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Abstract  

β-Ga2O3 is a wide bandgap semiconductor with potential for surpassing current-generation high-power 

device performance and cost-effectiveness, due to its unique properties and availability of large high-quality 

substrates. However, β-Ga2O3 power electronics are still relatively immature, and commercial realization 

of reliable high-power devices will require intimate knowledge of performance-limiting extended defects. 

While several defects have been characterized in bulk substrates, less attention has been given to defects in 

homoepitaxially grown β-Ga2O3, despite its importance in producing high quality active layers for power 

devices. In this work, we characterize the bulk electronic properties and extended structural defects in (010) 

β-Ga2O3 homoepitaxially grown via hydride vapor phase epitaxy (HVPE) using photoemission, 

transmission electron microscopy (TEM), and complementary spectroscopy and microscopy techniques. 

We observe two types of linear, surface defects aligned along the [001] crystal axis. One defect consists of 

a micrometer-sized particle and a tail of protruding material, while the other is a groove in the surface. The 

large particle is a Ga-rich phase that is likely present early in the HVPE growth that disrupts the surface, 

while the groove defect appears purely structural in nature. Defect etching and TEM analysis reveal that 

the linear defects are associated with different dislocation structures, which can explain the different local 

conductivity measured at each. Our results emphasize that proper surface processing of the bulk substrate 

is still necessary for obtaining higher quality epitaxial growth for large area power devices. 
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β-phase gallium oxide (β-Ga2O3) is an ultra-wide bandgap material with a bandgap of 4.8 eV 1–4 and a 

corresponding large breakdown electric field of ~ 8 MV cm-1 5,6 and Baliga’s figure of merit of 

approximately 2870 7. Due to the availability of large, high-quality substrates grown from melt, β-Ga2O3 

has potential cost savings over SiC and GaN technologies in high-power applications 7–9. β-Ga2O3 has begun 

rapid device development 10–13; however, several material issues need to be addressed. In SiC, killer defects 

such as micro pipes, stacking faults, and processing damage were crucial to eliminate for commercial 

devices 14–16, while threading dislocations17–19 and stacking faults20 in GaN have been correlated with device 

leakage and reliability. Similar issues may also affect β-Ga2O3, and several common defects21 in bulk 

substrates grown via edge-defined film-fed growth10,11 and vertical Bridgeman methods12,13 have been 

identified and classified. Nanovoid defects have been frequently observed10,22,23 and are correlated with 

leakage current, possibly due to forming threading dislocations, in Schottky barrier diodes (SBDs) 23–25. 

Other types of dislocations have been observed in β-Ga2O3, and some are associated with leakage current 

in SBDs 10,24, though it is often challenging to identify the exact dislocation type 26. 

Only a few reports have examined extended defects in homoepitaxial β-Ga2O3 despite its importance in 

fabricating power devices. Extended defects can be replicated from the substrate into the epitaxial layer, 

nucleated at the growth interface, or even converted or eliminated under appropriate growth conditions, as 

in the case for SiC 15,16. Stacking faults in hydride vapor phase epitaxy (HVPE) growth on (001) surfaces 

were associated with reverse bias leakage current in SBD devices 27,28. Dislocations and twin boundaries 

were observed in plasma-assisted molecular beam epitaxy growth on the (201) surface 29. Dislocations 

were also found to form at nanovoids during HVPE growth on (001) surfaces 30. Linear features and surface 

roughness due to inadequate polishing and the crystal miscut direction on the (010) surface have also been 

observed 31. Defect identification for growth on (010) surfaces has not been investigated in much detail, 

despite its use as a semi-insulating substrate for lateral RF power devices 8,32.  

In this work, we use nanometer-scale, complementary microscopy techniques to identify electrically-active 

surface defects in n-type (010) β-Ga2O3 epitaxy. We find two types of linear defects aligned along the [001] 

crystal direction: one type is associated with a large particle and surface protrusions (comet), while the other  

is a groove in the surface (line). The comets are electronically and chemically different from the host β-

Ga2O3 and lead to reduced local rectification performance. The line defect is not substantially different from 

β-Ga2O3, yet leads to altered local rectification behavior. Wet etching reveals that the defects likely 

originate early in the epitaxial growth while TEM cross-sectioning reveals different sub-surface dislocation 

structures. 

The β-Ga2O3 samples were purchased from Kyma33 and were comprised of a Si-doped (1×1018 cm-3) 

epilayer (0.4 μm thick) grown by HVPE on a semi-insulating Fe-doped (010) substrate. The typical growth 

parameters and conditions have been reported31 , and the dopant source is likely SiH4 in 0.2% N2 and the 

β-Ga2O3 precursors of HCl or Cl2/H2 with liquid gallium and O2 (19.5% O2 in N2) are likely used. Ultraviolet 

(UPS) and x-ray (XPS) photoemission spectroscopy were taken using He I and monochromatic Al kα 

excitations, respectively. The photoemission electron microscope (PEEM) has been described in detail 

elsewhere34,35 and used an excitation wavelength of 193 nm (6.4 eV) or 210 nm (5.9 eV). Topography and 

current images were measured using (conductive) atomic force microscopy (AFM or cAFM) with a heavily-

doped diamond coated probe (100 nm tip radius). Scanning electron microscopy (SEM) energy dispersive 

x-ray spectroscopy (EDS) was used for elemental analysis at electron beam energies of 2 kV, 5 kV, and 10 

kV. Defect etching was performed in 14 mol L-1 H3PO4 at 400 K (125 °C). A home-built terahertz time-

domain spectroscopy (THz-TDS) setup was used to measure the average epi-layer conductivity36. Cross-

sectional lamella were prepared using Ga ion beam milling in a FEI Helios 660 Dual Beam FIB-SEM 33. 
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TEM imaging was performed at 300 kV in a FEI Titan 80-300 S/TEM 33. Further details about sample 

preparation and measurements are in the Supplemental Information.  

We first assess the macroscopic surface electronic properties of the homoepitaxy (010) film. From the 

secondary electron cutoff of the photoemission spectrum (PES) (Figure 1a), a work function (φ) of 3.16 eV 

± 0.05 eV is determined. The valence band maximum (VBM) extracted from Figure 1b is at 4.75 eV ± 0.05 

eV below the Fermi energy, and indicates that the film should be nearly degenerately doped, as expected. 

The VBM estimated from XPS (Figure 1c) is shallower at 4.5 eV ± 0.1 eV, which may be due to cross 

section differences between XPS and UPS and the flat valence band dispersion 37. The calculated ionization 

potential and electron affinity (EA) from UPS (assuming a 4.8 eV band gap) are 7.91 eV ± 0.07 eV and 

3.11 eV ± 0.07 eV, respectively. φ and EA are similar to a recent work38 and in reasonable agreement with 

calculations 39. The VBM with both He I (Figure 1b inset) and Al Kα excitation (Figure 1d) also indicate 

tail states extending into the band gap, which have previously been observed in epi-ready, cleaved, and 

epitaxially grown β-Ga2O3 38,40,41 and are likely due to point defects and impurities. This macroscopic 

electronic structure of a heavily doped surface is consistent with the average conductivity of 23 S cm-1 (or 

0.044 Ω cm layer resistance) estimated using THz-TDS between 0.7 THz and 1.3 THz (Supplementary 

Figure S1) which is comparable to another report42.  

PEEM is used to assess the local electronic properties of the epitaxy surface, and shows parallel lines several 

tens of micrometers in length on the sample (Figure 2a) that occasionally occur in clusters or bands 

(Supplementary Figure S2). We observe two different linear features: one with a micrometer size particle 

at one end (orange circles in Figure 2a, “comet”), and another without any particle (blue circle in Figure 

2a, “line”). Higher magnification PEEM images of comet and line defects are shown in Figures 2b and 2c, 

respectively, and they occur with densities of approximately 103 cm-2 and <105 cm-2, respectively. A piece 

 

Figure 1. PES measurements of a) the secondary electron cutoff and the valence band edge of the epitaxial β-

Ga2O3 using b) He I, c) and d) Al Kα excitations. The valence band in b) and c) are in linear scale, while d) and 

inset of b) are on semi-log scales. The red lines are linear fits of the data. 
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of the substrate without any epitaxial growth did not contain any of these defects (Supplementary Figure 

S3); therefore, the comet and line defects likely develop during the HVPE epitaxial growth. 

Each defect is examined separately in more detail using micro-spectroscopy in the PEEM. The low photon 

energy of ~ 6 eV used (notably below the ionization potential determined with UPS) indicates that PEEM 

probes occupied gap states and not the valence band directly. We observe a shift and broadening of the 

photoemission spectrum at lower binding energies on the comet head and a slight shift on the body, relative 

to the surrounding β-Ga2O3 (Figure 2d). This indicates additional gap states and a larger work function at 

the head, suggesting that it is a different composition. In contrast, the line defect does not show any 

significant difference of the surface electronic structure compared to the surrounding β-Ga2O3 (Figure 2e).  

 

 

 

Figure 2. PEEM observations of a) comet and line defects circled in orange and blue, respectively, and at higher 

magnification at b) a comet and c) a line defect. PEEM PES spectrum from the areas marked by solid and 

dashed circles in b) and c) for d) a comet defect and e) a line defect, respectively. For d) and e), the work 

function measured with He I UPS was used to convert to an approximate binding energy scale (see 

Supplementary Information). 
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The same areas observed in PEEM were characterized by AFM and cAFM. Figure 3a shows the topography 

of the comet defect, where the head of the comet defect and the tail of the defect have a raised height relative 

to the substrate. In contrast, the line defect corresponds to a groove in the surface, as shown in Figure 3b. 

The topography profiles of the comet and line defects in Figure 3c and 3d, respectively, indicate that the 

body of the comet is approximately 100 nm taller than the surrounding material, while the line defect is 

approximately 75 nm deep. The head of the comet is taller at approximately 600 nm. Consequently, the 

image contrast of these defects in PEEM is primarily due to topographic effects, where the disturbance of 

the acceleration field deflects the photoelectrons and modulates contrast 43,44.  

Through cAFM, we investigated the defects’ electrical conductivities. For the comet and line defects shown 

in Figures 3a and 3b, we find that the forward current at +3.5 V bias is significantly reduced at the head of 

the comet defect and the line defect, as shown in Figures 3e and 3f, respectively (see Supplementary Figure 

S4 for other bias voltages). For the comet defect, I-V curves extracted from the head and body and compared 

against the surrounding β-Ga2O3 (red, blue, and green boxes in Figure 3e, respectively) are shown in Figure 

3g and display rectifying Schottky behavior, as expected. The forward turn on voltage is increased and the 

current is reduced by almost three and one order of magnitude at the head and the body of the defect, 

respectively, compared to the bare β-Ga2O3 region. I-V curves from multiple positions of the line defect, as 

 

Figure 3. AFM topography of a) the comet defect and b) the line defect. Height profiles of c) the comet defect 

and d) the line defect along the dashed lines from a) and b), respectively. cAFM current images at +3.5 V bias for 

e) the comet and f) the line defect. The comet defect position is outlined by the magenta dashed line as a guide. 

Current-voltage plots in g) and h) are from red, blue, and green boxes in e) and f), respectively. Red and blue 

boxes are regions on the defect, while the green box is a ‘no defect’ region. The shaded areas of the I-V curves 

represent the geometric standard deviation factors. 
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shown in Figure 3h, show an increased turn on voltage and a reduction in the forward current by 

approximately two orders of magnitude compared to the surrounding β-Ga2O3.  

Using SEM-EDS, we find that the head and body of the comet are gallium rich and oxygen poor relative to 

the surrounding β-Ga2O3 (Figure 4a) at the surface (2 kV acceleration voltage) and no other metals were 

detected in the particle. Along with the energy changes measured in PEEM, this indicates that the head is 

of non-stoichiometric composition. In contrast, the line defect shows no substantial difference in the Ga to 

O ratio, which agrees with the PEEM spectroscopy results that the line defect is mainly a structural defect. 

 

Figure 4. EDS and etch analysis. a) SEM EDS measurements of the Ga/O ratio at different accelerating 

voltages on and off of the comet and line defects. The dotted grey line in a) represents the ideal Ga/O ratio 

of 2/3. b) Sequential confocal microscopy images of a comet and line defect before and after etching in 

H3PO4 at 400 K (125 °C). AFM topography before and after etching of c) a comet defect and d) a line 

defect. AFM height profiles measured along the dotted lines in (c) and (d) before and after etching for the 

long and short axes (insets) of e) the comet defect and f) the line defect. 
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The structural characteristics and origins of the defects were assessed by etching the thin-film in phosphoric 

acid. Sequential etching for 1 hr and 2 hr causes changes in both comet and line defects, as shown in the 

confocal microscope images in Figure 4b10,22. The particle at the head is completely etched away on the 

comet defect (Figure 4c), leaving a pit with a depth comparable to the epilayer thickness (Figure 4e), while 

the body only slightly changes. Therefore, this particle was likely either on the substrate before or formed 

at the beginning of the epitaxial growth. In contrast, the line defect (Figures 4d and 4f) widens and deepens 

after etching, particularly at the end that forms a polygonal pit. The pit is comparable in depth to the epilayer 

thickness (Figure 4f) and it converges to a point, likely indicating a threading dislocation (TD) 22,26. 

However, only approximately 75% of the line defects formed polygonal etch pits.  

Bright-field TEM images (Figures 5 a and e) confirm the tomographic profiles and that the comet and line 

defects are aligned along the [001] direction, in agreement with the substrate cleaving direction and 

literature on the HVPE growth 31. Both defects show regions of dark contrast below them suggesting local 

disorder due to dislocations, which was analyzed using weak-beam dark field (WBDF) TEM. Imaging the 

comet defect at g = (310) reveals bright, short horizontal dislocation lines (less than 40 nm in length) that 

are aligned to form parallel stripes through the entire thickness of the epilayer, as indicated with the green 

arrows in Figure 5b. However, for g = (821) the dislocation contrast disappears (Figure 5c). The contrast 

invisibility suggests that the horizontal dislocation lines are the pure edge components of prismatic 

dislocation loops (PDL) with a Burgers vector b = <010>. Some of the stripes terminate with vertical 

dislocation lines near the top surface of the epilayer (indicated by cyan arrows in Figure 5c) which are 

screw-type TDs with b = <010>. Figure 5d illustrates the alignment of individual PDLs into a stripe, which 

occurs when a screw-type TD climbs during the epitaxial growth 45. The screw-type TDs and stripes formed 

by the PDLs start from the substrate interface (as indicated with the green dashed lines in Figure 5a) and 

are not present in the substrate. This comet defect has not been reported before for β-Ga2O3; however, it 

resembles comet defects and polytype inclusions (“downfall particles”) in SiC, which are known to be killer 

defects in devices 14,15,46–48. Therefore, this defect is likely due to a non-stoichiometric gallium oxide particle 

disrupting the epitaxial growth, which results in the formation and climb of nearby dislocations due to the 

associated strain49. Similar issues due to particles causing extended defects have previously been observed 

for (001) β-Ga2O3 epitaxy 27,50.   

The line defect displays similar short horizontal lines made of the edge-type components of dislocation 

loops but without the same vertical alignment when imaged using a weak beam at g = (020), as indicated 
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with the green arrows in Figure 5f. Additional short vertical lines appear (indicated by the magenta arrows 

in Figure 5g) that connect with the dislocation loops when imaged at g = (821). The invisibility of the 

vertical lines with g = (020) suggests that the dislocation loops have a b with mixed direction components 

involving <001>. The screw-type part of a dislocation loop, where u is parallel to b, can glide on a primary 

{010} plane and cross-slip to a secondary {310} plane 51, followed by a double cross-slip back to another 

primary slip plane to form the dislocation jog, as sketched in Figure 5h. This results in a complex dislocation 

network near the line defect as seen in Figure 5f, which is the likely cause of reduced conductivity, as 

dislocations are known recombination centers in GaN 17,18, SiC 16, and possibly β-Ga2O3 52. Voids, grooves, 

and lines on β-Ga2O3 due to nanovoid defects in bulk crystals are associated with increased leakage current 
10,22,23. However, the etch pits observed at line defects (Figure 4d) do not match those of nanovoids, which 

were observed separately (Supplementary Figure S5). Subsurface processing damage may be a cause of 

this defect since it does not clearly nucleate at the epitaxy-substrate interface 25,31,53–55. We surmise that the 

line defect could be eliminated by chemical mechanical polishing (CMP), as it extends about 75 nm below 

the surface and CMP has been effective of removing material54,56. However, the CMP process would need 

to be optimized to care for the brittleness of β-Ga2O3, and inadequate polishing leads to a higher density 

of surface defects55, substantial sub-surface damage that affects device leakage25, and causes issues with 

epitaxial growth31. Given the moderate density, lateral size, and electrical properties of the line defects, they 

 

Figure 5. Dislocation analysis using weak-beam dark-field (WBDF) TEM imaging for comet (a-d) and line (e-

h) defects. Cross-sectional bright-field TEM images of a (a) comet and (e) line defect obtained near the [001] 

zone axis at the two-beam condition with the (310) reflection. The insets show the electron diffraction patterns 

at the [001] and [108] zone axes. WBDF TEM images of the (b) comet and (f) line defects acquired using at the 

reflections g = (310) and g = (020), respectively, near the [001] zone axis showing the phase contrast of 

dislocation loops. WBDF TEM images of the (c) comet and (g) line defects at the reflection g = (821) near the 

[108] zone axis showing the elimination (c) or addition (g) of phase contrast based on the invisibility criteria. 

The dashed lines in (a-c) and (e-g) indicate the epitaxy – substrate interface. Schematics of (d) threading 

dislocation (TD) climb resulting in the alignment of dislocation loops near the comet defect, and (h) of 

dislocation loop cross-slip leading to the formation of dislocation jogs near the line defect. 
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are likely responsible for anomalous and spatially varying device behavior, such as that observed in β-

Ga2O3 MOSFET devices 57.  

We have observed and characterized two types of linear defects aligned along the [001] direction on HVPE 

grown homoepitaxial (010) β-Ga2O3. The comet defect consists of a particle and protruding material from 

the surface that occurs with a density of 103 cm-2 and causes a lower conductivity. In contrast, the line defect 

is a groove in the surface without any significant chemical or electronic changes at the surface that occurs 

with a density of 105 cm-2. The comet and line defects are associated with dislocation loops undergoing 

climb and cross-slip, respectively, in the epitaxial film. The dense network of dislocations below the line 

defect likely explains the substantially lower current measured locally for a Schottky contact with the AFM 

tip. Our results suggest that the comet defects are formed early in the HVPE growth; therefore, better control 

of surface processing and the initial growth environment are essential for obtaining higher quality epitaxy.  

 

See the supplemental material for details on sample preparation, measurement details and supporting 

results. 
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