fluoren-
9-ylidene}-N2,N2,N7,N7-tetrakis(4-methoxyphenyl)-9H-thioxan-
thene-2,7-diamine, 9)[">° obtained a 19.2% efficiency PSC. By
replacing the C=C linkage of bifluorenylidene by C—C linkage,
H11 (N2,N2,N2’,N2’,N7,N7,N7’,N7’-octakis(4-methoxyphenyl)-
9H,9'H-[9,9"-bifluorene]-2,2",7,7 -tetraamine (10))[1°°l was syn-
thesized with a facile two-step synthesis process and exhibited
a promising PCE of 19.8%. The good performance of devices
originated from an efficient hole extraction at the perovskite/
H11 interface and an effective hole transport in the H11 film.
The above research results demonstrate a simple strategy by
using SFX and bifluorenylidene cores to design HTMs for high-
efficiency and low-cost PSCs, which is urgent for the scaling-up

and manufacturing of PSCs. Very recently, a fluorene-termi-
nated HTM DM ((N2,N2’,N7,N7’-tetrakis(9,9-dimethyl-9H-
fluoren-2-yl)-N2,N2’,N7,N7’-tetrakis (4-methoxyphenyl)-9,9’-
spirobi[fluorene]-2,2",7,7’- tetraamine) (11)) with spiro-core was
successfully synthesized.'” The champion small-area PSC
with DM as an HTM showed a certified PCE of 22.6% and the
large device with an aperture area of =1 cm? reached a certified
PCE of 20.9%. Moreover, the PSC with DM exhibited good long-
term stability for 500 h under heat stress of 60 °C, whereas the
control device with Spiro-OMeTAD degraded rapidly after only
50 h. High efficiency and good long-term stability of the PSCs
based on DM enabled the material to have commercial poten-
tial. However, for Spiro-cored HTMs, another main issue to
realizing large-area commercial devices is how to reduce mate-
rial cost. The chemical structure and simple synthesis route of
molecules discussed above are shown in Figures 18 and 19.
HTMs with Other Central Cores: Small-molecule HTMs
based on other central cores have been facilely synthesized
and used in the state-of-art PSCs, such as acridine (ACR),['>8l
phenothiazine,'> thiophene,[3% bithiophene,['®! biphenyl, /16!
fluorine,l192-164 flyorine-dithiophene,’®! and carbazole.!19>-168]
The flagship molecules and their synthesis routes are sum-
marized in Figures 20 and 21. PSCs based on fluorine-
dithiophene  cored FDT  (2,7"-bis(bis(4-methoxyphenyl)
amino)spiro[cyclopenta[2,1-b:3,4-b"]dithiophene-4,9’-fluorene]
(12)) achieved a remarkable PCE of 20.2%, which com-
pared favorably with control devices with Spiro-OMeTAD.[!
Furthermore, the lab-synthesis cost of FDT was estimated
about 60 $ g7!, which was much lower than that of Spiro-
OMeTAD. V852 (9,9°,9”-(benzene-1,3,5-triyltrimethylylidene)

Figure 18. Chemical structures of high-efficiency and low-cost small-molecule HTMs based on Spiro-type core.
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Figure 19. Low-cost synthesis routes of HTMs based on Spiro-type core.

tris[N,N,N’,N’-tetrakis(4-methoxyphenyl)-9H-fluorene-2,7-
diamine], (13)), V859 (9,9”-(benzene-1,2-diyldimethylylidene)
bis[N,N,N’,N’-tetrakis(4-methoxyphenyl)-9H-fluorene-2,7-
diamine] (14)) and V862 (9,9"-(thiene-2,5-diyldimethylylidene)

www.afm-journal.de

bis[N,N,N’,N’-tetrakis(4-methoxyphenyl)-
9H-fluorene-2,7-diamine] (15)) based on
methoxydiphenylamine-substituted fluorine
fragments were obtained by two-step syn-
thesis and the PSCs showed a PCE of up to
19.96%.11%4 The facile synthesis route and
relatively inexpensive raw materials achieved
up to fivefold cost reduction of the final
product compared to Spiro-OMeTAD, which
enabled these materials to be potential candi-
dates. Dimethoxydiphenylamine-substituted
dispiro-oxepine  derivative = of = DDOF
(2,2’,7,7-tetrakis-(N,N’-di-4-methoxyphenyl-
amine)dispiro[ fluorene-9,4’-dithieno([3,2-
c:2’,3"-eJoxepine-6’,9”-fluorene]  (16)) was
obtained with a facile synthetic route and
the PSCs exhibited a high PCE of 19.4%.[16%
Very recently, the thiophene cored Z26
(4,4’-((1E,1’E)-(3,4-dimethoxythiophene-2,5-
diyl)bis(ethene-2,1-diyl))bis(N,N-bis(4-meth-
oxyphenyl)aniline) (17)) was facile synthe-
sized by introducing double bonds into the
molecule and exhibited an impressive PCE
of 20.19%.1391 726 could form a film with the
homogeneous surface and high hole mobility
compared to the control molecule without
double bonds. Carbazole as a commercial-

ized raw reagent is widely employed as the electron donor or
core fragment of HTMs.
conjugated enamine V950 (9-ethyl-3-{N,N-bis[2,2-bis(4-meth-
oxyphenyl)vinylJamino}-9H-carbazole (18)) was synthesized

[166,169-177] A" simple carbazole-based

Figure 20. Chemical structures of high-efficiency and low-cost small-molecule HTMs based on other central core.
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Figure 21. Low-cost synthesis routes of HTMs based on other central core.

from relatively cheap starting reagents via one extremely simple
route without expensive catalysts, column chromatography and
sublimation purification.'®®l The cost of the final product was
reduced by more than an order of magnitude compared to that
of Spiro-OMeTAD. The V950 based PSCs showed a PCE close
to 18%. HL-2 (19) employing 9-hexyl-9H-carbazole as the conju-
gation core was easily synthesized.['”] This material could form
a compact film without pin-holes, and obtained PSCs exhibiting
a PCE of 18.34%. Carbazole-based SGT-405 (20) with a star-
burst structure was obtained from commercialized reagents via
three-step synthesis,['® and achieved high-efficiency PSCs with
a PCE of 18.87%. This start-shaped SGT-450 exhibited signifi-
cantly increased glass transition temperature (Tg) of 192.7 °C,
improved film-forming property, reduced hole reorganiza-
tion energy and enhanced hole mobility compared to Spiro-
OMEeTAD. Due to the facile synthesis route and the attracting
efficiency, the above HTMs show the potential to replace Spiro-
OMEeTAD, but dopants are used, which is considered to be one
of the factors affecting the stability of perovskite devices.

4.1.2. Dopant-Free Small-Molecule HTMs

Small-molecule materials generally suffer from low hole
mobility due to the weak intermolecular interactions. Chemical
doping is an important method to enhance device efficiency
by tuning the energy levels and increasing the conductivity,
as well as reducing Ohmic losses in HTM layers and injec-
tion barriers at the interface with the anode.'7#17% Tradition-
ally, HTMs are heavily doped with p-type dopants, such as
LiTFSI, FK209,#8150151 and 2,3,5,6- tetrafluoro-7,7,8,8-tetra-
cyanoquinodimethane (F,TCNQ),®% to provide the necessary
conductivity when used in PSCs. However, chemical dopants
can deteriorate the device efficiency and increase the fabrica-
tion cost. Recently, developing dopant-free HTMs with high
hole mobility has attracted wide interest of many researchers.
Nevertheless, only a few PSCs based on dopant-free HTM show
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the PCEs of over 16%. In this part, we summarize the dopant-
free HTMs with high PCEs (>16%) and discuss the molecular
design strategy to find a better understanding in relationship
between the molecular structure and device performance. The
summarized data are listed in Table 5.

Dopant-Free  Small-Molecule HTMs with  Donor—Acceptor
(D-A) Type Structure: Organic D-A HTMs, also widely known
as push—pull systems, always generate a molecular dipole
between donor and acceptor parts. Due to strong intramolec-
ular charge transfer, these molecules show high hole mobility,
which make them promising candidates as dopant-free HTMs.
Most of the electron acceptors involve substituents featuring
—CN groups as well as electron deficient heterocyclic com-
pounds, e.g., triazines, benzoxadiazole or benzothiadiazoles,
while the donors are most commonly constructed by aro-
matic units. D-A molecules may adopt several arrangements
including linear structure (D—A) and tripodal structure ((D);—A
or D—(A);). The properties of D-A molecules can be engineered
by changing the donor or acceptor moieties. Figure 22 shows
the dopant-free small-molecule HTMs with D-A type structure.

A linear D-A small-molecule HTM DERDTS-TBDT (21) was
designed by using the coplanar and strong electron-donating
4,4-bis(2-ethylhexyl)-4H-silolo[3,2-b:4,5-b’]dithiophene (DTS)
unit, which showed the matched energy level with perovskite
and high hole mobility.'81 The PCE of PSCs based on this
D-A HTMs was 16.2% without any dopant. A dopant-free
DFBT(DTS-FBTTh,), (7,7°-((5,6-difluorobenzo[c][1,2,5]thiadi-
azole-4,7-diyl)bis(4,4-bis(2-ethylhexyl)-4H-silolo[3,2-b:4,5-b’]
bithiophene-6,2-diyl))bis(6-fluoro-4-(5’-hexyl-[2,2-bithiophen]-
5-yl)benzo[c][1,2,5]thiadiazole) (22)) based on a D’-A-D-A-
D-A-D’ conjugated structure by using fluorobenzothiadiazole
(FBT) and DTS blocks was obtained, achieving a good PCE
of 17.3%.1821 FBT pairing with DTS effectively stabilized the
quinoidal character of the molecule and enhanced its planar
conformation, which were desirable properties for charge
transport. BTPA-TCNE (23) was synthesized via a simple reac-
tion between a triphenylamine-based Michler’'s base and
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Table 5. Dopant-free small-molecule HTMs for high-efficiency PSCs.

No. HTM HOMO Hole Perovskite Type?) Ve[Vl Joc[MAcm™] FF[%]  PCE[%] Ref. PCE [%]” Cost[$g™'] Ref.
[eV] mobility
[em2V7sT]
21 DERDTS-TBDT ~ -520 1.0x10™* MAPbCls I, P 1.05 21.20 72.8 16.20 5.40 - nen
22 DFBT(DTS-FBTThy)), -5.27 1.78x10™* MAPbI; P 1.10 20.70 76.0 17.30 17.40 - [182]
23 BTPA-TCNE -535 3.14x10° MAPbI; P 1.04 20.84 78.2 16.94 4.96 - [183]
24 BTF3 ~5.19  6.36x 107  (FAPbI3)gg5(MAPbBr3)q1s P 1.08 20.40 74.3 16.34 9.33 53.1 [184]
I 1.06 22.50 75.6 18.03 9.33
25 BTF4 -5.02  1.17x10™*  (FAPbI3)gg5(MAPbBr3)q1s P 1.03 19.30 75.9 15.09 16.42 62.8 [184]
I 1.03 21.50 76.8 17.01 16.42

26 KR321 -524  2.6x10™*  (FAPbI3)gg5(MAPbBr3)q1s M 1.13 21.70 78.0 19.03 19.01 - [145]
27 FA-CN 530 1.2x107*  (FAPbl3)ggs(MAPbBr3)q s M 1.13 21.71 77 18.9 7.5 - [185]
28 CMO -4.78  1.4x10™* MAPbI; P 0.93 25.19 67.9 15.92 16.7 - [186]
29 TPAC3M -496 1.1x10° MAPbI; I 1.00 22.79 78.0 17.54 12.60 - [187]
30 IDTT-TPA -5.00 6.46x107* MAPbI; P 1.05 21.25 70.5 15.70 7.80 - [188]
31 mDPA-DBTP 531  6.34x107* MAPbI; P 1.12 21.13 76.0 18.09 15.45 - 89
32 734 -5.14  7.46x107* MAPbI; M 1.06 21.25 70.0 16.10 16.70 66 [190]
33 Z1011 521 8.49x107* MAPbI; M 1.10 20.52 70.0 16.30 9.60 - el
34 Trux-OMeTAD 528  3.6x107 MAPbI; I 1.02 234 79.0 18.6 16.0 - [144]
35 TCP-OH —5.47 5.85%x10°%  (FAPbl3)ggs(MAPbBr3)g s M 1.07 23.15 66.7 16.97 13.26 - n92]
36 TPP-SMeTAD -5.18 - MAPbI; I 1.07 20.15 77.0 16.60 - - [193]
37 3,6 BCz-OMeTAD  —5.11  1.13x 107" Cs0sFAg70MAg16Pbl,49Bros1 M 1.121 21.34 70.0 17.00 11.20 8.55 [194]
38 2,7BCz-OMeTAD  -5.15 0.95x 107 CsqosFAg7sMAg16Pbly4oBros1 M 1.09 22.38 72.5 17.60 11.20 14

AM = mesoporous n—i—p configuration, P = planar n-i—p configuration, and | = inverted p—i-n configuration; ®’Ref. PCE represents efficiency of reference device.

tetracyanoethylene, and showed an antiparallel molecular
packing in its crystalline state, which compensated its overall
molecular dipole moment to facilitate charge transport.'83 BTPA-
TCNE was employed as a dopant-free HTM in the n—-i—p PSCs to
realize a PCE of about 17%. Very recently, two D-A HTMs BTF3
(3,8-bis(di-p-tolylamino)fluoranthene-4,5-dicarbonitrile, 24) and
BTF4  (3,8-bis(bis(4-methoxyphenyl)amino)fluoranthene-4,5-di-
carbonitrile (25)) were obtained.'®! The 2,3-dicyano-fluoranthene
was prepared through a simple Die-Alder reaction between
dibenzofulvene and tetracyanoethylene. This building block not
only endowed the resulting molecules with suitable energy levels,
but also enabled highly ordered molecule packing in solid state,
both of which could facilitate hole extraction and transport. With
the dopant-free BTF 4, impressive efficiencies of 18.03% and
17.01% were achieved for conventional n—i—p and inverted p—i-n
PSCs, respectively. Star-shaped HTMs combine the advantages
of both small molecules, i.e., well-defined structure, and poly-
mers, e.g., good thermal and photochemical stability. Dopant-free
D-7—(A); HTM KR321 (2,2',2"-(((5,10,15-trihexyl-10,15-dihydro-
5H-diindolo[3,2-a:3",2"-c|carbazole-3,8,13-triyl)tris(3,3”-dihexyl-
[2,2":5",2"-terthiophene]-5”,5-diyl))tris(metha-nylylidene))trima-
lononitrile, 26) featured a planar triazatruxene central core as
donor, inducing thiophene-based multiple conjugated arms as
linker and malononitrile as acceptor.'*] Due to strong intermo-
lecular interaction, these molecules showed high hole mobility,
minimizing Ohmic losses of charge transport in HTM layer.
The particular molecule-stacking feature resulted in an exciting
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PCE over 19% without any dopant, which outperformed most
of the other dopant-free HTMs reported to date. Another star-
shaped D-m—(A); molecule FA-CN (27) was reported by the same
group, which incorporated a rigid quinolizino acridine as the
central donor unit, alkyl-substituted terthiophene as a conjugated
bridge, and malononitrile as an electron-acceptor part.l'®5 The
quinolizino acridine enhanced the n—7 stacking of the molecules
and thereby facilitated the hole transport, exhibiting a high PCE
of about 19%. Although D-A type dopant-free HTMs achieved
high-efficiency PSCs, the most of them still required multistep
synthesis and purification, which have significantly raised pro-
duction costs and limited potential large-scale applications.
Dopant-Free Small-Molecule HTMs with Donor—Donor (D-D)-
Type Structure: Generally, D-D-type HTMs are designed by con-
necting electron donor moieties with 7 linkers, leading to the
suitable HOMO level to perovskites. D-D molecules may adopt
several arrangements including linear (D-n-D) type, tripodal
((D)3—n) type, and quadrupolar ((D),—n) type. Figure 23 shows
the dopant-free small molecular HTMs with D-D-type structure.
A linear structure HTM CMO (28) with carbazole core was
synthesized by one simple step and the PSCs showed a PCE
almost 16%.18¢ By tuning the number of methoxy groups
in the arylamine moiety, the device efficiency for TPAC3M
(29) with three methoxy groups was increased from 13.9% to
17.54% compared to the molecular without methoxy unit.['8”]
Methoxy groups could serve as a Lewis base to passivate
the defect sites, which improved the charge extraction and
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Figure 22. Dopant-free small-molecule HTMs with D-A type structure.

recombination of PSCs. A dopant-free, planar PSC with IDTT-
TPA (30) was fabricated and exhibited a PCE of about 16%.[18]
The molecular contained an extended fused-ring indacenodith-
ienothiophene (IDTT) core, resulting in strong 7 interactions
and a high hole mobility. mDPA-DBTP (31) containing strong
electron-donating moieties, e.g., di(1-benzothieno)[3,2-b:2",3"-d]
pyrrole (DBTP) and triphenylamine, was synthesized.l')] The
fused ring of DBTP enhanced the backbone planarity and
intermolecular 7 stacking, which endowed mDPA-DBTP an
excellent hole-transport characteristic. PSCs based on dopant-
free mDPA-DBTP displayed a PCE of 18.09% with negligible
hysteresis. D-mD-m-D type Z34 (4-((E)-4-(bis(4-methoxy-
phenyl)amino)styryl)-N-(4-(( E)-4-(bis(4-me-thoxyphenyl)amino)
styryl) phenyl)-N-(4-methoxyphenyl)aniline (32)) was synthe-
sized with Wittig reaction from cheap stating materials, and
the estimated synthesis cost of Z34 was 66$ g . The PSCs
based on dopant-free Z34 achieved a PCE of 16.1%. The good
performance of this material was attributed to the introduction
of symmetrical donor units linked with double bonds, which
increased the hole mobility and matched its energy levels
with perovskites. A similar structure of 21011 (4-((E)-4-(bis(4-
((E)-4-(dibutylamino)styryl)phenyl)amino)styryl)-N-(4-((E)-4-
(bis(4-((E)-4-(dibutylamino)styryl)phenyl)amino)styryl)phenyl)-
N-phenylaniline (33)) was reported by the same group,!!
which exhibited a high hole mobility owing to the larger ©
conjugated units. A PCE of 16.3% was obtained without doping
chemical additives. Star-shaped Trux-OMeTAD (3,8,13-tri(di-
4-methoxylphenylamino)-5,5,10,10,15,15-Hex(1-hexyl)10,15-
dihydro-5H-diindeno[1,2-051’,2"-c]fluorene (34)) consisting of
Cs, Truxene core with three arylamine groups adapted a planar,
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rigid and fully conjugated molecular geometry,'*l which
gave this HTM high hole mobility and suitable energy-level
matched with perovskites. The PSCs showed a high PCE of
18.6% with minimal hysteresis employing dopant-free HTMs.
C3-symmetric TCP-OH (35) with phenol core was synthe-
sized and a PCE about 17% was obtained. used in PSCs.[1%2
TPP-SMeTAD (4',5"-bis(4-(bis(4-(methylthio)phenyl)amino)
phenyl)-3’,6"-dimethyl-N4,N4,N4” (36)) containing a tetraphenyl
core and arylamine groups with the terminal substituents of
methyl-sulfanyl group was designed and synthesized.['3] TPP-
SMeTAD exhibited a deep HOMO and strong interaction with
perovskites, leading to efficient charge extraction and surface
traps passivation. PSCs based on TPP-SMeTAD without any
dopants exhibited a good PCE of 16.6%. Very recently, two
novel 3,6 BCz-OMeTAD (37) and 2,7 BCz-OMeTAD (38) based
on two connected carbazole units were prepared by an simple
synthetic route from very cheap starting materials (Figure 24),
which brought out the lab costs of only 8.55$ g~! and 14.00$ g/,
respectively.'l Due to their good film-forming property and
matched energy level, HTM 37 and HTM 38 were successfully
applied in 1 cm? area PSCs and achieved the PCEs of up to
17.0% and 17.6%, respectively. Furthermore, the unencapsu-
lated PSCs based on the latter retained 90% of its initial PCE
after aging 2000 h stored in an ambient condition.

4.2. Polymeric HTMs

Conjugated polymers have garnered particular interest for
realizing of low-cost, large-area PSCs owing to their fusibility,
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Figure 23. Dopant-free small-molecule HTMs with D-D-type structure.

good solubility, processability and high hole mobility. Poly-
[bis(4-phenyl)(2,4,6-trimethylphenyl)amine] (PTAA (39)) was
the first polymer applied in PSCs,'”! and to date the device
efficiency has achieved above 22.1% due to its high hole
mobility of 1 x 102 to 1 x 1073 cm? V! s71.3% Nevertheless, the
product cost of PTAA is extremely expensive (about 2000 $ g7),
making it impossible to produce in large-area PSCs. In this
section, we concentrated on the cost-effective (Figure 25) or

Figure 24. Simple synthesis routes of HTMs 28, 37 and 38.

Adv. Funct. Mater. 2018, 1803753

1803753 (26 of 45)

www.afm-journal.de

dopant-free polymers (Figure 27) as the HTMs in large-area
PSCs.

PEDOT:PSS (40) was one of the commercial polymeric HTMs
widely used in PSCs due to its good film-forming property, no
absorption in visible region and high work function (WF).'% By
now, numerous reports have focused on large-area p-i-n-type
PSCs using PEDOT:PSS as the HTL.[333439.60.7285-87,90,99,100,130]
The specific data of some PEDOT:PSS-based large-area PSCs

can be found in Tables 13. In 2015, Back
et al. found that perovskite films showed a
low surface coverage on PEDOT:PSS sub-
strate via blade-coating technique.’”l For
achieving high-quality perovskite films, the
PEDOT:PSS layer was modified by adding
poly(4-styrenesulfonic acid) (PSSH), which
could form the electrostatic interaction of the
sulfonyl functional groups in PEDOT:PSS
with perovskite precursor ions. The 15 mm
x 40 mm area perovskite film on the modi-
fied PEDOT:PSS showed good uniformity
and surface coverage with high crystal-
linity (Figure 26A). Finally, a printed PSC
with a PCE of 10.15% was obtained via
blade coating. In another work, a nanocel-
lular PEDOT:PSS (NC-PEDOT:PSS) film
doped with polystyrene was prepared by
a low-temperature process.’ The NC-
PEDOT:PSS remarkably increased the light
harvesting of the device, while also acting
as a scaffold to afford a bendable perovskite
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Figure 25. Traditional commercial polymeric HTMs for PSCs.

film with high crystallinity. In addition, polystyrene doping and
nanocellular structure were helpful to the balance of charge-
carrier transport in planar PSCs. Flexible PSCs with 1 c¢m?
area achieved an average efficiency up to 12.32%, which could
be assembled into a wearable solar-power source (Figure 26B).
Poly(3-hexylthiophene) (P3HT (41)) is another commercial con-
ducting polymer and has been successfully applied in organic
photovoltaics due to its low synthesis cost.l'%l Although P3HT
exhibits the highest hole mobility of 0.1 cm? V-! s7! among the
conjugated polymers, 1% it still needs to be doped with chem-
ical additives to get better device efficiency.?*2%21 By using
Li-doped P3HT nanofibrils as the HTL, flexible PSCs with an
active area of 1 cm? showed a PCE of 13%.

Besides the commercial conducting polymers men-
tioned above, various polymeric HTMs facing on PSCs have
been developed by researchers (Figure 27). However, most
doped?%3-207] and nondoped?%®-213] polymers exhibit low device
efficiencies in PSC devices, which are below 16% and even
lower than 10%, respectively.”*21“-220] A series of dopant-free
polymeric HTMs with high efficiency in state-of-the-art PSC
devices were reported by Park’s group. RCP (42) based on ben-
zodithiophene (BDT) and benzothiadiazole (BT) units showed
high-efficiency and stable PSCs (17.3% for over 1400 h at
75% relative humidity).??!! This polymer showed a high hole
mobility of 3.09 x 10 cm? V7! s71. A asymmetric D-A pol-
ymer asy-PBTBDT (43) was synthesized.??2] The hole mobility
of this dopant-free polymer was 1.13 x 107 cm? V7! 571,

which is nearly identical to that of doped Sprio-OMeTAD
(1.8 x 107 cm? V! s71). Moreover, asy-PBTBDT could be
processed with a green solvent and the PSCs based on this
dopant-free material exhibited a good photovoltaic perfor-
mance with a PCE of 18.3% and a high long-term stability. By
introducing tetraethylene glycol, the BDT-BT-based D-m-A
polymer PTEG (44) showed good solubility and well contact
with perovskites.??l The PSCs based on this nondoped pol-
ymer showed an impressive PCE of 19.8%. Recently, a series
of D-A copolymers based on carbazole and BT units, e.g.,
PCDTBT (poly[N-9"-heptadecanyl-2,7-carbazole-alt-5,5-(4’,7’-di-
2-thienyl-2’,1’,3"-benzothiadiazole)] (45)), PCDTBT1 (poly[9-
(heptadecan-9-yl)-9H-carbazole-2,7-diyl-alt-(5,6-bis(methyloxy)-
4,7-di(thiophen-2-yl)benzo|c][1,2,5]thiadiazole-5,5-diyl] (46))
and PCDTBT8 (poly[9-(hep-tadecan-9-yl)-9H-carbazole-2,7-
diyl-alt-(5,6-bis-(octyloxy)-4,7-di(thio-phen-2-yl)benzo|c][1,2,5]
thiadiazole)-5,5-diyl] (47)), were synthesized as dopant-free
HTMs, which exhibited high device performance in PSCs.?24
The synergistic passivation effect of thiophene units and
methoxy side chains in PCDTBT1 could effectively reduce
trap sites of the perovskite film, achieving a maximum PCE
of 19.1%. In late 2017, Hou et al. reported a common strategy
for scalable polymer HTMs to increase the device performance
by adding tantalum-doped tungsten oxide (Ta-WO,) in conju-
gated polymers.??’l Ta-WO, /conjugated polymer bilayers could
reduce the charge-transport barrier between the electrode and
hole transport layer. PSCs based on the Ta-WO,, interface layer
achieved a PCE of up to 21.2% and retained 95% of its initial
efficiency after light-soaking for 1000 h. Further research high-
lighted the importance of energy level alignment between the
HOMO level of HTMs and the valence band (VB) of perovs-
kites, which not only reduced the hysteresis originated from
charge accumulation at the interfaces, but also prevented the
degradation of HTM resulted from ion migration.??!l PVCz-
OMeDAD (48) featuring a nonconjugated polyvinyl main chain
and carbazole-based side chains could be easily obtained by
the free-radical polymerization of vinyl monomers without

Figure 26. A) Schematic of the perovskite layer on the ITO/modified PEDOT:PSS substrate and chemical structures of PEDOT:PSS and PSSH a). b) SEM
images of the blade-coated perovskite layer on PEDOT:PSS and modified PEDOT:PSS (10, 20, and 40 vol%) substrates. A) Reproduced with permis-
sion.®”] Copyright 2016, Elsevier. B) Fabrication procedure for the nanocellular PEDOT:PSS scaffold and perovskite solar cells a). b) Scheme of stresses
release by the NC-PEDOT:PSS structure. c,d) Photographs of flexible solar cell modules as a wearable power source. €) SEM image of the NC-PEDOT:PSS
layer. f) SEM cross-sectional image of perovskite solar cells with NC-PEDOT:PSS layer. B) Reproduced with permission.l'”] Copyright 2017, Wiley-VCH.
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Figure 27. High-efficiency dopant-free polymeric HTMs for PSCs.

noble-metal catalysts.l?””) The PSCs based on this dopant-free
polymer showed a PCE up to 16%. This work provide a design
idea of nonconjugated polymer HTMs for future low-cost
large-scale PSCs application. The summarized data of poly-
meric HTMs are listed in Table 6.

Conjugated polymers have also been used in some
researches to improve the property of perovskite films. Bi et al.
reported a polymer-templated nucleation and crystal growth
of perovskite film and the PSCs certified a PCE of 21.02% by
using poly(methyl methacrylate) (PMMA) in antisolvent.!

Table 6. Polymeric and organometallic HTMs for high-efficiency PSCs.

www.afm-journal.de

However, the insulated PMMA could block carrier transfer. By
using the same antisolvent processing, p-type polymer PBDB-T
(poly[(2,6-(4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)-benzo[1,2-b:4,5-
b’]dithiophene))-alt-(5,5-(1",3’-di-2-thienyl-5’,7"-bis(2-ethylhexyl)
benzo[1’,2"-c:4’,5-c'] ~ dithiophene-4,8-dione))]) instead of
PMMA was applied in PSCs, leading to a high efficiency close
to 20% and an excellent device stability.??®! This hydrophobic
p-type polymer not only passivated the trap states of perovskite
films due to forming Lewis adducts between lead and oxygen
atom of PBDB-T, but also infiltrated into the grain boundaries

No. HTM?) HOMO Hole mobility Conductivity Perovskite Type® Dopant? V, [V] Jse FF[%] PCE  Ref. Cost  Ref.
[eV]  [em?V'sT]  [SemT] [mA cm™] (%] PCE  [$g7]
%9
39 PTAA -5.2  107t0 1072 - MAPbI; M LT 1.1 25 80.3  22.1 - 2500-  [30]
3000
40 NC-PEDOT:PSS -5.3 8.3x107° - MAPbI; | - 1.08 22.47 81 19.66 - - [197]
MAPDbI3 1/1 cm? - 1.04 15.79 75 12.32 - -
41 P3HT -5.05 0.1 2.04x 107 MAPbI; P/1 cm? LT 0.904 22.25 66.9 13.45 - 700-850 [207]
Flexible
42 RCP -5.41  3.09x1073 - MAPbI; P - 1.08 21.9 750 173 3.8 - [227]
43 asy-PBTBDT -5.36  1.13x1073 - cs-perovskite M - 1 22.4 732 183 9.9 - [222]
44 PTEG -5.4 1.64x1073 - cs-perovskite P - 1.14 225 770 198 - - [223]
45 PCDTBT —-5.35 - - MAPbDI; P - 1.05 21.6 7234 171 19.4 - [224]
46 PCDTBTI -5.38 - - MAPbI, P - 1.1 21.8 77.63 19.1 19.4 - [224]
47 PCDTBT8 —5.4 - - MAPbIs P - 1.02 21.3 6731 154 19.4 - [224]
48  PVCz-OMeDAD 524 3.44x10* - FAossMAg15Pb(logsBrots)s M - 1.085 2196 675 1609 9.62 - [227]
49 CuPc -520 103t0 1072 - (FAPbI3)q.g5(MAPbBr3)g s M - 1.07 226 775 188 - - [235]
50 HT-ZnPc -5.19 - 8x 107  (FAPbI3)85(MAPbBr3)g 15 M - 1.05 20.28 803 171 1919 - [236]
51 NiPc-(OBu)s/ =506 1.9x10% 1.18x10* (FAPbl3)os5(MAPbBr)g1s M - 1.08 23.1 73.4 183 1829 - [237]

V205

AThe specific data of some PEDOT:PSS-based large-area PSCs are displayed in Tables 13[33:343966,72:85-87,9099,100,130]; b)\} = mesoporous n—i—p configuration, P = planar
n-i—p configuration, and | = inverted p—i-n configuration; 9L = LiTFSI, T = t-BP; IRef. PCE represents efficiency of reference device.

Adv. Funct. Mater. 2018, 1803753

1803753 (28 of 45)

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

of perovskites to enhance charge transfer and keep the perov-
skite films form moisture. In another work, series of conju-
gated polymers were chosen to dope into MAPbI; and PSCs
based on p-type J71 polymer exhibited a PCE of 19.19%.122°l The
polymer existed among perovskite grains, which could improve
charge transport and passivate the traps of perovskite crystals.
In Lee et al.’s work, an amphipathic conjugated polyelectrolyte
layer was applied as an interfacial layer to modify the surface
polarity of HTM poly[(2,6-(4,8-bis(5-(2-ethylhexyl)thiophe-2-yl)-
benzo[1,2-b:4,5-b’]dithiophene))-alt-(5,5-(1’,3’-di-2-thienyl-5’,7’-
bis(2-ethylhexyl)benzo[1’,2"-c:4",5’-c’|dithiophene-4,8-dione))]
(PTPD), and an uniform perovskite film on large-area of about
18.4 cm? was fabricated.23% Planar PSCs with an active area of
1 cm? achieved a PCE of up to 17%.

4.3. Organometallic HTMs

Copper phthalocyanine (CuPc (49)) has already been used
as a p-type semiconductor and attracted attention because of
its high hole mobility (10~ to 1072 cm? V! s7!), thermal and
chemical stability, and low cost, which make the CuPc a prom-
ising HTM candidate for PSCs.23232 The first PSC based on
CuPc suffered very low fill factor (0.40) and showed a PCE of
only 5%.12%% By using nanorod-liked CuPc as the dopant-free
HTM and printed carbon as the cathode, the device efficiency
increased to 16.1%.234 In late 2017, a breakthrough work of
doped CuPc was reported, in which the PSCs achieved a high
PCE of 18.8% and maintained 97% of their initial efficiency
after thermal annealing at 85 °C for more than 1000 h.[>**l The
short nanorod-liked CuPc formed an intimate contact with both
the MAPbI; crystal grains and the carbon counter electrode,
thereby inducing a dramatically enhancement in hole extrac-
tion and charge recombination suppression. An easily acces-
sible zinc phthalocyanines (HT-ZnPc (50)) was employed as
HTMs in mixed-ion PSCs, reaching a PCE up to 17.5%.2%¢] An
organic—inorganic integrated HTL composed of the solution-
processable nickel phthalocyanine (NiPc) abbreviated NiPc-
(OBu)g (51) and vanadium(V) oxide (V,0s) was successfully
incorporated into PSCs and showed an impressive average PCE
of 17.6%.37) The chemical structures of the organometallic
HTMs are shown in Figure 28 and the summarized data are
listed in Table 6.

Figure 28. High-efficiency organometallic HTMs for PSCs.
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4.4. Inorganic HTMs

In contrast to organic HTMs, inorganic p-type semiconductors
represent a promising but less explored alternative for large-
scale industrial applications due to their intrinsically high sta-
bility, high hole mobility, and low-cost fabrication. However, to
date, only a few examples of inorganic HTMs are present in
the literature due to the limited choice of suitable materials.
Moreover, inorganic HTMs are usually used in p—i-n-type PSCs
to avoid the degradation of the perovskite layer by the polar sol-
vents. In this part, we will review several inorganic HTMs in
PSCs, which are suitable for large-scale fabrication. The sum-
marized data of inorganic HTMs are listed in Table 7.

4.4.1. Nickel Oxide (NiO,)

NiO, has been demonstrated to be a promising inorganic HTM
due to its p-type characteristics with a wide bandgap, high
optical transmittance, chemical stability, and an appropriate
valence band alignment with various photoactive layers.[23823
NiO, has been successfully applied in several types of PSCs
such as inverted mesoscopic PSCs,?40243] inverted planar
PSCs,**~2%4 and mesoporous carbon electrode based
PSCs.[*>>-8] Furthermore, various methods were employed
to prepare NiO, film, such as spin coating,242245.246.248,250-253]
spray pyrolysis,**% atomic layer deposition,?>4 sputtering 243244
pulsed laser deposition,?*! and screen printing.2>2572%8] In
2015, a NiO based small-area PSCs with PCE of 17.3% was
reported by Seok and co-workers.2*!l The nanostructured NiO
film prepared by pulsed laser deposition enhanced the device
performance due to the suppressed charge recombination. In
2015, a breakthrough work on NiO-based large-area PSCs was
reported by Han and co-workers.P! By using a heavily p-doped
Ni,Mg,_,LiO as the HTL, PSCs with an active area of over
1 cm? showed a certified PCE of 15.0%. The conductivity of the
doped Ni,Mg,_,LiO film was 12 times greater than that of the
undoped NiO reference. The Ni,Mg; ,LiO-based HTM showed
excellent Ohmic contact with both the FTO and perovskite due
to the decrease of the barrier height by the staircase energy-
level alignment. Moreover, the p-doping increased the electrical
conductivity of NiO films, and reduced the charge trans-
port resistance, thus improving hole extraction. Han's group
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Table 7. Inorganic HTMs for PSCs.

No. HTM? HOMO Hole mobility Conductivity Perovskite Type® Deposition V. [V] Jse FF PCE Ref. Cost  Ref.
[eV]  [em?VT'sT] [SemT) method [MAcm™]  [%] [%] PCE[%]9 [$g]
52 NiO -5.2 - 1.66x 1074 MAPbI; Pulsed laser 1.06 20.2 81.3 17.3 - 10-20 [247]
deposition
Ni,Mg_LiO —5.25 - 232 %107 MAPbl, I/1cm?  Sprayprinting 1.072 2021 748  16.2 - 51]
NiO -5.2 - - MAPbI; Myall print Screen printing 0.915  21.62 76 15.03 - [255]
53 CuSCN -5.3 0.01-0.1 - MAPbI; M Doctor blading 1.016 19.7 62.0 12.4 - 34 [263]
CusSCN  -53  0.01-0.1 - (FAPbl3)ogs(MAPBBr)o1s M Spin coating 1.1 21.8 69 166  19.65 [264]
CuSCN  -53  0.01-0.1 —  (FAPbl)ogs(MAPbBr)g1s M Spincoating 1.04 231 753 180 184 [265]
CuSCN  -53  1.2x10° - CsFAMAPbI,_Br, M Dropcasting 1.112 2324 782 204 208 [266]
54 cul - 9.3 - MAPbI; M Drop casting 055  17.8 62 6 - 1-10  [269]
Cul =5.1 9.3 - MAPbI; | Spin coating 1.04 21.06 62 13.58 13.28 [270]
Cul - 9.3 - MAPbI; M Spray deposition 1.03 22.78 75 17.6 - [277]
cul 512 9.3 - MAPbI; M/1cm?  Thermal - - 47 83 - [272]
evaporation
55 Cu,0 -5.4 100 - MAPbI; | Spin coating 1.07 16.52 75.51 1335 - 10-20 [273]
Cu,0 -5.4 100 - MAPbI; | Spin coating  0.99 23.2 74 171 - [275]
56 Co304 -5.3 - - MAPbI; M/70 cm? Screen printing  0.88 21.64 60 13.27 - - [277]
AThe specific data of some NiO-based large-area PSCs are displayed in Tables 1 and 2°%5869.103]; )\ = mesoporous n-i—p configuration and | = inverted p—i-n configura-

tion; 9IRef. PCE represents efficiency of reference device.

reported a series of high-efficiency large-area PSCs using the
NiO-based HTLs, which were prepared by a spray pyrolysis pro-
cess. PSCs with 1 cm? active-area exhibited remarkable PCEs of
17.6%,P81 18.21%,1'%% and 19.19%,°! respectively. A larger PSC
with an active area of 5 cm? achieved a PCE of 15.5%. The
specific data of these PSCs are displayed in Tables 1 and 2. A
fully printed PSC based on the mesoscopic TiO,/Al,03/NiO/
carbon framework was obtained and showed a PCE of up to
15.03%.25° This all-printable strategy contributed to the realiza-
tion for low cost, large-scale, and high-efficiency PSCs.

4.4.2. Copper Thiocyanate (CuSCN)

CuSCN was another widely used inorganic p-type semicon-
ductor owing to its no absorption in the visible and near
infrared region, high hole mobility of 0.01-0.1 cm? V™! s and
good chemical stability.?>*262l More importantly, CuSCN can
form films with solution processing method at low tempera-
ture, making it suitable for large-scale even flexible substrates.
In 2014, an n-i-p-type PSC based on CuSCN was reported by
Qin et al., which showed a PCE of 12.4%.2%%] In combination
with mixed-ion perovskites, the PCE of PSCs using CuSCN as
the HTM increased to 16.6%.12%4 The device efficiency quickly
reached 18%, and the low-temperature solution-processed
CuSCN exhibited a highly stable crystalline structure even
at high temperatures.?%! In late 2017, Arora et al. reported
CuSCN-based PSCs with stabilized PCEs of over 20%.12°?! The
highly conformal and compact CuSCN films were obtained by
a rapid solvent removal method, which was helpful to the fast
charge extraction and transport. By optimizing the interface
of CuSCN/Au, the device retained more than 95% of its initial
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PCE after aging at a maximum power point for 1000 h under
the light-soaking (1 sun) and thermal (60 °C) dual stress. High
PCE values of CuSCN-based PSCs, combined with remarkably
operational and thermal stability, offer the potential for large-
scale deployment.

4.4.3. Cuprous lodide (Cul) and Cuprous Oxide (Cu,0)

Other low-cost Cu-based inorganic HTMs such as Cul and
Cu,0 are also successfully employed in PSCs owing to their
high hole mobility of 9.3 cm? V! s7! for Cul and 100 cm? V157!
for Cu,0, respectively.?67-28] In late 2013, Cul was first used as
the inorganic HTM in PSCs, showing a PCE of 6%.12%% In 2015,
Chen et al. reported an inverted planar PSC used a solution-
processed Cul as HTM, which exhibited a PCE of 13.58%.127%
Nevertheless, for n—i—p-type PSCs, the polar solvent to dissolve
Cul for the typical spin-coating process can damage the perov-
skite film. Recently, by using a facile spray deposition method
to prepare Cul film, PSCs exhibited a PCE of 17.6% and an out-
standing device stability.””!] In another work, a novel approach
in the simultaneous deposition of Cul and Cu was reported.[’?
The Cu layer was directly deposited on the perovskite layer pre-
pared by two-step method, and the excessive MAI on the perov-
skite surface could act as an iodine provider to product the Cul
between the Cu metal contact and perovskite layer. A 1 cm?
area PSC exhibited a PCE of 8.3%. Researchers have also made
attempts to make Cu,0 as an HTM in PSCs.[268273-276] A facile
low-temperature method was used to prepare Cu,O films via
in situ conversion of Cul in aqueous NaOH solution.?’3] CuO
film was made by heating Cu,O film in air. The PSCs with CuO
and Cu,0 as HTMs achieved the PCEs of 13.35% and 12.16%,
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respectively. In another work, a high-efficiency inverted planar
PSCs based on a solution processed CuO, HTL exhibited a PCE
of up to 17.1%.127

4.4.4. Other Inorganic HTMs

Very recently, a screen printed thin layer of p-type inorganic
spinel Co;0, in carbon-based PSCs was reported.?””] The
device exhibited a PCE of 13.27% and long-term stability of up
to 2500 h under ambient conditions. Furthermore, a mono-
lithic perovskite module was demonstrated with an active area
of 70 cm? and showed a PCE of more than 11% with almost
no hysteresis. The results indicated that Co;O4 was a promising
HTM for efficient and stable large-area PSCs.

5. Electron Transport Materials

For high-performance PSCs, electron transport materials are
as important as perovskite materials and HTMs, which can
effectively help the electron extraction and transport from the
perovskite layer to the cathode. A suitable ETM for large-area
PSCs must possess the features as below. 1) Compatible con-
duction band and valence band with perovskites can facilitate
electron extraction and block holes to avoid the charge recom-
bination. 2) High electron mobility can ensure the effective and
rapid electron transport. 3) Wide bandgap can guarantee high
transparency for high light-harvesting by the photoactive layer.
4) Low-temperature processing can simplify the production pro-
cedures and reduce the costs, realizing the all-low-temperature
mass manufacturing of PSCs.

Generally, ETMs used in PSCs can be divided into inor-
ganic and organic parts. Inorganic ETMs are commonly n-type
metal oxides and have been widely investigated, such as TiO,,
stannic oxide (Sn0O,), zinc oxide (ZnO), and so on. The metal
oxide ETMs are usually used in n-i-p-type PSCs with planar
or mesoporous structure because the high temperature of sin-
tering process can damage the perovskite layer. Other types of
ETMs are n-type organic semiconductors, such as fullerene
(Ceo) and derivatives (i.e., [6,6]-phenyl-Cg;-butyric acid methyl
ester (PCBM)). These types of ETMs are widely used in
inverted p—i—n-type PSCs due to their suitable energy-level
alignment, decent electron mobility, and low-temperature solu-
tion process. In the part of the review, we introduce the devel-
opment of ETMs on large-area perovskite solar cells in recent
years.

5.1. Inorganic ETMs
5.1.1. TiO,

In terms of material choice, TiO, remains the most popular
inorganic ETL in large-area PSCs, resulting from its inherent
transparency, tunable electronic properties, matched energy
level with perovskite, and low cost. To date, numerous deposi-
tion techniques were developed to fabricate a good compact or
mesoporous TiO, layers for the high-efficiency devices.
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Compact TiO,: The compact TiO, layer is essential for both
planar and mesoporous PSCs to ensure highly efficient electron
extraction and transport, as well as hole blocking. The method
employed in ¢-TiO, fabrication could directly impact the mor-
phology, thickness and roughness of the ETM film, thus influ-
encing the device performance.’’®! The technique commonly
used in large-area c-TiO, fabrication is spray pyrolysis deposi-
tion (SPD).3052:53:59.61,626580.97.102114129] Compare to the tradi-
tional spin-coating method, SPD technique can not only form
a denser TiO, film, but also reduce the material losses and
deposition time, thereby leading to low-cost production. Gener-
ally, small-area PSCs and most of PSMs in lab fabrication are
implemented by manual spray pyrolysis. The uniformity of the
deposited films depends on the inclination angle of the sprayer,
the spraying height, the pressure of the carrier gas, the speed
of the sprayer, and the time between two spraying sequences.
The reliability of this technique is less mentioned on small-area
devices, but it is a urgent problem for large-area devices. How-
ever, this issue can be solved by using automation technology
in mass production of PSCs.

One issue that has to be considered for ¢-TiO, deposited by
SPD and spin coating is the high-temperature (400-500 °C)
post treatment for nanocrystalline formation, which can be a
hindrance in producing the simple and low-cost mass PSCs.[%]
Therefore, low-temperature processing techniques of elec-
tron transport layers are urgently required for manufacturing
large-scale PSCs. Magnetron sputtering,?’*?8% atomic layer
deposition (ALD),*281 and electron beam (e-beam) induced
evaporation®288282] were developed to deposit c-TiO, at rela-
tively low temperature. Yang et al. reported a process to fab-
ricate a very dense amorphous TiO, layer for PSCs by using
magnetron sputtering at room temperature.8% The flexible
PSC based this TiO, film showed a good electron injection
and a PCE of 15.07%. Giacomo et al. fabricated a flexible large-
area PSM by using a compact ALD TiO, layer.®Y They found
that the ALD film exhibited efficient hole-blocking behavior,
which was approved by the extremely low reverse current den-
sity of 0.004 mA cm™2 at —1 V in dark (Figure 29A). Qiu et al.
reported a ¢-TiO, ETL deposited by e-beam induced evapora-
tion for flexible PSCs with a PCE of 13.5%.28% They found that
the pinholes in e-beam evaporated TiO, layer would induce the
incomplete coverage of the subsequently deposited perovskite
layer. By optimizing the ¢-TiO, thickness, the pinholes of pero-
vskite layers were reduced and the film coverage was increased,
improving overall device performance. Furthermore, the low-
temperature process of ¢-TiO, enabled the freedom of sub-
strate choice. Shortly afterward, Qiu et al.®? and Tait et al.l®®
reported the pinhole-free large-scale PSMs based on e-beam
evaporated c¢-TiO, layer, respectively. In Chen's work, 2D lay-
ered atomic sheets of titania were demonstrated in PSCs,
which were fabricated through the solution-processed self-
assembly atomic layer-by-layer deposition technique.?®¥ The
atomic stacking TiO, transport layer has significantly inhibited
UV-induced degradation of perovskite films compared to the
conventional ¢-TiO, ETM due to the unique features of high
UV transparency and negligible oxygen vacancies of 2D titania
atomic sheets. This discovery opens up a new path to utilize
the 2D titania in the fabrication of large-area PSCs with the
low-temperature solution process.
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Figure29. A) Tafel plot measuredindark. Green continuous lineis foracell without compact layer, blue dashed line for a cell with ALD compact layer without
scaffold, and black dashed-dotted line for a cellwith ALD compactlayer and UV-irradiated TiO,. Reproduced with permission.®4 Copyright 2015, Wiley-VCH.
B) Cross-sectional FE-SEM images of a) PSM with higher magnification, b) sintered m-TiO, made with diluted screen-printed paste, and c) m-TiO, covered
with perovskite layer. B) Reproduced with permission.®% Copyright 2014, Royal Society of Chemistry. C) Photo of ESD equipment during deposition on a
10x 10 cm? large-area substrate. Reproduced with permission.?#4 Copyright 2015, Royal Society of Chemistry. D) Top view of as-grown rutile nanorods on the
FTO surface. Inset shows a cross section of nanorods. Reproduced with permission.l8" Copyright 2015, American Chemical Society. E) Schematic drawing
showing the cross section of the fully printed HTM-free PSCs. Reproduced with permission.[*!l Copyright 2014, American Association for the Advance-
ment of Science. F) Device structure and cross-sectional SEM image of planar PSCs a). b) Top-view SEM image of the TiO,—Cl film on an ITO substrate.
F) Reproduced with permission.['" Copyright 2017, American Association for the Advancement of Science.

Mesoporous TiO, In a double-layer TiO,-based ETL, a
mesoporous TiO, layer as a scaffold is usually deposited on
the very thin ¢-TiO, film acting as a hole blocking layer by
screen-printing or spin-coating techniques. In large-area PSCs,
spin-coating process is the common technique for fabricating
m-TiO, films due to its accessibility in lab condition, which
has been applied to high-performance PSMs.[30:53:59.62.102 Com.-
pared to spin-coating process, screen printing is more suitable
for large-area production of m-TiO, based ETLs, resulting from
its economization of raw materials and cost saving. In 2014,
the first monolithic series-type PSM was reported by Matte-
occi et al., which achieved a PCE of 5.1%.8% For realizing an
efficient upscaling process of ETLs, customized formulation
of TiO, paste was screen-printed to fabricate the m-TiO, layer.
SEM showed that the thickness of the c¢-TiO, layer and the
screen-printed TiO, scaffold was 110 nm and 700 nm, respec-
tively (Figure 29B). Shortly afterward, with the same ETL, the
PCE improved to 8.2%, and further was raised to 13% for the
MAPDI;-based PSMs by the same research group./®!] At the end
of 2014, Razz et al. reported a large-area (100 cm?) PSM with
a PCE of 10.4%, and the m-TiO, as the ETL in PSMs was also
fabricated by screen printing.[®! Kim et al. reported an electro-
spray deposition (ESD) system to fabricate the m-TiO, ETL.[284
They found that the electrosprayed TiO, film could be well
penetrated by the perovskite due to the more porous structure
and the less point defects compared to the spin-coated coun-
terpart. Furthermore, a uniform m-TiO, film with an area of
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10 x 10 cm? was fabricated, verifying the large-area coating
capability of the ESD process (Figure 29C).

Although TiO, nanoparticles (NP-TiO,) are widely used to
fabricate the m-TiO, scaffold in PSCs, they suffer from obses-
sion of perovskite penetration into the nanopores due to their
labyrinthine networks.?®] The m-TiO, scaffold made from
vertical TiO, nanorods (NR-TiO,) have a more open porous
structure, which can improve the infiltration of the perovskite
materials and thus help the charge extraction.?’®l In addi-
tion, the 1D morphology of the nanorods offers a directive
path for electron transport to the electrode and minimizes the
charge transport resistance in the nanorods. Fakharuddin et al.
reported a large-area PSM employing vertically aligned NR-TiO,
(Figure 29D) as the ETL, which showed a good photovoltaic per-
formance and a remarkable stability compared to the control
PSM with NP-TiO,, affirming the crucial role of the ETL and
scaffold on device efficiency and stability.®!!

Another important type of PSCs is the HTM-free struc-
ture first reported by Han and co-workers (Figure 29E), which
used a double layer of m-TiO, and m-ZrO, as a scaffold infil-
trated by perovskites without an HTL.#%* For a PSM, layers
of m-TiO, and m-ZrO, were screen-printed successively on a
c-TiO, covered FTO substrate.'?’”] The thickness of each layer
could be controlled by varying the mesh of the screen mask
and the concentration of the paste. ZrO, worked as a spacer to
separate the m-TiO, layer and the carbon electrode for avoiding
short circuit. The 10 X 10 cm? module showed a 10.4% PCE
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with high stability. Priyadarshi et al.l'6l and Grancini et al.l'8]
also reported large-area PSMs by using m-TiO,/m-ZrO, based
HTM-free structure, which exhibited high efficiency and high
stability.

Doped TiO,: Although TiO, is commonly employed as
the ETL for transferring electrons while blocking holes,
the pristine TiO, still has relatively low electron mobility of
0.1-4 cm? V! s, which can lead to nonessential Ohmic
losses or nonideal space charge distribution in PSCs.?8% Many
research reports have focused on the optimization of the elec-
tron transport property in the device by doping the TiO, ETL
to enhance the performance of large-area PSCs. In Zhou
et al.’s work, they increased the conductivity of the ETL by
doping yttrium element into TiO, (Y-TiO,).?*”! The Y-TiO, film
showed a high conductivity of 2 x 10 S cm™ matched with
that of HTM, which balanced the carrier transport and reduced
nonideal space charge distribution. Chen et al. reported a Nb
doped TiO, used as ETL in large-area PSCs.’") The Nb dopant
increased the conductivity of the amorphous TiO, film from
=10° S cm™ to 10~ S cm™!, which reduced the electron transfer
resistance at the PCBM/ Ti(Nb)O,/Ag interface and promoted
electron transport, thus increasing the photocurrent. Tan et al.
reported a contact passivation strategy of employing chlorine-
capped nanotitania (TiO,—Cl) as the ETL for high-efficiency
large-area PSCs.[''% The spin-coated TiO,~Cl film was not only
smooth and pinhole-free, but also decreased deep trap-states
at the TiO,—Cl/perovskite interface, hence remarkably inhib-
iting the interfacial charge recombination. The TiO,~Cl-based
PSCs showed a better performance than that of the TiO, refer-
ence for all photovoltaic parameters (Figure 29F). Agresti et al.
doped the m-TiO, layer with graphene flakes to modulate the
charge dynamic.”” In addition, lithium-neutralized graphene
oxide flakes was introduced as the interlayer at the m-TiO,/
perovskite interface with the aim of improving the charge injec-
tion from the perovskite to the m-TiO,. The large-area PSMs
exhibited high efficiency and long term stability owing to the
2D nature of graphene for interface engineering.

5.1.2. Other Inorganic ETMs

Despite being widely used as the ETM in PSCs, TiO, still has
some drawbacks. 1) High-temperature post-treatment increases
the cost for scale-up devices. Although several low-temperature
technologies, such as magnetron sputtering, ALD and electron
beam evaporation, have been developed, these methods usually
require high degree of vacuum, which undoubtedly increases
the cost and preparation time. 2) Low electron mobility may
cause unbalanced charge transport, finally resulting in the deg-
radation of the device performance. 3) The device degradation
can rapidly occur when TiO,-based PSCs are exposed to UV
illumination. Therefore, researchers committed to develop new
metal oxide as ETMs to replace TiO, in PSCs, such as ZnO,2%!
Sn0,,?¥] tungsten trioxide (WO3),2°Y Niobium pentoxide
(ND,05),2°1l strontium titanate (SrTiO;),2°2l and barium stan-
nate (BaSn03).2%31 In this part, we mainly introduce ETMs that
have been successfully applied in large-area PSCs.

Zinc Oxide: ZnO has the similar energy bands to TiO,,
which is seen as a promising alternative in PSCs owing to
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many advantages as below. 1) High electron mobility of nearly
200 cm? V7! 7! is 2 orders of magnitude higher than that of
Ti0,.2°41 2) Low-temperature process can form high crystallinity
of ZnO without a sintering procedure.?® 3) High transmit-
tance in the visible region can maximize the light harvesting of
perovskites. 4) Low cost of the raw materials. There are reviews
specifically for the application of ZnO in PSCs.?%8 To date, the
best PCE of ZnO-based small-area PSCs is 17.6%, which is
lower than that of TiO,-based devices.[?>>! However, ZnO shows
potential in preparing large-area PSCs, even in flexible photo-
voltaic devices. Vak et al. reported a 47.3 cm? size PSM using
ZnO as the ETL by spin-coating process, and the ETL film was
annealed at low temperature of about 140 °C.I°*l They found
that the variation of the ZnO coating conditions has little or no
effect on the device performance. A fully printed large-area PSC
was fabricated and a slot die—coated ZnO was employed as the
ETL.I*Y Tt was revealed that the slot die—coated ZnO layers were
as good as the spin-coated films. The slot die-coated ETL based
on ZnO verifies the possibility of the low-cost mass production
of large-area PSCs. However, ZnO still has some drawbacks, for
example reducing the stability of PSCs due to its hygroscopicity.

Stannic Oxide: SnO, is another intrinsic n-type semicon-
ductor that has been applied as ETL in PSCs owing to its nat-
ural abundance, nontoxic, low hygroscopicity, good stability and
high transparency.?’®l SnO, also has high electron mobility of
250 cm? V71 71, which enhances the electron transport ability
of the ETL.2) Sn0O,-based PSCs show a good thermal and UV
stability. Furthermore, high-temperature annealing is not nec-
essary for most SnO, fabrication methods, which means that
it can be produced with a low cost and thus be potentially used
in large-area PSCs.2892%] To date, numerous research efforts
have focused on SnO,-based small-scale PSCs.*’8 However, a
few studies on applying SnO, in large-scale PSCs have been
reported. With compact SnO, as the ETL, Bu et al. fabricated
a small-area PSCs with a PCE of 20.56% and a large-area PSM
with a PCE of 15.76% without hysteresis, which demonstrated
the application prospects of the SnO,-based ETL for potential
upscaling PSCs.['P]

5.2. Organic ETMs

Fullerene Cg, and its derivatives PCBM are the most commonly
used ETMs in inverted p-i-n PSCs.?”’] Since the first report
of fullerene type ETMs used in PSCs,3¥] the PCE of small-area
devices has exceeded 20%.1% For the large-area PSC fabrica-
tion, PCBM have won the favor of researchers owing to a lot
of advantages, such as the low-temperature process, compatible
energy-level alignment with respect to perovskite and good elec-
tron extraction property.?42%! More importantly, PCBM can pas-
sivate the charge traps on the perovskite grain boundaries.?%’]
According to the statistics, until now most of p—i-n-type large-
area PSCs have used PCBM as an ETL.[3439:5556,58,6669728587.9
0.99,100103,130.197] T 2015, Heo et al. reported an inverted p—i-n
PSCs with PCBM as the ETL, which exhibited a high PCE of
18.1% in small-area devices and 12.9% in large-area modules.
Wu et al. reported an inverted PSC architecting a perovskite-
PCBM graded heterojunction structure.l'®! In this structure,
PCBM was distributed in the perovskite layer with a gradient,
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Figure 30. A) Schematic diagram of the deposition method. The black dots represent fullerene a). b) Schematic diagram of band shift of perovskite and
PCBM in GH]J structure with a mixed and graded interlayer. The negative and positive circles represent electrons and holes, respectively, and the arrows
indicate their flowing directions. A) Reproduced with permission.[1%8 Copyright 2016, Nature Publishing Group. B) Energy level diagram at the active layer/
cathode interface a). b) Time-resolved PL spectra of perovskite films with and without PC¢;BM layer. B) Reproduced with permission.l*l Copyright 2016,
Royal Society of Chemistry. C) Proposed scheme for the self-assembly of the PEl in the PEI:PCBM during the printing process a). b) Energy level diagram
of the corresponding device. C) Reproduced with permission.’* Copyright 2017, Wiley-VCH.

which could enhance the device efficiency due to the improved
photoelectron collection and reduced charge combination
(Figure 30A). The conformal fullerene coating via the GHJ dep-
osition achieved a full coverage on the perovskite with reduced
layer thickness, thus minimizing the resistance loss in large-
size devices. With this strategy, 1 cm? area PSCs with a PCE
of 18.2% was obtained. Despite several advantages of PCBM as
the ETL in PSCs, the mismatch between the high work func-
tion of the environmentally stable metal (e.g., Ag or Au) and the
LUMO level of PCBM usually compromises the device perfor-
mance. One strategy to solve the problem is inserting a cathode
buffer layer (CBL) to achieve appropriate energy-level matching
at the PCBM/cathode interface. Chang and co-workers reported
a cetyltrimethylammonium bromide (CTAB)-doped PCBM as
both the ETL and CBL.” The doped interfacial layer modified
the WF of Ag electrode, which provided a good energy-level
matching with the PCBM layer and formed Ohmic contact
for efficient electron extraction (Figure 30B). In addition, the
anion-induced electron transfer between the bromide anions
(Br) on CTAB and PCBM in the solid state could remarkably
increase the electrical conductivity of PCBM by more than
5 orders of magnitude. With the n-doped PCBM layer, a 1.2 cm?
area PSC with a remarkable PCE of 15.42% was obtained. By
the same strategy, the PSCs with an active area of 1.2 cm? via
doctor-blade coating technique also exhibited a PCE of more
than 15%.19 Engineering the interface between the ETL and
the electrode was also studied in normal n—i—p-type PSCs. Lee
et al. used polyethyleneimine (PEI) as the surface work-func-
tion modifier and PCBM as the ETM to form the self-assembled
organic-nanocomposite ETL in PSCs (Figure 30Ca).P4 This ETL
exhibited efficient electron transfer from the perovskite to the
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PCBM due to its strong electron affinity. Moreover, the interfa-
cial PEI dipole decreased the work function of the ITO cathode
and formed a desirable Ohmic contact between the PCBM and
ITO (Figure 30Cb). Based on this method, low-temperature-
processed, hysteresis-free, and stable PSCs with a large area
up to 1 cm? were obtained, which exhibited a stabilized PCE
of over 18%. In addition, the organic nanopcomposite concept
was successfully applied to the printing process, resulting in a
PCE of over 17% in PSCs with the printed ETL.

6. Electrode Materials

The typical structure of PSCs contains a bottom electrode and
a top electrode, which are used to collect the electrons or holes.
In this section, we introduce the promising electrodes with the
potential of low-cost and facile fabrication in order to replace
the conventional counterparts used in large-area PSCs.

6.1. Bottom Electrodes

Bottom electrodes of PSCs are typically transparent conduc-
tive oxides (TCOs) such as FTO and ITO, which usually depos-
ited on a glass substrate by a vacuum deposition technique.
Although FTO and ITO have been widely used in large-scale
PSCs as the transparent substrate, TCOs have limits due to
their fabrication cost, brittleness and the scarcity of raw mate-
rials (especially indium). Scientists are currently searching for
alternatives to ITO and FTO. However, it is not easy to develop
alternative candidates because of the high transparency and
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Figure 31. A) Thermal imprinting of PET using a nickel master roll a). b) Flexographically printed grid shown as the wet film with the red glow from
the infrared drier. ¢) The inkjet-printed grid shown after hot air drying. d) The thermally imprinted grid prior to silver filling. e) The silver filled grid.
A) Reproduced with permission.% Copyright 2012, Royal Society of Chemistry. B) Photographs of 25 cm? PSCs with a) a Ag grid and b) an Al/Al,O;
grid. The degradation of the organohalide perovskite layer after several days can be seen adjacent to the Ag lines a), but not around the Al/Al,O; lines
b). B) Reproduced with permission.3% Copyright 2016, Royal Society of Chemistry. C) Device structure of graphene-based flexible perovskite solar cells
(inset image: Photograph of a complete device). Reproduced with permission.2%l Copyright 2017, Royal Society of Chemistry. D) Top-view a,b,d,e,g,h)
and ¢,f,i) cross-sectional SEM images of the printed AgNW electrode a—c), the thermal evaporated Ag electrode on perovskite/PCgBM surface d-f),

and the printed AgNW electrode on perovskite/PCqs;BM/PEI surface g-i). D) Reproduced with permission.2% Copyright 2018, Wiley-VCH.

electrical conductivity of TCOs compared with other conducting
materials, such as metallic nanowires, carbon nanotubes (CNT),
graphene and conducting polymers. Among the conducting
materials, metallic nanowires are considered as the promising
candidates for TCOs replacement owing to the solution-based
deposition method, structural transparency, and low cost. Com-
pared to the traditional TCOs, metallic nanomaterials such as
silver nanowires (AgNWs) shows high transmittance (=90% at
550 nm) and comparable sheet resistance (less than 20 Q 17}
with commercial ITO electrode.?% However, metallic nanow-
ires cannot be directly used as transparent electrodes for
photovoltaic devices due to the large-size holes and inhomo-
geneous resistance distribution throughout the conducting
film. To solve the problem, metallic nanowires are gener-
ally combined with the conductive polymer PEDOT:PSS for a
substitute TCOs. Kim et al. demonstrated the stable AgNW/
PEDOT:PSS film by using roll-to-roll slot-die coating, which
exhibited the suitable sheet resistance of =75 Q [0 and good
transmittance (T > 90% at 550 nm).*®! In spite of rare report
on applying metallic nanowires as bottom electrodes in PSCs,
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the fully printed metal grid electrode can be a feasible alterna-
tive for large-scale TCOs.13923%31 Yy et al. demonstrated printed
bottom electrodes from the aqueous-nanoparticle-based silver
ink by several different roll-to-roll techniques, such as ther-
mally imprinted, inkjet, and flexographic printing, as shown in
Figure 31A.5%2 Hambsch et al. utilized simple aluminum grid
lines to achieve the 25 cm? aperture-area PSCs without an inter-
connected strip design due to increasing the conductivity of
the transparent electrode.3% These Al grid were exposed to an
UV-ozone plasma to form a thin Al,O; coating, which remark-
ably improved the wetting and film-forming of the casting solu-
tions (PEDOT:PSS and perovskite) and thus avoided the leakage
current. The monolithic devices based on the Al/AL;O; grid
achieved a maximum PCE of 6.8% and showed a better stability
than that of the Ag-grid based PSCs, as shown in Figure 31B.
Graphene, a single-layer 2D carbon material, is another prom-
ising candidate to replace TCOs due to its high transparency
(T = 97% in visible range), flexibility, mechanical strength and
stretchability. TCO-free PSCs with graphene anode were first
demonstrated by Sung et al.3%! The graphene based devices
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showed a high PCE of 17.2%. The high transparency and low
surface roughness of the graphene electrode compensated its
low conductivity compared to the ITO counterpart, resulting in
comparable J,, high V., and therefore high PCE. In another
work from the same group, a single-layer CVD graphene was
transferred on a thin polyethylene naphthalate (PEN) substrate
by a typical wet transfer process. The flexible PSCs based on
the high-transparency graphene electrode exhibited a PCE of
16.8% without hysteresis. Moreover, the graphene-based flex-
ible devices also showed a good bending stability, which main-
tained more than 85% of their initial PCEs after 5000 bending
cycles (Figure 31C).30

6.2. Top Electrodes

Electrodes on the top of the devices are usually vacuum-
deposited metals such as Au and Ag. Although Au is the most
common electrode material for high efficient PSCs, the expen-
sive price increases the production cost of devices. Ag is a low-
cost candidate for large-area PSCs.P1525458.69 The heat-curable
silver ink can be printed to fabricate the fully ambient roll-
processing PSCs.® Unfortunately, Ag electrode suffers from
corrosion or contamination in PSCs. Snaith et al. reported that
Ag became corroded in contact with the perovskite film owing
to the silver halide formation.?%”] Furthermore, the metal elec-
trode are also fabricated with a costly vacuum-assisted deposi-
tion process. By now, a variety of electrode candidates with
economical solution process have been developed such as
metal nanowires,%® PEDOT:PSS,3%! carbon nanotubes,* and
graphene.’1¥

6.2.1. Metal Nanowire and Grid Electrodes

Metal nanowire electrodes are also potential top electrode
materials for mass fabrication, owing to the facile fabricating
methods, such as spin coating,®'! spray coating,3!2 doctor
blading,’¥® and slot-die coating.?®! Furthermore, the raw
materials of metal nanowires can be Ag,3%! Cu,314 Ni,B1! or
Au.B% Guo et al. reported an efficient PSC using solution-
processed silver nanowires as the top electrode with a PCE
of 8.49%, where ZnO was used as the interlayer to improve
the Ohmic contact between the AgNWs and the PCBM.B']
Lee et al. reported a fiber-shaped flexible PSC using silver
nanowires as the top electrode, showing a PCE of 3.85%.518
Yang et al. reported an all-solution route to produce semi-
transparent PSCs with spray-coating silver nanowires as
the top electrode, yielding a PCE of 10.64%.!% Xie et al.
reported the preparation of transparent silver nanowire top
electrode for PSCs by a inkjet-printing process.’?"! SEM
images (Figure 31D) clearly indicated that chemical corro-
sion on the AgNW electrode was totally suppressed after
the insertion of PEI layer. Furthermore, the thin PEI layer
could minimize the charge injection barrier between PCBM
and AgNW electrode and thus improve the device perfor-
mance. A PCE of 14.17% was achieved for the PEI/AgNW
cells. Ni and Cu nanowires are also successfully exploited as
a transparent conducive electrode of PSCs.321322 However,
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the main drawback for metal-nanowire electrode-based PSCs
is that the polar solvent used for dispersing nanowires can
degrade the wunderlying perovskite layers. Many efforts
have been done to solve the problem. One way is to employ
the nonpolar solvents.[300:317:3193231 The other way is to use
mechanically transferred metal-nanowire network as a top
electrode.[321:322324-326] Although the metal nanowire network
electrodes for large-scale PSCs show many advantages, such
as low cost and facile large-scale fabrication, the performance
of the device and the processing technologies still need to be
further developed and optimized.

6.2.2. Carbon-Based Electrodes

Carbon-based materials as conducting electrodes in PSCs
have attracted wide attention due to their low cost, stability,
inertness to ion migration and inherently water repellency,
which are advantageous to the improvement of the device sta-
bility. Furthermore, the work function of carbon (-5.0 eV) is
close to Au (-5.1 eV), which enables it to be an ideal mate-
rial to replace Au as a top electrode in PSCs.*Yl Carbon-
based PSCs (C-PSCs) have exhibited remarkable stability and
become one of the most promising types of PSCs for com-
mercialization. The breakthrough work of PSCs based on a
mesoporous carbon electrode was developed by Ku and co-
workers.[*) The mesocarbon electrode was fabricated from
carbon black and spheroidal graphite by screen-printing tech-
nique (Figure 32A). PSC-based cheap carbon electrodes can be
fully printed for mass production, showing advantages in
both material and manufacturing cost. Since then, the carbon-
based HTM-free device has gradually become an important
structure type of PSCs and shows a great potential for large-
area PSCs.[4041:126327.328] Chen et al. demonstrated a solvent
engineering strategy to prepare a high-quality perovskite
layer, which enabled the printable carbon electrode to form
a much better contact, as shown in Figure 32B.?] The large-
size (1 cm?) device achieved a PCE of about 10%. Wei et al.
designed a hole transporter—free PSC based on a C + epoxy
electrode that can serve as both a hole extractor and a water-
proof barrier.3?°l By using a silver paint coating, the PSCs
achieved a PCE of 11%, and exhibited a good stability against
water. As shown in Figure 32C, the C + epoxy/Ag paint film
is solid and hydrophobic compared to the C and C + epoxy
films, thus blocking moisture and even water from perovskite.
Several promising printed C-PSCs have shown excellent sta-
bility under high humidity or high temperature during long
time.[330-3321 Carbon nanotubes have also been applied as elec-
trodes in PSCs owing to their excellent electrical conductivity,
chemical stability and unique nanostructure. Furthermore,
the flexible and transparent CNT electrodes show great poten-
tial in flexible or large-scale PSCs.1333-33¢ Ryu et al. used CNTs
to penetrate into both the perovskite film and carbon electrode
by solvent dripping method.>>”! This strategy provided better
contact at the perovskite/carbon interface, facilitating fast hole
transfer. Luo et al. reported a novel inverted PSC employing
a SnO,-coated cross-stacked superaligned carbon nanotube
(SnO,@CSCNT) film as the top cathode and a Al,O; film as
the spacer in both rigid and flexible devices.33® As shown in

(36 of 45) © 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

Figure 32. A) Cross-sectional structure of the monolithic devices based on a) spheroidal graphite (SG) and b) flaky graphite (FG). A) Reproduced
with permission.l*? Copyright 2013, Nature Publishing Group. B) Cross-sectional SEM images of the carbon-based PSCs fabricated from a) IPA and
b) IPA/cyclohexane solvents. B) Reproduced with permission.®s Copyright 2016, Wiley-VCH. C) Contact-angle photographs and SEM images of the
three films: a) C, b) C+ epoxy, and c) C+ epoxy/Ag paint. C) Reproduced with permission.32%l Copyright 2015, Royal Society of Chemistry. D) Typical
SEM images of a) CSCNT film, b) Al,O3 nanotube film, and c) SnO,@CSCNT film. D) Reproduced with permission.[338 Copyright 2017, Wiley-VCH.
E) Optical images of contact-angle measurement for the PSC device on the bulk graphite/carbon black electrode and ultrathin graphite/carbon black

electrode surface. Reproduced with permission.*l Copyright 2017, Elsevier.

Figure 32D, the CSCNT film showed a typical cross-stacking
structure, and the Al,O; film also exhibited the similar and
porous features as its CSCNT template, which could help
perovskite loading. For the SnO,@CSCNT electrode, the
SnO, nanoparticles were continuously and uniformly coated
on the surface of CSCNT, which significantly reduced charge
recombination. The maximum efficiency of SnO,@CSCNT
based devices was 14.3% for rigid substrates and 10.5% for
flexible ones, respectively. Furthermore, the PSCs using the
SnO,@CSCNT electrode exhibited good stability compared
to the controled devices with the Ag electrode, retaining 88%
of their original PCEs after 550 h under light-soaking or
thermal stress. Graphene is also a potential hole-extracting
electrode material for C-PSCs due to the exceptional charge
mobility and thermal conductivity. Duan et al. used ultrathin
graphite (UG) to substitute bulk graphite (BG) to fabricate
carbon electrode in an HTM-free, fully printed PSC, which
effectively increased the specific surface area of the carbon
electrode without reducing the conductivity.?*% Furthermore,
the ultrathin graphite/carbon black electrode (UGE) presented
more effective contact with the perovskite solution compared
to the bulk graphite/carbon black electrode (BGE), acceler-
ating the infiltration of perovskite precursor (Figure 32E).
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This could be attributed to the highly interconnected channels
of UGE caused by the large specific surface area, resulting
in a low charge transfer resistance at the perovskite/carbon-
electrode interface. You et al. fabricated a semitransparent
PSC based on the stacked multilayer graphene prepared by
CVD method as the transparent top electrode.3*%l By coating
a thin layer of PEDOT:PSS to enhance the conductivity of gra-
phene electrode, the PSCs with graphene electrodes exhibited
an average PCE of 12.02% or 11.65% for the FTO- or gra-
phene-side illumination, respectively. Moreover, the CVD gra-
phene electrode prepared on flexible plastic substrates could
be laminated on perovskite active layers at low temperature of
=60 °C under pressure, which showed a potential application
for flexible PSCs.

7. Stability Issues

The poor long-term device stability is one of the major issues
of PSCs for further commercial applications. Although num-
bers of studies have focused on the stability of small-area
PSCs, few research on large-area PSCs is reported. However,
the larger the PSC size is, the easier the device performance
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is to be affected by the unstable sources, such as humidity,
thermal, light, and ion migration. In this section, several key
researches on the stability of small-area PSCs are reviewed,
which are expected to attract more attention of the durability
of large-area devices, enhancing the potential for the commer-
cialization of this technology.

7.1. Moisture Effect

The effect of water on the performance of PSCs has been a hot
spot. Studies have shown that the presence of proper humidity
during the film processing can improve the film formation of
perovskite. However, for fully formed PSCs, exposure to mois-
ture eventually leads to the device degradation. Therefore, in
order to achieve stable perovskite devices, it is very important
to fully understand the mechanism of the perovskite degra-
dation caused by water. Frost et al. proposed an acid-base
reaction mechanism to explain the pathway of perovskite deg-
radation.?*!] The hybrid perovskite could react with the trace
of water (Lewis base) in a closed device system, which would
finally lead to partial decomposition of the perovskite until
either H,0 was saturated by generated HI or the CH;NH,
vapor pressure reached equilibrium. In this case, the process
was irreversible and the degradation of device performance
was inevitable. One strategy for improving moisture stability is
modification of perovskite structure. By inserting the large-size
organic cations into the perovskite structure, the multidimen-
sional perovskite materials exhibit superior stability and water
resistance, as discussed in Section 3.3.3. The other strategy is
to use hydrophobic charge transport layers as a barrier against
water. For example, Spiro-OMeTAD is easy to absorb moisture
due to the addition of lithium salt, dopant-free HTMs with
hydrophobic groups can solve the problem and improve the
device stability without losses of the performance. The specific
molecular structure of the dopant-free HTMs can be found in
Section 4.1.2.

7.2. Thermal Instability

Thermally induced degradation of PSCs can occur in the
active layer, the charge transport layer, and even in the elec-
trode. For perovskite materials, MAPbI; shows poor thermal
stability due to the low reversible phase transition tempera-
ture. Although FAPDI; exhibits better temperature stability
than MAPDI;, it lacks structural stability at room tempera-
ture. This problem can be solved by modification of the
perovskite structure to suppress the phase transition, such
as using the mixed organic cations (MA/FA), introducing
inorganic cations into MA/FA perovskite precursor or using
multidimensional perovskites instead of the conventional 3D
analogs, as discussed in Section 3. The inorganic ETLs are
usually considered thermal stable owing to the natural high-
temperature resistance. The organic HTMs should exhibit
high glass transition temperature by optimizing the molec-
ular structure in order to improve the stability of the device
under operating conditions. For the electrode, Domanski
et al. found that gold could migrate through the HTL into
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the perovskite materials and cause a dramatic performance
loss when PSCs were exposed to a temperature of 70 °C.[*2I
By inserting a Cr metal interlayer between the electrode and
HTL, the thermal-induced degradation of the device could be
prevented. This research revealed that the thermal degrada-
tion is not necessarily from the decomposition of the HTM
or perovskite layer, but probably from the metal migration.

7.3. lon Migration

Ion migration from perovskites has been recently identified
as a key source of degradation. Theoretical and experimental
studies clearly confirm that halide, ammonium, and even
proton migration can lead to the performance deterioration of
the perovskites. Li et al. demonstrated a real-time observation
method for iodide ion migration of perovskite films in an elec-
tric field by a wide-field PL imaging microscopy.?*}! The migra-
tion and accumulation of iodide ions under external fields
gave rise to the formation of PL inactive domains, and there-
fore affected the device performance. Guerrero et al. revealed
that the reaction of the perovskite with the metal electrode was
the major degradation pathway of the device in the absence
of water.3*l This work highlighted the importance to use the
protecting layers to stabilize the transport of iodide ions in
the perovskite layer. Carrillo et al. identified two types of reac-
tion sources between the perovskite and the charge transport
layers (TiO, and Spiro-OMeTAD).’®! i) The weak Ti—I—Pb
bond boosted interfacial accumulation of iodide ions. Although
this produced a highly reversible capacitive current from the
TiO,/MAPDI; interface, the steady-state photovoltaic charac-
teristics did not be changed. ii) The chemical reaction between
the Spiro-OMeTAD" and I” ions was irreversible, which grad-
ually reduced the HTL conductivity and thus degraded the
device. Correa-Baena et al. measured the PSCs by a series of
methods, such as photovoltage versus light intensity, open-
circuit voltage decay, and electrochemical impedance spec-
troscopy, to study the recombination mechanism of fresh and
cycled PSCs.}*%l The bulk recombination was dominant in the
fresh PSCs. When the device was exposed to light or electrical
field, migrating ions would build up at the contact interfaces
between perovskites and charge transport layers. The charge
recombination would mainly occur at the contact interface due
to ion migration. Therefore, for further improving the stability
of PSCs, it is important to completely understand the mecha-
nism and tuning method of ion migration in the operating PSC
device.

8. Conclusion and Perspectives

Perovskite solar cells as a promising candidate for the next
generation of photovoltaic technologies have recently gained
much attention both from the scientific and industrial com-
munity. To date, the power conversion efficiency of the small-
area PSCs has exceeded 22%, which is close to commercial
silicon photovoltaic cells. Even though the performance
of PSCs exhibits a dramatic improvement, the difficulty on
scaling-up becomes a bottleneck of industrialization. The
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Figure 33. Vision for the future of large-area commercial perovskite solar cells.

efficiency and stability issues from area enlargement are
urgent to be concerned and solved. In this review, we sum-
marized the researches on large-area PSCs in recent years.
Approaches for fabricating the larger-area PSCs are described
in terms of each functional layer materials, including perov-
skite materials, hole transport materials, electron transport
materials, and electrode materials. To achieve future com-
mercial applications, the efficiency, stability, materials cost,
and fabrication techniques involved in PSCs have to be
addressed. The commercially oriented large-area PSCs should
be efficient, stable, and able to compete with existing tech-
nologies on price. This requires scientists and researchers to
constantly try and explore the functional materials that are
suitable for fabricating large-area PSCs. There are several
key research areas and challenges that need to be expanded
upon and addressed for enhancing the commercial potential
for perovskite photovoltaic technology. 1) Perovskite mate-
rials: Novel film-forming procedures should be further devel-
oped to obtain large-scale and high quality perovskite films.
Although mixed-ion 3D perovskites have shown the better
performance than pure perovskite compounds, the ambient
stability still remains an obstacle for commercialization. Mul-
tidimensional perovskites exhibiting superior stability and
water resistance compared to the 3D counterparts are highly
promising to achieve both efficient and stabilized device, and
therefore should be given great attention. 2) Hole transport
materials: In addition to the basic requirements of HTMs,
such as high hole mobility, well-aligned energy levels with
perovskites, well solubility, high thermal and photochemical
stability as well as high hydrophobicity, an ideal HTM can-
didate to substitute traditional materials for large-scale PSC
manufacturing should have several main advantages, such as
high-efficiency, nondoped, and low cost. 3) Electron transport
materials: The inorganic metal oxide—based ETMs are usually
used in n-i-p-type PSCs. Low-temperature processing tech-
niques of ETMs should be further developed for large-area
preparation. For inverted p—i—n-type PSCs, the most com-
monly used ETMs, such as fullerene Cg, and its derivatives
PCBM, have the problem of the mismatched work function
with the environmentally stable metal electrodes. Developing
nonfullerene derivatives is imminent. 4) Electrode materials:
Metal nanowire network electrode and carbon-based elec-
trode show promising advantages for fabricating large-scale
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PSCs, such as low cost, high stability, facile
large-scale fabrication, and so on. However,
the device performance and the processing
technologies still need to be further devel-
oped and optimized. Finally, long-term sta-
bility of PSCs is an essential part of further
commercial applications. Just as Buckets
effect reveals (Figure 33), the capacity of a
bucket depends on the shortest board. The
ultimate goal of PSC commercialization
requires the collaboration of interdiscipli-
nary scientists to find new stable perovskite
materials, to select suitable charge transport
layers and electrodes, as well as to develop
cost-effectively manufacturing processes.
Predictably, in the near future, perovskite
solar cells will become one of the most competitive alterna-
tives to silicon solar cells.
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