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Abstract 

Sc2O3 is a promising gate dielectric for surface passivation in GaN-based devices. However, 

the interface quality and band alignment of sputtered Sc2O3 on GaN is not fully explored. In 

this work, X-ray photoelectron spectroscopy (XPS) and variable angle spectroscopic 

ellipsometry (VASE) were performed to extract the discontinuities in the valence and 

conduction band of Sc2O3/GaN system. Sc2O3 films were deposited on GaN using radio 

frequency sputtering. The valence band offset of Sc2O3/GaN was deterimened to be 0.76 ± 

0.1 eV using Kraut's method. The Sc2O3 band gap of 6.03 ± 0.25 eV has been measured using 

O 1s energy loss spectroscopy. The electron affinity measurements of GaN and Sc2O3 using 

XPS secondary electron cut-off spectra provide additional degree of accuracy to derived band 

line-up for Sc2O3/GaN interface. The band alignment results are compared with literature 

values of band offsets determined experimentally and theoretically for differently grown 

Sc2O3 films on GaN. 

Keywords: band offsets, GaN, high- oxides, Kraut’s method, variable angle spectroscopic ellipsometry, X-ray photoelectron 

spectroscopy 

 

1. Introduction 

Gallium nitride (GaN) is a wide band gap (WBG) material 

that is a focal point of contemporary research for its 

application in high electron mobility transistor (HEMT) due 

to the formation of 2-dimensional electron gas (2DEG) at 

AlGaN/GaN heterojunction [1–3]. Such devices have lower 

on-state resistances and with added material benefits of GaN 

are expected to outperform Si based counterparts for high 

voltage and high-power switching applications. Moreover, it 

has a reasonably high thermal conductivity, compared to that 

of Si, which is important for high-temperature power device 

applications [4]. The conventional gallium nitride based 
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HEMT devices are inherently depletion mode (d-mode), i.e. 

device is normally on at zero gate to source voltage (VGS). In 

order to compete with the commercially accessible Si 

technology, GaN devices must be enhancement-mode (e-

mode) or normally-off. Low off-currents are required for e-

mode devices to minimise static power consumption, provide 

fail-safe operation and have a significant gate voltage swing 

[5]. Typically, these devices take the form of metal-insulator-

semiconductor (MIS)-HEMT or MIS-field-effect-transistor 

(FET), where the insulating dielectric is placed between gate 

metal and the AlGaN barrier layer or GaN cap layer. The 

incorporation of various dielectrics such as SiO2 [6,7], Al2O3 

[8,9], HfO2 [10], ZrO2 [11,12], Ta2O5 [13,14], TiO2 [15,16], 

Ga2O3 [17] and LaLuO3 [18], AlON [19], Si3N4 [20] amongst 

others have been investigated for inclusion in MIS-HEMTs. 

The MIS-HEMT has been comprehensively investigated as 

a promising power switching device after being initially 

studied for radio frequency (RF) applications [21]. Due to 

MIS-gate, transistors are more resilient to gate voltage over-

shoot and hence suitable for high frequency power switching. 

However, introduction of gate dielectric materials to the GaN-

based heterostructures can degrade the device performance in 

a number of ways. Interface trap charges can affect device 

performance by serving as distant impurity scattering centers, 

which can either affect the threshold voltage [22] or lower the 

mobility of the carriers [23]. Switching performance is also 

affected by threshold voltage instability, large hysteresis and 

current collapse caused by the fast charging and discharging 

of the trap states [24,25]. Additionally, the oxide/GaN 

heterostructure system should have large valence band and 

conduction band offsets to improve the semiconductor carrier 

confinement's characteristics [26]. Large band gap high- 

dielectrics can provide larger tunneling barriers for carriers, 

therefore reducing gate leakage. To increase the electrostatic 

control over the channel and the on-current, which in turn 

leads to higher transconductance, high- material is required. 

Therefore, it is essential to choose dielectric material correctly 

using the above given criteria. 

There are limited reports of amorphous Sc2O3 processed 

either by atomic layer deposition (ALD) or sputtering for use 

in MIS-HEMTs. A low process temperature is required for 

deposition of high- dielectrics for use in MIS-HEMTs [27]. 

It has been reported that the as-deposited ALD processed 

amorphous Al2O3 changes to polycrystalline after annealing at 

800C, causing large increase in the leakage current of the 

Al2O3/GaN structure [28]. Hence, the low processing 

temperature of high- dielectric is a paramount, to ensure its 

amorphous nature.  

This paper focuses on photoelectron emission study of 

room temperature fabricated Sc2O3 films, inherently 

amorphous. The band alignment of only crystalline Sc2O3 on 

GaN has been reported in the literature [29-31]. Chen et al. 

reported Sc2O3 deposited by RF plasma-enhanced molecular 

beam epitaxy (MBE) having a bixbyite crystalline structure 

[29]. It has been stated that when grown at a substrate 

temperature of 100C, the single crystalline nature of Sc2O3 

film is lost after a few nanometers leaving the remaining 

growth as polycrystalline [29]. The Mg X-source with energy 

of 1253.6 eV was used in the X-ray photoelectron 

spectroscopy (XPS) measurements on three samples: 3 m 

GaN on sapphire, 40 nm Sc2O3/GaN and 3 nm Sc2O3/GaN 

[29]. There is no evidence of how band gap of Sc2O3 film was 

measured in [29], but the value of 6.0 eV was used to state the 

conduction band offset (CBO). The binding energies (BEs) of 

shallow core levels (CLs) of Ga 3d and Sc 3p were used to 

determine 0.42  0.07 eV valence band discontinuity (EV) or 

valence band offset (VBO) at Sc2O3/GaN interface using 

Kraut’s equation [32] 

Δ𝐸𝑉 = 𝑉𝐵𝑂 = Δ𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 + Δ𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 − Δ𝑜𝑥𝑖𝑑𝑒  (1) 

where, substrate=GaN = Ga 3d – VBMGaN= 17.62 eV, oxide = 

Sc 3p – VBMSc2O3= 28.65 eV and interface=Sc 3p – Ga 3d = 

11.45 eV. Note that VBM refers to valence band maximum 

and refers to the position of Fermi level in a substrate (here 

GaN) or bulk oxide (here Sc2O3). Liu et al. [31] have presented 

XPS study of pulsed-laser-deposition (PLD) grown 

Sc2O3/GaN heterostructure using same shallow CLs as in [29]. 

The X-ray diffraction study confirmed crystalline nature of 

deposited Sc2O3 films with low leakage current of 1 A/cm2 

at a reverse gate bias of 30 V in 100 nm Sc2O3/GaN MIS 

devices [30]. Liu et al. [31] have used a monochromatic Al K-

 source at 1486.6 eV for XPS measurements on 

GaN/sapphire, 100 nm Sc2O3/GaN and 3 nm Sc2O3/GaN 

samples and reported the VBO of 0.84  0.05 eV using the 

following measured values of GaN = Ga 3d – VBMGaN= 17.54 

eV, oxide = Sc 3p – VBMSc2O3= 28.37 eV and interface = Sc 3p 

-Ga 3d  = 11.67 eV. Moreover, the XPS experimental study in 

[31] was validated using simulated and experimental valence 

band (VB) spectra for Sc2O3/GaN heterostructure, showing 

good agreement. The full band line-up of crystalline 

Sc2O3/GaN in [31] was derived by taking values of band gap 

of Sc2O3 of 6.3 eV from the literature [33], not measured. 

Afanas’ev et al. [34] have measured optical band gap by 

visible-ultra violet (UV) spectroscopic ellipsometry (SE) of 

both, crystalline and amorphous Sc2O3 films, and found values 

of 6.0-6.1 eV and 5.6-5.7 eV, respectively. Similar value of 

6.0 eV has been reported for single crystals of nominally pure 

Sc2O3 using UV absorption spectra [35]. In more recent study, 

Dixon et al. [36] have reported band gaps of amorphous and 

crystalline Sc2O3 of 5.3 eV and 5.7 eV, respectively using 

diffuse reflectance measurements. It is likely that the lower 

values of band gap reported in [36] is due to using aerosol-

assisted chemical vapour deposition (CVD) at 550C, where 

varying degrees of crystallinity of the deposited Sc2O3 films 

due to varying of the oxidising character of the deposition 

environment reduces the band gap significantly. 
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Further to the state of the art detailed above, this paper 

presents comprehensive band alignment study of Sc2O3/GaN 

heterointerface with novel contributions in the following three 

aspects: (i) the Sc2O3 films were prepared using room 

temperature RF sputtering and hence inherently amorphous to 

facilitate low leakage current in MIS-HEMT devices; (ii) the 

photoemission experiments and associated analysis were done 

using deep core levels of Ga 2p and Sc 2p, that have not been 

previously reported; (iii) the additional XPS measurements 

were performed to find secondary electron cut-off (SEC) and 

hence determine ionisation energy of both GaN and Sc2O3. 

Since the band gap of GaN and sputtered Sc2O3 were 

measured using variable angle spectroscopic ellipsometry 

(VASE) and XPS O 1s energy loss spectroscopy, respectively, 

the electron affinity was determined experimentally for GaN 

and sputtered Sc2O3, substantiating the band alignment 

findings using Kraut’s method. The latter renders 

experimental findings in this study more comprehensive than 

what has been reported in the literature [29-31] using only 

Kraut’s method. 

The results point to suitable valence and conduction band 

offsets at Sc2O3/GaN of 0.76 eV and 1.89 eV, respectively to 

prevent electron and hole tunneling in associated MIS-HEMT 

devices. 

2. Experimental 

The 5 μm un-doped GaN (0001) on c-plane sapphire 

(purchased commercially) was used as a substrate sample. As 

received, its surface would have been contaminated with 

oxygen and carbon, therefore it was cleaned with hydrochloric 

acid (HCl) followed by ultra-sonification for 10 minutes each 

in acetone followed by methanol, and finally rinsing with 

deionised (DI) water. To prepare the Sc2O3/GaN samples, 

Sc2O3 films (99.99% purity-purchased commercially) were 

RF magnetron sputter-coated at room temperature on a clean 

GaN/sapphire sample in a Moorfield nano-PVD (physical 

vapour deposition) apparatus using the deposition parameters 

listed in table 1.  

Table 1: A summary of sputtering parameters used for 

deposition of Sc2O3/GaN samples. 

Sputtering parameter Value 

Argon flow rate [sccm] 0.5 

Sputtering power [W] 60 

Chamber pressure [mbar] 1×10-3 

Sample-to-target distance [cm] 11 

Deposition rate [Ås-1] 0.04 

Target diameter [mm] 50.8 

Target thickness [mm] 3.18 

 

Two samples were fabricated, with thin (3 nm nominal) Sc2O3 

film and with thick (10 nm nominal) Sc2O3 film on 

GaN/sapphire substrate. The thick 10 nm film can be 

considered bulk-like as the inelastic mean free path of the 

photoelectrons at the kinetic energies used in the experiment 

is about 2.5 nm [37], and so all detected photoelectrons will 

have originated from the Sc2O3 layer. Reference samples of 

the same (thin and thick) Sc2O3 films on n-Si(100) were 

deposited simultaneously in the sputtering chamber to 

determine the oxide thickness and optical properties by 

variable angle spectroscopic ellipsometry. The VASE 

measurements were done at room temperature using a J. A. 

Woollam M2000 ellipsometer within the photon energy range 

of 0.7–5.1 eV (240-1700 nm) and three incidence angles (65°, 

70° and 75°). The VASE experimental data comprise of Ψ 

(psi) vs. photon energy and delta (∆) vs. photon energy that 

need to be fitted using spectroscopic ellipsometry model. The 

fitting was done using Complete Ease6.7 software programme 

[38]. 

XPS measurements were performed in an ultra high 

vacuum (UHV) chamber consisting of a SPECS Al-Kα 

(1486.6 eV) monochromator source, PSP hemispherical 

electron energy analyser and an Ar ion sputter source. The 

analyser was calibrated using the Ag 3d core levels and Fermi 

edge measured from a sputter cleaned Ag foil. The 

spectrometer was operated with an overall resolution of ± 0.1 

eV. The spectra were charge corrected to the C 1s core level 

at 284.6 eV, and the line shapes fitted using Voigt functions 

after Shirley background subtraction, details of which can be 

found in [39,40]. 

3. VASE measurement results 

Figures 1(a)-(b) show experimental and fitted (Ψ, ∆) vs. 

photon energy data for bulk Sc2O3/Si sample. The Sc2O3 film 

on Si is fitted using a Cauchy model defined as 

𝑛(𝜆) = 𝐴 +
𝐵

𝜆2 +
𝐶

𝜆4 ,  (2) 

where n is the refractive index, λ is wavelength, and A, B and 

C are Cauchy parameters. The film thickness is found to be 

10.7 ± 0.1 nm close to the nominal value. The Cauchy model 

is then parametrised using B-spline to achieve good quality 

fitting. Applying the same fitting model, the thickness of the 

thin Sc2O3 sample is found to be 3.0 ± 0.1 nm. The quality of 

the fit is ascertained by mean squared error (MSE), being less 

than 5. The optical constants of Sc2O3 film, refractive index 

(n) and extension coefficient (k) as a function of photon 

energy, extracted from modelling data shown in figures 1(a)-

(b), are shown in figure 1(c). No absorption was observed for 

Sc2O3 in the region of SE measurements, from 0.7 to 5.1 eV, 

that is k = 0, indicating that the band gap cannot be determined 

using VASE as it is higher than 5.1 eV. The refractive index 

is found to be ~1.9 eV for Sc2O3. Dixon et al. [36] have found 

n varying from 1.87 – 1.94 in the range 1.2 - 3.1 eV, with n = 

1.89 at 550 nm (2.48 eV) for 350 nm amorphous Sc2O3, while  
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n for crystalline Sc2O3 has been found to be 2.00 [41]. For 

Sc2O3 films in this work, n at 550 nm is 1.9, indicating that the 

films are amorphous as expected. 
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Figure 1. Spectroscopic ellipsometry data taken at 60˚-70˚ of 

(a) delta and (b) psi versus photon energy fitted using Cauchy 

model for the bulk Sc2O3 film on Si. (c) The refractive index, 

n and extinction coefficient, k for Sc2O3 film derived from 

fitted SE data shown in (a)-(b). 

In case of VASE data for GaN/sapphire substrate, the fitting 

was done using Cody-Lorentz oscillator to model the GaN, 

and a transparent Cauchy layer for the surface overlayer due 

to exposure to air and subsequent growth of native oxide. The 

Cody-Lorentz model is chosen as it has an exponential 

absorption below the band gap energy, providing a more 

accurate model for GaN [42]. The thickness of GaN was found 

to be 4.62 m and correlates to nominal 5 μm expected from 

the commercially produced wafer. An optimised fit with MSE 

of 12.2 was found when a surface roughness of 1.3 nm was 

introduced to the model, in agreement with the roughness 

determined by atomic force microscopy (AFM) (not shown). 

The ∆ vs. photon energy experimental curve shown in figure 

2(a) shows high frequency large amplitude oscillations below 

the band gap of 3.4 eV as a result of interference effects due 

to reflections at the GaN and sapphire boundaries [43]. These 

interference effects reduce in amplitude around the band gap 

value where there is a sharp increase in extinction coefficient 

value (see figure 2(b)) that monotonically increases with 

energy thereafter in the absorbing region. The band gap of 

GaN can then be extracted using Tauc relationship [44] 

(𝛼ℎ)
1

𝑟⁄   (ℎ – 𝐸𝑔).  (3) 

 is absorption coefficient and can be found from extinction 

coefficient as  

𝛼 =
4𝜋𝑘(𝐸)𝐸

ℎ𝑐
, (4) 

where E = h is photon energy, h is Planck’s constant, and c is 

speed of light. The coefficient r is 1/2 due to direct allowed  

transition that GaN is known to have [45].  

 

Figure 2. (a) SE data of ∆ vs. photon energy taken at 65˚ and 

fitted using Cody-Lorentz oscillator model for 4.6 m 

GaN/sapphire sample. (b) Extinction coefficient, k vs. photon 

energy and (c) Tauc plot for GaN derived from fitting shown 

in (a). The Tauc plot depicts extraction of GaN band gap. 

Hence, the band gap (Eg) of GaN is extracted from the Tauc 

plot shown in figure 2(c) using linear extrapolation of the 

leading edge to the baseline and found to be 3.38  0.1 eV. 

The latter agrees closely to values published in the literature 

for wurtzite GaN of 3.4 eV to 3.44 eV [43,46-48]. 

4. XPS measurement results and discussion 

4.1 XPS measurements of cleaned GaN substrate 

Prior to measuring XPS from bulk GaN, after the ex-situ 

chemical cleaning detailed previously, the substrate sample 

was sputtered in-situ using Ar+ ions at 500 eV for about 5 

minutes, in a grazing incidence geometry in order to remove 

any surface oxides and carbon related impurities. The Ga 2p3/2 

core level and valence band spectra of GaN substrate are 

shown in figure 3. Ga 2p3/2 CL has been fitted by three 

components attributed to Ga-N, Ga-O and Ga-Ga bonds.  

The bulk Ga 2p3/2 line shape consists of a small peak on the 

right at 1117 eV attributed to Ga-Ga bonds from non-

stoichiometric GaN at the surface. There is also a small peak 

at 1119.1 eV attributed to surface Ga2O3. Due to the strong 

oxygen affinity of a clean GaN surface, the small Ga2O3 peak 

confirms the presence of a native oxide, indicating its 

reoxidation during the brief ambient exposure between wet 

chemical cleaning and XPS measurement [49,50]. The peak 

position of the Ga 2p3/2 CL corresponding to Ga-N bond was 

found to be at 1118.30 eV.  

The Ga 2p CL was chosen for XPS analysis using Kraut’s 

method of the bulk GaN substrate rather than Ga 3d due to the 

reason that the Ga 3d semi-core level has low binding energy 

and has a propensity to hybridize with s-levels at the VB edge. 

The VBM was determined to be 3.08 eV from the intersection 
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Figure 3. XPS Ga 2p CL and VB spectra of GaN substrate. 

of linear fitting of the rising edge and the background. For 

cleaned GaN substrate, the difference between the BEs of Ga 

2p CL and VBM (substrate) is found to be 1115.22 eV. 

 

4.2 XPS measurements of bulk Sc2O3 sample 

Sc 2p3/2 CL and the VB spectra for the bulk Sc2O3/GaN 

sample are shown in figure 4. The peak position of Sc 2p3/2 CL 

(for Kraut’s method) was found to be 401.01 eV and the 

corresponding VBM was determined to be 2.06 eV. The 

difference in BEs between the Sc 2p3/2 CL and VBM for thick 

Sc2O3 sample (oxide) was extracted to be 398.95 eV. 
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Figure 4. Sc 2p3/2 CL and VB spectra of bulk Sc2O3 sample. 

 

Sc2O3 film band gap was determined by measuring the 

onset of XPS O 1s energy loss spectrum of bulk sample as 

explained by Nichols et al. [51]. The band gap of Sc2O3 was 

extracted to be 6.03  0.25 eV as shown in figure 5(a). The 

error bar of  0.25 eV is due to uncertainty in linear 

interpolation of rising edge of electron energy loss on high 

binding energy side of O 1s CL. 

 

 

Figure 5. (a) Band gap of sputtered Sc2O3 layer derived from 

O 1s loss spectroscopy; Secondary electron cut-off spectra for 

(b) GaN substrate and (c) bulk Sc2O3 film. 

Figures 5(b)-(c) show the secondary electron cut-off 

spectra of GaN and bulk Sc2O3 samples. The SEC 

measurements were done by first biasing the sample to 

differentiate the SEC values of the sample and the analyser, 

with the nominal value of applied bias, Vapp ~ -10 V, and then 

measuring the SEC edge and a reference core level under the 

same conditions. Once adjusted for the energy shift, the SEC 

value can be determined by linear intersection of the edge with 

the spectrum background as shown in figures 5(b)-(c). The 

work function, WF=q defined as difference between the 

Fermi and vacuum levels, can be determined as 

𝑞𝜙 = 1486.6 eV − (𝑆𝐸𝐶 + 𝑞𝑉𝑎𝑝𝑝),  (5) 

where 1486.6 eV refers to the X-ray energy of Al K- source. 

Note that in figures 5(b)-(c) the x-axes of BEs were adjusted 

for applied bias, Vapp. The electron affinity,  can then be 

determined as 

𝜒 = 𝐼𝐸 − 𝐸𝑔 = (𝑞𝜙 + 𝑉𝐵𝑀) − 𝐸𝑔  (6) 

where VBM refers to value extracted either from figure 3 or 

figure 4. The electron affinity ( 0.25 eV) is found to 3.99 eV 

for GaN and 1.71 eV for Sc2O3, using equation (6) and 

measured values of work function (figures 5(b)-(c)), VBM 

(figures 3 and 4) and band gap (figures 2(c) and 5(a)). The 

electron affinity of sputtered Sc2O3 of 1.71  0.25 eV reported 

here is lower than theoretically predicted range of 1.98-2.5 eV 

[52], and also lower than 2.06 eV value [53], deduced from 
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internal photoemission and UV-SE measurements on Sc2O3/Si 

sample [34].  

 

4.3 XPS measurements of interfacial Sc2O3/GaN sample 

Figure 6 shows the Ga 2p and Sc 2p CL spectra for thin 

Sc2O3 on GaN sample measured by XPS. This fitting resulted 

in binding energies attributed to Ga-N (1116.90 eV) and Sc-O 

(401.39 eV) for interfacial sample. The CL difference, interface 

for the interfacial Sc2O3/GaN sample was determined to be 

715.51 eV. It is noted that the N 1s line shape from GaN is 

complicated by the presence of Ga Auger peaks. 
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Figure 6. Fitted Ga 2p and Sc 2p CL spectra showing 

calculation of interface for interfacial Sc2O3/GaN sample. 

 

4.4 Band alignment of Sc2O3 on GaN 

The valence band discontinuity EV for sputtered Sc2O3 

can be determined using equation (1) by inserting values of 

substrate (figure 3), oxide (figure 4) and interface (figure 6). The 

conduction band discontinuity, EC or CBO can then be 

calculated using  

∆𝐸𝐶 = 𝐶𝐵𝑂 = 𝐸𝑔
𝑜𝑥𝑖𝑑𝑒 − 𝐸𝑔

𝐺𝑎𝑁 − ∆𝐸𝑉        (7) 

where 𝐸𝑔
𝑜𝑥𝑖𝑑𝑒  and 𝐸𝑔

𝐺𝑎𝑁 are the band gap values of Sc2O3 and 

GaN substrate, respectively. The valance band offset of 

sputtered Sc2O3 on GaN is found to be 0.76 ± 0.1 eV, while 

the corresponding conduction band offset is determined to be 

1.89 ± 0.1 eV using equation (7). Taking into account the 

measured  for GaN and Sc2O3, the CBO value is slightly 

higher (2.28 eV) than what is extracted using Kraut’s method 

(1.89 eV, equation (1)). This discrepancy cannot be explained 

by measurement error (typically ± 0.25 eV when extracting 

the band gap from O 1s energy loss spectrum, which also 

affects the calculated value of ). It is likely that some upward 

band bending (BB) could be present at Sc2O3/GaN 

heterointerface, however further angle resolved (AR)-XPS 

measurements are required to corroborate this. The VBO of 

0.76  0.1 eV for sputtered Sc2O3/GaN in this study closely 

correlates to 0.84  0.05 eV measured for crystalline pulsed 

laser deposited Sc2O3/GaN [31]. The XPS experimentally 

obtained VBO values in this study and in [31] agree with most 

recent theoretically predicted values obtained using density 

functional supercell calculation (0.81 eV, [54]) and using 

dielectric dependent hybrid functional theory (0.93 eV [55]) 

as summarised in figure 7.  
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Figure 7. Comparison of VBO and CBO obtained for 

Sc2O3/GaN interface in this study and literature [29,31,54,55].  

The complete band alignment of sputtered Sc2O3/GaN is 

shown in figure 8. 

 

Figure 8. Schematic of band line-up of sputtered Sc2O3/GaN 

where the Fermi levels in both GaN and Sc2O3 are aligned. 
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5. Conclusion 

The valence band offset of sputtered Sc2O3/GaN 

heterojunction has been determined to be 0.76  0.1 eV with 

corresponding conduction band offset of 1.89  0.1 eV 

forming a type I “straddling interface”. The significance of the 

results in this paper refer to high-temperature operation 

regime, where GaN-based MIS devices with amorphous low 

temperature deposited sputtered Sc2O3 insulator film, as gate 

dielectric, may effectively confine electrons thanks to the 

appreciable conduction band offset. 
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