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New device concepts and new computing principles are needed to balance our ever-growing 

appetite for data and information with the realization of the goals of increased energy 

efficiency, reduction in CO2 emissions and the circular economy. Neuromorphic or synaptic 

electronics is an emerging field of research aiming to overcome the current computer’s Von-

Neumann bottleneck by building artificial neuronal systems to mimic the extremely energy 

efficient biological synapses. The introduction of photovoltaic and/or photonic aspects into 

these neuromorphic architectures will produce self-powered adaptive electronics but may also 

open up new possibilities in artificial neuroscience, artificial neural communications, sensing 

and machine learning which would enable, in turn, a new era for computational systems 

owing to the possibility of attaining high bandwidths with much reduced power consumption. 

This perspective is focused on recent progress in the implementation of functional oxide thin-

films into photovoltaic and neuromorphic applications towards the envisioned goal of self-

powered photovoltaic neuromorphic systems or a solar brain.  
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1. Introduction 

 

1.1. It is the Energy Issue 

 

A living technology [1] based on a largely distributed networks of wireless sensors with 

artificial intelligence have great potential for a better internet-of-things (IOT) implementation 

in areas such as robotics, transportation, health care, environmental monitoring or safety. 

However, to alleviate the problems associated with the increasingly number of batteries (e.g. 

monitoring, replacing and recycling) and/or the additional electrical energy consumption from 

the grid; the new generation of IOT devices should be self-powered [2], [3], [4], [5]. The 

electrical energy to power the electronics would be generated primarily from light [6], [7], 

kinetic [8], [9], electromagnetic [10], [11] or thermal energy [12], [13] (Fig. 1). The obtained energy 

can then be used to recharge a secondary battery or, in some cases, to power directly the 

electronics. Among these environmental energy sources, the sun light interacts with Earth's 

atmosphere and lifeforms to act as the main source of energy in our planet [14]. New device 

concepts [15] and, perhaps equally importantly, new computing principles [16] are needed to 

balance our ever-growing appetite for data and information with the realization of the goals of 

increased energy efficiency, reduction in CO2 emissions and the circular economy [17]. In a 

prominent place, neuromorphic or synaptic electronics is an emerging field of research 

focused in creating artificial synaptic devices to mimic the computation carried out by 

biological synapses (see e.g. [18],[19],[20],[21],[22],[23],[24],[25],[26],[27],[28]). The renewed research 

efforts on synaptic electronics and brain-inspired computing can be understood by regarding 

the energy consumption issue, the increasing signaling of the end of the Moore’s Law for 

nanoelectronics scaling era and the inefficiency of conventional (aka Von-Neumann) 

computational systems [29] (Fig. 2). Today's Von-Neumann computers are shockingly 

wasteful; modern microprocessors are orders of magnitude less efficient than human brains. 

While there are ~1010 neurons in the human cortex, there are only ~105 of processors in 

powerful parallel computers (e.g. Blue Gene supercomputer with ~140,000 microprocessors 

and 144 TB of memories consuming a power of 1.4 MW [30]). The “reduced” number of 

processors is compensated by their speed; CMOS transistors are much faster (~10-9 s) 

compared with the operating speed of biological neurons (~10-3 s), but at much higher energy 

cost; the human brain is extremely energy efficient, using ~10-16 J/s per operation, whereas the 

best computers today consume around ~10-6 J/s. The hardware of neuromorphic systems is 

either extrinsic (silicon-based CMOS artificial neurons sorted in neural networks [31]) or 
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intrinsic that are constructed with synaptic devices that inherently possess key figures such as 

plasticity [32] non-linearity [33] or spiking processing capabilities [34], [35], [19], [36]. Nevertheless, 

artificial neural networks with the computing capability of a human brain composed solely of 

silicon CMOS-based hardware would demand extremely high resources in terms of power 

consumption. Several projections point out that a just a bunch of these brain-like Von-

Neumann computing machines would require a sizable fraction of the global energy produced 

worldwide while the human brain uses only about ~10 watts of power [37]. Therefore, the Von-

Neumann paradigm must be shifted to build energetically viable computing machines with the 

learning and adaptive capabilities of biological brains. Or in other words, we need to rethink 

computers from scratch (and the way they are powered) if we want living technologies that 

think like us. But the energy issue does not restrict to computers; there is a consensus that 

energy consumption is one of the grand challenges facing our planet today [38] and one of the 

IOT main global challenges [39],[40]. Functional oxide thin-films is, at the time being, perhaps 

the only platform [41] to conceive intrinsic photo-neuromorphic engineering and to analyze 

this fact is devoted this progress report. Advances in photo-neuromorphic devices could pave 

the way to artificial live hardware mimicking biological systems [42], [43], [44] but at zero 

metabolic cost [45] (Fig. 2). Besides the energy issue, the introduction of photonic aspects into 

these neuromorphic architectures may also open up new possibilities in artificial neural 

communications, sensing and learning which may open up a new era for computational 

systems owing to the possibility of attaining high bandwidths and the low-computation-power 

requirements [46].     

 

1.2. Functional Metal Oxides for Photo-Neuromorphic Engineering 

 

1.2.1. Oxide Resistivity 

 

Oxides are a very relevant class of materials for emerging self-powered electronic (Fig. 3) 

systems owing to their semiconductor and ionic properties [47], [48], [49], [50], [51], [52]. They are 

the most abundant material system in nature (Earth’s crust) owing the large oxygen 

electronegativity that easily creates stable chemical bonds with almost all elements thereby 

forming binary (e.g. SiO2) and complex oxides (e.g. PbTixZr1-xO3). They present a number of 

various basic crystalline structures including rocksalt (TiO, VO, NbO, EuO, FeO, NiO…), 

corundum (Al2O3, Ga2O3, V2O3…), rutile (TiO2,SnO2,VO2,RuO2,OsO2), ReO3, WO3, 

perovskite (CaTiO3, SrTiO3, BaTiO3, PbZrO3, PbTiO3…), spinel (MgAl2O4, NiFe2O4, 
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CoFe2O4, MnFe2O4, LiV2O4, Fe3O4…), pyrochlore (Y2Ti2O7, La2Zr2O7, Y2Mo2O7, Cd2Re2O7) 

or tungsten bronzes (MxWO3, SrxBa1-xNb2O6). In these structures, the oxygen is usually 

bounded to three metals (e.g. rutile) or six metals (e.g. rocksalt) although there are many non-

stoichiometric and/or amorphous compounds. Besides, many oxides are also polymorph an 

example being TiO2 which can present phases of rutile, anatase, and brookite.  Most metal 

oxides (such as Al2O3, Ga2O3, TiO2, Cu2O, WO3, or NiO) have a much wider bandgap than 

that of silicon (1.12 eV) and are generally insulating at room temperature if they are 

stoichiometric and undoped [53]. It is usual that the metal-s or d orbitals overlap with the 

ligand oxygen-2p orbitals forming molecular bands; the conduction band being the metal 

bands and the valence band related to the oxygen p-band. Nevertheless, the oxide’s electronic 

conductivity modulation required for defining solid-state devices (e.g. p-n or Schottky 

junctions) can be accomplished either extrinsically (involving external impurities) or 

intrinsically (due to their own oxide/cation vacancies and interstitials) [54]. Extrinsic doping 

implies substitutional atoms of different valence while free carriers can also be produced by 

the thermal (entropically driven) excitations of intrinsic defects such as interstitials and 

vacancies. Some metal oxides can, for example, be both optically transparent and highly 

conductive (i.e. transparent conducting oxides (TCOs)) when degenerately doped (e.g. In2O3, 

SnO2 or ZnO). Such TCOs are currently the standard choice for use in transparent electrode 

applications [55] and are also hugely important for information and communication 

technologies such as displays, touch screens, solar cells or light emitting diodes [56]. Another 

key factor in the adoption of oxide semiconductors is that they are compatible with the strict 

manufacturing requirements of large-scale, large-volume, flexible, low cost and 

disposable/reusable devices [57], [58]. These constraints are particularly relevant for thin-film 

photovoltaics where extremely large-scale, large volume fabrication requires low cost 

fabrication in order to be competitive with dominant Si-based photovoltaic technologies. Non-

degenerate transparent semi-conducting oxides (TSOs) are also widely investigated as the 

semiconductor platform for many applications, including;  solar cells (see e.g. [59], [51]), 

display’s thin-film transistors (see e.g. [60]), photodetectors [61] or transparent power transistors 
[62] among other applications. Transparent insulating oxides (TIOs) usually are the platform of 

choice for defining the insulation layers (either gate or passivation - e.g. SiO2, Al2O3, HfO2) 
[63], [64], [65]  in several semiconductor industries (i.e. silicon, SiC or GaN) [66], [67] and 

insulating oxides are also ubiquitous as electronic substrates (sapphire, Ga2O3) 
[68],[69], 

optoelectronic transparent substrates (soda-lime and borosilicate glasses, sapphire, YSZ) and 

optical lenses.      
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1.2.2. Oxide Resistive Switching 

  

Functional insulating oxide thin-films also are one of the most promising material systems for 

neuromorphic engineering [21], [24], [22]. As neuronal synaptic connections are strengthened or 

weakened in biological brains, the sudden resistivity changes of insulating oxide thin-films 

imitates the way a new memory is acquired or forgotten in bio-synapses. Oxides have 

arguably shown the highest flexibility and prospects of all investigated material systems 

where resistive switching (RS) phenomena is observed. A resistive switching device can be 

defined as a variable resistor with memory in which its internal electrical resistivity depends 

on the applied electric field (or current) and its previous history [70], [71], [72]. Once the field is 

removed, a RS event can be irreversible (non-volatile), when it stays in the new resistivity 

state, or transitory (volatile), when it comes back to the original resistivity value after a 

characteristic time. Oxide thin-films singularity lies in the fact that they merge an almost 

universal non-volatile RS phenomenological behavior with other uncommon electronic 

properties owing to unusual electronic-lattice and electronic-electronic quantum interactions 
[73], [74], [75]. The common physical origin of non-volatile RS relies on ionic drift within the 

insulating oxide thin-film which creates defects (generally oxygen vacancies) and induces 

their migration due to the multi-valence states of metal oxides [76]. For some of these metal 

oxides, the free electron (and free hole) drift on conduction (and valence) band framework 

fails when second order effects (usually neglected in the basic band theory) become larger 

that the width of the energy band. These non-conventional effects include non-periodic 

potentials, electron-phonon exchanges and strong electron-electron correlations giving rise to 

the reversible Mott transition (also known as metal insulation transition - MIT) which 

eventually is a route for implementing volatile RS [77]. Complex transition metal oxide 

materials also exhibit a broad range of supplementary electronic and magnetic properties such 

as ferromagnetism, colossal magnetoresistance, spin-charge coupling, (anti)-ferroelectricity 

and high-temperature superconductivity which often come from their strongly correlated 

electrons in d or f orbitals [78], [79], [80]. Some of these unusual quantum material properties can 

also be engineered to implement additional sources for volatile and non-volatile RS. 

Therefore, metal oxides are especially appealing for neuromorphic engineering as they feature 

multiple routes for implementing both types of resistive switching. This inherent oxide 

versatility enables, in turn, a variety of routes for implementing the basic building blocks of 

neuromorphic hardware: Neuristors and Synaptors [24]. Neuristors emulate the action potential 
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signaling of cortical spiking neurons while synaptors emulate the memory behavior (the 

connection with variable strength in between two neurons) of biological synapses in response 

to a train of spikes, as will be shown further on.  

 

1.2.3. Oxide Photo-Resistive Switching 

 

The same resistive switching oxide layers are present in several kinds of light harvesting 

devices and they are multifunctional; as transparent conductive electrodes, as light absorbers, 

as semiconductor transport layers or bringing new functionalities into the structure such as 

ferroelectricity. Ferroelectric photovoltaics is, in particular, a growing field of research and is 

the class of materials for which the single-phase and non-Shockley–Queisser limited [81], [82] 

bulk photovoltaic effect (BPE) is strongest [83], [84], [85], [86], [87], [88]. In such arrangements, an 

often-overlooked property of a ferroelectric semiconductor is that the switchable bipolar 

surface arrangement also implies a switchable surface band-bending. In a heterojunction (with 

an oxide absorber or other efficient light harvester), this property is used to define cheap and 

large area compact self-powered neuromorphic two-terminal solar transistors and thus, paving 

the way to self-powered neuristors and synaptors [89], [90]. Oxide thin-films also exhibit other 

photonic properties with inherent photo-switchable and/or photo-memory features such as 

persistent photoconductivity [91], [92], [93], [94], photorefraction [95], [96], [97] and other electro-

optic phenomena such as the Pockels Effect [98], [99]. Therefore, functional oxides are arguably 

the most promising material system for future neuromorphic photovoltaic engineering (or 

photo-neuromorphic engineering). In this progress report, it is succinctly overviewed recent 

progress in the implementation of functional oxide thin-films into photovoltaic and 

neuromorphic applications towards the envisioned goal of self-powered photovoltaic 

neuromorphic systems or a solar brain. 

 

2. Oxide Thin-films for Photovoltaic Engineering 

 

2.1. Photovoltaic Devices 

 

Sunlight harvesting usually takes place in a solar cell. A solar cell is the optoelectronic device 

that converts light quanta energy (i.e. photons) in electric energy (i.e. free carriers - electrons 

and/or holes) by means of the photovoltaic effect [100], [101]. Solar cells are however commonly 

described as photovoltaic devices, irrespective of whether the source is sunlight or an artificial 
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light. In most photovoltaic devices, the light harvesting takes place in a semiconductor p-n 

junction (Fig. 4(a)). When its space-charge region is illuminated, an electric current is 

generated; excited electrons (in the conduction band) and the remaining holes (in the valence 

band) are swept in different directions by the built-in electric field of the depletion region. 

However, an electron and a hole can also meet and recombine (principle of detailed balance) 

thus limiting the electron per photon conversion. The theoretical maximum solar 

(unconcentrated, AM 1.5 solar spectrum) power conversion efficiency (PCE) for a single p-n 

junction is ~33% (peaking at a band gap of ~1.2-1.4 eV) and the maximum photovoltage 

possible is always below the semiconductor bandgap [102]. These figures are commonly known 

as the Shockley-Queisser limit which represents a fundamental limit of conventional solar 

cells [81]. The bulk photovoltaic effect (BPE) is a completely different approach where a photo-

current is impressed with unpolarized light in the bulk of non-centric (Fig. 4(b) single-phase 

ferro- and pyroelectric crystals, and with polarized light even in non-pyroelectric piezoelectric 

crystals [103]. In traditional p-n light harvesting devices, the mechanism for separation of the 

photo-excited carriers is the built-in electric field inside p–n junctions. Several BPE 

mechanisms have been reported in the literature including quantum-coherent shift-current [104], 

circular photo-galvanic [105] or ballistic transport (due to absorption/scattering center’s 

asymmetry) [106], [107]. In the shift current framework, the photo-carrier transport is ascribed to 

a quantum-mechanical coherent excitation instead of inelastic scattering [108]. As the shift-

current driving force for carrier separation is believed to be the coherent evolution of photo-

carrier wave-functions (not the p-n built-in electric field), the so-called Shockley–Queisser 

limit of conventional p-n solar cell could be surpassed [81]. This implies that photo-voltages 

much larger that the semiconductor bandgap (or above bandgap voltages) can be obtained [87] 

and it has also been argued that shift current carriers would rapidly propagate to the electrodes 

potentially reducing energy losses [88]. Mechanical strain has also been studied as a way to 

enhance photovoltaic conversion in piezoelectric semiconductors (e.g. ZnO) resulting in a 

piezo-phototronic effect [109], [110] (Fig. 4(c)) and,  very recently, Yang et al. [111] expanded the 

class of materials capable of exhibiting the BPE effect by making ordinarily centrosymmetric 

materials, such as SrTiO3 and TiO2, lose their inversion symmetry by a strain gradient (i.e, 

flexoelectricity) (Fig. 4(d)). The flexo-photovoltaic effect, is expected to apply to most 

semiconductors by inducing a strain gradient [112] (e.g. by an atomic force microscope tip) 

resulting in photovoltaic currents under illumination.  
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Although there are a number of photovoltaic technologies (e.g. III-V, (single crystal) c-Si, 

CIGS, CdTe, halide organic-inorganic perovskite (HOIP), (amorphous) a-Si, CZT(S,Se), dye 

sensitized or organic bulk heterojunction (OPV)), the basic solar cell structure is a sandwich 

of a light harvester [113] layer (depleted of free carriers) in between two carrier extraction 

layers [114]. Solar cells are designed to maximize the light conversion into electricity (i.e. the 

power conversion efficiency) (Fig. 5). At the time being, III-V GaAs-based photovoltaic 

devices hold the world record for the highest-efficiency p-n single-junction at 28.8% [115] 

while c-Si, CIGS, CdTe and HOIP solar cells have also been reported to deliver efficiencies 

above 20% [116]. Oxides are widely used in solar cells (e.g. as light harvesters, conductors 

(TCOs), semiconductors (TSOs) and insulators (TIOs)) and are generally adopted because 

they deliver performance advantages, a lower cost and larger device stability or brings new 

functionalities into the structure such as ferroelectricity [51]. Other uses of oxide thin-films in 

the photovoltaic context include antireflection coatings [117] and back reflectors [118]. As it will 

be review in the next sections, oxide thin-films are used as solar cell’s electrodes, buffers and 

absorbers. Being still a developing field, oxides absorbers are now producing solar cells with 

power conversion efficiencies around of ~8% as will be shown further on.   

   

2.2. OTF as Electrodes: Transparent Metals  

 

Any photovoltaic or light harvesting device in a vertical architecture (i.e., sandwiched in 

between two electrodes) requires one of these two electrodes to be a transparent conducting 

electrode for the light penetrating into the light absorbing core layers without attenuation 
[6],[119]. For some consumer electronics applications these transparent metals should be also 

flexible [120], [56], [121], [122]. In most optoelectronic systems, transparent conducting electrodes 

have been traditionally made of degenerately doped wide bandgap transparent metal oxides 

(TCO) [123], [124] while recently there is also interest in carbon materials such as graphene [125], 
[126] or flexible polymer/metal hybrid electrodes [127], [128]. The low resistivity in TCOs is 

generally achieved by increasing the oxide carrier concentration extrinsically (i.e. doping) 

while not degrading in excess its mobility (although there are intrinsic transparent conductors 

without extrinsic doping [129], [130]). While the largest impurity concentration achievable by 

doping is limited by the dopant solubility within the oxide lattice (typically ~1021 cm-3), the 

free carrier mobility is degraded by its Coulomb scattering at the large number of ionized 

impurities (a common phenomenon taking place in any degenerately doped semiconductors 
[131]). Intrinsic semiconductor oxides are predominately n-type due to their ability to form 
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oxygen vacancies (e.g. In2O3, SnO2, ZnO) [132]. Depositing or annealing in reduced oxygen 

partial pressure can increase the conductivity of the oxide by introducing more carriers. In 

contrast, there are few predominantly p-type oxide semiconductors due to cation vacancies 

such as Cu2O, SnO or NiO [133],[134]. In any case, oxides generally exhibit an important doping 

asymmetry and bipolar oxide semiconductors [135] represent only a small subset (e.g. CuInO2 

[136], SnO [137],  Ga2O3 
[138], NixCd1−xO1+δ 

[139], SnNb2O6 
[140], ZrOS [141]). 

 

2.1.1. n-type 

 

Electron TCOs have a long history with the first reported being cadmium oxide (CdO) as 

early as in 1907 [142]. They have been (and continue to be) the usual material of choice for 

transparent electrodes since 1950s [143]. In practice, the industry standard has been primarily 

restricted to doped forms of In2O3, SnO2 and ZnO and their alloys [55] (Fig. 6(a)). The surplus 

of free electrons in these well-known TCOs is usually achieved by foreign atom substitutional 

doping. Indium oxide doped with tin (ITO or In2O3:Sn) is, at the time being, the TCO 

exhibiting the lowest resistivity on an industrial scale (~1-2x10-4 cm) [144], [145]. The 

resistivity of tin oxides (SnO2) can be as low as 5x10-4  cm, depending on the substitutional 

impurity [146]. Within the SnO2 family, the industrial standard is commonly the fluorine-doped 

one (FTO or SnO2:F) [146] due to its raw material and processing low costs (indium is an 

expensive precious metal). Zinc oxides (ZnO) either doped with gallium (GZO) or aluminum 

(AZO) may present resistivities lying somewhere in between ITO and FTO (~2-4x10-4 cm) 
[147], [148], [149], [150]. During many years, titanum oxide (TiO2) was considered too resistive to 

be used as a competitive n-type TCO. Nevertheless, it was demonstrated by mid 2000s that, 

low-temperature polymorph anatase epitaxially grown Nb- or Ta-doped TiO2 may present 

resistivities as low as 5x10-4 cm [151], [152].       

There are other n-type more complex oxides (ternary or multicomponent oxides) exhibiting 

excelent TCO characteristics. These complex oxides are formed through combination of 

binary compounds. The most relevant cations can be grouped as divalent (Cd2+ and Zn2+), 

trivalent (Ga3+ and In3+), and tetravalent (Sn4+). Examples of ternaries are Cd2SnO4, CdSnO3, 

Zn2SnO4, CdIn2O4, Zn2In2O5, MgIn2O4 or In4Sn3O12 and quaternaries Zn2In2O5-MgIn2O4, 

ZnIn2O5-In4Sn3O12, GaInO3-In4Sn3O12 or In2O3-Ga2O3-ZnO [57]. There are some notable 

crystalline ternary oxides exhibiting particularly high mobility such as cadmium stannate 

(Cd2SnO4) and barium stannate (BaSnO3). Single-phase spinel Cd2SnO4 is a ternary oxide 

used in the cadmium telluride (CdTe) photovoltaic technology which may exhibit the 



  

11 
 

remarkable low resistivity of ~1-2x10-4 cm [153],[154]. Toxic cadmium is replaced with zinc in 

more environmentally friendly approaches but the resistivity of polycrystalline or amorphous 

zinc stanate (Zn2SnO4) is significantly higher (~1x10-3cm) [155], [156], [157]. Perovskite 

cadmium tellurate Cd3TeO6 
[158] and In-doped Cd3TeO6 

[159] have been reported to present 

conductivities of up to ~2×10−2 Ωcm and ~3×10−3 Ωcm, respectiviely (Hall mobilities in the 

range of 6-10 cm2/Vs). Perovskite La-doped BaSnO3 films have been reported with 

conductivity exceeding 104 S/cm with mobilities of up to 120 cm2/Vs, even at carrier 

concentrations above 3×1020 cm-3 [160]. Many other perovskite-type ternary oxides have also 

been investigated as n-type TCOs including stannates, and titanates such as SrSnO3, SrTiO3, 

ZnSnO3, CaSnO3 or CaTiO3. Strontium stannate (SrSnO3) has been doped with lanthanum, 

antimony or neodymium - SrSnO3:(La,Sb,Nd) [161], [162] while strontium titanate (SrTiO3) has 

been doped with lanthanum or antimonium - SrTiO3:(La,Sb) [163], [164]. ZnSnO3, CaSnO3 or 

CaTiO3 have been doped with antimonium, Terbium-Magnesium (Tb-Mg-) or niobium (e.g. 

ZnSnO3:Sb [165], CaSnO3:Tb-Mg [166], and CaTiO3:Nb [167]). Perovskite correlated vanadates 

such as SrVO3 and CaVO3 have been recently reported as n-type TCO alternative. Notably, 

this correlated oxide route represent an unconventional approach; the strong electron–electron 

interactions produce an electron effective mass enhancement (i.e., larger mobility), although 

their high carrier concentration (~1022 cm-3), thus resulting in an overall conductivity as high 

as 1-3x104 S/cm [168].  

In a similar fashion, tunable electrical conductivity (while maintaining superior mobility) is 

arguably the central technological advantage of an amorphous oxide TCO. The conduction 

band in amorphous oxides is generally composed of spherical and isotropic 5s orbitals which 

overlap is rather invariant despite the large structural disorders [169], [170]. This is in marked 

contrast to the previous (poly)crystalline semiconductor oxides, where the electron mobility is 

governed primarily by the scattering on ionized impurities, phonons, and grain boundaries. 

Ionic amorphous mixed oxides such as In–Zn–O (IZO) and In–Ga–Zn–O (IGZO) are 

prominent n-type amorphous oxide TCOs [171], [172], [173]. Amorphous oxides exhibit several 

additional technological advantages such as very large-area deposition at low temperature, 

mechanical stretchability and high carrier mobility (~10-100 cm2/Vs), which is ×10-100 

larger than of amorphous silicon (~ 1 cm2/Vs). Since the first amorphous indium gallium zinc 

oxide (IGZO) was reported in 2004 [174], a number of advances during the last decade have 

boosted amorphous oxide-based transistors as an alternative for flexible and transparent 

electronics [175].  
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2.1.2. p-type 

 

Hole majority or acceptor p-type TCOs have, in general, much larger resistivities than their n-

type counterparts and no degenerately doped acceptor TCO is industrially viable as generic 

transparent conducting electrode yet (in contrast to the well-stablished n-type ITO, FTO or 

AZO)  [176], [177]. Nevertheless, efficient p-type transparent conducting electrodes are still 

required in a number of optoelectronic applications (e.g. those involving the efficient carrier 

transport of both electron and holes) such as LEDs, solar cells or complementary logic circuits 

with TFTs. For the majority of oxides, to achieve sizable p-type conductivity is challenging 

because their valence band maximum consists of strongly localized O 2p-derived orbitals. In 

other words, the valence band of most oxides is rather flat, resulting in deep acceptor levels 

(lower free hole concentration at room temperature) and larger hole effective masses (lower 

mobilities) [176], [178]. There are however few notable p-type oxide exceptions to this valence-

band flatness rule; oxides where free holes can drift with a similar drift velocity to the n-type 

free electron case. The archetypical example is cuprous oxide (Cu2O), which exhibits acceptor 

mobilities larger than 100 cm2/Vs [179]. A particularly parabolic valence band structure, owing 

to a pronounced covalent exchange between Cu (d) and O (p) orbitals, results in the Cu2O 

exceptionally large p-type mobility. However, a shorter Cu-Cu separation implies stronger Cu 

d-d orbital exchanges also resulting in a relative narrow bandgap of around ~2.1 eV [180],[181]. 

A TCO should have a bandgap larger than 3eV to be transparent to the visible spectrum (400-

700 nm), thus making Cu2O rather unsuitable as transparent electrode but still interesting as 

efficient sunlight harvester (as will be shown in the next section). Tin monoxide (SnO) is a 

wider bandgap oxide (2.6-3.4 eV) which also exhibits particularly spatially extended  cation 

orbitals (s-orbitals in this case) [182],[183]
,
[184]. Although it has recently been shown that the 

incorporation of metallic Sn can remarkably improve the hole mobility (~20 cm2/Vs), 

preparing acceptor stable SnO is still challenging [184]. Recently, it has been suggested that 

bismuth incorporation may lead to enhanced extended s-orbital applicability in p-type SnO 
[185]. Among classic wider bandgap p-type oxides, perhaps the most investigated acceptor 

TCO is nickel oxide (NiO). NiO usually presents a rock salt structure and a bandgap energy in 

the range of ~3.6-4.0 eV [186]. As a proper wide bandgap semiconductor, stoichiometric and 

undoped NiO is a very good insulator (~1013 cm). However, the NiO p-type conductivity 

can be increased by creating defects (nickel vacancies), doping (incorporation of monovalent 

atoms such as lithium or cesium) and/or interstitial oxygen. In this sense, Ni vacancies in 

NiOx thin-films (in oxygen-rich conditions) have been reported to result in much larger 
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conductivities of ~ 7 -1cm-1  [186]. The NiO hole mobility may also be relatively high. For 

example, values in excess of ~25 cm2/Vs have been reported owing to an excess of oxygen 

(which produce additional free holes) in non-stoichiometric NiOx films [187]. Doping NiO with 

Li+ or Cs+ at Ni sites is also a widely used method to enhance the NiO conductivity (up to 

values of ~10-20 -1cm-1) [188]
, 

[189]
, 

[190]
, 

[191]. Analogously, Li doped ZnO (~3.6 eV) has a p-

type character, when Li is included as Zn substitutional dopant, but it turns into an n-type 

when Li is in interstitial sites [192], [193].  

In complex oxides, the concept of chemical modulation of the valence band (introduced by 

Kawazoe, Hosono et al. 
[194]

 in 1997) is a well-known route to reduce the p-type oxide 

resistivity of Cu-based ternary compounds. The acceptor conductivity in these complex 

oxides increases due to the formation of tight covalent bindings and the hybridization of O 2p 

and (closed shell) Cu 3d
10 orbitals. This results in a greater dispersion at the valence band 

maxima (i.e., a reduction of the hole localization) while the nature of the d
10 closed shell 

avoids optical coloration. Following this rule, a series of p-type TCOs based on Cu+ bearing 

oxides, such as delafossites (e.g. CuGaO2, CuInO2, CuCrO2, CuBO2, CuScO2 or SrCu2O2) 
[195], [196], [197] , [198], [199] has been discovered since then. Cu vacancies can further enhance the 

p-type conductivity in these material systems [200], [201], [202]. In this sense, Lunca-Popa et al. 
[203] reported Cu0.66Cr1.33O2 thin films showing conductivities greater than 100 -1cm−1 and 

carrier concentrations around 1021 cm−3 owing to metastable Cu-vacancies chain defects. 

Substitutional doping (e.g. Mg-doped CuCr1-xMgxO2) has resulted in p-type layers with 

conductivities of up to ~200 -1cm-1. Analogously, the Mg and N substitution of Cr and O 

sites (in CuCrO2) resulted in an increased conductivity of up to ∼278 -1cm−1 [204], which 

arguably is the largest conductivity for p-type Cu-based delaffosite oxides reported to date. 

More recently, the valence band chemical modulation concept has been extended to other 

materials with quasi-closed shells such as d
6 and d

3. A series of novel p-type TCOs were 

identified following this approach such as ZnM2O4 spinels (M=Rh,Ir) [205]
 and Sr-,Ca-,Ba-

doped (substituting for La) LaCrO3 
[206]

, 
[207]. Hu et al. [208] reported in 2018 that substitution 

of La3+ by Sr2+ in the Mott-Hubbard insulator LaVO3 can introduce high hole carrier 

concentration at the top of the valence band with p-type La2/3Sr1/3VO3 conductivity of 872.3 

-1cm−1 (Fig. 6(b)). The concept of chemical modulation was further extended introducing 

oxygen substitutional chalcogens atoms (S, Se and Te) owing to the greater hybridization 

level of Cu 3d orbitals and chalcogen p orbitals [209], [210]
, 

[211]
, 

[212]
, 

[213]. In this regard, Mg-

doped NdCuOS has been reported to be an excellent p-type TSO [214] while layered Mg-doped 
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LaCuOSe exhibited a high p-type conductivity of 910 -1cm-1 [215], but a relatively narrow 

bandgap of ~2.8 eV somehow limits its optical transparency for TCO applications. One of the 

most promising transparent p-type kind of oxide material is the layered quinary 

oxychalcogenide system [Cu2S2][A3M2O5] 
[216]. In particular, the Cu-quinary compound 

[Cu2S2][Sr3Sc2O5], which is comprised of alternating [Cu2S2]
2- layers and perovskite-like 

[Sr3Sc2O5]
2+ layers. [Cu2S2][Sr3Sc2O5] has a large band gap of 3.1eV and hole mobilities of 

up to ~150 cm2/Vs [217]. Analogously, the quinary oxychalcogenide [Cu2S2][Ba3Sc2O5], was 

found to possess even wider optical band gap (3.24eV) and calculated p-type conductivities of 

up to ~2000 -1cm-1. This value is in the conductivity range of thin films of industry standard 

n-type TCOs and the largest conductivity predicted for any p-type TCO to date [216]. In a 

similar fashion to oxychalcogenides, some bismuth and antimony-based oxyhalides such as 

SbOF, BiOX (X=Cl,Br) and Sb4O5X2 (X=Cl,Br) have also recently suggested as potentially 

high performing TCOs owing to their predicted large bandgap (>3 eV) and low effective 

electron mass [218]. Regarding two-dimensional oxide materials, 2D TeO2 exhibits a direct 

bandgap when thinning from bulk (3.32 eV) to monolayer (3.70 eV); which is an energy 

range not accessible by conventional 2D materials (in between h-BN (~5eV) and transition 

metal dichalcogenides (~2eV)). Furthermore, monolayer TeO2 is exceptional in high transport 

anisotropy, possessing not only high electron mobility (of the order of 1000 cm2/Vs but also 

exceptionally high hole mobility (up to 9100 cm2/V s) [219].  

 

2.2. OTF as the Core: Light Harvesters   

 

In conventional solar cells, a semiconductor junction is essential to host an internal built-in 

field to split photo-generated electron and hole pairs and to bring these carriers to their 

respective electrodes. This junction can be a metal-semiconductor Schottky interface, a p-n 

semiconductor homojunction or an (usually p-n) heterojunction of dissimilar semiconductors. 

In general, a bipolar p-n junction is the kind of photovoltaic interface delivering the highest 

(light to electricity) power conversion efficiency as it can harvest both, electron and holes 

(Schottky junctions are unipolar). In p-n solar cells, it is the p-type absorber layer the one that 

defines the main photo-physics (absorbance efficiency, direct vs indirect photo-excitations, 

active wavelength range, etc.) and the transport properties (conductivity, electron and hole 

mobilities, minority vs majority carrier transport, recombination etc.) [220]. It is common in the 

literature to refer to the other side of the p-n junction, the n-type layer, as the widow layer.   
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Due to the broad bandgap energy range covered by metal oxides (which is also tunable by 

varying their crystal structure, stoichiometry, alloying etc.), there are many oxides potentially 

suitable as light harvesters. However, as silicon and other III-V semiconductors (and, more 

recently, chalcogenides and halides) have historically received much more attention, only a 

bunch of metal oxides have been seriously investigated as the photon harvester media [221]. 

The copper oxide family (Cu-O) is, by far, the most studied oxide material system to harvest 

sunlight among all metal oxides. Stable binary oxide phases of copper oxides are Cu2O 

(cuprite or cuprous oxide), CuO (tenorite or cupric oxide) and Cu4O3 (paramelaconite) where 

the CuOx bandgap can be tuned to cover the entire range in between 1.4-2.2 eV [222]. 

Emerging oxides being investigated as photon harvesters include cobalt (Co-O), bismuth (Bi-

O) and iron (Fe-O) oxides [223]. In contrast, because the BPE mechanism relies only on the 

crystal inversion asymmetry, it can be realized in single-phase materials (e.g. a n-type, p-type 

or insulating single thin-film) and this would allow for a much simpler implementation. 

Ferroelectric oxides, a small subset of polar materials which have a switchable polarization 

direction, have been the most investigated BPE materials. Since 1950s, the most studied and 

prominent class of ferroelectrics are the perovskite oxides; a wide group of oxides with 

composition ABO3, where A and B each represent a cation element or mixture of two or more 

such cation atoms (e.g. BaTiO3 or Pb(Zr,Ti)O3). Sharing many structural features with 

perovskites oxides, lithium niobate (LiNbO3) - and related materials such as LiTaO3 - are 

ferroelectric oxides with a trigonal paraelectric structure and are crystallographically 

analogous to the R3c bismuth ferrite (BiFeO3) 
[224]. Other relevant families include layered 

oxide ferroelectrics [225], tungsten bronzes (e.g. SrxBa1-xNb2O6) 
[226], gallium silicates and lead 

germinates (e.g. X3Ga5SiO14 (X = Pr,La), Pb5Ge3O11) 
[227]. Among non-perovskite 

ferroelectrics, the layered oxide ferroelectrics or Aurivillius phases, which are layered 

bismuth oxides formed by the regular stacking of Bi2O2 slabs and perovskite-like blocks (e.g. 

Bi4Ti3O12, Bi5FeTi3O15, (Na,K)xBi5-xTi4O15 or SrBi2Ta2O9), are particularly relevant [228]. Both, 

p-n and BPE oxide thin-films (mostly ferroelectric) are being investigated as light absorbers 

in oxide-based photovoltaic devices as will be reviewed in this section [229], [230], [231] (Fig. 6(c) 

and (d)).   

 

2.2.1. Oxide p-n Solar Cells 

 

2.2.1.1. Cu2O 
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Cuprous oxide (Cu2O) is a defect p-type oxide semiconductor with a bandgap of ~1.9-2.2 eV 

and the most prominent member of the Cu-O family for photovoltaic applications [232]. The 

natural acceptor nature of Cu2O is due to their intrinsic defects (cooper vacancies), with the 

acceptor level typically lying relatively deep within the bandgap (>100 meV) [233],[234]. From 

the optoelectronic point of view, Cu2O has a relatively large absorbance coefficient of ~ 

4x103 cm-1 (600 nm) [235] together with a large free hole mobility (for an acceptor oxide 

standard as mentioned earlier in the p-type TCO section) in excess of 110 cm2/Vs for highly 

crystalline layers [236]. This hole mobility, however, critically depends on the Cu2O grain size 

and the particular method of growth of the thin-film. Vacuum routes such as copper thermal 

oxidation, sputtering or atomic layer deposition produce bigger grains and overall larger hole 

mobility. In contrast, chemical routes (in principle more suited for inexpensive thin-film 

photovoltaics) such as spray pyrolysis or electrodeposition results in smaller grains and 

reduced hole mobility [229]. The first reports on Cu2O electronic devices can be traced back to 

1920s, two decades before than the pivotal germanium and subsequent silicon solid-state 

transistors [237]. Cu2O also was one of the earliest materials where a photovoltaic effect was 

observed [238]. After a long latent period, the attention on Cu2O for photovoltaics was 

somehow timidly reactivated in 1970s as a semiconductor platform for Schottky oxide-based 

solar cells [239]. It was not until recently (early 2000s) that Cu2O has regained interest fueled 

by the light-to-electricity power conversion improvement [240],[241] (now PCE has reached 

values above ~8%) and its application as photocathode in photo-electrochemical cells [242], 
[229].  

 

In a Cu2O homojunction p-n solar cell, both, the p-type absorber and the n-type widow are 

composed of Cu2O. However, highly conducting and stable n-type Cu2O films for defining 

the window layer in copper oxide solar cells are still elusive as the intrinsic donor levels are 

located even deeper within the bandgap than the acceptor levels [243]. The donor microscopic 

origin remains unclear with O vacancies, Cu interstitials, inversion layers or extrinsic defects 

as possible candidates [244]. Due to a self-compensation effect and their reduced dopant 

solubility, only very few extrinsic impurity atoms have shown a sizable degree of donor 

doping [245],[246]. A Cu2O p-n homojunction is therefore still challenging (i.e., small grains and 

poor n-type activation) [247],[248],[249] although it is technologically very relevant for 

optoelectronics owing its low electron affinity [56]. During the last decade, research efforts has 

been focused on enhancing the homojunction photovoltaic performances by approaches as 

tuning the Cu2O orientation and surface morphology [250], adjusting the thin-film thickness 
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[251],  incorporating p-type sulphidation [249] or by introducing extrinsic dopants atoms such as 

Zn [252] or Cl [253]. Currently, the largest PCE of Cu2O photovoltaic homojunctions are in the 

range of ~2% [253-254]. 

 

Due to the long-lasting problems in achieving high quality n-type Cu2O, in practice, a 

heterojunction n-type with a dissimilar oxide window layer has been a more common 

approach. A widely implemented class of n-window materials in Cu2O solar cells are binary 

thin-film oxides such as ZnO, Ga2O3 or TiO2. Among these oxides, perhaps the most 

investigated is ZnO, either, with planar [240],[255] or nanostructured [256] arrangements. The 

window layer can be produced by a number of methods, including electrochemical deposition 
[257], spray pyrolysis [258]

, ion beam sputtering [240], vaccum arc plasma evaporation [259], atomic 

layer deposition [260], pulsed layer deposition [261] or metal-organic chemical vapor deposition 
[262]. Planar Cu2O/ZnO heterojunction PCE is now approaching ~5% [261] (where Cu2O and 

ZnO are doped with Na and Cu, respectively). A number of Cu2O/ZnO and few Cu2O/TiO2 

nanostructures in the form of nanowires [263], nanopilars [264], nanorods [265], [256], [266],[267], 

nanofibrous networks [268] or nanotubes [269] have been demonstrated delivering up to ~2% of 

power conversion efficiency. Replacing ZnO by other conducting n-type oxide with wider 

bandgap has resulted in improved conduction-band offsets and less Cu2+-related defects in 

planar junctions. For example, Ga2O3/Cu2O heterojunctions showed enhanced PCE (5.38%) 

and a very large open-circuit of Voc=1.2 V [270]. However, are ternary oxides the ones that 

have resulted in the best light harvesting efficiency; AlxGa1-xO resulted in conversion 

efficiencies over 6% [271] while current PCE record of 8.1% is with a n-window thin-film of 

Zn1-xGexO [241] (Fig. 6(c)). Other ternary oxides has been used  as the n-window such as 

ZnGa2O4, MgIn2O4, ZnSnO3, Zn2SnO4, GaInO3, Zn2SiO4, Zn2GeO4, Zn2FeO4, CuInO2, 

CuGaO2 and AgInO2 and multicomponents of two or more binary compounds such as ZnO, 

MgO, Ga2O3, Al2O3, In2O3 and SnO2 being the largest efficiency observed for ZnGa2O4 

(5.36%) with an open-circuit voltage of Voc=0.81 V [272].   

 

2.2.1.2. Other visible oxide absorbers 

Another prominent member of the copper oxide family is cupric oxide (CuO). In a similar 

fashion to Cu2O, CuO also is an intrinsically p-type semiconductor but with a more ideal 

(narrower) bandgap of ~1.4 eV for harvesting sunlight in the visible spectral region. Owing to 

its lower bandgap energy, the single CuO p-n junction predicted theoretical (detailed balance) 
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maximum conversion efficiency is ~31% thus significantly larger than the predicted 

maximum for Cu2O (~22%) [273]. Nevertheless, the maximum power conversion efficiency 

achieved to date in CuO based solar cells is just ~2%. This largest PCE have been achieved 

when the p-type CuO layers were defined onto n-Si substrates [274], [275]. CuO-based oxide 

heterojunctions presents a light harvesting efficiency even smaller (~0.1% for nanostructured 

CuO/ZnO[276],[277] and 0.25% for planar CuO/Zn1-xMgxO) [278]. The small power conversion 

efficiencies are ascribed to several reasons including the CuO absorber low hole concentration 

and conductivity [279], reduced CuO carrier lifetimes [273] and/or interface recombination at 

defects [278b]. CuO can be also combined heteroepitaxially with (either n or p-type) Cu2O to 

enhance the light harvesting properties of CuO alone [280],[281]. Cobalt oxides (Co-O) are 

another family of intrinsic p-type semiconductors which may exhibit promising optical 

bandgaps. Co3O4 is a mixed valence compound with a normal spinel structure and is the most 

stable phase in the Co-O system. While the CoO band gap energy (5 eV) results in an 

insulator, the Co3O4 is an optical p-type semiconductor. First evaluation of Co3O4 as a p-type 

absorber (with TiO2 as the n-type window layer) resulted in a low PCE of 10-2-10-3 % [282], 
[283]. Dopants such as Li, Cu and Fe into the spinel Co3O4 layer has been reported resulting in 

much enhanced p-type conductivity [284], [285], [286]. Patel et al. [287] reported that a rapid 

thermal annealing effectively overcomes the native defects in the Co3O4, tuning the free 

carrier concentration (1017–1020 cm−3) and enhancing the hole mobility. The Co3O4/TiO2 

semitransparent p-n heterojunction exhibited enhanced PCE from 0.1 to 0.6%.  A MoO3 

interfacial layer has a beneficial effect onto the Voc in TiO2/Co3O4/MoO3 all-oxide solar cells 
[288].  All oxide cobalt-oxide based Co3O4/ZnO based p-n photovoltaic heterostructures (ZnO 

being planar or in a nanowire arrangement) were also reported [286], [289]. Bismuth oxides have 

also been investigated as potential oxides with an optical bandgap (Bi2O3 bandgap ~2.4-3 eV) 
[290], [291]. Morash et al. [292] reported open circuit voltages of ~680 mV and short-circuit 

currents of ~0.3 mA/cm2 for an ITO/Bi2O3 all-oxide solar cell representing a maximum PCE 

of ~0.05%.  Iron oxides are another prominent solar active oxide family. Hematite (α-Fe2O3) 

has attracted much attention because of its promising properties as photoanode in solar water 

splitting cells owing to its relatively narrow bandgap of 2.1 eV [293]. With the same corundum-

type crystal structure, α-Rh2O3 has an ideal optical bandgap of ~1.2–1.4 eV [294]. The bandgap 

of α-Fe2O3 is narrowed by Rh substitution in hematite which, in turn, increasing its optical 

activity [295]. Analogously, the Bi–Fe (doped with V) families of oxides are also investigated 

as potential solar light harvesters with a special focus in the composition Bi4V1.5Fe0.5O10.5 
[296]. 

The combination of two wide bandgap oxides may produce an oxide with better solar 
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harvesting properties. Although CeO2 and NiO are both wide bandgap oxides (~3.3 eV), their 

alloys form oxides with an optical bandgap. In this sense, Barad et al. [297] investigated the Ce-

Ni-O system by a combinatorial material science approach. They identified and implemented 

the CeNiO3 reduced bandgap phase (1.48–1.77 eV) as the absorber layer in a solar cell where 

photovoltages of up to 550 mV were achieved. Oxynitrides (such as La-Ta-N-O) are another 

family of oxides being studied as the absorber in photovoltaic systems where the introduction 

of nitrogen greatly results in a reduction of the oxide band gap (e.g. LaTaON2 vs La3TaO7) 
[298]. It possesses a narrow bandgap energy of 2.1 eV that allows for the absorption of up to 

40% of solar spectrum. The bismuth oxyhalide BiOI has been reported to have a direct 

bandgap of ~2eV with an effective mass below m0 and therefore it could harvest a part of the 

solar spectrum efficiently [218]. Two dimensional oxides are also investigated to harvest solar 

photons [299]. For example, 2D GaInO3 (calculated bandgap of 1.56 eV) can exist stably at 

ambient condition and would be stable up to 1100 K [300].  

 

2.2.2. Ferroelectric Oxide Solar Cells  

 

2.2.2.1. Ferroelectric Photovoltaics Materials  

 

Ferroelectric oxides, an exclusive subclass of polar materials possessing a switchable 

polarization, have been the most investigated materials of those exhibiting bulk photovoltaic 

effects (BPE) [88]. Indeed, the study of the anomalous photovoltaic effect in ferroelectrics is 

commonly referred as ferroelectrics photovoltaics [301], [302]. The field was mainly developed 

in three wide bandgap oxides families (typical reported optical bandgap in brackets); LiNbO3 

(~4 eV), BaTiO3 (~3.2 eV), and Pb(ZrTi)O3 (~3.6 eV). The first ferroelectric photovoltaics 

reports can be traced back to 1950s on investigating photo-generated surface fields in BaTiO3 

[303] or perhaps 20 years before on reporting photo-induced currents in tartaric acid crystals 
[304]. It was in 1974 when Glass and co-workers published their seminal paper reporting 

extremely large (over 1kV) anomalous above bandgap voltages in iron doped LiNbO3 

(Fe:LiNbO3) crystals and ascribed this to a new photovoltaic effect which was dubbed as bulk 

photovoltaic effect [305]. Analogous large photovoltages were also reported in BaTiO3 and 

(Pb,La)(Zr,Ti)O3 ceramics as early as in 1973 and 1975, respectively [306],[307]. In 1985, 

Uchino and co-workers discovered a notable photostrictive effect in (Pb,La)(Zr,Ti)O3 
[308] 

following the Brody’s optomechanical bimorph-type actuator [309]. These photostrictive 

actuators directly transform light energy into kinetical energy (mechanical motion) and may 
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find an application niche in future wireless remote-control photo-actuators and sensors. The 

field of ferroelectric photovoltaics has experimented a rejuvenation the last few years owing 

to a bunch of advances as the discovery of a photovoltaic effect and above bandgap voltages 

in multiferroic BiFeO3 thin-films (~2.7 eV) 
[310] and the development of new ferroelectric 

oxides with even narrower optical bandgaps (e.g. Bi2FeCrO6 ~1.5 eV) to harvest sunlight 

more efficiently [311], [312], [313]. These ferroelectric oxides (and many other ferroelectric 

oxides) have been investigated in the form of single crystals [314] [315] [311], [316], [317], [318], 

ceramics [306],[319],[307],[308] [309] [320] or thin-films, e.g. BaTiO3 
[321] [322], (Pb,La)(Zr,Ti)O3 

[323] 
[324] [325] [326] [327] [328] [329] [330] [331] [332] [333] [334] [335], BiFeO3 

[336] [337] [338] [339] [340] [341] [342] [343] 
[344] [345] [346] [347] [348] [349] [350] [351] [352] [353] [354] [355] [356] [357] [358] [359] [360] [361] [362] [363] [364] [365]  
[366] [367] and Bi2FeCrO6  

[368] [313]. Ferroelectric photovoltaic action has been investigated in 

other perovskite ferroelectric oxides such as NaxK1-xNbO3 
[369], Pb(Mg,Nb)TiO3 

[370] or 

Pb(Fe,V)O3 
[371]. Further, Aurivillius layered perovskite oxides such as, Bi4Ti3O12 

[372],[373],[374],[375], Bi5FeTi3O15 
[376], (Na,K)xBi5-xTi4O15 

[377] or SrBi2Ta2O9 
[378] have also been 

reported to exhibit ferroelectric photovoltaic phenomena. The ferroelectric anomalous 

photovoltaic features have also been studied in other non-perovskite ferroelectric such as 

tungsten bronzes SrxBa1-xNb2O6 
[379],[380], gallium silicates X3Ga5SiO14 (X=Pr,La) [381],[382], 

lead germanates Pb5Ge3O11 
[383] and non-oxide ferroelectrics such as (3-Pyrrolinium)(CdCl3) 

[384], (benzylammonium)2PbCl4 
[385] and polyvinylidene fluoride (PVDF), a ferroelectric 

polymer [386],[387].    

 

2.2.2.2. Wide Bandgap Ferroelectric Oxide Thin-films  

 

In general, the ferroelectric photovoltaic phenomena in classic wide bandgap (i.e., those with 

an optical bandgap in the near ultraviolet range of ~3-4 eV) ferroelectric oxide single crystals 

or ceramics may produce (but not always) large above bandgap photovoltages. However, in 

contrast, only very tiny photocurrents (typically ~pA/cm2) are usually generated in these bulk 

oxides. When compared to single crystals and ceramics, ferroelectric oxide thin-films is a 

route to highly improve the device photocurrent as for example was demonstrated by Ichiki et 

al. 
[388] with a x100 enhanced photocurrent for Pb(Zr,Ti)O3 thin-films. The thin-film 

arrangement for photovoltaics presents other well-known advantages; thin-films absorb and 

harvest light as crystals do but they require much less material (if the absorption coefficient is 

sufficiently high) which is highly desirable for any commercial application. However, the 

ferroelectric photovoltaic phenomena in oxide thin-films is not, in general, (only) ascribed to 
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a canonical BPE (developed for perfectly homogeneous single crystals) but may exist other 

symmetry breaking effects (grain boundaries, Schottky barriers, depletion regions, 

depolarization fields and/or domain walls to name a few (e.g. [389],[390])). Dharmadhikari et al. 
[321]

 reported the first ferroelectric thin-film photovoltaic device in 1982. BaTiO3 layers were 

evaporated (0.3-0.5 m) by rf sputtering on silicon. The first epitaxial Pb(Zr,Ti)O3 thin-film 

solar cell (grown by pulsed layer deposition onto Nb:SrTiO3) was reported in 2000 with a 

power conversion efficiency of ~0.6% under near UV light [325]. As a comparison, under 

simulated sunlight (AM1.5 100 mW/cm2), Chen et al. 
[331] reported in 2012 the first thin-film 

Pb(Zr,Ti)O3 solar cell onto photovoltaic graded glass coated with a TCO (glass/ITO) with a 

power conversion efficiency of ~0.2%. In contrast to single crystals and ceramics, only a 

bunch of ferroelectric devices with above bandgap voltages have been reported for thin-films 

of Pb(Zr,Ti)O3 (and BiFeO3) to date; e.g. Yang et al. [391], Yao et al. [392], Bhatnagar et al. [393] 

and Nakashima et al. [394]. In particular, Yao et al. 
[392] demonstrated in 2005 above bandgap 

voltages (larger than 7 V) for a (Pb,La)(Zr,Ti)O3 thin-film (0.42 m) having in-plane 

polarization and interdigitated in-plane electrodes with a 10 m gap. Despite the above 

bandgap photo-generated voltage, the photovoltaic field of this lateral device was indeed 

rather small (Epv ~ 4 kV/cm). Zenkevich et al. 
[322] reported in 2014, for much thinner BaTiO3 

epitaxial films (20-50 nm) on Pt/MgO (001), an out-of-plane photovoltaic field of ~300 

kV/cm thus representing a giant BPE field. However, in this case, the photovoltage (~0.7 V) 

was well below the BaTiO3 bandgap energy (~3.2 eV). In 2016, it was reported much large 

above bandgap photovoltages (120 V) and the largest photovoltaic field (more than 6 MV/cm) 

ever observed for any photovoltaic material in antiferroelectric PbZrO3 (PZO) thin films 

under near ultraviolet (365 nm) illumination [87]. In anti-ferroelectric photovoltaics, the 

ferroelectric phase of PbZrO3 (bandgap energy of ~3.8 eV) may be pinned under UV 

illumination thus resulting in an extraordinarily strong photo-induced field. Other wide 

bandgap ferroelectric oxides have been used to define thin-film photovoltaic devices 

including (K,Na)NbO3 (KNNO) [369], and BiTs (the layered ferroelectric Bi4Ti3O12 family) 
[375],[376],[377]. Park et al. 

[395] reported sizable photovoltaic properties on ferroelectric oxide 

KNNO nanotube solar cells with an improved power conversion efficiency of 0.02% when 

compared with the planar thin-film solar cell. Regarding the Aurivillius layered perovskite 

oxide thin-films, ferroelectric photovoltaics has been investigated in oxides such as Bi4Ti3O12 

[372],[373],[374],[375] Bi5FeTi3O15 
[376], (Na,K)xBi5-xTi4O15 

[377] and SrBi2Ta2O9 
[378]. The oxide thin-

film solar cell efficiency in these layered ferroelectrics under withe light illumination (or 

AM1.5) is very low (10-6-10-4 %). However, the oxide thin-film Aurivillius solar cell 
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performances have been progressively enhanced (0.04 %) for four-layer phase bismuth 

layered structure and it has been related to a larger remnant polarization.  

 

2.2.2.3. Optical Bandgap Ferroelectric Oxide Thin-films  

 

To harvest sunlight efficiently, the ferroelectric oxide should have smaller bandgaps than 

those of classical perovskite oxides. Bismuth ferrite (BiFeO3 or BFO), one of the most 

promising multiferroic material (because its co-existing ferroelectricity and 

antiferromagnetism at room temperature), has a tunable optical bandgap of ~2.2-2.7 eV and 

has arguably been the most investigated ferroelectric photovoltaic oxide in the last decade. In 

2009, Choi et al. 
[396] reported a switchable ferroelectric diode and a modest visible-light 

photovoltaic effect in BiFeO3 single crystals. Yang et al. 
[336] published also in 2009 much 

enhanced photovoltaic currents in epitaxial BiFeO3 thin-films grown on SrRuO3/SrTiO3 

substrates under simulated sunlight (AM 1.5). The same authors reported in 2010 [391] in-plane 

above bandgap voltages for epitaxial BiFeO3 thin-films grown on DyScO3 substrates under 

white-light illumination. In BiFeO3/DyScO3, arrays of ordered 71o BiFeO3 ferroelectric 

domain walls were achieved by tuning thermal treatments. The domain walls array orientation 

with respect to the in-plane electrodes was found to critically modulate their photovoltaic 

performances; either, above bandgap voltages (when perpendicular to the current flow) or just 

enhanced photocurrents (when parallel to the current flow). Following these works, many 

investigations have been focused on enhancing the photovoltaic properties of BiFeO3 thin-

films during the last decade, although the overall power conversion efficiency still remains 

low (below 1%) [393], [394],[337, 397], [398]. It has been common to substitute and/or to dope 

BiFeO3 (with several atoms such as Sr, Cs, Mn, Ti, Sa, Na, La, K and/or Ni) to enhance the 

power conversion efficiency but, again, with only very limited success yet (BFO:D in Fig. 

6(c)). With the same goal, other ferroelectric oxides with even lower bandgap energies have 

been intensively investigated during the last few years (see e.g. Fig. 6(d)), including 

[KNbO3]1-x[BaNi1/2Nb1/2O3-]x 
[311], Bi2FeCrO6  

[313], [368], KBiFe2O5 
[316], BixMn1-xO3-[399], 

Pb(Zr,Ti)O3-NiO
[400], [401] or BaTi1–x(Mn1/2Nb1/2)xO3 

[402]. Some of these optical bandgap 

oxide (OBG) thin-film has certainly produced more promising results (in terms of power 

conversion) than previous wider bandgap oxides (WBG) as LNO, PZT, BTO and BFO (see 

Fig. 6(c)). In 2011, Nechache et al. 
[368] reported epitaxial Bi2FeCrO6 grown on Nb:SrTiO3 

substrates exhibiting a record high power efficiency of 6% with monochromatic illumination 

of 635 nm. In 2014, the same authors published [313] a optimized stack of three Bi2FeCrO6 
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layers resulting in an even higher power conversion efficiency of 8.1% under AM1.5 (100 

mW/cm2) simulated sunlight. They also reported ~2% efficiency in p-i-n 

NiO/Bi2FeCrO6/Nb:SrTiO3 heterostructures [403]. In 2018, Chakrabartty et al. [404] reported a 

power conversion efficiency of ~4.2% under AM1.5 (100 mW/cm2) simulated sunlight from 

Bi–Mn–O composite thin films (with mixed phases of ferroelectric BiMnO3 (gap 1.2 eV) and 

BiMn2O5 (gap 1.23 eV)) which photocurrent mainly developed across grain boundaries rather 

than within the grains. 

 

2.3. OTF as Buffers: Transparent Semiconductors  

 

2.3.1. Transport Layers 

 

Transparent semiconducting oxides (TSOs) have widely been used as barrier (or transport) 

layers (Fig. 7) in solution-processed thin-film photovoltaics [e.g. organic (OPVs), dye 

sensitized (DSSCs) or organic-inorganic halide perovskite (HPSCs) solar cells] since the very 

beginning [405],[406],[407],[408],[409]. Oxide buffers have also been implemented in many other (if 

not all other) thin-film photovoltaic technologies such as amorphous silicon (a-Si) (e.g. [410], 
[411]), cadmium telluride (CdTe) (e.g. [412],[413]), copper zinc tin sulfide - “CZTS” (Cu2ZnSnS4) 

(e.g. [414],[415]) and copper indium gallium selenide - “CIGS” (Cu(In,Ga)Se2) (e.g. [416], [417]). 

Oxide thin-films have been also implemented in crystalline silicon solar cells (c-Si) (see e.g. 
[418],[419],[420],[421],[422],[423]), crystalline germanium solar cells (c-Ge) (see e.g. [424]) and single-

crystal III-V (see e.g. InP [425]).  In these structures, TSO thin-films deliver some critical 

advantages, including; (i) optical transparency, (ii) tunable conductivity, (iii) tunable band-

alignment, (iv) sealing from the environment, and (v) easy and cheap processing. As a buffer 

layers, TSOs can be either n-type or p-type semiconductors with non-degenerate doping (not 

yet a metal as a TCO) but usually still highly conducting. The TSO buffer is usually located in 

between one of the carrier extraction metal electrodes and the light absorber core layer. A 

major role of TSOs in thin-film photovoltaics consists in selecting (or transporting) only the 

majority carrier type to avoid further electron-hole recombination at the metal electrodes. As 

electron transport material (ETM) in thin-film solar cells, the most used oxide semiconductor 

is arguably TiO2 but many other n-type binary oxides (e.g. ZnO, SnO2 or WO3) and n-type 

ternary oxides such as BaSnO3, SrTiO3 and Zn2SnO4 are also being intensively investigated 

(see e.g. [426]). As hole transport materials (HTM), the most common oxide semiconductor 

probably is NiOx  (see e.g. [427]) while other binary oxides such as CuOx, MoO3, V2O5 or GeO2  
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have also attracted a lot of attention. In a thin-film photovoltaic context, TSO thin-films can 

also be classified as nanostructured or planar. Nanostructured oxide thin-films are made of 

nanoparticles (e.g. mesoscopic), nanorods, nanoplates, quantum dots or any other 

nanostructure within the nanoscopic size range (1 to 100 nm) while in the planar 

configuration they are dense thin-films [428] (see Fig. 7). 

 

2.3.1.1. Nanostructured Transport Layers 

 

There are few thin-film photovoltaic technologies that are nanostructured in nature (e.g. dye 

sensitized (DSSCs)), there are other photovoltaic technologies that may or may not be 

nanostructured (e.g. organic-inorganic halide perovskite (HPSCs)) and there are other thin-

film photovoltaic technologies that are not nanostructured in general (e.g. bulk organic 

heterojunctions). The buffer nanostructure is introduced in these solar cells as a route for 

enhancing the potential area for photon harvesting and carrier collection, to increase the 

overall power conversion efficiency or to achieve a larger degree of stability and durability of 

the solar cell. For example, TiO2 is the most common oxide electron extraction layer in 

DSSCs [429], [430] and nanostructured normal (or n-i-p) HPSCs solar cells [431],[432], delivering 

power conversion efficiencies over 11% [433] and 20% [434], respectively. The most common 

nanostructure in this kind of solar cells is a mesoporous nanostructure of aggregated 

nanoparticles. State-of-the-art electron extraction layers in DSSC solar cells are made of a 

porous layer of TiO2 nanoparticles, coated with a molecular dye (e.g. photosensitive 

ruthenium-polypyridine dye) that absorbs sunlight. In HPSC, this generally comprises a n-

type bi-layer of mesoporous mp-TiO2 nanoparticles of tens of nanometers (with a final 

thickness of ~100-500 nm) in diameter onto a much thinner dense d-TiO2 blocking layer 

(typically ~10-20 nm). The mesoporous bi-layer is typically sandwiched in between a 

commercial TCO/glass substrate (the TCO being primarily ITO or FTO) and the light 

absorber layers. While the mp-TiO2 nanostructure increases the area for photovoltaic 

conversion, the dense d-TiO2 avoids hole recombination at the transparent electrode. The 

standard method for defining the blocking dense layer is by solution processing where a 

solution containing titanium (usually titanium iso-propoxide) is spin-coated and further 

annealed at high temperature in an oxygen ambient (~450 oC) [405], [406], [407], [435], [436], [437], 
[438], [439], [440], [441], [442], [443], [444], [445], [446], [447]. Larger area, spray pyrolysis [441], [448], [449], 
[450] and screen printing [450], [451], [450] are among the different methods to define the n-type 

buffer layer. Several other research directions regarding the engineering of the electron 
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extraction layer include crystal design (e.g. brookite mp-TiO2 
[452]), coatings (e.g. fullerene 

monolayers (C60SAM) [453]) or doping to further reduce the TiO2 resistivity (e.g. Nb:d-TiO2) 
[454]. In DSSC solar cells, binary and ternary n-type mesoporous oxides such as mp-ZnO, mp-

Nb2O5, mp-SrTiO3, mp-BaSnO3 and mp-Zn2SnO4 have already been investigated as an 

alternative to mp-TiO2 to achieve enhanced power conversion efficiencies [455]. In HPSC solar 

cells, alternative mesoporous n-type oxides reported as ETM include mp-SrTiO3 
[456], [457] and 

mp-ZnO [458]. Other forms of nanostructured n-type electron transport ZnO has also been 

routinely implemented to improve the photo-carrier harvesting of various photovoltaic thin-

film technologies, particularly in the form of columnar nanorods 
[459],[460],[461],[462],[463],[464]. 

The inverted (or p-i-n) HPSC structure presents the advantage of defining the high 

temperature oxide HTM before the perovskite absorber (maximum thermal budget typically 

limited to ~100 oC) thus widening the number of cheaper potential materials to be used as the 

hole extraction layer and is also compatible with more common low temperature n-type 

oxides [465]. This approach is a potential route for further improving the solar cell stability and 

reducing the overall cost of the HPSC solar cell (the most common organic polymeric HTM 

Spiro-OMeTAD is as expensive as gold) [466]. In the case of halide perovskite solar cells, the 

mesoporous mp-NiO is the most investigated nanostructured p-type oxide HTM which is 

located in between the TCO/glass substrate and the halide perovskite absorber [467], [468], [469], 
[470],[471],[472]. 

 

2.3.1.2. Planar Transport Layers 

 

Planar solar cells present several advantages respect to their nanostructured counterparts such 

as simpler fabrication routes, better conformal coating characteristics, smoother surfaces, 

enhanced crystal quality with larger grains and lower cost [473]. Titanium oxide is, again, the 

most common oxide ETM in planar (n-i-p) organic (OPV) and normal (n-i-p) HPSCs solar 

cells [474], [475], [476], [477], [478], [479], [480], [481], [482], [483], [484], [485], [486], [487], [488], [489], [490], [491], 
[492], [493], [494], [495], [496], [497], [498]. Buffer semiconductor TiO2 thin-films are usually grown by 

spin-coating in a similar fashion to the mesoporous one described earlier and may be doped to 

enhance the TiO2 conductivity with atoms such as yttrium [482], molybdenum [494] or zirconium 
[495]. For example, yttrium doping resulted in larger HPSC photovoltaic currents, owing to a 

higher conductivity at the ETM buffer, and resulting in an overall efficiency in excess of 19 % 
[482]. There are other potential n-type oxides being investigated as planar electron extraction 

layers of normal halide perovskite solar cells including ZnO [462], [499], [500], [501], [502], [503], [504], 
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[505], [506], WO3 
[507], CeO2 

[465] and Zn2SnO4 
[508]. Planar inverted (or p-i-n) HPSC solar cells 

containing p-type nickel oxide as the hole extraction buffer semiconductor have also been 

extensively studied, where the NiO layer was grown by various techniques including spin 

coating, magnetron sputtering or spray pyrolysis [509], [510], [511], [512], [513], [409], [514], [515], [516]. 

Doping the NiO layer with atoms as copper, cobalt, strontium and cesium has resulted in 

enhanced optoelectronic properties of the oxide-based hole transport media and better overall 

PCE [515], [517], [518], [191]. For example, Kim et al. 
[515] increased the NiO HTM conductivity up 

to a value of ~8x10-4  -1cm-1 for Cu-doped (the undoped conductivity was only 2x10-6 -1cm-

1) which, in turn, resulted in an increase of the HPSC photocurrent from 14.13 mA/cm2 up to 

a value of  18.75 mA/cm2 together with larger photovoltages (1.1 V) owing to better band 

alignment. In a similar fashion, other oxides have been investigated as HTM in various thin-

film photovoltaic technologies including NiMgLiO [519], graphene oxide (GO) [520], 

molybdenum oxide (MoO3) 
[521] and copper oxide (CuOx) 

[522]. In 2018, a carefully designed 

tandem organic photovoltaic (OPV) device containing n-type and p-type ZnO and MoOx 

planar oxide buffers has been reported to achieve power conversion efficiency as high as 

17.4% [523]. Molybdenum oxide also is a particularly used p-type oxide as hole carrier 

selective contact for high efficiency silicon heterojunction solar cells [524].    

  

2.3.2. Insulating Scaffolds  

 

Transparent insulating oxides (TIOs) also found its place within thin-film photovoltaic 

devices as insulating scaffolds, surface passivation [525], [526] or very thin tunneling contacts 

(oxide tunneling contacts [527], [528]). As insulating scaffolds, they must be nanostructured; 

otherwise they would block the current through the structure. The most studied nanoparticle 

insulating scaffolds in HPSC solar cells are based in Al2O3 
[407], [529], [530], [531], [532], [533], [448], 

[534], [449], [450], [535], [536], ZrO2 
[537], [538], [539], [540], [408], [541] and SiO2 

[542], [543], [544]. 

Nanoparticles of Al2O3, ZrO2 and SiO2 are insulating owing to their wide band gaps (from 7 

eV to 9 eV) and present optical transparency and high lowest unoccupied molecular orbitals. 

In a typical arrangement, there is enough interspace among nanoparticles which is infiltrated 

with the light absorbers (creating photo-conductive channels). Insulating scaffolds exhibit 

some interesting features in halide perovskite solar cells. For example, due to its insulating 

nature, electrons are inefficiently injected into the dielectric nanoparticle scaffolds allowing 

the electrons to be transported faster within the perovskite layer and thus producing larger 

photovoltages [407]. There are also reports that suggest that a mesoporous scaffold hinders 
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deleterious ionic migration thus recombination and hysteresis are reduced [545]. In practice, 

these potential advantages should be carefully balanced with the unavoidable current losses at 

highly resistive insulating nanoparticles. For example, Yu et al. 
[543] compared the 

photovoltaic characteristics of identical halide perovskite solar cells containing semiconductor 

n-type mp-TiO2, and insulating mp-Al2O3 or mp-SiO2. The overall HPSC average 

photocurrent of the mp-SiO2 structures was 18.0 mA/cm2, lower than those from mp-TiO2 and 

mp-Al2O3 (~19.7 mA/cm2). However, as the photovoltage and fill-factor was larger (in 

average) for the mp-SiO2 structure, the more insulating scaffold produced the largest power 

conversion efficiency of 16.2 %. From the device engineering point of view, insulating 

scaffolds can add new practical aspects to thin-film solar-cell architectures (e.g. acting as 

spacer layers). For example, mesoporous nanoparticles of zirconium oxide (ZrO2) are in the 

core of the so-called triple-layer perovskite junction [546]. Originally grown onto a FTO/glass 

substrate, the triple-layer structure is a stack of a mesoporous mp-TiO2 layer (~1 mm-thick) 

acting as electron extraction layer, a mesoporous mp-ZrO2 layer (~2 mm-thick) as insulating 

scaffold which is coated with a conductive carbon-based paste acting as counter-electrode. 

The triple-layer is infiltrated with the light harvesting halide perovskite from a chemical 

solution by drop-casting. This hole-conductor-free solar cell architecture is, therefore, fully 

printable [547] and avoids the implementation of expensive hole transport layers and precious 

metals as the counter-electrode (typically Au), which is replaced by low-cost carbon-based 

materials [548]. Further, this particular kind of HPSC can be readily implemented in larger 

photovoltaic modules (~40 cm2) with power conversion exceeding 15% and, therefore, having 

prospects for commercialization [549]. Other similar HPSC architectures have been recently 

reported in which it was replaced the mp-ZrO2 by other insulating oxides such as mp-Al2O3 
[550], [551],[552] or a HTM was incorporated [450]. The hole extraction layer can be, indeed, a p-

type mesoporous oxide as in the all-oxide mesoporous four-layer mp-TiO2/mp-Al2O3/mp-

NiOx. This four-layer was infiltrated again with a halide perovskite light absorber solution and 

caped with a carbon electrode [450].  

 

2.3.3. Switchable Buffers: Solaristor – A neuromorphic phototransistor 

 

The oxide buffer layers mentioned in previous sections were incorporated in thin-films solar 

cells as semiconductor transport layers or as spacers thus exploiting primarily their 

optoelectronic properties (optical transparency, majority carrier conductivity or insulation). 

While oxide thin-films in photovoltaics may present several technological advantages as their 
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stability, inherent low cost or their potential for covering large areas by printable techniques, 

these optoelectronic properties are essentially common to many other potential non-oxide 

wide bandgap semiconductors (e.g. chalcogenides or halides). Nevertheless, many oxide thin-

films do exhibit a range of unique complementary functionalities, (they are indeed sometimes 

referred to as functional oxides) or, at least, it is common that they are the class of materials 

where some of these unique functionalities are stronger. An example of this is the ferroelectric 

phenomena, which basically implies a switchable internal polarization and, in turn, space 

charges at the surface which polarity may be reversed. An often-overlooked property of a 

ferroelectric semiconductor is that a switchable surface charge arrangement also implies a 

switchable surface band-bending [553], [554], [555]. In a heterojunction with other more efficient 

light harvester, this property may be used to define compact two-terminal phototransistors or 

solaristors [89] (Fig. 8(a)-(b)). A way to improve the photovoltaic current of ferroelectric 

photovoltaic devices is through the combination with organic, inorganic or hybrid 

semiconductor light absorbers such as Cu2O [556], a-Si [557], ZnO [558], OPV [89] or HOIPs [90]. 

The maximum PCE in this hybrid ferroelectric-oxide/light absorber heterojunctions is now 

above 11% [90]. In the context of switchable photovoltaic interfaces, ferroelectric oxides add 

these new functionalities to the structure (a ferroelectric layer can be seen as a semiconductor 

with switchable surface charge polarity). Because of its tuneable internal dipole effect, 

ferroelectrics bend their electronic band structure and offsets with respect to adjacent metals 

and/or semiconductors when switching the ferroelectric polarization so that the overall solar 

cell conductivity can be tuned orders of magnitude (Fig. 8(c)-(d).           

 

Currently, any transistor (i.e., the basic building block of any Von-Neumann or 

Neuromorphic computing machine) is fueled by an external source and this represents an 

undesired and critical energetic requirement. A phototransistor [559], [560], [561], [562] can be 

defined as a three-terminal device whose output can be simultaneously and independently 

controlled by light or voltage. Ideally, phototransistors should be self-powered (i.e. producing 

its own energy) and integrated into a vertical two-terminal device for higher density 

miniaturization. In practice, these photo-transistors also must keep a normally-off state for 

mitigating the “sneak-path” problem (due to an excess of current leakage) [35], better 

dissipation efficiency (less Joule heating) and easier control [563]. Normally-off (or 

enhancement-mode) transistors are in general preferred by electric engineers and are those 

that, at a gate bias of 0V, do not transport current in between its source and drain terminals, so 

they are normally switched-off. Harvesting the photon energy, a photovoltaic junction would 
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already act as a self-powered current source, but conventional p-n junctions do not switch. 

There are however several photo-switchable mechanisms that can result in diverse types of 

photovoltaic responses; these include ferroelectric photovoltaics [397], [337], [367], [301], ionic drift 

in halide perovskites [564],[565] (or oxide perovskites [566]), photovoltaic resistive switching [567], 

and the photochromic effect [568]. However, these incipient photovoltaic switches do not have, 

in general, a stable low energy consumption state. The solaristor (a portmanteau of SOLAR 

cell transISTOR) is the compact two terminal self-powered phototransistor (with a normally-

off state), or in other words, a solar cell and a memristor in series (Fig. 8 (a)-(b)). Solaristors, 

in their basic embodiment and working in a photovoltaic mode, should have no internal gain. 

Conventional phototransistors exhibit photoconductive gain, which is not seen in photodiodes 

(except avalanche photodiodes [569],[570]), and results in external quantum efficiencies (EQEs) 

well over 100%. For example, for an image sensor pixel in low lighting, photoconductive gain 

in the phototransistor enables higher EQEs than the photodiode-based pixel [571]. The 

combination of photoconductive gain and sublinear responsivity of a phototransistor-based 

pixel would lead to a wider dynamic range than a photodiode-based pixel. However, the 

sublinear photoresponse can be problematic in applications that require high-resolution and 

quantitative light detection, for which a linear photoresponse with constant EQE provided by 

photodiodes would be preferred [572]. 

 

 The solaristor effect is achieved by controlling the internal field properties or the overall 

conductivity of the solar cell. As will be reviewed in the next sections, there are several 

phenomena resulting in changes in a material resistivity [16] including an internal resistivity 

change (e.g. creation of conductive filaments), a structural change of phase, spin-driven or 

ferroelectricity-driven effects as shown in Fig. 8(e). In oxide-based solaristors, the two-in-one 

transistor plus solar cell may be implemented by an oxide resistive switching effect in the 

flow of photo-generated carriers [89], [90], [573], [574], [575]. In computer science, a paradigm shift 

is taking place in replacing (three-terminals) CMOS transistors by (two-terminals) memristors, 

which are well-known to closely mimic biological neurons and human learning (see e.g. [576]) 

in a smaller space and with much less power consumption. In a similar fashion, a paradigm 

shift from phototransistors to solaristors may enable a more biorealistic and self-powered 

photo-neuromorphic engineering. Besides, the introduction of photovoltaic and/or photonic 

aspects into arising neuromorphic devices will, not only produce much faster and efficient 

self-powered adaptive electronics, but may also create new and exciting possibilities in 
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artificial neuroscience, artificial neural communications, sensing and machine learning as will 

be surveyed further on. 

 

3. Oxide Thin-films in Neuromorphic Devices 

 

Neuromorphic engineering, artificial neural networks and brain-inspired computing are now 

receiving renewed attention [577], [578], [579], [580], [20] as a way to surpass the Von-Neumann 

paradigm [29]. The neuromorphic engineering approach aim is to mimic directly the 

biophysical processes that underlie neural computation in biological neural systems. The 

brain’s cognitive power is not based in high-performance and fast computing with exact 

digital precision (as today computers do), but rather is due to an extremely interconnected 

network of slow, imprecise and, to some extent, untrustable analog components performing a 

probabilistic form of collective computation at the minimum energy (metabolic) cost [581]. 

Human’s brains are outstanding in learning structure within from sensory data with excellent 

efficiency in generalization and dimensionality reduction. Neuromorphic computing is 

therefore especially suited for solving structured data in very high dimensions, such as high-

level visual cognition (within supervised or unsupervised learning frameworks), temporal 

learning, including temporal difference learning and temporal sequence learning, for reward 

prediction from the perspective of reinforcement learning [582],[583]. The term neuromorphic, 

coined by Carver Mead in 1990 [584], was originally used to describe systems fabricated using 

standard CMOS processes as Neurogrid [31], TrueNorth [585], SpiNNaker [586] or Loihi [587]. As 

opposed to the neuro-computing approaches that are mainly concerned with fast and large 

simulations of spiking neural networks, the intrinsic neuromorphic systems are designed to 

directly emulate the biophysics and the connectivity of cortical neurons [588]. The 

implementation of intrinsic neuromorphic computing on the hardware level is intensively 

explored beyond CMOS including resistive switching (e.g oxide-based resistive switching [24], 
[589]), spintronics (e.g. spin torque devices [590], [28]), nanomagnetism (e.g. superconducting-

magnetic [591], [592]) or nanophotonics [593], [594]. As shown in Fig. 8(e),(f), these emerging 

nanoscale intrinsic synapse technologies have the potential to greatly improve circuit 

integration densities and to reduce power-dissipation which architecture is (in general) two-

electrodes out-plane (i.e. vertical - the layout of solar cells and solaristors) and no three-

electrodes in-plane (i.e. lateral – the layout of silicon CMOS transistors). At the time being, 

beyond CMOS neuromorphic functionalities are primarily realized by resistive switching 
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phenomena (electro-ionic signaling is what actually happens in biological neurons [595]) and 

oxide thin-films are one of the most investigated material systems. 

 

3.1. Neuromorphic Devices 

 

3.1.1. Biological Synapses in Short 

 

Emerging Non-Von-Neuman systems that emulate biological functionality more directly are 

composed of various basic building blocks: (1) artificial neurons (active signaling devices), 

(2) axons and dendrites (connections), and (3) synapses (non-volatile transistors) which 

mimic the elemental components of the brain circuitry. The nano-technologic replication of 

these basic elements will produce neuromorphic circuits with more-human artificial 

intelligence (AI) capabilities. The core elements of biological neural networks are spiking 

neurons which are known to be a major signaling unit of the nervous system (Fig. 9(a)). In 

biological neurons, the spike transduction is mediated primarily by a series of ion channels 

(e.g. sodium (Na+) and potassium (K+)) that modulates, permit or hinder polarizing signals to 

charge (or discharge) through the cell membrane (see e.g. [596]). The neuron membrane has 

therefore the role of a leaky capacitor whose voltage builds-up when an incoming spike (or 

train of spikes) comes up but slowly discharges over time. The ion channels modify 

significantly their conductivity when the neuron membrane is sufficiently polarized through 

its dendritic terminals. Then, a voltage spike (or action potential) is triggered and travels 

along the axon (Fig. 9(b)). Like electrical cables, neurons have an extended network of input 

connections (dendrites) and output connections (axons), which transport the electrical signals 

in neural circuits. In a typical multipolar neuron, each neuron has many dendrites (providing 

an enlarged surface area to receive signals) but usually has a single axon. A salient example 

are the Purkinje cells in the cerebellar cortex. These cells exhibit complex dendritic trees of 

up to ~200,000 connections, but still they have just one axon. Therefore, they process a large 

quantity of input signals, assimilating large amounts of sensory information but still they only 

transduce one single output signal [597]. However, the axon also commonly splits at its far end 

into many branches allowing the action potential signal to pass simultaneously to many other 

neurons. The synapse is the connection element between axons and dendrites. The adult 

human brain is estimated to contain ~1010 neurons and~1014 synapses [598], with a cortex 

synapse density of ~1012 cm-3 [599], [600]. As the equivalent of nano-transistors, they regulate 

the intensity of the axon signal transferred to the dendrite. One neuron releases 
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neurotransmitter molecules (e.g. monoamines, amino acids, peptides, or gasotransmitters 

enclosed within small sacs called synaptic vesicles) into the inter-neuron synaptic gap (~20 

nm). Vesicles then bind to neurotransmitter receptors (a protein that trigger the electrical 

signal by regulating the activity of the ion channels) on the postsynaptic cell membrane's side 

of the synaptic gap. At rest, the neuron membrane potential is polarized at ~ tens of mV (Fig. 

9(b)). The ionic drift (Na+, K+…) through the ion channels during neurotransmission, 

progressively depolarizes the postsynaptic neuron membrane. Eventually, a threshold is 

reached and an electrical signal is generated (action potential). The synaptic weight is the 

strength of this interconnection and provides the memory capacity of the network. These 

interconnections are not static but may vary over time or depending of their previous history, 

i.e. they have a certain degree of plasticity. Synaptic plasticity is the ability of synapses to 

strengthen or weaken over time, in response to increases or decreases in their activity, 

providing the learning capability of the neural network. A model of the correlation of the 

variation of the inter-neuronal synaptic weight in response to a train of neuronal spikes is 

commonly known as spike-timing-dependent plasticity (STDP) which is in the origin of many 

learning algorithms for spiking neural networks [601]. Plastic change often results from the 

alteration of the number of neurotransmitter receptors located on a synapse [602] but also 

dendrites themselves appear to be capable of plastic changes [603]. In oxide based 

neuromorphic technologies, while axon and dendrites are basically electrical connections (e.g. 

TCOs), neuronal and synaptic operations are performed by resistive switching solid-state 

devices (see Fig. 10) also known as synaptors and neuristors (see Fig. 11).  

 

3.1.2. Resistive Switching 

 

Neuromorphic cortical circuits, which mimic the interconnectivity and many biological 

aspects of biological neurons, may be achieved in practice by using the oxide’s inherent 

resistive switching features. The resistive switching effect consists of a sudden change of the 

resistance of a material after applying an electric field (or current), typically in an insulating 

sandwich-like structure in between two metal electrodes. The possible microscopic origin of 

RS is diverse and both, volatile and non-volatile RS, are being investigated in a wide range of 

material systems (not only in oxide thin-films). After the set bias, in non-volatile RS, the 

insulator’s resistance does not return over time to its original low-conductive value (or the 

other way around, after the reset voltage bias). In unipolar RS, the set and reset may be of the 

same polarity while in bipolar RS, the set and reset are of opposite polarity (Fig. 10 (a),(b)). 
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Thus, this non-volatile RS is now being widely studied for emerging random-access memories 

(RAMs) [22],[604],[605]. The most notable non-volatile RS are; (i) Resistive (i.e., ReRAM). This 

RS is due to a permanent change on the electrical resistance of the capacitor through an 

otherwise insulating thin-film oxide. In general, this RS is due to either (or both), a 

conductive filament formation (filamentary chain of ionic defects) or a dramatic change in the 

Schottky barrier height due to the migration of ions in the electrode’s vicinity [24]. (ii) 

Conductive bridge (i.e., CBRAM). This RS is based on the electrochemical formation of 

conductive metallic filaments through an insulating solid electrolyte. This RS is produced by 

the migration of ions from an electrochemically active electrode into the insulator. (iii) Phase 

change materials (i.e., PCM). This RS is due to a large difference in electrical resistivity 

between the materiral’s amorphous (low-conductance) and crystalline (high-conductance) 

phases. (iv) Ferroelectric. The switching of the ferroelectric polarization is intrinsically non-

volatile and there are several architectures of ferroelectric memories. For example, in a 

sandwich-like ferroelectric tunnel junction the resistance of the structure varies with switching 

the polarization as the tunnel current depends on the Schottky barrier heights (switching the 

polarization accumulates or depletes carriers at the interfaces and its band bending also varies). 

(v) Very recently, purely electronic non-volatile RS (in the form of coherent electronic waves) 

has been observed in nanoscale a-SiONx [631].  Some selected material systems for the 

different RS include the following:   

 

o ReRAM. Resistive switching is due to chains of defects through an otherwise 

insulating thin-film oxide. The first report of resistive switching phenomena was 

arguably the one by Hickmott in 1962 [70]. Materials for non-volatile unipolar and/or 

bipolar RS include; (1) simple binary metal oxides (usually off-stoichiometry) such as 

SiO2-x 
[606] or metal doped SiO2 (Ta:SiO2, Cu:SiO2, Pt:SiO2, Sn:SiO2, Zn:SiO2) 

[605], 

TiO2-x 
[607],[608],[609], HfO2-x 

[610], [611], [612], [613], [614], [615], Ta2O5-x 
[616], [615],[617],[618], 

Al2O3-x 
[619], [620], ZnOx 

[621], [622], [623], [624], ZrO2-x 
[625], [626], WO3-x 

[627], NiOx 
[628],[629],[630], [631] Co3O4-x 

[629], MgOx  
[632], Fe3O4-x 

[633], [634], [635], MnO2-x 
[636], Cr2O3-x 

[637], Cu2-xO 
[638], Gd2O3-x 

[639], [640], CeO2-x 
[641], [642], MoO3-x 

[643], [644], VO2-x 
[645], 

Y2O3-x 
[646], Nb2O5 

[647], La2O3-x 
[648] or GeO2-x 

[649] (2) Complex oxides such as BiFeO3 
[650], SrTiO3 

[651], [652], LaCrO3 
[653], ZnSO3 

[654], CoFe2O4 
[655], PrxCa1-xMnO3 (PCMO) 

[656], [657], [658], [659], [660], [661], [662], NaxK1-xNbO3 
[42] or YBa2Cu3O7−x (YBCO) [663]. (3) 

Amorphous oxides such as a-Ga2O3-x 
[664], a-Lu2O3-x 

[665],  and In-Ga-Zn-O (IGZO) 
[666]. (4) Oxy-chalcogenides as ZnOx/ZnS [667] and chlacogenides as Sn:GeS [668]. (5) 
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Hybrid organic–inorganic perovskites (HOIPs) (e.g. CH3NH3PbI3−xClx) 
[669], [670]). (6) 

2D (or quasi 2D) material systems as Ga2O3 
[671], graphene oxide (GO), MoS2-xOx 

[672], 

MoS2 
[673],[674],[675] or h-BN [676], [677], [678]. (7) Organic semiconductors and 

biomaterials including small molecule (e.g. BCPO) [679] ionic-electronic conducting 

polymers (e.g. PEDOT:PSS, PEDOT:PTHF) or biomaterials (chitosan, ferritin, silk 

fibroin, collagen, DNA) [680], [681].  

 

o CBRAM. Conductive-bridging is based on the electrochemical formation of 

conductive metallic filaments through an insulating solid electrolyte [682]. The 

electrochemical materials are generally composed of two different electrodes: one 

electrochemically active (generally Cu or Ag) and one inert (e.g. Pt, Au, Ru, Pd or W) 

electrode. These two electrodes are separated by a solid insulator electrolyte thin-film 

with good ionic conductivity such as amorphous silicon a-Si [683], a-SiC [684], silicon 

nitride SiNx, 
[683], silicon oxynitride SiONx 

[685], SiO2 
[683], metal-oxides (e.g. ZrO2, 

[686], 

GeO2 
[687], ZnFe2O4 

[688] or Al2O3 
[689]), inorganic halide perovskites (e.g. CsPbBr3 

[690]), 

organic semiconductors (e.g. P3HT:PCBM [691]), biopolymers (silk fibroin [692]) or 

some chalcogenides such as Ag2S [693], GeSx and GeSex, 
[694].  

 

o PCM. Phase change memory (PCM) depends on the large difference in electrical 

resistivity between the amorphous (low-conductance) and crystalline (high-

conductance) phases of so-called phase change materials. Materials used for phase 

change memories (PCM) should in general meet two requirements: large 

crystalline/amorphous resistivity ratios and fast re-crystallization times. A major 

breakthrough was reached in 1987 by the discovery of fast switching alloys on the 

pseudobinary line GeTe-Sb2Te3 which exhibited crystallization times in the 10−8 s 

range and up to 5 orders of magnitude resistivity change [695]. Phase change materials 

are therefore semiconducting chalcogenides alloys on the GeTe-Sb2Te3 pseudobinary 

line (e.g. Ge2Sb2Te5, GeSb2Te4, GeTe, or Sb2Te3) 
[696] while another successful alloy 

is the eutectic composition Sb2Te [697].   

  

o Ferroelectric/Multiferroics. Oxygen-octahedral perovskites and related materials (e.g. 

Pb(Zr,Ti)O3, BaTiO3, KNbO3, BiFeO3) are prominent RS ferroelectrics/multiferroics 
[698] although there are also notable ferroelectric organic polymers such as 

polyvinylidene fluoride (PVDF) [699], [700], [701], [702]. The Pb(Zr,Ti)O3 (PZT) system is 
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the most investigated and implemented material in current applications while BiFeO3, 

BaTiO3-based, K1-xNaxNbO3 or (Bi0.5Na0.5)TiO3 are promising lead-free ferroelectrics 
[703], [704], [705]. However, their inherent poor CMOS compatibility makes PZT and 

common lead-free perovskites difficult to be integrated with current industry 

mainstream. To address the issue, there is a strong interest in nanoscale engineered 

CMOS compatible oxide ferroelectric thin-films. Recently, ferroelectricity at 

nanoscale in CMOS compatible high-k dielectric HfxZr1-xO2 
[706] was demonstrated. 

Following this discovery, thin films based on (doped or undoped) HfO2 and ZrO2 have 

been shown to be ferroelectric as well [707], [708], [709].   

 

In volatile resistive switching, in contrast, the resistance collapse after the set voltage (or 

current) bias is not permanent, but vanishes over time. The insulating material also 

experiment a sudden drop in its resistivity after applying a set bias larger than a certain 

threshold, but the material returns to its highly-resistive original value after a characteristic 

time. A well-known route for volatile resistive switching features is implemented in Mott 

insulators in which a metal-insulator-transition is observed [710]. In a MIT transition, the 

resistivity drop takes place locally, when a section of the material changes from the insulating 

to the metallic phase as a result of an applied bias (Fig. 10(c)). 

 

o Mott insulators. Examples of Mott insulators are NbO2 
[711], [712], vanadium oxides 

such as VO2 
[713],[714],[715], V2O3 

[80],[715], Cr-doped V2O3 (V2-xCrxO3) 
[716], some 

nickelates/Ni-compounds (e.g. SmNiO3 
[717], La2−xSrxNiO4 

[718]), Fe3O4  
[719] and some 

chalcogenides such as NiSe2−xSx 
[716] or GaTa4Se8 

[720].  

 

Therefore, oxide thin-films are a particularly attractive material system for implementing 

resistive switching since, not only they feature both volatile and non-volatile resistive 

switching, but also the number of technological options available is huge; there is a lot of 

room for further research taking into account the number of potential oxide candidates, their 

various thin-film growth methodologies together with the exploration of their diverse RS 

microscopic origin (where some of these implementations are, in addition, CMOS 

compatible). Coming back to biological cortical circuits and with the objective to trace a 

neuromorphic correspondence, it may be argued that the two basic elements of biological 

brains, in its simplest view, are spiking neurons and synapses (i.e., the plastic connections in 

between neurons). The two types of oxide’s resistive switching enable the definition of the 
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two basic hardware elements of oxide-based neuromorphic systems, i.e., artificial synapses 

and artificial neurons [721]. The artificial analogous of a biological synapse, which emulates 

their non-volatile memory features, may be referred as a Synaptor (Fig. 11(a)). On the other 

hand, the artificial neuromorphic circuit emulating the volatile action potential behavior of 

spiking neurons may be referred as a Neuristor, (Fig. 11(b)). When these two elements are 

wired in a network, they form artificial neural networks which emulate biological brain 

circuits (Fig. 11(c)). One of the key questions associated with neuromorphic computing is 

which neural network model to use [601]. One popular inclusion for synapse models is a 

plasticity mechanism which has been found to be related to learning in biological brains. Both, 

short-term and long-term potentiation (STP/LTP) and depression (STD/LTD) have been 

extremely common in neuromorphic implementations and are specific forms of spike-timing 

dependent plasticity (STDP) rules (Fig. 11). Analogously, a variety of biologically-plausible 

and biologically-inspired neuron models have been implemented in hardware while network 

models describe how different neurons and synapses are connected and how they interact, as 

it will be shown in the next sections.         

 

3.2. Synaptors 

 

Interest in nonlinear two-electrode resistive switching devices has been boosted since 2008 

when a TiO2 memristor was “found” [722] and, short after, the early arrays of TiO2 memristors 

on CMOS chips were reported by Hewlett-Packard researchers [723], [604]. Memristor is the 

device component that mimic biological synapses. A resistance switch of a non-volatile RS 

device replicates the way the cortex synapses are modified when a new memory is acquired. 

A thin (<100 nm) oxide thin-film layer exhibiting either unipolar or bipolar non-volatile RS 

sandwiched between two metallic electrodes is the easiest way to implement a synaptor. 

Unipolar RS (in which the secondary reverse pulse is of any polarity) is typically observed in 

simple binary oxide thin-films (e.g. NiO, TiO2, ZrO2, HfO2) and with symmetrical inert 

electrodes [22]. Wide bandgap stoichiometric oxides are very good insulators and the RS is 

induced by the oxide’s soft dielectric breakdown (electroforming) under an applied field in 

range of few MV/cm. Electroforming results in a collective ion migration (such as oxygen 

vacancies) that leave behind filamentary conducting structures [24]. Once these filaments are 

formed, the reversible RS is indeed due to the subsequent filament breaking and reconnection 

after electric field pulses. In bipolar RS (reverse pulse of opposite polarity), an electric field 

results in an ionic migration that induces local structural changes in the vicinity of the 
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metal/oxide Schottky barriers. The electrode choice has been demonstrated to be of critical 

importance, as it leads to a significant modulation in the overall resistance of the device.  

Reactive oxide capping layers (e.g. CeO2-x) can also be engineered to control the RS effect 
[724]. A number of investigations have been conducted on double and multiple oxide layers 

(e.g. GeO2-x/HfONx 
[725], MoO3-x/Gd2O3-x 

[726], HfO2-x/TiO2-x/HfO2-x/TiO2-x 
[727]) to reduce the 

RS variability and to implement multi-level storage functions. This synaptic plasticity plays a 

crucial role in the way the brain implements learning and memory [728]. In biological neurons, 

depending on its characteristic timescale, there is short-term synaptic plasticity (~10-3-10s) 

and long-term plasticity (~102-104 s). Short-term potentiation (STP) - (or short-term 

depression STD) refers to the transient enhancement (reduction) of the synaptic strength on 

the timescale of the short-term synaptic plasticity while long-term potentiation (LTP) or 

depression (LTD) refers to the long-term plasticity. Both could be mimicked in a single 

synaptor by tuning the voltage bias coding thus resulting in the desired spike-timing-

dependent-plasticity (STDP) [729], [730], [731]. The STDP learning rule states that a synapse is 

strengthened if the presynaptic neuron fires shortly before the postsynaptic neuron, and 

weakened when the temporal order is reversed. In canonical STDP, LTP occurs when 

presynaptic spikes (and associated excitatory postsynaptic potentials - EPSPs) lead 

postsynaptic spikes by up to ~20 ms, and LTD occurs when postsynaptic spikes lead 

presynaptic spikes and EPSPs by up to 20–100 ms, with a sharp (1–5 ms) transition between 

LTP and LTD and plasticity requires multiple (typically, 60–100) pre-post spike pairs [732]. It 

might be mentioned that, more advanced learning rules, other than STDP, are currently being 

implement with oxide-based memristors. For example, Xiong et al. [652] implemented 

Bienenstock, Cooper, and Munro (BCM) learning rules, arguably the most accurate model of 

the synaptic plasticity to date, with a tunable sliding biorealistically frequency threshold in 

SrTiO3 memristors. They adjusted the neuromorphic BCM forgetting rate by engineering the 

electrode/oxide interface by tuning the electrode composition.   

 

3.3. Neuristors 

 
Neuristors are the active elements of a neuromorphic circuit which mimic the essential 

features for action-potential (i.e. nerve impulse) computing; (i) threshold-driven spiking (all 

or nothing response after an electric spike), (ii) lossless spike propagation and (iii) shape and  

a refractory period (short memory) [601]. Neuristors circuits have approximated this spiking 

behavior by a series models for action potential generation such as the Hodgkin-Huxley (H-H) 



  

38 
 

[733], leaky-integrate-and-fire (LIF) [734], FitzHugh–Nagumo [735], Morris–Lecar [736] or 

Hindmarsh–Rose [737]. The threshold-driving spiking may be enabled by a volatile resistive 

switching phenomenon: the material remains insulating until a threshold field is reached, 

resulting in a resistance collapse. The device returns to its original insulating state when the 

field is removed with a characteristic relaxation time (replicating the refractive period of 

neurons). That required additional short memory may come from the relaxation time of some 

volatile resistive switching phenomena [738], [739]. Pickett et al. [740] demonstrated that the Na+ 

and K+ ion channels of the Hodgkin-Huxley model are mathematically equivalent to two 

volatile NbO2 resistive switches undergoing an insulator to metal transition. The two channels 

are energized (d.c.-biased) with opposite polarity voltages, similar to the sodium and 

potassium channels of the Hodgkin-Huxley model, and are coupled to each other through a 

load resistor. The NbO2 RS threshold behavior in combination with the RC constant of 

additional capacitors mimics the key features of biological neurons such as spiking, signal 

gain, and the refractory period (Fig 11(a)). Tailored neural coding (shape, period or number of 

spikes) is accomplished by tuning the capacitor’s RC constant (Fig. 11(b)). The key feature 

that leads to LIF or more refined quasi-H-H behaviors is the response of the oxide thin-film 

metal-insulator-transition RS upon application of a train of voltage pulses [734], [731], [741], 
[742],[743],[744]. Biological systems are however much more complex than simple integrate-and-

fire behavior, where up to twenty-three types of biological neuronal behaviors are 

experimentally demonstrated. Yi et al. [745] suggested that scalable active MIT VO2 RS 

neurons possess all three classes of excitability (Hodgkin’s classification) and most of the 

known biological neuronal dynamics (Fig. 11(c)). The authors also suggested that MIT VO2 

RS neurons may be intrinsically stochastic. The introduction of controlled stochastic 

properties in neuromorphic artificial neuronal networks is still an open issue but the lack of 

built-in stochasticity for CMOS neurons has been pointed out to be a handicap for achieving 

complex computational tasks [746], (e.g, Bayesian inference, that require stochastic neuronal 

populations) as will be discussed in the last sections. Besides, many cortical neurons are 

silent; they spike rarely, and some do not spike at all and their roles are still under debate [747], 
[748], [749]. These kind of silent neurons have also been emulated with functional oxide thin 

films (e.g. In-Ga-Zn-O [750]).  

 

3.4. Neural Networks 

 



  

39 
 

Oxide-based memristors offer excellent size scalability, fast switching, and low energy per 

conductance update thus allowing computing and memory to be integrated in a highly parallel 

architecture [576]. Advanced synaptic functionalities (such as spike-timing-dependent plasticity 

- STDP, pattern recognition, data mining or sparse coding and image processing) were 

demonstrated recently exploiting the RS features of functional oxide thin-films. Just to name a 

few examples; Wang et al. [685] obtained the STDP functionality by matching the neuristor 

electric pulses to TiO2 synaptors (with a diffuse SiOx:Ag electrode) with the OTF controling 

the synaptic weight change by the relative timing between pulses. Alibart et al. [751] first 

demonstrated pattern classification by a single-layer perception network with a nanoscale-

TiO2 crossbar arrays. Prezioso et al. [752] demonstrated a fully operational TiO2−x neural 

network to pattern recognition of a 3×3 pixel matrix image with several black/white 

characters. The neuromorphic circuit was a TiO2−x memristor crossbar and an 

Al2O3/TiO2−xinterface to reduce variability able to implement 30 different synaptic weights. 

In a similar fashion, Sheridan et al. [753] implemented a WOx-based 32 × 32 crossbar array for 

sparse coding implementation where the color code corresponds to different oxide thin-film 

conductance states. WOx memristors (with shorter-term memory) were also demonstrated [754] 

to implement a neural network based computing paradigm called reservoir computing (such 

systems have been demonstrated for hand-written digit recognition). Other recent 

implementations of crossbar arrays based on HfOx are as big as 128 × 64 cells [755]. Choi et al. 
[756] implemented a neuromorphic chip using a TaOx/Ta2O5:Si heterostructure for data mining 

of breast cancer images with unsupervised learning rules competitive with standard 

covariance matrix approaches. In this work, the silicon doping tunes the RS filament 

conductance (ion-hopping distance and drift velocity) at the nanoscale. In a similar approach, 

Wang et al. [757] reported fully RS neural networks for pattern classification with unsupervised 

learning by silver nanoparticles in an insulator oxide matrix (SiOxNy and SiO2-x).  

 

Although these impressive progresses (which have been booming during the last few years), 

there are, however, a number of open challenges to exploit the full potential of oxide-based 

artificial neural networks (ANNs) yet. A major basic challenge is still the lack of detailed 

understanding of brain’s operational principles while other specific challenges related to 

ANNs would be the level of replication required of biological brain functionalities (e.g. 

biological-inspired or biological-plausible) [601], the number of interconnections (biological 

neural systems may have more than 100,000 interconnections per neuron) or the practical 

implementation of new technologies versus the well stablished CMOS technology [758]. For 
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example, given the level of technology maturity, attempts to implement oxide-based 

memristive neural networks have struggled with device non-uniformity, resistance level 

instability, sneak path currents, and wire resistance, which have limited array sizes and system 

performance [759]. To mitigate the oxide-based RS device integration issues, a number of 

industries and academics are now working on the optimization of oxide-based crossbar arrays 

for brain-inspiring computing (see e.g. [760], [761], [762], [576], [763]). For example, very recently, 

Li et al. [764] reported an “on-chip” experimental demonstration of highly efficient in situ 

learning in a multilayer neural network implemented in a 128 × 64 Ta/HfO2/Pt memristor 

array. The network was trained on 80,000 samples from the Modified National Institute of 

Standards and Technology (MNIST) handwritten digit database with an on-line algorithm, 

after which it correctly classified 91.71% of 10,000 separate test images. This level of 

performance was obtained even with a fraction of devices in the crossbar unresponsive (11%) 

to programming pulses and simulations projected up to 97% accuracy in larger arrays 

(1024 × 512). The approach demonstrates the self-adapting capability of the in-situ learning to 

hardware imperfections and suggests that analog oxide-based RS memristor neural networks 

can achieve accuracy approaching that of state-of-the-art digital CMOS systems with 

potentially significant improvements in speed-energy efficiency (Fig. 13).  

 

4. Oxide Thin-films for Future Photo-Neuromorphic Science and Engineering 

 

4.1. Information vs Energy 

 

During many centuries, a key aspect of the human brain evolution was to balance energy 

consumption with information processing [765]. The human body transmits around 11 million 

bits of information per second to the brain, but it can only be processed a small portion of this 

huge amount of information. For example, visual attention can select only ~30–60 bits of 

information for processing with each glimpse [766]. The energy resources (metabolic costs) are 

limited; the nervous system still consumes 20% of energy for just 2% of body mass (action 

potential generation, action potential maintenance and synaptic transmission) [767]. Oxide-

based RS possess some additional important advantages for the design of advanced 

neuromorphic systems with a better information/energy balance to generate adaptive behavior, 

but at the same time reducing the amount of energy that it consumes [768], [769]. These 

advantages also include their multi-energy harvesting features, CMOS-like scaling potential 

and some other unique photonic features.    



  

41 
 

 

(1) Energy Harvesting. Functional oxide thin-films have already demonstrated their potential 

to reduce energy consumption as well as harvest, generate and store energy. Oxides are used 

in a wide range of applications, such as fuel cells (e.g. CeO2, Cu2O, PrBaCo2O5, ZrO2, Bi2O3) 
[770], batteries (e.g. LiCoO2, LiNiO2, V2O5, MoO3) 

[771], supercapacitors (e.g. RuO2, MnO2, 

NiO, Co3O4, V2O5, TiO2, Fe3O4, SnO2) 
[772], hydrogen (e.g. TiO2, ZrO2, ZnO, SnO2, Nb3O7F, 

Mg(BH4)2-MoO3, MgH2-Co2NiO) and biodiesel production (e.g. MgO, ZnO, ZnAl2O4) 
[773]. 

Metal oxides have also attracted much attention for thermoelectric power generation material 

(e.g. SrTiO3, ZnO, CaMnO3, NaxCoO2, Ca3Co4O9)at high temperatures on the basis of their 

potential advantages over heavy metallic alloys (e.g. Bi2Te3, PbTe) in chemical and thermal 

robustness [774],[775],[776],[777]. Some oxides are intensively investigated for piezoelectric energy 

harvesting (e.g.Pb(Zr,Ti)O3, ZnO) [778],[779], efficient electric energy transportation and 

conversion (e.g. Ga2O3, La-Ba-Cu-O, Y-Ba-Cu-O) [780],[781],[782]. Oxides are also used widely 

to harvest light energy (e.g. solar water splitting [783] or photovoltaics [51]) and they are 

generally adopted because they deliver performance advantages, a lower cost and larger 

device stability. The oxide layer is present in several kinds of solar cells (as shown in section 

2) and is multifunctional (e.g. as transparent conductive electrodes, as light absorbers or as 

transport layers) which opens up uncountable possibilities to combine with the RS active layer.  

 

(2) Scaling. Metal-oxide resistive switching devices mostly rely on simple and compact two-

electrodes metal-insulator-metal structure that can be scaled aggressively well below 

conventional RAM cells. The so-called Resistive Random Access Memory (ReRAM) is 

already regarded as a promising technology for implementing the next-generation of non-

volatile memory [784]. Oxide based ReRAMs are attractive due to a relatively lower energy 

consumption (as compared to the phase change memory), the compatibility with CMOS 

technology (including binary oxides such as HfO2-x,
[785], TiO2

[722] or Ta2O5
[786]) and their 

potential for 3D integration [604]. ReRAMs are closely Related to oxide-based Ferroelectric 

Random Access Memory (FRAM) and ferroelectric tunnel junctions (FTJs)[787], [788]. The 

ReRAM (and FRAM) main advantages are the device simplicity (i.e., two terminals which is 

the same as a solar cell), its infinitesimal dimensions and its ultra-low power consumption that 

so far are unmatched by conventional VLSI circuits[21]. The RS action takes place in the 

insulating material (i.e. the functional oxide thin-film). Scaling down the thickness of such a 

material will reduce both the required set voltage as well as the read voltage used during 

operation. In this context, few nanometer-thick (or less) RS synapses with operating voltages 
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below 1V and switching energies of ~fJ have been demonstrated [22] ,[589], [789], [790]. For RS 

neurons to be biologically competitive, their energy efficiency needs to be > 1013 spikes/J 

(energy use < 0.1 pJ/spike), and their area needs to be < 100 µm2 [745]. For example, Yi et al. 

[745] showed (by SPICE simulations) that VO2 neuristors are biologically competitive in terms 

of energy efficiency/area and can surpass the estimated human brain benchmark of 1.8 × 1014 

spikes/J (or 5.6 fJ/spike energy use) at neuron sizes smaller than 3 μm2. These figures indicate 

that those RS devices could in principle be powered by a network of equally minute nano-

solar cells. The small amount of energy required for powering the neural circuitry makes the 

hypothesis of a solar brain plausible: a solar cell with 20% efficiency and an area of ~0.05 m2 

(i.e., ~20 cm × 20 cm) would produce ~10 W. 

 

(3) Oxide Functionalities. Oxide thin-films with wurtzite, corundum or zinc-blende structures 

are good candidates as photo-active semiconductors covering all the range from ultra-wide 

bandgap (i.e., deep ultraviolet ~ 100 nm) such as BeO (10.6 eV) [791],optical bandgap such as 

CuOx (1.4-2.2 eV), β-AgGaO2 (2.2 eV) [792] or CuGaO2 (1.47 eV) [793] to long-wave infrared 

such as Ti2O3 (0.09 eV) which correspond to a cut-off absorption wavelength of 13.3 μm[794]. 

Besides, the light absorption capability of bulk or thin-film can be improved when they 

become nanostructured owing to the enhanced light scattering within the oxide nanoparticles 

which results in improved quantum efficiency. Therefore, optically engineered oxides and 

their alloys can be tuned to respond to any wavelength in the germicidal UVC to the thermal 

imaging IRC range (~20 THz) which is a much broader range that the human visual 

perception range of 400-700 nm. At the time being Ga2O3 (5 eV) is the widest band-gap 

transparent conductive oxide to be used as electrode [130]. Besides its tunable light harvesting 

features, some non-centrosymetric functional oxide thin-films are among the best(inverse) 

piezoelectric (i.e., material deformations after an electrical field) and photostrictive (light 

induced non-thermal deformations) materials and, therefore, very interesting candidates to 

implement motoractive inference in (photo)-neuromorphic systems [795], [796], [797]. These 

unique opto-mechanical features are affected by the oxide’s singular material properties such 

as polarization switching and fatigue, ionic defects, depletion layers, depolarization fields or 

contributions of domain-wall displacement. In this sense, oxide thin-films (e.g. BiFeO3, 

SrRuO3, Pb(Zr,Ti)O3) and many other piezoelectrics are currently investigated as next-

generation optoelectronic devices, such as remote switches, light-controlled elastic 

micromotors, microactuators and other opto-mechanical systems[798], [799], [800],[801],[802], [803], 
[804], [805]. In addition, some oxide thin-films are notable photochromic (light induced color 
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change - e.g. WO3, MoO3, and V2O5), thermochromic (heat induced color change- e.g. VO2), 

and electrochromic (electricity induced color change- e.g. WO3, TiO2, MoO3, Ta2O5, Nb2O5, 

NiO, V2O5) materials [806],[807]. 

 

4.2. New Aspects in Information Processing 

 

The brain is the most powerful and complex known computational system having numerous 

levels of interaction ranging from gene networks that control cell function to neural circuits 

that control behavior. Recent works evaluate the memory capacity of the human brain to be in 

the order of 1015 Bytes [808]. Understanding how neural networks integrate, encode, and 

compute information is central to understanding brain function [809]. Mathematical 

frameworks such as the graph theory [810] or (Shannon’s [811]) information theory [812] are well 

suited to address some of these issues in a rigorous manner. Because of its general 

applicability, information theory, in particular, has been widely used in neuroscience [812], [813], 
[814], [815], [816], [817]. For instance, these sorts of mathematical tools have extensively used for 

analyzing data from electroencephalography (EEG), magnetoencephalography (MEG), and 

functional magnetic resonance imaging (fMRI) [818], [819], [820]. These analyses, in turn, 

quantifies phenomena like encoding (e.g., how much information a neuron provides [821], [822]), 

complex encoding relationships [823], [824],[825], [817], studies of neural connectivity [826], [827], 
[828], [829] and sensory encoding [821], [830], [831], [832]. Other important topics include human 

behavioral (e.g. trial-based data [833], [834], [835] and single-trial time-averaged analyses [836], 
[837]) and cognitive sciences [838], [839], [840], [841]. When compared with biological brains, these 

powerful information-theoretic related methodologies have almost not yet been applied to 

neuromorphic technologies [842], [26], [843], [23]. The brain-inspired solid-state neuristor device 

was postulated by Hewitt Crane in 1960s as an electronic analog of the Hodgkin-Huxley axon 

and early implementations required inductors [844]. A memristor (closely) obeys Chua’s non-

linear equations [845] and examples are any property that changes material resistance: oxygen 

vacancy concentration in oxides, structural phase (amorphous vs crystalline), magnetization or 

spin state, correlated electron state (Mott insulator vs conductor). The NbO2 memristors in 

particular exhibit an insulator-to-metal transition that can be considered as an electronic 

analogous of the Hodgkin–Huxley ion channels [846]. Therefore, the information theory 

concepts (see Fig. 14 (a),(b),(c)) intensively developed for biological neurons can, in principle, 

be applied to oxide-based resistive switching (- e.g. of simple devices [847], [848], [849]). These 

devices feature genuine physical effects that could be sought as non-linearity, plasticity, 
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excitation, and extinction which could be naturally coupled with living biological systems and 

tracing a cybernetic parallelism [850],[25],[746],[851]. Some of the potential directions of future 

research in this area are discussed in the following sections.  

 

4.3. Neural Codes 

 

Communication is particularly relevant for networks that are specialized to transmit or 

distribute information in a coordinated manner. The neuronal response to the inputs is known 

to be noisy [852] dictating a bound on the amount of information that can be transferred over 

neurons [853]. A train of neural spikes may contain information based on different coding 

schemes (typically ~10-3s temporal resolution scale), each resulting in a different estimate of 

the capacity of the neuronal channel [854]. The single neuron capacity depends on coding, 

characteristics of the communication channel, and optimization over input distributions, 

among other issues [855]. How spike trains encode information is among the most important 

questions in neuroscience [730]. Both, spike timing and spike frequency have been proposed as 

modes of information transfer in biological brains [856] and both can codes can be investigated 

in oxide-based synaptors, neuristors and arrays [857], [858], [859], [860]. Owing to its enhanced 

energy efficiency, spike timing appears to be a preponderant code in biological brains while 

frequency codes are believed to be exponentially more costly [861], [862], [863]. For example, 

Feali et al. 
[864] studied the reliability of spike timing for spike train generated by memristors 

in which probabilistic and noise features were included. However, where the density of 

neurons is not as high and the stimulus tends to be slowly varying, a frequency code is a more 

robust alternative [865], [866], [867], [652]. Feali et al. [868] also emulated neuristor adaptive 

behavior (spike-frequency adaptation) in SPICE environment. Parihar et al. 
[869] 

experimentally demonstrated spontaneous stochastic spiking along with electrically 

controllable firing probabilities using VO2-based metal-insulation-transitions neurons owing 

two noise sources - thermal noise and threshold fluctuations, which act as precursors of 

bifurcation. Levi et al. 
[870] further developed the concept by investigating the biomimetic 

neuronal networks towards brain-morphic artificial intelligence. Implementation of light-

stimulated synaptic emulators may greatly enhance computational speed by providing devices 

with high bandwidth, low power computation requirements, and low crosstalk [871], [872], [873], 
[874], [875], [876], [877], [878], [675], [879], [880]. Oxides also are an excellent platform for innovative 

photo-driven learning as several synaptic functionalities, such as tunable photoelectric 

STP/STD and LTP/LTD, may be emulated taking advantage of the inherent persistent 
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photoconductivity and volatile resistive switching characteristics of the some oxide-based 

devices (Fig. 15). While the fastest timescale on which biological neurons operate is in the 

order of milliseconds, the photonic integrate-and-fire devices operate on picoseconds thus 

representing a virtually unexplored sensory and cognitive processing paradigm of the radio 

frequency spectrum [881],[882],[883],[884],[593],[885].  

 

Brain is indeed a large collection of neurons in which any individual neuron response can be 

highly variable typical of stochastic ensembles. Being in close proximity to each other, the 

response of neurons to a stimulus has been determined to be highly correlated. The nature and 

level of this collective interdependence is currently a hot topic in neuroscience [886],[887]. In 

practice, when dealing with bundles of neurons, the possible numbers of inputs and responses 

is very high. Ince et al. 
[888] investigated the average mutual information (a Shannon entropy-

based measure of the decrease of the uncertainty) of few biological neuron systems and 

compared to the estimated average mutual information for the whole population. They found 

that, while the effect of interaction increases significantly with population size, using pairs of 

neurons provides a reasonable estimate of the information transfer rate. Thus, the population 

structure can be captured by looking at the pairwise interactions between neurons. Many 

functional oxide properties (ferroelectricity in particular) depends precisely either in 

nanoscale correlation and atomic collective behavior which may also be induced by/to 

adjacent materials and interfaces [889],[890],[891],[892],[893]. In a Hebbian view [894], synaptic 

efficacy arises from a presynaptic cell's repeated and persistent stimulation of a postsynaptic 

cell. This pre-conditioning is a well-known behavior of any ferroelectric [895] together with 

their stochastic multi-step polarization switching [896], [897], [898]. Oxide spin and multiferroic 

systems are leading candidates for achieving attojoule-class logic gates for computing 

containing intrinsic stochasticity and complexity [899], [900] where spike-timing-dependent 

plasticity can be harnessed from inhomogeneous polarization switching [901], [902], [903], [904]. 

Functional oxides therefore open up new and exciting possibilities for investigating the effect 

of correlating artificial neurons by examining the interdependence of minute devices at the 

nanoscale starting from simple systems [905], [906], [907]. For example, Lin et al. 
[908] 

demonstrated that tuning of the insulating phase resistance in VO2 correlated threshold switch 

circuits can enable direct mimicry of neuronal origins of disorders in the central neural system 

(Fig. 14(e)-(f)). Many research works on molecular neurophysiology have suggested the 

correlation of pathologically altered action potential excitability [909], [910]. Several 

neurological disorders including depression or attention deficit hyperactivity disorder 
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(ADHD) originate in faulty brain signaling frequencies. Therefore, circuits based on 

functional oxides may be regarded as complementary to model animal studies for 

neuroscience, especially when precise measurements of local electrical properties or 

competing parallel paths for conduction in complex neural circuits can be a challenge to 

identify onset of breakdown or diagnose early symptoms of disease. Complementing this, 

there are some preliminary indications that information theoretic formulations can help to 

understand how some of these disruptions take place [911], [912], [913], [914], [915], [916]. 

 

4.4. Neural Sensors 

 

The nervous system is under selective pressure to generate adaptive behavior at the minimal 

energy cost and, thus metabolic energy consumption constrains the design of brains [917], [918], 
[767]. An strategy for enhancing its energy efficiency can be achieved by the optimal placement 

of components within nervous systems/sensory systems to minimize energetic costs by saving 

wire [919], [920]. Our perception of the world is indirect and visual perception is well-known to 

be a primary source of information and it works in a hierarchical manner with increasing 

abstraction as the signals progressed through the various visual areas in the brain [45],[839]. As 

the photovoltaic effect is the conversion of a photon into an electronic current, the visual 

cycle is the biological conversion of a photon into an electrical signal (action potential). In the 

retina, the photon is absorbed by pigments (e.g. opsin and retinal) via photo-isomerization. 

Neural signals from the retina photoreceptors undergo processing by other neurons whose 

axons form the optic nerve [921],[922]. Wavelength tunable oxide photo-neuromorphic systems 

(Fig. 16) are expected to enable new adaptative optoelectronic concepts [923], [924], [925], [926]. In 

metal oxides, the construction of special structures (e.g. low dimensional such as quantum 

dots, 1D wires and 2D sheets), doping, and taking advantages of the surface plasma resonance 

effect, the hot electron injection effect and the multiple excitons effect are commonly used 

methods to enhance the light absorption [927], [61]. The conceptual change that may be enabled 

by oxide thin-films with photoactive and resistive switching functionalities would be that the 

light sensing capabilities of the synaptic devices could be located in the memory and the 

information itself (photons) can power the neural circuit. In this sense, for example, Bao et al. 

[928] reported very recently computing in sensor artificial shape perception retina network 

based on tunable RS Neurons by one HfOx-based memristor and a Si nMOSFET in serial is 

used to construct photoreceptor cell and ganglion cell. Yu et al. 
[929] engineered an oxide-

based stochastic compact RS memory model demonstrating by simulation an artificial visual 
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(image orientation or edge detection) system  tolerant to device variation. Wang et al. 
[930] 

demonstrated alight triggered ferroelectric/electrochemical neuromorphic artificial visual-

perception system which transduces incident light signals with different frequency, intensity, 

and wavelength into synaptic signals, both volatile and non-volatile. In a similar fashion, Gao 

et al. 
[931] reported photo-plastcity of a Schottky ITO/Nb:SrTiO3 enabling an optoelectronic 

analog of the mechanical aperture device showing adaptive and stable optical perception 

capability under different illuminating conditions suitable for the mimicry of interest-

modulated human visual memories. 

 

Other well-known critical energetic cost factors of sensory neural information processing are 

noise (i.e., signal-to-noise ratio (SNR)) and response speed (i.e. bandwidth) [932]. Measures for 

improving SNR include; (i) more receptors and ion channels, (ii) greater number of synaptic 

vesicles and (iii) averaging outputs in time/space. Measures for improving bandwidth include 

more ion channels while more receptors and ion channels results in larger refractory period. 

Numerous examples of energy efficient strategies exist at all levels of neural organization(e.g. 

combinations of ion channels within single neurons, ion channel size, coding of information 

within populations of neurons or computational maps [918]. The efficiency with which single 

neurons code information is critically dependent upon the biophysical properties of their 

membranes, such as the total surface area or the combinations of ion channels that they 

express, because the movement of ions across the membrane is the major energetic cost of 

neurons [45], [933]. Numerous features of neurons such as their conduction velocity, time 

constants and space constants are dependent upon the combinations and densities of ion 

channels within the membrane [934]. In a similar fashion, artificial neuromorphic systems 

should be optimized (in terms of information vs energy) by mimicking this wide range of 

biological solutions although many basic mechanisms are still under intensive investigation 
[588], [935], [936]. For example, the TaO2−x nanoscale filament in a Ta2O5 system is determined to 

be crucially affected by the migration dynamics of its oxygen vacancies [937] and is has been 

reported to be enhanced by the introduction of an ion diffusion limiting layer at the TiN/TaOx 

interface [938]. RS may be enhanced by doping as, for example, dilute aliovalent Li1+ doping at 

the Fe3+ sites of BiFeO3 
[939]. As the size of the conducting filaments is reduced down to 

atomic scale, the quantum conductance effect has been reported to offering great opportunities 

for the realization of ultrahigh-density storage, logic-in-memory circuits, atomic scale 

photodetectors [940]. 
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4.5. Neural Inference   

 

The brain is constantly bombarded with more information from multiple sensory channels 

than it can process. One of the fundamental insights of Claude Shannon [811] was that 

information is contained in events that are a departure from the norm; any system that 

processes information will attempt to optimize the use of its resources by creating a model of 

the information, and then focus its resources on those aspects of the signal that deviate from 

this model [941], [942]. In 1953, Hyman [943], already related the brain response times to the 

average information entropy which is now confirmed by modern methods such as fMRI (see 

e.g. [944]). Surprises (or wows!) have higher cognitive costs [945]. Itti and Baldi [946], [947], 

defined surprise (in a Bayesian formulation) as the Kullback–Leibler divergence between the 

prior probability of a model and its posterior probability given an observation or stimulus and 

Zenon et al. 
[841] suggested that surprise is a mean of computing the cost for updating the 

model. The free energy principle [948] states that (biological) systems try to minimize the 

difference between their model and their sense and associated perception and is minimized by 

continuous correction of the system’s model (i.e., prediction errors.). In recent years, there 

have been several reports re-interpreting models of natural information processing systems 

(neural networks, chemical signaling, etc.) in terms of memristors units including the giant 

axon of squids [733], electrical networks of plants such as aloe vera 
[949] or mimosa pudica 

[950], 

and microorganism adaptation [951]. For example, the amoeba like cell physarum 

polycephalum when exposed to a pattern of periodic environmental changes learns and adapts 

its behavior in anticipation of the next stimulus to come and such behavior can be mapped 

into the response of a simple electronic circuit consisting of a LC contour and a memory-

resistor (a memristor) to a train of voltage pulses that mimic environment changes [951]. 

Associative memory with memristive neural networks was first demonstrated experimentally 

in simple neural networks consisting of few electronic neurons connected by two memristor–

emulator synapses (e.g. [952]). Cognitive tasks rely on the capability to perform inference and 

do not differentiate between computing and memory. Querlioz et al. 
[953] developed a 

bioinspired approach for programming memory devices, which naturally gives rise to an 

inference engine [954]. Bayesian inference can be efficiently performed with stochastic signals 
[955],[956],[957] which is particularly suited to oxide functional devices that exhibit faults and 

device variations [958],[959],[960],[728]. Adaptive oxide electronics is then plausible; it has been 

repeatedly shown that properties, such as resistivity, polarization, and magnetization, of many 

oxides can be modified electrically in a non-volatile manner, suggesting that these materials 
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respond to electrical stimulus similarly as a neural synapse [18]. The implementation of oxide-

based self-powered photo-sensitive memories would continuously monitor the reality at an 

additional zero energetic cost which also would result in a minimization of its internal states 
[961]. It is conceivable that the size (and/or entropy -  the long-term average of surprise is 

entropy) of AI cognitive models can be much reduced with tailored artificial synapses able to 

monitoring in-situ [962], [963], for example, colors (i.e., light wavelength) and textures (i.e. light 

irradiance) (see e.g. [964], [929], [930], [931]). In an information theory basis, free energy 

minimization is equivalent to maximizing the mutual information between sensory states and 

internal states [965] which is also related to the principle of sensor’s minimum redundancy [966], 
[967]. A similar free-energy approach for the nervous system [767] exists for ferroelectric 

materials [968]; while in biological brains minimizing surprise enables them to resist a natural 

tendency to disorder, in ferroelectrics its entropy is minimized by reorganizing internal 

dipoles which generate a spontaneous polarization at the surfaces [969]. In ferroelectrics, their 

polarization can be controlled by light and (or light/voltage) [970], [87], [971], [972], [973] thereby 

potentially enabling photo-inference. In a similar way, some spintronic materials such as 

(Co,Si)-co-substituted Lu3Fe5O12 presented spin-current photoinduced magnetic anisotropy 

and long-term potentiation with a photomemory effect [974].  

 

More generally, Active inference is the principle of free energy minimization applied to action 

in which higher cortical levels send descending proprioceptive predictions (while ascending 

connections convey prediction errors) minimizing surprise of sensory observations (e.g., [975], 
[976], [977], [978], [979], [980], [981], [982]). By actively modifying the environment or conform to the 

expected state, systems can further minimize its free energy [983]. In an active inference 

framework, action (i.e., policy selection), perception (i.e., state estimation), and learning (i.e., 

reinforcement learning) all minimize the same quantity: variational free energy - motivated 

from the need for agents to maintain their exchange with the environment in equilibrium [979]. 

This is formally consistent with formulations of Markovian problems with Bayesian surprise 

and optimal decisions based on expected utility and risk-sensitive (Kullback-Leibler) control 

where softmax parameters become the Bayes-optimal precision of beliefs about policies [977]. 

While staying fully grounded in an information-theoretic foundation, this emerging 

neurocomputational framework considers humans as embodied, ecologically embedded, 

social agents who shape and are shaped by their environment and provides a theoretical basis 

for a unified treatment of particles, organisms, and interactive machines, spanning from the 

inorganic to organic, non-life to life, and natural to artificial agents [984] and giving 
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explanation for many cognitive phenomena, including consciousness [985]. It has been 

suggested that any optimal control problem (when the environment becomes an integral part 

of perception and action) can be cast as an active inference problem [986]. Given its simplicity 

and generality, the predictive coding formulation of generalized filtering may be particularly 

attractive (e.g. approximate Bayesian inference using variational procedures). Therefore, it 

may be possible to formulate engineering devices that explicitly encode the generalized 

motion of analog signals and use the ensuing simplicity of generalized filtering in a control 

setting of particular interest for neuromorphic engineering [987]. In this sense, Pio-Lopez et al. 
[988] presented a proof-of-concept implementation of robot control using active inference. 

They argue, that a key generalization will be integrating planning mechanisms allowing the 

robot to proactively avoid obstacles or to consider future (predicted) and not only currently 

sensed contingencies [989],[990], [991], [992], [993]. In a scheme of active inference, outputs are 

coordinated (biological robots send ascending sensory signals and descending motor 

predictions) so as to selectively sample sensory input in ways that better fulfill predictions, 

thereby minimizing predictive coding errors [994]. In biological systems, neuromodulators like 

dopamine are considered to report and modulate encoding prediction error [995], [996]. Some of 

these neuromodulation features could, in principle, be implemented with some of the unique 

oxide thin-film functionalities [110], [9] which may be stretchable and conformal on demand 
[997], [998], [999], [1000], [1001]. For example, Kim et al. 

[1002] demonstrated nociceptor behaviors 

with Pt/HfO2/TiN memristor electronic receptors which can transfer external stimuli to 

artificial nerves. The device exhibited up to four specific nociceptive behaviors; threshold, 

relaxation, allodynia, and hyperalgesia, according to the strength, duration, and repetition rate 

of the external stimuli. Besides, humans can monitor and memorize various body motions. 

Motion memory devices are very recently developed to mimic this biological process which 

will be able to exhibit a series of functions, such as sensing, memory, and feedback (see e.g. 
[1003]).  

 

4. Conclusion Remarks and Future Outlook  

 

Oxide thin-films are becoming a key enabling technology in many modern energy, 

information and communication applications. Here, it has been overviewed some of the recent 

functional oxide-based advances for photovoltaic and neuromorphic engineering towards the 

envisioned goal of future self-powered photo-neuromorphic systems. Achievements in these 

merging fields will enable the implementation of living technologies with unprecedented 
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capability of adaptation and learning at zero energy cost. However, oxide photovoltaics as 

well as oxide resistive switching intrinsic neuromorphic engineering are still under intensive 

development where some of the recent trends can be summarized as follows: 

 

 Oxides are widely used in solar cells (e.g. as light harvesters, conductors (TCOs), 

semiconductors (TSOs) and insulators (TIOs)) and are generally adopted because they 

deliver performance advantages, a lower cost and larger device stability or brings new 

functionalities into the structure such as ferroelectricity.  

 Virtually any light harvesting device in a vertical architecture requires, at least, one 

transparent conducting electrode for the light to penetrate into the light absorbing core 

layers. For some consumer electronics applications, these transparent metals should be 

also flexible which is enabled by amorphous oxide semiconductors such as In-Ga-Zn-

O (IGZO). Another key factor in the adoption of oxide semiconductors is that they are 

compatible with the strict manufacturing requirements of large-scale, large-volume, 

flexible, low cost and disposable/reusable devices.   

 The technology for n-type TCOs can be considered as mature with ITO (Sn:In2O3), 

FTO (F:SnO2) and AZO (Al:ZnO) being commercial products. Their conductivities lie 

routinely in the range of 103-104 -1cm-1 with a good transparency (>80%) in the 

visible part of the spectrum. Such TCOs are currently the standard choice for use in 

transparent electrode applications and are also hugely important for information and 

communication technologies such as displays, touch screens, solar cells or light 

emitting diodes.  

 For many of these applications it is required a transparent low resistant p-type contact 

as well. However, current p-type TCOs are much less efficient in terms of resistance 

vs transparency ratio since the top of the valence band of most oxide materials is 

comprised of strongly localized O 2p-derived orbitals. At the time being, NiO and 

SnO are perhaps the most investigated binary oxides for improving p-type TCOs by 

doping (e.g. Li, Cs) although their sheet resistance is still low (~20 -1cm-1). During 

the last two decades, it has been a lot of research in cu-based delafossites (e.g. 

CuGaO2, CuInO2, CuCrO2, CuBO2, CuScO2 or SrCu2O2) to implement a chemical 

modulation of the valence band by the hybridization of O 2p orbitals with closed-shell 

Cu d orbitals forming strong covalent bindings. This results in a large dispersion at the 

top of the valence band and reduction of the localization of holes thus increasing 

significantly the conductivity (up to ~300 -1cm-1 for doped CuCrO2).  
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 Recent trends for p-type TCOs are the identification of a series of new p-type TCOs 

such as ZnM2O4 spinels (M=Rh,Ir), Sr-,Ca-,Ba-doped LaCrO3 and LaxSr1-xVO3 with 

conductivities as high as 872.3 -1cm−1. The concept of chemical modulation was 

extended to oxychalcogens because of the greater hybridization between the Cu 3d 

orbitals and the chalcogen p orbitals as for example LaCuOSe (910 -1cm-1) and there 

exist the promise to further enhancements for layered quinary oxychalcogenides (e.g. 

[Cu2S2][Ba3Sc2O5] ). 

 Owing to the large (and tunable) bandgap energy range covered by metal oxides, there 

are many oxides potentially suitable as light harvesters in conventional p-n type solar 

cells (the ideal bandgap according with the Shockley-Queisser limit is around ~1.2-1.4 

eV). Nevertheless, since silicon and other III-V semiconductors have historically 

received much more attention (and, more recently, chalcogenides and halides) only a 

bunch of metal oxides have been seriously investigated as the photon absorber 

materials; in particular, cupper oxides (Cu2O, CuO), cobalt oxides (Co2O4) and 

bismuth oxides (Bi2O3). All oxide photovoltaics is a field under development with the 

maximum power conversion efficiency in this kind of cells being around ~8% (Cu2O). 

 Oxides are, in contrast, the most investigated material system for implementing the 

bulk photovoltaic effect (BPE), particularly on classic wide bandgap (~3-4 eV) 

ferroelectrics such as LnNbO3, Pb(Zr,Ti)O3 and BaTiO3. This BPE is notable for the 

achievement of photovoltages much larger than the bandgap and enormous photo-

induced fields (of up to several MV/cm). However, it was the multiferroic BiFeO3 

oxide the one that has recently reignited the field of ferroelectric photovoltaics owing 

to its reduced bandgap of 2.2-2.7 eV which holds the promise of harvesting a 

significant part of the solar spectrum. This interest has resulted in an increasing family 

of ferroelectric oxides with narrower optical bandgaps such as [KNbO3]1-

x[BaNi1/2Nb1/2O3-]x, Bi2FeCrO6, KBiFe2O5, BixMn1-xO3-, Pb(Zr,Ti)O3-NiOor  

BaTi1–x(Mn1/2Nb1/2)xO3. This is a very active field of research with a maximum power 

conversion efficiency of around ~8% (Bi2FeCrO6).   

 Transparent semiconducting oxides (TSOs) have widely been used as barrier (or 

transport) layers in many thin-film photovoltaics solar cells such as organics (OPV), 

plastic, dye sensitized, halide perovskite, a-Si, CdTe, CZTSSe and Cu(In,Ga)Se2 

(CIGS). In these structures, TSO thin-films deliver some critical advantages, 

including; (i) optical transparency, (ii) tunable conductivity, (iii) tunable band-

alignment, (iv)  sealing from the environment, and (v) easy and cheap processing.  
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 As electron transport materials (ETM), the most common oxide semiconductor is 

TiO2 and other oxides such as ZnO or WO3 BaSnO3, SrTiO3 and Zn2SnO4 are also 

widely used. As hole transport materials (HTM), the most common oxide 

semiconductor is NiO while other binary oxides such as Cu2O, MoO3, V2O5 or GeO2  

are also being intensively investigated.  

 As transport materials, ferroelectric oxides (such as Pb(Zr,Ti)O3) add new 

functionalities to the structure (a ferroelectric layer can be seen as a semiconductor 

with switchable surface charge polarity). Because of its tuneable internal dipole effect, 

ferroelectrics bend their electronic band structure and offsets with respect to adjacent 

metals and/or semiconductors when switching the ferroelectric polarization so that the 

overall solar cell conductivity can be tuned orders of magnitude thus resulting in a 

transistor effect. A solaristor (a portmanteau of SOLAR cell transISTOR) is a compact 

two terminal (i.e. neuromorphic) self-powered phototransistor. The two-in-one 

transistor plus solar cell achieves the high-low current modulation by a memresistive 

effect in the flow of photogenerated carriers.  

 

 The implementation of intrinsic neuromorphic computing on the hardware level is 

intensively explored beyond CMOS including resistive switching (e.g oxide-based 

resistive switching), spintronics (e.g. spin torque devices), nanomagnetism (e.g. 

superconducting-magnetic) or nanophotonics. These emerging nanoscale intrinsic 

synapse technologies have the potential to greatly improve circuit integration densities 

and to reduce power-dissipation which architecture is (in general) two-electrodes out-

plane (i.e. vertical - the layout of solar cells and solaristors) and no three-electrodes 

in-plane (i.e. lateral – the layout of silicon CMOS transistors). At the time being, 

beyond CMOS neuromorphic functionalities are primarily realized by resistive 

switching phenomena. 

 Functional oxide thin-films are one the most investigated material system for 

implementing resistive switching features. Oxide thin-films are important as they 

feature the two main types of resistive switching: non-volatile and volatile. These two 

types of resistive switching allow implementing the basic hardware elements of oxide-

based neuromorphic systems; Synaptors (which emulate the memory behaviour of 

synapses) and Neuristors (which emulate the leaky, integrate, and fire behaviour of 

spiking neurons). 
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 Non-volatile resistive switching is due to chains of defects through an otherwise 

insulating thin-film oxide. Materials for non-volatile unipolar and/or bipolar RS 

include; (i) simple binary metal oxides (usually off-stoichiometry) such as SiO2-x or 

metal doped SiO2 (Ta:SiO2, Cu:SiO2, Pt:SiO2, Sn:SiO2, Zn:SiO2), TiO2-x, HfO2-x, 

Ta2O5-x, Al2O3-x, ZnOx, ZrO2-x, WO3-x, NiOx, Co3O4-x, MgOx, Fe3O4-x, MnO2-x, Cr2O3-x, 

Cu2-xO, Gd2O3-x, CeO2-x, MoO3-x, VO2-x, Y2O3-x, Nb2O5-x, La2O3-x  or GeO2-x. (ii) 

Complex oxides such as BiFeO3, SrTiO3, LaCrO3, ZnSO3, CoFe2O4, PrxCa1-xMnO3 

(PCMO), NaxK1-xNbO3 or YBa2Cu3O7−x (YBCO). (iii) Amorphous oxides such as a-

Ga2O3-x, a-Lu2O3-x and In-Ga-Zn-O (IGZO). (iv) 2D (or quasi 2D) oxides as Ga2O3, 

graphene oxide (GO) and MoS2-xOx.  

 For synaptors, the most used oxides are PCMO, HfO2-x, Ta2O5-x, TiO2-x, NiOx, WOx 

and Al2O3-x. Advanced features as, for example, pattern recognition, human thought 

patterns, neural fear-conditioning signal recognition or speech recognition have been 

already reported for neuromorphic systems with these oxides (see e.g. [22], [850])  

 Volatile resistive switching is generally achieved in systems where a metal-insulator 

transition (MIT) is observed (i.e., Mott insulators). The resistance collapse occurs 

when part of the material changes from the insulating to the metallic phase as a result 

of an applied voltage. Examples of Mott insulators are NbO2, vanadium oxides such as 

VO2, V2O3, Cr-doped V2O3 (V2-xCrxO3), some nickelates/Ni-compounds (e.g. SmNiO3, 

La2−xSrxNiO4) and Fe3O4 (magnetite).  

 The electrical spiking signals in neurons, so called action potentials, are caused by the 

change in the ion concentrations (e.g., Na+ and K+) within and outside the neuron cell 

body. The generation and propagation of action potentials relies on the pumping of the 

ions by voltage-gated ion channel and has been described by a set of nonlinear 

differential equations or neuron models (e.g. Hodgkin-Huxley (H-H) [733], leaky-

integrate-and-fire (LIF) [734], FitzHugh–Nagumo [735], Morris–Lecar [736] or 

Hindmarsh–Rose [737]). Recently, it has been suggested that the behavior of neurons 

initiating action potentials can be emulated by a neuristor that is built from two Mott 

memristors along with resistors and capacitors [740]. Following this work, a series of 

neuristors have been defined with NbO2 and VO2 Mott memristors that possess all 

three classes of excitability (Hodgkin’s classification), most of the known biological 

neuronal dynamics, and are suggested to be intrinsically stochastic [745]. 
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As a future outlook, oxide-based neuromorphic devices feature genuine physical effects 

that could be sought as non-linearity, plasticity, excitation, and extinction which could be 

naturally coupled with living biological systems and tracing a cybernetic parallelism. For 

example, oxide-based VO2 neuristors have been reported to pave the way to stochastic 

computation (stochastic computation is what actually happens on the brain and is very 

difficult to implement with CMOS neurons).  In a similar fashion, tuning of the insulating 

phase resistance in correlated Mott memristor circuits can enable direct mimicry of 

neuronal origins of disorders in the central neural system and to further study the neuronal 

coding. In such arrangements, the implementation of light-stimulated synaptic emulators 

may greatly enhance computational speed by providing devices with high bandwidth, low 

power computation requirements, and low crosstalk. While the fastest timescale on which 

biological neurons operate is in the order of milliseconds, the photonic integrate-and-fire 

devices operate on picoseconds thus representing a virtually unexplored sensory and 

cognitive processing paradigm of the radio frequency spectrum. Further, the nervous 

system is under selective pressure to generate adaptive behaviour at the minimal energy 

cost and, thus metabolic energy consumption constrains the design of brains. A strategy 

for enhancing its energy efficiency can be achieved by the optimal placement of 

components within nervous systems/sensory systems to minimize energetic costs by 

saving wire. The conceptual change that may be enabled by oxide thin-films with 

photoactive and resistive switching functionalities would be that the light sensing 

capabilities of the synaptic devices could be located in the memory and the information 

itself (photons) or computing in sensor. The implementation of oxide-based self-powered 

photo-sensitive memories would continuously monitor the reality at an additional zero 

energetic cost which also would result in a minimization of its internal states (free energy). 

As a summary, it is conceivable that the size of artificial intelligence hardware complexity 

and its related cognitive models would be much reduced in the future with tailored oxide-

based photo-neuromorphic artificial synapses.  
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Figure 1. Energy Harvesting. (a) Primary energy sources (light, electromagnetic, kinetic, heat 
and chemical) and their corresponding physical energy harvesting mechanism. (b) The energy 
requirements for various consumer electronics ranging from 1 W to 1W. Home appliances 
typically are in the range of few kW. Transportation and powering large systems require much 
electrical power (~1MW-1GW). The global energy consumption of the entire world is around 
10 TW.  Reproduced with permission from [48], © 2012 COPYRIGHT WILEY-VCH Verlag 
GmbH & Co. KGaA, Weinheim. (c) The diagram of a typical wireless sensor node. Adapted 
with permission from [39] © 2010 COPYRIGHT Tan YK, Panda SK. Published in DOI: 
10.5772/13062 under CC BY-NC-SA 3.0 license. Available from: 
http://dx.doi.org/10.5772/13062.    
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Figure 2. Von-Neumann vs Neuromorphic Architectures. Schematic of a serial Von-Neuman 
machine (a) vs parallel neuromorphic architecture (b). (c) Any computing machine can be 
powered from a photovoltaic system in a well-known arrangement. (d) In future photovoltaic 
neuromorphic system any artificial memory (synaptor) and neuron (neuristor) would be (or 
would be attached) to a minute power station enabling computation and power generation to 
be in the same place. For example, a typical wireless sensor node (Adapted with permission 
from [39] © 2010 COPYRIGHT Tan YK, Panda SK. Published in DOI: 10.5772/13062 under 
CC BY-NC-SA 3.0 license. Available from: http://dx.doi.org/10.5772/13062) can, in 
principle, be aggressively reduced by removing the storage and harvesting units, 
implementing computing in sensor and optical communications.         
 
  

http://dx.doi.org/10.5772/13062
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Figure 3. Oxide Thin-film Applications in Energy and Information and Communication 

Technologies (ICTs). (a) Typical energy and ICT technologies where oxides have a role. AI: 
Artificial Intelligence (neuromorphic computing), TCO: transparent conducting oxide, TFT: 
thin-film transistor. PZT: Pb(Zr,Ti)O3, BTO BaTiO3, PCMO: PrxCa1-xMnO3, ITO: Sn:In2O3, 
FTO: F:SnO2, AZO: Al:ZnO, IGZO: In-Ga-Zn-O and IZO: In-Zn-O. Energy bandgap and 
work function of common oxide n-type and p-type semiconductors. (b) Energy bandgap and 
crystal structure of some oxide insulators or ultra-wide bandgap semiconductors (in the case 
of Ga2O3) (c). (d) Some of the typical crystal structures of these oxides (wurtzite, cubic, 
corundum).      
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Figure 4. A Survey of Known Photovoltaic Effects. Schematic of the conventional (a) p-n 
photovoltaic effect and (b) the bulk photovoltaic effect (BPE). Adapted from [302] with 
permission from the Royal Society of Chemistry. (c) Mechanical strain has also been studied 
as a way to enhance photovoltaic conversion in p-n piezoelectric semiconductor junctions (e.g. 
ZnO) resulting in a piezo-phototronic effect. Adapted with permission from [4], ©2017 
COPYRIGHT WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (d) Very recently, it 
has been expanded the class of materials capable of exhibiting the BPE effect by making 
ordinarily centrosymmetric materials, such as SrTiO3 and TiO2, lose their inversion symmetry 
by a strain gradient (i.e, flexoelectricity). Reproduced with permission from [112], ©2013 
COPYRIGHT WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. 
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Figure 5. Schematic of Typical Thin-film Solar Cells. (a) transparent glass substrate 
illumination (TGSI) and (b) tranparent conductive electrode illumination (TCEI). Adapted 
with permission from [62], ©2018 COPYRIGHT Society of Photo-Optical Instrumentation 
Engineers (SPIE). Source: A. Pérez-Tomás, E. Chikoidze, M. R. Jennings, S. A. O. Russell, F. 
H. Teherani, P. Bove, E. V. Sandana, and D. J. Rogers "Wide and ultra-wide bandgap oxides: 
where paradigm-shift photovoltaics meets transparent power electronics", Proc. SPIE 10533, 
Oxide-based Materials and Devices IX, 105331Q (6 March 2018); doi: 10.1117/12.2302576; 
https://doi.org/10.1117/12.2302576. Schematic of three different photovoltaic technologies 
over 20% efficient; CIGS (generally TCEI), CdTe (generally TGSI) and perovskite (generally 
TGSI). Oxides are present as transparent conductive oxides (FTO) or semiconduct transport 
media (e.g. ZnO, TiO2). Reproduced with permission from [101], ©2016 COPYRIGHT 
American Association for the Advancement of Science.    
  

https://doi.org/10.1117/12.2302576
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Figure 6. Performance maps for oxide thin-films for TCOs and light absorbers (p-n and 

ferroelectric solcar cells). Performance maps of (a) n-type (adapted with permission from [132], 
©2017 COPYRIGHT Springer International Publishing AG.) and (b) p-type TCOs (adapted 
with permission from [208], ©2018 COPYRIGHT WILEY-VCH Verlag GmbH & Co. KGaA, 
Weinheim). (c) Overview of the power conversion efficiency of solar cells based on oxide and 
ferroelectric oxide absorbers. Adapted with permission from [51], ©2018 COPYRIGHT 
Elsevier Inc. All rights reserved.  (d) Ferroelectric oxide absorber map of bandgap vs 
polarization for some selected oxides. Reproduced with permission from [230], ©2017 
COPYRIGHT American Chemical Society.       
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Figure 7. Oxide Layers as Buffer Layers in Thin-film Solar Cells. Possible configuration of 
tranport media in thin-film photovoltaics (e.g. organics and halide perovskites). TSO thin-
films can be either, nanostructured or planar. Nanostructured oxide thin-films are made of 
nanoparticles (e.g. mesoscopic), nanorods, nanoplates, quantum dots or any other 
nanostructure within the nanoscopic size range (1 to 100 nm) while in the planar 
configuration they are dense thin-films. The TCO referees to a transparent conductive 
electrode while ETM and HTM are electron transport media and hole tranport media, 
respectively. In the mesoscopic structure, the mesoscopic layer can be a transparent 
semiconductor insulating scaffold.          
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Figure 8. The Solaristor Concept – A Neuromorphic Self-powered Phototransistor. (a) A 
solaristor (from SOLAR cell transISTOR) is a compact two terminal self-powered 
phototransistor. (b) The two-in-one neuromorphic memristor plus solar cell achieves the high-
low current modulation by a resistive switching effect in the flow of photogenerated carriers. 
(Reproduced from https://en.wikipedia.org/wiki/Solaristor under license CC BY-SA 4.0 
(https://creativecommons.org/licenses/by-sa/4.0)). Pannels (c) and (d) show the low resistance 
state (LRS) and high resistance state (HRS) of a (Pb(Zr,Ti)O3) ferroelectric solaristor 
depending on the ferroelectric polarization. (e) A solaristor is a compact two terminal photo-
transitor and non-volatile memory that possesses a sandwiched neuromorphic architecture. In 
general, intrinsic neuromorphic functionalities are achieved by filamentary resistive switching 
(RS), phase changing materials (amorphous vs cristalline), spin current or ferroelectric 
polarization. Reproduced with permission from [16], ©2018 COPYRIGHT Springer Nature. (f) 
The introduction of photovoltaic and/or photonic aspects into these neuromorphic 
architectures will produce self-powered adaptive electronics but may also open up new 
possibilities in artificial neuroscience, artificial neural communications, sensing and machine 
learning which would enable, in turn, a new era for computational systems owing to the 

https://en.wikipedia.org/wiki/Solaristor
https://creativecommons.org/licenses/by-sa/4.0)
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possibility of attaining high bandwidths with much reduced power consumption. Adapted 
with permission from [882], ©2018 COPYRIGHT Society of Photo-Optical Instrumentation 
Engineers (SPIE). Source: B. J. Shastri, M. A. Nahmias, A. N. Tait, T. Ferreira de Lima, H.-T. 
Peng, and P. R. Prucnal "Integrated neuromorphic photonics", Proc. SPIE 10721, Active 
Photonic Platforms X, 107211M (19 September 2018); (with permission of authors) doi: 
10.1117/12.2322182; https://doi.org/10.1117/12.2322182.   
 
  

https://doi.org/10.1117/12.2322182
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Figure 9. Biological Synapses. (a) Overview of the synaptic process showing vesicles 
neurotranmitters, lipidic membrane and Na+ and K+ channels. (b) Action potential voltage vs 
time showing the depolarizion of the neuron membrane and repolarization with a refractory 
period. Neuromorphic engineering basically is mimicking these basic neuronal process by 
electronic components. Credits: Images by Curtis DeFriez, Weber State University. ©2013 
COPYRIGHT John Willey & Sons. All rights reserved.                   
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Figure 10. Artificial Synapses - Resistive Switching in Oxide Thin-Films. Schematic 
representation of the three main types of resistive switching: (a) unipolar, (b) bipolar, and (c) 
volatile (threshold) switching (metal-insulation-transition). Top panels: show the current vs 
voltage characteristics of each resistive switching type. Arrangement adapted with permission 
from [24] (©2018 COPYRIGHT AIP Publishing) and currrent-voltages curves reproduced with 
permission from [22] (©2018 COPYRIGHT Springer Science Business Media, LLC, part of 
Springer Nature) and [714] (©2015 COPYRIGHT Springer Nature Publishing AG Licensed 
under a Creative Commons Attribution 4.0 International License CC BY 4.0). 
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Figure 11. Basic Neuromorphic Devices, Models and Systems. Neuromorphic devices are 
electronic components and circuits that mimic basic functionalities of biological brains. Here, 
we consider two types of neuromorphic devices: (a) synaptors and (b) neuristors, which 
potentially could implement the core of neuromorphic artificial neural networks (typically in a 
crossbar array topology (c)). Neuristors are defined as the solid-state intrinsic neuromorphic 
devices that emulate the action potential behavior of spiking neurons (i.e., neuristors are 
active signaling circuits) and synaptors emulate the memory behavior of synapses (i.e., 
synaptors are, in general, simpler two-terminal capacitors -e.g. memristors- exhibiting non-
linear plasticity). In practice, a neuristor can be seen as a spiking neuron and a synaptor can be 
seen as the tunable connection in between two neurons. One of the key questions associated 
with neuromorphic computing is which neural network model to use [601]. One popular 
inclusion for synapse models is a plasticity mechanism which has been found to be related to 
learning in biological brains. Both, short-term and long-term potentiation (STP/LTP) and 
depression (STD/LTD) have been extremely common in neuromorphic implementations and 
are specific forms of spike-timing dependent plasticity (STDP) rules. Analogously, a variety 
of biologically-plausible and biologically-inspired neuron models have been implemented in 
hardware. Network models describe how different neurons and synapses are connected and 
how they interact. The Neuristor circuit containing two volatile Mott Memristors (NbO2) in 
(b) is reproduced with permission from [740], ©2012 COPYRIGHT Springer Nature.     
  



  

69 
 

 
 
 
Figure 12. Oxide-based Biological Plaussible Neuristors. (a) Basic circuit topology of a two-
channel active VO2 neuristor to mimic the neuronal dynamics [745]. A voltage-gated Na+ (K+) 
channel is emulated by a negatively (positively) d.c. biased active Mott RS memristor device, 
which is closely coupled with a local membrane capacitor C1 (C2) and a series load resistor 
RL1 (RL2). A wide hysteresis loop exists in the voltage-controlled mode due to the Mott 
transitions. An input current or voltage stimulus can shift the load line into the negative 
differential resistance regime (green dashed line) and elicit an action potential generation 
(spiking). (b) Experimental and simulated spike train from a NbO2 neuristor [740]. As the 
channel capacitances C1 and C2 are adjusted, the inter-spike interval and spike width are 
modified such that the neuristor exhibits: regular-spiking, chattering and fast-spiking modes 
of operation. (c) Three active memristor prototype neuron circuits and their experimentally 
demonstrated spiking behaviors; tonic excitatory neurons, with a resistive coupling to 
dendritic inputs, phasic excitatory neurons, with a capacitive coupling to dendritic inputs and 
mixed-mode neurons, with both resistive and capacitive couplings to dendritic inputs. Panels 
(a) and (c) adapted with permission from [745] ©2018 COPYRIGHT Springer Nature 
Publishing AG Licensed under a Creative Commons Attribution 4.0 International License CC 
BY 4.0. Panel (b) adapted with permission from [740] ©2012 COPYRIGHT Springer Nature.            
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Figure 13. Oxide-based Neural Networks. (a) An oxide-based RS crossbar array will carry 
different and tunable synaptic weights in each cell, forming a computational framework with 
a broad spectrum of artificial intelligence applications. Adapted with permission from [576] 
©2019 COPYRIGHT Springer Nature. (b) „On the chip“ integration of oxide-based HfO2 
memristor artificial neural networks [764]. (c) In situ training algorithm showing an schematic 
diagram of a two-layer neural network where each neuron computes a weighted sum of its 
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inputs and applies a nonlinear activation function. (d) The implementation of the network 
with a set of memristor crossbars. Each synaptic weight (arrows in c) corresponds to the 
conductance difference between two oxide-based RS memristors. (e) Typical handwritten 
digits from the Modified National Institute of Standards and Technology (MNIST) database. 
In this work, the network was trained using stochastic gradient descent (SGD) to classify 
handwritten digits in MNIST dataset. (f) and (g) Experimental demonstration of in situ 
learning capability on a standard machine learning dataset. (f) Typical correctly classified 
digit “9” and (g) misclassified digit “8” after the in-situ training. The neuron representing the 
digit “9” has the highest output current, indicating a correct classification while the 
corresponding Bayesian probability of each digit is calculated by a softmax function. Adapted 
with permission from [764] ©2018 COPYRIGHT Springer Nature Publishing AG Licensed 
under a Creative Commons Attribution 4.0 International License CC BY 4.0.  
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Figure 14. Neuromorphic Codes Enabled by Oxide Thin-films. (a) Model of a memristor-
based neuromorphic spiking network. The information theory (perhaps the most rigorous way 
to quantify neural codes) basically is an aspect of probability theory that was developed in the 
1940s as a mathematical framework for quantifying information transmission in 
communication systems. In a spiking neuron, the entropy rate quantifies the amount of 
uncertainty and translates into the amount of information potentially encoded (intricately 
linked to the mutual information concept). (b) As an example, a numerical Monte Carlo 
method with Bayesian estimators of entropy was used in [842] to determine the mutual 
information between the input and output layers of a memresistive crossbar array neural 
network based on STDP learning rules. In panel (b) it is shown the changing curves with time 
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of the 100 memristor conductances and, in (c), it is shown the simulated different mutual 
information rate (MI rate in bits/s) (red triangle line) and mean firing rate (black cross line) of 
output signals. Simulation results suggest that self-organized refinements would increase the 
information transfer efficiency of oxide-based RS crossbar networks. Adapted with 
permission from [842] ©2013 COPYRIGHT Springer-Verlag Berlin Heidelberg.  Several 
neurological disorders including depression or attention deficit hyperactivity disorder 
(ADHD) originate in faulty brain signaling frequencies. (d) VO2 MIT neurons can enable 
direct mimicry of neuronal origins of disorders in the central nervous system [908]. (e) The 
insulating-state resistance can be changed when VO2 degrades, and this feature is utilized to 
model spike-timing related neural disorders. Here, +ΔR represents an increase of resistance 
and –ΔR represents a drop in resistance. (f)-(i) Healthy vs degenerative leaky neurons, and 
VO2 artificial neurons (f). Healthy biological neuron shows an insulator-to-metal transition 
during one spike event. (j). Degenerative biological neuron with excess leakage where no 
action spike is observed (h). In one spike of the VO2 neuron, the VO2 device goes through an 
insulator-to-metal transition (i). Degenerative VO2 neuron with excess leakage (–ΔR) (j). The 
resistance as a function of temperature normalized to the metallic state resistance (Rins/Rmet) 
illustrates the reduction of resistance of the insulating state by ~100 (F). Contour of inter-
spiking-interval shows its dependency on material properties (Rins/Rmet) and input stimulus. 
Reduction of insulating-state resistance (Rins) narrows the neuron operating region for a given 
input stimulus. This example exemplifies the potential use of circuits based on functional 
oxide neurons as complementary to model animal studies for neuroscience. Reproduced with 
permission from. Reproduced with permission from [908] ©2018 COPYRIGHT Lin, Guha and 
Ramanathan under the terms of the Creative Commons Attribution License (CC BY).    
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Figure 15. Light-driven Learning in Neuromorphic Devices. Examples of “light-driven 
learning“ in various photo-neuromorphic devices which may present one of the following 
device architectures; two-terminals (a) vertical photodiode, (b) lateral photodiode and (c) 
three-terminals phototransistor. Light-driven spike-timing coding (active layer: In-Ga-Zn-O 
amorphous oxide) (d) Photon energy and frequency dependence in an IGZO synaptic device. 
Four different wavelengths were evaluated: red (λ = 620–630 nm), green (λ = 520–530 nm), 
blue (λ = 460–470 nm), and UV (λ = 380–385 nm) light using light-emitting diodes as light 
sources. PSC: postsynaptic current. (e) and (f) Emulation of symmetric spike timing 
dependent plasticity (STDP). (e) A schematic showing two connected IGZO synaptic devices 
for the emulation of STDP. Here, the left side device is considered as a presynaptic neuron 
and the right-side device is considered as a postsynaptic neuron. (f) The variation of 
connection strength between the presynaptic and postsynaptic devices as a function of Δt. 
Here, the Δt was varied from −0.5 to +0.5 s. Light-driven spike-frequency coding (active 
layer: inorganic halide perovskite quantum dots CsPbBr3 and organic semiconductor PQT-12) 
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(g) Excitatory post-synaptic current (EPSC), triggered by a presynaptic light spike (500 nm, 
0.1 mW/cm2, 500 ms) with a constant drain voltage of −1 V and gate voltage of −1 V. The 
inset shows the schematic diagram of the measurement of EPSC. (h) Schematic diagram 
demonstrating the high-pass temporal filtering function in biological synapses. EPSC of the 
photo-synaptic transistors by 30 presynaptic light pulses with a constant light intensity of 0.1 
mW/cm2 and light width of 0.5 s. The 30 presynaptic light spikes used for the stimulation of 
channel conductance are shown in the top half of the figure (in blue). A1 and A30 represent the 
amplitudes of the first EPSC signal and the 30th EPSC signal, respectively. c) EPSC amplitude 
ratio (A30/A1) plotted as a function of the presynaptic light spikes frequency. Panel (a) adapted 
with permission from [873] ©2019 COPYRIGHT Royal Society of Chemistry. Panels (b), (g) 
and (h) adapted with permission from [871] ©2019 COPYRIGHT WILEY-VCH Verlag GmbH 
& Co. KGaA, Weinheim. Panel (c) adapted with permission from [877] ©2018 COPYRIGHT 
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. Panels (d), (e) and (f) adapted with 
permission  from [46] ©2017 COPYRIGHT WILEY-VCH Verlag GmbH & Co. KGaA, 
Weinheim.      
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Figure 16. Neuromorphic Optoelectronic Computing in Sensor. (a) Conventional (Von 
Neumann computing system) robot system including sensors, center computing units (CPUs), 
and motor system vs biology body system including biological sensors, biological computing 
unit and biological motors. The bus in traditional Von Neumann is energetic and speed 
bottleneck. (b) A living technology with a neural network robot control system holds the 
promise of being more efficient in energy consumption and self-adaptive learning. In a 
scheme of active inference, outputs are coordinated (biological robots send ascending sensory 
signals and descending motor predictions) so as to selectively sample sensory input in ways 
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that better fulfill predictions, thereby minimizing predictive coding errors [932]. Panels (a), 
(b) and (c) reproduced with permission from [851] ©2017 COPYRIGHT Elsevier Ltd. All rights 
reserved. Human eyes undertake the majority of information assimilation for learning and 
memory. Transduction of the color and intensity of the incident light into neural signals is the 
main process for visual perception. However, very few studies integrate light-sensing 
components with neuromorphic devices to emulate retinal functions at an electronic device 
level although being essential to acquire advanced imaging functionalities in artificial eyes, 
such as visual-aided learning and color recognition [930]. (c) Schematic illustration of a retina's 
multilayer structure. Upon light irradiation, neural signals produced by rods and cones are 
transmitted through synapses to bipolar and ganglion cell layers to be processed into action 
potentials. Then action potentials are transferred into the brain via the optic nerve. (d) The 
synaptic device in this example is electrochemical organic resistive-switching transistor gated 
by a ferroelectric dielectric. (e) Examples of color-perception functions in the artificial-vision 
system depending on the wavelength of the illumination and their characteristic retention 
times. Panels (d), (c), and (e). Adapted with permission from [930] ©2018 COPYRIGHT 
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (f) Oxide thin-films are good 
candidates as photo-active semiconductors covering all the range from ultra-wide bandgap 
(i.e., deep ultraviolet ~ 100 nm) such as BeO (10.6 eV), UVC (e.g. ~5eV Ga2O3), UVA (~3eV 
ZnO) optical bandgap such as CuOx (1.4-2.2 eV), to long-wave infrared such as Ti2O3 (0.09 
eV) which correspond to a cut-off absorption wavelength of 13.3 μm. In addition, some oxide 
thin-films are among the best photostrictive, photochromic, thermochromic, and 
electrochromic materials.  
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