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Features of the iron charge states in semi-insulating f-Ga,0;:Fe
identified by high-frequency electron paramagnetic resonance
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The charge states of non-Kramers Fe’* ions and Fe** ions in the octahedral and tetrahedral positions of the
crystal lattice in a commercial substrate of semi-insulating gallium oxide 8-Ga, O3 before and after proton irradiation
with an energy of 15MeV have been identified by high-frequency EPR.

Keywords: clectron paramagnetic resonance (EPR), semiconductors, gallium oxide.

DOI: 10.61011/TPL.2023.11.57189.19685

B-gallium oxide (8-Ga,0s3) is a wideband semiconductor
with a band gap on the order of 4.8 eV. Both single crystals
and thin films of $-Ga,0s are currently being fabricated
for applications ranging from power electronics to solar-
blind detectors [1-5]. One of the advantages of the Ga,0Os
system is high radiation resistance, which makes it suitable
for application in the space environment [6,7]. Experiments
into the influence of radiation effects on the properties of
crystals, films, and devices based on Ga,0Os have been
performed for B-Ga,O3; [6,8]. The variation of electric,
luminescent, and recombination properties under irradiation
with protons, neutrons, a particles, and y particles has
been examined in detail. In certain cases, the nature of
defects was identified based on the results of comparison
with comprehensive theoretical modeling data [6,8,9].

Iron is an important dopant impurity for the fabrication of
semi-insulating -Ga,O3 substrates and is present in trace
amounts (10'°—~10'7 cm—3) almost in all grown bulk B-
Ga, 03 crystals (due to its presence in the initial materials).
Numerous studies of the optical and electric properties of
iron ions in this essential semiconductor [10-14] have been
performed by several research groups for the purpose of
enhancing the performance of new devices.

Electron paramagnetic resonance (EPR) is one of the
most informative methods for identification of ions of
transition metals (including iron) in different charge states
in semiconductors. The Fermi level position has a major
effect on the manifestation of different charge states. We
have recently published the results of EPR studies of
nominally undoped bulk $-Ga,0s crystals [15], where the
Fermi level position, which was altered via irradiation with
electrons, was demonstrated to be one of the key parameters
specifying the charge and spin states of transition elements.
In addition to EPR spectra of the known Fe** charge
state, EPR spectra of state Fe’* were detected. Indirect
indications of the possibility of existence of this state have
earlier been the subject of wide discussion [16,17]. The
giant splitting of spin levels in zero magnetic field, which is
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attributable to the fact that Fe?* ions (so-called non-Kramers
ions) have an integer total spin S = 2, is a specific feature of
EPR spectra of these ions. This precluded the researchers
from detecting them with EPR spectrometers operating
in common bands. Measurements were performed with
the use of a high-frequency EPR spectrometer designed at
the Ioffe Institute in collaboration with LTD ,,DOK*“ (St.
Petersburg, Russia). This spectrometer, which operates
both in continuous-wave and pulse modes, is based on
a line of microwave bridges (94 and 130GHz) and a
fully autonomous closed-cycle magneto-optical cryogenic
system that allows one to vary the temperature within the
1.5-300K range [18,19]. A commercial JEOL JES-PE-3
EPR spectrometer operating in the continuous-wave mode
in the X band was also used.

The examined semi-insulating crystals of gallium oxide
doped with iron were commercial samples produced by
Kyma Technologies (United States). They were grown
by the Czochralski method with Fe,O;3 introduced into
the initial material with a Fe3* concentration on the
order of (2—3) - 10" em~>. These samples were irradiated
with protons with an energy of 15MeV and a dose of
~ 10 cm~2 at room temperature. Since semi-insulating
B-Ga,O3 is highly resistant to radiation, the shape of EPR
spectra and the line intensities remained unchanged after
irradiation.

Figure 1 presents the orientation dependence of EPR
signals of a Fe’* ion in a semi-insulating Ga,0;:Fe crystal
detected in the continuous-wave mode at a frequency of
9.5GHz at room temperature. Only the EPR spectra of
Fe** ions, which are characterized by spin S= 5/2 (elec-
tron configuration 3d>), are seen at this frequency. These
Fe3* ions substitute gallium and occupy both octahedral
and tetrahedral sites in the gallium lattice.

The EPR spectra measured at high frequencies of 94
and 130 GHz provide a more complete picture. Figure 2
presents the orientation dependence of EPR signals of Fe3*
and Fe?" ions in a semi-insulating Ga,Oj3:Fe crystal detected
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Figure 1. Orientation dependence of EPR signals of a Fe*>* ion in
a semi-insulating Ga,Os:Fe crystal detected in the continuous-wave
mode at a frequency of 9.5 GHz at room temperature.
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Figure 2. Orientation dependence of EPR signals of Fe** and
Fe?* jons in a semi-insulating Ga,Os:Fe crystal detected in the

continuous-wave mode at a frequency of 94 GHz at a temperature
of 4K.

in the continuous-wave mode at a frequency of 94 GHz at a
temperature of 4 K.

A significant asymmetry of intensities of EPR lines with
respect to the center in the g =2 region is observed in
the EPR spectra of Fe3* ions. This is attributable to the
Boltzmann distribution of populations of spin levels. One
may gain a better understanding of these EPR spectra by
examining Fig. 3, which shows the fragment of EPR spectra
of Fe3* ions detected in the continuous-wave mode at low
(4K) and high (100K) temperatures. It is evident that
the high-temperature spectrum is almost symmetric with
respect to its center, since the influence of the Boltzmann
factor is greatly decreased. The fine structure of lines for
Fe3* ions in octahedral and tetrahedral positions is also
seen.
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Figure 3. EPR spectra of a Fe’* ionina semi-insulating Ga,O;:Fe
crystal detected in the continuous-wave mode at a frequency of
94 GHz at temperatures of 100 (/) and 4K (2). The fine structure
of lines for Fe** ions in octahedral and tetrahedral positions is
indicated.

The observed EPR spectra were characterized using a
reduced spin Hamiltonian in standard form

1
H_yBB-g~S+D[S§—§S(S+1)] +E{S§—S§},

where S= 5/2 for Fe’* (electron configuration 3d®). The
first term characterizes the Zeeman interaction with an
anisotropic g-factor represented by a g-tensor (up is the
Bohr magneton). The second and the third terms corre-
spond to the fine structure interaction, which induces the
splitting of energy levels in zero magnetic field. Parameter
D incorporates the contribution of the z-axis part of the
crystalline field, while parameter E does the same for the
axis part.

The observed EPR spectra were modeled in
EasySpin [20]. EPR spectra of Fe3* ions in octahedral
positions with D =6.6GHz, E = —-2.55GHz, and
g = [2.004, 2.002, 2.007] and spectra of Fe’* ions in
tetrahedral positions with D =4.4GHz, E = —1.8 GHz,
and g = [2.004, 2.002, 2.007] were simulated.

Thus, it was established unambiguously that two charge
states of iron (Fe’* and Fe’*) are present in a semi-
insulating material and that the spectra detected earlier
belong to iron ions. Further studies into variations of
the Fermi level position under the influence of different
doses of irradiation should clarify the energy parameters
of positioning of iron levels in the band gap and the relative
positioning of iron levels at different crystallographic sites.
It should also be noted that the shape of EPR spectra
and the line intensities remained unchanged after irradiation
with protons with an energy of 15MeV and a dose of
~ 10'® cm~2, indicating that semi-insulating 3-gallium oxide
is highly resistant to radiation.
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