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The valance and conduction band offsets at (100) β-(AlxGa1−x)2O3/β-Ga2O3 heterointerfaces 

with increasing Al composition are determined via X-ray photoelectron spectroscopy. The (100) β-

(AlxGa1−x)2O3 thin films with Al composition of 0.10 < x < 0.52 are grown on (100) β-Ga2O3 

substrates by metalorganic chemical vapor deposition method. By examining the onset of inelastic 

energy loss in core-level atomic spectra, the bandgaps of β-Ga2O3 and β-(AlxGa1−x)2O3 alloys with 

different Al compositions are measured from 4.83 ± 0.12 eV (x = 0) to 5.85 ± 0.08 eV (x = 0.52). 

The valance band offsets are determined as -0.06 ± 0.06 eV (x = 0.10), -0.11 ± 0.06 eV (x = 0.33) 

and -0.19 ± 0.06 eV (x = 0.52). The conduction band offsets of 0.34 ± 0.17 eV (x = 0.10), 0.62 ± 

0.17 eV (x = 0.33) and 1.21 ± 0.16 eV (x = 0.52) are determined from the extracted band gaps of 

β-(AlxGa1−x)2O3 alloys. The determined band alignments at β-(AlxGa1−x)2O3/β-Ga2O3 interfaces 

reveal the formation of type-II (staggered gap) heterojunction for all Al compositions investigated. 

The bowing parameters obtained from the quadratic fitting of both conduction band minimum and 

valance band maximum values are estimated to be 1.25 eV and 0.005 eV, respectively. 

Keywords: Ultrawide bandgap, metalorganic chemical vapor deposition (MOCVD), band offsets, 

X-ray photoelectron spectroscopy 
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β-Ga2O3 has gained great attention due to its ultra-wide bandgap energy (~4.8 eV) promising 

for power electronic and optoelectronic applications [1-21]. Recently, the interest in bandgap 

engineering of Ga2O3 through Al alloying has been increased significantly as many applications 

require the formation of (AlxGa1-x)2O3/Ga2O3 heterostructures. Due to the feasibility of tuning the 

bandgap from ~4.8 eV (β-Ga2O3) to 8.82 eV (α-Al2O3) [22], (AlxGa1-x)2O3 can take advantage of 

its larger bandgap energy to achieve higher critical electric field strength. Furthermore, alloying 

Ga2O3 with Al2O3 can open-up the possibility for realizing high-performance lateral devices based 

on (AlxGa1-x)2O3/Ga2O3 heterostructures through device scaling [23-25]. 

Recent efforts on the growth of β-(AlxGa1-x)2O3 alloys by different growth techniques 

including metal organic chemical vapor deposition (MOCVD) [26-30], molecular beam epitaxy 

(MBE) [31-33], and pulsed-laser deposition (PLD) [34] indicate the possibility to achieve high 

quality films on β-Ga2O3 substrates with different orientations such as (010) [26-28,31,33], (100) 

[29,32,34] and (2�01) [30]. While incorporating high Al composition in pure β-phase (AlxGa1-x)2O3 

is found to be challenging on (010) oriented β-Ga2O3 substrates (x < 27%) due to domain rotation 

and phase segregation [28], the use of other orientation of β-Ga2O3 substrates such as (100) [29,32] 

and ( 2� 01) [30] for β-(AlxGa1-x)2O3 epitaxy shows a great promise to achieve higher Al 

compositions (x > ~50%) in pure β-phase. In order to improve the two-dimensional electron 

density in β-(AlxGa1-x)2O3/Ga2O3 interface and for better carrier confinement in β-(AlxGa1-x)2O3/β-

Ga2O3 based MODFET devices, higher Al incorporation in β-(AlxGa1-x)2O3 barrier layer is 

essential. In addition, accurate estimation of the band alignment of β-(AlxGa1-x)2O3/β-Ga2O3 

interfaces is also critical for device design and quantitative analysis of the carrier confinement at 

the interface. 
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For designing β-(AlxGa1-x)2O3/β-Ga2O3 based heterojunction devices, knowledge of 

conduction band minimum and valance band maximum energy discontinuities between β-(AlxGa1-

x)2O3 and its adjacent β-Ga2O3 is crucial for predicting the transport properties and the electrostatic 

potential of the interface. Compared to other methods, x-ray photoelectron spectroscopy (XPS) 

has been widely used as a direct and non-destructive technique to determine the valance band 

offsets of the heterojunctions [35-37]. Recently, by utilizing XPS, several studies have been 

conducted on the measurement of band offsets between insulating oxides and β-Ga2O3, such as 

PLD γ-Al2O3/β-Ga2O3 [38], SiO2/β-Ga2O3 [39], and ALD Al2O3/β-Ga2O3 [40, 41]. Separately, a 

valence band offset of 0.07 ± 0.20 eV (type I alignment) for ALD Al2O3 on (2�01) β-Ga2O3, and -

0.86 ± 0.25 eV (type II alignment) for sputtered Al2O3 were reported [42]. In addition to the band 

offset measurements at insulating oxides and β-Ga2O3 interfaces, there are reports on band offsets 

of SiO2 or HfO2 on β-(AlxGa1-x)2O3 [43-46].   

Experimental demonstration of the band alignments at β-(AlxGa1-x)2O3/β-Ga2O3 interfaces are 

still limited due to the unavailability of high quality β-(AlxGa1-x)2O3 growth. A recent study on a 

PLD β-(AlxGa1-x)2O3/β-Ga2O3 interface (x = 37%) was determined to be a type I band alignment 

with conduction and valence band offsets of 0.52 ± 0.02 eV and 0.13 ± 0.07 eV, respectively [34]. 

However, theoretical studies based on density functional theory (DFT) revealed a type II band 

alignment [22, 47], with a valence-band offset of 0.33 eV [47] (0.37 eV [22]) and a conduction-

band offset of 2.67 eV [47] (2.74 eV [22]). The wide spread of the experimentally reported band 

offset values and the deviation from the theoretically predicted band offset values can be a result 

of the low crystalline quality of the overlayers including interfacial disorder and the lack of 

interfacial abruptness [48, 49], rough surface morphology, carbon/hydrogen contamination, 

surface termination etc. Therefore, for the accurate measurement of band offsets at β-(AlxGa1-



  

4 
 

x)2O3/β-Ga2O3, high quality epifilms with abrupt interfaces and smooth surface morphology are 

needed. 

In this letter, we report the valance and conduction band offsets between MOCVD grown 

high quality (100) β-(AlxGa1-x)2O3 and β-Ga2O3 interfaces with Al compositions up to x ≤ 0.52. 

The band gap energies and the valance band offsets for 10%, 33% and 52% Al compositions are 

determined via XPS. Using the band gap energies and the valance band offsets, the conduction 

band offsets are extracted and are found to be consistent with the theoretically predicted band 

offset values. As there are deviations in the previous experimental reports from theoretically 

predicted band offset values, this report seeks to fill the fundamental gap with respect to the band 

offsets in β-(AlxGa1-x)2O3/β-Ga2O3 interfaces with the evolution of Al compositions. In this study, 

(100) β-(AlxGa1−x)2O3 thin films were grown via MOCVD on Fe doped semi-insulating (100) β-

Ga2O3 substrates (commercially acquired from Novel Crystal Technology, Inc.). Triethylgallium 

(TEGa), and Trimethylaluminum (TMAl) were used as Ga and Al precursors, respectively. Pure 

O2 was used as the O precursor and argon (Ar) was used as the carrier gas. The chamber pressure 

was varied between 50 and 80 torr. The growth temperature was kept at 880 °C. 

[TMAl]/[TEGa+TMAl] molar flow rate ratio was tuned from 2.35% to 22.21%. As part of the 

substrate preparation, prior to the epitaxial growth, β-Ga2O3 substrates were treated with high 

temperature in-situ annealing for 10 minutes at 920°C under O2 atmosphere for removing the 

potential contamination from the substrate surface. 

To confirm the Al compositions and to determine the band gaps and the band offsets, chemical 

bonding states were studied by utilizing XPS. XPS measurements were performed using a Kratos 

Axis Ultra X-ray photoelectron spectrometer with a monochromatized Al Kα x-ray source (Ephoton 

= 1486.6 eV) with an energy resolution of 0.1 eV. The bandgap energies were calculated by 
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measuring the onset of inelastic loss spectra relative to the O 1s core level peaks. The crystalline 

quality and the Al compositions of the films were evaluated by x-ray diffraction spectra (XRD, 

Bruker D8 Discover). Atomic force microscopy (AFM, Bruker ICON) and a field emission 

scanning electron microscopy (FESEM, FEI Helios 600) were used to evaluate the surface 

morphology and roughness. High angle annular dark field (HAADF) STEM images were obtained 

by using a Thermo Fisher Scientific Themis-Z scanning transmission electron microscope operated 

at 200 kV.  

A series of samples with targeted 10%, 33% and 52% Al compositions were grown by varying 

the [TMAl]/[TMAl+TEGa] molar flow ratio. Figures S1 (a)-(c) in the supplementary material 

show the schematics of the samples that were used to determine the band alignment at β-(AlxGa1-

x)2O3/β-Ga2O3 interfaces by using XPS: (a) 150 nm thick β-Ga2O3 film grown on (100) β-Ga2O3 

substrate, (b) 50 nm thick β-(AlxGa1-x)2O3 (x = 10%, 33% and 52%) film grown on top of 65 nm 

thick (100) β-Ga2O3 buffer layer, and (c) 2 nm thick β-(AlxGa1-x)2O3 (x = 10%, 33% and 52%) 

layer grown on top of 65 nm thick (100) β-Ga2O3 buffer layer and (100) β-Ga2O3 substrates.  

As XPS measurement is surface sensitive, the surface roughness of β-(AlxGa1-x)2O3 and β-

Ga2O3 films can affect the data accuracy. The smooth and uniform surface can help to access all 

electronic states intrinsic to the interface. To investigate the surface features and to estimate the 

surface roughness, AFM and SEM imaging for the films with different Al compositions were 

performed as shown in Figures 1(a)-(d) and in Figures S2 of the supplementary materials, 

respectively. While PLD [34] growth of (100) β-(AlxGa1-x)2O3 films were demonstrated with flat 

surface morphology by using the repeating alternate ablation technique, both MOCVD [26,29,30] 

and MBE [31,32] growth of (100) [29,32], (2�01) [30] and (010) [26,31] oriented β-(AlxGa1-x)2O3 

films showed obvious changes in the surface morphology as the Al composition changes. The 
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changes in the Al adatoms diffusivity on the growth surface with different Al compositions can 

lead to the surface morphological changes. Although granular surface morphology was observed 

for the samples with different Al compositions, the surface root mean square (RMS) roughness of 

an area of 3 x 3 µm2 for both β-Ga2O3 (150 nm thick) and β-(AlxGa1-x)2O3 (50 nm thick) films were 

varied between 0.50 nm to 0.76 nm, indicating uniform and smooth surface morphology. The 

crystalline quality of β-(AlxGa1-x)2O3 films with different Al compositions was also investigated 

by the XRD measurement as shown in Fig. S3 in the supplementary material. The full-width at 

half-maximum (FWHM) of the ω rocking curve was measured as 85, 95 and 111 arcsec for the 

(400) reflection of β-(AlxGa1-x)2O3  films with 10%, 33% and 52% Al compositions, respectively. 

The narrow rocking curves with smaller FWHM values also indicate the growth of high-quality 

epitaxial films on (100) β-Ga2O3 substrates. 

In addition, the quality of β-(AlxGa1-x)2O3/β-Ga2O3 growth, especially at the interface, is 

critical for accurate measurement of band offsets. To investigate the interfacial abruptness, β-

(AlxGa1-x)2O3/β-Ga2O3 with 10%, 33%, and 52% Al compositions were investigated using high 

resolution STEM imaging and energy-dispersive x-ray spectroscopy (EDS). Figures 2(a)-(c) show 

the atomic resolution HAADF STEM images for [001]m β-(AlxGa1-x)2O3/β-Ga2O3 interfaces with 

film compositions of 10%, 33%, and 52% Al. The undisturbed β-phase structure and the sharp 

contrast between the β-(AlxGa1-x)2O3 epi-film (dark) and the β-Ga2O3 layer (bright) reveal high 

quality interfaces for each sample. EDS performed throughout the entirety of the films, shown in 

Figs. 3(a)-(l), also demonstrates the abrupt interfaces. Additionally, EDS was used to estimate the 

Al distribution across the grown films. Generally, the samples with 10% and 52% Al compositions 

reveal uniform distribution of Al throughout the films. EDS from the 33% Al film [Figs. 3(e)-(h)] 

shows fluctuation of Al compositions throughout the film. The average Al compositions in all 
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films show a good agreement with those extracted from XRD and XPS measurements, as presented 

later.     

The recent theoretical DFT calculation on the critical thickness of (AlxGa1-x)2O3 alloys grown 

on Ga2O3 substrates shows higher critical thickness for (100) β-(AlxGa1-x)2O3 films than other 

orientations such as (010) and (001) [50]. Considering different critical thicknesses for different 

Al compositions, the strain in (100) β-(AlxGa1-x)2O3 films with different Al compositions can be 

different. As there exists no ideal (AlxGa1-x)2O3/Ga2O3 interfaces without strain, this report 

investigates the effect on the experimental band offset values of (100) (AlxGa1-x)2O3/Ga2O3 

interface with different Al compositions. Although extended defects such as twin boundaries [29] 

and slight Al and Ga diffusion at the interface were observed in the (100) oriented β-(AlxGa1-x)2O3  

films, the lower surface roughnesses with sharp interfaces indicate the decent epitaxial growth of 

(100) β-(AlxGa1-x)2O3 films on β-Ga2O3 substrates, which are essential for the extraction of the 

band offsets by using surface sensitive XPS. 

The elemental compositions of 50 nm thick β-(AlxGa1-x)2O3 films were also estimated by 

utilizing the XPS technique. Due to the large sampling depth of other techniques such as 

Rutherford backscattering or energy-dispersive X-ray spectroscopy (EDX), the reliable 

determination of the elemental compositions for thin epi-films is nontrivial. As the sampling depth 

of XPS techniques is only a couple of nanometers, it allows an accurate determination of the 

elemental compositions of the films. The Al compositions are determined by analyzing the area of 

Ga 3s and Al 2s core levels with their respective sensitivity factors (SGa 3s = 1.13 and SGa 2s = 0.753) 

after applying the Shirley background subtraction. The corresponding survey spectra for β-Ga2O3 

and β-(AlxGa1-x)2O3 samples with different Al compositions and Ga 3s and Al 2s core level spectra 

are shown in the Figures S4 and S5 of the supplementary materials, respectively. No metallic 
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contaminants other than Ga, Al, C and O were observed in the survey spectra, indicating high 

crystalline quality epi-films. The Al compositions estimated by using Ga 3s and Al 2s core level 

spectra as listed in Table S1 of the supplementary materials agrees well with the Al compositions 

determined by X-ray diffraction (XRD) spectra in Figure S3 of the supplementary material. 

In order to estimate the bandgap energies of β-Ga2O3 and β-(AlxGa1-x)2O3 films, the inelastic 

energy loss spectrum of the O 1s core level XPS peak was utilized. The onset of the inelastic loss 

spectrum at lower kinetic energy (higher binding energy) relative to the core level peak 

corresponds to the bandgap energy [51]. Figures 4 (a)-(d) show the O 1s core level spectrum of β-

Ga2O3 film and β-(AlxGa1-x)2O3 films with x = 10%, 33% and 52%, respectively. The bandgaps 

estimated by measuring the onset of energy loss peaks are 4.83 ± 0.12 eV, 5.11 ± 0.10 eV, 5.34 ± 

0.10 eV and 5.85 ± 0.08 eV for x = 0%, 10%, 33% and 52%, respectively, as listed in Table 1 and 

in Fig. S6 of the supplementary materials. The experimental bandgap energies measured at 

different Al composition samples are in a good agreement with the DFT calculations. The bowing 

parameter (b) obtained from the quadratic fitting of the experimentally observed bandgap values 

is 1.25 eV. This experimental value agrees well with the theoretically calculated value of b = 

0.93 eV (indirect) [1.37 eV (direct)] [52]. 

By utilizing XPS, the valance band offsets (ΔEv) at β-(AlxGa1-x)2O3/β-Ga2O3 heterointerfaces 

with different Al compositions were calculated by using Ga 2p3/2 and Al 2p core level spectra and 

the valance-band (VB) spectra of β-Ga2O3 and β-(AlxGa1-x)2O3 films. Figures 5(a)-(d) show the 

valance band spectra and Ga 2p3/2 and Al 2p core-level spectra for β-Ga2O3 and β-(AlxGa1-x)2O3 

films with 52%, 33% and 10% Al compositions, respectively. The position of the VB onsets for 

each sample is estimated through a linear extrapolation of the leading edge of the valence band 

spectra to the background as shown in the cross-over points in Figures 5(a)-(d). The Ga 2p3/2 and 
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Al 2p core level positions for β-Ga2O3 and β-(AlxGa1-x)2O3 are determined by fitting with a 

combination of Gaussian and Lorentzian line shapes after applying Shirley background 

subtraction.  

XPS is well-established to determine the band discontinuities at the heterojunction interface. 

Although ΔEv at the interface of two materials can be directly determined by utilizing the 

difference between their VB onsets, for more accurate determination of the valance band offsets 

between β-Ga2O3 and β-(AlxGa1-x)2O3 with different Al compositions, we have employed the 

Kraut’s method [36], which has been reported by many reports [34,38,42] to determine the valance 

band offsets. The details on the valence and conduction band offsets extraction are included in the 

supplementary materials.   

The binding energy difference (𝐸𝐸
𝐺𝐺𝐺𝐺 2𝑝𝑝3/2

𝐺𝐺𝐺𝐺𝐺𝐺  - 𝐸𝐸
𝑉𝑉𝑉𝑉𝑉𝑉
𝐺𝐺𝐺𝐺𝐺𝐺 ) between Ga 2p3/2 core level and the VB 

onsets for β-Ga2O3 (GaO) is estimated to be 1114.46 ± 0.04 eV as shown in Figure 5(a). For β-

(AlxGa1-x)2O3 (AlGaO) samples with 52%, 33% and 10% Al compositions, the binding energy 

differences (𝐸𝐸
𝐴𝐴𝐴𝐴 2𝑝𝑝
𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 - 𝐸𝐸

𝑉𝑉𝑉𝑉𝑉𝑉
𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴) between Al 2p and VB onsets are determined as 70.90 ± 0.04 eV (x 

= 10%), 71.02 ± 0.04 eV (x = 33%) and 70.99 ± 0.04 eV (x = 52%). For the (AlxGa1-x)2O3/Ga2O3 

(AlGaO/GaO) interface samples, the binding energy differences (𝐸𝐸
𝐺𝐺𝐺𝐺 2𝑝𝑝3/2

𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴/𝐺𝐺𝐺𝐺𝐺𝐺  - 𝐸𝐸
𝐴𝐴𝐴𝐴 2𝑝𝑝

𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴/𝐺𝐺𝐺𝐺𝐺𝐺 ) 

between Ga 2p3/2 and Al 2p core levels are determined as 1043.61 ± 0.02 eV (x = 10%), 1043.55 ± 

0.02 eV (x = 33%) and 1043.66 ± 0.02 eV (x = 52%) as represented in Figures 5(b)-(d). Using 

equation (S1), the valance band offsets (ΔEv) between β-Ga2O3 and β-(AlxGa1-x)2O3 films for 10%, 

33% and 52% Al composition samples are determined as -0.06 ± 0.06 eV (x = 10%), -0.11 ± 0.06  

eV (x = 33%) and -0.19 ± 0.06 eV (x = 52%). By utilizing the bandgap energies β-Ga2O3 and β-

(AlxGa1-x)2O3 films and the ΔEv values obtained through equation (S1), the conduction band offsets 



  

10 
 

(ΔEc) between β-Ga2O3 and β-(AlxGa1-x)2O3 films are calculated as 0.34 ± 0.17 eV (x = 10%), 0.62 

± 0.17  eV (x = 33%) and 1.21 ± 0.16 eV (x = 52%) by using equation (S2). To verify the values 

of valance band and the conduction band offsets achieved, calculation based on the Al 2s core 

level energy is also carried out. Comparison of the values obtained by using both Al 2p and Al 2s 

with Ga 2p3/2 are summarized in Table 1, which shows consistent ΔEv and ΔEc values at different 

Al compositions. The valance band and the conduction band offset values extracted by using 

different core level XPS peaks match well with the theoretically predicted values [22, 47].  

Based on the calculated bandgaps and the values of ΔEv and ΔEc, the band alignments at β-

Ga2O3/β-(AlxGa1-x)2O3 heterojunctions with different Al compositions are plotted in Figures 6(a), 

which indicate that the investigated β-Ga2O3/β-(AlxGa1-x)2O3 interfaces have type II staggered 

band alignment which is in agreement with prediction by DFT calculations [22, 47]. While a recent 

report on the band offset measurement is demonstrated with a type-I band alignment between PLD 

grown (100) β-Ga2O3/β-(AlxGa1-x)2O3 interfaces [34], our result shows a type-II band alignment. 

The differences from the previous report on the band offset values can be caused by the differences 

in the property of the epi-layers as the films are grown under different growth environments via 

different growth techniques. Figure 6(b) shows the valance band maximum (VBM) and conduction 

band minimum (CBM) positions for β-(AlxGa1-x)2O3 as a function of the alloy concentration. The 

values at the VBM and CBM indicate the valance band and the conduction band offsets, 

respectively, calculated by considering the valance band edge of monoclinic β-Ga2O3 at 0 eV. The 

measured VBM and CBM values for different Al compositions are represented by black solid 

symbols. The blue solid lines represent the quadratic fit to the measured CBM and VBM values 

and the red dashed line is the computed CBM and VBM values for monoclinic structure as reported 

in ref [52]. Both VBM and CBM values increase as the Al composition increases. While the CBM 
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values increase largely as the Al content increases from 10% to 52%, there is only slight increase 

in VBM values with increasing Al compositions, which is expected as O 2p states dominate the 

VBM [22, 47]. The bowing parameter obtained from the quadratic fitting of both VBM and CBM 

values (as depicted by the blue solid lines) are estimated to be 0.005 eV and 1.25 eV, respectively. 

In summary, via XPS measurements, the band gap energies as well as the valance and the 

conduction band offsets at (100) β-Ga2O3/β-(AlxGa1-x)2O3 heterojunctions are determined over a 

wide Al composition range (x ≤ 0.52). The band gaps are estimated to be varied between 4.83 ± 

0.12 eV [β-Ga2O3] and 5.85 ± 0.08 eV [β-(Al0.52Ga0.48)2O3]. β-Ga2O3 films form a type II 

heterostructure with β-(AlxGa1-x)2O3 alloy for all investigated compositions with the conduction 

band offsets up to 1.21 ± 0.16 eV (x = 0.52).  The valance band offsets of up to -0.19 ± 0.06 eV (x 

= 52%) are determined. A much weaker variations in the valance band offsets are observed as 

compared to the conduction band offsets.  The bowing parameter for the valance band maximum 

and the conduction band minimum are determined as 0.005 eV and 1.25 eV, respectively. The 

demonstration of the bandgaps and the valance and the conduction band offsets at (100) β-

(AlxGa1−x)2O3/β-Ga2O3 interfaces with the variation of alloy compositions would provide guidance 

for future device designs. 

 

See the supplementary material for the equations of calculating the valence/conduction band 

offset, the schematic of the samples, the XPS survey spectra, XRD ω-2θ and ω-rocking curve scan 

and the Al composition calculations from Ga 3s and Al 2s core level spectra for β-(AlxGa1-x)2O3 

films with different Al compositions. 

 

Acknowledgements 



  

12 
 

The authors acknowledge the Air Force Office of Scientific Research FA9550-18-1-0479 (AFOSR, 

Dr. Ali Sayir) for financial support. The authors also acknowledge the National Science 

Foundation (Grant No. 1810041, No. 2019753) for partial support. Electron microscopy was 

performed at the Center for Electron Microscopy and Analysis at The Ohio State University. 

Data Availability 

The data that support the findings of this study are available from the corresponding author upon 

reasonable request. 

 

References 

1. M. Higashiwaki and G. H. Jessen, Appl. Phys. Lett. 112, 060401 (2018). 
2. R. Roy, V. G. Hill, and E. F. Osborn, J. Am. Chem. Soc. 74, 719 (1952). 
3. M. Higashiwaki, K. Sasaki, A. Kuramata, T. Masui, and S. Yamakoshi, Appl. Phys. Lett. 

100, 013504 (2012). 
4. Z. Feng, A. F. M. A. U. Bhuiyan, M. R. Karim, and H. Zhao, Appl. Phys. Lett. 114, 250601 

(2019). 
5. F. Alema, Y. Zhang, A. Osinsky, N. Valente, A. Mauze, T. Itoh, and J. S. Speck, APL Mater. 

7, 121110 (2019).  
6. Z. Feng, A F M A. U. Bhuiyan, Z. Xia, W. Moore, Z. Chen, J. F. McGlone, D. R. Daughton, 

A. R. Arehart, S. A. Ringel, S. Rajan, and H. Zhao, Phys. Status Solidi RPL. 14, 2000145 
(2020). 

7. S. Rafique, L. Han, M. J. Tadjer, J. A. Freitas, Jr., N. A. Mahadik, and H. Zhao, Appl. Phys. 
Lett. 108, 182105 (2016). 

8. H. Okumura, M. Kita, K. Sasaki, A. Kuramata, M. Higashiwaki, and J. S. Speck, Appl. Phys. 
Express 7, 095501 (2014). 

9. M. Higashiwaki, K. Sasaki, T. Kamimura, M.H. Wong, D. Krishnamurthy, A. Kuramata, T. 
Masui, and S. Yamakoshi, Appl. Phys. Lett. 103, 123511 (2013). 

10. Z. Xia, H. Xue, C. Joishi, J. McGlone, N. K. Kalarickal, S. H. Sohel, M. Brenner, A. Arehart, 
S. Ringel, S. Lodha, W. Lu, and S. Rajan, IEEE Electron Device Lett. 40, 1052 (2019). 

11. J. Green, K. D. Chabak, E. R. Heller, R. C. Fitch, Jr., M. Baldini, A. Fiedler, K. Irmscher, G. 
Wagner, Z. Galazka, S. E. Tetlak, A. Crespo, K. Leedy, and G. H. Jessen, IEEE Electron 
Device Lett. 37, 902 (2016). 



  

13 
 

12. M. H. Wong, K. Goto, H. Murakami, Y. Kumagai, and M. Higashiwaki, IEEE Electron 
Device Lett. 40, 431 (2019). 

13. Z. Hu, K. Nomoto, W. Li, N. Tanen, K. Sasaki, A. Kuramata, T. Nakamura, D. Jena, and H. 
G. Xing, IEEE Electron Device Lett. 39, 869 (2018). 

14. K. Konishi, K. Goto, H. Murakami, Y. Kumagai, A. Kuramata, S. Yamakoshi, and M. 
Higashiwaki, Appl. Phys. Lett. 110, 103506 (2017). 

15. C. Joishi, S. Rafique, Z. Xia, L. Han, S. Krishnamoorthy, Y. Zhang, S. Lodha, H. Zhao, and 
S. Rajan, Appl. Phys. Express 11, 031101 (2018). 

16. T. Oshima, T. Okuno, N. Arai, N. Suzuki, S. Ohira, and S. Fujita, Appl. Phys. Express 1, 
011202 (2008). 

17. N. K. Kalarickal, Z. Feng, A. F. M. A. U. Bhuiyan, Z. Xia, J. F. McGlone, W. Moore, A. R. 
Arehart, S. A. Ringel, H. Zhao, and S. Rajan, “Electrostatic engineering using extreme 
permittivity materials for ultra-wide bandgap semiconductor transistors,” arXiv preprint 
arXiv:2006.02349, 2020. 

18. N. Ueda, H. Hosono, R. Waseda, and H. Kawazoe, Appl. Phys. Lett. 71, 933 (1997). 
19. Y. Tomm, P. Reiche, D. Klimm, and T. Fukuda, J. Cryst. Growth 220, 510 (2000). 
20. H. Aida, K. Nishiguchi, H. Takeda, N. Aota, K. Sunakawa, and Y. Yaguchi, Jpn. J. Appl. 

Phys. 47, 8506 (2008). 
21. A. Kuramata, K. Koshi, S. Watanabe, Y. Yamaoka, T. Masui, and S. Yamakoshi, Jpn. J. 

Appl. Phys., Part 1 55, 1202A2 (2016). 
22. H. Peelaers, J. B. Varley, J. S. Speck, and C. G. Van de Walle, Appl. Phys. Lett. 112, 242101 

(2018). 
23. S. Krishnamoorthy, Z. Xia, C. Joishi, Y. Zhang, J. McGlone, J. Johnson, M. Brenner, A. R. 

Arehart, J. Hwang, S. Lodha, and S. Rajan, Appl. Phys. Lett. 111, 023502 (2017). 
24. Y. Zhang, A. Neal, Z. Xia, C. Joishi, J. M. Johnson, Y. Zheng, S. Bajaj, M. Brenner, D. 

Dorsey, K. Chabak, G. Jessen, J. Hwang, S. Mou, J. P. Heremans, and S. Rajan, Appl. Phys. 
Lett. 112, 173502 (2018). 

25. N. K. Kalarickal, Z. Xia, J. F. McGlone, Y. Liu, W. Moore, A. R. Arehart, S. A. Ringel, and 
S. Rajan, J. Appl. Phys. 127, 215706 (2020). 

26. A. F. M. A. U. Bhuiyan, Z. Feng, J. M. Johnson, Z. Chen, H.-L. Huang, J. Hwang, and H. 
Zhao, Appl. Phys. Lett. 115, 120602 (2019). 

27. P. Ranga, A. Rishinaramangalam, J. Varley, A. Bhattacharyya, D. Feezell, and S. 
Krishnamoorthy, Appl. Phys. Express 12, 111004 (2019). 

28. A. F. M. A. U. Bhuiyan, Z. Feng, J. M. Johnson, H.-L. Huang, J. Sarker, M. Zhu, M. R. 
Karim, B. Mazumder, J. Hwang, and H. Zhao, APL Mater. 8, 031104 (2020). 

29. A. F. M. A. U. Bhuiyan, Z. Feng, J. M. Johnson, H.-L. Huang, J. Hwang, and H. Zhao, Cryst. 
Growth Des. 20, 6722 (2020). 

30. A. F. M. A. U. Bhuiyan, Z. Feng, J. M. Johnson, H.-L. Huang, J. Hwang, and H. Zhao, Appl. 
Phys. Lett. 117, 142107 (2020). 

31. S. W. Kaun, F. Wu, and J. S. Speck, J. Vac. Sci. Technol. A 33, 041508 (2015). 



  

14 
 

32. T. Oshima, T. Okuno, N. Arai, Y. Kobayashi, and S. Fujita, Jpn. J. Appl. Phys. Part 1 48, 
070202 (2009). 

33. P. Vogt, A. Mauze, F. Wu, B. Bonef, and J. S. Speck, Appl. Phys. Express 11, 115503 
(2018). 

34. R. Wakabayashi, M. Hattori, K. Yoshimatsu, K. Horiba, H. Kumigashira, and A. Ohtomo, 
Appl. Phys. Lett. 112, 232103 (2018). 

35. X. Xua, X. Liub, Y. Guo, J. Wang, H. Song, S. Yang, H. Wei, Q. Zhuc, and Z. Wang, J. 
Appl. Phys. 107, 104510 (2010). 

36. E. A. Kraut, R. W. Grant, J. R. Waldrop, and S. P. Kowalczyk, Phys. Rev. Lett. 44, 1620 
(1980). 

37. G. Martin, S. Strite, A. Botchkarev, A. Agarwal, A. Rockett, H. Morkoc, W. R. L. 
Lambrecht, and B. Segall, Appl. Phys. Lett. 65, 610 (1994). 

38. M. Hattori, T. Oshima, R. Wakabayashi, K. Yoshimatsu, K. Sasaki, T. Masui, A. Kuramata, 
S. Yamakoshi, K. Horiba, H. Kumigashira, and A. Ohtomo, Jpn. J. Appl. Phys., Part 1 55, 
1202B6 (2016). 

39. K. Konishi, T. Kamimura, M. H. Wong, K. Sasaki, A. Kuramata, S. Yamakoshi, and M. 
Higashiwaki, Phys. Status Solidi 253, 623 (2016). 

40. T. Kamimura, K. Sasaki, M.H. Wong, D. Krishnamurthy, A. Kuramata, T. Masui, S. 
Yamakoshi, and M. Higashiwaki, Appl. Phys. Lett. 104, 192104 (2014). 

41. T.-H. Hung, K. Sasaki, A. Kuramata, D. N. Nath, P. S. Park, C. Polchinski, and S. Rajan, 
Appl. Phys. Lett. 104, 162106 (2014). 

42. P. H. Carey IV, F. Ren, D. C. Hays, B.P. Gila, S.J. Pearton, S. Jang, A. Kuramata, Vacuum 
142, 52 (2017). 

43. Z. Feng, Q. Feng, J. Zhang, X. Li, F. Li, L. Huang, H.-Y. Chen, H.-L. Lu, Y. Hao, Appl. 
Surf. Sci. 434, 440 (2018). 

44. Z. Feng, Q. Feng, J. Zhang, C. Zhang, H. Zhou, X. Li, L. Huang, L. Xu, Y. Hu, S. Zhao, Y. 
Hao, J. Alloys Compd. 745, 292 (2018). 

45. C. Fares, Max Kneiß, H. von Wenckstern, M. Tadjer, F. Ren, E. Lambers, M. Grundmann 
and S. J. Pearton, ECS J. Solid State Sci. Technol. 8, 351 (2019). 

46. C. Fares, F. Ren, E. Lambers, D. C. Hays, B. P. Gila and S. J. Pearton, J. Electron. Mater. 48, 
1568 (2019). 

47. T. Wang, W. Li, C. Ni, and A. Janotti, Phys. Rev. Appl 10, 011003 (2018). 
48. A. Goyal, B. S. Yadav, O. P. Thakur, A.K. Kapoor, R. Muralidharan, J. Alloys Compd. 583, 

214 (2014). 
49. Y. Kokubun, K. Miura, F. Endo, and S. Nakagomi, Appl. Phys. Lett. 90, 031912 (2007). 
50. S. Mu, M. Wang, H. Peelaers, and C. G. Van de Walle, APL Mater. 8, 091105 (2020). 
51. M. T. Nichols, W. Li, D. Pei, G. A. Antonelli, Q. Lin, S. Banna, Y. Nishi, and J. L. Shohet, J. 

Appl. Phys. 115, 094105 (2014). 
52. H. Peelaers, J. B. Varley, J. S. Speck, and C. G. Van de Walle, Appl. Phys. Lett. 115, 159901 

(2019).  



  

15 
 

Table Captions 

Table 1. Summary of the Al compositions, the bandgap energies and the valance and conduction 

band offsets for (100) β-(AlxGa1-x)2O3/β-Ga2O3 interfaces, estimated by using valance band spectra, 

Ga 2p3/2, Al 2p and Al 2s core levels from XPS measurement. The valance and the conduction 

band offsets calculated by using both Al 2p and Al 2s core levels are listed for each Al composition 

sample, indicating the consistency in the measured values. The errors in the measured values are 

defined as the root-mean-square errors. 
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Figure Captions 

Figure 1 AFM images (scan area: 3 x 3 µm2) of (a) 150 nm thick (100) β-Ga2O3 films and 50 nm 

thick β-(AlxGa1−x)2O3 alloys grown with Al compositions of (b) x = 10%, (c) x = 33% and (d) x = 

52%. 

Figure 2 Atomic resolution HAADF-STEM images of [001]m β-(AlxGa1−x)2O3/β-Ga2O3  

interfaces (white-dashed line) with x = (a) 0.10, (b) 0.33, and (c) 0.52. β-(AlxGa1−x)2O3 films were 

grown on top of a 65 nm thick β-Ga2O3 buffer layer on a (100) β-Ga2O3 substrate. 

Figure 3 STEM-EDS for each β-(AlxGa1−x)2O3 film. (a) HAADF image with corresponding (b) 

Ga and (c) Al EDS maps and (d) atomic fraction elemental profile (orange arrow in (a)) for x = 

0.10. (e) HAADF image with corresponding (f) Ga and (g) Al EDS maps and (h) atomic fraction 

elemental profile (orange arrow in (e)) for x = 0.33.  (i) HAADF image with corresponding (j) Ga 

and (k) Al EDS maps and (l) atomic fraction elemental (orange arrow in (i)) for x = 0.52. 

Figure 4 The bandgap energies of (a) (100) β-Ga2O3 films and β-(AlxGa1−x)2O3 alloys determined 

by the energy difference of O 1s core level peak and the onset of energy loss spectrum for (b) x = 

10%, (c) x = 33%, and (d) x = 52%. 

Figure 5 Ga 2p3/2 and Al 2p core-levels and valence band spectra of (a) β-Ga2O3 and (b-d) β- 

(AlxGa1−x)2O3 alloys with different Al compositions. (b- i), (c- iii) and (d- v) represent the binding 

energy difference between Al 2p core levels and valance band onsets for 50 nm thick β-

(AlxGa1−x)2O3 alloys grown with Al compositions of (b) x = 52%, (c) x = 33%, and (d) x = 10%, 

respectively. The binding energy differences between Ga 2p3/2 and Al 2p core-levels for β-

(AlxGa1−x)2O3/β-Ga2O3 interfaces are represented in (b- ii), (c- iv) and (d- vi) for x = 52%, 33% 

and 10% Al compositions, respectively. 

Figure 6 (a) Band offsets at β-(AlxGa1−x)2O3/β-Ga2O3 interfaces for β-(AlxGa1−x)2O3 alloys with 

Al compositions of 10%, 33% and 52%. The band gaps and the conduction and valance band 
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offsets value are represented in green, red and blue font colors, respectively. (b) The position of 

conduction band minimum (CBM) and valance band maximum (VBM) for β-(AlxGa1−x)2O3 alloys 

as a function of Al compositions. The values at the VBM indicate valence-band offsets and values 

at the CBM indicate conduction-band offsets; by considering the valance band edge position of β-

Ga2O3 at 0 eV. The black solid symbols represent the experimental values. Blue solid lines are the 

quadratic fitting of the measured CBM and VBM values and the red dashed lines represent the 

theoretically predicted CBM and VBM positions from ref [52]. 
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Table 1 

 

Al 
compo
sition 

 

Bandgap 
energy 

(eV) 

Core 
levels 
(CL) 

𝐄𝐄𝐂𝐂𝐂𝐂 (𝐆𝐆𝐆𝐆𝐆𝐆)
𝐆𝐆𝐆𝐆𝐆𝐆  

- 
𝐄𝐄𝐕𝐕𝐕𝐕𝐕𝐕𝐆𝐆𝐆𝐆𝐆𝐆  
(eV) 

𝐄𝐄𝐂𝐂𝐂𝐂 (𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀)
𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀  

- 
𝐄𝐄𝐕𝐕𝐕𝐕𝐕𝐕𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀 
(eV) 

𝐄𝐄𝐂𝐂𝐂𝐂 (𝐆𝐆𝐆𝐆𝐆𝐆)
𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀/𝐆𝐆𝐆𝐆𝐆𝐆 

- 
𝐄𝐄𝐂𝐂𝐂𝐂 (𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀)
𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀/𝐆𝐆𝐆𝐆𝐆𝐆 

(eV) 

Valance 
band offset 

ΔEv 

(eV) 

Conduction 
band offset 

ΔEc 

(eV) 
0% 4.83 ± 0.12 Ga 

2p3/2 
1114.46 
±0.04 

    

10% 5.11 ± 0.10 Al 2p  70.90±0.04 1043.61±0.02 -0.06 ± 0.06 0.34 ± 0.17 
  Al 2s  115.61±0.04 998.92±0.02 -0.07 ± 0.06 0.35 ± 0.17 

33% 5.34 ± 0.10 Al 2p  71.02±0.04 1043.55±0.02 -0.11 ± 0.06 0.62 ± 0.17 
  Al 2s  115.83±0.04 998.72±0.02 -0.09 ± 0.06 0.60 ± 0.17 

52% 5.85 ± 0.08 Al 2p  70.99±0.04 1043.66±0.02 -0.19 ± 0.06 1.21 ± 0.16 
  Al 2s  115.75±0.04 998.90±0.02 -0.19 ± 0.06 1.21 ± 0.16 

 


