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Abstract: Transparent conducting oxides constitute a unique class of materials combining 

properties of electrical conductivity and optical transparency in a single material. They are 

needed for a wide range of applications including solar cells, flat panel displays, touch 

screening, light emitting diodes and transparent electronics. Most of the commercially 

available TCOs are n-type, such as Sn doped In2O3, Al doped ZnO, and F doped SnO2. 

However, the development of efficient p-type TCOs remains an outstanding challenge. This 

challenge is thought to be due to the localized nature of the O 2p derived valence band which 

leads to difficulty in introducing shallow acceptors and large hole effective masses. In 1997 

Hosono and co-workers (Nature 1997, 389 939) proposed the concept of “chemical 

modulation of the valence band” to mitigate this problem using hybridization of O 2p orbitals 

with close-shell Cu 3d10 orbitals. This work has sparked tremendous interests in designing p-

TCO materials together with deep understanding the underlying materials physics. In this 

article, we will provide a comprehensive review on traditional and recently emergent p-

TCOs, including Cu+-based delafossites, layered oxychalcogenides, nd6 spinel oxides, Cr3+-

based oxides (3d3) and post-transition metal oxides with lone pair state (ns2). We will focus 

our discussions on the basic materials physics of these materials in terms of electronic 

structures, doping and defect chemistry for p-type conductivity and optical properties. Device 

applications based on p-TCOs for transparent p-n junctions will also be briefly discussed. 
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1. Introduction to transparent conducting oxides (TCOs)  

Electrical conductivity and optical transparency are seemingly mutually exclusive properties 

when considering conventional solid state materials such as metals, semiconductors and 

ceramics. Metals are conductive but opaque due to the free electrons at the Fermi level; 

semiconductors such as Si and GaAs are semi-conducting but showing strong absorption for 

visible light; ceramics are generally transparent but insulating due to their large bandgap.  

Transparent conducting oxides (TCOs) are a class of materials displaying a combination of a 

close-to ‘metallic’ (∼104 S cm−1) and almost “insulating” transparency  (>80%) in the visible 

light range, achieved by degenerately doping of wide bandgap oxide semiconductors. 

Because of such unique properties, TCOs form the basis of numerous important applications 

in contemporary and emerging technologies.1-4 A typical example is the use of TCOs as 

transparent electrodes for touch screen in smart phones, liquid crystal displays, organic light 

emitting diodes and solar cells.3-7 Emerging technologies include using TCOs as active layers 

for transparent thin film transistors,8-11 UV light emitting diodes and detectors,12 and gas 

sensors.13-15  

The literature on TCOs is vast, testifying to more than 100 years of intensive scientific 

investigation and technical application. The first TCO thin film, cadmium oxide (CdO), was 

made by Badeker in 1907 via thermally oxidizing a vacuum sputtered film of Cd metal.16 

However CdO is not widely used today because of toxicity issue, whereas it is still of 

scientific interest because of its high electron mobility.17, 18 The first large-scale use of TCOs 

occurred during World War II, when antimony-doped tin oxide (Sb:SnO2) coating was used 

as a transparent defroster for aircraft windshields.19 Electrical heating of windshields and 

windows in aircraft and vehicles is still an important application of TCOs until now. To date, 

the industry standards TCOs are n-type degenerately doped wide bandgap post-transition 

metal oxides, including Sn-doped In2O3, F-doped SnO2 and Al-doped ZnO, where the ionic 
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character of the parent oxides produces an oxygen 2p-derived valence band (VB) and the 

metal s orbital derived conduction band (CB), resulting in large optical band gaps (>3.1 eV) 

and concomitantly an excellent n-type conductivity when donors doped.20, 21 Sn-doped In2O3 

(also called indium-tin-oxide or ITO) accounts for more than 90 percent of the display 

market, and has been the dominant material for the past 60 years.5 The materials used in 

industry are usually in the form of polycrystalline or amorphous thin films deposited on glass 

or polymer substrates by sputtering techniques.  ITO thin films have the advantage of a high 

conductivity up to ~104 S·cm-1, a transmittance of greater than 80% and ease to fabrication. 

However the low abundance and the ramping price of indium raw metal have significantly 

increased the cost of ITO by 1000% in recent 10 years. Therefore intensive research efforts 

from both academia and industry have been devoted to exploiting F-doped SnO2, Al-doped 

ZnO, and graphene22 as possible alternatives to ITO.5, 6 

On the other hand, many potential applications of TCOs are still limited by the lack of 

their p-type counterparts.2, 12, 23, 24 A high performance p-type TCOs would leverage the great 

promise of oxides for transparent electronics and optoelectronics by combining with the 

common n-type ones into p-n heterojunctions. The recent rapid development of photovoltaics 

and solar water splitting also calls for calls for p-type electrodes for more efficient hole 

collection.3 The challenge in achieving p-type TCOs is due to the intrinsic electronic structure 

of metal oxides: the top of VB of most oxide materials is comprised of strongly localized O 

2p-derived orbitals.25, 26 Oxygen is a relatively small atom with a high electronegativity, 

leading to difficulty in introducing shallow acceptors and large hole effective masses. In 

1997, Hosono and co-workers proposed the concept of “chemical modulation of the valence 

band” (CMVB) to mitigate this problem using hybridization of O 2p orbitals with closed-

shell Cu 3d10 orbitals.25 Because the Cu 3d10 level is close to that of an O 2p6 level, it is 

expected that the Cu 3d10 can form strong covalent bonding with O 2p6. This will result in a 
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large dispersion at the top of VB and reduction of the localization of positive holes. 

Meanwhile the closed shell d10 also avoids coloration due to d-d excitations, ensuring the 

optical transparency for visible light. Following this design rule, a series of p-TCOs based on 

Cu+ bearing oxides, such as delafossites CuMO2 (M  = Al25, 27, Cr28, 29, In30, Sc31, Y32 and 

Ga33) and SrCu2O2
34 have been discovered.  With p-type TCO materials identified, the 

fabrication of a transparent p-n junction made exclusively from TCO materials became 

possible.35  Besides exploring the Cu 3d-O 2p interaction to enhance VB dispersion, the 

concept of CMVB was extended to use chalcogens (Ch= S, Se, and Te) to replace the 

oxygen, since more hybridization between the Cu 3d orbitals and the Ch p orbitals was 

expected in the sequence of O, S, Se, and Te.  Layered LaCuOCh (Ch=S and Se)36-39 and 

Sr3Cu2Sc2O5S2
40 are the two most promising p-TCOs identified following this rule. To date 

Mg-doped LaCuOSe exhibit the highest p-type conductivity of 910 S cm-1, but unfortunately 

the small bandgap of LaCuOSe (2.8 eV) limits its optical transparency.38 More recently, 

CMVB has also been applied to other materials with quasi-closed shells such as d6 and d3.  

This leads to the identification of a serial of new p-TCOs such as ZnM2O4 spinels and Cr-

based oxides.41 Compared to layered Cu+-based materials, the new p-TCOs normally have 

three dimensional lattice structures and are more compatible to integrate with the existing n-

type materials.  Furthermore, cation s states are generally more delocalized than d states, and 

their hybridization with O 2p states can result in lighter hole effective mass. This can be 

realized in post-transition metal oxides containing ns2 lone pair state such as SnO42 and 

Ba2BiTaO6
43.  

This article aims to provide the readers an up-to-date review on aforementioned p-TCO 

materials. We will focus our discussions on the basic materials physics of these materials in 

terms of electronic structures, defect and doping chemistry for hole conductivity and optical 

properties.  
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2. Brief materials physics of TCOs 

2.1 Electrical conductivity and electronic structure 

The fundamentals of TCOs can be understood by the physics of semiconductors. The 

electrical conductivity (σ) of a TCO film is directly related to its carrier concentration (n) and 

carrier mobility (µ), according to the relation σ = neµ, where e is the elementary charge. 

These parameters are fundamentally related to the electronic structure of the oxides. The n is 

determined by the intrinsic ease of generation of mobile carriers (electrons for n-type and 

holes for p-type) by defects or dopants. The carrier mobility μ is directly proportional to the 

free carrier scattering time, τ, and is inversely proportional to the carrier effective mass, m*, 

via μ = eτ/m*.  The τ in TCO largely depends on extrinsic factors such as ionized dopants, 

defects and grain boundaries determined by film preparation procedures. The m* is an 

intrinsic property of the material, a tensor whose components are obtained from the electronic 

bandstructure by analysing the variation of energy (ε) with momentum (k). Thus, a highly 

dispersive valence band maximum (VBM) or conduction band minimum (CBM) gives rise to 

small m* and hence a high µ.  

The design strategy for state-of-the-art TCOs is to degenerately dope wide-bandgap oxide 

semiconductor to balance the trade-offs between n, m* and τ.  For n-type TCOs, the host 

materials are post-transition metal oxides (e.g., In2O3, SnO2, ZnO and CdO), which usually 

have a large optical bandgap (> 3.1 eV) making the materials highly transparent in form of 

thin films. The top of VB is primarily formed by fully filled oxygen 2p6 states and the CBM 

mainly by the unoccupied ns0 orbitals of post-transition metal cations, as depicted in Figure 

1a for the case of In2O3. The post-transition metal ns0 derived CBM is the key for achieving a 

high electrical conductivity in n-type TCOs for the following two reasons.  First of all, the 

ns orbitals of post-transition metal cations normally have large spatial distributions and their 
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wavefunctions overlap with each other (Figure 1b), which provide a facile pathway for 

conduction of electrons. In the view of bandstructure, the s orbitals forms a highly dispersive 

CBM, giving rise to a small electron effective mass. Figure 1c plots the bandstructure of 

In2O3 calculated by density functional theory (DFT) by Walsh et al.44 It clearly show a 

dispersive CBM at Γ point, while non-dispersive VBM. In2O3, ZnO and SnO2 typically have 

small electron effective masses of 0.20-0.35me (me is the rest mass of an electron) and 

reasonably high electron mobility of 50 cm2/Vs.5, 20, 45 On the other hand, the effective masses 

for hole are as large as 38me for the case of In2O3, suggesting the fundamental limitations to 

obtaining highly mobile hole at the VBM. This is reflected in part by numerous attempts at p-

type doping of ZnO and In2O3,
46-48 but no encouraging results have been achieved so far and 

there are still problems concerning the reproducibility of the results. Secondly owing to the d-

block contraction, the energy of ns0 of post-transition metal cations are relatively lower than 

those of pre-transition metals (e.g., MgO). This gives rise to a relatively high electron affinity 

and thus ease for doping with electrons.49 For In2O3, substitution of In3+ by Sn4+ introduces 

dopant energy levels just below the CBM. The extra electrons can be easily activated into the 

CBM as free carriers, inducing a significant increase of conductivity. With more doping, the 

Fermi level move up into the CB and the materials ultimately show a degenerately doped 

semiconductor or a free electron like metallic behaviour. The critical carrier concentration nc 

for the transition from an insulating to metallic phase is defined by the Mott criterion (nc)
1/3 

a0*>0.26,  where  a0* is Bohr radius. Taking ITO for example, literatures suggest that the 

static dielectric constant ε(0) = 8.9, an electron effective mass m* = 0.17me, giving an 

effective Bohr radius a0* = 2.78 nm.20 Thus the nc for ITO is calculated to be 1  1018 cm-3. 

For industry standard ITO, a carrier concentration of 1021 cm-3 can be achieved, together with 

a typically electron mobility of 50 cm2/Vs, yielding a high conductivity of 104 S cm-1.5 

Additionally, it should be noted that Sn dopants in the In2O3 lattice behave as point scatters of 
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the itinerant electrons and such scattering events probably set the intrinsic limits for electron 

mobility. 

2.2 Optical properties 

The optical properties of the TCO thin films are normally examined by transmittance, 

reflectance and absorptance spectra in a broad range of UV-visible-infrared spectrum.  Their 

transmittance in the visible and near- infrared regions is a direct consequence of their wide 

optical bandgaps (Eg > 3.1 eV). Here it should be addressed that the term “optical” bandgap 

usually means the threshold photon energy showing strong absorption coefficient in optical 

absorption spectra. The “optical” bandgap is not always equivalent to fundamental (or 

electronic) bandgap, because some materials may have a smaller fundamental bandgap that is 

optically indirect or direct but excitation forbidden. Thereby the materials show very weak 

absorption at the fundamental bandgap. This point is very evident in the case of In2O3, which 

has an optical bandgap of 3.6 eV, yet possesses a fundamental but dipole forbidden bandgap 

of only 2.8 eV, see Figure 1c.44 The fundamental bandgap is small because the large In cations 

lower the antibonding state at the CBM. The optical gap is substantially wider, because optical 

transitions between the fundamental bandgap are forbidden by the symmetry and the allowed 

transition is almost 1 eV below the VBM. Similarly most of the Cu+-based delafossites p-type 

TCOs have fundamental bandgaps less than 2.8 eV which are indirect and show weak 

absorptions, but the optical bandgaps are larger than 3.1 eV.  

In the near infrared region, the absorption and reflection due to the free carriers in the CB (or 

VB for p-type TCOs) become important. The phenomena in this region can be satisfactorily 

explained on the basis of classical Drude theory: the free carriers oscillate with an applied field, 

like the free electrons in metals (plasma oscillations). The plasmon frequency, ωp given by: 
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where n is the free carrier density, m* is the electron effective mass and ε0 is the permittivity 

of free space.  To achieve substantial conductivity, TCOs often require carrier concentrations 

on the order of 1  1021 cm-3, which results in a plasmon energy in the near-infrared region at 

around 0.9 eV. However a higher electron concentrations of 5  1021 cm-3 will bring the 

plasmon energy into the visible red spectral range. Thus the plasmon frequency for free carriers 

place a limit on the optimum region of transparency associated with a particular conductivity. 

Therefore the “transparent window” for typical TCOs is set at short wavelengths by its optical 

bandgap and at longer wavelengths by its reflectivity plasmon edge (ℏ𝜔𝑝). Figure 2 shows 

transmission and reflection spectra from ultraviolet to near infrared wavelengths of an ITO 

films.7 Loss in transmission at high and low wavelengths is ascribed to free carrier absorption 

and interband excitations.  

Moreover, the additional high concentration of electrons or holes inserted into the CB (for n-

type) or the VB (for p-type) can also lead to new optical transitions. As schematically shown 

in Figure 3a, the electrons in the CB can absorb photons and undergo transitions to higher states.  

Likewise, in p-type TCOs (Figure 3b), the electrons in lower states can transition up and 

recombine with the holes in the VB. Such second gap transitions, may affect significantly the 

transparency of TCOs. 

 

2.3 Figure of merits 

It is obvious the selection criteria for a high-performance TCO are of high conductivity and 

high transparency. From a practical point of view, these materials should also be cheap to 

produce, and preferably non-toxic. Researchers have been searching for a standard criterion, 

figure of merits (FoM), to assess the performance of materials.  In 1976, Haacke50 proposed a 
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simple and useful FoM that correlate the transmittance (T) and the sheet resistance Rs (where 

Rs= 1/σd, d is the film thickness) by,  

FoM = Tq/Rs = Tqσd 

where q is an exponent that determines which transmittance is required for a specific purpose. 

q = 10 is chosen because a transmittance of 90% is sufficient for most purposes. However this 

quantification overweighs the importance of optical transparency. A materials could have a 

high FoM for a transmittance >90%, even though the sheet resistance is very high (recall the q 

exponent). One in principle can artificially make a materials with high FoM by just making it 

thin enough.   

The second approach with improvement proposed by Gordon51 was to use the ratio σ/α, where 

α is the visible absorption coefficient. The α is calculated from the total visible transmission 

and corrected for reflectance (or sometime neglecting reflectance). In the neglecting 

reflectance approximation, α ≈ (1/d) ln(1/T) and FoM ≈ −1/(RslnT) (in units of M Ω−1). The 

advantage of this approach is the FoM doesn’t depend on the thickness of the films, which 

allows more intrinsic performance of the materials to be assessed. However the functional form 

of this FoM means that the actual numerical values are strongly affected by changes in Rs, and 

are less affected by changes in T. This method seems to yield very high values for highly 

conductive samples, even when the optical transparency is low. For example, as shown in the 

following, the CuxCr1−xMgxO2 film is doped sufficiently high that σ is 220 S cm−1, and T is 

30%.28 The FoM for this film is 4600 M Ω−1, the highest values of all p-TCOs reported. 

However the 30% transmittance would exclude the materials a good TCO. Thus, while the 

FoM is a convenient parameter for the comparison of different materials from different groups, 

it should not be presented in isolation. It is important to look beyond the FoM and also 

consider σ, T, and d when evaluating p-type TCOs.  
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In Table I, we summarize these parameters of the representative p-type TCOs in the literature.    

Both FoMs by Haacke (FoMH) and Gordon (FoMG) are also calculated for the readers’ 

reference. In Figure 5, we also plot the transmission vs inverse sheet resistance (equivalent to 

sheet conductance) of these p-type TCOs (red squares) and commercial n-type ITO, which 

provide a direct overview on the performance of p-type TCOs so far. There is still a huge gap 

towards the comparable performance with commercial n-type ITO. 

 

2.4 Design rules for p-type TCOs 

Lessons from n-type TCOs point out it is intrinsically a difficult task to obtain a high p-type 

conductivity. This is caused by (i) the localized nature of O 2p orbitals at the VBM (limiting 

the hole mobility); and (ii) the difficulty in p-type doping of most oxides (limiting the carrier 

concentration n)—in simple chemical terms, p-type doping involves the introduction of holes 

into the O 2p states at VBM (i.e., oxidation of oxide ions); this results in strongly localized, 

deep lying holes centered on single oxygen sites. The key to alleviate this issue is to design a 

materials with cations that introduce occupied cation d or s states near the VBM. The 

resulting p-d and p-s coupling enhances cation-O 2p hybridization and increase the dispersion 

at VBM for a low effective mass.  In the following we list the design principles for p-type 

TCOs as suggested in literature:52-55 

Transparency: the optical bandgap must be larger than 3.1 eV to guarantee transparency to 

the visible light. Note also that the intraband absorption from deeper VB states to the hole 

states should be weak or not in visible light spectrum so as not to curtail transparency. 

Hole carrier concentration: hole-producing defects (i.e., acceptors) should have low 

formation energies, making them easy to form either as intrinsic acceptors or as extrinsic 

dopants soluble in the host compounds. The energy levels of the acceptors should be shallow 

enough so that free hole carrier can be easily activated at the VBM. “Hole-killing” defects, 
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such as oxygen vacancies, should be difficult to form. A review of defect formation energies 

of transparent oxides by Robertson and Clarke summarized the following criteria for 

doping55: for n-type doping a large electron affinity (χ, energy between the vacuum level and 

CBM) is necessary, while for p-type doping a small ionization potential (IP, energy 

difference between the vacuum level and the VBM) is required.  

In the following sections, we will discuss each criterion of p-type TCOs reported in the 

literature based on these design rules.  

3. Cu+-based materials (3d10) 

3.1 Cu2O 

It is illustrative to start with Cu2O because it is a prototype p-type metal oxide, showing a hall 

mobility exceeding 100 cm2/Vs.  Although its small bandgap (2.17 eV) precludes it as a p-

type TCO, its electronic structure form the basic concept for designing high mobility p-type 

oxides. Cu2O has a cubic crystal structure (space group pn3m, a=4.27Å).56 It consists of a 

body centered array of oxygen ions (see Figure 4a) with Cu ions occupying half the sites 

between adjacent oxygen ions, in such a way that each oxygen ion is surrounded by a 

tetrahedron of Cu ions and each Cu is linearly coordinated by two oxygen ions forming O-

Cu-O dumbbell units.  The structure can alternatively be described in terms of two 

interpenetrating anti-SiO2 cristabolite nets. The separation between adjacent Cu ions in the 

two different nets is relatively small (3.02 Å) compared with that found in metallic copper 

(2.56 Å). The short Cu-Cu distance can still allow significant 3d10-3d10 interactions, which 

was thought to be the cause of small bandgap of Cu2O.57, 58   

Cu2O have been widely explored as one of the most promising materials for solar cells since 

1920 due to their high solar spectral absorption coefficient, high mobility, low-cost, and 

nontoxicity.59-61 Furthermore, due to the high p-type mobility, its applications in oxide thin 
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film transistors (TFT) were also extensively explored by researchers.11, 62-64 The preparation 

of Cu2O thin films has been reported using a variety of growth techniques, such as pulsed 

laser deposition (PLD)63, 65, 66, magnetron sputtering64, 67-70, thermal oxidation71, 72, spin 

coating73, 74, atomic-layer deposition75, chemical vapor deposition76, and so on. Among all 

these methods, sputtering is a relatively cost effective and the most conventional method that 

can be used for large area deposition of polycrystalline films, while PLD is usually used to 

grow epitaxial thin films on single crystal substrates.63, 65 The obtained hall mobilities varied 

from largely 0.1 to 256 cm2/Vs. Li et al. achieved a record mobility of 256 cm2/Vs in Cu2O 

polycrystalline thin films by introducing a low-temperature buffer Cu2O layer to control the 

preferential crystalline orientation and increase the grain size.67 An increasing Hall mobility 

was found with larger grain sizes, indicating that grain-boundary scattering is a major 

contributor in limiting the electrical properties. Matsuzaki and co-workers have grown Cu2O 

epitaxial thin films on both MgO(001) and (110) substrates and their films possess a hole 

mobility of up to 90 cm2/Vs at room temperatures.63 Interestingly, the hole mobility increased 

up to μ=363 cm2/Vs as temperature decreased to 170 K.  The authors also fabricated p-

channel thin film transistors using the Cu2O films. However the device only exhibited a low 

field-effect mobility at 0.26 cm2/Vs, regardless of the high phase purity and Hall mobility of 

the thin films they achieved. This result implied possible extra trap states at the channel 

and/or channel-gate interface produced during device fabrication process, e.g., by ion 

bombardment and/or plasma reduction, may play an important role in determining the device 

performance.77 This is also true for application of Cu2O in solar cells. It has been 

demonstrated the formation of interfacial defect states (possibly CuO) between the 

heterojunction of p-Cu2O and n-ZnO is detrimental to the efficiency of Cu2O-based solar 

cells.78-80  Therefore controlling the surface and interface chemistry of Cu2O thin films with 

other materials might be the solution to address the problem.  
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The higher p-type mobility of Cu2O is related to nature of the bandstructure near the top of 

VB.  The VB of most metal oxides are mainly composed of O 2p orbitals, leading p-type 

doping to often result in localized holes deep in the bandgap. In contrast, Cu+ in Cu2O has 

3d10 close shell electronic configuration. The energy level of Cu 3d10 is close to that of O 2p6 

orbitals (Figure 4b). This leads to a considerable covalency between the two orbitals. In such 

a way, a more dispersed VBM with a smaller hole effective mass can be achieved. 

Photoelectron spectroscopy measurements and bandstructure calculations clearly show that 

the Cu 3d levels and the O 2p states are close in energy and that these form the top of VB.81, 

82 Figure 4c show the bandstructure of Cu2O calculated by Nie et al. using DFT -local density 

approximation (LDA).83 It clearly shows that the VBM at Γ point is much more dispersive 

than that of In2O3 (Figure 1c).  By analysing the variation of energy (ε) with momentum (k), 

the authors also report a hole effective mass as low as 0.24me. This value is slightly smaller 

than the experimental data (0.58me and 0.69me) measured by cyclotron resonance,84 due to 

the underestimation of the bandgap by LDA. DFT has a well-known tendency to 

underestimate bandgaps in most semiconductors and insulators. This tendency is due mainly 

to a discontinuity in the exchange correlation potential. Nonetheless, these results provide 

microscopic mechanism for the p-type high mobility found in Cu2O.  

It is now widely accepted that the source of p-type carriers in Cu2O is Cu vacancies (Vcu), 

via, Vcu → Cu(0) + h• (the formation of a Vcu is associated with removal of one Cu atom from 

the lattice, together with one hole state above the VBM).85-87 This is supported by 

accumulative experimental observations that the hole concentration in Cu2O are strongly 

correlated with oxygen partial pressure during growth or post-growth annealing conditions in 

oxygen.56, 67 A direct evidence of Vcu has been reported by F. Ameena et al. by using positron 

annihilation spectroscopy (PALS) in conjunction with Doppler broadening spectroscopy 

(DBS) and photoluminescence (PL) spectroscopy.88 Theoretical studies based on different 
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methods (LDA, GGA+U) also consistently predicted Vcu has the lowest formation energy 

compared to the other possible defects (e.g., oxygen interstitial) both under Cu-poor-O-rich 

condition, and under Cu-rich-O-poor condition.83, 86, 89, 90   

It is still quite debated in literature on the energy level of the hole state (i.e., acceptor levels). 

The hole state have been reported in experiments in the range of 0.12–0.70 eV above the 

VBM.65, 90-93 Based on the elementary effective mass theory, the acceptor energy can be 

roughly estimated by EA=13.6m*/moεr
2. One obtains a hole energy level of 0.156 eV above 

VBM.  This is of course an oversimplified estimation, because unlike conventional 

semiconductors of covalent bonding, Cu2O is an ionic compound in which the charge carrier 

favours to form self-trapped polarons by distorting the surrounding lattice.90 The polaronic 

nature of the carrier would result in much deeper acceptor levels trapped in the bandgap. 

Deep acceptor states were observed with photoinduced current transient spectroscopy, with 

the defect states having activation energies ranging 0.12–0.63 eV above the VBM.91  The 

acceptor state at 0.63 eV was assigned as Vcu acceptor-type state. None of the other defect 

levels were assigned. Paul et al. recently performed a detailed study on the defects of Cu2O 

using deep level transient spectroscopy with a broad temperature range of 100 to 350 K, and 

reported two hole trap levels.92, 93 The first at 0.45 eV above the VBM, similar to the ones 

found by others,91 was attributed to Vcu, while the second level located at 0.25 eV was 

tentatively assigned to a Cu di-vacancy. Scanlon and Watson et al. have calculated the 

energetics and the transition levels of acceptor defects in Cu2O using hybrid-DFT 

approach.86, 90 They successfully predicted the two transition levels, one at 0.47 eV and the 

other at 0.22 eV, in excellent agreement with the DLTS study by Paul et al. and others.92, 93  

Their results were also consistent with the polaron hopping transport mechanism as 

experimentally observed Arrhenius-like temperature dependence conductivity.64, 94 

3.2 Delafossite (CuMO2) 
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3.2.1 Crystal structures and thin film growth 

However, for all reported Cu2O thin films, despite the encouraging hall mobility values, a 

major concern is the low carrier concentration (ca.1014 cm-3 ) and low optical bandgap (ca. 

2.17 eV), which limit the potential of Cu2O thin films in fully transparent electronics. The 

small bandgap of Cu2O was believed to be due to the strong Cu-Cu interaction in a cuprite 

structure: each Cu ion has 12 next-nearest Cu+ neighbours.27, 58 It was therefore suggested 

that a large bandgap might be found in ternary Cu+ Hosono and co-workers found thin films 

of CuAlO2 have a large optical bandgap of 3.5 eV and therefor show simultaneously an 

optical transparency of 70% and p-type conductivity of 1 S.cm-1.25 Figure 6 show the optical 

transmission spectra and temperature dependent conductivity measurement of CuAlO2 thin 

film, originally reported in ref. [27]. This pioneering work has aroused intense interest for 

search for other Cu+-based delafossites with the general chemical formula CuMO2 in which 

M is trivalent cations such as B, Al, Cr, Ga, Sc, In and Y.  In the delafossite structure (Figure 

7a), each Cu atom is linearly coordinated with two oxygen atoms, forming O-Cu-O 

dumbbells parallel to the c axis. The oxygen anions in the O-Cu-O dumbbells are also each 

coordinated to three M3+ cations, oriented such that M-centered octahedral form MO2 layers 

which lie parallel to the ab plane. The O-Cu-O dumbbell and the octahedral MO2 can be 

arranged in layers so that a stacking sequence of ABABAB gives the 2H (P63/mmc) 

hexagonal polymorph or ABCABC gives the 3R (R3m) rhombohedral polymorph.  

Table II summarize the structural parameters of the undoped CuMO2 (R3m) which were 

retrieved mostly from powder ceramics prepared by solid state synthesis back in 1980s.95-97 It 

can be seen that the lattice parameters and bond lengths follow well the trend of ionic radius 

of M3+. The local coordination around Cu+ in CuMO2 is very similar to that in Cu2O, i.e. the 

same O-Cu-O dumbbells and similar Cu-O bond distance. The most important difference 

between the two oxides is that the O-Cu-O units in Cu2O are connected in three dimensions, 
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whereas in CuMO2 the O-Cu-O units are isolated by the MO2 layers into two-dimension. 

Therefore the number of next-nearest-neighbours is reduced from 12 in Cu2O to 6 in CuMO2. 

It has been argued that the reduced dimensionality of the Cu-Cu interactions is of central 

importance in determining that the bandgap of CuAlO2 (originally quoted as 3.5 eV) is wider 

than that in Cu2O (2.17 eV).25, 27 However, there is oversimplified picture, because one 

should note that the Cu-Cu bond distance in CuMO2 (2.86 Å) is shorter than that of Cu2O 

(3.02 Å).58, 98  

Since the seminal work of CuAlO2, considerable efforts have been made to grow a variety of 

CuMO2 (M = B99, 100, Al25, 27, Cr28, Ga33, Sc31, 101, In30, 102 and Y32) and their alio-valent cation 

doped thin films (e.g., Mg doped CuCrO2, Mg doped CuAlO2) by techniques such as PLD,25, 

27, 30, 33101 sputtering,28, 31, 32, 102, 103 molecular beam epitaxy,104 chemical solution methods,105-

107 and so on (see ref. [24] for a comprehensive review on the p-type TCO deposited by 

different techniques). PLD is the most popular growth method because it has the advantage of 

growing high-quality epitaxial thin films with well-controlled compositions and morphology. 

The epitaxial growth of CuMO2 film with reduced defects and grain boundaries would be 

desirable for (opto-)electronic device application (e.g., transparent p-n diodes) as well as for 

fundamental research to study the intrinsic properties of the materials. However preparing a 

high-quality CuMO2 ceramic target is challenging because of the metastable oxidation state 

of Cu+ and the ease to form secondary phase.108 Basal plane alumina Al2O3(0001) was the 

most popular substrate for attempted epitaxial growth of CuMO2 films, and silica substrate 

were also used for polycrystalline films. The structure of alumina belongs to the 

rhombohedral space group R3c. It is based on a hexagonally close packed array of oxygen 

ions with occupation of 2/3 of the octahedral holes between successive layers by aluminium 

ions. The average O-O separation in the close packed layers is 

𝑑𝑂−𝑂 = 𝑎𝐴𝑙2𝑂3 √3 =  2.748 Å ⁄ . It is thus expected the CuMO2 can be epitaxially grown on 
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the Al2O3(0001) by matching of both the crystal symmetry and the nearest-neighbour O–O 

distances.  For example, the in-plane lattice parameter and also the 𝑑𝑂−𝑂 of CuAlO2 are 2.858 

Å; and thus the mismatch between CuAlO2 and Al2O3 can be defined by 𝑓 = (2.858 −

2.748 ) 2.748 = 4.0%⁄ , with CuAlO2 under compressive strain. It has been shown the c axis 

of CuAlO2 is parallel to that of Al2O3 substrate, and the in-plane axes rotate 60o around the c 

axis to keep the close-packed stack of oxygen ions at the interface of between CuAlO2 and 

Al2O3.
109 Similar epitaxial relationship have been observed for CuBO2

99, CuCrO2
104 and 

CuGaO2
33, 107. However, with the increase of the ionic size of M cations, the lattice mismatch 

is too large to maintain the epitaxial relationship (e.g., f = 19.8% for the case of CuInO2). H. 

Yanagi et al. found the growth of Ca- and Sn- doped CuInO2 on Al2O3(001) leads to 

polycrystalline films.30   

3.2.2 Electronic and optical properties 

The optical and electrical properties of the films were commonly evaluated by UV-visible 

absorption, temperature dependent conductivity measurement, Hall and Seebeck coefficient 

measurement, and the results are summarized in Table I and Figure 5. Compared to Cu2O, 

Cu-based delafossites normally have higher conductivity and transparency, but lower hole 

mobility (< 10.4 cm2/Vs). Sleight and co-workers suggested the lower mobility in the p-type 

delafossites may be due to the lack of three dimensional Cu–O–Cu linkages as seen in Cu2O, 

while in the delafossite structure there are only Cu–O– M–O–Cu linkages.110 This statement 

is supported by later report that the electrical conductivity along ab plane of CuAlO2 single 

crystal is 25 times higher than that along the c axis.111 Similar anisotropic ratio (~30 times) 

has also been reported for CuCrO2 single crystals.112 Scanlon and Watson et al. calculated the 

electronic structures and effective masses of CuMO2 (M=Al, Cr, Sc and Y) using DFT 

corrected for on-site Coulombic interactions (GGA+U) which gives a more accurate bandgap 

values than GGA and LDA.113-115 Their results show CuAlO2 have an effective mass of 2.6me 
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in ab plane, while a large effective mass of 38.95me along the c axis. Similar anisotropy in 

effective masses have also been obtained for CuBO2,
116

 CuCrO2,
114 CuScO2

115 and CuYO2
115, 

as summarized in Table II. It is also of interest to discuss the effect of M3+ cation on the trend 

of effective masses. As the sizes of the M3+ cations increase, the Cu-Cu distance (equal to the 

ab lattice constant) increase. The larger Cu-Cu distance reduces the dispersion at VBM and 

hence results in a higher effective masses. Overall all the CuMO2 have much larger effective 

masses than that of Cu2O (0.58me determined by experiment84 and 0.24me by LDA 

calculation83), which might explain much lower motilities commonly observed in CuMO2.   

Considering σ=enμ, the higher conductivity in delafossites compared to Cu2O should be 

associated with the a higher hole concentrations produced by a higher density of native 

acceptor-like defects (e.g., Vcu) and/or intentional divalent doping at M3+ sites.  Divalent 

doping (e.g., Mg2+) is a straightforward way to introduce hole carriers. Provided the oxygen 

stoichiometry is unchanged, each divalent cation substituting at M3+ site should in principle 

introduce one hole state. CuAl1-xMgxO2
27, CuCr1-xMgxO2

28, CuSc1-xCaxO2
28, CuIn1-xCaxO2

30 

and CuY1-xCaxO2
32 with 0<x<0.05 have been reported showing higher conductivities than 

their undoped forms. Attempt has been made for doping CuGaO2 with Mg, but was not 

successful.33 To date CuCr0.95Mg0.05O2 polycrystalline films reported by Nagarajan et al. in 

2001 has the record highest conductivity (220 S/cm) of any p-type TCOs, but the films only 

have 30-40% transmittance.28 The electronic structure of CuCrO2 has been found to be very 

similar to that of other Cu+-based oxides: Cu 3d10 intermix strongly with O 2p6 to form the 

top of VB .29, 114, 117 The role of Cr 3d states has been a matter of debate, because it is 

experimentally difficult to pinpoint the energy position of Cr 3d state. 29, 105, 118  A recent 

study based on resonant PES, X-ray absorption (XAS) and DFT calculations by Yokobori 

and co-workers suggest that the Cr 3d states straddle most of the top of VB and hybridize 

strongly with Cu 3d and O 2p states.119 The significant Cr 3d contribution at the top of VB 
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suggests that the holes introduced into CuCrO2 by p-type doping are partially delocalized 

onto Cr.118, 119  This possibly accounts for the higher conductivity of CuCrO2 as compared 

with CuAlO2. Meanwhile Cr3+ cations at oxygen octahedrons also show d-d excitations with 

an energy of 2.6 eV which may explain the low transparency of CuCrO2. 
28, 104    

CuInO2 is another materials of particular interest, because it is amenable to bipolar doping, 

where p- or n-type doping can be achieved by Ca or Sn substitution, respectively.30, 120 The 

bipolar dopability of CuInO2 can be understood within the framework of equilibrium doping 

theory. According to the “doping limit rule” reported by Zhang et al., a compound with 

higher VBM is easier to dope p type, while a compound with lower CBM is easier to dope n 

type.120 LDA calculations indicate that the VBM of CuInO2 is mainly composed of Cu 3d10 

with some mixture of O 2p state, therefore explaining the p-type dopability. The CBM is 

mainly formed by low lying In 5s state in a similar way as the case for In2O3, which explain 

the n-type dupability by Sn. However no much attempt has been made to bipolar doping of 

CuInO2 after ref [30].121 It would be interesting to re-investigate this system based on high-

quality thin films. 

For nominally “undoped” CuMO2, Vcu, oxygen interstitials (Oi) and antisite (CuM) are 

believed to be the possible source of hole carriers. Perllicer-Porres et al.122 and Tate et al.111 

postulated that Vcu is the dominant native defects responsible for the p-type conductivity in 

CuAlO2 based on optical absorption spectra of high-quality CuAlO2 single crystals. This is 

supported by DFT calculations by Katayama-Yoshida et al.123, 124 and Nolan89 who report Vcu 

has the smallest formation energy. However, recently Scanlon and Watson using more 

advanced hybrid-DFT have shown that besides Vcu, CuAl  antisites are also dominant defects 

under Cu-poor/Al-poor conditions.113 Their calculations also found the transition levels of 

these defects are deep in the bandgap being at 0.68 eV above VBM, in agreement with the 

experimental value (0.70 eV) deduced from optical absorption.111 Interestingly, as the size of 
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M3+ cation increase (e.g., CuYO2 and CuScO2), Oi become more energetically favourable 

because of the more open lattice structure to accommodate excess oxygens.31, 125 One Oi can 

trap two electrons leaving behind two hole states at the VB (O2(g) = 2Oi” + 4h•).  It has been 

shown that CuScO2+x and CuYO2+x can intercalate excess oxygen up to x>0.5 by annealing 

the materials in oxygen-rich conditions, while there is negligible excess oxygen detected in 

CuAlO2+x (x<0.00002).98, 125 Duan et al. prepared CuScO2 polycrystalline thin films on silica 

by sputtering and found the as-prepared films were insulating.31 Treating the films under 

oxygen at 450 oC significantly increased the conductivity up to 30 S cm-1, the highest 

conductivity reported for nominally “undoped” CuMO2. They suggest Oi was dominant 

defects for p-type carrier in CuScO2+x.  

3.2.3 SrCu2O2 

SrCu2O2 does not possess a delafossite structure but can be viewed as an extension of Cu-

based delafossite. As shown in Figure 8a, SrCu2O2 crystallises in a tetragonal structure with a 

unit cell of a = 5.480 Å and c = 9.825 Å. This crystal has the same O-Cu-O dumbbell zigzag 

chains separated by SrO6 octahedron. It is therefore expected that reduction of dimension also 

leads to a large bandgap relative to Cu2O, similar to that of Cu delafossite. Kuo et al. 

prepared both undoped and 3% K doped SrCu2O2 thin films by PLD.34 The undoped film 

show a low p-type conductivity of 3.9x10-3 S cm-1 and mobility of 0.46 cm2/Vs.  The 

conductivity could be slightly increased to 4.8x10-2 S cm-1 by 3% K doping, but the carrier 

concentration are still three orders of magnitude less than K doping concentration.   

The electronic structure of SrCu2O2 have been examined by photoelectron, optical 

spectroscopy and DFT calculations.83, 126, 127 The VBM is formed by the antibonding state of 

Cu 3d with O 2p, while the CBM is primarily composed of Cu 4s (Figure 8b).128 Godinho et 

al. have performed GGA and GGA+U calculations on the electronic structure and defects of 

SrCu2O2.
129, 130 They found the lowest hole effective masses (0.78 me) is along the [100] and 
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[010] directions, i.e., the zigzag O-Cu-O dumbbell chain direction.  Their results also suggest 

Vcu and Sr vacancies (VSr) are the most likely native defects leading to p-type conductivity in 

undoped films. 

Optical measurements indicated that SrCu2O2 is a direct bandgap materials (Eg=3.3 eV).126 

This is in contrast to the case for delafossites where an indirect bandgap normally appear at 

visible light region. A direct bandgap semiconductor is highly desirable for many 

optoelectronic devices such as light-emitting diode (LED) and laser diodes. In addition, 

SrCu2O2 thin films can be deposited at temperatures as low as 350°C, making it possible to 

minimize the chemical reaction. Thereafter SrCu2O2 have received much attention used as an 

active p-type semiconductor in combination with available n-type oxides to form p-n 

heterojunctions.  Kudo et.al. have fabricated all oxide-based transparent p-n heterojunctions 

composed of n+-ZnO/n-ZnO/p-SCO/ITO deposited on glass substrates where the n+-ZnO and 

ITO are used as transparent electrodes, as shown in Figure 8c and d.131 The diode had an 

average transmission of ≥ 70% in the visible spectrum (Figure 7d). A typical current voltage 

(I-V) characteristic of the p-n heterojunction diode. Ohta et al. have successfully fabricated 

an ultraviolet LED by epitaxially growing p-SrCu2O2 on n-ZnO by PLD.132 Their p-n 

heterojunctions emit a sharp emission band centred at 382 nm at room temperature, which 

demonstrate SrCu2O2 can be used as an optically active p-TCO material for optoelectronic 

devices.  

4. Layered oxychalcogenides 

These Cu+-based ternary p-type transparent oxides still suffered from low hole concentration 

and low carrier mobility. As a consequence, the CMVB was also extended by using 

chalcogen (Ch= S, Se, and Te) elements p orbitals to replace the oxygen ones, since a more 

dispersed VBM was theoretically expected from stronger hybridization between Cu 3d and 

Ch p orbitals, due to the increasing covalency between Cu and Ch atoms in the sequence of 
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O, S, Se, and Te.  Following this concept, the first materials being identified as a p-TCO was 

LaCuOS layered oxysulfide by Hosono and co-workers in 2000,36  although the crystal 

structure and p-type conductivity of this materials have been reported by many other 

researchers.133 The crystal structure of LaCuOS is composed of CuS and LaO layers 

alternately stacked along the c axis (Figure 9a).133, 134 In the CuS layers, Cu is tetrahedrally 

coordinated by four S ions, forming the upper part of the VB and conduction paths for holes; 

the LaO layers confine the CuS in two-dimensional layers, leading to a large bandgap of 3.1 

eV.135 Therefore LaCuOS is transparent in the visible region.  The conductivity can be 

controlled over a wide range by substitution of La3+ by divalent Sr2+ or Mg2+, in a similar 

way to the well-known hole-doped perovskite transition metal oxides.136 It has been 

demonstrated by Hiramatsu et al. that the hole concentrations and conductivities can be 

increased from 2×1015 cm-3 and 0.00006 S cm-1, up to 2.7×1020 cm-3 and 20 S cm-1 

respectively, by doping LaCuOS with 3% Sr at La sites (Figure 9b).137, 138  The hole 

concentration obtained in this result is extremely high among the p-type TCOs reported. 

Interestingly temperature dependence of conductivity measurement (Figure 9b) indicate the 

3% Sr doped film exhibit a degenerately doped semiconductor conduction mechanism, and 

thus offer promising potential for development of a high performance p-TCO to rival their n-

type counterparts.  

In addition to these wide-gap and conducting properties, photoluminescence spectra study 

also indicated LaCuOS has a direct allowed bandgap.37, 135  Due to its large exciton binding 

energy (~59 meV), LaCuOS emits UV light associated with excitons at room temperature, 

which makes LaCuOS a unique materials similar to ZnO but of p-type character. This notable 

property offers promise as an active layer in optoelectronic applications such as UV or vilolet 

LEDs.12, 139  
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Furthermore, the bandgap of LnOCuCh can be largely tuned by controlling the chemical 

compositions at Ch sites.140 The bandgaps decrease from 3.1 eV for LaOCuS, 2.82 eV for 

LaOCuSe and 2.31 eV for LaOCuTe.141, 142 The chemical trend of the bandgaps can be 

simply understood from the decrease of the energy levels of Ch np6 orbitals (S>Se>Te):  Ch 

np6 form the top of the VB with Cu 3d10 orbital. Hosono and co-workers have prepared 

LaCuOS1-xSex (x=0, 0.25, 0.50, 0.75, 1.0) solid solutions in form of polycrystalline bulk and 

epitaxial thin films, and found their bandgaps change almost linearly from 3.1 eV to 2.8 eV 

as x varies from 0 to 1.38, 143 The hall mobility increases as x and reaches 8.0 cm2/Vs in 

LaCuOSe.  A remarkably high hole density of 1.7×1021 cm-3 and a room temperature 

conductivity of 910 S cm−1 has been achieved on Mg-doped LaCuOSe epitaxial films.144 

Unfortunately this materials shows low transmittance for visible light because of the smaller 

bandgap of LaCuOSe (2.8 eV) and absorption arising from in-gap hole states, making it not 

suitable as a p-TCO.  

Recently, Liu et al. have synthesized Sr3Cu2Sc2O5S2 polycrystalline bulks as a p-type 

TCOs.40  Its structure also belongs to layered oxysulfide, composed of similar two 

dimensional CuS slabs confined by perovskite-like Sr3Sc2O5. The authors showed this 

material has a wide energy gap of 3.1 eV (but also with strong absorption at lower energy), 

an intrinsic p-type conductivity of 2.8 S cm−1 and a remarkable high mobility of 150 cm2/Vs, 

even higher than the highest mobility reported for n-type TCO. Scanlon et al. have performed 

GGA+U and HSE06 calculations on the electronic structure of Sr3Cu2Sc2O5S2.
145 Their 

results suggests this materials has a direct optical band gap of ∼3.5 eV. Detailed analysis of 

the bandstructure indicated a strong mixing of the S 3p states and the Cu 3d states at the 

VBM is the cause of the high mobility in agreement with the experimental result by Liu et al. 

It is undoubtedly of significant interest to prepare this materials into thin films and dope it 
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with monovalent cations (K+) at Sr sites or divalent (Mg2+) at Sc sites to improve the 

conductivity in this materials.   

5. Spinel oxides (nd6) 

The essence of chemical design concept is to modulate the top of the VB by intermixing 

oxygen 2p6 with closed shell Cu 3d10 orbitals to reduce localization of holes in oxygen ions 

and meanwhile avoid colorization from metal d–d excitation. This concept also leads to the 

idea that transition metal ions (Co3+, Rh3+ and Ir3+) with a d6 configuration in an octahedral 

oxygen coordination may behave similarly to Cu 3d10, since their low spin ground states 

could be regarded as a “quasi-closed” shell configuration. As shown in Figure 10b, the d 

orbital is the octahedral ligand field splits d orbital into sixfold degenerate t2g and fourfold 

degenerate eg states. The t2g states are fully occupied by all six electrons with low spin 

configuration forming the top of VB, while the empty eg states forms CBM. Following this 

concept, a new class of non-d10 p-TCO, ZnM2O4 (M = Co, Rh, and Ir) were identified.41, 146 

ZnM2O4 have a normal spinel crystal structure (Figure 10a) with Zn occupying the tetrahedral 

sites and M occupying the octahedral sites. Mizoguchi et al. first reported ZnRh2O4 thin film 

exhibited p-type TCO behaviour with an electrical conductivity of 0.7 S cm−1 with no 

intentional doping and a bandgap of 2.1 eV.147 The authors also confirmed that the electronic 

configuration of Rh 4d6 was in the low spin state of t2g
6 eg

0 by magnetic susceptibility 

measurement and the bandgap is indeed defined by the fully filled t2g
6 state hybridizing with 

some O 2p (VB) and empty eg
0 orbital (CB) using photoemission spectroscopy. Despite of 

the small bangap of 2.1eV, ZnRh2O4 show transparency to visible light because the bandgap 

is of d-d character whose transition is dipole forbidden. Unlike Cu-delafossites where the O-

Cu-O dumbbell are confined in two-dimensional, the RhO6 octahedra in ZnRh2O6 are tightly 

connected through edge-sharing into a three dimensional structure. This enhances the 

hybridization between metal d and O 2p orbitals, and thus the hole conduction path is three-
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dimensional. As a consequence, it has been demonstrated that the amorphous ZnRh2O4 thin 

films retain its p-type character when used in a p-n diode based on amorphous ZnRh2O4 on 

amorphous n-type InGaZnO4.
146 The p-type conduction in the amorphous structure might 

originate from the isotropic nature of the spinel structure and the edge-sharing RhO6 

networks, which are less affected by the structural disorder and are even stable in an 

amorphous network.  

After the pioneering of ZnRh2O4, Dekkers et al. reported the growth of p-type ZnCo2O4, 

ZnRh2O4 and ZnIr2O4 polycrystalline and epitaxial thin films by PLD.41  Conductivities of 

0.39 S cm−1(0.61 S cm−1), 2.75 S cm−1(2.83 S cm−1) and 3.39 S cm−1(2.09 S cm−1) are 

obtained for polycrystaline (epitaxial) films of ZnCo2O4, ZnRh2O4, and ZnIr2O4, respectively. 

Based on optical absorption spectra, the authors also showed the bandgaps of ZnCo2O4, 

ZnRh2O4, and ZnIr2O4 are 2.26 eV, 2.74 eV, and 2.97 eV. The increase of bandgaps 

(Co<Rh<Ir) is argued due to the increasing crystal field splitting between t2g and eg in going 

from 3d(Co)<4d (Rh)<5d (Ir).  However, the magnitude and trend of bandgaps reported by 

Dekkers are at variation with other experiments and theoretical works. For example, the 

bandgap of ZnRh2O4 has been measured to be 2.1 eV by Mansourian-Hadavi et al.148 and 1.2 

eV by Sing et al.149, while the values from DFT dependent on calculation methods range 

from 0.8 eV to 3.2 eV.150, 151 A re-investigation of the optical and electronic structure of these 

materials based on high-quality thin films is thus needed to resolve these fundamental issues. 

 ZnCo2O4 is probably the most studied of ZnM2O4 spinels, with much interest generated due 

to its possible applications in photo-(electro-)catalysis152-154, supercapacitors155 and Li ion 

batteries156, 157.  Kim et al. reported ZnCo2O4 has an optical band gap of 2.63 eV, and can 

show both p-type (a conductivity of up to 21 S cm−1) and n-type conductivity by controlling 

the oxygen pressure.158 Recently, Grundmann and co-workers demonstrated amorphous p–n 
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junction diodes and field-effect transistors using p-type ZnCo2O4 deposited at room 

temperature, indicating potential of this material for oxide electronic applications.159-161 

There is general consensus the intrinsic p-type conductivity of ZnM2O4 originated from the 

acceptor-like antisite defects ZnM and/or Zn vacancy (VZn).
150, 151  DFT calculations also 

found no significant dispersion in VBM and a large hole effective masses. Perkins et al. 

found a hole effective mass of 18me for ZnCo2O4 and this a small mobility of 0.028 cm2/Vs 

by combining DFT calculations and experimental measurements on polycrystalline sample.162 

The polaronic conduction mechanism generally found on ZnM2O4 may be the limiting factor 

for high electrical conductivity. The high price of precious Rh and Ir metal also constraint 

their large-scale production for industrial applications.  

6. Cr-based oxides (3d3) 

Continuing with the idea of quasi-closed shell, Cr3+ with a d3 in an octahedral oxygen 

coordination should give a similar electronic configuration at the VBM as d6 and d10 

materials. The oxygen octahedral field splits Cr 3d orbitals into an occupied t2g
3 level forming 

the top of the VB, and an empty t2g0 and two empty eg
0 levels forming the bottom of the CB.  

Cr2O3 and LaCrO3 are two Cr-based oxide identified as potential p-type TCO.163, 164 Cr2O3, 

also known as chromia (mineral name Eskolaite), crystallizes in the corundum structure with 

hexagonal closed packed layers of oxygen atoms and two-thirds of the octahedral sites filled 

with Cr atoms. The optical bandgap of Cr2O3 is reported to be 3.4 eV, arising from the strong 

excitation from O 2p to Cr t2g and eg.
165, 166 Below this strong absorption, Cr2O3 also shows 

two weak absorptions at 2.0 eV and 2.6 eV, which are usually attributed to dipole forbidden 

d−d transition from occupied t2g to empty eg levels and is responsible for the green color of 

Cr2O3 powders but are weak enough not to reduce the transparency of the material in form of 

thin film. Stoichiometric Cr2O3 is usually highly insulating, although there are reports of very 

low native p-type conductivity arising from Cr vacancies. N. Uekawa and K. Kaneko have 
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reported doping Cr2O3 polycrystalline with Li+, Mg2+, Ni2+ etc. at Cr site can enhance the p-

type conductivity by introducing hole state at the top of VB, i.e., at the Cr 3d t2g.
167 E. Arca et 

al. was the first who demonstrated the use of Cr2O3 thin films as a p-type TCOs.163 They 

found Mg and N co-doped Cr2O3 produced a p-type oxide with conductivity of 0.33 S cm−1 

and transmission up to 65% for a 150 nm thick film. A detailed analysis on epitaxial 

Mg:Cr2O3 films grown on Al2O3 by the same group showed a small polaron hopping 

conduction being the limiting factor in the material’s conductivity.168, 169  

Recently Zhang et al. have reported perovskite Sr-doped LaCrO3 (La1-xSrxCrO3) with high 

figure of merits as new p-type TCOs.164 The authors have shown that the lowest excitation in 

LaCrO3 results from a t2g
3 → eg

0 transition is at ≈2.8 eV but formally dipole forbidden. The 

strongest optical absorption resulting from O 2p to Cr eg
0 falls at ≈4.6 eV, which makes 

undoped LaCrO3 highly transparent but insulating.170 Substituting Sr2+ for La3+ in LCO 

effectively dopes holes into the top of the VB and results in p-type conductivity (Figure 11b 

and c).171 The perovskite structure represents an advantage for this materials, because it 

allows one more easily to dope it and integrate with the workhorse of other perovskite oxides 

which exhibit interesting properties such as high superconducting temperature 

superconductors, colossal magnetoresistance and ferroelectricity.136  It has been shown the p-

type LaCrO3 films can form isostructural and coherent interface with the well-known n-type 

SrTiO3, see Figure 11a. XPS reveals that the LaCrO3/SrTiO3 heterojunction exhibits a type-II 

staggered band alignment.172 In contrast, the transparent p–n junctions fabricated using p-type 

CuMO2delafossites and n-type ZnO form much more defective interfaces because of their 

very different crystal symmetries. These considerations have implications for the fabrication 

of all-perovskite oxide transparent electronic devices.  

7. Lone pair based oxides (ns2)  
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The chemistry of post transition metals is dominated by the group oxidation state N and a 

lower N-2 oxidation state. The N-2 state is associated with occupation of a metal cation ns2 

lone pair (e.g., Sn2+ and Bi3+). The ns2 lone pair can interact strongly with O 2p by distorting 

the lattice, forming antibonding states at the top of VB.173-175 Because cation s orbitals are 

generally more spatially extended than d states, and it is therefore expected their 

hybridization with O 2p states can result in lighter effective mass (in a way similar to the case 

of n-type TCOs). SnO (Sn2+: 5s2) is one of the materials that has been receiving considerable 

attentions as a p-type semiconductor.11, 42, 176-179 The stable phase of SnO adopts a layered 

tetragonal structure (litharge), space group P4/nmm, with each Sn atom positioned at the apex 

of a square pyramid formed by four oxygen atoms (Figure 12a).  The Sn and O atoms 

arranged alternatively with layered structure in a Sn1/2−O−Sn1/2 layer sequence. The lone-pair 

Sn 5s2 is projected out into the void space between the Sn1/2 layers along the [001] 

crystallographic direction. The formation of a distortion in the lattice allows significant 

mixing between Sn 5s and O 2p states, giving rise to a filled antibonding state with some 5s 

character at the top of the VB.180, 181 This situation is clearly manifested in the bandstructure 

of SnO calculated by DFT, showing a dispersive VBM at Γ-point, and interestingly 

dispersive CBM at M point (Figure 12).39, 180, 181  The dispersive CBM can be understood the 

low lying Sn 5p state hybridized with Sn 5s. Therefore the DFT calculations reveal that SnO 

has an “indirect” fundamental bandgap of 0.61 eV between the Γ- and M-points. The direct 

bandgap with strong optical absorption is reported to be between 2.6-3.2 eV, which explains 

the reasonable transparency of SnO.  

The interest in SnO was sparked by Ogo and co-workers who grew SnO epitaxial films on 

yttira-stabilized zirconia (YSZ) substrates by PLD in 2008, showing a Hall mobility of 2.4 

cm2/Vs and a field-effect mobility of 1.3 cm2/Vs when used as a p-channel TFT. 

Subsequently both epitaxial and polycrystalline thin films have been fabricated several 
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groups using a variety of technique such as PLD, sputtering and e-beam evaporation.11, 42, 176-

179 All the results show SnO thin films have intrinsic p-type conductivity with a Hall mobility 

around 1-5 cm2/Vs. Furthermore, Hosono et al. have shown n-type SnO can be achieved by 

Sb doping with a mobility of 2 cm2/Vs, which makes SnO as a promising bipolar conductor 

for n- and p-type TFTs and p-n junctions.177, 182 However the issue with SnO is that SnO is 

very unstable and can be easily either over-oxidized into SnO2 or reduced into metallic Sn. It 

is still challenging to deposit a single-phase thin film. Even so, controlling its 

surface/interface represent another challenge for device fabrication.  

Ba2BiTaO6 is another interesting novel p-TCOs taking advantage of Bi 6s2 lone pair state, 

which has been recently identified through a high-throughput computational screening 

methodology by G. Hautier and co-workers.26, 43 Ba2BiTaO6 has a rhombohedral double 

perovskite structure, containing an ordered array of Bi3+ and Ta5+ (“B-site”) octahedral 

surrounded by Ba2+ (“A-site”).  Their calculations show that the Bi3+ with filled 6s2 orbitals 

hybridizes strongly with O 2p, increasing the extent of the dispersion at VBM and effectively 

reducing the valence effective mass, while Ta5+ forms a CBM with low electronegativity, 

leading to a large bandgap (> 3.8 eV) for optical transparency.  The authors also synthesized 

Ba2BiTaO6 thin films by PLD.43 The results confirmed the presence of high transparency 

(>90%) in the visible region and a high hole mobility of >30 cm2V−1s−1, but carrier 

concentration is very limited by 5×1013 cm-3. Nevertheless the Ba2BiTaO6 has a ubiquitous 

perovskite structure, which offers a wide range of possibility of integrations with other 

functional perovskite materials. This research highlights the importance of high-throughput 

computations to provide material scientists with new angles to attack the challenge in 

materials discovery.183   

8. NiO (3d8) 
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NiO is a well-known p-type semiconductor with a rocksalt type crystal structure and an 

optical bandgap of around 3.4-4.0 eV.184 It is actually the first known p-TCO as reported by 

H. Sato et al. in 1993, who prepared Ni1-xO thin films by RF magnetron sputtering.185 Their 

films show a conductivity up to 7.1 S cm-1 and a moderate transmittance of 40% in the visible 

region. Stoichiometric NiO is highly insulating. The p-type conductivity is believed due to 

hole states induced by Ni vacancies (VNi) formed in oxygen rich conditions. Doping NiO with 

Li+ at Ni sites (LixNi1-xO) is another way to enhance conductivity and has been extensively 

studied for a long time.186-188 It was found if the doping is less than 0.25, the Li+ ions 

randomly replace Ni sites without change the crystal structure.  Each Li+ ions in principle 

donates one hole state to the top of VB, although whether the hole state is of Ni3+ or O 

character is a matter of much debate because of the strong electron correlation in this 

system.186, 189, 190 Electron correlations resulting from the nature of Ni 3d orbitals is a main 

factor limiting the conductivity of Ni1-xO or LixNi1-xO.  The highest conductivities reported 

for Ni1-xO and LixNi1-xO are 7.1 S cm-1.188, 191 All the temperature dependent conductivity 

show thermally activated Arrhenius behaviour. It is still debated whether the conduction is 

through a band-like or small polaron mechanism.192 Chen et al. reported a high p-type Hall 

mobility of 28.56 cm2/Vs could been achieved by RF sputtering 193. However, one should 

keep in mind that to get a reliable hall mobility on p-type oxides is a nontrivial problem.   

Regardless of its low conductivity, NiO is likely the most widely used p-type TCOs. Similar 

to others p-TCOs discussed above, NiO has been used in electronic devices, such as TFTs 

and p–n diodes.194-197 The simple rocksalt structure is one of the advantage for NiO, as this 

makes it more compatible to be integrated with other n-type materials. Ohta et al. have 

fabricated all single-crystalline transparent p-n heterojunction diode composed of p-NiO and 

n-ZnO epitaxially grown on YSZ(111) substrates by PLD.  The diode exhibited clear 

rectifying I-V characteristics with a forward threshold voltage of 1 V. Efficient UV response 
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was observed up to 0.3 A W-1 at 360 nm, comparable to those of commercial GaN UV 

detectors.195 Apart from these, NiO also shows promising applications in electrochromics for 

smart windows 198, 199, resistive switching memory200, 201, and hole transport layer for solar 

cells.202, 203 

9. Summary and remarks 

In this article, we provided a review on the fundamental materials physics of traditional and 

recently emergent p-type TCOs, including Cu 3d10, Ni 3d8, nd6, Cr 3d3 and post transition 

metal ns2 based oxide materials.  In essence, the key strategy for achieving a superior p-type 

TCO is to delocalize the top of VB by enhancing the orbital hybridization between O 2p and 

metal cations. This field has witnessed a steady development since the seminal report by 

Hosono and co-workers in 1997. Remarkable advances in transparent oxide semiconductor 

for (opto-)electronic devices have been achieved by using p-type TCOs or along with 

traditional n-type ones for transistors, UV LED and lasers, detectors and photovoltaics. 

However, the overall performance of p-TCOs is still far behind their n-type counterparts, as 

illustrated in Figure 5. Using anions (such as S2−, Se2-, P3-) with p-orbitals more delocalized 

than oxygen and post transition metal ns2 lone pair states (Sn2+, Pb2+ and Bi3+) would be a 

promising way for design of new p-type materials with superior performance. Meanwhile, the 

use of high-throughput computations also provide scientists with new angles to design 

materials in a more rational way. This is manifested by the initial study by G. Hautier et al. 

who screened over 3000 compounds and identified Ba2BiTaO6.
26, 43 Another recent 

computational screening by Yan et al. lead to the identification of TaIrGe (half-Heusler) as a 

new p-type TCO with a bandgap of 3.36 eV and remarkably high hole mobility of 2730 

cm2/Vs.204  

 Additionally we also discussed the chemistry of defects/doping in these materials based on 

recent computational simulations and experimental data. There are satisfactory 
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understandings in literatures on the microscopic mechanism of the energetics of defects, the 

transition energy levels, and the corresponding macroscopic transport properties. A domain 

remains largely unexplored but of particular interest is the surface and interface chemistry of 

the p-type TCOs, especially Cu2O and SnO.42, 63 Many research works have implied that the 

trap states formed at the interface are the key factor limiting the use of these materials for 

TFT and photovoltaic cells.77, 78, 80   

Lastly we would like to point out that the selection criteria for p-type TCOs should be tightly 

related to the purpose of its applications. For (opto-)electronic devices such as transparent 

TFT and p-n diodes, a high mobility but low hole concentration is preferred. For use as hole 

transport layer in photovoltaic cells, a high hole conductivity and transparency for violet to 

near-infrared wavelengths become more important. This criteria does not require the 

materials directly have high mobility and visible light transparency. Hole doped transition 

metal oxides emerge to meet this requirement, as these type of materials can be amendable to 

achieve a high hole carriers concentration at the d orbitals. For example n= 7.5×1021 cm−3 and 

2.2×1022 cm−3 have been achieved in Sr doped LaCrO3
164 and SrVO3,

205 respectively, while 

transparency is still maintained by the dipole forbidden transitions.     
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Table I. A brief summary of major p-type TCOs reported in the literature. PLD: pulsed laser 

deposition; d: film thickness; T: transmittance in visible range; Eopt: optical bandgaps; σ: 

conductivity; n: carrier concentration; (some of the values are calculated by the authors 

according to σ = neµ); μ: hall mobility; FoMH: figure of merit by Haackle; and FoMG: figure 

of merits by Gordon. The parameters for ITO are typical value for conmercialized substrates.  

 

 

Materials Structure 
Growth 

methods 
d 

(nm) 
 T 

(%) 

E
opt 

(eV)* 

 
(S/cm) 

n 

(cm
-3

) 

μ 

(cm
2

/Vs) 
FoM

H

  FoM
G

  Ref 

Sn:In
2
O

3
 (ITO) Bixbyite Sputtering 115 85 3.7 5900 1.2×10

21

 30 13300 4×10
6

 
 

Cu
2
O Cubic PLD 650 ̶   2.17 0.014 1.7×10

14

 90 ̶   ̶   63 

CuBO
2 
 Delafossite PLD 200 75 4.5 1.65 1×10

17

 100 1.8 115 99 

CuAlO
2
  Delafossite PLD 500 28 3.5 0.95 1.3×10

17

 10.4 0.0002 37 25 

CuAlO
2
  Delafossite PLD 230 70 3.5 0.34 2.7×10

19

 0.13 0.22 21 27 

CuCr
0.95

Mg
0.05

O
2 
 Delafossite Sputtering 250 30 3.1 220 ̶   ̶   0.03 4570 28 

CuGaO
2
 Delafossite PLD 300 80 3.6 0.02 1.7×10

18

 0.23 0.2 8.4 33 

CuScO
2+x

 Delafossite Sputtering 110 40 3.7 15 ̶   ̶   0.02 180 31 

CuIn
0.93

Ca
0.03

O
2
 Delafossite PLD 100 40 3.7 0.006 ̶   ̶   0.001 0.14 30 

CuY
1-x

Ca
x
O

2
 Delafossite Sputtering 100 41 3.5 1 ̶   ̶   0.003 27 32 

SrCu
2
O

2
 Tetragonal PLD 120 80 3.3 0.048 ̶   ̶   0.6 2.6 34 

La
0.97

Sr
0.03

CuOS Tetragonal Sputtering 150 60 3.1 20 ̶   ̶   1.8 587 137 

La
0.8

Mg
0.2

CuOSe Tetragonal Sputtering 40 ̶   2.8 910 1.7×10
21

 3.5 ̶   ̶   144 

ZnRh
2
O

4
 Spinel PLD 

100-

300 
55 2.74 2.75 ̶   ̶   0.13 91 41 

ZnIr
2
O

4
 Spinel PLD 

100-

300 
61 2.97 3.39 ̶   ̶   0.47 136 41 

Mg
x
Cr

2-x
O

3
 Corundum Solution 150 65 3.3 0.33 ̶   ̶   0.07 11 163 

La
0.75

Sr
0.25

CrO
3 
 Perovskite MBE 80 55 4.6 15 3.4×10

21

 0.03 0.26 196 164 

La
0.50

Sr
0.50

CrO
3 
 Perovskite MBE 50 43 4.6 56 7.5×10

21

 0.04 0.05 326 164 

SnO Litharge PLD 20 ̶   2.8 0.1 2.5×10
17

 2.4 ̶   ̶   42 

SnO Litharge Sputtering 200 0.85 2.8 0.77 1×10
18

 4.8     3  95 178 

Ba
2
BiTaO

6
 Perovskite PLD 120 90 4.5 0.005 1×10

14

 30 0.02 0.57 43 

Li:NiO Rocksalt Sputtering 118 30 3.4 7.1 ̶   ̶   0.0005 70 185 
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Table II. Structural data, nearest-neighbor interatomic distances, bandgaps and calculated 

effective masses for the CuMO2 and Cu2O; the numbers in brackets are the reference. The 

lattice parameters and interatomic distances are gathered from refs. [95-97].  * CuGaO2, 

CuScO2, CuInO2, and CuYO2 all have indirect bandgap according to DFT calculations (ref. 

[120]) and experimental optical transmission data. However there are no exact values reported 

so far.    

 
  

 
Cu

2
O  

[58, 83] 

CuBO
2
  

[99,116] 

CuAlO
2
  

[111, 113] 

CuCrO
2
  

[104, 115] 

CuGaO
2
  

[33] 

CuScO
2
  

[31, 115] 

CuInO
2
  

[104, 115] 

CuYO
2
  

[32, 115] 

a (Å)  4.435  2.84 2.858 2.97 2.980 3.24 3.292 3.53 

c (Å) ̶   16.52 16.96 17.10 17.10 17.13 17.39 17.14 

M
3+ 

size (Å) ̶   0.41 0.67 0.75 0.76 0.88 0.94 1.04 

Cu-O (Å) 1.85 ̶   1.86 1.84 1.85 1.83 1.84 1.82 

M-O (Å) ̶   ̶    1.91 2.03 1.99 2.12 2.17 2.28 

Cu-Cu (Å) 3.02 2.85 2.858 2.97 2.98 3.24 3.292 3.53 

Direct E
g
 2.17 4.5 3.47 3.1 3.6 3.3 3.9 3.5 

Indirect E
g
 ̶   2.2 2.97 2.5-2.6 NA* NA* NA* NA* 

m* [001] 0.24 1.71 38.95 6.07 NA 8.22 NA 7.64 

m* [010] 0.24 0.45 2.6 4.53 NA 4.00 NA 3.72 
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Figure 1. (a) schematic electronic structure of In2O3 doped with Sn, showing the In 5s 

derived conduction band (CB) and O 2p derived valence band (VB); (b) schematic orbital 

drawings for In2O3; large spheres denote In 5s orbitals, showing direct overlap between 

neighbouring s orbitals;  the contribution of oxygen 2p orbitals is small. (Figure reproduced 

from ref [10]) (c) density functional theory (DFT) calculated bandstructure of In2O3 (Figure 

reproduced from ref [44]) 
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Figure 2 The “optical window” of TCOs set by its plasma edge (ℏ𝜔𝑝) at longer wavelengths 

(lower energy) and optical bandgap at short wavelengths (high energy). (Figure adapted from 

ref [7]) 

 

 

 

Figure 3. new transitions in highly doped TCOs, as marked by green arrows; (a) for n-TCOs, 

electronic transitions from CB to higher energy states. (b), for p-TCOs, electronic transitions 

from lower energy states to the hole state created at the top of VB. 
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Figure 4. (a) crystal structure of Cu
2
O; large red balls denote oxygen and small blue balls for 

Cu; (b) schematic energy diagram showing the hybridization of O 2p with Cu 3d; (c) LDA 

calculated bandstructure of Cu2O by Nie et al. (Figure adapted from ref [83]) 
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 Figure 5. Graphical summary of optical transmission and inverse sheet resistance of the 

representative p-type TCOs in the literature (red squares) and commercial n-type ITO. The 

numbers in brackets are the reference. 
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Figure 6. (a) optical transmission spectrum of CuAlO2 thin film (the film thickness is 230 

nm); The inset shows the plots of (ahγ)1/2 vs hγ and (ahγ)2 vs hγ for estimation of indirect and 

direct bandgap of CuAlO2 ; (b) Arrhenius plots of electrical conductivity of CuAlO2 thin film 

as function of temperature. Figures adapted from ref. [27] 

 

 

Figure 7. (a) crystal structure of CuMO
2
; (b) HSE06 calculated bandstructure of CuAlO2, 

plotted with reference to the top of the VB (0 eV);  it clearly shows the dispersion of VBM at 

F- and L- point. The CBM is found at the Γ-point, making it an indirect bandgap materials. 

Calculation also show the VBM is derived from hybridized Cu 3d and O 2p orbitals, while 

the CBM is a mixture of Cu 4s and 3d with O 2p orbitals. (Figure adapted from ref [113]) 
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Figure 8. (a) The crystal structures of SrCu2O2; the Sr atoms are represented by large blue 

spheres, Cu ions by medium spheres and O ions by small spheres.  (b) The bandstructure of 

SrCu2O2 along the high symmetry directions, plotted with reference to the top of the VB (0 

eV). Both the VBM and CBM occur at the Γ point making it a direct gap material. (Figure 

adapted from ref [129]). (c)The structure and rectifying I–V characteristics of a transparent p-

n heterojunction diode: glass/ITO/p-SrCu2O2/n-ZnO/n+-ZnO. ITO and degenerately doped 

n+-ZnO are used as ohmic contacts. (d) The optical transmission spectrum and photograph 

(inset) of the heterojunctions. (Figures adapted from ref [131]) 
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Figure 9. (a) Crystal structure of LaCuOS; where the LaO layer can be replaced by SrO 

leading to hole doping. (b) Temperature dependence of electrical conductivity for La1-

xSrxCuOS films (x=0 and 0.03). The inset shows optical transmission spectra of the films in 

the visible–near IR region, and photographs. (Figure adapted from refs [137] and [143])  

 

 

Figure 10. (a) Crystal structure of ZnRh2O6, where the Rh cations are coordinated by oxygen 

octahedrons (blue) and Zn in tetrahedrons (golden).  (b) schematic energy diagram for the Rh 

3d6 in oxygen octahedrons. 
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Figure 11. (a) A cross-sectional HRTEM image of the La0.75Sr0.25CrO3 grown on SrTiO3 

(001) substrate. Inset shows the crystal structure of a perovskite. (b) Schematic energy 

diagram for LaCrO3 and La0.75Sr0.25CrO3. (c) Combination of XPS VB (left) and O K-edge 

XAS spectra (right) to map out the evolution of electronic structure of La1-xSrxCrO3 as 

function of Sr doping. The intensity of hole state at the top of VB increase with increasing of 

Sr doping.  (Figure adapted for ref. [164]) 
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Figure 12. (a) Crystal structure and energy diagram of SnO; (b) Bandstructure of SnO along 

high-symmetry directions calculated with the HSE hybrid functional, showing indirect 

bandgap. (Figure adapted from ref. [181]). 
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