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Abstract 

Epitaxial growth of κ-phase Ga2O3 thin films are investigated on c-plane sapphire, GaN- and AlN-

on-sapphire, and (100) oriented yttria stabilized zirconia (YSZ) substrates via metalorganic 

chemical vapor deposition (MOCVD). The structural and surface morphological properties are 

investigated by comprehensive material characterization. Phase pure κ-Ga2O3 films are 

successfully grown on GaN-, AlN-on sapphire, and YSZ substrates through a systematical tuning 

of the growth parameters including the precursor molar flow rates, chamber pressure and growth 

temperature, whereas the growth on c-sapphire substrates leads to a mixture of β- and κ- 

polymorphs of Ga2O3 under the investigated growth conditions. The influence of the crystalline 

structure, surface morphology and roughness of κ-Ga2O3 films grown on different substrates are 

investigated as a function of precursor flow rate. High resolution scanning transmission electron 

microscopy (HR-STEM) imaging of κ-Ga2O3 films reveals abrupt interfaces between the epitaxial 

film and the sapphire, GaN and YSZ substrates. The growth of single crystal orthorhombic κ-

Ga2O3 films is confirmed by analyzing the STEM nano-diffraction pattern. The chemical 

composition, surface stoichiometry, and the bandgap energies of κ-Ga2O3 thin films grown on 

different substrates are studied by high resolution x-ray photoelectron spectroscopy (XPS) 

measurements. The type-II (staggered) band alignments at three interfaces between κ-Ga2O3 and 
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c-sapphire, AlN, and YSZ substrates are determined by XPS, with the exception of κ-Ga2O3/GaN 

interface, which shows type I (straddling) band alignment. 

Keywords: Ultra-wide bandgap semiconductor, metastable polymorph, κ-Ga2O3 thin film, 

metalorganic chemical vapor deposition, band offsets 

I. Introduction 

Gallium oxide (Ga2O3) with its ultrawide bandgap of ~ 4.5-5.3 eV has recently emerged as a 

promising semiconductor material due its predicted high breakdown field strength (8 MV/cm), 

controllable n-type doping, availability of single crystal high quality native substrate and its 

capability for bandgap engineering by alloying with Al2O3 and In2O3 [1-33]. Among the five 

known polymorphs of Ga2O3 (α, β, γ, δ and κ-phases) [34], majority of the research have been 

focused on the epitaxial growth and development of high-performance electronic devices based on 

β-phase Ga2O3 due to its availability of high quality single crystal, large native substrates, excellent 

electrical properties, higher chemical and thermal stability. While heteroepitaxial growth of high-

quality β-Ga2O3 films on symmetric hetero-substrates is challenging due to its monoclinic structure, 

κ-phase Ga2O3 (also refers as ε-phase) with a bandgap energy similar to β-Ga2O3 [35, 36] 

potentially allows for the growth of high-quality films on commonly used hexagonal hetero-

substrates including GaN, AlN, SiC or sapphire. κ-Ga2O3 has an orthorhombic crystal structure 

with space group Pna21 [35, 36]. According to first-principles calculations, the κ-phase is the 

second most stable polymorph after β-phase Ga2O3 [36]. Furthermore, κ-Ga2O3 has strong 

spontaneous electrical polarization and ferroelectric characteristics [37, 38]. The spontaneous 

polarization of κ-Ga2O3 (0.31 Cm-2 along its c-direction) is predicted to be much higher than that 

of group III-nitride semiconductors such as GaN (-0.034 Cm-2) and AlN (-0.09 Cm-2) [39], 

indicating the opportunity to generate a high-density of two-dimensional electron gases (2DEGs) 
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without extrinsic doping. According to a recent theoretical study based on the density functional 

theory, the spontaneous polarization of κ-Ga2O3 can achieve a 2DEG density up to 1014 cm-2 at κ-

Ga2O3/m-AlN (m-GaN) heterointerfaces without additional doping, which is two orders of 

magnitude higher than the conventional AlGaN/GaN heterojunctions [39], potentially allowing the 

fabrication of κ-Ga2O3 based high-electron-mobility transistors (HEMTs) for high-power and 

high-frequency electronic applications. 

Several investigations on the growth of κ-Ga2O3 have been performed. High quality 

heteroepitaxial growth of binary κ-Ga2O3 has been demonstrated by using different growth 

techniques including halide vapor phase epitaxy (HVPE) [40, 41], atomic layer deposition (ALD) 

[42], metal organic chemical vapor deposition (MOCVD) [35, 42-46], mist CVD [47-48], 

molecular beam epitaxy (MBE) [49, 50], and pulsed laser deposition (PLD) [51] on different 

foreign substrates, such as (0001) AlN [40], (0001) GaN [40], (111) YSZ [48], (111) MgO [48], 

(0001) Al2O3 [42, 44, 46, 49], (001) and (111) 3C-SiC [42] and (001) 6H-SiC [43]. In addition, 

ternary alloys with Al [52, 53] or In [54] were also investigated using PLD [52] and mist-CVD 

[53, 54] growth methods. Si doped electrically conductive κ-Ga2O3 thin films have been recently 

reported by MOCVD [55]. Tin (Sn) and indium (In) were found to facilitate the growth of κ-Ga2O3 

films in PLD [51], MBE [49, 50] and mist-CVD [56] growth techniques. Coherent growth of 

orthorhombic Ga2O3/(AlxGa1-x)2O3 superlattice structures were demonstrated by Sn-assisted PLD 

growth technique [57]. 

Despite various investigations on κ-Ga2O3 growth, the exact crystal structure of κ-polymorph 

of Ga2O3 remains controversial. In 1952, the first to disclose this polymorph, Roy et al., were 

unable to determine the crystalline structure of ε/κ-Ga2O3 but inferred that its symmetry might be 

less than hexagonal or tetragonal [34]. Later in 2013, Playford et al. used neutron diffraction to 
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investigate it further and discovered that it has a hexagonal structure identical to 2H-GaN with 

space group P63mc [58]. According to recent experimental findings, κ-Ga2O3 possesses an 

orthorhombic crystal structure [49, 59, 60]. The hexagonal symmetry found in ε-phase has been 

explained by the twinning of three rotational domains of the orthorhombic κ-Ga2O3, revealing that 

the hexagonal P63mc structure as proposed by Playford et al. [58] consists of orthorhombic Ga2O3 

domains with Pna21 space group symmetry [49].  

The crystal structure of selected substrate was found to be one of the important factors 

determining the polymorphic composition and structure of the epi-film. Epitaxial growth of κ/ε-

Ga2O3 on hexagonal substrates such as AlN, GaN, and SiC, for example, resulted in the same 

hexagonal ε-Ga2O3 growth with P63mc structure [40, 42, 43]. Aside from the crystal structure of 

the substrates, the growth conditions such as growth temperature, chamber pressure, precursor 

flow rates, and the VI/III ratio can also have a significant influence on the phase stabilization of 

Ga2O3. For example, a faster growth rate in HVPE growth method was found to facilitate the 

formation of phase pure κ-Ga2O3 [40]. Low growth temperature, on the other hand, was required 

for the deposition of κ-Ga2O3 but not a sufficient growth condition [40]. Although several studies 

on the epitaxial development of κ-Ga2O3 thin films have been conducted, the systematical growth 

mapping of κ-Ga2O3 films grown by MOCVD on various substrates are still limited. Given the 

promise of κ-Ga2O3 in the development of high-electron-mobility transistors due to its potential in 

forming 2DEGs, extraction of the band offsets is critical for device design and quantitative study 

of carrier confinement at the interface. The band discontinuities at the heterointerfaces of κ-Ga2O3 

and foreign substrates are not reported yet.  

In this work, we investigated the influence of different substrates on the epitaxial stabilization 

of κ-Ga2O3 thin films by using a number of foreign substrates including sapphire, AlN, GaN, and 
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YSZ by MOCVD growth technique. The structural and morphological properties of κ-Ga2O3 are 

evaluated by comprehensive characterization via x-ray diffraction (XRD), high resolution x-ray 

photoelectron spectroscopy (XPS), atomic force microscopy (AFM), field emission scanning 

electron microscopy (FESEM) and high-resolution STEM and nanodiffraction. While previously 

the MOCVD growth of κ-Ga2O3 have been demonstrated on sapphire, SiC and GaN substrates [35, 

42-46], the systematic study on MOCVD growth mapping by varying growth parameters is limited. 

MOCVD growth of κ-Ga2O3 thin films on c-sapphire substrates have been demonstrated with 

transition layers containing different phases of Ga2O3 (α, β and γ-phases) [46], whereas our STEM 

imaging on c-sapphire substrates showed high quality epitaxial growth of κ-Ga2O3 films without 

any transition layer of different phases. Although PLD and mist-CVD grown κ-Ga2O3 thin films 

on (111) oriented YSZ substrates are demonstrated [48, 51], we investigated a new orientation of 

YSZ substrate for the epitaxial growth of κ-Ga2O3 film by MOCVD, which reveals phase pure κ-

Ga2O3 thin film growths. The structural and surface morphological properties and phase 

stabilization of κ-Ga2O3 films grown on all four substrates (c-plane sapphire, AlN, GaN, and YSZ) 

is studied by systematically varying growth conditions, such as the chamber pressure, temperature, 

VI/III ratio, growth rates and film thickness. The investigation of interfacial quality between κ-

Ga2O3 and different substrates by atomic resolution STEM images reveals strong influence of 

underlying substrates. The chemical composition, surface stoichiometry and the band offsets are 

also determined at κ-Ga2O3/GaN (AlN, YSZ and Al2O3) heterointerfaces by utilizing XPS.  

II. Experimental Section 

κ-Ga2O3 thin films were grown in Agnitron Agilis MOCVD reactor on c-plane (0001) 

GaN-on-sapphire, c-plane (0001) AlN-on-sapphire, (100) YSZ and c-plane sapphire [(0001) Al2O3] 

substrates. Triethylgallium (TEGa) and pure O2 gas were used as Ga and O precursors, 
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respectively. Argon (Ar) was used as carrier gas. The growth temperature and reactor pressure 

were varied between 510 - 650 °C and 4 - 60 torr, respectively. TEGa molar flow rates were varied 

from 19.12 to 52.57 µmol/min. O2 flow rate was kept at 500 sccm. The growth rate was in the 

range of 1.2-4.85 nm/min. The substrates were cleaned ex-situ with solvents before loaded into the 

growth chamber. 

XRD measurements by using a Bruker D8 Discover (Cu Kα radiation x-ray source, λ 

=1.5418 Å) were performed to evaluate the crystalline structure and quality of the films. XRD 

asymmetrical reciprocal space mapping was used to analyze the strain of the films grown on 

different substrates. Surface morphology and roughness were evaluated by using FESEM (FEI 

Helios 600) and AFM (Bruker AXS Dimension Icon), respectively. The film thicknesses were 

determined using cross-sectional FESEM and STEM High angle annular dark field (HAADF) 

images. The crystalline purity and the bandgap of κ-Ga2O3 thin films grown on different substrates 

were determined by performing XPS measurements (Kratos Axis Ultra X-ray photoelectron 

spectrometer with a monochromatized Al Kα x-ray source, Ephoton = 1486.6 eV). The band offsets 

at the heterointerfaces of κ-Ga2O3 and substrate were measured by utilizing XPS with an energy 

resolution of 0.1 eV. For high resolution scans, the electron pass energy was set to 20 eV, while 

for survey scans, it was set to 80 eV. The binding energy was calibrated using the C 1s core level 

at 284.8 eV. HAADF STEM images were obtained using a Thermo Fisher Scientific Titan 

scanning transmission electron microscope, operating at 300 kV. 

III. Results and Discussions 

The crystalline structure, quality, and orientation of the κ-Ga2O3 thin films grown on 

different substrates are analyzed by high resolution XRD. The films were grown with an optimized 
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growth temperature at 620 °C and a chamber pressure of 5 torr. Figures 1 (a)-(d) show the XRD 

ω-2θ scans of the κ-Ga2O3 films grown on (100) YSZ, (0001) AlN- and GaN-on-sapphire 

templates, and c-sapphire substrates, respectively. The (0006) α-Al2O3, (0002) GaN and AlN and 

(200) YSZ diffraction peaks are originated from the substrates. High intensity distinguishable 

diffraction peaks from (004) reflections of κ-Ga2O3 are observed for all the films grown on various 

substrates. Growth of phase pure κ-Ga2O3 films are obtained on GaN, AlN and YSZ substrates by 

optimizing the growth conditions (discussed in later sections), as indicated by the single and high 

intensity (004) κ-Ga2O3 diffraction peaks located at 2θ ≈ 38.8° (Figs. 1(a)-(c)). No additional peaks 

corresponding to other polymorphs of Ga2O3 are observed. However, on c-sapphire substrate, as 

shown in Fig. 1(d), (4� 02) β-phase Ga2O3 peak is observed along with (004) κ-Ga2O3 peak, 

revealing that the crystalline phase of Ga2O3 is strongly influenced by the underlying substrates. 

XRD rocking curve full width at half maximum (FWHMs) of 0.64°, 2.19°, 0.81° and 1.09° are 

obtained from (004) reflection of κ-Ga2O3 films grown c-sapphire, AlN- and GaN-on-sapphire and 

YSZ substrates, respectively, indicating a strong influence of substrates on the structural quality 

of epitaxial κ-Ga2O3 thin films. 

Asymmetric reciprocal space mapping (RSM) was performed to investigate the strain in 

~200 nm thick κ-Ga2O3 films grown on c-sapphire substrate and GaN-on-sapphire template. 

Figures 2(a) and (b) show the asymmetric RSMs of these two samples in the vicinity of (139) κ-

Ga2O3, (112�.12) sapphire and (101�5) GaN reflections. The (112�.12) and (101�5) reflections are 

originated from the sapphire and GaN substrates, respectively. While the vertical alignment of the 

substrate and epilayer peak positions at same Qx value indicates the epitaxial growth of 

pseudomorphically strained film, the maximum reflection intensity of (139) κ-Ga2O3 for both 

samples grown on c-sapphire substrate (Fig. 2(a)) and GaN-on-sapphire template (Fig. 2(b)) are 
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found to be shifted from the fully strained line located at the substrate peak positions (parallel to 

out-of-plane reciprocal space lattice constant, Qz). This characteristic corresponds to the fully 

relaxed epitaxial growth of ~200 nm thick κ-Ga2O3 films on both sapphire and GaN substrates 

owing to their large lattice mismatches with the substrates. 

The epitaxial relationship between the κ-Ga2O3 thin films and different substrates was 

further investigated by XRD φ-scanning. Figures 3(a)-(d) show the XRD φ-scan profiles of the 

asymmetric {139} plane of κ-Ga2O3 thin films and {101�2} Al2O3, {101�5} GaN, {101�5} AlN and 

{311} YSZ planes of the substrates, respectively. For the {101�2} reflex from sapphire substrate 

(2θ ≈ 25.6° and χ ≈ 57.61°), threefold symmetry is observed as evidenced by three diffraction 

peaks appearing every 120° (Fig. 3(a)). On the other hand, six-fold symmetry with a separation of 

60° is observed for both {101�5} reflections of hexagonal GaN (2θ ≈ 105.11° and χ ≈ 20.58°) and 

AlN (2θ ≈ 111.22° and χ ≈ 20.29°) substrates. Four peaks appearing every 90°, in case of {311} 

YSZ (2θ ≈ 59.63° and χ ≈ 25.23°) reveal four-fold symmetry of YSZ substrates owing to its cubic 

crystal structure. The φ-scan of {139} planes (2θ ≈ 107.76° and χ ≈ 22.30°) of the orthorhombic 

κ-Ga2O3 thin films in Figs 3(a-c) show six asymmetric distinguishable diffraction peaks separated 

by 60°, indicating a six-fold symmetry of {139} κ-Ga2O3 with three in-plane rotational domains 

rotated by an angle of 120°. Owing to the orthorhombic structure of κ-Ga2O3, these three rotational 

domains have also been observed in previous studies [40, 43, 47, 54]. Due to the difference 

between the crystal structure of the substrates and epi-films and large lattice mismatches, the 

orthorhombic arrangement of κ-Ga2O3 leads to the rotation of in-plane domains. The in-plane and 

out-of-plane epitaxial relationships, based on the position of the substrate peaks with respect to 

those of the thin films, could be determined as (001) κ-Ga2O3 [130] ∥ (0001) GaN [101�0] and 

(001) κ-Ga2O3 [130] ∥ (0001) AlN [101�0] for the films grown on GaN- and AlN-on-sapphire 
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templates, respectively, which agree well with previous studies [53, 54]. By comparing the 

interplanar spacings of {130} κ-Ga2O3 with {101� 0} AlN (GaN) planes, the in-plane lattice 

mismatches of -6.63% (-8.94%) are determined between κ-Ga2O3 and AlN. (GaN). Additionally, 

the epitaxial relationship between κ-Ga2O3 and c-plane sapphire could be determined as (001) κ-

Ga2O3 [130] ∥ (0001) Al2O3 [112�0], revealing relatively smaller in-plane lattice mismatch of 

+5.11% between κ-Ga2O3 and c-sapphire as compared to GaN and AlN [54]. While three in-plane 

rotational domains are observed in κ-Ga2O3 films grown on c-sapphire, GaN and AlN substrates, 

the twelve asymmetric diffraction peaks corresponding to the {139} plane of κ-Ga2O3 grown on 

cubic (100) YSZ substrates reveal the twelve-fold symmetry with higher rotational domains as 

compared to other substrates (Fig. 3(d)). Previous studies on growth of κ-Ga2O3 thin films were 

demonstrated on (111) oriented YSZ substrates by mist-CVD [48] and PLD [51]. Only six-fold 

symmetric spots corresponding to the {101�4} planes of κ-Ga2O3 and three-fold symmetric spots 

corresponding to the {200} planes of the YSZ substrate were observed in XRD pole figure in mist-

CVD grown κ-Ga2O3 films [48]. Similar to mist-CVD, the PLD grown κ-Ga2O3 films on (111) 

YSZ substrates showed three-fold symmetry for {200} planes of YSZ and six fold symmetry for 

{131} and {206} planes of κ-Ga2O3 from XRD φ-scan, whereas 12 peaks were observed for {122} 

and {212} lattice planes [51], confirming the orthorhombic structure of the crystal lattice. While 

previous reports demonstrated the growth of κ-Ga2O3 films on (111) oriented YSZ substrates, the 

investigation of the growth of κ-Ga2O3 film on (100) oriented YSZ substrates revealed 12 peaks 

corresponding to {139} planes of κ-Ga2O3, indicating 6 in-plane rotational domains due to the 

mismatch of rotational symmetry between the cubic YSZ substrate and orthorhombic κ-Ga2O3 

epilayer. Typically, the rotational domains are originated from the epitaxial growth of a crystalline 

material with a low degree of symmetry on a substrate with a high degree of symmetry, implying 
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that the substrates with the same orthorhombic crystal structure and smaller lattice mismatch can 

potentially prevent the formation of in-plane rotation domains of κ-Ga2O3 films [61]. 

The surface morphology and roughness of κ-Ga2O3 films are evaluated by FESEM and 

AFM imaging.  Figures 4 (a)-(d) show the surface FESEM images of ~ 200 nm thick κ-Ga2O3 

films grown on c-sapphire, GaN- and AlN-on-sapphire templates and YSZ substrates, respectively. 

The films were grown with TEGa flow rate of 220 sccm at 620 °C and 5 torr chamber pressure. 

Smooth and uniform surface morphologies are observed for the films grown on sapphire, GaN and 

YSZ substrates. Despite of possessing a relatively smaller lattice mismatch as compared to GaN 

[39], κ-Ga2O3 films grown on AlN-on-sapphire template show rougher surface morphologies as 

shown in Fig. 4(c), which might be due to higher RMS surface roughness of AlN-on-sapphire 

template as discussed in next paragraph and surface reconstruction by the strong oxidation of Al 

adatoms on growth surface or decomposition of AlN under oxygen atmosphere. Previously, it was 

found that AlN bulk substrates with smooth surface morphologies start to oxidize between 800-

900 °C [62], whereas the oxidation temperature can vary between 550 to 1100 °C for AlN powder 

[63]. However, in addition to the temperature, the oxidation of AlN might also depend on other 

factors, such as the duration of oxidation, O2 precursor flow rates, chamber pressure etc. In 

previous MBE growth study, the decomposition of AlN was also strongly dependent on growth 

conditions (vacuum, nitrogen gas and plasmas) [64]. While significant levels of III-N 

decomposition occur even under optimized MBE growth conditions [64], the AlN-on-sapphire 

template with rougher surface morphology as shown in AFM image of Figure 5(c) is found to 

oxidize at our investigated growth conditions such as growth temperature of 550-650 °C, chamber 

pressure of 4-15 torr and O2 flow of 500 sccm during the MOCVD growth of κ-Ga2O3 films under 
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O2 rich growth environment. The surface reconstruction by such oxidation of AlN may contribute 

to the roughening of interface quality as shown in HR-STEM imaging in later paragraphs. 

To further probe the surface roughness of the films grown on different substrates, AFM 

imaging with a scan area of 5x5 µm2 was performed on the κ-Ga2O3 films grown with TEGa flow 

rate of 80, 130 and 220 sccm as shown in Figures 5(a)-(p). All the films were grown for 40 mins 

of growth duration. With the increase of TEGa flow rates from 80 to 220 sccm (2.75x), the film 

thicknesses are found to increase from 48 to 194 nm (~ 4x). The nonlinear increase in the film 

thickness can be attributed to the pre-reaction of precursor in gas phase. The surface RMS 

roughness of κ-Ga2O3 films grown on different substrates are also compared with bare substrates 

as shown in Figures 5 (a)-(d). While c-sapphire, GaN-on-sapphire and YSZ bare substrates show 

lower RMS roughness, AlN-on-sapphire template shows rougher surface morphology. Among 

various substrates, κ-Ga2O3 grown on c-sapphire shows the lowest RMS roughness, ranging 

between 1.62 and 2.95 nm. While higher RMS roughness are observed for κ-Ga2O3 grown on AlN-

on-sapphire templates for all TEGa flow rates, the RMS values, in case of c-sapphire, GaN-on-

sapphire and YSZ substrates are found to increase with increasing TEGa flow rates, implying that 

the film growth rate and thickness strongly affect the surface morphology and roughness of κ-

Ga2O3 films. The formation of aggregates due to the gas phase reaction of the precursor, as they 

reached to the growth surface, may also contributes to the roughening of the surface morphologies. 

The influence of film thickness on the surface morphologies of κ-Ga2O3 films grown with the same 

growth rate of 4.85 nm/min (TEGa flow rate: 220 sccm) is further investigated by AFM imaging, 

as shown in Figures 6(a)-(l). Using the same TEGa flow rate, three different κ-Ga2O3 films were 

grown with 20, 50 and 194 nm thickness on sapphire, GaN, AlN and YSZ substrates. With the 

increase of film thicknesses from 20 nm to 194 nm, the surface RMS roughness of κ-Ga2O3 films 
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increases, indicating a strong influence of film thickness on the surface roughness of the epi-layer 

grown with similar growth rate. 

The influence of different growth conditions such as the growth temperature and chamber 

pressure on the crystalline structure and quality of κ-Ga2O3 films grown on various substrates were 

further investigated. Figures 7(a)-(b) show the XRD ω-2θ scans of κ-Ga2O3 films grown on c-

sapphire substrates at the growth temperature of 650 °C with different growth chamber pressures 

of 20 and 7 torr. The film grown at 20 torr chamber pressure leads to the growth of phase pure β-

Ga2O3 thin films on c-sapphire (Fig. 7(a)), while reducing the pressure from 20 to 7 torr promotes 

the growth of both β- and κ- polymorphs of Ga2O3 as evidenced by the co-existence of (2�01) β-

Ga2O3 and (001) κ-Ga2O3 as shown in Fig. 7(b). In addition, the chamber pressure was also varied 

from 20 to 60 torr to understand the influence of chamber pressure on the phase stability of Ga2O3 

films grown on different foreign substrates including c-plane sapphire substrates, GaN- and AlN-

on-sapphire and YSZ, as shown in Figure S1 of the supplementary material. The films were grown 

at the growth temperature of 635 °C using TEGa flow of 220 sccm. While lower pressure (20 torr) 

promotes the mixture of κ and β phases of Ga2O3 films, increasing the pressure from 20 to 60 torr 

leads to the phase pure β-Ga2O3 films growths on all foreign substrates as shown in XRD ω-2θ 

scan spectra in Figure S1. Recent growth study on κ-Ga2O3 films on c-sapphire substrates have 

discussed the influence of growth rates on phase stabilization of κ-Ga2O3 [46], which revealed that 

the higher growth rates lead to phase pure κ-Ga2O3 film growths on c-sapphire substrates. 

Similarly, the nucleation and growth of κ- and β-polymorphs of Ga2O3 grown via MOCVD are 

also investigated on c-plane sapphire at temperatures ranging between 610 and 650 °C for different 

TMG and H2O flows using a horizontal reactor [65], resulting in a thickness (growth rate) variation 

due to the concentration gradient in the gas phase from the inlet toward the outlet. This study also 
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indicated that the lower growth rates (i.e., lowering the supersaturation) facilitates the formation 

of β-Ga2O3 for both growth temperatures. The transformation from κ- to β-Ga2O3 occurred through 

a mixed-phase material for 650 °C, while an abrupt phase transition was observed at relatively 

lower temperature of 610 °C. For a given substrate temperature, the supersaturation creates 

severely non-equilibrium conditions at the inlet, whereas on the other side, the thermodynamic 

conditions are more favorable for nucleating the stable β-Ga2O3 as opposed to the metastable one. 

As long as the growth temperature is low, the lower activation barrier favors the nucleation of the 

metastable κ-Ga2O3. Similarly, in our study using far injection showerhead vertical reactor, we 

observed that lower pressure helps phase stabilization of κ-Ga2O3 thin films, which can be 

attributed to the higher growth rates of Ga2O3 films grown at lower chamber pressure condition. 

The growth rates increase as the gas phase reaction of precursors is suppressed at lower chamber 

pressure [3, 20], which promotes the phase stabilization of κ-Ga2O3. Although a lower growth 

pressure tends to facilitate the epitaxial growth of κ-Ga2O3, phase pure κ-Ga2O3 could not be 

achieved on c-sapphire substrates even with further tuning of the growth pressure from 3-20 torr 

(not shown) and growth temperature from 510-650 °C, owing to its large lattice mismatch with 

substrate, indicating a narrow MOCVD growth window for κ-Ga2O3 on c-sapphire. The increase 

of the growth rates by further decreasing of the chamber pressure and/or increasing the Ga 

precursor flow rates might possibly stabilize κ-Ga2O3 on c-plane sapphire substrates. However, 

several other factors, such as the growth methods and conditions, selection of precursors, gas phase 

compositions and chemistry might also contribute to the phase stabilization of κ-Ga2O3 on c-

sapphire substrates [66].  

While the growth chamber pressure is found to be a key parameter influencing the 

crystalline structure of Ga2O3, the effect of growth temperature on the growth of κ-Ga2O3 films are 
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also investigated for different substrates as shown in the XRD ω-2θ scans in Figures 8 (a)-(d). All 

the films were grown at a fixed reactor pressure of 5 torr, while the growth temperature was varied 

from 510 to 620 °C. For the Ga2O3 films grown on c-sapphire (Fig. 8(a)), the peak corresponding 

to (004) κ-Ga2O3 tends to dominate over (4�02) β-Ga2O3 peaks as the temperature increases from 

510 to 620 °C, indicating that the optimal growth temperature for the MOCVD growth of κ-Ga2O3 

is very narrow as further increasing the temperature induces β-phase Ga2O3 growth on c-sapphire. 

At relatively low temperature of 510 °C, no diffraction peaks corresponding to κ-Ga2O3 is found 

on AlN-on-sapphire and YSZ substrates and very low intensity peak of (004) κ-Ga2O3 along with 

a (4�02) β-Ga2O3 peak is observed for the growth on GaN-on-sapphire substrate (Fig. 8(b)-(d)). 

Nevertheless, phase pure κ-Ga2O3 thin films could be grown on (0001) GaN- and AlN-on-sapphire 

and (100) YSZ substrates at relatively higher growth temperatures of 550 and 620 °C, respectively, 

implying a relatively wider growth window in terms of growth temperature for κ-Ga2O3 on top of 

these substrates. 

To understand the structural characteristics and growth mechanism of κ-Ga2O3 thin films, 

STEM and nanobeam electron diffraction analysis was performed, as shown in Fig. 9 (κ-Ga2O3 on 

sapphire), Fig. 10 (κ-Ga2O3 on GaN), Fig.11 (κ-Ga2O3 on AlN), and Fig.12 (κ-Ga2O3 on YSZ). As 

shown in Fig. 9a and Fig. 9b, the cross-sectional STEM HAADF and low-angle ADF (LAADF) 

images reveal columnar contrast, indicating a columnar growth of κ-Ga2O3 thin films grown on c-

plane sapphire substrate. By comparing the experimental diffraction patterns to the simulated 

diffraction patterns (shown in inset), we identify the orthorhombic phase of κ-Ga2O3 with zone 

orientations of [100] and [110] for regions (i) and (ii) in Fig. 9a, respectively, and [010] α-Al2O3 

(Fig. 9b) for the substrate (region (iii). Fig. 9c shows a magnified view of interface between κ-

Ga2O3 layer and sapphire substrate. The contrast of the atomic columns in the κ-Ga2O3 film 
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demonstrates the crystallographic relationship [49] where the 3 orthorhombic in-plane rotational 

domains (100), (1�10) and (11�0) are superimposed along the a-axis projection. Furthermore, a 

resolved atomic column near the surface reveals a phase pure [100] κ-Ga2O3 (Figure 9d). 

The structural quality of κ-Ga2O3 layers on (0001) GaN (Fig. 10), (0001) AlN (Fig. 11), 

and (100) YSZ (Fig. 12) substrates was examined using cross-sectional STEM HAADF and 

LAADF imaging. The electron diffraction results reveal the localized region with the zone 

orientation of [100] κ-Ga2O3 || [210] GaN (Fig. 10b), [310] κ-Ga2O3 || [100] AlN (Fig. 11b), and 

[010] κ-Ga2O3 || [01�2] YSZ (Fig. 12b), respectively. In addition, the κ-Ga2O3 layer with rotational 

crystal domains are identified at the interface region (Fig. 10c, Fig. 11c, and Fig.12c). A high-

resolution STEM HAADF image in a selected area also indicates a pure phase of [010] 

orthorhombic structure, confirming the epitaxial growth of (0001) κ-Ga2O3 on (100) YSZ substrate 

(Fig 12d). Despite of having rotational domains in κ-Ga2O3 layer, sharp and abrupt interfaces are 

observed between κ-Ga2O3 films and sapphire, GaN and YSZ substrates (Fig. 9c, Fig. 10c, and 

Fig. 12c). However, as a result of strong oxidation of Al adatoms on growth surface and 

decomposition of AlN under oxygen atmosphere, the interfacial sharpness between κ-Ga2O3 and 

AlN degrades (Figs. 11 (a, b)), resulting in a rougher surface morphology with higher RMS 

roughness values as compared to other substrates as shown in Fig. 4(c) and Figs. 5 (g, k, o). 

Using high resolution XPS, the chemical compositions, purity, surface stoichiometry, band 

gaps, as well as the band offsets at the interface of κ-Ga2O3 and various substrates are investigated. 

Figure 13(a) shows the XPS survey spectra of κ-Ga2O3 films grown on c-sapphire, GaN- and AlN-

on-sapphire and YSZ substrates, which indicates the growth of highly pure κ-Ga2O3 films as 

evidenced by the absence of any metallic contaminants in the spectra. Furthermore, the surface 

stoichiometry of κ-Ga2O3 films was also evaluated by determining the O/Ga ratio using O 1s and 
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Ga 3s core level data. The Ga 3s and O 1s peaks are fitted with Gaussian-Lorentzian function after 

applying Shirley type background subtraction. The Ga 3s core level spectra is fitted with a single 

peak as shown exemplarily in Figure 13(b) for a representative κ-Ga2O3 thin films grown on YSZ 

substrate. The O 1s peak of the film is fitted with two components, O-Ga bond at 530.7 eV and O-

H bond at 531.9 eV, as shown in Figure 13(c). The O/Ga ratio, determined by comparing the areas 

of Ga 3s and O 1s core levels after applying their corresponding sensitivity factors (SGa 3s = 1.13, 

SO 1s = 2.93), are found to be 1.51, 1.51, 1.47 and 1.49 for κ-Ga2O3 films grown on c-sapphire, 

GaN- and AlN-on-sapphire and YSZ substrates respectively, as listed in Table S1 of the 

Supplementary Material, indicating that the surface stoichiometry of the films are well maintained 

for all κ-Ga2O3 films grown on different substrates. 

The bandgap energies of κ-Ga2O3 films are also estimated by utilizing XPS. By measuring 

the onset of inelastic loss spectrum on the higher binding energy side of a high intensity peak, the 

bandgaps of wide bandgap semiconductor materials can be derived [24, 67-70]. The excitation 

from the valance band to the conduction band is considered to be the lowest energetically inelastic 

scattering that an electron encounters on its way to the surface. Therefore, the fundamental lower 

limit of inelastic scattering corresponds to the bandgap of a material [67]. In this study, the strong 

intensity Ga 2p3/2 core level spectra is considered for determining the bandgap energies of κ-Ga2O3 

films grown on c-sapphire, GaN- and AlN-on-sapphire and YSZ substrates, as shown in Figures 

14(a)-(d). The zoomed image of the background region of the core level is shown in the inset of 

each figure. The intersection of the linear extrapolation of the loss spectra to the constant 

background was used to determine the onset of inelastic loss curve. By using the difference 

between the peak position of Ga 2p3/2 core level spectra and the onset of inelastic loss spectra, the 

bandgap energies of κ-Ga2O3 films grown on c-sapphire, GaN- and AlN-on-sapphire and YSZ 
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substrates are determined to be 5.06 ± 0.25 eV, 5.10 ± 0.20 eV, 5.06 ± 0.20 eV, and 5.08 ± 0.25 

eV, respectively, which show a good agreement with the bandgap energies estimated 

experimentally by optical transmission measurements [40, 48, 52-54]. Further verification of the 

bandgap values was also carried out using O 1s core-level peak as shown in Figures S2 (a)-(d) of 

the Supplementary Material, which showed consistent Eg values with those obtained from Ga 2p3/2 

core levels. 

The band offset at the heterointerfaces between the film and substrate is considered as an 

important material property for designing and fabricating heterojunction-based devices. In 

addition to the estimation of bandgap energies of κ-Ga2O3, we have also determined the band 

alignments at the interface of κ-Ga2O3 and various substrates by using XPS. XPS measurements 

were performed on three types of samples: (a) ~50 nm thick κ-Ga2O3 films grown on different 

substrates and (b) bare c-sapphire, GaN- and AlN-on-sapphire templates and YSZ substrates to 

capture the electronic states from the bulk material and substrates, respectively, and (c) very thin 

(~2 nm) κ-Ga2O3 layer grown on top of each substrate to capture the electronic states from the 

heterointerfaces. The schematic structures of the samples are shown in Figures S3 (a)-(c) of the 

Supplementary Material. The valence (ΔEv) band offsets are determined using the Kraut's method 

as follows [68]: 

ΔEv = (ECLGaO
GaO - EVBMGaO ) - (ECLsubstrate

substrate  - EVBMsubstrate) - (ECLInterface
GaO - ECLInterface

substrate )       (1) 

The conduction band offsets (ΔEc) are calculated using the valance band offsets and 

bandgap information of κ-Ga2O3 films and substrates as follows. 

ΔEc = Egsubstrate- EgGaO - ΔEv     (2) 
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where, ECLGaO
GaO and  ECLsubstrate

substrate  are the binding energies of core levels in bulk materials and 

substrates, respectively. ECLInterface
GaO  and  ECLInterface

substrate  represent the binding energies of the core 

levels for the κ-Ga2O3 and corresponding substrates determined from the heterostructure between 

κ-Ga2O3/substrates. EVBMGaO  and EVBMsubstrate are the positions of valance band maxima (VBM) from 

κ-Ga2O3 bulk materials and substrates, respectively. Egsubstrate  and EgGaO  represent the bandgap 

energies of the substrates and κ-Ga2O3 films, respectively. The binding energies of Ga 3d and Ga 

3s core levels of κ-Ga2O3 films grown on all substrates, Al 2p for c-sapphire and AlN-on-sapphire 

substrates, N 1s for GaN-on-sapphire and Zr 3d for YSZ substrates are considered for valance band 

offset determination. After applying the Shirley background subtraction, the core level positions 

are determined by fitting with Voigt (mixed Lorentzian-Gaussian) line shapes. The linear 

extrapolation of the leading edge of the valance band (VB) spectra to the background is used to 

determine the VBM position. The fitted Ga 3d and Ga 3s core levels and the VB spectra of κ-

Ga2O3 films grown on GaN-on-sapphire template (Figure 15(a)-(c)), Al 2p core levels for AlN-on-

sapphire template (Figure 15(d)) and sapphire substrates (Figure 15(e)), N 1s core level from GaN-

on-sapphire template (Figure 15(f)), and Zr 3d core level from YSZ substrates (Figure 15(g)) are 

shown exemplarily in Figure 15. Ga 3d peak is fitted with three components (Figure 15(a)): O 2s 

peak at 23.27 eV, Ga-O bond at 20.13 eV and Ga-OH bond at 18.75 eV. Al 2p from AlN/sapphire 

template are comprised of two sub-peaks (Figure 15(d)): Al-O at 74.54 eV and Al-N bond at lower 

binding energy of 73.72 eV. The N 1s spectra from GaN/sapphire template can be split into four 

components (Figure 15(f)): the main peak at 397.5 eV corresponds to Ga-N bond, and the other 

three peaks at the binding energies of 395.78, 395.23, 392.20 eV are due to the Auger line from 

Ga [71-74]. The Ga 3s spectra of κ-Ga2O3 film grown on GaN-on-sapphire template and Al 2p 

spectra of c-sapphire substrate are fitted with a single peak as shown in Fig. 15 (b) and (e). The Zr 
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3d spectra from YSZ substrate is decomposed into two sub peaks (Figure 15(g)): Zr 3d3/2 peak at 

184.73 eV and Zr 3d5/2 at 182.33 eV. Using equation (1), the valance band offsets (ΔEv) of -0.39, 

-0.44, -0.28 and -0.32 eV are determined at κ-Ga2O3/c-sapphire (/GaN, /AlN and /YSZ) 

heterointerfaces, respectively. The surface roughness can influence the band offset results as XPS 

is a surface sensitive technique. We observed smooth surface morphologies with low RMS 

roughness for the κ-Ga2O3 films grown on c-sapphire, GaN and YSZ substrates as shown in Figs. 

4 and 5. However, the rougher surface morphology of κ-Ga2O3 film grown on AlN-on-sapphire 

templates may result in uncertainty in the band offset measurement.  Note that, the relatively rough 

interface between κ-Ga2O3 and AlN, as shown in the high-resolution STEM images in Figure 11, 

due to the rougher surface morphology of AlN-on-sapphire template (as shown in Fig. 5(c)), strong 

oxidation of Al adatoms on growth surface and decomposition of AlN under oxygen atmosphere 

might result in deviation in the valance band offset value extracted from the κ-Ga2O3/AlN 

heterostructures. However, the extracted band offset value from the heterointerface does represent 

the typical material grown by MOCVD. The list of the bandgap energies of κ-Ga2O3 and native 

substrates, difference between the positions of different core-level binding energies, and the 

valance and conduction band offsets are summarized in Table S2 (a)-(d) of Supplementary 

Material for the heterointerfaces of κ-Ga2O3/GaN, κ-Ga2O3/AlN, κ-Ga2O3/YSZ and κ-Ga2O3/c-

sapphire. The valance band offsets calculated by using different core levels such as the Ga 3s or 

Ga 3d (for GaN, AlN and Al2O3 substrates) and Zr 3d3/2 or Zr 3d5/2 (for YSZ substrate) match 

closely with each other for all κ-Ga2O3/substrates interfaces. 

 Finally, the band alignment of κ-Ga2O3/c-sapphire (/GaN, /AlN and /YSZ) heterointerfaces 

are shown in Figures 16(a)-(d). The bandgaps of c-sapphire, AlN and YSZ substrates are 

determined to be 8.59, 6.18 and 5.83 eV by using the onset of inelastic loss spectra of O 1s (c-
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sapphire and YSZ), and Al 2s (AlN) core levels as shown in Figures S4 (a)-(c) of the 

Supplementary Material. The bandgap energies estimated for different substrates are found to be 

well consistent with existing literatures [71-74]. Using equation (2), the conduction band offsets 

of 3.92, -1.26, 1.40 and 1.07 eV are calculated at κ-Ga2O3/c-sapphire (/GaN, /AlN and /YSZ) 

interfaces by using the information of ΔEv and bandgap energies of bulk material and substrates. 

The summary of the valance and conduction band offsets between the interfaces of κ-Ga2O3 and 

different native substrates are listed in Table 1. The energy band diagram as shown in Figure 16 

shows a type-I (straddling) band discontinuity at the interface of κ-Ga2O3 and GaN (Fig. 16(b)), 

whereas type-II (staggered) band alignments are observed at κ-Ga2O3/c-sapphire (/AlN and /YSZ) 

heterointerfaces (Figs. 16 (a,c,d)). The type II band alignment in the heterointerfaces is 

advantageous in unipolar electronic devices as it allows larger band offsets on one side (either 

conduction or valence band) leading to a strong carrier confinement at the interfaces. Similar to κ-

Ga2O3/AlN (or GaN) interfaces, type-II and type-I band alignments were also reported previously 

at β-Ga2O3/AlN [75] and β-Ga2O3/GaN [76] interfaces, respectively, indicating that both β and κ-

polymorphs of Ga2O3, despite of having different crystal structures, exhibit similar type of band 

discontinuities with underlying substrates. The conduction band offsets at the interfaces of κ-

Ga2O3 and all investigated substrates are found to be relatively higher than the valance band offsets, 

indicating great opportunities for excellent electron confinement at the heterointerfaces consisting 

of κ-Ga2O3 and substrates. While a sharp interface would enable better carrier confinement with 

enhanced 2DEG mobility as a result of the abrupt conduction band offset, the scattering due to 

structural imperfections of the materials including defects, alloy disorder and interface roughness 

could significantly affect the 2DEG density and mobility. Previously, high 2DEG mobility was 

achieved in AlGaN/GaN heterostructure with sharp interfaces [77]. In this work, while the sharp 
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interfaces between κ-Ga2O3 films and c-sapphire, GaN and YSZ substrates show promises for the 

development of high electron mobility transistors, AlN substrates with smooth surface 

morphologies are needed to improve the interface quality between κ-Ga2O3 and AlN to fully utilize 

its higher conduction band offsets for better carrier confinement. 

IV. Conclusion 

In summary, the growth of κ-Ga2O3 films is successfully demonstrated by MOCVD on 

different substrates. The physical, structural, and surface morphological properties, chemical 

homogeneity as well as the interfacial abruptness are investigated as a function of various 

substrates. Phase pure κ-Ga2O3 films are grown on YSZ, GaN- and AlN-on-sapphire substrates, 

although rotational domains are observed in all films owing to the mismatch of rotational 

symmetry between the substrate and the epilayer. Ga2O3 films grown on sapphire substrates are 

found to be composed of both β- and κ- polymorphs. Lower pressure facilitates the growth of phase 

pure κ-Ga2O3 films, whereas the optimal growth temperature is found to be 620-650 °C. Relatively 

rougher surface morphology is observed for κ-Ga2O3 films grown on AlN-on-sapphire substrates 

which can be due to the strong oxidation of Al on growth surface. Epitaxial growth of fully relaxed 

κ-Ga2O3 layers on sapphire and GaN substrates are observed by RSM mapping. The band gap 

energy of κ-Ga2O3 is determined to be ~5.08 eV. A type-I band alignment at κ-Ga2O3/GaN 

interface and type-II band alignment at the κ-Ga2O3/AlN (sapphire and YSZ) interfaces are 

revealed by the band offset measurements at κ-Ga2O3/substrates heterointerfaces. While the 

valance band offsets vary from 0.28 to 0.44 eV, the conduction band offsets for different κ-

Ga2O3/substates are found to be relatively large, ranging from 1.07 to 3.92 eV, indicating a great 

promise for excellent electron confinement at the interface. The results from this study on the 

growth of κ-Ga2O3 thin films and the band offset determined at the heterointerfaces between κ-
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Ga2O3 and substates will provide guidance for future growths, design, and fabrication of κ-Ga2O3 

based power electronic and optoelectronic devices. 
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The XRD ω-2θ scan spectra of κ-Ga2O3 films grown with 20 and 60 torr chamber pressure, 

summary of the O/Ga ratio calculated by using O 1s and Ga 3s core level XPS spectra, bandgaps 

of κ-Ga2O3 films grown on c-sapphire, AlN, GaN and YSZ substrates estimated from O 1s core 

level spectra, schematic of the samples grown for band offset measurements and the summary of 

the band offsets for κ-Ga2O3/c-sapphire (/AlN, /GaN and /YSZ) interfaces and the band gaps of c-

sapphire, AlN, and YSZ substrates calculated from the onset of inelastic loss spectra of O 1s (c-

sapphire and YSZ) and Al 2s (AlN) core levels. 

Conflict of Interest Statement 

On behalf of all authors, the corresponding author states that there is no conflict of interest. 

Acknowledgements 

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) and Semiconductor Research Corporation (SRC) 

under the Task ID GRC 3007.001 for partial support. Electron microscopy was performed at the 

Center for Electron Microscopy and Analysis (CEMAS) at The Ohio State University. 

  



23 
 

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,  (AIP Publishing LLC, 2018), Vol. 112, pp. 060401. 

2. A. Kuramata, K. Koshi, S. Watanabe, Y. Yamaoka, T. Masui and S. Yamakoshi, 

Japanese Journal of Applied Physics 55 (12), 1202A2 (2016). 

3. Z. Feng, A. F. M. Anhar Uddin Bhuiyan, M. R. Karim and H. Zhao, Applied Physics 

Letters 114 (25), 250601 (2019). 

4. 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, physica status solidi (RRL) – 

Rapid Research Letters 14 (8), 2000145 (2020). 

5. H. Ghadi, J. F. McGlone, C. M. Jackson, E. Farzana, Z. Feng, A. F. M. A. U. Bhuiyan, H. 

Zhao, A. R. Arehart and S. A. Ringel, APL Materials 8 (2), 021111 (2020). 

6. A. Bhattacharyya, P. Ranga, S. Roy, J. Ogle, L. Whittaker-Brooks and S. 

Krishnamoorthy, Applied Physics Letters 117 (14), 142102 (2020). 

7. H. Ghadi, J. F. McGlone, Z. Feng, A. F. M. A. U. Bhuiyan, H. Zhao, A. R. Arehart and S. 

A. Ringel, Applied Physics Letters 117 (17), 172106 (2020). 

8. Z. Xia, H. Xue, C. Joishi, J. Mcglone, N. K. Kalarickal, S. H. Sohel, M. Brenner, A. 

Arehart, S. Ringel and S. Lodha, IEEE Electron Device Letters 40 (7), 1052 (2019). 

9. Z. Hu, K. Nomoto, W. Li, N. Tanen, K. Sasaki, A. Kuramata, T. Nakamura, D. Jena and 

H. G. Xing, IEEE Electron Device Letters 39 (6), 869 (2018). 

10. M. Higashiwaki, K. Sasaki, A. Kuramata, T. Masui and S. Yamakoshi, Applied Physics 

Letters 100 (1), 013504 (2012). 

11. A. J. Green, K. D. Chabak, E. R. Heller, R. C. Fitch, M. Baldini, A. Fiedler, K. Irmscher, 

G. Wagner, Z. Galazka and S. E. Tetlak, IEEE Electron Device Letters 37 (7), 902 (2016). 



24 
 

12. Z. Feng, A. F. M. A. U. Bhuiyan, N. K. Kalarickal, S. Rajan and H. Zhao, Applied 

Physics Letters 117 (22), 222106 (2020). 

13. N. K. Kalarickal, A. Fiedler, S. Dhara, H.-L. Huang, A. A. U. Bhuiyan, M. W. Rahman, 

T. Kim, Z. Xia, Z. J. Eddine and A. Dheenan, Applied Physics Letters 119 (12), 123503 (2021). 

14. Y. Zheng, Z. Feng, A. A. U. Bhuiyan, L. Meng, S. Dhole, Q. Jia, H. Zhao and J.-H. Seo, 

Journal of Materials Chemistry C 9 (19), 6180 (2021). 

15. 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 Materials 8 (3), 031104 (2020). 

16. A. F. M. Anhar Uddin Bhuiyan, Z. Feng, J. M. Johnson, Z. Chen, H.-L. Huang, J. Hwang 

and H. Zhao, Applied Physics Letters 115 (12), 120602 (2019). 

17. A. F. M. Anhar Uddin Bhuiyan, Z. Feng, J. M. Johnson, H.-L. Huang, J. Hwang and H. 

Zhao, Crystal Growth & Design 20 (10), 6722 (2020). 

18. A. F. M. A. U. Bhuiyan, Z. Feng, J. M. Johnson, H.-L. Huang, J. Hwang and H. Zhao, 

Applied Physics Letters 117 (25), 252105 (2020). 

19. A. F. M. A. U. Bhuiyan, Z. Feng, J. M. Johnson, H.-L. Huang, J. Hwang and H. Zhao, 

Applied Physics Letters 117 (14), 142107 (2020). 

20. A. F. M. A. U. Bhuiyan, Z. Feng, L. Meng and H. Zhao, Journal of Materials Research 36 

(23), 4804 (2021). 

21. J. M. Johnson, H.-L. Huang, M. Wang, S. Mu, J. B. Varley, A. F. M. A. Uddin Bhuiyan, 

Z. Feng, N. K. Kalarickal, S. Rajan, H. Zhao, C. G. Van de Walle and J. Hwang, APL Materials 

9 (5), 051103 (2021). 

22. 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 Materials 8 (8), 089102 (2020). 

23. J. Sarker, A. A. U. Bhuiyan, Z. Feng, H. Zhao and B. Mazumder, Journal of Physics D: 

Applied Physics 54 (18), 184001 (2021). 

24. A. F. M. A. U. Bhuiyan, Z. Feng, H.-L. Huang, L. Meng, J. Hwang and H. Zhao, Journal 

of Vacuum Science & Technology A 39 (6), 063207 (2021). 

25. J. Sarker, S. Broderick, A. F. M. A. U. Bhuiyan, Z. Feng, H. Zhao and B. Mazumder, 

Applied Physics Letters 116 (15), 152101 (2020). 

26. S. Krishnamoorthy, Z. Xia, C. Joishi, Y. Zhang, J. McGlone, J. Johnson, M. Brenner, A. 

R. Arehart, J. Hwang, S. Lodha and S. Rajan, Applied Physics Letters 111 (2), 023502 (2017). 



25 
 

27. 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, Applied Physics 

Letters 112 (17), 173502 (2018). 

28. N. K. Kalarickal, Z. Feng, A. A. U. Bhuiyan, Z. Xia, W. Moore, J. F. McGlone, A. R. 

Arehart, S. A. Ringel, H. Zhao and S. Rajan, IEEE Transactions on Electron Devices 68 (1), 29 

(2020). 

29. A. F. M. A. U. Bhuiyan, Z. Feng, L. Meng, A. Fiedler, H.-L. Huang, A. T. Neal, E. 

Steinbrunner, S. Mou, J. Hwang, S. Rajan and H. Zhao, Journal of Applied Physics 131 (14), 

145301 (2022). 

30. S. Saha, L. Meng, Z. Feng, A. F. M. Anhar Uddin Bhuiyan, H. Zhao and U. Singisetti, 

Applied Physics Letters 120 (12), 122106 (2022). 

31. S. Fujita and K. Kaneko, Journal of crystal growth 401, 588 (2014). 

32. M. Kneiß, A. Hassa, D. Splith, C. Sturm, H. v. Wenckstern, M. Lorenz and M. 

Grundmann, APL Materials 7 (10), 101102 (2019). 

33. M. Lingyu, Z. Feng, A. F. M. A. U. Bhuiyan, J. Hwang and H. Zhao, In Review (2022). 

34. R. Roy, V. Hill and E. Osborn, Journal of the American Chemical Society 74 (3), 719 

(1952). 

35. I. Cora, F. Mezzadri, F. Boschi, M. Bosi, M. Čaplovičová, G. Calestani, I. Dódony, B. 

Pécz and R. Fornari, CrystEngComm 19 (11), 1509 (2017). 

36. S. Yoshioka, H. Hayashi, A. Kuwabara, F. Oba, K. Matsunaga and I. Tanaka, Journal of 

Physics: Condensed Matter 19 (34), 346211 (2007). 

37. M. B. Maccioni and V. Fiorentini, Applied physics express 9 (4), 041102 (2016). 

38. J. Kim, D. Tahara, Y. Miura and B. G. Kim, Applied Physics Express 11 (6), 061101 

(2018). 

39. J. Wang, H. Guo, C.-Z. Zhu, Q. Cai, G.-F. Yang, J.-J. Xue, D.-J. Chen, Y. Tong, B. Liu, 

H. Lu, R. Zhang and Y.-D. Zheng, IEEE Electron Device Letters, 1 (2020). 

40. Y. Oshima, E. G. Víllora, Y. Matsushita, S. Yamamoto and K. Shimamura, Journal of 

Applied Physics 118 (8), 085301 (2015). 

41. Y. Yao, S. Okur, L. A. M. Lyle, G. S. Tompa, T. Salagaj, N. Sbrockey, R. F. Davis and 

L. M. Porter, Materials Research Letters 6 (5), 268 (2018). 



26 
 

42. F. Boschi, M. Bosi, T. Berzina, E. Buffagni, C. Ferrari and R. Fornari, Journal of Crystal 

Growth 443, 25 (2016). 

43. X. Xia, Y. Chen, Q. Feng, H. Liang, P. Tao, M. Xu and G. Du, Applied Physics Letters 

108 (20), 202103 (2016). 

44. F. Mezzadri, G. Calestani, F. Boschi, D. Delmonte, M. Bosi and R. Fornari, Inorg Chem 

55 (22), 12079 (2016). 

45. R. Fornari, M. Pavesi, V. Montedoro, D. Klimm, F. Mezzadri, I. Cora, B. Pécz, F. 

Boschi, A. Parisini and A. Baraldi, Acta Materialia 140, 411 (2017). 

46. K. Jiang, J. Tang, M. J. Cabral, A. Park, L. Gu, R. F. Davis and L. M. Porter, Journal of 

Applied Physics 131 (5), 055305 (2022). 

47. D. Tahara, H. Nishinaka, S. Morimoto and M. Yoshimoto, Japanese Journal of Applied 

Physics 56 (7), 078004 (2017). 

48. H. Nishinaka, D. Tahara and M. Yoshimoto, Japanese Journal of Applied Physics 55 

(12), 1202BC (2016). 

49. M. Kracht, A. Karg, J. Schörmann, M. Weinhold, D. Zink, F. Michel, M. Rohnke, M. 

Schowalter, B. Gerken, A. Rosenauer, P. J. Klar, J. Janek and M. Eickhoff, Physical Review 

Applied 8 (5) (2017). 

50. P. Vogt, O. Brandt, H. Riechert, J. Lähnemann and O. Bierwagen, Physical review letters 

119 (19), 196001 (2017). 

51. M. Kneiß, A. Hassa, D. Splith, C. Sturm, H. von Wenckstern, T. Schultz, N. Koch, M. 

Lorenz and M. Grundmann, APL Materials 7 (2), 022516 (2019). 

52. A. Hassa, C. Sturm, M. Kneiß, D. Splith, H. von Wenckstern, T. Schultz, N. Koch, M. 

Lorenz and M. Grundmann, APL Materials 8 (2), 021103 (2020). 

53. D. Tahara, H. Nishinaka, S. Morimoto and M. Yoshimoto, Applied Physics Letters 112 

(15), 152102 (2018). 

54. H. Nishinaka, N. Miyauchi, D. Tahara, S. Morimoto and M. Yoshimoto, CrystEngComm 

20 (13), 1882 (2018). 

55. A. Parisini, A. Bosio, V. Montedoro, A. Gorreri, A. Lamperti, M. Bosi, G. Garulli, S. 

Vantaggio and R. Fornari, APL Materials 7 (3), 031114 (2019). 

56. H. Y. Kang, H. Kang, E. Lee, G. R. Lee and R. B. K. Chung, ACS omega 6 (46), 31292 

(2021). 



27 
 

57. M. Kneiß, P. Storm, A. Hassa, D. Splith, H. von Wenckstern, M. Lorenz and M. 

Grundmann, APL Materials 8 (5), 051112 (2020). 

58. H. Y. Playford, A. C. Hannon, E. R. Barney and R. I. Walton, Chemistry 19 (8), 2803 

(2013). 

59. S. Yusa, D. Oka and T. Fukumura, CrystEngComm 22 (2), 381 (2020). 

60. H. Nishinaka, H. Komai, D. Tahara, Y. Arata and M. Yoshimoto, Japanese Journal of 

Applied Physics 57 (11), 115601 (2018). 

61. H. Nishinaka, O. Ueda, D. Tahara, Y. Ito, N. Ikenaga, N. Hasuike and M. Yoshimoto, 

ACS Omega 5 (45), 29585 (2020). 

62. J. Lee, I. Radu and M. Alexe, Journal of materials science: materials in electronics 13 (3), 

131 (2002). 

63. C.-T. Yeh and W.-H. Tuan, Journal of Advanced Ceramics 6 (1), 27 (2017). 

64. Z. Y. Fan and N. Newman, Materials Science and Engineering: B 87 (3), 244 (2001). 

65. M. Bosi, L. Seravalli, P. Mazzolini, F. Mezzadri and R. Fornari, Crystal Growth & 

Design 21 (11), 6393 (2021). 

66. M. Bosi, P. Mazzolini, L. Seravalli and R. Fornari, Journal of Materials Chemistry C 8 

(32), 10975 (2020). 

67. M. T. Nichols, W. Li, D. Pei, G. A. Antonelli, Q. Lin, S. Banna, Y. Nishi and J. L. 

Shohet, Journal of Applied Physics 115 (9), 094105 (2014). 

68. E. Kraut, R. Grant, J. Waldrop and S. Kowalczyk, Physical Review Letters 44 (24), 1620 

(1980). 

69. A. F. M. A. U. Bhuiyan, Z. Feng, H.-L. Huang, L. Meng, J. Hwang and H. Zhao, APL 

Materials 9 (10), 101109 (2021). 

70. A. F. M. Anhar Uddin Bhuiyan, L. Meng, H.-L. Huang, J. Hwang and H. Zhao,  (2022), 

pp. arXiv:2207.13001. 

71. P. Li, T. Xiong, L. Wang, S. Sun and C. Chen, RSC Advances 10 (4), 2096 (2020). 

72. R. Jinno, C. S. Chang, T. Onuma, Y. Cho, S. T. Ho, D. Rowe, M. C. Cao, K. Lee, V. 

Protasenko, D. G. Schlom, D. A. Muller, H. G. Xing and D. Jena, Sci Adv 7 (2) (2021). 

73. W. Yim, E. Stofko, P. Zanzucchi, J. Pankove, M. Ettenberg and S. Gilbert, Journal of 

Applied Physics 44 (1), 292 (1973). 



28 
 

74. N. Nicoloso, A. Löbert and B. Leibold, Sensors and Actuators B: Chemical 8 (3), 253 

(1992). 

75. H. Sun, C. G. Torres Castanedo, K. Liu, K.-H. Li, W. Guo, R. Lin, X. Liu, J. Li and X. 

Li, Applied Physics Letters 111 (16), 162105 (2017). 

76. W. Wei, Z. Qin, S. Fan, Z. Li, K. Shi, Q. Zhu and G. Zhang, Nanoscale Res Lett 7 (1), 

562 (2012). 

77. J.-T. Chen, I. Persson, D. Nilsson, C.-W. Hsu, J. Palisaitis, U. Forsberg, P. O. Persson 

and E. Janzén, Applied Physics Letters 106 (25), 251601 (2015). 

 

 

Table Caption 

 

Table 1. Summary of the valance and conduction band offsets at κ-Ga2O3/GaN, κ-Ga2O3/AlN, κ-

Ga2O3/YSZ, and κ-Ga2O3/sapphire heterointerfaces, determined by using different core level 

peaks from XPS spectra.  
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Figure Captions 

Figure 1. XRD ω-2θ scan profiles for the (004) reflections of κ-Ga2O3 films grown on (a) YSZ, 

(b) AlN- and (c) GaN-on-sapphire templates and (d) c-sapphire substrates. 

Figure 2. X-ray asymmetrical reciprocal space maps around (139) κ-Ga2O3 grown on (a) c-

sapphire and (b) GaN-on-sapphire substrates. (112�.12) and (101�5) reflections are originated from 

sapphire and GaN substrates, respectively. 

Figure 3. XRD Φ-scan profiles of {139} κ-Ga2O3 with (a) {101�2} Al2O3, {101�5} reflections of 

(b) GaN and (c) AlN as well as (d) {311} reflection from YSZ substates. 

Figure 4. Surface view FESEM images of κ-Ga2O3 films grown on (a) c-sapphire, (b) GaN- and 

(c) AlN-on-sapphire templates and (d) YSZ substrates. 

Figure 5. Surface AFM images of (a) c-sapphire, (b) GaN-on-sapphire, (c) AlN-on-sapphire and 

(d) YSZ bare substrates. AFM images of κ-Ga2O3 films grown on (e, i, m) c-sapphire, (f, j, n) 

GaN- and (g, k, o) AlN-on-sapphire templates and (h. l, p) YSZ substrates with TEGa flow of (e-

h) 80 sccm, (i-l) 130 sccm and (m-p) 220 sccm. 

Figure 6. Surface AFM images of κ-Ga2O3 films grown with (a-d) 20 nm, (e-h) 50 nm and (i - l) 

194 nm thickness on (a, e, i) c-sapphire, (b, f, j) GaN- and (c, g, k) AlN-on-sapphire templates and 

(d. h, l) YSZ substrates with same TEGa flow of 220 sccm. 

Figure 7. XRD ω-2θ scan spectra of Ga2O3 films grown on c-sapphire substrate at a chamber 

pressure of (a) 20 torr and (b) 7 torr with the same growth temperature of 650 °C. 

Figure 8. XRD ω-2θ scan spectra of κ-Ga2O3 films grown on (a) c-sapphire, (b) GaN- and (c) 

AlN-on-sapphire templates and (d) YSZ substrates at growth temperature of 510, 550 and 620 °C 

with the same chamber pressure of 5 torr. 
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Figure 9. (a) HAADF STEM image of κ-Ga2O3 thin films grown on c-sapphire at growth 

temperature of 650 °C, chamber pressure of 7 torr and TEGa flow rate of 80 sccm. Two diffraction 

patterns shown (top and bottom right) were acquired from the area (i) and (ii), respectively. The 

inset in each diffraction pattern shows the matching simulated diffraction pattern. (b) LAADF 

STEM image of the same area. Diffraction pattern shows the experimental and simulated (inset) 

diffraction patterns from the c-sapphire substrate. High magnification images of the (c) interface, 

and (d) the selected regions near surface the thin films. The (c) inset shows the schematic of the 

orthorhombic structure with three different rotation domains e.g. (100), (1�10) and (11�0). 

Figure 10. STEM data showing (a) HAADF and (b) LAADF images along with experimental and 

simulated (inset) diffraction patterns. (c) High magnification image of the interface of κ-Ga2O3 

thin films grown on (0001) GaN grown at growth temperature of 620 °C, chamber pressure of 5 

torr and TEGa flow rate of 220 sccm. 

Figure 11. STEM data showing (a) HAADF and (b) LAADF images along with experimental and 

simulated (inset) diffraction patterns. (c) High magnification image of the interface of κ-Ga2O3 

thin films grown on (0001) AlN at growth temperature of 620 °C, chamber pressure of 5 torr and 

TEGa flow rate of 220 sccm. 

Figure 12. STEM data showing (a) HAADF and (b) LAADF images along with experimental and 

simulated (inset) diffraction patterns. (c) High magnification image of the interface of κ-Ga2O3 

thin films grown on (100) YSZ at growth temperature of 620 °C, chamber pressure of 5 torr and 

TEGa flow rate of 220 sccm, and (d) selected regions with atomic arrangement resolved along 

[010] crystal orientation. 
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Figure 13. (a) XPS survey spectra of κ-Ga2O3 films grown on c-sapphire, GaN- and AlN-on-

sapphire templates and YSZ substrates. (b) Ga 3s and (c) O 1s core level spectra for κ-Ga2O3 film 

grown on YSZ substrate. Experimental data points (black open circles) are fitted using mixed 

Lorentzian-Gaussian line shapes (black solid lines) after applying the Shirley background (gray 

solid lines). 

Figure 14. The bandgap energies of κ-Ga2O3 films grown on (a) c-sapphire, (b) GaN- and (c) AlN-

on-sapphire templates and (d) YSZ substrates determined by analyzing the energy difference 

between Ga 2p3/2 peak position and the onset of energy loss spectrum. The insets show the zoomed 

view of the background region of the Ga 2p3/2 core levels. 

Figure 15. Fitted (a) Ga 3d, (b) Ga 3s and (c) valance band (VB) spectra of κ-Ga2O3 film grown 

on GaN-on-sapphire template. The Al 2p core levels from (d) AlN-on-sapphire and (e) c-sapphire 

substrates, (f) N 1s from GaN-on-sapphire template, and (g) Zr 3d from YSZ substrates are also 

included. Experimental data are shown as black open circles and the fitted curves (envelope) are 

represented as black sloid lines. 

Figure 16. Summary of the valance and conduction band offsets at the interface of κ-Ga2O3 and 

(a) c-sapphire, (b) GaN, (c) AlN, and (d) YSZ substrates. 
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Table 1.  

 

 

 

  

Core levels 

Valance band offsets, ΔEv (eV)  Conduction band offsets, ΔEc (eV) 
κ-

Ga2O3

/GaN 

κ-
Ga2O3

/AlN 

κ-
Ga2O3

/YSZ 

κ-Ga2O3/ 
sapphire 

κ-
Ga2O3

/GaN 

κ-
Ga2O3

/AlN 

κ-
Ga2O3

/YSZ 

κ-Ga2O3/ 
sapphire 

Ga 3s, N 1s -0.49 -- -- --  -1.21 -- -- -- 
Ga 3d, N 1s -0.44 -- -- --  -1.26 -- -- -- 
Ga 3s, Al 2p -- -0.28 -- -0.49  -- 1.40 -- 4.02 
Ga 3d, Al 2p -- -0.28 -- -0.39  -- 1.40 -- 3.92 
Ga 3d, Zr 3d3/2 -- -- -0.32 --  -- -- 1.07 -- 
Ga 3d,  Zr 3d5/2 -- -- -0.29 --  -- -- 1.04 -- 
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Figure 1 

 

  

Figure 1. XRD ω-2θ scan profiles for the (004) reflections of κ-Ga2O3 films grown on (a) YSZ, 

(b) AlN- and (c) GaN-on-sapphire templates and (d) c-sapphire substrates. 
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Figure 2 

 

      

Figure 2. X-ray asymmetrical reciprocal space maps around (139) κ-Ga2O3 grown on (a) c-

sapphire and (b) GaN-on-sapphire substrates. (112�.12) and (101�5) reflections are originated from 

sapphire and GaN substrates, respectively. 
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Figure 3 

 

 

 

 

Figure 3. XRD Φ-scan profiles of {139} κ-Ga2O3 with (a) {101�2} Al2O3, {101�5} reflections of 

(b) GaN and (c) AlN as well as (d) {311} reflection from YSZ substates. 
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Figure 4 

  

     

     

 

Figure 4. Surface view FESEM images of κ-Ga2O3 films grown on (a) c-sapphire, (b) GaN- and 

(c) AlN-on-sapphire templates and (d) YSZ substrates.  
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Figure 5 

 
 

 

Figure 5. Surface AFM images of (a) c-sapphire, (b) GaN-on-sapphire, (c) AlN-on-sapphire and 

(d) YSZ bare substrates. AFM images of κ-Ga2O3 films grown on (e, i, m) c-sapphire, (f, j, n) 

GaN- and (g, k, o) AlN-on-sapphire templates and (h. l, p) YSZ substrates with TEGa flow of (e-

h) 80 sccm, (i-l) 130 sccm and (m-p) 220 sccm.  
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Figure 6 

 

 

 

Figure 6. Surface AFM images of κ-Ga2O3 films grown with (a-d) 20 nm, (e-h) 50 nm and (i - l) 

194 nm thickness on (a, e, i) c-sapphire, (b, f, j) GaN- and (c, g, k) AlN-on-sapphire templates and 

(d. h, l) YSZ substrates with same TEGa flow of 220 sccm.  
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Figure 7 

 

 

Figure 7. XRD ω-2θ scan spectra of Ga2O3 films grown on c-sapphire substrate at a chamber 

pressure of (a) 20 torr and (b) 7 torr with the same growth temperature of 650 °C. 
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Figure 8 

 

 

 

Figure 8. XRD ω-2θ scan spectra of κ-Ga2O3 films grown on (a) c-sapphire, (b) GaN- and (c) 

AlN-on-sapphire templates and (d) YSZ substrates at growth temperature of 510, 550 and 620 °C 

with the same chamber pressure of 5 torr. 
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Figure 9    
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Figure 9. (a) HAADF STEM image of κ-Ga2O3 thin films grown on c-sapphire at growth 

temperature of 650 °C, chamber pressure of 7 torr and TEGa flow rate of 80 sccm. Two diffraction 

patterns shown (top and bottom right) were acquired from the area (i) and (ii), respectively. The 

inset in each diffraction pattern shows the matching simulated diffraction pattern. (b) LAADF 

STEM image of the same area. Diffraction pattern shows the experimental and simulated (inset) 

diffraction patterns from the c-sapphire substrate. High magnification images of the (c) interface, 

and (d) the selected regions near surface the thin films. The (c) inset shows the schematic of the 

orthorhombic structure with three different rotation domains e.g. (100), (1�10) and (11�0). 
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Figure 10 

 

Figure 10. STEM data showing (a) HAADF and (b) LAADF images along with experimental and 

simulated (inset) diffraction patterns. (c) High magnification image of the interface of κ-Ga2O3 

thin films grown on (0001) GaN grown at growth temperature of 620 °C, chamber pressure of 5 

torr and TEGa flow rate of 220 sccm. 
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Figure 11 

 

Figure 11. STEM data showing (a) HAADF and (b) LAADF images along with experimental and 

simulated (inset) diffraction patterns. (c) High magnification image of the interface of κ-Ga2O3 

thin films grown on (0001) AlN at growth temperature of 620 °C, chamber pressure of 5 torr and 

TEGa flow rate of 220 sccm. 
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Figure 12 

Figure 12. STEM data showing (a) HAADF and (b) LAADF images along with experimental and 

simulated (inset) diffraction patterns. (c) High magnification image of the interface of κ-Ga2O3 

thin films grown on (100) YSZ at growth temperature of 620 °C, chamber pressure of 5 torr and 

TEGa flow rate of 220 sccm, and (d) selected regions with atomic arrangement resolved along 

[010] crystal orientation. 
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Figure 13 

 

 

 

Figure 13. (a) XPS survey spectra of κ-Ga2O3 films grown on c-sapphire, GaN- and AlN-on-

sapphire templates and YSZ substrates. (b) Ga 3s and (c) O 1s core level spectra for κ-Ga2O3 film 

grown on YSZ substrate. Experimental data points (black open circles) are fitted using mixed 

Lorentzian-Gaussian line shapes (black solid lines) after applying the Shirley background (gray 

solid lines). 
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Figure 14 

 

 

Figure 14. The bandgap energies of κ-Ga2O3 films grown on (a) c-sapphire, (b) GaN- and (c) AlN-

on-sapphire templates and (d) YSZ substrates determined by analyzing the energy difference 

between Ga 2p3/2 peak position and the onset of energy loss spectrum. The insets show the zoomed 

view of the background region of the Ga 2p3/2 core levels. 

 



48 
 

Figure 15 

 

 

Figure 15. Fitted (a) Ga 3d, (b) Ga 3s and (c) valance band (VB) spectra of κ-Ga2O3 film grown 

on GaN-on-sapphire template. The Al 2p core levels from (d) AlN-on-sapphire and (e) c-sapphire 

substrates, (f) N 1s from GaN-on-sapphire template, and (g) Zr 3d from YSZ substrates are also 

included. Experimental data are shown as black open circles and the fitted curves (envelope) are 

represented as black sloid lines. 
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Figure 16 

 

 

 

Figure 16. Summary of the valance and conduction band offsets at the interface of κ-Ga2O3 and 

(a) c-sapphire, (b) GaN, (c) AlN, and (d) YSZ substrates. 

 


