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Abstract 

The band alignments of sputtered ZrO2, Al2O3 and MgO on GaN have been measured 

experimentally using X-ray photoelectron spectroscopy (XPS). The valence band offsets (± 0.2 

eV) for ZrO2, Al2O3 and MgO on GaN using Kraut’s method and charge-corrected XPS core levels 

were found to be 0.4 eV, 1.1 eV and 1.2 eV with corresponding conduction band offsets (± 0.2 

eV) of 1.3 eV, 2.0 eV and 2.8 eV, respectively. The electrical characterization of Metal Insulator 

Semiconductor (MIS)-capacitors with different gate dielectrics (ZrO2, Al2O3 and MgO) has been 

performed as well. The current density of the MIS-capacitors with gate dielectrics MgO and Al2O3 

at a positive bias of 1 V show lower leakage currents of 3.2 ×10-6 A/cm2 and 5.3 ×10-6 A/cm2 

respectively, whereas, the MIS-capacitors with ZrO2 gate dielectric have the highest leakage 

current of 6.2 ×10-4 A/cm2 at 1 V.  

Keywords: Gallium nitride, dielectrics, X-ray photoelectron spectroscopy, band offsets, Kraut’s 

method, metal-insulator-semiconductor. 
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1. Introduction 

 GaN based power devices, especially high electron mobility transistors (HEMTs), have been 

demonstrated over the past few decades. The devices have the potential to satisfy the ever-growing 

demand for improved performance in terms of speed, power and efficiency. The HEMT has the 

advantages of offering simple associated circuit design and fail-safe operation [1–4]. GaN devices 

are particularly suited to high power switching applications due to their unique and valuable 

material properties; including wide band gap (3.4 eV), high electron saturation velocity (3×107 

cm/s) and high critical breakdown electric field (4.2 MV/cm) [5]. Currently the GaN based Metal-

Insulator-Semiconductor (MIS)-HEMT device is seen to demonstrate superior performance in 

power electronics applications over the Schottky gate counterpart, due to its inherently lower gate 

leakage current [6], together with the ability to provide larger forward gate voltage swing by 

engineering the threshold voltage (Vth) between depletion and enhancement mode operation [7] 

and also an improved gate-drain breakdown voltage [8]. 

 However, introduction of high-k gate dielectric layer may also affect the device performance 

such as leakage current, lower channel mobility and threshold voltage instability. High band gap 

gate dielectric materials are preferable as they can provide higher tunnelling barriers for electrons 

and holes, which result in lower gate leakage current. On the other hand, high dielectric constant 

(high-k) material is also necessary for improved electrostatic control over the channel and 

improved on-current, which in-turn results in higher transconductance. The quality of the gate 

dielectric and the dielectric/GaN interface also plays a central role in device performance due to 

potential problems arising from fixed oxide charge, border and interface traps (fast and slow 

states). The origin of interface traps may be due to structural damage, oxidation induced defects 

or dangling bonds [9]. The dynamic charging and discharging of the trap states leads to threshold 

voltage instability, large hysteresis and significant current collapse [10] which affect the switching 

performance. Proper selection of high-k dielectric materials based on the aforementioned criteria 

is mandatory. Materials such as SiN [11–13] and Al2O3 [12,14] have been used in an attempt to 

passivate the interface, however high interface state densities (Dit) of ~3×1012 cm−2eV−1 [11] and 

3.4×1012 cm−2eV−1 [12], respectively have been reported. Atomic layer deposition (ALD) of Al2O3 

[15–17] is the most commonly used gate dielectric deposition process. Alumina offers a large band 

offset with GaN material, high dielectric constant (k ~ 8.6 – 10), high breakdown electric field (~ 

10 – 30 MV/cm) and good interface quality with an average Dit of ~7×1010 cm−2eV−1 and a 
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corresponding hysteresis voltage of 100 mV [18]. Regarding the investigation of band offset 

between high-k gate dielectrics and III-V substrate, several publications have been reported [19-

22]. In 2012, Yang et al. [15] reported a large valence band offset (VBO) of 1.8 eV for plasma-

enhanced (PE)-ALD deposited Al2O3 on HCl-treated n-type GaN. In this work, the theoretical 

value of 17.8 eV was used as the binding energy (BE) of Ga 3d X-ray photoelectron spectroscopy 

(XPS) core level (CL) below the valence band maximum (VBM) for the calculation of VBO by 

Kraut’s method [23]. The combination of XPS and ultraviolet photoemission spectroscopy (UPS) 

data in [15] gave an indication of a strong upward band bending at 1 nm Al2O3/n-GaN. It has been 

shown that spontaneous polarization in GaN results in a surface bound charge, which has been 

found to be negative in the case of the Ga-face GaN [24]. Thus, a compensating space charge 

region comprising positive donors forms near the surface, depleting the n-type GaN [25], and 

resulting in a strong upward band bending (BB) of ~0.9 eV for as-deposited Al2O3/GaN [15]. It is 

evident from the derived Al2O3/GaN band diagram in Ref. [15] that the difference between valence 

band maxima away from the interface results in a smaller VBO value of 1.2 eV, closer to the values 

of 0.9 eV [16] and 1 eV [17] reported in the later XPS studies. Duan et al. [16] reported that the 

VBO between Ga-face n-type GaN and ALD Al2O3 varies with the thickness of the deposited 

oxide from 0.9 eV for 4 nm Al2O3/GaN to 0.7 eV for 1.3 nm Al2O3/GaN. The latter has been 

explained by an upward energy BB at the GaN surface. Furthermore, Jia et al. [17] reported VBO 

(± 0.2 eV) of 1 eV for ALD Al2O3 on non-polar m-plane GaN using angle-resolved (AR)-XPS, 

where the BEs of Ga 2p and Al 2p CLs at 45° take-off angle (TOA) were used in deriving VBO 

from Kraut’s method. 

 An AR-XPS experimental study of band alignment of ALD ZrO2 on undoped GaN on 

sapphire treated with buffered oxide etchant solution, showed a strong upward band bending at the 

GaN surface as well as a potential gradiant of 400 meV in the 2 nm ZrO2 film; the AR-XPS data 

at 15°, 45° and 75° TOAs have been used with numerical calculations  [26] to extract the BE of 

Ga 3d CL at 0° for the interfacial 2 nm ZrO2 film on GaN. The VBO value found from Kraut’s 

method is 0.59 eV; with addition of the potential gradient in the oxide film, the VBO shifts to ~1 

eV [27]. The theoretically predicted value by Robertson et al. [28] is even higher, at 1.6 eV. 

 In the case of MgO grown by molecular beam epitaxy (MBE) on hydrofluoric acid (HF)-

treated n-type GaN, the Ga 3d and Mg 2p XPS CLs were used and Kraut’s method applied; the 

VBO was found to be 1.2 ± 0.2 eV, calculated as an average value measured from three samples 
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with thicknesses of 4 nm, 7 nm and 10 nm MgO on GaN [29]. A similar value of 1.06 ± 0.15 eV 

has been reported by Chen et al. [30] for radio frequency (RF) plasma asisted MBE MgO on GaN, 

using the same reference CLs measured at 45° TOA. The more recent XPS study of MBE deposited 

MgO on GaN [31] revealed a higher VBO of 1.65 eV, the value determined from the three 

measurements on bulk and interfacial samples using Ga 3s and Mg 2p, as well as Ga 3p and Mg 

2p CLs [30]. It is worth noting that neither band bending nor the potential drop across the 

interfacial oxide layer were discussed in the aforementioned studies, which may significantly alter 

the band offset values as reported in Refs. [26,32,33]. 

 In this paper, we report band alignment studies of sputtered ZrO2, Al2O3 and MgO on GaN 

and make comprehensive comparison with the results published in the literature, particularly 

focusing on band diagrams derived from XPS and Kraut’s method. The sputtering technique has 

been used to deposit the high-k oxides, due to its advantages of low temperature processing, low-

cost and the availability of a wider range of materials compared to its ALD counterpart. Sputtered 

films tend to be amorphous whereas ALD are nanocrystalline. ALD deposited high-k oxides can 

experience leakage via grain boundaries. Moreover, no band alignment study for sputtered ZrO2, 

Al2O3 and MgO on GaN has been reported so far. To account for the effect of differential charging 

[34] and a potentail drop across the oxide film, we have used the method of Iwata et al. [35,36] 

which is based on the extrapolation of the measured BEs to zero oxide thickness and ideally to 

zero charge. This approach requires that the oxide composition is independent of thickness; hence 

a set of thin oxide samples (up to 7 nm) on GaN has been processed under identical conditions. 

Furthermore, AR-XPS was employed to look into the effect of band bending at the interface for 

all samples. The electrical characterization of the MIS-capacitors fabricated with the gate 

dielectrics of sputtered ZrO2, Al2O3 and MgO has also been performed.  

2. Experimental 

2.1. Sample fabrication and cleaning procedure of GaN 

The ZrO2 and Al2O3 films were deposited on 5 µm undoped GaN on sapphire, while MgO 

films were deposited on 2 µm undoped GaN on silicon, using pulsed reactive sputtering (ZrO2) 

and RF magnetron sputtering (Al2O3, MgO). Prior to oxide deposition, the GaN surface was 

cleaned using the following sequence: acetone for 10 minutes in an ultrasonic bath, 10 minutes in 

methanol, 20 minutes in 37 % HCl solution and finally a deionised (DI) water rinse. Our previous 
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work shows that the HCl treatment is effective in removing oxygen and carbon contaminant on 

the GaN surface [37] and the organic solvents serve to degrease the surface. For ZrO2 deposition, 

the plasma power used was 25 W with oxygen and argon flow rates of 0.6 sccm and 1.4 sccm 

respectively. The chamber pressure was typically ~1×10-3 mbar at room temperature. The 

sputtering was done with a deposition rate of 0.5 Å/s to deposit the interfacial (3 nm) and bulk (20 

nm) ZrO2/GaN samples respectively. The sputtering power used for Al2O3 deposition was 45 W 

with the rate of 0.06 Å/s to deposit the interfacial (3 nm) and bulk (20 nm) Al2O3/GaN samples. 

For MgO deposition, the sputtering power was 150 W with a chamber pressure of 5 mTorr at room 

temperature and a rate of 0.04 Å/s to deposit the interfacial (3 nm) and bulk (20 nm) samples. 

To account for the effect of differential charging [36,38,39], different batches of interfacial 

samples were prepared using RF magnetron sputtering. In the case of the oxide/semiconductor 

heterojunction, the positive charge generated during X-ray bombardment accumulate in the 

dielectrics forming the heterojunction and induce a strong modification of the kinetic energy of 

the emitted photoelectron. According to the model in Ref. [34], photoelectrons emitted from the 

semiconductor are easily compensated by electrons provided through the grounded sample holder. 

Those originating from the oxide cannot be fully compensated either by electrons tunnelling from 

the substrate or from stray electrons in the analysis chamber. This phenomenon results in a bending 

of the valence band (VB) and CL signals in the oxide and affects the accurate evaluation of the 

VBO. A thickness dependent analysis is needed for the correction of the binding energy of the 

metallic CL for the interfacial sample to obtain the accurate value of VBO. The plasma power used 

for ZrO2 and MgO deposition was 60 W, while for Al2O3 it was 45 W with the chamber pressure 

of 1×10-3 mbar at room temperature. The sputtering deposition rate was 0.07 Å/s for the interfacial 

ZrO2 and Al2O3 samples with thicknesses of 1.9 nm, 3.8 nm and 4.0 nm for the former and 2.5 nm, 

4.4 nm and 6.9 nm for the latter oxide measured by Variable Angle Spectroscopic Ellipsometry 

(VASE) using a Cauchy model [37]. For MgO, the deposition rate of 0.16 Å/s was used to fabricate 

interfacial samples with thicknesses of 3.4 nm, 5.8 nm and 6.8 nm as measured by VASE. Note 

that the two sets of samples were sputtered simultaneously in the chamber, one on GaN and a 

reference one on Si substrate, where the latter was used for VASE measurements to confirm the 

thickness of deposited films. Room temperature VASE measurements were performed using a J.A. 

Woollam M2000 ellipsometer with a wavelength range of 241.1–1686.7 nm, which corresponds 

to an energy range of 0.7–5.2 eV. The measurements were performed at three incident angles of 
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60°, 65° and 70°, in order to increase the accuracy of the measurements for extracting thickness of 

the oxide films. The experimental data extracted in the form of two angles (, ) vs. photon energy 

(E) were analysed using Complete EASE software program by developing a theoretical Cauchy 

model to match the experimental results. The mean squared error (MSE) between the experimental 

and theoretical (fitted) (, ) vs. E curves was in all cases below 5, consistent with a good quality 

fit of the data. 

2.2. XPS measurements 

The band alignments of the oxide/GaN interfaces were measured by XPS. The XPS 

measurements were carried out in a standard ultra-high vacuum (UHV) system with a PSP Vacuum 

Technology dual anode (Mg/Al) X-ray source and a hemispherical electron energy analyser 

equipped with five channeltrons. The spectrometer was calibrated using the Ag 3d5/2 photoelectron 

line and the Fermi edge from a clean silver foil. The overall resolution of the spectrometer was 0.8 

eV and peak positions were determined with a precision of ± 0.05 eV. During all XPS 

measurements, the X-ray beam exposure was across the whole sample [38,40] to diminish the 

effect of differential charging when evaluating the VBO. The electron binding energies were 

corrected using the C 1s peak at 284.6 eV from adventitious surface carbon present in the sputtered 

films. A Shirley-type background was used for the fitting of all spectra [41]. The measured CL 

line shapes were fitted using a Voigt function to determine the BE position and full width at half 

maximum (FWHM) of the peaks. The error bar ( 0.2 eV) in evaluating VBO in this paper is due 

to valence band maximum determination through the linear interpolation method. 

2.3. Device fabrication 

  Fig. 1 shows the schematic structure of the GaN MIS-capacitor with dielectric layers (ZrO2 

or Al2O3 or MgO) and the fabrication flow. The fabrication of MIS-capacitor devices started with 

the formation of ohmic contacts by electron beam evaporation of Ti/Al/Ni/Au: 20 nm/120 nm/20 

nm/45 nm. The samples then underwent rapid thermal annealing (RTA) at 850 °C for 30 seconds 

in nitrogen (N2) ambient. The gate dielectrics (ZrO2, Al2O3 and MgO) were sputtered followed by 

the deposition of the circular gate electrode of Ni/Au: 20 nm/180 nm with the diameter of 100, 

120, 140, 160, 180 and 200 µm. The current-voltage (I-V) measurements were performed using 

an Agilent B1500 semiconductor device analyzer. 
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Figure 1. (a) The schematic cross-section and (b) fabrication flow for the GaN MIS-capacitor 

with dielectric layers (ZrO2 or Al2O3 or MgO). 

3. Results and discussion 

3.1. Band gap estimation of oxides using XPS O 1s energy loss spectra 

The band gap energy values for the dielectric materials were determined using the asymmetry 

of the O 1s XPS peak, that is the difference between the onsets of energy loss and the O 1s CL 

[42]. The extracted band gap of ZrO2 was found to be 5.09 ± 0.2 eV as shown in Fig. 2(a). The 

latter compares with previously reported values of 5.25 eV from spectroscopic ellipsometry (SE) 

[43], 5.5 eV from UPS combined with inverse photoemission spectroscopy (IPS) [44], and 5.6 eV 

from XPS [45]. Moreover, from Figs. 2(b) and (c) the band gaps of Al2O3 and MgO were also 

extracted using the same method and were found to be 6.48 ± 0.2 eV and 7.36 ± 0.2 eV 

respectively. These values are comparable with previously reported values of 6.4 eV [46,47] from 

SE; 6.6 eV [17], 6.7 eV [45], 6.8 eV [48,49] from XPS for Al2O3 and 7.8 eV [29,31,50] from XPS 

for MgO. The XPS analysis of the core levels indicates that the sputtered oxides (ZrO2, Al2O3 and 

MgO) are not fully stoichiometric; for example, quantification from survey spectra showed the 

metallic (Zr, Al, Mg) to oxygen ratios to be 1:1.9 for ZrO2, 1:0.95 for MgO and 1:1.3 for Al2O3. 

Furthermore, XPS is a surface sensitive technique and the measurements reflect the topmost few 

nanometers of the material, which could have defects and contamination. Hence, the reported band 

gaps may differ from the bulk band gap values reported in the literature. 
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Figure 2. Band gap estimation using XPS O 1s energy loss spectra for sputtered (a) ZrO2, (b) 

Al2O3 and (c) MgO films. 

3.2. Band alignments of ZrO2, Al2O3 and MgO on GaN 

In this work, the valence band discontinuity (∆��) or the VBO is extracted using Kraut’s 

method [23] as shown below: 

∆�� = [���
	
��
���) − ����

	
��
���)] −  [���
 ������
���) − ����

������
���)] + ∆���,                   (1) 

∆��� = ���
	
������ !"#�) − ���

���������� !"#�),                                   (2) 

where [���
	
��
���) − ����

	
��
���)] and [���
 ������
���) − ����

������
���)] are the binding energy 

differences between the chosen reference CLs and their respective valence band maxima for GaN 

and bulk oxide samples respectively, while ∆��� is the BE difference of the two chosen CLs for 

the interfacial sample. The conduction band discontinuity �∆�$) or the conduction band offset 

(CBO) can then be calculated as 

∆�� = �%
����� − �%

	
� − ∆�� ,                                     (3) 

where �%
����� and �%

	
� are the band gaps of oxide and GaN substrate, respectively.  

Our previously reported value for the band gap of the GaN substrate, that has also been used 

for sputtered oxides (ZrO2, Al2O3) in this study, is 3.34 ± 0.15 eV obtained from VASE 
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measurements by linear extrapolation of the leading edge of the imaginary part of the dielectric 

function, ε2 vs photon energy spectra to the baseline [37]. This band gap value is used in this study, 

being in close agreement to the previously reported values of 3.4 eV [29,31,51–53] and 3.44 eV 

[50]. 

Fig. 3 depicts measured XPS spectra for the ZrO2/GaN system, including the Ga 3d CL and 

VB spectrum for the GaN substrate (Figs. 3(a)-(b)), the Ga 3d and Zr 3d CLs for the interfacial 

ZrO2/GaN sample (Figs. 3(c)-(d)), and the Zr 3d CL and VB spectrum for bulk ZrO2 (Figs. 3(e)-

(f)). In the case of the Al2O3/GaN and MgO/GaN systems, Al 2p and Mg 2p CLs were measured 

in combination with Ga 3d from the GaN substrate for estimation of VBO using Kraut’s method; 

the referring XPS spectra for interfacial and bulk oxide samples are shown in Figs. 4(a)-(b) and 

(e) for Al2O3/GaN, and in Figs. 4(c)-(d) and (f) for MgO/GaN. For GaN sample shown in Fig. 3(a), 

the Ga 3d CL was fitted using two sets of doublet Voigt functions corresponding to Ga-N and Ga-

O bonds with spin orbit splitting of 0.45 eV and an area ratio of 0.67 for each doublet [54]. The 

lower BE side of the main peak at 16.8 eV is attributed to the N 2s component. The most intense 

peak corresponds to Ga-N 3d5/2 component at 19.88 eV (Fig. 3(a)) and is chosen as the reference 

CL for 5 µm GaN on sapphire sample with its respective VBM value of 2.53 ± 0.2 eV (Fig. 3(b)). 

This gives the [���
	
��
���) − ����

	
� �
���)] value of 17.35 eV. This value is in close agreement 

with the value of 17.34 eV [27] reported for undoped GaN. Partida-Manzanera et al. [55] found a 

[���
	
��
���) − ����

	
� �
���)] value of 17.2 eV, slightly smaller as compared to Ye et al. [27] and 

our work, which they attributed to the presence of growth-induced in-plane stress in the nitride 

epilayer. On the other hand, the [���
	
��
���) − ����

	
��
���)] value of 17.56 eV was obtained for 

the 2 µm GaN on silicon substrate sample used for sputtering MgO (not shown). This value is in 

close agreement with experimentally measured values of 17.6 eV [16,29], 17.69 eV [50], 17.7 eV 

[56] and 17.72 eV [37]. It is worth mentioning that the theoretical value obtained from electronic-

state studies of bulk GaN has been found to be in the range of 17.7–17.8 eV [57-58]. It can be 

noted that the [���
	
��
���) − ����

	
��
���)] values differ in the two GaN samples used in this 

study. While the values are within the range reported in the literature, the discrepancy could be 

attributed to differences in the surface conditions of two samples. Note that the VBM for the two 

GaN samples is found to be 2.5 ± 0.2 eV. Since the BEs in XPS are measured with respect to the 

Fermi level of the spectrometer that corresponds to the position of the Fermi level within the band 

gap of the semiconductor, the extrapolated value of the VBM indicates that the Fermi level is  
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Figure 3. The XPS spectra of (a) Ga 3d CL and (b) valence band spectrum for 5 µm GaN on 

sapphire; (c) Ga 3d and (d) Zr 3d CLs for interfacial ZrO2/GaN sample; (e) the Zr 3d CL and (f) 

valence band spectrum showing VBM extraction for bulk ZrO2/GaN sample. 

 

closer to the conduction band (CB) edge. It has been shown that undoped GaN can exhibit 

unintentional n-type conductivity [59]. Furthermore, this could also indicate downward band 

bending and an accumulated GaN surface for both substrate samples used in this work. In a recent 

study, a downward bend bending has been reported for GaN samples degreased for 5 minutes in 

acetone, followed by immersion in isopropyl alcohol and a rinse in flowing DI water, without 

using HF [60]. In our work, GaN samples were also cleaned without HF. The observation of an 

accumulated GaN surface has been explained by a significant positive charge density residing 

within the native oxide [60-61]. It has been suggested that the positive charges on GaN surface 

compensate the polarization-induced negative surface charge and form an electron accumulation 

layer. With an accumulated surface, the Fermi level is situated close to the GaN conduction band 

edge and thus the positive charges cannot be attributed to donor-like gap states [61]. A possible 

source for the positive charge may be (i) interfacial fixed charge with energy states between the 

conduction band minima of the native oxide and GaN [61]; or (ii) a possible polarity inversion of 
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the GaN surface, that is a change in the spontaneous polarization charge from negative to positive 

due to the formation of Ga-O bonds. It can be seen from Figs. 3(a), 3(c), 4(a) and 4(c) that there 

are Ga-O bonds on the higher BE side of Ga 3d CL peak, which could underpin the existence of a 

thin GaOx layer, and a presence of positive charges on the GaN surface.  
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Figure 4. The XPS spectra for (a) Ga 3d, (b) Al 2p CLs for interfacial Al2O3/GaN; (c) Ga 3d and 

(d) Mg 2p CLs for interfacial MgO/GaN; (e) Al 2p and Mg 2p CLs for bulk Al2O3 and MgO films. 

The insets in both (e) and (f) refer to VB spectra and extraction of VBM for both bulk oxide films. 

 

Figs. 3(c) and (d) show XPS spectra for the interfacial ZrO2/GaN sample, where the Ga 3d 

CL was fitted using two doublet Voigt function related to Ga-N and Ga-O bonds, N 2s, and O 2s 

components, whereas the Zr 3d CL was fitted with a single doublet Voigt function related to Zr-O 

bond. The peak positions at BEs of 19.55 eV (Fig. 3(c)) and 182.09 eV (Fig. 3(d)) corresponding 

to Ga-N 3d5/2 and Zr-O 3d5/2 respectively were selected as reference CLs. For the bulk ZrO2 

sample, the peak position of Zr-O 3d5/2 at 181.57 eV (Fig. 3(e)) is chosen as the reference CL with 

its respective VBM value of 2.09 eV (Fig. 3(e)), giving [���
 ������
���) − ����

������
���)] = 179.48 

eV. In a similar way, Ga 3d and Al 2p XPS CLs were designated and fitted in Figs. 4(a)-(b) for 

Al2O3/GaN, as well as Ga 3d and Mg 2p for MgO/GaN as shown in Figs. 4(c)-(d). The high 
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resolution spectra of the VB region for bulk Al2O3 and MgO are shown in the insets of Figs. 4(e) 

and (f) respectively, with extrapolated values of the VBM of 2.80 eV for Al2O3 and 4.38 eV for 

MgO. The resultant [���
 ������
���) − ����

������
���)] values are 70.98 eV and 46.45 eV for Al2O3 

and MgO respectively. 

The effect of differential charging can be seen in Figs. 5(a)-(c) and Table I. The constant value 

of the BE of Zr 3d CL of 182.1 ± 0.1 eV in ZrO2/GaN heterostructures with all thicknesses in Fig. 

5(a) can be interpreted as evidence that no charge accumulation occurs in the oxide films during 

the X-ray irradiation. The ECL values from thin ZrO2/GaN samples are listed in Table I, using 

Eq. (1), the VBO is calculated to vary between 0.29 eV to 0.41 eV, giving an average value of 0.35 

 0.1 eV. In the Al2O3/GaN (Fig. 5(b)) and MgO/GaN (Fig. 5(c)) heterojunctions, the Al 2p and 

Mg 2p CLs exhibit a very small increasing shift towards higher BEs when increasing Al2O3 and 

MgO film thicknesses, thus providing clear fingerprints of a small charging phenomenon. In all 

cases, a constant energy difference between the metallic (M) Zr 3d, Al 2p and Mg 2p CL and O 1s 

was observed (± 0.2 eV) regardless of the thickness of the oxide films (see Table I). This suggests 

that no chemical modification of the oxide matrix occurred when increasing the thickness of the 

deposited oxide. From the linear fit of the experimental data in Figs. 5(b) and (c), the BEs of the 

Al 2p and Mg 2p CLs in the interfacial Al2O3/GaN and MgO/GaN are extrapolated to zero oxide 

thickness, and found to be 74.48 eV and 49.70 eV, respectively. The ECL values for Al2O3/GaN 

and MgO/GaN are listed in Table I, and using Eq. (1), the average VBOs are found to be 1.07  

0.1 eV for Al2O3/GaN and 1.19  0.1 eV for MgO/GaN.  
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Figure 5. The binding energy of (a) Zr 3d, (b) Al 2p, (c) Mg 2p measured for a range of thin (up 

to 7 nm) oxide/GaN samples. A small differential charging effect can be seen in (b) and (c) for 

A2O3 and MgO respectively. The CL difference, ECL (eV) between (d) Zr 3d and Ga 3d and (e) 

Al 2p and Ga 3d for thin (3 nm nominal) ZrO2/GaN and Al2O3/GaN samples as a function of XPS 

take-off angle. (f) The variation of Ga 3d CL for thin (3 nm nominal) MgO/GaN sample vs. XPS 

take-off angle. 
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Table I A summary of VBO results obtained from a set of interfacial oxide/GaN samples with 

thickness of the oxides measured by VASE; ECL is the difference in binding energies between 

metallic (M) and Ga 3d XPS CLs, while M-O 1s is the BE difference between the metallic and 

O 1s XPS CLs. M refers to Zr 3d, Al 2p and Mg 2p for respective ZrO2, Al2O3 and MgO on GaN. 

The average VBO value across the three films is given on the right-hand side of VBO column. 

 Thickness (nm) ECL (eV) M-O 1s (eV) VBO (eV) 

ZrO2/GaN 1.9 162.42 348.10 0.29 
3.8 162.46 348.05 0.33     0.35 ± 0.1 
4.0 162.54 348.01 0.41 

     
Al2O3/GaN 2.5 54.60 456.84 0.97 

4.4 54.79 456.85 1.16     1.07 ± 0.1 
6.9 54.78 456.81 1.15 

     
MgO/GaN 3.4 30.08 481.76 1.19 

5.8 30.09 481.86 1.20     1.19 ± 0.1 
6.8 30.07 481.67 1.18 

 

Furthermore, we looked into the effect of band bending at the oxide/GaN interface by 

monitoring the difference in BEs of Ga 3d and metallic CLs by AR-XPS as shown in Figs. 5(d)-

(e). It can be seen that ECL is within 0.1 eV for both ZrO2/GaN and Al2O3/GaN, indicating 

negligable BB for TOAs up to 45°. Using the Eq. (1) and the values of ECL from Figs. 5(d)-(e), 

the VBO was found to be 0.37 eV, 0.32 eV to 0.33 eV for ZrO2/GaN; and 1.11 eV, 1.08 eV and 

1.13 eV for Al2O3/GaN when TOA varies from 90°, 70° to 45° respectively. Since, the Ga 3d CLs 

for all three interfacial ZrO2/GaN (Fig. 3(c)), Al2O3/GaN (Fig. 4(a)) and MgO/GaN (Fig. 4(c)) 

shift towards lower binding energies in comparison to the GaN, this means that there is an upward 

bend bending after oxide deposition; since the GaN surface is accumulated (see Fig. 6(a)), this 

results in less downward BB at the oxide/GaN interface. The latter can be underpinned by smaller 

values of the VB edge from the Fermi level at the interface, that is deduced from the measured Ga 

3d CL binding energy and measured [���
	
��
���) − ����

	
� �
���)] i.e. for ZrO2 this is 19.55 eV – 

17.35 eV = 2.2 eV; for Al2O3 (Fig. 4(a)) 19.39 eV -17.35 eV = 2.04 eV; for MgO (Fig. 4(c)) 19.61 

eV – 17.56 eV = 2.05 eV (Fig. 6(b)). Note that due to the very small photoionisation cross-section 

of Mg 2p (0.005), the angle-resolved data could not be recorded; instead only Ga 3d CL is 
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measured by AR-XPS. In Fig. 5(f), the BE of Ga 3d5/2 CL for MgO/GaN sample is seen to increase 

from 19.61 eV at 90 TOA to 19.88 eV at 45 TOA. The latter is in agreement with a small 

downward band bending of up to 0.3 eV for MgO/GaN, as found observing the VB edge position 

from the Fermi level at the interface. 

A summary of all measured XPS CL differences, band gap, VBO and CBO extracted in this 

work and their comparison with literature values is given in Table II. The calculated VBOs (± 0.2 

eV) using Eqs. (1) and (2) for ZrO2, Al2O3 and MgO on GaN are found to be 0.4 eV, 1.1 eV and 

1.2 eV with corresponding CBOs (± 0.2 eV) calculated from Eq. (3), of 1.3 eV, 2.0 eV and 2.8 eV 

respectively. The band offset values based on the charge-corrected ∆��� are summarized in Table 

II. The band diagrams for the ZrO2, Al2O3 and MgO on GaN are shown in Fig. 6(b). In terms of 

band gap values, we can infer smaller band gap values of 5.1 eV for ZrO2 and 7.4 eV for MgO 

than those reported in the literature measured by XPS as listed in Table II. The smaller band gap 

values measured in this work could be due to the non-stoichiometric surface of sputtered ZrO2 and 

MgO films. For Al2O3, our XPS derived band gap value of 6.48 eV is in close agreement with our 

previously reported value of 6.43 eV by vacuum ultra violet (VUV)-VASE [39] on MBE-deposited 

Al2O3, as well as the most recent theoretically predicted value of 6.36 eV [62]. A variation of 

reported band gap values for Al2O3 can be seen in Table II, from 6.4 eV to 6.9 eV.  
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Table II The measured values of difference in CLs, Eg, VBO and CBO from this work ( 0.2 eV) 

compared to literature values. 

Material 

System 
&'(

)*+

− &,-.
)*+  

(eV) 

&'(
/0123

− &,-.
/0123 

(eV) 

∆&'( 
(eV) 

Eg 
(eV) 

VBO 
(eV) 

CBO 
(eV) 

ZrO2/GaN 17.35 
17.34 [27] 

179.48 
179.43 [27] 

162.54 
162.68 [27] 

5.09 
5.25 [43] 
5.5 [44] 
5.6 [45] 

0.4 
1 [27] 
1.6 [28] 
 

1.3 
1.2 [27] 
1.1 [28] 

Al2O3/GaN 17.35 
17.8 [15,63] 
17.6 [16,29] 

17.7 [56] 
 

70.98 
70.4 [15] 
71.8 [16] 
70.6 [63] 
 

54.74 
54.4 [15] 
55.1 [16] 
54.9 [63] 

 

6.48 
6.6 [17] 
6.7 [45] 

6.77 [50] 
6.8 [49] 

6.4 [39,46,62] 
7.6 [56] 

1.1 
1.8 [15] 

0.9 [16] 

1.0 [17] 
2.1 [28] 

1.5 [56] 
2.0 [63] 
1.17 [62] 

2.0 
1.3 [15,63] 

2.2 [17] 

3.4 [28] 

2.7 [56] 

1.79 [62] 

MgO/GaN 17.56 
17.6 [16,29] 
17.69 [50] 

17.72 [37] 
 

46.45 
46.79 [29] 
46.94 [50] 
 

30.09 
30.32 [29] 
30.31 [50] 
 

7.36 
7.8 [29,31,50] 

1.2 
1.2 [29] 
1.65 [31] 
1.06 [50]  
 

2.8 
3.2 [29] 
2.75 [31]  
2.6 [28] 
3.3 [50] 

[15–17,27,29,31,37,45,48–50,63]XPS  [56]photoemission spectroscopy and XAS  [44]UPS and IPS  [43,46]SE  
[50][39]photoluminescence  [28,62]theoretical CNL method 

The VBO results indicate a smaller value of 0.4 ± 0.2 eV for sputtered ZrO2 on GaN than the 

previously reported value of 1 eV for ALD deposited ZrO2 on GaN [27], while the CBO of 1.3 ± 

0.2 eV is within the measurement error to the values of 1.2 eV [27] and the theoretically predicted 

value of 1.1 eV [28]. The difference in CL values in our work is comparable with Ye et al. [27] 

(see Table II), but the discrepancy is mainly due to a potential gradient in the ZrO2 layer and a 

strong upward BB at the GaN surface. The value of VBO of 1.1 eV ± 0.2 eV for Al2O3/GaN from 

our work is in agreement with the experimental derived values of 0.9 eV [16] and 1.0 eV [17] for 

conventional ALD Al2O3 on HF-treated GaN. Furthermore, it shows excellent agreement with the 

most recent published theoretical VBO and CBO values of 1.17 eV and 1.79 eV respectively [62]. 

It is worth mentioning that earlier theoretical work by the same group [28] predicted much higher 

VBO values for both ZrO2/GaN and Al2O3/GaN. The discrepancy of up to 1 eV of VBO compared 

to the work of Yang et al. [15,63] is due to a BE difference in the Al 2p CL with respect to Ga 3d 
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CL and between Ga 3d CL and VBM. These discrepancies could be the result of different cleaning 

and deposition processes, namely plasma enhanced-ALD deposited Al2O3 on HCl and H2/N2 

plasma-treated GaN [15] or on NH4OH and NH3 plasma-treated GaN [63]. Both these processes 

could result in a strong upward band bending at the oxide/GaN interface and higher VBOs of 1.8 

eV [15] and 2.0 eV [63] (Table II). Furthermore, Toyoda et al. [56] have measured a VBO of 1.5 

eV for chemical vapour deposited Al2O3/n-GaN using VB spectra of Al2O3 films on GaN 

normalized by that of a bare GaN layer. In the case of MgO/GaN, our measured VBO of 1.2 ± 0.2 

eV is in agreement with the experimentally derived values of 1.2 eV [38] and 1.06 eV [50] for 

MgO grown by MBE and RF plasma assisted MBE on untreated GaN respectively. Note that a 

larger VBO of 1.65 eV has been reported using Kraut’s method, however no charge-correction in 

the oxide film nor BB at the GaN surface have been taken into account [31]. The CBO of 

MgO/GaN of 2.8 ± 0.2 eV is within measurement error with the experimental value of 2.75 eV 

[31] and theoretically predicted value of 2.6 eV [28] as shown in Table II.  

 
Figure 6. The schematics of XPS experimentally derived band alignments: (a) at GaN surface; (b) 

for ZrO2/GaN, Al2O3/GaN and MgO/GaN fabricated in this work by sputtering. (The diagrams are 

not to scale.) 

3.3. Electrical characterization 

The I-V and current density-voltage (J-V) characteristics of MIS-capacitors fabricated using 

the three different dielectrics are shown in Fig. 7. The leakage current density of MIS-capacitor 
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with 20 nm ZrO2 gate dielectric is 6.2 ×10-4 A/cm2  at 1 V, which, taking into account the difference 

in oxide thickness, is lower than the previously reported value of 0.88 A/cm2  at 1 V for 4.4 nm 

ALD-deposited ZrO2/GaN MIS-capacitor [64]. Similarly, the 20 nm Al2O3-based MIS-capacitor 

shows a lower leakage current density than that of ZrO2 at 5.3 ×10-6 A/cm2 at 1 V gate bias. A value 

of 1×10-4 A/cm2 at ‒10 V was reported for 25 nm Al2O3 on HF treated GaN deposited by ALD 

[17] and 5.33×10-2 A/cm2 at 4 V for the ALD-deposited 14 nm Al2O3 on a HCl treated GaN 

substrate [65]. The leakage current density for the 20 nm MgO MIS-capacitor is 3.2 ×10-6 A/cm2 

at 1 V. A value of 5 ×10-3 A/cm2 for 80 nm MgO in GaN MIS-FET (Field Effect Transistor) device 

at 2.2 V has been reported [66]. Direct comparisons with the literature are problematic due to the 

different oxide thicknesses but considering the trends in the scaling of SiO2, our oxides can be 

considered relatively low leakage. It is critically important that a gate dielectric has sufficient band 

offsets of at least 1 eV to ensure that carriers are confined mainly within the channel. The band 

offsets affect the gate leakage current with an exponential relationship. In our work, MgO exhibits 

the lowest leakage current density with the highest VBO and CBO of 1.2 eV and 2.8 eV 

respectively, whereas ZrO2-based devices have the highest leakage current density corresponding 

to VBO and CBO of 0.4 eV and 1.3 eV, respectively. Note that the referenced papers lack analysis 

of the leakage current data. A weak temperature dependence was noted for the oxide leakage in 

ALD deposited ZrO2 on GaN [64] indicating the dominance of a tunnelling mechanism but a 

barrier height (conduction band offset) was not extracted. The band offset values (VBO = 1 eV 

and CBO = 2.2 eV) obtained by Jia et al. [17] are comparable with this work (VBO = 1.1 eV and 

CBO = 2.2 eV) but the differing test conditions make it difficult to compare leakage currents 

directly. Wei et al. [65] , Irokawa et al. [66] and Kim et al. [67] report leakage currents similar to 

those of this work, but did not investigate conduction mechanisms or extract band offset(s). Finally 

it is important to note that further analysis of our results (not shown) using typical J-V 

characteristics plotted on log-log scales shows evidence of the space-charge-limited (SCL) 

conduction mechanism in the low electric field region (0-1.5 V) which could indicate that the 

current flow is inhomogeneous and bulk rather than electrode limited. It is not possible therefore, 

to extract barrier heights which might be compared to those derived from XPS. Presentation of the 

full details of the analysis serves no useful purpose for the overall conclusions of the paper and is 

not presented here. 
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Figure 7. The J-V and I-V curves for MIS-capacitors on GaN with three different gate dielectrics 

(ZrO2, Al2O3, MgO) deposited by sputtering. The measured circular device areas are 7.85 nm2 for 

GaN MIS-capacitor with gate dielectrics Al2O3 and MgO, while 31.4 nm2 for ZrO2. 

4. Conclusion 

The band gap and valence band offsets of sputtered ZrO2, Al2O3 and MgO on GaN have been 

measured experimentally using XPS. The valence band offsets (± 0.2 eV) for ZrO2, Al2O3 and 

MgO on GaN using Kraut’s method and charge corrected ECL were found to be 0.4 eV, 1.1 eV 

and 1.2 eV respectively. The XPS O 1s loss spectroscopy was used to determine the band gaps (± 

0.2 eV) of ZrO2 (5.1 eV), Al2O3 (6.5 eV) and MgO (7.4 eV). The angle-resolved XPS data indicate 

a small downward band bending for all oxide/GaN interfaces. The electrical characterization of 

MIS-capacitors with different gate dielectrics (ZrO2, Al2O3 and MgO) has also been performed. 

The J-V characteristics of MIS-capacitors with gate dielectrics MgO and Al2O3 show low leakage 

current of 3.2 ×10-6 A/cm2 and 5.6 ×10-6 A/cm2 respectively at a positive bias of 1 V, whereas, a 

high leakage current of 6.2 ×10-4 A/cm2 at 1 V is observed for the MIS-capacitor with ZrO2 gate 

dielectric. The results are of significance for future GaN-based HEMT device design.  
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