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ABSTRACT 

Two-inch diameter α-Ga2O3 films with thickness ~ 4 µm were grown on basal plane sapphire by 

Halide Vapor Phase Epitaxy (HVPE) and doped with Sn in the top ~1 µm from the surface. 

These films were characterized with High-Resolution X-ray Diffraction (HRXRD), Scanning 

Electron Microscope (SEM) imaging in the Secondary Electron (SE) and Micro-

cathodoluminescence (MCL) modes, contactless sheet resistivity mapping, capacitance-voltage, 

current-voltage, admittance spectra, and Deep Level Transient Spectroscopy (DLTS) 

measurements. The edge and screw dislocations densities estimated from HRXRD data were 

respectively 7.4×109 cm-2 and 1.5×107 cm-2, while the films had a smooth surface with a low 

density (~103 cm-2) of circular openings with diameters between 10 and 100 µm. The sheet 

resistivity of the films varied over the entire 2-inch diameter from 200 to 500 Ω/square. The net 

donor concentration was ~1018 cm-3 near the surface and increased to ~4×1018 cm-3 deeper inside 

Page 1 of 24

https://mc04.manuscriptcentral.com/jss-ecs

ECS Journal of Solid State Science and Technology

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60 Acc

ep
ted

 M
an

us
cri

pt



For Review Only

 

2 
 

the sample. The deep traps observed in admittance and DLTS spectra had levels at Ec-0.25 eV 

and Ec-0.35 eV, with concentration ~1015 cm-3 and Ec-1 eV with concentration ~1016 cm-3. 
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I. INTRODUCTION 

           The metastable alpha-polymorph of the wide-bandgap Ga2O3 semiconductor has attracted 

growing scientific and practical interest recently owing to the high electric breakdown field 

exceeding that of the stable monoclinic β-Ga2O3 polymorph [1-8 ] and the possibility to grow α-

Ga2O3 films and heterojunctions by Halide Vapor Phase Epitaxy (HVPE), mist Chemical Vapor 

Deposition (mist CVD) or Molecular Beam Epitaxy (MBE) with reasonable crystalline quality 

on mature α-Al2O3 (sapphire) substrates [1-4 ]. This emerging semiconductor is a potential next 

frontier material, especially for high-temperature and radiation hard applications. The advantages 

to using the α-Ga2O3 polymorph come from a higher bandgap  than for β-Ga2O3 (5.2 eV versus 

4.9 eV), higher symmetry (corundum versus monoclinic) and hence lower impact of anisotropy, 

the existence of a host of related oxides with transition and rare metals allowing fabrication of 

useful heterojunctions [9-28] and the possibility of solving, at least in principle, of  the very 

acute problem of the lack of feasible p-type doping in all Ga2O3 polymorphs [29]. The device 

potential of α-Ga2O3 has been demonstrated by several groups [1-8, 30-33]. In addition, for 

displacement damage created by radiation, the displacement energy (ED) for ultra-wide bandgap 

materials is given by the equation ED= 1.78 (1/CI )3, where CI is the lattice constant in nm [30]. 

Since the displacement energy correlates with radiation hardness, the different polytypes of 

Ga2O3 exhibits superior radiation hardness [31]. 

          In this paper we summarize the current state of research and recent progress in developing 

the electrical and structural quality of large diameter (2 inches) films of α-Ga2O3 grown by 

HVPE on basal plane sapphire substrates.  

II.EXPERIMENTAL 

    Ga2O3 films were grown by HVPE on the sapphire substrates of c (0001) orientation as 

described previously [34-36]. The growth of the Ga2O3 films was performed at 500oC, with a 

fixed VI/III mole flow ratio of 4.2 and an average growth rate of 2.8 μm/h,  on two-inch 

diameter, commercial basal plane sapphire substrates. The overall thickness of the films was ~4  
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µm. The samples were heavily doped with Sn down to a depth of ~ 1 µm from the surface, while 

the lower part of the films was nominally undoped. Sn was provided by addition of Sn salt vapor 

to the Ar gas transport flow. Compared to the previous design [34-36], the diameter of the 

growth chamber was increased in order to be able to accommodate larger substrates with 

diameter up to 3 inches. The hydrodynamics of the reactor was optimized to improve the 

uniformity of the film thickness and doping. 

      The phase composition was determined from Ɵ-2Ɵ x-ray diffraction scans, while the 

crystalline quality was assessed by measurement of the Full Width at Half-Maximum (FWHM) 

of high-resolution, triple-axis symmetric and asymmetric rocking curves. The x-ray reflections 

used were (0006) and (10-18). The details can be found in our earlier papers [37-39].  

           For electrical measurements, Au/Ti Ohmic contacts in the form of stripes and circular 

semi-transparent Ni contacts with diameter 1 mm were deposited on the film surface using e-

beam evaporation through a shadow mask. The thickness of the Au/Ti pads was 80nm/20 nm, 

and after deposition they were annealed at 300oC for 2 minutes in flowing nitrogen. The 

thickness of Ni contacts was 20 nm [37-39].  

         The morphology of the films was characterized by Scanning Electron Microscope (SEM) 

mapping in the Secondary Electrons (SE) and Microcathodoluminescence (MCL) imaging 

modes. Also at each point of interest the MCL spectra were measured at room temperature (the 

setups are described in detail in Ref. [37-39]). 

          The electrical uniformity of the films was assessed by contactless resistivity measurements 

using the UHF measurements system allowing measurements of sheet resistivity in the range 

This is based on measurements of the ratio of intensities of the 

incident and reflected  power of UHF wave falling normally at the studied  sample at 10 GHz in 

the wave-guiding system. The system was calibrated by measurements of the sheet resistivity of 

AlGaN/GaN heterojunctions with known sheet resistivities from independent  van der Pauw 

measurements. The probe diameter was 14 mm, the distance between the measured points was 7 
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mm. In principle, the system allows to measure the mobility by monitoring the 

magnetoresistance, but the signal was not reliable because the mobility of the electrons was 

below the sensitivity limit of 100 cm2/V×s. 

     The samples were characterized by capacitance versus frequency C-f, capacitance versus 

voltage (C-V) profiling, admittance spectra (AS) , Deep Level Transient Spectroscopy (DLTS) 

[40], current-voltage IV measurements. These experiments were carried out in the temperature 

range 77-500K. The temperature was either stabilized at the desired value with the accuracy 

better than 0.1K or kept at the sweeping rate easily regulated between 0.1K/min and 3K/min, 

generally the sweeping range used was close to 1-2 K/min. Detailed descriptions of experimental 

setup can be found in our earlier papers [41-35 ]. 

III.RESULTS and DISCUSSION 

        XRD measurements of the half of the two-inch grown film showed that it is single-phase α-

Ga2O3, with the FWHM of the symmetric (0006) reflection varying between 13 arcminutes and 

15 arcminutes, and the FWHM of the asymmetric (10-18) asymmetric reflection between 14 and 

17 arc. minutes. Measurements of the film thickness on the cross section of the film gave the 

thickness of 4 µm. The surface of the film was quite smooth, but occasionally showed the 

presence of round depressions  with a small hillock inside and the diameter varying from ~10 µm 

to ~50 µm . The density of such defects varied along the diameter from 0 to about 103 cm-2. In 

panchromatic MCL images the edge of the defect displayed a higher intensity, whereas the inner 

part looked dark (Fig. 1 displays one such defect imaged in secondary electrons mode (upper 

image) and panchromatic MCL (lower image)). MCL spectra measured at two different points of 

the film are shown as black lines in Fig.2. They could be reliably deconvoluted  into five 

Gaussian MCL bands peaked at 2.55, 2.82, 2.67, 2.4, and 3.7 eV photon energies (the overall 

spectra obtained from the fitting procedure are shown in red and can be compared to 

experimentally observed spectra shown in black lines). The distribution of the MCL intensity of 

different bands  along the diameter starting with the sample facet and taken from the area of 
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425×320 µm2 with a step of 1.1 mm is shown in Fig. 3. It can be seen that the 3.7 eV UV band 

intensity is the lowest towards the center of the wafer (U-like distribution) and is in antiphase 

with the intensities of the visible MCL bands.  

        Fig. 4 displays the schematic of the samples with the positions of the points of contactless 

control of the sheet resistivity Rsh (the diameter of the probe in contactless Rsh measurements 

was 14 mm, the vertical distance between the control points was 6.25 mm, the distance between 

the two rows of control points was 7 mm, the distance to the edge of the wafer for the right-

hand-side row of points was 7 mm. In each control point three consecutive measurements were 

made and the average of these measurements was assigned to the local Rsh. The data are 

presented in Table I. Fig. 5 gives the pictorial distribution of the measured values. It can be seen 

that the spread of the sheet resistivities is still considerable and the doping uniformity requires 

further optimization.  

        More detailed electrical measurements were performed using the Schottky diodes 

characterization. Fig. 6 displays the current-voltage characteristic of one of the studied Schottky 

diodes on the sample cut from the middle part of the wafer. The leakage is relatively high (the 

reverse current density at -1V close to 10-3 A/cm2), the series resistance deduced from  the IV 

plot was considerable, close to 220 Ω, the ideality factor reasonably close to unity (nideality=1.3), 

with the saturation current density deduced from the forward IV characteristic estimated as 

1.4×10-6 A/cm2.  

         The 1/C2 versus voltage plot obtained at room temperature at 10 kHz is shown in Fig. 7(a). 

The doping  is obviously dependent on depth as is clear from the concentration versus depth  

profile calculated from C-V data in Fig. 7(b). The net donor concentration is close to 1018 cm-3 

near the surface and increases when one moves deeper inside the sample.  

       Some idea of the types of centers determining the carrier concentration can be deduced from 

admittance spectra measured on this Schottky diode. Fig. 8(a) displays  the temperature 

dependence of capacitance measured at -0.2V at various frequencies , Fig. 8(b) shows the 
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various measurement frequencies f [40]. As the temperature decreases the Fermy level 

consecutively crosses the states with levels at Ec-0.25 eV (electron capture cross section σn= 

2.7×10-14 cm2), Ec-0.35 eV (σn=8.4×10-17 cm2), and Ec-0.5 eV (σn=9.4×10-16 cm2). 

          Detailed deep level spectra of the sample were measured by DLTS. The measured  

spectrum   is shown in Fig. 9. It was obtained with reverse bias kept at  -1V, the forward pulse of 

0V (the length of 50 ms). The centers detected were the electron traps with the level Ec-0.25 eV 

(σn =1.3×10-16 cm2), Ec-0.55 eV (σn =10×16 cm2), Ec-1 eV (σn =10-14 cm2). The estimated 

concentrations of the centers were respectively, 1.7×1015 cm-3, 1.3×1015 cm-3 and 1.5×1016 cm-3.  

CONCLUSIONS 

       Our measurements show that moderately n-type doped 2-inch-diameter films can be grown  

by the HVPE technique with the net donor doping at the surface of~ 1018 cm-3, but increasing to 

higher concentration close to 4×1018 cm-3 deeper inside. The spatial distribution of doping 

density measured across the sample sill displays a considerable spread. Both the spatial 

variations of doping across the area and the depth variations of doping are the result of our 

adopted doping method by using evaporation of the volatile Sn salt and a considerable 

contribution to the density of electrically active centers of native-defects-related  states. We are 

currently experimenting with switching to Si doping from SiH4 instead of Sn doping [1], but 

have not succeeded yet in achieving controlled doping that way. 

       The crystalline perfection of the 4-µm-thick films is close to the one commonly reported. If 

one judges by the FWHM values f the symmetrical and asymmetrical HRXRD reflections the 

dislocation densities of the edge dislocations and screw dislocations in the studied samples are 

7.4×109 cm-2 and 1.5×107 cm-2 respectively. The origin of the circular defects in the film has to 

be studied in more detail, but fortunately their density is quite moderate, although if they appear 

in the active region of the device they would certainly lead to device failures. 
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     The types of defects observed in DLTS and admittance spectra are common to the α-Ga2O3 

films deposited by HVPE on sapphire [2, 4]. The nature of these defects requires further study, 

but are known to influence the interfacial characteristics and performance devices [46,47]. 
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Table I. The results of contactless Rsh mapping 

Point # Rsh  
Measurement 1 Measurement 2 Measurement 3 Average 

1 294 300 289 294 
2 254 254 241 250 
3 216 217 212 215 
4 207 196 212 205 
5 418 406 350 391 
6 736 728 654 706 
7 349 317 378 348 
8 368 412 370 383 
9 322 345 320 329 
10 293 305 278 292 
11 500 534 496 510 
12 558 410 449 472 
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FIGURE CAPTIONS 

Fig. 1. Images of defects in secondary electrons (upper) and panchromatic MCL SEM modes 

Fig. 2 (Color online) MCL spectra measured at two different points with the probing beam 

current of 1 nA and accelerating voltage of 10 kV; experimental spectra are presented by the 

black line, the red line is the result of fitting the spectrum by 5 Gaussian bands peaked at 2.55 eV 

(blue line), 2.82 eV (magenta line), 2.67 eV (violet line), 2.4 eV (olive line) 3.7 eV (wine line), 

(a) was taken  near the lower edge, (b) taken near the center of the wafer 

Fig. 3 (Color online) The spatial distributions of the intensity of the MCL bands along the wafer 

diameter obtained by fitting the experimental local MCL spectra 

Fig. 4. (Color online) Schematic representation of the sheet resistivity contactless measurements 

points distribution and  characteristic dimensions involved 

Fig. 5 (Color online) The chart of the sheet resistivity distribution 

Fig. 6 (Color online) Room temperature IV characteristic of the measured diode 

Fig. 7 (Color online) (a) Room temperature 1/C2 versus V plot; (b) charge concentration profile 

calculated from the 1/C2 versus V plot 

Fig. 8 (Color online) The temperature dependence of AC conductance G normalized by the 

: 20 Hz (red line), 100 Hz (blue 

line), 300 Hz (magenta line), 500 Hz (olive line) 

Fig. 9 (Color online) DLTS spectrum taken with reverse bias -1V, forward bias pulse 1V (50 

ms), time windows 200 ms/2000 ms, measured at the probing frequency of 10 kHz 
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Fig. 1. Images of defects in secondary electrons (upper) and panchromatic MCL SEM modes 
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Fig. 2 (Color online) MCL spectra measured at two different points with the probing beam 
current of 1 nA and accelerating voltage of 10 kV; experimental spectra are presented by the 
black line, the red line is the result of fitting the spectrum by 5 Gaussian bands peaked at 2.55 eV 
(blue line), 2.82 eV (magenta line), 2.67 eV (violet line), 2.4 eV (olive line) 3.7 eV (wine line), 
(a) was taken  near the lower edge, (b) taken near the center of the wafer 
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Fig. 3 (Color online) The spatial distributions of the intensity of the MCL bands along the wafer 
diameter obtained by fitting the experimental local MCL spectra 
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Fig. 4(Color online) Schematic representation of the sheet resistivity contactless measurements 
points distribution and  characteristic dimensions involved 
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Fig. 5 (Color online) The chart of the sheet resistivity distribution 
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Fig. 6 (Color online) Room temperature IV characteristic of the measured diode 
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Fig. 7 (Color online) (a) Room temperature 1/C2 versus V plot; (b) charge concentration profile 
calculated from the 1/C2 versus V plot 
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Fig. 8 (Color online) The temperature dependence of AC conductance G normalized by the 
angular frequency =2f for several frequency measurements: 20 Hz (red line), 100 Hz (blue 
line), 300 Hz (magenta line), 500 Hz (olive line) 
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Fig. 9 (Color online) DLTS spectrum taken with reverse bias -1V, forward bias pulse 1V (50 
ms), time windows 200 ms/2000 ms, measured at the probing frequency of 10 kHz 
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