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Abstract  

 

The family of spinel compounds is a large and important class of multi-functional materials of general 

formulation AB2X4 with many advanced applications in energy and optoelectronic areas such fuel cells, 

batteries, catalysis, photonics, spintronics or thermoelectricity. In this work, it is demonstrated that the 

ternary ultra-wide band gap (~5 eV) spinel zinc gallate (ZnGa2O4) arguably is the native p-type ternary 

oxide semiconductor with the largest Eg, (in pair with recently discovered binary p-type monoclinic β-

Ga2O3 oxide). For nominally undoped ZnGa2O4 high temperature Hall effect hole concentration was 

determined to be as large as p = 2×1015 cm-3 while hole mobilities were found to be µh = 7-10 cm2/Vs (in 

the 680-850 K temperature range). An acceptor-like small Fermi level was further corroborated by x-ray 

spectroscopy and by density functional theory calculations. Our findings, as an important step towards p-

type doping, opens up further perspectives for ultra-wide bandgap bipolar spinel electronics and further 

promotes ultra-wide bandgap ternary oxides such as ZnGa2O4 to the forefront of the quest of the next 

generation of semiconductor materials for more efficient energy optoelectronics and power electronics.   
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1. Introduction 

 

Ultra-wide bandgap semiconductor oxides [1,2] are a class of materials that currently are attracting a lot of 

attention as an emerging multi-functional platform owing to their unusual material properties [3–5], 

endurance (high critical fields, radiation hardess,etc) [6–9] and unique optoelectronic properties [10–12]. The 

emerging transparent semiconductor oxide (TSO) technology based on ultra-wide bandgap oxides holds 

the promise of extending many energy and optoelectronic applications further into the deep ultraviolet 

range, overpassing the conventional wide bandgap TSO’s near ultraviolet limit (~3.5 eV) (e.g. ZnO, SnO2 

or In2O3) [13–15]. Nevertheless, to exploit the full potential of any emerging ultra-wide bandgap solid-state 

semiconductor technology for electronics, a good control (over several orders of magnitude) of the n-type 

and p-type conductivity should be attained.  

 

Recently, single crystal n-type gallium oxide (Ga2O3) and zinc gallate (ZnGa2O4) are being revisited as 

ultra-wide bandgap (~5 eV) oxide semiconductors. In particular, some very recent works such as the ones 

from Hrong et al.[1] and Galazka et al. [16] have evidenced the great prospects of n-type ZnGa2O4 as 

potential semiconductor platform for future ultra-wide bandgap oxide optoelectronics [17]. In this work, 

we show that engineered ZnGa2O4 epitaxial single crystal layers may also be an ultra wide bandgap native 

p-type semiconductor with great dopability prospects owing to the spinel‘s inherent diversity of choices 

of cation coordination [18–19]. Spinels generally refer to compounds with formulation AB2X4 where A2+ is 

a divalent cation such as Zn, Ni, Cu, Sn, Mg, Cr, Mn, Fe, Co or Cd, B3+ is a trivalent cation such as Ga, 

Al, In, Ti, V, Fe, Co, Ni, V, Cr, Mn and X2- is a divalent anion such as O, S or Se [20]. There are over 1,000 
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known compounds that crystalize in the spinel structure and the sub-family of spinel oxides is a large and 

important class of multi-functional oxide semiconductors with many energy optoelectronics applications 

[21–23] in areas such batteries [24,25], fuel cells [26], catalysis (water spliting[27,28], photocatalysis [29,30]), 

photonics (phosphors [31–33], bio-imaging [34,35], transparent electrodes[36], photodetectors [37,38]), 

spintronics (magnets[39], bio-magnets[40]) or thermoelectricity [41]. Normal spinels have all A cations in the 

tetrahedral site and all B cations in the octahedral site, e.g. Zn-tetrahedral site Zn2+(Td) and Ga-octahedral 

site Ga3+(Oh) so that normal ZnGa2O4 is Zn(2+[Td])Ga2(3+[Oh])O4(2-). The spinel’s off-stoichiomerty, 

which leads to a deviation from the ideal 1:2:4 stoichiometry, or the creation of cation antisite defects are 

known routes for doping these compounds. Dominant defects in spinels are antisite acceptors (e.g. ZnGa) 

with acceptor-like Zn2+(Td)-on-Oh antisite defects or donor-like Ga3+(Oh)-on-Td as . GaZn defects[42–46]. 

Although spinel’s dopability was already predicted, experimentally demonstrated on very few visible 

transparent (i.e. Eg ~ 3 eV) oxide spinels (e.g. ZnRh2O4 or ZnIr2O4) [47,48], and virtually no direct evidence 

of p-type conductivity (only indirectly by Hrong et al.[49] to the best of our knowledge) has been reported 

for UWBG spinel’s yet. It is worth mentioning that acceptor doping in other  ultra-wide band gap (UWBG) 

non-spinel oxides such as monoclinic β-Ga2O3 is also still challenging [50],[51]. Therefore, the new prospects 

opening up by p-type ternaries such as ZnGa2O4 may represent a good opportunity to mitigate the acceptor 

issue in binary UWBGs. To achieve efficient p-type doping in wide band gap materials,  we believe that 

the first step is the realization of undoped semiconductor with hole conductivity originated  from native 

acceptor defects. It is clear that such semiconductor should be in off-stoichiometric state, but due to deep 

acceptor centre levels it will be highly resistive. Folowing this approach, the goal of the work was 

fabrication of undoped ZnGa2O4 with native hole conductivity. By demonstrating the intrinsic p-type 

behaviour of the ultra-wide bandgap ZnGa2O4 we make feasible the predicted p-type doping, which paves 
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the way to bipolar ultra-wide bandgap spinel electronics for a range of emerging power and energy 

optoelectronic applications.   

 

What does bipolar ultra-wide bandgap spinel electronics would mean? Oxide electronics is currently based 

on classic and very well-known binary oxide semiconductors while emerging applications mostly rely on 

complex oxides. Binary oxide examples include CuO2 for photovoltaics, In2O3, SnO2 and ZnO for 

transparent electronics and, recently, Ga2O3 has disrupted for power and UV opto-electronics. Owing to 

the flatness of the oxygen-related valence band and the deep energy of acceptor extrinsic dopant atoms, 

the hole conductivity of wide- and ultra-wide binary oxides it is well-known to be very challenging. 

Therefore, electronic devices made of these binary WBG semiconductors are mostly unipolar and n-type. 

Among complex oxides, ternary perovskite oxides, (with general formulation ABO3), is perhaps the most 

common platform of choice for advanced oxide electronics. Perovskite oxides, while exhibiting a range 

of complementary properties such as ferroelectricity, colossal magnetoresistance or anomalous conducting 

interfaces (e.g. SrTiO3/LaAlO3) still have not been demonstrated to deliver any competitive advantage for 

energy or power electronics due to their relative low bandgap (~3 eV) and modest dielectric breakdown 

field. Here, it is demonstrated that spinel ZnGa2O4 may be a native p-type ultra-wide bandgap 

semiconductor (~5 eV). Hence, spinel oxides (a large family of AB2O4 compounds mostly unexplored as 

wide bandgap power semiconductors) may represent a brand new opportunity for bipolar oxide energy 

electronics (i.e., for managing large quantities of switching electrical energy) as they would join the 

required qualities of sustaining large electrical fields in p-n junctions in the off-state together with low 

losses in the on-state. The prospects of growing spinel ZnGa2O4 with high quality, either, as thin-film onto 

cheap sapphire substrates or as a single-crystal (in a fashion similar to β-Ga2O3) would make this approach 

feasiable. Further, ZnGa2O4 may represent an unprecedented energy electronic platform for futuristic 
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energy generation, storage and power system integration since oxide spinels have been demonstated as 

excellent phosphors, magnets, fuel cell and batery electrodes thus suggesting a promissing and yet fairly 

unexplored smart integrated energy systems for the internet of things.                         

 

1. From Ga2O3/ZnGa2O4 mixed phases to monophase ZnGa2O4 

 

In this experiment, the spinel’s ZnGa2O4 stoichiometry and its structural morphology have been optimized 

within a metalorganic chemical vapor deposition (MOCVD) chamber during the growth of strongly 

compensated p-type β-Ga2O3 [51] in a progressively richer Zn-ambient. The ZnGa2O4 samples were grown 

in a RF-heated horizontal MOCVD reactor on c-oriented sapphire (Al2O3) substrates, as described in the 

experimental section. In short, during the growth, the flow rate of the gallium precursors and oxygen were 

kept at 11 µmol/min and 1200 sccm respectively. The growth temperature, pressure and time were set at 

775°C, 38 torr 150 minutes, respectively. Then, a number of Ga-Zn-O samples were grown varying the 

Zn-flux (diethylzinc (DEZn)) in the range of 0-9 µmol/min. Pure β-Ga2O3 was grown at a Zn-flux of 0 

µmol/min (termed Zn-0), while, for simplicity, in the following, the analysis is restricted to the most 

representative Zn-fluxes of 3,9 µmol/min (Zn-4), 7 µmol/min (Zn-7) and 8,9 µmol/min (Zn-9). The Ga-

Zn-O layer thickness (ranging 900 to 1200 nm) was determined by cross-sectional scanning electron 

microscope (SEM) and transmission electron microscopy (TEM), as described in Methods. 
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Figure 1. (a) Full XRD pattern for β-Ga2O3 and Ga-Zn-O thin-films with increasing Zn incorporation 

(Zn-flux [µmol/min] Zn-0, Zn-4, Zn-5, Zn-7, Zn-9). (b) An enlarged view of 4 peaks at 2θ=18.91°, 38.32°, 

58.99° and 110.29° to show the phase transition from monoclinic β-Ga2O3 to ZnGa2O4 spinel phase. For 

low Zn-flux, the Ga-Zn-O layers show a double peak feature of mixed phases (GaO/GaZnO) of pure β-
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Ga2O3 (GaO) and pure ZnGa2O4. (c) Bragg distance as a function of Zn-flux from the (-804)/(444) 

reflection in the GaO, mixed phase GaO/GaZnO and pure spinel ZnGa2O4 region. The inset in (c) are from 

Zn-4 and Zn-9 2D composition maps from transmission microscopy (TEM) electron energy loss 

spectroscopy (EELS) which further corroborates the mixed phase region and the pure ZnGa2O4 regions 

(white scale bar is 100 nm). (d) Raman spectra for pure β-Ga2O3, mixed GaO/GaZnO and pure spinel 

ZnGa2O4. Although observed XRD family of Bragg reflections of monoclinic and spinel-cubic are 

compatible, the different symmetry of the lattices resulted in very distinct Raman vibration modes with 

the main being Ag and (T2g, A1g) for β-Ga2O3 and ZnGa2O4, respectively.     

 

The phase purity and crystallinity of the films was first analyzed by X-ray diffraction. Figure 1-a shows 

the XRD spectrum for the pure monoclinic β-Ga2O3 (Zn-0) and Ga-Zn-O thin films with various Zn-flux 

ratios. The XRD patterns corroborate that β-Ga2O3 was epitaxially grown following the monoclinic β-

Ga2O3 {-2m0m} plane family. The pure β-Ga2O3 (GaO) exhibited the presence of 5 peaks at 18.91°, 

38.32°, 58.99°, 82.09° and 110.29° corresponding to the (-201), (-402), (-603), (-804) and (-10 0 5) 

crystalline plans of the monoclinic β-Ga2O3 which are indexed in the card PDF-00-041-1103. The X-ray 

diffractograms of the Ga-Zn-O samples show how they transitioned from a mixed solution of Ga2O3 and 

ZnGa2O4 phases (termed GaO/GaZnO) to a pure spinel ZnGa2O4 phase. A double peak feature becomes 

obvious for the smallest Zn-fluxes, while larger Zn-fluxes samples (Zn-flux > 7 µmol/min) only exhibited 

the shifted peak characteristic of the spinel {111} plane family reflections (Figure 1-b). As the Zn-flux 

increases, the pure β-Ga2O3 reflections gradually vanish while, at the same time, a new spinel reflection 

(shifted to lower 2θ values) appears. This new reflection appears at 18.47°, 37.40°, 57.50°, 79.70° and 

106.42° corresponding to the (111), (222), (333), (444) and (555) crystalline planes of the cubic spinel 

ZnGa2O4, conformed to PDF-00-038-1240 The monoclinic-to-spinel 2-theta shift is more pronounced for 
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the larger index planes (i.e., larger thetas angles) as expected from Bragg’s Llaw. Figure 1-c shows the 

Bragg’s distance as a function of Zn flux for the spinel 𝐹𝐹𝐹𝐹3�𝑚𝑚 (444) / monoclinic 𝐶𝐶2/𝑚𝑚 (-804) peak. The 

inter-plane d-spacing is almost constant for β-Ga2O3 phases (either in pure or mixed phases), and only a 

small increment of ~0.01 Å is observed with increasing Zn content for the GaZnO in the coexistence 

region (GaO/GaZnO). In complement to these Bragg reflections separation, electron energy loss 

spectroscopy (EELS) profiles at nano-scale supports a spinodal decomposition during the total growth 

(and cooling) process.  For pure ZnGa2O4 phases plane d-spacing becomes constant again. The 

corresponding cubic a-parameter is equal to 8.33 Å, very close to reference values of  PDF-00-038-1240 

and values reported by Galazka et al [38]. Therefore, spinel 𝐹𝐹𝐹𝐹3�𝑚𝑚  (111) / monoclinic 𝐶𝐶2/𝑚𝑚  (-201) 

orientation are epitaxially compatible, as studied by Horng et al.[1] and very close interplane spacing (1.17-

1.20 Å) perpendicular to growth direction. Owing to their different lattice symmetries, however, they show 

distinct vibrational modes under Raman excitation (Figure 1 -d). The primary ZnGa2O4 cubic spinel 

vibrational modes detected are A1g (709.7 cm−1) and T2g modes (603.1 cm−1) while the main β-Ga2O3 

vibrational modes detected are related to Ag (651.2 cm-1), in agreement with previous literature (e.g.[52]).  

The oxide’s optical bandgaps were determined by optical transmittance and reflectance spectroscopy. The 

optical transparency of the double polished sapphire substrate allows the determination of the intrinsic 

optical characteristics of the Ga2O3 and ZnGa2O4 thin-films. The optical transmittance and reflectance of 

β-Ga2O3 and ZnGa2O4, pure and mixed phases (GaO/GaZnO), were determined by transmission 

spectroscopy all the range from UV-C to short wavelength infrared. As seen in Figure 2-a, β-Ga2O3, 

ZnGa2O4 and mixed GaO/GaZnO exhibited a transparency above 80% in all wavelength range from ~300 

nm to 2500 nm. All films have sharp absorption edges of ~250 nm. The optical bandgaps were determined 

by means of a Tauc’s plot to be in the range of 4.6-4.8 eV (as shown in Figure 2-b). The optical band gap 
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for the pure β-Ga2O3 and the GaO/GaZnO mixed phase is around ~4.6 eV, while it is slightly lager 4.8 eV 

for the pure ZnGa2O4 (Figure 2-c-). 

 

Figure 2. (a) Optical transmittance. (b) Tauc’s plots (for the determination of the optical bandgap energy) 

for GaO/GaZnO mixed phase and for the pure ZnGa2O4. (c) Optical bandgap energy versus Zn-flux 

(µmol/min) used during the growth. (d) and (e) top view SEM images of the GaO/GaZnO mixed phase 

and the pure ZnGa2O4. (f) and (g) cross sectional SEM images of the GaO/GaZnO mixed phase and the 

pure ZnGa2O4. 
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The structural characteristics of the different composition of ternary oxides were further 

investigated by means of scanning electron microscope (SEM) and transmission electron microscope 

(TEM) equipped by energy-dispersive x-ray spectroscopy (EDS) and electron energy loss spectroscopy 

(EELS). Figure 2(d)-(g) presents a representative SEM top view and cross-sectional view of the ternary 

Ga-Zn-O having mixed phase GaO/GaZnO and pure spinel zinc gallate ZnGa2O4. It is already evidenced 

by SEM that a pure phase ZnGa2O4 (Zn-9) exhibited a much planar morphology together with the absence 

of grains and grains boundaries as compared with a mixed GaO/GaZnO (Zn-4) sample.        

 

Figure 3. (a) Transmission electron microscope (TEM) images for (a) mixed phase GaO/GaZnO and (b) 

pure spinel ZnGa2O3. Higher resolution images are shown in (c) and in (d), for GaO/GaZnO and ZnGa2O3, 
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respectively. The inset shows the fast Fourier transform of the images, with multiple reflections 

evidencing the phase mixture for the former and a perfectly oriented [011] view for ZnGa2O4.   

 

 

Figure 4. Cross-section STEM EELS Ga (a,h.), Zn (b.,i.), Ga/Zn (e.,m.) and EDX Ga (c.,j.), Zn (d.,k.) 

compositional maps and high-angle annular dark-field imaging (HAADF) STEM image (g.,o.) for (a) 

mixed phase GaO/GaZnO and (b) pure spinel ZnGa2O4. A compositional EDX profile is shown for the 

mixed and pure GaZnO showing its granular and homogeneous nature, respectively.   

 

At higher resolution than the scanning electron microscopy, transmission electron microscopy (TEM) 

imaging corroborates the granular nature of the mixed GaO/GaZnO. In contrast, ZnGa2O4 exhibited an 

epitaxial single crystal structure as shown in Figure 3-a,-c and in Figure 3-b,-d, for mixed GaO/GaZnO 
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and spinel ZnGa2O4, respectively. For the samples with the lowest Zn-fluxes, there is an intermix of pure 

GaO and GaZnO phases resulting in distorted grains of varying sizes of ~10-100 nm in average and the 

corresponding large number of grain boundaries, coherent with a spinodal decomposition.  In contrast, for 

Zn-fluxes above 7 µmol/min, the Zn atoms are accommodated epitaxially within a single crystal spinel 

ZnGa2O4 structure as shown in Figure 3-c and 3-d. The Ga-Zn-O layers stoichiometry and atomic 

composition were further investigated by performing EELS and spectroscopy as shown in Figure 4. 

Corroborating the x-ray diffraction and Raman analysis, for the smallest Zn-fluxes (i.e., those that resulted 

in mixed GaO/GaZnO phases), the Zn EELS and EDX maps are non-homogeneous but Zn atoms are 

concentrated in ZnGa2O4 grains within the β-Ga2O3 matrix (Figure 4-a). It is worth noting that the 

EELS/EDX Zn concentration variations do not perfectly follow the high-angle annular dark-field imaging 

(HAADF) contrast variation is the STEM mode. This may be due to the fact that Zn (30) and Ga (31) have 

very similar atomic numbers. Pure spinel ZnGa2O4 was found to be, in contrast, much more homogeneous 

in Zn and Ga compositions all over the layer. The stoichiometry of the Ga-Zn-O ternary oxide has been 

determined for a Zn-flux of 8.9 µmol/min (Zn-9) to be 32% Zn and 68% Ga, and therefore, within the 

experimental error, it fits very well with a ZnGa2O4 formulation.  

An atomic fine chemical analysis of the surface was performed by x-ray photoelectron spectroscopy (XPS). 

XPS provides information about the Ga, Zn and O local bonding environment (not just element 

identification) either on pure ZnGa2O4 or mixed GaO/GaZnO phases. The local atomic binding energies 

are affected by the cation formal oxidation state, the identity of its nearest-neighbor (Zn or Ga) atoms and 

its bonding hybridization. The two extreme compositions, monoclinic β-Ga2O3 and wurtzite ZnO, grown 

in the same MOCVD chamber (see methods), were also included for comparison. Figure 5 shows a 

detailed view of the main XPS peaks for (a) gallium (Ga2p), (b) oxygen (O1s), (c) zinc (Zn2p) and (d) 
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carbon (C1s) at the surface of pure β-Ga2O3 (GaO), pure wurtzite ZnO, mixed phase GaO/GaZnO (Zn-4) 

and pure spinel ZnGa2O4. 

 

Figure 5. Detail (intensity normalized) of the main XPS peaks for (a) gallium (Ga2p - Ga2p3/2), (b) oxygen 

(O1s), (c) zinc (Zn2p – Zn2p3/2) and (d) adventitious carbon contamination (C1s, calibration for C-C bonds 

at 284.8 eV) at the surface of pure β-Ga2O3 (GaO) with Zn-flux = 0 µmol/min), mixed phase GaO/GaZnO 

(Zn-4), pure ZnGa2O4 and a pure ZnO (wurtzite) reference (grown in the same chamber). Deconvolution 

of the main contributions of the (e) Ga2p3/2, (f) Zn2p3/2 and (g) O1s oxygen peak for spinel ZnGa2O4.        
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Adventitious carbon contamination was used as a charge reference for XPS spectrum (by setting C1s 

maxima to a binding energy of 284.8 eV), which is a very common practice (Figure 5-d). Regarding O1s, 

a notable feature is the binding energy difference of the metal oxide oxygen peak in ZnO (~530 eV) 

(e.g.[53]) and the metal oxide oxygen peak binding energy (~531 eV) in monoclinic β-Ga2O3 (e.g.[54,55]), 

GaO/GaZnO and spinel ZnGa2O4. According to Biesinger et al.[56], the ZnO(II) O1s lattice oxide peak 

(OI) appears at 529.76 eV while the hydroxide, hydrated or defective oxygen (e.g. oxygen vacancies) 

shoulder (OII) in the O1s peak of ZnO appears shifted 1.49 eV, at 531.25 eV. In our case, the ZnO’s lattice 

peak appears at 529,99 eV and the shoulder maxima appears at 531.69 eV which also presents the broad 

shape typical of multi-component contributions (i.e., -OH, H2O and VO). The β-Ga2O3 (Zn-0) peak 

appears at 530,94 eV exhibiting a much less pronounced shoulder (see Fig. 5(g)). There also is no 

appreciable shoulder in GaO/GaZnO and spinel ZnGa2O4. The absence of shoulder features in O1s may 

be correlated with a lower donor compensation (very low concentration of oxygen vacancies). This 

correlates with the intrinsic p-type nature of the β-Ga2O3, GaO/GaZnO and ZnGa2O4 layers, as it will be 

shown below by Hall transport measurements. For the reference spinel ZnGa2O4 (Zn-9) the O1s lattice 

oxide peak appears at 530.99 eV while the Zn2p3/2 and Ga2p3/2 peak appears at 1022.20 eV and 1118.20 

eV, respectively. The XPS quantification for the reference ZnGa2O4 gives a stoichiometry of 30.4% Zn 

and 69.6% Ga, which is in close agreement with the quantification from TEM/EDX and the spinel 

stoichiometry.  

As shown in Figures 5-a and 5-c, there is a significant shift of the binding energy of the Zn2+ and Ga3+ 

cations towards larger (Ga-O and Zn-O) binding energies which usually is regarded as an indication of 

cation oxidation (loss of electrons or an increase in the oxidation state). According to the first-principles 

calculations based on the density functional theory of Chao et al. [57], with the introduction of the Zn 

impurity (Ga substitutional), the Zn atom loses almost all valence electrons (since the Zn electronegativity 
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is lower than Ga and the Zn2+ valence electrons are less than Ga3+) which may explain the Zn2p shift 

towards larger binding energies with increasing Zn-flux. The Zn2p3/2 peak for pure ZnO appears at 

1021.34 eV while the Zn2p shifts to 1021.68 eV for the mixed GaO/GaZnO and 1022.20 eV for pure 

ZnGa2O4 (Zn-9). Normal AB2X4 spinels have all A cations in the tetrahedral site and all B cations in the 

octahedral site. Therefore, in the case of zinc gallate ZnGa2O4, Zn atoms lie in Zn-tetrahedral sites 

(Zn2+(Td)) and Ga atoms occupy the Ga-octahedral sites (Ga3+(Oh)) or Zn(2+[Td])Ga2(3+[Oh])O4(2-). In 

contrast to simple binary oxides (such as pure β-Ga2O3), where dominant defects are vacancies (Vo as 

donor and VGa as acceptor) and interstitials, dominant defects in spinels are suggested to be antisites [18]. 

These antisites are donor (GaZn) [donor-like Ga3+(Oh)-on-Td antisite defects] and acceptor (ZnGa) 

[acceptor-like Zn2+(Td)-on-Oh antisite defects]. Intrinsic p-type self-doping of spinels implies therefore a 

minimization of the electrical influence of donor-like Ga3+-on-Td antisite defects while maximizing the 

electrical influence of acceptor-like Zn2+-on-Oh antisite defects. It has been suggested that in order to 

achieve p-type dopability  [18], the concentration of Zn2+-on-Oh should be maximized either, (i) by 

inducing Zn-rich off-stoichiometry using non-equilibrium growth or (ii) by choosing an Zn2+ element that 

naturally prefers Oh-coordination. Regarding the Zn favorite coordination, it has been suggested that Zn 

prefers a tetrahedral coordination when substituting Ga in β-Ga2O3 [58]. The β-Ga2O3 belongs to space 

group C2/m with two-fold rotation axis b. There are two different Ga sites, denoted as Ga(1) and Ga(2), 

and three different O sites, denoted as O(1), O(2), and O(3). Ga atoms are surrounded by O atoms in either 

tetrahedral Ga(1) or octahedral Ga(2) coordination. Skachkov and Lambrecht recently published a 

computational study of the electron paramagnetic resonance g-tensors of Zn-doped Ga2O3 [58] where they 

determined that Zn would prefers the tetrahedral Ga(1) substitutional site, (Zn in ZnO has a tetrahedral 

bonding indeed as it has in normal ZnGa2O4).  
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The cation distribution can be characterized by the inversion parameter y, which is defined as 2 times the 

fraction of Zn2+ ions in the octahedral sites. The degree of inversion in zinc gallate has been reported to 

be potentially estimated by the deconvolution of the Ga2p and Zn2p XPS peaks in two components at 

different binding energies (BEs) [59]. A Ga2p3/2 normal Ga3+(Oh) contribution peaks at high BEs (1118.3 

eV) and an inversion Ga3+(Td) contribution is at significantly lower BEs (1116.8 eV). Analogously, a 

Zn2p3/2 normal Zn2+(Td) is at lower BEs (~1022 eV) and an inversion Zn2+(Oh) is at higher BEs (~1023 

eV). Therefore, the tail contribution at larger binding energies in Zn2p3/2 would directly be a measure of 

ZnGa. In our case, the Ga2p3/2 peak appears precisely at 1118.2 eV and there is a small contribution shifted 

~2 eV at lower BE (Figure 5-e) of ~2.8% the total area, while there would be around ~5.3% of ZnGa sites 

when the Zn2p3/2 peak is deconvoluted (Fig. 5(f)). An additional contribution may be observed for even 

larger BE in the ZnGa2O4 Ga2p3/2 peak (1120.1 eV) which, as far as we know, has not been discussed in 

previous literature yet.         

          

 

2.  ZnGa2O4 spinel electrical transport properties: An intrinsic p-type semiconductor 

 

For studying the actual electrical properties of the spinel zinc gallate layers, the ZnGa2O4 thin-films 

resistivities and their corresponding Hall Effect were measured at high temperatures (450-850 K) in a Van 

Der Pauw configuration. Four electrical contacts by silver paint were made on each corner of a square 

shape (1x1 cm²) samples. As shown in Figure 6-a, a linear, non-rectifying current-voltage (I-V) behavior 

has been first corroborated at different temperatures, thus evidencing the Ohmic characteristic of the 

contacts. The resistivity vs temperature for spinel ZnGa2O4 samples is shown in Figure 6-b.  
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Figure 6. (a)  Typical spinel ZnGa2O4 Ohmic I-V characteristic at 850K. (b) Resistivity versus 

temperature for averaged (error bars) p-type spinel ZnGa2O4 and the reference p-type β-Ga2O3. (c) Hall 

voltage (VH) versus magnetic field at different temperatures for a typical spinel ZnGa2O4 sample. The Hall 

voltage slope is positive thus an indication of p-type conductivity. (d) Temperature dependence for Hall 

free hole concentration (p [cm-3]) for pure monoclinic reference β-Ga2O3 and spinel ZnGa2O4 films. An 

activation energy of the acceptor center (Ea) was determined from the log (p) vs 1/T plot (Arrhenius) to 

be 1.2±0.5 eV and 1.0±0.5eV for reference β-Ga2O3 and spinel ZnGa2O4 films, respectively. 
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The determination of the majority carrier type is, in practice, challenging when the sample is of high 

resistance ( > 107 Ω) due to the difficulty in correctly extracting the Hall voltage (VH) from the total 

measured voltage. Elevating the temperature of measurement in our high temperature high impedance 

home-built Hall set-up enables measuring up to 1GΩ (109Ω) resistance sample. In a non-magnetic material, 

VH is linearly proportional to the applied magnetic field and a positive sign slope for VH (H)indicates that 

the majority charge carriers are p-type (holes). To further validate the sign of majority carriers, the Hall 

voltage dependence on the applied magnetic field was measured at different elevated temperatures and 

varying magnetic fields from 0 to 1.6 T.  As shown in Figure 6-c, the positive VH linearly increases with 

perpendicularly applied magnetic field. This confirms that the layer was p-type. The temperature 

dependence for Hall hole concentration is shown in Figure 7-d. ZnGa2O4  p-type films and, at the highest 

available temperature of 850 K, the free hole concentration was measured to be as large as p = 2×1015 cm-

3, while for pure β-Ga2O3 the hole concentration was 100 times smaller (i.e., p = 1.4×1013 cm-3). From the 

log(p) vs 1/T plot, the activation energy (Ea) of the acceptor centers have been determined to be 1.2±0.5 

eV and 1.0±0.5 eV.  

 

As mentioned before, according to  previous literature [42–46], the most plausible origin of p-type 

conductivity in ternary spinel ZnGa2O4 would be the anti-site ZnGa center, in contrast to normal binary 

oxides where it is generally ascribed to a cation vacancy or interstitial. In our case, undoped β-Ga2O3 and 

spinel ZnGa2O4 exhibit similar value of acceptor center activation energies (Ea) but still 100 times more 

free holes in ZnGa2O4 films. A canonical interpretation of our Hall Effect measurements would suggest 

that the point defect responsible for p-type conductivity would be the same (or at least to lie in a similar 

energetic position within the bandgap) in both materials, while the differences in p [cm-3] (free hole 
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concentration) would be related to a different compensation ratio. The compensation by donor defects, in 

another word ND/NA ratio, would be smaller in ZnGa2O4 films than in pure β-Ga2O3, grown with the same 

parameters (i.e., oxygen partial pressure and temperature). The increase of acceptors, NA  might be 

explained with creation of anti-site ZnGa acceptor defects  in ZnGa2O4 spinel. This defect being deep 

cannot play an “effective” acceptor role with small ionization energy, but acts as a compensator-donor 

killer, thus resulting enhancement of hole concentrations. Experimental Hall hole mobilities for spinel 

ZnGa2O4 were found to be in the range of µ = 7 - 10 cm2/Vs (680-850 K). Such a remarkable high value 

of acceptor mobilities for p-type TCO confirms that conductivity is by band activation mechanism and 

not by small polaron as it often has been reported to be the case in other spinels [47]. That is a very important 

feature for p-type ternary ZnGa2O4 oxide, since having delocalized holes in undoped state, gives strong 

promises of efficient doping capability for increasing free carriers. 

 

 

3. The ZnGa2O4 Valence Band: Experiment vs ab-initio simulations  

Once the ZnGa2O4 layers p-type conductivity has been determined by high-temperature Hall Effect, the 

nature of the oxide’s semiconductor valence band has been further investigated by means of high-

resolution X-ray photoelectron spectroscopy and ab-initio calculations. XPS also is an excellent chemical 

method to investigate a material’s valence band characteristics and brings additional evidence of the 

presence of states within the bandgap [60–62]. When used in high resolution in the valence band vicinity 

(i.e., for the lowest binding energies), it is possible to directly detect whether there are states in the lower 

part (i.e., smaller than the intrinsic energy level or ~mid-gap) of the bandgap (those responsible for p-type 

character) [63]. 
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Figure 7. (a) Experimental XPS high-resolution valence band for the p-type β-Ga2O3 and a reference n-

type β-Ga2O3. (b)  Experimental XPS high-resolution of the first valence band group for pure p-type β-

Ga2O3, p-type mixed phases of Ga2O3/ZnGa2O4 (GaZnO) and p-type pure spinel ZnGa2O4. An undoped 

ZnO specimen is included for comparison. The valence band maxima (VBM) is from O2p states for all 

the samples but those compounds containing zinc atoms exhibit an important additional contribution of 

Zn3d states (c) Idem, for the first and the second group of valence bands. The second group of bands is 

contributed primarily by Ga3d (in the compounds containing Gallium) and O1s. (d) A zoom of the valence 

band region (VBM) showing the presence of tail states in the lower part of the bandgap for the p-type 

compounds (the value of the bandgap is depicted for ZnO, β-Ga2O3 and ZnGa2O4).                
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Our starting point was pure monoclinic p-type β-Ga2O3 (Zn-0). As shown in Figure 7-a, when β-Ga2O3 

was grown in strong compensation conditions at high oxygen flux, the layers were found to be highly 

resistive p type in nature. When compared with a reference (Si-doped) n-type β-Ga2O3 single crystal, they 

exhibited a shift towards smaller binding energies and a number of tail states arise at ~1.5-1.0 eV from 

the conduction band edge (Figure 7-d). The n-type control sample is a commercial (Novel Crystal 

Technology, Inc.) nominally n-type Si-doped β-Ga2O3 (ND-NA = 1.3×1018 cm-3) epitaxy (500 nm) grown 

on a single crystal β-Ga2O3 (labelled ‘‘n-type’’). For our samples, the valence band edge is shifted towards 

more p-type using the adventitious C-C 284.8 eV as the calibration peak (lower Fermi level implies more 

p-type character). Figures 7b) and 7-c show the experimental valence region for p-type β-Ga2O3, p-type 

mixed phases of Ga2O3/ZnGa2O4 (GaZnO) and p-type pure spinel ZnGa2O4. These samples were defined 

by increasing progressively the Zn-flux within the MOCVD chamber. The other stoichiometric end, an 

undoped ZnO specimen, is included for comparison (i.e. Ga-flux 0 µmol/min). Indeed, the spinel ternary 

ZnGa2O4, in terms of composition, can be regarded as a metastable alloy of Ga2O3 and ZnO binary oxides 

in a cubic 𝐹𝐹𝐹𝐹3�𝑚𝑚  arrangement, where Zn and Ga atoms have tetrahedral (Td) and octahedral (Oh) 

coordination bounds with oxygen, respectively. While β-Ga2O3 have Ga-O (Td) and (Oh) bounds (1:1), 

wurtzite ZnO presents only Td Zn-O bounds.  Figure 7-d is a zoom of the valence band region (VBM) 

showing the presence of tail states in the lower part of the bandgap for the p-type compounds (the value 

of the bandgap is depicted for ZnO, β-Ga2O3 and ZnGa2O4. For reference ZnO, the Fermi level (as 

measured from the valence band maxima or VBM) lies in the mid-gap but in the upper-half of the bandgap 

(~2.50 eV), an indication of their native highly resistive but n-type character. In contrast, the ZnGa2O4 

spinel exhibit an smaller Fermi level energy (~0.5 eV) and thus, the acceptor states would lie within the 

bandgap closer to the valence band maximum than in p-type β-Ga2O3, an observation that is coherent with 
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the experimental higher free hole concentrations by Hall Effect in spinel ZnGa2O4. In agreement with this 

fact, it may be observed that, even for the mixed phase of β-Ga2O3 and spinel ZnGa2O4, the acceptor tail 

states are significantly shifted towards the valence band (label “GaZnO” in Figure 7).            

  

Ab-initio simulation (see methods) are used to compare (vs experiment) the oxide’s theoretical bandgap 

energies and to identify the main components of the experimental XPS valence bands in Figures 7(-c and 

7-d. The calculated bandgap energies (Eg) and the semiconductor band structure in the vicinity of VBM 

are shown in Figure 8. The theoretical direct band gaps are 4.73 eV, 3.40 eV and 5.06 eV, for monoclinic 

β-Ga2O3, wurtzite ZnO and spinel ZnGa2O4, respectively. These Eg values are in agreement with the 

values extracted for the optical bandgap measured by optical spectroscopy (see section 2). Further 

simulation details are given in the method section. 

 

 

Figure 8. Calculated bandgap energy for (a) monoclinic β-Ga2O3, (b) wurtzite ZnO and (c) spinel 

ZnGa2O4 by using DFT. 



  

24 
 

 

Figure 9. Determination of the valence bands main atomic contribution and their density of states (DOS) 

for (a) monoclinic β-Ga2O3, (b) wurtzite ZnO and (c) spinel ZnGa2O4 by using DFT. 

 

A closer look of the theoretical valence band electronic structure and its electronic configuration is shown 

in Figure 9. The valence band maxima (VBM) is from O2p states for all the oxides under study but those 

compounds containing zinc atoms and gallium atoms exhibit further contributions of Zn3d states (ZnO) 

and Ga3d states (Ga2O3), respectively (Figures 9-a and 9-b). In the case of the spinel ZnGa2O4, there are 

three main features observed in the experimental which are ascribed to O2p, Zn3d and Ga3d respectively 
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as shown in Figure 7-c. When calibrated with respect adventitious C-C (284.8 eV), it is noticeable the 

shift observed for the Zn3d and Ga3d towards smaller binding energies for the ternary spinel ZnGa2O4 

oxide. The Ga3d peak appears at 20.73 eV, 19.75 eV and 17.60 eV, for β-Ga2O3, mixed phases and spinel 

ZnGa2O4, respectively. For the Zn3d contribution, the peak values are 10.79 eV, 10.40 eV and 8.05 eV, 

for ZnO, mixed phases and spinel ZnGa2O4, respectively. This decrease in the first valence band binding 

energies is coherent with the smaller Fermi level energy derived for spinel ZnGa2O4 (~0.5 eV). As shown 

in Figure 9-b, the GGA+U approximation reproduces well the valence band experimental features for our 

ZnO. Semi-empirical approach (LDA-1/2) and Meta_GGA (one of semi-local approximations functionals 

as an alternative of the DFT-1/2) were used for spinel ZnGa2O4 and β-Ga2O3, respectively. Although, the 

binding energies for the Ga3d states are particularly understimated in gallium oxide related compounds 

(we are using for the sake of simplicity local or semilocal exchange correlation), the simulation procedure 

still reproduces the main valence band experimental peak contributions and ordering [64]. The BE 

divergences would be related to the fact that, in monoclinic β-Ga2O3 and spinel ZnGa2O4, shallow Ga3d 

core electrons have to be treated as valence electrons (for example, by using many-body perturbation 

theory within Hedin’s GW approach) [65] . 

   

As demonstrated for β-Ga2O3 [49], the Kroger’s thermodynamic analysis predicted that high oxygen 

pressures guarantee the appearance of uncompensated hole conductivity effectively suppressing the 

compensation by native donors, which are associated primarily to oxygen vacancies (VO). As opposed to 

ZnO, thanks to the β-Ga2O3 particular point defect chemistry and the large formation energy of oxygen 

vacancies [66] (the native donor which can play the role of compensators for holes), it is possible to achieve 

the realization of stable p-type conductivity even in undoped layers. Indeed, as mentioned before, the ZnO 

layer presents a much larger Fermi energy level of ~2.5 eV which suggest a natural n-type character (in 
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line with n-type (Si-doped) reference β-Ga2O3) and contrary to the rest of the p-type layers grown. As 

shown in Figure 7-d-, the entire valence band is further shifted towards smaller Fermi levels for the spinel 

ZnGa2O4 when compared to the starting p-type β-Ga2O3 and mixed GaZnO phases. It is worth noticing 

that the C1s calibration shift is believed to have no effect in the determination of the ZnGa2O4 valence 

band (i.e. Fermi level, Ga3d or Zn3d energies - see methods).  

 

This enhanced p-type dopability may be ascribed to the natural spinel tendency to a certain degree of 

inversion and the corresponding creation of acceptor antisites (ZnGa). In this sense, preliminary DFT 

simulations for the ZGO antisite pair were conducted (see methods). A 112-atom supercell was built 

(Zn16Ga32O64) and the simulated band structure and DOS shown the creation of two acceptor energy levels, 

which is consistent with what was already reported by De Vos et al. [46]. These two energy states are 

contributed by the electrons in Zn-3d and O-2p orbitals. The antisite induced acceptor energy states mainly 

attributed to ZnGa is therefore a strong candidate for explaining the origin of measured p-type conductivity. 

Here, the p-type spinel character has been achieved by tuning our growth methodology by defining highly 

compensated β-Ga2O3 in high oxygen pressure (to remove the remote donor) and then, adding the Zn-

atoms at high Zn-flux. As the gallium vacancy is the most plausible acceptor in our β-Ga2O3 layers, the 

Zn-atoms will incorporate naturally in some Td and Oh sites and play role of donor killer, promoting native 

hole conductivity of our spinel ZnGa2O4.      

 

4. Conclusions 

To exploit the full potential of any emerging ultra-wide bandgap (UWBG) solid-state semiconductor 

technology, a good control (over several orders of magnitude) of the n-type and p-type conductivity should 

be attained. Although spinel’s dopability was already theoretically predicted, no p-type conductivity has 
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been corroborated for UWBG ZnGa2O4 spinel’s yet. To achieve efficient p-type doping in wide band gap 

materials, the first step is the realization of native hole conductivity in the undoped state. Following this 

approach, it is further demonstrated in this work that the ternary ultra-wide band gap (~5 eV) spinel zinc 

gallate (ZnGa2O4) is the native p-type ternary oxide semiconductor with the widest bandgap. This 

achievement opens-up an important perspective for succesful UWBG p-type doping, thus paving the way 

to bipolar extreme spinel electronics for a range of emerging energy applications (e.g. opto and power 

electronics). Furthermore, as a new acceptor member of the emerging gallium oxide family technology, 

this spinel ZnGa2O4 phase, (stabilized after Zn incorporation), is structurally compatible with the 

monoclinic and more stable β-Ga2O3 phase where suitable growth directions are [111] and [-201] for 

ZnGa2O4 and β-Ga2O3, respectively. 
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Experimental details 

 

A. Thin-film Growth 

Ga2O3, ZnO and ZnGa2O4 samples were grown in a RF-heated horizontal metalorganic chemical vapour 

deposition MOCVD reactor with separate inlets to avoid premature reactions in the manifold between 

oxygen and organometallics precursors. The reactor can operate at low pressure, between 30 and 760 torr, 

and at high growth temperature, up to 1000 °C. Trimethylgallium (TMGa), diethylzinc (DEZn) and 5.5N 

pure oxygen were used as gallium, zinc and oxygen sources, respectively. Argon was used as carrier gas.  

 

Ga2O3 and ZnGa2O4. The TMGa and DEZn bubbler temperatures were fixed at -10°C and 0°C, 

respectively. ZnGa2O4 layers were grown on C-oriented sapphire substrates. During the growth, the flow 

rate of TMGa and oxygen were kept at 11µmol/min and 1200 sccm, respectively. The growth temperature 

was set at 775°C, the reactor pressure was 38 torr and growth time was 150minutes. The DEZn flow was 

varied in the range (2.8-8.9 µmol/min). It were defined several reference pure β-Ga2O3 samples without 

Zn (or Zn0) and several Ga-Zn-O specimens under the following conditions: 2,8µmol/min (Zn3), 

3,9µmol/min (Zn4), 5µmol/min (Zn5), 7µmol/min (Zn7), 8,9µmol/min (Zn9).  

 

ZnO. ZnO films were grown on c-oriented sapphire substrates. During the growth, the flow rate of DeZn 

and nitrous oxide (N2O) were kept at 20µmol/min and 3700 sccm, respectively. The growth temperature 

was fixed at 950°C, the reactor pressure was 50 torr. The growth rate was 280nm/h in this growth 

conditions.   
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B. Characterization Methods  

B.1. XRD. X-ray diffraction profiles were recorded in θ/2θ configuration, using Rigaku SmartLab 

equipped with Cu-Kα1 source (λ=0,1541nm).  

 

B.2. Raman Spectroscopy. Raman spectra were acquired in a Witec spectrometer coupled to a 488.0 nm 

laser excitation. The laser was focused on the sample by a 50× objective with a 1 mW power. We used a 

600 g/mm grating, covering a spectral window from 100 to 4000 cm-1 with a spectral resolution of 3 cm-

1/pixel. Single Raman spectra of 60 seconds were registered. 

 

B.3. Transmittance/Reflectance. Optical transmission spectra were measured in 200-2000 nm spectral 

range with a Perklin Elmer 9 spectrophotometer.  

 

B.4. SEM/EDX. SEM images were done by FEG JEOL 7001-F electron microscopy, hich is equiped with 

Everhart-Thornley detector of secondary electrons. EDX analyses has been carried out by EM FEG 

OXFORD machine with SSD X-MAX detector. 

 

B.5. TEM/EDX/EELS. Crystallographic characterization and imaging were conducted using a field 

emission gun FEI Tecnai F20 microscope at 200 kV with a point-to-point resolution of 0.24 nm. Energy 

dispersive X-ray (EDX) and electron energy loss spectroscopy (EELS) spectrum images and profiles were 

obtained in high angle annular dark-field (HAADF) STEM mode with an EDAX super ultra-thin window 

(SUTW) X-ray detector a Gatan Quantum SE 963 imaging filter respectively. TEM cross-sections were 

prepared by conventional mechanical polishing and ion milling.  
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B.6. XPS. X-ray photoemission spectroscopy (XPS) measurements were performed with a Phoibos 150 

analyzer (SPECS GmbH, Berlin, Germany) in ultra-high vacuum conditions (base pressure 3×10-10 mbar). 

XPS measurements were performed with a monochromatic Al Ka X-ray source (1486.74 eV). The main 

ZnGa2O4 Ga2p and Zn2p peak energies were consistent with previous literature after adventitious C1s 

calibration (284.8 eV). The C1s calibration shift for the reference ZnGa2O4 was only of 0,595 eV. The 

C1s calibration shift energies were also relatively small for the other specimens with -0.3 eV and 2,8 for 

reference (n-type) ZnO and (highly resistive) Ga2O3, respectively.     

 

B.7. Transport. Hall Effect measurement set-up. Ohmic contacts were prepared by silver paint at the four 

corners of the sample. Hall Effect measurements were performed in a Van der Pauw configuration in the 

temperature range of 300 K to 850 K and for magnetic fields perpendicular to the film plane varying from 

-1.6 T to 1.6 T, using a high impedance measurement set-up which was custom designed for measurement 

of high resistance. 

 

C. Ab-initio Methods  

For the hexagonal ZnO cell containing 2 Zn atoms and 2 oxygen atoms. The lattice constants are: a = b = 

3.249 Å, c = 5.207 Å. The generalized gradient approximation with the mean-field Hubbard correction 

(GGA+U), together with the Perdew-Burke-Ernzerhof functional (PBE), cut-off energy of 140 Hartree 

and 23×23×13 k-points grid were used for the simulation. The U parameters are set to 4 eV and 9.5 eV 

for O2p and Zn3d respectively. For the face-centered cubic ZnGa2O4, local density approximation with 

semi-empirical approach (LDA-1/2) was used in the simulation. k-points sampling are set to 20×20×20, 

and the lattice constant is a = b = c  =8.338 Å. For the monoclinic β-Ga2O3, Meta_GGA (one of semi-

local approximations functionals, an alternative of the DFT-1/2) was used in the simulation. The k-points 
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sampling was set to 4×8×8, and the monoclinic cell contains 16 Ga atoms and 24 O atoms. The lattice 

constants are: a = 12.23 Å, b = 6.08 Å, c = 5.8 Å, and β = 103.7°.  

For the ZnGa2O4 antisite pair DFT simulations, a 112-atom supercell was built (Zn16Ga32O64). The 

calculation was conducted with the Quantumwise software. The antisite model was firstly optimized 

geometrically using the GGA PBE functional. The optimized model was then calculated with a 4×4×4 k-

point grid using the meta-GGA method. The c parameter was chosen as 1.45 to match with the 

experimental bandgap of the ZnGa2O4 host. Density mesh cut-off was set to 125 Hartree, and the 

broadening was set to 25 meV, which had the energy convergence up to 1×10-4 eV. 
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We have demonstrated that Ultra-wide band gap (~5 eV) spinel zinc gallate (ZnGa2O4) is the native p-

type ternary oxide semiconductor. This is important step towards p-type doping, opens up further 

perspectives for ultra-wide bandgap bipolar spinel electronics to be integrated into the next generation 

more efficient energy optoelectronics and power electronics.   
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