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In this study, κ-Ga₂O₃ thin ῿�lms were heteroepitaxially grown on GaN templates using metal-organic chemical vapor 
deposition (MOCVD), and the e�ects of growth conditions and nucleation layer structures on phase formation and crystalline 
quality were systematically investigated. Under direct growth conditions, increasing the growth temperature and H₂O ⿿�ow 
rate led to the incorporation of the β-Ga₂O₃ phase. In particular, mixed κ + β phases were observed at elevated temperatures 
above 680 °C. To suppress β-phase formation and maintain a single κ phase, a two-step growth method was employed, and 
the in⿿�uence of nucleation layer thickness and structure on the crystalline quality was comparatively analyzed. As a result, 
the 100 nm-thick κ-Ga₂O₃ nucleation layer exhibited improved surface coalescence and a reduced threading dislocation 
density, e�ectively suppressing β-phase formation even under high-temperature epitaxial conditions. Φ-scan analysis further 
con῿�rmed the presence of three-fold rotational domains in the κ-Ga₂O₃ ῿�lms and revealed an in-plane epitaxial relationship 
of κ-Ga₂O₃ (201) // GaN (11-20). Additionally, the maximum growth temperature at which a single-phase κ-Ga₂O₃ could be 
maintained was identi῿�ed to be 720 °C. These ῿�ndings propose an e�ective approach for the stable growth of single-phase 
κ-Ga₂O₃ thin ῿�lms at elevated temperatures.
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Introduction

Gallium oxide (Ga₂O₃), a semiconductor with an 
ultrawide bandgap of 4.5-5.3 eV, has emerged as 
a promising candidate for next-generation power 
electronics, and has attracted considerable research interest 
in recent years. Ga₂O₃ exists in various polymorphs 
including α, β, γ, δ, and κ (also known as ε), each 
exhibiting distinct physical properties and phase stability 
depending on the processing conditions and temperature 
[1, 2]. Among them, β-Ga₂O₃ with a monoclinic structure 
(space group C2/m) is the most thermodynamically 
stable phase. With its wide bandgap (~4.9 eV) and 
high breakdown electric field (~8.0 MV/cm), it has 
been extensively investigated in various applications, 
ranging from high-power devices and nanostructured 
forms such as hollow particles and nanowires [3-6]. To 
obtain single crystalline β-Ga₂O₃ substrates, various bulk 
growth methods such as the Czochralski method, edge 
defined film fed growth (EFG), and Bridgman process 
have been investigated, and the achievable wafer size has 
been steadily increasing. Recently, the successful growth 
of β-Ga₂O₃ wafers up to 6 inches in diameter has been 
reported [7-9].

On the other hand, the metastable κ-phase of Ga₂O₃ 
has attracted attention due to its unique physical 
characteristics. κ-Ga₂O₃ belongs to the orthorhombic 
Pna2₁ space group, with an in-plane lattice constant 
ratio of a:b = 1:√3 [10, 11]. This structural configuration 
allows for excellent lattice compatibility with hexagonal 
symmetry substrates, including sapphire, SiC, GaN, 
and Si(111). Furthermore, κ-Ga₂O₃ possesses a large 
spontaneous polarization coefficient (PSP ~ 0.23 C/
m²), which is significantly higher than that of GaN 
(0.029-0.034 C/m²). As a result, κ-Ga₂O₃ can induce 
a high-density two-dimensional electron gas (2DEG) 
at the heterojunction interface even without intentional 
doping, offering a new pathway for high-electron-
mobility transistor (HEMT) development [10, 12-14]. 
For instance, Wang et al. demonstrated that ε-Ga₂O₃/m-
GaN(AlN) heterojunctions can achieve 2DEG densities 
exceeding 10¹⁴ cm⁻² without doping [16]. Additionally, 
ε-Ga₂O₃ has been reported to exhibit ferroelectricity, and 
its dielectric constant (~32 at 10 kHz) is comparable to 
those of high-k dielectrics such as HfO₂ and La₂O₃ [15].

These attributes make κ-Ga₂O₃ highly attractive for 
high-performance heterostructure devices with III-nitride 
semiconductors. Despite its potential, most previous 
studies on κ-Ga₂O₃ thin film growth have utilized 
common substrates such as Si or sapphire and have 
also employed SiC substrates to address the inherent 
low thermal conductivity of Ga₂O₃ [17-20]. Given its 
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importance, the heteroepitaxial growth of κ-Ga₂O₃ on 
GaN remains relatively underexplored. Moreover, since 
most GaN templates are based on sapphire substrates, 
they suffer from poor thermal dissipation, which limits 
their applicability in device fabrication [33, 34]. To 
overcome these challenges, this study explores the 
heteroepitaxial growth of κ-Ga₂O₃ on a GaN/Si template 
via metal-organic chemical vapor deposition (MOCVD), 
aiming to simultaneously maximize the material's 
intrinsic properties and improve thermal management 
in potential device applications.

Several critical issues remain in κ-Ga₂O₃ epitaxy. One 
such challenge is the presence of rotational domains 
during growth. Due to its orthorhombic structure, 
κ-Ga₂O₃ tends to form hexagonally symmetric islands 
based on threefold rotational symmetry, leading to 
the formation of grain boundaries. These rotational 
domains can generate various types of defects, such 
as charge trapping states and leakage current paths 
[21]. They also degrade the alignment uniformity and 
increase dislocation density [20]. These problems can 
be mitigated by employing epitaxial lateral overgrowth 
(ELOG) techniques [22-24], and recent studies suggest 
that ε-GaFeO₃ substrates can help suppress in-plane 
rotational domains [25, 26]. Another major challenge is 
that bulk κ-Ga₂O₃ is of limited availability, thus requiring 
heteroepitaxy for device applications. Among the various 
growth parameters, temperature plays a dominant role in 
determining phase formation. In most MOCVD based 
reports, κ-Ga₂O₃ is formed at temperatures up to ~700 °C 
[27]. Furthermore, lattice mismatch with the substrate 
often leads to the nucleation of β-Ga₂O₃, resulting in 
phase mixtures that hinder the realization of pure κ-phase 
properties. To address this, efforts have been made to 
optimize substrate selection, growth pressure, precursor 
ratios (VI/III), and temperature conditions to achieve 
phase-pure κ-Ga₂O₃ [28-32]. Nevertheless, temperature 
remains a particularly sensitive factor, with many 
studies reporting mixed κ+β phases or even full phase 
transitions to β-Ga₂O₃ at temperatures above 700 °C, 
effectively limiting the upper bound for MOCVD 
process temperatures.

In this study, we employed both direct and two-
step growth approaches via MOCVD to deposit 
κ-Ga₂O₃ thin films on GaN/Si templates. Initially, 
optimal growth conditions were identified through 

direct growth experiments, and the influence of various 
growth parameters on phase formation was analyzed. 
Subsequently, these findings were applied to a two-
step process, where a nucleation layer was introduced 
to suppress β-phase formation. Our results confirmed 
that the κ-phase nucleation layer effectively inhibited 
β-phase crystallization, enabling phase-pure κ-Ga₂O₃ 
growth even at elevated temperatures up to 720 °C. 
These findings demonstrate that the two-step MOCVD 
approach is effective for suppressing β-Ga₂O₃ nucleation 
and achieving single-phase κ-Ga₂O₃ thin films under 
high temperature conditions.

Experimental

Ga₂O₃ thin films were epitaxially grown on GaN 
templates using a custom-built horizontal metal-organic 
chemical vapor deposition (MOCVD) system. The 
GaN template employed in this study was designed as 
a multilayer structure to ensure high crystalline quality. 
From bottom to top, the layer stack comprised a Si(111) 
substrate, a 200 nm AlN buffer layer, 1500 nm AlGaN/
AlN superlattices (SLs), a 600 nm u-GaN, a 5 nm AlN, 
and a 1200 nm u-GaN top layer. The crystalline quality 
of the GaN template was confirmed by high-resolution 
X-ray diffraction (HRXRD), where the full width at half 
maximum (FWHM) of the GaN (002) rocking curve was 
measured to be approximately 1.3°. Trimethylgallium 
(TMG) was used as the Ga precursor and maintained at 
−10 °C. Ultra-pure deionized H₂O served as the oxygen 
precursor and was kept at room temperature. High-purity 
(6N) nitrogen (N₂) was used as the carrier gas. All growth 
processes were performed under atmospheric pressure. 
The TMG flow rate was fixed at 7 sccm (17.05 μmol/
min) throughout all experiments. The single-step growth 
process is referred to as direct growth, where the Ga₂O₃ 
thin film was deposited directly on the GaN surface. 
Growth temperatures were varied from 640 to 680 °C 
in 20 °C intervals, with a fixed growth time of 30 min. 
The two-step growth process involved a nucleation step 
followed by an epitaxial growth step. In the nucleation 
step, Ga₂O₃ films were grown under three different 
conditions with varying temperatures and thicknesses. 
In the second step, the epitaxial growth was carried out 
for 30 min at temperatures ranging from 680 to 760 °C 
in 20 °C increments. Detailed process parameters are 

Table 1. Summary of growth parameters for direct and two-step growth by MOCVD.

Direct growth Two-step growth 
(nucleation layer)

Two-step growth 
(epi layer)

Temperature (°C) 640-680 500 600 680-760
Growth Time (min) 30 18 2.5, 5 30

TMG source flow (sccm) 7 7 7
H2O source flow (sccm) 200 400 600 450 600 600
Ⅵ/III ratio (μmol/min) 16.85 33.70 50.54 37.91 50.54 50.54
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summarized in Table 1. The crystal structure and phase 
composition of the grown films were evaluated by 
high-resolution X-ray diffraction (HRXRD, RIGAKU) 
using a two-bounce Ge(220) monochromator with 
Cu Kα₁ radiation. Phase identification was performed 
via 2θ-ω scans, while crystal quality and threading 
dislocation density were evaluated using ω-scans (rocking 
curves). The crystallographic orientation and in-plane 
alignment were investigated using azimuthal (Φ-scan) 
measurements. Surface morphology and film thickness 

were characterized using field emission scanning electron 
microscopy (FE-SEM, Tescan CLARA). Atomic force 
microscopy (AFM, Park Systems) was employed to 
evaluate the surface roughness and growth mode of the 
films.

Results and Discussion

To investigate the phase evolution of Ga₂O₃ thin 
films under various growth conditions, XRD analysis 

Fig. 1. (a-c) 2θ-ω scan XRD spectra of Ga₂O₃ thin films directly grown under various temperatures and H₂O flow rates. (d) Phase 
diagram summarizing κ/β phase evolution under direct growth conditions.



Dong Ho Lee, Jung-Bok Lee, Seon Jin Mun, Hyung Soo Ahn and Min Yang82

was performed. In order to evaluate the tendency of 
β-Ga₂O₃ phase formation as a function of H₂O flow 
rate within the thermal window where κ-Ga₂O₃ is 
thermodynamically stable, Fig. 1(a) presents the XRD 
pattern of the sample grown at 640 °C under direct 
growth. A dominant single-phase κ-Ga₂O₃ structure 
was observed, with strong preferential orientations along 
the (002) (19.20°), (004) (38.96°), and (006) (60.02°) 
planes. As shown in Fig. 1(b), at 660 °C, the κ-Ga₂O₃ 
single-phase was maintained at H₂O flow rates of 200 
and 400 sccm. However, upon increasing the H₂O flow 
to 600 sccm, peaks corresponding to β-Ga₂O₃ began to 
emerge. In particular, the (-201) reflection of β-Ga₂O₃ 
(18.9°) is nearly overlapped with the κ-Ga₂O₃ (002) 
peak (19.2°), making them indistinguishable in peak 
separation. Instead, peak broadening of the κ-Ga₂O₃ 
(002) peak was observed, and distinct β-Ga₂O₃ peaks at 
(-402) (38.4°) and (-603) (59.17°) were clearly detected. 
Fig. 1(c) shows the XRD pattern of a sample grown 
at 680 °C. At a lower H₂O flow rate of 200 sccm, 
β-Ga₂O₃ appeared as shoulder peaks overlapping with 
the κ-Ga₂O₃ reflections. As the H₂O flow rate increased 
to 400 and 600 sccm, β-Ga₂O₃ (-402) and (-603) peaks 
became more pronounced, and further broadening of the 
κ-Ga₂O₃ (002) peak was observed. The phase diagram 
in Fig. 1(d) summarizes the observed phase evolution 
under direct growth conditions. Growth conditions 
yielding pure κ-Ga₂O₃ phase are marked as gray 
squares, conditions showing partial β-Ga₂O₃ presence 
as shoulders are shown as orange stars, and conditions 
with fully resolved β-Ga₂O₃ peaks are represented by red 

triangles. These results indicate that growth temperature 
is the most critical factor governing β-Ga₂O₃ formation, 
consistent with previous reports [28, 32]. Furthermore, 
under fixed temperature conditions, an increase in H₂O 
flow rate was found to promote the coexistence of the 
β-Ga₂O₃ phase.

In heteroepitaxy, the two-step growth method is 
considered an effective approach to relieve lattice 
stress between the substrate and the film and to enable 
the growth of high-quality thin films. This technique, 
consists of a low temperature nucleation layer and a high 
temperature epitaxial layer, has been widely adopted 
for the growth of high-quality nitrides and oxides [29, 
35, 36]. Previous studies have reported that during the 
initial growth stage of κ-Ga₂O₃ a thin transition layer 
or β-Ga₂O₃ nuclei tend to form [27, 28, 49]. This 
behavior is attributed to the initial stress caused by lattice 
mismatch between the substrate and the film under high 
growth temperatures. The resulting transition layer can 
be regarded as a structural accommodation that relieves 
interfacial strain. This early phase mixing often persists 
throughout the entire growth, leading to κ+β mixed-
phase films. Therefore, it is crucial to suppress β-phase 
nucleation during the nucleation stage to achieve single-
phase κ-Ga₂O₃ epitaxy. To address this, we systematically 
investigated the effect of different types and thicknesses 
of nucleation layers on the resulting film structure. 
Specifically, we prepared amorphous and crystalline 
κ-Ga₂O₃ nucleation layers with different thicknesses (50 
and 100 nm) on GaN templates, followed by subsequent 
film growth. As shown in Fig. 2(a), the Ga₂O₃ film 

Fig. 2. 2θ-ω scan XRD spectra of nucleation layers grown at (a) 500 °C (100 nm), (b) 600 °C (50 nm), and (c) 600 °C (100 nm). 
(d-f) Corresponding SEM images.
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deposited at 500 °C exhibited no identifiable diffraction 
peaks. Consistently, the corresponding SEM image 
Fig. 2(d) revealed a very smooth surface composed 
of randomly oriented fine particles, confirming the 
formation of an amorphous nucleation layer at this 
temperature [37]. To stabilize single-phase κ-Ga₂O₃ and 
suppress β-phase formation, the nucleation temperature 
was set to 600 °C. When the κ-Ga₂O₃ layer was grown 
to a thickness of 50 nm Fig. 2(b), weak κ-phase peaks 
were observed, although the intensity was relatively low. 
In the SEM image of Fig. 2(e), the surface appeared 
very rough, the thin film was not sufficiently coalesced, 
and the grain arrangement was found to be disordered. 
In general, during the initial nucleation stage in the 
two-step growth method, the film grows in a three-
dimensional (3D) mode [38]. In addition, according to 
the study by Narayanan et al., faulted regions formed 
in the nucleation layer act as one of the main sources 
of threading dislocations (TDs) [39]. In our case, the 
50 nm nucleation layer appeared insufficient to suppress 
TD formation, leading to polycrystalline characteristics. 
On the other hand, as shown in Fig. 2(c), increasing 
the nucleation layer thickness to 100 nm resulted in the 
appearance of well defined κ-Ga₂O₃ diffraction peaks 
with enhanced intensity. The SEM image in Fig. 2(f) 
shows that the surface is smoother than that of the 
50 nm condition, with reduced 3D island structures and 
a more ordered grain arrangement. This can be attributed 
to the fact that, as the thickness of the nucleation layer 
increases, surface coalescence is promoted, which is 
generally associated with improved crystal quality.

Based on the nucleation layer results in Fig. 2, Two-
step epitaxial growth was performed under the same 
conditions (680 °C, H₂O: 600 sccm) that led to significant 
β-phase formation in the direct growth process, as shown 
in Fig. 1. Fig. 3(a) and (d) show the results for the 
sample grown on an amorphous Ga₂O₃ nucleation layer. 
Despite being processed under conditions favorable for 
κ-phase formation, XRD analysis revealed no Ga₂O₃ 
related diffraction peaks. SEM imaging revealed a 
rough surface with highly disordered, random grain 
orientations. These findings suggest that the amorphous 
buffer layer disordered structure significantly disrupted 
the subsequent epitaxial growth. Fig. 3(b) and (e) 
display the data for the sample grown on a 50 nm thick 
κ-Ga₂O₃ nucleation layer. The XRD and SEM results 
were similar to those of the amorphous buffer layer 
sample, indicating continued disorder in the overgrown 
film. The limited suppression of threading dislocations 
by the thin nucleation layer led to disordered crystal 
orientation, which persisted after epitaxial growth, 
resulting in a rough and randomly textured surface. A 
weak peak, likely corresponding to β-Ga₂O₃ (-404), was 
detected (marked by the orange circle), suggesting phase 
instability possibly triggered by the structural disorder. 
Fig. 3(c) and (f) correspond to the film grown on a 
100 nm thick κ-Ga₂O₃ nucleation layer. SEM analysis 
confirmed a smoother surface morphology than the 
other two cases, indicative of improved crystallographic 
alignment and uniform growth. Furthermore, no β-Ga₂O₃ 
peaks were observed in the XRD spectra, and single-
phase κ-Ga₂O₃ was maintained. These results demonstrate 

Fig. 3. 2θ-ω scan XRD spectra of κ-Ga₂O₃ thin films grown at 680 °C via the two-step method with various nucleation layers. (a) 
500 °C (100 nm), (b) 600 °C (50 nm), and (c) 600 °C (100 nm). (d-f) Corresponding SEM images.
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that, despite the growth conditions being favorable for 
β-phase formation, the use of a well formed κ-Ga₂O₃ 
nucleation layer grown via a two-step process effectively 
suppressed β-phase incorporation, enabling the formation 
of single-phase κ-Ga₂O₃ films.

XRD, SEM, and AFM analyses were performed to 
compare the degree of β-Ga₂O₃ incorporation and surface 
morphology depending on the growth method. Fig. 4(a) 
shows a magnified view of the κ-Ga₂O₃ (004) peak in 
the 2θ-ω scan. While maintaining a constant H₂O flow 
rate of 600 sccm, the formation of β-Ga₂O₃ phases 
was compared across different growth temperatures 
and methods. Under the direct growth method at 
640 °C, a single κ-Ga₂O₃ phase was observed, with no 
detectable β-Ga₂O₃ peaks. In contrast, the direct growth 
sample grown at 680 °C showed a clear coexistence of 
κ-Ga₂O₃ and β-Ga₂O₃ phases. Notably, a leftward shift 
in the κ-Ga₂O₃ (004) peak was observed, attributed to 
compressive strain at the κ-Ga₂O₃ grain boundaries, 
induced by β-Ga₂O₃ phase incorporation. Analysis of 
the c-axis lattice constant revealed that the single-phase 
κ-Ga₂O₃ sample had a c-axis length of 9.24 Å, while the 
mixed-phase sample exhibited a slightly larger value of 

9.26 Å, an increase of approximately 0.22%, indicating 
lattice distortion. In contrast, the two-step 680 °C sample 
showed no significant β-Ga₂O₃ related peaks. Even at the 
(-402) β-Ga₂O₃ position, the intensity was lower than 
that of the direct 640 °C sample, suggesting that the 
formation of a nucleation layer in the two-step process 
effectively suppressed β-Ga₂O₃ phase formation, even 
under high-temperature growth conditions. This trend 
was also evident in surface morphology analysis. The 
SEM image of the two-step 680 °C sample (shown in 
Fig. 3(f)) displayed a relatively smooth and uniform 
surface. On the other hand, the direct 680 °C sample 
exhibited a mixture of monoclinic β-Ga₂O₃ microcrystals 
and orthorhombic κ-Ga₂O₃ domains with threefold 
symmetry. This indicates that in the direct growth 
method, β-Ga₂O₃ formed not only during nucleation but 
also during the high-temperature epitaxial growth stage. 
AFM analysis further confirmed these findings. Fig. 4(c) 
and (d) show the surface morphologies of the two-step 
and direct growth samples, respectively. The two-step 
sample exhibited a Volmer-Weber growth mode with 
an RMS roughness of 4.88 nm, indicating a relatively 
smooth surface. In contrast, the direct growth sample 

Fig. 4. (a) Magnified 2θ-ω scan spectra near the κ-Ga₂O₃ (004) peak for direct 640 °C, direct 680 °C, and two-step 680 °C samples. 
(b) SEM image of the direct 680 °C sample. (c) and (d) AFM images of the two-step 680 °C and direct 680 °C samples, respectively.
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showed a much rougher surface, with an RMS value 
of 14.58 nm, featuring sharp β-Ga₂O₃ microstructures.

Fig. 5(a) and (b) present the rocking curve results for 
the κ-Ga₂O₃ (004) and (133) planes. According to the 
2θ-ω scan data shown previously in Fig. 4, the full width 
at half maximum (FWHM) of the κ-Ga₂O₃ (004) peak 
was measured to be 0.195° for direct 640 °C, 0.223° for 
direct 680 °C, and 0.190° for two-step 680 °C samples. 
In contrast, the rocking curve measurements exhibited 
generally larger FWHM values, which were 0.470° for 
direct 640 °C, 0.335° for direct 680 °C, and 0.457° for 
two-step 680 °C. These broader values can be attributed 
to the formation of mosaic domains typically observed 
during heteroepitaxial growth, which induce out-of-plane 
tilt and in-plane twist of the lattice, thereby degrading 
overall crystalline alignment. The rocking curve method 
reflects this mosaic spread and thus tends to yield larger 
FWHM values than the 2θ-ω scans [40]. In this study, 
the GaN templates used were composed of multilayered 
structures, and it is presumed that the curvature of the 
substrate, combined with the large lattice mismatch 
(~8.8%) between κ-Ga₂O₃ and GaN contributed to the 
significant mosaic spread. Interestingly, the FWHM 
values of the single-phase κ-Ga₂O₃ samples (direct 
640 °C and two-step 680 °C) were similar, whereas 
the mixed-phase (β + κ) sample grown at direct 680 °C 
showed a relatively smaller FWHM. This seemingly 
counterintuitive result has also been reported in previous 
studies. For example, S. H. Cho et al. observed that 
when the nucleation layer was composed of a β + κ 
mixed-phase, grain competition during subsequent 
epitaxial growth facilitated the formation of highly 
aligned κ-Ga₂O₃ films [41]. Similarly, S. Chen et al. 
reported that in the presence of a β + κ mixed-phase, 
β-Ga₂O₃ grains acted similarly to the masks in epitaxial 
lateral overgrowth (ELOG), promoting the lateral growth 

of κ-Ga₂O₃ grains [11]. Therefore, the mixed-phase 
nucleation layer observed in the direct 680 °C sample 
in this study is interpreted to have acted as a growth 
guide, where β-Ga₂O₃ crystals facilitated the lateral 
growth of κ-Ga₂O₃, thereby promoting more aligned 
κ-Ga₂O₃ growth.

The full width at half maximum (FWHM) values 
obtained from rocking curve measurements can be 
qualitatively used to evaluate the dislocation density in 
the epitaxial film. In particular, the out-of-plane FWHM 
is closely associated with the screw dislocation density 
(Nscrew), whereas the in-plane FWHM corresponds to the 
edge dislocation density (Nedge) [42, 43]. Each dislocation 
density can be approximately estimated using the 
following equations,

Nscrew = �(FWHM(004))2 / 9(bscrew)2,  
Nedge = (FWHM(133))2 / 9(bedge)2 

where b is the magnitude of the Burgers vector determined 
by the lattice parameters of the crystal. For κ-Ga₂O₃, 
bscrew = 0.291 nm and bedge = 0.926 nm were used in this 
study [44, 45]. Although a more precise estimation of 
dislocation densities requires TEM analysis, this study 
focuses on qualitative and relative comparisons. Based 
on the calculations, the estimated dislocation densities 
are as follows,

Nscrew: �8.83×109 cm-2 (direct 640 °C), 4.49×109 cm-2 
(direct 680 °C), 8.35×109 cm-2 (two-step 680 °C)

Nedge: �3.26×109 cm-2 (direct 640 °C), 2.45×109 cm-2 
(direct 680 °C), 2.91×109 cm-2 (two-step 680 °C).

In conclusion, the single-phase κ-Ga₂O₃ samples 
(direct 640 °C and two-step 680 °C) showed comparable 
degrees of dislocation densities. However, the mixed-
phase (β + κ) sample grown at direct 680 °C exhibited 
relatively lower dislocation densities. To investigate the 

Fig. 5. (a) and (b) Rocking curves of κ-Ga₂O₃ (004) and (133) planes for the direct 640 °C, direct 680 °C, and two-step 680 °C 
samples. (c) Φ-scan XRD spectra of the κ-Ga₂O₃ (201), (122), and GaN (10-13) planes for the two-step 680 °C sample.



Dong Ho Lee, Jung-Bok Lee, Seon Jin Mun, Hyung Soo Ahn and Min Yang86

epitaxial relationship between κ-Ga₂O₃ and the GaN 
template, and to examine the presence of rotational 
domains in κ-Ga₂O₃ thin films, Φ-scan measurements 
were conducted on samples grown at 680 °C using the 
two-step growth method. Fig. 5(c) presents the Φ-scan 
patterns corresponding to the (201) and (122) planes of 
κ-Ga₂O₃, as well as the (10-13) plane of GaN. The Bragg 
angles (θ) of these planes were measured to be 18.49° 
for κ-Ga₂O₃ (201), 16.75° for κ-Ga₂O₃ (122), and 31.73° 
for GaN (10-13). In the Φ-scan results of κ-Ga₂O₃ (201) 
and GaN (10-13), six distinct diffraction peaks were 
observed at 60° intervals, and these peaks overlapped 
at the same phi positions. This indicates that the two 
planes are aligned in the same orientation, suggesting an 
in-plane epitaxial relationship of κ-Ga₂O₃ (201) // GaN 
(11-20). Additionally, the Φ-scan result for the κ-Ga₂O₃ 
(122) plane revealed twelve distinct diffraction peaks, 
indicating that the orthorhombic unit cells of κ-Ga₂O₃ 
possess three-fold rotational symmetry. These results 
suggest that the two-step growth method is insufficient 
to suppress the formation of rotational domains, unlike 
techniques such as epitaxial lateral overgrowth (ELOG) 
or the use of ε-GaFeO₃ substrates. 

Based on the previous findings that the two-step 
growth process effectively suppresses the formation of 
the β-Ga₂O₃ phase during κ-Ga₂O₃ growth, it is necessary 
to determine the maximum epitaxial growth temperature 
at which a single-phase κ-Ga₂O₃ film can be maintained. 
Fig. 6(a) and (b) show the XRD analysis results of 
samples grown at various epitaxial temperatures ranging 
from 700 °C to 760 °C, in 20 °C increments. The results 
confirmed that the single-phase κ-Ga₂O₃ structure was 

retained up to 720 °C. Representative diffraction peaks 
within this temperature range appeared at κ-Ga₂O₃ (002) 
19.2°, (004) 38.96°, and (006) 60.02°. In contrast, the 
β-Ga₂O₃ phase was only weakly detected as a shoulder 
on the lower-angle side of the κ-Ga₂O₃ (006) peak. As 
summarized in Table 2, the κ-Ga₂O₃ thin film reported 
in this study was grown at the highest temperature ever 
reported for a single-phase κ-Ga₂O₃ using the MOCVD 
process. However, when the growth temperature was 
increased to 740 °C or higher, a rapid phase transition 
to β-Ga₂O₃ occurred. The κ-Ga₂O₃ (002) peak at 19.2° 
disappeared, while a β-Ga₂O₃ (-201) peak emerged at 
18.92°. Additional β-Ga₂O₃ (-402) and (-603) peaks 
also appeared to the left of the κ-Ga₂O₃ (004) and 
(006) peaks, with intensities comparable to or greater 
than those of the κ-Ga₂O₃. These findings demonstrate 
that, through the two-step growth method, single-phase 
κ-Ga₂O₃ can be achieved even beyond the previously 
reported thermal stability limit of ~700 °C. To analyze 
the sample grown at 720 °C, where single-phase κ-Ga₂O₃ 
was achieved, and to investigate the subsequent phase 
transition and morphological evolution at higher 
temperatures, SEM measurements were conducted. Fig. 
6(c) presents the SEM result for the sample grown at 
an epitaxial temperature of 720 °C. The film exhibited a 
single-phase κ-Ga₂O₃ structure with a relatively smooth 
surface morphology. Fig. 6(d) presents the SEM image 
of the sample grown at 760 °C. The image reveals the 
presence of large island morphologies distributed across 
the surface, indicating insufficient coalescence between 
them. In contrast, regions where coalescence had already 
occurred exhibited relatively flat surface morphologies. 

Fig. 6. (a) and (b) 2θ-ω scan XRD spectra of κ-Ga₂O₃ thin films grown at different epitaxial temperatures (700-760 °C) using the 
two-step method. SEM images of the samples grown at (c) 720 °C and (d) 760 °C.
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This surface morphology can be explained by a mixed-
phase formation mechanism. The low grain density 
of κ-Ga₂O₃ makes it difficult to achieve sufficient 
coalescence within a short growth period, leading to 
rough, island-shaped features such as those observed 
in region B. Conversely, the presence of β-Ga₂O₃ can 
induce epitaxial lateral overgrowth (ELOG), which 
promotes the lateral growth of κ-Ga₂O₃ crystals. As a 
result, relatively smooth surfaces are formed in coalesced 
areas like region A [11].

Conclusion

In this study, we systematically identified the optimal 
growth conditions for achieving a stable single-phase 
κ-Ga₂O₃ film using a metal-organic chemical vapor 
deposition (MOCVD) process and experimentally 
verified the effectiveness of a two-step growth method 
in suppressing the formation of the β-Ga₂O₃ phase. 
Under direct growth conditions, a pure κ-Ga₂O₃ phase 
was obtained at 640 °C. However, increasing the growth 
temperature or H₂O flow rate led to the formation of a 
mixed phase containing β-Ga₂O₃. To address this issue, 
a two-step growth strategy comprising a low-temperature 
nucleation layer followed by a high-temperature epitaxial 
layer was employed. When a nucleation layer of 
single-phase κ-Ga₂O₃ was introduced, the incorporation 
of the β-phase was effectively suppressed. Rocking 
curve analyses showed that samples with single-phase 
κ-Ga₂O₃ (direct 640 °C and two-step 680 °C) exhibited 
comparable dislocation densities. In contrast, in samples 
with mixed β + κ phases, β-Ga₂O₃ appeared to act as 
a lateral growth guide, improving crystal alignment 
and reducing dislocation density. Φ-scan measurements 
confirmed the in-plane epitaxial relationship of κ-Ga₂O₃ 
(201) // GaN (11-20) and revealed three-fold rotational 
domains, reflecting the symmetry of the orthorhombic 
κ-Ga₂O₃ crystal structure. Moreover, by extending the 
growth temperature range, it was demonstrated that the 
two-step method can stabilize single-phase κ-Ga₂O₃ even 
at 720 °C, surpassing the previously reported thermal 

stability threshold of 700 °C. However, at temperatures 
above 740 °C, a rapid phase transition to β-Ga₂O₃ 
occurred, indicating limitations in maintaining the 
κ-phase at elevated temperatures. These findings provide 
important insights into the heteroepitaxial growth of high-
quality κ-Ga₂O₃ films on GaN templates and establish a 
basis for the fabrication of κ-Ga₂O₃-based electronic and 
optoelectronic devices.
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