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Abstract

Perovskite solar cells (PSCs) have been developed rapidly over the past few years,
and the power conversion efficiency (PCE) of PSCs has exceeded 20%. Such high
performance can be attributed to the unique properties, such as high absorption over
visible range and long diffusion length, of perovskite materials. Due to the different
diffusion length of holes and electrons, electron transporting material (ETM) used in
PSCs plays a critical role in PSCs performance. As an alternative to TiO> ETM, ZnO
materials have similar physical properties to TiO2 but with much higher electron
mobility. In addition, there are many simple and facile methods to fabricate ZnO
nanomaterials with low cost and energy consumption. This review focuses on recent
developments in the use of ZnO ETM for PSCs. The fabrication methods of ZnO
materials are briefly introduced. The influence of different ZnO ETMs on performance
of PSCs is then reviewed. The limitations of ZnO ETM based PSCs and some solutions
to these challenges are also discussed. The review provides a systematic and
comprehensive understanding of the influence of different ZnO ETMs on PSCs
performance and potentially motivates further development of PSCs by extending the

knowledge of ZnO based PSCs to TiO; based PSCs.
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1. Introduction

Organic-inorganic hybrid perovskite materials are one of the most promising
candidates for high efficient and low-cost solar cells. The typical chemical formula of
perovskite compounds is ABX3, as shown in Figure 1(a), where A stands for an organic
cation or organic cation group, like Cs*, CH3NH3*(MA), or NH=CHNH?"(FA), B is an
inorganic cation, e.g. Pb*" or Sn**, and X stands for a halogen ion, such as I, Cl and
Br.[1-10]
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Figure 1. (a) The crystal structure of organic-inorganic hybrid perovskites, where A =
cation or organic cation group, B = Pb*" or Sn?*" and X = halogen ion. (b) The
development history of PSCs. (c) - (f) the typical structures of PSCs: (¢) n-i-p
mesoporous structure; (d) n-i-p planar structure; (e) p-i-n planar structure; (f) p-i-n

mesoporous structure.
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Compared to an ordinary organic semiconductor or inorganic semiconductor, the
organic-inorganic hybrid perovskite shows unique electrical properties and optical
properties. Firstly, hybrid perovskite materials have a larger Bohr radius,'" a high
dielectric constant and a weak exciton binding energy,!'> '3 which mean light induced
excitons will dissociate into free carriers quickly at room temperature. Secondly,
perovskite materials have a long carrier diffusion length and high carrier diffusion
velocity.['42% Thirdly, the most used perovskite materials have a band gap of about 1.5
eV, which makes it an excellent light absorber in the UV-Vis range.[''! All these
advantages mentioned above show that organic-inorganic hybrid perovskite materials
have a great potential in photovoltaics and potentially beyond.*!]

In 2009, MAPbBr3 nanocrystalines were first introduced into a dye-sensitized
solar cell (DSSC) as a sensitizer by Kojima et al., and the PCE of the perovskite
sensitized solar cell was 3.8%.2%1 In 2011, by improving the quality of mesoporous TiO>
ETM and using MAPbI; quantum dots (QDs) as the sensitizer, Im et al. increased the
PCE of a PSC to 6.5%.*l However, both their solar cells show poor stability due to the
use of liquid electrolytes. The liquid electrolyte gradually dissolves perovskite under
irradiation, which seriously degrades solar cell performance. In 2012, Kim et al.
replaced the liquid electrolyte with a solid hole transporting material (HTM), spiro-
MeOTAD. The solid HTM dramatically improved the stability and efficiency of the
PSC, and the all solid solar cell yields a PCE of 9.7%.?* In 2013, Burschka et al.
replaced the traditional single step method with a novel sequential deposition method

and they obtained a high quality MAPbI; film. The films from different batches have
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similar properties and deviation of solar cell performances is relatively small, which
show the good reproducibility of this method.*! By using this method, the PCE of the
PSCs soared to about 15%. In 2014, Zhou et al. used polyethyleneimine ethoxylated
(PEIE) and Y doped TiO> to modify the carrier extraction process at the electrode, and
combined with a composite MAPbI3 xClx perovskite material, the PCE of their solar
cell boosted to 19.3%.1¢!

Besides the methylammonium lead halide (MAPbI3) materials, formamidinium
lead iodide (FAPDI3) is another promising perovskite material. FAPblz has more
suitable bandgap but poor stability.?”] In 2015, Jeon et al. stabilized the FAPbI; by
incorporating MAPDbBr3 into FAPDbI3, and their strategy promoted the PCE of FAPDI;
based solar cells from 4.3% to more than 18%.12%-34 On the basis of Jeon’s work,
through an intramolecular exchange method, Yang et al. fabricated a high quality
perovskite film by increasing the crystallization properties of the (FAPbI3);.
«(MAPbBTr3)y, and a maximum PCE of 20.2% was obtained.*>! Almost at the same time,
Bi et al. increased the PCE to 20.8% by suppressing the recombination through residual
Pbl, in the perovskite film.[*®) Recently, Saliba et al. provided a novel method to
fabricate a PSC based on perovskite material with all three cations, Cs, MA, and FA.[*7]
Through this method, they obtained a stable solar cell with a high PCE of 21.1%. The
latest record PCE had been reported by Yang et al. In their research, (FAPbI3):-
x(MAPDBr3)x was synthesized by an intramolecular exchanging process and additional

iodide ions were introduced into perovskite to decrease the defects, and a record high

PCE of 22.1% was obtained.*®! The brief development history of PSCs is displayed in
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Figure 1(b).

Based on the unique properties of perovskite materials, two kinds of device
structures are usually used: mesoporous structure and planar structure. Both structures
further contains two different types: the n-i-p type and p-i-n type. The schematic device
structures are exhibited in Figure 1(c)-(f). The ETM here is used to compensate and
balance the difference of hole and electron diffusion lengths.!'? In addition, the ETM
is a blocking layer that prevents holes from reaching the FTO electrode. For high
performance solar cells, ETMs should meet the following criteria: (a) good optical
transmittance in the visible range, which reduces the optical energy loss; (b) the energy
levels of ETMs should match that of perovskite materials, which improve the electron
extraction efficiency and block holes; (c) good electron mobility; (d) a high quality
ETM film can be easy to obtain in terms of fabrication. As a result, the design and
materials properties of the ETM are crucial for solar cell performance.[!!"13- 3]

TiO> is the most widely used ETM for PSCs. The proper band gap and high
transmittance of TiO; guarantee the high performance of solar cells. However, to obtain
a high quality compact or mesoporous TiO: film, high temperature annealing is
unavoidable under most conditions, which restricts its application in flexible devices
and increases the production cost. Additionally, electron mobility of perovskite
materials is about 7.5 cm*V-'s! and that of TiO» is in the range of 0.1 - 4 cm*V-'s!. The
lower electron mobility in TiO> may cause the degradation of solar cell performance.[*”’

Besides the TiO, ETM, organic conducting materials, such as the fullerene and its

derivatives have also been widely used as the ETM in PSCs.[*1*% Collavini et al.
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prepared PSCs based on the C70 and C60 ETM through a novel solution process. By
using this method, the PCE of PSCs based on the C70 and C60 ETM were 10.4% and
11.4%, respectively.’!! On the basis of these works, Pascual et al. fabricated PSCs based
on MAPDI3-C70 blend without any extra ETM. A PCE of 13.6% was obtained based
on this simple and efficient structure.l®”) Besides the pristine fullerene, the fullerene
derivative [6,6]-phenyl C61 butyric acid methyl ester (PCBM) is also widely used as
the ETM in PSCs. PCBM inherits the high electron mobility of fullerenes and shows a
good solubility due to the introduction of organic groups. Usually, Poly(3,4-
ethylenedioxythiophene) Polystyrene sulfonate (PEDOT:PSS) and PCBM are used
together as the HTM and ETM in PSCs respectively. Based on this group, a great deal
of researches have been carried out. Docampo et al. fabricated planar-heterojunction
PSCs, which obtained a PCE of 10% on glass substrates and over 6% on flexible
polymer substrates.[>>) Wu et al. obtained efficient invert PSCs with a PCE of 18% by
using a small amount of H>O as an additive to the perovskite precursor solution.>¥
Following this work, Chiang et al. fabricated a high quality thick MAPbI3 film with
large grain sizes through the use of H>O additives and DMF vapor treatment during the
two-step spin coating process. Based on this modified two-step process, a high PCE of
20.1% was obtained.[>> As can be seen, the fullerene and its derivatives are also
efficient ETM for PSCs, the performance of PSCs based on fullerene derivatives is
comparable to that of TiO2 based PSCs. Furthermore, high quality fullerene and its
derivatives can be fabricated by low temperature solution process, which is favorable

to reduce the cost. However, electron mobility in C60 film is about 1 cm?V~!s™ and
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that of PCBM is 2.6x10* cm?V~!s™!, both of which are lower than that of Ti02.5%%7]
On the other hand, the position of valence band of fullerene and its derivatives (-6.3 eV
for C60, -6.0 eV for PCBM, compared with vacuum energy level) is higher than that of
TiO2 (-8.0 eV, compared with vacuum energy level), which lead to a weaker hole
blocking ability.’®*°) Additionally, according to the research of Bao et al., the fullerene
part of PCBM molecules interacts with oxygen and water, which results in device
degradation.[¢"]

ZnO is another widely used ETM, which has attracted much attention as an
alternative to TiO2 in DSSCs and polymer solar cells. Recently, ZnO based PSCs have
also been researched systematically. Although the best PCE of ZnO based PSCs is about
17%, which is inferior to that of TiO, based PSCs, ZnO is still the an efficient and
promising alternative to TiO, in PSCs.[%!! First of all, ZnO has very high transmittance
in the visible spectra and more importantly, is low in cost. As shown in Figure 2(a) and
(b), ZnO has similar energy band position and physical properties to TiO2 but much
higher electron mobility, which can potentially improve the electron transport

62-641 Secondly, ZnO is easy

efficiency and reduce the recombination loss as an ETM.!
to crystallize and dope. At the same time, the layered structure of ZnO crystal structure,
like shown in Figure 2(c), lead to a different growth rates along different directions, as
a result, various ZnO nanostructures, such like nanowires,!>’! nanotubes,!¢%%]

73731 nanoflowers,! 7% nanorods and so on,[”>%Y can be

nanobelts,[7"7?) nanorings,
fabricated easily. Last but not least, high temperature annealing is not necessary for

most ZnO fabrication methods, which means that it can be produced with a lower cost
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and thermal budget and thus be potentially used in flexible devices. These properties
make ZnO a promising ETM for PSCs. Meanwhile, although most physical properties
of ZnO and TiO: are similar, there are also some distinct properties for each material.
As a result, studies on ZnO based solar cells enrich the family of PSCs, which will in

turn help to improve the performance of PSCs.
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Figure 2. (a) Comparison of the electrical properties of ZnO and Ti0,.[*'"%] (b) The
energy level of ZnO, TiO, and other usually used materials in PSCs.¥ (¢) Three
different crystal structures of ZnO. Schematics of the usually used ZnO synthesis
methods: (d) RF sputtering, (e) atomic layer deposition and (f) sol-gel method.

In this article, we briefly summarized the common fabrication methods of ZnO
materials and systematically reviewed the application of various types of ZnO ETMs
in PSCs. The review shows the origin of different performances between ZnO ETM
based PSCs and TiO; based PSCs. The important role of ZnO ETM preparation and

optimization in solar cell performance is introduced. In addition, limitations of ZnO
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ETMs are also discussed. This review tends to present a timely update on the recent
development of ZnO ETM based PSCs and provides some guidelines for further
optimization and design of PSCs based on ZnO ETMs and beyond.

2. Planar PSCs with a compact ZnO film as the ETM

As well known, perovskite materials have a long carrier diffusion length and
ambipolar behavior. In other words, perovskite materials can efficiently transport both
electrons and holes. This indicates that planar structure PSC is feasible. A simpler solar
cell structure without the mesoporous layer opens opportunities for potential
applications of PSCs in tandem solar cell and flexible devices. Thanks to the high
mobility of ZnO, to date, planar PSCs with a compact ZnO film as the ETM have been
widely studied.

To achieve high performance PSCs, a uniform and thin ZnO film with low density
of defects and pinholes is essential. The usually used ZnO compact films are prepared
by RF sputtering. RF sputtering method is a vacuum coating technology and its working
processes are shown in Figure 2(d). A gas, usually argon, is purged into a vacuum
chamber. Under a high frequency and high voltage electric field, it forms high energy
ion flow. The ionized gas particles bombard a target and materials sputtered off the
target deposited on a substrate and form a film made of the target material. The
important parameters influence the product properties include composition and purity
of target, work gas pressure, ratio of different work gases, RF power and so on. By
optimizing these parameters, a high quality ZnO film with high transmittance and good

electronic properties can be obtained.®! 821 Because of the high energy coating process
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and vacuum coating process, the adhesion between the film and substrate is steady and
the quality of the product film is highly repeatable. As a result, RF sputtering method
is an efficient method to fabricate ZnO ETM for PSCs application.

Tseng et al. studied the influence of ZnO film quality and RF sputtering parameters
on solar cell performance.®?! In their research, compact ZnO films were fabricated by
RF sputtering with different O2/(Ar+0O3) ratios (0, 10%, 20%, marked as Zn-Ar, Zn-10%
and Zn-20% respectively), and planar heterojunction PSCs with structure of

ITO/ZnO/MAPbDI/spiro-OMeTAD were fabricated.
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Figure 3. The surface morphologies and cross section images of perovskite films
deposited on the ZnO-Ar film (a, b), ZnO-10% film (c, d) and ZnO-20% film (e, ). (g)
Low magnification cross section view of a perovskite film deposited on the ZnO-20%
film. (h) The J-V curves of PSCs based on ZnO-Ar, ZnO-10% and ZnO-20% films. (i)
Dark current voltage characteristics of solar cells based on ZnO-Ar, ZnO-10% and

Zn0-20% films. (j) The schematics of ZnO-Ar and ZnO-20% energy levels. (k) The
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PL spectra of perovskite/ZnO-Ar, perovskite/ZnO-10%, and perovskite/ZnO-20%
films. (1) Surface morphology of a thin layer of ZnO deposited on ITO glass. (m) UV-
Vis absorption and PL spectra of the Perovskite/ZnO/ITO/glass structures with
different ZnO layer thicknesses. (n) Time-resolved PL spectra of
Perovskite/ZnO/ITO/glass films at A = 768 nm under 405 nm excitation. (0) The J-V
curves of perovskite solar cells based on ZnO films of different thicknesses.

The surface morphologies and cross section images of devices are shown in
Figure 3(a-g). Different working gases have no obvious influence on the crystallinity
and morphology of ZnO films deposited on ITO surfaces and likewise for perovskite
films deposited on the ZnO surfaces. However, the performance of solar cells based on
different ZnO films are quite different. The PCE of PSCs based on ZnO films deposited
with different working gases are shown in Figure 3(h). As can be seen, solar cells
consist of ZnO films prepared under pure argon show the best PCE of 15.9%, and the
other solar cells based on ZnO films fabricated under O2/Ar mixed gases show similar
PCEs of about 12%.Considering that other components in both types of cells are the
same, the increase in the PCE of the former can be attributed to the different fabrication
processes of ZnO films. As well known, under ideal conditions, the stoichiometric ZnO
is an insulator. However, due to the intrinsic defects existing in the lattice, ZnO
materials generally show electrical conductivity. When there is stoichiometry deviation,
in most cases, anion vacancies, interstitials, or oxygen defects are produced, which
distorts the corresponding energy level and forms additional electron and donor levels.

The donor levels are usually close to the conduction band edge. As a result, most ZnO
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materials show the n-type character.® Therefore, pure Ar gas used during RF
sputtering can lead higher oxygen deficiency concentration, which increases the
conductivity of ZnO and lower the series resistance. This is confirmed by the dark
current of solar cell which shown in Figure 3(i). As can be seen, solar cell based on
ZnO-Ar shows the smallest dark current compared with solar cells based on ZnO-10%
and Zn0O-20%. In addition, when pure Ar gas is used during RF sputtering, the ZnO
valence band will down shift, like shown in Figure 3(j). Lower conduction and valance
band edge can enhance electron injection from perovskite to ZnO and block the hole
more efficiently, which can be proved by the weaker photoluminescence (PL) intensity
of perovskite film deposited on ZnO-Ar (shown in Figure 3(k)). Lower series resistance
and high electron extraction efficiency lead a higher Jsc and Voc. On the other hand,
the high charge extraction leads to smaller current hysteresis of solar cells based on the
ZnO-Ar ETM than that of solar cells based on the ZnO ETM deposited with Ar/O»
mixed working gases.!%

Besides RF sputtering method, atomic layer deposition (ALD) technology is
another common method to fabricate ZnO compact films. ALD is a technology derived
from chemical vapor deposition (CVD), which has been widely used in semiconductor
industry to produce high quality semiconductor films. As shown in Figure 2(e), one
whole ALD deposition cycle is divided into four steps: 1) precursor A is pulse injected
into a reaction chamber and form a single molecule film on substrate by chemical

absorption; 2) the unreacted precursor is swept by an inert gas flow; 3) another

precursor B is injected into the reaction chamber and then reacts with the precursor A
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absorbed on the substrate, and a thin product film is formed; 4) the excess precursor
and the by-products of the reaction are swept by the inert gas flow. Due to the limitation
of chemical absorption, only a single molecule film will be formed every circle.®" As
a result, the whole process is accurately controlled and the coverage of product film is
very high.!’”- 381 Moreover, different from the RF sputtering method, the ALD coating
process is more facile, which prevents the substrate from being damaged by high energy
ions.[®!

Due to the facile process, high surface coverage and good electron transport ability
of product film, ALD has been widely used to fabricate ultrathin and compact high
quality ZnO ETM.[#7-90-91 For ALD-ZnO films, the film thickness is an important factor
affecting solar cell performance. Lee et al. systematically studied the effect of ZnO film
thickness on PSCs performance.®?! In their research, they fabricated ZnO films with
thicknesses ranging from 5 nm to 40 nm by ALD method and prepared PSCs with the
structure of ITO/ZnO/MAPbI3/Spiro-OMeTAD/Mo0O3/Ag. As well known, the ITO
usually used has rough surface, as shown in Figure 3(1), as a result, the 5 nm ZnO film
can’t fully cover the rough ITO surface, which forms a shunting path and decreases the
solar cell performance. Figure 3(m,n) show the ultraviolet-visible (UV-Vis) absorption
and PL spectra of perovskite/ZnO/ITO, as can be seen, with the thickness of ZnO film
increase from 10 nm to 30 nm, the exciton dissociation at the interface between ZnO
and perovskite is improved, which then improves the solar cell performance. Once the

ZnO film thickness exceeds 30 nm, the series resistance of the ZnO film increases,

which again decreases the photovoltaic performance. As a result, the best PCE of 7%
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was achieved from the solar cell with 30 nm ZnO ETM. The J-V curves of PSCs based
on the ZnO ETMs with different thicknesses are shown in Figure 3(o). In addition,

according to research of Dong et al., the ALD ZnO film can promote the formation of

MAPDI3.xCly due to the reaction between ALD-ZnO and MACL[?!

e 50 ik 2O i
= 628 m thick 0 .
748 m thick 200 i

Ingngity (a.u.}
T

Figure 4. (a) The schematic illustration of an electrostatic spraying device. (b) The J-V
curves of PSCs based on ZnO ETMs of different thicknesses. (¢) The J-V curves of
PSC with 25 nm ZnO nanoparticle film. (d) The surface morphology of perovskite on
nanoparticle films. The surface morphology of perovskite films and cross section view
of full PSC devices based on ZnO nanoparticles with size of 25nm (e, f), 40nm (g, h)
and 50nm (i, j). (k) The J-V characteristics of PSCs based on ZnO mesoporous films
with different sizes. (I) Time-resolved transient PL spectra of perovskite films on
various ZnO mesoporous films. (m) The impedance spectra of PSCs based on ZnO

ETMs of different particle sizes under 0.8 V applied bias in dark. The inset picture is
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the equivalent circuit. (n) Absorption spectra and normalized steady-state PL spectra of
perovskite films deposited on different ZnO films.

ZnO compact films for planar PSCs can be also obtained from electrostatic
spraying method. The schematic illustration of electrostatic spraying device is shown
in Figure 4(a). The general process of electrostatic spraying is that the precursor
solution is sprayed and deposited onto a substrate under high voltage. The properties of
ZnO films are tuned by changing substrate temperature, precursor solution flow rate
(droplet size), substrate-to-nozzle distance, applied voltage and deposition time.
Mahmood et al. reported planar PSCs based on ZnO films fabricated by the electrostatic
spraying method.[®*) In this research, they systematic studied the influence of spraying
parameters on the morphology of ZnO thin films and fabricated PSCs based on the
optimized ZnO film. According to their results, dense and uniform ZnO films can be
obtained from large applied voltage, high substrate temperature, longer substrate-to-
nozzle distance and suitable deposition time. Based on the mutual restriction between
these parameters, they optimized the ZnO films and prepared PSCs based on ZnO films
with different thicknesses furtherly. The J-V curves of these PSCs are shown in Figure
4(b). As can be seen, with the increase of ZnO film thickness from 440 nm to 745 nm,
the PCE dropped from 10.8% to 3.4%. The drop of PCE mainly come from the increase
of series resistance induced by the thicker ZnO ETM. Although the electrostatic
spraying method has high deposition efficiency and good repeatability, ZnO film from
electrostatic spraying has much more pinholes than ZnO fabricated by RF sputtering

and ALD method.
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3. PSCs based on ZnO nanoparticle ETMs

Apparently, due to the simple device structure and easy fabrication process, the
planar PSCs based on compact ZnO ETM have achieved certain success. However, in
many cases, the planar PSCs show more serious hysteresis than that of nonplanar PSCs.
It is worth noting that this is not always true because fabrication methods and other
layers also play an important role.>”) The so called hysteresis phenomenon is a
change in shape of PSCs J-V curves under specific measurement conditions such as
different voltage sweep rates, different sweep directions, or illumination history.
Hysteresis lead to the underestimation of the real PSCs performance. To mitigate the
hysteresis, the use of ETM with nanostructures, such as mesoporous structures, is a
good solution, and mitigation of the hysteresis has been achieved for PSCs based on
mesoporous TiO, ETM.[%!1%! In addition, fast separation and extraction of carrier can
efficiently reduce the recombination rate and improve the charge collection, which
facilitates the performance of PSCs. The photo-induced carriers in PSCs are mostly
separated by the electric field at the interface between perovskite and ZnO.[!%!]
According the research of Kim et al., high density of states in the conduction band of
perovskite will accumulate free carriers, which result in a longer extraction time.!'%]
Therefore, the carrier extraction efficiency can be significantly improved by the use of
nanostructures due to its large specific surface area than planar structure. Furthermore,
nanostructures can also work as scattering centers and increase the light harvesting in
PSCs.

As a common nanomaterial, ZnO nanoparticles can be used directly to form porous
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and dense films via facile solution method. The traditional methods of synthesizing
ZnO nanoparticles are solution based synthesis methods. During the solution synthesis
process, all precursors reacted in a solution, which means that the reaction process can
be easily controlled. Among variety of solution based synthesis methods, sol-gel
method is the most widely used method. Sol-gel process is a method of synthesizing
materials at atmospheric pressure and low temperature.['%] To fabricate ZnO by sol-gel
method, a common process is as follows. Firstly, a soluble Zn salt like Zn(NO3) or
Zn(CH3COOQO), together with CH3COOH as the catalyst and ethanolamine as the
stabilizer are dissolved into an solvent such as 2-methoxyethanol to form a colloid
solution. The colloid solution is spin coated or sprayed onto a substrate to form a ZnO
film composed of ZnO nanoparticles. The diagram of this process is shown in Figure
2(f). The control of morphology, particle size and doping can be realized by changing
the reaction parameters and precursor component, which have been widely reported.!'%-
1981 Due to its simple and controllable synthesis process, ZnO nanoparticle film has been
extensively studied and used as the ETM in traditional DSSCs and organic solar
cells.!'% 111 As for PSCs, ZnO nanoparticle films are first introduced by Liu et al.l’!
They synthesized ZnO nanoparticles through a solution method and the general process
is that: KOH and Zn(CH3COQO),-2H>0 were dissolved in methanol respectively, then
KOH solution was added into Zn(CH3COO),-2H20 solution dropwise at 65 °C over 15
min. The mixed solution was stirred for 2.5 h at 65 °C. After the reaction, the precipitate
was washed twice by methanol and redispersed in a mixed solvent containing n-butanol,

methanol and chloroform. With the ZnO nanoparticle dispersion, ZnO nanoparticle
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films with thickness range from 0 nm to 70 nm were deposited by spin coating.
Subsequently, they fabricated planar heterojunction PSCs with structure of
ITO/ZnO/MAPbI3/spiro-OMeTAD/Ag. With the increase of ZnO film thickness from
0 nm to 25 nm, the PCE of PSCs improved from 2.4% to 14.4% and the PCE decrease
to 12.9% once the ZnO film thickness continues to increase to 70 nm. This result
consisted with the earlier reports on the effect of ZnO thickness mentioned above. To
ensure the reproducibility of the results, a large number of PSCs based on 25 nm ZnO
films were prepared, and a highest PCE of 15.7% was obtained, and the J-V curve of
best performing PSC is shown in Figure 4(c).

In addition, they found that the grain size of perovskite on planar ZnO film was
larger than that on mesoporous TiO> film, as shown in Figure 4(d). This is because that
when deposited on mesoporous film, the perovskite infiltrate into the pores and the
growth of perovskite grain will be restricted by the pore size. And when planar ZnO
films were used as ETM, without the limitation of mesoporous structure, larger
perovskite crystallite size was obtained. The larger grain size can reduce the grain
boundaries in perovskite films, which reduce recombination and series resistance.
Meanwhile, the crystallites also act as efficient light scattering centers, which increase
optical path and hence absorption. Both of these two factors will increase the Jsc of
PSCs.

Apart from the film thickness, the particle size also affects the solar cell
performance. Zhang et al. systematically studied the ZnO nanoparticle size effect on

solar cell performance.l''”) In their research, they synthesized a series of ZnO
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nanoparticles with different sizes (25 nm, 40 nm, 50 nm) and fabricated PSCs based on
the mesoporous ZnO ETMs (FTO/ZnO compact film/ZnO mesoporous
film/perovskite/spiro-OMeTAD/Au). The surface morphology of perovskite films and
cross section view of PSCs based on ZnO nanoparticles of different sizes are shown in
Figure 4(e-j). As can be seen, the influence of particle size on solar cell performance
mainly comes from the pore filling effect of perovskite into ZnO mesoporous films.
Poor filling of small particle (25 nm) films leads to serious recombination while large
particle films (50 nm) with high perovskite filling and a low contact area reduces the
charge injection efficiency from the perovskite absorber to the ZnO ETM layers. This
is consisted with the PL spectra, EIS test and UV-Vis absorption spectra results shown
in Figure 4(I-n). As a result, the best PCE of 15.92% was obtained from the film with
moderate particle size (40 nm), and for smaller and larger particle sizes, PCEs of 11.86%
and 13.20% were obtained, respectively, the J-V curves are shown in Figure 4(k).
Besides the widely used n-i-p solar cell structure mentioned above, the p-i-n solar
cell structure is also widely researched. When the p-i-n structure is used, the ETM will
be deposited on the top of the perovskite film rather than between perovskite and
transparent electrode. Compared with the organic ETM, the inorganic ZnO ETM has
strong resistance to oxygen and vapor in the air. As a result, ETMs made of ZnO
nanoparticle film can improve the stability of PSCs to some extent. You et al. reported
related research in 2016.1*!1 In their research, they fabricated PSCs with structure of
ITO/NiOx/Perovskite/ZnO/Al. Inorganic NiOx and ZnO were respectively used as the

HTM and ETM to replace the conventionally used PEDOT:PSS and PCBM. The NiOx
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layer was prepared from a Ni precursor solution composed of ethylene glycol and
Ni(NO3)2:6H20. The precursor solution was spin coated on ITO and annealed to form
NiOx film. The ZnO film was prepared by similar method reported by Liu et al.,l*! but
in order to prevent perovskite film from being damaged, ZnO nanoparticle was
dispersed in chlorobenzene instead of methanol mixed solution. The solar cell with
metal oxide charge transport materials gained a PCE of 16.1%, and more importantly,
compared with solar cells using organic HTMs and ETMs, the stability of all metal
oxide solar cells was significantly improved: the PSCs with NiOx and ZnO maintained
90% performance over 60 days of testing in ambient air at room temperature and with
30-50% humidity, however the performance of PSCs based on PEDOT:PSS and PCBM
dropped dramatically.

Since the PCE and long term stability of PSCs have made great progress, the
extensive production of PSCs has become another area worth studying. While the most
widely used method to fabricate PSCs is spin coating, which is not suitable for mass
production, hence, the effective and low cost roll-to-roll method is a good alternative.
However, roll-to-roll method can be carried out only with the process temperature
within 100 °C - 150 °C.1"3] For widely used TiO> ETM, both planar and mesoporous
films need high temperature (450 °C) annealing. Although low temperature TiO>
fabrication processes have been reported,!!'*! the performance of PSCs based on low
temperature TiO: is still not comparable with that based on high temperature TiO>. As
for PEDOT:PSS and PCBM, the process temperature is no longer a limit, but the low

stability of PSCs can’t be ignored.[*!! As a result, high quality ZnO nanoparticle films
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with low process temperature are good choice for now.
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Figure 5. (a) A diagram of the slot die coating system. (b) The surface morphology of
Pbl film obtained from N> quenching slot die coating. (c¢) The surface morphology of
perovskite film obtained from hot slot die coating. (d) The evolution of J-V
characteristics with the different hot coating temperatures. The cross section of PSCs
based on ZnO nanorods of (e) 400 nm, (f) 800 nm and (g) 1000 nm. (h) J-V curves and
(1) EQE spectra together with EQE data-based integrated current density for the PSCs
based on ZnO nanorods of different lengths. (j) Absorption spectra of the perovskite
films on ZnO nanorods of different lengths. J-V curves (k) and IPCE spectra (1) of solar
cells based on ZnO nanorods grown from different seed layers.

Hwang et al. reported the fabrication of fully slot-die coated PSCs.['') In this

research, they fabricated fully printable PSCs, with exception of metal electrodes,
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which were evaporated, by the slot-die coating method with a home-made 3D printer.
A schematic diagram of the printer is shown in Figure 5(a). In this 3D printer system,
the space position and motion of nozzle can be controlled by predefined programs.
Temperature of the substrate and nozzle are also controlled. By using this equipment,
the ZnO ETM, doped poly(3-hexylthiophene) (P3HT) HTM and MAPbI; film were
successfully fabricated. To improve the crystallization of the MAPDI; film, the N>
quenching and hot slot-die were used; the improved quality of the Pbl, film promotes
the reaction conversion reaction of Pbl, to perovskite. As shown in Figure 5(b), N>
quenching is used to quickly dry the Pblx film by a N> flow, which leads to a porous
Pbl film and makes MAI easy to permeate. The hot slot die process involves heating
the substrate to a set temperature to facilitate the reaction and the temperature of
substrate is important to the film quality and solar cell performance. The morphology
of a perovskite film obtained under a substrate temperature of 70 °C is shown in Figure
5(c) and the PCE of solar cells based on perovskite films obtained from different
substrate temperatures are shown in Figure 5(d). The best PCE of 11.96% was obtained
from devices fabricated by slot-die coating when substrate temperature is 70 °C in
ambient. These results verify the possibility of the roll to roll method in low cost PSCs
production.

As for flexible PSCs, the mechanical strength of cells is another problem worth
considering. To improve the mechanical strength of flexible devices and simplify the
structure, Zhou et al. report a hole-conductor-free and metal-electrode-free solar cell

structure, which is ZnO/perovskite/carbon solar cell structure.''®! By using this unique
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structure, they gained a PCE of 8.73% on a grid substrate and 4.29% on a flexible
substrate. Their devices can maintain 80% of its initial efficiency even after 1000 times
of bending.

4. PSCs with ZnO nanorods ETMs

ZnO nanoparticles have been proved to be an effective ETM for PSCs, but in ZnO
films made of nanoparticles, electrons have to travel across many particles before they
reach the electrodes. Electron transport becomes less efficient when the photocurrent
increases because of the serious surface recombination. This limits the further increase
of solar cell efficiency. As a result, in order to reduce the severe recombination, one
dimension ZnO nanostructures were used to replace nanoparticle films. Unlike
nanoparticles, the one-dimensional ZnO nanostructures usually is single crystal and
provide a direct pathway for electron transport.[®?) Among various one-dimensional
structures, ZnO nanorods is the most widely used material for solar cells.

A traditional method of fabricating ZnO nanorods is hydrothermal method. The
hydrothermal method is a synthesis method of crystal materials in hot water or organic
solvents under high temperature. The basic principle of hydrothermal method for ZnO
synthesis is as follows. A Zn salt and alkali, e.g. KOH or hexamethylenetetramine, are
dissolved into the solvent. The Zn?** and OH" in the solution react with each other to
form Zn(OH): precipitates. As the reaction proceeds, the temperature and pressure
increases, the pH of the solution increases gradually, and the concentration of Zn**
decreases, which lead to decomposition and dehydration of Zn(OH), precipitates.

Finally, the Zn(OH), precipitates convert into ZnO.[''”! Like other solution based
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synthesis methods, the morphology and doping of ZnO nanorods can be realized by
tuning the composition and concentration of precursor, reaction temperature and time.

ZnO nanorods were introduced into PSCs by Bi et al. in 2013.1'¥ They fabricated
the PSCs on the basis of experience and knowledge accumulated from traditional
DSSCs. In their research, by using MAPbI; as the sensitizer and combining solid spiro-
OMeTAD HTM and ZnO nanorods ETM, they prepared PSCs with the structure of
Au/spiro-MeOTAD/MAPbIz/nanorods/seed layer/FTO. The ZnO nanorods were
synthesized from the hydrothermal method. Compact ZnO film prepared from ZnO
colloids were used as a seed layer for hydrothermal as well as an hole block layer. The
obtained ZnO nanorods were vertically aligned on the substrate. The MAPbI3 sensitizer
was made from a precursor solution (Pbl:CH3NH3I=1:1, molar ratio, 40 wt% in y-
Butyrolactone (GBL)) by spin coating. After spin coating, the MAPbI; will penetrate
into the space between the nanorods without affecting ZnO nanorods. They studied the
relation between the nanorods length and cell performance. It was found that the length
of nanorods plays a key role in cell efficiency. To certain extent, with increasing the
Zn0O nanorods length, the Jsc, FF, Voc and PCE of solar cells increase but the Voc may
decrease. This is mainly because the length of ZnO nanorods determines the electron
transport time and lifetime, which will directly affect the performance of solar cells.
Although the best PCE they gained is only about 5.0%, the work opens a new direction
for the ZnO ETM based PSCs.

Similar study has been reported by Son et al.l''®! In their research, they fabricated

PSCs with the same device structure. Because the morphology and quality of perovskite
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materials fabricated by the initial one step coating process can’t be tightly controlled.
Perovskite can’t always completely fill and cover the space between the nanorods, and
the spiro-OMeTAD can permeate into these unfilled holes and contact with ZnO
nanorods, which will form shunt path and deteriorate the performance of solar cells.
Therefore, they used a two-step coating method to replace the one step method used by
Bi et al.l''8 The cross section of PSCs based on ZnO nanorods of different lengths were
shown in Figure 5(e, f, g). As can be seen, the two-step coating method produced a fully
filled perovskite film covered all ZnO nanorods of different lengths without voids and
formed an overlayer on the nanorods surface. Additionally, the two step coating
procedure optimizes the cuboid size of MAPbI; and then decreases the series resistance
of the PSC, which is favored by solar cells.['?") As a result, combing the two step coating
method with the optimized nanorods length, a best PCE of 11.13% was obtained.[!!"]
Further research on the relation between the nanorods length and solar cell
performance was carried out either. The J-V curves, external quantum efficiency (EQE)
spectra together with EQE data-based integrated current density for the PSCs based on
ZnO nanorods of different lengths are shown in Figure 5(h) and (i). As can be seen,
with the increase of ZnO nanorods length, the PCE, Jsc and EQE of solar cell increase
too, while the Voc decreased. The increase of PCE and Jsc are because longer nanorods
increase the charge extraction efficiency and the nanorods also act as scattering centers
to increase the light absorption, which is confirmed by the UV-Vis absorption spectra
of the perovskite films on ZnO nanorods of different lengths shown in Figure 5(j). The

decrease of Voc can be attributed to larger interfacial area induced by increasing
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nanorods length, which increased the recombination at the same time.

Besides the length of nanorods, the seed layer plays an important role in the ZnO
nanorods growth and photovoltaic performance of the solar cells.!'?!"123] The so called
seed layer is usually a compact ZnO film, which is usually fabricated by solution
processes. Generally, there are three kinds of precursor solutions can be used to
fabricate ZnO seed layers. The precursor solutions can be zinc salt solution, ZnO
colloids or ZnO nanoparticle solution. Son and his colleagues systematically deposited
three different ZnO seed layers based on each precursor solution and studied the
influence of on ZnO nanorods growth and photovoltaic performance of PSCs.[!?4]
According to their results, the seed layer can affect the properties of ZnO nanorods.
Seed layer produced from the colloid solution can fully cover the substrate, and
however, the seed layer made from the zinc salt solution or ZnO nanoparticle solution
does not provide a full coverage. The poor coverage of ZnO films tends to form shut
paths. ZnO nanorods grow on a colloid seed layer showed not only a good coverage but
also enhanced transmittance over the range of visible wavelengths. The shunts caused
by the poor coverage decrease the Voc and photocurrent density, as shown in Figure
5(k, 1). In addition, recombination at the perovskite/ZnO interface was suppressed for
the cell using the seed layer prepared by the colloid solution. This work directly proved
the important role of the seed layers for the ZnO nanorods based PSCs.

On the other hand, considering the unique structure and morphology of ZnO

nanorods, it’s difficult to fabricate high quality perovskite films on nanorods surfaces.

As a result, preparation of high quality perovskite film with good surface morphology,
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grain size and coverage are another area worthy of study.
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Figure 6. The surface morphology of perovskite films fabricated from the traditional
sequential method with pure DMF solvent on (a) 3 um ZnO nanorods and (b) 1 pum
ZnO nanorods. (¢) The morphology of a perovskite film fabricated on lpm ZnO
nanorods using the DMF/DMSO mixed solution as solvent. (d) The J-V curves of the
best and worst performed PSCs based on the modified sequential method. The
perovskite films fabricated from the sequential method with (¢) DMF, (f) DMSO and
(g) DMF/DMSO mixed solution as solvent under thermal annealing (TA) and
perovskite films prepared from (h) DMF, (i) DMSO and (j) DMF/DMSO mixed
solution under solvent annealing (SA). (k) Time-resolved PL spectra of perovskite films
fabricated from the mixed solvents along with solvent annealing. (1) J-V curves and
photovoltaic parameters of PSCs fabricated from different methods.

To solve this problem, our group has developed a solvent engineering method to
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fabricate high quality and uniform perovskite films.!'?*! In our research, PSCs based on
ZnO nanorods of different lengths were fabricated and a N,N-
Dimethylformamide/Dimethyl sulfoxide (DMF/DMSO) mixed solvent was used as an
alternative to the usually used DMF to fabricate perovskite precursor solution. As a
control, perovskite films prepared from pure DMF solvent were deposited on ZnO
nanorods with length of 3 um and 1 um, and the surface morphologies of perovskite
films are shown in Figure 6(a) and (b). It is obviously that the perovskite films cannot
fully cover the surface of ZnO nanorods, which is detrimental to the device. The
morphology of perovskite film prepared by DMF/DMSO mixed solution was shown in
Figure 6(c). As can be seen, the existence of DMSO results in a uniform and high
quality film with full coverage of the ZnO nanorods surface. In the mixed solution, the
DMF simply served as a solvent while the DMSO react with Pbl, to form Pbl,(DMSO)
complex. When Pblx(DMSO) contacts with MAI, the DMSO is replaced by MAI easily
because of its higher affinity of towards Pbl, compared to DMSO. As a result, DMSO
in the solvent will retard the crystallization of perovskite and lead to a high property
film.13> 1261 The PSC based on mixed solvents gained the best PCE of 6.63% (Figure
6(d)). The unexpected low efficiency may attribute to the poor crystallization of the
MAPDI; layer, and the supposition was proved by the low film quality as shown in the
SEM images and XRD patterns.

In order to further improve the quality of crystallization, we developed a solvent
annealing method on basis of the solvent engineering work.!'?> 2" In this study, ZnO

nanorods were fabricated by hydrothermal method either. An ultrathin Al,O3 film was
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deposited on the surface of ZnO nanorods by ALD method. The perovskite film was
prepared by a two-step spin coating method. Pbl, and MAI precursor solution were
prepared by a mixed solvent DMF/DMSO (MS) and isopropanol respectively. To
fabricate perovskite film, ZnO nanorods were first infiltrated with Pbl by spin coating
and dried at 70 °C. After cooling to room temperature, the films were immersed in the
MALI solution and then dried. As a control, pure DMF and DMSO were also used to
fabricate perovskite film. The SEM pictures of perovskite films fabricated from
different solvents were shown in Figure 6(e)-(g). As shown in the figures, the perovskite
film prepared by pure DMF has larger grain size than films based on pure DMSO, while
both films has many pinhole. However, for perovskite film prepared by mixed solution,
a uniform and compact film with less pinholes and smaller grain size was obtained.
The different morphology can be attributed the different properties of different
solvents as mentioned above. In addition, during this process, we found that the mixed
solvent DMF/DMSO can lead to a mesoporous Pbl; film, and the mesoporous structure
can provide a larger contact area between Pbl film and MAI solution. The mesoporous
structure promotes the formation of MAPbI; when the Pbl, film was immersed in MAI
solution. Although all the obtained MAPDI3 films have large grains, there are still some
small pinholes existed in the film, and the pinholes are the main reason for poor
photovoltaic performance. To solve this problem, a solvent annealing process is
introduced via annealing the MAPDI; film in the ethanol vapor atmosphere. The surface
morphologies of perovskite films fabricated from thermal annealing (TA) and solvent

annealing (MA) methods are shown in Figure 6(h)-(j). As can be seen, after solvent
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annealing, the grain size of perovskite films obtained from three different solvents both
increased. The pinholes in perovskite films fabricated from pure DMF and DMSO did
not disappear. While the perovskite films prepared by mixed solvent have no pinholes
in sight. This is because in ethanol atmosphere, the MALI is dissolved and continue to
react with Pblx. As for perovskite films based on pure DMF and DMSQO, pinholes in the
film will be intensified by annealing the solvent annealing. As a result, the grain size
and compactness of the MAPbI; film are improved after solvent annealing, which is
consisted with the film morphology. Compact films with larger grain sizes decrease the
number of grain boundaries and density of defects, which are favorable to improve the
photovoltaic performance.l'?® 2] In addition, ZnO nanorods passivated with a thin
AlL>0O3 layer improve charge collection in the PSCs, which is confirmed by the transient
PL spectra of different perovskite films and J-V curves shown in Figure 6(k) and (1). As
aresult, the combination of the three methods boosts the PCE of PSCs to 17.3%, which
is the highest efficiency for ZnO nanorods based PSCs.
5. PSCs based on other ZnO nanostructures
5.1 ZnO nanowalls

ZnO nanowalls is a kind of sponge-like ZnO nanostructures with a large 2D
framework and surface area, and like ZnO nanorods, this structure offers a large contact
area and direct electron transport path. As a result, ZnO nanowalls have been widely
used in energy storage devices and biosensors because of its larger surface area than
nanorods. Tang et al. synthesized ZnO nanowalls by a low temperature chemical bath

method and fabricated PSCs based the ZnO nanowall ETM.['3% In this research, Al was
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first deposited on ITO surface as template before the growth of ZnO nanowalls.
Equimolar Zn(CH3COO),-2H>0 and hexamethylenetetramine were dissolved in water
to fabricate precursor solution, and then ZnO nanowalls were grown on the substrate
by chemical bath process. After the deposition of perovskite, spiro-OMeTAD HTM and
Ag electrode, PSCs with structure of ITO/ZnO nanowalls/perovskite/ HTM/Ag were
obtained. A planar PSC based on ZnO compact film was prepared as a control device.
The compact ZnO film for planar PSC was prepared by spin coating the precursor
solution composed of Zn(CH3COO),'2H,O and monoethanolamine on the ITO
substrate.

The best performance PSC based on ZnO nanowalls produced a Jsc of 18.9
mA/cm?, Voc of 1.0 V, FF of 72.1% and PCE of 13.6%. While, the control device shows
a Jsc of 18.6 mA/cm?, Voc of 0.98 V, FF of 62% and PCE of 11.3%. The introduction
of ZnO nanowalls leads to an obvious improvement in the FF and PCE of the PSCs.
This is because ZnO nanowalls offer much larger contact area between ZnO and
perovskite material than the planar ZnO film, which improves the electron collection
and transportation efficiency at perovskite/ZnO nanowalls interface. Moreover, because
of the alkaline behavior of the ZnO surface, the perovskite will be decomposed by ZnO
and lead to formation of Pbl, on the interface of perovskite/ZnO, and the presence of
Pbl, can suppress the surface recombination and improve the FF.[3¢!

However, Pbl, from perovskite decomposition obviously cannot be controlled. In
addition, Pbl, was not discovered in perovskite on compact ZnO film (control device)

according to their research. This indicates that surface of ZnO nanowalls is more
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reactive than compact ZnO film, which means that perovskite on ZnO nanowalls is
more unstable. This is harmful to the reproducibility and performance of PSCs.
5.2 ZnO nanowires

ZnO nanowires are another widely used one-dimensional structures, which is
similar to nanorods. Benefit from its high aspect ratio and good crystallization, ZnO
nanowires are efficient to provide large surface area and improve the electron transport.
As a result, ZnO nanowires have been widely used and studied in DSSCs.[®> 131 But
researches about PSCs based on ZnO nanowires were deficient.

Hu et al. reported a flexible PSC based on a single ZnO nanowire.!'*?! In their
research, the ZnO nanowires were fabricate via a vapor-liquid-solid (VLS) process
developed by Zhu et al.!!3*! After the growth of ZnO nanowires, a single nanowire was
transferred onto a polystyrene (PS) substrate and fixed by silver paste electrode.
MAPDIz and spiro-OMeTAD are subsequently deposited on one end of the ZnO wire
to form the solar cell. The PSCs based on single ZnO nanowire show a PCE of 0.0338%,
the extremely low PCE is mainly due to the small effective illumination area of the PSC.

Moreover, they found that the piezo-photo-tronic effect of ZnO nanowires can
improve the performance of PSCs based on ZnO nanowires obviously. The PCE
increased from 0.0338% under 0 strain to 0.139% under 0.47% strain. This is because
that when an external force is applied, the piezo-phototronic effect leads to a shift of
the conduction band and suppresses the interface recombination, which result in the
higher Voc and Jsc. This method indicates that ZnO nanowires are efficient ETM for

PSCs, while confined to the micron scale effective illumination area, the PCE of PSCs
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is extremely low. However, the small size of flexible PSCs based on single ZnO
nanowires may have potential applications in integrated devices. Moreover, the studies
on performance enhancement due to piezoelectric effects provide a new approach to
improve the properties of PSCs.
5.3 ZnO quantum dots

Compared with other ZnO nanostructures, ZnO QDs show many unique properties.
Firstly, due to its small size, the quasi continuous energy levels of bulk materials are
replaced by the separated electronic energy levels and the band gap will become larger.
The increased band gap are mainly caused by the negative shift of the conduction band
and the positive shift of the valence band, which will improve the electron injection
efficiency. Secondly, after absorbing a photon, QDs can produce more than one exciton,
which is beneficial to improve the performance of solar cells.!!34-136]
Ameen et al. fabricated a flexible planar PSC based on ZnO quantum dots for the

(137 In this research, ZnO QDs were prepared by solution process method.

first time.
The Zn(CH3COO),-2H,O and (CH3)sNOH-5H>O were dissolved in ethanol
respectively to form precursor solution. Subsequently, the (CH3)4sNOH-5H20 solution
was added dropwise into Zn(CH3COO)>-2H>0 solution. After two hours of reaction,
the obtained solution was centrifuged and dispersed for several times, and the finally
obtained ZnO QDs were dispersed in ethanol. To fabricate ZnO QDs based PSCs, the
graphene film, ZnO QDs film and perovskite film were deposited on ITO-PET

(Polyethylene terephthalate) substrate sequentially. During the fabrication process, the

ITO-PET substrate and ZnO QDs film was treated by Oz plasma and atmospheric
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plasma jet (APjet) before the next step deposition. After the deposition of spiro-
OMeTAD HTM and Ag electrode, a PSC with structure of ITO-PET/Graphene/ZnO-
QDs(APjet treatment)/MAPbI3/spiro-MeOTAD/Ag.

With the graphene blocking layer and the APjet treatment, a best PCE of 9.73%
with Jsc of 16.8 mA/cm?, Voc of 0.935 V, and FF of 62%. To determine the role of ZnO
QDs and APjet treatment, control devices based on ITO-PET/Graphene and ITO-
PET/Graphene/ZnO QDs films (without APjet treatment) were fabricated either. And
the PCE of PSC based on ITO-PET/Graphene was 2.89% with Jsc of 12.03 mA/cm?,
Voc of 0.840 V, and FF of 29%. As for PSC based on ITO-PET/Graphene/ZnO
QDs(without APjet treatment), a PCE of 5.28% with Jsc of 14.97 mA/cm?, Voc of 0.830
V, and FF of 43% were obtained. Obviously, the introduction of ZnO QDs and APjet
treatment obviously improved the performance of PSC. The main reason is that the ZnO
QDs film can provide a larger contact area than compact graphene film and the APjet
treatment improved the porosity and surface area of ZnO QDs film, which significantly
increased the light scattering and the interaction between the MAPbI; film and ZnO-
QDs interfaces, leading to an improved Jsc. In addition, the PSC based on ZnO QDs
with APjet treatment shows a higher electron transport and charge collection, which
result in a high Jsc and Voc. As a result, the ZnO QDs and APjet treatment are essential
for high performance PSC.

However, large specific surface area and large amount of surface atoms of ZnO
QDs lead to the lack of coordination of surface atoms and increase of unsaturated bonds.

As a result, these surface atoms are high activity and extremely unstable, which are
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very easy to combine with other atoms. Hence, the ZnO QDs are unstable, which will
restrict its extensive application.

Based on ZnO ETM with various morphologies, the performance of PSCs have
made great progress. Moreover, its application has been expanded to flexible devices
and roll to roll method without the limitation of high temperature process. However,
the performance of PSCs based on ZnO ETM is still not comparable to that of PSCs
based on TiO2 ETM. As a result, the following presents the challenges for PSCs based
on ZnO ETM and solutions to the problems.

6. The modification of ZnO ETM:s for efficient PSCs

Although the performance of ZnO ETM based PSCs has made great progress, the
PCE of ZnO ETM based devices are still inferior to those solar cells based on TiO>
ETM. The first problem restricts the further development of ZnO ETM based solar cells
is the serious surface recombination. As well known, perovskite materials have high
carrier mobility and reduced internal recombination, therefore the surface
recombination plays an important role determining the performance of PSCs.

The recombination firstly come from the intrinsic defects of ZnO. Similar to other
semiconductor materials, point defects affect the electrical and optical properties of
ZnO. There are six kinds of point defects in ZnO, which are Zn vacancies (Vza), oxygen
vacancies (Vo), zinc interstitial (Zn;), oxygen interstitials (O;), zinc antisites (Zno) and
oxygen antisites (Oza). Among them, Vo, Zn; and Zno are donor defects and Vz,, Oj
and Oz, are acceptor defects.[**! Besides the defect level position, the effect of defects

on ZnO properties also depends on the defect concentration. The concentration of
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defects is not an eternally fixed constant because of the formation energy of defects will
change under different conditions. The relationship between formation energy and

concentration of defects is shown Equation 1:13%

E
C=Nyjsos€Xp (- ET) (1)

Where Niires 1s the number of sites (including different configurations) per unit
volume the defect can be incorporated on, F is the formation energy of defects, ks is
the Boltzmann constant and 7 is temperature. The formula reveals a negative
exponential relation between defect concentration C and formation energy E/, which
means that a higher formation energy will lead to a lower equilibrium defects
concentration. According theoretical calculation and experimental results of Kohan et
al. and Oba et al., in N type ZnO, Vo shows the lowest formation energy of 0.02 eV and
has the largest concentration. Zn; also has relatively low formation energy and high
concentration. Because of the high formation energy of Vz,, Oi and Oz, the
concentrations of these acceptor defects are very low. As a result, the Vo and Zn; play
key roles in ZnO.[3%140] Besides these point defects, when perovskite materials
deposited on ZnO surface, the large lattice mismatch at ZnO/perovskite interface can
be observed, which have been verified by the computational analysis.['4!]

The surface state of ZnO film is another source of recombination. At the surface,
the crystal structure of ZnO is abruptly interrupted, which forms a large amount of
dangling bonds and defects. This problem is particularly obvious in ZnO nanostructures
because of the significant increased specific surface area, for example, 30% of the

atomic bonds in ZnO nanoparticles are dangling bonds.['**! In addition, once exposed
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to the air, oxygen and H>O in the air will be absorbed by ZnO surface, which will also
form a recombination center on the surface. In addition, the adsorbate and ZnO surface
formed a structure similar to a Schottky barrier due to the charge transfer between
adsorbates and the ZnO surface, which changes the carrier concentration within the
surface space charge region. Some adsorbates such as OH molecules lead to band
bending and charge accumulation near the ZnO surface, which will change the surface
conductivity,l143:144]

Besides the above-mentioned, the fabrication process, especially for the solution
process, will introduce new defects. ZnO materials prepared by chemical methods, such
as the hydrothermal method, chemical bath deposition and sol-gel method, are not
likely pure crystals, and organic species and chemicals from the precursor solutions
used in the fabrication process will be left or absorbed on ZnO surface.[!4146]

These defects mentioned above can reduce the performance of PSCs by providing
extra recombination pathways so that the incident light cannot be convert to electricity.
The defects induce deep energy levels in ZnO band gap and give rise to a high density
of recombination centers, which will reduce the lifetime of photo generated carrier and
the quantum efficiency of PSCs. The result of such a process is the increased inner
resistance and large dark current of PSCs, and the decreased photocurrent. Furthermore,
the surface conduction layer induced by the surface absorption of ZnO can affect the
carrier extraction at the perovskite/ZnO interface, which will also decrease the

photocurrent and open circuit voltage of PSCs. Due to serious impacts of these defects,

the characterization of defects is necessary. The common method to investigate defects
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include Photoluminescence (PL),%!47148]  Time-Resolved Photoluminescence
(TRPL),!'*! Electrochemical Impedance Spectroscopy (EIS) and X-ray photoelectron
spectroscopy (XPS).[1:15% Since the systematic studies about these methods have been
widely reported, readers can refer to relevant information in the references.

Besides the recombination, another serious problem is the poor stability of ZnO
based PSCs. Perovskite materials are known to sensitive to water and oxygen in the air
but thermally stable under some conditions.['>!] However, according to research of other
authors and our group, perovskite deposited on ZnO is easily to decompose during
thermal treatment. Such phenomenon is not found between TiO> and MAPDI;. This is
mainly because the different surface properties of ZnO materials. The surface of TiO»
showed slightly acidic while the surface of ZnO exhibits basic behavior. Once
perovskite contacts with ZnO, deprotonation reaction against methylammonium cation
happens, which is the root of instability, and this assumption has been proved by

(1411 Another important reason for instability is chemical

theoretical calculations.
residues from fabrication processes. ZnO materials especially nanomaterials used for
PSCs are usually synthesized by chemical solution methods, therefore, the chemicals
in the solution are unavoidably left on the ZnO surface. According to the research of
Yang et al. and Cheng et al.,['*!: 152] the hydroxyl groups and residual acetate from the
growth solution exacerbate the decomposition of perovskite. This is because the ZnO
materials synthesized by the solution process are not completely oxidized, and the

surface of the obtained ZnO nanomaterials are covered with chemisorbed oxygen

species like hydroxide, which could break the ionic interaction between CH3NH3" and
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Pblz™ and destroy the crystal structure of the MAPbI3 sequentially. This process can be
explained by the reaction formula as follows:
OH+CH3NH31—CH3;NH30H+T"
CH3NH30H—CH3NH21+H2O (heat)

Obviously, the reaction between hydroxide on the CH3;NH3I can directly
decompose the perovskite under annealing. Along with the ZnO introduced
deterioration, the decomposition process of ZnO/perovskite system accelerates at
elevated temperatures.

Furthermore, according to our research, the performance of PSCs based on ZnO
ETM will gradually degraded under full spectrum AM 1.5G illuminations for extended
exposure time. This is because that ZnO shows high photocatalysis activity under the
illumination of ultraviolet (UV) light with wavelength less than 400 nm and the
simulated sunlight contains about 4.6 mW/cm? of UV light less than 400 nm in the
spectrum. As a result, under the excitation of UV light, ZnO will decompose the
perovskite materials atop its surface. More seriously, surface hydroxyl groups and
chemical residues on ZnO surface will induce photochemical reactions and further
accelerate the decomposition of perovskite.[!3]

In order to improve the performance of ZnO based PSCs, the high recombination
loss and chemical instability must be solved. According to the Shockley Read Hall
(SRH) theory, there are two technical means to reduce the surface recombination: 1)

reduce the density of surface states; 2) reduce the concentration of free electrons and

holes at the surface. The surface state concentration can be reduced by depositing or
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growing a suitable material with low surface recombination velocity on the surface and

the concentration of free carriers can be reduced by doping, which are the two most

commonly used methods.
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Figure 7. (a) The surface morphology of TiO2 modified ZnO nanorods. (b) J-V curves

of PSCs based on ZnO nanorods with and without TiO> modification. (c) Schematic

diagram of surface recombination suppression by Al»Os. (d) J-V curves of PSCs with

cycles of ALD-ALO3 on ZnO nanorods; inset: energy band diagram of the PSCs based

on ZnO nanorods with AlOs3 coating. The XRD patterns and optical images of

perovskite films deposited on (¢) PCBM modified ZnO and (f) PEI modified ZnO

during the annealing process. XRD patterns and optical images of perovskite on

solution processed ZnO (g) without and (h) with 100 °C annealing. (i) The optical

images of perovskite films deposited on sputtered ZnO, sputtered Al doped ZnO (AZO)

and sol-gel ZnO. (j) Lewis acid sites on the surface of the grains introduced by replacing
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Zn with Al in AZO.

Surface passivation is an easy and efficient way to suppress the surface
recombination, and researches has been carried out by many groups in this area. Son et
al.l"?* reported a solution method to fabricate a thin layer of TiO> on the surface of ZnO
nanorods. The surface morphology of TiO> modified ZnO nanorods is shown in Figure
7(a). As shown in the figure, the ZnO surface is uniformly covered by TiO>. The J-V
curves of PSCs based on ZnO ETMs with and without TiO> modification are shown in
Figure 7(b). As expected, the photovoltaic performance especially the Voc and FF
increased by varying degrees, which indicates that the surface modification is an
efficient method to suppress the surface recombination. Similar results are also reported
by Dong et al.['** and Chen et al.["*® Besides TiO», in 2016, our group modified the
ZnO nanorods by an ultrathin Al,Os film fabricated by the ALD method.['>” 18] After
modification with the Al,O3 film, the PCE of PSC was improved from 11.72% of those
without modification to 16.08%. Schematic diagram of surface recombination
inhibition process is shown in Figure 7(c). As shown in the figure, the trap states
originated from defects on ZnO surfaces capture the photon generated electrons and
holes, which lead to the severe recombination. The Al,O3 modification suppresses the
surface defects, improves the carrier extraction efficiency, and further improves the
solar cell performance. Moreover, the thickness of Al,O3 has an important impact on
solar cell performance. The thickness of ALD-Al>Os3 films is controlled by the number
of ALD cycles. The solar cell performance with different ALD cycles is shown in

Figure 7(d). The figure displays that the best PCE is obtained with two ALD cycles of
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ADOs3 films. This is because that one ALD cycle of the AlbO3 film can't form a
continuous film, while three ALD cycles of Al,Os film significantly increase the series
resistance. Either a too thin or too thick Al>O3 film decreases the solar cell performance.
Except the inorganic materials, segmented copolymers, like PCBM and poly(ethylene
imine) (PEI),!'*> 13T are also used to modify the interface of ZnO and perovskite. These
materials usually have a more negative conduction band edge than that of ZnO. As a
result, once ZnO surface is covered by these materials, the surface recombination sites
are passivated and an energy barrier is formed to prevent the photon injected electrons

[169] For these reasons, the surface recombination is

from approaching the ZnO surface.
efficiently suppressed.

Another widely used method in improving ZnO ETM quality is intentional doping.
Dong et al. fabricated an ultrathin AZO (Al doped ZnO) film on the surface of ZnO
nanorods by spin coating.['®!! After Al doping, the electrical properties of ZnO, e.g.
higher electron mobility, are significantly improved. In addition, Al doped ZnO has
higher conduction band than ZnO. As a result, Al doping restrains the recombination at
the ZnO/perovskite interface. Mahmood et al. fabricated electron rich nitrogen doped
ZnO nanorods with a PEI capping layer on the surface. In their research, the ZnO
nanorods was prepared with hydrothermal method. In order to achieve nitrogen doping,
ammonium acetate was added into the ZnO nanorods growth solution. In addition, to
suppress the surface recombination, the surface of ZnO nanorods was cover by PEI film.

The PSC based on this modified ZnO nanorods yield a PCE of 16.1%.1"°°! Similar

results can be obtained by Mg, [10% 1631 Go [164] §p [165-167) [y [168] a3 Nj 1] doping.



O J oy Ul W -

OO UG UTGTUTUTOTOUTOTOT R BB DB BDEDADAEDNWWWWWWWWWWNNNNNNNNNNR R e e
GRWONRFRPOOVWO IR WNHROWOW®®JdANUTRAWNROWOW®O-JdNTEWNROW®O-JAURWNROW®W-L0U & WNR O W

As for the stability, the reduction of surface defects and surface passivation are
effective for improving the stability of PSCs either. After surface passivation, the active
ZnO surface is covered with TiO2, PEL!'3 AL,Os, or other stabilized material, which
have been proved not to react with perovskite films. As a result, the chemical instability
induced by ZnO and chemical residues can also be avoided. Figure 7(¢) and (f)
exhibited the XRD patterns of perovskite film on PCBM and PEI modified ZnO films
during annealing process. And the XRD patterns of perovskite on ZnO film without
modification is shown in Figure 7(g). As can be seen, for unmodified ZnO, perovskite
decompose rapidly after 30 min annealing. The perovskite on PCBM modified ZnO
remain stable for the beginning 30 min and start to decompose as the time goes on. And
the perovskite on PEI modified ZnO remain stable for the whole annealing process. The
different stability between perovskite on PEI modified ZnO and PCBM modified ZnO
is mainly because that the PCBM will aggregate under high temperature, as a result, the
ZnO will contact with perovskite again.

It is worth noting that, the thickness of the passivation layer should be precisely
controlled to avoid any negative effects, e.g. increase in series resistance. In addition,
especially for solution processed ZnO ETMs, high temperature annealing is an efficient
method, though not ideal in terms of energy consumption, to improve the stability of
PSCs. Yang et al.l'*!) and Cheng et al.l'"%! reported improved stability of PSCs using
this method. Figure 7(g) and (h) show the XRD patterns of perovskite films during
annealing on different ZnO films. As shown in the figures, the perovskite on annealed

ZnO demonstrate better stability. This is because that by high temperature annealing,
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the surface hydroxyl groups and residual organic ligands, which are responsible for
instability, decompose and volatilize. In addition, the perovskite film can remain stable
on AZO films. Figure 7(i) shows the photos of perovskite films on ZnO film, AZO film
prepared by RF sputtering and ZnO film prepared by sol-gel method. As can be seen,
the perovskite on ZnO films prepared by RF sputtering method exhibited much higher
thermal ability than perovskite on ZnO fabricated by sol-gel method. And the stability
was furtherly improved by Al doping. The difference of stability between ZnO prepared
by RF sputtering and sol-gel method is because that there are no chemical residues and
less defects in ZnO prepared by RF sputtering. As for Al doping, according to Zhao et
al.l'"" and Tseng et al.t" 17! the improved stability can be ascribed to the lower surface
basicity of AZO films than that of pure ZnO films. Lewis acid sites are produced on the
surface of the grains introduced by replacing Zn with Al in AZO, as shown in Figure
7(j). Overall, the two methods mentioned above can suppress the recombination and
improve the stability simultaneously.

To sum up, the performance and structure of PSCs based on ZnO ETM from
different fabrication processes are compared in Table 1. As can be seen, the best
performing PSC based on ZnO ETM shows a PCE of 17.6% and RF sputtering method
was used to fabricate the planar Al doped ZnO ETM. Another PSC with PCE over 17%
is based on the Al03 modified ZnO nanorods, which is prepared by the hydrothermal
method and modified by ALD. Therefore, the fabrication method and surface
morphology of ZnO ETM are not the only determinant factors for high performance of

PSCs. Additionally, by comparing the performance of PSCs based on the ZnO ETM
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Table 1. The overview of PSCs based on ZnO ETM with different morphologies.

Morphology Jsc
Method Structure Voc(V) | FF(%) | PCE(%) | Ref.
of ZnO (mA/cm?)

Compact layer RF Sputtering ITO/ZnO/MAPbI3/spiro-OMeTAD/Ag 19.9 1.1 0.65 139 172
Compact layer Self-Assemble ITO/ZnO/C3-SAM/MAPDI3/spiro-OMeTAD/MoO3s/Ag 22.5 1.1 0.65 15.7 173
Compact layer nanoparticle FTO/ZnO/MAPbI3/C 20 0.8 0.54 8.7 116
Compact layer nanoparticle PEN/ITO/ZnO/MAPDL;/C 134 0.8 0.42 43 116

Compact layer nanoparticle PET/ITO/ZnO/MAPbI3/spiro-OMeTAD/Ag 134 1 0.74 10.2 3

Compact layer nanoparticle ITO/ZnO/MAPbI3/spiro-OMeTAD/Ag 204 1 0.75 15.7 3
Compact layer ALD FTO/ZnO/mp-AL,03-MAPbLy/spiro-OMeTAD/Ag 204 1 0.66 13.1 93
Compact layer | chemical bath deposition FTO/bl-ZnO/MAPbI3/spiro-OMeTAD/Au 11.3 1.1 0.45 5.5 174
Compact layer | chemical bath deposition PET/ITO/bl-ZnO/MAPbI3/spiro-OMeTAD/Au 5.6 1 0.4 22 174
Compact layer electrochemical ITO/ZnO/MAPbI3/spiro-OMeTAD/Ag 23.1 0.9 0.5 10.3 175
Compact layer electrospraying FTO/ZnO/MAPbI3/spiro-OMeTAD/Ag 16 1 0.67 10.8 94
Compact layer electrospraying FTO/AZO/MAPDI;/spiro-OMeTAD/Ag 15.1 1.1 0.76 12 94
Compact layer Sol-gel ITO/ZnO/PCBM/MAPbLIL;/PTB7-Th/MnOy/Ag 14.7 1 0.73 11 176
Compact layer Sol-gel ITO/ZnO/MAPbI3/spiro-OMeTAD/MnO,/Ag 18.2 1 0.67 12.2 176
Compact layer | chemical bath deposition FTO/bl-ZnO/MAPbI3/spiro-OMeTAD/Au 17 1 0.51 8.9 174
Compact layer sol-gel FTO/bl-ZnO/MAPbI3/spiro-OMeTAD/Au 17.4 1 0.67 11.4 141
Compact layer sol-gel FTO/Annealed-bl-ZnO/MAPDI3/spiro-OMeTAD/Au 174 1 0.47 79 141
Compact layer sol-gel FTO/bl-ZnO/MAPbI3/spiro-OMeTAD/Au 7.3 0.8 0.48 29 152
Compact layer sol-gel FTO/bl-ZnO/MAPbI3/spiro-OMeTAD/Au 13.7 0.8 0.494 5.4 152
Compact layer sol-gel FTO/bl-ZnO/PEI/MAPDI3/spiro-OMeTAD/Au 16.8 0.9 0.69 10.2 152
Compact layer sol-gel FTO/bl-ZnO/PCBM/MAPbDI;3/spiro-OMeTAD/Au 16 0.9 0.46 6.4 152
Compact layer | chemical bath deposition PET/ITO/bl-ZnO/mp-ZnO-MAPbl3/spiro-OMeTAD/Au 7.5 0.8 0.43 2.6 174
Compact layer RF Sputtering AZO/MAPbI3/spiro-OMeTAD/Au 20.2 0.9 0.67 12.6 170

Compact layer RF Sputtering ITO/AZO/MAPbDI3/spiro-OMeTAD 21.7 1.1 0.756 17.6 61
Compact layer ALD FTO/ZnO/mp-AL,O3/MAPbI3/spiro-OMeTAD 18.9 1 0.62 15.55 177
Nanorods RF Sputtering ITO/ZnO/MAPbI3/spiro-OMeTAD/MoO;/Ag 224 1 0.57 134 178
Nanorods Hydrothermal FTO/bl-ZnO/mp-ZnO/AZO shell/MAPbI3/spiro-OMeTAD/Au 19.8 0.9 0.6 10.7 161
Nanorods Hydrothermal FTO/bl-ZnO/mp-ZnO-MAPbI/spiro-OMeTAD/Au 20.1 1 0.56 11.1 119
Nanorods Hydrothermal FTO/bl-ZnO/mp-ZnO-MAPbI3/spiro-OMeTAD/Au 21.39 0.7 0.43 6.63 125
Nanorods Hydrothermal FTO/bl-ZnO/mp-ZnO/Al,03/MAPbl3/spiro-OMeTAD/Au 2242 1 0.71 16.08 158
Nanorods Hydrothermal FTO/bl-ZnO/mp-ZnO/Al,O3/MAPbl3/spiro-OMeTAD/Au 20.9 1.1 0.78 173 127
Nanorods Hydrothermal FTO/bl-ZnO/mp-ZnO/MAPbI;/spiro-OMeTAD/Au 20.4 1 0.599 11.68 124
Nanorods Hydrothermal FTO/bl-ZnO/mp-ZnO/TiO2/MAPbI3/spiro-OMeTAD/Au 19.44 1.1 0.698 14.35 124
Nanorods Hydrothermal FTO/bl-ZnO/N doped ZnO/PEI/MAPbI3/spiro-OMeTAD/Au 21.5 1 0.7 16.12 159
Nanowalls Hydrothermal FTO/ZnO nanowall/MAPbI3/spiro-OMeTAD/Au 18.9 1 0.721 13.6 130
QDs Hydrothermal FTO/ZnO/MAPbI3/spiro-OMeTAD/Au 15.1 0.9 0.53 7.5 179
QDs Hydrothermal FTO/ZnO/Graphene/MAPbI3/spiro-OMeTAD/Au 21.7 1 0.68 152 179
QDs Hydrothermal PET/FTO/ZnO/Graphene/MAPbI3/spiro-OMeTAD/Au 20.9 0.9 0.6 11.2 179
QDs Hydrothermal PET/ITO/Graphene/ZnO/MAPbI3/spiro-OMeTAD/Au 16.8 0.9 0.62 9.73 137




O J oy Ul W -

OO UG UTGTUTUTOTOUTOTOUTE B BB BB BDADAEDNWWWWWWWWWWNNNNNNNNNNR R e e
GRWONRFRPOOVWOJIdAANTEWNRHROOW®JIANUTAWNROWOW®O®-JdNTEWNROW®O-JAURWNROW®W-L0U S WNR O W

and the AZO ETM (both prepared by RF sputtering), we can find that the Al doping
can efficiently improve the performance the PSCs. Similar trend can also be found
between the PSCs based on ZnO nanorods with and without surface modification. As a
result, optimization of PSCs should not be restricted to only the ZnO ETM but should
also be applied to the properties of interface and other layers. Nonetheless, PSCs based
on ZnO materials have made great progress, and a great deal of efforts have been made
to solve the instability and serious recombination induced by the ZnO ETM, which are
the main reasons for the inferior performance of ZnO ETM based PSCs compared with
their TiO2 counterparts. Through the modification of ZnO ETM, the performance of
PSCs based on the ZnO ETM is further improved. Although remarkable results have
been achieved, some issues yet to be addressed, e.g. long-term stability, and researches
on the ZnO ETM and the optimization of PSCs based on the ZnO ETM have to be
carried on.[!7>17]
7. Summary

In the last few years, the performance of PSCs have made great progress. Many
fabrication methods and new perovskite compounds have been developed to fabricate
high performance solar cells. As a powerful alternative to the widely used TiO2 ETMs,
ZnO materials share similar physical properties to TiO2 but with much higher electron
mobility. In addition, there are many simpler methods to fabricate ZnO nanomaterials
with low cost and energy consumption. In this article, we briefly introduced different

preparation methods of ZnO materials used in PSCs and review the development

history of PSCs based on ZnO ETMs. Since ZnO ETMs was first used in PSCs, the
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PCE of PSCs based on ZnO ETMs have been boosted from 5.0% to over 17%. Besides
the high performance, ZnO nanomaterials are used to fabricate flexible devices,
benefited from the rich varieties of fabrication methods. This is another distinct
advantage compared to TiO2 ETMs.

Compared with the PSCs based on TiO, ETMs, the performance of ZnO ETM
based solar cells is still inferior. This is mainly caused by the serious surface
recombination, high defect density, and poor stability. Many researches have been
carried out to address these issues in the last couple of years and a number of plausible
solutions have been proposed and demonstrated. The future researches on ZnO ETM
based PSCs will continue to compete with their TiO> counterparts. It may still be the
main focus to optimize the material quality of ZnO ETMs and hence to reduce the
recombination and improve charge collections. The long term stability of ZnO ETM
based perovskite solar cell is another important problem that must be solved in the next
a few years. Nonetheless, with all that, ZnO-based perovskite solar cells have achieved
a striking success as their TiO> counterparts and the march for next generation high
efficient and low cost photovoltaic technology still continues.
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