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What would metal oxides do?: To answer this question, we will have to focus on the nature of the metal-
oxygen bond as it can vary between being ionic, highly covalent, or metallic. The distinctive variety of
electronic, optical, and magnetic properties (i.e., accessible electronic transitions, high dielectric con-
stants, wide bandgaps, tunable electrical and thermal conductivities) often encountered in metal oxides
are clearly due to the unique nature of their outer d-electrons. Given all conceivable metal oxide combi-
nations, we may find that it is possible to yield structures with unique metallic (i.e., ReOs, RuO,, LaNiO3),
semiconducting (i.e., ZnO, TiO,), and insulating (i.e., BaTiO3, Al;03, SiO,) properties. Strongly correlated
metal oxides may also undergo metal-to-insulator phase transitions (i.e., V203, VO, La;_,Sr,VO3) which
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Solar cells

Braggs reflectors allow us to further tune their electronic properties. Strongly correlated metal oxides may also demon-
Synthesis strate charge density wave (i.e., Ko3MoOs3), defect ordering (i.e., Ca,Mn,0s, CayFe,05s), ferromagnetism
Plasmonics (i.e., Fe30y4, CrO,, LagsSrosMn03), and antiferromagnetism (i.e., NiO, LaCrOs) properties. Given their ver-

Electronic properties satile optical and electronic activity, metal oxides have been extensively investigated as key components
in optics, electrochemistry, photocatalysis, plasmonics, and photovoltaics. Understanding the structural,
morphological, and optoelectronic properties of either naturally occurring or synthetically fabricated
metal oxides provides a pathway for the development of novel metal oxides with properties that can
be tuned to fulfill the efficiency demands of a particular application. Here, we present a comprehensive
review of the synthesis, characterization tools, and applications of metal oxide nanostructures and their
thin films. We will also discuss the synthesis, characterization, and applications of metal oxide
heterostructures. We have wittingly narrowed the scope of this review to only include the use of metal
oxides for energy conversion applications. Finally, we will provide our fair assessment on the outlook,
challenges, and opportunities we foresee in metal oxides research and applications.

© 2019 Elsevier Ltd. All rights reserved.

1. Overview

The semiconductor industry has been built around devices
using silicon as the key material. This semiconductor is at the heart
of most commercial thin-film transistors, light-emitting diodes,
and photovoltaics. While silicon is a widely used and very effective
semiconductor, there are many drawbacks associated with the
material including rigidity, lack of transparency, and, most impor-
tantly, laborious fabrication steps when incorporated into devices.
To mitigate these challenges, the semiconductor industry has
turned to amorphous silicon (a-Si) which may be processed at
lower temperatures and is, therefore, less expensive than crys-
talline silicon. In addition, a-Si can be deposited onto flexible sub-
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strates that require low-temperature processing. However, a-Si has
lower mobility than those observed in crystalline silicon. Thin film
metal oxides offer a viable alternative to silicon and have proven
highly efficient in many optical and electronic devices. Many metal
oxides have much larger carrier mobility values when compared to
that of a-Si (0.5-1 cm? V-~ s~1), with single crystalline metal oxi-
des exhibiting mobility values in the range of ~100cm? V15!
[1,2]. Metal oxides have high transmittance in the visible region,
making them excellent candidates as charge transport layers in
electronic devices. In addition to mobility and transparency, metal
oxides may be processed at low temperatures, enabling their use in
organic electronics and their deposition on flexible, plastic sub-
strates for electronics with high form factors. Processing conditions
and post-processing treatments may have a significant effect on
crystallinity, mobility, and energy level alignment of metal oxides.
With many processing methods readily available and inexpensive,
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metal oxides provide a unique opportunity to tailor material prop-
erties to a certain function within a device. Here, we examine
structure-property-function relationships of metal oxides, modi-
fied by processing and post-processing chemistry. We will also dis-
cuss how metal oxides are used in energy conversion applications.

2. Synthesis strategies for the fabrication of metal oxide
nanostructures and thin films

Great progress has been achieved in the fabrication of metal
oxides with the rapid development of material design strategies
and synthesis techniques. Especially now, there is a wealth of
chemical and physical methodologies developed to prepare nanos-
tructured metal oxides with improved crystallinity. To date, most
metal oxide powders are fabricated by sol-gel [3], precipitation
[4], decomposition [5], hydrothermal [6], and template-assisted
synthesis [7] strategies while thin films are normally assembled

compression
—————
M
I Langmuir-Blodgett films J
/ <
i
i
__d -
= 'Ii-' —
1. Spin-up

2. Spin-off
3. Solvent evaporation

Monolayer
3

Deposition Wet film

Chemical bath

€D
—* _.

Solution with charged species

@

-8 Sputtering .
i1 . 2 o Gas inlet ()
g o So ®
< = € ®

2 = ta

c & ;

£ o ®

S Art |/

Tube
Pressure  furnace

g
=

either by Langmuir-Blodgett, chemical bath, electrochemical depo-
sition, inkjet printing, spray-, spin-, and dip-coating processes or
by more laborious processes involving vapor and molecular vapor
vacuum deposition techniques (Fig. 1) [8-13]. From the strategies
used for synthesizing metal oxide nanoparticles, sol-gel and
hydrothermal synthesis strategies provide facile fabrication proto-
cols that do not rely on expensive equipment, high vacuum, or high
temperatures. These synthesis protocols also yield metal oxide
nanoparticles with tunable morphologies (i.e., spheres, rods, wires,
etc.). However, for the large-scale synthesis of metal oxide
nanoparticles, chemical precipitation strategies are often pre-
ferred. The reactions involved are also much simpler than those
in other solution-based synthesis techniques. For chemical precip-
itation to occur, it is necessary that the concentration of one of the
reactants (normally a solid) be above the solubility limit of the
host. A solid will then form due to rapid quenching or ion implan-
tation, and if the temperature is high enough that diffusion can
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Fig. 1. Deposition techniques (vacuum-based techniques are denoted inside the dashed blue box) developed for the fabrication of metal oxide nanostructures and thin films.
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lead to segregation into precipitates. Chemical precipitation is very
fast with the whole reaction only requiring several minutes to
complete the synthesis and does not require high temperatures.
However, the major disadvantage of using a chemical precipitation
synthesis process for the fabrication of metal oxide nanoparticles is
the difficulty involved in precisely controlling the morphology of
the product due to fast precipitation. In the case of sol-gel synthe-
sis, microparticles or molecules in a solution agglomerate and
under controlled conditions will eventually link together to form
a network. Two variants of the sol-gel process stemming from
the precursors used in the reaction are readily utilized. The first
is dubbed the colloidal method and typically uses water as the sol-
vent for suspending or dissolving the precursors. The second is
called the polymeric or alkoxide method, where an alcohol is often
used as the liquid for suspension or for dissolving the precursors
(Fig. 2). Sol-gel processes may be complemented with spin- and
dip-coating techniques to form a metal oxide thin film. When fab-
ricating a thin film via spin-coating, the substrate, fixed to a sta-
tionary holder, is coated with a precursor solution. The substrate
is then rotated at high speed and the coating is spread into a thin
film by centrifugal force. The spin-coating time, speed, and acceler-
ation can be adjusted to vary the thickness and quality of the film
according to the viscosity and volatility of the solvent, as well as
the metal oxide concentration in the solution [2]. Similarly, dip-
coating allows for the growth of a metal oxide film by immersion
of the substrate in a solution containing the particles to be depos-
ited and subsequent withdrawal. Next, the adhered solution forms
a film, which solidifies as the solution drains, evaporates, hydro-
lyzes, and reacts with its surroundings. A final curing step may fur-
ther stabilize and induce crystallinity of the coating [14]. Another
common and inexpensive method to cast metal oxides into thin
films is spray, or cold spray, coating. Here, films are typically grown
by misting a precursor solution over a preheated substrate [15].
Although the coating quality is usually inferior to those obtained
via spin- or dip-coating methods, spray coating parameters can
be adjusted to improve the roughness and porosity of the resulting
film [2]. Finally, inkjet printing, specifically in the context of elec-
tronics, is a materials deposition method where metal oxide
nanoparticles are patterned onto a substrate in well-defined
shapes which can be integrated into an electronic circuit [16].
Inkjet printing is an additive, low-temperature process. For this
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reason, the usage of material and energy is minimized, and modi-
fications to the pattern can be easily achieved [2]. One common
way to synthesize metal oxide nanoparticle inks for printing is
by the precipitation of metal acetates with the addition of a base.
An organic ligand is often added to control the particle size.
After ink-jet printing, thermal curing is required to remove the
ligand [17].

As mentioned above, we can also use more expensive and labo-
rious vacuum deposition processes such as vapor deposition
(chemical; CVD and physical; PVD), pulsed laser deposition
(PLD), sputtering, and molecular beam epitaxy (MBE) to yield
metal oxide thin films. In contrast to many solution processes, vac-
uum-vapor deposition techniques yield metal oxide thin films with
well-controlled stoichiometry, dimension, and high purity. For
CVD, a precursor (which can be comprised of single or multiple
reactive components) is vaporized and moved downstream a reac-
tion chamber with the help of a carrier gas. The carrier gas is usu-
ally an inert gas, such as nitrogen or argon |[18]. Chemical reactions
(either with multiple reagents or single precursor decomposition)
will occur in the vapor phase and due to the formation of a temper-
ature gradient, a product will condense on a substrate located on
the cool side of the chamber. Conveniently, any byproducts (usu-
ally gases or lightweight molecules) and unreacted precursors
are exhausted out of the chamber. An important factor to consider
when using CVD to fabricate metal oxide films deals with selecting
an appropriate precursor that is volatile enough so that vaporiza-
tion is attainable at a lower temperature than that required for
chemical reactions to take place [19]. As such, CVD precursors do
not necessarily have to be made into a solution. They can, alterna-
tively, come in the form of volatile organometallic complexes of
the metal or metal oxide to be deposited. Organometallic com-
pounds are, in general, highly volatile and have relatively high
reaction rates since the coordination of the metal-carbon bond is
weaker than the covalent bonds in these molecules. For this reason,
they are favored as precursors for CVD [20]. Even though metal-or-
ganic chemical vapor deposition (MOCVD) reactions can be kinet-
ically (as opposed to thermodynamically) controlled; many
difficulties that could arise from trying to completely remove the
ligands. Research efforts are focused on developing and under-
standing the chemical reactivity of high molecular weight volatile
compounds containing hard-soft chelating ligands that can be used

-

Dense film
~
———= |Evaporation Sintering
— ﬁ
Xerogel Dense particles

Aerogel

Dense particles

Fig. 2. Schematic depiction of the various reaction and processing steps involved in the sol-gel deposition process.
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as precursors for the deposition of metal oxides [21-23]. Sputter-
ing is another vacuum fabrication technique used for depositing
metal oxide films. In this technique, an ionized inert gas is bom-
barded at the precursor which then collides with the substrate. A
commonly used type is magnetron sputtering, where magnets
are placed behind the target substrate to optimize the uniformity
and rate of the deposition [2]. Some advantages presented by using
sputtering to fabricate metal oxides include room temperature film
deposition, compatibility with temperature-sensitive substrates,
and better control over deposition parameters, which translate to
a more defined metal oxide morphology. Pulsed laser deposition
(PLD) is another versatile tool used to grow thin films. One of the
main advantages it presents is stoichiometric transfer. In PLD, the
precursor is efficiently evaporated and the target is irradiated with
a high-power pulsed ultraviolet laser beam and a plasma plume
deposits the material onto the target. PLD can be used to create
metal oxide thin films with superior quality and performance
when compared to other high-energy methods, but poses layer
uniformity limitations when employed in large scales [2]. Similar
to CVD, atomic layer deposition (ALD) is a method often used to
grow metal oxides, however, reagents are not introduced simulta-
neously, but gaseous precursors are added sequentially in alternat-
ing pulses [2]. During the ALD process, each precursor is pulsed
into a vacuum chamber and allowed to react with the substrate
until exactly one complete monolayer is formed. Some advantages
are the enhanced control over film composition and the moderate
temperatures required [24]. Molecular beam epitaxy (MBE) is used
for the precise synthesis of films of metals, semiconductors, and
insulators. Chemical reactions between a high-temperature sub-
strate under vacuum and molecular beams of the precursor cause
layers of material to crystallize. The composition of these films
can be controlled by tuning the collision rates of the reagents.
The ability to control deposition fluxes allows for smooth layers
to be formed when compared to other vacuum deposition methods
[25]. Several beams can be arranged to target the substrate. Film
thickness uniformity will depend on the geometrical configuration
and molecular fluxes of the beams [25]. As presented, there is a
vast array of deposition methods and techniques that could be
used to synthesize metal oxide powders and thin films. As dis-
cussed later, all these processes may yield particles and films with
various morphologies with unique electronic features.

3. Characterization techniques used in determining the
morphology and electronic properties of metal oxide
nanostructures and thin films

When considering the properties of metal oxides, three main
categories of characterization should be considered, i.e., optical,
electrical, and physical. Several spectroscopic tools such as ellip-
sometry, photoluminescence (PL), ultraviolet visible spectroscopy
(UV-Vis), and reflectance are often utilized to characterize the
optical properties of metal oxides. These methods tend to be non-
destructive which is advantageous for preserving the integrity of
the sample. The bandgap, for example, is an important optical
parameter and in most metal oxides is in the range of 2-6 eV.
UV-Vis absorption spectroscopy can be a simple technique to
determine a materials optical bandgap; however due to structural
defects and dangling surface bonds, new energetic states could
appear in the bandgap of metal oxides, known as Urbach tail states
[26]. These Urbach tail states create a nonlinear distribution of
defect states within the bandgap upon the widening of the absorp-
tion edge. UV-Vis absorption spectroscopy can also be used as a
tool to monitor the reduction of these defects states as a function
of processing. For example, the optical bandgap of Cu,O thin films
is determined to increase from 2.38 to 2.51 eV after successfully

reducing the Urbach energy upon annealing [27]. PL spectroscopy
can provide information on structural defects because the photo-
induced electrons and holes, if captured at defect sites, will recom-
bine with light emission and the energy of emitted light will
always be lower than the energy of absorbed light. By performing
temperature-dependent PL measurements, activation energies
using various PL emission peaks in metal oxides can also be deter-
mined [28-31]. If the PL emission peak originates from a defect,
then the calculated activation energy will instead correspond to
the ionization energy of the defect. There is also time-resolved PL
spectroscopy which can be used to determine the emission of a
material as a function of time after excitation by a laser at a partic-
ular wavelength. This allows us to study how intrinsic and extrin-
sic defects affect the optoelectronic properties of metal oxides [32].
Other techniques such as ellipsometry, reflectance, and transmit-
tance spectroscopies are only applicable for relatively smooth
metal oxide thin films. The non-homogeneity nature of metal oxide
nanostructure layers and scaffolds pose a challenge when using
these techniques to understand optical properties and could lead
to misguided information. Although optical spectroscopy can pro-
vide critical information about the optoelectronic properties of
metal oxides, it should be used in conjunction with other methods
of electrical and structural characterization so a proper explanation
of experimental results can be concluded.

The primary electrical analytical tools used for characterization
of metal oxide nanostructures and thin films include cyclic voltam-
metry, differential Hall Effect measurements, impedance spec-
troscopy, and two- or four-point probe measurements. These
methods have been utilized to determine resistivity, carrier con-
centration and lifetime, mobility, contact resistance, depletion
widths, interface states and defects, and Schottky barrier heights.
It is important to note that, poor control over size distributions,
defects, and morphology variations may affect the electrical char-
acterization of metal oxides [33,34]. Therefore, electrical and struc-
tural characterizations should always be done in parallel.
Analytical tools, such as scanning electron microscopy (SEM),
atomic force microscopy (AFM), x-ray photoelectron spectroscopy
(XPS), ultraviolet photoelectron spectroscopy (UPS), and x-ray
diffraction techniques (XRD) can provide surface and bulk struc-
tural information. Optical microscopy techniques may provide real
space imaging allowing for a relatively quick understanding of the
topography, surface roughness or other surface structures such as
pores or surface defects. These images, depending on the resolu-
tion required, are commonly used in combination with scattering
studies [35]. Scattering techniques are used to investigate nanos-
tructured surfaces and thin films, and for metal oxides specifically,
grazing-incidence wide-angle X-ray scattering (GIWAXS) and graz-
ing-incidence small-angle X-ray scattering (GISAXS) are commonly
used (Fig. 3). By using these techniques, the surface, bulk, and sub-
strate-film interfaces are all accessible for structure and morphol-
ogy analyses upon varying the incidence angle. The observed
patterns range from rings to spots, implying limited or no orienta-
tion to high orientation, respectively. Currently, these grazing inci-
dence techniques are very sensitive to surface structures and
morphologies for a large variety of metal oxide structures avail-
able. This is due to the wide range of length scales that can be
probed by simply moving the two-dimensional detector. The dif-
ferent systems that can be studied range from assemblies of
nanoparticles or nanowires to ordered molecular systems, down
to atomic crystals [36].

The electronic structure of metal oxides can be probed by pho-
toelectron spectroscopy. Specifically, UPS allows for the determi-
nation of the work function and binding energies of specific
elements present. Moreover, the influence of bonds, defects and
other morphological structures affecting the materials chemical
environment can be monitored [37,38]|. X-ray absorption fine
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GISAXS

Fig. 3. Schematic representation of the scattering geometry using in GIWAXS and
GISAXS studies. The different color intensities in both the GIWAXS and GISAXS
spectra represent different scattering intensities on a logarithmic scale. Typical
sample-to-detector distances are 10 cm and 200-500 cm for GIWAXS and GISAXS,
respectively.

structure (XAFS) spectroscopy tools could also aid in providing a
complete understanding of the electronic features of metal oxides.
XAFS are typically divided into two regimes, X-ray absorption
near-edge spectroscopy (XANES) and extended X-ray absorption
fine-structure spectroscopy (EXAFS). The distinctions are conve-
nient for the interpretation of results as XANES are strongly sensi-
tive to changes in the formal oxidation state and coordination
chemistry of the absorbing atom, while the EXAFS is used to deter-
mine the bond distances, coordination number and chemical spe-
cies for neighboring atoms with respect to the absorbing atom.
These techniques are especially useful for various oxide structures
because they are equally successful for both ordered and disor-
dered materials and sensitive to length scales down to a nanopar-
ticle or even few molecules [39]. Although different strengths,
challenges, accessibility, and limitations for each characterization
tool (particularly, diffraction and spectroscopy tools) discussed in
this review (and many others not discussed in this review) may
arise, recent advances in their resolution and sensitivity are trans-
forming the spatial precision and quantitative information that can
be obtained on the structure, morphology, mechanical, magnetic,
and optoelectronic features for the surface, the bulk, or a group
of single atoms comprising a metal oxide. Furthermore, advances
in the capabilities of current characterization tools have opened
new research directions in the development of novel multifunc-
tional metal oxide heterostructures with tunable properties that
differ between the surface and bulk scale.

4. Assembly of metal oxide p-n heterojunctions

p-n heterojunctions are key building blocks for many semicon-
ductor-based electronics such as field-effect transistors, light emit-
ting diodes, photovoltaics, and thermoelectric devices. A
heterojunction is an interface between two different materials
and, in the case of p-n heterojunctions, is the boundary where an
electron donor (p-type) comes into contact with an electron accep-
tor (n-type). It is at this interface where the majority of electronic
events occur. Depending on the energy level alignment (and
assuming no band bending) between the p- and n-type materials,
three different types of heterojunctions may be possible, i.e., strad-
dling gap (type I), staggered gap (type II), and broken gap (type III)
[40]. Type II p-n heterojunctions being the most studied in elec-
tronics can easily promote charge transfer and separation at a par-
ticular interface which turns out to be beneficial for enhancing the

efficiency of energy conversion devices [41]. In type II heterojunc-
tions, the driving force for these events to occur is based on achiev-
ing equilibrium between an electron donor and acceptor at the
interface. Therefore, we need to think about how energy level
alignments are affected before and after the formation of the p-n
heterojunction. Fig. 4 depicts a cartoon showing the charge transfer
mechanism between p- and n-type materials before and after
being in contact. Before contact (Fig. 4A), the Fermi level of the
p-type material is close to the valence band (VB) and that of the
n-type is located near the conduction band (CB). In the p-n hetero-
junction, the VB of the p-type is farther away from vacuum
whereas the CB of the n-type materials is closer to vacuum. Conse-
quently, electrons tend to diffuse from the CB of the p-type mate-
rial into the CB of the n-type material. Upon the p- and n- materials
being in contact, the energy levels of the p-type material shift
upward along with the Fermi level, whereas those of the n-type
material shift downward along with the Fermi level until equilib-
rium is reached. This results in the formation of a charged region,
dubbed as the depletion region, where an electric field is generated
due to charge density building up on either side of the interface. At
this depletion region is where charge separation occurs and is
often accompanied by band bending (Fig. 4B) [42,43].

As an integral component in semiconductor technologies,
extensive research has been performed to expand the applicability
of metal oxide nanostructures towards applications where p-n
heterojunctions are utilized. To date, multi-segment, core-shell,
bilayer, branched, and cross stacked structures with specific func-
tionalities have been reported (Fig. 5) [44-47]. For example, bilayer
and core-shell systems, intended to mimic thin film bilayers, are
utilized to maximize the interface between the p- and n-type com-
ponents by forming one continuous heterojunction. The efficiency
of these architectures depends on the quality of the interface that
is formed and the thickness of the individual components. In pho-
tovoltaics, for example, the use of layers that are too thin results in
poor light absorption while layers that are too thick are subject to
recombination losses. Alternatively, p-n heterojunctions with
either multi-segmented or branched architectures will have a large
number of interfaces available for electronic processes or chemical
reactions to occur. Endeavors to develop optimal systems have
resulted in the design of metal oxide-metal oxide (metal chalco-
genides), metal oxide-organic, and metal-metal oxide heterojunc-
tions with a variety of architectures, morphologies, and
functionalities, as discussed:

4.1. Metal oxide-metal oxide (metal chalcogenides) p-n
heterojunctions

Zinc oxide (ZnO) and titanium (IV) oxide (TiO,) are two of the
most frequently used semiconducting metal oxides for electronic
applications. Although being heavily used in the semiconductor
industry, their applicability can be hindered by their poor electrical
conductivity and wide bandgaps (3-3.4 eV) which result in pri-
mary absorption of ultraviolet light and fast recombination. To
overcome these limitations, semiconducting metal oxides are often
paired with metal chalcogenides or other metal oxides (i.e., SnS,
CdS, Sn0O,, NiO) to form a heterojunction with enhanced optoelec-
tronic properties. The interface quality is dependent on the level of
lattice mismatch between the individual components, with lower
degrees of mismatch being favorable. In addition to material selec-
tion, the synthesis method employed for fabricating heterojunc-
tions also contributes to the amount of mismatch observed. As
such, a variety of synthetic strategies have been developed for
the formation of 1D all-inorganic p-n heterostructure with low lat-
tice mismatch. In 2010, Zhang and coworkers reported the fabrica-
tion of a 1D NiO-ZnO heterostructure via electrospinning and
calcination that showed improved photocatalytic activity in com-
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Fig. 4. Schematic representation of the energy level diagram for a p-n heterojunction. (A) p and n-type materials before contact and (B) formation of depletion region and
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Fig. 5. Schematic representation of the various configurations that may yield a p-n
heterojunction. (A) Cross-stacked, (B) bilayer, (C) multi-segmented, (D) core-shell,
and (E) branched structure. Adapted from J. Mater. Chem. C, 2016, 4, 9388-9398
with permission of The Royal Society of Chemistry [47].

parison to the individual components [46]. Nanofibers of varying
molar ratios of NiO to ZnO were prepared from a single precursor
solution of nickel acetate, zinc acetate, and polyacrylonitrile. The
fibers maintained crystallinity consistent with NiO and ZnO. As
shown in the high-resolution transmission electron microscope
(HRTEM) images presented in Fig. 6, nanofibers composed of
nanoparticles are formed through the electrospinning technique
and a distinct interface of lattice fringes could be observed
between the two materials, suggesting the formation of a
heterostructure. Further analysis of the chemical environments of
the NiO, ZnO and NiO-ZnO nanofibers indicate the presence of
Ni-O-Zn bonds at the interface.

In addition to electrospinning, metal oxide-inorganic p-n
heterostructures with low lattice mismatch have also been fabri-
cated by CVD [48-50]. Wang and coworkers demonstrated the suc-
cessful fabrication of a core-shell p-n heterojunction based on ZnO
and the ternary alloy ZnS,Se;_x through a two-step deposition
technique. In this work, ZnO was first grown at 1000 °C on an n-
type Si (100) substrate using gold as the catalyst. Subsequently,

the ZnS,Se;_, shell was deposited from a mixture of ZnS and ZnSe
at 1100 °C to form the desired core-shell nanostructure [48]. As
depicted in Fig. 7, the deposited ZnS,Se;_ layer is amorphous in
nature while the ZnO core is crystalline as indicated by the
selected-area electron diffraction (SAED) pattern and HRTEM
images. The ZnS,Se;_, shell thickness may be controlled by adjust-
ing the deposition time providing further tunability of the interac-
tion between ZnO and ZnSe.

Hydrothermal/solvothermal syntheses have also been used to
fabricate 1D metal oxide-metal oxide (metal chalcogenide) p-n
heterostructures [51-53]. Peng et al. reported the two-step synthe-
sis of Bi,03-Bi,WOg nanosheet-rod heterostructures where Bi,O3
and Bi;WOg are used as p-type and n-type semiconductors, respec-
tively. In their work, Bi(OHC,04) nanorods were synthesized from
bismuth nitrate and sodium oxalate via hydrothermal synthesis at
120 °C and dried before being subjected to reaction with additional
bismuth nitrate and sodium tungstate in a subsequent solvother-
mal reaction at 160 °C. Calcination of the Bi,WOg-Bi(OHC,0,4) com-
posites in air afforded the desired heterostructure with varying
ratios of Bi,O3 to Bi,WOg with phase pure components as evi-
denced by structural and optoelectronic characterizations [52].
This 1D heterostructure displays a unique morphology, with nano-
platelets being stacked along a nanorod. Fig. 8A-D depicts the evo-
lution in morphology corresponding to increasing amounts of n-
Bi,WOg nanoplatelets on the p-Bi,O3 nanowires. The relative posi-
tions of the conduction and valence band edges and the total den-
sities for both components and the heterostructures can be further
investigated via valence band XPS studies (Fig. 8E). Here, valence
band onsets of 1.30 eV and 2.24 eV are observed for Bi,03 and Bi,-
WOg, respectively, while the valence band for a heterostructure
composed of a 2:3 ratio is at 1.70 eV. This shift in the energy of
the valence band onset as well as the density of states near the
Fermi level suggest the formation of a heterojunction between n-
Bi2W05 and p—BizOg.

4.2. Metal oxide-organic p-n heterojunctions

Metal oxide-organic p-n heterojunctions demonstrate great
potential as they combine the best attributes of metal oxides (high
electron mobility, high electron affinity, and physical stability) and
organic (ease of processability, flexibility, and tunability via chem-
ical modification) materials to afford new structures with unique
functionalities. Electrostatic interactions enable the formation of
p-n heterojunctions between electronegative organic and elec-
tropositive inorganic materials in self-assembled systems. Car-
boxylic acids, alcohols, amines, and thiols are commonly
employed as functional groups that, upon deprotonation, bond
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Fig. 6. (A) HRTEM image of as-electrospun NiO-ZnO nanofibers; (B) HRTEM of p-type NiO/n-type ZnO heterojunction region. Reprinted with permission from ACS Appl. Mater.

Interfaces 2010, 2, 2915-2923. Copyright (2010) American Chemical Society [46].

(0170)
4y 01T1)
< ZnSSey, |
SRR (0001)
ZnO0 -

\//‘S\.ZA

Snm

Fig. 7. (A) TEM image of ZnO-ZnS,Se; , core-shell nanowires. Inset: TEM image for two nanowires where the core (Zn0O) is surrounded by a shell (ZnS,Se; ) structure. (B)
Magnified TEM and (C) HRTEM images of a single ZnO-ZnS,Se;_, core-shell nanowire. Inset: SAED pattern of the core-shell nanowire. The diffraction peaks are associated
only to crystalline ZnO. Adapted from Appl. Phys. Lett. 101, 073105 with the permission of AIP Publishing [48].
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Fig. 8. SEM images of (A) pure Bi,0s, (B) 2:1.5 (mass) Bi;03:Bi;,WOg, (C) 2:3 (mass) Bi,03:Bi;WOs, (D) 2:10 (mass) Bi,03: Bi;WOg (E) Valence band XPS spectra of Bi,Os3,
Bi,WOg and 2:3 Bi,05: Bi;WOg samples. Adapted from J. Mater. Chem. A, 2014, 2, 8517-8524 with permission of The Royal Society of Chemistry [52].

with positively charged metal oxides. Briseno et al. utilized these
key interactions to chemically graft polymers such as poly(3-
hexylthiophene-2,5-diyl (P3HT) and didodecyl quaterthiophene
(QT) onto ZnO nanowires [54]. In their work, the organic compo-
nents were functionalized with phosphonic esters to facilitate
bonding between ZnO and P3HT and QT. Accordingly, chemical
grafting was achieved by simply stirring a mixture of the organic
and inorganic materials overnight. Fig. 9A-B depict the synthetic
strategy while Fig. 9C-D depict the resulting core-shell structures.
In addition to covalent bond formation between the nanowire and
a phosphonic ester, hydrogen bonding and n-n interactions also
occur between thiophene units to form shells greater than a mono-

layer in thickness. Thus, edge-on stacking of organic molecules
governs shell thickness and can be controlled by varying the con-
centration of the solution containing the organic precursor. Work
by Martini and coworkers demonstrated the importance of organic
intermolecular interactions in determining outer shell thickness in
heterojunctions comprising metal oxide nanostructures |[55].
When the oligothiophene is modified using an asymmetric thio-
phene having a carboxylic acid as the ZnO binding site and unsub-
stituted alkyl chain, only a monolayer outer shell is obtained
demonstrating the need to carefully understand the role of electro-
static interactions in the formation of organic-inorganic core-shell
structures.
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Nano Lett., 2010, 10, 334-340. Copyright (2010) American Chemical Society [54].

5. Metal oxides: electronic properties as a function of
processing conditions

The chemical and physical nature of the metal-oxygen bonds
may display different interactions that could yield metal oxides
that are purely ionic or covalent. With the ability to control and
manipulate these interactions under different processing condi-
tions, metal oxides can exhibit a variety of electrical properties:
they can behave as conductors, as well as insulators, and display
electronic and magnetic properties that can vary with temperature,
pressure, and composition [56].

As interest in characterizing metal oxides for applications
including catalysis, electronics, and energy storage grows, two
key molecular quantum parameters need to be taken into consid-
eration to define key physical and chemical properties. The first
parameter is electronegativity, y, defined by Pauling as an atom’s
ability to attract electrons and quantified by Mulliken as the aver-
age between the absolute values of the ionization energy, IE, and of
the electron affinity, EA. When referring to solids, the electronega-
tivity coincides with the Fermi level (Eg). Likewise, the energy
needed to remove an electron at the Fermi level from the surface
of a solid (WF) is also related to Er (WF =E,,. — E¢) as shown in
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Fig. 10 [57]. All semiconductors and insulators have an energy gap
(Eg) also known as a transport gap which is the energy needed to
excite an electron from the valence band (VB) into the conduction
band (CB). The Eg value as well as the energy positions of both the
VB and CB are of paramount importance when identifying carrier
injection and extraction barrier pathways at metal/metal oxide,
organic/metal oxide, and metal oxide/metal oxide interfaces.

The second parameter is chemical hardness, #, which Parr and
Pearson defined as one half of the difference between the ioniza-
tion potential and the electron affinity [58]. Conceptually, chemical
hardness is better known in terms of acid-base interactions. Hard
acids prefer binding to hard bases, and soft acids prefer binding to
soft bases. In this context, “hard” refers to small, non-polarizable,
highly-charged species, and the term “soft,” to larger, more polar-
izable, less charged reagents [59]. Previous studies have concluded
that high y and strong # are characteristic of acidic oxides whereas
low y and weak # tend to describe basic metal oxides (Table 1)
[60].

5.1. Electronic properties

Carrier mobility is one important parameter to consider when
tuning the electrical properties of metal oxides. This can be tuned
by modifications in their pre- and post-processing procedures.
Increasing the carrier mobility parameter of the semiconductors
comprising the different layers in a device can have favorable
effects on its overall performance. For example, increasing carrier
mobility in a material may affect the source-drain current in a
field-effect transistor as well as the ability for efficient charge
transport to electrodes in solar cells [2]. The enhanced mobility
of metal oxides compared to that of a-Si is largely due to differ-
ences in their electronic structure. In early transition metal oxides,
such as TiO,, the valence band maximum (VBM) is mainly com-
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Fig. 10. Schematic depiction of the energy level diagram for an undoped semicon-
ductor with flat bands to the surface highlighting the position of the bandgap (Eg),
Fermi level (Eg), ionization energy (IE), electron affinity (EA), work function (WF),
and chemical hardness (7).

Table 1
Chemical hardness and electronegativity trends for metal oxides.

Strong electronegativity Weak electronegativity

Strong chemical
hardness

Insulators with a large
optical bandgap (e.g.,
B,03, BeO, Al,03)

Oxides of transition
elements with high
oxidation state (e.g., TiO,
W03, V,05)

Ionic oxides with a relatively
large optical bandgap (e.g.,
Zn0, Sn0,, Bi,03)

Alkali and alkaline earth
oxides (e.g., K0, Cs,0, MgO)

Weak chemical
hardness

prised of O 2p antibonding states, while the conduction band min-
imum (CBM) is comprised mainly of empty metal d states
[2,61,62]. This is demonstrated in the calculated total TiO, and pro-
jected Ti 3d and O 2p density of states presented in Fig. 11 [61,63].
In late transition metal oxides, such as indium- gallium-zinc oxide
(IGZO), completely filled d-orbitals allow for the main contribution
to the CBM to be from unoccupied ns metal bonding states (Fig. 12)
[64]. Due to their spherical shape, the metal ns orbitals are able to
remain energetically overlapped and retain good electron mobility,
even if the crystal structure is disordered, as in polycrystalline and
amorphous metal oxides (Fig. 12A). This provides a major advan-
tage over silicon, where sp® hybridization does not permit the
retention of good electron mobility when the lattice is distorted
(Fig. 12B) [2,62,65,66]. While the molecular orbital hybridization
has a major effect on the mobility of metal oxides, carrier mobility
can be greatly affected by processing conditions during and after
deposition.

Common deposition methods used in the fabrication of metal
oxides include vapor processing (thermal evaporation, atomic
layer deposition (ALD), sputtering, and pulsed laser deposition),
sol-gel chemistry (spin- or dip-coating), printing (ink-jet, aero-
sol-jet, gravure, and roll-to-roll), and combustion (spin or spray).
Factors within each process can be varied, such as time, tempera-
ture, pressure, thickness, deposition rate and the addition of gases.
Common post-processing techniques include thermal annealing at
high or low temperatures, encapsulation, plasma treatment, and
UV light exposure. These fabrication methods, as well as variations
in post-processing conditions, can have significant effects on the
electron mobility of metal oxides. Table 2 compares the electron
mobility (pe) values for ZnO processed by vapor deposition
[64,67] sol-gel [68,69], printing [70], and spray pyrolysis [71]. As
shown, it is evident that certain processing techniques produce
much higher pe values than others. Through vapor deposition, a
pe as high as 20.2 cm? V="' s~! may be obtained, while ZnO struc-
tures fabricated by other deposition techniques have mobility val-
ues <10 cm? V~' s, Vapor-assisted deposition processes typically
yield the best film quality (i.e., few pinholes, few grain boundaries,
large crystal grains), since they offer more control over the film
morphology and fine tuning of the crystal structure by adjustments
of the target composition or various gas partial pressures during
deposition. Although effective, vapor-processing techniques are
expensive and require specialized equipment, so other more prac-
tical techniques are often utilized. Even within a processing cate-
gory, there is variation. For instance, when ZnO is deposited via
atomic layer deposition (ALD) it achieves its highest pe (20.2 cm? -
V~T's7!) but when sputter deposition is utilized; pe is a low
1.2 cm? V-'s7! (Table 2). This discrepancy in pe may be attributed
to other factors that can be modified during deposition, such as
defect concentration and oxygen vacancies, but may also be due
to post-processing annealing temperatures. As evidenced in
Table 2, increasing annealing temperatures may increase pe. How-
ever for many applications, like organic or flexible electronics, low
processing temperatures are required to prevent degradation of
the other components of the device. Fig. 13 displays the relation-
ship between annealing temperature and pe for commonly used
metal oxides, such as indium oxide (In,0s3), zinc tin oxide (ZTO),
and indium zinc oxide (IZO). The pe for the crystalline structures
(red circle) is much higher than that of the amorphous structures
(blue square) at all temperatures. This is due to better alignment
of the molecular orbitals as discussed earlier. For all of the metal
oxides shown in Fig. 13, pe is increased exponentially as the tem-
perature is increased [1]. High temperatures may be a product of
the deposition technique (thermal evaporation) or they may be
required to induce crystallinity, adhesion to the substrate, or
remove the excess solvent (sol-gel). One of the goals in the semi-
conductor industry concerning metal oxide processing is to achieve
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Fig. 11. (A) Molecular orbital energy level diagram for anatase TiO,. (B) Calculated total (top) and projected density of states (below) for Ti 3d and O 2p orbitals. Adapted from
Acta Crystallogr. Sect. A Found. Crystallogr. 2003, 59, 341-350 with permission of the International Union of Crystallography [63].
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Fig. 12. Representation of the atomic orbital hybridization in crystalline (left) and amorphous (right) metal oxide (A) and silicon (B). Reprinted by permission from Springer
Nature Publishing AG: Nature 2004, 432, 488-492. Copyright 2003 [64].

the highest e associated with high temperature or vapor process- 5.2. Defects in metal oxides

ing, but with inexpensive, low-temperature fabrication methods.

To achieve this, the processing conditions of the metal oxide must As a product of nature, no crystal lattice is perfect. Metal oxides
be optimized, and the chemistry particularly related to defects for- are prone to four major types of defects in their lattices: oxygen (O)

mation must be understood. or metal (M) vacancies, M or O interstitials, O on an M site, or M on
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Table 2
Effect of processing conditions on the pe of ZnO.
Fabrication process  pe (cm?V~'s™!)  Annealing References
temperature (°C)
Vapor deposition 20.2 (ALD) 90 [64]
1.2 (sputtering) 25 [67]
Sol-gel 10.0 180 [68]
5.3 500 [69]
Printing 1.6 250 [70]
Spray pyrolysis 15.0 400 [71]
0.1 200 [71]

an O site. Defects can affect many properties of metal oxides that
are important for device function including mobility, trap density,
and energy level alignment. The formation energies of these
defects are different for each metal oxide, and therefore two metal
oxides at the same temperature may contain different defect con-
centrations. Further, for a certain metal oxide, the formation ener-
gies of the various defects are typically different. This gives rise to
intrinsically n- or p-doped metal oxides. Since O vacancies are the
most common type of defect in metal oxides, we will focus on how
they affect metal oxides particularly when used in photovoltaic
and electronic applications [61].

When an O vacancy forms, it leaves behind an under-coordi-
nated metal center having an extra electron. This extra electron
will occupy an empty metal d-band states close to the CBM, acting
as an n-type dopant. Fig. 14 displays the filling of metal d-states
when oxygen vacancies are formed in a metal oxide. A pristine
metal oxide with no defects is schematically represented in
Fig. 14A. Here, the Fermi level is set to 0 eV and filled orbitals are
represented by a finite density of states at positive binding ener-
gies. The VBM is comprised mostly of oxygen 2p states (3-4 eV),
and there are no mid-gap states occupied in the 0-3 eV region,
leaving the metal d-states (near the Fermi level) empty. When O
vacancies arise, empty metal d-states are filled. This is displayed
in Fig. 14B, where a finite density of states arises in the 1-2 eV
region. Since these newly occupied states are close in energy to
the CBM, they act as n-type dopants [72]. This is the case for
TiO,, the most commonly used electron transporting layer in
hybrid organic-inorganic photovoltaics, which will be discussed
later.

As O vacancies leave behind excess charges, they can increase
the carrier concentration of the metal oxide. The conductivity of
a metal oxide film is dependent on the mobility and the carrier
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Fig. 14. Schematic energy band diagrams (top) and ultraviolet photoelectron
spectra of (A) pristine and (B) oxygen-deficient metal oxides. Reprinted by
permission from Springer Nature Publishing AG: Nat. Mater., 2011, 11, 76-81.
Copyright 2011.[72]

concentration, so increasing the carrier concentration via adding
0 vacancies will increase the conductivity. In addition to conduc-
tivity enhancement, O vacancies can modify the work function of
a metal oxide and could modify the energy level alignment of the
different materials and interfaces within an electronic device.
When an extra electron is left on a metal center, its oxidation state
is decreased, and its electronegativity (mid-point between ioniza-
tion energy and electron affinity) is decreased. Since the Fermi
level of an undoped metal oxide is also at the mid-gap, the Fermi
level and electronegativity are directly related [60,73]. The ability
to tune the Fermi level, and therefore the WF, of a metal oxide
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Fig. 13. Measured changes in mobility as a function of temperature for crystalline (red) and amorphous (blue) (A) indium oxide (In,05) (B) zinc tin oxide (ZTO) (C) indium
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zinc oxide (IZO). Reprinted by permission from Springer Nature Publishing AG: Nat. Mater. 2011, 10, 382-388. Copyright 2011 [1]. (Colour online.)
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has been displayed most prominently in molybdenum oxide
(MoOs) (Fig. 15) [74]. The energy level diagram in Fig. 15A shows
the defect states occupied in MoOs due to O vacancies. As the con-
centration of these defect states increases, a reduction in WF is
shown as the secondary electron cutoff energy is increased (blue
to purple). The decrease in WF is also correlated to an increase in
the occupancy of defect states above the VBM (Fig. 15B-D). The
change in WF of M0Os_, as a function of O defects (x) is displayed
in Fig. 15E, where a change in WF of over 0.5 eV is observed from
MoOs to MoO, [74]. While other factors, such as surface roughness,
exposed crystal facet, impurities and post-processing treatments,
can affect the WF of a material, the ability to control the concentra-
tion of O vacancies may offer further control over the electronic
structure of metal oxides as a means to target a specific function.

However, not everything is sunshine and rainbows as O vacan-
cies may also be detrimental to metal oxides. The greatest disad-
vantage that O vacancies can have is forming trap states
themselves. Depending on the energy position of the leftover elec-
tron, it can be in an optimal position to recombine with a hole.
When this type of trap-assisted recombination occurs in optoelec-
tronic devices, it prevents charge transfer to the electrodes, and
reduces the overall efficiency of the device. Since defects, particu-
larly O vacancies, can affect the electronic structure of metal oxi-
des, research efforts have been focused on finding fabrication
pathways to control their concentration mainly in thin film metal
oxides. In vapor deposition, the partial pressure of O, can be con-
trolled. By maintaining a high or low partial pressure of O, during
deposition, selectivity for a low or high concentration of defects,
respectively, can be achieved. Certain processing conditions them-
selves can be prone to more or fewer defects as well. For example,
sol-gel processing is performed in a less-controlled environment,
which makes it much less expensive; however, because of this,
the opportunity for defect formation is higher. Normally sol-gel
processing yields amorphous metal oxides. High-temperature
annealing is a great way to induce crystallinity and in turn, it
reduces defects due to the elimination of O vacancies and residual
precursors [62]. Other post-processing treatments have proven
effective at controlling defect concentration. The addition of a
Iny,03 thin film as a capping layer is effective in preventing O
out-diffusion from metal oxide films, which eliminates changes
in the concentration of O vacancy defects over time [75]. In metal
oxide nanoparticles, ligand passivation can be an effective mean of
filling surface traps [76]. Surface passivation using small molecules
and self-assembled monolayers has been very effective for passi-
vating surface defects as well [77-81]. UV-irradiation has also been
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explored as a post-processing technique. This has been found to
induce crystallinity and condensation of sol-gel deposited metal
oxide films [82]. In addition, UV light promotes the formation of
O radicals that eliminate impurities within the crystal thus, reduc-
ing traps created by residual precursors [82]. Doping of metal oxi-
des has not only been effective at enhancing electron mobility (Li*,
Nb*", zn?*, Y**, Zr**, and Mo**) but also for filling O vacancies [83—
85]. Using a fluorine plasma treatment, O vacancies in ZnO could
be filled with F, and the defect concentration could be reduced,
leading to more efficient devices [86]. Understanding the chem-
istry behind the active role that defects, specifically O vacancies,
has on the properties of semiconductor metal oxides is of vital
importance to modern electronics.

On the contrary, we have yet to discuss the design and use of
metal oxides as p-type materials for energy conversion. It is known
that metal oxides having a high density of metal vacancies will
exhibit p-type behavior [87]. However, too many metal vacancies
will lead to surface-mediated recombination which detrimentally
affects electrical conductivity and mobility. Given the challenge
faced in controlling metal vacancies when compared to oxygen
vacancies, most materials engineering efforts have lagged behind
in the development of high efficient p-type metal oxides. The chal-
lenge stems from the inability to control the localized O 2p domi-
nated valence band and high density of deep traps near the valence
band where holes are trapped by O ions [1,2]. As such, the forma-
tion of p-type metal oxides may be achieved by engineering their
band structure and band energy as well as tuning their crystal
structure. For example, p-type NiOx with high electrical conductiv-
ity and mobility may be prepared by increasing the density of Ni**
ions upon the addition of a monovalent atom such as lithium or by
the appearance of nickel vacancies and/or interstitial oxygen in
NiOy crystallites [88-90]. NiO in particular is well-known to have
a high density of nickel vacancies that results in p-type doping
[91]. Therefore, the most common p-type metal oxide is NiOy but
other binary oxides such as CuOy, MoOs3, V505, or GeO, are also
under investigation. In order to improve the performance of these
p-type metal oxides, so they are comparable to their n-type coun-
terparts, approaches are currently being developed to enhance
valence band dispersion to reduce effective mass and increase
mobility [92]. Additionally the crystal structure of these metal oxi-
des must also be considered because it determines the coordina-
tion and the spatial stacking of the cation and anions [92]. For
example, a tetrahedrally coordinated system is beneficial because
all eight electrons of the oxygen participate in the four sigma
bonds which allows for further delocalization of the valence band
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Reprinted by permission from John Wiley & Sons, Inc: John Wiley and Sons, Adv. Funct. Mater. 2012, 22, 4557-4568. Copyright 2012 [74].
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edge. Using the insights gained from changes in the energy level
alignment, crystallinity, and defect concentrations of metal oxides
as a function of processing conditions allow us to form structure-
function relationships toward the design of efficient devices.

6. Applications involving the use of metal oxides

The morphological variety of metal oxides is incomparable,
whether, in the form of nanoparticles, nanowires, smooth thin
films, or mesoporous layers, they can be relatively easily adapted
to accommodate a huge variety of device needs and applications.
Thus the questions to ask are, what makes metal oxides so unique?
-this will prompt us to formulate a second question, what would
metal oxides do? (WWMOD). To answer these questions, we need
to think of metal oxides as ionic solids composed of positive metal-
lic species and oxygen ions with strong ionicity. Electronically,
metal oxides have a filled s shell, however, their d shells are empty
or partially filled giving a large degree of freedom for tuning their
optical and electronic properties. For example, it is possible to
achieve metal oxides with narrow bandgaps (e.g., Mn,0s3, Eg = 0.5 -
eV, CuO, Eg = 1.3 eV) [93,94] wide bandgaps (e.g., SnO,, Eg = 3.8 eV;
TiO,, Eg =3.3; ZnO, Eg = 3.4 eV) [95-98] as well as ultrawide band-
gaps (e.g., Al,0s, Eg = 7.0 eV; Ga,03, E; = 4.5 eV) depending on how
their orbitals are filled [99,100]. Similarly, it is possible to achieve
metal oxides with tunable dielectric constants [101-103], and
superb electrical [104], optical [105], and electrochromic proper-
ties [106]. Thus, given the ability to tailor the physical and chemi-
cal properties of metal oxides, they have been incorporated as
functional materials in a wide range of technologies such as batter-
ies [107-112], catalysis [113-116], smart window coatings [117-
123], photovoltaics [96,124-128], photoelectrochemical cells
[129-135], fuel cells [136-139], plasmonic smart windows
[140,141], contrast agents for magnetic resonance imaging [142-
144], and biodegradation of organic pollutants [145-147]. Due to
the large breath of applications that have benefited from incorpo-
rating metal oxides in their device stack, we will proceed to narrow
the focus of the following section to only discuss the use of metal
oxides for energy related applications i.e., photovoltaics, plasmon-
ics, and Braggs reflectors. The latter is a nice addition to this review
as previous perspectives on metal oxides have hardly ever covered
this particular application.

6.1. All inorganic photovoltaics

The continuous success of Si solar cells, but at high costs, leads
to interest in incorporating other materials that are cheaper and
more accessible. The alternative materials could complement or
eventually replace Si without compromising power conversion
efficiencies. A p-type c-Si wafer with a front phosphorous diffusion
and a full-area aluminum (Al) alloyed rear surface region is the
common architecture for these solar cells. The Al layer is associated
with a high contact resistance even with the small difference
between the work function of Al and Si. The resulting contact resis-
tance is induced by a high density of bandgap states or defects at
the metal/semiconductor interface leading to a relatively high
Schottky barrier height of approximately 0.65eV [148]. A large
barrier height is detrimental to the flow of electrons out of the n-
type Si wafers. This issue inspired the exploration of the depen-
dence of contact resistivity. There have been many different
approaches to reduce the contact resistivity, one straightforward
method involves reducing the Schottky barrier height. One tech-
nique for this would require depinning the Fermi level by inserting
an interfacial layer between the metal/semiconductor interface
[148,149]. The interlayer must function as a passivating layer that
can reduce the density of states/defects while still being conduc-

tive enough to allow sufficient charge transport. Materials for elec-
tron-selective contacts on n-type c-Si with these properties have
been explored and metal oxides such as MgO have been reported
to improve the Ohmic contact significantly, thus increasing fill fac-
tors and power conversion efficiencies due to the materials ability
to reduce recombination loses [148,150]. In addition to using metal
oxides as electron selective and passivating interfacial layers, other
oxides have been utilized as hole selective (p-type) contacts in
inorganic photovoltaics. Transition metal oxides such as MoOs,
NiO, W03, and V,0s, have all been investigated as p-type contacts
for n-type crystalline silicon heterojunction photovoltaics [151-
157]. These oxides make appropriate transparent hole-selective
contacts in a solar cell due to their high work functions and wide
energy bandgaps. These properties are due to metal site defects
present in their lattice [151].

Conversely, metal oxides can also be used as solar absorbers in
all inorganic solar cells (not containing silicon). As such, the influ-
ence of the electronic properties at these metal oxide thin-film
heterojunction interfaces is critical for device performance. Focus-
ing on sputter-deposited Cu,0 thin films as the absorber layer in an
Al-doped ZnO/Cu,0 inorganic solar cell, it is necessary to create a
heterojunction with a relatively low conduction band offset. Many
manipulations can be done to aid in the energy band alignment
including adjusting the deposition conditions, post-deposition
treatment of the Cu,O layer, or incorporating a buffer layer. Nord-
seth et al. used the control of the magnetron sputtering technique
and post-thermal annealing process to manipulate the deposition
conditions to control the electronic properties at the heterojunc-
tion interface [158-160]. With this control, suitable energy band
alignment at the interface as well as the ability to improve the
electrical characteristics of the heterostructure are possible. In
the Al-doped ZnO/Cu,0 heterojunction inorganic photovoltaic, a
thin buffer layer of 10 nm is incorporated between the two oxides
due to the formation of an even thinner interface defect layer form-
ing atop the Cu,0 surface. This defect layer is known to be an inter-
mediate CuO layer, formed due to the small enthalpy of formation
for Cu,0 which makes the interface prone to oxidation. The defect
density is especially high at this interface layer and creates issues
for energy band alignment, which is why the buffer layer is so cru-
cial in this device architecture. The buffer layer itself is Zn;_,Ge,O,
but other metal oxides, such as Ga,03 and TiO, have also been used
as buffer layers. These buffer materials not only aid in the modula-
tion of the conduction band offset but also works to improve the
carrier collection as a result of suppressed interface recombination
[160,161].

6.2. Organic photovoltaics

Indium-doped tin oxide (ITO) is the most commonly used elec-
trode in organic solar cells. The work function of ITO allows it to be
used as the hole-extracting layer in conventional organic photo-
voltaics whereas, it is used as an electron-extracting layer in
inverted photovoltaics. Fluorine-doped tin oxide (FTO) is also a
popular transparent conducting oxide used as an electrode in pho-
tovoltaics. This is due to its thermal stability in devices that require
higher temperature processing or potentially better energy level
alignment [162]. Another commonly used oxide in organic solar
cells is molybdenum oxide (MoOy). This material works as an inter-
facial layer between the photoactive layer and anode playing a
crucial role in enhancing the power conversion efficiencies of
organic photovoltaics by facilitating hole extraction and transport
[163-165]. Besides being a good hole extraction material, MoOy
is also pH neutral, non-toxic, environmentally stable, and transpar-
ent in the visible [164,166].

In an inverted organic solar cell architecture, a metal oxide,
commonly ZnO or TiO,, is layered on the ITO electrode as an
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electron-transporting layer. This additional oxide layer then
inverts the polarity of the bulk heterojunction device and will yield
higher power conversion efficiencies than those without the layer
[167-169]. The main disadvantage of using these metal oxide lay-
ers is that the sol-gel method used in the fabrication requires high
temperatures to induce crystallinity; thus, limiting substrate flexi-
bility. The high-temperature sol-gel fabrication method could also
lead to non-stoichiometric metal oxides stemming from the evolu-
tion of oxygen vacancies and zinc interstitials [170,171]. These can
introduce near-surface defects with adsorbed oxygen with poor
morphology control. These defects could also detrimentally affect
the adjacent organic layers and in turn decrease device efficiencies.
Due to the increased stability of inverted organic solar cells as
opposed to conventional solar cells, there is an extensive amount
of research undertaken to either use low temperature fabrication
methods that will lead to stoichiometric metal oxide thin films
or to find metal oxide modification protocols allowing the tuning
of surface energetics, energy levels, and passivation of defects.
The integration of highly-ordered, anisotropic, nanostructured
semiconducting metal oxides within an organic bulk-heterojunc-
tion represents a vital goal for the development of next-generation
photovoltaics. Such integration is imperative for improvements in
photocurrent generation and light-harvesting efficiencies. To real-
ize the full potential of metal oxide-organic hybrid photovoltaics,
however, a number of formidable challenges need to be addressed,
including the ability to control the assembly of organic and inor-
ganic components; the ability to tune organic-inorganic interfaces,
and the ability to guide the direction of charge transfer. Whittaker-
Brooks et al. tackled a slice of this problem by engineering
nanostructured inorganic semiconducting materials with tunable
dimensions, morphologies, and photochemical properties to be
assembled with organic semiconductors in hybrid solar cells.
Critical to the controlled growth of inorganic semiconductor

Current density (mAIcmz)
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nanowire arrays is the deposition of a sputtered seed layer. For
example, when oxidized, sputtered ZnO thin films are more homo-
geneous than their sol-gel derived ZnO thin film counterpart, thus
creating more uniform nucleation sites for the growth of ZnO nano-
wires [80]. This sputtered seed layer also promotes the subsequent
hydrothermal growth of vertically-oriented, one-dimensional ZnO
nanostructures onto which poly-(3-hexylthiophene), P3HT, is sub-
sequently deposited to complete the photoactive layer of the hybrid
solar cell (Fig. 16A-C). With this seed layer, the external quantum
efficiencies and photovoltaic conversion efficiencies of a hybrid
solar cell are increased from 0.5% to 1.8%. (Fig. 16D) [97].
Depending on energy level misalignment, a significant barrier
to charge injection may exist at interfaces between inorganic met-
als and metal oxides with organic semiconductors. The adsorption
of self-assembled monolayers (SAM) onto inorganic metals and
metal oxides represents a promising route to control their elec-
tronic characteristics and surface wettability with organic semi-
conductors. To achieve optimal functionality and stability at the
interface, a structurally well-defined, and covalently bonded
monolayer is needed. Amongst metal oxides, ZnO is widely used
in many technological applications, such as organic light-emitting
diodes and solar cells because of its high electron mobility and effi-
cient electron transporting properties. Yet, ZnO-organic photo-
voltaics have shown disappointingly poor performance, likely
because of surface defects. Surface functionalization of ZnO with
SAM before the deposition of the organic semiconductor thus rep-
resents an interesting approach that provides access to tunable
chemical and physical properties of the inorganic-organic inter-
face. In a follow-up publication, Whittaker-Brooks et al. reported
a stepwise functionalization method that allows binding of small
acidic molecules to ZnO nanowire arrays with minimal surface
degradation and etching. Given their high acidity, adsorption via
dip-coating and spin-coating organophosphonic acid solutions on
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Fig. 16. (A) Cross-sectional SEM image of P3HT infiltrated into ZnO nanowire arrays. (B) Colored backscattering SEM image showing the filling of the polymer donor into the
ZnO0 nanowire array. (C) Device architecture used for the fabrication of ZnO-P3HT inverted solar cells. (D) J-V characteristics for a representative ZnO nanowire:P3HT bulk-
heterojunction solar cell whose ZnO nanowires were grown from a sputtered seed layer.
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ZnO nanowire arrays uniformly degrade the structures. They also
reported that SAM adsorption via tethering-by-aggregation-and-
growth (T-BAG) yield robust surface-bound monolayers on ZnO
nanowire arrays while retaining the nanostructure morphology.
These phosphonic acid-functionalized ZnO nanowires were incor-
porated in hybrid organic-inorganic solar cells with infiltrated
P3HT, as the organic donor. Inverted solar cell devices fabricated
with these treated interfaces exhibit power conversion efficiencies
as high as 2.3% due to improvements in both the short-circuit cur-
rent density and the open-circuit voltage compared with analo-
gous devices with untreated ZnO nanowire arrays that exhibit
efficiencies of 1.8% (Fig. 17). They attributed the enhancement in
device characteristics to improved charge transfer between P3HT
and ZnO and reduced recombination at the organic-inorganic
interface due to enhanced wettability between the constituents
with SAM treatment. SAM adsorption also induces an interfacial
dipole which modifies ZnO work function allowing for better
energy level alignment with P3HT. Further, statistical and surface
analyses have demonstrated that successful adsorption of phos-
phonic acid derivatives on the ZnO surfaces contributes to the pas-
sivation of interfacial traps [80].

Research performed on incorporating metal oxides into organic
photovoltaics has created a better understanding of the fundamen-
tals of device operation, including charge-separation processes,
charge-transport mechanisms, device physics, and interfacial
effects. This has led to the design of more efficient, stable device
architectures based on materials with improved energy-level
alignment, spectral response, and transport properties. Much of
the research progress attained in organic photovoltaics can also
transfer over to increase the efficiency and stability of organic-
inorganic hybrid perovskite photovoltaics.

6.3. Organic-inorganic hybrid perovskite solar cells
Now we turn our attention to organic-inorganic hybrid per-

ovskite solar cells (specifically photovoltaic cells using methylam-
monium lead iodide as the absorber) as metal oxides are
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incorporated in the device stack as either the electron (ETL) and
hole (HTL) transport layers, respectively. An organic-inorganic
hybrid perovskite (OIHP) crystal has the structure ABX3 (A = CHs-
NH3, B=Pb?", and X=1", Br~ or CI7) [96,172]. In the most com-
monly used analog of the perovskite, the methylammonium
cation sits inside a tetrahedral Pbl, lattice.

3D OIHPs are well suited to be solar cell absorbers due to their
broad absorption band that spans most of the visible region
(~350-800 nm), high absorption coefficient (10*cm™! at
550 nm), and low exciton binding energies (10-45 meV) [173].
This means that under illumination at room temperature, OIHPs
are likely to generate free charge carriers with no additional energy
input [174]. Once the carriers have been produced, the long exciton
diffusion length in OIHPs enables effective charge transport [175-
179]. On the other hand, careful consideration must be taken to
optimize morphology, prevent defects and charge recombination,
and promote charge transfer in OIHP solar cells due to the various
interfaces present in the device comprising dissimilar materials
(i.e., metal oxide/perovskite and perovskite/organic interfaces).
Fig. 18 displays representations of the typical device architectures
used in conventional n-i-p OIHP solar cells. The ‘i’ is the absorber
material sandwiched between an n- and p-type material. In a con-
ventional n-i-p OIHP device structure the typical electrode used is
a conductive metal oxide —either ITO or FTO. Atop the electrode is
an ETL. This ETL is typically an n-type metal oxide such as TiO, or
ZnO. As depicted in Fig. 18A, the ETL can be incorporated as a
mesoporous scaffold. This porous scaffold is used as structural sup-
port as well as a means to increase the surface area interaction
with the OIHP. The scaffold also decreases the distance for charges
to travel before being transferred, and therefore, reduces chances
for bimolecular recombination [180]. There are a few drawbacks
encountered when including a porous layer in OIHP solar cells.
First, its addition adds another processing step, which increases
time and expense and requires high temperatures for particle sin-
tering. Second, the incorporation of metal oxide nanoparticles can
lead to changes in the morphology of the OIHP layer, which can
produce pinholes and lead to reduced device efficiency. Last, an
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Fig. 17. (A) Chemical structure for the organic donor and schematic depiction of the phosphonate functionalization of a ZnO nanowire. (B) Device architecture used for the
assembly of P3HT-SAM functionalized ZnO nanowire arrays inverted solar cells. (C) J-V characteristics for both P3HT:ZnO and P3HT:SAM-functionalized ZnO inverted solar
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Fig. 18. Schematic representations of the device architecture used in the assembly of conventional perovskite photovoltaics. (A) Mesoporous and (B) planar conventional (n-i-

p) perovskite photovoltaics.

increased surface area of the metal oxide comes at the expense of
an increased opportunity for surface defects. As discussed earlier,
defects in the metal oxide specifically O vacancies produce reduced
metal centers that attract and localize holes, leading to assisted
electron-hole recombination [61]. Metal oxide ETLs have also been
integrated into OIHP photovoltaics as thin films to circumvent
issues with fabrication protocols and for reducing pinholes
(Fig. 18B) [96]. Above the perovskite, a hole transporting layer
(HTL) is deposited (Fig. 18A-B). Typically, this layer is either made
of spiro-OMeTAD (2,2',7,7'-tetrakis(N,N-di-p-methoxypheny-
lamine)-9,9'-spirobifluorene) or PTAA (poly-triarylamine) films.
Metal oxides such as MoO3 and NiO are the inorganic counterparts
of these organic molecules and have, unfortunately, yielded mixed
results as they are prone to defects and most solution-processed
fabrication methods yield non-uniform films [124,181-184].
Trap-assisted recombination at the metal oxide/OIHP interfaces
(both ETL/OIHP and OIHP/HTL interfaces) could detrimentally
affect device efficiencies. Chemical modifications via blocking lay-
ers or the addition of small molecules and self-assembled mono-
layers (SAMs) as previously discussed in organic solar cells could
aid in defect passivation at these interfaces [78,80,81,185]. For
example, a 3-aminopropanoic acid SAM (C3-SAM) added to a
ZnO/CH3NH;3Pbl; interface not only passivates surface defects but
allows for improved OIHP morphology upon solution deposition.
In addition, an induced dipole at the interface improves energy
level alignment between the ETL and the OIHP. All of these factors
lead to an increase in efficiency when compared to a device with
no interfacial SAM [81]. Fig. 19A displays a device architecture
where SAM modified-ZnO is used as the ETL. Here, the carboxylic
group in the C3-SAM binds to the surface Zn?' ions present in
ZnO, creating a monolayer and passivating any defects at the sur-
face. The amino end of the C3-SAM fits into the OIHP lattice and
controls the crystal growth, producing a smoother film. The

induced dipole plays a key role in optimizing this device. By lower-
ing the WF of ZnO, it provides better energy level alignment
between the ETL and the OIHP, which increases charge transport.
Fig. 19B displays the device statistics, where the C3-SAM function-
alized devices (red) have consistently higher power conversion
efficiencies than those obtained with devices having unmodified
ZnO layers (green) [81]. To this end, the judicious selection of
SAM chemistry could enhance surface wettability and control
interfacial electronic properties in OIHP photovoltaics.

6.4. Plasmonics

Historically, the study of plasmonic materials has mainly been
confined to noble metals such as gold and silver [186]. Plasmonic
materials research has also been done with metals like aluminum
and copper [187,188]. Due to plasmons dependence on the concen-
tration of free electrons in the material, the field of plasmonics can
benefit greatly from the development of novel materials exhibiting
tunable carrier concentration and carrier dynamics, as the noble
metal plasmonic materials have fixed electron density that cannot
be varied post-synthetically [141]. While gold and silver have
localized surface plasmon resonances (SPRs) in the visible range;
many other metals fall in the UV. Some conducting metal oxides,
on the other hand, when post-processed are capable of supporting
surface plasmons in the near-IR and mid-IR regions, expanding the
range of applications for using plasmonics for sensing, bioimaging,
electronics, and solar cells [189,190].

The new applications and technologies available are due to the
unique plasmonic properties of metal oxides, primarily created by
the ability to control the degree of doping. Controlled doping has
long been utilized for metal oxides and other semiconducting
materials in order to tailor the materials optical and electronic
properties [141]. Dopants result in excess electrons that are avail-
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able as mobile charge carriers. In the field of plasmonics the collec-
tive oscillations of these confined charge carriers resulting from
doping in response to incident radiation is what can lead to the
SPR.

Plasmonic metal oxides have been successfully utilized in sur-
face-enhanced Raman spectroscopy (SERS). Despite the unique
properties of metal oxides, such as their structural versatility and
stable exciton formation, their application in SERS has lagged
behind Au, Ag, and Cu metal nanostructures due to their weak elec-
tromagnetic enhancement and the poor control over nanoparticle
polydispersity, size, and shape. Thus, high control over such prop-
erties in metal oxides will help control the oscillation frequency to
enhance SPRs for the development of nanoantennas or other
devices such as plasmonic solar cells. The oscillation frequency
and SPRs observed in plasmonic metal or metal oxide nanoparti-
cles suffer from coagulation, high cost, optical loss, limited wave-
length, adverse biocompatibility, and selectivity [191]. SERS
applications, however, have now evolved into using plasmonic
antennas (i.e., plasmonic nanorods) to increase the Raman scatter-
ing of molecules coupled to plasmonic surfaces. The increased scat-
tering leads to signal enhancement, which can significantly lower
the detection limits for sensing molecules [186]. This technique
has opened doors to ZnO-based SERS platforms with the develop-
ment of various nanostructures. The nanostructures include nanor-
ods, nanowires, nanocones, and nanocages all of which
successfully improved the signal with increased scattering [192].
The SERS signal enhancement is shape and size dependent due to
the different number of absorption sites for probing molecules,
quantum confinement effects, and optical cavity resonance engi-
neering. The ZnO nanostructures are commonly either doped with

elements such as cobalt or magnesium or combined with noble
metals. The doping of nanostructures can allow for tuning of the
localized SPR peak location to the visible region while combining
the ZnO nanostructures with noble metals can introduce the
opportunity for “hot spot” effects. “Hot spots” enhance sensitivity
enabling analysis at the single-molecule level.

With the continued growth of plasmonic metal oxide alterna-
tives, research studies have also found these to be highly suitable
for surface-enhanced infrared spectroscopy (SEIRS) [192]. SEIRS is
a widely used technique in research and industry as it provides
label-free and unambiguous identification of molecular finger-
prints. To collect this information, SEIRS relies on the resonant
detection of infrared vibrational modes through coupling with
the plasmonic modes of an antenna. Wang et al. investigated the
strong plasmon confinement of ITO antennas for sub-wavelength
SEIRS (Fig. 20) [186]. The long-range transverse interactions
observed in ITO antennas were compared to those observed for
Au antennas. Fig. 20A depicts three scanning electron micrographs
of ITO antenna arrays having different spacings between each
antenna. Fig. 20B and C show the infrared transmission spectra
for Au and ITO, respectively. The broad concavities observed in
the infrared transmission spectra for Au and ITO are due to longi-
tudinal surface plasmon resonances. These resonances (for both Au
and ITO) shift to lower energy upon increasing the length of the
antennae. Also, ITO antennas show infrared resonances for much
shorter antenna lengths when compared to Au antennas. Addition-
ally, regardless of the array spacing, the transmission concavities
observed in the IR spectra are less pronounced in ITO than in Au
antenna arrays. This suggests that there is a reduced extinction
per antenna in ITO when compared to Au antenna arrays. As such,
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Fig. 20. (A) SEM images of ITO antenna arrays with different antennae spacings. Infrared transmission spectra of Au (B) and ITO (C) antennae arrays as a function of the
geometries presented in A. Adapted with permission from Nano Lett. 2014, 14 (1), 346. Copyright 2014 American Chemical Society [186].



L. Flannery et al./Polyhedron 170 (2019) 334-358 351

there is the promise for using highly-dense ITO antennae arrays for
SEIRS with minimal loss in performance, particularly in the mid-
infrared.

Biosensing is another application plasmonic metal oxides have
been observed to successfully improve performances in by provid-
ing very low detection limits. For example, Zhang et al. used 2D
hydrogen doped molybdenum oxide (HyMbOs) nanodisks to sense
glucose at very low concentrations. This was accomplished by
varying the amount of hydrogen dopant in the disks; they found
that H;55Mb0; allowed for the most sensitive measurements.
Using these disks, they claim to have reached a detection limit
lower than any previous plasmonic enzymatic glucose sensor
[193]. For H;ssMbOs, they found the detection limit to be
2 x 107 M. Additionally, the sensing was done very quickly,
within 10 seconds. Perhaps more exciting than the sensing itself,
however, is the fact that they were able to easily tune the surface
plasmon resonance on the disks across a wide wavelength range.
By simply changing the amount of dopant in the metal oxide, they
could move the plasmon resonance wavelength between ~400 nm
and the near IR. This tunability in doped metal oxides can signifi-
cantly broaden the range of applications for plasmonic sensing
by allowing sensors to be tailored to a specific molecule or event
that is being studied.

As indicated in the above applications the plasmon resonances
depend strongly on the nanostructure geometry and material.
With the growing relevance of plasmonics research for technology,
new combinations of plasmonic materials with complementary
functionalities are being sought, resulting in improved perfor-
mances and entirely new application areas.

6.5. Braggs reflectors

Metal oxide semiconductors can also be strategically used in
optical devices to create waveguides, mirrors, and sensors. Alterna-
tively, metal oxide optical stacks could also be integrated with
optoelectronic devices such as photovoltaics, light emitting diodes,
and lasers to improve their performance. For example, it has been
demonstrated that the use of one-dimensional photonic bandgap
(1D-PGB) structures as distributed Bragg reflectors (DBRs) on the
rear end of a solar cell (InGaN/GaN or Si solar cells) increases the
external quantum efficiency (total internal reflection of light) in
the UV range by reflecting those high energy photons back into
the absorber layer. This process dubbed light trapping aid in the
enhancement of incident light absorption by the absorber layer
thus increasing the generation of the short-circuit current in pho-
tovoltaic devices [194-198]. 1D-PGB structures are commonly
comprised of alternating multilayer dielectric materials [199].
Commonly, titania (TiO,) and silica (SiO,) are alternated in 1D-
PGB structures as high and low refractive index materials, respec-
tively. These periodic stacks form DBRs, with characteristic reflec-
tion and transmission features. The two major types of DBR designs
include symmetric and symmetry broken structures. Fig. 21A dis-
plays a model of a symmetric DBR where alternating layers of
low and high refractive index material forms a periodic stack. In
Fig. 21B, the symmetry of the periodic stack is broken by the addi-
tion of a thick layer at the center of the structure. Due to the peri-
odic nature of these materials, DBRs can selectively reflect or
transmit certain wavelengths of light. As classically displayed in
Fig. 22A, light enters the DBR and a portion of the light is reflected
at each interface [200]. As such, reflections from a wavelength that
are twice the optical thickness of a bilayer will constructively
interfere and be fully reflected (Fig. 22B). A range of wavelengths
near this maximum reflectance length will also be reflected, creat-
ing a bandgap, typically about 200 nm wide. Alternatively, reflec-
tions from wavelengths that are either much shorter or longer
than twice the thickness of a bilayer will be reflected out-of-phase,

N

A B

Fig. 21. DBR models. (A) Symmetric structure, alternating high (red) and low
(white) refractive index materials. (B) Symmetry-broken DBR structure. A thick,
center layer breaks the symmetry of the stack presented in A.

D AN

Fig. 22. Optical reflectance and transmittance in a DBR mirror. (A) Wavelengths
that are twice the thickness of an optical bilayer enter the DBR and are reflected in-
phase. (B) The resulting reflection of a wavelength within the bandgap due to
constructive reflection interference. (C) Wavelengths that are longer or shorter than
twice the thickness of an optical bilayer enters the DBR and are reflected out-of-
phase. (D) The resulting reflection of a wavelength outside the bandgap due to
destructive reflection interference.

destructively interfering (Fig. 22C), resulting in the transmission of
that wavelength (Fig. 22D) [200]. Furthermore, the position of the
bandgap can also be estimated using the Bragg-Snell law (Eq. (1)):

mi= Z(TthL + thH) (1)

where m = diffraction order, A=vacuum wavelength of light
reflected, n=refractive index, h=physical thickness of layer,

=low n material, H = high n material. The optical thickness of a
layer is calculated by multiplying the refractive index of the mate-
rial by its physical thickness. In this way, the optical thickness of a
bilayer can be calculated by simply adding the optical thicknesses of
each component. As per Eq. (1), the wavelength reflected by a DBR
is twice that of the optical thickness of a bilayer. Therefore, the posi-
tion of an optical bandgap can be finely controlled by changing the
thickness of the alternating layers [201-204].

Similarly, the reflectivity of a DBR within its bandgap is highly
dependent on the refractive indices of the low and high n materials
as well as the number of bilayers. Eq. (2) enables the calculation of
the reflectivity of a DBR:
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where R = reflectivity, ng = n of the environment (air), n; = n of the
substrate, and N = number of bilayers. By analyzing Eq. (2), it can
be inferred that there are two ways to increase the reflectivity of
a DBR. The first approach involves increasing the number of bilayers
(N) [201,204-206]. This will exponentially decrease the second
term in Eq. (2) [ny(ny/ny)] and increase reflectivity (R). Fig. 23A dis-
plays the evolution of a bandgap structure, by determining the
reflectance from 475 to 700 nm, as the number of bilayers in the
DBR is increased. With more layers, a sharper, more defined band-
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Fig. 23. Simulated reflection spectra of a DBR. (A) Evolution of the bandgap as the
number of layers (N) is increased from 1 (dotted) to 3 (dashed) to 6 (solid) bilayers.
(B) Change in bandgap as An is increased (dashed), where ny = 2.08 and n. = 1.21, or
decreased (dotted), where ny =2.08 and n; = 1.8, from the conventional SiO,/TiO,
DBR (solid), where ny =2.08 and n,=1.47. (C) A Fabry-Perot optical microcavity
around 600 nm, produced by a symmetry broken DBR.

gap with high reflectivity is generated. Although this increases
reflectivity, interfacial tension and structural cracking have limited
the fabrication of DBR structures comprising more than six bilayers.
The second method for increasing reflectivity involves increasing
the contrast between the high and low n materials, the ratio of
(ni/ny) (Eq. (2)) or An. Since n is a property of a material, an increase
in An can only be achieved by changing the materials of interest.
Fig. 23B shows how changes in An affect the reflectivity of the
bandgap compared to an archetypical SiO,/TiO, DBR material. As
An is decreased, the reflectivity decreases and the bandgap struc-
ture deteriorates. As An is increased, full reflectivity is observed
and a sharper bandgap is created. Breaking the DBR symmetry
can also affect the bandgap structure. As displayed in Fig. 23C, in
a symmetry broken DBR, the insertion of a thicker “defect layer”
at the center of the stack allows the transmission of a narrow range
of wavelengths. This is dubbed a Fabry-Perot optical cavity
[204,207,208].

DBRs often have very sharp characteristic bandgaps that enable
various applications such as selective coatings, filters [209,210]
and waveguides [211]. DBR structures have also been crucial com-
ponents in many micro-laser designs [212-214]. Recently, DBR
structures have attracted much attention since it has been demon-
strated that they can be incorporated into liquid and vapor-sensi-
tive sensors and switches [199,215-217]. Liquid and vapor
sensitivity can be achieved by the incorporation of mesopores
(MPs), pores that are 2-15 nm in diameter and can be infiltrated
by fluids, into the structure [199,218]. MP DBR structures have
been successfully fabricated via common deposition methods such
as atomic layer deposition [219], chemical [220] and physical
vapor deposition [221], molecular beam epitaxy [222], and sput-
tering [223]. Recently, solution-processed deposition of MP DBR
materials, such as spin- [224] and dip-coating [199,204,225], have
emerged as cheaper and faster alternatives to conventional deposi-
tion methods.

Solid DBR structures pose as effective filters and selective coat-
ings due to their bandgap structure having a high, nearly 100%
reflectance of specific wavelengths of light [204,209,210]. Another
characteristic of an effective filter is steep band-edges on both
sides of the bandgap. Shallow band-edges lead to reflection of
wavelengths outside of the bandgap and transmission of wave-
lengths that are intended to be reflected. Filters utilizing a symme-
try broken DBR structure require a narrow optical cavity, with a
small full width at half maximum (FWHM), to achieve high sensi-
tivity. Broad optical cavities will result in the transmission of a
wider range of wavelengths and a reduction in sensitivity. With
the high An of conventional solid SiO,/TiO, DBR structure, highly
reflective, well-defined bandgaps and optical cavities can be
achieved [204]. By adding MPs into DBR structures, an active tun-
ability in the bandgap and optical cavity is introduced, allowing MP
DBRs to be used as not only filters but also as sensors.

Recently, liquid and vapor sensitive MP DBRs have been devel-
oped [199,215-217,221,226-228]. Commonly, MPs are incorpo-
rated into a structure by techniques such as anodic etching,
molecular beam epitaxy and the layering of nanoparticles. An
alternative and less time-consuming method of introducing MPs
into DBR material is by the addition of surfactants into a sol-gel
precursor solution [150,199,212,229]. With the ability to be infil-
trated by liquids and vapors, MPs allow the n of the porous layer
to be reversibly tuned after deposition. This change in n upon infil-

tration of fluids produces detectible and predictable changes in the
reflectance bandgap properties allowing these MP DBR materials to
act as liquid and vapor sensors [215-217,221,226-228]. In a sym-
metry-broken DBR sensor, the wavelength of the reflectance min-
imum is monitored as the fraction of fluid in the MPs changes
[230-234]. Similar to all-solid DBRs, the sensitivity of the sensor
can be increased by decreasing the FWHM of the reflectance min-
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imum or increasing the reflectivity of the entire film. Both can be
accomplished by increasing the number of bilayers and/or An.
Although effective, current solution-processed MP DBR sensors
lack in sensitivity due to a low An and the structural instability
that results from depositing more than six bilayers. Many of these
sensors have narrow or poorly defined bandgaps with broad, large
FWHM modes [230-234]. Low An results from both materials in
the DBR being porous, as portions of both metal oxides are
replaced with the same medium; air. This reduces the reflection
of the DBR, the steepness of the band-edge and the sensitivity of
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Fig. 24. Reflectance spectra of all-MP DBRs. (A) Evolution of reflectance bandgap in
an all-MP SiO,/TiO, DBR as the number of layers is increased. (B) Response of the
same MP DBR as it is infiltrated with different refractive index liquids (black
dot = pristine, blue = water, green = ethylene glycol, red = Chlorobenzene). (C)
Response of a symmetry broken all-MP DBR as it is infiltrated with the same
solvents as in B. Reprinted with permission from Langmuir 2008, 24 (9), 4430.
Copyright (2008) American Chemical Society [234]. (Colour online.)
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the sensor. To obtain a larger An between the two alternating
MP layers, various approaches have been developed, such as alter-
nating pore sizes in each layer [235,236], doping of each layer to
change the dielectric properties [236], and alternating MP SiO,
and MP TiO, [224,231]. All of these methods have been successful
in increasing the An of the DBR. However, the increase is not suf-
ficient to produce a complete bandgap structure in the transmis-
sion or reflection spectra. Further, structural stability issues have
prevented deposition of more than six bilayers, requiring an
increase in An to achieve any further increase in reflectivity or
bandgap definition.

Attempts to improve the reflectivity of MP DBR sensors have
focused on the fabrication of all-MP DBR structures. Using conven-
tional materials to create a DBR structure, attempts have been
made to create DBRs alternating MP TiO, as the high n material
and MP SiO, as the low n material [224,233,234]. The highest
reflectivity reached with these materials is approximately 60-
80%, with a poorly defined bandgap. Fig. 24A displays the reflec-
tance bandgap characteristics as layers are added to an all-MP
Si0,/TiO, DBR [233]. Similar results were obtained by Guldin
et al. by alternating the porosity in each layer of an all-MP TiO,
DBR [235]. These bandgap structures are narrow with shallow
band-edges, and although they show a response to infiltration
(Fig. 24B), they lack sensitivity.

The most highly sensitive optical cavity-based sensors, display-
ing sensitivity to liquids [233] and vapors [233] were reported by
Colodrero et al. and displays a FWHM of about 40 nm (Fig. 24C)
[233,234]. Optical cavities with FWHM values of about 45 nm have
been achieved by changing the porosity and selectively functional-
izing one of the alternating layers [231]. All SiO, and all-TiO, DBRs
have been made using a similar procedure of changing the porosity
of each alternating layer [235]. This method successfully increases
the reflectivity of these systems. However, the production of a fully
defined bandgap using this method has not been reported
[231,235]. Another approach to manipulate the refractive index
involves making solid solutions of TiO, layers with various ratios
of Al,05 and SiO, [236]. This method has effectively produced
the highest reported An value of about 0.25 in an all-MP doped-
TiO, DBR sensor, but a full bandgap structure has not yet been

reported [236]. By manipulating the fraction of Al,03 and SiO,
within the alternating layers of an all-MP DBR, Ghazzal et al. were
able to create a switching device that decreases in transmission
upon infiltration [236]. Fig. 25 displays the transmission spectra
of the switch fabricated by Ghazzal et al. Upon infiltration of this
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Fig. 25. Simulated and experimental transmission spectra of an MP DBR before
(red) and after (blue) infiltration of pores with water. Upon infiltration, an
approximately 9% change in the transmission is observed. Reproduced from J.
Mater. Chem. C 2013, 1 (39), 6202-6209 with permission of The Royal Society of

Chemistry [236]. (Colour online.)
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MP DBR, a reduction in transmission of approximately 9% is
observed at 600 nm, creating an optical “switch” [236]. Although
previous work displays response of MP DBRs to liquids and vapors,
significant progress needs to be made in this area to increase the
reflectivity and sensitivity of DBRs containing metal oxides to a
point where they could be effective sensors.

7. Summary, opportunities, and challenges

This review provides a comprehensive study on recent advances
in the fabrication, characterization, and device application of metal
oxide nanostructures and thin films. As we cannot conceivably
cover a century worth of research on metal oxides without break-
ing editorial rules and being mentally (and perhaps physically)
exhausted, we decided to mainly focus this review on their appli-
cability towards energy conversion technologies. Besides applica-
tions, we also present a very detailed discussion on how
fabrication procedures can affect the morphology, stoichiometry,
defects, and electronic structures of metal oxides. Current research
efforts have mostly focused on fabricating metal oxide p-n hetero-
junctions containing either inorganic or semiconducting compo-
nents. With the design of such hybrid structures and interfaces,
it is possible to enable unique physical and chemical properties
not found in either of the pure constituents. This often results in
enhanced performance when incorporated into functional devices.

Although great attention has been centered on the development
of novel metal oxide structures as well as understanding the inter-
action between metal oxide-metal oxide and metal oxide-organic
interfaces, many challenges remain. First, the lack of atomic preci-
sion during the synthesis of metal oxide nanostructures results in
increased size distribution, polydispersity, and poor morphology
control. As such, eliminating broad size distributions and polydis-
persity will reduce variations in the observed physical and chemi-
cal properties of metal oxide nanostructures. This will allow for
more controlled and reproducible device characteristics. We
believe a paradigm-shifting approach involving a well-developed
mechanistic understanding of how the interplay between kinetics
and thermodynamics affect the synthesis of metal oxide nanos-
tructures is urgently needed. Second, the quality of the metal
oxide-metal oxide and metal oxide-organic interfaces in p-n
heterojunctions needs to be improved as well as understood (i.e.,
control over crystallinity, morphology, dangling bonds, surface
energetics). Beyond the physical characteristics of the interface,
the electronic properties also need to be investigated more in-
depth. Utilizing some of the in situ characterization tools (i.e.,
in situ X-ray photoelectron spectroscopy, in situ transmission elec-
tron microscopy, and in situ X-ray absorption fine structure spec-
troscopy) developed for understanding electrochemical reactions
in energy conversion processes could help in the elucidation of
how interfaces involving metal oxides are formed both kinetically
and thermodynamically.
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