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 13 
Temperature dependent continuous and time-resolved cathodoluminescence measurements were 14 

employed to understand the luminescence from Si-doped β-Ga2O3 prior to irradiation and after 10 15 

MeV proton and 18 MeV alpha-particle irradiation. The shape and location of the luminescence 16 

components (UVL’ at 3.63 eV, UVL at 3.3 eV and BL at 2.96 eV) obtained from Gaussian 17 

decomposition did not change in either width or peak location, indicating that new radiation-18 

induced trap-levels were non-radiative in nature between 4.5 K to 310 K temperature range. 19 

Activation energies, associated with thermal quenching of UVL’ and UVL bands, show 20 

temperature dependence suggesting ionization of shallow Si-donors and a thermally-activated non-21 

radiative process. 22 
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 2 

In recent years, β-Ga2O3 has attracted interest due to its wide-bandgap (~4.5-4.9 eV) and high 27 

critical field strength (~ 8 MVcm-1). These properties enable a unique set of applications involving 28 

high power electronics, such as high frequency, low loss power switching, and true UV-blind 29 

photodetection [1-11]. With a high atomic displacement energy and wide bandgap, β-Ga2O3 is also 30 

a robust material, suitable for applications involving extreme temperature and radiation, such as 31 

electronics deployed in low earth satellite orbits [1, 12], where devices must withstand fluxes of 32 

high energy particles emitted from solar flares.  33 

The study of intrinsic and radiation-induced defects is challenging in β-Ga2O3 due its complex 34 

structure. β-Ga2O3 has a monoclinic structure with two crystallographically different Ga positions 35 

- a tetrahedral Ga(I) and an octahedral Ga(II); Oxygen is trigonally (O(I), O(II)) and tetrahedrally 36 

O(III) coordinated [13, 14]. The nature of defects varies based on the method of irradiation and 37 

the primary defects can potentially recombine to form complexes. To investigate this further, 38 

several studies have been performed to explore the detrimental effects of high energy radiation on 39 

formation of various defects and their effect on carrier transport properties in β-Ga2O3 [15-25]. 40 

The current study described here was conducted to understand the temperature-dependent 41 

luminescence behavior of defects, generated by proton and alpha particles, in Si-doped β-Ga2O3 42 

with continuous and time-resolved cathodoluminescence (CL) measurements. 43 

The samples under test consisted of 20 µm thick epitaxial β-Ga2O3 layers deposited by Halide 44 

Vapor Phase Epitaxy (HVPE) on Sn-doped n+-β-Ga2O3 substrate grown with Edge-defined Film-45 

fed Growth (EFG) technique. The substrate was oriented in [001] direction with carrier 46 

concentration of ~ 2.2×1018 cm-3. The epitaxial β-Ga2O3 layer was doped with Si (electron 47 

concentration of ~ 3.6×1016 cm-3, obtained from room temperature Hall measurement) and 48 

planarized to a thickness of 10 µm with chemical/mechanical polishing. A part of the samples was 49 
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 3 

exposed to 18 MeV alpha particle radiation (fluence of ~ 1x1012 cm-2) and others were exposed to 50 

10 MeV proton radiation with fluence of 5x1012 cm-2. A set of samples were kept aside (reference) 51 

to take baseline measurements. The irradiation was performed at the MC-50 cyclotron at Korea 52 

Institute of Radiological and Medical Science. In both proton and alpha irradiation, the 10 µm-53 

thick Si-doped β-Ga2O3 layer was completely irradiated with penetration depth of 330 µm and 80 54 

µm, respectively. Carrier removal rates in both cases were found to be 237 cm-1 and 406 cm-1. 55 

More details on the fabrication procedure can be found elsewhere [19, 25]. 56 

Temperature-dependent cathodoluminescence was performed in the range from 4.5 to 310 K 57 

on Attolight Allalin 4027 Chronos Scanning Electron Microscope (SEM) fitted with a 58 

temperature-controlled stage (CryoVAC TIC 500). The electron beam accelerating voltage was 59 

kept fixed at 10 keV for all measurements. The CL emission was dispersed with a single grating 60 

with 150 grooves/mm blazed at 500 nm (Jobin-Vyon iHR320 spectrometer). The CL spectra were 61 

recorded with a CCD camera (Andor Newton 920P) sensitive between 180-1100 nm. Electron 62 

pulses (~ 8 ps width) for time-resolved cathodoluminescence (TRCL) measurements were 63 

generated by illumination of the electron gun tip with a femtosecond laser (Onefive Genki HP-03, 64 

80 MHz) after reducing the filament heating current to thermionic emission threshold from 65 

continuous mode operation. The TRCL signal emitted from the sample was recorded after grating 66 

dispersion on a streak camera (Optronis Optoscope, 2 ps resolution) synchronized with the laser. 67 

Additional details about the TRCL measurements can be found in ref. [17].  68 

The photoluminescence (PL) and CL emission spectra of β-Ga2O3 reported in the literature do 69 

not exhibit radiative recombination in the vicinity of the bandgap (near band edge (NBE) emission) 70 

and instead, contain several broad emission bands [26-28]. Broad PL spectra with large Stokes 71 

shift and convergence of Urbach tails are an indicator of the self-localization of holes [29, 30]. 72 
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 4 

With the help of electron paramagnetic resonance (EPR) measurements, it was found that the self-73 

trapped holes (STHs) in β-Ga2O3 are not stable above 110 K [31]. This was verified independently 74 

by measuring the diffusion length of holes in several Electron Beam-Induced Current (EBIC) 75 

studies of n-type β-Ga2O3 [17, 18, 24, 32-36]. However, the NBE emission remains absent for 76 

temperatures higher than 110 K, despite a significant portion of holes being mobile. In contrast, 77 

NBE was observed at sufficiently high PL excitation energies [37], large enough to saturate the 78 

STHs, which have an estimated concentration of ~ 6.4x1019 cm-3 [38]. It can be speculated that the 79 

lifetime of STH is relatively short at higher temperatures, but self-trapping still occurs due to the 80 

low trapping barrier energy [29, 39], serving as an intermediary step before disassociation. The 81 

three commonly reported bands in the β-Ga2O3 emission are ultraviolet luminescence (UVL) in 82 

the range of 3.2-3.6 eV, blue-luminescence (BL) from 2.5-2.8 eV and green luminescence (GL) 83 

from 2.2-2.4 eV.  84 

Fig. 1a shows the temperature dependence of measured raw CL spectrum from 4.5 K to 310 K 85 

for the reference sample. As seen in previous luminescence studies on β-Ga2O3, the CL signal is 86 

thermally quenched above 100 K [40-43]. Fig. 1b and 1c show Gaussian decompositions of the 87 

normalized CL emission spectra for the reference sample at 4.5 K and 310 K. The UVL and BL 88 

bands were found to be centered at 3.3 eV and 2.96 eV at 4.5 K respectively. An additional 89 

luminescence band UVL’ at 3.63 eV was observed. UVL band exhibited the strongest emission in 90 

the entire temperature range of measurements (4.5 - 310 K). It can be seen from Figs. 1b and 1c, 91 

that the contribution of BL band to the total luminescence increases with increasing temperature, 92 

as opposed to UVL and UVL’ bands. 93 

UVL is associated with self-trapped excitons (STEs), consisting of a STH and a bound 94 

electron, due to the absence of NBE, independence of impurity doping, and a large Stokes shift in 95 
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 5 

the photoluminescence spectrum of β-Ga2O3 [29-31, 38, 39, 44]. Broad STE emission width is 96 

associated with phonon coupling arising from the strong lattice distortion around the STH. STE 97 

emission is commonly observed in alkali halides [45]. Theoretical calculations indicate the 98 

tendency of holes in β-Ga2O3 to form small polarons (STHs) with lattice distortion, with two 99 

possible stable locations - O(I) and between two O(II). The O(I) and dual O(II) excitons differ in 100 

emission energies, which are found to be ~3.7 eV and 3.2-3.6 eV respectively  [28, 46]. STEs are 101 

strongly coupled to the lattice, and the luminescence spectrum exhibit Gaussian broadening [41, 102 

45]. UVL’ and UVL were identified in the Gaussian decomposition of the luminescence spectra, 103 

as seen in Figs. 1b and 1c. The origin of these peaks is tentatively assigned to O(I) and dual O(II) 104 

sites, based on their peak location [40, 42, 46, 47]. The difference in the intensities of UVL’ and 105 

UVL was attributed to two configuration groups, roughly present in the same ratio as that for their 106 

emission intensities [47]. Moreover, the sensitivity to PL excitation polarization of the two bands 107 

originates from the orientation of the STH. The PL polarization dependence was found to be 108 

slightly different for UVL’ and UVL [47-50].   109 

The BL emission arises from a donor-acceptor pair transition involving VGa acceptors or a (Vo-110 

VGa) complex [43]. In intentionally n-doped β-Ga2O3, the formation energy of VGa-3 is much 111 

smaller than for the (Vo-VGa) complex [28] and is expected to become a majority hole-trap. The 112 

origin of the donor level was originally believed to be VO due to the relation between resistivity, 113 

the formation energy of VO, and their correlation with blue luminescence [42, 43]. Theoretical 114 

calculations indicate, however, that the VO donor level is deeper than 2 eV from the conduction 115 

band [28]. It should also be noted that emission from BL was suppressed in Si-doped β-Ga2O3 116 

compared to UVL, as seen from previously reported studies [42].  117 
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 6 

Fig. 1d, left and right, show the normalized spectra for the reference, proton- and alpha-118 

particle-irradiated samples at 4.5 K and 310 K, respectively. Deep Level Transient Spectroscopy 119 

(DLTS) studies on HVPE grown Si-doped β-Ga2O3 with similar concentration irradiated with 10 120 

MeV proton-irradiated and 18 MeV alpha-particle-irradiated Si-doped HVPE β-Ga2O3 identified 121 

new trap-levels and change in the concentration of existing levels [20, 51]. 10 MeV proton 122 

irradiation showed a new trap-level (E4) at Ec-1.2 eV, associated with native defect complexes 123 

[20]. Additionally, E4 and H3 (Ev+1.2 eV) levels appeared in high densities after irradiation. 18 124 

MeV alpha-particle-irradiation introduced a hole trap at Ev+1.4 eV, associated with complexes 125 

formed by VGa with shallow donors and VGa with hydrogen, an electron trap E5 (Ec-1.35 eV), and 126 

there was an increase in the concentration of existing trap levels [51, 52]. As seen in Fig. 1d, the 127 

shape of the CL spectra remains virtually unchanged for irradiated and reference samples. 128 

Therefore, it could be inferred that the new radiation induced E4 and Ev+1.4 eV traps do not 129 

participate in radiative recombination within the current temperature regime of observation. The 130 

increase in the concentration of primary trap levels and their associated complexes are responsible 131 

for the change in the CL emission intensity and activation energies associated with the thermal 132 

quenching process, as discussed below. Fig 2 shows the energy levels changes by proton and alpha-133 

particle irradiation after ref. [20, 51]. 134 

Fig. 3a depicts the temperature dependence of intensities for UVL’, UVL and BL. UVL’ and 135 

UVL undergo much stronger thermal quenching with increase in temperature compared to BL, as 136 

seen from the relative change in the intensity over the entire temperature range. The temperature-137 

dependent integrated CL intensity of UVL’ and UVL was analyzed with the following analytic 138 

equation: 139 

𝐼(𝑇) =  𝐼0 (1 +  𝐴1𝑒−𝐸𝐴1 𝑘𝐵𝑇⁄ +  𝐴2𝑒−𝐸𝐴2 𝑘𝐵𝑇⁄ )⁄   (1) 140 
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 7 

Here, I0 is the integrated CL intensity at 0 K; Ai and EAi are amplitude and thermal activation energy 141 

of the temperature activated processes; kB is the Boltzmann constant; T is the temperature. The fit 142 

using Eq. (1) for UVL’ and UVL temperature dependence is shown in Fig. 3b and 3c. EA1 and EA2 143 

for reference, proton- and alpha-irradiated samples are summarized in Table 1. Both EA1 and EA2 144 

are comparable in the case of reference and proton-irradiated samples and decrease substantially 145 

for alpha-irradiated samples. EA1 could be attributed to the ionization of shallow Si donors that 146 

have ionization energy ~ 31 is meV [53]. Calculated values of EA2 are comparable for UVL’ and 147 

UVL and, therefore, could be attributed to a single non-radiative recombination center (NRC) 148 

responsible for the thermal quenching [40, 41]. EA2 is close to the previously reported activation 149 

energy measured for UVL emission by Onuma et al. [40]. Fe3+/Fe2+ was suggested as an efficient 150 

non-radiative recombination channel in as-grown EFG Si-doped β-Ga2O3 [41], but it should be 151 

noted that the concentration of transition metal impurities is roughly 2 orders of magnitude lower 152 

in HVPE Si-doped β-Ga2O3 [20, 52]. In a different report, EA2 was attributed to a combination of 153 

Auger recombination and migration through tunnelling of STHs to a VGa-3 centers forming VGa-2 154 

acceptors [31, 54].  155 

Kananen et al. [31] found that STHs are only stable below 90 K. Above 110 K, 96 % of the 156 

STHs decay and simultaneously, the VGa-2concentration increases with an activation energy of ~ 157 

190 meV, much smaller than the hole self-trapping energy of 0.53 eV [29]. This process could be 158 

a likely explanation of the relatively low thermal quenching observed for the BL band compared 159 

to UVL’ and UVL bands. With the activation of NRC as a competing parallel recombination 160 

channel, all three emission bands experience quenching. STH tunneling causes increase in the 161 

concentration of VGa-2 centers, which act as acceptors in the recombination process responsible for 162 
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 8 

BL emission. Therefore, despite the activation of NRC, BL intensity reduces only by ~ 30% for 163 

reference sample (~ 35% and 45% for proton- and alpha-particle-irradiated samples, respectively). 164 

A raw TRCL streak image of the reference sample is show in Fig. 3d (inset, top). The integrated 165 

decay for the UVL band (Fig. 3d top inset, shown between the dotted lines) is shown in Fig. 3d 166 

(inset, bottom). The TRCL streak is fitted with a single exponential decay  167 

𝐴(𝑡) = 𝐴0 exp(− 𝑡 𝜏⁄ ) + 𝐶.     (2) 168 

Here, A0 is a constant, t is excitation delay,  is the TRCL lifetime and C is a constant associated 169 

with slow decay in the luminescence. The temperature dependence of lifetime for the reference, 170 

proton and alpha-irradiated samples is shown in Fig. 3d.   reduces roughly by factor of 3 with 171 

increasing temperature for both irradiated and reference samples (additional detains in ref. [17]). 172 

To directly verify lifetime quenching by the thermal activation of NRC, the approach laid out in 173 

refs. [55, 56] was used. Temperature dependence of  is given by following equation: 174 

𝜏(𝑇) =  𝜏0 (1 +  𝐴𝜏𝑒−𝐸𝐴𝜏 𝑘𝐵𝑇⁄ )⁄     (3) 175 

Here,  is the measured lifetime; 0 is lifetime before the advent of thermal quenching; A is a 176 

constant that depends on 0, internal quantum efficiency of the luminescence band, and effective 177 

density of states in the valence band. Fitting the temperature dependence of  from Fig. 3d yields 178 

EA as 73.7 meV for the reference sample, which matches well with the value of EA2 calculated in 179 

the thermal quenching analysis above. EA for proton- and alpha-particle-irradiated samples was 180 

77.8 and 80.8 meV, respectively. It should be noted that the lifetime mentioned above is calculated 181 

from the intensity decay of the entire integrated luminescence spectrum and not isolated bands. 182 

Therefore, the method for calculation of the NRC thermal activation energy is approximate and 183 

could be a likely reason for the difference between activation energy obtained from Eqn. (3) and 184 

from thermal quenching of UVL’ and UVL luminescence, as seen in Table 1. 185 
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 9 

Irradiation caused a decrease in both thermal activation energies EA1 and EA2, pertaining to 186 

shallow donors and activation of deep NRCs, for both UVL’ and UVL bands. Lowering of the 187 

shallow donor ionization energy (EA1) due to high-energy electron, proton- and alpha-particle-188 

irradiation was observed in EBIC measurements [17, 20, 36]. Decrease in EA1 indicates the shallow 189 

donor level moving closer to the conduction band minima, facilitating transport of electrons to 190 

conduction band with lower activation energy. Even though EA1 reduces, due to the introduction 191 

of new defects and increase in the density of existing defects, the total number of carriers is lower 192 

compared to the unirradiated sample, which is reflected by the carrier removal rates. In the DLTS 193 

measurements [20, 51], the carrier removal rate for the irradiated samples could not be completely 194 

explained by the radiation-induced increase in the concentration of primary traps alone, as shallow 195 

donors and radiation-induced trap levels form neutral complexes and the nature of these trap levels 196 

is not exactly known [51]. The temperature dependent CL measurements from this work suggest 197 

that the defect complexes do not participate in the radiative recombination process in the 198 

temperature range of the measurements (4.5 K - 310 K).  The origin of the NRC and the role of 199 

the neutral complex in the supplementation of this recombination pathway (reduction of EA2) will 200 

be the focus of a future study.  201 

In summary, temperature-dependent cathodoluminescence and time-resolved 202 

cathodoluminescence measurements were employed to understand the luminescence from HVPE 203 

Si-doped β-Ga2O3, before and after irradiation with 10 MeV protons and 18 MeV alpha-particles. 204 

No new luminescence bands were detected in the CL spectra of the irradiated samples. Moreover, 205 

the peak location remained the same for all three samples at a given temperature, indicating that 206 

the introduced radiation-induced new trap-levels did not create new channels facilitating radiative 207 

recombination. Two activation energies were extracted from the thermal quenching of UVL and 208 
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 10 

UVL’ band, pertaining to ionization of shallow donors and a thermally-activated non-radiative 209 

recombination channel. Additionally, reduction in activation energies associated with shallow 210 

donors and non-radiative recombination centers was observed due to radiation damage. 211 
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Table 1: The activation energies (in meV) EA1 and EA2 calculated for UVL’ and UVL bands, for 332 
reference, proton- and alpha-irradiated samples respectively. 333 
 334 

 UVL’ UVL 
 EA1 (meV) EA2 (meV) EA1 (meV) EA2 (meV) 

Reference 31.8 75.3 34.1 74.9 
Proton 32.3 74.6 34.7 70.4 
Alpha 26.1 70.9 29.2 63.4 
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 336 
 337 

Figure Captions 338 

Figure 1: (a) Normalized CL emission spectrum for temperatures ranging from 4.5 to 310 K. (b, 339 

c) Gaussian decomposition of the CL spectra into three constituent peaks - UVL’ (3.63 eV), UVL 340 

(3.3 eV), and BL (2.96 eV), for 4.5 K and 310 K respectively. (d) Normalized spectra for reference, 341 

proton- and alpha-particle-irradiated samples at 4.5 K (left) and 310 K (right). 342 

 343 

Figure 2: Energy level diagram (not to scale) of the trap levels in HVPE grown Si-doped β-Ga2O3 344 

irradiated with 10 MeV protons and 18 MeV alpha-particles obtained from DLTS measurements 345 

(after refs. [20, 51]). Proton irradiation introduces new level (E4) and significantly increases the 346 

concentration of Ec-2.3 eV, E4 and H3. Alpha particle irradiation introduces a new levels at Ev+1.4 347 

eV and E5 (Ec-1.35 eV) and additionally, increased the concentration of existing trap levels (E2*-348 

E4 and H3). 349 

 350 

Figure 3: (a) Temperature dependence of UVL’, UVL and BL bands. (b, c) Fit of UVL’ and UVL 351 

data with Eq. (1) for estimation of the thermal activation energies. The plots for reference, proton- 352 

and alpha-particle-irradiated samples are shifted vertically for visual clarity. (d) Temperature 353 

dependence of TRCL lifetime. 354 

 355 
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Figure 1 357 
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Figure 2 359 
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Figure 3 362 
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