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Abstract. This paper presents the results of a study of radiation damage accumulation 
in α-Ga2O3 under sequential bombardment with fluorine and phosphorus ions with varying 
energies of the keV range. A significant effect of the ion irradiation sequence on both the 
number and depth distribution profile of stable defects was established. The physical nature of 
this noncommutativity is discussed.
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Аннотация. В работе представлены результаты исследования накопления радиационных 

повреждений в α-Ga2O3 при последовательной бомбардировке ионами фтора и фосфора с 
различной энергией кэВ-диапазона. Установлено заметное влияние последовательности 
ионного облучения как на количество, так и профиль распределения устойчивых 
дефектов по глубине. Обсуждается физическая природа подобной некоммутативности.
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Introduction

Ion implantation is a key process in modern semiconductor technology for selectively mod-
ifying material properties. It is well known that irradiation of semiconductors with accelerated 
ions always produces stable damage to the crystal lattice [1]. The extent of this radiation damage 
depends on several parameters, including ion mass and energy, flux density, temperature, and 
target composition [2, 3].

Sequential bombardment with ions of different energies and/or different chemical elements is 
widely used for fabricating semiconductor devices. A common example of this approach is form-
ing a required depth distribution of dopant atoms [4]. Even though this approach is widespread, 
the mechanisms that determine the final degree of structural disorder in the target under sequen-
tial bombardment remain poorly understood for many semiconductors. In fact, they are virtually 
unexplored for such promising materials as gallium oxide.

Furthermore, it is known from the literature that defect accumulation under sequential bom-
bardment with ions of different energies and/or types can be both non-additive and non-com-
mutative [5–7]. Non-additivity means that the final damage profile is not simply the sum of the 
profiles produced by each individual irradiation with its energy and dose. Non-commutativity 
means that the final damage distribution can depend dramatically on the sequence in which irra-
diation is applied (see, e.g., data for silicon [5, 6] and gallium nitride [7]). Moreover, the second 
irradiation can even reduce the damage level introduced by the first implantation for certain ion 
combinations and bombardment sequences [8–14].

Wide-bandgap oxide semiconductors are attracting increasing attention for power electronics 
and optoelectronics, offering new opportunities but also calling for a deeper understanding of 
their radiation resistance and defect formation under accelerated ion implantation.

One of the most promising representatives of this family is gallium oxide [15–19], which exists 
in several polymorphic modifications [15]. The monoclinic β-phase of gallium oxide (β-Ga2O3), 
with a bandgap of about 4.8 eV, is already actively studied and introduced in the fabrication of 
Schottky diodes [20] and field-effect transistors [21]. The metastable rhombohedral α-phase of 
gallium oxide (α-Ga2O3) with a corundum structure has unique properties, such as

a large bandgap (up to ~5.3 eV),
and a high critical breakdown field (up to ~8 MV/cm);
moreover, it can be grown epitaxially on relatively inexpensive sapphire substrates [22, 23].
Practical devices based on α‑Ga2O3 require reliable methods for local doping and isolation; 

ion implantation is the primary technique for this purpose. Thus, to lay the foundations for ion-
beam modification of α‑Ga2O3 , the mechanisms of radiation defect accumulation and anneal-
ing in this material must be understood, in particular under sequential irradiation. However, 
while the formation of structural disorder and radiation resistance of β‑Ga2O3 have been studied 
actively in recent years [15–22, 24], data for α‑Ga2O3 remain limited [25–27], and studies 
of sequential bombardment with different ion types and energies were virtually absent until 
recently [28].

In this work, we present the first study of radiation damage accumulation in α‑Ga2O3 under 
sequential bombardment with light fluorine (F+) and phosphorus (P+) ions at keV energies typical 
of industrial applications.
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Experimental procedure

We studied epitaxial α-Ga2O3 layers with a corundum structure, about 2 μm thick and with 
(0001) orientation, grown on the c-plane of a sapphire substrate by hydride vapour-phase epi-
taxy (HVPE) at Perfect Crystals LLC (St. Petersburg) [29]. The samples were irradiated with 
fluorine and phosphorus ions at room temperature using a 500 kV ion implanter (HVEE-500) at 
Research and Production Enterprise ELAR JSC (St. Petersburg). Irradiation was performed at an 
angle of 7° with respect to the [0001] crystallographic direction to minimize channeling effects in 
the crystal.

To ensure a valid comparison of the experimental data, radiation damage was evaluated at 
equal displacements per atom (DPA) generated in the target. The ion doses ΦDPA were determined 
in the binary collision approximation as the ratio of the vacancy concentration at the maximum of 
the elastic energy loss profile (nv) for a given ion fluence, calculated using the TRIM code [30], 
to the atomic concentration of α-Ga2O3 (nat = 1.03·1023 atoms/cm3), so that ΦDPA = (nv·Φ)/nat, 
where Φ is the fluence in cm–2.

The ion flux density, defined as FDPA = dΦDPA/dt, was also kept constant in units of DPA/s. All 
irradiation parameters are given in the table.

The degree of disorder in the crystal structure of the samples after irradiation was measured by 
Rutherford backscattering spectrometry in channeling mode (RBS/C). The measurements used 
a probing beam of 0.7 MeV He++ ions along the [0001] crystallographic direction. The scattered 
particle detector was positioned at 170° relative to the incident beam direction.

Experimental results and discussion

Fig. 1 shows the generation functions of primary point defects and the corresponding elastic 
energy losses (solid lines), calculated with TRIM [30]. The values of the maxima of the implanted 
impurity concentration profile Rp and of the primary defect generation function Rpd are also sum-
marized in the table. The ion energies were chosen so that the primary point defect distributions 
for F+ (25 keV) and P+ (40 keV) ions, as well as for F+ (50 keV) and P+ (80 keV) ions, were sim-
ilar to each other (see Fig. 1). The ion energy for the second (high-energy) irradiation was chosen 
so that the maximum of the defect generation function was located at a depth corresponding to 
the position of defects formed in the bulk during the first (low-energy) irradiation.

Fig. 2 shows experimental RBS/C spectra for single irradiation with 25 and 50 keV fluorine 
ions at a dose of 1.5 DPA. The spectra represent the number of detected backscattered helium 
ions as a function of the channel number of the multichannel analyzer. In both cases, two maxima 
are observed in the spectra: one in the bulk of the sample, the bulk defect peak (BDP); the other 
in the surface region, the surface defect peak (SDP), associated with the formation of an amor-
phous surface layer due to diffusion of primary point defects from the bulk to the surface owing 
to their mobility [25]. For 25 keV fluorine ions, the BDP is located in the region of channel 246, 

Tab l e

Parameters of ion irradiation used

Ion
Energy Rp Rpd 1 DPA Ion current density

keV keV/u nm nm 1014 cm–2 μA/cm2 1011 cm–2∙s–1 10–3 DPA/s

F+
25 1.3 30 17 10.61 0.41 25.4

2.4
50 2.6 55 36 12.15 0.47 29.2
60 3.0 74 48 12.72 0.49 30.6

P+ 40 1.3 30 17 6.28 0.24 15.1
80 2.6 55 36 6.48 0.25 15.6

Nota t i on s :  Rp is the projected range of impurity ions (position of the maximum of the implanted impurity 
concentration); Rpd is the maximum of the primary defect generation function; DPA is the number of dis-
placements per atom.
No t e . Singly charged positive ions were used in all cases. The dose was 1.5 DPA in all cases.
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which corresponds to a depth of about 35 nm 
and to the maximum of the generation function 
for 50 keV fluorine ions, for which, in turn, the 
BDP is located in the region of channel 229, 
equivalent to a depth of about 62 nm.

Fig. 2 also shows the results of sequential irra-
diation with fluorine ions for two sequences: low 
energy (25 keV) followed by high energy (50 keV), 
and the reverse, high energy (50 keV) followed by 
low energy (25 keV). Each irradiation step was 
performed with the same dose: 1.5 DPA. It follows 
from the data in Fig. 2 that the final shape of the 
spectrum and consequently the defect distribu-
tion strongly depend on the irradiation sequence, 
despite identical DPA and DPA/s values. Indeed, 
when the first irradiation is performed with low-en-
ergy fluorine ions, i.e., when the total energy is 
25+50 keV, an increase in the BDP is observed 
after the second irradiation. Conversely, the BDP 
value is lower for the reverse irradiation order.

Therefore, irradiation with 25 and 50 keV flu-
orine ions is a non-commutative process [28].

Next, experiments were carried out to 
test the commutativity of ion irradiation of 
α-Ga2O3 samples with phosphorus ions. As noted 
above, the irradiation energies for phospho-
rus ions were chosen so that the primary point 
defect generation functions were similar to the 
corresponding functions for F+ ions. The irra-
diation was performed with the same dose: 
1.5 DPA. Fig. 3 shows the RBS/C spectra for 
single irradiations with 40 and 80 keV phos-
phorus ions; their BDP positions are also in the 
region of channels 246 (depth of ~35 nm) and 
229 (~62 nm), respectively [25, 26]. The results 
of irradiation with phosphorus ions in different 
sequences, namely 40+80 keV and 80+40 keV, 
are also shown in Fig. 3. A significant increase 
in the signal is observed for the low-energy → 
high-energy sequence, with consequently a more 
intense accumulation of stable radiation dam-
age. As in the case of fluorine ions, irradiation 
with 40 and 80 keV phosphorus ions is also a 
non-commutative process.

Finally, in the concluding experiment, 
the energy of the second fluorine irradiation 
was chosen to be 60 keV, so that the genera-
tion maximum lay somewhat deeper than the 
BDP position for 25 keV ions. The doses of each 
irradiation step were also 1.5 DPA. The resulting 

RBS/C spectra for the cases F+ 25 + 60 keV and 60 + 25 keV are shown in Fig. 4. It can be 
seen that the generation maximum is shifted deeper into the sample by about 13 nm relative to 
the BDP position for F+ 25 keV, and the BDP for F 60 keV is located in the region of chan-
nel 220 (~90 nm). As in the other cases, more intense defect formation was observed for the 
low-energy → high-energy irradiation sequence. Despite the increase in the energy of the second 
ion, irradiation with 25+60 keV fluorine ions also proved to be non-commutative.
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To date, two mechanisms of ion implantation 
in semiconductors that lead to non-commutativ-
ity of structural damage accumulation have been 
proposed. Both have been confirmed to be valid.

The first mechanism [25] is the non-linearity 
of dose dependence of structural damage at dif-
ferent depths for each type of bombarding ion.

The second mechanism [7, 31] is the formation 
of a higher concentration of stable damage at 
depth upon irradiation with lower-energy ions, 
which leads to more efficient formation of sta-
ble defects involving mobile point defects during 
subsequent high-energy irradiation.

It is the second mechanism that we observed 
experimentally. In the case when high-energy 
irradiation was applied first, the concentration 
of stable damage in the bulk was lower (com-
pared to low-energy irradiation) and mobile 
point defects were less efficiently trapped at 
depth and diffused to the interface between 
the amorphous surface layer and the crystal-
line layer. Further studies are clearly needed to 
elucidate the physical nature of non-commu-
tativity under sequential ion implantation into 
α-Ga2O3 samples.

Conclusion

We studied radiation damage accumulation 
in gallium alpha oxide under sequential bom-
bardment with fluorine ions and, separately, 
with phosphorus ions at different energies. It 
was found that the process is non-commutative: 
the final damage depends on the sequence of 
irradiation. We proposed possible mechanisms 
for this effect. Understanding the mechanisms 
and physical origin of the stable defect accu-
mulation rate as a function of the ion implan-
tation sequence can make it possible to predict 
and control the final defect profile in electronic 

devices based on α-Ga2O3. Further experimental and theoretical studies of this phenomenon 
are clearly necessary.
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