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Abstract 

In this study, we comprehensively investigated the growth of β-Ga2O3 on (001) on-axis Ga2O3 

substrates via metalorganic chemical vapor deposition (MOCVD) using both triethylgallium 

(TEGa) and trimethylgallium (TMGa) as the Ga precursors. For MOCVD growth with TEGa, 

group VI/III molar ratio was tuned with different TEGa molar flow rate. The correlation between 

growth conditions and the surface morphology, growth rate, and electron transport properties of 

MOCVD-grown (001) β-Ga2O3 thin films is comprehensively analyzed.  Room temperature 

mobility of 85 cm2/V·s with carrier concentration of 2.0 x 1017 cm-3 were measured for a film 

grown using TEGa molar flow rate of 19 μmol/min and VI/III molar ratio of 934. For MOCVD 

growth of (001) Ga2O3 using TMGa, we observed the occurrence of cracking along [010] direction 

in the grown films, which was found to be closely related to the film thickness and growth rate. 

The relatively smooth surface morphology of the films with cracks is attributed to the strain 

relaxation. (001) β-Ga2O3 films containing rotation domains with (-401) plane were observed from 

high resolution x-ray diffraction (XRD) and confirmed with atomic-resolution scanning 

transmission electron microscopy (STEM) imaging. Under the same growth condition, (001) β-

Ga2O3 films contain higher carbon concentration as compared to that of the (010) β-Ga2O3 films. 
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Results from this work provide fundamental insights in MOCVD epitaxy of β-Ga2O3 on (001) 

Ga2O3 substrates, revealing the opportunities and challenges of MOCVD growth of (001) β-Ga2O3 

thin films with fast growth rates for high-power electronic device technology. 

I. Introduction 

Due to its promising fundamental material properties, such as a large energy bandgap (4.8 eV) [1, 

2], controllable n-type doping [3–6], and a high predicted breakdown field strength (8 MV/cm) 

[7], β-Ga2O3 has emerged as a promising semiconductor candidate for the development of next-

generation high-power electronic devices [8]. Another key advantage of β-Ga2O3 over other wide 

(GaN, SiC) and ultra-wide (diamond, AlN) bandgap semiconductors is the availability of high-

quality, single crystalline native substrates with various orientations [9], enabling high quality 

epitaxy of β-Ga2O3 [4–6, 10–28] and β-(AlxGa1-x)2O3 alloys [29–37]. While the technology is in 

its nascent stage, significant strides have been made in creating β-Ga2O3-based devices using bulk 

and epitaxial thin films, such as lateral and vertical field-effect transistors and Schottky barrier 

diodes (SBDs) with high breakdown voltages surpassing 6 kV [38–41]. 

SBDs with a vertical fin structure have been documented with a breakdown voltage of 2.89 kV 

and a Baliga's figure-of-merit (BFOM) of 0.80 GW/cm2 (BV2/Ron,sp) [39]. Vertical fin-shaped 

channel metal-insulator-semiconductor (MIS) field-effect transistors (FinFETs) have been 

demonstrated with breakdown voltages (BV) exceeding 2 kV [40]. However, the performance of 

β-Ga2O3 power devices remains well below the material's predicted limit. Various techniques have 

been explored to improve the BV of vertical β-Ga2O3 SBDs, including implanted edge termination, 

field plates, p-NiOx rings, fin structures, and high-k oxide field plates [42–46]. Despite these 

efforts, they have not exceeded the traditional GaN or SiC-based SBDs. Challenges in epitaxial 
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growth of high-quality, thick drift layers with smooth surface morphology and controllable doping 

persist as key a factor limiting the performance of β-Ga2O3 vertical power devices [9]. 

To develop high-power vertical electronic devices with high reverse breakdown voltage, a thick 

drift layer with smooth surface morphology and low controllable doping is crucial. This typically 

requires faster growth rates while maintaining high epilayer quality. Although relatively rapid 

growth rates for epitaxial β-Ga2O3 layers on (010) oriented β-Ga2O3 substrates have been achieved 

using methods such as low-pressure chemical vapor deposition (LPCVD) [14] and metal-organic 

chemical vapor deposition (MOCVD) [26, 47], thick film growth often leads to three-dimensional 

(3D) island formation on the growth surface [28, 47], which inevitably cause compromised power 

device performance, including non-ideal forward transport, trap-assisted leakage, and high on-

resistance. 

Prior efforts on MOCVD homoepitaxial growth of β-Ga2O3 on on-axis (100) β-Ga2O3 substrates 

revealed stacking faults and twin lamellae formation in the epitaxial films [48]. Although 

introducing suitable miscut angles on the substrates allows step-flow growth of β-Ga2O3 thin films 

on the (100) plane, growth of thick drift layer with fast growth rates still require further 

development [17]. Primarily, (001) oriented β-Ga2O3 substrates have been utilized for the 

homoepitaxial growth of β-Ga2O3 films, achieving rapid growth rates exceeding 10 μm/h through 

halide vapor-phase epitaxy (HVPE). [38]. Majority of the existing vertical β-Ga2O3 devices, such 

as Schottky barrier diodes [39, 41–43, 49], p-n heterojunction diodes [46, 50], or metal-insulator-

semiconductor (MIS) diodes [51], have been fabricated on (001) β-Ga2O3 films due to the 

availability of thick (001) β-Ga2O3 homoepitaxial drift layers. 

However, HVPE growth at rapid growth rates tends to result in significant surface roughness, 

including surface steps and pits, requiring mechanical and chemical-mechanical polishing (CMP) 
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processes before device fabrication [13, 52]. These processes not only increase the cost but also 

likely introduce impurities or contaminants onto the polished surface. As compared to other growth 

methods, MOCVD remains a promising growth technique due to its ability to produce high-quality 

crystalline thin films with high mobility, low compensation, and reasonable growth rates. While 

MOCVD growth of β-Ga2O3 films on (010) [6, 15, 20, 21, 24–28] and (100) [16–19, 48, 53, 54] 

oriented β-Ga2O3 substrates has been extensively studied, development and understanding of 

MOCVD epitaxial β-Ga2O3 films on (001) β-Ga2O3 substrates is still limited.  

In this study, we performed a comprehensive investigation on the growth window of MOCVD 

(001) β-Ga2O3, utilizing triethylgallium (TEGa) and trimethylgallium (TMGa) as the gallium 

precursors. The main purpose of this study is to identify growth conditions that facilitate the high-

quality growth of (001) β-Ga2O3 epi-film with high electron mobility, smooth surface morphology 

and thick (001) β-Ga2O3 films with fast growth rates.  

 

II. Experimental Section 

MOCVD (001) β-Ga2O3 thin films were grown in a far injection showerhead reactor with different 

growth rates by using TEGa and TMGa as the Ga precursors, respectively. Pure oxygen (O2) was 

used as O precursor with Argon (Ar) as the carrier gas. N-type doping was achieved using diluted 

silane source. The chamber pressure was kept constant at 60 Torr. For the samples grown with 

TEGa, the O2 flow rate was adjusted between 400 SCCM and 1000 SCCM, while the TEGa molar 

flow rate ranged from 12 to 31 μmol/min. The growth temperature was set at 880℃.  For the 

samples grown with TMGa, the O2 flow rate and TMGa molar flow rate were set at 800 SCCM 

and 58 μmol/min, respectively. The growth temperature was tuned from 850℃ to 950℃. The films 
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were grown on Sn-doped conductive and Fe-doped semi-insulating (001) Ga2O3 substrates. The 

detailed growth parameters can be found in Table 1 and Table 2. 

Room temperature Hall measurements were conducted using the Ecopia HMS-3000 Hall effect 

system to determine carrier concentrations and electron mobilities under a constant magnetic field 

of 0.975 T. To establish the Van der Pauw geometry required for these measurements, Ti/Au 

contacts (30/100 nm) were deposited at the sample's four corners and annealed in a N2 atmosphere 

at 470 ℃ for 1 minute. The surface morphology of the thin films was characterized using optical 

microscopy and field emission (FE) scanning electron microscopy (FESEM, FEI Helios 650), 

while the growth rates were determined by measuring the thickness of β-Ga2O3 films through 

cross-sectional FESEM imaging of films co-deposited on sapphire substrates. The surface 

roughness was obtained using atomic force microscopy (AFM, Bruker AXS Dimension Icon). The 

crystalline quality of the β-Ga2O3 films was evaluated using high-resolution X-ray diffraction 

(HRXRD, Bruker D8 Discover). High-angle annular dark field (HAADF) scanning transmission 

electron microscopy (STEM) images of the cracking area were obtained using a Thermo Fisher 

Scientific Titan STEM operated at 300 kV. Quantitative secondary ion mass spectroscopy (SIMS) 

was used to probe the impurity profiles of carbon (C). 

III. Results and Discussions 

In the first part, the results from the MOCVD growths of (001) β-Ga2O3 thin films using TEGa are 

discussed. The influence of O2 flow rates on the surface morphology and charge transport 

properties of (001) β-Ga2O3 films was systematically studied, with the O2 flow rates ranging from 

400 to 1000 SCCM, as detailed in Table 1 (Sample ID: #1, #2, #3).All other growth parameters 

were kept constant (TEGa molar flow rate at 31 μmol/min, growth temperature at 880°C, and 

chamber pressure at 60 torr). The surface morphologies of the β-Ga2O3 films grown under these 
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conditions were comprehensively assessed using FESEM and AFM imaging. Figures 1(a)-(c) 

show the surface FESEM images of (001) β-Ga2O3 films grown at O2 flow rate of 400, 800, and 

1000 SCCM, respectively. All the samples show smooth surface morphology. The corresponding 

surface AFM images (over a scan area of 5 x 5 µm2) for the films grown with different O2 flow 

rate are shown in Figures 1(d)-(f). Overall surface morphologies are similar among these samples. 

The growth rates were observed to vary with the O2 flow rate, as detailed in Table 1. Growth rates 

remained nearly constant (~700 nm/h) for O2 flow rates of 800 SCCM or higher. However, 

reducing the flow rate to 400 SCCM slightly increased the growth rate to 813 nm/h, likely due to 

the suppressed precursor gas phase reaction from the reduced O2 flow. The room temperature (RT) 

Hall mobility was also found to be influenced by the O2 flow rate, as indicated in Table 1. With 

the same silane flow, the electron concentrations of the films grown with different O2 flow rate are 

found to increase as the O2 flow rate decreases. Relatively higher mobilities were obtained for 

films grown with lower O2 flow rate. This effect can be attributed to reduced compensation at 

lower O2 flow rates, resulting from suppressed Ga vacancies being formed [55]. The RT mobility 

of 80 cm2/V.s with carrier concentration of 8 x 1016  cm-3 was measured for the film grown with 

400 SCCM of O2 flow. As the O2 flow rate increased, a decrease in Hall mobility was observed, 

suggesting a degradation in crystalline quality. 

Using the relatively low O2 flow rate condition (400 SCCM), the surface morphology, growth rate 

and charge transport properties of (001) β-Ga2O3 films were systematically investigated as a 

function of the TEGa molar flow rate. The TEGa molar flow rate was varied from 31 μmol/min to 

12 μmol/min (Sample ID: #2, #4, #5 in Table 1). The other parameters, including the O2 flow (400 

SCCM), growth temperature (880 °C), and chamber pressure (60 Torr), remained constant. The 

surface FESEM images of β-Ga2O3 films grown with TEGa molar flow rate ranging from 31 
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μmol/min to 12 μmol/min are shown in Figures 2(a)-(c), respectively. The corresponding surface 

AFM images are shown in Figures 2(d)-(f), respectively. All the samples show uniform and 

smooth and similar surface morphologies with RMS roughness values ranging between 7 and 9 

nm. Additionally, we explored the relationship between growth rates and various TEGa molar flow 

rates, as indicated in Table 1. The findings indicate a broad adjustment of growth rates, from 370 

to 813 nm/h, in response to TEGa molar flow rates from 12 μmol/min to 31 μmol/min, which 

indicates the growth rate is still limited by the mass transfer. 

The room temperature Hall mobilities of β-Ga2O3 films were measured for those grown at different 

TEGa molar flow rate as shown in Table 1. With the same silane flow, the electron concentrations 

of the films are found to increase from 8 x 1016 cm-3 to 3 x 1017 cm-3 as the TEGa molar flow rate 

decreases, which is due to the lower growth rate at the lower TEGa molar flow rate. Relatively 

higher electron mobility of 85 cm2/V.s with carrier concentration of 2 x 1017  cm-3 was obtained at 

19 μmol/min TEGa molar flow rate. The higher Hall mobility reveals the higher crystalline quality, 

corroborated by the film's relatively smooth surface morphology as shown in Figure 2(b). At a low 

TEGa molar flow rate of 12 μmol/min, we studied the impact of varying O2 flow rate (from 400 

to 1000 sccm) on β-Ga2O3 films (Sample IDs: #5, #6, #7 in Table 1). As shown in Figures 3(a)-

(d) and Table 1, there were no significant differences in surface morphology or charge transport 

properties. This suggests that under low TEGa flow rate conditions, the O2 flow rate does not 

significantly affect the thin film quality. Figure 4 plots the correlation between room temperature 

electron mobility and carrier concentration for the series of samples mentioned earlier, in 

comparison to values reported for β-Ga2O3 films grown via different growth techniques [4-

6,11,13,24-26]. Notably, a sample (Sample #4) with a TEGa molar flow rate of 19 μmol/min and 
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an O2 flow rate of 400 SCCM achieved a relatively high room temperature mobility of 85 cm2/V·s 

at a carrier concentration of 2 x 1017 cm-3. 

As compared to TEGa, TMGa is characterized by its higher vapor pressure and more rapid reaction 

kinetics [21, 56, 57]. Previously, we have achieved high-quality (010) β-Ga2O3 films with growth 

rate of 3 μm/h and room temperature mobility as high as 190 cm2/V·s using TMGa as a precursor 

[26]. In this study, we investigate the growth conditions conducive to producing high-quality (001) 

β-Ga2O3 film growth with fast growth rates. Using our prior growth condition as a baseline 

condition, in which the O2 flow rate and TMGa molar flow rate were kept constant at 800 SCCM 

and 58 μmol/min, respectively. The growth temperature and chamber pressure were kept constant 

at 950°C and 60 torr, respectively. The surface view FESEM images of β-Ga2O3 film (film 

thickness =9 μm) grown with a growth rate of 3μm/h using TMGa on (001) Sn-doped β-Ga2O3 

substrate (Sample #8) were shown in Figure 5. As shown in Figure 5(b) and 5(d), the surface is 

uniform and smooth, which is different from the films grown on (010) Ga2O3 substrates [28, 47]. 

Additionally, the surface also exhibits a smoother surface morphology as compared to (001) Ga2O3 

films grown using TEGa. However, we observed the existence of cracks along [010] direction as 

shown in Figure 5(a) and 5(c), which is due to the existence of strains in the (001) β-Ga2O3 film. 

This could also explain the smoother surface morphology compared to samples grown with TEGa, 

suggesting that the presence of cracks aids in strain relief within the films, resulting in a smoother 

surface. To further investigate the influence of the growth duration on the surface morphology, the 

(001) β-Ga2O3 films were grown with the same growth rate of 3 μm/h and varied growth duration 

from 0.5 h to 3 h (Sample IDs: #10, #9, #8 in Table 2). Optical microscopy was used to assess the 

surface morphology of these films grown with different growth duration. Figures 6(a)-(c) show 

the low magnitude optical microscopic surface morphology of (001) β-Ga2O3 films grown with 
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TMGa on Sn-doped (001) β-Ga2O3 substrates with different growth duration. The density of the 

cracks obviously increases as the growth duration increases, which can be attributed to the 

accumulation of the strains as the increase of the film thickness. Noting for the film grown with 

0.5 h (1.5 μm), no cracks were observed from the optical microscopic images. The corresponding 

surface AFM images with surface RMS values were shown in Figures 6(g)-(i), respectively. The 

AFM images were taken from the area between the cracks or without the cracks. The surface RMS 

value slightly increases from 2.56 nm to 3.24 nm as the growth duration increases from 0.5 h to 3 

h. 

To elucidate the effect of growth temperature on surface morphology, β-Ga2O3 films were grown 

at temperatures of 950°C and 850°C (Sample IDs: #9, #11, #12 in Table 2). The surface 

morphology was measured via optical microscopy. The optical microscopic images at low (Figures 

7(a)-(c)) and high (Figures 7(d)-(f)) magnifications reveal the morphology of β-Ga2O3 films grown 

using TMGa on Sn-doped (001) β-Ga2O3 substrates at different growth temperatures. It was 

observed that the density of the cracks was not significantly influenced by the growth temperature. 

The corresponding surface AFM images, along with surface RMS values, are shown in Figures 

7(g)-(i). These AFM images were captured from areas avoiding the cracks, indicating that the 

surface RMS value increases with a decrease in growth temperature. Notably, the sample grown 

for 1 hour at 850°C exhibits a higher RMS value than the one grown for 2 hours at the same 

temperature, indicating that increased crack formation can lead to a smoother surface through 

strain relaxation. 

Figure 8 presents the XRD ω-2θ scans of β-Ga2O3 films grown on (001) Ga2O3 substrates at a 

growth temperature of 950°C, with growth durations of 0.5 hours and 3 hours, respectively. Both 

films exhibit high-intensity, distinguishable diffraction peaks corresponding to the (001) 
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reflections of β-Ga2O3. Notably, an additional peak corresponding to the (4̅01) plane of β-Ga2O3 

was also observed in both films. 

We used the low angle annular dark field (LAADF) STEM imaging technique to study the cracking 

behavior of β-Ga2O3 films grown with TMGa on (001) Sn-doped β-Ga2O3 substrates. Figure 9(a) 

displays the cross-sectional STEM LAADF image, revealing the formation of straight cracks 

across both the film and substrate. Closer examination of the cracking characteristics at magnified 

regions near the surface (red dotted squares) and interface (orange dotted squares) were shown in 

Figures 9(b) and 9(c), respectively. The width of the cracks was approximately 100 nm, with a 

depth of over 8 μm. Non-uniform interfaces were observed between the film and substrate, 

indicating a critical strain field accumulated during the epitaxial crystal growth. Figure 9(d) shows 

a magnified region in Figure 9(c), and atomic scale details were provided in Figure 9(e). The 

STEM high angle annular dark field (HAADF) image shows two different crystal structures for 

film and substrate regions, indicating the crystal rotation from [001] direction to [4�01] direction, 

which is agreed with the XRD results shown in Figure 8.  The in-plane rotation of crystal domain 

planes changed the surface energies [58], resulting in the strain accumulation and termination of 

the epitaxial growth along [001] direction. Lattice reconstruction at the interface was also observed 

(red arrows) which can lead to the lattice displacement and further support the strain accumulation. 

This also indicates the different precursor may play a role for stoichiometric film deposition. 

Furthermore, the observed interfacial lattice reconstruction (red arrows) can lead to lattice 

displacement and strain accumulations.  

Quantitative secondary ion mass spectroscopy (SIMS) was used to probe the background C 

impurity concentrations in the MOCVD grown (001) β-Ga2O3 film with a growth rate of 3µm/h, 

using a TMGa molar flow rate of 58μmol/min, at a growth temperature of 950°C and chamber 
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pressure of 60 torr (Sample #10). Notably, under the same growth condition (3 µm/h growth rate) 

[59], the C concentration in (001) β-Ga2O3 was 1.8 x 1018 cm-3— about 26 times higher than that 

of the (010) β-Ga2O3 films (6.8 x 1016 cm-3). Given that C acts as a charge compensator in β-Ga2O3 

[59], this might elucidate the challenges in achieving controllable conductive films with low carrier 

concentration and high mobility on (001) β-Ga2O3 substrates as compared to (010) β-Ga2O3 

substrates. To understand the mechanisms of higher C incorporation in (001) β-Ga2O3 as compared 

to (010) β-Ga2O3, we computed the density of gallium (Ga) and oxygen (O) surface atoms on what 

are considered 'ideal' surfaces without defects. This determination (refer to Table 3) was guided 

by the crystal structure of β-Ga2O3 when observed from [010] and [001] directions, as illustrated 

in Figure 10 [60]. As shown in Fig. 10, the Ga density is much higher in the in-plane (001) plane 

as compared to that of the (010) plane. Higher Ga-atom density on (001) plane can be correlated 

with higher C incorporation. The number of Ga adsorption sites might influence the likelihood of 

CH3 adsorption, which leads to higher C incorporation. Specifically, in a step flow growth mode, 

C absorbed on terraces can be seized by rapidly propagating steps. This trend aligns well with the 

previous observations in GaAs and GaN films [61, 62]. 

 

IV. Conclusions 

In this work, we systematically investigated the MOCVD growth of β-Ga2O3 on (001) β-Ga2O3 

substrate with both TEGa and TMGa as Ga precursors. For films grown with TEGa, the surface 

morphology, growth rate and electron mobility highly depend on the VI/III ratio and the TEGa 

molar flow rate. For films grown with TMGa and fast growth rates, we observed the cracks 

formation along the [010] direction for films with several micrometers. The density of the cracks 

increases as the film thickness increases. The improved smoothness of the film surface 
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morphology, characterized by the presence of cracks, is attributed to the relaxation of strain within 

the films. The cracks are correlated with the appearance of the (-401) rotation domains which were 

evidenced from both XRD and STEM. Under the same growth condition, the impurity carbon 

concentration in (001) β-Ga2O3 is significantly higher than that in (010) β-Ga2O3. The results from 

this study provide insights on MOCVD epitaxy of (001) β-Ga2O3 films. Opportunities and 

challenges co-exist for developing high quality (001) β-Ga2O3 thin films for high power electronic 

devices.  
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Table Caption 

Table 1. Summary of β-Ga2O3 films grown on (001) Ga2O3 substrates using TEGa with different 

growth conditions: TEGa molar flow rate (12-31 μmol/min), O2 flow rate (400-1000 SCCM), 

and silane molar flow rate (0.11-0.25 nmol/min). 

Table 2. Summary of β-Ga2O3 films grown on (001) Ga2O3 substrates using TMGa with different 

growth conditions: growth duration (0.5h-3 h), growth temperature (850℃-950℃), and silane 

molar flow rate (0.11-0.55 nmol/min). 

Table 3. The carbon concentration in epitaxial films of different orientations, as determined by 

SIMS under the same growth conditions, correlates with the atom density on the ideal surfaces of 

various crystallographic orientations. 
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Figure Captions 

Fig 1. Surface view FESEM images of (001) β-Ga2O3 films grown with TEGa at different O2 

flow rate: (a) 400 SCCM (#2), (b) 800 SCCM (#1), and (c) 1000 SCCM (#3). The corresponding 

surface AFM images (5µm x 5µm scan area) of β-Ga2O3 films grown with TEGa at different O2 

flow rate: (d) 400 SCCM (#2), (e) 800 SCCM (#1), and (f) 1000 SCCM (#3). TEGa molar flow 

rate was set at 31 µmol/min. The growth temperature and chamber pressure were constant at 

880℃ and 60 Torr, respectively.    

Fig 2. Surface view FESEM images of (001) β-Ga2O3 films grown with TEGa at different TEGa 

molar flow rate: (a) 31 µmol/min (#2), (b) 19 µmol/min (#4), and (c) 12 µmol/min (#5). The 

corresponding surface AFM images (5µm x 5µm scan area) of (001) β-Ga2O3 films grown with 

TEGa at different TEGa molar flow rate: (d) 31 µmol/min (#2), (e) 19 µmol/min (#4), and (f) 12 

µmol/min (#5). O2 flow rate was set at 400 SCCM. The growth temperature and chamber 

pressure were constant at 880℃ and 60 Torr, respectively. 

Fig 3. Surface view FESEM images of (001) β-Ga2O3 films grown with TEGa at different O2 

flow rate: (a) 400 SCCM (#5) and (b) 1000 SCCM (#7). The corresponding surface AFM images 

(5µm x 5µm scan area) of (001) β-Ga2O3 films grown with TEGa at different O2 flow rate: (c) 

400 SCCM (#5) and (d) 1000 SCCM (#7). TEGa molar flow rate was set at 12 µmol/min. The 

growth temperature and chamber pressure were constant at 880℃ and 60 Torr, respectively.      

Fig 4. Room temperature electron mobility vs. electron concentration for (001) β-Ga2O3 

homoepitaxial thin films from this study (TEGa). The plot also includes previously published 

data from various growth techniques. Additionally, the growth rates for each set of data are 

provided. 
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Fig 5. Surface view FESEM images of β-Ga2O3 film (9 μm) grown with TMGa on (001) Sn-

doped β- Ga2O3 substrate (#8): large field of view of (a) cracking area and (b) no-cracking area; 

high magnification of (c) cracking area and (d) no-cracking area. The cracks are along [010] 

direction. The film is grown with a growth rate of 3 μm/hr.  

Fig 6. Optical microscopic surface morphology of β-Ga2O3 films grown with TMGa on Sn-

doped (001) β-Ga2O3 substrates with different growth duration: (a,d) 3h (#8) (b,e) 2h (#9), and 

(c,f) 0.5h (#10). All the films are grown with same growth rate of 3 μm/hr. The corresponding 

surface AFM images (5µm x 5µm scan area) of β-Ga2O3 films grown with TMGa on Sn-doped 

(001) β-Ga2O3 substrates with different growth duration: (g) 3h (#8), (h) 2h (#9), and (i) 0.5h 

(#10).  

Fig 7. Optical microscopic surface morphology of β-Ga2O3 films grown with TMGa on Sn-

doped (001) β-Ga2O3 substrates with different growth temperature and duration. (a,d) 950℃,2h 

(#9); (b,e) 850℃,2h (#11); and (c,f) 850℃,1h (#12). The corresponding surface AFM images 

(5µm x 5µm scan area) of β-Ga2O3 films grown with TMGa on Sn-doped (001) β-Ga2O3 

substrates with different growth temperature and duration. (a) 950℃,2h (#9); (b) 850℃,2h 

(#11); and (c) 850℃,1h (#12). 

Fig 8. XRD ω-2θ patterns for β-Ga2O3 films grown with TMGa on (001) Sn-doped β-Ga2O3 

substrates with different growth duration: (a) 0.5h (#10) and (b) 3h (#8). 

Fig 9. High resolution STEM images of β-Ga2O3 films grown with TMGa on (001) Sn-doped β-

Ga2O3 substrate (#9) (a) The cracking in the film (b) zig zag at the interface and (c) high mag zig 

zag area and (d) rotation domains. 

Fig 10. Crystal structure of β-Ga2O3 viewed in [010] (left) and [001] (right) directions. 
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Table 1. Summary of β-Ga2O3 films grown on (001) Ga2O3 substrates using TEGa with different 

growth conditions: TEGa molar flow rate (12-31 μmol/min), O2 flow rate (400-1000 SCCM), 

and silane molar flow rate (0.11-0.25 nmol/min). 

 

 

 

Sample 
ID 

TEGa molar 
flow rate 

(μmol/min) 

Oxygen 
flow 

(SCCM) 

Growth 
Temperature 

(℃) 

Chamber 
Pressure 

(Torr) 

Silane 
molar flow 

rate 
(nmol/min) 

Growth 
Duration   

Film 
thickness 

(nm)  

Growth 
rate  

(nm/h) 

Electron 
concentration  

(cm-3) 

Hall 
mobility  
(cm2/Vs) 

#1 31 800 880 60 0.25 45min 510 680 Insulating 

#2 31 400 880 60 0.25 45min 610 813 8 x1016 80 

#3 31 1000 880 60 0.25 45min 540 720 4.2 x1016 45 

#4 19 400 880 60 0.25 45min 406 541 2 x1017 85 

#5 12 400 880 60 0.11 45min 278 371 3.1 x1017 47 

#6 12 800 880 60 0.11 45min 255 340 4 x1017 69 

#7 12 1000 880 60 0.11 45min 233 311 3.9 x1017 59 
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Table 2. Summary of β-Ga2O3 films grown on (001) Ga2O3 substrates using TMGa with different 

growth conditions: growth duration (0.5h-3 h), growth temperature (850℃-950℃), and silane 

molar flow rate (0.11-0.55 nmol/min). 

 
 
 

 
TMGa 

molar flow 
rate 

(μmol/min) 

Oxygen 
flow 

(SCCM) 

Growth 
temperature 

(℃) 

Chamber 
pressure 

(Torr) 

Silane 
molar flow 

rate 
(nmol/min) 

Growth 
duration   

Cooling 
down 

duration 
(950C to 
650 C) 

Film 
thickness 

(um)  

Growth 
rate  

(um/h) 

#8 58 800 950 60 0.11 3h 5min 9.50 3.17 

#9 58 800 950 60 0.11 2h 5min 5.70 2.85 

#10 58 800 950 60 0.11 0.5h 5min 1.40 2.80 

#11 58 800 850 60 0.55 2h 5min 5.90 2.95 

#12 58 800 850 60 0.55 1h 5min 2.86 2.86 
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Table 3. The carbon concentration in epitaxial films of different orientations, as determined by 

SIMS under the same growth conditions, correlates with the atom density on the ideal surfaces of 

various crystallographic orientations. 

 

 
 
 
 
  

Orientation [C] (cm-3) Ga Atoms (x 1015/cm2) O Atoms (x 1015/cm2) 

(010) 6.8 x 1016 1.19 2.08 

(001) 1.8 x 1018 3.40 2.83 
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Fig 1. Surface view FESEM images of (001) β-Ga2O3 films grown with TEGa at different O2 

flow rate: (a) 400 SCCM (#2), (b) 800 SCCM (#1), and (c) 1000 SCCM (#3). The corresponding 

surface AFM images (5µm x 5µm scan area) of β-Ga2O3 films grown with TEGa at different O2 

flow rate: (d) 400 SCCM (#2), (e) 800 SCCM (#1), and (f) 1000 SCCM (#3). TEGa molar flow 

rate was set at 31 µmol/min. The growth temperature and chamber pressure were constant at 

880℃ and 60 Torr, respectively.   

 

 

 

   

         
 

  

20 μm

O2: 400 (SCCM)(a)

20 μm

(b) O2: 800 (SCCM)

20 μm

(c) O2: 1000 (SCCM)

O2: 400

(d)

5 μm

RMS = 6.97 nm (e)

O2: 800 5 μm

RMS = 10.2 nm (f)

O2: 1000 5 μm

RMS = 5.36 nm



24 
 

Fig 2. Surface view FESEM images of (001) β-Ga2O3 films grown with TEGa at different TEGa 

molar flow rate: (a) 31 µmol/min (#2), (b) 19 µmol/min (#4), and (c) 12 µmol/min (#5). The 

corresponding surface AFM images (5µm x 5µm scan area) of (001) β-Ga2O3 films grown with 

TEGa at different TEGa molar flow rate: (d) 31 µmol/min (#2), (e) 19 µmol/min (#4), and (f) 12 

µmol/min (#5). O2 flow rate was set at 400 SCCM. The growth temperature and chamber 

pressure were constant at 880℃ and 60 Torr, respectively. 
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Fig 3. Surface view FESEM images of (001) β-Ga2O3 films grown with TEGa at different O2 

flow rate: (a) 400 SCCM (#5) and (b) 1000 SCCM (#7). The corresponding surface AFM images 

(5µm x 5µm scan area) of (001) β-Ga2O3 films grown with TEGa at different O2 flow rate: (c) 

400 SCCM (#5) and (d) 1000 SCCM (#7). TEGa molar flow rate was set at 12 µmol/min. The 

growth temperature and chamber pressure were constant at 880℃ and 60 Torr, respectively.      
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Fig 4. Room temperature electron mobility vs. electron concentration for (001) β-Ga2O3 

homoepitaxial thin films from this study (TEGa). The plot also includes previously published 

data from various growth techniques. Additionally, the growth rates for each set of data are 

provided. 
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Fig 5. Surface view FESEM images of β-Ga2O3 film (9 μm) grown with TMGa on (001) Sn-

doped β- Ga2O3 substrate (#8): large field of view of (a) cracking area and (b) no-cracking area; 

high magnification of (c) cracking area and (d) no-cracking area. The cracks are along [010] 

direction. The film is grown with a growth rate of 3 μm/hr.  
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Fig 6. Optical microscopic surface morphology of β-Ga2O3 films grown with TMGa on Sn-

doped (001) β-Ga2O3 substrates with different growth duration: (a,d) 3h (#8) (b,e) 2h (#9), and 

(c,f) 0.5h (#10). All the films are grown with same growth rate of 3 μm/hr. The corresponding 

surface AFM images (5µm x 5µm scan area) of β-Ga2O3 films grown with TMGa on Sn-doped 

(001) β-Ga2O3 substrates with different growth duration: (g) 3h (#8), (h) 2h (#9), and (i) 0.5h 

(#10).  
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Fig 7. Optical microscopic surface morphology of β-Ga2O3 films grown with TMGa on Sn-

doped (001) β-Ga2O3 substrates with different growth temperature and duration. (a,d) 950℃,2h 

(#9); (b,e) 850℃,2h (#11); and (c,f) 850℃,1h (#12). The corresponding surface AFM images 

(5µm x 5µm scan area) of β-Ga2O3 films grown with TMGa on Sn-doped (001) β-Ga2O3 

substrates with different growth temperature and duration. (a) 950℃,2h (#9); (b) 850℃,2h 

(#11); and (c) 850℃,1h (#12). 
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Fig 8. XRD ω-2θ patterns for β-Ga2O3 films grown with TMGa on (001) Sn-doped β-Ga2O3 

substrates with different growth duration: (a) 0.5h (#10) and (b) 3h (#8). 
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Fig 9. High resolution STEM images of β-Ga2O3 films grown with TMGa on (001) Sn-doped β-

Ga2O3 substrate (#9) (a) The cracking in the film (b) zig zag at the interface and (c) high mag zig 

zag area and (d) rotation domains. 
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Fig 10. Crystal structure of β-Ga2O3 viewed in [010] (left) and [001] (right) directions. 
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MOCVD growth of β-Ga2O3 thin films on (001) on-axis Ga2O3 substrates revealed opportunity 
for thick film epitaxy using TMGa as the precursor. Smooth surface morphology is achievable 
but associated with cracks formation. Impurity carbon incorporation tends to be higher in films 
grown along (001) crystal orientation as compared to that in (010) β-Ga2O3 films.    

(001) Ga2O3 (001) Ga2O3

mailto:zhao.2592@osu.edu

