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Single β-phase (100) (AlxGa1−x)2O3 thin films were successfully grown on (100) oriented β-

Ga2O3 substrates via metalorganic chemical vapor deposition (MOCVD). By systematically tuning 

the precursor molar flow rates and growth conditions including chamber pressure, growth 

temperature and group VI/III molar ratio, pure β-phase (100) (AlxGa1−x)2O3 films with up to 52% 

of Al compositions were achieved. Comprehensive material characterization via X-ray diffraction 

(XRD) and high-resolution scanning transmission electron microscopy (HR-STEM) revealed high 

quality epitaxial growth of (100) β-(AlxGa1−x)2O3 films on (100) native substrates. High resolution 

X-ray spectroscopy (XPS) was used for determining the AlGaO bandgaps and the Al compositions. 

Two-dimensional defects in the β-(AlxGa1−x)2O3 films were investigated utilizing atomic 

resolution STEM imaging. Additionally, film characterization via HR-STEM imaging, XRD and 

energy-dispersive X-ray spectroscopy (STEM-EDS) revealed coherent growth of high quality (100) 

β-(AlxGa1-x)2O3/Ga2O3 superlattice (SL) structures (x ≤ 50%) with abrupt interfaces and relatively 

uniform Al distribution.  Step flow growth of (100) β-(AlxGa1−x)2O3 with smooth and featureless 

surface morphology was observed in AlGaO samples with high-Al compositions. A mechanism 

for the step-flow growth of high-Al content β-(AlxGa1−x)2O3 film is proposed by considering Al 

adatoms as preferred incorporation sites for AlGaO nucleation and growth. 
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Introduction 

β-Ga2O3 has an ultra-wide bandgap energy (~4.8 eV) with a theoretically predicted high 

breakdown field strength of 8 MV/cm [1]. Due to its higher thermal/chemical stability and n-type 

doping capability with excellent transport properties [2], β-Ga2O3 is predicted to outperform the 

current leading technology based on traditional wide bandgap semiconductors, such as SiC and 

GaN. Significant progress on the development of high quality β-Ga2O3 native substrates [3] and 

epitaxy [4-9] have been made since the first conceptual β-Ga2O3 device demonstration [10,11]. 

Owing to its outstanding material properties, high performance β-Ga2O3 based devices including 

lateral [12,13] and vertical field-effect transistors [14,15], Schottky barrier diodes [16-18] and 

ultraviolet solar blind photodetectors [19], have already been successfully demonstrated. Besides 

(010) β-Ga2O3 substrates, which has been widely explored for homoepitaxy of β-Ga2O3 thin films, 

larger size substrates become commercially available with other orientations such as (100), (001), 

and (2̅01) planes, motivating the understanding of materials epitaxy along different crystalline 

planes [3]. However, owing to the different surface energies of different surface planes of β-Ga2O3 

[20], the understanding of homoepitaxial growth mechanism on different planes are still lacking. 

While tremendous efforts on the growth of high quality β-Ga2O3 thin films have been made 

to demonstrate high performance electronic devices, there has been a limited work to date on the 

epitaxy of β-Ga2O3 based alloys and heterostructures. Recently, interest in Ga2O3-Al2O3 alloy in 

power and radio-frequency electronics has increased significantly due to its bandgap tunability up 

to 8.8 eV [21]. Because of its higher bandgap energy, β-(AlxGa1-x)2O3 alloys can take advantage of 

a large critical electric field strength in not only vertical power devices but also in high-
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performance lateral devices through device scaling. The promising transport properties of two-

dimensional electron gases (2DEG) in heterostructures is of great interest in lateral devices. 

Recently, excellent mobility with high sheet charge density have been demonstrated in modulation 

doped field effect transistors (MODFETs) by forming 2DEG in AlGaO/GaO heterostructures 

where the Al composition in AlGaO layer was limited up to ~18% [22,23]. High quality AlGaO 

epitaxy with higher Al composition can maximize the electron mobility by separating the 2DEG 

from the ionized donor impurities [24]. While both the equilibrium phase diagram and theoretical 

studies have predicted that the solubility limit of Al2O3 in β-Ga2O3 as high as ~67% [25] and 71% 

[21], very limited Al incorporation in β-phase AlGaO alloys has been observed experimentally. 

Both MOCVD [26-29] and MBE [30] growth of (010) β-(AlxGa1-x)2O3 film have indicated the 

maximum Al incorporation in β-phase is limited to < 27%. Targeting higher Al compositions in 

(010) β-(AlxGa1-x)2O3 films has resulted in phase transformation [26], indicating the challenge for 

incorporating higher-Al in pure β-phase (AlxGa1-x)2O3 film grown on (010) β-Ga2O3 substrate. 

Although there are several reports on the epitaxial growth of high quality β-Ga2O3 films, the 

growth efforts on β-(AlxGa1-x)2O3 film on different surface planes of β-Ga2O3 substrates are still 

limited. The coherent growth of β-(AlxGa1-x)2O3 /β-Ga2O3 superlattice structures allow us to 

investigate the interface sharpness between the heterostructures and uniformity of the ternary β-

(AlxGa1-x)2O3 layers. Plasma-assisted MBE growth of γ-Al2O3/Ga2O3 superlattices on MgAl2O4 

substrates [31] and α-Al2O3/Ga2O3 superlattices on r-plane sapphire substrates [32] revealed the 

possibility to obtain coherent heterostructures when optimize the sub-layer thickness and 

composition. Previous report on MOCVD growth of (010) β-(AlxGa1-x)2O3 /β-Ga2O3 superlattice 

structures grown on (010) β-Ga2O3 substrates demonstrated Al composition of 21%, and 

characterized by XRD satellite peaks [33]. This study also claimed Al incorporation in (AlxGa1-
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x)2O3 films on sapphire substrates up to 43%, which was extracted from the absorption 

measurements, there were no XRD, TEM, or AFM data to determine the crystalline quality or 

phase of the (AlxGa1-x)2O3 films. A recent pulsed-laser deposition (PLD) growth study has 

demonstrated (100) β-(AlxGa1-x)2O3 epitaxy on (100) β-Ga2O3 substrates with up to 37% of Al 

compositions [34], and an MBE growth study revealed that (100) β-(AlxGa1-x)2O3 films can 

maintain β-phase up to 61% of Al compositions [35], indicating the possibility of achieving higher 

Al composition in β-(AlxGa1-x)2O3 alloy grown on (100) plane. However, the epitaxial growth of 

high-quality (100) β-(AlxGa1-x)2O3 alloys and their atomic scale characterizations by utilizing high 

resolution STEM imaging are still missing. To the best of our knowledge, there are no prior reports 

of MOCVD epitaxy of (100) β-(AlxGa1−x)2O3 films on (100) native substrates. In this study, we 

investigate the MOCVD growth of phase pure (100) β-(AlxGa1-x)2O3 films and (100) β-(AlxGa1-

x)2O3/Ga2O3 superlattice structures on (100) β-Ga2O3 substrates with Al compositions up to 52%. 

The (100) plane of monoclinic β-Ga2O3 is a cleavage plane with a much larger a lattice constant 

of 1.22 nm, as compared to b and c of 0.30 nm and 0.58 nm, respectively [21]. Due to having the 

lowest surface free energy of the major crystal plans in β-Ga2O3 [20], the adatoms of precursor 

species are believed to have difficulties bonding to the (100) growth surface. The low incorporation 

efficiency of the adatoms on the (100) surface plane can lead to random nucleation and island 

formation during Ga2O3 growth. Previous MOCVD growth studies on in-plane (100) β-Ga2O3 

substrates revealed challenges in growing high quality (100) β-Ga2O3 films [36]. The on-axis 

growth of a (100) β-Ga2O3 film was demonstrated with the formation of incoherent boundaries 

(twin lamellae) and stacking faults, which is due to the limited diffusion length of the surface 

adatoms and 2D island growth mode [36]. In this work, we propose to use Al adatom as the 
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preferred bonding species to the O atoms on the (100) growth surface, ultimately promoting the 

high-quality epitaxy of (100) β-(AlxGa1-x)2O3 thin films on (100) β-Ga2O3 substrates.  

Experimental Section  

In this study, (100) β-(AlxGa1−x)2O3 thin films on Fe doped semi-insulating (100) β-Ga2O3 

substrates (from Novel Crystal Technology, Inc.) were grown via MOCVD and comprehensive 

material characterization was performed. Triethylgallium (TEGa), Trimethylaluminum (TMAl) 

and pure O2 were used as Ga, Al and O precursors, respectively. Argon (Ar) was used as the carrier 

gas. The chamber pressure was varied between 20 torr and 80 torr. The growth temperature was 

tuned between 880 °C and 920 °C. Film thicknesses were varied between ~19 nm and ~85 nm. 

The growth rates of samples with different Al composition grown with different chamber pressures 

ranged between ~5.3 nm/min and ~13.3 nm/min. [TMAl]/[TEGa+TMAl] molar flow rate ratio 

was systematically tuned from 2.35% to 22.21%. The group VI/III ratio was varied between 908 

and 1140. All substrates were treated with high temperature in-situ annealing for 10 minutes at 

920°C under O2 atmosphere prior epi-growth.  

The crystal quality and the Al compositions of the films were evaluated with XRD 

measurements by a Bruker D8 Discover (Cu Kα radiation x-ray source, wavelength 1.5406A˚). 

Further Al composition measurement and the bandgap energies were derived from XPS utilizing 

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

(Ephoton = 1486.6 eV).  The binding energy scale was referenced to C 1s core levels at 284.8 eV. 

High angle annular dark field (HAADF) STEM images of the samples were obtained by using a 

Thermo Fisher Scientific Titan scanning transmission electron microscopy operated at 300 kV. 

The microscope is also equipped with a quad-silicon drift detector (Super-X/ChemiSTEM) for X-
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ray collection enabling EDS spectral mapping. The film thicknesses were estimated by both 

Pendellösung fringes observed from XRD spectra and high-resolution STEM images. Al 

compositions were confirmed by characterization through XRD, XPS and STEM-EDS mapping. 

The surface morphology and the surface roughness of the films were characterized via field 

emission scanning electron microscopy (FESEM, FEI Helios 600) and atomic force microscopy 

(AFM, Bruker AXS Dimension Icon), respectively.  

Results and Discussion 

Figure 1 shows the XRD spectra in ω-2θ scanning for (100) β-(AlxGa1−x)2O3 films with 

different Al compositions. The films were grown by varying [TMAl]/[TEGa+TMAl] molar flow 

rate ratios from 2.35% to 22.21% and chamber pressures from 50 torr to 80 torr at 880 °C as listed 

in Table 1. The Al incorporations and the growth rates increase with increasing molar flow rate 

ratio.  The sharp and high intensity X-ray diffraction peaks at 2θ ≈ 30.11° and 45.87°, as shown in 

Fig. 1, correspond to the signals originating from (400) and (600) reflections of (100) β-Ga2O3 

substrates, respectively. The prominent characteristic diffraction peaks, marked by red and blue 

arrows, represent the (400) and (600) reflection peaks of (100) β-(AlxGa1−x)2O3 films, respectively. 

With increasing Al compositions, the separations between the diffraction peak positions of the β-

Ga2O3 substrate and the β-(AlxGa1−x)2O3 films increase, indicating an increase in lattice mismatch 

between the substrate and the epi-films. The Al compositions were determined by analyzing the 

separations between the peak positions of the substrate and the epi-films, assuming fully coherent 

growth of (100) β-(AlxGa1−x)2O3 films [21,37]. By the systematical tuning of 

[TMAl]/[TMAl+TEGa] molar flow ratios and chamber pressures, up to 52% Al incorporation in 

β-phase was identified from both (400) and (600) diffraction peaks of β-(AlxGa1−x)2O3 films. At 

lower Al compositions, high intensity peaks with distinguishable Pendellösung fringes originated 
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from the epi-films indicate better crystalline quality of the films. With increasing Al compositions, 

the crystalline quality degrades, as evidenced by the decrease of the XRD peak intensities, 

broadening of the linewidths and lack of distinguishable Pendellösung fringes. However, the lower 

X-ray scattering factor of Al compared to Ga and relatively smaller thickness of high Al content 

samples can partially contribute to the weaker X-ray diffraction peak intensity at higher Al 

compositions [38]. Nevertheless, the degradation of crystalline quality of AlGaO film as Al 

composition increases is considered as the main mechanism of the reduction in XRD intensity.    

In order to identify the elements in (100) β-(AlxGa1−x)2O3 films and to estimate the Al 

compositions and bandgaps, high resolution XPS was performed on samples with different Al 

contents. Figure 2(a) shows the XPS survey spectra for a representative β-(Al.47Ga0.53)2O3 film 

(Sample No. 4) in the binding energy range of 0 - 1200 eV. From the overall scan, no metallic 

contaminants in the films were detected, indicating high purity growth of the β-(Al.47Ga0.53)2O3 

film. The insets of Fig. 2(a) show the high resolution XPS spectra of Ga 3s and Al 2s core levels 

for samples with 15%, 33% and 47% Al content. With increasing of Al compositions, the peak 

intensity of Ga 3s core level reduces, while Al 2s core level increases; resulting in the increase of 

the Al/Ga intensity ratio. The Al compositions were determined by estimating the Ga and Al 

atomic concentrations from the Ga 3s and the Al 2s core level peak areas after applying atomic 

sensitivity factors [35]. The Al compositions calculated by XRD diffraction peak separations 

correlate well with the Al compositions estimated by XPS measurements as shown in Table 2. In 

the case of Sample No. 2 and 3, the Al compositions from XRD measurements (17% and 34%) 

which were calculated based on the assumption of fully strained films, indicate slight 

overestimates as compared to the Al compositions measured by XPS (15% and 33% Al). With ~80 

nm (Sample No. 2) and ~44 nm (Sample No. 3) film thicknesses, the films may not be fully strained 
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(partial relaxation), which can result in the slight overestimation of the Al compositions [37]. By 

using XPS, the bandgap energies of (100) β-(AlxGa1−x)2O3 films were also calculated. XPS can be 

used to analyze inelastic collisions that happen during photoexcitation and photoemission of 

electrons from the sample [39]. Due to these inelastic collisions such as band-to-band electronic 

transitions and excitation of “plasma waves” by columbic interaction with electrons in the valence 

band, the photo-excited electrons lose their final kinetic energy, which can be measured by XPS 

detector. These ‘loss-spectra’ peaks appeared as widened copies of the core-level peaks shifted 

towards higher binding energy relative to their original levels. As the fundamental lower limit of 

inelastic loss is equal to the bandgap energy, the onset of inelastic energy loss spectra relative to 

the core level peak corresponds to the bandgap energy [39-41]. By measuring the onset of inelastic 

loss relative to the O 1s core level peaks, the bandgaps of (100) β-(AlxGa1−x)2O3 films with 

different Al compositions were estimated as shown in Figs. 2 (b)-(d). The energy corresponding 

to the onset of the loss spectra was estimated by calculating the intersection of the linear fitting of 

the loss spectra curve and its background ‘zero’ level which was determined by subtracting the 

Shirley background fitting [39]. The bandgap energies of β-(AlxGa1−x)2O3 films with x = 15%, 

33% and 47% were calculated as Eg = 5.1 ± 0.07 eV, 5.4 ± 0.06 eV, and 5.7 ± 0.08 eV, respectively. 

The bandgap energies estimated by XPS measurement are found to be in close agreement with the 

values calculated by using first-principles hybrid density functional theory (DFT) [21,42], as listed 

in Table 2. 

The surface morphology of β-(AlxGa1−x)2O3 films were characterized by both FESEM and 

AFM imaging. Figures 3(a) and 3(b) show the surface view SEM images of two β-(AlxGa1−x)2O3 

films with 10% (Sample No. 1; ~53 nm thick) and 52% (Sample No. 6, ~20 nm thick) Al 

compositions, respectively. The films were grown by varying the TMAl molar flow rates with 
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optimized growth conditions. The SEM image for the sample with 10% Al composition shows the 

presence of granular protrusions on top surface as observed in Fig. 3(a), whereas the surface for 

the sample with higher Al composition (52%) exhibits less protrusions on top surface and 

relatively low root mean square (RMS) (Fig. 3(b)). While a recent PLD growth study of (100) β-

(AlxGa1−x)2O3 films indicates the formations of protrusions can be related to the quality of the 

target materials [34], we observed the surface of the epi-films becomes smoother with less 

protrusions when the Al incorporation increases. The surface morphology and RMS roughness for 

the samples with different Al compositions were also investigated by AFM imaging with scanning 

area of 5 µm x 5 µm. Figures 3(c)-(f) show the AFM images taken for β-(AlxGa1−x)2O3 films with 

x = 10%, 34%, 47% and 52%, respectively. Previous reports on the MBE [35,43] and MOCVD 

[28] growths of β-(AlxGa1-x)2O3 films on (010) [28,43] and (100) [35] β-Ga2O3 substrates have 

shown granular surface morphologies. As shown in Figs. 3(c)-(f), the AFM images exhibit similar 

granular morphologies, but with lower RMS roughness values ranging between 0.68 nm to 1.21 

nm, indicating the growth of high quality (100) β-(AlxGa1−x)2O3 films. 

To further investigate the effect of higher Al incorporation in β-(AlxGa1−x)2O3 films, the 

surface morphology of different samples grown with the same thickness (~170 nm) and same 

growth condition except with varied Al compositions are compared by FESEM images. Figures 

4(a)-(d) show the surface view FESEM images of β-(AlxGa1−x)2O3 films with Al composition of 

10% to 49%. The films were grown at 880°C with the same chamber pressure (20 torr). At 

relatively lower Al compositions, the surface exhibits nonuniformity with bump like three-

dimensional island structures. The Ga adatoms, due to the lack of energetically favorable 

nucleation sites, attach to other Ga adatoms and nucleate a new island, leading to the roughening 

of the surface, as observed in Figs. 4(a)-(b). As the Al molar flow rate increases, for example, in 
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the case of 49% Al, the surface uniformity is significantly enhanced, and the surface morphology 

evolves from three-dimensional surface roughness to progressive smoothness, as shown in Fig. 

4(d). With relatively higher Al molar flow rates, Al adatoms provide more distribution of 

nucleation sites, which suppresses the 2D island growth mode and enhances the surface uniformity 

with smooth morphology.  While obtaining smooth and flat surface is difficult on on-axis (100) β-

Ga2O3 due to both surface anisotropy of the β-gallia structure [35] and lack of energetically 

favorable nucleation sites [36], we observed surface smoothing with increasing Al compositions, 

indicating a higher incorporation of Al adatoms on the growth surface can promote step-flow 

growth with surface homogeneity.  

The schematic of the proposed step-flow growth mechanism, promoted by the 

incorporation of higher Al in (100) β-(AlxGa1−x)2O3 film, is illustrated in Fig. 5. Previously, step-

flow growth of β-Ga2O3 films was achieved on (100) native substrates only with higher miscut-

angles, where the surface steps act as the preferred incorporation sites for the Ga adatoms [20,36]. 

While the lower adatom incorporation efficiency, due to the lack of energetically favorable lattice 

sites, such as surface steps or kinks, can lead to random nucleation and 2D island formation on on-

axis (100) β-Ga2O3 substrates, as illustrated in Fig. 5(a), we propose a mechanism for step flow 

growth on on-axis (100) substrates, considering Al as a preferential nucleation bonding site for Ga 

adatoms and thus AlGaO growth. Figure 5(b) illustrates the processes involved in step-flow growth 

of β-(AlxGa1−x)2O3 films on (100) native substrates. As Al adatoms have a much larger sticking 

coefficient than Ga adatoms [44], they are less likely to move on the growth surface from their 

point of impact from the vapor. As soon as the Al adatoms reach the growth surface, they are 

absorbed, nucleated, and distributed densely on the surface due to their higher affinity to oxidize 

as compared to Ga [45]. These densely distributed Al sites on the growth surface act as the 
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preferential nucleation sites for Ga adatoms and eventually promote the step-flow growth on in-

plane (100) native substrates. Increasing the Al incorporation can provide more densely distributed 

Al sites, thus leading to the step flow growth of β-(AlxGa1−x)2O3 film with enhanced surface 

smoothness and uniformity. Similarly, the uniform surface morphology due to higher Al 

incorporation can also be explained by the coalescence of the 2D islands. The densely distributed 

Al nucleation sites on the growth surface induce the Ga adatoms incorporation and more 2D islands 

formation. More Al nucleation sites can reduce the Ga adatoms diffusion to the top of the existing 

2D islands, preventing the 3D growth mode. Thus, a uniform surface can be constructed through 

the coalescence of 2D islands as the growth proceeds. 

Utilizing atomic resolution STEM, we analyze the exact structure, including extended 

defects, and composition of our β-(Al0.17Ga0.83)2O3 film (Sample No. 2). Figure 6(a) shows a 

HAADF-STEM image of an 85 nm β-(Al0.17Ga0.83)2O3 film grown on (100) β-Ga2O3. The lack of 

contrast within the film and at the interface suggests high-quality epitaxial growth of the film, 

correlating with the observed sharp peak in the XRD spectrum (Fig. 1). At higher magnification, 

as shown in Fig. 6(b), the HAADF image reveals the [010] cross-section of the β-phase film. 

Additionally, extended defects are observed at the atomic scale and are better shown in Figs. 6(c) 

and 6(d), which display the blue and orange regions, respectively, outlined in Fig. 6(b). The 

structure shown in Fig. 6(c) reveals a typical defect found in β-Ga2O3 bulk crystals and films – a 

twin [20, 46-48]. The twin boundary is marked with the red-dashed line, which lies in the (100) 

plane. This twin is detailed by a mirror at the boundary plane and a translation in the [001]m. 

Previously, twin formation has been described by the double positioning mechanism [20]. This 

mechanism suggests a higher density of twins at smaller miscut-angles due to the predominant 2D 

island growth. Our films are grown with an ~ 0° miscut-angle, thus the formation of twins are 
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expected. Additionally, although the incorporation of Al promotes the step flow growth of the film, 

it may also play a key role in the development of defects like these twins. The defects shown in 

Fig. 6(d), extending in the [001]m for a half unit cell in growth direction, display twin boundaries 

in the (100) and (010) planes. At an (010) plane located within the thickness of the film foil, the 

crystal structure mirrors the matrix. This is depicted by overlaying the matrix structure (yellow 

outline) with the twinned structure (aqua outlined), resulting in staggered Ga atomic columns 

(green outline), which produces the intensities in our HAADF image. Immediately after the 

following half unit cell, the same defect is observed. An atomic column intensity analysis is still 

required to identify the role of Al on the formation of this defect. EDS performed on this film 

revealed a homogenous distribution of Al in the film with the expected ~15% incorporation (Fig. 

6(e)).   

We also characterize our β-(Al0.52Ga0.48)2O3 film (Sample No. 6) grown on (100) β-Ga2O3 

using STEM to determine the quality of its structure and composition. Figure 7 shows the results 

of HAADF-STEM imaging and EDS. The images in Figs. 7(a) and 7(b) show the epitaxial growth 

of the 20 nm (100) β-(Al0.52Ga0.48)2O3 film. The contrast change in the film in both images results 

from the incorporation of the lighter Al species. However, as shown in Fig. 7(b), the Al tends to 

segregate rather than homogenously distribute amongst the film, which can be identified by the 

intensity variation. Additionally, a high density of twin boundaries and extended defects, such as 

those observed in the β-(Al0.17Ga0.83)2O3 film, are scattered throughout the film. The local 

segregation of Al is also detected by EDS (Fig. 7(c)), with local composition ranging from 30% to 

64%, with an average value of ~48%.  

In addition to our efforts for the growth of (100) β-(AlxGa1−x)2O3 thin films, we also 

investigated the growth of (100) β-(AlxGa1−x)2O3/Ga2O3 superlattice (SL) structures with different 
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Al compositions. The SL structures grown with different [TMAl]/[TMAl + TEGa] molar flow rate 

ratios are summarized in Table 3. Figure 8(a) shows the schematic of the SL structure grown with 

8 periods of AlGaO/GaO layers on top of an unintentionally doped (UID) 60 nm thick β-Ga2O3 

buffer layer by targeting 50%, 40% and 17% of Al compositions in AlGaO barrier layers. The 

targeted thicknesses of AlGaO barrier layers for both 50% and 40% Al content SL structures were 

5 nm with 10 nm of GaO well thicknesses (15 nm period), whereas for 17% Al content SL 

structure, the targeted barrier and well thicknesses were 15 nm and 10 nm, respectively (25 nm 

period). The structural quality and the abruptness of the AlGaO/GaO interfaces were evaluated 

from both (400) and (600) reflections of (100) β-(AlxGa1−x)2O3/Ga2O3 SL structures by utilizing 

XRD spectra as shown in Figs. 8 (b)-(d). The high intensity satellites along with strong 0th order 

peaks were observed from the XRD spectra. The SL structure grown with 17% Al composition 

shows up to 3rd order of satellite peaks with strong 0th order peak. With increasing Al contents, the 

0th order peak shifts towards higher 2θ angles, indicating the increase of average Al compositions 

for the entire SL structures. The average Al compositions calculated from the separation between 

the 0th order peak and the substrate peak positions were 11.5%, 14.9% and 18.9% (corresponding 

targeted average Al compositions: 10.2%, 13.3%, and 16.7%) for x = 17%, 40% and 50%, 

respectively, and the periods estimated from the interval distances between adjacent satellite peaks 

were 26.6 nm, 14.6 nm, 14.1 nm (corresponding targeted periods: 25 nm, 15 nm, and 15 nm), 

respectively [49]. The average Al compositions and the periods calculated from XRD peak 

positions for each SL structures are found to be in a good agreement with the targeted average Al 

compositions of the entire superlattice structures and the periods. The XRD spectra for different 

Al compositions exhibit very sharp and distinguishable high order satellite peaks, indicating the 
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coherent growth of high quality superlattice structures with abrupt interfaces, even with 50% of 

Al compositions. 

STEM imaging also revealed high-quality of the (100) β-(AlxGa1−x)2O3/Ga2O3 superlattice 

structures. The AlGaO barrier layers in the SL structure were grown with targeted 50% Al 

compositions. HAADF-STEM images, shown in Figs. 9(a) and 9(b), display the alternating β-

(AlxGa1−x)2O3/Ga2O3 superlattice structure with sub-layers of ~5 nm β-(AlxGa1−x)2O3 exhibiting 

dark contrast from the high Al concentration. The images show that the superlattice structure 

maintains the beta phase throughout the entire structure. The EDS color maps in Figs. 9(c) and 

9(d) correspond to the Ga and Al concentrations from the plot in Fig. 9(e). This data demonstrates 

the alternating compositional profile of the periodic structure with the β-(AlxGa1−x)2O3 layers. The 

Al content in β-(AlxGa1−x)2O3 layer calculated by using the average Al composition (18.9%) and 

the period (14.1 nm) from the XRD measurement (Fig. 8) is found to be ~50%, the slight 

compositional deviation from EDS mapping can be related to the nonuniformity of Al distribution 

in (AlxGa1−x)2O3 layers scanned along the direction indicated by the yellow arrow in 9(d). 

Conclusion 

In summary, we demonstrated MOCVD epitaxy of (100) β-(AlxGa1-x)2O3 films and β-

(AlxGa1-x)2O3/Ga2O3 superlattice structures grown on (100) native substrates with up to 52% of Al 

compositions. High crystalline quality film with smooth surface morphology was achieved at high 

Al composition samples by systematical tuning of the growth parameters, including growth 

temperature, chamber pressure, VI/III ratio and etc. Cross sectional STEM images and EDS 

mapping for both thin films and superlattice structures exhibited abrupt GaO/AlGaO interfaces 

with homogenous Al distribution. Twin boundary defects were observed in the epitaxial films. 
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Smooth and uniform surface morphology observed for high Al composition samples revealed high 

quality step-flow growth promoted by higher Al incorporation where Al adatoms act as preferential 

nucleation sites for AlGaO growth. The successful development of high-quality epitaxy of pure β-

(AlxGa1-x)2O3 (100) films and β-(AlxGa1-x)2O3/Ga2O3 superlattice structures with high-Al 

composition will enable device technologies based on this emerging ultrawide band gap 

semiconductor material system.  
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Table Captions 

 

 

Table 1. Summary of (100) β-(AlxGa1-x)2O3 samples (shown in Fig. 1) grown with different 

[TMAl]/[TMAl + TEGa] molar flow rate ratios and chamber pressures with corresponding Al 

compositions, film thicknesses and growth rates. 

Table 2. Summary of the Al contents and the bandgaps of (100) β-(AlxGa1-x)2O3 samples, 

estimated from XRD and XPS characterization. The calculated direct and indirect bandgaps of β-

(AlxGa1-x)2O3 samples with different Al content are also listed from ref. [21,42]. The errors in the 

bandgaps measured from XPS are defined as the root-mean-square errors. 

Table 3 Summary of (100) β-(AlxGa1-x)2O3/β-Ga2O3 superlattice structures (shown in Fig. 8) 

grown with different [TMAl]/[TMAl + TEGa] molar flow rate ratio and the corresponding Al 

composition, barrier and well thickness. 
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Figure Captions 

Figure 1 XRD ω-2θ patterns for the (400) and (600) reflections of β-(AlxGa1−x)2O3 films grown 

on (100) β-Ga2O3 substrates. Sharp peaks at 30.11° and 45.86° indicate the (400) and (600) 

reflections from β-Ga2O3 substrates. Red and blue arrows indicate the XRD peak positions for the 

(400) and (600) reflections of β-(AlxGa1−x)2O3 films with x ranging from 10% to 52%. 

Figure 2 (a) XPS wide scan spectra of (100) β-(Al0.47Ga0.53)2O3 showing the element specific 

peaks. The insets show the photoemission peaks of Ga 3s and Al 2s core levels for Al composition 

of x = 47% (blue), 33% (red) and 15% (black). The corresponding bandgap of (100) β-

(AlxGa1−x)2O3 films determined by the energy difference between O 1s core level peak and the 

onset of energy loss spectrum for (b) x = 15%, (c) x = 33%, and (d) x = 47%. 

Figure 3 Surface view FESEM images of (100) β-(AlxGa1−x)2O3 films grown on (100) β-Ga2O3 

substrates with Al compositions of (a) x = 10%, and (b) x = 52% with film thicknesses of 53 nm 

and 20 nm, respectively. The surface topographic images of (100) β-(AlxGa1−x)2O3 films with (c) 

x = 10%, (d) x = 34%, (e) x = 47%, and (f) x = 52% measured by AFM. The scan area is 5 x 5 

µm2. 

Figure 4 Surface view FESEM images of ~170 nm thick (100) β-(AlxGa1−x)2O3 films grown with 

Al compositions of (a) x = 10%, (b) x = 17%, (c) x = 44% and (d) x = 49%. The films were grown 

epitaxially on (100) β-Ga2O3 substrates at 880°C with chamber pressure of 20 Torr. 

Figure 5 Schematic illustrations of the proposed growth mechanism of (100) β-(AlxGa1−x)2O3  

films grown on (100) β-Ga2O3 substrates: (a) typical 2D island mode growth processes of (100) β-

Ga2O3 films on (100) on-axis β-Ga2O3 substrates including (1) the absorption and diffusion of Ga 

adatoms and (2) formation of 3D islands by the encounter of Ga adatoms due to the lack of 

energetically favorable lattice sites, such as surface steps or kinks and (b) step flow growth 

processes of high Al content (100) β-(AlxGa1−x)2O3 films on (100) on-axis β-Ga2O3 substrates 
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include (1) absorption, diffusion and fast adherence of Al adatoms on the growth surface and (2) 

incorporation of Ga adatoms at the nearest Al site, which acts as the preferential nucleation site 

for incoming Ga adatoms. 

Figure 6 High resolution HAADF-STEM images and EDS taken from the [010]m zone axis of an 

85 nm thick β-(Al0.17Ga0.83)2O3 film with a 60 nm thick (100) β-Ga2O3 buffer layer grown on top 

of a (100) β-Ga2O3 substrate. (a) Low magnification image with 50 nm scale displaying each 

interface. (b) Atomic resolution image of the β-(Al0.17Ga0.83)2O3 film with (c) blue and (d) orange 

marked defect regions. (c) HAADF-STEM image of a (100) twin boundary (red-dashed line) and 

structure accompanied with a model. (d) Half unit cell thick defects extended in the [001]m. 

Yellow-outlined and aqua-outlined models overlapped (green-outlined) represent the defect 

formation. (e) STEM-EDS profiles for Al (blue), Ga (green) and O (red) in the (100) β-

(Al0.17Ga0.83)2O3 film from the yellow region in (a). 

Figure 7 High resolution HAADF-STEM images taken from the [010]m zone axis of the 20 nm 

thick β-(Al0.52Ga0.48)2O3 film with 60 nm thick (100) β-Ga2O3 buffer layer grown on top of (100) 

β-Ga2O3 substrate at (a) 20 nm and (b) 5 nm scales. (c) STEM-EDS profiles for Al (blue), Ga 

(green) and O (red) in the (100) β-(Al0.52Ga0.48)2O3 film from the yellow region in (a). 

Figure 8 (a) Schematic of the 8 period (100) β-(AlxGa1-x)2O3/β-Ga2O3 superlattice structures 

grown with 60 nm thick (100) β-Ga2O3 buffer layer on (100) β-Ga2O3 substrate. XRD ω-2θ scan 

profiles for (400) and (600) reflections (100) β-(AlxGa1-x)2O3/β-Ga2O3 superlattice structures with 

Al composition of (b) 50% (blue), (c) 40% (red) and (d) 17% (black). 

Figure 9 High resolution HAADF-STEM images of the 8-period β-(Al0.50Ga0.50)2O3/β-Ga2O3 

superlattice grown on (100) β-Ga2O3 substrate at (a) 20 nm, (b) 5 nm scales and associated EDS 

maps for (c) Ga and (d) Al. (e) The STEM-EDS line profiles for Al (blue), Ga (green) and O (red) 

along the direction indicated by the yellow arrow in (d). 
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Table 1 

 

 

 

Sample 
No. 

[TMAl]/[TMAl
+TEGa] 

(%) 

Al 
composition 

(%) 

Chamber  
pressure 
(Torr) 

Film 
Thickness 

(nm) 

Growth 
rate 

(nm/min) 
1 2.35 10 80 ~53 5.3 
2 3.82 17 80 ~85 8.5 
3 10.36 34 60 ~44 8.8 
4 18.08 47 50 ~38 9.5 
5 20.20 50 50 ~19 9.5 
6 22.21 52 50 ~20 13.3 
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Table 2 

 

 

Sample 
No. 

Al content (XRD) 
(%) 

Al content (XPS) 
(%) 

Bandgap (XPS) 
(eV) 

Bandgap [21,42] 
(eV) 

2 17 15 5.1 ± 0.07 5.09direct, 5.10indirect 
3 34 33 5.4 ± 0.06 5.44direct, 5.44indirect 
4 47 47 5.7 ± 0.08 5.77direct, 5.75indirect 
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Table 3 

 

Superlattice 
structure 

No. 

[TMAl]/[TMAl
+TEGa] 

(%) 

Number 
of 

periods 

β-(AlxGa1-x)2O3 
barrier 

thickness  
(nm) 

β-Ga2O3 
well 

thickness 
(nm) 

Targeted Al 
composition in 
barrier layer 

(%) 
1 3.82 8 15 10 17 
2 14.22 8 5 10 40 
3 20.20 8 5 10 50 
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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 

 

 

 

 

 

 


