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Abstract 

Growths of monoclinic (AlxGa1-x)2O3 thin films up to 99% Al contents are demonstrated via 

metalorganic chemical vapor deposition (MOCVD) using trimethylgallium (TMGa) as the Ga 

precursor. The utilization of TMGa, rather than triethylgallium (TEGa), enables a significant 

improvement of the growth rates (> 2.5 m/hr) of -(AlxGa1-x)2O3 thin films on (010), (100) and 

(2̅01) -Ga2O3 substrates. By systematically tuning the precursor molar flow rates, growth of 

coherently strained phase pure -(AlxGa1-x)2O3 films are demonstrated by comprehensive material 

characterizations via high-resolution x-ray diffraction (XRD) and atomic resolution scanning 

transmission electron microscopy (STEM) imaging. Monoclinic (AlxGa1-x)2O3 films with Al 

contents up to 99%, 29% and 16% are achieved on (100), (010) and (2̅01) -Ga2O3 substrates, 

respectively. Beyond 29% of Al incorporation, the (010) (AlxGa1-x)2O3 films exhibit - to -phase 

segregation. -(AlxGa1-x)2O3 films grown on (2̅01) -Ga2O3 show local segregation of Al along 

(100) plane. Record-high Al incorporations up to 99% in monoclinic (AlxGa1-x)2O3 grown on (100) 

Ga2O3 is confirmed from XRD, STEM, electron nano-diffraction and x-ray photoelectron 

spectroscopy (XPS) measurements. These results indicate great promises of MOCVD 
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development of -(AlxGa1-x)2O3 films and heterostructures with high Al content and growth rates 

using TMGa for next generation high power and high frequency electronic devices.  

Keywords: Ultrawide bandgap, -(AlxGa1-x)2O3 alloy, -Ga2O3 substrates, metalorganic chemical 

vapor deposition (MOCVD), bandgap engineering 

I. Introduction 

Monoclinic gallium oxide (-Ga2O3) has received a lot of attention over the past decade as a 

potential new material platform for power electronics. Due to its promising properties, such as its 

ultrawide bandgap (UWBG) energy (~ 4.87 eV) 1, high predicted breakdown field strength (~ 8 

MV/cm) 2 and controllable n-type doping capability 3-5, -Ga2O3 has been considered as a viable 

candidate for the development of high-power electronics and ultraviolet optoelectronics with 

capabilities beyond existing technologies based on the traditional wide bandgap (WBG) GaN and 

SiC. In addition, producing high-quality, large diameter, and uniform β-Ga2O3 bulk crystals 

through melt growth techniques is scalable and predicted to be low cost as compared to vapor 

growth techniques for GaN and SiC bulk substrates 6-9. Furthermore, -Ga2O3 substrates are 

available with different crystal planes, including (010), (100), (001) and (2̅01), allowing for 

homoepitaxial growth along different orientations with engineered structural, electrical, and 

optical properties. Another promising advantage of -Ga2O3 is its ability of bandgap engineering 

by alloying with Al2O3, which tunes its bandgap from 4.87 to 8.82 eV with a predicted breakdown 

field strength up to 16 MV/cm of (AlxGa1-x)2O3 (x < 80%) 1, 10. The efforts on developing high-

quality epitaxy of -(AlxGa1-x)2O3 with a wide range of Al content, controllable doping 11-19, and 

β-(AlxGa1-x)2O3/Ga2O3 heterostructures have led to the demonstrations of high-performance 
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modulation-doped field-effect transistors (MODFETs) 20-22, which are promising for the next-

generation high-power and high-frequency electronic applications. 

In order to develop vertical high-power devices with high breakdown field strength and 

maximize the mobility and carrier density in β-(AlxGa1-x)2O3/Ga2O3 based lateral devices 10, 23, 24, 

it is critical to achieve high quality β-(AlxGa1-x)2O3 films with higher Al contents 25. Molecular 

beam epitaxy (MBE) 26, 27 and MOCVD 11-13, 15, 16, 28-34 are commonly used techniques for epitaxial 

growth of β-(AlxGa1-x)2O3 thin films. While MBE growth of (010) -(AlxGa1-x)2O3 films are 

demonstrated with sharp interfaces and good homogeneity, the growth rates (~ 0.19 µm/hr) and 

Al contents (< 20%) are still limited 26. In contrast, phase pure (010) -(AlxGa1-x)2O3 films are 

reported with Al contents of < 35% with relatively higher growth rates (~ 0.6-0.96 µm/hr ) by 

MOCVD 11, 12, 35. However, targeting for higher Al contents results in phase segregation in (010) 

-(AlxGa1-x)2O3 films 12, regardless of the growth methods. Although it is important to develop 

high quality -(AlxGa1-x)2O3 films with high Al contents, the different ground state crystal 

structures of two parent materials 1: monoclinic β-Ga2O3 (space group C2/m) and corundum α-

Al2O3 (space group R3̅c) make it challenging to maximize the Al contents. While the incorporation 

of higher Al contents in -(AlxGa1-x)2O3 films on (010) -Ga2O3 substrates is found to be difficult 

due to the coexistence of different phases ( and ) 12, the use of other planes of -Ga2O3 substrates 

such as (100) 15 and (2̅01) 16 leads to more than 50% Al incorporation in single crystal -(AlxGa1-

x)2O3 films, indicating strong influence of crystal orientations on the solubility limit of Al in -

(AlxGa1-x)2O3 films. 

Calculations based on density functional theory (DFT) 1 and equilibrium phase diagram 36 

suggest the maximum Al contents of 71% and 67% in -phase (AlxGa1-x)2O3 films, respectively. 

Nevertheless, the experimental demonstrations of MOCVD growth of -phase (AlxGa1-x)2O3 films 
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are still limited up to 52%, 48%, 35% and 25% of Al contents along (100) 15 (2̅01) 16, (010) 12, 35 

and (001) 19 planes, respectively. In addition to the variation in Al incorporation along different 

planes, both experimental 35, 37 and theoretical calculations 38 of the band offsets at β-(AlxGa1-

x)2O3/Ga2O3 heterointerfaces also showed strong orientation and Al content dependency. In these 

prior investigations of MOCVD epitaxial growth of β-(AlxGa1-x)2O3 films, triethylgallium (TEGa) 

was used as the Ga precursor, limiting growth rates below 1.0-0.7 μm/hr. On the other hand, both 

TEGa and TMGa have been used as Ga precursors for MOCVD homoepitaxial growth of β-Ga2O3 

films. Due to its two-step decomposition process, TMGa enables higher growth rates of Ga2O3 

films compared to TEGa, which undergoes a three-step pyrolysis process 39. When TEGa is 

utilized as the Ga precursor in MOCVD β-Ga2O3 growth, the typical growth rates range from 0.2 

to 1.0 μm/hr. In contrast, using TMGa as the Ga precursor has demonstrated faster growth rates of 

up to 3 μm/hr, while maintaining excellent transport characteristics similar to those grown using 

TEGa 5. While our prior studies on MOCVD β-(AlxGa1-x)2O3 epitaxy using TEGa as Ga precursor 

have revealed a strong impact of substrate orientation on the phase stabilization, solubility limit, 

band offset, critical thickness and n-type doping of β-(AlxGa1-x)2O3 thin films, the use of TMGa as 

Ga precursor for epitaxial growth of β-(AlxGa1-x)2O3 films has not yet been investigated. 

In this work, for the first time, MOCVD growth of β-(AlxGa1-x)2O3 films and β-(AlxGa1-

x)2O3/Ga2O3 superlattice (SL) structures are investigated on (010), (100) and (2̅01) crystal planes 

using TMGa as Ga precursor to evaluate the influence of different orientations of the substrate on 

the solubility limit of β-(AlxGa1-x)2O3 films grown with relatively fast growth rates. Owing to its 

higher vapor pressure and faster reaction kinetics of TMGa as compared to that of TEGa, our 

systematic growth studies of (AlxGa1-x)2O3 films using TMGa show faster growth rates up to 2.53 

μm/hr along different crystal orientations with record high Al incorporation up to 99% in 
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monoclinic (AlxGa1-x)2O3 films without observing phase transformation. The crystalline structure, 

quality, strain, chemical content and surface morphology of β-(AlxGa1-x)2O3 films and β-(AlxGa1-

x)2O3/Ga2O3 SLs grown with fast growth rates are investigated by comprehensive material 

characterizations, including XRD, high resolution STEM, STEM energy dispersive x-ray 

spectroscopy (EDX) mapping, XPS, atomic force microscopy (AFM) and field emission scanning 

electron microscopy (FESEM). 

II. Experimental Details 

The β-(AlxGa1-x)2O3 thin films were grown on (010), (100) and (2̅01) oriented semi-

insulating β-Ga2O3 substrates (purchased from Novel Crystal Technology) using Agnitron Agilis 

MOCVD reactor. Trimethylaluminum (TMAl) and TMGa were used as the Al and Ga precursors, 

respectively. Pure O2 and Argon (Ar) were used as O-precursor and carrier gas, respectively. The 

growth temperature and the chamber pressure were set at 950 °C and 60 Torr, respectively. The 

TMGa molar flow rate was varied between 33.83 and 48.33 µmol min-1 and the TMAl molar flow 

rate was tuned from 1.5 to 11.59 µmol min-1. The O2 molar flow rate was set at 500 sccm. Prior to 

epitaxial growth initiation, ex-situ solvent cleaning was performed using acetone, isopropanol 

(IPA) and DI water. 

 The Al content, crystalline structure and strain of the films were characterized by XRD 

measurements using a Bruker D8 Discover with Cu Kα radiation x-ray source (λ =1.5418 Å). The 

surface morphology and surface roughness were evaluated using FESEM (FEI Helios 600) and 

AFM (Bruker AXS Dimension Icon), respectively. An aberration-corrected Thermo Fisher 

Scientific Themis-Z scanning transmission electron microscopy was used to obtain high angle 

annular dark field (HAADF) STEM images and EDX spectral mapping. Film thicknesses were 

determined using STEM-EDX elemental mapping profiles, high resolution STEM-HAADF 
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images of β-(AlxGa1-x)2O3 thin films and cross-sectional FESEM images of (AlxGa1-x)2O3 films 

grown on coloaded sapphire substrates. XPS measurements were performed by using Kratos Axis 

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

1486.6 eV) to confirm the Al contents and determine the bandgaps of β-(AlxGa1-x)2O3 films with 

different Al contents. 

III. Results and Discussions 

The crystalline structure and the strain characteristics of β-(AlxGa1-x)2O3 films grown on 

different planes of β-Ga2O3 substrates are accessed by high resolution XRD measurements. Figures 

1(a)-(c) show the XRD ω-2θ scans from (020), (400) and (6̅03) reflections of β-(AlxGa1-x)2O3 films 

grown along (010), (100) and (2̅01) orientations, respectively. The films were grown at growth 

temperature of 950 °C and chamber pressure of 60 Torr with different [TMAl]/[TMGa+TMAl] 

molar flow rate ratios as listed in Table 1. For all three orientations, the Al content in the films 

increases with the increase of [TMAl]/[TMGa+TMAl] molar flow rate ratio as indicated by the 

increase of the separation between the diffraction peaks corresponding to substrate and epi-films. 

The Al contents up to 29%, 99% and 16% are achieved in monoclinic (AlxGa1-x)2O3 films grown 

on (010), (100) and (2̅01) oriented β-Ga2O3 substrates, respectively. The Al contents in β-(AlxGa1-

x)2O3 films are determined from the peak separation between the epilayer and the bulk β-Ga2O3 

substrate 27, 40, assuming fully strained layers grown along various orientations, except for 62% 

and 99% Al content (100) (AlxGa1-x)2O3 samples with thicknesses of 50 nm and 20 nm, 

respectively. For these two samples, the Al content is estimated based on the relaxed epitaxial 

layer grown on (100) β-Ga2O3 substrate 1, considering their lower critical thicknesses associated 

with such high Al contents 41. The alloy contents extracted from high resolution XRD 

measurements correlate very closely with the Al contents estimated from STEM EDX elemental 



7 
 

mapping profiles and XPS measurements, as discussed later. For all β-(AlxGa1-x)2O3 films grown 

along different orientations, the XRD peak intensity decreases as the Al content increases, 

indicating a degradation of the crystalline quality of the films with higher Al contents. However, 

the peak intensity of β-(AlxGa1-x)2O3 films with larger Al contents may also have been reduced in 

part due to the lower x-ray scattering factor of Al relative to that of the Ga atom 42. 

The XRD asymmetrical reciprocal space mapping (RSM) was used to analyze the strain state 

and growth coherence of β-(AlxGa1-x)2O3 films grown on differently oriented β-Ga2O3 substrates. 

Figures 2 (a)-(c) show the asymmetrical RSMs for (420), (710) and (4̅03) reflections of β-(AlxGa1-

x)2O3 films grown on (010), (100) and (2̅01) oriented β-Ga2O3 substrates with 15%, 16% and 13% 

Al contents, respectively. The identical Qx values for the peak positions from β-(AlxGa1-x)2O3 films 

and β-Ga2O3 substrate indicate that the epitaxial layers with thicknesses of approximately 350 nm 

(on (010) β-Ga2O3 substrate), 120 nm (on (100) β-Ga2O3 substrate) and 205 nm (on 2̅01) β-Ga2O3 

substrate) exhibit the same in-plane lattice constant as the substrate. This suggests that the β-

(AlxGa1-x)2O3 layers are fully strained and grow coherently on top of β-Ga2O3 substrate. While the 

films reveal coherent growth on differently oriented β-Ga2O3 substrates, a systematic growth study 

on the evaluation of the thickness limitations depending on the Al content and substrate 

orientations is of utmost importance for device applications. The recent theoretical DFT 

calculations predicted a strong influence of film orientation on the critical thicknesses of β-

(AlxGa1-x)2O3 films grown on differently oriented β-Ga2O3 substrates as a function of Al content 

41. The study revealed that the (100) oriented β-(AlxGa1-x)2O3 films possess the largest critical 

thickness. However, from our previous experimental studies, the critical thickness of AlGaO 

grown on Ga2O3 is much thicker as compared to the theoretical predicted values, which can be 

related to the defects generated in the grown films 13. The generation of the defects (such as Al 
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segregation) in high-Al AlGaO enables the growth of much thicker AlGaO films that are fully 

strained. The exact mechanisms still require further investigation. 

The FESEM imaging was performed to investigate the surface morphology of the β-(AlxGa1-

x)2O3 films grown on β-Ga2O3 substrate with various Al contents. Figures 3 (a)-(i) show the surface 

FESEM images of β-(AlxGa1-x)2O3 films grown on (010), (100) and (2̅01) β-Ga2O3 substrates with 

x = 15%, 29% and 54% (for (010) orientation), x = 16%, 28% and 99% (for (100) orientation), 

and x = 10%, 13% and 16% (for (2̅01) orientation). For the (010) oriented β-(AlxGa1-x)2O3 film 

with 15% Al content, a smooth surface morphology is observed as shown in Figure 3(a). However, 

as the Al content increases to 29%, granular surface morphology is observed, which is likely due 

to the emergence of mixed phases (β plus γ phases) in the (AlxGa1-x)2O3 film, as shown in XRD 

spectra in Figure 1 (a). Nevertheless, the surface of the (AlxGa1-x)2O3 film becomes smoother as 

the Al content increases to 54%, which is attributed to a complete phase transformation from β to 

γ phase in the film 12. The surface morphologies of (100) oriented β-(AlxGa1-x)2O3 films with 16% 

and 28% Al content are shown in Figures 3(d) and 3(e), revealing smooth surfaces with distinctive 

three-dimensional (3D) structures. This can be attributed to the lack of energetically favorable 

nucleation sites for Ga adatoms, causing them to attach to other Ga adatoms and form islands, 

leading to the formation of 3D structures 15.  In a previous investigation involving homoepitaxial 

growth of (100) β-Ga2O3 films on substrates with miscut angles less than 2°, it was observed that 

the growth resulted in the formation of two-dimensional islands 43. On on-axis substrates (or miscut 

angles smaller than 2°), the absence of energetically favorable kink sites on the surface step caused 

the formation of two-dimensional islands. As the miscut angle increased, step meandering 

occurred, eventually transitioning to step flow growth. In case of monoclinic (AlxGa1-x)2O3 films 

with 99% Al content as shown in Figure 3(f), the surface uniformity significantly improves. While 
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there are no surface steps on on-axis substrates, during the growth of (AlxGa1-x)2O3, the Al adatoms 

provides more nucleation sites for incoming adatoms, suppressing the 2D island growth mode and 

leading to a smoother, more uniform surface morphology 15. On the other hand, the surface 

morphologies of (2̅01) oriented β-(AlxGa1-x)2O3 films as shown in Figures 3 (g)-(i) exhibit granular 

surface features for different Al contents ranging between 10% and 16%. 

Figures 4(a)-(i) show the corresponding surface AFM images (5 μm × 5 μm) of β-(AlxGa1-

x)2O3 films grown on (010), (100) and (2̅01) β-Ga2O3 substrates with different Al contents. In the 

case of (010) oriented β-(AlxGa1-x)2O3 films, the surface RMS roughness values increase from 0.86 

nm to 9.19 nm with an increase of Al content from 15% to 29%, as shown in Figure 4(a) and (b) 

due to the appearance of mixed phases. However, as the Al content further increases to 54%, the 

transformation from mixed phases (β plus γ phases) to single γ-phase (AlxGa1-x)2O3 results in 

smoother surface morphology with smaller RMS roughness, as shown in Figure 4(c). Similarly, 

as the Al content increases from 16% to 28%, the surface of (100) β-(AlxGa1-x)2O3 films becomes 

rougher due to the formation of three-dimensional (3D) structures on the growth surface as shown 

in Figures 4(d) and 4(e) (although film thickness reduces from 120 nm to 71 nm). The further 

increase of Al content to 99% significantly improves the surface uniformity with reduced RMS 

roughness (Figure 4(f)), which is consistent with the SEM image of Figure 3(f). In the case of 

(2̅01) oriented β-(AlxGa1-x)2O3 films, the surface RMS roughness monotonically increases with the 

increase of Al contents as shown in Figures 4 (g)-(i). 

High-resolution STEM imaging was employed to analyze the crystalline quality of the β-

(AlxGa1-x)2O3 thin films and β-(AlxGa1-x)2O3/Ga2O3 SL structures grown on β-Ga2O3 substrates. 

The cross-sectional HAADF-STEM images of (010) β-(AlxGa1-x)2O3 film with 15% Al content, as 

shown in Figures 5(a)-(b), reveal undisturbed monoclinic β-phase structures without any phase 
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transformation. The high-quality interface between the (010) β-Ga2O3 substrate (bright) and β-

(AlxGa1-x)2O3 epi-film (dark) is indicated by the sharp contrasts as observed in the STEM images. 

A uniform cross section of β-(AlxGa1-x)2O3 layer without extended defects is observed in Figure 

5(b), revealing high quality epitaxial growth of (010) β-(AlxGa1-x)2O3 film with x = 15%. STEM-

EDX mapping as shown in Figures 5 (c)-(d) was conducted on the corresponding β-(AlxGa1-x)2O3 

layer grown with 15% Al content to evaluate its compositional homogeneity and Al content. The 

Ga (green) and Al (blue) EDX color maps in Figures 5(c) indicate no compositional segregations 

in the epitaxial layer. The EDX elemental mapping of Ga and Al atoms in Figure 5 (d) also confirm 

uniform Al distribution throughout the β-(AlxGa1-x)2O3 film. The average Al content obtained from 

STEM-EDX elemental maps in Figure 5(d) agrees well with the values extracted from XRD 

measurements (x = 15%). 

Additionally, the high resolution HAADF-STEM imaging was performed for the (010) -

(AlxGa1-x)2O3 film grown with 29% Al compositions as shown in Figure 6. The cross-sectional 

STEM images at (a) 200 nm and (b) 100 nm scales reveal epitaxial growth of ~280 nm -

(Al0.29Ga0.71)2O3 film with atomic resolution images from (c) blue marked -(Al0.29Ga0.71)2O3 film 

region and (d, e) green and red marked -(Al0.29Ga0.71)2O3/substrate interface regions, indicating 

the formation of planer defects closer to the interface region, as clearly observed from (e). The 

formation of such extended planer defects perpendicular to the growth direction was also observed 

previously in MOCVD grown -(Al0.40Ga0.60)2O3 film, resembled a γ-phase inclusion at the local 

level 30. Density functional theory (DFT) calculations have also indicated that these planar defects 

exhibit local stability, and their formation enthalpy, in comparison to the β-phase, is reduced during 

higher Al incorporation 30. The inset of (b) shows the nano diffraction patterns acquired from the 

film region (blue marked), revealing two distinct structures: one from the growth along [001] 
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imaging direction of the β-phase, exhibiting its (010) growth continued from the β-Ga2O3 substrate 

and another one is from a 90 rotation of the (010) -(Al0.29Ga0.71)2O3 film, producing [010] 

imaging orientation of the β-phase and indicating the growth of (001) -(Al0.29Ga0.71)2O3. The 

atomic resolution STEM imaging in (c) also reveals the domain rotation of -(Al0.29Ga0.71)2O3 film. 

The STEM-EDX atomic fraction elemental profile of Ga, Al and O atoms along the orange arrow 

in (a) reveals uniform Al incorporation of ~30%, which closely match with the Al content (29%) 

determined from XRD measurement. 

Apart from the advancement of high-quality growth of β-(AlxGa1-x)2O3 thin films, the β-

(AlxGa1-x)2O3/Ga2O3 superlattice (SL) structures are also highly significant in various applications 

due to their ability to engineer the bandgap by alternating Ga2O3 and (AlxGa1-x)2O3 layers, enabling 

precise control over electronic properties for device applications. Additionally, these structures 

allow for strain engineering by carefully designing layer thicknesses, which can have a significant 

impact on material properties such as band structure and carrier transport. Moreover, the periodic 

alternation of Ga2O3 and (AlxGa1-x)2O3 layers in superlattices helps mitigate defects, confining or 

terminating them at the interfaces, and improving the overall material quality. In addition to the 

epitaxial growth of β-(AlxGa1-x)2O3 thin films, (010) β-(AlxGa1-x)2O3/Ga2O3 SL structures with x 

= 12% and 20% are also investigated. The eight-period β-(AlxGa1-x)2O3/Ga2O3 SL structures were 

grown with a targeted thickness of 15 nm for the β-(AlxGa1-x)2O3 barrier layer and 15 nm for the 

β-Ga2O3 well layer. Figure 7(a) shows the XRD ω-2θ scan of two SL structures with Al contents 

of 12% and 20%. The uniformly spaced satellite peak patterns confirm the periodicity of the SL 

structures. The presence of sharp and well-defined high-order satellite peaks, along with a strong 

0th order peak, indicates the presence of high quality sharp β-(AlxGa1-x)2O3/Ga2O3 interfaces and 

uniform alloy distribution in the β-(AlxGa1-x)2O3 layers. The SL period of 30.88 nm obtained using 
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the angular separation between two adjacent satellite peaks for β-(AlxGa1-x)2O3/Ga2O3 SL 

structures with x = 20% agrees well with the value (31 nm) determined from the STEM images. 

Figures 7(b)-(c) display cross sectional STEM imaging of 20% Al content SL structure in 50 nm 

and 5 nm scales, respectively. The sharp contrast in high-resolution STEM imaging between β-

(AlxGa1-x)2O3 barrier and β-Ga2O3 well layers reveal abrupt interfaces throughout the entire 

structure as shown in Figure 7(b). No degradation in the interface quality is observed in the entire 

structure. The atomic resolution STEM image in Figure 7(c) exhibits highly homogeneous Al 

distributions in β-(AlxGa1-x)2O3 layers without phase transformation or domain rotations, 

demonstrating excellent quality of (010) oriented β-(AlxGa1-x)2O3/Ga2O3 SLs up to 20% Al 

content. 

The structural quality of β-(AlxGa1-x)2O3 film grown on (2̅01) oriented β-Ga2O3 substrates is 

also evaluated by STEM imaging as shown in Figures 8(a) and 8(b) for Al content of 13%. The 

cross sectional HAADF STEM image as shown in Figure 8(a) exhibits 220 nm thick β-(AlxGa1-

x)2O3 film grown on top of (2̅01) oriented β-Ga2O3 substrate with a distinct interface between β-

(AlxGa1-x)2O3 film and β-Ga2O3 substrate. The atomic resolution STEM image at the interface as 

shown in Figure 8(b) also reveals the epitaxial growth of (2̅01) oriented phase pure β-(AlxGa1-

x)2O3 film with abrupt interface between the film and substrate, and without any rotational domain 

and phase segregation. However, the β-(AlxGa1-x)2O3 film grown on top of β-Ga2O3 substrate 

exhibits significant contrast tilted along (100) plane, suggesting an uneven distribution of Al. This 

nonuniform Al distribution was also observed in (2̅01) and (001) β-(AlxGa1-x)2O3 films grown 

using TEGa as the Ga precursor 16, 19. Such nonuniformity in the Al distribution in (2̅01) β-(AlxGa1-

x)2O3 film can be attributed to the highly anisotropic properties of β-gallia structure, particularly 

to its strong orientation dependent surface free energy of different planes 38.  
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To evaluate the Al content and uniformity within (2̅01) β-(AlxGa1-x)2O3 film, STEM-EDX 

mapping was performed as shown in Figures 9 (a)-(e). The darker regions in Figure 9(a) are 

attributed to an increase in Al concentration, as demonstrated by the Al and Ga elemental maps 

shown in Figures 9(b) and 9(c), respectively. A line scan along the orange arrow in Figure 9(a) 

was conducted to determine the element concentration, as shown in Figure 9(e). The quantitative 

EDX elemental mapping indicates an average Al content of ~ 20%, which is higher as compared 

to the content (x = 13%) determined from XRD measurement. This can be attributed to the 

nonuniformity of Al distribution in the epilayer as observed from the cross-sectional STEM image 

in Figure 9(a). 

Using atomic resolution STEM images as shown in Figures 10 (a)-(d), we also investigated 

the structure, defects, and content of β-(AlxGa1-x)2O3 film with 16% Al content grown on (100) 

oriented β-Ga2O3 substrate. The cross sectional HAADF-STEM image in Figure 10(a) indicates 

high quality epitaxial growth of β-(AlxGa1-x)2O3 film. With a higher magnification, the HAADF 

image in Figure 10(b) shows a sharp interface between β-(AlxGa1-x)2O3 epitaxial film and β-Ga2O3 

layer. However, extended defects are observed at the atomic scale, as shown in Figures 10(c) and 

10(d). Figure 10(d) shows a common defect in β-Ga2O3 films grown on (100) oriented β-Ga2O3 

substrates without or having small miscuts, known as a twin. This defect is indicated by a red-

dashed line that corresponds to the twin boundary lying in the (100) plane. The twin is 

characterized by a mirror operation at the boundary plane and a translation in the [001]m direction. 

The use of the on-axis (100) substrates for the β-(AlxGa1-x)2O3 films growth is anticipated to result 

in such twin formation. This type of twinning in (100) β-Ga2O3 and β-(AlxGa1-x)2O3 films grown 

on on-axis β-Ga2O3 substrates has been reported in prior studies 15, 44, 45. The STEM-EDX analysis 

on the same β-(AlxGa1-x)2O3 film with 16% Al content also confirms the presence of abrupt 
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interfaces, as shown in Figs. 11(a)-(e), without compositional segregation. In addition, EDX 

elemental mapping also revealed uniform distribution of Al and Ga atoms throughout the films. 

The average Al content determined from the EDX elemental maps as shown in Figure 11(e) 

matches well with those extracted from XRD measurement. 

We also employed atomic resolution STEM to assess the structure and content of the 

monoclinic (AlxGa1-x)2O3 film with 99% Al content grown on (100) β-Ga2O3 substrate. The results 

obtained from HAADF-STEM imaging are presented in Figures 12(a)-(d). The images shown in 

Figures 12(a) and 12(b) demonstrate the epitaxial growth of ~20 nm thick (100) (Al0.99Ga0.01)2O3 

film with a sharp interface. Although there is no evidence of Al segregation in the film, atomic 

scale STEM image as shown in Figure 12(b) indicates the presence of rotational domains. Electron 

nano-diffraction was employed to investigate the crystal structures of (AlxGa1-x)2O3 film, 

confirming the monoclinic growth with Al content of 99%. The electron diffraction pattern in 

Figure 12(c) reveal monoclinic (AlxGa1-x)2O3 growth with the localized region with zone 

orientation of [010], but with an out-of-plane rotation of 180. The simulated diffraction patterns 

of [010] β-Ga2O3 and [01̅0] β-Ga2O3 (180 out-of-plane rotation) closely resemble with the 

experimental diffraction pattern, confirming monoclinic (AlxGa1-x)2O3 thin film with the high Al 

content of 99%. STEM EDX mapping was carried out to further confirm the Al content in 

corresponding (AlxGa1-x)2O3 film as shown in Figures 13 (a)-(e). The sharp interface and alloy 

homogeneity is observed from the EDX color maps of Al (blue) and Ga (green) elements. The 

quantitative elemental mapping in Figure 13(e) confirms an average Al content of 99% in 

monoclinic (AlxGa1-x)2O3 film grown on (100) β-Ga2O3 substrate, which agrees well with the Al 

content extracted from XRD measurement. 



15 
 

The elemental contents of the (100) β-(AlxGa1-x)2O3 films were further confirmed by 

investigating the XPS core level spectra. To determine the Al contents, the areas of Ga 2p3/2 and 

Al 2p core level spectra were utilized, after subtracting the Shirley background, and using relative 

sensitivity factors of Ga 2p3/2 (SGa 2p3/2 = 21.4) and Al 2p (SAl 2p = 0.5371) as shown in Figure 14. 

The Al contents in (100) (AlxGa1-x)2O3 films were determined to be 15%, and 98%, which were 

also confirmed by measuring the area of Ga 2p1/2 (SGa 2p1/2 = 11.09), and Al 2s (SAl 2s = 0.753) core 

level spectra. The Al contents determined using XPS closely match with the Al contents estimated 

by XRD and STEM EDX elemental mapping.  

The bandgap of the β-phase (AlxGa1-x)2O3 are also determined by utilizing XPS. Numerous 

studies using XPS measurements have shown that the inelastic energy loss spectra can provide 

valuable information about the bandgap of wide-band-gap semiconductor materials 31, 46-49. This is 

because the excitation of a photoelectron from the valence band to the conduction band as it 

traverses from the bulk to the surface represents the minimum threshold for inelastic scattering. 

Therefore, the onset of the inelastic loss spectra at the higher binding energy side of the core level 

peak corresponds to the bandgap energy 46. In this work, the bandgaps of (100) (AlxGa1-x)2O3 films 

with Al contents of 16% and 99% are determined using the O 1s core level peak, as shown in 

Figures 15 (a)-(b). The inset figure provides a closer look at the background region of the O 1s 

peak. The energy of the onset of inelastic loss spectra was determined by intersecting the linear 

fitting of the inelastic background to the constant background. By estimating the onset of inelastic 

loss relative to the O 1s peak, the bandgap for (100) (Al0.16Ga0.84)2O3 and (Al0.99Ga0.01)2O3 films 

were determined to be 5.15 ± 0.15 eV and 7.26 ± 0.15 eV, respectively. The error bars correspond 

to the standard deviation of the estimated onset of the inelastic losses. The bandgap energies 
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increase as the Al content increases, which closely agree with the theoretically predicted bandgap 

values 1. 

Additionally, β-(AlxGa1-x)2O3/Ga2O3 SL structure grown on (100) β-Ga2O3 substrate is also 

investigated to evaluate the structural and interfacial quality in β-(AlxGa1-x)2O3 layer with targeted 

Al content of 59%. The XRD ω-2θ scan as shown in Figure 16(a) displays noticeable satellite 

peaks alongside the 0th order peak, indicating that the structural periodicities are well-preserved 

despite the presence of high-Al content. Cross-sectional HAADF STEM images in Figures 16(b) 

and 16(c) show eight periods consisting of β-(AlxGa1-x)2O3 and β-Ga2O3 sublayers. While the SL 

maintains pure β-phase throughout the structure, extended defects and twin-boundaries are 

observed from atomic scale image in Figure 16 (c), which can be attributed to its growth on on-

axis (100) β-Ga2O3 substrate without miscut angles. STEM-EDX maps of the corresponding SL 

structure as shown in Figures 17(a)-(e) reveal compositional variation in different β-(AlxGa1-x)2O3 

layers. The quantitative elemental mapping in Figure 17(e) exhibits periodic structures with 

alternating compositional profiles with ~ 60% Al incorporation in the β-(AlxGa1-x)2O3 layers.  

According to the theoretical DFT calculations, the thermodynamically stable monoclinic β 

phase is expected to persist in (AlxGa1-x)2O3 alloy up to at least 50% Al contents 50. However, 

previous experimental studies on thin-film growth of (AlxGa1-x)2O3 on (010) β-Ga2O3 substrates 

have shown phase segregation at Al concentrations well below 50% 12. Nevertheless, the Al 

incorporation in β-phase (AlxGa1-x)2O3 films were found to be highly dependent on the orientation 

of the β-Ga2O3 substrates 51. Different orientations of β-Ga2O3 substrates resulted in different Al 

contents in β-(AlxGa1-x)2O3. For example, the (100) β-(AlxGa1-x)2O3 films were demonstrated with 

maximum Al content of 52% 15, whereas (001) oriented β-(AlxGa1-x)2O3 films showed lowest Al 

content of 25% 19. The orientation-dependent limitation on the maximum Al contents in β-(AlxGa1-
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x)2O3 can be attributed to the varying surface free energies of different planes 51. The lower surface 

free energy leads to higher Al incorporation in β-(AlxGa1-x)2O3, indicating that the β-Ga2O3 

substrate with (100) plane with lowest surface free energy is the most favorable to incorporate 

higher Al contents. The experimental results in this study reveal almost 100% Al incorporation in 

monoclinic (AlxGa1-x)2O3 thin films grown on (100) β-Ga2O3 substrate. Nonetheless, the maximum 

Al incorporation in β-(AlxGa1-x)2O3 is still limited along other orientations, such as (010) and 

(2̅01), which suggests that the different surface free energies of various planes play a crucial role 

in incorporating different Al contents into the alloy. Although theoretical calculations suggest that 

the monoclinic β-phase (AlxGa1-x)2O3 could be stabilized with up to 62.5% Al contents 50, it is 

more likely that the kinetic factors associated with the growth conditions play a significant role in 

achieving such high levels of Al incorporation in monoclinic β-(AlxGa1-x)2O3 films. However, 

further investigations are required to determine the mechanisms that promote the formation of 

monoclinic (AlxGa1-x)2O3 films with almost 100% Al contents during the MOCVD growth.  

IV. Conclusion 

In summary, this study systematically investigated the MOCVD epitaxial growth of β-

(AlxGa1-x)2O3 thin films and β-(AlxGa1-x)2O3/β-Ga2O3 superlattice structures on differently 

oriented β-Ga2O3 substrates using TMGa as the Ga precursors. Extensive material 

characterizations utilizing XRD, XPS, STEM and EDX elemental mapping were performed on 

films grown on different oriented substrates with various Al contents. Single-phase monoclinic 

(AlxGa1-x)2O3 films on (100), (010), and (2̅01) oriented β-Ga2O3 substrates have been 

demonstrated with Al contents reaching up to 99%, 29%, and 16%, respectively. However, when 

the Al incorporation surpasses 29%, (010) oriented β-(AlxGa1-x)2O3 films exhibit β-to-γ phase 

segregation. The highly anisotropic nature of β-(AlxGa1-x)2O3 films grown on (2̅01) β-Ga2O3 
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substrates results in local segregation of Al along the (100) plane. Incoherent twin boundary 

defects are observed in (100) β-(AlxGa1-x)2O3 films grown on on-axis (100) β-Ga2O3 substrates. In 

this work, record high Al incorporation of up to 99% is confirmed in (100) monoclinic (AlxGa1-

x)2O3 film through various measurements, including XRD, STEM, electron nano-diffraction, and 

XPS. The successful MOCVD growth of β-(AlxGa1-x)2O3 alloys with fast growth rates and Al 

contents along different orientations holds promises for the advancement of high power and high-

frequency electronic and optoelectronic devices based on (AlxGa1-x)2O3 films or β-(AlxGa1-x)2O3/β-

Ga2O3 heterostructures. 
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Figure Captions 

Figure 1. XRD ω-2θ scan profiles of the (a) (020), (b) (400), and (c) (6̅03) reflections of -(AlxGa1-

x)2O3 films grown on (010), (100) and (2̅01) -Ga2O3 substrates with Al incorporations up to 29%, 

99% and 16%, respectively. 

Figure 2. Asymmetrical reciprocal space maps (RSMs) around (a) (420), (b) (710), and (c) (4̅03) 

reflections of (010), (100) and (2̅01) -(AlxGa1-x)2O3 films with x = 15%, 16%, and 13% 

respectively. 

Figure 3. Surface view FESEM images of β-(AlxGa1-x)2O3 films grown on (a-c) (010), (d-f) (100) 

and (g-i) (2̅01) oriented -Ga2O3 substrates with different Al contents. 

Figure 4. Surface AFM images of β-(AlxGa1-x)2O3 films grown on (a-c) (010), (d-f) (100) and (g-

i) (2̅01) oriented -Ga2O3 substrates with different Al contents. 

Figure 5. High resolution cross-sectional HAADF-STEM images of (010) -(AlxGa1-x)2O3 film 

with 15% Al contents at (a) 200 nm, (b) 5 nm, and (b) 1 nm scales, showing homogenous and 

uniform -(AlxGa1-x)2O3 layer with sharp interface. The HAADF-STEM images were taken from 

the < 010 > zone axes. (d) Cross-sectional HAADF image of -(Al0.15Ga0.85)2O3 film with 

corresponding STEM-EDX mapping of (e) Ga, Al and O atoms. (e) Atomic fraction elemental 

profile along the orange arrow in (d). 

Figure 6. High resolution cross-sectional HAADF-STEM images of (010) -(AlxGa1-x)2O3 film 

with 29% Al compositions at (a) 200 nm and (b) 100 nm scales with atomic resolution images of 

(c) blue marked -(Al0.29Ga0.71)2O3 film region and (d, e) green and red marked -

(Al0.29Ga0.71)2O3/substrate interface region, indicating formation of planer defects closer to the 

interface region (e). The inset of (b) shows the nano diffraction patterns acquired from the film 
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region (blue marked), revealing two distinct structures: one from the growth along [001] imaging 

direction of the β-phase, exhibiting its (010) growth continued from the β-Ga2O3 substrate and 

another one is from a 90 rotation of the (010) -(Al0.29Ga0.71)2O3 film, producing [010] imaging 

orientation of the β-phase, indicating the growth of (001) -(Al0.29Ga0.71)2O3. The HAADF-STEM 

images were taken from the < 010 > zone axes. STEM-EDX atomic fraction elemental profile of 

Ga, Al and O atoms along the orange arrow in (a) reveals uniform Al incorporation of 30%. 

Figure 7. (a) XRD ω-2θ scan of 8 period -(AlxGa1-x)2O3/β-Ga2O3 SLs grown on (010) β-Ga2O3 

substrates with Al content of 20% and 12%. High resolution HAADF-STEM images of the 

corresponding SLs at (b) 50 nm, and (c) 5 nm scales, showing homogenous and uniform -(AlxGa1-

x)2O3 layer with sharp interfaces. 

Figure 8. (a) High resolution cross-sectional HAADF-STEM images of (2̅01) -(AlxGa1-x)2O3 

film with 13% Al contents, showing Al distribution pattern along (100) plane. (b) Atomic 

resolution cross sectional image shows sharp interface between -(AlxGa1-x)2O3 and β-Ga2O3 

layer. 

Figure 9. STEM-EDX mapping of (2̅01) -(Al0.13Ga0.87)2O3 film (a) Cross-sectional HAADF 

image with corresponding EDX mapping of (b) Al, (c) Ga and (d) O atoms. (e) Atomic fraction 

elemental profile along the orange arrow in (a). 

Figure 10. (a) High resolution HAADF-STEM images taken from the [010]m zone axis of β-

(Al0.16Ga0.84)2O3 film grown on top of an on-axis (100) β-Ga2O3 substrate. (b) and (c) represent 

high magnification images at β-(Al0.16Ga0.84)2O3 film and interface regions, respectively. (d) 

Atomic resolution image of the β-(Al0.16Ga0.84)2O3 film, showing twin boundary defects.  

Figure 11. STEM-EDX mapping of (100) -(Al0.16Ga0.84)2O3 film (a) Cross-sectional HAADF 

image with corresponding EDX mapping of (b) Al, (c) Ga and (d) O atoms. (e) Atomic fraction 
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elemental profile along the orange arrow in (a), showing an average Al content of ~16% in the 

epilayer. 

Figure 12. (a) High resolution HAADF-STEM images taken from the [010]m zone axis of 

monoclinic (Al0.99Ga0.01)2O3 film grown on top of an on-axis (100) β-Ga2O3 substrate. (b) High 

magnification STEM images of (Al0.99Ga0.01)2O3 film. Electron nano-diffraction pattern obtained 

from the (c) (Al0.99Ga0.01)2O3 film and (d) simulation. 

Figure 13. STEM-EDX mapping of (100) monoclinic (Al0.99Ga0.01)2O3 film (a) Cross-sectional 

HAADF image with corresponding EDX mapping of (b) Al, (c) Ga and (d) O atoms. (e) Atomic 

fraction elemental profile along the orange arrow in (a), confirming an average Al content of ~99% 

in the epilayer. 

Figure 14. Fitted Ga 2p3/2 and Al 2p core level spectra from (100) oriented (a) (Al0.99Ga0.01)2O3 

and (b) (Al0.16Ga0.84)2O3 films after applying the Shirley background subtraction. The Al contents 

determined by comparing the areas of Ga 2p3/2 and Al 2p core level peaks match well with the 

contents extracted from STEM-EDX mapping and XRD. 

Figure 15. (a) O 1s core level spectra of (100) oriented (AlxGa1-x)2O3 films with Al content (a) x 

= 16% and (b) x = 99%. The inset shows the zoomed view of the inelastic background region 

marked by the black dashed rectangle in O 1s spectra. The bandgaps of 5.15 ± 0.15 eV and 7.26 ± 

0.15 eV are calculated for x = 16% and x = 99%, respectively by using the binding energy 

difference between the O 1s core-level peak positions and the onsets of the inelastic backgrounds. 

Figure 16. (a) XRD ω-2θ scan of 8 period -(AlxGa1-x)2O3/β-Ga2O3 SLs grown on (100) β-Ga2O3 

substrates with Al content of 59%. High resolution HAADF-STEM images of the corresponding 

SLs at (b) 10 nm, and (c) 5 nm scales, showing inhomogeneous Al distribution in -(AlxGa1-x)2O3 

layers. 
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Figure 17. STEM-EDX mapping of (100) -(AlxGa1-x)2O3/-Ga2O3 superlattice structure grown 

with targeted Al contents of 59% (a) Cross-sectional HAADF image with corresponding EDX 

mapping of (b) Al, (c) Ga and (d) O atoms. (e) Atomic fraction elemental profile along the orange 

arrow in (a), showing 8 periods of the SL structure. 
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Table 1 

Summary of β-(AlxGa1-x)2O3 samples (as shown in Figure. 1) grown with different [TMAl]/[TMAl 

+ TMGa] molar flow rate ratios with corresponding Al contents, film thicknesses and growth rates. 

 
 

Sample 
ID 

β-(AlxGa1-x)2O3 
film orientation 

[TMAl]/[TM
Al+TMGa] 

(%) 

Film 
Thickness 

(nm) 

Growth 
rates 

(µm/hr) 

Al content 
(%) 

1 (010) 3.01 353 2.12 5.4 
2 (010) 5.66 360 2.16 9.2 
3 (010) 12.93 358 2.15 15 
4 (010) 15.78 422 2.53 19.7 
5 (010) 18.49 280 1.68 29 (β+γ) 
6 (010) 25.52 255 1.53 54 (γ) 
7 (100) 8.03 120 1.80 16 
8 (100) 12.93 131 1.57 21 
9 (100) 18.49 71 2.13 28 
10 (100) 22.65 142 2.13 33 
11 (100) 24.03 50 1.50 62 
12 (100) 26.9 20 1.20 99 
13 (2̅01) 6.88 155 1.86 10 
14 (2̅01) 18.49 131 1.57 16 
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Figure 1 
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Figure 2 
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Figure 3 
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Figure 4 
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Figure 5 
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Figure 6 
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Figure 7 
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Figure 8 
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Figure 9 
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Figure 10 
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Figure 11 
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Figure 12 
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Figure 13 
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Figure 14 
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Figure 15 
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Figure 16 
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Figure 17 

  

 

 

 


