Chapter 1
Nanostructured Materials for High
Efficiency Perovskite Solar Cells

Meidan Ye, Xueqin Liu, James Iocozzia, Xiangyang Liu
and Zhiqun Lin

Abstract Capturing renewable energy has become an increasingly urgent task due to
concerns over fossil fuel supplies and accessability in the future. Photovoltaic tech-
nology represents the most promising strategy to address this problem. However to
date, no solar cell module has been able to satisfy the simultaneous requirements of
high efficiency, low cost and long lifetime necessary for large scale production and
application. Recent development in organic-inorganic halide perovskite solar cells
(PSCs) has shown great potential for large-scale application owing to the superb
power conversion efficiency (PCE), facile device fabrication and low material cost.
Since the first report of methyl ammonium lead halide, CH;NH;PbX; (X = Br, I),
sensitized liquid solar cells in 2009, the PCEs of PSCs have jumped from 3.8 to
20.2 %. Research efforts on new preparation processes and materials design for PSCs
still remain highly active. This chapter will concentrate on summarizing the recently
reported nanostructured materials (i.e. TiO,, Al,O3, ZnO, carbon materials and
others) applied in PSCs. This chapter strives to present acomprehensive overview and
provide a deep understanding of nanostructured materials in PSC devices.

1.1 Introduction

Increasing energy demands, diminishing amounts of easily-accessible fossil fuel
sources, and concerns of global warming have motivated a great deal of effort into
the exploration and development of clean, inexpensive and renewable energy
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sources [1]. It is important to note that research into alternative and renewable
energy resources is motivated not only by concerns of planetary damage and
economics but also a desire to conserve more and waste less as a point of basic
societal betterment. Solar energy is commonly acknowledged as a promising
renewable energy source to support the future of humanity [1, 2]. To date, besides
the conventional silicon solar cells (single crystal and mesoporous) and thin film
solar cells, several new photovoltaic technologies for converting solar photons into
electricity have been developed. These include organic photovoltaic cells (OPVs),
dye-sensitized solar cells (DSSCs) and quantum dot-sensitized solar cells (QDSCs).
Such devices have inspired much research interest due to their potential to serve as
low-cost alternatives to the traditional solar cell modules [3-7].

Recently, a new type of solar cell based on mixed organic-inorganic halide
perovskites ABX;3 (Fig. 1.1a, A = CH3NH; (MA) or NH,CHNH, (FA), B = Pb or
Sn, X = CI, Br or I) has quickly attracted much attention and gradually become one
of the most important all-solid-state solar cells materials in what are called per-
ovskite solar cells (PSCs) [8—15]. As the core of PSCs, hybrid organic-inorganic
halide perovskites ABX; possess some fascinating properties such as an appropriate
band gap, a high absorption coefficient, a long charge diffusion length and solution
processability. Taken together, this gives PSCs some of the highest efficiencies with
values as large as 20 % [16]. Perovskite, named after the Russian mineralogist
Lew A. Perovski, is defined as a class of compounds by the general formula ABX3 in
which X is an anion and A and B are cations of different sizes (where A > B) [17].
Ideally, a perovskite structure consists of corner sharing BX, octahedra with the A
ion placed in the cuboctahedral interstices which belong to the cubic Pm3m crystal
structure, as shown in Fig. 1.1a [18]. In the hybrid organometal halide perovskites,
A is an organic cation (i.e., MA* or FA"), B is a metal cation (i.e., Sn** or Pb**"), and
X is a halide anion (i.e., C1 , Br or I') [19, 20]. In particular, hybrid organometal
halide perovskites ABX5_,Yx with mixed halides, for example, MAPbI;_,Cl, and
MAPbBI;_Br, (Fig. 1.1b, ¢) have also attracted special attention due to their tunable
optical properties which leads to improved performance in PSCs [21-23].

As indicated in Fig. 1.2, early in 2009, hybrid organometal halide perovskites
were initially used in conventional liquid electrolyte-based DSSCs as light absorbers,
yielding PCEs of 3.13 % (MAPbBr3) and 3.81 % (MAPbI3), respectively [24]. In
2011, Park and coworkers achieved a PCE of 6.54 % in a perovskite quantum
dot-sensitized 3.6 pm-thick TiO, film using the iodide/iodine redox couple [25].
However, these solar cells are usually unstable and the performance degraded rapidly
due to the dissolution or decomposition of perovskites in the liquid electrolyte.

The real breakthrough for PSCs came in 2012, as shown in Fig. 1.2 and
Table 1.1, when Gritzel’s group employed a solid hole-transporting material
(HTM) 2,2°,7,7’-tetrakis(N,N-di-p-methoxyphenylamine)-9,9’-spirobifluorene (spiro-
MeOTAD) instead of the conventional liquid redox electrolyte. In their PSCs, PCEs
of 9.7 % were achieved under AM 1.5 G illumination along with excellent long term
stability for over 500 h. Charge separation proceeded via electron transfer to a sub-
micron-thick mesoporous TiO, film and hole injection from the excited MAPbI; into
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Fig. 1.1 a Crystal structure of ABX3, b UV-vis absorption spectra and ¢ photographs of
MAPbDI;_,Bry (reprinted with permission from [18] a M. Liu et al., Nature 2013, 501, 395-398. [21]
b—c J.H. Noh et al., Nano Lett. 2013, 13, 1764-1769. Copyright © Nature Publishing Group and
American Chemical Society)
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Fig. 1.2 Progress in perovskite solar cells demonstrating the amazingly sharp rise in PCE over
the past 6 years

Table 1.1 Photovoltaic performance of PSCs depending on materials and cell configurations

Cell configuration® Je mA/em?)® | V. (V)° | FF° PCE (%)® | References
FTO/bl-TiO»/mp-TiO,/MAPbI3/ 17.6 0.888 0.62 |97 [26]
Spiro-MeOTAD/Au

FTO/bl-TiO»/mp-Al,O3/ 17.8 0.98 0.63 10.9 [27]
MAPHI,Cl/Spiro-MeOTAD/Ag

FTO/bl-TiOo/mp-TiO,/MAPbI;/PTAA/Au | 16.5 0.997 0.727 | 12.0 28]
FTO/bl-TiO»/mp-Al,O3/MAPbI; Br,/ 18.0 1.02 0.67 | 123 [29]
PTAA/Ag

FTO/bl-TiO»/mp-TiO,/MAPbI;/ 20.0 0.993 0.73 15.0 [30]
spiro-MeOTAD/Au

FTO/bl-TiO»/MAPbI;_Cl,/ 21.5 1.07 0.67 |154 [18]
spiro-MeOTAD/Ag

FTO/bl-TiO»/mp-TiO,/MAPbLI;/PTAA/Au | 21.3 1.04 0.73 16.2 [31]
FTO/bl-TiO»/mp-TiO,/MAPbI;/ 21.2 1.02 0.776 | 16.7 [32]
pp-spiro-MeOTAD/Au

FTO/bl-TiO»/mp-TiO./MAPbI; 21.64 1.056 0.741 | 17.01 [33]
cuboid/spiro-MeOTAD/Au

ITO-PEIT/bl-Y doped-TiO,/M APbI; 22.75 1.13 0.75 19.3 [34]
_xCly/spiro-MeOTAD/Au

FTO/bl-TiOo/mp-TiO./FAPbI;/PTAA/Au 24.7 1.06 0.775 | 20.2 [35]

“Short-circuit voltage

Open-circuit voltage

“Fill factor

dPower conversion efficiency

°bl stands for blocking layer and mp stands for mesoporous



1 Nanostructured Materials for High Efficiency Perovskite Solar Cells 5

the spiro-MeOTAD [26]. Almost simultaneously in 2012 (Fig. 1.2 and Table 1.1),
Snaith et al. replaced the n-type mesoporous TiO, with insulating mesoporous Al,O;
in PSCs. The FTO/blocking layer (bl)-TiO,/mesoporous (mp)-Al,O3/MAPbIL,Cl/spiro-
MeOTAD/Ag-based device, termed the meso-superstructured solar cell (MSSC),
boosted the reported PCEs to 10.9 %. Moreover, it was also revealed that perovskites
can be used not only as sensitizers but also as an electron and hole transport layer
between cell terminals [27].

In early 2013 (Fig. 1.2 and Table 1.1), a further jump to a PCE of 12.0 % was
obtained by Seok, Gritzel et al. by using a bicontinuous three-dimensional
nanocomposite of mp-TiO, with MAPbI; perovskites as a light harvester and
poly-triarylamine (PTAA) as a hole transport material (HTM) [28]. Subsequently,
Seok et al. further improved the PCE to 12.3 % using similar structures but with
mixed-halide MAPbI;_,Br, perovskites [29]. In late 2013 (Fig. 1.2 and Table 1.1),
further progress was reported by two research groups with PCEs above 15 % [18, 30].
First, Grétzel et al. developed a sequential deposition process to fabricate MAPDI;
films with improved morphology on the TiO, scaffold layers and measured a
remarkable PCE of 15 % in a FTO/bl-TiO,/mp-TiO,/MAPbI;/spiro-MeOTAD/
Au-based PSC [30]. Subsequently, Snaith et al. deposited a high quality MAPbI;_,Cl,
film via two-source thermal evaporation in a new planar heterojunction
(PHJ) perovskite solar cell (FTO/bl-TiO,/MAPbI;_,Cl,/spiro-MeOTAD/Ag) without
the mp-TiO, scaffold and achieved a PCE of 15.4 % [18].

In early 2014 (Fig. 1.2 and Table 1.1), Seok et al. further improved the PCEs of
FTO/bl-TiO2/mp-TiO,/MAPbI;/PTAA/Au-based PSCs to 16.2 % [31]. At the same
time, Lee and Seok achieved a 16.7 % PCE in PSCs with a similar solar cell
structure by instead using spiro-MeOTAD derivatives as the HTM [32]. Later, Park
and Gritzel applied a two-step spin coating procedure to control the size of the
MAPDI; cuboids during their growth and achieved a PCE of 17.01 % [33]. This
was increased to a confirmed efficiency of 17.9 % in early 2014 by Seok [8]. Then,
Yang et al. further raised the PCE to 19.3 % in a planar geometry by using an
ITO-PEIT/bl-Yttruim doped-TiO,/MAPbI;_,Cl,/spiro-MeOTAD/Au device struc-
ture [34]. In 2015, Seok et al. fabricated FAPbl3-based PSCs with the highest PCE
to date (up to 20.2 %) using a FTO-glass/bl-TiO,/mp-TiO,/FAPbI;/PTAA/Au cell
structure [35].

During the past few years, extensive investigation into the morphology and
crystal optimization of perovskites [36—44], the material selection and deposition
modulation of blocking and scaffold layers [33, 45-48], HTM modification and
interface/band-gap engineering [28, 49-54] has led to an accelerated boost in the
reported device PCEs from less than 4 % to over 20 %. This trend has opened up a
new way to develop highly efficient solid-state solar cells at low cost and high
stability.

The cell configuration of PSCs can be generally classified into two types: porous
and planar architectures [55]. As shown in Fig. 1.3, three cell models can be found
in the porous configuration [56, 57]: (1) sensitization: the perovskite with nanodot
morphology is produced in one step by spin-coating onto the mp-TiO, surface
where the amount of deposited perovskite is relatively low and the HTM is



Fig. 1.3 The evolution of
device structures for
perovskite solar cells:

a—d schematic diagrams, and
a'-d’ cross-sectional SEM
images of different cell
modules (reprinted with
permission from [56]

a—d H.-S. Kim et al., J. Phys.
Chem. C 2014, 118, 5615
5625. [26] a' H.-S. Kim et al.,
Scientific Reports 2012, 2.
[150] b’ S. Guarnera et al.,

J. Phys. Chem. Lett. 2015, 6,
432-437. [30] ¢’ J. Burschka
et al., Nature 2013, 499, 316—
320. [18] d' M. Liu et al.,
Nature 2013, 501, 395-398.
Copyright © Nature
Publishing Group and
American Chemical Society)
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infiltrated into the mp-TiO, pores [26]; (2) meso-superstructure: a thin perovskite
layer is loaded on the mp-Al,O3 surface and the HTM is infiltrated into the
mp-Al,O3 pores [27]; (3) pillared structure: the mp-TiO, pores are filled with
perovskite instead of HTM and a thin capping layer (over layer) of perovskite is
deposited to contact the HTM [30].
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In the planar configuration, a mesoporous oxide film is not necessary because
perovskite is capable of transporting electrons and holes. However, a thin blocking
layer is still required to prevent direct contact between the conductive substrate and
the HTM [58]. It is worth noting that the mesoporous scaffold layers can not only be
composed of semiconductor materials (e.g. TiO,, ZnO, NiO, SnO,, WO;3, metal
sulfides) [59—64], but also can contain metal oxide insulators (e.g. Al,O3, ZrO,,
Si0,) owing to the ability of perovskites to transport electrons as well as holes [65—
67]. In the following section, a comprehensive summary of the performance of such
metal oxide semiconductors and insulators, as well as other materials (e.g., carbon
materials) used in PSCs, is presented.

1.2 Nanostructured Scaffold Layers in PSCs

For nanostructured scaffolds, significant progress in the deposition technology,
material type, film morphology, and layer thickness has been made as a conse-
quence of the rapid development of PSCs in order to accommodate a variety of
device architectures [47, 68-72]. In the following section, some representative
examples will be presented and discussed.

1.2.1 Nanostructured TiO, Layers

It has been observed that the morphology, thickness and crystallinity of the TiO,
electron-blocking layer and mesostructured layer play a crucial role in the efficiency
of PSCs [73-75]. Next, a general overview and some detailed description are
presented on the recent development of nanostructured TiO, as applied in PSCs.

1.2.1.1 Compact TiO, Blocking Layers

For typical porous and planar PSCs, the fabrication processes starts with the depo-
sition of a compact TiO; layer onto a pre-cleaned conductive substrate which acts as a
blocking layer to prevent direct contact between the conductive substrate and the
infiltrated HTM layer [18, 26]. At present, four strategies have been developed to
deposited such a compact TiO, layer [76], including (1) spin-coating a colloidal
dispersion of TiO, nanoparticles (NPs) followed by a thermal treatment (titanium
source: TiCly [77], titanium tetraisopropoxide (TTIP) [78], and tetra-n-butyl-titanate
[79]); (2) spin-coating the titanium precursor solutions followed by a thermal treat-
ment (titanium source: TTIP [80], tetra-n-butyl-titanate [81, 82], and titanium
diisopropoxidebis(acetylacetonate) [33]); (3) spray pyrolysis deposition (titanium
source: TTIP [83], titanium diisopropoxidebis(acetylacetonate) [33, 84]); (4) atomic
layer deposition (ALD) (titanium source: TiCl, [85], cyclopentadienyl alkylamido
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titanium [86], tetrakis(dimethylamino) titanium [87]). Other methods such as thermal
oxidation of a sputtered Ti film [88] and magnetron sputtering TiO, NPs on FTO
substrates [89, 90] have been reported as well. In particular, the ALD method enables
the deposition of higher quality films, as defined by lower pinhole density, in the
range of temperatures compatible with conductive plastic substrates [86].

For the fabrication of flexible PSCs, several solutions have been exploited to
avoid the high temperature heating treatment: (1) low temperature methods (e.g.,
spin coating followed by low temperature annealing [77], ultrasonic spray coating
[91], and dip-coating [92]) to prepare the TiO, compact layers without high tem-
perature heating treatment; (2) TiO, layer deposition through RF magnetic sput-
tering as an efficient barrier layer to replace the TiO, compact layer and create a
PET-ITO/Ti/MAPbI;/spiro-MeOTAD/Ag based flexible PSC with a PCE of
8.39 % (Fig. 1.4a—c) [93]; and (3) Ti metal as the conductive substrate for flexible
PSCs with a PCE of 6.15 % by using a silver thin film as a semi-transparent top
electrode on the Ti substrate (Fig. 1.4d—f) [94].

Furthermore, in order to improve the electrical properties at the interface
between the perovskite layer and the compact TiO, layer, surface modification
techniques such as TiCly- and UV(Os3)-treatment were employed to increase the
PCEs of planar PSCs from 13.7 to 16.3 and 16.9 %, respectively [95]. Also, thin
dense Mg-doped TiO, was used as the blocking layer instead of pure TiO, because
of its better properties including improved optical transmission properties, up
shifted conduction band minimum (CBM) and downshifted valence band maximum
(VBM), better hole-blocking effect, and higher electron lifetime. These properties
led to enhanced performance (PCE: pure TiO,-9.16 % vs. Mg-doped TiO,-
12.28 %) in porous PSCs [96].

1.2.1.2 Mesoporous TiO, Scaffold Layers

As the most common device configuration for PSCs, porous PSCs based on per-
ovskite sensitized mesoporous TiO, scaffolds have achieved PCEs from 9.7 % to
over 20 % [26, 35]. Mesoporous TiO, films not only transport photo-generated
electrons from perovskite sensitizers but also assist in the perovskite crystal
transformation when the perovskite layer is deposited by the sequential deposition
process [76]. In general, a mesoporous TiO, layer is deposited by spin-coating,
screen-printing or doctor blading the TiO, nanoparticle (NP) paste on the top of the
compact TiO, blocking layer followed by a sintering process [97-101].
Importantly, efficient infiltration of the perovskite and the subsequent HTM into the
pores of the mesoporous scaffold is necessary for high performance PSCs. For
mesoporous TiO, scaffolds, several aspects have been investigated to study their
effect on the porous PSC device performance.

First, Kim et al. showed that the increase of the TiO, film thickness reduced the
open circuit voltage (Voc) and fill factor (FF) of cell devices. This was attributed to
an increase in dark current and electron transport resistance according to impedance
spectroscopic studies (Fig. 1.5a-b). Meanwhile, the short circuit photocurrent



1 Nanostructured Materials for High Efficiency Perovskite Solar Cells 9

(d)

Spiro-OMeTAD ’ ’

Spiro-MeOTAD

R 0 e e ey e £ e

TiO, + CH;NH,Pbl,

() 102

101

FIERRRERE

nfjf_.‘f% 92 - .

400 600 800 1000 0 10 20 30 40 50 60 70 80 90 100
Wavelength (nm) Bending cycle

Transmittance (%)
g
Efficiency stability (%

Fig. 1.4 a Schematic representation of the fabricated PET-ITO/Ti/MAPbI;/spiro-MeOTAD/Ag
flexible PSC, b SEM image of a Ti thin film with a thickness of ~ 100 nm, ¢ UV-vis spectra of
different samples, d device structure, e Cross-sectional image, and f efficiency stability as a
function of bending cycle in a PSC using a Ti substrate with a semi-transparent Ag layer. Inset
image is an optical image taken during a bending test (reprinted with permission from [93]
a—c S. Ameen et al., Dalton Trans. 2015, 44, 6439-6448. [94] d—f M. Lee et al., J. Mater. Chem.
A 2015, 3, 4129-4133. Copyright © The Royal Society of Chemistry)

density (Jsc) was not strongly influenced by a change in thickness of the TiO, layer
from 0.6 to 1.4 pm; maintaining a high level of 1617 mA cm 2 due to the large
optical absorption [26]. Since the electron diffusion length in MAPbI; is about
100 nm [102], studies have revealed that when the thickness of mesoporous TiO,
exceeds 600 nm, the electron/hole transport encounters larger resistances. This
results in a significant loss of V¢ and therefore FF [103]. As a result, the optimized
thickness for mesoporous TiO, should be controlled in the range of 400-600 nm
[30, 104-107].
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Fig. 1.5 a Recombination resistance (solid lines) and accompanying capacitance (dashed lines),
and b electron lifetime under illumination of TiO,, thickness: red 0.6 pm, blue 1.15 pm and green
1.4 um. Plots of ¢ the electron diffusion coefficient (D) versus Jsc and d the electron lifetime (t.)
versus Jgc for the PSCs employing TiO, NPs with different sizes. e Current density-voltage (J-V)
curves and f EQE spectra for the PSCs based on anatase (red) and rutile (blue) TiO, films
(reprinted with permission from [26] a, b H.-S. Kim et al., Scientific Reports 2012, 2. [70]
¢, d S.D. Sung et al., Nanoscale 2015, 7, 8898-8906. [75] e, f J.-W. Lee et al., J. Mater. Chem.
A 2014, 2, 9251-9259. Copyright © Nature Publishing Group and the Royal Society of
Chemistry) (Color figure online)

Second, the size of TiO, NPs also impacts the device performance of PSCs. Han
et al. used anatase TiO, scaffold layers with different particle sizes (15-30 nm) to
investigate their performance in hole-conductor-free fully printable mesoscopic
PSCs based on a carbon counter electrode and (5-AVA)(MA),_«Pbl; perovskite,
and found that the size of TiO, particles not only affected the infiltration of the
precursor and the contact between the perovskite crystal and TiO,, but also
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significantly influenced the charge transfer kinetics at the perovskite/TiO, interface.
The device based on TiO, NPs with a diameter of 25 nm exhibited the best PCE of
13.41 % [108]. Meanwhile, Sung et al. prepared larger anatase TiO, NPs with
diameter sizes from 30 to 65 nm and found that the spherical TiO, NP of 50 nm
size exhibited the longest electron lifetime although the electron injection from
perovskite to TiO, was less efficient than the devices with smaller TiO, NPs
(Fig. 1.5¢c, d) and offered the highest PCE of 17.19 % (Jsc: 21.58 mA cm 2, Voc:
1049 mV, FF: 0.759) when it was employed in porous PSCs [70].

Finally, Yella, Gritzel et al. found that the nanocrystalline rutile TiO, prepared
via hydrolysis of TiCl, at 70 °C achieved a much better performance (PCE:
13.7 %) than a planar TiO, (anatase) film (PCE: 3.7 %) prepared by high tem-
perature spin coating of TiCly. This is likely attributed to the formation of an
intimate junction of large interfacial area between the nanocrystalline rutile TiO,
and the MAPbDI; layer. This leads to effective extraction of the photo-generated
electrons [62]. Similarly, Park et al. reported that the device performance of PSCs
can be influenced by the crystal phase of TiO,. In terms of infiltration of the
MAPDI; perovskite and the smooth surface of the perovskite capping layer, the
rutile TiO, film was found to be better than the anatase TiO, film. Rutile TiO,-
based devices (PCE: 14.46 %) exhibited better photovoltaic performance than the
anatase TiO,-based devices (PCE:13.99 %) along with lower standard deviation
(Fig. 1.5e, 1) [75].

1.2.1.3 One-Dimensional (1D) TiO, Scaffold Layers

Mesoscopic particle films as scaffolds in PSCs frequently suffer from complications
such as inefficient electron transport in the nanocrystalline films and incomplete
filling by organic HTMs in the mesopores of the films. Herein, one-dimensional
(1D) nanostructures are considered as one promising alternative because they can
provide a direct path for photo-generated electron transport. Moreover, the straight
channels encountered in 1D architectures could benefit from the filling of the
perovskites and the HTMs thus enhancing the hole transport efficiency [104, 109—
111]. At present, several kinds of 1D nanostructures have been applied as scaffolds
in PSCs including nanowires (NWs)/nanorods (NRs) [104, 109, 112-116], nan-
otubes (NTs) [110, 117], nanofibers (NFs) [111], and nanocones (NCs) [118].

In early 2013, Yang et al. organized PSC devices based on 1.5 um-thick rutile
TiO, NW arrays grown via a hydrothermal method, and obtained PCEs of 4.29 %
and 4.87 % for MAPbI; and MAPbLBr (Fig. 1.6a, b), respectively [113].
Subsequently, Park et al. raised the PCE to 9.4 % based on a sub-micrometer
(~0.6 pum) rutile TiO, NR sensitized with MAPbI; perovskite nanodots (Fig. 1.6c,
d) [112]. In 2014, Jiang et al. reported a PCE of 11.7 % for MAPbI; PSCs using
optimized 900 nm-thick rutile TiO, NWs with an open face for effective material
filling (Fig. 1.6e, f) [104]. Cai et al. synthesized rutile TiO, NR arrays on FTO
substrates using an acid-free hydrothermal method in an aqueous Na,EDTA
solution with glycerol modified TTIP as the precursor. A PCE of 11.1 % was
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obtained for the 0.7 um-thick NR-based MAPbI; PSCs (Fig. 1.6g) [114]. In 2015,
Mali et al. deposited an ultrathin TiO, passivation layer on the hydrothermally-
grown TiO, NRs via ALD and achieved a significantly enhanced PCE of 13.45 %
(pure NRs: 5.03 %, Fig. 1.6h) [116].

For 1D TiO, NTs, several groups have reported their application in PSCs [110,
117,119, 120]. In 2014, Gao et al. first applied them as scaffold materials in MAPbI;
PSCs. They fabricated freestanding TiO, NT array films with varied thicknesses by a
two-step anodization process. The NTs were subsequently detached them from the
Ti substrate by in situ field-assisted chemical dissolution and then transferred to the
bl-TiO, layer pre-covered FTO substrates followed by the deposition of perovskite,
HTM and novel metal films. The NT-based devices demonstrated improved light
absorption and a reduced charge recombination rate as compared with TiO,
NP-based systems using the same thickness of 4.8 um (Fig. 1.7a, c¢). A peak PCE of
6.52 % was achieved with an optimized thickness of 2.3 um [110]. Subsequently,
Wang et al. prepared flexible PSCs based on Ti foil/TiO, NTs in conjunction with
transparent carbon nanotubes (CNTs). These materials are deposited on top of
perovskite to function as a hole collector as well as transparent electrode for light
illumination. Such devices exhibited a PCE of 8.31 % and showed little deteriora-
tion after 100 mechanical bending cycles. This durability suggests potential appli-
cations in building wearable photovoltaic devices [117].

In addition, Dharani et al. employed electrospun TiO, NFs as scaffolds for PSCs
yielding a PCE of 9.8 % (11.79 % at 0.1 sun). The open and porous nature of the
electrospun NF network, which varied with the film thicknesses and fiber diameters,
determined the device performance (Fig. 1.7d-f) [111]. Moreover, nanocone
(NC) nanostructures were constructed under a nearly neutral hydrothermal process
by using Na,ETAD. A PCE of 11.9 % was achieved for such TiO, NC-based PSC
devices. It was further found that electron transfer from MAPDI; to TiO, NCs was
significantly faster than to TiO, NRs. This is an important factor to suppress charge
recombination and improve device performance [118].

1.2.1.4 Two-Dimensional (2D) TiO2 Scaffold Layers

2D TiO, nanostructures have been widely used in DSSCs, and many studies have
proved that the (001) facets of anatase TiO, are more reactive than the (101) facets,
and it was proposed that the higher ionic charge of the exposed
(001) facets strengthens the attachment of the light absorbers to the TiO, surface,
thereby facilitating the electron injection into the conduction band of the oxide
[121-123]. In 2014, Han et al. employed a double layer of TiO, NSs containing
high levels of exposed (001) facets and ZrO, as a scaffold in a hole-conductor-free
fully printable porous PSC (Fig. 1.8a). The high reactivity of (001) facets in TiO,
NSs improved the interfacial properties between the perovskite and the electron
collector (Fig. 1.8b, c¢). As a result, the PCE of this HTM-free PSC reached
10.64 % [124]. Subsequently, Dar et al. developed a TiO, scaffold composed of
(001)-oriented nanoplatelets of anatase TiO, for PSCs (Fig. 1.8d, e). By adjusting
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Commun. 2014, 50, 6368-6371. [111] d, e S. Dharani et al., Nanoscale 2014, 6, 1675-1679.
Copyright © The Royal Society of Chemistry)

the thickness of the TiO, nanoplatelet and MAPbI;/HTM layers, a PCE of 12.30 %
was realized in the device using 100 nm-thick TiO, nanoplatelets and 300 nm-thick
MAPDLI;/HTM layers (Fig. 1.8f) [125].
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1.2.1.5 Three-Dimensional (3D) TiO, Scaffold Layers

Besides the above-mentioned nanostructures, some complicated 3D TiO, materials
have been used in PSCs owing to their special properties such as high-speed
conduction pathways and large surface areas for sufficient chemical reaction and/or
dye loading [126-129]. For example, Kim, Park et al. made TiO, NRs into
well-aligned helical arrays by the oblique-angle electron beam evaporation method
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(Fig. 1.9a). When this helical scaffold was used in PSCs, a best PCE of 12.03 %
was measured (Fig. 1.9b). It was found that the contact area between TiO, and
perovskite was critical to achieve a high performance PSC [126]. In particular, 3D
hyper-branched NW/NR/NF architectures with high charge transport rates, suffi-
cient surface area, and a 3D interconnected network for electron extraction were
intensively studied and applied in solar cells. Yu et al. reported a 3D TiO,
NW-based PSC with a 3D hierarchical TiO, architecture possessing a mixed ana-
tase and rutile phases was constructed via a surface-reaction-limited pulsed
chemical vapor deposition (SPCVD) technique (Fig. 1.9¢, d). The highest PCE
measured from such a device was 9.0 % (Fig. 3.9¢). This was substantially higher
than the PSCs made from ZnO NWs (PCE: 3.0 %), TiO,-coated ZnO NWs (PCE:
4.0 %), and TiO, NTs (PCE: 6.2 %) [130].

Similarly, highly branched anatase TiO, NWs with varied orientation were
grown via a facile one-step hydrothermal process on a FTO substrate. The
multi-functionality of this dendritic TiO, thin film was found in PSCs: (1) its dense
surface coverage on the transparent conductive oxide (TCO) substrate made it an
effective electron transport layer; (2) its porosity enabled good perovskite anchoring
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and TiO,/perovskite interconnection; (3) its 3D configuration can efficiently capture
and confine the incident light to yield improved light harvesting efficiency and
electron transfer from the perovskite layer; and (4) the TiO, film can function as a
good hole-blocking layer due to the varied orientation of the wires that would
effectively block the direct contact between spiro-MeOTAD and FTO or between
the back electrode and FTO even in the absence of a TiO, blocking layer.
Consequently, the cell device achieved a high PCE of 14.21 % [127]. Moreover,
Mahmood et al. introduced a 3D hyper-branched anatase TiO, NR-NF array pre-
pared via a combination of electrospinning and hydrothermal processes. The
hyper-branched scaffold with optimal electron transport and carrier lifetime led to
highly efficient mesostructured PSCs with an average PCE of 15.03 % and a
maximum PCE of 15.50 % [129].

1.2.1.6 Modified TiO, Scaffold Layers

A lot of work suggests that the interface between TiO, and MAPbXj is a crucial
factor in determining the crystal growth of perovskite and the effectiveness of
charge separation in devices. The interfacial treatment and modification of TiO, to
adjust the electronic structure have been widely investigated to enhance the charge
injection and collection and simultaneously reduce the carrier recombination in
PSCs [34, 131-135]. Roughly, the strategies used to modify the TiO, scaffolds can
be divided into three directions as follows.

(1) Surface treatment has frequently been used to improve the quality at the
interface. A common approach is to introduce a carboxylate monolayer on
the mesoporous TiO, surfaces to passivate the interface and then suppress the
charge recombination in the solar cells (Fig. 1.10a—c) [136]. Another process
involves chemical etching to tailor the inner space of TiO, electrodes in order to
provide an optimized space for perovskite sensitizers and infiltration of a hole
transport layer without sacrificing their original electron transport ability [137].

(2) Elemental doping has also been employed. Typical elements used include Y
[34, 138, 139], Zr [140], Al [131], Sn [141], Nb [132], and Mg [142] among
others. Yttrium was poorly soluble in TiO, and the segregation of Y,O5 at the
TiO, surface facilitated an increased perovskite loading on TiO, (Fig. 1.10d, e)
[138]. The Y-TiO,-based devices exhibited faster photocurrent decay
(Fig. 1.10f) suggesting a more efficient carrier extraction in the Y-TiO, devices
which probably resulted from the improved interface at the Y-TiO, layer.
Moreover, the Y-TiO, devices exhibited a slight upward shift of the Fermi level
in the Y-TiO, layer. This indicates an increased donor concentration in
response to the enhanced conductivity [34].

(3) Incorporation of cooperative materials (e.g., graphene [107, 143], Sb,S; [144],
ZrO, [67, 145, 146], MgO [134, 147], WO3 [135], and Au [133]). For
example, MgO surface modification can reduce the perovskite degradation
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under H,O and UV conditions by reducing the H,O adsorbed on the mp-TiO,
and blocking direct contact between TiO, and perovskite (Fig. 1.10g—j) [134,
147]. It also can reduce the electron/hole recombination at the TiO,/
CH;NH;Pbl; surface thereby extending the carrier lifetime and yielding
enhanced cell performance (Fig. 1.10k, 1) [134, 147]. In addition, the PSC
device incorporated with a unique sandwiched TiO-Au-NPs-TiO, composite
showed a 20-30 % performance enhancement. This was mainly attributed to
the enhanced conductivity of the TiOy layers to match the hole transporting
capability, the decreased space-limited charges and the decreased surface
potential of TiOy film to lead to larger built-in potential in the device with
improved Voc. Both effects were ascribed to the plasmon-mediated hot carrier
injection from the Au-NPs to TiO, [133].
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1.2.2 Nanostructured Al,03 Layers

Since 2012 when Snaith et al. employed a mesoporous Al,O5 insulating layer as a
scaffold in meso-superstructured PSC which gave a high PCE of 10.9 % and a high
Voc of 1.1 V [27], insulating Al,O3 materials have been extensively used in PSCs
[36, 65, 68, 148—154]. Researchers find that the nature of the mesoporous scaffold
impacts the final properties of perovskites and a high degree of preferential ori-
entation has been detected for alumina scaffolds [155]. Furthermore, PSCs based on
mesoporous Al,O5 electrodes present lower charge recombination rates than
devices prepared on mesoporous TiO, [47].

It is worth noting that the PSCs based on the co-deposition of a combined
Al,O3-perovskite layer, where the alumina NPs were suspended in the perovskite
precursor solution and the Al,O3-perovskite layer was co-deposited by spin coating
in a single deposition process followed by a low temperature heating step at
T =110 °C, showed an average PCE of 7.2 % on a non-sintered Al,O5 scaffold.
[148] In addition, an ultrathin AlOy layer was deposited onto a MAPbI; film using
ALD, to construct a metal-insulator-semiconductor (MIS) back contact for the
HTM-free PSC (Fig. 1.11a, b). This yielded a high PCE of 11.10 % after opti-
mizing the ALD deposition cycles. It was revealed that this MIS back contact
contributed to the enhancement in charge collection resulting from the electron
blocking effect of the AlOy layer (Fig. 1.11c) [154].

Moreover, when Al,O3 was coated on TiO, and MAPbIj; layers, it could act as
an insulating barrier to protect MAPbI; from degradation by moisture and suppress
electron recombination between TiO, and spiro-MeOTAD. This leads to an
enhancement of device stability when exposed to moisture [149, 150, 156]. In a
similar study, an ultrathin Al,Os; film loaded on the HTM layer via an ALD method
can act as a waterproofing agent to isolate the MAPbI; layers from moisture and
thus realize enhanced device stability (Fig. 1.11d, e). Remarkably, the PCE of the
PSC with ALD-AI,O; retained ~90 % of its initial value after 24 days of storage
in air (Fig. 1.11f) [68]. In addition, an insulating buffer layer between the per-
ovskite and the metal was introduced into the PSC devices (Fig. 1.11g, h). This
Al O3 buffer layer significantly reduced the shunting degradation, inhibited the
formation of a direct contact between the metal electrode and the perovskite, and
improved the device stability with nearly no degradation in the first 350 h under
simulated standard full sunlight (Fig. 1.11i). This Al,O3 buffer layer enabled the
regulation of the thickness of the hole transporter layer which lead to lower device
series resistance and higher PCEs [152].

1.2.3 Nanostructured ZnO Layers

Compared to TiO,, ZnO is known to have a higher electron mobility which makes it
an ideal choice for an electron-selective contact. Additionally, ZnO layers can be
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Fig. 1.11 a The scheme of the PSC with the MIS back contact, b cross-sectional SEM image of
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and (i) normalized efficiency of the best solar cells realized with and without a buffer layer
(reprinted with permission from [154] a—c¢ H. Wei et al., Phys. Chem. Chem. Phys. 2015, 17,
4937-4944. [68] d—f X. Dong et al., J. Mater. Chem. A 2015, 3, 5360-5367. [152] g-i S. Guarnera
et al., J. Phys. Chem. Lett. 2015, 6, 432-437. Copyright © The Royal Society of Chemistry and
American Chemical Society)

easily deposited by spin coating and, depending on the use, require either no sin-
tering step or merely a low-temperature heating treatment. This makes them ideal for
the fabrication of flexible solar cells [157]. Devices based on ZnO NP scaffolds gave
PCEs reaching 15.7 % [158], while ZnO-based flexible PSCs displayed PCEs over
13.14 % [157]. The solution-processing of the ZnO layers is simple, economical and
proceeds at room temperature. This shows the remarkable advantages over TiO,
scaffolds [64, 159, 160]. In addition to sol-gel methods [159], hydrothermal pro-
cesses [161], chemical bath deposition [162], electrodeposition [64], and ALD
methods [163] have also been used to grow ZnO structures for applications in PSCs.
In addition to ZnO NP layers [164, 165], ZnO nanostructures in the form of NRs
(Fig. 2.12a,b) [161, 162], NSs (Fig. 1.12c, d) [166] and quantum dots (Fig. 1.12e, f)
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on the aligned ZnO nano-obelisks: g Schematic illustration showing the fabrication process.
h Photograph of a fiber-shaped PSC. SEM images of i, j a perovskite layer on the ZnO
nano-obelisk array, and k the ZnO nano-obelisk array grown on a stainless steel fabric.
1 Photograph of the PSC fabric (reprinted with permission from [162] a, b D.Y. Son et al., J. Phys.
Chem. C 2014, 118, 16567-16573. [166] ¢, d K. Mahmood et al., Nanoscale 2014, 6, 14674—
14678. [167] e, f S. Ameen et al., J. Phys. Chem. C 2015, 119, 10379-10390. [173] g-1 S. He
et al., J. Mater. Chem. A 2015, 3, 9406-9410. Copyright © The Royal Society of Chemistry and
American Chemical Society)

[167] have been used to fabricate PSC devices. Furthermore, doping treatments (e.g.,
Al, N and F) have been employed to modify the performance of ZnO nanostructures
used in PSCs [168—171]. For large scale roll-to-roll production of flexible PSCs, a
slot-die coating method was applied to realize the fabrication of fully printed
ZnO-based PSCs yielding a peak PCE of 11.96 % [172]. Toward wearable solar cell
device, PSCs in both fiber (Fig. 1.12g—j) and fabric (Fig. 1.12k, 1) formats were built
based on a ZnO nano-obelisk array, showing a peak PCE of 2.61 % [173].

1.2.4 Nanostructured NiO Layers

NiO is a cubic p-type semiconductor material with a large band gap that is widely
applied in photovoltaic devices as a hole-conducting and collecting layer. When used
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in PSCs, it has several advantages [174—176]: (1) NiO can prevent the degradation of
PSC performance which is common in TiO,-based PSCs because of the light induced
desorption of surface-adsorbed oxygen on TiO, when it is subjected to long-term
sunlight exposure; (2) unlike another p-type organic material, PEDOT:PSS (poly
(3,4-ethylene dioxythiophene):poly(4-styrenesulfonate)), NiO is inert and does not
corrode ITO substrates; (3) NiO, has a tunable work function from 5.0 to 5.6 eV by
using different O,-plasma surface treatments. A better alignment of the work func-
tion of the NiOy electrode interlayer with the VB (valence band) edge level of
perovskite can be realized to improve the transfer of holes and increase the device
photovoltage as well as other photovoltaic parameters; (4) NiO is suitable for the
integration of PSC with silicon or copper indium gallium selenide (CIGS) solar cells
to build tandem devices for higher device efficiency due to the inverse device
architecture with holes flowing to the ITO substrate instead of the traditional device
involving TiO, where electrons flow to the ITO substrate.

The NiO films used as hole-transporting layers (HTL) in PSCs have been pre-
pared in various ways including spin coating of NiO precursors followed by
annealing [174-176], sol-gel methods [177], RF sputtering [178, 179],
screen-printing [180], spray pyrolysis [181], and pulsed laser deposition [60]. Both
planar and mesoporous cell structures have been applied in NiO-based PSCs and
their highest PCEs are 15.40 % [182] and 17.3 % [60], respectively. In addition,
some special designs are also presented for NiO-based PSCs [182-185]. For
example, Cu-doped NiO, was used in planar PSCs based on a device configuration
of ITO/Cu doped-NiO,/MAPDI;/[6,6]-phenyl-Cg,-butyric acid methyl ester
(PCgBM)/Cgo-bis surfactant/Ag. This device showed an impressive PCE up to
15.40 % and fair environmental stability [182]. A PSC device with a cell config-
uration of FTO/bl-TiO,/mp-TiO,/mp-NiO (MAPbIz)/carbon achieved a PCE of
11.4 % by using NiO as an electron blocker and a hole conductor (Fig. 1.13a—c)
[183]. An ultrathin NiO compact layer (10-20 nm) cooperating with an inert
mesoporous Al,O3 (meso-Al,03) scaffold was prepared in an inverted PSC with a
cell configuration of FTO/NiO/meso-Al,O3;/MAPbI;/PCBM/bathocuproine(BCP)/
Ag (Fig. 1.13d) and exhibited a PCE of 13.5 % owing to the minimal light
absorption loss and interfacial recombination loss (Fig. 1.13e, ) [184].

1.2.5 Nanostructured Carbon Materials

Carbon materials are inexpensive and readily-available on an industrial scale. They are

well-known, versatile and have been extensively applied in many fields [186, 187]. As

to PSCs, carbon materials (e.g., grapheme, carbon, CNTs, and Cgg) also play an

important role and have been employed in almost all the functional layers [188-204].
For instance,

(1) Graphene: graphene nanoflakes were added into the electron collection layer
of TiO, NPs in PSCs to reduce the device series resistance and recombination
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losses (Fig. 1.14a, b) [143]; graphene quantum dots were inserted between the
perovskite and the mesoporous TiO, to facilitate the electron transfer from the
perovskite to the current collector (Fig. 1.14c, d) [107]; amphiphilic graphene
oxide (GO) was used to form an insulating buffer layer between the perovskite
and the HTL to prevent charge recombination [188]; GO and reduced gra-
phene oxide (RGO) can act as hole conductors in inverted planar hetero-
junction PSCs (Fig. 1.14e, f) [189-191]; single-layered graphene (SG) and
multilayered graphene (MG) function as hole extraction materials in PSCs
with a device structure FTO/TiO,/MAPDI3/SG (or MG) [192]; multilayer
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graphene prepared by CVD methods and modified by PEDOT:PSS was
applied as a transparent top electrode on the HTL, which is promising for the
fabrication of flexible PSCs by printing or roll-to-roll processes [193];
Graphene sheets were mixed into a functionalized nanographene (perthiolated
trisulfur-annulated hexa-peri-hexabenzocoronene, TSHBC) which was
employed as a HTM in PSCs [194].

(2) Carbon: carbon is typically used as the counter electrode in PSCs, especially
in a hole-conductor-free cell configuration, by a low cost and fully-printable
process [195-198]. Han’s group developed a hole-conductor-free, fully
printable mesoscopic PSC with carbon black counter electrodes (Fig. 2.8a)
[67, 124, 197, 199, 200]. The resulting device gave a PCE of 12.8 % and a
high environmental stability (>1000 h) in ambient air under full sunlight
[200].

(3) Carbon nanotubes (CNTs): CNT network films can serve as hole collectors for
PSCs without an organic HTM and Au electrode [201]; functionalized
single-walled CNTs were embedded in an inert polymer matrix and achieved
long-term stability in high-efficiency PSCs (Fig. 1.14g, h) [202]; transparent
CNT electrodes were prepared for flexible PSCs based on a device structure of
Ti foil/TiO, NTs/MAPbIs/spiro-MeOTAD/CNTs [117]; CNT fiber electrodes
were used to fabricate highly flexible, double-twisted PSCs with a maximum
PCE of 3.03 % and performance stability longer than 96 h in open air as well
as flexural stability for more than 1000 bending cycles [203].

1.2.6 Other Nanostructured Layers

Many other nanostructured materials, such as SnO, [61, 205-207], SiO, [66, 208,
209], Zn,SnOy, [210, 211], WO, [63], StTiO3 [212], Nb,Os [213], metal sulfides
(i.e., PbS, CulnS,, ZnS and CdS) [59, 214, 215], Cs,CO5 [216], MoO. [217, 218],
Cul [219], and CuSCN [220-222] have also been employed in the construction of
PSC devices. Some representative examples are shown in the following section.

(1) SnO,:Compared to TiO, and ZnO, SnO, has a similar band-gap, high trans-
parency, and large electron mobility. However, SnO, has sufficient conduc-
tivity without a high temperature sintering process which is beneficial for the
fabrication of flexible PSCs. Also, SnO, has a deeper conduction band
(CB) than TiO, which facilitates a more efficient transfer of photo-generated
electrons from the perovskite absorber to the SnO, CB. Furthermore, bulk
SnO, has an electron mobility of up to 240 cm® V™' s7! which is 100 times
higher than that of TiO, and promising for highly efficient solar cells [61, 205—
207]. Thus, low-temperature solution-processed nanocrystalline SnO, films
have been employed as the electron transporting layers (ETLs) in PSCs.
Resulting devices achieved a peak PCE of 17.21 % (Fig. 1.15a—c) [61].
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(2) SiOj: Similar to the insulating mesoporous Al,O3 scaffold, SiO, NPs were

3

also employed as scaffold materials in PSCs. Resulting devices showed a PCE
of up to 12.4 % [208, 209]. In particular, core-shell Au@SiO, NPs were
incorporated into the Al,O3-based PSCs (Fig. 1.15d, e) and delivered a PCE
of up to 11.4 % with enhanced Jgc (Fig. 1.15f). This is attributed to a reduced
exciton binding energy and hence enhanced generation of free charge carriers
with the incorporation of the metal NPs [66].

Zn,Sn0,: ZSO is an n-type semiconductor with a small electron effective mass of
0.23 m,, a high electron Hall mobility of 10-30 cm? Vs ', a wide optical band
gap of 3.8 eV and a relatively low refractive index of ~ 2.0 in the visible spec-
trum. Its conduction band edge is similar to TiO, and ZnO, making it an excellent
electrode material in solar cell applications. More importantly, it has chemical
stability with respect to acid/base solutions and polar organic solvents [210,211].
Recently, dispersed ZSO NPs prepared at low-temperatures (<100 °C) were
introduced into the development of flexible PSCs with a peak PCE of 15.3 %
(Fig. 1.15g—j). This makes ZSO a promising candidate as an electron-
conducting material for high efficiency flexible PSC applications [210].
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1.3 Summary and Outlook

In this chapter, an overview of the historical progress in PSCs is presented. Next a
focused review of the nanostructured materials used in the fabrication of PSCs is
detailed. A summary of the development and prospects for several popular
nanostructured materials; such as TiO,, Al,O3 and ZnO, as well as other promising
nanostructured materials, including NiO, carbon materials, metal sulfides, SnO,,
Zn,SnQy, is also outlined. These nanostructured materials can not only serve as
effective blocking layers and scaffolds but can also play key roles in the HTM and
novel metal electrodes in PSCs. In addition, these nanostructured inorganic mate-
rials can be used to modify the surface of perovskites and HTMs as well as the
interface between them in order to improve the device efficiency and stability.

The high-efficiency, low material cost and simple assembly processes of PSCs
make them economically viable for commercialization. More importantly, PSCs
show promise for use in all-solid-state and flexible solar cells which are attractive
power solutions for future wearable device technology. However, PSCs currently
still face some challenges that hinder large-scale commercialization: (1) the toxicity
of Pb atoms, (2) long-term stability, and (3) cost-effectiveness. In this regard, future
research will aim at finding Pb-free perovskite materials, exploiting effective sur-
face modification methods and external encapsulation technologies, and developing
low cost materials and processes. It is probable that continued investigation of the
nanostructured materials in PSCs will improve device stability and reduce the
manufacturing costs of PSCs. If one thing is clear about PSCs, it is that the research
and development of them in the last 6 years has been some of the most aggressive
and effective of any technology. With ongoing challenges to push the PCE even
higher, the trend in research will likely shift to one less focused on pushing the
upper efficiency limit and more on the industrialization, scaling, fine tuning and
repeatability of an already well-understood technology.
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