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ABSTRACT 

     NiO is a promising alternative to p-GaN as a hole injection layer for normally-off lateral 

transistors or low on-resistance vertical heterojunction rectifiers. The valence band offsets of 

sputtered NiO on c-plane, vertical geometry homoepitaxial GaN structures was measured by X-

ray Photoelectron Spectroscopy as a function of annealing temperatures to 600°C. This allowed 

determination of the band alignment from the measured bandgap of NiO. This alignment was 

type II, staggered gap for both as-deposited and annealed samples. For the as-deposited 

heterojunction, ΔEV=2.89 eV and ΔEC= -2.39 eV, while for all the annealed samples the ΔEV 

values were in the range 3.2-3.4 eV and ΔEC values were in the range –(2.87-3.05) eV. The 

bandgap of the NiO was reduced from 3.90 eV as-deposited to 3.72 eV after 600°C annealing, 

which accounts for much of the absolute change in ΔEV-ΔEC. At least some of the spread in 

reported band offsets for the NiO/GaN system may arise from differences in their thermal 

history. 

Keywords: Ga2O3, band offsets, heterojunctions, wide bandgap semiconductor  
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1. Introduction 

            There is considerable recent interest in developing GaN-based high efficiency power 

converters with much lower switching losses than Si devices (1-12). GaN homostructures or 

AlGaN/GaN heterostructures also allow devices with smaller surface area and higher operating 

frequencies than Si. In addition, there can also be a reduction in the size of the associated 

parasitic inductors and capacitors, which lead to miniaturized, ultra-high-density power 

converters (1-12) and  terahertz frequency multipliers (13).  GaN power devices are already 

commercialized for applications such as fast chargers, electric vehicles, data centers, and 

aerospace. The Huang Material figure-of-merit, ECµ0.5, is a reliable predictor of power density in 

a variety of power converter types, where EC is the critical electric field for breakdown and µ is 

the electron mobility (1-3). Since EC scales approximately as EG2.7, where EG is the bandgap, more 

than an order of magnitude improvement in power density is enabled by use of GaN compared to 

Si (14-17). GaN also has numerous advantages for power amplifiers and high-power switch 

technology for 5G-Advanced and 6G communications and base station radios, while reducing 

the system size and weight. A relatively new application is power electronics for electrified 

aircraft. The specific power of power electronics inverters for aircraft applications is approaching 

20 kW/kg, and the peak efficiency can be above 99% (18,19). 

              One drawback is the relatively low hole concentrations obtainable in p-GaN, needed to 

provide p-gates in normally-off (enhancement mode) lateral transistors, which are more 

advantageous for power applications (14), or the p-side of vertical pin diodes. Recently, several 

reports have appeared on replacing p-GaN with p-type NiO (20-22). This demonstrates higher hole 

concentration with similar work function to p-GaN and has been used to demonstrate normally 

off p-NiO gated AlGaN/GaN High Electron Mobility Transistors (HEMTs) (22). Another 
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potential advantage is added flexibility in designing junction termination extension and p-type 

guard rings, as well as the fact that p-n junctions can readily afford avalanche breakdown, a key 

capability in many applications (23-28). Normally-off devices require the application of a positive 

voltage to the gate to turn the device on (1,2). Another common way to achieve a normally-off 

device is by tuning the AlGaN/GaN polarization to modulate the 2DEG by changing the doping 

or thickness of the AlGaN layer (1-7). Commercial GaN normally-off devices are based either on 

the cascode or the p-GaN technology (1-3). NiO has also been used as a hole injection layer on 

ZnO (29-32) and Ga2O3 heterojunction devices (33-44). 

           A key aspect in the performance of NiO/GaN devices is the thermal stability of the band 

alignment of the heterojunction. Gou et al.(9) reported there was interfacial reconstruction of the 

p-NiO/AlGaN interface and an increase in interface states due to formation of a thin c-Al2O3 

insulating layer after 500 °C annealing. This change in the conduction-band profile at the 

interface produced a significant change in device operation characteristics. The valence band 

offset at the NiO/AlGaN interface was 1.64 eV prior to annealing and 1.86 eV after 500°C 

annealing. The band alignment was staggered type-II in both the initial and annealed NiO/AlGaN 

interfaces. Similar studies have been reported by several groups for NiO on pure GaN, with a 

significant spread in the respective band offsets (45-47). 

.          If NiO is to be useful as a hole injection layer on GaN, then the thermal stability of 

NiO/GaN heterointerfaces needs to be established so that the processing sequence can be 

optimized.  In this paper we report measurements of the band alignment as a function of post-

deposition annealing temperature up to 600°C and see a monotonic increase in the values of the 

staggered band offsets with annealing temperature.  

2. Experimental 
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             We used vertical rectifier structures for the measurement of band alignments. These were 

purchased from Kyma Technologies and consisted of a 8 µm thick, nominally undoped epitaxial 

layer grown by hydride vapor phase epitaxy (HVPE) with carrier concentration 5x1015 cm-3 on a 

c-plane, Si-doped n+-GaN substrate. NiO layers were deposited by radio-frequency (RF) 

magnetron sputtering at <100°C temperature. The RF power was 150 W, and the purity of the 

dual NiO targets was 99.99%. During deposition, the chamber pressure was 3mTorr in an Ar/O2 

mixed ambient and the deposition rate was 0.2 Å.sec-1. The Ar/O2 ratio was used to control the 

doping in the NiO at ~1019 cm-3, with mobility < 1 cm2 ·V-1 s-1. These values are consistent with 

literature values (48). Three different types of sample were prepared, namely a thick layer (60 nm) 

of the NiO deposited on quartz, the bare GaN samples and a heterostructure consisting of a thin 

5-10 nm) NiO layer on the GaN. A cross-sectional high-angle annular dark field (HAADF) 

scanning transmission electron microscope (STEM) image of the latter is shown in Figure 1. 

Given that HAADF-STEM images exhibit atomic weight sensitivity, the dark contrast at the 

interface of NiO and GaN is likely due to sputtering-induced disorder during deposition of the 

NiO. The interface itself is atomically abrupt with no extended defects into the substrate or film.  

The TEM sample was fabricated along the [211̅0] zone axis with a FEI Helios Dualbeam 

Nanolab 600 focused ion beam (FIB) system. HAADF-STEM imaging was performed on the 

aberration-corrected Themis Z (Fisher Scientific) at 200 kV with 30pA screen current. 

             The band gaps of NiO for as-deposited films and those after annealing at different 

temperatures were obtained using UV-Vis (Perkin-Elmer Lambda 800 UV/Vis spectrometer) 

absorbance spectrum. Tauc plots were used to calculate the bandgap of the NiO. 

            The band alignments were obtained using X-Ray Photoelectron Spectroscopy (XPS) (49) . 

The XPS system was a Physical Instruments ULVAC PHI, with an Al x-ray source (energy 
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1486.6 eV, source power 300W), analysis size of 100 µm diameter, a take-off angle of 50° and 

acceptance angle of ±7 degrees. The electron pass energy was 23.5 eV for high-resolution scans 

and 93.5 eV for survey scans. The total energy resolution of this XPS system is about 0.5 eV, 

and the accuracy of the observed binding energy is within 0.03 eV. The core levels and valence 

band maxima (VBM) positions were measured from the thick NiO layers and in the epitaxial 

GaN. These same core levels were re-measured in the NiO/GaN heterojunction. The acquired 

XPS spectra were calibrated using the C 1s peak at 284.8 eV are while this is not always reliable 

for calibration (50), any charging effect/band bending effect causes the peak shift by the same 

amout of energy (51). This absolute binding energy is therefore not important in measuring the 

band structure. We subtracted the BE of Ga 2p and Ni 2p to eliminate possible charging effects 

on the band bending but in any case sample charging was not an issue in these conducting 

samples and was not observed. 

              The shift of the core level binding energy locations (ΔECL) within the heterostructure 

determines the valence band offset (ΔEV) from (49, 52,53) 

∆𝐸𝑉 = ∆ ECL+ (𝐸𝐶𝑜𝑟𝑒 − 𝐸𝑉𝐵𝑀)𝑅𝑒𝑓.  𝐺𝑎𝑁 −  (𝐸𝐶𝑜𝑟𝑒 − 𝐸𝑉𝐵𝑀)𝑅𝑒𝑓.  𝑁𝑖𝑂 

The associated conduction band offsets, ΔEC, were obtained by subtracting the valence band 

offsets from the bandgaps of the NiO and GaN.  

3. Results and Discussion 

        The bandgaps of NiO were measured before and after annealing for 5 min at 300-600°C 

under an O2 ambient. The bandgaps extracted from the Tauc plots were 3.90 eV (as-deposited), 

3.84 eV (300°C), 3.76 eV (400°C), 3.74eV (500°C) and 3.72 eV(600°C).  The as-deposited 

value is consistent with the range of values reported in the literature (48). The small changes with 

annealing are also consistent with the literature (48). 
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        The high resolution XPS spectra for the vacuum-core delta regions of GaN are shown in 

Figure 2 for as-deposited samples and those annealed at 300- 600°C. High resolution XPS 

spectra for the vacuum-core delta region of reference GaN sample are shown in Figure 3. 

The ΔEV values are obtained from the shift of the core levels for the NiO/GaN heterojunction 

samples (49, 52,53). The XPS spectra from which we extracted the core energy differences to VBM 

for thick NiO layers after different annealing temperatures are shown in Figure 4 and the peak 

position data summarized in Table 1. The corresponding valence band offsets were ΔEV = 2.39 

eV (as-deposited), 2.87 eV (300°C), 2.87 eV(400°C), 3.05 eV(500°C) and 2.88 eV(600°C). The 

respective conduction band offsets are then -2.89 eV (as-deposited), -3.31 eV (300°C), -3.23 eV 

(400°C), -3.39 eV (500°C) and -3.2 eV (600°C).The error bars were ±.025 eV for all these 

values. (52,53). 

          Figure 5 shows the annealing temperature dependence of the band alignment of NiO on 

GaN. The band alignment is staggered, type II in all cases. The band offsets increase 

monotonically with annealing temperature and will not provide any barrier to either electrons or 

holes moving into the GaN. Gong et al. (9) reported a similar trend for NiO on Al0.25Ga0.75N, with 

a type II alignment, valence band offset of 1.64 eV and conduction band offset of 1.37 eV for the 

as-deposited case and  observing an increase in these values to ΔEV=1.86 eV and ΔEC=1.63 eV 

after annealing at 500°C. This was speculated to be due to O atom incorporation replacing N 

sites at the NiO/AlGaN interface and also the formation of a thin Al2O3 layer (9). The latter is 

obviously absent in our samples, which do not include AlGaN. Zhang et al.(45) reported valence 

and conduction band offsets of 1.63 eV and 1.38 eV, respectively, for reactively sputtered NiO 

on AlGaN/GaN heterostructures. The deposition temperature was below 30°C in this case (45). 

Baraik et al.(46) determined ΔEV and  ΔEC values of 1.4 and 1.9 eV for NiO/GaN where the NiO 
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was deposited by pulsed laser deposition at 600°C, while Li et al.(47) presented the VBO and 

CBO values of 1.2 and 1.5 eV for NiO/GaN where the NiO was formed by oxidation of Ni at 

500°C. These results are summarized in Table II, which emphasizes the large spread in reported 

values. However, all of them agree on the type of alignment. Figure 5 appears to show an 

apparent saturation of the change in magnitude of band offsets, at least up to 600°C. Given that 

Ohmic contact annealing temperatures for GaN are much higher than this temperature, the NiO 

would need to be deposited after the Ohmic contact formation. It is also noteworthy from the 

literature that the higher deposition temperatures produce band offsets values closest to our 

values after annealing. 

           The large variation in deposition or formation temperatures for the NiO in previous work 

may explain the spread in reported values of valence and conduction band offsets. Hays et al.(53) 

summarized possible reasons for variations in band offsets between nominally similar systems, 

including different strain, interfacial disorder and contamination, stoichiometry and chemical 

bonding variations. At this stage, the exact cause cannot be isolated and awaits more experiments 

where deposition conditions are carefully controlled. 

4. Conclusions 

        The spread in reported values for the valence band offsets, which vary from 1.2-2.39 and 

conduction band offsets, which vary from –(1.3-2.89) eV show there is still additional work that  

to understand the NiO/GaN interface and its variability with deposition method, thermal budget 

and surface cleaning procedure. The reported variations in reported band offsets in this system 

requires examination of less energetic deposition methods than sputtering, since disruption to the 

interfacial region is known to affect band alignment.  
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Table I. Summary of measured core levels (eV) for NiO, and a heterostructure of NiO deposited 
on GaN as a function of post-deposition annealing temperature. 

 

  

   Bulk NiO   NiO/GaN heterojunction 

Anneal 
T(°C) 

VBM Core Level 
Peak (Ni 2p) 

Core-
VBM 

Core Level 
Peak (Ga 3d) 

Core Level 
Peak (Ni 2p) 

△Core 
level 

As-deposited -0.6 853.4 854.0 18.27 852.48 834.21 

300 -1.8 853.2 855.0 17.72 852.45 834.73 

400 -1.9 853.1 855.0 17.71 852.44 834.73 

500 -1.9 853.4 855.3 17.7 852.55 834.85 

600 -1.7 853.7 855.4 17.37 852.49 835.12 
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Table II. Reported values for band offsets of NiO on GaN or AlGaN 

 

NiO deposition ΔEc (eV) ΔEV (eV)       Reference 

PLD, 600°C -1.9 1.4 46 

Reactive sputtering, 
RT 

-1.38 1.63 45 

E beam Ni, oxidation 
at 500°C 

-1.5 1.2 47 

*Al0.25Ga0.75N, rf 
magnetron, RT 

-1.63 1.86 9 

Magnetron sputtering -2.34 2.89 This work 
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Figure Captions 

Figure 1. Atomic-resolution HAADF-STEM images of the NiO/GaN heterojunction at two 

different magnifications. The GaN substrate remains fairly pristine (a) while the NiO film is 

polycrystalline and ~ 5nm in thickness. The interface is atomically abrupt, and the dark contrast 

is likely due to sputtering-induced disorder (b). 

Figure 2.∆Core level calculations for interfaces of thin NiO/GaN as-deposited and annealed at 

different temperatures from 300-600°C. 

Figure 3. High resolution XPS spectra for the vacuum-core delta region of reference GaN 

sample. 

Figure 4. Core-VBM calculations for thick NiO film as-deposited and annealed at different 

temperatures from 300-600°C.  

Figure 5. Schematic of band alignments for NiO/GaN as a function of post-deposition annealing 

temperature from 300-600°C. 
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(a) 

 

 

(a) 

(b) 
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