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Changes induced by irradiation with 1.1 MeV protons in the transport properties and deep 

trap spectra of thick (>80 µm) undoped κ-Ga2O3 layers grown on sapphire are reported. 

Prior to irradiation, the films had a donor concentration of ~1015 cm-3, with the two 

dominant donors having ionization energies of 0.25 eV and 0.15 eV, respectively. The 

main electron traps were located at Ec-0.7 eV. Deep acceptor spectra measured by 

capacitance-voltage profiling under illumination showed optical ionization thresholds 

near 2 eV, 2.8 eV and 3.4 eV. The diffusion length of non-equilibrium charge carriers for 

ε-Ga2O3 was 70±5 nm prior to irradiation. After irradiation with 1.1 MeV protons to a 

fluence of 1014 cm-2 there was total depletion of mobile charge carriers in the top 4.5 µm 

of the film, close to the estimated proton range. The carrier removal rate was 10-20 cm-1, 

a factor of 5-10 lower than in β-Ga2O3, while the concentration of deep acceptors in the 

lower half of the bandgap and the diffusion length showed no significant change.   
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I. INTRODUCTION 

 β-Ga2O3 is currently under intense study due to the large bandgap ~5 eV, electric 

breakdown field of~ 8 MV/cm, and electron saturation velocity of ~2000 cm/s which are 

favorable for applications in ultra-high-power electronic devices and solar blind 

photodetectors for the far-UV spectral range (1-8). While the main interest has been in the 

thermodynamically stable monoclinic β-Ga2O3 polymorph, there is also great interest in 

metastable orthorhombic κ-Ga2O3 because of its high spontaneous electric polarization, 

which exceeds that of III-Nitrides (9,10). This allows in principle to use that material for 

building heterojunctions with high density two-dimensional electron gases (2DEG) for 

high-power Field Effect Transistors (FETs) (11). Such films are also often called ε-Ga2O3 

based on initial attribution of their crystal symmetry to hexagonal type (10), the 

misapprehension cleared up by Cora et al. (12).  Although metastable, epitaxial films of κ-

Ga2O3 polymorph can be grown on sapphire, there have also been demonstrations of 

growth on GaN, AlN or SiC by Halide Vapor Phase Epitaxy (HVPE) (13,14) and other 

epitaxial growth techniques, including Molecular Beam Epitaxy (MBE) (15) , Pulsed Laser 

Deposition (PLD) (16,17) or Mist Chemical Vapor Deposition (mist CVD)(18) . These films 

are stable up to temperatures about 800oC or even higher if special measures are taken to 

protect the surface. Such increases of thermal stability have been reported for another 

metastable polymorph, corundum α-Ga2O3 whose thermal stability is even lower than for 

κ-Ga2O3 but can be increased from 600-700oC to 900oC using a cap layer of α-Al2O3 (19). 

         Heterojunctions of κ-Ga2O3 with wider-bandgap κ-(AlxGa1-x)2O3 solid 

solutions (17) and multi-quantum-well (MQW) κ-(AlxGa1-x)2O3/κ-Ga2O3 structures with 

varied Al mole fraction and hence the bandgap have been demonstrated for optimized 
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 3 

growth conditions (19). The existence of 2DEG and Two-Dimensional Hole Gas (2DHG) 

at interfaces of heterojunctions formed by combining κ-Ga2O3 with different polar and 

nonpolar materials, such as polar basal plane GaN and AlN or nonpolar m-plane AlN  

have been theoretically predicted (20-23). We have recently reported experimental 

observation of 2DHG at the κ-Ga2O3/AlN heterojunction (23). The system is suitable for 

heterojunction engineering of multiple types of semiconductor devices. However, the 

tendency of κ-Ga2O3 films to grow in rotational microdomains with a high density of 

grain boundaries causing barriers for current flow between the grains and handicapping 

the in-plane conductivity, hampers the ability to fabricate useful devices (11,16). Recently, 

several approaches to mitigate these structural problems have been described. One 

approach is Epitaxial Lateral Overgrowth (ELOG) in HVPE of κ-Ga2O3 on basal plane 

sapphire masked with patterns of SiO2, which under optimized produced single-domain 

films with improved crystalline quality (24). Growth of single domain κ-Ga2O3 has been 

demonstrated for mist CVD on ε/κ-GaFeO3 substrates (25). The crystalline quality of κ-

Ga2O3 films prepared by HVPE on GaN/sapphire templates strongly improves for 

thicknesses >5-10 µm, (26,27) although it is not possible to fully suppress the rotational 

domains formation and the build-up of strain in the layers. The latter leads to separation 

of the growing layers from the substrates for thicknesses >20-30 µm. Growth of thicker 

films up to 86 µm was achieved if the films were deposited in several consecutive long  

runs. These films no longer showed features due to the presence of rotational domains, 

although the overall half-width of the symmetric and skew-symmetric x-ray reflections 

increased compared to 20-µm-thick layers (27). Both 20-µm and 86-µm thick films 

showed, even when nominally undoped, large in-plane electric conductivity, low leakage 
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 4 

current of Schottky diodes, with donor concentrations of ~1015 cm-3. The films also had a 

low density of deep traps and high photocurrent (26,27).  

             One aspect of κ-Ga2O3 that remains unexplored is the effect of non-

ionizing energy loss from particle irradiation. This is relevant since one application for 

Ga2O3 is expected to be in extreme environments and the changes due to proton 

irradiation is a common approach to assess radiation hardness. In this paper, we report the 

first study of the effects of proton irradiation on transport properties and deep trap spectra 

of κ-Ga2O3. 

II. EXPERIMENTAL 

The layers used were grown in a similar fashion to earlier reports (27). In brief, 86 

µm thick κ-Ga2O3 was grown by HVPE on 4-µm-thick unintentionally doped (0001) 

GaN/sapphire template at 570oC at VI/III mole flow rate of 3, and growth rate 3 µm/h in 

5 consecutive separate runs. The FWHM of the final product was 60 arcmin for the (004) 

symmetric reflection and the same for the (206) skew-symmetric reflection. For electrical 

and deep trap spectra characterization, circular Ni Schottky contacts with thickness 20 

nm and diameter 1 mm and Ohmic contacts stripes of Au/Ti (80 nm/20 nm) were 

deposited using e-beam evaporation through a shadow mask. Characterization involved 

current-voltage (I-V) measurements with and without illumination, current-temperature   

( I-T), capacitance-frequency (C-f), capacitance-voltage( C-V), Admittance Spectra (AS) 

(28) and  Deep Level Transient Spectroscopy (DLTS) (28). I-V, C-V, C-f measurements 

were performed in the dark and under illumination with a set of Light Emitting Diodes 

(LEDs) with peak wavelength from 940- 277 nm and the wavelength half-width of 10 

nm, while capacitance and AC conductance measurements were done for frequencies 
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 5 

between 20 Hz and 20 MHz in the temperature range 77-500K. In addition, the samples 

were imaged in the secondary electrons (SE), Microcathodoluminescence (MCL), and 

Electron Beam Induced Current (EBIC) modes of a Scanning Electron Microscope 

(SEM). The diffusion lengths of the non-equilibrium charge carriers Ld were obtained 

from fitting the dependence of the Ic/(Eb×Ib) on the probing SEM beam energy Eb (29), 

where Ic is the EBIC current, Ib is the probing beam of SEM current. These measurements 

were performed before and after irradiation with protons with fluence of 1014 cm-2 at 1.1 

MeV, with a flux of 1011 cm-2/s (30,31).  

 

III. RESULTS AND DISCUSSION 

        I-V characteristics measured at room temperature in the dark and under illumination 

with the LED with peak photon energy 4.5 eV (peak wavelength 277 nm) are compared 

before and after proton irradiation in Fig. 1(a). The dark current is decreased by 40x at -

1V after irradiation, while the photocurrent is decreased by 10x. The ideality factor for 

the forward branch increased from 1.7 to 2.4, the series resistance at room temperature 

increased from 106 Ω to 3.3×106 Ω, and the temperature dependence of the dark current 

at +2V showed an activation energy of 0.25 eV before irradiation and 0.15 eV after 

irradiation (see Fig. S1(a) in the Supplementary Material). The spectral dependence of 

photocurrent normalized by the dark current was similar in both cases (Fig. 1(b)) and 

showed optical thresholds near (1.3-1.5) eV, 2.3 eV, and 3.4 eV. The photocurrent 

normalized by dark current was much higher after irradiation, even though the absolute 

value of photocurrent was lower, which is explained by the even stronger decrease of the 

dark current. One can clearly observe the presence of three photocurrent increase 
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 6 

threshold energies near 1 eV, 2.3 eV, 3.5 eV in both spectral dependences. Those are 

likely related to the optical ionization cross sections of respective traps. It can also be 

seen that the photocurrent for above-bandgap excitation is an order of magnitude higher 

than for below-bandgap excitation before irradiation. This is no longer the case after 

irradiation because of the increased depth of the highly resistive region in the space 

charge of the Schottky diode of irradiated sample.  
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Fig. 1(Color online) (a) Room temperature I-V characteristics in the dark before (black 

line) and after (red line) irradiation with 1.1 MeV 1014 cm-2 protons; also shown are the I-
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 7 

V characteristics before (red line) and after (magenta line) irradiation; (b) the spectra of 

photocurrent at -1V before and after irradiation. 

 

            The C-f characteristic at room temperature displayed a prominent step at 

frequencies below ~10 kHz and an approximate plateau at higher frequencies before 

irradiation (Fig. 2). After irradiation, the amplitude of the low frequency step was 

strongly diminished. Admittance spectra measurements indicated the presence of centers 

with activation energy of 0.25 eV at frequencies below 1 kHz, and 0.15 eV for 

frequencies above 1 kHz. At temperatures of~400K the derivative dC/dT showed peaks 

at frequencies below 0.1 kHz, indicating the presence of centers with activation energy 

0.7 eV (See supplementary material at [URL will be inserted by AIP Publishing] for 

additional data on these properties, i.e. Fig. S2-S7 of the Supplementary Material). After 

irradiation, AS spectra showed the presence of centers with ionization energy of 0.15 eV 

(Fig. S2, S3 of the Supplementary Material). No signal from the 0.25 eV traps was 

detected.  
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Fig. 2 (Color online) C-f characteristics measured at room temperature and 0V bias 

before (black line) and after (red line) irradiation. 
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 8 

 

         C-V profiling at 90 Hz showed a carrier concentration of 2×1015 cm-3 at a depth of 

~0.5 µm, which rapidly decreased at greater depths. Shallower donors with activation 

energy 0.15 eV in admittance were dominant for higher probing frequencies and could be 

seen for depths >2.5 µm (Fig. 3(a)). The concentration measured at low frequency is the 

sum of concentrations of the 0.25 eV and 0.15 eV donors. At high frequency, only the 

0.15 eV donors are probed. The low frequency concentration dropped to approximately 

the concentration of the 0.15 eV donors at ~2 µm. If one assumes the concentration of the 

0.15 eV donors near the surface is close to their concentration at 2.5 µm from the surface, 

then the surface density of 0.25 eV donors of 1015 cm-3 falls to zero below 2.5 µm. After 

irradiation, the 0.15 eV centers were predominant in admittance spectra (Fig. S2 of the 

Supplementary Material). C-V profiling of irradiated sample performed at 10 kHz yielded 

the profile of these donors shown in Fig. 3(a).  

        C-V measurements at 10 kHz performed under monochromatic illumination (LCV) 

(32) gave the photoinduced concentration spectra before and after irradiation presented in 

Fig. 3(b) (the raw 1/C2 versus voltage characteristics measured in the dark and under 

illumination with several photon wavelengths before irradiation are presented in Fig. S4 

of the Supplementary Material;the actual LCV profiling results obtained by 

differentiating such 1/C2 versus V dependencies by voltage in the usual fashion are 

presented in Fig. S5, S6 of the Supplementary Material for the sample before and after 

irradiation). Before irradiation, the concentration of photoinduced carriers showed optical 

thresholds near 2 eV, 2.8 and 3.4 eV, with the latter two being predominant. The overall 

concentration of deep acceptors was ~1016 cm-3. After irradiation, the 2eV optical 
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 9 

threshold was no longer observed, while the concentrations of deep acceptors with optical 

ionization thresholds near 2.8 eV and 3.4 eV are lower than before irradiation (Fig. 3(b)).  
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Fig. 3 (Color online) (a) profiles of 0.25 eV donors calculated from C-V measurements at  

90 Hz (blue open circles), of 0.15 eV donors calculated from C-V measurements at 10 

kHz (blue open triangles) for the sample before irradiation, and of 0.15 eV donors (red 

open squares) after irradiation; (b) concentrations of photoinduced electrons calculated 

from C-V profiling at 10 kHz before irradiation (open black squares) and after irradiation 

(solid red squares). 
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 10 

 

      Deep electron traps spectra measured at 10 kHz, reverse bias -1V and forward bias 

pulse of +1V (50 ms long) are shown before and after irradiation in Fig. 4. Before 

irradiation, the spectra were dominated by deep traps at Ec-0.7 eV (electron capture cross 

section 7.8×10-15 cm2). While it is difficult to accurately estimate the absolute 

concentration of the trap given the nonuniform distribution of donors with depth, if one 

assumes the space charge depth is determined by about 1015 cm-3 shallow donors, the 

concentration of these deep traps with considering the λ-correction is ~4×1014 cm-3. After 

irradiation, we detected the same center and a deeper electron trap at Ec-1 eV (electron 

capture cross section 4×10-13 cm2). In C-V profiling of the space charge region, the entire 

4.5 µm of the sample after irradiation was depleted of mobile carriers and the region 

probed in DLTS was much deeper than before irradiation (33-35). Both types of deep traps 

detected previously in our -Ga2O3 films with thickness of 20 µm (26). 
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 11 

Fig. 4 (Color online) DLTS spectra measured at 10 kHz with reverse bias -1V, forward 

bias pulse of +1V (50 ms long), time window 0.4s/4s before (blue line) and after (red 

line) irradiation. 

         The dependencies of the EBIC current Ic normalized by the product of the SEM 

probing beam current Ib and beam energy Eb, Ic/(Ib×Eb), on the probing beam energy Eb 

are shown for the sample before and after irradiation in Fig. 5. The symbols represent 

experimental points, the solid lines are the results of fitting the observed dependence with 

diffusion length values of 70 nm and 80 nm, respectively, before and after irradiation (29). 

The origin of the centers responsible for recombination of non-equilibrium charge 

carriers is not known now. We have not found reports of diffusion length measurements 

results in κ-Ga2O3. When compared to the values of diffusion lengths in lightly doped β-

Ga2O3 films (200-800 nm in different samples (33)) the diffusion lengths in our κ-Ga2O3 

are much shorter.  
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Fig. 5 (Color online) EBIC current normalized by the product of SEM probing beam 

current and energy before irradiation (solid blue squares) and after irradiation (solid red 
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 12 

squares); solid blue line is the result of fitting with diffusion length equal to 70 nm, solid 

red line is the result of fitting with diffusion length 80 nm. 

 

IV. SUMMARY AND CONCLUSIONS 

        In summary, proton irradiation of thick κ-Ga2O3 sample with 1.1 MeV protons led to 

a strong decrease of centers providing charge carriers in the top 4.5 µm of the sample, so 

that the space charge region of the Schottky diode was fully depleted to this depth even at 

0V bias. The width of this depleted region agrees with the projected range of 1.1 MeV 

protons from the Stopping and Range of Ions in Matter (SRIM) code (36).  This means all 

2x1015 cm-3 deep and shallow donors in the upper 2.5 µm of the sample and 1015 cm-3 

shallower donors with ionization energy 0.15 eV at deeper depths were removed by 

irradiation in the upper 4.5 µm. This leads to an electron removal rate by 1.1 MeV 

protons in n-type κ-Ga2O3 of ~ (10-20) cm-1, close to the value for similarly lightly doped 

HVPE-grown α-Ga2O3 (carrier removal rate 35 cm-1) (33-35) but is considerably lower than 

the carrier removal rate under similar conditions for lightly doped β-Ga2O3 where the 

effective removal rate was >100 cm-1 (33-35).  

           The origin of electron removal in κ-Ga2O3 by proton radiation is less clear than in 

the other polytypes. The density of deep acceptors estimated from LCV profiling is 

similar before and after irradiation and there are insufficient concentrations of deep 

electron traps to explain the carrier removal rates. The appearance of additional 1 eV 

electron traps after irradiation could be due to the change in the location from which the 

DLTS signal after irradiation was collected (~4.5 µm from the surface as opposed to ~2.5 

µm from the surface before irradiation. In thinner κ-Ga2O3 films studied previously we 

observed both types of electron traps (26). The diffusion length of non-equilibrium charge 
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carriers did not change after irradiation, in addition to the Micro cathodoluminescence 

(MCL) spectra (26) and intensity (Fig. S7 of the Supplementary Material).  We propose the 

carrier removal in κ-Ga2O3 irradiated with protons is due to complexing of shallow 

donors with deep acceptors produced by protons, likely comprising Ga vacancies (35).    

SUPPLEMENTAL MATERIAL 

See supplementary material at [URL will be inserted by AIP Publishing] for additional 

characterization results from the samples. 
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