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Tin dioxide (SnO5), the most 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
SnO,, 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 SnO, 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 SnO,/
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Accepted 25th June 2021 metal/SnO, 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 SnO,, 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 SnO, with gallium (Ga) doped zinc oxide (ZnO), the main sustainable alternative

to SNO, as a TCO and summarize the impact of SnO, 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 SnO, 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.

1. Introduction

Metal oxide semiconductors are a class of materials which find
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 films,
nanoparticles, nanowires and nanorods, their use has only
grown over the years from semiconductor electronics to
sensors, optoelectronics, catalysis, energy harvesting and
storage devices."* 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 films of such oxides allow light to pass through with
negligible absorption, making such films 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 films of
conducting transparent metal oxides such as SnO, and ZnO
(zinc oxide) are finding applications in many consumer elec-
tronic products, especially in flat panel displays, touch screen
panels, photovoltaic devices, low-emissivity glasses, energy-
saving windows, and energy storage devices.*'*'>71*3 A trans-
parent conducting film 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.”® Conductivity and transparency can be
customized to expand their utility in a large number of appli-
cations.>?® Apart from transparent conducting thin films,
oxide/metal/oxide multilayer structures are also extensively
studied for enhancing their optical transmittance and electrical
conductivity to meet the demands as TCOs."**** Fig. 1 shows
different transparent oxides and their applications for photo-
voltaic devices, touch screens, flat panel displays, and energy
saving smart windows. However, only a few metal oxides doped
with specific elements exhibit a satisfactory performance as
a'TCO such as indium (In)-doped SnO, (ITO), fluorine (F)-doped
Sn0,, 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.”*>*** The review
articles have mostly discussed about the challenges and
opportunities of ITO. It has both low electrical resistivity and

16622 | J. Mater. Chem. A, 2021, 9, 16621-16684

facile patternability>** that make it well suited for displays.
However, it lacks temperature stability and resistance to
chemical attack.' Although the amount of indium is limited in
the earth's crust, the human population is prone to its toxicity.>*
The low-rate self-compensation effect makes it more chal-
lenging to obtain binary oxide semiconductors having a p-type
conductive behavior.”” 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 SnO, for transparent electrodes. Considering
the demands of the transparent electrode for opto-electronic
devices and renewable energy generation/storage, a more
comprehensive review on SnO, 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 (SnO,) is the most stable oxide of tin that
finds 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

Fig. 1 Schematic diagram of various transparent conducting oxides
and applications,**~*° presented with permission and copyright.

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.>® published a comprehensive review of
tin oxide, its structure and use as a gas sensor. Jenifer et al.>
reviewed the recent advancements in tin oxide-based thin-film
transistors for large-area electronics. Al Hamdi et al>
reviewed tin dioxide as a photocatalyst for water treatment. The
bulk electron mobility of SnO, is ~240 cm® V~ " s'.%* SnO, 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.*® This wide bandgap is helpful, especially in engi-
neering the energy levels for tandem photovoltaic devices. Other
significant advantages of the SnO, layer include chemical
stability and UV-resistance properties which make SnO, an
efficient electron transport layer (ETL), especially in the case of
perovskite solar cells. Earlier studies on SnO, 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.>**® 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),”**”® in
accordance with the growing interest of researchers on tin oxide
as the ETL. The recent development of SnO, as an anode for dye
sensitized solar cells and its impact on the device performance
have also been discussed in detail.®** The readers are also
suggested to consult other relevant references regarding SnO,
as the ETL in organic solar cells, PSCs, and quantum dot
LEDs.%*%8

Deng et al.® reviewed the development of SnO, 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 SnO, 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® 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 SnO, but also tries to cover new topics such as
the impact of SnO, for separator modification 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 SnO, and

This journal is © The Royal Society of Chemistry 2021
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doped SnO, are also reviewed, and the TCO performances 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) are compared. The SnO,/
metal/SnO, 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 (OLEDSs),
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 SnO,, mainly as an
electrode material for energy storage devices starting from the
most popular Li-ion batteries to Li-sulfur batteries and finally to
the rapidly emerging technology of supercapacitors, which have
not been reviewed previously. Finally, we summarize the impact
of SnO, on circular economies to conclude this review.

2. Tin oxide as a transparent
conductive oxide (TCO)

2.1 Electronic properties of doped SnO,

The electrical and optical properties of TCO materials are
determined by their electronic structure. Mishra et al”
computed an energy-momentum (E-k) diagram for pure stoi-
chiometric SnO, and Sb-doped SnO, along several directions in
k space indicated by points of high symmetry within the first
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 SnO, units.
The band structure of SnO, 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 I' point. The
free electron-like dispersion can be readily seen in the 4
direction (I'-X) and the A direction (I'-M).” The pronounced
dispersion near the I" 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 SnO, is in the range of 0.23-0.3m, (depending on the
direction), where m, is the electron mass in free space.” This
low effective mass in turn results in a higher electron mobility
for conducting electrons in SnO,. 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 SnO, are generally
heavy. The fundamental band gap of 3.7 eV for SnO, is direct
and occurs at the I" point.

Both intrinsic point defects (oxygen vacancies) and extrinsic
defects (dopants) introduce localized states in the band struc-
ture of SnO,. Kili¢c and Zunger showed that oxygen vacancies in
non-stoichiometric SnO, give rise to a shallow defect level at 113
meV below the CBM.” For Sn interstitials, the corresponding
defect level is at 203 meV above the CBM.”* Thus, both these
point defects are electrically active and can contribute electrons
to the conduction band. The electronic structure of SnO, can be
modified by a high dopant concentration. Mishra et al

J. Mater. Chem. A, 2021, 9, 16621-16684 | 16623


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1ta01291f

Open Access Article. Published on 30 June 2021. Downloaded on 8/17/2021 8:51:30 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry A

computed the theoretical band structure of SnO, doped by ~8
at% of Sb (Sn3SbOg) by considering a supercell consisting of two
primitive unit cells stacked in the ¢ axis direction with one Sn
atom substituted by a Sb atom.”® The cationic dopants form an
impurity Sb 5s band within the band gap of SnO, that has free
electron-like dispersion, and this can directly contribute to the
conductivity of SnO,. Electrons can also be excited to the next
higher band derived from the Sn 5s orbitals. The CBM remains
at the I 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 SnO,. One
important consequence of the strong dispersion near the CBM
of SnO, is that the Burstein-Moss (B-M) effect is readily
observed in doped SnO,.” 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 filled, 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-shifting the energy level with improved band alignment
which in turn increases the built in potential.”® For multivalent
Sb-doping in a high concentration, the conduction band does
not up-shift, but due to the oxidation of Sb, the carrier
concentration improved.” On the other hand, Mg-doping
lowers the CBM compared to un-doped SnO, due to the
reduction in free electron density in Sn0,.”® The Li-dopant in
SnO, acts as an acceptor and lowers the energy levels of SnO, as
Li* ions substitute Sn**.*® In the case of poly(vinylpyrrolidone)
(PVP)-doped SnO,, the defect density decreases inside SnO, and
the electron extraction is more effective due to conduction band
lowering.”” Y-doped SnO, can also elevate the conduction band
which leads to improved charge carrier transport.”® La and Zn
dopants are also very suitable for SnO, which can uplift the
CBM and facilitate the electron extraction and transport with
less energy loss.””® In the case of Ga-doping into SnO,, the
conduction band shifts upward with an increment of electron
density and a decrement of deep traps.®* Ta>* doping inside the
SnO, lattice can increase the oxygen vacancy and thus the
conductivity can be increased with free carrier concentration.®

Fig. 2
using pulse laser deposition, presented with permission and copyright.”
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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 SnO, on sapphire
substrates by pulsed laser deposition.” A critical thickness is
essential for the metallic conductivity in SnO,:Sb thin films
(Fig. 2b). The broadening of the energy band gap as well as the
enhancement of the impurity activation energy is attributed to
the quantum confinement effect.

2.2 Metal-doped tin oxide for improved transparency and
conductivity

The key challenges for SnO, 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 SnO, significantly
depends on three critical parameters: (1) the dopant, (2)
synthesis procedure, and (3) thickness of the oxide layer.®*** 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 SnO, are
very important properties for any alternative to ITO. To the best
of our knowledge, a comprehensive review on SnO, has been
published by Das et al,* and there are limited reviews that
focus on doped SnO, 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),***
and high optical transparency (T > 80%),***° 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 flexible devices, electron transport layer, gas
sensors, photodetectors, protective coatings, organic light-
emitting diodes, and materials for the circular economy.**~*”
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 SnO, film are the (a)

(a) Impact of doping elements on conduction band offsets. (b) Thickness-dependent energy band gap of epitaxially grown Sb doped SnO,

This journal is © The Royal Society of Chemistry 2021
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carrier mobility and (b) electron density.”>*****° With the
increase of the doping concentration, changes in electronic
properties such as the modification of the bandgap, increased
carrier concentration and widening of the bandgap by filling
low energy levels in the conduction band are observed. As
a result of this, the Fermi level shifts up towards the conduction
band, causing an increase in the carrier concentration.>**°
Several reports have discussed the electrical properties of SnO,,
doped SnO,, and SnO, based multilayer structures.'”**** 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 field (0.4 T)
to enhance the electrical performance of FTO.'* Similarly, Chen
et al. demonstrated a non-thermal dual-plasma synthesis for
antimony doped SnO,, Sb-SnO, (ATO) nanocrystals with
a uniform composition and a conductivity of 0.1 S cm " over
a high surface area."” While these methods show an increase in
performance, the morphology is affected due to the presence of
pinholes after thermal treatment. The lanthanum (La) dopant is
a very promising alternative capable of alleviating SnO, crystal
aggregation and it provides a platform with full coverage and
helps to form a homogeneous film.** Furthermore, the La
dopant reduces the band offset of the SnO, 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.®

In modern technology, SnO, 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
SnO,. Apart from indium (In), doping of tin oxide can be real-
ized with various elements, such as antimony (Sb), fluorine (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.7181,1017104113130 - A]] these dopants are discussed in this
section. For example Sb and F are the most suitable dopants for
Sn0O,,3*1017104114 wherein Sb substitutes Sn atoms and F substi-
tutes O atoms.® Sb is an effective dopant because the Sb®" and
Sn** ions are of similar radii. In the case of Sb doped tin oxide
(ATO), it has high transparency (~80%) and low resistivity
(~107 Q cm), good mechanical hardness, and environmental
stability.*® One key feature of ATO is that its carrier density
increases monotonically with Sb doping within the range of 10*°
cm ?* while the dopant activation efficiency decreases from
60% to 20%. The room temperature Hall mobility of ATO ranges
from 6 cm® V' s7' to 24 em* Vs

FTO is a stable TCO"*>"** that has low electrical resistivity due
to the high carrier density.* It can strongly adhere to any
substrate making it suitable for device integration.'® However,
its electrical conductivity is not as high as niobium (Nb)-doped
tin oxide (NbTO) films.""” Niobium is an exceptional dopant for
SnO, as the ionic radius of Nb®* (0.064 nm) matches that of Sn**
(0.069 nm), which enables the substitution of Nb>* for Sn** in
the SnO, crystal lattice structure.'*® If SnO, is concurrently
doped with Nb and F to replace the Sn*" and O*>~ in the SnO,
lattice, respectively, its Hall mobility and carrier generation will

This journal is © The Royal Society of Chemistry 2021
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be further enhanced, making it suitable for high efficiency
devices.*® The substitution of Nb>* for Sn*" and the integration
of F~ are beneficial in improving the overall performance. The
synergistic effect of Nb and F co-doped SnO, films results in
improved optoelectronic properties compared to those of F or
Nb-doped SnO, films."*® Nitrogen is another low-cost and
environmentally friendly dopant for SnO,. The nitrogen dopant
reduces the optical energy threshold and enhances the film
conductivity."*

Recently, molybdenum (Mo) and tungsten (W) doped SnO,
have been studied by Huo et al."*®* The Mo-doped and W-doped
SnO, films show an average transmittance of ~60% over
a wavelength range between 300 and 2500 nm, which is ~2
times higher compared to ITO films."*® Tungsten is an impor-
tant cation dopant for the SnO, based transparent conductive
material. The electronic and optical properties of SnO, can be
enhanced by replacing Sn** through W°®".>> Moreover, W®" has
the highest valence state among the common doping elements
to generate more free electrons.” Doping with W is also very
helpful to generate more charge carriers and maintain the
structural ability of SnO,."** Thus, W doped SnO, might solve
the problems related to SnO, based anode materials for lithium-
ion batteries due to its unique characteristics.”” Doping of
strontium (Sr) in SnO, further widens its potential in improving
the photocatalytic activity, iteration of the electronic structure,
and enhancement of vital physical and chemical properties.**”
Studies influencing the third-order nonlinear optical properties
of Sr-doped SnO, were limited, and further elucidation is
required for its applications in various optical devices."” In
another study, Bannur et al. observed a third-order nonlinear
absorption mechanism for Sr:SnO, films, which is attributed to
free carrier absorption induced two-photon absorption."”” The
third-order nonlinear absorption co-efficient (8.¢) shows one
order of improvement (0.14 x 10~ ecm W™ t0 3.91 x 10~ " cm
W), which indicates the competency of grown films in
nonlinear optical device applications.**”

He et al. demonstrated the optical and structural properties
of Ta-doped SnO, monocrystal films grown on MgF, (110)
substrates. The Ta dopant for SnO, takes the form of Ta®*
ions.”® Ta-doped SnO, films are of importance due to the high
work function of 5.2 eV, with an average transmission over
87%."** Ta doping for SnO, films show reduced resistivity and
improved Hall mobility.*?® The highest Hall mobility of 74.2 cm?
v~! s is attained for the 5 at% Ta doped SnO, film, and the
least resistivity 2.5 x 107* Q cm is attained at 6 at% Ta
doping.**® It is worth noting that a Ta-doped SnO, transparent
conductive oxide has been demonstrated as a selectively solar
transmitting coating for the high temperature concentrating
solar power technology.*

Apart from the above-discussed materials, SnO, can also be
doped using aluminium>™** to achieve p-type conductivity,*
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 SnO, since it can substi-
tute Sn atoms with less lattice deformation compared to Al and
In.”” The doping of Ga is quite effective in the context of the role
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of SnO, in perovskite-based devices. Ga-doped SnO, is used as
an efficient electron transport layer in planar perovskite solar
cells (PSCs)® because of its better band alignment with the
perovskite absorption layer for efficient electron extraction.®*
Besides, Ga doping reduced the trap state density in SnO,,
leading to a lower recombination and negligible hysteresis.** All
these combined to deliver an improved efficiency. Several other

View Article Online

Review

dopants in SnO, that can also improve the PSC performance will
be discussed below in the section ‘Impact of SnO, on PSCs’.
Cobalt (Co) is also a good substitute for noble metals as the
dopant for SnO,. Co ions can easily replace tin ions in SnO,
without destroying the lattice structure because of the
compatible ionic radii.”*® Also, the Co dopants can enter the
tetragonal rutile type SnO, and suppress the grain growth.'*

Fig.3 Calculated partial charge densities of (a) FO* and (b) Fi~ in the down and across directions, respectively. The Sn (gray) and O (black) atoms
are depicted using a stick model for clarity, while the F atoms are colored red (FO) and pink (Fi) corresponding to the defect color. Charge
densities of 0.001 and 0.02 eV A~! were used for panels (a) and (b), respectively,2? presented with permission and copyright. The preferred
adsorption configurations of (c) propylamine (PA), (d) ethylenediamine (EDA), (e) triethylamine (TEA), and (f) monoethanolamine (MEA) on the
ATO (110) surface. The bond distances are given in A. Color codes: O-red, Sn-gray green, Sb-cyan, C-gray, N-blue, and H-white, ¢ presented
with permission and copyright. The partial charge densities at the CBM of SnO, for TaSn (g), SbSn (h), and FO (i). The densities highlight the fact
that Sb and F both hybridize with the CBM, thus having a detrimental effect on the band curvature with increased doping concentrations, and that
Ta does not undergo this same effect,**” presented with permission and copyright.
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The doping in SnO, results in the modification of optical and
electronic properties that are needed for various applications.

2.3 Design of doped SnO, for TCO applications:
computational modeling

The computational screening approach for dopants of SnO,
comprises an efficient and reliable calculation of its bandgap,
effective mass, binding energy, and the formation
energy.'>'*%1317133 In recent times, computational screening
approaches have shown immense potential in identifying suit-
able dopants of SnO, to increase the inherent electrical and
optical properties. Towards this end, Cheng et al. investigated
the first-principles-based computer screening system in search
of suitable dopants or co-dopants for SnO, to develop new SnO,-
based transparent conducting oxide systems.'”® Based on
computer simulations, it is found that the best candidates for
SnO,-based TCO materials are FTO, ATO, phosphorus (P) doped
SnO, PTO (P-doped SnO,) and FPTO (F and P co-doped SnO,)."*

In another interesting work, Swallow et al. investigated the n-
type FTO (n > 10*° cm™?) 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.” By
using DFT energy calculations, it is determined that the inter-
stitial fluorine in the —1 charge state might be the lowest
formation energy acceptor defect for degenerately doped FTO,
as shown in Fig. 3a and b.*> Hence, they provided new confir-
mation of fluorine interstitial as the defect responsible for FTO
falling well short of the theoretical ionized impurity scattering
with a limited mobility of >100 em® V' s7'.22

ATO is more advantageous due to its low cost and abun-
dance. ATO thin films also display excellent electronic and
optical properties comparable to those of ITO films 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."** 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.*** Moreover,
within the same theoretical framework, the enrichment of the
asymmetric tail from the valence band photoemission spectrum
of doped SnO, was also explained."* These results reveal that to
capture the satellite structures for narrow-band materials 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-
specific ab initio calculations.’* 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 first-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
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correlation features for PES of several conductive oxide mate-
rials.”® Kim et al. investigated the electronic structure of pure
and doped SnO, nanocrystals within a range of 1.3-2.4 nm
diameter. Herein, strong quantum confinement effects were
observed and the electron binding energy for Sb doped nano-
crystals decreases with the size.'*

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).**® By using
DFT calculations, they found strong attractive interactions
between amines and ATO surfaces via N-Sn and especially N-Sb
bonding interactions, as shown in Fig. 3c—{."*® 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.’*® 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.”*® Williamson et al.
demonstrated that tantalum (Ta) is a resonant donor in SnO,
using a combination of hybrid DFT calculations, IR reflectivity,
and hard X-ray photoelectron spectroscopy.*®” It is reported that
Ta is a superior dopant to both fluorine and antimony (Fig. 3g—
i), with the capacity to yield higher conductivity, mobility, and
better IR transparency as compared to FTO and ATO."*” These
findings imply that Ta-doped SnO, has the potential for large
surface area applications with low-cost TCO substrates.*”

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

Phosphorus (P)-doped SnO, (SnO,:P), PTO, films were
synthesized by an aerosol assisted chemical vapor deposition
route with excellent optical and electrical properties.> A data
generator was used to build computational models of P as
a dopant for SnO, 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
SnO, films for transparent conducting oxide applications.®

3. Design of doped SnO, for TCO
applications: different experimental
approaches

As discussed in the previous section, the conductivity of un-
doped SnO, is significantly improved by doping with various
dopant elements such as F,'*'** Mn,'*>*3® Ta,'**'” and Sb.'**'**
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Fig. 4 Various solution-based approaches for metal oxide film deposition. Reproduced with permission.**® Copyright 2011, The Royal Society of

Chemistry.

Tin oxide thin films are usually deposited using solution-based
deposition and vacuum-based deposition techniques. Solution-
based deposition methods offer numerous benefits over
vacuum-based deposition techniques; e.g. simpler processing,
better scalability, and lower manufacturing cost.”**'** On the
other hand, thin films 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 SnO, films. To this
end, Pasquarelli and co-workers have thoroughly reviewed
several solution-based film deposition processes, as elucidated
in Fig. 4."° In this review article, we discuss the doping of SnO,
using solution and vacuum based techniques. Synthesis of high
quality doped SnO, is much sought-after. 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 SnO, films is
already well established."**'** A facile approach has been re-
ported to control the morphology of doped and pure SnO, films
by a sol-gel dip-coating process.*** The root mean square (RMS)
roughness value of SnO,:Sb thin films was found to be 1% of
film thickness, which makes them suitable for optoelectronic
applications. The authors reported a resistivity of ~10~> Qm for
the 5 mol% Sb-doped SnO, films. An average transmittance of
>80% (in the UV-vis region) was found for all these films. The
bandgap energy of SnO,:Sb varies in the range of 3.69-3.97 eV
with an increase in Sb doping concentration.™*®

Shi et al. studied the effect of fluorine concentration on FTO
films by the improved sol-gel method.”** The surface
morphology, optical properties, and electrical properties of
films were investigated for different fluorine 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 beneficial for energy conversion devices. The
visible transmittance and sheet resistance significantly depend
on the F concentration (Fig. 5g and h). The sheet resistance for
un-doped SnO, films is 450 Q sq~'. However, the sheet resis-
tance decreases from 450 Q sq ' to 14.7 Q sq ' with the
increase of fluorine concentration.'**

In another study, it is observed that with a lesser number of
coatings, the film 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 film that decreases the
Hall mobility.**® 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 (SnC,0,) was dispersed in deionized
(DI) water together with citric acid and triethanolamine to
obtain a sol-gel solution. The dip-coated film shows a lower
sheet resistance of ~30-40 Q sq~'.»** Doping of Ta and Nb in
SnO, films by the dip-coating technique achieves moderate
electrical properties.™®

Gallium (Ga)-doped SnO, semiconductors show p-type
conductivity with an average optical transmittance of more
than 87%. Thin film Ga-doped SnO, was fabricated using a sol-
gel spin coating process with a doping concentration of gallium
greater than 10%.” 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 x 10'® cm™?) is slightly lower than that ob-
tained by DC (direct current) magnetron sputtering (8.84 x 10"
em?), as reported by Huang et al.'*’ 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 SnO,.
Film formation was demonstrated via an evaporation-driven
method and dip-coating in a thermostatic oven at 25-60 °C. A
crystalline SnO, film was obtained after 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) SnOs, (b) SNO1.94Fg 6. (€) SNO19Fg 10, (d) SNO1 g6Fo 14, (€) SNO; g2F0 18 and (f)
SnOy 78F 0 22. (g) Transmission spectra of films with different F concentrations and (h) sheet resistance of SnO, films with different F/Sn ratios,***

presented with permission and copyright.

700 °C for 10 min.**® Non-toxic stannous fluoride (SnF,) was also
used as a fluorine source to deposit the fluorine-doped SnO,
thin films. The process was referred to as the green sol-gel
method. The SnF, 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 films, which
exhibited a resistivity around 7.0 x 10™* Q cm.'*

Film deposition using SnO, 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
films because nanoparticles are already in the crystalline phase.
In another report, Zhao et al. demonstrated a surfactant-free
and binder-free deposition of Sb:SnO, in a compact thin film
using Sb:Sn;O0, suspension.’® The as-prepared films have
electrical resistivity around 3.04 x 107> Q cm and a trans-
parency of ~92.70%."° Synthesis of highly crystalline Sb-SnO,
nanoparticles is achieved by microwave heating of the antimony
acetate and SnCl, precursors in benzyl alcohol and toluene at
135 °C for 15 min. The spin-coating of ATO dispersion resulted
in uniform film deposition with 90% transparency and 1.9 X

This journal is © The Royal Society of Chemistry 2021

107> Q cm resistivity.”* Deposition of F-doped SnO, films by
Nadarajah et al. involved a reactive tin(u) hydroxide nitrate
nanoscale cluster in an aqueous solution. Those films rendered
very low electrical resistivity (1.5 x 10™* Q m) and optical
transmittance (>85%)."** 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.***
in which SnF, was dissolved in DI water, and film growth
occurred at 40 °C. After the heat treatment, the electrical
properties improved significantly and the resistivity was
measured to be ~1.4 x 10> Q cm."® An aqueous solution of
SnF, and HF resulted in a thin film when small amounts of
H,0, and/or H;BO; were added, but the resistivity was found to
be ~18.7 Q cm.** This high resistivity is due to poor crystallinity
and the presence of high interface defects for the film synthe-
sized by using CBD and liquid phase deposition (LPD) methods
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at low temperatures (40-75 °C)."** Raviendra et al.*** demon-
strated an electroless deposition of polycrystalline Sb-SnO, thin
films using stannic chloride (SnCl;), ammonium fluoride
(NH,F), and silver nitrate in a solution at room temperature.
The visible transmittance and reflectance in the infra-red region
of pristine SnO, films were found to be ~80% and ~70%,
respectively, with resistivity on the order of ~107> Q cm. In
contrast, Sb-doped SnO, films showed a visible transmittance of
86% and an infra-red reflectance of ~83% with resistivity in the
range of ~10°-10* Q cm. The resistivity of the Sb-doped thin
films was excellent and comparable to the films 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.'*® However, this process required fine control over pH and
therefore reproducibility can be challenging.**

3.3 Spray coating and aerosol jet

Spray pyrolysis is a widely used deposition technique for
achieving high-quality pure and doped SnO, films on a hot glass
substrate (400-600 °C). This process is simple, inexpensive and
efficient.®”****>” 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.™**%° 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 Q sq ' to a minimum
of 4.1 Q sq ! with the increase of the substrate temperature
from 250 °C to 300 °C and then saturates."® 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
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solution concentration, feed rate, and spraying gas pressure). It
is claimed that the fluorine doping using the ultrasonic spray
technique®" decreases the sheet resistance from about 138 Q
sq ' to 35 Q sq ' and increases the optical bandgap from
3.57 eV for a single crystal SnO, to 3.77-3.93 eV.

Ultrasonic spray pyrolysis of FTO layers on flexible substrates
leads to compact grain structures without cracks.**> 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.'*> The Hall mobility increased from 11 cm?
VvV 's7't020.1 cm® V' s and resistivity decreased from 1.3 x
107 Q ecm to 6.3 x 10”* Q cm, with the increase of growth
temperature. With the increase of film 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.'*> Niobium-
doped SnO, thin films of cassiterite tetragonal structure and
polyhedron-shaped grains grown by spray pyrolysis are pre-
sented."'”1%>1%* In this deposition process, the optical trans-
mittance increased when compared to that of undoped SnO,,
while the absorption edge is red-shifted with an increase in the
niobium doping concentration."”

According to Kumar et al., doping with neodymium (Nd)
improves the electrical parameters of n-type SnO, films.'*® The
resistivity of SnO, films initially decreased with the Nd doping
level up to 4% and further increased for a higher doping level of
6%.'** The change in resistivity was found to be associated with
the carrier concentration and grain boundary scattering in the
doped SnO, films. The increment in the carrier concentration
and conductivity was related to the increase in Nd dopants that
generated more carriers in the SnO, lattice upon substitution.
In a report by Serin et al., the electrical conductivity of spray-
deposited polycrystalline un-doped SnO, films was calculated
using a two-point probe method as a function of substrate
temperature.'®® The Hall mobility and electron concentration as
a function of substrate temperature have been studied in
detail.’*® The highest mobility of 35 + 1.1 ecm® V™' 57! was

Table 1 Properties of SnO, thin films deposited using solution-based techniques

Transmittance
Dopants Thickness (nm) Resistivity (Q cm) (%) Mobility (em* V™' s™")  Year Reference
Undoped 720 1.15 x 107° 86 0.61 2008  Kasar et al.’’
Sb-doped 525 47 x 107* 60 11 2018 Ponja et al.’®
P-doped 400 7.2 x107* 80 35 2018  Powell et al.’
Ga-doped 160 0.71 87.5 8.33 £ 0.16 2015 Tsay et al.”’
Nb-doped 550 9.6 x 10°* 71.87 — 2013 Turgut et al.'"’
Mo-doped 1.7 x 10* 1.6 60 — 2017  Huo et al.'”
W-doped 1.7 x 10* 0.61 69 — 2017  Huo et al'*®
Mo and W co-doped 1.35 x 10* 0.35 56 — 2017 Huo et al.'™
F-doped 1000 41 x107* 75 — 2010  Miao et al.**®
F-doped 440 — 84.61 — 2015 Benhaoua et al."®*
F-doped 211 8.9 x 107* 79.4 17.9 2013 Muthukumar et al.*®
Sb-doped 454 2.81 x 10°° 60.55 0.347 2013 Anetal'®
Sb-doped 340 1.98 x 107° 72 — 2013 Lekshmy et al.'®?
Co-doped 450 37.35 80 — 2010  Bagheri et al.’®’
F-doped 300 1x10°° 80 28 2014  Wang et al.'®®
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observed at 300 °C. The mobility decreased with increasing
temperature. The conductivity of SnO, 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 first decreased and then increased
with increasing substrate temperatures. The Hall mobility
values reported for SnO, films were lower as compared to
monocrystalline thin films. The low values of mobility might be
due to the hindrance provided by grain boundaries with respect
to carrier transport in the SnO, polycrystalline film. The prop-
erties of doped SnO, films prepared by solution-based tech-
niques are tabulated in Table 1.

The solution-based approach offers a facile and an efficient
process to deposit films made 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 films. Although there are
reports on the film 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 SnO, thin films are key to resolve these existing
challenges.

Fig. 6 Vacuum based physical vapor deposition techniques.

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

Wang et al.*®® deposited FTO films by the CVD technique with
the inclusion of different additives and reported a carrier
mobility of ~28.5 cm® V™' s7* at a high carrier concentration of
~4 x 10*° em>. The reported high mobility is associated with
the development of (200) preferred orientation of the CVD-
grown FTO thin films.'*® In another work, Ponja et al.> demon-
strated antimony doped SnO, thin films using aerosol assisted
CVD. The samples with 4 at% Sb dopant exhibited an electron
mobility of 11.4 cm® V' s and a relatively high carrier density
of 10** 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(ur)
within the doped thin films.> Phosphorus doped SnO, which
displays excellent electrical properties and optical properties
was synthesized by using aerosol assisted CVD (AACVD).”
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.’

Ta-doped SnO, films were deposited on «-Al,0; (012)
substrates by using a MOCVD method. The deposited films
showed an average transmittance of >88% in the visible wave-
length range.'® 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 films
increased from 3.96 to 4.30 eV.'® Furthermore, 4 at% of Ta
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doped SnO, films showed the highest Hall mobility of 58.1 cm?
V™' 57!, and the lowest resistivity of 4.0 x 10~* Q ¢cm was ob-
tained at 6 at% of Ta doping concentration.'® Ta-doped SnO,
epitaxial films demonstrate beneficial electrical properties and
transparency extending to the UV-B light region, indicating
a wide range of applications from transparent electric to
photoelectric devices.**®

3.5 Doping of SnO, through physical vapor deposition
methods

Thin-film SnO, 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 SnO, thin films. Physical vapor deposition tech-
niques provide high-quality thin films when compared to
solution-based methods. The film thickness, composition, and
electronic properties can be tuned precisely. The sputter depo-
sition technique is commonly used for SnO, 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-film 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.>***-'7°'”> Numerous
reports have been made to grow SnO, thin films by doping
using the direct sputtering technique.*>**>'7>"”* DC magnetron
sputtering offers a high deposition rate, uniformity over a large-
area substrate and provides easy control over the composition
of films. SnO, films 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 films grown at high substrate temperatures is
enhanced."”®

Banyamin et al.* demonstrated the electrical and optical
properties of FTO deposited by mid-frequency pulsed DC
magnetron sputtering® from a loosely packed blended SnO,
and F, powder to produce homogeneous n-type thin films 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 films. Furthermore, the
loosely packed powder avoids target cracking and allows varia-
tion of the composition.*” 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
fluorine content and temperature, but diminishes with excess
fluorine 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) films can be
deposited onto amorphous substrates to obtain lower resistivity
using the radiofrequency (RF)-magnetron sputtering method."””
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Thin film resistivity in such processes decreases exponentially
from 1 to 1.7 x 107% Q 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 x 10"® cm™ at 300 °C to 3.3
x 10*° em™* at 700 °C, while the Hall mobility increased from 1
to 12 ecm® V™' s7'. 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 flexible PET
substrates by RF magnetron sputtering.** Increasing the oxygen
partial pressure produces oxygen-rich smoother and more
uniform films, 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 SnO, is in the range of 9.1 x 107* Q cm.

Low-temperature reactive DC magnetron sputtering can also
be used to prepare antimony doped tin oxide films on glass and
graphite substrates using a metallic tin target, without addi-
tional heat treatment.'” The electrical resistivity of such films
varies with the oxygen content in the sputtering gas atmosphere
as it influences the optical properties such as changes in color
(vellow 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 SnO,.

Dopant elements, the synthesis mechanism and post-
deposition treatments play an important role in achieving high
electrical conductivity and optical transparency for TCOs."****
The Sb-, Ta-, Nb-, F-, arsenic (As)-, and tungsten (W)-doped SnO,
thin films have been widely explored.®*'*>'#* Even though Sb is
the frequently used dopant for SnO, films for optoelectronic
device applications,®*'”> the persistent issue is the strong
resistivity dependency on the film thickness.'”* In general, when
the thickness is decreased by tens of nanometers, the resistivity
of TCO thin films increased significantly.””* Shihui Yu et al
developed Sb-doped SnO, (ATO) thin films with varying thick-
nesses on a glass substrate by magnetron sputtering and
proposed a mechanism of varying electrical properties with
respect to film thickness."”* In 2019, Bhasker Parida et al.
deposited high-quality ITO films by RF magnetron sputtering
with post-thermal annealing in a nitrogen environment."®* The
high quality of ITO films is attributed to the combined effects of
effective suppression of oxygen incorporation into films due to
the post-annealing process.'®*

Liao et al. and Kim et al also reported the conductive
properties of SnO, films by introducing H, into sputtering
plasma.*®>**¢ Thin films 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 CF, gas flow rate was varied, whereas,
in the oxide mode, the CF, gas flow was fixed, but the H, gas
flow was varied.’® A minimum resistivity of 1.63 x 107> Q 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


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1ta01291f

Open Access Article. Published on 30 June 2021. Downloaded on 8/17/2021 8:51:30 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

reduced to 8.42 x 10~ * Q 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 SnO,."*® The electrical conductivity of the film
increases due to the generation of oxygen vacancies after
hydrogen plasma treatment. On the other hand, hydrogen
plasma treatment etched SnO, films and subsequently
degraded their crystalline quality and optical transmittance.
Zhu et al. prepared FTO films by using RF magnetron sputtering
with a SnO,-SnF, target in an Ar + H, atmosphere. The intro-
duction of H, during sputtering can improve the conductivity of
FTO films. It was also revealed that the base pressure has
a notable influence on the structural properties of FTO films.**”
The performance of TCO is considerably affected by the crys-
tallinity and surface morphology of the film.**®'*® Smoother
surfaces reduce the contact resistance and localized field
effects,*"** 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).">'* A pyramidal surface is found to have a larger

View Article Online
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transmission and efficiency than those of a rectangular
surface.”® The surface morphology and grain orientation of
a film are affected by its own thickness.” The electrical
conductivity and transmittance of the film increases and
decreases, respectively, with increasing thickness of the film.'*®

Engineering the morphology is important for specific
applications, and roughness in relation to morphology can be
tuned by incorporating additives during the process.™ It is also
worth noting that the resistivity depends on the crystalline
orientation.’ Investigation of doped SnO, by trivalent ions
using the pulsed layer deposition (PLD) technique reveals that
the films 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.'*® Fukumoto et al. demonstrated
epitaxially grown high mobility Ta-doped SnO, films on TiO,
substrates using pulsed laser deposition.’”” Ta-doped SnO,
(Sn;_,Ta,0,, TTO) thin films epitaxially grown on TiO, (001)
substrates using pulse laser deposition showed a very high Hall
mobility of 130 cm® V' s ' at room temperature with a carrier
density of ~10*° cm™* (Fig. 7). It is also worth noting that the

Fig. 7 (a) w—20 X-ray diffraction patterns for Sn;_,Ta,O, (TTO) films with x = 3 x 1073 grown at various substrate temperatures (Ty). (b) A
reciprocal space map around the asymmetric 112 diffraction peaks for a TTO film grown at T, = 600 °C. A cross represents the peak position for
bulk SNO,. (c) Ts dependence of Hall mobility (u, circles) and full width at half maximum of the rocking curve (w scan) for the 002 diffraction peak
(FWHMO002w, diamonds) for the TTO (x = 3 x 10~°) films, where Ta>* ions were substituted for the Sn** sites and generated one electron per Ta

(100% doping efficiency),**” presented with permission and copyright.
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Table 2 Properties of SnO, thin films deposited using vacuum-based techniques
SnO, Thickness (nm) Resistivity (Q cm) Transmittance (%) Mobility (cm® v s ") Year Reference
F-doped 400 6.71 x 107° 83 15.1 2014 Banyamin et al.®’
AIN-doped 200 0.05 90 5 2015 Wu et al.**°
Al-doped 1050 0.81 80 1.1 2010 Entradas et al.'*
Al-multilayer SnO,: 200 1.38 80-81 0.399 2014 Park et al.'”®

Al: 25
N-doped 100 9.1 x 1074 80 — 2015 Fang et al.'"®
N-doped 8 x 102 Above 80% 6.75 2019 Nguyen et al.'*®
Sb-doped 220 1.8 x 10°° 11.6 2015 Bissig et al.®®
Sb-doped 300 49 x 1073 74 — 2010 Boltz et al.'”®
Sb-doped 700 3x107° 80 6.5 2010 Montero et al.'*®
Cu-multilayer Sn0,: 0 0.29 87 — 2014 Yu et al.**°

Cu: 14 7.79 x 107° 54 —
Zn-doped 850-900 7.436 80 35.14 2012 Ni et al.””*
Ta-doped 1.7 x 107° 91 12 2014 Weidner et al.'””
Ta-doped 400 5.4 x 107* 85 25.7 2016 Weidner et al.”*
Ta-doped ~120 6.0 x 1074 — 130 2020 Fukumoto et al.*’
Ta-doped 453 4x10™* 88 58.1 2019 He et al.*®®
Cd-doped 82 1.78 x 10°? 84 — 2012 Flores et al.”?

Ta" ions are substituted for the Sn*" sites and generate one
electron per Ta, which suggests 100% doping efficiency for the
Ta dopant. The properties of doped SnO, films prepared by
vacuum-based techniques are summarized in Table 2.

The synthesis mechanism plays an important role in SnO,
based TCOs. The surface morphology, chemical composition
and bulk defects depend on the synthesis process.>** In general,
the vacuum based technology provides better uniformity of the
film 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 SnO,.

4. Multilayered SnO,/metal
structures for improved TCO
performance

4.1 SnO,/metal/SnO, multilayers

Multilayers of SnO, 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 TiO,, ZnO, SnO,, and ZrO,. Such
arrangements are quite beneficial as they provide high trans-
mittance and higher conductivity due to the presence of a metal
layer. SnO,/metal/SnO, multilayer structures show promising
characteristics for the transparent conductor and smart coating
applications.> SnO,-Cu-SnO, based multilayers are deposited
onto quartz substrates using DC/RF magnetron sputtering.”*
Metal-based multilayer structures have low resistivity (ranging
from about 0.29 Q c¢m for pristine to 7.79 x 10™> Q cm for the
14 nm thin copper film), 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 films were thinner and more durable than single-
layered TCO and single-layered metal films, 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 x 107> Q cm (Fig. 8d). A
further increase in the substrate temperature leads to a drastic
increase in the resistivity.

Sandwich structured Zn/SnO,/Zn multilayer thin films can
also be prepared on quartz glass substrates using DC and RF
magnetron sputtering processes, followed by thermal treatment
to obtain p-type thin films.*** SnO,:Zn thin films exhibiting p-
type behavior with a resistivity of 7.436 Q cm and a carrier
concentration of 2.389 x 10 cm™® with transparency
exceeding 80% were obtained at optimum annealing (400 °C for
6 hours). Besides these, n-type films 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 SnO,/Al/SnO, thin films were prepared on a quartz
substrate by using RF sputtering techniques and consequent
annealing, which increased the resistivity (from 1.38 Qcmat 1 h
to 6.42 x 10° Q cm at 8 h) and the average transmittance (~80-
81%).'7®

The SnO,/Ag-Pd-Cu (APC)/SnO, multilayer films for high
performance flexible and transparent thin-film heaters were
investigated by Kim et al.*** The SnO,/Ag-Pd-Cu (APC)/SnO,
multilayer films were prepared using a multi-source evapora-
tion method.?® In this method, the sheet resistance of 9.42 Q
sq " and the optical transmittance of 91.14% were observed for
the as-grown multilayer structure.>® In the case of multilayer
formation, Mn-SnO, (MTO)/Ag/MTO thin films were prepared
on a flexible polyethylene terephthalate (PET) substrate using
a DC/RF sputtering system.”*® 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
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Methods

Advantages

Disadvantages

Applications

(1) Sol-gel process

(2) Chemical bath deposition

(3) Spray coating

(4) Spin coating

(5) Chemical vapor deposition

(6) Hydro/solvo thermal

(7) Atomic layer deposition

(8) Thermal evaporation

(9) Sputtering

(i) Low-cost and simple technique
(ii) Reproducibility

(iii) Achieves proper stoichiometry
(iv) Low-temperature sintering
process

(v) Functionalization

(i) Low temperature process
(ii) Single/multiple precursor

(iii) Easy synthesis

(iv) Tunability of film structure and
grain size
(v) Achieves proper stoichiometry

(vi) Strong adhesive

(vii) Large scale production

(i) Simple, inexpensive and efficient
(ii) Several dopants with a high
growth rate and reproducibility

(iii) Mass customizations

(iv) Excellent compositional
homogeneity

(v) Large-area coating

(i) Easy synthesis

(i) Can achieve a suitable thickness
of the film

(iii) Excellent for laboratory scale
(iv) Quick deposition

(v) Easy integration

(i) Ultra-thin film

(ii) High crystal quality
(iii) Stoichiometry

(iv) Epitaxial growth

(i) Simple technique

(ii) Low cost

(iii) Large scale synthesis

(i) High-quality film

(ii) Low-temperature processing
(iii) Stoichiometric control

(iv) Excellent adhesion

(v) Ultra-thin films

(i) Synthesis of thin films over

a large area with uniform thickness
(if) Low cost and reproducible film

quality

(i) High-quality film
(ii) Ultra-thin layer

This journal is © The Royal Society of Chemistry 2021

(i) Synthesis of ultra-thin films (<10
nm)

(i) Low wear-resistance, porosity
and crystallinity

(iii) Large scale production

(iv) Easy cracking during the drying
stage

(v) Presence of bulk and interface
defects

(i) Long-period deposition

(ii) Synthesis of ultra-thin films (<10
nm)

(iii) Presence of bulk and interface
defects

(iv) Various doping design and
synthesis

(v) Seed layer requirement

(i) Requires high temperature
(i) Lower conductivity

(iii) Energy consumption
(iv) Wastage of solution

(vi) Synthesis of ultra-thin film

(i) Lack of material efficiency
(ii) Scalability

(iii) Wastage of material

(v) Stoichiometry

(vi) Dopant incorporation

(i) Expensive and complex process

(ii) Scalability
(iii) Wide range of doping selection

(i) Long-time reaction

(ii) Safety issues

(iii) Crystal quality

(iv) Ultra-thin film

(i) Time processing

(if) Economic viability

(iii) Limitation of materials
(iv) Large area deposition

(i) Lower environmental stability
(i) Mechanical durability

(iii) High temperature processing

(i) High cost

(i) Optoelectronic devices
(ii) Thin films and coatings

(iii) Microelectronic devices
(iv) Nanostructure synthesis

(v) Catalysis for renewable energy

(vi) Renewable energy and energy
storage devices

(i) Thin films and coatings

(ii) CdsS layer for CIGS and CZTS
based solar cells

(iif) Transparent conductors and
devices

(iv) Micro-electronic devices

(v) Thin film based catalysis for
renewable energy
(vi) Optical coatings

(i) Functional coatings
(ii) Energy conversion and storage

(iii) Solar cells
(iv) Highly active catalysis

(v) Supercapacitors

(vi) Hydrophobic and hydrophilic
coatings

(vii) Opto-electronic devices

(i) Microelectronic semiconductor
industry

(ii) Optical lenses

(iii) Photoresist-coating

(i) Microelectronic semiconductor
industry

(ii) wafer growth

(iii) High quality dielectric/insulator

(i) Large scale synthesis

(ii) Biomedical

(iii) Gas sensors

(iv) Thin/thick film

(i) Nano-coatings

(if) Transparent conductor
(iii) Nanodevices

(iv) Catalysis and environment
(v) Energy conversion/storage
(i) Optical coating

(ii) Light-emitting diode and
photovoltaic devices

(iii) Electrodes for semiconductor
devices

(iv) Dielectric based multilayer for
energy harvesting and saving

(i) Optical coatings

(if) Smart coatings
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Table 3 (Contd.)
Methods Advantages Disadvantages Applications

(iii) Scalability

(iv) In situ doping using
stoichiometry

(v) Low temperature processing

MTO multilayer films 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 Q sq~ " upon increasing the O,/(Ar + O,) flow rate.? The
highest figure of merit of the MTO/Ag/MTO multilayer film was
45.7 x 1072 Q' at an O,/(Ar + O,) flow rate of 2.8%.2°° These
results indicate that the MTO/Ag/MTO multilayer thin films
deposited on PET substrates have high transmittance and low
resistance, which make them promising materials for future
flexible devices.?*

On the other hand, Hwang et al. developed a three-layered
TiO,/BiVO,/SnO, (T/B/S) photo-anode which demonstrated

enhanced photo-electrochemical (PEC) water oxidation

Fig. 8

(if) High power deposition damage
surface
(iii) Composition

(iii) Nanodevice fabrications
(iv) Transparent conductor

(v) Energy saving coating
(vi) Photovoltaic devices
(vii) Metal electrode

performance at high visible transmittance above 510 nm
wavelengths.?*® The T/B/S photo-anode deposited by the solu-
tion spin coating method consists of three layers of sequential
deposition.”?”® The underlying SnO, layer creates an increased
lateral grain size (~600 nm) of the BiVO, layer and formed
a type-II heterojunction for efficient improvement in charge
separation and electron transport properties.”*® The T/B/S
photo-anode exhibits higher photocurrent density at 1.23 V
versus reversible hydrogen electrode (~2.3 mA ¢cm > for water
oxidation and ~3.7 mA ecm ? for H,0, oxidation). Also, it
exhibits higher stability in comparison to BivVO,/SnO, and
pristine BiVO, photo-anodes.>*”® The SnO, based multilayer is

(a) Resistivity and sheet resistance of SnO,/Cu/SnO, multilayer films deposited at 500 °C as a function of Cu layer thickness. (b) Optical

transmittance of SnO,/Cu/SnO, multilayer films deposited at 500 °C. (c) The (ahw)? relation for SnO,/Cu/SnO, multilayer films. (d) Sheet
resistance and resistivity of SnO,/Cu/SnO, multilayer films developed at different substrate temperatures,?®® presented with permission and

copyright.
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Fig. 9
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(a) Resistivity of ZTO films at different argon flow rates. (b) The O,/Ar + O, ratio is 30 sccm. (c) Surface morphology of the silver layer on

ZTO/glass with increasing thickness,'°® presented with permission and copyright. (d) Average transmittance and sheet resistance of different
doped tin oxide (SnO,) thin films. (e) Resistivity and average transmittance versus fluorine content,?®” presented with permission and copyright:
Conductive and transparent, structured tri-layer deposited on a substrate.

a prospective technology for solar cells, solar hydrogen gener-
ation, smart coating, and flexible device applications.'®”°72%
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 film 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 flow. By decreasing the Ar gas flow from 180
to 30 scem, the resistivity of ZTO film decreased from 0.22 to
0.09 Q cm. However, the resistivity increased with an increase in
the O,/Ar + O, gas flow. In such multilayers, the thickness of
interlayers influences the sheet resistance. For example, the
sheet resistance of ZTO film 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 influence on the
sheet resistance of the film. 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 SnO, are shown in Fig. 9d. The resis-
tivity of FTO is shown in Fig. 9e. As the fluorine content
increases, the resistivity increases. The electrical resistivity of
the FZTO film is reported to be 8 x 10> Q cm.>”” These SnO,
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).>*° Thus,
it is essential to optimise the thickness of the metal oxide (e.g.
SnO, or ZnO) to grow a continuous ultra-thin metal layer over
the SnO, 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 1).**°
Growth of an ultra-thin metal with a smooth surface is crucial to
enhance the performance of the TCO using an OMO structure.
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Fig.10 AFMimages of the surface of ZnO and SnO; thin films of increasing thickness. ZnO: (a) 20 nm; (b) 100 nm; (c) 200 nm; (d) 400 nm; and (e)
800 nm. SnOy3: (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 SnO; thin films. (l) Representation of the island height against the surface coverage for successive evaporation of silver on the surface of
ZnO and SnO; thin films. The dotted lines represent the theoretical curves corresponding to equivalent amounts of silver.?*® Reprinted from ref.

210, Copyright 2013, with permission from Elsevier.

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 SnO,/Ag/SnO,
transparent electrodes using Ni-doped Ag with improved

Table 4 SnO,/metal based multilayer for optical devices

performance due to the reduction of defects.” Table 4
summarises the impact of a multilayer based transparent
conductor on the device performances.

4.2 Grid-structuring of the SnO,/metal/SnO, multilayer

Grid structuring is another promising technique that has been
studied for OMO multilayer materials.*** The lift-off process is
used without affecting the electrical properties of the materials.
Bou et al. investigated the grid structuring of the SnO,-Ag-SnO,,

SnO,/metal based multilayer Resistivity Sheet resistance Optical transmittance Thickness Reference
Sn0,-Cu-SnO, 7.79 x 107° Q cm — 54% 14 nm Yu et al.>*°
Zn/Sn0,/Zn 7.436 Q cm — 80% — Ni et al.>*
Sn0,/Al/SnO, 6.42 x 10° Q cm — 80-81% — Park et al.'”®
Sn0,/Ag-Pd-Cu (APC)/SnO, — 9.42 Qsq " 91.14% — Kim et al.>*
Mn-SnO, (MTO)/Ag/Mn-SnO, (MTO) — 9.8 Qsq " 87.9% 550 nm Kim et al.>*®
SnO,~Ag-SnO, 5.6 X 107* Q cm 9.8 Qsq " — — Bou et al.**?
Mn-doped SnO, (MTO)/Ag/MTO 10.1Qsq " — — 40 nm Lee et al.>*®
FTO/Ag/FTO 8.8 x 107> Q cm — 95.5% 7 nm Yu et al.™
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multilayer.”*> 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 film. 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 Q sq . The resistivity of grid-based multi-
layers varies with the surface coverage. The resistivity increases
with decreased coverage from a value of 2.9 x 10~ * Q cm for the
full tri-layer to 5.6 x 10™* Q cm for the most transparent
multilayer.”*

The Mn-doped SnO, (MTO) multilayer structure is proven to
be an efficient system (Fig. 11).>* 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.'®?* 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 Q sq
for the 40 nm thick MTO film. 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
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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 figure
of merit ~7.8 x 107> Q™" 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 x
107° Q cm.®

5. Impact of SnO, based TCO and ETL
on OPV and OLED devices

5.1 Impact of SnO, 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, SnO, as an n-type TCO is a good choice of material
for different components in OLEDs.

Indium-free SnO, may also be a promising electrode mate-
rial because of its high transparency and large bandgap. More
importantly, the fabrication of SnO, is compatible with many

(a) Electrical properties of MTO/Ag/MTO films. (b) Schematic of conventional BHJ-OPV having the MTO/Ag/MTO multilayer electrode.

(c) Current—voltage characteristics of the optimized MTO/Ag/MTO multilayer and ITO as reference based on OPVs. (d) TEM (cross-section) for
the MTO/Ag/MTO multilayer electrode,?®® reproduced with permission and copyright.

This journal is © The Royal Society of Chemistry 2021
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Fig. 12 Energy band diagrams of (a) red, (b) green, and (c) blue OLEDs with SnO,:Sb or ITO as the anode electrode. Reproduced with
permission.®” Copyright: The Royal Society of Chemistry 2016. The TEM images of (d) ZnO or (e) SnO, NPs; (f) energy level diagram of QD-LEDs
with ZnO or SnO, NPs as the ETLs. Reproduced with permission.?**> Copyright: The Royal Society of Chemistry 2020.

techniques. M. Esro et al.”’” demonstrated that the Sb-doped
SnO, (SnO,:Sb) deposited through a facile low-cost spray
pyrolysis technique is a promising anode material for large-
scale and flexible OLEDs. By varying the Sb concentrations, at
2 wt%, the SnO,:Sb film exhibits the lowest sheet resistivity and
the highest electron mobility. The SnO,: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 SnO,: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 SnO,:Sb anode
show comparable electrical and optical performances with
those deposited on ITO. These results clearly indicate the great
potential of the Sb-doped SnO, electrode in flexible and large-
scale OLEDs fabrication.

Currently, SnO, 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”*® 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 often 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.*** compared the properties of
SnO, as the ETM with those of ZnO. Transmission electron
microscopy (TEM) and atomic force microscopy (AFM) images
indicate that SnO, 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 SnO, 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

SnO,, which will cause excessive electron injection, leading to
imbalance with holes. SnO, 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 SnO, NPs
is slightly higher than that of ZnO NPs (Fig. 12f), the overall QD
LED device performance with SnO, 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 SnO, as the ETM is reported by Hong
et al.”** where they studied the difference in the OLED device
performance caused by the relative position of SnO, 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 SnO, (CuPc-on-SnO,, Fig. 13e), while in the
inverted device, the SnO, is deposited on top of CuPc (SnO,-on-
CuPc, Fig. 13b). Because of the much higher melting tempera-
ture of SnO,, 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 SnO, is first
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 SnO,-on-CuPc structure (Fig. 13f). The
device performance with CuPc-on-SnO, is found to be better in
terms of both the operating voltage and the luminance than
that of the device with the SnO,-on-CuPc structure.

For many organic devices, interface modification is an
effective way to improve the device performance. Taking that
into consideration, Lee et al.>** applied SnO, NPs as an interface

This journal is © The Royal Society of Chemistry 2021


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1ta01291f

Open Access Article. Published on 30 June 2021. Downloaded on 8/17/2021 8:51:30 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

View Article Online

Journal of Materials Chemistry A

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 SnO,-on-CuPc and (e and f) abrupt CuPc-on-SnO; interface. Reproduced with permission.?** Copyright: American Chemical

Society 2011.

layer between the ITO cathode and the ETL in an inverted
bottom-emission (ITO direction) OLED device. The work func-
tion of SnO, 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 SnO, film morphology 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~> luminance decreased signifi-
cantly from 24.0 V (without SnO,) to ~17.0 V (with SnO,) with an
enhanced EQE from 8.2% to 15.6%.

These samples clearly indicate that, to get the best perfor-
mance, the properties of SnO, should be carefully considered; for
example, the work function, film morphology, and processing
method. Successful cases are given above by applying SnO, in
different layers of the device to fulfill specific roles. Therefore, in
future research, to better incorporate SnO, in OLEDs, the rela-
tionship between SnO, and the neighbour layers should be
carefully studied to realize optimized charge carrier transport.

5.2 Impact of SnO, 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,***>** 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.?***** 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 significant 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 TiO, 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
TiO,, the instability of both TiO, and ZnO and the high-
temperature processing conditions of TiO,. All these moti-
vate the development of alternative materials for the electron
transporting layer. SnO, is one of the best electron trans-
porting materials in perovskite solar cells because of its high
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transparency, ultrahigh electron mobility (>200 ecm® V™" s 1),
non-light-soaking problems, and high chemical, photo-
stability and hole blocking properties.>*® Despite these favor-
able features for efficient electron transport, the application
of SnO, in OPVs is rare. One reason is that the trap-assisted
recombination at the SnO, surface is severe and requires
surface modification to enable its compatibility with the
organic blends in the active layer of OPV devices.

An example of the comparison of SnO, with TiO, and ZnO as
the electron extraction/transporting material was reported by
Trost et al.>****” One of the advantages of SnO, as the ETM is
demonstrated, i.e., the light-soaking issue faced by TiO, and
ZnO is not a problem in SnO, ETM-based OPV devices. Light
soaking is defined as the activation of TiO, and ZnO by UV light
to make the resultant devices show good performance.
However, the activation will take some time to finish, 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 (filtered AM 1.5),
a sigmoidal J-V curve is observed in TiO, ETM-based inverted
OPV devices with an inferior efficiency of 0.4%. However, the
SnO,. ETM-based device shows a largely enhanced efficiency of
5.7%. Although the exact reason for the light-soaking issue has
not been clarified, it is an acceptable concept that the UV light
activation induces oxygen desorption on the TiO,/ZnO surface
that causes the decrement of work function for better electron
extraction/transport. For the SnO, film, UV light illumination
does not change its work function much. This, combined with
its suitable value, allows better performance to be achieved for
SnO, ETM-based inverted OPVs.

Fig. 14
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Although the light-soaking issue is resolved in SnO, ETM-
based inverted OPVs, as mentioned above, the charge traps
and charge recombination exist on the SnO, surface. Therefore,
surface modification is required to avoid these traps and
improve the performance of the inverted OPVs. Geng et al.**®
investigated the preparation of a SnO, and poly(3-
hexylthiophene) (P3HT) composite. Although this composite
is not used in OPV devices, this study confirmed that the SnO,
surface modification generates favorable properties in charge
carrier transport. On the surface of SnO, 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 filler in the
porous structures of SnO, nanoparticles, forming a PZHT-SnO,
composite, as shown in Fig. 14c. After thermal annealing, the
electron transfer inside the composite is promoted because of
two reasons. First, the chemical bonds formed between SnO,
and P3HT, combined with the highly crystalline feature of
P3HT, is responsible for the electron transfer from P3HT to
SnO, (Fig. 14d and e), resulting in more free charges in SnO,
nanoparticles. Second, thermal treatment in a high-pressure
oxygen atmosphere for SnO, allows for elimination of oxygen
vacancies to increase the crystallinity of SnO,. The synergistic
effects of more free charges and high crystallinity of the SnO,
section in the P3HT-SnO, composite contribute to the higher
electron mobility than those of pristine P3HT or SnO, film. This
work elegantly demonstrates the feasibility of surface modifi-
cation of SnO, to promote its application as an electron trans-
porting material in inverted OPVs.

Shen et al.** reported that a (poly-[(9,9-bis(3-(N,N-dimethy-
lamino)propyl)-2,7-fluorene)-ait-2,7-(9,9-dioctylfluorene)]), PFN,

(a) Layer sequence of the inverted OPV device with TiO, or SnO, as electron extraction layers and (b) J-V characteristics of the cor-

responding cells under AM 1.5G illumination with a UV blocking filter (A > 400 nm). Active layer: PCDTBT:PC,BM. Reproduced with permission.??®
Copyright: WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 2015. (c) HRTEM image of a SnO, nanocrystal covered with a P3HT thin layer. (d)
Schematic structure of the P3HT-SnO, composite semiconductor. (e) Energy level alignment of P3HT and SnO,. Reproduced with permis-

sion.??® Copyright: The Royal Society of Chemistry 2016.
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Fig. 15
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(a) Device structure of the inverted OPVs by integrating low temperature solution-processed SnO, nanocrystals and a PFN stacked

structure as an ETL. (b) J-V characteristics of SnO,-only, SnO,/PFN, and PFN-only devices tested under AM 1.5G in ambient air. (c) Transient
photovoltage and (d) transient photocurrent decay curves based on SnO, and SnO,/PFN and PFN ETLs. Reproduced with permission.®*
Copyright: The Royal Society of Chemistry 2018. (e) Device structure of the inverted OPVs using SnO, or SnO,/alkali carbonates as ETLs and (f)
the J-V characteristics under standard AM 1.5G. Reproduced with permission.??* Copyright: American Chemical Society 2018.

layer deposited on the SnO, film can adjust the energy level and
reduce the surface defects. Such a bilayer, SnO,/PFN, as the
electron transporting material in inverted OPVs (ITO/SnO,/PFN/
PTB7-Th:PC,;BM/Mo00O;/Ag, Fig. 15a) greatly enhanced the effi-
ciency from 4.31% (pristine SnO,) and 9.05% (pristine PFN) to
11.05% (Fig. 15b). Two main aspects are improved for the
bilayer, SnO,/PFN, compared with the pristine SnO, and PFN.
First, the work function of pristine SnO, is significantly reduced
from 4.46 eV to 3.9 eV because of the dipoles formed on the PFN
surface. This significantly 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. 15¢ and d). This demonstrates
a better extraction capability and a lower charge recombination
rate in SnO,/PFN compared with both the pristine SnO, and
PFN layers.

Similar results are also found in zwitterion compound-
modified SnO, films, as reported by Tran et al.*** The syner-
gistic effects of aligned energy levels and improved electron
extraction and transport contribute to the significantly
enhanced efficiency of inverted OPVs. Tran et al.>** also reported
similar results by selecting alkali carbonates (lithium
carbonate, Li,COj; potassium carbonate, K,COj3; and rubidium
carbonate, Rb,COj3) to modify the SnO, surface (Fig. 15¢). 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 after 6 weeks. This
stability is because of the inverted device structure and the use
of SnO, as the electron transporting material. The comparison
of the stability of devices with SnO, or ZnO as the electron
transporting material has been reported by other groups of
researchers.”’

In the field of OPVs, non-fullerene acceptors have gained
increasing attention recently. Jiang et al.>*° fabricated inverted
non-fullerene OPV devices with the structure of ITO/SnO, or
ZnO/PM6:IT-4F/molybdenum  oxide/silver  (ZnO/PM6:IT-4F/
MoO;/Ag) in which ZnO or SnO, 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% (after 24 hours), while the device fabricated with SnO,
exhibits a consistent efficiency with slight variation from 14.1%
(initial) to 12.5% (after 24 hours). It is observed that after 24
hours of illumination, the ZnO/IT-4F film on glass decomposed,
while the pristine IT-4F and SnO,/IT-4F films remained the
same. The reason is that the photocatalytic effect of ZnO caused
the decomposition, whereas SnO, 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 SnO,-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-
fied SnO, is reported by Peng et al.,*** where InP/ZnS (indium
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phosphide/zinc chalcogenide) quantum dots are used to
passivate the surface defects of SnO,. The reasons for the
selection of quantum dots include the following two aspects: (1)
the water/alcohol solubility allows a good connection with both
SnO, and the organic active layer and (2) the small size allows
distribution into the SnO, film to passivate the SnO, surface
defects. After 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 Js¢ (short-circuit current). Higher SCLC (space-
charge-limited current) mobility favors the FF (fill factor)
increment. Semi-logarithmic plots of -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 SnO,/InP/ZnS-based device (ITO/SnO,/InP/ZnS/PM6:Y6/
MoOs/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 SnO, surface to act as the ETL in non-fullerene
OPVs. In this context, Zhao et al.*** did the same work where
MAPDI; nanowires are introduced on top of SnO, to make it
more compatible with the organic blends in the active layer of
the device with the structure of ITO/SnO,/MAPbI; nanowires/
PBDB-T-SF:IT-4F/Mo0O;/Ag. Although the efficiency has only
a slight increment from 9.53% (SnO, only) to 10.72%, an
interesting phenomenon is that the MAPbI; bulk film-
containing device shows only a half efficiency of 5.52%. These
results indicate that a suitable perovskite structure can modify
the SnO, 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 modification of SnO,
is an effective strategy for the improvement of OPV device effi-
ciency and stability. Looking for an appropriate material to
modify the SnO, 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, finding a low-cost material to
effectively modify SnO, to improve the device efficiency and
stability will greatly pave the the
commercialization.

way for future

6. Boosting the perovskite
performance and stability through
ShOZ

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

Metal-halide perovskite thin-film solar cells are typically fabri-
cated using commercial fluorine-doped tin oxide glass as
substrates. Although these substrates have low sheet resistance
R, (8-20 Q cm?), 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
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transport layers. In a study that focused on both FTO and TiO,
blocking layers, Yates et al.>** deposited FTO by atmospheric
pressure CVD (APCVD) using monobutyl tin trichloride (MBTC)
as a tin precursor and aqueous trifluoroacetic 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
film, the surface roughness varies with film thickness and
develops various crystallographic planes at different rates.
Perovskite solar cells (PSCs) with the mesoscopic structure of
FTO/TiO,_,/m-TiO,/CH;CH,PbI;/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 films with
different thicknesses and a fixed resistance (R;) as well as
different Ry values for the same thickness.”**> Mesoscopic PSC
thin-film solar cells (1 cm x 1 c¢cm) with the structure FTO/
TiO,_,/CH3CH,Pbl;/spiro-OMeTAD/Au were fabricated on
APCVD-grown FTO substrates. It was found that increasing FTO
thickness has a clear and significant effect on the PCE of the
devices due to the correlation between the FTO film thickness
and its surface roughness. Samples with thicker FTO layers but
the same Rg show improved FF and reduced V¢ and Jsc. When
R increased, with the thickness remaining the same, both V¢
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. SnO, and
different metal-doped SnO, 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 SnO, based ETL. Baena et al.>** reported
planar PSCs using SnO, and TiO, as ETLs and they found that,
for planar PSCs, SnO, was much more effective than TiO,. They
claimed that SnO, has a much more favorable conduction band
alignment with the MAPbI; and mixed (FAPDI;)ggs5(-
MAPDBTr3), 15 perovskite absorber, which yielded a much higher
PCE as shown in Fig. 16a-d, using SnO, as the electron selective
layer. In this report, the ALD technique was used to prepare the
SnO, layer on the top of an FTO substrate. In parallel, Ke et al.
also reported a planar MaPblI; PSC using solution-processed
SnO, as the ETL.>*® They prepared SnO, by facile spin coating
of the SnCl,-2H,0 precursor prepared at room temperature,
followed by thermal annealing in air at 180 °C for 1 h. The mild
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(a) Energy level diagrams and electron injection characteristics of SnO, and TiO,-based planar PSCs. Schematic conduction band

diagram of the perovskite films and the electron selective layers (ESL), TiO, and SnO, for (b) MAPbls and (c) (FAPbIz)p g5(MAPDBr3)g 15, labeled as
‘mixed’. (d) Current—voltage characteristics of planar perovskite devices based on SnO, and TiO, ESLs,?** presented with permission and

copyright.

annealing conditions resulted in a smooth nanocrystalline
SnO, 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%. After that several groups had reported
planar PSCs based on SnO, as the ETL.***”2% Different
approaches were made for optimizing the SnO, layer as the ETL
to boost the performance of the PSCs. Among these approaches,
the most effective approaches are doping of SnO, using
different metals such as aluminium (Al), antimony (Sb), lithium
(Li), and tantalum (Ta);>*******> high temperature annealing;***
use of different additives such as ethylenediaminetetraacetic
acid (EDTA)* and 2,2,2-trifluoroethanol in Sn0,;*** and an
additional ETL such as PCBM** or In,0; together with the SnO,
layer.>*® With all these approaches, the device performance
could be significantly improved.

Although the PCE of present perovskite thin-film solar cells
is well over 20%, the J-V characteristics of these devices are scan
direction-dependent and show considerable hysteresis.>****¢
Earlier, this phenomenon was thought to be due to charge
accumulation effects at the TiO,/perovskite interface where
TiO, is the default electron transport layer (ETL).?** 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.>*®**° The hysteresis behavior in J-V characteristics is also
a burden in the case of SnO, as the ETL. Recently, Jung et al.
employed a sol-gel method to deposit the SnO, ETL onto FTO
substrates using tin(v) isopropoxide as the precursor.>** 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 N,
glovebox environment that was intended for drying the depos-
ited layer. The SnO, ETL annealing temperature in the range of
100 °C to 500 °C has a significant effect on lowering the
hysteresis of the j-V profiles. 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. 17¢), 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/SnO,/(FAPbI;), g73(CSPbBr3)g 125/
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(a) Schematic of energy alignment of the UVO treated FTO and SnO, 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 SnO, thin films prepared from 0.1 M concentration of the SnO,
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 SnO; thin film with a thickness of ~40 nm,?** presented with permission and copyright.

spiro-OMeTAD/Au (Fig. 17e) were fabricated. The effect of
precursor concentration for SnO, films annealed at 250 °C was
also studied,*® which mainly influenced 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 significant hysteresis and the hysteresis was the
largest for controlled devices where the SnO, 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 SnO, ETL in elim-
inating the hysteresis phenomenon in the /-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 films)
used as transparent electrodes. A well-matched energy band
between the ETL and perovskites improves Vo¢ by avoiding the
excessive band offset while accelerating the charge carrier
extraction, resulting in efficient transport. In this regard, very
recently, Wang et al**® reported a unique work based on
gradient energy alignment engineering using the In,03/SnO,

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 SnO, 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 CsPbl;_,Br, solar cells (Fig. 18a-
¢).**® Low-temperature solution-processed SnO, nanoparticles
were also found to be very efficient as the ETL for planar
perovskite solar cells on a rigid substrate and a flexible PET
substrate (Fig. 18d and e).>"’

The use of the SnO, layer on a CVD-/sputter-grown FTO
substrate could broaden the optical transmission band of the
electron selective layer and fill electronic states in the conduc-
tion band of the perovskite film 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 = 16-20%) modules on the industrial
scale.>"”

6.2 Impact of SnO, on flexible PSCs

Since the first report of flexible PSCs with a PCE of 2.62% by
Mathews' group in 2013,>*® the PCEs of the flexible PSCs have
increased to 18.5%.%*>>* Progress of the flexible PSCs was based
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(a) Scheme of the device architecture of the inorganic perovskite solar cells; LiF was used to modify the SnO, surface. (b) Energy band

alignment for each layer in CsPbls_,Br, inorganic solar cells. (c) J-V characteristics of inorganic CsPbls_,Br, solar cells with and without the LiF
interlayer.?*® (d) Hysteresis-free perovskite devices on glass and PET substrates and (e) flexible perovskite module of the same devices by
chemical treatment of the SnO, layer,?¥” presented with permission and copyright.

on different functional layers, which have been prepared by
different low temperature process technologies. In this regard,
SnO, 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.® reported the in situ regrowth of the SnO, 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 SnO, NPs. With
this deposition technique of the SnO, as the ETL, the authors
reported a PCE of 17.5% for a flexible PSC.** Qiu et al.>*" re-
ported a two-step solution-processed SnO, layer formation by
depositing a layer of SnCl, on the spin-coated layer of SnO, NPs.
This SnCl, layer helped to improve the quality of the ETL
through hydrolysis and oxidation of SnCl,. They have reported
the device efficiency of 15.21% for the flexible PSC devices, with
prolonged shelf-stability.>** Liu et al.***> also reported two-step
techniques to deposit the SnO, layer. After depositing a SnO,
NP aqueous solution on an ITO/polyethylene naphthalate, PEN
substrate by spin coating, they treated the film by the hydro-
thermal technique using an autoclave at 100 °C for 1 h, and
a significant improvement of the quality of the SnO, layer was
obtained. They achieved a certified efficiency of 17.27% for the
flexible 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 SnO,, low trap
density of the device, high charge transport efficiency of
hydrothermally treated SnO,, and the better energy band

This journal is © The Royal Society of Chemistry 2021

matching between hydrothermally treated SnO, and the
perovskite layer.>®> In most of the reports, spin coating of an
aqueous solution of SnO, NPs followed by some kind of treat-
ment have been used for a better quality of the SnO, layer. The
work by Yang et al.®* revealed that by preparing a complex of
SnO, aqueous solution with EDTA, an effective ETL can be
formed. It has been found that this EDTA-complexed SnO, is
better matched with the conduction band of perovskite, leading
to high Voc. Its electron mobility is about three times larger
than that of SnO,. Using EDTA-complexed SnO,, the group has
reported an efficiency of 18.28% for a flexible device.* Similarly,
Kam et al.** reported room-temperature RF sputtered SnO, 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 flexible PEN substrate, respectively.*® Another non-solution
based process which has been reported for the formation of
the SnO, layer is the slot die coating. The approach towards
flexible perovskite solar cell modules (PSCMs) was reported by
Bu et al.*®® using SnO, as the ETL. They reported flexible PSCMs
on an ITO/PET substrate using triple cation perovskite and the
slot-die printed SnO, layer as the ETL. They provided a facile
interface passivation strategy with potassium pre-treatment for
SnO, ETLs to obtain hysteresis-free high efficiency devices and
reported small size flexible PSCs with an efficiency of 17.18%
and large size (5 x 6 cm?) flexible modules with an efficiency
over 15% (Fig. 19a-c).>*

SnO, was also found to be very effective as an electron
selective contact in the case of 2-terminal monolithic tandem
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Fig. 19
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(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.#* (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,?** presented with permission and copyright.

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.*** reported a 2-terminal monolithic tandem solar
cell using Si as the bottom cell, PSCs as the top cell and ALD-
grown SnO, as the electron selective contact and achieved an
efficiency of 19.9% with a V¢ of 1785 mV (Fig. 19d-f).

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

6.3 Plasma treated SnO, 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.*®® 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.*° 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 SnO, 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 SnO, nanostructures that
are used for a varied range of applications.>**>* In this context,
Tarlov and Evans were among the first to study the effect of
plasma functionalization on SnO, thin films.*** They demon-
strated that RF water plasma treatment of SnO, films 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 Sn*" 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
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Table 5 Dopants/foreign elements present in the SnO; layer and the corresponding PSC device parameters”

Doping/foreign element(s) Jsc (mA PCE
Method Device layer (SnO,) (Sn0,) Voc (V) ecm™?) FF (%) (%) Reference
Sol-gel FTO/SnO, (Zr/F)/ Zr/F 1105  24.39 71.2 19.19  Tian et al.*’
CH;NH;Pbl;/SiGe/spiro-
OMeTAD/Au
Solvothermal SnO,-TiO, TiO, 0.76 7.18 60.41 3.28 Qureshi
et al.>*8
Spinning FTO/Cu-SnO,/ Cu 0.78 21.74 0.509 8.48  Lietal®
CH;NH;Pbl;/spiro-
OMeTAD/Au
Spinning FTO/Zn-SnO,/ Zn 0.97 22.24 0.610 13.17  Lietal®®
CH;3NH;PbI;/spiro-
OMeTAD/Au
Spinning FTO/Cd-SnO,/ cd 0.90 20.56 0.487 9.03 Li et al.>®
CH;NH;Pbl;/spiro-
OMeTAD/Au
Spinning FTO/Li-SnO,/CH;NH,Pbl,/  Li 0.46 18.99 0.423 3.76 Li et al.>>®
spiro-OMeTAD/Au
Spinning FTO/Ti-SnO,/CH;NH,;Pbl;/  Ti 1010 21.49 66.6 14.45 Li et al.*>®
spiro-OMeTAD/Au
Doctor blade Sn0,-ZnO ZnO 6.38 0.60 0.46 1.75 Sujinnapram
technique et al.*®°
Sol-gel ITO/Li: SnO, ITO/Li 1.10 23.27 70.71 18.20 Park et al.®*!
Sol-gel Sn0,/NH,Cl-SnO, NH,CI 1.10 24.37 78.31 21.01 Song et al.>*!
Sol-gel SnO,-CNT CNT 1.12 23.26 78.23 20.33  Tang et al.>®?
Magnetron FTO/SnO, (Ar:0,) FTO 1.05 22.45 0.76 18.20  Bai et al.>®®
sputtering
Spin-coating SnO,/PFN-Br PFN-Br 1.09 23.46 77.2 19.77  Guo et al.***
Sol-gel Sn0O,/CH;NH;PbI;/SiGe/ CH;NH;Pbl;/SiGe/spiro- 0.78 49.75 73.4 28.57 Kumar
spiro-OMeTAD/SiGeSn OMeTAD/SiGeSn et al”®
Spin-coating ITO/SnO,/CH;NH;PbI,/ CH;NH;Pbl,/SiGe/spiro- 1.08 19.5 0.62 13 Song et al.>*®
SiGe/spiro-OMeTAD/Ag OMeTAD/Ag
Sol-gel FTO/SnO,/CH;NH;Pbl,/ CH;NH;Pbl,/SiGe/spiro- 1.11 23.27 0.67 17.21 Ke et al.**®
SiGe/spiro-OMeTAD/Au OMeTAD/Au
Sol-gel ITO/SnO,/CH;NH;PbI,/ CH;NH;Pbl,/SiGe/spiro- 1.084  21.98 64.17 15.29 Park et al.**
SiGe/spiro-OMeTAD/Au OMeTAD/Au
Sol-gel PFT/ITO/SnO,/meso-TiO, Meso-TiO, 20.70 1.036 65.55 14.07 Dagar
et al.>®”
Sol-gel FTO/SnO,ESL/ CH;NH;Pbl;/spiro- 1.09 18.48 75.04 15.10 Ke et al.**®
CH;NH;Pbl;/spiro- OMeTAD/Au
OMeTAD/Au
Sol-gel Glass/FTO/SnO,/ CH;3;NH;Pbl;/spiro/Au 1.06 21.94 61.73 14.36 Huang
CH;3NH;Pbl;/spiro/Au (UVLT-SnO,) et al.*®®
(UVLT-SnO,)
Sol-gel Glass/FTO/SnO,/ CH;NH;Pbl;/spiro/Au (HT- 1.06 19.82 57.40 11.49 Huang
CH;3NH;Pbl;/spiro/Au (HT-  SnO,) et al.>®®
Sn0,)
Spin-coating FTO/SnO,/CH;NH;PbI;/ CH;NH;PbI;/CuSCN/Au 0.95 18.19 0.38 6.59 Murugadoss
CuSCN/Au (water) (water) et al?™®
Spin-coating FTO/SnO,/CH;NH;PbI,/ CH;3NH;PbI;/CuSCN/Au 0.96 18.99 45 8.38 Murugadoss
CuSCN/Au (ethanol) (ethanol) et al.””®
Sol-gel FTO/SnO,/CH3;NH;PbI,/ CH;3;NH;Pbl;/spiro- 1.05 22.78 78 18.65 Zhang
spiro-OMeTAD/G OMeTAD/G et al*’
Sol-gel FTO/CL/SnO,/TiO,/ TiO,/CH;NH,PbI;/HTM/Au 0.99 20.70 59.9 12.23 Duan et al.?”*
CH;NH;PbI;/HTM/Au
Sol-gel FTO/SnO,/CH;NH;PbI;/ CH;NH;Pbl;/SiGe/spiro- 1.05 22.8 66.2 15.8 Pinpithak
SiGe/spiro-OMeTAD OMeTAD et al.””
Sol-gel FTO/SnO,ESL/ CH;NH;PbI;/meso/HTM/ 0.95 18.92 0.70 12.67 Dong et al.>”*
CH;NH;PbI;/meso/HTM/ Ag
Ag
Sol-gel ITO/SnO,/(FAPbI;) o7~ (FAPbI;).0;~(MAPbBI3)0.03/ 1.13 23.69 80.61 21.52 Jiang et al.*”®
(MAPDBTr3)g.03/spiro/Au spiro/Au
Sol-gel FTO/SnO,/(FAPbI;), g75— (FAPDI;)) g75- 1.07 21.26 0.74 16.80  Jung et al*®

(CsPbBr3)g.125/spiro/Au

(CsPbBr3).125/spiro/Au
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Table 5 (Contd.)
Doping/foreign element(s) Jsc (mA PCE
Method Device layer (SnO,) (SnOy) Voc (V) cm?) FF (%) (%) Reference
Sol-gel FTO/SnO, QD/ QD/CH;NH;Pbl/spiro- 1.11 20.94 0.73 16.97 Yang et al.”’®
CH;3NH;PbI,/spiro- OMeTAD/Au
OMeTAD/Au
Spin-coating FTO/bl/meso-SnO,/ CH;NH;Pbl;/spiro/Au 1.11 22.80 75.78 19.21  Xiongetal®”’
CH;NH;Pbl;/spiro/Au
Spin-coating FTO/m-SnO,/CH;NH;Pbl;/  CH;NH;Pbl,/spiro- 983 21.1 63 13.1 Roose
spiro-OMeTAD/Au OMeTAD/Au et al.*’®
Hydrothermal FTO/SnO, nanosheet CH;NH;Pbl/spiro-/Au 1.05 22.76 0.68 16.17 Liu et al.*”®
CH;NH;Pbl;/spiro-/Au
Sol-gel FTO/Nb:SnO,/ CH;NH;Pbl;/spiro-/Au 1.08 22.36 0.72 17.57 Ren et al.>®°
CH;NH;Pbl;/spiro-/Au
Hydrothermal FTO/SnO, nanosheet/Ce,/ Ceo/CH3;NH,PbI;/spiro-/Au 1.03 23.62 75 18.31 Wu et al.?®*
CH;NH;Pbl;/spiro-/Au
Atomic layer FTO/SnO,/CH;NH;Pbl,/ CH;NH;PbI;/HTL/Au 1.14 21.3 74 18.4 Baena
deposition HTL/Au et al.>*
Pulse layer FTO/SnO,/PCBM/ PCBM/CH;NH;Pbl,/spiro-/ 1.11 21.6 71 17.03 Chen et al.*®*
deposition CH;NH;Pbl;/spiro-/Au Au
Chemical bath FTO/SnO,/CH;NH;PbI,/ CH;NH;Pbl,/spiro- 1.13 22.95 79 20.56 Bu et al.*®
deposition spiro-OMeTAD/Au OMeTAD/Au
Hydrothermal HT/FTO-SnO, HT/FTO 1.08 21.35 74.89 17.37  Liuet al®®
Spin-coating ITO/SnO,/ZTO/ ZTO/CH;NH;Pbl;/spiro- 1.13 22.6 80.2 20.5 Guo et al.>®*
CH;3;NH;Pbl;/spiro- OMeTAD/Au
OMeTAD/Au
Spin-coating FTO/SnO,/MAPbDI;/spiro- MAPDI;/spiro-OMeTAD/Au 1.11 21.44 74.58 17.83 Zhang
OMeTAD/Au et al.*®®
Sol-gel NPT-SnO, NPT 1.12 21.82 0.83 20.3 Subbiah
et al.*®®
Sputtering FTO/SnO,/CH;NH;Pbl,/ CH;NH;Pbl,/spiro- 1.08 23.7 0.79 20.3 Qiu et al.®®’
spiro-OMeTAD/Au OMeTAD/Au
Plasma FTO/c-SnO,/MAPI/ MAPI/CH;NH;PbI;/spiro- 108 20.4 76.3 19.4 Méndez
treatment CH;NH;Pbl;/spiro- OMeTAD/Au et al.*®®
OMeTAD/Au

“ Abbreviations: ITO = indium tin oxide, FTO = fluorine doped tin oxide, ZTO = zinc tin oxide, CNT = carbon nanotube, QD = quantum dot, HT
SnO, = high temperature tin oxide, LT SnO, = low temperature tin oxide, PEN-Br = poly(9,9-bis(3'(N,N-dimethyl)-N-ethylammonium-propyl-2,7-
fluorene)-alt-2,7-(9,9-dioctylfluorene))dibromide, spiro-OMeTAD = 2,2',7,7'-tetrakis[N,N-di(4-methoxyphenyl)amino]-9,9’-spirobifluorene, PET =
polyethylene terephthalate, SnO, ESL = tin oxide electron selective layer, HTM = high temperature mesoporous, FAPbI; = single crystal
formamidinium lead iodide, MAPbI; (or) MAPI = methylammonium lead halide, PCBM = phenyl C-61 butyric acid methyl ester, NPT =

nitrogen plasma treated, HTL = hole transporting layer.

particular to SnO, surfaces. Since then, there have been
a plethora of reports on plasma engineered SnO, nano-
structures for a wide range of applications, e.g. photovoltaics,
sensors and catalysis.?”#29

SnO, thin films are typically used as a TCO for the front
electrode in silicon thin-film 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
films.>*® Towards this end, Kim et al. studied the effects of
hydrogen plasma treatment on the structural and electrical
properties of sputtered SnO, thin films.*®® They found that
hydrogen plasma treatment degraded the crystalline quality
and optical transmittance and cause etching of the SnO, films.
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 SnO, films. Tang et al. were able to
modulate the electronic properties, surface energy, and

16650 | J. Mater. Chem. A, 2021, 9, 16621-16684

roughness of fluorine-doped SnO, films using oxygen plasma
treatment.*” Both the work function and hydrophilicity of SnO,
were found to increase after oxygen plasma treatment. In
a unique approach, Chen and Thimsen were able to synthesize
highly conductive ATO nanocrystals using dual-nonthermal
plasmas.” They were able to achieve a high conductivity of
0.1 S cm™ " for the as-deposited porous ATO films prepared
using this approach. During the synthesis, Sn and Sb vapor
precursors were fed into a dual-zone (discharge) flow-through
plasma reactor. The reagent passed through the first plasma
zone to form metallic Sb-Sn alloy NPs. From the first discharge
(zone 1), the alloy NPs followed the carrier gas through to the
second discharge (zone 2) containing O, to become oxidized.
The ATO nanocrystals were then deposited onto various
substrates (silicon wafer, glass, fused silica, or single crystal
NaCl). The as-deposited films 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, SnO, plays a critical role in PSCs as
well.>® The high dopant concentration (Ng = 10*° em ™) 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 TiO, or SnO, 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 TiO, layer by atmospheric pressure plasma
treatment of FTO.>”® They observed a significant increase in the
efficiency of the PSC where the TiO, 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 TiO, layer on the surface of
the plasma-treated FTO.

In another interesting work, Wang et al. demonstrated that
a low temperature processed SnO, could be an excellent mate-
rial for the electron selective layer (ESL) material.** Through
plasma-enhanced atomic layer deposition (PEALD) they could
deposit SnO, at temperatures less than 100 °C, which is
significant, considering the compatibility with large-scale roll-
to-roll manufacturing and other potential opportunities for
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flexible solar cells. The as-fabricated PSCs with SnO, deposited
through PEALD and passivated with a Cgo-self-assembled
monolayer exhibited maximum PCEs of 19.03% and 16.80%
under reverse voltage on glass and flexible polymer substrates,
respectively, as shown in Fig. 20. In the same way, Kuang et al.
also used PEALD for SnO, in PSCs.*** They studied the influence
of deposition temperature on the material properties of SnO,.
Highly transparent amorphous SnO, films were prepared in
a temperature range of 50-200 °C. The film deposited at 200 °C
showed the best band alignment at the SnO,:perovskite inter-
face, while the film 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 SnO, ETL demonstrated compa-
rable initial PCEs. The SnO, films fabricated at 50 °C were found
to be resistive, while the 200 °C SnO, films showed a low elec-
trical resistivity of 1.8 x 10~% Q cm and high carrier density and
mobility of 9.6 x 10" em ™ and 36.0 cm® V™' s, respectively.
As a result, the PSCs with 200 °C SnO, 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.?*****

Hu et al. used SnO, grown by ALD as an electron extraction
layer to design ITO-free PSCs.*”* They replaced ITO with
a semitransparent SnO,/Ag electrode, which simultaneously
served as an electron extraction layer delivering a PCE of 11%.
They thoroughly investigated the electronic properties of SnO,
grown by ALD using H,O, ozone, or oxygen plasma as the
oxidant. Though there were no obvious differences in the crystal
structure, morphology, or surface energy between the SnO,

Fig.20 The best-performing devices based on PEALD SnO, coated FTO/glass and ITO/PET substrates: (a) J-V curves under reverse and forward
voltage scans. (b) EQE spectra and their corresponding integrated photocurrents. (c) Absorption spectra of perovskite films. (d) Normalized
performance parameters of a flexible PVSC versus bending cycles. Photograph of a flexible device after the bending test (inset),*°° presented with

permission and copyright.
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Fig. 21 Electronic structure of different SnO, variants in their pristine state and of a thin and thick (bulk-like) MAPbIs layer deposited on top of
them. The energy level positions were determined by UPS and IPES measurements. Abbreviations—E, ,.: vacuum level; EF: Fermi energy; and ¢:
work function. The values written at the VB and the CB mark their distance from the Fermi energy,**? presented with permission and copyright.

samples, the PSCs showed different performances. However,
work function measurements using Kelvin probe microscopy
and ultraviolet photoelectron spectroscopy (UPS) on these SnO,
layers showed a trend of plasma-SnO, > H,O-SnO, > ozone-
SnO,. Interestingly, only for H,O-SnO,, an oxygen vacancy
induced gap state (GS) at about 2.23 eV below the Fermi level
was observed only for H,0-SnO,. They also found that there is
always formation of the Pbl, interfacial layer with an electronic
bandgap of 2.19 eV between MAPbI; and SnO,. Fig. 21 shows the
interfacial electronic band alignment for three SnO, electrodes.
Based on their measurements and performance, they concluded
that ozone-SnO, was the best hole blocking layer and designed
an ITO-free semitransparent bottom electrode based on SnO,/
Ag/SnO, architecture. Here, H,O-SnO, acted as the permeation
barrier to protect the Ag from corrosion.

Although ALD and sputtering techniques can produce
uniform and crystalline thin films, 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.** devised a superfast (<5 min) facile route
to synthesize SnO, at room-temperature (<50 °C) using atmo-
spheric Ar/O, plasma, as shown in Fig. 22a. Compared with
thermally annealed SnO, (T-SnO,) thin films, the plasma
synthesized SnO, films exhibited superior properties viz. higher
electrical conductivity, better electron mobility, and low density
of charge trap sites. Consequently, plasma synthesized SnO,
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-SnO, 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?*® This
involved the use of a low-power N, plasma to form compact
SnO, from a spin-coated SnCl,-5H,0 solution, as schematically
shown in Fig. 22b. Most importantly, this technique could be
applied to fabricate PSCs on rigid as well as on flexible
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substrates. When compared with O, plasma treatment, SnO,
film formation from the Sn metal halide precursor materialized
only in the presence of a N, plasma. This was attributed to the
deep UV emission lines (ca. 290-390 nm) of N, 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 N, plasma-treated (NPT-SnO,) or thermally
oxidized (TA-SnO,) films. The champion device with NPT-SnO,
as the ETL witnessed a PCE of 20.3%, a V¢ 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-SnO,-based champion device demonstrated
a PCE of 19.9%, a V¢ of ~1.08 V, an FF of ~0.81, and a Jsc of
~22.9 mA cm 2. The flexible device fabricated with NPT-SnO,
showed a best PCE of 18.1% under a reverse scan, with the
corresponding performance parameters of Vo ~ 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 (Al,O3) was intro-
duced on top of NPT-SnO, to compensate for the presence of
pinholes. Importantly, the device retained 90% of the initial
PCE after 1000 cycles of bending. Details related to the flexible
device are presented in Fig. 23.

Recently, Smith et al. studied the post-processing effects of
spray-coated SnO, films by UV ozone or O, plasma on the device
performance.*** The device with UV ozone treated ETL out-
performed the one with the O, plasma-treated ETL. The O,
plasma apparently makes the surface Sn-rich and O-poor. It was
also found that plasma treatment significantly downshifted 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, O, plasma can have a detrimental impact on the SnO,/
perovskite interface and device performance. To gain a better
understanding, Luan et al. were able to increase the PCE by
employing O, plasma treatment to treat 2,2,2-trifluoroethanol
(TFE)-incorporated SnO, ETL films.*** The presence of a strong
electron-withdrawing group (trifluoromethyl) improved the
electron mobility in the SnO, ETL. They found that by car