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Tin dioxide (SnO2), themost stable oxide of tin, is a metal oxide semiconductor that finds its use in a number

of applications due to its interesting energy band gap that is easily tunable by doping with foreign elements

or by nanostructured design such as thin film, nanowire or nanoparticle formation, etc., and its excellent

thermal, mechanical and chemical stability. In particular, its earth abundance and non-toxicity make it

very attractive for use in a number of technologies for sustainable development such as energy

harvesting and storage. This article attempts to review the state of the art of synthesis and properties of

SnO2, focusing primarily on its application as a transparent conductive oxide (TCO) in various

optoelectronic devices and second in energy harvesting and energy storage devices where it finds its use

as an electron transport layer (ETL) and an electrode material, respectively. In doing so, we discuss how

tin oxide meets the requirements for the above applications, the challenges associated with these

applications, and how its performance can be further improved by adopting various strategies such as

doping with foreign metals, functionalization with plasma, etc. The article begins with a review on the

various experimental approaches to doping of SnO2 with foreign elements for its enhanced performance

as a TCO as well as related computational studies. Herein, we also compare the TCO performance of

doped tin oxide as a function of dopants such as fluorine (F), antimony (Sb), tantalum (Ta), tungsten (W),

molybdenum (Mo), phosphorus (P), and gallium (Ga). We also discuss the properties of multilayer SnO2/

metal/SnO2 structures with respect to TCO performance. Next, we review the status of tin oxide as

a TCO and an ETL in devices such as organic light emitting diodes (OLEDs), organic photovoltaics (OPV),

and perovskite solar cells (including plasma treatment approaches) followed by its use in building

integrated photovoltaic (BIPV) applications. Next, we review the impact of SnO2, mainly as an electrode
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material on energy storage devices starting from the most popular lithium (Li)-ion batteries to Li–sulfur

batteries and finally to the rapidly emerging technology of supercapacitors. Finally, we also compare the

performance of doped SnO2 with gallium (Ga) doped zinc oxide (ZnO), the main sustainable alternative

to SnO2 as a TCO and summarize the impact of SnO2 on circular economies and discuss the main

conclusions and future perspectives. It is expected that the review will serve as an authoritative reference

for researchers and policy makers interested in finding out how SnO2 can contribute to the circular

economy of some of the most desired sustainable and clean energy technologies including the detailed

experimental methods of synthesis and strategies for performance enhancement.
Fig. 1 Schematic diagram of various transparent conducting oxides
and applications,45–49 presented with permission and copyright.
1. Introduction

Metal oxide semiconductors are a class of materials which nd
their ever-expanding use in our life because of their interesting
tunable energy band gap, excellent chemical and mechanical
stability, etc. With the advancement of technologies enabling
the production of metal oxides in the form of thin lms,
nanoparticles, nanowires and nanorods, their use has only
grown over the years from semiconductor electronics to
sensors, optoelectronics, catalysis, energy harvesting and
storage devices.1–38 An interesting application of semi-
conducting metal oxides originates from the fact that some
metal oxides can be doped with foreign elements such that they
exhibit electrical conductivity comparable with that of metals.
Thin lms of such oxides allow light to pass through with
negligible absorption, making such lms highly desirable as
electrodes for optoelectronic devices requiring materials which
can both be transparent to light and conduct electricity like
metals. This has led to the development of transparent
conductive oxides (TCOs) which are integral to most optoelec-
tronic and photovoltaic devices of recent times. Thin lms of
conducting transparent metal oxides such as SnO2 and ZnO
(zinc oxide) are nding applications in many consumer elec-
tronic products, especially in at panel displays, touch screen
panels, photovoltaic devices, low-emissivity glasses, energy-
saving windows, and energy storage devices.8–10,12–14,39 A trans-
parent conducting lm is a thin layer of electrically conductive
material with low absorption (or high optical transmittance) in
the visible range and is the basic requirement for any of the
above devices.20 Conductivity and transparency can be
customized to expand their utility in a large number of appli-
cations.20–26 Apart from transparent conducting thin lms,
oxide/metal/oxide multilayer structures are also extensively
studied for enhancing their optical transmittance and electrical
conductivity to meet the demands as TCOs.11,40–42 Fig. 1 shows
different transparent oxides and their applications for photo-
voltaic devices, touch screens, at panel displays, and energy
saving smart windows. However, only a few metal oxides doped
with specic elements exhibit a satisfactory performance as
a TCO such as indium (In)-doped SnO2 (ITO), uorine (F)-doped
SnO2, aluminium (Al)-doped ZnO, gallium (Ga)-doped ZnO, etc.,
although each of these have their own limitations.

Tin dioxide as a transparent conducting oxide (TCO) has
received huge research attention and been reviewed by several
researchers due to its widespread application.9,12,43,44 The review
articles have mostly discussed about the challenges and
opportunities of ITO. It has both low electrical resistivity and
621–16684
facile patternability12,23 that make it well suited for displays.
However, it lacks temperature stability and resistance to
chemical attack.10 Although the amount of indium is limited in
the earth's crust, the human population is prone to its toxicity.24

The low-rate self-compensation effect makes it more chal-
lenging to obtain binary oxide semiconductors having a p-type
conductive behavior.27 These challenges provide an impetus to
seek an alternative to ITO, which has high electrical conduc-
tivity and comparable visible transmittance. To the best of our
knowledge, there are no review articles which mainly focus on
the metal doped SnO2 for transparent electrodes. Considering
the demands of the transparent electrode for opto-electronic
devices and renewable energy generation/storage, a more
comprehensive review on SnO2 is needed to provide a better
representation and guidance of the relevant state-of-the-art
research and development.

Furthermore, an advantage of tin dioxide is that it can form
oxides of different valences, which provide it with the extraor-
dinary ability to take part in catalysis and charge storage reac-
tions. Tin dioxide (SnO2) is the most stable oxide of tin that
nds its use not only as a TCO but also in a number of appli-
cations for sustainable development such as sensors, catalysis,
energy harvesting and storage due to its earth abundance, non-
toxicity and wide band gap. Naturally, a large number of
This journal is © The Royal Society of Chemistry 2021
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research papers including some good review articles have
already been published covering various aspects of tin oxide.
For example, Das et al.50 published a comprehensive review of
tin oxide, its structure and use as a gas sensor. Jenifer et al.51

reviewed the recent advancements in tin oxide-based thin-lm
transistors for large-area electronics. Al Hamdi et al.52

reviewed tin dioxide as a photocatalyst for water treatment. The
bulk electron mobility of SnO2 is �240 cm2 V�1 s�1.53 SnO2 has
a wide optical bandgap (3.6–4.0 eV) and a high transmittance
over the entire visible regime, which indicates that when it is
used in an optoelectronic device its absorption losses can be
minimised.53 This wide bandgap is helpful, especially in engi-
neering the energy levels for tandem photovoltaic devices. Other
signicant advantages of the SnO2 layer include chemical
stability and UV-resistance properties which make SnO2 an
efficient electron transport layer (ETL), especially in the case of
perovskite solar cells. Earlier studies on SnO2 reveal that by
alloying with metal oxides or doping with metals, its electronic
properties can be selectively tuned to obtain a better optoelec-
tronic device performance.54–56 As many as three reviews have
been published within the last three years on the use of tin
oxide as the ETL in perovskite solar cells (PSCs),53,57,58 in
accordance with the growing interest of researchers on tin oxide
as the ETL. The recent development of SnO2 as an anode for dye
sensitized solar cells and its impact on the device performance
have also been discussed in detail.59–62 The readers are also
suggested to consult other relevant references regarding SnO2

as the ETL in organic solar cells, PSCs, and quantum dot
LEDs.63–68

Deng et al.69 reviewed the development of SnO2 and gra-
phene nanocomposites as anode materials for lithium ion
batteries. However, it is clear that there is not a single review
that encompassed the growing applications of SnO2 as the TCO
and the ETL in optoelectronic and photovoltaic devices and as
an electrode in energy storage devices. In fact, the recent
developments on tin dioxide based supercapacitors and Li–
sulfur batteries have never been reviewed to date. The review by
Deng et al.69 only focused on the tin dioxide–graphene
composite as an anode material, but a review of tin oxide based
composites (not only with graphene) for anode, cathode and
separator is missing.

In view of this, herein, we attempt to review tin dioxide as
a material with a different perspective from what has been
reviewed already, i.e., a material that has enormous potential
for sustainable energy applications focusing on its three major
uses as a TCO, ETL and electrode, all of which strongly
contribute to circular economies. The review not only tries to
sum up and correlate the previous reviews on individual
applications of SnO2 but also tries to cover new topics such as
the impact of SnO2 for separator modication in Li-ion batteries
and for mitigation of the shuttling effect by trapping poly-
sulphides in Li–sulfur batteries. The review is organised as
follows. We begin by highlighting the challenges of tin oxide as
a TCO and how they are overcome by doping with different
metals as well as related computational studies with special
focus on earth abundant metals for sustainable applications.
Various approaches used by researchers to synthesize SnO2 and
This journal is © The Royal Society of Chemistry 2021
doped SnO2 are also reviewed, and the TCO performances of
doped tin oxide as a function of dopants such as uorine (F),
antimony (Sb), tantalum (Ta), tungsten (W), molybdenum (Mo),
phosphorus (P), and gallium (Ga) are compared. The SnO2/
metal/SnO2 structures with respect to TCO performance have
been discussed. Next, recent advances in the use of tin oxide as
the TCO and ETL in organic light emitting diodes (OLEDs),
organic photovoltaics (OPV), perovskite solar cells (including
plasma treatment approaches) and building integrated photo-
voltaic (BIPV) applications are reviewed. This is followed by
a comprehensive review of the impact of SnO2, mainly as an
electrode material for energy storage devices starting from the
most popular Li-ion batteries to Li–sulfur batteries and nally to
the rapidly emerging technology of supercapacitors, which have
not been reviewed previously. Finally, we summarize the impact
of SnO2 on circular economies to conclude this review.
2. Tin oxide as a transparent
conductive oxide (TCO)
2.1 Electronic properties of doped SnO2

The electrical and optical properties of TCO materials are
determined by their electronic structure. Mishra et al.70

computed an energy–momentum (E–k) diagram for pure stoi-
chiometric SnO2 and Sb-doped SnO2 along several directions in
k space indicated by points of high symmetry within the rst
Brillouin zone. This band structure was computed using the
augmented-spherical-wave (ASW) band-structure method for
a rutile structure with a unit cell comprising two SnO2 units.
The band structure of SnO2 is characterized by a single
conduction band that is derived from Sn 5s-orbitals. The Sn-
like s character was deduced from the partial density of states
function. The conduction band valley is relatively deep with the
conduction band minimum (CBM) located at the G point. The
free electron-like dispersion can be readily seen in the D

direction (G–X) and the L direction (G–M).70 The pronounced
dispersion near the G point results in a large curvature for the E–
k relation and a small effective mass for conducting electrons.
The experimental effective electron mass of conducting elec-
trons in SnO2 is in the range of 0.23–0.3m0 (depending on the
direction), where m0 is the electron mass in free space.71 This
low effective mass in turn results in a higher electron mobility
for conducting electrons in SnO2. By contrast, the valence band
which is derived from Sn and O atomic orbitals shows much
less dispersion and as a result the holes in SnO2 are generally
heavy. The fundamental band gap of 3.7 eV for SnO2 is direct
and occurs at the G point.

Both intrinsic point defects (oxygen vacancies) and extrinsic
defects (dopants) introduce localized states in the band struc-
ture of SnO2. Kılıç and Zunger showed that oxygen vacancies in
non-stoichiometric SnO2 give rise to a shallow defect level at 113
meV below the CBM.72 For Sn interstitials, the corresponding
defect level is at 203 meV above the CBM.71 Thus, both these
point defects are electrically active and can contribute electrons
to the conduction band. The electronic structure of SnO2 can be
modied by a high dopant concentration. Mishra et al.
J. Mater. Chem. A, 2021, 9, 16621–16684 | 16623
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computed the theoretical band structure of SnO2 doped by �8
at% of Sb (Sn3SbO8) by considering a supercell consisting of two
primitive unit cells stacked in the c axis direction with one Sn
atom substituted by a Sb atom.70 The cationic dopants form an
impurity Sb 5s band within the band gap of SnO2 that has free
electron-like dispersion, and this can directly contribute to the
conductivity of SnO2. Electrons can also be excited to the next
higher band derived from the Sn 5s orbitals. The CBM remains
at the G point and the band gap is reduced to 2.9 eV. This
theoretical calculation shows that Sb and possibly other
dopants can alter the band structure of the host SnO2. One
important consequence of the strong dispersion near the CBM
of SnO2 is that the Burstein–Moss (B–M) effect is readily
observed in doped SnO2.73 The B–M effect refers to an increase
in the optical band gap in a semiconductor (relative to the
fundamental band gap) with increasing dopant density. When
the electronic states near the CBM are lled, additional energy
is needed to excite electrons from the valence band to the
conduction band. The B–M effect is more apparent in semi-
conductors with low effective electron mass.

In Fig. 2a, a comparison of conduction band alignments that
have been reported in the literature is shown. Zr-doping enables
up-shiing the energy level with improved band alignment
which in turn increases the built in potential.75 For multivalent
Sb-doping in a high concentration, the conduction band does
not up-shi, but due to the oxidation of Sb, the carrier
concentration improved.74 On the other hand, Mg-doping
lowers the CBM compared to un-doped SnO2 due to the
reduction in free electron density in SnO2.76 The Li-dopant in
SnO2 acts as an acceptor and lowers the energy levels of SnO2 as
Li+ ions substitute Sn4+.55 In the case of poly(vinylpyrrolidone)
(PVP)-doped SnO2, the defect density decreases inside SnO2 and
the electron extraction is more effective due to conduction band
lowering.77 Y-doped SnO2 can also elevate the conduction band
which leads to improved charge carrier transport.78 La and Zn
dopants are also very suitable for SnO2 which can upli the
CBM and facilitate the electron extraction and transport with
less energy loss.79,80 In the case of Ga-doping into SnO2, the
conduction band shis upward with an increment of electron
density and a decrement of deep traps.81 Ta5+ doping inside the
SnO2 lattice can increase the oxygen vacancy and thus the
conductivity can be increased with free carrier concentration.82
Fig. 2 (a) Impact of doping elements on conduction band offsets. (b) Thic
using pulse laser deposition, presented with permission and copyright.74

16624 | J. Mater. Chem. A, 2021, 9, 16621–16684
It is also worth noting that the oxide thickness plays an
important role in energy band gap engineering. Ke et al.
demonstrated a thickness induced metal–insulator (MI) tran-
sition for epitaxially grown Sb-doped SnO2 on sapphire
substrates by pulsed laser deposition.74 A critical thickness is
essential for the metallic conductivity in SnO2:Sb thin lms
(Fig. 2b). The broadening of the energy band gap as well as the
enhancement of the impurity activation energy is attributed to
the quantum connement effect.

2.2 Metal-doped tin oxide for improved transparency and
conductivity

The key challenges for SnO2 are its high resistivity and bulk
defects which can trap carriers and reduce device efficiencies.
As a result, selection of a suitable dopant and process design is
very important to reduce bulk defects and to increase its elec-
trical conductivity. The conductivity of SnO2 signicantly
depends on three critical parameters: (1) the dopant, (2)
synthesis procedure, and (3) thickness of the oxide layer.83,84 In
order to increase the conductivity and achieve a better perfor-
mance, a different dopant may be required. Visible trans-
mittance, conductivity, and stability of the dopant in SnO2 are
very important properties for any alternative to ITO. To the best
of our knowledge, a comprehensive review on SnO2 has been
published by Das et al.,85 and there are limited reviews that
focus on doped SnO2 towards energy harvesting and storage.

Aluminium doped ZnO (AZO) and FTO are some of the other
commercially available transparent conductive materials. FTO
exhibits high chemical resistance, excellent thermal stability,
high work function (4.9 eV), strong hardness (6.5 Mohs),86–88

and high optical transparency (T > 80%),89,90 which make it the
material of choice as TCOs for different applications. FTO has
been used as a window layer in photovoltaic devices, passivation
layer for energy-saving smart coatings, transparent conductor
for display and exible devices, electron transport layer, gas
sensors, photodetectors, protective coatings, organic light-
emitting diodes, and materials for the circular economy.91–97

Even though FTO is a promising candidate for the trans-
parent conductor and electron transport layer, both the
conductivity and mobility of FTO are still not comparable with
those of ITO. Some of the key challenges affecting the perfor-
mance and its electrical conductivity of the SnO2 lm are the (a)
kness-dependent energy band gap of epitaxially grown Sb doped SnO2

This journal is © The Royal Society of Chemistry 2021
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carrier mobility and (b) electron density.22,53,98,99 With the
increase of the doping concentration, changes in electronic
properties such as the modication of the bandgap, increased
carrier concentration and widening of the bandgap by lling
low energy levels in the conduction band are observed. As
a result of this, the Fermi level shis up towards the conduction
band, causing an increase in the carrier concentration.54,98,100

Several reports have discussed the electrical properties of SnO2,
doped SnO2, and SnO2 based multilayer structures.101–111 Li et al.
reported nickel-coated FTO (Ni/FTO) through sputtering of Ni
layers onto commercially available FTO glass and successive
pulsed laser annealing under an external magnetic eld (0.4 T)
to enhance the electrical performance of FTO.103 Similarly, Chen
et al. demonstrated a non-thermal dual-plasma synthesis for
antimony doped SnO2, Sb–SnO2 (ATO) nanocrystals with
a uniform composition and a conductivity of 0.1 S cm�1 over
a high surface area.112 While these methods show an increase in
performance, the morphology is affected due to the presence of
pinholes aer thermal treatment. The lanthanum (La) dopant is
a very promising alternative capable of alleviating SnO2 crystal
aggregation and it provides a platform with full coverage and
helps to form a homogeneous lm.80 Furthermore, the La
dopant reduces the band offset of the SnO2 layer with increased
electron extraction and suppressing charge recombination and
thus enhances the power conversion efficiency from 14.24% to
17.08% for perovskite-based solar cells.80

In modern technology, SnO2 based TCOs play a central role
in optical and electronic applications. The performance of these
devices depends critically on the dopant and the properties of
SnO2. Apart from indium (In), doping of tin oxide can be real-
ized with various elements, such as antimony (Sb), uorine (F),
niobium (Nb), tungsten (W), phosphorus (P), strontium (Sr),
tantalum (Ta), lanthanum (La), lithium (Li), gallium (Ga),
molybdenum (Mo), and cobalt (Co) as these dopants provide
precise control over its electrical and optical proper-
ties.71,81,101–104,113–130 All these dopants are discussed in this
section. For example Sb and F are the most suitable dopants for
SnO2,30,101–104,114 wherein Sb substitutes Sn atoms and F substi-
tutes O atoms.89 Sb is an effective dopant because the Sb5+ and
Sn4+ ions are of similar radii. In the case of Sb doped tin oxide
(ATO), it has high transparency (�80%) and low resistivity
(�10�3 U cm), good mechanical hardness, and environmental
stability.88 One key feature of ATO is that its carrier density
increases monotonically with Sb doping within the range of 1020

cm�3,86 while the dopant activation efficiency decreases from
60% to 20%. The room temperature Hall mobility of ATO ranges
from 6 cm2 V�1 s�1 to 24 cm2 V�1 s�1.

FTO is a stable TCO115,116 that has low electrical resistivity due
to the high carrier density.89 It can strongly adhere to any
substrate making it suitable for device integration.16 However,
its electrical conductivity is not as high as niobium (Nb)-doped
tin oxide (NbTO) lms.117 Niobium is an exceptional dopant for
SnO2 as the ionic radius of Nb

5+ (0.064 nm) matches that of Sn4+

(0.069 nm), which enables the substitution of Nb5+ for Sn4+ in
the SnO2 crystal lattice structure.118 If SnO2 is concurrently
doped with Nb and F to replace the Sn4+ and O2� in the SnO2

lattice, respectively, its Hall mobility and carrier generation will
This journal is © The Royal Society of Chemistry 2021
be further enhanced, making it suitable for high efficiency
devices.118 The substitution of Nb5+ for Sn4+ and the integration
of F� are benecial in improving the overall performance. The
synergistic effect of Nb and F co-doped SnO2 lms results in
improved optoelectronic properties compared to those of F or
Nb-doped SnO2 lms.118 Nitrogen is another low-cost and
environmentally friendly dopant for SnO2. The nitrogen dopant
reduces the optical energy threshold and enhances the lm
conductivity.115

Recently, molybdenum (Mo) and tungsten (W) doped SnO2

have been studied by Huo et al.119 The Mo-doped and W-doped
SnO2 lms show an average transmittance of �60% over
a wavelength range between 300 and 2500 nm, which is �2
times higher compared to ITO lms.119 Tungsten is an impor-
tant cation dopant for the SnO2 based transparent conductive
material. The electronic and optical properties of SnO2 can be
enhanced by replacing Sn4+ through W6+.125 Moreover, W6+ has
the highest valence state among the common doping elements
to generate more free electrons.125 Doping with W is also very
helpful to generate more charge carriers and maintain the
structural ability of SnO2.126 Thus, W doped SnO2 might solve
the problems related to SnO2 based anodematerials for lithium-
ion batteries due to its unique characteristics.125 Doping of
strontium (Sr) in SnO2 further widens its potential in improving
the photocatalytic activity, iteration of the electronic structure,
and enhancement of vital physical and chemical properties.127

Studies inuencing the third-order nonlinear optical properties
of Sr-doped SnO2 were limited, and further elucidation is
required for its applications in various optical devices.127 In
another study, Bannur et al. observed a third-order nonlinear
absorption mechanism for Sr:SnO2 lms, which is attributed to
free carrier absorption induced two-photon absorption.127 The
third-order nonlinear absorption co-efficient (beff) shows one
order of improvement (0.14 � 10�1 cm W�1 to 3.91 � 10�1 cm
W�1), which indicates the competency of grown lms in
nonlinear optical device applications.127

He et al. demonstrated the optical and structural properties
of Ta-doped SnO2 monocrystal lms grown on MgF2 (110)
substrates. The Ta dopant for SnO2 takes the form of Ta5+

ions.128 Ta-doped SnO2 lms are of importance due to the high
work function of 5.2 eV, with an average transmission over
87%.128 Ta doping for SnO2 lms show reduced resistivity and
improved Hall mobility.128 The highest Hall mobility of 74.2 cm2

V�1 s�1 is attained for the 5 at% Ta doped SnO2 lm, and the
least resistivity 2.5 � 10�4 U cm is attained at 6 at% Ta
doping.128 It is worth noting that a Ta-doped SnO2 transparent
conductive oxide has been demonstrated as a selectively solar
transmitting coating for the high temperature concentrating
solar power technology.129

Apart from the above-discussed materials, SnO2 can also be
doped using aluminium122–124 to achieve p-type conductivity,120

along with annealing at an elevated temperature of 450 �C. In
such a process, the electron concentration decreases with
aluminum doping due to substitution effects. Gallium (Ga) is
another promising p-type dopant for SnO2 since it can substi-
tute Sn atoms with less lattice deformation compared to Al and
In.27 The doping of Ga is quite effective in the context of the role
J. Mater. Chem. A, 2021, 9, 16621–16684 | 16625
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of SnO2 in perovskite-based devices. Ga-doped SnO2 is used as
an efficient electron transport layer in planar perovskite solar
cells (PSCs)81 because of its better band alignment with the
perovskite absorption layer for efficient electron extraction.81

Besides, Ga doping reduced the trap state density in SnO2,
leading to a lower recombination and negligible hysteresis.81 All
these combined to deliver an improved efficiency. Several other
Fig. 3 Calculated partial charge densities of (a) FO+ and (b) Fi� in the dow
are depicted using a stick model for clarity, while the F atoms are colo
densities of 0.001 and 0.02 eV Å�1 were used for panels (a) and (b), re
adsorption configurations of (c) propylamine (PA), (d) ethylenediamine (
ATO (110) surface. The bond distances are given in Å. Color codes: O-re
with permission and copyright. The partial charge densities at the CBM o
that Sb and F both hybridize with the CBM, thus having a detrimental effec
Ta does not undergo this same effect,107 presented with permission and

16626 | J. Mater. Chem. A, 2021, 9, 16621–16684
dopants in SnO2 that can also improve the PSC performance will
be discussed below in the section ‘Impact of SnO2 on PSCs’.
Cobalt (Co) is also a good substitute for noble metals as the
dopant for SnO2. Co ions can easily replace tin ions in SnO2

without destroying the lattice structure because of the
compatible ionic radii.130 Also, the Co dopants can enter the
tetragonal rutile type SnO2 and suppress the grain growth.130
n and across directions, respectively. The Sn (gray) and O (black) atoms
red red (FO) and pink (Fi) corresponding to the defect color. Charge
spectively,22 presented with permission and copyright. The preferred
EDA), (e) triethylamine (TEA), and (f) monoethanolamine (MEA) on the
d, Sn-gray green, Sb-cyan, C-gray, N-blue, and H-white,106 presented
f SnO2 for TaSn (g), SbSn (h), and FO (i). The densities highlight the fact
t on the band curvature with increased doping concentrations, and that
copyright.

This journal is © The Royal Society of Chemistry 2021
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The doping in SnO2 results in the modication of optical and
electronic properties that are needed for various applications.
2.3 Design of doped SnO2 for TCO applications:
computational modeling

The computational screening approach for dopants of SnO2

comprises an efficient and reliable calculation of its bandgap,
effective mass, binding energy, and the formation
energy.12,100,131–133 In recent times, computational screening
approaches have shown immense potential in identifying suit-
able dopants of SnO2 to increase the inherent electrical and
optical properties. Towards this end, Cheng et al. investigated
the rst-principles-based computer screening system in search
of suitable dopants or co-dopants for SnO2 to develop new SnO2-
based transparent conducting oxide systems.100 Based on
computer simulations, it is found that the best candidates for
SnO2-based TCOmaterials are FTO, ATO, phosphorus (P) doped
SnO2 PTO (P-doped SnO2) and FPTO (F and P co-doped SnO2).100

In another interesting work, Swallow et al. investigated the n-
type FTO (n > 1020 cm�3) deposited onto soda-lime glass via
atmospheric pressure chemical vapor deposition (APCVD) to
reveal inherent self-compensation, which limits the mobility,
achievable free electron density, and higher conductivity.22 By
using DFT energy calculations, it is determined that the inter-
stitial uorine in the �1 charge state might be the lowest
formation energy acceptor defect for degenerately doped FTO,
as shown in Fig. 3a and b.22 Hence, they provided new conr-
mation of uorine interstitial as the defect responsible for FTO
falling well short of the theoretical ionized impurity scattering
with a limited mobility of >100 cm2 V�1 s�1.22

ATO is more advantageous due to its low cost and abun-
dance. ATO thin lms also display excellent electronic and
optical properties comparable to those of ITO lms and thus
ATO is emerging as a promising alternative to ITO. Borgatti et al.
elucidated the origin of the satellite structure observed in the Sn
4d core-level photoemission spectrum (PES) of ATO by
comparing the experimental measurements to results obtained
from ab initio many-body perturbation theory.134 They estab-
lished that such a satellite structure is produced by the coupling
of Sn 4d core electrons to the plasma oscillation of the free
electrons observed in the material through doping.134 Moreover,
within the same theoretical framework, the enrichment of the
asymmetric tail from the valence band photoemission spectrum
of doped SnO2 was also explained.134 These results reveal that to
capture the satellite structures for narrow-bandmaterials and to
identify properly the underlying electronic structure excitations,
it is vital to go beyond the homogeneous electron gas (HEG)
electron–plasmon coupling model and to perform material-
specic ab initio calculations.134 The GW (where G is the one-
particle Green's function and W is the screened coulombic
interaction) approximation (GWA) for the self-energy and the
cumulant (C) expansion of the Green's function were incorpo-
rated into the rst-principle GW + C scheme to interpret the
electron correlation in PES spectra. In this perception, the
results for ATO imply that the GW + C theory can be a very
promising approach for the interpretation of electron
This journal is © The Royal Society of Chemistry 2021
correlation features for PES of several conductive oxide mate-
rials.134 Kim et al. investigated the electronic structure of pure
and doped SnO2 nanocrystals within a range of 1.3–2.4 nm
diameter. Herein, strong quantum connement effects were
observed and the electron binding energy for Sb doped nano-
crystals decreases with the size.135

In another study, Chen et al. investigated an instant post-
synthesis strategy for aqueous colloidal dispersions of nano-
crystals, using ethylenediamine (EDA), propylamine (PA),
monoethanolamine (MEA), and triethylamine (TEA).136 By using
DFT calculations, they found strong attractive interactions
between amines and ATO surfaces viaN–Sn and especially N–Sb
bonding interactions, as shown in Fig. 3c–f.136 The energies of
amine adsorption on the Sb site vary from 0.95 eV to 3.28 eV,
following the order of TEA < PA < EDA < MEA, which is at least
0.2 eV higher than the corresponding adsorptions of the Sn
site.136 This implies stronger adsorption of amines on Sb sites
than on Sn sites. The proposed strategy improved the perfor-
mance of electrochromic devices such as good reversibility, fast
response, and high optical modulation.136 Williamson et al.
demonstrated that tantalum (Ta) is a resonant donor in SnO2

using a combination of hybrid DFT calculations, IR reectivity,
and hard X-ray photoelectron spectroscopy.137 It is reported that
Ta is a superior dopant to both uorine and antimony (Fig. 3g–
i), with the capacity to yield higher conductivity, mobility, and
better IR transparency as compared to FTO and ATO.137 These
ndings imply that Ta-doped SnO2 has the potential for large
surface area applications with low-cost TCO substrates.137

Ganose et al. used DFT to show that incorporation of lead
(Pb) into SnO2 reduces the bandgap through lowering of the
conduction band minimum, thereby increasing the electron
affinity.54 The electron effective mass at the conduction band
minimum decreases alongside the bandgap, demonstrating an
improved charge carrier mobility.54 Moreover, the calculated
optical absorption properties show that the alloys maintain
their transparency in the visible spectrum. These properties
make SnO2:Pb a more efficient n-type transparent material and
an ideal candidate for use in TCO applications.54

Phosphorus (P)-doped SnO2 (SnO2:P), PTO, lms were
synthesized by an aerosol assisted chemical vapor deposition
route with excellent optical and electrical properties.5 A data
generator was used to build computational models of P as
a dopant for SnO2 and showed that phosphorus acts as
a shallow one electron n-type donor allowing improved
conductivities. P does not suffer from self-compensation issues
associated with other dopants, such as F. This synthetic route
opens up the possibility of using a common element to dope
SnO2 lms for transparent conducting oxide applications.5
3. Design of doped SnO2 for TCO
applications: different experimental
approaches

As discussed in the previous section, the conductivity of un-
doped SnO2 is signicantly improved by doping with various
dopant elements such as F,103,104 Mn,105,138 Ta,106,107 and Sb.101,102
J. Mater. Chem. A, 2021, 9, 16621–16684 | 16627
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Fig. 4 Various solution-based approaches for metal oxide film deposition. Reproduced with permission.139 Copyright 2011, The Royal Society of
Chemistry.
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Tin oxide thin lms are usually deposited using solution-based
deposition and vacuum-based deposition techniques. Solution-
based deposition methods offer numerous benets over
vacuum-based deposition techniques; e.g. simpler processing,
better scalability, and lower manufacturing cost.139,140 On the
other hand, thin lms grown using solution-based techniques
have porous surface morphologies, and their electrical proper-
ties are relatively poor compared to those of vacuum-based
techniques. Several solution-based approaches such as the
sol–gel process, hydrothermal synthesis, chemical bath depo-
sition, successive ionic layer adsorption and reaction, and spray
deposition are widely reported for doping SnO2 lms. To this
end, Pasquarelli and co-workers have thoroughly reviewed
several solution-based lm deposition processes, as elucidated
in Fig. 4.139 In this review article, we discuss the doping of SnO2

using solution and vacuum based techniques. Synthesis of high
quality doped SnO2 is much sought-aer. The impact of
dopants on its surface morphology and optical and electronic
properties is discussed in detail.
3.1 Sol–gel and spin coating

Due to its simplicity, sol–gel based processes have gained
popularity, and the sol–gel deposition of doped SnO2 lms is
already well established.141,142 A facile approach has been re-
ported to control the morphology of doped and pure SnO2 lms
by a sol–gel dip-coating process.143 The root mean square (RMS)
roughness value of SnO2:Sb thin lms was found to be 1% of
lm thickness, which makes them suitable for optoelectronic
applications. The authors reported a resistivity of �10�5 Um for
the 5 mol% Sb-doped SnO2 lms. An average transmittance of
>80% (in the UV-vis region) was found for all these lms. The
bandgap energy of SnO2:Sb varies in the range of 3.69–3.97 eV
with an increase in Sb doping concentration.143

Shi et al. studied the effect of uorine concentration on FTO
lms by the improved sol–gel method.144 The surface
morphology, optical properties, and electrical properties of
lms were investigated for different uorine concentrations.
The grain size increases with an increase in F concentration, as
shown in Fig. 5a–f. The particle shape changes from a rod-like
16628 | J. Mater. Chem. A, 2021, 9, 16621–16684
structure to a pyramid with an increase of F concentration.
This is particularly benecial for energy conversion devices. The
visible transmittance and sheet resistance signicantly depend
on the F concentration (Fig. 5g and h). The sheet resistance for
un-doped SnO2 lms is 450 U sq�1. However, the sheet resis-
tance decreases from 450 U sq�1 to 14.7 U sq�1 with the
increase of uorine concentration.144

In another study, it is observed that with a lesser number of
coatings, the lm has larger inter-grain boundaries (i.e. more
porous) leading to poor electrical properties. A large number
(>7) of sol-layers lead to cracks in the lm that decreases the
Hall mobility.140 Therefore, an optimum thickness is required to
obtain a higher electrical conductivity that, in turn, gives the
preferred dense surface morphology for better electrical
performance. Jin et al. demonstrated an improved approach in
which stannous oxalate (SnC2O4) was dispersed in deionized
(DI) water together with citric acid and triethanolamine to
obtain a sol–gel solution. The dip-coated lm shows a lower
sheet resistance of �30–40 U sq�1.145 Doping of Ta and Nb in
SnO2 lms by the dip-coating technique achieves moderate
electrical properties.146

Gallium (Ga)-doped SnO2 semiconductors show p-type
conductivity with an average optical transmittance of more
than 87%. Thin lm Ga-doped SnO2 was fabricated using a sol–
gel spin coating process with a doping concentration of gallium
greater than 10%.27 Ga doping reduces the grain size from
7.63 nm to 3.36 nm as the Ga doping concentration increased
from 0% to 20%. The RMS surface roughness increased from
2.34 nm at 0% doping to 1.29 nm at 20% and the band gap
energy decreased from 3.92 eV for undoped to 3.83 eV for 15%
Ga doping. The highest mean hole concentration obtained by
this method (1.70 � 1018 cm�3) is slightly lower than that ob-
tained by DC (direct current) magnetron sputtering (8.84 � 1018

cm�3), as reported by Huang et al.147 Moreover, the carrier
mobility was found to decrease as the resistivity increased with
doping. An organic additive-free aqueous solution based
process was reported for the sol–gel synthesis of doped SnO2.
Film formation was demonstrated via an evaporation-driven
method and dip-coating in a thermostatic oven at 25–60 �C. A
crystalline SnO2 lm was obtained aer heat treatment at
This journal is © The Royal Society of Chemistry 2021
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Fig. 5 SEM images of films with different F concentrations: (a) SnO2, (b) SnO1.94F0.06, (c) SnO1.9F0.10, (d) SnO1.86F0.14, (e) SnO1.82F0.18, and (f)
SnO1.78F0.22. (g) Transmission spectra of films with different F concentrations and (h) sheet resistance of SnO2 films with different F/Sn ratios,144

presented with permission and copyright.
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700 �C for 10min.148Non-toxic stannous uoride (SnF2) was also
used as a uorine source to deposit the uorine-doped SnO2

thin lms. The process was referred to as the green sol–gel
method. The SnF2 content was varied from 0 to 10 mol% to
optimise differing conductivity. The solution was stirred at
80 �C for 2 h and then dip-coated to form FTO thin lms, which
exhibited a resistivity around 7.0 � 10�4 U cm.149

Film deposition using SnO2 nanoparticles is similar to the
sol–gel process and involved pre-synthesized nanoparticles.
This process has the advantage that post-deposition annealing
at high temperatures is not necessary to achieve crystalline
lms because nanoparticles are already in the crystalline phase.
In another report, Zhao et al. demonstrated a surfactant-free
and binder-free deposition of Sb:SnO2 in a compact thin lm
using Sb:Sn3O4 suspension.150 The as-prepared lms have
electrical resistivity around 3.04 � 10�2 U cm and a trans-
parency of �92.70%.150 Synthesis of highly crystalline Sb–SnO2

nanoparticles is achieved by microwave heating of the antimony
acetate and SnCl4 precursors in benzyl alcohol and toluene at
135 �C for 15 min. The spin-coating of ATO dispersion resulted
in uniform lm deposition with 90% transparency and 1.9 �
This journal is © The Royal Society of Chemistry 2021
10�2 U cm resistivity.151 Deposition of F-doped SnO2 lms by
Nadarajah et al. involved a reactive tin(II) hydroxide nitrate
nanoscale cluster in an aqueous solution. Those lms rendered
very low electrical resistivity (1.5 � 10�4 U m) and optical
transmittance (>85%).152 It is also worth noting that, generally,
dopants which formed nanoparticles resulted in a rough
surface.
3.2 Chemical bath deposition

A low temperature and single precursor based chemical bath
deposition (CBD) approach was presented by Tsukuma et al.153

in which SnF2 was dissolved in DI water, and lm growth
occurred at 40 �C. Aer the heat treatment, the electrical
properties improved signicantly and the resistivity was
measured to be �1.4 � 10�2 U cm.153 An aqueous solution of
SnF2 and HF resulted in a thin lm when small amounts of
H2O2 and/or H3BO3 were added, but the resistivity was found to
be�18.7U cm.154 This high resistivity is due to poor crystallinity
and the presence of high interface defects for the lm synthe-
sized by using CBD and liquid phase deposition (LPD) methods
J. Mater. Chem. A, 2021, 9, 16621–16684 | 16629
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at low temperatures (40–75 �C).154 Raviendra et al.155 demon-
strated an electroless deposition of polycrystalline Sb–SnO2 thin
lms using stannic chloride (SnCl4), ammonium uoride
(NH4F), and silver nitrate in a solution at room temperature.
The visible transmittance and reectance in the infra-red region
of pristine SnO2 lms were found to be �80% and �70%,
respectively, with resistivity on the order of �10�2 U cm. In
contrast, Sb-doped SnO2 lms showed a visible transmittance of
86% and an infra-red reectance of �83% with resistivity in the
range of �10�3–10�4 U cm. The resistivity of the Sb-doped thin
lms was excellent and comparable to the lms deposited using
the physical deposition process. When the antimony doping
concentration was increased from 0 to 5 at%, the grain size
increased from 30 to 65 nm. The larger grain size reduced the
grain boundary scattering by reducing the grain boundary
potential, which resulted in enhanced mobility and conduc-
tivity.155However, this process required ne control over pH and
therefore reproducibility can be challenging.155
3.3 Spray coating and aerosol jet

Spray pyrolysis is a widely used deposition technique for
achieving high-quality pure and doped SnO2 lms on a hot glass
substrate (400–600 �C). This process is simple, inexpensive and
efficient.87,156,157 It makes the process of adding several dopants
easier with a high growth rate and reproducibility and enables
mass customization for homogeneous large part deposi-
tion.158–160 However, due to high processing temperatures, it can
result in certain constraints in depositing the top electrode on
functional layers. In these deposition processes, the sheet
resistance initially decreases from 189.0 U sq�1 to a minimum
of 4.1 U sq�1 with the increase of the substrate temperature
from 250 �C to 300 �C and then saturates.158 In this process, the
lattice parameters remain fairly constant with temperature but
the crystallinity and transmittance increase, while higher
temperatures (>250 �C) result in rougher surfaces. Doping not
only affects the preferred orientation but also the source
compounds, solvent, and growth parameters (such as the
Table 1 Properties of SnO2 thin films deposited using solution-based te

Dopants Thickness (nm) Resistivity (U cm)
Trans
(%)

Undoped 720 1.15 � 10�3 86
Sb-doped 525 4.7 � 10�4 60
P-doped 400 7.2 � 10�4 80
Ga-doped 160 0.71 87.5
Nb-doped 550 9.6 � 10�4 71.87
Mo-doped 1.7 � 104 1.6 60
W-doped 1.7 � 104 0.61 69
Mo and W co-doped 1.35 � 104 0.35 56
F-doped 1000 4.1 � 10�4 75
F-doped 440 — 84.61
F-doped 211 8.9 � 10�4 79.4
Sb-doped 454 2.81 � 10�3 60.55
Sb-doped 340 1.98 � 10�5 72
Co-doped 450 37.35 80
F-doped 300 1 � 10�3 80

16630 | J. Mater. Chem. A, 2021, 9, 16621–16684
solution concentration, feed rate, and spraying gas pressure). It
is claimed that the uorine doping using the ultrasonic spray
technique161 decreases the sheet resistance from about 138 U

sq�1 to 35 U sq�1 and increases the optical bandgap from
3.57 eV for a single crystal SnO2 to 3.77–3.93 eV.

Ultrasonic spray pyrolysis of FTO layers on exible substrates
leads to compact grain structures without cracks.162 Muthuku-
mar et al. reported that an increase in the growth temperature
from 360 �C to 400 �C results in an average grain size increase
from 70 nm to 100 nm and an RMS roughness increase from
6.4 nm to 10.5 nm.162 The Hall mobility increased from 11 cm2

V�1 s�1 to 20.1 cm2 V�1 s�1 and resistivity decreased from 1.3 �
10�3 U cm to 6.3 � 10�4 U cm, with the increase of growth
temperature. With the increase of lm thickness from 211 to
480 nm, there was an increase in the average grain size from
85 nm to 110 nm and the RMS roughness from 9.2 nm to
19.2 nm due to competitive grain growth processes.162 Niobium-
doped SnO2 thin lms of cassiterite tetragonal structure and
polyhedron-shaped grains grown by spray pyrolysis are pre-
sented.117,163,164 In this deposition process, the optical trans-
mittance increased when compared to that of undoped SnO2,
while the absorption edge is red-shied with an increase in the
niobium doping concentration.117

According to Kumar et al., doping with neodymium (Nd)
improves the electrical parameters of n-type SnO2 lms.165 The
resistivity of SnO2 lms initially decreased with the Nd doping
level up to 4% and further increased for a higher doping level of
6%.165 The change in resistivity was found to be associated with
the carrier concentration and grain boundary scattering in the
doped SnO2 lms. The increment in the carrier concentration
and conductivity was related to the increase in Nd dopants that
generated more carriers in the SnO2 lattice upon substitution.
In a report by Serin et al., the electrical conductivity of spray-
deposited polycrystalline un-doped SnO2 lms was calculated
using a two-point probe method as a function of substrate
temperature.166 The Hall mobility and electron concentration as
a function of substrate temperature have been studied in
detail.166 The highest mobility of 35 � 1.1 cm2 V�1 s�1 was
chniques

mittance
Mobility (cm2 V�1 s�1) Year Reference

0.61 2008 Kasar et al.15

11 2018 Ponja et al.3

35 2018 Powell et al.5

8.33 � 0.16 2015 Tsay et al.27

— 2013 Turgut et al.117

— 2017 Huo et al.119

— 2017 Huo et al.119

— 2017 Huo et al.119

— 2010 Miao et al.158

— 2015 Benhaoua et al.161

17.9 2013 Muthukumar et al.162

0.347 2013 An et al.140

— 2013 Lekshmy et al.143

— 2010 Bagheri et al.167

28 2014 Wang et al.168

This journal is © The Royal Society of Chemistry 2021
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observed at 300 �C. The mobility decreased with increasing
temperature. The conductivity of SnO2 samples was found to be
persistent with respect to the substrate temperature. Initially,
the electrical conductivity and free-electron concentration
increased with the substrate temperature and then fell laterally.
However, the Hall mobility rst decreased and then increased
with increasing substrate temperatures. The Hall mobility
values reported for SnO2 lms were lower as compared to
monocrystalline thin lms. The low values of mobility might be
due to the hindrance provided by grain boundaries with respect
to carrier transport in the SnO2 polycrystalline lm. The prop-
erties of doped SnO2 lms prepared by solution-based tech-
niques are tabulated in Table 1.

The solution-based approach offers a facile and an efficient
process to deposit lmsmade up of metal oxide on polyethylene
terephthalate (PET) and glass substrates with low cost and scale-
up opportunity. Doping of various elements shows the versa-
tility of the solution approach towards the design of highly
conducting and transparent tin oxide lms. Although there are
reports on the lm deposition at low temperatures, achieving
good crystallinity is critical to obtain desirable electrical and
optical properties. Most processes require post-growth heat
treatment to achieve high electrical conductivity that again
limits their application in low-temperature device fabrication.
Therefore, further efforts on the development of nanomaterials
based on SnO2 thin lms are key to resolve these existing
challenges.
Fig. 6 Vacuum based physical vapor deposition techniques.

This journal is © The Royal Society of Chemistry 2021
3.4 Chemical vapor deposition (CVD) and metal–organic
chemical vapor deposition (MOCVD)

Wang et al.168 deposited FTO lms by the CVD technique with
the inclusion of different additives and reported a carrier
mobility of �28.5 cm2 V�1 s�1 at a high carrier concentration of
�4 � 1020 cm�3. The reported high mobility is associated with
the development of (200) preferred orientation of the CVD-
grown FTO thin lms.168 In another work, Ponja et al.3 demon-
strated antimony doped SnO2 thin lms using aerosol assisted
CVD. The samples with 4 at% Sb dopant exhibited an electron
mobility of 11.4 cm2 V�1 s�1 and a relatively high carrier density
of 1021 cm�3 with a visible transmittance of 60%. Hybrid density
functional theory (DFT) calculations reveal the performance
limit beyond a certain dopant level and the appearance of Sb(III)
within the doped thin lms.3 Phosphorus doped SnO2 which
displays excellent electrical properties and optical properties
was synthesized by using aerosol assisted CVD (AACVD).5

Phosphorus concentration plays a key role in obtaining high
mobility and high visible transmittance. Both the surface
morphology and crystallinity depend on the phosphorus
concentration.5

Ta-doped SnO2 lms were deposited on a-Al2O3 (012)
substrates by using a MOCVD method. The deposited lms
showed an average transmittance of >88% in the visible wave-
length range.169 When the Ta concentration was increased from
0 to 8 at%, the transparency range extended to the UV-B spectral
region (i.e. 280–320 nm), and the optical bandgap of the lms
increased from 3.96 to 4.30 eV.169 Furthermore, 4 at% of Ta
J. Mater. Chem. A, 2021, 9, 16621–16684 | 16631
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doped SnO2 lms showed the highest Hall mobility of 58.1 cm2

V�1 s�1, and the lowest resistivity of 4.0 � 10�4 U cm was ob-
tained at 6 at% of Ta doping concentration.169 Ta-doped SnO2

epitaxial lms demonstrate benecial electrical properties and
transparency extending to the UV-B light region, indicating
a wide range of applications from transparent electric to
photoelectric devices.169
3.5 Doping of SnO2 through physical vapor deposition
methods

Thin-lm SnO2 can be synthesized by using different physical
vapor deposition techniques, namely, magnetron sputtering,
pulse laser deposition, thermal evaporation, and electron beam
evaporation. Fig. 6 depicts the different techniques employed to
synthesize SnO2 thin lms. Physical vapor deposition tech-
niques provide high-quality thin lms when compared to
solution-based methods. The lm thickness, composition, and
electronic properties can be tuned precisely. The sputter depo-
sition technique is commonly used for SnO2 deposition. It is
a widely accepted and used technique for numerous applica-
tions including metal electrodes, transparent conductors, gas
sensors, liquid crystal displays, LEDs, thin-lm solar cells, and
dielectric layers in low emissivity coatings for energy-saving
smart windows. Due to its higher deposition rate, excellent
reproducibility, competitive cost, and the possibility of using
commercially available large-area sputtering systems, magne-
tron sputtering is a preferred technique.2,26,31,170–175 Numerous
reports have been made to grow SnO2 thin lms by doping
using the direct sputtering technique.89,115,172–179 DC magnetron
sputtering offers a high deposition rate, uniformity over a large-
area substrate and provides easy control over the composition
of lms. SnO2 lms with single phase tetragonal polycrystalline
structures can be deposited by sputtering and annealing in air
at different temperatures. It is also worth noting that the crys-
tallization of lms grown at high substrate temperatures is
enhanced.178

Banyamin et al.89 demonstrated the electrical and optical
properties of FTO deposited by mid-frequency pulsed DC
magnetron sputtering89 from a loosely packed blended SnO2

and F2 powder to produce homogeneous n-type thin lms at low
temperatures without post-deposition treatment. This method
has several advantages: (1) enhanced sputtering rate without
any need for reactive process control equipment, (2) low depo-
sition temperatures, (3) suppression of arcs, and (4) the
formation of dense homogeneous lms. Furthermore, the
loosely packed powder avoids target cracking and allows varia-
tion of the composition.89 Apart from the scattering losses at
surfaces, sputter-deposited FTO has high transparency (82–
85%) in the visible region, which is independent of doping. In
this process, the mean crystallite size increases with both the
uorine content and temperature, but diminishes with excess
uorine due to the solubility limit. The bandgap increases
slightly with F doping (from 3.70 to 3.77 eV).

Polycrystalline tantalum-doped tin oxide (TTO) lms can be
deposited onto amorphous substrates to obtain lower resistivity
using the radiofrequency (RF)-magnetron sputtering method.177
16632 | J. Mater. Chem. A, 2021, 9, 16621–16684
Thin lm resistivity in such processes decreases exponentially
from 1 to 1.7 � 10�3 U cm with respect to the substrate
temperature. These resulted in an average optical transmittance
decrease from 97% at 600 �C to 91% at 700 �C. The charge
carrier density increased from 3.6 � 1018 cm�3 at 300 �C to 3.3
� 1020 cm�3 at 700 �C, while the Hall mobility increased from 1
to 12 cm2 V�1 s�1. With an increase in the oxygen ratio in the
process gas mixture, the charge carrier density initially dropped
and then increased, thereby decreasing its mobility, trans-
mittance, and grain size. It is possible to prepare nitrogen-
doped tin oxide in an amorphous phase onto exible PET
substrates by RFmagnetron sputtering.115 Increasing the oxygen
partial pressure produces oxygen-rich smoother and more
uniform lms, thereby increasing the transmittance (about 80%
in the visible region) and the optical band gap (from 3.19 to
3.42 eV for 1 to 4% partial pressure). The resistivity of nitrogen-
doped SnO2 is in the range of 9.1 � 10�4 U cm.

Low-temperature reactive DC magnetron sputtering can also
be used to prepare antimony doped tin oxide lms on glass and
graphite substrates using a metallic tin target, without addi-
tional heat treatment.179 The electrical resistivity of such lms
varies with the oxygen content in the sputtering gas atmosphere
as it inuences the optical properties such as changes in color
(yellow at 10% but brown at 16% oxygen). It also provides
moderate transmission whereby at 17% oxygen, the average
optical transmittance is about 74%. Besides, the bandgap
energy increases with the oxygen content from 2.2 eV at below
17% to approximately 3.6 eV at 17% of SnO2.

Dopant elements, the synthesis mechanism and post-
deposition treatments play an important role in achieving high
electrical conductivity and optical transparency for TCOs.180,181

The Sb-, Ta-, Nb-, F-, arsenic (As)-, and tungsten (W)-doped SnO2

thin lms have been widely explored.86,182,183 Even though Sb is
the frequently used dopant for SnO2 lms for optoelectronic
device applications,86,172 the persistent issue is the strong
resistivity dependency on the lm thickness.171 In general, when
the thickness is decreased by tens of nanometers, the resistivity
of TCO thin lms increased signicantly.171 Shihui Yu et al.
developed Sb-doped SnO2 (ATO) thin lms with varying thick-
nesses on a glass substrate by magnetron sputtering and
proposed a mechanism of varying electrical properties with
respect to lm thickness.171 In 2019, Bhasker Parida et al.
deposited high-quality ITO lms by RF magnetron sputtering
with post-thermal annealing in a nitrogen environment.184 The
high quality of ITO lms is attributed to the combined effects of
effective suppression of oxygen incorporation into lms due to
the post-annealing process.184

Liao et al. and Kim et al. also reported the conductive
properties of SnO2 lms by introducing H2 into sputtering
plasma.185,186 Thin lms of FTO were prepared by pulsed DC
magnetron sputtering with a metal tin target through two
different modes: the transition mode and the oxide mode. In
the transition mode, the CF4 gas ow rate was varied, whereas,
in the oxide mode, the CF4 gas ow was xed, but the H2 gas
ow was varied.185 A minimum resistivity of 1.63 � 10�3 U cm
with an average visible transmittance of 80.0% was obtained for
the transition mode, whereas in the oxide mode the resistivity
This journal is © The Royal Society of Chemistry 2021
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reduced to 8.42 � 10�4 U cm with an average transmittance of
81.1%. Kim et al. investigated the effect of using hydrogen
plasma treatment on the structural and electronic properties of
sputter-grown SnO2.186 The electrical conductivity of the lm
increases due to the generation of oxygen vacancies aer
hydrogen plasma treatment. On the other hand, hydrogen
plasma treatment etched SnO2 lms and subsequently
degraded their crystalline quality and optical transmittance.
Zhu et al. prepared FTO lms by using RFmagnetron sputtering
with a SnO2–SnF2 target in an Ar + H2 atmosphere. The intro-
duction of H2 during sputtering can improve the conductivity of
FTO lms. It was also revealed that the base pressure has
a notable inuence on the structural properties of FTO lms.187

The performance of TCO is considerably affected by the crys-
tallinity and surface morphology of the lm.188,189 Smoother
surfaces reduce the contact resistance and localized eld
effects,190,191 whereas rougher or patterned surfaces affect the
amount of light absorbed by the active layers due to entrapment
of incident light (by scattering the incoming light and
increasing the optical path length of light within the solar
cells).192,193 A pyramidal surface is found to have a larger
Fig. 7 (a) u–2q X-ray diffraction patterns for Sn1�xTaxO2 (TTO) films w
reciprocal space map around the asymmetric 112 diffraction peaks for a T
bulk SnO2. (c) Ts dependence of Hall mobility (mH, circles) and full width at
(FWHM002u, diamonds) for the TTO (x ¼ 3 � 10�3) films, where Ta5+ ion
(100% doping efficiency),197 presented with permission and copyright.

This journal is © The Royal Society of Chemistry 2021
transmission and efficiency than those of a rectangular
surface.188 The surface morphology and grain orientation of
a lm are affected by its own thickness.194 The electrical
conductivity and transmittance of the lm increases and
decreases, respectively, with increasing thickness of the lm.156

Engineering the morphology is important for specic
applications, and roughness in relation to morphology can be
tuned by incorporating additives during the process.195 It is also
worth noting that the resistivity depends on the crystalline
orientation.10 Investigation of doped SnO2 by trivalent ions
using the pulsed layer deposition (PLD) technique reveals that
the lms exhibit preferential orientation and have an average
transmittance of 83–86%. The resistivity decreases with the
increase of doping from 0% to 6%; however, for doping with
>6%, the resistivity increases.196 Fukumoto et al. demonstrated
epitaxially grown high mobility Ta-doped SnO2 lms on TiO2

substrates using pulsed laser deposition.197 Ta-doped SnO2

(Sn1�xTaxO2, TTO) thin lms epitaxially grown on TiO2 (001)
substrates using pulse laser deposition showed a very high Hall
mobility of 130 cm2 V�1 s�1 at room temperature with a carrier
density of �1020 cm�3 (Fig. 7). It is also worth noting that the
ith x ¼ 3 � 10�3 grown at various substrate temperatures (Ts). (b) A
TO film grown at Ts ¼ 600 �C. A cross represents the peak position for
half maximumof the rocking curve (u scan) for the 002 diffraction peak
s were substituted for the Sn4+ sites and generated one electron per Ta

J. Mater. Chem. A, 2021, 9, 16621–16684 | 16633
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Table 2 Properties of SnO2 thin films deposited using vacuum-based techniques

SnO2 Thickness (nm) Resistivity (U cm) Transmittance (%) Mobility (cm2 V�1 s�1) Year Reference

F-doped 400 6.71 � 10�3 83 15.1 2014 Banyamin et al.89

AlN-doped 200 0.05 90 5 2015 Wu et al.120

Al-doped 1050 0.81 80 1.1 2010 Entradas et al.121

Al-multilayer SnO2: 200 1.38 80–81 0.399 2014 Park et al.175

Al: 25
N-doped 100 9.1 � 10�4 80 — 2015 Fang et al.115

N-doped 8 � 10�2 Above 80% 6.75 2019 Nguyen et al.198

Sb-doped 220 1.8 � 10�3 11.6 2015 Bissig et al.86

Sb-doped 300 4.9 � 10�3 74 — 2010 Boltz et al.179

Sb-doped 700 3 � 10�3 80 6.5 2010 Montero et al.199

Cu-multilayer SnO2: 0 0.29 87 — 2014 Yu et al.200

Cu: 14 7.79 � 10�5 54 —
Zn-doped 850–900 7.436 80 35.14 2012 Ni et al.201

Ta-doped 1.7 � 10�3 91 12 2014 Weidner et al.177

Ta-doped 400 5.4 � 10�4 85 25.7 2016 Weidner et al.202

Ta-doped �120 6.0 � 10�4 — 130 2020 Fukumoto et al.197

Ta-doped 453 4 � 10�4 88 58.1 2019 He et al.169

Cd-doped 82 1.78 � 10�3 84 — 2012 Flores et al.203
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Ta5+ ions are substituted for the Sn4+ sites and generate one
electron per Ta, which suggests 100% doping efficiency for the
Ta dopant. The properties of doped SnO2 lms prepared by
vacuum-based techniques are summarized in Table 2.

The synthesis mechanism plays an important role in SnO2

based TCOs. The surface morphology, chemical composition
and bulk defects depend on the synthesis process.204 In general,
the vacuum based technology provides better uniformity of the
lm and lower bulk defects over solution based techniques.
Chemical composition can be precisely controlled using
a vacuum based process. However, the solution based process
provides easy synthesis, nanostructure tuning, and large scale
production. Table 3 describes the advantages and challenges for
different synthesis processes for SnO2.
4. Multilayered SnO2/metal
structures for improved TCO
performance
4.1 SnO2/metal/SnO2 multilayers

Multilayers of SnO2 were studied for different applications, such
as the transparent conductor, low emission glass, transparent
heater, etc. They typically consist of oxide-metal-oxide (OMO)
trilayers. The oxide layers in such materials are composed of
different oxides such as TiO2, ZnO, SnO2, and ZrO2. Such
arrangements are quite benecial as they provide high trans-
mittance and higher conductivity due to the presence of a metal
layer. SnO2/metal/SnO2 multilayer structures show promising
characteristics for the transparent conductor and smart coating
applications.2 SnO2–Cu–SnO2 based multilayers are deposited
onto quartz substrates using DC/RF magnetron sputtering.200

Metal-based multilayer structures have low resistivity (ranging
from about 0.29 U cm for pristine to 7.79 � 10�5 U cm for the
14 nm thin copper lm), with comparable optical transmittance
in the visible spectrum (�73% for 4 nm copper thickness, which
16634 | J. Mater. Chem. A, 2021, 9, 16621–16684
decreases to 54% with an increase of the copper layer thickness
to 14 nm, as shown in Fig. 8a and b). Apart from that, the
multilayer lms were thinner and more durable than single-
layered TCO and single-layered metal lms, respectively. The
optical bandgap energies decrease from 4.27 eV to 3.77 eV for
14 nm Cu thickness (Fig. 8c). With the increase of the substrate
temperature from 100 �C to 300 �C, the resistivity decreases and
reaches its minimum value of 6.5 � 10�5 U cm (Fig. 8d). A
further increase in the substrate temperature leads to a drastic
increase in the resistivity.

Sandwich structured Zn/SnO2/Zn multilayer thin lms can
also be prepared on quartz glass substrates using DC and RF
magnetron sputtering processes, followed by thermal treatment
to obtain p-type thin lms.201 SnO2:Zn thin lms exhibiting p-
type behavior with a resistivity of 7.436 U cm and a carrier
concentration of 2.389 � 1017 cm�3 with transparency
exceeding 80% were obtained at optimum annealing (400 �C for
6 hours). Besides these, n-type lms were also obtained for the
sample annealed at 300 �C for 6 hours, which might be attrib-
uted to the inability of Zn atoms to substitute Sn at lower
temperatures due to the lack of activation energy. Multilayer p-
type SnO2/Al/SnO2 thin lms were prepared on a quartz
substrate by using RF sputtering techniques and consequent
annealing, which increased the resistivity (from 1.38U cm at 1 h
to 6.42 � 105 U cm at 8 h) and the average transmittance (�80–
81%).175

The SnO2/Ag–Pd–Cu (APC)/SnO2 multilayer lms for high
performance exible and transparent thin-lm heaters were
investigated by Kim et al.205 The SnO2/Ag–Pd–Cu (APC)/SnO2

multilayer lms were prepared using a multi-source evapora-
tion method.205 In this method, the sheet resistance of 9.42 U

sq�1 and the optical transmittance of 91.14% were observed for
the as-grown multilayer structure.205 In the case of multilayer
formation, Mn–SnO2 (MTO)/Ag/MTO thin lms were prepared
on a exible polyethylene terephthalate (PET) substrate using
a DC/RF sputtering system.206 The transmittance of MTO/Ag/
This journal is © The Royal Society of Chemistry 2021
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Table 3 Comparison and evolution of various technologies

Methods Advantages Disadvantages Applications

(1) Sol–gel process (i) Low-cost and simple technique (i) Synthesis of ultra-thin lms (<10
nm)

(i) Optoelectronic devices

(ii) Reproducibility (ii) Low wear-resistance, porosity
and crystallinity

(ii) Thin lms and coatings

(iii) Achieves proper stoichiometry (iii) Large scale production (iii) Microelectronic devices
(iv) Low-temperature sintering
process

(iv) Easy cracking during the drying
stage

(iv) Nanostructure synthesis

(v) Functionalization (v) Presence of bulk and interface
defects

(v) Catalysis for renewable energy

(vi) Renewable energy and energy
storage devices

(2) Chemical bath deposition (i) Low temperature process (i) Long-period deposition (i) Thin lms and coatings
(ii) Single/multiple precursor (ii) Synthesis of ultra-thin lms (<10

nm)
(ii) CdS layer for CIGS and CZTS
based solar cells

(iii) Easy synthesis (iii) Presence of bulk and interface
defects

(iii) Transparent conductors and
devices

(iv) Tunability of lm structure and
grain size

(iv) Various doping design and
synthesis

(iv) Micro-electronic devices

(v) Achieves proper stoichiometry (v) Seed layer requirement (v) Thin lm based catalysis for
renewable energy

(vi) Strong adhesive (vi) Optical coatings
(vii) Large scale production

(3) Spray coating (i) Simple, inexpensive and efficient (i) Requires high temperature (i) Functional coatings
(ii) Several dopants with a high
growth rate and reproducibility

(ii) Lower conductivity (ii) Energy conversion and storage

(iii) Mass customizations (iii) Energy consumption (iii) Solar cells
(iv) Excellent compositional
homogeneity

(iv) Wastage of solution (iv) Highly active catalysis

(v) Large-area coating (vi) Synthesis of ultra-thin lm (v) Supercapacitors
(vi) Hydrophobic and hydrophilic
coatings
(vii) Opto-electronic devices

(4) Spin coating (i) Easy synthesis (i) Lack of material efficiency (i) Microelectronic semiconductor
industry

(ii) Can achieve a suitable thickness
of the lm

(ii) Scalability (ii) Optical lenses

(iii) Excellent for laboratory scale (iii) Wastage of material (iii) Photoresist-coating
(iv) Quick deposition (v) Stoichiometry
(v) Easy integration (vi) Dopant incorporation

(5) Chemical vapor deposition (i) Ultra-thin lm (i) Expensive and complex process (i) Microelectronic semiconductor
industry

(ii) High crystal quality (ii) Scalability (ii) Wafer growth
(iii) Stoichiometry (iii) Wide range of doping selection (iii) High quality dielectric/insulator
(iv) Epitaxial growth

(6) Hydro/solvo thermal (i) Simple technique (i) Long-time reaction (i) Large scale synthesis
(ii) Low cost (ii) Safety issues (ii) Biomedical
(iii) Large scale synthesis (iii) Crystal quality (iii) Gas sensors

(iv) Ultra-thin lm (iv) Thin/thick lm
(7) Atomic layer deposition (i) High-quality lm (i) Time processing (i) Nano-coatings

(ii) Low-temperature processing (ii) Economic viability (ii) Transparent conductor
(iii) Stoichiometric control (iii) Limitation of materials (iii) Nanodevices
(iv) Excellent adhesion (iv) Large area deposition (iv) Catalysis and environment
(v) Ultra-thin lms (v) Energy conversion/storage

(8) Thermal evaporation (i) Synthesis of thin lms over
a large area with uniform thickness

(i) Lower environmental stability (i) Optical coating

(ii) Low cost and reproducible lm
quality

(ii) Mechanical durability (ii) Light-emitting diode and
photovoltaic devices

(iii) High temperature processing (iii) Electrodes for semiconductor
devices
(iv) Dielectric based multilayer for
energy harvesting and saving

(9) Sputtering (i) High-quality lm (i) High cost (i) Optical coatings
(ii) Ultra-thin layer (ii) Smart coatings

This journal is © The Royal Society of Chemistry 2021 J. Mater. Chem. A, 2021, 9, 16621–16684 | 16635
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Table 3 (Contd. )

Methods Advantages Disadvantages Applications

(ii) High power deposition damage
surface

(iii) Scalability (iii) Composition (iii) Nanodevice fabrications
(iv) In situ doping using
stoichiometry

(iv) Transparent conductor

(v) Low temperature processing (v) Energy saving coating
(vi) Photovoltaic devices
(vii) Metal electrode
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MTO multilayer lms with a 550 nm thickness increased from
83.1% to 87.9%with an increase in the sheet resistance from 6.3
to 9.8 U sq�1 upon increasing the O2/(Ar + O2) ow rate.206 The
highest gure of merit of the MTO/Ag/MTO multilayer lm was
45.7 � 10�3 U�1 at an O2/(Ar + O2) ow rate of 2.8%.206 These
results indicate that the MTO/Ag/MTO multilayer thin lms
deposited on PET substrates have high transmittance and low
resistance, which make them promising materials for future
exible devices.206

On the other hand, Hwang et al. developed a three-layered
TiO2/BiVO4/SnO2 (T/B/S) photo-anode which demonstrated
enhanced photo-electrochemical (PEC) water oxidation
Fig. 8 (a) Resistivity and sheet resistance of SnO2/Cu/SnO2 multilayer fil
transmittance of SnO2/Cu/SnO2 multilayer films deposited at 500 �C.
resistance and resistivity of SnO2/Cu/SnO2 multilayer films developed a
copyright.

16636 | J. Mater. Chem. A, 2021, 9, 16621–16684
performance at high visible transmittance above 510 nm
wavelengths.208 The T/B/S photo-anode deposited by the solu-
tion spin coating method consists of three layers of sequential
deposition.208 The underlying SnO2 layer creates an increased
lateral grain size (�600 nm) of the BiVO4 layer and formed
a type-II heterojunction for efficient improvement in charge
separation and electron transport properties.208 The T/B/S
photo-anode exhibits higher photocurrent density at 1.23 V
versus reversible hydrogen electrode (�2.3 mA cm�2 for water
oxidation and �3.7 mA cm�2 for H2O2 oxidation). Also, it
exhibits higher stability in comparison to BiVO4/SnO2 and
pristine BiVO4 photo-anodes.208 The SnO2 based multilayer is
ms deposited at 500 �C as a function of Cu layer thickness. (b) Optical
(c) The (ahn)2 relation for SnO2/Cu/SnO2 multilayer films. (d) Sheet
t different substrate temperatures,200 presented with permission and

This journal is © The Royal Society of Chemistry 2021
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Fig. 9 (a) Resistivity of ZTO films at different argon flow rates. (b) The O2/Ar + O2 ratio is 30 sccm. (c) Surface morphology of the silver layer on
ZTO/glass with increasing thickness,108 presented with permission and copyright. (d) Average transmittance and sheet resistance of different
doped tin oxide (SnO2) thin films. (e) Resistivity and average transmittance versus fluorine content,207 presented with permission and copyright:
Conductive and transparent, structured tri-layer deposited on a substrate.
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a prospective technology for solar cells, solar hydrogen gener-
ation, smart coating, and exible device applications.167,207,209

The performance of the multilayer depends on the metal layer
and oxide layer. Zinc tin oxide (ZTO) shows promising charac-
teristics for transparent conductor applications, owing to its low
sheet resistance, low cost, and high transmittance. This
particular set of lm consists of ZTO–M–ZTO layers in which the
metal M in the multilayer structure is Ag. The multilayers were
deposited using RF and DC magnetron sputtering (Fig. 9a and
b). The electrical properties of these multilayers were studied as
a function of Ar gas ow. By decreasing the Ar gas ow from 180
to 30 sccm, the resistivity of ZTO lm decreased from 0.22 to
0.09 U cm. However, the resistivity increased with an increase in
the O2/Ar + O2 gas ow. In such multilayers, the thickness of
interlayers inuences the sheet resistance. For example, the
sheet resistance of ZTO lm depends on the thickness of the Ag
layer. The SEM images (Fig. 9c) show the morphology and
thickness dependence of the Ag layer and its inuence on the
sheet resistance of the lm. In another study, the optical
This journal is © The Royal Society of Chemistry 2021
transmittance and the sheet resistance of multilayer structures
of various metal-doped SnO2 are shown in Fig. 9d. The resis-
tivity of FTO is shown in Fig. 9e. As the uorine content
increases, the resistivity increases. The electrical resistivity of
the FZTO lm is reported to be 8 � 10�5 U cm.207 These SnO2

based multilayers are widely used as electrode materials in
organic photovoltaic (OPV) applications.

The surface morphology of metal oxides plays a crucial role
in the growth of a uniform metal layer for the OMO multilayer.
The performance of the OMO based TCO depends on both the
metal layer and the oxide layer. The surface morphology
depends on the thickness of the oxide layer (Fig. 10a–j).210 Thus,
it is essential to optimise the thickness of the metal oxide (e.g.
SnO2 or ZnO) to grow a continuous ultra-thin metal layer over
the SnO2 layer. It is worth noting that the critical thickness for
continuous growth of the metal layer also depends on the
surface roughness of the dielectric layer (Fig. 10k and l).210

Growth of an ultra-thin metal with a smooth surface is crucial to
enhance the performance of the TCO using an OMO structure.
J. Mater. Chem. A, 2021, 9, 16621–16684 | 16637
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Fig. 10 AFM images of the surface of ZnO and SnO2 thin films of increasing thickness. ZnO: (a) 20 nm; (b) 100 nm; (c) 200 nm; (d) 400 nm; and (e)
800 nm. SnO2: (f) 20 nm; (g) 100 nm; (h) 200 nm; (i) 400 nm; and (j) 800 nm. (k) Representation of the roughness versus the thin film thickness for
ZnO and SnO2 thin films. (l) Representation of the island height against the surface coverage for successive evaporation of silver on the surface of
ZnO and SnO2 thin films. The dotted lines represent the theoretical curves corresponding to equivalent amounts of silver.210 Reprinted from ref.
210, Copyright 2013, with permission from Elsevier.
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The impact of the seeding layer on the growth of high quality
thin metals can also be found in ref. 2 and 210. It is worth
noting that the OMO multilayer suffers metal and oxygen
diffusion during thermal treatment. Thus, the performance of
the OMO based structures requires interface engineering to
reduce the metal (Ag) and oxygen diffusion into adjacent layers
during high-temperature annealing. Recently, Hwang et al.
demonstrated sputter-grown thermally stable SnO2/Ag/SnO2

transparent electrodes using Ni-doped Ag with improved
Table 4 SnO2/metal based multilayer for optical devices

SnO2/metal based multilayer Resistivity Sheet r

SnO2–Cu–SnO2 7.79 � 10�5 U cm —
Zn/SnO2/Zn 7.436 U cm —
SnO2/Al/SnO2 6.42 � 105 U cm —
SnO2/Ag–Pd–Cu (APC)/SnO2 — 9.42 U

Mn–SnO2 (MTO)/Ag/Mn–SnO2 (MTO) — 9.8 U s
SnOx–Ag–SnOx 5.6 � 10�4 U cm 9.8 U s
Mn-doped SnO2 (MTO)/Ag/MTO 10.1 U sq�1 —
FTO/Ag/FTO 8.8 � 10�5 U cm —

16638 | J. Mater. Chem. A, 2021, 9, 16621–16684
performance due to the reduction of defects.211 Table 4
summarises the impact of a multilayer based transparent
conductor on the device performances.

4.2 Grid-structuring of the SnO2/metal/SnO2 multilayer

Grid structuring is another promising technique that has been
studied for OMO multilayer materials.212 The li-off process is
used without affecting the electrical properties of the materials.
Bou et al. investigated the grid structuring of the SnOx–Ag–SnOx
esistance Optical transmittance Thickness Reference

54% 14 nm Yu et al.200

80% — Ni et al.201

80–81% — Park et al.175

sq�1 91.14% — Kim et al.205

q�1 87.9% 550 nm Kim et al.206

q�1 — — Bou et al.212

— 40 nm Lee et al.209

95.5% 7 nm Yu et al.11

This journal is © The Royal Society of Chemistry 2021
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multilayer.212 These multilayers are deposited using an e-beam
evaporator. The grid structures provide low resistivity and
high transmittance and are used as an anode in organic
photovoltaic (OPV) devices. The surface coverage of such
structures affects the properties of the multilayer thin lm. The
electrical measurements for the aforementioned grid tri-layered
structure were carried out using an in-line four-probe method.
The sheet resistance for the as-grown multilayer structure is
measured to be 9.8 U sq�1. The resistivity of grid-based multi-
layers varies with the surface coverage. The resistivity increases
with decreased coverage from a value of 2.9 � 10�4 U cm for the
full tri-layer to 5.6 � 10�4 U cm for the most transparent
multilayer.212

The Mn-doped SnO2 (MTO) multilayer structure is proven to
be an efficient system (Fig. 11).209 The MTO/Ag/MTO multilayer
electrode was deposited onto a patterned glass substrate by RF
sputtering at room temperature. The electrical resistivity in
a binary layered structure Ag/MTO/glass depends on the thick-
ness of Ag.108,209 As the thickness of Ag is increased, the resis-
tivity decreases. This decrease in resistivity may be attributed to
the increase in the carrier concentration and hence the mobility
(Fig. 11a). According to this study, the sheet resistance of the
MTO/Ag/MTO layered structure was reported to be 10.1 U sq�1

for the 40 nm thick MTO lm. This result is similar to that of
commercial ITO. Due to these properties, MTO based hetero-
structures were applied as electrode materials for solar cells.
The current density of the MTO/Ag/MTO multilayer electrode is
Fig. 11 (a) Electrical properties of MTO/Ag/MTO films. (b) Schematic of c
(c) Current–voltage characteristics of the optimized MTO/Ag/MTO mult
the MTO/Ag/MTO multilayer electrode,209 reproduced with permission a

This journal is © The Royal Society of Chemistry 2021
compared with the commercial ITO, as shown in Fig. 11c. It is
reported that the OPV parameters for MTO (40 nm)/Ag (11 nm)/
MTO (40 nm) multilayers are comparable to the commercial
ITO electrode. Yu et al. demonstrated a high value of the gure
of merit �7.8 � 10�2 U�1 for FTO (20 nm)/Ag (7 nm)/FTO (30
nm) multilayers, whereas the average optical transmittance is
95.5% in the visible range of wavelengths at a resistivity of 8.8�
10�5 U cm.11
5. Impact of SnO2 based TCO and ETL
on OPV and OLED devices
5.1 Impact of SnO2 on OLED devices

A typical OLED consists of an anode deposited on a glass
substrate, one or more charge transport and light emitting
layers and a low work function cathode. Under an external bias,
the holes and electrons are injected from the anode and the
cathode, respectively, through a transport layer into the emit-
ting material as the recombination generates excitons. These
excitons activate the light emitting material to emit photons
(light) because of the radiative recombination. Transparent
materials are more favorable for these OLED devices. In
particular, SnO2 as an n-type TCO is a good choice of material
for different components in OLEDs.

Indium-free SnO2 may also be a promising electrode mate-
rial because of its high transparency and large bandgap. More
importantly, the fabrication of SnO2 is compatible with many
onventional BHJ-OPV having the MTO/Ag/MTO multilayer electrode.
ilayer and ITO as reference based on OPVs. (d) TEM (cross-section) for
nd copyright.
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Fig. 12 Energy band diagrams of (a) red, (b) green, and (c) blue OLEDs with SnO2:Sb or ITO as the anode electrode. Reproduced with
permission.97 Copyright: The Royal Society of Chemistry 2016. The TEM images of (d) ZnO or (e) SnO2 NPs; (f) energy level diagram of QD-LEDs
with ZnO or SnO2 NPs as the ETLs. Reproduced with permission.213 Copyright: The Royal Society of Chemistry 2020.
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techniques. M. Esro et al.97 demonstrated that the Sb-doped
SnO2 (SnO2:Sb) deposited through a facile low-cost spray
pyrolysis technique is a promising anode material for large-
scale and exible OLEDs. By varying the Sb concentrations, at
2 wt%, the SnO2:Sb lm exhibits the lowest sheet resistivity and
the highest electron mobility. The SnO2:Sb (2 wt%) shows
a similar surface roughness in comparison with the commer-
cially available ITO anode. Regarding the optical properties,
such as making of red, green, and blue OLED devices, the
energy level alignment comparison shown in Fig. 12a–c indi-
cates that the SnO2:Sb anode has a lower work function than
that of ITO, which is favorable for the hole injection. The three
different-color OLED devices deposited on the SnO2:Sb anode
show comparable electrical and optical performances with
those deposited on ITO. These results clearly indicate the great
potential of the Sb-doped SnO2 electrode in exible and large-
scale OLEDs fabrication.

Currently, SnO2 is one of the best electron transporting
materials (ETMs) in perovskite solar cells because of its excel-
lent electron mobility; therefore, it is being introduced into
other related devices as an ETL. Park et al.213 investigated
colloidal quantum dot LEDs (QD LEDs) because of their tunable
emissive light with pure color and very high photoluminescence
quantum yield (almost reaching 100%). In the QD LEDs, ZnO is
the widely used ETM; however, it oen allows more electrons to
be transported to the QD emissive layer, causing a hole–electron
imbalance. This is also the main barrier for high-performance
and stable QD LEDs. Park et al.213 compared the properties of
SnO2 as the ETM with those of ZnO. Transmission electron
microscopy (TEM) and atomic force microscopy (AFM) images
indicate that SnO2 NPs have a similar size (Fig. 12d and e) to
that of ZnO NPs but a smoother surface, which allows better
layer-by-layer connection. Both SnO2 and ZnO NPs have
a similar electron mobility in OFETs; however, the carrier
concentration of ZnO is more than two times higher than that of
16640 | J. Mater. Chem. A, 2021, 9, 16621–16684
SnO2, which will cause excessive electron injection, leading to
imbalance with holes. SnO2 NPs, however, exhibit lower carrier
concentration but the same electron mobility, indicating the
excellent transporting ability to balance the holes to result in
improved device performance. Although the LUMO of SnO2 NPs
is slightly higher than that of ZnO NPs (Fig. 12f), the overall QD
LED device performance with SnO2 NPs is higher than that of
the device with ZnO NPs, including a lower turn-on voltage,
higher maximum luminance, improved EQE roll-off property
and better power efficiency.

Another example about SnO2 as the ETM is reported by Hong
et al.214 where they studied the difference in the OLED device
performance caused by the relative position of SnO2 and the
organic emitter (copper phthalocyanine, CuPc). Two devices
were fabricated with different layer-by-layer structures, as
shown in Fig. 13a and d. In the normal device, CuPc is depos-
ited on top of SnO2 (CuPc-on-SnO2, Fig. 13e), while in the
inverted device, the SnO2 is deposited on top of CuPc (SnO2-on-
CuPc, Fig. 13b). Because of the much higher melting tempera-
ture of SnO2, the hot Sn atoms during deposition on top of CuPc
will cause a breakdown of the weak bonds that existed in CuPc,
resulting in a chemical reaction to form CuPc–Sn. Therefore, its
charge distribution is changed compared with that of the pris-
tine CuPc, which results in the increment in both the interface
dipole and hole injection barrier (Fig. 13c). If the SnO2 is rst
deposited, the low processing temperature of CuPc will not
provide sufficient energy for the formation of the condensation
reaction (CuPc–Sn). In this case, it avoids those negative effects
that occurred in the SnO2-on-CuPc structure (Fig. 13f). The
device performance with CuPc-on-SnO2 is found to be better in
terms of both the operating voltage and the luminance than
that of the device with the SnO2-on-CuPc structure.

For many organic devices, interface modication is an
effective way to improve the device performance. Taking that
into consideration, Lee et al.215 applied SnO2 NPs as an interface
This journal is © The Royal Society of Chemistry 2021
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Fig. 13 Device structures of (a) normal OLEDs and (d) inverted OLEDs. (b and e) Schematic diagram and (c and f) energy band structure of the (b
and c) diffused SnO2-on-CuPc and (e and f) abrupt CuPc-on-SnO2 interface. Reproduced with permission.214 Copyright: American Chemical
Society 2011.

Review Journal of Materials Chemistry A

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

0 
 2

02
1.

 D
ow

nl
oa

de
d 

on
 1

6-
10

-2
02

5 
23

:4
0:

31
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
layer between the ITO cathode and the ETL in an inverted
bottom-emission (ITO direction) OLED device. The work func-
tion of SnO2 nanoparticles was found to be between the ITO and
the ETL. That was helpful to form a ladder-like energy align-
ment from ITO to the emitter to facilitate the electron injection.
Additionally, the SnO2 lmmorphology spin-coated from 3 wt%
aqueous solution was found to be the smoothest, which is
favorable for establishing contact with the ETL and the electron
transport, delivering more electrons to the emitter layer to
balance the holes injected from the anode. The performance
measurement of the OLED device indicates that the operating
voltage to achieve 1000 cd m�2 luminance decreased signi-
cantly from 24.0 V (without SnO2) to�17.0 V (with SnO2) with an
enhanced EQE from 8.2% to 15.6%.

These samples clearly indicate that, to get the best perfor-
mance, the properties of SnO2 should be carefully considered; for
example, the work function, lm morphology, and processing
method. Successful cases are given above by applying SnO2 in
different layers of the device to fulll specic roles. Therefore, in
future research, to better incorporate SnO2 in OLEDs, the rela-
tionship between SnO2 and the neighbour layers should be
carefully studied to realize optimized charge carrier transport.
5.2 Impact of SnO2 on OPV devices

The OPV device has two types of generic structures:
a conventional structure and an inverted structure. The basic
geometry of the conventional device has continuous layers of
ITO (anode)/PEDOT:PSS/active layer/metal (cathode). Such
a structure is unfavorable for device stability which is one of
the three most crucial factors for OPV commercialization. The
This journal is © The Royal Society of Chemistry 2021
other two are the power conversion efficiency (PCE) and
scalability. Therefore, an inverted device geometry with
a general structure of ITO (cathode)/metal oxide/active layer/
metal (anode) is developed in which metal oxide is used as
the electron transporting layer deposited on top of the ITO
cathode. Compared with the conventional device where
PEDOT:PSS is deposited on top of the ITO anode,216–222 the
stability of the inverted device is improved since the metal
oxide will not erode the ITO as the acidic PEDOT:PSS (pH: 1–2)
does. Besides, the metal oxide will also protect the active layer
from oxygen and humidity.223,224 Moreover, the cathode in the
conventional devices is generally of low-work-function metals,
such as aluminium (Al) and calcium (Ca). These metallic
cathode materials are easy to oxidize and even further
hydrolyze in an ambient atmosphere. In the inverted device,
however, the metals used as an anode are high-work-function
materials, such as Ag and Au, which have higher work func-
tions than those of Al and Ca. Because of this concern, the
device engineering is mostly focused on inverted devices.
Although the active layer materials play signicant roles in
improving the device performance, there are also many
possibilities in judicially selecting suitable materials in the
metal oxide layer. Currently, the widely used metal oxides in
the ETL are TiO2 and ZnO. That is mainly because of their
high transparency and suitable work function. However, there
are some disadvantages, such as the low electron mobility of
TiO2, the instability of both TiO2 and ZnO and the high-
temperature processing conditions of TiO2. All these moti-
vate the development of alternative materials for the electron
transporting layer. SnO2 is one of the best electron trans-
porting materials in perovskite solar cells because of its high
J. Mater. Chem. A, 2021, 9, 16621–16684 | 16641
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transparency, ultrahigh electron mobility (>200 cm2 V�1 s�1),
non-light-soaking problems, and high chemical, photo-
stability and hole blocking properties.225 Despite these favor-
able features for efficient electron transport, the application
of SnO2 in OPVs is rare. One reason is that the trap-assisted
recombination at the SnO2 surface is severe and requires
surface modication to enable its compatibility with the
organic blends in the active layer of OPV devices.

An example of the comparison of SnOx with TiOx and ZnO as
the electron extraction/transporting material was reported by
Trost et al.226,227 One of the advantages of SnOx as the ETM is
demonstrated, i.e., the light-soaking issue faced by TiOx and
ZnO is not a problem in SnOx ETM-based OPV devices. Light
soaking is dened as the activation of TiOx and ZnO by UV light
to make the resultant devices show good performance.
However, the activation will take some time to nish, and in the
meantime, the organic donor materials in the active layer may
degrade under UV light illumination. Therefore, UV light
protection is very much necessary for OPV devices. As shown in
Fig. 14a and b, without UV light activation (ltered AM 1.5),
a sigmoidal J–V curve is observed in TiOx ETM-based inverted
OPV devices with an inferior efficiency of 0.4%. However, the
SnOx ETM-based device shows a largely enhanced efficiency of
5.7%. Although the exact reason for the light-soaking issue has
not been claried, it is an acceptable concept that the UV light
activation induces oxygen desorption on the TiOx/ZnO surface
that causes the decrement of work function for better electron
extraction/transport. For the SnOx lm, UV light illumination
does not change its work function much. This, combined with
its suitable value, allows better performance to be achieved for
SnOx ETM-based inverted OPVs.
Fig. 14 (a) Layer sequence of the inverted OPV device with TiOx or SnO
responding cells under AM 1.5G illuminationwith a UV blocking filter (l > 4
Copyright: WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 2015. (c) H
Schematic structure of the P3HT–SnO2 composite semiconductor. (e)
sion.228 Copyright: The Royal Society of Chemistry 2016.
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Although the light-soaking issue is resolved in SnOx ETM-
based inverted OPVs, as mentioned above, the charge traps
and charge recombination exist on the SnOx surface. Therefore,
surface modication is required to avoid these traps and
improve the performance of the inverted OPVs. Geng et al.228

investigated the preparation of a SnO2 and poly(3-
hexylthiophene) (P3HT) composite. Although this composite
is not used in OPV devices, this study conrmed that the SnO2

surface modication generates favorable properties in charge
carrier transport. On the surface of SnO2 nanoparticles, highly
crystalline domains are favorable for charge carrier transport.
However, the porous network restricts further improvement in
mobility. The semicrystalline P3HT is used as a ller in the
porous structures of SnO2 nanoparticles, forming a P3HT–SnO2

composite, as shown in Fig. 14c. Aer thermal annealing, the
electron transfer inside the composite is promoted because of
two reasons. First, the chemical bonds formed between SnO2

and P3HT, combined with the highly crystalline feature of
P3HT, is responsible for the electron transfer from P3HT to
SnO2 (Fig. 14d and e), resulting in more free charges in SnO2

nanoparticles. Second, thermal treatment in a high-pressure
oxygen atmosphere for SnO2 allows for elimination of oxygen
vacancies to increase the crystallinity of SnO2. The synergistic
effects of more free charges and high crystallinity of the SnO2

section in the P3HT–SnO2 composite contribute to the higher
electron mobility than those of pristine P3HT or SnO2 lm. This
work elegantly demonstrates the feasibility of surface modi-
cation of SnO2 to promote its application as an electron trans-
porting material in inverted OPVs.

Shen et al.64 reported that a (poly-[(9,9-bis(3-(N,N-dimethy-
lamino)propyl)-2,7-uorene)-alt-2,7-(9,9-dioctyluorene)]), PFN,
x as electron extraction layers and (b) J–V characteristics of the cor-
00 nm). Active layer: PCDTBT:PC71BM. Reproducedwith permission.226

RTEM image of a SnO2 nanocrystal covered with a P3HT thin layer. (d)
Energy level alignment of P3HT and SnO2. Reproduced with permis-

This journal is © The Royal Society of Chemistry 2021
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Fig. 15 (a) Device structure of the inverted OPVs by integrating low temperature solution-processed SnO2 nanocrystals and a PFN stacked
structure as an ETL. (b) J–V characteristics of SnO2-only, SnO2/PFN, and PFN-only devices tested under AM 1.5G in ambient air. (c) Transient
photovoltage and (d) transient photocurrent decay curves based on SnO2 and SnO2/PFN and PFN ETLs. Reproduced with permission.64

Copyright: The Royal Society of Chemistry 2018. (e) Device structure of the inverted OPVs using SnO2 or SnO2/alkali carbonates as ETLs and (f)
the J–V characteristics under standard AM 1.5G. Reproduced with permission.225 Copyright: American Chemical Society 2018.
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layer deposited on the SnO2 lm can adjust the energy level and
reduce the surface defects. Such a bilayer, SnO2/PFN, as the
electron transporting material in inverted OPVs (ITO/SnO2/PFN/
PTB7-Th:PC71BM/MoO3/Ag, Fig. 15a) greatly enhanced the effi-
ciency from 4.31% (pristine SnO2) and 9.05% (pristine PFN) to
11.05% (Fig. 15b). Two main aspects are improved for the
bilayer, SnO2/PFN, compared with the pristine SnO2 and PFN.
First, the work function of pristine SnO2 is signicantly reduced
from 4.46 eV to 3.9 eV because of the dipoles formed on the PFN
surface. This signicantly reduced work function helps in
achieving step-by-step energy level alignment of the device,
facilitating electron transport. Furthermore, the transient pho-
tovoltage and photocurrent decay curves indicate that the
photo-induced electrons can be extracted to the ETL and the
lifetime can be extended (Fig. 15c and d). This demonstrates
a better extraction capability and a lower charge recombination
rate in SnO2/PFN compared with both the pristine SnO2 and
PFN layers.

Similar results are also found in zwitterion compound-
modied SnO2 lms, as reported by Tran et al.229 The syner-
gistic effects of aligned energy levels and improved electron
extraction and transport contribute to the signicantly
enhanced efficiency of inverted OPVs. Tran et al.225 also reported
similar results by selecting alkali carbonates (lithium
carbonate, Li2CO3; potassium carbonate, K2CO3; and rubidium
carbonate, Rb2CO3) to modify the SnO2 surface (Fig. 15e). The
reason to choose alkali carbonates is because of their good
electron-transporting property but poor hole blocking property.
Apart from the enhanced device performance (Fig. 15f), the
stability of the unencapsulated device is observed to be very
This journal is © The Royal Society of Chemistry 2021
high, maintaining >90% of efficiency even aer 6 weeks. This
stability is because of the inverted device structure and the use
of SnO2 as the electron transporting material. The comparison
of the stability of devices with SnO2 or ZnO as the electron
transporting material has been reported by other groups of
researchers.230

In the eld of OPVs, non-fullerene acceptors have gained
increasing attention recently. Jiang et al.230 fabricated inverted
non-fullerene OPV devices with the structure of ITO/SnO2 or
ZnO/PM6:IT-4F/molybdenum oxide/silver (ZnO/PM6:IT-4F/
MoO3/Ag) in which ZnO or SnO2 is used as the electron trans-
porting material. The device stability study under continuous
AM 1.5G illumination indicates that the device fabricated with
ZnO displays a dramatic drop in efficiency from 13.0% (initial)
to 5.1% (aer 24 hours), while the device fabricated with SnO2

exhibits a consistent efficiency with slight variation from 14.1%
(initial) to 12.5% (aer 24 hours). It is observed that aer 24
hours of illumination, the ZnO/IT-4F lm on glass decomposed,
while the pristine IT-4F and SnO2/IT-4F lms remained the
same. The reason is that the photocatalytic effect of ZnO caused
the decomposition, whereas SnO2 has a wide bandgap that does
not allow the absorption of photons, avoiding the photocatalytic
effect to cause the decomposition of the active layer material.
Meanwhile, an important characteristic of SnO2-based inverted
non-fullerene devices is that the efficiency is independent of
thermal annealing treatment with a high value of >12% at room
temperature. This can pave the way for its commercialization in
the future.

Another example of inverted non-fullerene OPV with modi-
ed SnO2 is reported by Peng et al.,231 where InP/ZnS (indium
J. Mater. Chem. A, 2021, 9, 16621–16684 | 16643
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phosphide/zinc chalcogenide) quantum dots are used to
passivate the surface defects of SnO2. The reasons for the
selection of quantum dots include the following two aspects: (1)
the water/alcohol solubility allows a good connection with both
SnO2 and the organic active layer and (2) the small size allows
distribution into the SnO2 lm to passivate the SnO2 surface
defects. Aer modifying with InP/ZnS quantum dots, studies
indicate that the transmittance of the device does not change
much, which ensures the photon harvesting property. The
morphology of the active layer is improved, which is desirable
for yielding high JSC (short-circuit current). Higher SCLC (space-
charge-limited current) mobility favors the FF (ll factor)
increment. Semi-logarithmic plots of J–V curves indicate the
increased breakdown voltage and slope of the device, which is
the origin of higher open circuit voltage (VOC). The efficiency of
the SnO2/InP/ZnS-based device (ITO/SnO2/InP/ZnS/PM6:Y6/
MoO3/Ag) thus reaches a very high value of 15.22%, which is
even one of the best efficiencies in non-fullerene OPVs.

An interesting idea is to utilize perovskite nanowires to
modify the SnO2 surface to act as the ETL in non-fullerene
OPVs. In this context, Zhao et al.232 did the same work where
MAPbI3 nanowires are introduced on top of SnO2 to make it
more compatible with the organic blends in the active layer of
the device with the structure of ITO/SnO2/MAPbI3 nanowires/
PBDB-T-SF:IT-4F/MoO3/Ag. Although the efficiency has only
a slight increment from 9.53% (SnO2 only) to 10.72%, an
interesting phenomenon is that the MAPbI3 bulk lm-
containing device shows only a half efficiency of 5.52%. These
results indicate that a suitable perovskite structure can modify
the SnO2 and improve the compatibility with the organic blends
in non-fullerene OPVs. Therefore, future work on this may be
meaningful to improve the efficiency of devices containing both
perovskite and non-fullerene active layers for potential
commercialization.

These results indicate that the surface modication of SnO2

is an effective strategy for the improvement of OPV device effi-
ciency and stability. Looking for an appropriate material to
modify the SnO2 surface is one of the directions for its better use
in OPVs. Device efficiency and stability are two of the three
crucial parameters (another one is the cost) for OPV device
commercialization; therefore, nding a low-cost material to
effectively modify SnO2 to improve the device efficiency and
stability will greatly pave the way for the future
commercialization.
6. Boosting the perovskite
performance and stability through
SnO2

6.1 SnO2 as the TCO and the ETL for perovskite solar cells
(PSCs)

Metal-halide perovskite thin-lm solar cells are typically fabri-
cated using commercial uorine-doped tin oxide glass as
substrates. Although these substrates have low sheet resistance
Rs (8–20 U cm2), the RMS surface roughness is high (5–20 nm).
Besides, the FTO morphology leads to pinholes in the carrier
16644 | J. Mater. Chem. A, 2021, 9, 16621–16684
transport layers. In a study that focused on both FTO and TiO2

blocking layers, Yates et al.233 deposited FTO by atmospheric
pressure CVD (APCVD) using monobutyl tin trichloride (MBTC)
as a tin precursor and aqueous triuoroacetic acid (TFAA) as the
dopant, where two samples with similar sheet resistances but
different surface roughness values were deposited by using
different deposition thicknesses. For the polycrystalline FTO
lm, the surface roughness varies with lm thickness and
develops various crystallographic planes at different rates.
Perovskite solar cells (PSCs) with the mesoscopic structure of
FTO/TiO2�x/m-TiO2/CH3CH2PbI3/spiro-OMeTAD/Au were fabri-
cated using the two types of APCVD FTO and commercial FTO
glass substrates. The interesting observation was that even
though the commercial FTO (Solaronix TCO22-15) has a lower
sheet resistance and a higher carrier mobility, devices fabri-
cated on commercial FTO substrates exhibited lower PCE than
those fabricated on APCVD-grown FTO substrates. This differ-
ence was attributed to the reduction of optical transmission due
to increased absorption by free carriers of transparent electrode
layers. The higher surface roughness of APCVD FTO yields
slightly higher PCE because of increased internal light
scattering.

To gain a deeper insight into the effect of the TCO layer on
PSCs, Afzaal et al. used APCVD to deposit FTO lms with
different thicknesses and a xed resistance (Rs) as well as
different Rs values for the same thickness.235 Mesoscopic PSC
thin-lm solar cells (1 cm � 1 cm) with the structure FTO/
TiO2�x/CH3CH2PbI3/spiro-OMeTAD/Au were fabricated on
APCVD-grown FTO substrates. It was found that increasing FTO
thickness has a clear and signicant effect on the PCE of the
devices due to the correlation between the FTO lm thickness
and its surface roughness. Samples with thicker FTO layers but
the same Rs show improved FF and reduced VOC and JSC. When
Rs increased, with the thickness remaining the same, both VOC
and JSC increased, but FF was reduced. For the optimized FTO
deposition, a PCE of 17.8% was achieved, higher than that of
the reference device fabricated on commercial FTO substrates.
This study demonstrates that careful tailoring of the optical,
structural, and electronic properties of FTO is necessary to
obtain the enhanced performance of PSC devices. SnO2 and
different metal-doped SnO2 are used as the electron transport
layer (ETL) in planar PSCs. Different approaches such as the
atomic layer deposition (ALD) technique, solution-processing
method, and the CBD technique have been adopted for the
preparation of this SnO2 based ETL. Baena et al.234 reported
planar PSCs using SnO2 and TiO2 as ETLs and they found that,
for planar PSCs, SnO2 was much more effective than TiO2. They
claimed that SnO2 has a much more favorable conduction band
alignment with the MAPbI3 and mixed (FAPbI3)0.85(-
MAPbBr3)0.15 perovskite absorber, which yielded a much higher
PCE as shown in Fig. 16a–d, using SnO2 as the electron selective
layer. In this report, the ALD technique was used to prepare the
SnO2 layer on the top of an FTO substrate. In parallel, Ke et al.
also reported a planar MaPbI3 PSC using solution-processed
SnO2 as the ETL.236 They prepared SnO2 by facile spin coating
of the SnCl2$2H2O precursor prepared at room temperature,
followed by thermal annealing in air at 180 �C for 1 h. The mild
This journal is © The Royal Society of Chemistry 2021
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Fig. 16 (a) Energy level diagrams and electron injection characteristics of SnO2 and TiO2-based planar PSCs. Schematic conduction band
diagram of the perovskite films and the electron selective layers (ESL), TiO2 and SnO2 for (b) MAPbI3 and (c) (FAPbI3)0.85(MAPbBr3)0.15, labeled as
‘mixed’. (d) Current–voltage characteristics of planar perovskite devices based on SnO2 and TiO2 ESLs,234 presented with permission and
copyright.
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annealing conditions resulted in a smooth nanocrystalline
SnO2 ETL which covers the FTO substrate and improves its
optical transmittance. They achieved high performance planar
PSCs with a forward scan PCE of 14.82% and a reverse scan
efficiency of 17.21%. Aer that several groups had reported
planar PSCs based on SnO2 as the ETL.53,237–240 Different
approaches were made for optimizing the SnO2 layer as the ETL
to boost the performance of the PSCs. Among these approaches,
the most effective approaches are doping of SnO2 using
different metals such as aluminium (Al), antimony (Sb), lithium
(Li), and tantalum (Ta);56,241,242 high temperature annealing;243

use of different additives such as ethylenediaminetetraacetic
acid (EDTA)65 and 2,2,2-triuoroethanol in SnO2;244 and an
additional ETL such as PCBM239 or In2O3 together with the SnO2

layer.240 With all these approaches, the device performance
could be signicantly improved.

Although the PCE of present perovskite thin-lm solar cells
is well over 20%, the J–V characteristics of these devices are scan
direction-dependent and show considerable hysteresis.245,246

Earlier, this phenomenon was thought to be due to charge
accumulation effects at the TiO2/perovskite interface where
TiO2 is the default electron transport layer (ETL).245 To eliminate
the hysteresis, interfacial layers based on fullerene derivatives
have been inserted between the ETL and the perovskite
This journal is © The Royal Society of Chemistry 2021
layer.238,246 The hysteresis behavior in J–V characteristics is also
a burden in the case of SnO2 as the ETL. Recently, Jung et al.
employed a sol–gel method to deposit the SnO2 ETL onto FTO
substrates using tin(IV) isopropoxide as the precursor.243 The
process parameters investigated include the tin precursor
concentration and post-deposition annealing temperatures.
The thermal annealing was in addition to the heating in a N2

glovebox environment that was intended for drying the depos-
ited layer. The SnO2 ETL annealing temperature in the range of
100 �C to 500 �C has a signicant effect on lowering the
hysteresis of the J–V proles. From 100 �C to 250 �C, the
hysteresis between the forward and reverse J–V scans decreases
and then increases again from 250 �C to 500 �C. Annealing at
250 �C was found to be more effective as the ultraviolet photo-
electron spectroscopy (UPS) study showed a better band align-
ment with the electrode (Fig. 17a). At 250 �C, the PV parameters
for the forward and reverse scans were almost the same. An
average PCE of 16.08% was achieved for a precursor concen-
tration of 0.1 M (Fig. 17c), and this was further improved to
19.17% with the incorporation of potassium in the perovskite
(Fig. 17d). The greatly reduced hysteresis was attributed to both
a reduced interfacial capacitance and faster stabilization of the
photocurrent. PSCs with mixed cation and anion absorbers with
the device geometry of FTO/SnO2/(FAPbI3)0.873(CsPbBr3)0.125/
J. Mater. Chem. A, 2021, 9, 16621–16684 | 16645
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Fig. 17 (a) Schematic of energy alignment of the UVO treated FTO and SnO2 films annealed at 250 �C and 500 �C. Reverse (red) scan and forward
(black) scan J–V curves of planar perovskite solar cells (b) without and (c) with SnO2 thin films prepared from 0.1 M concentration of the SnO2

precursor solution. (d) J–V curves and (e) cross-sectional SEM image of the best performing planar perovskite (with potassium doped) solar cell
employing the 0.1 M-based and 250 �C-annealed SnO2 thin film with a thickness of �40 nm,243 presented with permission and copyright.
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spiro-OMeTAD/Au (Fig. 17e) were fabricated. The effect of
precursor concentration for SnO2 lms annealed at 250 �C was
also studied,243 which mainly inuenced the thickness of the
spin-coated layer. By varying the annealing temperature and the
precursor concentration, the hysteresis area under the forward
and backward J–V curves was eliminated (Fig. 17c and d). For
concentrations above and below the optimal value of 0.1 M,
there was signicant hysteresis and the hysteresis was the
largest for controlled devices where the SnO2 layer was not used
(Fig. 17b). For the low concentration of the precursor, the
hysteresis was ascribed to the poor surface coverage of the FTO
substrate, while for high concentrations, the hysteresis was due
to the increased series resistance. This study highlights the
importance of post-deposition annealing of SnO2 ETL in elim-
inating the hysteresis phenomenon in the J–V characteristics of
perovskite solar cells.

It was also found that the low open-circuit voltage (those
with a bandgap of between 1.59 and 1.63) originates from
electron collecting layers (mainly oxide nanocrystal thin lms)
used as transparent electrodes. A well-matched energy band
between the ETL and perovskites improves VOC by avoiding the
excessive band offset while accelerating the charge carrier
extraction, resulting in efficient transport. In this regard, very
recently, Wang et al.240 reported a unique work based on
gradient energy alignment engineering using the In2O3/SnO2
16646 | J. Mater. Chem. A, 2021, 9, 16621–16684
bilayer as the ETL and found a negligent extent of hysteresis loss
in VOC. Deposition of a very thin layer of Li on the SnO2 layer as
the ETL was also found to be very effective for proper band
alignment and to reduce surface defects at the interface in the
case of all inorganic perovskite CsPbI3�xBrx solar cells (Fig. 18a–
c).239 Low-temperature solution-processed SnO2 nanoparticles
were also found to be very efficient as the ETL for planar
perovskite solar cells on a rigid substrate and a exible PET
substrate (Fig. 18d and e).247

The use of the SnO2 layer on a CVD-/sputter-grown FTO
substrate could broaden the optical transmission band of the
electron selective layer and ll electronic states in the conduc-
tion band of the perovskite lm resulting in the enhancement of
charge concentration in quasi-Fermi energy levels at ETL–
perovskite interfaces. Solution-processed Al/F/Sb-doped tin
oxide coating is a feasible way to produce transparent conduc-
tive substrates and electron transport layers in a single process
that will be crucial for developing hysteresis-free high-
performance PSC (PCE ¼ 16–20%) modules on the industrial
scale.247

6.2 Impact of SnO2 on exible PSCs

Since the rst report of exible PSCs with a PCE of 2.62% by
Mathews' group in 2013,248 the PCEs of the exible PSCs have
increased to 18.5%.249,250 Progress of the exible PSCs was based
This journal is © The Royal Society of Chemistry 2021
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Fig. 18 (a) Scheme of the device architecture of the inorganic perovskite solar cells; LiF was used to modify the SnO2 surface. (b) Energy band
alignment for each layer in CsPbI3�xBrx inorganic solar cells. (c) J–V characteristics of inorganic CsPbI3�xBrx solar cells with and without the LiF
interlayer.239 (d) Hysteresis-free perovskite devices on glass and PET substrates and (e) flexible perovskite module of the same devices by
chemical treatment of the SnO2 layer,247 presented with permission and copyright.
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on different functional layers, which have been prepared by
different low temperature process technologies. In this regard,
SnO2 was found to be very effective as the ETL, which has been
prepared by different techniques such as solution-processing,
room temperature sputtering, ALD and slot-die printing. Dong
et al.63 reported the in situ regrowth of the SnO2 layer by pre-
treating the substrate by ultraviolet ozone (UVO). This UVO
treatment helped the substrate to adsorb the optimum amount
of water molecules which facilitates hydrolysis–condensation
reactions for the regrowth of the spin-coated SnO2 NPs. With
this deposition technique of the SnO2 as the ETL, the authors
reported a PCE of 17.5% for a exible PSC.63 Qiu et al.251 re-
ported a two-step solution-processed SnO2 layer formation by
depositing a layer of SnCl2 on the spin-coated layer of SnO2 NPs.
This SnCl2 layer helped to improve the quality of the ETL
through hydrolysis and oxidation of SnCl2. They have reported
the device efficiency of 15.21% for the exible PSC devices, with
prolonged shelf-stability.251 Liu et al.252 also reported two-step
techniques to deposit the SnO2 layer. Aer depositing a SnO2

NP aqueous solution on an ITO/polyethylene naphthalate, PEN
substrate by spin coating, they treated the lm by the hydro-
thermal technique using an autoclave at 100 �C for 1 h, and
a signicant improvement of the quality of the SnO2 layer was
obtained. They achieved a certied efficiency of 17.27% for the
exible PSCs. The authors concluded that the enhanced
performance of the PSCs can be attributed to the large grain
sizes of the perovskite on hydrothermally treated SnO2, low trap
density of the device, high charge transport efficiency of
hydrothermally treated SnO2, and the better energy band
This journal is © The Royal Society of Chemistry 2021
matching between hydrothermally treated SnO2 and the
perovskite layer.252 In most of the reports, spin coating of an
aqueous solution of SnO2 NPs followed by some kind of treat-
ment have been used for a better quality of the SnO2 layer. The
work by Yang et al.65 revealed that by preparing a complex of
SnO2 aqueous solution with EDTA, an effective ETL can be
formed. It has been found that this EDTA-complexed SnO2 is
better matched with the conduction band of perovskite, leading
to high VOC. Its electron mobility is about three times larger
than that of SnO2. Using EDTA-complexed SnO2, the group has
reported an efficiency of 18.28% for a exible device.65 Similarly,
Kam et al.31 reported room-temperature RF sputtered SnO2 as
a promising ETL with a suitable band structure, high trans-
mittance, and excellent stability for the PSCs. They achieved
PCEs of 12.82% and 5.88% on a rigid glass substrate and
a exible PEN substrate, respectively.31 Another non-solution
based process which has been reported for the formation of
the SnO2 layer is the slot die coating. The approach towards
exible perovskite solar cell modules (PSCMs) was reported by
Bu et al.253 using SnO2 as the ETL. They reported exible PSCMs
on an ITO/PET substrate using triple cation perovskite and the
slot-die printed SnO2 layer as the ETL. They provided a facile
interface passivation strategy with potassium pre-treatment for
SnO2 ETLs to obtain hysteresis-free high efficiency devices and
reported small size exible PSCs with an efficiency of 17.18%
and large size (5 � 6 cm2) exible modules with an efficiency
over 15% (Fig. 19a–c).253

SnO2 was also found to be very effective as an electron
selective contact in the case of 2-terminal monolithic tandem
J. Mater. Chem. A, 2021, 9, 16621–16684 | 16647
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Fig. 19 (a) Structure of the 6 sections of series-connected large-area flexible PSCMs. (b) Photograph of the flexible PSCM and (c) the corre-
sponding J–V curves of the champion flexible PSCM.253 (d) Schematic device design of the silicon heterojunction/perovskite tandem solar cell.
The red dashed line indicates the active area. (e) Cross-sectional scanning electron micrograph of a typical monolithic tandem solar cell. (f) J–V
characteristics of tandem, perovskite standalone and Si standalone cells,254 presented with permission and copyright.
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solar cells. A low temperature processed electron selective layer
is highly commended since the bottom cell of the tandem
structure could be damaged by the high-temperature process.
Albrecht et al.254 reported a 2-terminal monolithic tandem solar
cell using Si as the bottom cell, PSCs as the top cell and ALD-
grown SnO2 as the electron selective contact and achieved an
efficiency of 19.9% with a VOC of 1785 mV (Fig. 19d–f).

Liang et al. investigated a new arrangement of OMO struc-
ture, tungsten oxide, and WO3 (23 nm)/Ag (10.7 nm)/SnO2 (35
nm) with the lowest sheet resistance and high visible trans-
mittance.255 The device conversion efficiency boosted to 14%
with a high JSC (7.9 mA cm�2 to 18.6 mA cm�2) and a high FF
from 0.24 to 0.72 due to the SnO2 NP interfacial layer.255 This
work suggested a big potential of OMO in the replacement of
ITO in exible solar cell applications. Similarly, Hashemi et al.
reported different approaches to develop exible and wearable
solar cells for self-powered wearable devices.256 Table 5
compares the device performances of perovskite based solar
cells for doped SnO2.

6.3 Plasma treated SnO2 for PSCs

Over the past few decades, plasma processing has become a tool
for various manufacturing and materials processing industries.
Plasma technologies have found applications in aerospace,
automotive, steel, biomedical, and toxic waste management
industries.289 Most importantly, plasma processing is now well
adopted in large scale integrated circuit manufacturing. The
primary properties of plasmas that have attracted the attention
of industries include high power and energy density of thermal
16648 | J. Mater. Chem. A, 2021, 9, 16621–16684
plasmas used in additive manufacturing and the abundant
presence of reactive species capable of initiating chemical
reactions on their own.290 These reactive species can perform
complex transformations that are in many ways beyond the
scope of other conventional techniques. One of the major
advantages of using plasma technologies, in particular, for
oxide semiconductors is that these processes are dry and envi-
ronmentally friendly. In this sub-section, we emphasize on non-
thermal plasma induced processing of SnO2 nanostructures.
Non-thermal plasmas are advantageous as they can be operated
at low temperatures and provide unique opportunities for low-
temperature material processing.

Plasma-based processes are indispensable in reactive sput-
tering and plasma-enhanced CVD. These techniques are widely
used for the synthesis of high-quality SnO2 nanostructures that
are used for a varied range of applications.291–293 In this context,
Tarlov and Evans were among the rst to study the effect of
plasma functionalization on SnO2 thin lms.294 They demon-
strated that RF water plasma treatment of SnO2 lms is an
excellent method for preparing “clean”, hydroxylated surfaces.
They studied the hydroxylated surfaces using angle-resolved X-
ray photoelectron spectroscopy and electron energy loss spec-
troscopy, to identify the changes in surface electronic states and
chemical properties. Interestingly, the plasma treatment
removed the oxygen vacancies by restoring the Sn4+ valency in
the surface region. In general, plasma treatment also removed
unwanted carbon contaminants with no preferential surface
hydroxylation. This study reintroduced plasma-based systems
as a new synthesizing route for oxides in general and in
This journal is © The Royal Society of Chemistry 2021
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Table 5 Dopants/foreign elements present in the SnO2 layer and the corresponding PSC device parametersa

Method Device layer (SnO2)
Doping/foreign element(s)
(SnO2) VOC (V)

JSC (mA
cm�2) FF (%)

PCE
(%) Reference

Sol–gel FTO/SnO2 (Zr/F)/
CH3NH3PbI3/SiGe/spiro-
OMeTAD/Au

Zr/F 1.105 24.39 71.2 19.19 Tian et al.257

Solvothermal SnO2–TiO2 TiO2 0.76 7.18 60.41 3.28 Qureshi
et al.258

Spinning FTO/Cu–SnO2/
CH3NH3PbI3/spiro-
OMeTAD/Au

Cu 0.78 21.74 0.509 8.48 Li et al.259

Spinning FTO/Zn–SnO2/
CH3NH3PbI3/spiro-
OMeTAD/Au

Zn 0.97 22.24 0.610 13.17 Li et al.259

Spinning FTO/Cd–SnO2/
CH3NH3PbI3/spiro-
OMeTAD/Au

Cd 0.90 20.56 0.487 9.03 Li et al.259

Spinning FTO/Li–SnO2/CH3NH3PbI3/
spiro-OMeTAD/Au

Li 0.46 18.99 0.423 3.76 Li et al.259

Spinning FTO/Ti–SnO2/CH3NH3PbI3/
spiro-OMeTAD/Au

Ti 1010 21.49 66.6 14.45 Li et al.259

Doctor blade
technique

SnO2–ZnO ZnO 6.38 0.60 0.46 1.75 Sujinnapram
et al.260

Sol–gel ITO/Li: SnO2 ITO/Li 1.10 23.27 70.71 18.20 Park et al.241

Sol–gel SnO2/NH4Cl–SnO2 NH4Cl 1.10 24.37 78.31 21.01 Song et al.261

Sol–gel SnO2-CNT CNT 1.12 23.26 78.23 20.33 Tang et al.262

Magnetron
sputtering

FTO/SnO2 (Ar:O2) FTO 1.05 22.45 0.76 18.20 Bai et al.263

Spin-coating SnO2/PFN-Br PFN-Br 1.09 23.46 77.2 19.77 Guo et al.264

Sol–gel SnO2/CH3NH3PbI3/SiGe/
spiro-OMeTAD/SiGeSn

CH3NH3PbI3/SiGe/spiro-
OMeTAD/SiGeSn

0.78 49.75 73.4 28.57 Kumar
et al.265

Spin-coating ITO/SnO2/CH3NH3PbI3/
SiGe/spiro-OMeTAD/Ag

CH3NH3PbI3/SiGe/spiro-
OMeTAD/Ag

1.08 19.5 0.62 13 Song et al.266

Sol–gel FTO/SnO2/CH3NH3PbI3/
SiGe/spiro-OMeTAD/Au

CH3NH3PbI3/SiGe/spiro-
OMeTAD/Au

1.11 23.27 0.67 17.21 Ke et al.236

Sol–gel ITO/SnO2/CH3NH3PbI3/
SiGe/spiro-OMeTAD/Au

CH3NH3PbI3/SiGe/spiro-
OMeTAD/Au

1.084 21.98 64.17 15.29 Park et al.241

Sol–gel PFT/ITO/SnO2/meso-TiO2 Meso-TiO2 20.70 1.036 65.55 14.07 Dagar
et al.267

Sol–gel FTO/SnO2ESL/
CH3NH3PbI3/spiro-
OMeTAD/Au

CH3NH3PbI3/spiro-
OMeTAD/Au

1.09 18.48 75.04 15.10 Ke et al.268

Sol–gel Glass/FTO/SnO2/
CH3NH3PbI3/spiro/Au
(UVLT-SnO2)

CH3NH3PbI3/spiro/Au
(UVLT-SnO2)

1.06 21.94 61.73 14.36 Huang
et al.269

Sol–gel Glass/FTO/SnO2/
CH3NH3PbI3/spiro/Au (HT-
SnO2)

CH3NH3PbI3/spiro/Au (HT-
SnO2)

1.06 19.82 57.40 11.49 Huang
et al.269

Spin-coating FTO/SnO2/CH3NH3PbI3/
CuSCN/Au (water)

CH3NH3PbI3/CuSCN/Au
(water)

0.95 18.19 0.38 6.59 Murugadoss
et al.270

Spin-coating FTO/SnO2/CH3NH3PbI3/
CuSCN/Au (ethanol)

CH3NH3PbI3/CuSCN/Au
(ethanol)

0.96 18.99 45 8.38 Murugadoss
et al.270

Sol–gel FTO/SnO2/CH3NH3PbI3/
spiro-OMeTAD/G

CH3NH3PbI3/spiro-
OMeTAD/G

1.05 22.78 78 18.65 Zhang
et al.271

Sol–gel FTO/CL/SnO2/TiO2/
CH3NH3PbI3/HTM/Au

TiO2/CH3NH3PbI3/HTM/Au 0.99 20.70 59.9 12.23 Duan et al.272

Sol–gel FTO/SnO2/CH3NH3PbI3/
SiGe/spiro-OMeTAD

CH3NH3PbI3/SiGe/spiro-
OMeTAD

1.05 22.8 66.2 15.8 Pinpithak
et al.273

Sol–gel FTO/SnO2ESL/
CH3NH3PbI3/meso/HTM/
Ag

CH3NH3PbI3/meso/HTM/
Ag

0.95 18.92 0.70 12.67 Dong et al.274

Sol–gel ITO/SnO2/(FAPbI3)0.97–
(MAPbBr3)0.03/spiro/Au

(FAPbI3)0.97–(MAPbBr3)0.03/
spiro/Au

1.13 23.69 80.61 21.52 Jiang et al.275

Sol–gel FTO/SnO2/(FAPbI3)0.875–
(CsPbBr3)0.125/spiro/Au

(FAPbI3)0.875–
(CsPbBr3)0.125/spiro/Au

1.07 21.26 0.74 16.80 Jung et al.243

This journal is © The Royal Society of Chemistry 2021 J. Mater. Chem. A, 2021, 9, 16621–16684 | 16649
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Table 5 (Contd. )

Method Device layer (SnO2)
Doping/foreign element(s)
(SnO2) VOC (V)

JSC (mA
cm�2) FF (%)

PCE
(%) Reference

Sol–gel FTO/SnO2 QD/
CH3NH3PbI3/spiro-
OMeTAD/Au

QD/CH3NH3PbI3/spiro-
OMeTAD/Au

1.11 20.94 0.73 16.97 Yang et al.276

Spin-coating FTO/bl/meso-SnO2/
CH3NH3PbI3/spiro/Au

CH3NH3PbI3/spiro/Au 1.11 22.80 75.78 19.21 Xiong et al.277

Spin-coating FTO/m-SnO2/CH3NH3PbI3/
spiro-OMeTAD/Au

CH3NH3PbI3/spiro-
OMeTAD/Au

983 21.1 63 13.1 Roose
et al.278

Hydrothermal FTO/SnO2 nanosheet
CH3NH3PbI3/spiro-/Au

CH3NH3PbI3/spiro-/Au 1.05 22.76 0.68 16.17 Liu et al.279

Sol–gel FTO/Nb:SnO2/
CH3NH3PbI3/spiro-/Au

CH3NH3PbI3/spiro-/Au 1.08 22.36 0.72 17.57 Ren et al.280

Hydrothermal FTO/SnO2 nanosheet/C60/
CH3NH3PbI3/spiro-/Au

C60/CH3NH3PbI3/spiro-/Au 1.03 23.62 75 18.31 Wu et al.281

Atomic layer
deposition

FTO/SnO2/CH3NH3PbI3/
HTL/Au

CH3NH3PbI3/HTL/Au 1.14 21.3 74 18.4 Baena
et al.234

Pulse layer
deposition

FTO/SnO2/PCBM/
CH3NH3PbI3/spiro-/Au

PCBM/CH3NH3PbI3/spiro-/
Au

1.11 21.6 71 17.03 Chen et al.282

Chemical bath
deposition

FTO/SnO2/CH3NH3PbI3/
spiro-OMeTAD/Au

CH3NH3PbI3/spiro-
OMeTAD/Au

1.13 22.95 79 20.56 Bu et al.283

Hydrothermal HT/FTO-SnO2 HT/FTO 1.08 21.35 74.89 17.37 Liu et al.252

Spin-coating ITO/SnO2/ZTO/
CH3NH3PbI3/spiro-
OMeTAD/Au

ZTO/CH3NH3PbI3/spiro-
OMeTAD/Au

1.13 22.6 80.2 20.5 Guo et al.284

Spin-coating FTO/SnO2/MAPbI3/spiro-
OMeTAD/Au

MAPbI3/spiro-OMeTAD/Au 1.11 21.44 74.58 17.83 Zhang
et al.285

Sol–gel NPT-SnO2 NPT 1.12 21.82 0.83 20.3 Subbiah
et al.286

Sputtering FTO/SnO2/CH3NH3PbI3/
spiro-OMeTAD/Au

CH3NH3PbI3/spiro-
OMeTAD/Au

1.08 23.7 0.79 20.3 Qiu et al.287

Plasma
treatment

FTO/c-SnO2/MAPI/
CH3NH3PbI3/spiro-
OMeTAD/Au

MAPI/CH3NH3PbI3/spiro-
OMeTAD/Au

108 20.4 76.3 19.4 Méndez
et al.288

a Abbreviations: ITO ¼ indium tin oxide, FTO ¼ uorine doped tin oxide, ZTO ¼ zinc tin oxide, CNT ¼ carbon nanotube, QD ¼ quantum dot, HT
SnO2 ¼ high temperature tin oxide, LT SnO2 ¼ low temperature tin oxide, PEN-Br ¼ poly(9,9-bis(30(N,N-dimethyl)-N-ethylammonium-propyl-2,7-
uorene)-alt-2,7-(9,9-dioctyluorene))dibromide, spiro-OMeTAD ¼ 2,20,7,70-tetrakis[N,N-di(4-methoxyphenyl)amino]-9,90-spirobiuorene, PET ¼
polyethylene terephthalate, SnO2 ESL ¼ tin oxide electron selective layer, HTM ¼ high temperature mesoporous, FAPbI3 ¼ single crystal
formamidinium lead iodide, MAPbI3 (or) MAPI ¼ methylammonium lead halide, PCBM ¼ phenyl C-61 butyric acid methyl ester, NPT ¼
nitrogen plasma treated, HTL ¼ hole transporting layer.
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particular to SnO2 surfaces. Since then, there have been
a plethora of reports on plasma engineered SnO2 nano-
structures for a wide range of applications, e.g. photovoltaics,
sensors and catalysis.57,85,295

SnO2 thin lms are typically used as a TCO for the front
electrode in silicon thin-lm solar cells, due to their wide
bandgap (�3.6 eV), transparency in the visible region and high
electrical conductivity. Hydrogen plasma is commonly used to
prepare hydrogenated amorphous and microcrystalline silicon
lms.296 Towards this end, Kim et al. studied the effects of
hydrogen plasma treatment on the structural and electrical
properties of sputtered SnO2 thin lms.186 They found that
hydrogen plasma treatment degraded the crystalline quality
and optical transmittance and cause etching of the SnO2 lms.
Interestingly, hydrogen plasma treatment led to improved
electrical conductivity along with the increase in carrier
concentration, and this was attributed to the formation of
oxygen vacancies in undoped SnO2 lms. Tang et al.were able to
modulate the electronic properties, surface energy, and
16650 | J. Mater. Chem. A, 2021, 9, 16621–16684
roughness of uorine-doped SnO2 lms using oxygen plasma
treatment.297 Both the work function and hydrophilicity of SnO2

were found to increase aer oxygen plasma treatment. In
a unique approach, Chen and Thimsen were able to synthesize
highly conductive ATO nanocrystals using dual-nonthermal
plasmas.112 They were able to achieve a high conductivity of
0.1 S cm�1 for the as-deposited porous ATO lms prepared
using this approach. During the synthesis, Sn and Sb vapor
precursors were fed into a dual-zone (discharge) ow-through
plasma reactor. The reagent passed through the rst plasma
zone to form metallic Sb–Sn alloy NPs. From the rst discharge
(zone 1), the alloy NPs followed the carrier gas through to the
second discharge (zone 2) containing O2 to become oxidized.
The ATO nanocrystals were then deposited onto various
substrates (silicon wafer, glass, fused silica, or single crystal
NaCl). The as-deposited lms showed a high optical trans-
mittance of >90% over the entire visible wavelength regime.
Hence, ex situ plasma treatment could be used to modify the
surface composition, energy band structure, and surface energy
This journal is © The Royal Society of Chemistry 2021
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to facilitate efficient carrier transport at the FTO interfaces,
eventually improving the device performance.

Like silicon solar cells, SnO2 plays a critical role in PSCs as
well.298 The high dopant concentration (Nd ¼ 1020 cm�3) in FTO
results in the formation of a very thin space charge region at the
interface. The decrease in the width of the space charge region
increases the probability of electrons tunneling across, result-
ing in a reduced performance. To overcome this issue, it is
customary to introduce a thin layer of the electron blocking
layer (metal oxide) in the form of TiO2 or SnO2 atop FTO.
However, the growth or deposition of this electron blocking
layer faces several challenges such as the formation of pinholes
and uniform thickness. To overcome this, Dao et al. developed
a new strategy to increase the uniformity and reduce the
pinholes in the TiO2 layer by atmospheric pressure plasma
treatment of FTO.299 They observed a signicant increase in the
efficiency of the PSC where the TiO2 blocking layer was depos-
ited on plasma-treated FTO. Argon plasma (150 W) treatment
for 1 minute transformed the FTO surface superhydrophilic.
The increase in the efficiency was attributed to the suppression
of electron recombination at the FTO interfaces due to the high-
density, uniform, and pinhole-free TiO2 layer on the surface of
the plasma-treated FTO.

In another interesting work, Wang et al. demonstrated that
a low temperature processed SnO2 could be an excellent mate-
rial for the electron selective layer (ESL) material.300 Through
plasma-enhanced atomic layer deposition (PEALD) they could
deposit SnO2 at temperatures less than 100 �C, which is
signicant, considering the compatibility with large-scale roll-
to-roll manufacturing and other potential opportunities for
Fig. 20 The best-performing devices based on PEALD SnO2 coated FTO/
voltage scans. (b) EQE spectra and their corresponding integrated pho
performance parameters of a flexible PVSC versus bending cycles. Photog
permission and copyright.

This journal is © The Royal Society of Chemistry 2021
exible solar cells. The as-fabricated PSCs with SnO2 deposited
through PEALD and passivated with a C60-self-assembled
monolayer exhibited maximum PCEs of 19.03% and 16.80%
under reverse voltage on glass and exible polymer substrates,
respectively, as shown in Fig. 20. In the same way, Kuang et al.
also used PEALD for SnO2 in PSCs.301 They studied the inuence
of deposition temperature on the material properties of SnO2.
Highly transparent amorphous SnO2 lms were prepared in
a temperature range of 50–200 �C. The lm deposited at 200 �C
showed the best band alignment at the SnO2:perovskite inter-
face, while the lm deposited at 50 �C showed a considerable
band offset. However, for a 15 nm thick layer, this band offset
did not affect the electron transport at the interface and the
PSCs with either 50 or 200 �C SnO2 ETL demonstrated compa-
rable initial PCEs. The SnO2 lms fabricated at 50 �C were found
to be resistive, while the 200 �C SnO2 lms showed a low elec-
trical resistivity of 1.8 � 10�3 U cm and high carrier density and
mobility of 9.6 � 1019 cm�3 and 36.0 cm2 V�1 s�1, respectively.
As a result, the PSCs with 200 �C SnO2 retain their initial
performance at the maximum power point for over 16 h. Thus,
the reports by Wang et al. and Kuang et al. envisage the prospect
of integrating PEALD for roll-to-roll applications.300,301

Hu et al. used SnOx grown by ALD as an electron extraction
layer to design ITO-free PSCs.302 They replaced ITO with
a semitransparent SnOx/Ag electrode, which simultaneously
served as an electron extraction layer delivering a PCE of 11%.
They thoroughly investigated the electronic properties of SnOx

grown by ALD using H2O, ozone, or oxygen plasma as the
oxidant. Though there were no obvious differences in the crystal
structure, morphology, or surface energy between the SnOx
glass and ITO/PET substrates: (a) J–V curves under reverse and forward
tocurrents. (c) Absorption spectra of perovskite films. (d) Normalized
raph of a flexible device after the bending test (inset),300 presented with

J. Mater. Chem. A, 2021, 9, 16621–16684 | 16651
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Fig. 21 Electronic structure of different SnOx variants in their pristine state and of a thin and thick (bulk-like) MAPbI3 layer deposited on top of
them. The energy level positions were determined by UPS and IPES measurements. Abbreviations—Evac: vacuum level; EF: Fermi energy; and 4:
work function. The values written at the VB and the CB mark their distance from the Fermi energy,302 presented with permission and copyright.
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samples, the PSCs showed different performances. However,
work function measurements using Kelvin probe microscopy
and ultraviolet photoelectron spectroscopy (UPS) on these SnOx

layers showed a trend of plasma–SnOx > H2O–SnOx > ozone–
SnOx. Interestingly, only for H2O–SnOx, an oxygen vacancy
induced gap state (GS) at about 2.23 eV below the Fermi level
was observed only for H2O–SnOx. They also found that there is
always formation of the PbI2 interfacial layer with an electronic
bandgap of 2.19 eV betweenMAPbI3 and SnOx. Fig. 21 shows the
interfacial electronic band alignment for three SnOx electrodes.
Based on their measurements and performance, they concluded
that ozone–SnOx was the best hole blocking layer and designed
an ITO-free semitransparent bottom electrode based on SnOx/
Ag/SnOx architecture. Here, H2O–SnOx acted as the permeation
barrier to protect the Ag from corrosion.

Although ALD and sputtering techniques can produce
uniform and crystalline thin lms, their integration onto large
scale production and roll-to-roll fabrication routes is a chal-
lenge. From a practical point of view, it is important to simplify
the entire fabrication process to address these challenges. For
this purpose, Yu et al.303 devised a superfast (<5 min) facile route
to synthesize SnO2 at room-temperature (<50 �C) using atmo-
spheric Ar/O2 plasma, as shown in Fig. 22a. Compared with
thermally annealed SnO2 (T-SnO2) thin lms, the plasma
synthesized SnO2 lms exhibited superior properties viz. higher
electrical conductivity, better electron mobility, and low density
of charge trap sites. Consequently, plasma synthesized SnO2

based PSCs achieved a superior PCE of 19.56%. The compara-
tively high PCE was attributed to efficient electron extraction
and reduced nonradiative recombination at the plasma
synthesized-SnO2 ETL/perovskite interface, which relaxed the
hysteresis and improved the resistance of PSCs to sunlight.

Another approach to improve the efficiency of solution-
processed PSCs was proposed by Subbiah et al.286 This
involved the use of a low-power N2 plasma to form compact
SnO2 from a spin-coated SnCl4$5H2O solution, as schematically
shown in Fig. 22b. Most importantly, this technique could be
applied to fabricate PSCs on rigid as well as on exible
16652 | J. Mater. Chem. A, 2021, 9, 16621–16684
substrates. When compared with O2 plasma treatment, SnO2

lm formation from the Sn metal halide precursor materialized
only in the presence of a N2 plasma. This was attributed to the
deep UV emission lines (ca. 290–390 nm) of N2 plasma along-
side the NO* species, which provide the necessary energy to
initiate the cleaving of metal alkoxy bonds. To prove the effec-
tiveness of the process, they compared the PSC performance
composed of either N2 plasma-treated (NPT-SnO2) or thermally
oxidized (TA-SnO2) lms. The champion device with NPT-SnO2

as the ETL witnessed a PCE of 20.3%, a VOC of �1.12 V, an FF of
�0.83, and a JSC of �21.82 mA cm�2 under the reverse scan,
whereas the TA-SnO2-based champion device demonstrated
a PCE of 19.9%, a VOC of �1.08 V, an FF of �0.81, and a JSC of
�22.9 mA cm�2. The exible device fabricated with NPT-SnO2

showed a best PCE of 18.1% under a reverse scan, with the
corresponding performance parameters of VOC � 1.05 V, FF �
0.76, JSC � 22.8 mA cm�2 and a stable PCE of 17.1%. It is to be
noted that a layer of mesoporous alumina (Al2O3) was intro-
duced on top of NPT-SnO2 to compensate for the presence of
pinholes. Importantly, the device retained 90% of the initial
PCE aer 1000 cycles of bending. Details related to the exible
device are presented in Fig. 23.

Recently, Smith et al. studied the post-processing effects of
spray-coated SnO2 lms by UV ozone or O2 plasma on the device
performance.304 The device with UV ozone treated ETL out-
performed the one with the O2 plasma-treated ETL. The O2

plasma apparently makes the surface Sn-rich and O-poor. It was
also found that plasma treatment signicantly downshied the
Fermi level, resulting in a loss of electron selectivity along with
a drop in VOC and an increase in J–V hysteresis. Hence, in some
cases, O2 plasma can have a detrimental impact on the SnO2/
perovskite interface and device performance. To gain a better
understanding, Luan et al. were able to increase the PCE by
employing O2 plasma treatment to treat 2,2,2-triuoroethanol
(TFE)-incorporated SnO2 ETL lms.244 The presence of a strong
electron-withdrawing group (triuoromethyl) improved the
electron mobility in the SnO2 ETL. They found that by carefully
controlling the plasma power to 60 W used for treating SnO2,
This journal is © The Royal Society of Chemistry 2021
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Fig. 22 Schematic of SnO2 thin film fabrication by (a) Yu et al. using thermal or O2/Ar plasma with corresponding field-emission scanning
electron microscopy (FE-SEM) images. T-SnO2 was annealed at 180 �C for 60 min, and P-SnO2 was developed by plasma energy with gas flow
rates of 0.008 L h�1 (Ar) and 0.06 L h�1 (O2) for 5 min.303 (b) Subbiah et al. using a modified sol–gel technique by employing low-power RF N2

plasma exposure for 60 min in an approximate pressure of 1 Torr,286 presented with permission and copyright.
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the PCE could be increased from 20.92% to 21.68% (VOC: 1.12 V,
JSC: 24.06 mA cm�2 and FF: 0.802). However, at higher power
(140 W), VOC dropped from 1.12 V to 1.07 V due to the increase
in the work function (from 4.21 to 4.40 eV) away from the
conduction band of the perovskite lm (4.18 eV) similar to the
ndings of Smith et al.304

A signicant amount of research has been conducted on
graphenes during the last decade. This is driven by the reali-
zation of the immense capabilities possessed by this wonder
material. Applications are already recognized in a wide range of
disciplines from ultra-fast and exible electronics to optoelec-
tronic devices, supercapacitors, water remediation, DNA
attachment, photocatalysis, oxygen reduction reaction catalysts,
This journal is © The Royal Society of Chemistry 2021
and many more. To realize these pathways, functionalization of
graphene and its oxide played a crucial role. Many techniques of
functionalization have been applied to extend the application
prospects of graphene.142

In the present review, we discuss the plasma engineering of
oxide surfaces as a potential alternative to conventional tech-
niques. Plasma functionalization is advantageous in terms of
controllability and selectivity associated with it. The ionic
species present in plasma can tune the electronic and optical
properties of oxides and can even control the surface energy and
processes. Wet chemical functionalization involving precursors
and by-products fails in achieving localized effects in oxide
semiconductors for PV applications. With plasma
J. Mater. Chem. A, 2021, 9, 16621–16684 | 16653
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Fig. 23 (a) Photograph depicting the flexible nature of the devices fabricated using room-temperature NPT-SnO2 ETL. (b) SEM cross-sectional
image of a flexible device. (c) Device architecture schematic of the flexible device fabricated by Subbiah et al.286 (d) Champion light J–V
characteristics of the flexible device with a PCE of 18.1% and a stable power output efficiency of 17.1% under 1 sun illumination. (e) Normalized
device efficiency and fill factor of the flexible device being subjected to 1000 bending cycles. (f) Transient VOC measurements in the seconds
scale to illustrate the associated rise and decay constants. (g) Histogram of the various device parameters extracted from a batch of 24 flexible
devices. All efficiencies were measured under the reverse scan,286 presented with permission and copyright.
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functionalization, it is possible to precisely tailor-design oxide
properties by inducing localized charges. The advantages of this
technique include time and cost-effectiveness. This process is
environmentally friendly and opens up future pathways for
large-scale industrial implementation. However, most of the
plasma processes involve low-pressure vacuum-based systems.
Atmospheric pressure plasma can be a promising candidate for
various plasma-based functionalization applications. In atmo-
spheric pressure plasma jet (APJJ), the plasma is not conned
within the dimensions of the electrodes. Nevertheless, it is
important to understand the characteristics of plasma being
used, to make the process benecial.
6.4 Thermally treated SnO2 for PSCs

For SnO2 thin lms, the effect of the annealing temperature on
the lm properties is a key parameter as it has inuence on its
electrical properties (resistivity, carrier concentration and
mobility, and conductive type), surface morphology, and crystal
quality of the lms. Optimization of parameters is essential to
fabricate efficient devices. Normally, SnO2 lms treated at
higher temperatures will exhibit better crystallinity, which
16654 | J. Mater. Chem. A, 2021, 9, 16621–16684
improves the charge carrier and the optical transmittance.57,305

Yuan et al. demonstrated the inuence of the thermal annealing
temperature on the electrical and optical properties of SnO2

thin lms deposited on glass substrates by spin-coating.306 SnO2

lms annealed in air show an increase in the optical trans-
mittance by increasing the annealing temperature from 100 to
300 �C, but the transmittance decreased upon further
increasing the temperature to 500 �C. Particles in the lm
annealed at 100 �C show a high surface roughness. When the
temperature was increased to 300 �C, the surface roughness of
the lms decreased due to the increase in the surface diffusion
of atoms with higher kinetic energy. At 500 �C, cracks and
blisters occurred due to the rapid growth of the particles,
resulting in an increase in surface roughness. As a result, the
transmittance of SnO2 thin lms decreased at 500 �C. An
annealing temperature below 500 �C has a positive effect on the
sheet resistance and transmittance in the visible light region of
SnO2 thin lms.

Generally, for the fabrication of high-efficiency solar cells,
metal-oxide electron selective layers (ESLs) annealed at high
temperatures (HT) are preferred over those at low-temperatures
(LT), due to the higher carrier mobility.57 However, as
This journal is © The Royal Society of Chemistry 2021
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demonstrated by Ke et al., for the SnO2 ESLs, the situation is
quite different.268 To compare the efficiency of low- and high-
temperature annealed SnO2 on the performance of perovskite
solar cells (PSCs), the authors prepared SnO2 lms over FTO
substrates by spin coating of the SnCl2$2H2O precursor, fol-
lowed by thermal annealing in air at 185 �C (LT-SnO2) and at
500 �C (HT-SnO2) for 1 h. Perovskite solar cells using LT-SnO2

ESLs exhibited a better performance than the cells using HT-
SnO2, due to a better lm coverage, lower electron concentra-
tion, higher electron mobility, and a wider band gap. The use of
LT annealing of SnO2 ESL is an important advantage due to its
low cost, easy preparation, and better performance in PSCs.

Another way to improve the photovoltaic performance by
boosting the electrical conductivity of SnO2 ESLs is using
thermal annealing to reduce or even eliminate the current
density–voltage (J–V) hysteresis. Jung et al. used tin(IV) iso-
propoxide as the precursor to deposit SnO2 ETL lms onto the
FTO glass substrate.243 The lms were annealed in ambient air
at 100, 150, 200, 250, 300, 350, 400 and 500 �C for 30 min. The
results showed that the J–V curves and the photovoltaic
performance depend on the annealing temperature. The
difference between the reverse and forward scanned J–V curves
decreased as the temperature was increased from 150 �C to
250 �C, which minimized at 250 �C and then increased again as
the temperature was increased from 300 �C to 500 �C. This
behaviour directly affected the power conversion efficiency
(PCE), which reached a maximum average value of 16.08% at
250 �C. Similar results were also reported by Wang et al.307 The
photovoltaic performance of PEALD SnO2 ESLs was improved by
low-temperature thermal annealing in ambient air due to
a reduction in the imbalance of charge transportation and
Fig. 24 (a) Schematic representation of plasma-assisted atomic layer d
OMeTAD/Au) with its PCE performance; (b) XRD analysis of SnO2 at diff
photoluminescence of SnO2, presented with permission and copyright.3

This journal is © The Royal Society of Chemistry 2021
consequently to a signicant reduction in the degrees of J–V
hysteresis.

The change in the annealing temperature is also capable of
modifying the conducting type of transparent conductive
SnO2:Zn thin lms, as shown in Ni et al.201 Based on the Hall
measurements, it can be conrmed that the SnO2:Zn lms
annealed below 400 �C possessed an n-type behaviour. Upon
increasing the annealing temperature within the range of 400–
500 �C, the lms showed a p-type conductivity, but at 500 �C an
increase in resistivity and a decrease in carrier concentration
were also observed. Finally, for the lms annealed above 500 �C,
a conversion in conductivity from p-type only to both p-type and
n-type as the major and secondary conduction type occurred.
This behaviour might be attributed to the inability of Zn atoms
to substitute Sn at lower temperatures due to a lack of activation
energy. When the annealing temperature increases, the
acceptor effect of Zn substituting Sn is activated, resulting in p-
type lms.

Several studies indicate that a strong correlation exists
between the characteristics of the SnO2 layer and the device
performance, which is strictly connected to surface chemistry.
For example, Wang et al.308 demonstrated a mesoporous SnO2

(m-SnO2) layer with different concentrations of polyethylene
glycol (PEG) (0, 3, 6, 9, and 12%). The colloidal SnO2 precursor
solution was spin coated (4000 rpm, 20 s) on the ITO substrate
with and without PEG and then annealed at 180 �C for 20 min.
The device exhibits excellent performance with a PCE of
20.82%, a VOC of 1.10 V, a JSC of 24.56 mA cm�2, and an FF of
77.10%.308 Kuang et al. fabricated a SnO2 based device (glass/
ITO/ALD SnO2/CH3NH3PbI3/spiro-OMeTAD/Au) with different
annealing temperatures. The solar cell exhibited a PCE of
eposition of the SnO2 layer (glass/ITO/ALD SnO2/CH3NH3PbI3/spiro-
erent annealing temperatures; and (c) steady state and time resolved
01
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16.2%, a VOC of 1.086 V, a JSC of 21.4 mA cm�2, and an FF of 70%
for the SnO2 lm annealed at 50 �C and a PCE of 16.1%, a VOC of
1.061 V, a JSC of 21.3 mA cm�2, and an FF of 71% for the SnO2

lm annealed at 200 �C (Fig. 24).301 The improvement of device
performance aer thermal treatment at 50 �C is due to the
presence of a conduction band offset of �0.69 eV at the SnO2/
perovskite interface. On the other hand, there is a negligible
conduction band offset found aer thermal treatment at 200 �C.
It is also worth noting that the stability of the device signi-
cantly depends on the thermal treatment. PSCs retain their
initial performance over 16 h under continuous one sun illu-
mination in an inert atmosphere for the SnO2 treated at 200 �C,
whereas the PCE decreases by �50% for the device with SnO2

treated at 50 �C.
7. SnO2 for the sustainable building
technology
7.1 Transparent/semi-transparent BIPV devices

An emerging application of transparent conducting SnO2 lms
is in the eld of transparent photovoltaics (TPV).309 Unlike the
conventional thin-lm solar cells which are typically opaque
devices with a dark-colored absorber and one reective cathode,
the TPV devices consist of a transparent cathode and a light-
transmitting absorber on a transparent substrate. This new
category of solar cells has generated a great deal of research
interest in the past several years being partially or fully trans-
mitting to visible sunlight. The TPV devices can be integrated
into smart windows or energy harvesting facades during the
construction of energy-efficient (green) buildings.310 These
building integrated photovoltaic (BIPV) devices offset the elec-
tricity consumed by various building services and reduce the
overall carbon footprint of the building. Carbon mitigation is
expected to be substantial because a high percentage of elec-
tricity generated in a developed economy is used in buildings.
BIPV provides an important complement to the decentralized
generation of electricity from building applied photovoltaics
(BAPV) such as retrotted roof top solar modules by making use
of the large amount of vertical or slanted surfaces on the exte-
rior of multi-storey buildings. TPV equipped windows can limit
the amount of heat entering the interior of a building. In
addition, for fully transparent TPV devices, the incorporation of
these devices will not only adversely alter the aesthetic appeal of
the architecture but also can be readily adopted in energy-
efficient buildings.

Before reviewing the recent developments in TPV devices
fabricated based on SnO2 coated substrates, it is important to
mention the key device characteristics of TPV devices, namely
(1) visible light-transmitting property and (2) power conversion
efficiency (PCE), which is a necessary but not sufficient
parameter for describing the TPV device performance. Two
additional parameters, namely the average visible trans-
mittance (AVT) and the color rendering index (CRI) also need to
be determined. The PCE has the same denition as in
conventional photovoltaics which is the percentage of the
incident solar irradiance (W cm�2) that is converted into
16656 | J. Mater. Chem. A, 2021, 9, 16621–16684
electrical power under standard testing conditions (1 sun,
AM1.5G, 25 �C). Here, the electrical power is the power per unit
area at the maximum power point PMPP given by PMPP ¼ JSC-
VOCFF, where JSC is the short circuit current density, VOC is the
open-circuit voltage and FF is the ll factor of the TPV device.
The AVT of a TPV device is usually dened as the average value
of the optical transmittance over the spectral range 370–
740 nm. It is important to realize that to be aesthetically
appealing, the light transmitted through the TPV device must
be neutral colored or, in other words, the CIE color coordinates
of the transmitted light should be located close to that of
natural sunlight. Otherwise, the device will appear tinted and
this is undesirable from a building occupant standpoint espe-
cially for devices mounted over a window. The color neutrality of
a TPV device is described as in solid-state lighting by the CRI.
The CRI quantitatively describes how closely the incident light
source can render the true color of an object. By denition, the
CRI of natural white light is 100, and this serves as the bench-
mark against which the color rendering of other articial light
sources is evaluated. It is extremely challenging to concurrently
optimize all three TPV device parameters (PCE, AVT, and CRI) in
the same device. This is because of the inevitable tradeoff
between the PCE and the AVT. When the device is optimized for
PCE, the thicker absorber layer will necessarily result in a lower
AVT and vice versa. Nevertheless, some important break-
throughs have recently been achieved.

As discussed in the review article by Traverse et al.,310 TPV
devices can be classied into “non-wavelength selective” and
“wavelength selective” categories. Non-wavelength selective TPV
devices make use of absorbers with broadband absorption
spectra. Device transmittance is realized by using ultrathin
absorbers (�100 nm) and transparent electrodes. However,
since the absorber has absorption in the visible region, and the
absorption spectrum usually varies with the wavelength, these
devices are oen not neutral colored. This is the reason why
they are oen called “semi-transparent solar cells”. Wavelength
selective TPV devices, on the other hand, have bespoke
absorbers that absorb strongly either at the near infra-red (NIR)
or near ultra-violet (NUV) spectral regions. In the AM1.5G
spectrum, the NIR region is broader than the NUV; therefore,
there is a higher ux of IR photons available for energy har-
vesting. For each type of selective absorber, the energy bandgap
of the absorber should be such that there is no signicant
absorption of visible light. As a result, the ideal wavelength-
selective TPV device appears transparent to the human eye
and has a neutral color.

In terms of absorber materials, TPV devices reported thus far
are mainly based on thin-lm halide perovskite and organic
semiconductor absorbers. The inorganic–organic halide perov-
skite semiconductors are widely studied for TPV devices
because there are many solution processing and vacuum
deposition methods for preparing these semiconductors. For
the solution processing approach, the precursor chemicals are
of low-cost and the deposition techniques involved are relatively
straightforward. Solution processing does not require high
temperature or high vacuum conditions. The synthesized halide
perovskite semiconductors possess direct bandgaps that are
This journal is © The Royal Society of Chemistry 2021
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tunable and can be well matched to the solar spectrum by
adjusting either the cation or anion chemical composition
(compositional engineering). The mixed cation or anion in the
material further enhances the tunability of perovskite semi-
conductors. The perovskite semiconductors also have
outstanding absorption coefficients and long minority carrier
diffusion lengths (�1 mm), which are conducive to high JSC and
VOC. At present, the opaque halide perovskite thin-lm solar
cells have the highest reported PCE (>20%). This rapidly
evolving technology is expected to be eventually integrated with
conventional silicon solar cells.

Although most TPV devices are based on halide perovskite
materials, there have also been studies focusing on organic
thin-lm heterojunctions. The critical advantage of organic
semiconductors is that the energy gap and the energy of the
frontier orbitals can be tuned by molecular design, and some
organic semiconductors can be solution-processed or printed.
However, compared with the chemical precursors of perovskite
semiconductors, the cost of development of organic absorbers
is likely to be high which can raise the cost of a TPV device. An
additional fundamental drawback is a tendency for excited
electrons and holes to spontaneously form Frenkel excitons
within an organic absorber which requires sufficient energy to
dissociate. Usually, dissociation occurs at the ‘effective electric
eld’ of a heterojunction formed between a donor (p-type) and
an acceptor (n-type) organic layer where the lowest unoccupied
molecular orbital (LUMO) of the donor is higher in energy than
the LUMO of the acceptor. When a Frenkel exciton diffuses to
a heterojunction, the electron within the exciton will sponta-
neously transfer to the acceptor because of the energy offset.
However, this energy loss results in both lower VOC and device
PCE. At present, the PCE of state-of-the-art organic solar cells is
substantially lower than that of halide PSCs.
7.2. Non-wavelength selective TPV devices

Since methylammonium lead iodide (MAPbI3) is the most
widely studied halide perovskite, initial efforts were devoted to
developing non-wavelength selective (semi-transparent) PSCs
based onMAPbI3 absorbers. In ref. 311, Gaspera and co-workers
reported a semi-transparent MAPbI3 TPV device with the
structure FTO/TiO2/MAPbI3/spiro-OMeTAD/MoO3/Au/MoO3.
The dense TiO2 ETL was screen printed onto the FTO substrate,
while both the MAPbI3 absorber and the hole transport layer
spiro-OMeTAD were deposited by solution-based spin coating.
The main feature of this device is a thermally evaporated
dielectric–metal–dielectric (DMD) structure to enhance the
transmittance of the thin precious metal cathode. When prop-
erly designed, light transmission can be increased in a DMD
structure because of the interference effects associated with the
two dielectric layers. The thickness of the layers in the DMD
structure needs to be carefully designed for optimizing the
transmittance of the DMD. Since the thickness of the DMD
layers also affects the photovoltaic properties of a PSC with
a DMD cathode, Gaspera et al. varied the bottom MoO3 layer
thickness of the DMD stack systematically. When the bottom
MoO3 layer was not deposited, Au island nucleation formed on
This journal is © The Royal Society of Chemistry 2021
the spiro-OMeTAD with a higher sheet resistance. PSCs with
a 300 nm absorber thickness fabricated without bottom MoO3,
therefore, have higher series resistance and inferior PCE (<1%).
On the other hand, when a thin bottom MoO3 layer (1–20 nm)
was rst deposited on spiro-OMeTAD, both the morphology and
sheet resistance of the Au lm improved signicantly. As
a result, the as-constructed PSCs exhibit lower series resistance
and higher PCE (11%). When the bottom MoO3 layer thickness
exceeds 20 nm, there is an increase in series resistance and
a decrease in the PCE.

It highlighted that the deposition of quality perovskite lms
is not trivial. However, by using gas-assisted solution process-
ing, lms comparable in quality to MAPbI3 absorbers deposited
by vacuum evaporation techniques can be obtained. Since
MAPbI3 absorbs visible light strongly, the thickness of MAPbI3
had to be reduced from 289 to 54 nm by lowering the solution
concentration during the fabrication of semi-transparent
MAPbI3 solar cells. This can be seen from the cross-section
scanning electron micrograph presented in Fig. 25a. As the
MAPbI3 thickness decreases, there is a reduction in grain size
(Fig. 25b). The top electrode of these devices consists of an
optimized DMD stack: 5 nm bottom MoO3, 10 nm Au, and
35 nm top MoO3. When the MAPbI3 thickness is reduced from
289 to 54 nm, the average batch PCE decreased from 11.7% to
4.6%, while the AVT increased from 7% to 31%. The decrease in
average PCE for the reported devices is mainly due to a decrease
in JSC (Fig. 25c). Since there is signicant variation in the inci-
dent photon to electron conversion efficiency (IPCE) and the
transmittance in the visible region (Fig. 25d and e), there is
a visible tint in the 55 nm semi-transparent device (see the inset
of Fig. 25c). The tradeoff between PCE and AVT, as mentioned
earlier, can be seen clearly in Fig. 25f, where parameters from
ref. 311 are compared with data from earlier publications. Gas-
assisted solution processing technique has been used to deposit
high-quality, continuous MAPbI3 absorber lms.312

Eperon et al. investigated the use of formamidinium lead
iodide (FAPbI3) as the absorber in an effort to develop neutral-
colored semi-transparent PSCs.313 Due to the fact that the for-
mamidinium cation is larger than the methylammonium ion,
the energy band gap of FAPbI3 is reduced to 1.48 eV relative to
1.57 eV for MAPbI3. Other advantages of FAPbI3 in PV applica-
tions include greater thermal stability and photostability under
illumination. A modied excess organic precursor process
using both MAI and FAI in the low vapor pressure solvent
dimethyl sulfoxide (DMSO) was used to synthesize FAPbI3 lms
with an island morphology that is favorable for solar energy
conversion. The MAI precursor plays a sacricial role in the
synthesis and is supposed to allow a by-product of the reaction
to be removed more easily. The two organic precursors MAI and
FAI and PbCl2 were spin-coated followed by thermal annealing.
To compare the photovoltaic performance of FAPbI3 and
MAPbI3 absorbers deposited by this process, two series of semi-
transparent planar heterojunction devices with the structure
FTO/TiO2/FAPbI3 (or) MAPbI3/spiro-OmeTAD/Au were fabri-
cated. The use of an Au cathode, however, resulted in a non-
neutral color.314 Photovoltaic performance parameters extrac-
ted from J–V characteristics under 1 sun, AM1.5G irradiance
J. Mater. Chem. A, 2021, 9, 16621–16684 | 16657
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Fig. 25 (a) Cross-section SEM (b) top view SEM, (c) current density voltage characteristics, (d) IPCE spectra, (e) transmittance spectra and (f) PCE
versus AVT plot for MAPbI3 thin-film solar cells with different absorber layer thicknesses and a DMD cathode,311 presented with permission and
copyright.
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show that the JSC, VOC, FF, and PCE of the FAPbI3 device are all
higher than those of the MAPbI3 device. The external quantum
efficiency (EQE) spectra show that the higher JSC of the FAPbI3
device is due to a longer cutoff wavelength because of its nar-
rower bandgap. Another important aspect of FAPbI3 is that the
J–V characteristics are less prone to hysteresis, and the stabi-
lized PCE is closer to the PCE deduced from a rapid J–V scan.
These results show that FAPbI3 is a better absorber for high-
performance semi-transparent PSCs.

Low-cost color-neutral semi-transparent FAPbI3 solar cells
were realized by Eperon et al. using a transparent conductive
laminate cathode consisting of a nickel mesh within a PET
lm.313 This transparent laminated cathode (TLC) was attached
to the device using a pressure-activated adhesive comprising
PEDOT:PSS and acrylic glue. The optical properties of the
FAPbI3 device with the TLC attached were characterized by
optical transmission and measurement of CIE color coordi-
nates. The attachment of the TLC reduces the average
16658 | J. Mater. Chem. A, 2021, 9, 16621–16684
transmittance (AVT) of the FTO and the device layers from
34.2% to 28.1%. The color coordinates of light transmitted
through the TLC, active layer and FTO substrate are close to that
of the incident AM1.5G simulated sunlight. This shows that the
semi-transparent FAPbI3 device with TLC is neutral colored. The
measured PCE of this neutral colored device based on FAPbI3 is
5.2%, while the AVT is only 28%.

In addition to halide perovskites, non-wavelength selective
TPV devices have also been reported using organic semi-
conductors as an absorber. In ref. 315, Upama et al. fabricated
semi-transparent organic solar cells using a bulk heterojunction
(BHJ) photosensitive layer comprising a blend of PTB7 (poly{4,8-
bis[(2-ethylhexyl)oxy]benzo[1,2-b:4,5-b0]dithiophene-2,6-diyl-alt-
3-uoro-2-[(2-ethylhexyl)carbonyl]thieno[3,4-b]thiophene-4,6-
diyl}) and PC71BM ((6,6)-phenyl C71 butyric acid methyl ester).
The photosensitive ink containing PTB7 (donor) and PC71BM
(acceptor) were rst deposited onto ZnO coated ITO substrates
through spin coating. This is followed by the deposition of
This journal is © The Royal Society of Chemistry 2021
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a MoO3 (6 nm)/Ag (7 nm)/MoO3 (40 nm) OMO cathode to
enhance transparency. Starting with the optimized thickness of
200 nm for the BHJ layer of opaque devices, the photoactive
layer was reduced to 170 nm and 130 nm by varying the spin
speed, while the thickness of theMoO3/Ag/MoO3 layers was kept
constant. The PV parameters and the AVT of all three devices
were measured and compared with simulation. As the BHJ layer
Fig. 26 (a) Solar cell transmittance spectra, film absorbance spectra f
transparent NIR absorbing heptamethine dye solar cell, and (c) light and
tamethine dye and the D-TRISPHAT� counterion used for the fabrication
are introduced by the ion exchange reaction,316 presented with permissi

This journal is © The Royal Society of Chemistry 2021
thickness decreased from 200 nm to 130 nm, the AVT increased
from 18.3% to 24.9%. This increase occurred mainly in the
shorter wavelength region (370–600 nm). The PCE of the
champion device for each BHJ thickness decreased from 5.00%
(200 nm) to 3.82% (130 nm). The decrease in PCE is mainly due
to a decrease in JSC resulting from reduced photo-generation of
excitons.
or compound 1 and compound 2, (b) device structure of the semi-
dark J–V characteristics. (d) Molecular structure of the cationic hep-
of non-wavelength selective TPV devices. Both PF6

� and D-TRISPHAT�

on and copyright.
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Unlike other literature, the CRI of these devices was also
reported by Upama et al.;315 when the BHJ layer thickness was
increased from 130 to 200 nm, the CRI decreased from 66% to
57%. This shows that there is a separate tradeoff between the
PCE and the CRI of these semi-transparent devices. The rela-
tively low CRI is due to strong visible light absorption around
600–700 nm.
7.3. Wavelength selective TPV devices

An early example of a wavelength selective TPV device is the NIR
absorbing solar cell with heptamethine dye as an absorber, as
reported by Véron et al.316 The heptamethine dye is a member of
the polymethine dyes and is cationic. This means that aer
synthesis, the heptamethine cation must have a corresponding
anion to maintain charge neutrality. The chemical nature of the
counterion is known to affect the photophysical properties of
the heptamethine dye.316

Although the optical absorption spectra of compounds 1 and
2 dissolved in various organic solvents are quite similar, the
absorption spectra of 20 nm thin lms of compounds 1 and 2
deposited on glass substrates were found to be affected by the
counterion (Fig. 26a). Compound 1 shows stronger absorption
than compound 2 from 550 nm to 900 nm and has an absorp-
tion peak at 850 nm that is slightly red-shied from the
absorption peak of compound 2. For both compounds,
absorption occurs mainly in the NIR region. Bilayer hetero-
junction devices with the structure ITO/MoO3/dye/C60/Alq3/Ag/
Alq3 were fabricated using both compound 1 and compound 2
for the dye layer (Fig. 26b). For compound 1, the best per-
forming semi-transparent cell has a PCE of 0.9% and an AVT
(450–670 nm) of 62%. The corresponding values for the best
semi-transparent cell fabricated from compound 2 are 2.2%
and 66%, respectively. The maximum transmittance is 75% at
�590 nm. Since the only difference between semi-transparent
cells made from compounds 1 and 2 is the counterion, the
counterion inuences the PV properties. As shown by the J–V
characteristics (Fig. 26c), compound 2 has both higher JSC and
VOC. This is attributed to the reduced bimolecular recombina-
tion and reduced current shunts. Note that both devices in this
work are semi-transparent because of the signicant absorption
tail in the visible region for both compounds, which thus
renders these cells non-neutral colored. Véron et al.316 per-
formed an ion exchange reaction for the I� ion aer the Knoe-
venagel reaction was performed to synthesize the heptamethine
dye core. The original I� anion was exchanged by (i) PF6

� and
(ii) the organic anion D-TRISPHAT� (Fig. 26d). These two
organic ionic salts are hereaer referred to as compound 1 and
compound 2, respectively.

In 2017, Davy et al. reported another organic TPV device to
selectively harvest NUV photons in sunlight to generate elec-
trical power for driving an electrochromic window (ECW)
device.317 When a bias voltage is applied, the ECW device will
darken within seconds because of the electrochromic property
of the active layer in the ECW. The combination of wavelength-
selective TPV and ECW devices that operate independently at
different spectral regions allows smart windows that can
16660 | J. Mater. Chem. A, 2021, 9, 16621–16684
actively regulate the amount of visible and NIR light entering
a building without using power from the grid to be realized.
This can in turn reduce the amount of power used for cooling
the building. Both the donor and the acceptor of the small
molecule organic heterojunction TPV device fabricated by Davy
et al. are functionalized derivatives of a polyaromatic hydro-
carbon molecule called contorted hexabenzocoronene (cHBC).
The special properties of cHBC include a wide electronic
bandgap (3 eV), an extremely high absorption coefficient
(200 000 cm�1) and an absorption maximum at 386 nm.318 The
cHBC molecule can be easily functionalized and one donor
derivative (D, p-type) and two acceptor derivatives (A1 and A2, n-
type) were synthesized. The donor contains oxygen hetero-
atoms, while both acceptors contain chlorine. Both D and A1
and A2 are thermally stable and can be deposited as thin lms
by thermal evaporation in a vacuum. The energy levels of the
HOMO and the LUMO of the donor and acceptors which are
crucial to the design of organic PV devices were measured using
UPS and inverse photoemission. The LUMO offset values for D/
A1 and D/A2 are 0.5 eV and 0.8 eV, respectively, and are much
smaller than the same offset for D/C60, which is 1.4 eV. This
small offset results in a smaller energy loss upon exciton
dissociation and a cell with higher power output. The absorp-
tion coefficient spectra of D, A1, and A2 consist of sharp peaks
in the NUV spectral region (372–409 nm) and decrease rapidly
beyond 450 nm, suggesting that the donor and acceptors are
acting in a complementary manner as NUV selective absorbers.

Planar heterojunction solar cells with the structure Si/
MoO3/D/A1(A2)/BCP/Al were fabricated to evaluate the PV
performance of the D/A1 and D/A2 heterojunctions. The VOC of
the devices containing the D/A1 and D/A2 junctions are 1.63
and 1.46 V, respectively, which are much higher than the VOC
of the reference D/C60 junction (0.82 V). It is worth pointing
out that the VOC of D/A1 obtained in this work is one of the
highest reported for any thin-lm solar cell. The high VOC
exhibited by junctions based on derivatives of cHBC is the
direct result of the small energy offset mentioned above and
the wide bandgaps of D and A1(A2). The wide bandgap of D
and A1(A2), however, also increases the transparency of these
layers and reduces the JSC. Despite this, the maximum power
obtainable from the D/A1 and D/A2 devices is comparable to
that of the D/C60 reference device. The PCE of the D/A1 and D/
A2 devices under 1 sun, AM1.5G is in the range of 1.3–1.5%,
respectively, and the spectral power responsivity for D/A1 and
D/A2 is 12.4% and 14%, respectively.

An area scalable TPV device based on D/A1 was demon-
strated by replacing the Si substrate of the planar hetero-
junction on ITO glass. To reduce the parasitic series resistance,
the ITO was coated with a 30 nm thick Ag grid with 97%
transparency in the range of 300–800 nm. When the device
active area was increased from 1 cm2 to 10 cm2, there is little
change in the J–V characteristics under illumination. This
shows that the TPV device is scalable to match the ECW device.
The area scalability is attributed to the amorphous pinhole-free
structure of the cHBC derivative lms. Although the AVT of this
TPV device was not reported, the transmittance of stacked TPV
This journal is © The Royal Society of Chemistry 2021
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and ECW devices in the bleached state ranges from 20% to 70%
for the spectral range 400–1000 nm.317

Another NUV harvesting air-stable TPV device based on wide
bandgap halide perovskite semiconductors was reported by Liu
et al. in 2018.319 Although MAPbI3 and FAPbI3 are both excellent
absorber materials for high-efficiency thin-lm solar cells, their
broad absorption bands in the visible region render them less
useful in fabricating TPV devices with a high AVT. The highest
AVT reported for a semitransparent MAPbI3 device is �46%. By
substituting the iodide ion by smaller halide ions such as
bromide and chloride in MAPbI3, the absorption edge can be
shied towards the UV wavelengths. In ref. 319, two mixed
halide perovskites with the general formula MAPbCl3�xBrx (x ¼
0 and 0.6) were fabricated by solution-based spin coating.
However, the process is more challenging than the spin coating
deposition of MAPbI3 because of rapid crystallization and
limited solubility of MAPbCl3 precursors in solvents. The
specic details of the deposition process were found to have
a crucial impact on the quality of the resulting halide perovskite
lms. Aer investigating various alternative processes, Liu et al.
reported that smooth, uniform and transparent MAPbCl3�xBrx
lms can only be obtained by using a vacuum-assisted solution
deposition together with post-deposition through methylamine
gas treatment.319 A blue shi in the optical absorption edge was
observed as the bromide content x is decreased. As a result, the
MAPbCl2.4Br0.6 lms deposited by this process appear light
yellow, while the MAPbCl3 lms are transparent.
Fig. 27 (a) Absorbance, transmittance, reflectance, external quantum e
MAPbCl3 device, (b) absorbance, transmittance, reflectance, EQE and IQE
fabricated from the MAPbCl3 absorber, (d) photograph of the TPV de
permission and copyright.

This journal is © The Royal Society of Chemistry 2021
TPV devices with the structure ITO/PEDOT/MAPbCl3�xBrx/
C60/BCP/Ag/Alq3 were fabricated on ITO glass substrates. Here,
BCP is bathocuproine and Alq3 is tris-(8-hydroxyquinoline)
aluminum. The PEDOT layer was used as the HTL and C60 as the
ETL. BCP was used in conjunction with Alq3 to enhance the
transmittance of the top Ag electrode by an OMO thin lm
structure. The best MAPbCl3�xBrx TPV device displayed a PCE of
0.52%, while the champion MAPbCl3 device had a PCE of 0.32%.
This is because of the narrower bandgap of the MAPbCl3�xBrx
absorber (2.83 eV) relative to that of MAPbCl3 (3.04 eV), which
results in a higher JSC. The AVT of the MAPbCl3�xBrx device and
the MAPbCl3 device calculated from the transmittance spectra
are 73% and 72.1%, respectively (Fig. 27a and b). These are the
highest AVT reported for any TPV device with a transparent active
layer. Since both devices are highly transparent in the visible
region (Fig. 27c and d), the CRI values are similarly high (94.4 for
MAPbCl3 and 93.8 for MAPbCl3�xBrx). These CRI values suggest
that light transmitted through these devices can provide the
natural color to objects very well (Fig. 27c and d). The main
improvement needed for these devices with wide bandgap halide
perovskite absorbers includes increasing the internal quantum
efficiency which should lead to a higher PCE in the future.
8. SnO2 for energy storage

Energy from sustainable resources has been considered one of
the key challenges for the modern society.320 Indeed, a rapid
fficiency (EQE) and internal quantum efficiency (IQE) spectra of the
spectra of the MAPbCl2.4Br0.6 device, (c) photograph of the TPV device
vice fabricated from the MAPbCl2.4Br0.6 absorber,319 presented with
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increase in the global population and growing economic
expansion signicantly increased the energy consumption
which heavily relies on sustainable sources of energy materials
and devices. Access to green, affordable, and dispatchable
energy that can act as a substitute for fossil fuels is urgently
needed. The dramatically rising worldwide concerns on the
shortage of clean/renewable energies warrant the novel design
and development of advanced nanostructured materials
towards fabricating stable energy storage devices. In this regard,
electrochemical storage plays an increasingly important role in
the design and development of sustainable energy technologies.
Among the electrochemical storage, batteries and super-
capacitors have been heavily investigated by both industry
partners and the research community to meet the on-going
demands of electronics (consumer/smart/portable), electric
vehicles, etc.321–323 The salient differences between batteries
and supercapacitors are that they have different storage mech-
anisms, device congurations, and fabrication procedures.
Typically, batteries can provide high energy density, while
supercapacitors offer high power density for charge storage.
8.1 SnO2 in lithium-ion batteries (LIBs)

Li-ion batteries (LIBs) are regarded as an advanced promising
technology among various electrochemical energy storage
applications because of their excellent volumetric and gravi-
metric power/energy density, extremely low self-discharging
characteristics, high stability and long life cycle.324 LIBs serve
as the dominant power source for a wide range of portable
electronics such as mobile phones and laptops.325 However, the
practical capacity of conventional LIBs is still far below the
current market demand in the eld of electric vehicles due to
their insufficient energy density. Therefore, the design of new
electrode materials for the LIBs using emerging advanced
nanostructures with improved characteristics is a prerequisite
for their realization in real-time energy storage applications that
meet the on-going demand of 2–5 times higher energy
density.326 Over the past decade, signicant efforts have been
devoted to investigating transition metal oxide (TiO2, SnO2,
MnO2, and Fe2O3) based anode materials in LIBs owing to their
versatile tunable physical/chemical properties with promising
electrochemical performances. Some of the representative
specic capacities of nanostructured materials (anode based)
include graphene (960 mA h g�1),327 CNTs (1100 mA h g�1),328

porous carbon (1100 mA h g�1), silicon (4200 mA h g�1),329 and
transition metal oxides (500–1000 mA h g�1)330 among others.
However, inherent limitations of the anode materials such as
high volume variation during charging/discharging, capacity
fading due to solid-electrolyte interphase (SEI) lms, poor
electrical conductivity, and low coulombic efficiency must be
overcome before these newer anode materials can effectively
function in practical LIBs.

Metal-oxide based and sulde based electrode materials
such as molybdenum disulde (MoS2),331,332 manganese dioxide
(MnO2),333 ferric oxide (Fe3O4),334,335 and cobalt tetraoxide
(Co3O4)336 based nanostructured composite materials have been
widely studied as storage materials in LIBs because of their
16662 | J. Mater. Chem. A, 2021, 9, 16621–16684
abundance, the high theoretical capacity of 992 mA h g�1 and
the low-working potential (0.6 V).337–343 In recent years, SnO2 has
garnered considerable attention due to its abundance, low-cost,
biological compatibility, and high theoretical/specic capacity
(1494 mA h g�1) (as against graphite (342 mA h g�1)).343 SnO2

based materials have gained momentum as an alternative
anode material in LIBs since the pioneering work of Idota et al.
more than two decades ago (1997) who reported a reversible
capacity of 600 mA h g�1.344 Typically, SnO2 undergoes 2 major
steps in the reaction with lithium ions (Li+) that includes the
conversion reaction and the alloying/de-alloying process.345,346

SnO2 + 4Li+ + 4e� / 2Li2O + Sn (1)

Sn + xLi+ + xe� / LixSn (0 # x # 4.4) (2)

LixSn / Sn + xLi+ + xe� (0 # x # 4.4) (3)

To further improve the surface area and specic capacity of
SnO2 based active materials, several strategies have been
devised in tuning the morphology and nanostructuring at the
nanoscale through hybridization of SnO2 with various suitable
supports such as metals, carbon nanostructures, metal suldes/
phosphides/chalcogenides, conducting polymers, etc.347–349
For instance, compositing with carbon nanostructures (CNTs,
graphene, fullerenes) not only helps to tackle the volume
expansion during charging/discharging but also serves to
improve the overall conductivity.350 Various design strategies/
principles of nanostructured SnO2 (nanoparticles/
nanocrystals, nanoowers, nanotubes, nanoplates, nano-
spheres, nanowires, quantum dots, etc.) have been employed to
fabricate robust SnO2 based anodes, which are considered as
one of the promising routes for achieving high coulombic effi-
ciencies and high-specic capacities in LIBs.351–355

The majority of the work focuses on modifying SnO2 with
various carbon nanomaterials (graphene, mesoporous carbon,
CNTs, etc.) with the aim of constructing robust and stable
LIBs.338,356–359 For example, a 2D porous carbon-coated sandwich
structure featuring mesoporous SnO2/graphene/SnO2 nano-
sheets (C@SnO2–rGO–SnO2) has been rationally designed and
fabricated through combined hydrothermal and template-
assisted nanocasting impregnation strategies. Wang et al.
demonstrated enhanced Li storage capacity in LIBs by judiciously
considering the inherent benecial properties of individual
components (Fig. 28).356 The authors took advantage of the
nanocrystal size and mesoporous structure to design this type of
unique hybridized system through utilizing SiO2–rGO–SiO2 as
a template. The electrochemical performances of various hybrids
were compared (GO/SnO2, GO–SnO2@C, mesoporous SnO2–

rGO–SnO2 (c), and porous C@SnO2–rGO–SnO2) and their reac-
tion mechanisms were presented for the lithiation/delithiation
processes. Among the investigated electrode materials,
C@SnO2–rGO–SnO2 exhibited excellent reversibility, high rate
performance (315 mA h g�1 at 10 A g�1), and extended cyclability
(525 mA h g�1 aer 1200 cycles at 2 A g�1).

In another interesting report, monodispersed ultra-small
(�5 nm) nanocrystals of SnO2 (74.85 wt%) were uniformly
This journal is © The Royal Society of Chemistry 2021
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Fig. 28 Schematic representation of the research methodology adopted for the (a) hydrothermal method, (b) nanohard template casting
method, and (c) charge/discharge profiles of C@SnO2–rGO–SnO2 at a current density of 1 A g�1,356 presented with permission and copyright.
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distributed on co-doped nitrogen/sulfur graphene sheets
(NSGS) using the layer by layer (LBL) assembly strategy towards
the fabrication of high-performance LIBs with high discharge
capacity (2123 mA h g�1 at 0.1 A g�1), extended cyclability
(99.2% aer 500 cycles), and rate capabilities.338 Besides, the
authors also tested the optimized electrode system (NSGS-8) in
Li half/full fuel cells and systematically investigated their elec-
trochemical reaction kinetics. Similarly, hollow SnO2 nano-
spheres (positively charged) with oxygen vacancies
Fig. 29 (a) Scheme showing the preparation of a 3D hierarchical SnO2�x

images, (c) charge–discharge profiles, and (d) cycling performance (0.1

This journal is © The Royal Society of Chemistry 2021
encapsulated by a nitrogen-doped network of graphene (nega-
tively charged) (SnO2�x/N-rGO) have been prepared by the
electrostatic adsorption-induced self-assembly and further
tested for their practical utility in LIBs (Fig. 29a–d). Fig. 29b
depicts the HR-TEM image of SnO2�x/N-rGO showing lattice
fringes with the interplanar distance (0.33 nm) corresponding
to tetragonal SnO2. The charge/discharge prole and the cycling
performance of the investigated materials (bare and carbon-
based anodes) and the remarkable rate capability
/N-rGO network. (b) TEM images, with the insets showing the HRTEM
A g�1) of SnO2�x/N-rGO,357 presented with permission and copyright.
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(309 mA h g�1 at 10 A g�1) and robust stability (912 mA h g�1

even aer 500 cycles) (Fig. 29c and d) exhibited by the as-
constructed nanostructured SnO2 entrapped by an N-doped
graphene composite network envisage the potential prospects
of SnO2 in advanced LIBs.357

In LIBs, SnO2 is well established as an anode material.
However, there are reports where SnO2 nanoparticles were used
to modify the conventional cathodes such as lithium cobalt
oxide (LCO)360 and lithium nickel cobalt manganese oxide,
LiNi1/3Co1/3Mn1/3O2 (LNCMO).361 Ma et al. demonstrated that
a thin layer of SnO2 coating on LiNi0.5Mn1.5O4, LNMO, by
a facile synchronized coating strategy can enhance its electro-
chemical performance.362 With the help of these coating strat-
egies, they not only were able to coat a thin layer of SnO2 on the
surface of the LNMO but also a very small amount of Sn2+ ions
can enter the spinel to stabilize and modify the spinel struc-
ture.362 The battery performance demonstrated that the specic
capacity at a lower current rate of 0.2C of LNMO@SnO2 is much
higher than that of the pristine LNMO. For the pristine LNMO,
the material is derived from calcination of the precursor at
a high temperature. At that temperature, the Ni solubility in the
LNMO spinel lattice will decrease and a reduction of Mn4+ to
Mn3+ took place, which resulted in the formation of a NixLiyO
impurity phase. Thus, the obtainable specic capacity of pris-
tine LNMO was lower due to the presence of the NixLiyO
impurity phase, and a given amount of Mn3+ also existed in the
spinel due to charge neutrality, which is different from the
ordered P4332 structure of stoichiometric LiNi0.5Mn1.5O4. For
LNMO@SnO2, the Sn2+ doping would inhibit the formation of
the inactive NixLiyO impurity phase owing to its structural
stabilization effect. As a result, the reduction of Mn4+ to Mn3+ in
the spinel was inhibited. This decreased content of inactive
Fig. 30 (a) Scheme showing the self-assembly on MXene nanosheets, (b)
capabilities for 70 cycles,347 presented with permission and copyright.

16664 | J. Mater. Chem. A, 2021, 9, 16621–16684
NixLiyO was responsible for the increased specic capacity of
the LNMO@SnO2. Besides, the rate performance and the
cycling performance of the LNMO@SnO2 were also superior to
those of the pristine LNMO. The improved cycling performance
of LNMO@SnO2 should be attributed to the surface SnO2

coating layer, which alleviated the interaction between the
active material surface and the electrolyte and suppressed the
excessive formation of a thick SEI lm.

For the superior performance of a LIB, the electrolyte affinity
and the thermal stability of the separator are very crucial. In
a report, Xiang and co-workers functionalized a polyethylene
(PE) separator through binder assisted coating using hollow
SnO2 nanoparticles of size around 250 nm and investigated this
functionalized PE separator and LIBs systematically.363 It was
observed that the SnO2 functionalized PE separator not only
enhanced the electrolyte wettability but also can withstand
a temperature of 130 �C, which means that the functionalized
PE separator can uptake a higher electrolyte content as a result
of which a high rate performance and charge–discharge
performance at elevated temperatures were achieved. To eval-
uate the battery performance of the functionalized separator, it
was tested with LiCoO2 half cells at room temperature and
80 �C. At room temperature, both the pristine and functional-
ized separators showed similar initial discharge capacity as well
as similar capacity retention aer 100 cycles. However, when the
half cells were tested at 80 �C, it was observed that the efficiency
of the pristine separator declined rapidly aer the 70th cycle,
whereas the functionalized separator was stable even aer 70
cycles throughout the testing period at 80 �C. This could be
attributed to the localized deciency of the electrolyte in the
pristine separator during high temperature cycling of the
battery. As the cycling goes on, the electrolyte may redistribute
their specific capacities at a current density of 1000mA g�1 and (c) rate

This journal is © The Royal Society of Chemistry 2021
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in the battery and the capacity of the battery is partly recovered.
The excellent half-cell performance of the SnO2 functionalized
separator demonstrates the hypothesis that the SnO2 coating
layer enhances the electrolyte retention of the PE separator at
elevated temperatures.363

In yet another interesting report, a general route for the
facile, cost-effective preparation of metal oxide (TiO2/SnO2)/
MXenes has been reported by Gogotsi et al. through self-
assembling SnO2 nanowires on MXene nanosheets through
van der Waals interactions towards fabricating high power/
energy, superior rate performance and stable energy storage
in LIBs (Fig. 30).347 Herein, MXenes (Ti3C2) play the role of
a conductive additive to mitigate the agglomeration of SnO2. On
the other hand, the use of SnO2 avoids the precipitation and
restacking of MXene nanosheets during the Li insertion/
extraction process. A high capacity of 530 mA h g�1 was
observed even aer 500 cycles. The comparison of rate capa-
bilities reveals that the as-fabricated SnO2/MXene hetero-
structures delivered superior capacities of 720, 665, 606, 560,
489, and 310 mA h g�1 at current densities of 100, 200, 500,
1000, 2000, and 5000 mA g�1, respectively, over their non-
modied SnO2 and MXene counterparts. The reduced
pathway for lithium diffusion and enhanced active area have
been observed to contribute to the remarkable electrochemical
performance in the fabricated LIBs.
8.2 SnO2 in lithium–sulphur batteries (LSBs)

Lithium–sulphur (Li–S) batteries are also considered as the
future of energy storage devices owing to their high theoretical
capacitance (�1680 mA h g�1 for sulfur and 3860 mA h g�1 for
lithium).364 Considering an average voltage window of 2.15 V,
the theoretical specic energy density of the Li–S batteries was
estimated to be �2500 W h kg�1, which is beyond that of
conventional LIBs (�400 mA h g�1). Also, sulfur is cheap and
earth-abundant, making Li–S batteries a promising low-cost
technology for widespread usage. Owing to the strong adsorp-
tion capability of lithium polysulphides, SnO2 has been used as
a cathode to trap lithium polysulphide which in turn not only
reduces the shuttling effect but also enhances the overall
performance of the Li–S batteries.365 Fig. 31 presents the sche-
matic representation of conventional LIBs, conventional Li–S
batteries and SnO2 modied Li–S batteries.
Fig. 31 Schematic of conventional LIBs, Li–S batteries and SnO2 modifi

This journal is © The Royal Society of Chemistry 2021
Different from others, Yu et al.366 used an rGO/SnO2/S
composite prepared via a one-pot hydrothermal method for use
as a cathode and obtained an initial discharge capacity of
1592 mA h g�1 at 0.1C which stabilized to 607 mA h g�1 at 0.2C
over 100 cycles which is more than that of the rGO/S cathode
(508 mA h g�1 at 0.2C over 100 cycles) and the pristine S cathode
electrode (388 mA h g�1 at 0.2C over 60 cycles). Fig. 32a presents
the schematic representation of SnO2 as a polysulphide
immobilizer. From the high resolution transmission electron
microscopy (HRTEM) image presented in Fig. 32b, it can be
observed that 5 nm SnO2 nanoparticles are embedded in rGO
sheets along with the loading of synthesized sulfur. The
elemental mapping further conrmed the presence of Sn, C, O,
and S (Fig. 32c). The formation of lithium polysulphide and
lithium sulphide was observed from the cathodic peak position
at 2.3 V and 2.0 V in the cyclic voltammetry (CV) curve presented
in Fig. 32d. During the anodic process, lithium sulphide rst
converts into lithium polysulphide and then to S, which was
conrmed from the presence of anodic peaks at 2.3 V and 2.4 V,
respectively. No redox peaks were observed between 1.7 V and
2.8 V, which conrmed that SnO2 does not take part in the redox
reaction and only acted as a polysulphide immobilizer. From
Fig. 32e and f, it can be derived that SnO2 has a positive inu-
ence on the electrochemical performance of the rGO/S cathode.
The prepared electrode (rGO/SnO2/S) showed a discharge
capacity of 575 mA h g�1 at 5C, showing its excellent rate
capability. In the same way, Wang et al.367 synthesized SnO2

nanosheets on a carbon cloth, which demonstrated a specic
discharge capacity of 1228 mA h g�1 at 0.2C which is more than
that of the sulfur cathode on a carbon cloth (600 mA h g�1 at
0.2C). The SnO2/carbon cloth cathode retained 76% capacity
over 1000 cycles at 2C. There are reports where SnO2 was
coupled with carbon nanostructures like carbon nanotubes,
carbon radial nanorods, carbon hollow spheres, carbon aerogel
and sulfur to form the cathode material of Li–S batteries.368–376

In all these reports, SnO2 was used to trap lithium polysulphide
to mitigate the shuttling effect and ensure better utilization of
active sulfur in the cathode.
8.3 SnO2 in supercapacitors

Supercapacitors have drawn substantial interest as an energy
device among researchers, specically due to their high power
ed Li–S batteries.
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Fig. 32 Schematic representation of the rGO/SnO2/S cathode acting as a polysulphide immobilizer (a); HRTEM image (b) and elemental mapping
(c) of the rGO/SnO2/S composite; cyclic voltammetry curve at 0.1 mV s�1 (d); and cycling performance (e) and rate performance (f) of the rGO/
SnO2/S composite.366 Adapted with permission of Elsevier.
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density and long life cycle bridging conventional dielectric
capacitors (which possess high power density) and batteries
(which provide high energy density).377,378 There has been
achievable progress in the design and development of electrode
materials for printable/wearable electronics with enhanced
capacitance and extended stability.379–382 However, advanced
research is highly warranted for improving the energy density
and storage capability in real-life applications such as hybrid
vehicles, smartphones, and other energy storage devices in
meeting the growing energy demand.383,384 The most commer-
cially successful electrode materials in supercapacitors are
carbon-supported metal/metal oxide composites.385,386 Typi-
cally, the high surface area can facilitate electrolyte ion trans-
port onto the active sites of the electrode materials, resulting in
enhancement of the electrochemical performance. Despite the
advantages of carbon-based materials, electrical double-layer
capacitors (EDLCs) show relatively low capacitance and
limited energy density. Another strategy is to incorporate the
carbon materials with metals, metal oxides, or metal-based
alloys which can provide a far higher theoretical capacitance
in supercapacitors.386,387 These metal/metal oxide loaded active
materials in supercapacitors are commonly termed as pseudo-
capacitors, which can electrochemically store a large number
of electrolyte ions, resulting in higher specic capacitance than
EDLCs. However, the pseudo-capacitors suffer from dramatic
capacitance fading in long cycles due to the reaction between
the surface of active sites and electrolytes.
16666 | J. Mater. Chem. A, 2021, 9, 16621–16684
Recent advances in electrode materials in supercapacitors
include the mixing of carbon and non-carbon-based materials
to maximize the performances of these two types of materials.
In this regard, hybrid electrode materials with numerous
combinations involving carbon-based materials (graphene,
CNTs, porous carbon, fullerenes) and metal oxides such as tin
oxide,388 ruthenium oxide,389 manganese oxide,390 nickel-cobalt
hydroxide,391 cobalt oxide,392 and iron oxide393 are highly
promising toward the fabrication of next-generation super-
capacitors. Hence, improving the inherent materials properties
by carefully ne-tuning the components involved in the elec-
trode preparation is highly important in realizing stable and
efficient energy storage materials.

Among the host of available metal oxides,39,216,394–400 tin oxide
(SnO2) is a wide-bandgap n-type (3.6 eV) semiconducting
material with excellent electrochemical properties (high theo-
retical capacity (782 mA h g�1), redox potential, good electrical
conductivity (21.1 ohm�1 cm�1) and thermal stability (>600 �C))
leading to promising applications in a wide range of energy
technologies.401 The charge storage mechanism of SnO2 as an
active electrode material in an aqueous electrolyte can be
written as402

SnO2 + H+ + e� 4 SnOOH (4)

The utilization of nanostructured SnO2 with tailor-designed
morphologies (nanocubes, nanotubes, etc.) has been studied
This journal is © The Royal Society of Chemistry 2021
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Fig. 33 (a) Fabrication steps for MCNFs@SnO2, (b) proposed charge-storage mechanism, (c) current density vs. specific capacities for various
electrodes, (d) Ragone plot, and (e) cyclic performance of symmetric capacitors of MCNFs@SnO2-5 at 1 A g�1 (inset: SEM image of
MCNFs@SnO2-5),406 presented with permission and copyright.
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widely in supercapacitors.403–405 For example, nanocomposites
made of a low-cost, eco-friendly carbon source (lignin-based
multichannel carbon nanobers) and SnO2 (MCNFs@SnO2)
with varied microstructures were prepared by Han et al.,
through the electrospinning technique (heat-/acid-treated) and
heir energy storage capability in supercapacitors was evalu-
ated.406 The stages involved in the fabrication of MCNFs@SnO2

are presented in Fig. 33. A range of different electrode materials
were prepared and it was found that the optimized
MCNFs@SnO2-5 displayed a high specic capacitance of 128 F
g�1 even at a high current density of 50 A g�1. It was found that
the inclusion of SnOx (aer Sn washing in an acid solution) in
MCNF-5 (MCNFs@SnO2-5) resulted in a dramatic increase in
capacitance (from 202 to 406 F g�1 at 0.5 A g�1) with extraor-
dinary capacity retention (95% aer 10 000 cycles, 10 A g�1).
This remarkable improvement in the performance of
MCNFs@SnO2-5 was due to the following reasons: (i) among the
prepared nanocomposites, MCNFs@SnO2-5 has the largest
surface area and the total pore volume of 659 m2 g�1 and 0.56
cm3 g�1 with a very narrow pore size distribution; as a result,
these mesopores not only reduced the ion diffusion resistance
but also improved the kinetics of the electrodes; (ii) synergistic
compatibility of the ideal electrical double layer capacitor
(EDLC) and pseudocapacitance components in the form of
MCNFs and SnO2. The authors claim that the observed values
were superior to those of previously reported doped carbon–
SnO2 based electrodes that include N/S doped porous carbon
nanosheets (willow catkins),407 SnO2 nanorod/rGO,408 SnS2–
This journal is © The Royal Society of Chemistry 2021
SnO2 nanocomposites,409 SnO2 dots/activated porous carbon
nanobers,410 N-doped carbon nanosheets (silk),411 etc. Carbon/
metal-oxide supported SnO2 based active materials pertaining
to supercapacitors can also be found elsewhere [ZnO/SnO2,412

Co3O4–SnO@SnO2,413 MnO2@SnO2,414 Ni/SnO2,415 and gra-
phene/SnO2/polypyrrole416].

Several researchers utilized the combination of carbon
nanobers with heterostructures of SnO2 to tailor-design the
morphology and compositional engineering through adopting
various performance improvement strategies. For example,
Ding et al. prepared a porous CNFs/SnO2 membrane with a high
specic surface area (1415 m2 g�1) through adopting sequential
electrospinning, in situ-polymerization, and calcination, which
displayed a high specic capacitance of 118 F g�1 (0.5 A g�1) and
excellent cycling durability.417 In the same way, Shao et al.
fabricated heterostructured CNFs/SnO2 via electrospinning and
the solvothermal method and observed superior electro-
chemical properties due to the low resistance and rapid ion
penetration.418 To overcome the conductivity issue of bare
SnO2,419 a high energy density and high rate capability exible
supercapacitor based on highly porous, low-cost, and environ-
mentally benign materials such as additive-free 1-D SnO2/
carbon nanobers containing self-assembled closely packed
spherical uniform nanoparticles (SnO2@C) on a carbon cloth
has been designed through a facile electrospinning technique
followed by calcination at different temperatures (400 and 600
�C).420 Interestingly, the obtained energy density for SnO2@C
(152 W h kg�1) is much higher than that reported in other
J. Mater. Chem. A, 2021, 9, 16621–16684 | 16667
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similar works.418,421 Among the investigated electrode materials,
SnO2@C with SnO2-600 displayed high capacitance (�646 F g�1

at 60 F g�1), energy density and power density (39 kW kg�1) with
excellent cyclability (charge–discharge) (aer 10 000 cycles at
a high current density of 80 A g�1).

Long et al. integrated a range of SnO2 dots supported and
uniformly distributed activated porous carbon nanobers
(CNFs) (APCNFs) (using hard templating) on a nickel foam
collector for their practical utilization in high-performance
adhesive-free exible supercapacitors,410 and the electro-
chemical energy storage capability of bare CNFs and SnO2 was
compared with that of APCNFs/SnO2. The inclusion of SnO2

dramatically improved the electrochemical performance of the
resultant electrode, APCNFs/SnO2, because of the synergistic
effect between SnO2 and APCNFs, offering fast electron transfer
and ion penetration during charge/discharge processes. The as-
constructed electrode displayed high energy and power densi-
ties of 10.3 W h kg�1 and 325 W kg�1, respectively, which are
sufficient enough to light a red-color indicator connected in
series of 1 � 1 cm2 (asymmetric) with high tensile stress and
better mechanical strength. Even aer testing at a high bending
angle (45 to 180�), negligible degradation was observed (Fig. 34).

In another interesting report, Amreesh Chandra et al.
devised a universal strategy and proposed a growth mechanism
(solid/hollow) of hollow structured metal oxides (simple binary
to complex ternary oxides as well) as an emerging electrode
material for next-generation supercapacitors.422 The authors
have prepared a range of metal oxide nanostructures that
include SnO2, Cu2O, Co3O4, and Fe2O3, among others, and
found that the unit cell parameters do not differ for solid and
Fig. 34 (a) Flexible APCNFs/SnO2 membrane, (b) sandwich-type symmet
capacity retention at various bending angles (inset: their corresponding
and copyright.

16668 | J. Mater. Chem. A, 2021, 9, 16621–16684
hollow type nanoparticles. Subsequently, the as-developed solid
and hollow types of metal oxides were tested for supercapacitors
through conventional electrochemical measurements. Hollow
structuring of metal oxides displays much improved electro-
chemical performance (close to 2-fold) primarily due to
increased redox activity and surface adsorption active sites. The
authors envisage that this type of nanostructuring will outper-
form other similar energy storage systems (electrode materials
based on graphene, conducting polymers, etc.).

The combination of electrochromism and supercapacitors
offers a new class of devices referred to as electrochromic
supercapacitors (ECSs), which can directly indicate their energy
storage level through changes in color. This feature allows users
to straightforwardly determine the real-time status of the device
without using additional instruments and provides visual
warnings to prevent overcharging. Electrochromic (EC) chro-
mophores, the core materials of ECSs, chemically store injected
charges via electrochemical charging/discharging processes.
Simultaneously, optical modulation occurs through electro-
chromic transitions. As an electrochromic supercapacitor
material, tungsten oxide (WO3) is most extensively studied.423–426

However, in all these reports, FTO has been used as the TCO. In
a recent study by Jo et al.,427 the authors had demonstrated
a novel method of increasing the F doping content in FTO lms
and its application in the eld of electrochromic energy storage
devices. The doping content of F was increased by varying
sodium hydroxide (NaOH), which acted as a functional additive
to the precursor solution during spray pyrolysis. An increase in
the F-doping concentration in NaOH modied FTO lms
enhanced the carrier concentration as well as surface
ric cell, (c) optical image, (d) CV curves and (e) specific capacitance and
galvanostatic charge–discharge profiles),410 presented with permission
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densication that was benecial to Hall mobility, resulting in
a lower sheet resistance (Rsh) of the NaOH modied FTO lms.
As a result of the improved conduction in the NaOH modied
FTO lms fabricated with the volume percentage of 5 vol%, the
lms showed enhanced electrochromic (EC) performances, fast
switching speeds (6.6 s for coloration speed and 5.4 s for
bleaching speed) and a superb coloration efficiency (CE) of 58.1
cm2 C�1. The fast-switching speeds were caused by the accel-
erated Li+ and electron transport in the active electrodes due to
the decreased Rsh and a superb CE value was generated from the
broadened DT as an effect of increased electrochemical activity.
In addition to EC performance, the enhanced electrochemical
activity induced by the decreased Rsh of modied FTO lms
resulted in efficient transport of a large quantity of Li+ and
electrons into the active electrodes, bringing about improved
energy storage performance, e.g. a higher specic capacitance
Fig. 35 Energetics of SnO2 reduction by surface-bound CH4. (a) SnO2 (1
of H2O was energetically preferred to H2. The red arrows present the pre
CH4 on the SnO2 surfaces. DE of each step represents the energetic stat
0.51 eV of S1 in (a) means that 0.51 eV of energy is required for CH3 diss

This journal is © The Royal Society of Chemistry 2021
(65.2 F g�1 at 2 A g�1), which was clearly evident from the CV,
charge–discharge and EIS proles of WO3 nanostructures on
both bare FTO and NaOH modied FTO lms.

The electrochromic properties of SnO2 have been well known
since the early 2000s.428–431 There are reports on the electro-
chromic performance of not only SnO2 nanostructures431 but
also the doped SnO2 (ref. 430 and 431) and SnO2 based heter-
ostructures with other metal oxides like NiO, WO3, and
TiO2.428,429,432,433 However, it came to our notice that the transi-
tion metal oxides like NiO, TiO2, and WO3 used to design het-
erostructures along with SnO2 to study the electrochromic
performance of the heterostructures are promising super-
capacitor electrode materials. Despite the existence of these
heterostructures, the eld of electrochromic energy storage
devices is mostly dominated by WO3 based electrodes. Thus,
these heterostructures can be more efficient than WO3
00) surface. (b) SnO2 (110) surface. On both SnO2 facets, the formation
ferred reaction pathway. Ead(CH4) represents the adsorption energy of
e of the current state relative to the previous state. For example, DE ¼
ociation from S0 to S1,434 presented with permission and copyright.
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nanostructures because of their superior pseudocapacitive
behavior, and these heterostructures will be crucial in devel-
oping the electrodes for electrochromic energy storage devices.
9. SnO2 in circular Economies

Tin has been in use since ancient times, and it has played an
important role in the history of the technological race. Over the
centuries, tin has become an indispensable ingredient in
modern life, supported by mobile devices, solar cells, and
wearable devices. The worldwide tin consumption reached
400 000 tons per year, powered by a global boom in consumer
electronics and a rapid transition to the use of lead-free solders.
Hence, in recent years, recycling methods of tin are on the rise.
Nearly 30% of the total tin used is derived from electronic waste
or e-waste. It is also called ‘urban mining’ and has gained
momentum in different countries, thus generating 70 000 tons
of recycled tin. The circular economy is a way towards the
management of waste and pollution, keeping materials in use
and regenerating natural systems. It engages a closed loop
system, which involves recycling, sharing, repair, refurbish-
ment, and remanufacturing, to reduce the resource usage,
waste creation and carbon footprint. The recovery of Sn or SnO2

by a novel CH4 reduction method has been reported using
thermodynamic simulations and density functional theory.434

The experiment suggests that CH4 actively reduces SnO2 at
1000 �C to produce high purity Sn. The reported reduction
method supports a circular economy through a cost-effective
recycling strategy. Fig. 35 shows the mechanism involving the
energetics of SnO2 reduction by surface-bound CH4. The
method suggests the efficient and economic recovery of a metal
element from metal oxide waste.

In another report, the synthesis of cambered nano-walls of
SnO2/rGO materials using a melamine template has been re-
ported (Fig. 36). Melamine acts as an ideal recyclable template
due to its good adsorbent capacity for M(x)–SnO2/rGO and
precipitation aer cooling.

The thickness of SnO2/rGO nano-walls was controlled by
varying the melamine content. The synthesized SnO2/rGO
showed a reversible capacity of �998 mA h g�1 at a current
density of 100 mA g�1 and a capacity of 855 mA h g�1 in a 0.02 to
3.0 V potential vs. Li/Li+. Cambered nano-walls facilitated fast
Fig. 36 SEM images of (a) SnO2/rGO and (b) M(2)–SnO2/rGO. (c) HRTEM

16670 | J. Mater. Chem. A, 2021, 9, 16621–16684
solid diffusion and an efficient liquid channel to improve the
reversible capacity. The method is scalable and applicable to
other graphene-based energy materials.435 The synthesis route is
easily scalable, cost-effective, environmentally friendly, and
energy-efficient. Resource-saving, economic and eco-friendly
recycling of SnO2/Sn3O4 from Sn anode slime for the develop-
ment of gas sensing materials is illustrated in Fig. 37.436 Sn
anode slime, a by-product of Sn plating, has gas sensing capa-
bilities. Ag-doped SnO2/Sn3O4 as a sensing material for form-
aldehyde gas was synthesized using the dipping route. At
2 mol% of Ag/Ag2O-doped SnO2/Sn3O4, good sensing properties
were observed at a high response of 12.76 to 100 ppm formal-
dehyde at 160 �C temperature. Fig. 37 illustrates that more
oxygen molecules are adsorbed on SnO2/Sn3O4; consequently,
more electrons can be trapped from the conduction band aer
the Ag decoration. The decremented free-electron concentra-
tion forms a thicker electron depletion region with a higher
electrical resistance state compared to the unmodied base
material. Ag/Ag2O allows more adsorption of formaldehyde
molecules to react with adsorbed oxygen species. The work has
demonstrated an eco-process of recycling tin oxides from tin-
based anode slime as a formaldehyde gas sensitive material.
10. Comparison of Ga-doped ZnO
and SnO2 as TCOs

Although this review article is focused on doped SnO2 for TCO
applications, the reader should be aware that there are two
other important categories of doped metal oxide TCOs, namely
In2O3 and ZnO.116 The most commonly used TCOmaterial, ITO,
belongs to the former category. Although it is oen referred to
as Sn doped indium oxide, it is actually a mixed compound of
In2O3 and SnO2 with the former being the dominant compo-
nent. Given the limited global geological reserves of indium of
�6000 tonnes,116 it is essential to develop alternative sustain-
able TCOs for optoelectronic as well as energy devices. Doped
ZnO is a more recent and promising TCO material that offers
a similar performance with respect to doped SnO2. Research on
ZnO based TCO began during the 1990s. Since about 2010, the
ZnO based TCO has been recognized as a viable low-cost alter-
native to ITO, especially for thin lm photovoltaic devices. In
image,435 presented with permission and copyright.
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Fig. 37 Schematic model of the depletion layer for SnO2/Sn3O4 materials when exposed to air and HCHO (a) before Ag decoration and (b) after
Ag decoration,436 presented with permission and copyright.
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this section, ZnO based TCOs will be briey compared with
those based on SnO2 to provide a more balanced perspective.

ZnO is a wide bandgap semiconductor with a hexagonal
wurtzite crystal structure and a direct energy bandgap of
3.28 eV.437 The ZnO band gap is wider than that of In2O3 (2.9 eV)
but narrower than that of SnO2 (3.62 eV).116 The electron affinity
of ZnO is 4.35 eV. Like SnO2, undoped ZnO is weakly n-type with
a typical carrier (electron) concentration of �1017 cm�3. The
Table 6 Deposition and properties of GZO TCO films

Deposition technique
Process
temperature (�C) Thickness (nm) Resistivity

Spray pyrolysis 350–500 �350 4.9 � 10�

RF sputtering 100–300 — 2.2 � 10�

RF sputtering RT 600–800 7.8 � 10�

Chemical spray 425–525 600 7.4 � 10�

Sol–gel 500 65 280
Spray pyrolysis 350 200 6.8 � 10�

RF sputtering 40–60 50–80 3.1 � 10�

RF sputtering RT 600 2.6 � 10�

DC reactive sputtering 300 500 3.51 � 10
PLD 100–500 200 8.12 � 10
PLD RT to 500 200–300 5.96 � 10
ALD 200–300 60–70 4 � 10�4

Sol–gel 300–500 — 4.6 � 10�

Aerosol assisted CVD 450 400–600 7.8 � 10�

This journal is © The Royal Society of Chemistry 2021
carrier concentration and the electrical conductivity of ZnO can
be increased by doping with a wide variety of n-type dopants
such as: Ga, Al, B, In, Si, Ge, Ti and F.180 These dopants donate
electrons to the conduction band of ZnO by substituting Zn2+

ions in the ZnO lattice. Amongst the above dopants, Ga and Al
are the more widely studied and they are also commercially
important.438 For brevity, we focus on TCO lms based on Ga
doped ZnO (GZO). There has been much interest in GZO as
(U cm)
Average
transmittance (%)

Mobility
(cm2 V�1 s�1) Reference

2 85 — Tiburcio-Silver et al.451
4 85.9 10–30 Miyazaki et al.450
4 80 14.1 Gong et al.449
3 80 0.1–1.0 Gómez et al.448

91/5 — Tsay et al.452
3 �90 29.2 Rao et al.447
4 83 3–12 Yu et al.446
4 90 1–10 Assunção et al.445
�4 90 4–8 Ma et al.444
�5 90 19.12–30.96 Park et al.443
�4 92 0.1–10 Vincze et al.442

95 6.4–20 Szabó et al.441
3 — 6.7–9.78 Al-Asedy et al.440
4 >80 7.7–15.1 Ponja et al.439
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a viable alternative to ITO and doped SnO2 because GZO is a low
cost, earth abundant material that is non-toxic and sustainable.
Table 6, which has a structure similar to those of Tables 1 and 2,
summarizes the deposition processes and properties of GZO
lms, as reported in the literature over the period 1997–
2020.439–452 Similar to doped SnO2, GZO can be deposited by
a variety of solution processing and physical vapor deposition
techniques. The main solution processing techniques for GZO
deposition are sol–gel spin coating and spray pyrolysis (or
chemical spray).440,448,451,452 For physical vapor deposition of
GZO, the main techniques used are RF magnetron sputter-
ing,445,446,449,450 DC reactive sputtering,444 aerosol assisted CVD,439
Fig. 38 (a) Selection of dopants for high electrical conductivity, visible
dopants for different applications.

16672 | J. Mater. Chem. A, 2021, 9, 16621–16684
ALD441 and PLD.442,443 Although not explicitly stated, the typical
Ga dopant concentration used during deposition is in the range
of 1–9 at% for the cited references in Table 6.439–452 The process
temperature column refers to the highest processing tempera-
ture for the deposition techniques shown. It can be seen that for
most of these techniques, deposition of GZO can be carried out
by using mild to moderate substrate heating (40–400 �C) and
room temperature deposition is possible for RF sputtering.449

This is especially important for the deposition of TCOs for thin
lm photovoltaic devices fabricated on exible polymeric
substrates or substrates with low melting points.
transmittance, carrier mobility and thermal stability. (b) Selection of

This journal is © The Royal Society of Chemistry 2021
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Fig. 39 Doped SnO2 for various applications.
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The resistivity of GZO lms shown in Table 6 is the
minimum resistivity reported in each publication. These are
generally within the range of 1 � 10�4 to 5 � 10�2 U cm and are
comparable to the resistivity of doped SnO2 tabulated in Tables
1 and 2. The low resistivity for GZO is partly due to a high carrier
concentration in the range of 1020–1021 cm�3.8 The PLD tech-
nique in particular can yield the lowest GZO resistivity of 8.12 �
10�5 U cm, which is comparable to the lowest reported resis-
tivity of �7.7 � 10�5 U cm for ITO.453 Note that both solution
processing and physical vapor deposition techniques can yield
GZO lms with resistivity within this range of 1 � 10�4 to 5 �
10�2 U cm, which is a narrower range than that of SnO2 in
Tables 1 and 2.

As for optical properties, the average transmittance of GZO
lms in the visible range in Table 6 is consistent in the range of
80–90% for GZO deposited by solution processing and physical
vapor deposition techniques. The average transmittance of GZO
lms is comparable to that of doped SnO2 lms deposited by
physical vapor deposition, as shown in Table 2. The Hall
mobility of GZO lms shown in Table 6 is generally in the range
of 1–30 cm2 V�1 s�1. This is again comparable to the mobility of
doped SnO2 lms shown in Tables 1 and 2.

In addition to the properties shown in Table 6, GZO is known
to be chemically stable at elevated temperatures,454 and the
electrical resistivity of some doped ZnO is not a sensitive
function of temperature.455 Both these properties are advanta-
geous from a device fabrication standpoint. Surface
morphology is another critically important property of TCOs
because the surface roughness can cause pinholes in lm layers
deposited over the TCO. For GZO, it has been found that
increasing the Ga dopant concentration in ZnO can enhance the
surface diffusion and both the crystallite size and RMS surface
roughness are reduced.456 A 1.17 nmRMS surface roughness has
been observed for sol–gel derived GZO with 5 at% Ga.452 The
comparison of materials data listed in Tables 1, 2 and 6 shows
that GZO is an equally suitable TCO thin lm material as doped
SnO2. One known drawback of ZnO based TCO, however, is its
vulnerability to damp heat.116 Under direct exposure to damp
heat at 85 �C and high relative humidity of 85%, the lm
properties of Al doped ZnO (AZO) have been observed to dete-
riorate rapidly.116 For transparent exible electronics, there may
be an advantage in using GZO because ZnO is also an important
transparent semiconducting oxide for the channel layer of thin
lm transistors (TFTs).457 A TFT is oen used as the pixel
switching device for the backplane circuit of active matrix
displays and for exible electronic circuits. This allows the same
metal oxide material to be used for the channel and the
substrate.

The present review emphasizes on enhancing the electrical
and optical performances of SnO2 by designing suitable
dopants, synthesis approaches via physical and chemical
methods, formation of a multilayer structure with metals, and
functionalization of the SnO2 layer. The high visible trans-
mittance, electrical conductivity and bulk carrier mobility can
be tuned precisely by selecting the dopants and synthesis
process. Fig. 38a depicts the mapping of dopants to achieve
high electrical conductivity, visible transmittance, electron
This journal is © The Royal Society of Chemistry 2021
mobility and thermal stability. It is also worth noting that the
device performance signicantly depends on the design of the
dopants in SnO2 (Fig. 38b).

The review has been designed from the perspective of basic
information about SnO2 to the advance development of SnO2

through different processes, structuring, and dopant design.
We have emphasized on the synthesis of SnO2 using the sol–gel
method, spray coating, chemical bath deposition, sputter
deposition technique and CVD at the industrial level, for large
scale deployment of SnO2 based photovoltaic devices and
energy storage devices. Furthermore, since SnO2 plays a critical
role as the charge transport layer, this review maps the dopants
of SnO2 for various applications (Fig. 39) and studied in detail
the impact of a SnO2 based ETL for photovoltaic, LED, and
wearable devices towards designing stable and efficient organic/
inorganic and perovskite-based solar cells and LEDs.
11. Conclusions and future
perspectives

Doped SnO2 is a promising non-toxic earth-abundant TCO that
can be synthesized by using both solution and vacuum-based
deposition techniques. Different types of cationic and anionic
dopants such as Sb, Nb, Co, Ga, Al, Ta, W, F, Li, Mo, and N have
been discussed in detail. The substitution of Sn4+ or O2� ions by
these dopant elements modies the electronic structure of SnO2

and results in changes of material properties. Sb and F are the
most suitable dopants for SnO2 because both ATO and FTO can
simultaneously achieve desired properties in transparency,
resistivity, mechanical hardness, environmental stability, and
Hall mobility. In the case of NBO, the radii of Nb and Sn are
closer than that of F, resulting in higher conductivity than FTO.
Ga-doped SnO2 is an efficient electron transport material in
planar perovskite solar cells. In addition, Al- and-Ga doped tin
oxide can convert the conductivity type from n-type (pure SnO2)
to p-type. Ta-doped SnO2 epitaxial lms show excellent Hall
mobility of �58 cm2 V�1 s�1 and transparency extended to the
UV-B spectral region (280–315 nm), which enables applications
in transparent electric and photoelectric devices.
J. Mater. Chem. A, 2021, 9, 16621–16684 | 16673
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Apart from dopant categories, the surface roughness, lm
thickness and thermal treatment have signicant impacts on
the electrical and optical properties of optoelectronics devices.
Smoother surfaces reduce the contact resistance and localized
eld effects. On the other hand, intentionally designed rough or
patterned surfaces trap incident light through increasing the
optical path length of the light, thereby increasing the amount
of light absorbed by the active layers. A pyramidal surface is
found to have a larger transmission and efficiency than a planar
surface.

The structural, optical, and electronic properties of doped
SnO2 signicantly depend on the growth procedure and post-
deposition thermal treatment. Furthermore, the temperature
gradient from the surface of the lm to the substrate can limit
impurity diffusion from the substrate. For the SnO2/metal based
multilayer thin lms, which also show high conductivity and
visible transmittance, a grid structure fabricated by the li-off
process can further enhance the visible transmittance without
adversely affecting the electrical properties of the multilayer.

Thin-lm SnO2 can also act as an ETL on FTO substrates.
Doped SnO2 can enhance the performance of OLED and
photovoltaic devices by facilitating the electron injection and
extraction, respectively, through improved alignment of the
conduction band edge with the metal Fermi level. For perov-
skite thin lm solar cells, annealing the SnO2 ETL in the range
of 100 �C to 300 �C can reduce the hysteresis of the current–
voltage characteristics under illumination. Plasma treatment of
SnO2 has signicant positive impact on the photovoltaic device
performance. Ozone-treated SnOx was found to be the best hole
blocking layer and an ITO-free semitransparent bottom elec-
trode based on the SnOx/Ag/SnOx architecture has been
designed. The low temperature and atmospheric pressure
plasma process can be useful for the large-scale roll-to-roll
functionalization of SnO2 for different applications. An
emerging application of doped SnO2 is in the eld of electrical
energy storage devices. SnO2 has been used as a component of
the composite material for the anode of LIBs and as an
adsorption layer for the cathode of Li–S batteries.

The increasing demand for optoelectronics, photovoltaics
and energy storage devices requires the development of cost-
effective but at the same time high-performance TCOs and
ETLs in terms of conductivity and transparency. The low cost,
non-toxic nature, high specic capacity, high transparency in
the visible range and high electron mobility properties have
made tin oxide a potential material for these applications.
Understanding and controlling their structure, chemical prop-
erties, surface functionalization, surface roughness and lm
thickness are the key to optimize the performance of the SnO2

based structures. Great contributions have been made to date,
like doping SnO2 with suitable materials through several
synthesis processes, functionalization of SnO2 through plasma
treatment and energy band alignment through band
engineering.

However, looking toward the future, there are still some
challenges to overcome for the use of SnO2 in industrial appli-
cations. The use of a dopant to increase the electrical conduc-
tivity needs further screening and investigation to nd the most
16674 | J. Mater. Chem. A, 2021, 9, 16621–16684
advantageous dopant and deposition technique. A two-step
sputtering method can be used to improve the crystal quality
of the SnO2 without causing interface damage at the oxide/
substrate interface. Thermal stability is still a critical issue for
the SnO2 based devices. By designing the suitable passivation
on the substrates, it is possible to avoid the interface damage
and interdiffusion of elements during thermal treatment.
Therefore, oxide/SnO2 bilayer design will play a key role in
suppressing the bulk defects and recombination centers. More
work is needed to achieve a precise control of composition, lm
quality, defects, crystallinity, and dopant activation, which will
improve the conversion efficiency and stability of the device. It
is important to simplify the fabrication process and use tech-
niques like solution and plasma-based technologies for large
scale and roll-to-roll deposition and sustainable production.
Doped SnO2 has a huge potential for energy saving, and trans-
parent smart window applications. However, there is a lack of
investigation about the SnO2 based heat reecting coating.
Furthermore, SnO2 based cool paint can be a game changer for
the super-low-energy buildings. A focused investigation on
solution based doped SnO2 is required to achieve the SnO2

based cool paint to reduce the energy consumption for indoor
thermal comfort.

Though a lot of work has been done, there is still a long way
to go for commercializing SnO2 in the eld of energy storage
devices. As discussed in Section 8.1, SnO2 can be a crucial
component in modifying the cathode, anode and separator in
traditional LIBs. However, the specic charge capacity, specic
power and cyclability all need to be improved and should be the
focus of research in the near future. The synthesis of novel
nanostructured SnO2 composite materials with high porosity
and high specic area for supercapacitor electrodes is another
important topic worthy of further investigation. The main
problem associated with Li–S batteries (which is considered as
the next big thing in the energy storage eld) is polysulde
shuttling and growth of Li dendrites. From our discussion, we
have seen that these problems associated with Li–S batteries
can be addressed by utilizing SnO2 nanoparticles. For super-
capacitors, the contemporary metal oxides like NiO, MnO2, and
Co3O4 are more favourable as supercapacitor electrodes as
compared to SnO2. However, these oxides also have their
disadvantages, and if the electrochemical properties of SnO2

can be tuned by controlling the morphology, or by a doping
strategy or by coupling with MXenes, CNTs and conducting
polymers, there is a possibility of a commercial supercapacitor
prototype using the SnO2 electrode material.

The current trend of using tin oxide materials for optoelec-
tronic and energy storage devices is a challenge that involves
materials scientists and mechanical, electrical and chemical
engineers. It should be recognized that doped SnO2 and doped
ZnO (e.g. GZO) are complementary TCOs. In terms of materials
properties, sustainability and cost, these two oxide categories
are comparable and offer the materials community two good
alternatives. Nevertheless, this comprehensive review article
will provide key guidelines for the materials synthesis and the
mapping of SnO2 based TCOs, ETLs, and electrodes for
This journal is © The Royal Society of Chemistry 2021
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performance-improving strategies towards accentuating the
device performance.
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95 F. Gyger, M. Hübner, C. Feldmann, N. Barsan and

U. Weimar, Chem. Mater., 2010, 22, 4821–4827.
96 S. Kang, R. Nandi, J.-K. Sim, J.-Y. Jo, U. Chatterjee and

C.-R. Lee, RSC Adv., 2017, 7, 48113–48119.
97 M. Esro, S. Georgakopoulos, H. Lu, G. Vourlias, A. Krier,

W. I. Milne, W. P. Gillin and G. Adamopoulos, J. Mater.
Chem. C, 2016, 4, 3563–3570.

98 X. Yu, T. J. Marks and A. Facchetti, Nat. Mater., 2016, 15,
383–396.

99 X. Huang, J. Du, X. Guo, Z. Lin, J. Ma, J. Su, L. Feng,
C. Zhang, J. Zhang, J. Chang and Y. Hao, Sol. RRL, 2020,
4, 1900336.

100 D. Cheng, M. Zhang, J. Chen, C. Yang, X. Zeng and D. Cao, J.
Phys. Chem. C, 2014, 118, 2037–2043.

101 S. Yu, W. Zhang, L. Li, D. Xu, H. Dong and Y. Jin, Appl. Surf.
Sci., 2013, 286, 417–420.

102 W. Yang, S. Yu, Y. Zhang and W. Zhang, Thin Solid Films,
2013, 542, 285–288.

103 B.-j. Li, L.-j. Huang, N.-f. Ren, X. Kong, Y.-l. Cai and
J.-l. Zhang, Appl. Surf. Sci., 2015, 351, 113–118.

104 A. H. Omran Alkhayatt and S. K. Hussian,Mater. Lett., 2015,
155, 109–113.

105 K. Anandan and V. Rajendran, Superlattices Microstruct.,
2015, 85, 185–197.

106 G. Turgut, Thin Solid Films, 2015, 594, 56–66.
107 S. Nakao, N. Yamada, T. Hitosugi, Y. Hirose, T. Shimada

and T. Hasegawa, Thin Solid Films, 2010, 518, 3093–3096.
108 S.-H. Cho, R. Pandey, C.-H. Wie, Y. J. Lee, J.-W. Lim,

D.-H. Park, J.-S. Seok, Y.-H. Jang, K.-K. Kim, D. K. Hwang,
D.-J. Byun and W.-K. Choi, Phys. Status Solidi B, 2014,
211, 1860–1867.

109 L. Soussi, T. Garmim, O. Karzazi, A. Rmili, A. El Bachiri,
A. Louardi and H. Erguig, Surf. Interfaces, 2020, 19, 100467.
This journal is © The Royal Society of Chemistry 2021
110 S. Sambasivam, P. S. Maram, C. V. V. Muralee Gopi and
I. M. Obaidat, Optik, 2020, 202, 163596.

111 L. Zhang, W. Xu, W. Liu, P. Cao, S. Han, D. Zhu and Y. Lu, J.
Phys. D: Appl. Phys., 2020, 53, 175106.

112 Q. Chen and E. Thimsen, ACS Appl. Mater. Interfaces, 2020,
12, 25168–25177.

113 J. Ni, X. Zhao, X. Zheng, J. Zhao and B. Liu, Acta Mater.,
2009, 57, 278–285.

114 J. Ni, X. Zhao and J. Zhao, J. Inorg. Organomet. Polym. Mater.,
2012, 22, 21–26.

115 F. Fang, Y. Zhang, X. Wu, Q. Shao and Z. Xie, Mater. Res.
Bull., 2015, 68, 240–244.

116 H. Liu, V. Avrutin, N. Izyumskaya, Ü. Özgür and H. Morkoç,
Superlattices Microstruct., 2010, 48, 458–484.

117 G. Turgut, E. F. Keskenler, S. Aydın, E. Sönmez, S. Doğan,
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T. Riedl, Adv. Energy Mater., 2015, 5, 1500277.

227 S. Trost, T. Becker, A. Polywka, P. Görrn, M. F. Oszajca,
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J. Szczyrbowski, Thin Solid Films, 1999, 351, 146–150.

293 F. Hellegouarc'h, F. Are-Khonsari, R. Planade and
J. Amouroux, Sens. Actuators, B, 2001, 73, 27–34.

294 M. J. Tarlov and J. F. Evans, Chem. Mater., 1990, 2, 49–60.
295 H.Wang and A. L. Rogach, Chem. Mater., 2014, 26, 123–133.
296 N. Ren, J. Zhu, P. Shi, Q. Shan, T. Li, C. Wei, Y. Zhao and

X. Zhang, Sol. Energy, 2018, 171, 907–913.
297 P. Tang, C. Liu, J. Zhang, L. Wu, W. Li, L. Feng, G. Zeng and

W. Wang, Appl. Surf. Sci., 2018, 436, 134–140.
This journal is © The Royal Society of Chemistry 2021
298 L. Lin, T. W. Jones, J. T.-W. Wang, A. Cook, N. D. Pham,
N. W. Duffy, B. Mihaylov, M. Grigore, K. F. Anderson,
B. C. Duck, H. Wang, J. Pu, J. Li, B. Chi and G. J. Wilson,
Small, 2020, 16, 1901466.

299 V.-D. Dao, L. L. Larina and H.-S. Choi, Thin Solid Films,
2015, 593, 10–16.

300 C. Wang, D. Zhao, C. R. Grice, W. Liao, Y. Yu, A. Cimaroli,
N. Shrestha, P. J. Roland, J. Chen, Z. Yu, P. Liu, N. Cheng,
R. J. Ellingson, X. Zhao and Y. Yan, J. Mater. Chem. A,
2016, 4, 12080–12087.

301 Y. Kuang, V. Zardetto, R. van Gils, S. Karwal, D. Koushik,
M. A. Verheijen, L. E. Black, C. Weijtens, S. Veenstra,
R. Andriessen, W. M. M. Kessels and M. Creatore, ACS
Appl. Mater. Interfaces, 2018, 10, 30367–30378.

302 T. Hu, T. Becker, N. Pourdavoud, J. Zhao, K. O. Brinkmann,
R. Heiderhoff, T. Gahlmann, Z. Huang, S. Olthof,
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