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ABSTRACT

The Fe4+/3+ donor level is experimentally determined to be 0.70 eV (±0.05 eV) above the valence band maximum in β-Ga2O3. Electron
paramagnetic resonance (EPR) is used to monitor Fe3+ ions that are unintentionally present in an Mg-doped β-Ga2O3 crystal (with a
low Fermi level). For temperatures near 255 K, exposure to 325 nm laser light converts a portion of the Fe3+ ions to Fe4+ and Fe2+ ions
and, at the same time, forms neutral magnesium acceptors (Mg0Ga) and neutral Ir donors (Ir3+). After removing the light, the intensity
of the Fe3+ EPR spectrum has a significant additional decrease as holes thermally released to the valence band from rapidly decaying
neutral Mg acceptors are trapped at Fe3+ ions and form even more Fe4+ ions. This demonstrates that the Mg0/− acceptor level, near
0.65 eV, is closer to the valence band than the Fe4+/3+ level. Following the fast initial post-light decrease, the Fe3+ spectrum then slowly
recovers as Fe4+ ions are destroyed by electrons thermally excited from the valence band. An activation energy for the thermal decay of
the Fe4+ donors, and thus a value for the Fe4+/3+ level, is obtained from the analysis of five Fe3+ isothermal recovery curves taken from
the Mg-doped crystal between 250 and 270 K. A first-order kinetics model is used, as minimal retrapping is observed. In separate exper-
iments, EPR shows that Fe4+ ions are also produced in an Fe-doped β-Ga2O3 crystal (without Mg acceptors) during exposures to laser
light at temperatures near 255 K.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0021756

I. INTRODUCTION

Iron is an important impurity in β-Ga2O3 crystals. It is present
at trace levels (1016–1017 cm−3) in nearly all bulk-grown crystals
because of impure starting materials, and in recent years, it has
become the dopant of choice to produce semi-insulating β-Ga2O3

substrates for use in thin film growth. With the goal of improving the
performance of emerging devices, numerous studies have been made
by various research groups to establish the optical and electrical prop-
erties of iron ions in this ultrawide-band-gap semiconductor.1–20

Much of this attention has focused on the deep acceptor behavior of
the Fe ions. The Fe3+/2+ acceptor level, or (0/−) level in conventional
semiconductor notation, is approximately 0.8 eV below the conduc-
tion band minimum,2,8 thus allowing iron to provide compensation
for the unintentional shallow donors that are typically present, such
as Si, Ge, and Sn. Although not studied experimentally until now,
iron also has a deep donor level in β-Ga2O3 crystals. The Fe4+/3+

donor level, or (+/0) level, is expected to be in the lower half of the
bandgap, with recent computational results predicting it to be

0.51 eV above the valence band maximum.2,7 This ability of Fe to
act as both a donor and an acceptor in β-Ga2O3 makes it an
amphoteric defect.21 Future investigations of Fe-doped material that
monitor transient carrier trapping and retrapping may need to con-
sider both types of behavior for this impurity.

In the present paper, we describe the results of an experimen-
tal study of the production and thermal stability of Fe4+ ions in
β-Ga2O3 crystals. Electron paramagnetic resonance (EPR), with its
narrow linewidths and high sensitivity, is the primary spectroscopic
technique used.22–25 The Fe3+ (3d5) ions in β-Ga2O3 crystals have a
high spin S = 5/2 ground state with large zero-field splittings and
suitable spin-lattice relaxation times, thus allowing them to be
easily detected and identified with EPR.26,27 In contrast, EPR
spectra from the non-Kramers Fe2+ (3d6) and Fe4+ (3d4) ions have
not yet been reported for β-Ga2O3.

28,29 We can, however, easily
determine when Fe2+ and Fe4+ ions are present in our crystals by
monitoring changes in the intensity of the Fe3+ EPR spectrum. We
use 325 nm laser light to convert Fe3+ ions into Fe4+ and Fe2+ ions
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in an Mg-doped β-Ga2O3 crystal that inadvertently contains a mod-
erate concentration of iron. The recovery of the Fe3+ spectrum as a
function of time, after removing the light, is recorded at five temper-
atures between 250 and 270 K. An activation energy describing the
thermal excitation of electrons from the valence band to the Fe4+

ions, and thus a value for the Fe4+/3+ donor level, is extracted from
these Fe3+ isothermal recovery curves taken from the Mg-doped
crystal. Our analysis yields a value of 0.70 eV for this activation
energy. Results from an Fe-doped β-Ga2O3 crystal are also reported.
The 325 nm laser light readily forms Fe4+ ions in the Fe-doped
crystal, and a similar value for the Fe4+/3+ level is obtained from the
isothermal decay of these Fe4+ ions.

Our noncontact EPR method was recently used to determine
the Fe2+/3+ and Mg0/− acceptor levels in β-Ga2O3 crystals.8,30 The
(0/−) level of the Mg acceptor was found to be 0.65 eV above the
maximum of the valence band by recording thermal decay curves
of the neutral Mg acceptor (Mg0Ga) in the 240–260 K range,
whereas the (2+/3+) acceptor level of the Fe ions was found to be
0.84 eV below the minimum of the conduction band by recording
thermal recovery curves of the Fe3+ ions in the 296–310 K range.
The temperature range of 250–270 K for measurements in our
present study is between these two earlier temperature ranges, and
thus an intermediate value of 0.70 eV above the valence band is a
reasonable, and expected, result for the activation energy describing
the (4+/3+) donor level of Fe in β-Ga2O3.

II. EXPERIMENTAL

Two bulk β-Ga2O3 crystals, both grown by the Czochralski
method with iridium crucibles, were used in the present
investigation.31–35 The first, and primary, sample studied was an
Mg-doped crystal grown at Northrop Grumman Synoptics (Charlotte,
NC), with 0.20 mol. % of MgO added to the starting material. This
crystal was also used in Refs. 30 and 32, where it was determined
with EPR that the as-grown concentrations of Ir4+ ions and singly
ionized Mg acceptors (Mg�Ga) were both 7.0 × 1018 cm−3 and the
as-grown concentration of Fe3+ ions was 1.4 × 1017 cm−3. Cr3+ ions
are also seen in this crystal, but at a concentration approximately 25
times less than the Fe3+ concentration. By using EPR, we are able to
determine the concentrations of specific charge states of the impu-
rity ions, instead of the total concentration of an element. The
second sample studied was an Fe-doped crystal obtained from
Kyma Technologies (Raleigh, NC). Fe2O3 was added to the starting
material, and the resulting Fe3+ concentration in the as-grown
crystal8 was approximately 2.5 × 1019 cm−3. Dimensions of the
Mg-doped crystal were 5.0 × 1.4 × 3.0 mm3 and dimensions of the
Fe-doped crystal were 4.0 × 0.37 × 3.0 mm3.

The EPR data were taken with a Bruker EMX spectrometer
operating near 9.39 GHz. An Oxford Instruments ESR-900 cryostat
and ITC-503S controller held the crystal at a fixed temperature
during an EPR measurement. Flowing nitrogen gas, obtained from a
liquid nitrogen storage dewar, was used to cool the crystal (instead of
the usual cold helium gas). A He–Cd laser (12mW of cw output at
325 nm) converted Fe3+ ions into Fe4+ and Fe2+ ions. When monitor-
ing the concentration of Fe3+ ions before, during, and after light, the
spectrometer was operated in a kinetics mode (i.e., a time sweep with
the magnetic field fixed at the peak of a line in the EPR spectrum).

III. PRODUCTION AND DECAY OF Fe4+ IONS

Figure 1 shows two EPR spectra from Fe3+ ions in our
Mg-doped β-Ga2O3 crystal. The magnetic field is aligned along the
crystal’s b direction in the upper spectrum and near the c direction
in the lower spectrum. These spectra were obtained at room tem-
perature, with no incident laser light. The four dominant EPR lines
at 166.4, 283.5, 586.2, and 1293.7 mT in the upper spectrum and
the one dominant line near 152.9 mT in the lower spectrum are
assigned to Fe3+ ions at sixfold Ga3+ sites.26,27 These lines shift very
little in position when the crystal is cooled to 250 K. The Fe3+ (3d5)
ions in β-Ga2O3 have a high-spin S = 5/2 ground state with large
zero-field splittings resulting from the low-symmetry monoclinic
crystal structure. These splittings are the separations between the
three distinct energy levels (corresponding to the pairwise degener-
ate MS = ±1/2, ±3/2, and ±5/2 spin states) when the magnetic field
is zero.36 For Fe3+ ions in β-Ga2O3, the zero-field splittings are
much larger in energy than our 9.39 GHz microwave photons, thus
explaining the lack of symmetry around g = 2.0 (i.e., 335 mT) in the
spectra. Short spin-lattice relaxation times cause the EPR signal
from Ir4+ (5d5) ions to broaden beyond recognition when the tem-
perature is above 120 K.32 Although Ir4+ ions are present in the
crystal,30 they are not seen in the EPR spectra in Fig. 1. The infra-
red absorption peak at 5153 cm−1 from Ir4+ ions can, however, be
easily observed at room temperature using a Fourier-transform
infrared (FTIR) spectrometer.32

Figure 2 shows the intensity of the Fe3+ EPR spectrum before,
during, and after exposure at 255 K to sub-bandgap 325 nm laser

FIG. 1. EPR spectra from Fe3+ ions occupying sixfold Ga3+ sites in an
Mg-doped β-Ga2O3 crystal. These data were taken at room temperature with a
microwave frequency of 9.381 GHz. The magnetic field is aligned along the b
axis of the crystal in the upper spectrum and near the c axis in the lower
spectrum.
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light. These data were obtained by monitoring the Fe3+ line located
at 152.9 mT when the magnetic field is near the c direction (see
Fig. 1). The changes in the intensity of the Fe3+ spectrum can be
separated into three stages, as illustrated in Fig. 2. Different, but
related, physical mechanisms (described in the following para-
graphs) are active at each stage. With the light on (referred to as
stage 1, from 80 to 395 s), the Fe3+ spectrum decreases and then
reaches an equilibrium value. There is a 9% reduction in the con-
centration of Fe3+ ions during this phase. After the light is
removed, the intensity of the Fe3+ spectrum continues to decrease
for another 75 s (referred to as stage 2). Near the 470 s point in
Fig. 2, the Fe3+ spectrum begins to slowly recover. This recovery is
referred to as stage 3. The recovering Fe3+ EPR spectrum
approaches a new equilibrium intensity beyond 1500 s, which is
below the initial intensity observed before turning on the light.

In stage 1, the 325 nm light reduces the concentration of Fe3+

ions, as both Fe4+ and Fe2+ ions can, in principal, be formed. Three
processes are involved in this phase. First, consider the formation of
Fe4+ ions. The sub-bandgap 325 nm (3.81 eV) photons excite elec-
trons from one or more of the valence bands to singly ionized Ir4+

donors, as described in Ref. 30. This mechanism for production of
Ir3+ ions is consistent with the Ir4+/3+ level being 2.25 eV below the
conduction band minimum.37 As electrons move to Ir4+ ions, many
of the holes left in the valence band become localized at singly
ionized Mg acceptors and form neutral acceptors (Mg0Ga). At the
same time, and most important for the present study, a portion of
these holes left in the valence band are trapped at Fe3+ ions and
form Fe4+ ions. Second, consider the formation of Fe2+ ions during
stage 1. In an earlier study of an Fe-doped β-Ga2O3 crystal, two

mechanisms were proposed.8 The 325 nm photons may excite elec-
trons directly from the upper valence band to Fe3+ ions and they
may also excite electrons from Ir3+ ions to the conduction band,
with the electrons being subsequently trapped at Fe3+ ions in this
latter case. Together, these processes form Fe2+ ions in our
Mg-doped crystal that are very long-lived at 255 K. Since there are
initially far fewer Fe3+ ions in this crystal than Ir4+ donors and singly
ionized Mg acceptors, the 325 nm light produces more Fe4+ ions
than Fe2+ ions in stage 1.

In stage 2, the decrease in the concentration of Fe3+ ions is
directly related to the formation of even more Fe4+ ions, although
this now occurs in the “dark.” The neutral Mg acceptors formed
with laser light during stage 1 quickly begin to thermally decay at
255 K when the light is removed.30 Many of the holes produced in
the upper valence band by these decaying Mg0Ga acceptors move to
Ir3+ ions, but a portion of them move to Fe3+ ions and form more
Fe4+ ions. The rate of decrease that occurs for the Fe3+ spectrum
between 395 and 470 s in Fig. 2 (immediately after turning the light
off ) is very similar to the rate of decrease reported in Ref. 30 for
the decay of Mg0Ga acceptors at 255 K. Near the 470 s point in
Fig. 2, the Fe3+ spectrum begins to recover as the thermal decay of
Fe4+ ions (due to electrons being thermally excited from the
valence band to the Fe4+ ions) exceeds the production of Fe4+ ions
caused by decaying Mg0Ga acceptors. As shown in Ref. 30, the
thermal decay of the Mg0Ga acceptors is relatively fast at 255 K, with
approximately 72% decaying in the first 100 s after removing the
laser light. In Fig. 2, this continuing decrease in the Fe3+ concentra-
tion in stage 2, before starting to increase in stage 3, provides com-
pelling evidence that Fe4+ ions are being formed. It also requires
the Mg0/− level to be below the Fe4+/3+ level.

In stage 3, which extends for a much longer time than stage
2, the primary active mechanism is the thermal decay of the Fe4+

ions. This slow recovery of the Fe3+ EPR signal in Fig. 2 occurs as
electrons are thermally excited from the upper valence band to
the Fe4+ ions. The concentration of Fe3+ ions eventually reaches a
quasiequilibrium level when all the Fe4+ ions have thermally
decayed. This equilibrium level occurs beyond 1500 s and is below
the initial concentration of Fe3+ ions present before turning on
the light. The difference in intensity of the Fe3+ spectrum at t = 0
and t = 1500 s in Fig. 2 is attributed to the small concentration of
Fe2+ ions that are initially formed by the 325 nm light and remain
relatively stable at 255 K. An activation energy of 0.84 eV for the
thermal excitation of electrons from the Fe2+ ions to the conduc-
tion band8 suggests that less than 0.4% of these ions would ther-
mally decay over a 1400 s period at 255 K.

The EPR experiment illustrated in Fig. 2 was repeated at four
additional temperatures, thus providing five sets of Fe3+ isothermal
recovery data (at 250, 255, 260, 265, and 270 K) from the
Mg-doped β-Ga2O3 crystal. The general features of the recovery
curves were similar for all five temperatures. There was always a
further decrease in the concentration of Fe3+ ions immediately after
removing the light (corresponding to stage 2). These five sets of
data are shown in Fig. 3. Our focus is on the thermal decay of the
Fe4+ ions, and not the recovery of the Fe3+ ions, thus the curves in
Fig. 3 have been inverted and normalized. The time when the laser
light was turned off is now set to t = 0. Also, the offset due to the
nearly constant Fe2+ contribution was removed from each curve

FIG. 2. Normalized intensity of the Fe3+ EPR spectrum in an Mg-doped
β-Ga2O3 crystal before, during, and after exposure to 325 nm laser light. The
magnetic field was near the c direction and fixed at 152.9 mT and the tempera-
ture was 255 K. At 80 s, the light is turned on and a decrease in the concentra-
tion of Fe3+ ions occurs. When the light is removed at 395 s, the Fe3+ ions have
a further significant decrease before starting to recover near 470 s. The horizon-
tal time axis is separated into three regions (stage 1, stage 2, and stage 3).
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before normalizing at t = 0. This ensures that the curves in Fig. 3
represent only changes in the Fe4+ concentration. Prior to record-
ing each isothermal curve, the crystal was heated briefly to 523 K to
remove the effects of previous illuminations and reset the thermal
equilibrium concentrations of Fe3+ and Ir4+ ions.

IV. ANALYSIS OF Fe4+ THERMAL DECAY CURVES

The thermal release of charge trapped in metastable states
within the bandgap of materials has long been studied by the ther-
moluminescence community.38–40 Several general approaches to
analyze decay data have emerged from these efforts, with the choice
of method depending on the procedure used to acquire data and
also the types of participating traps and recombination centers, their
nature, and their relative concentrations. The extent to which ther-
mally released charge is retrapped is often an important factor in
selecting a model. A general-order kinetics model41 was used in the
recent EPR determinations of Fe2+/3+ and Mg0/− levels in β-Ga2O3

crystals.8,30 During the isothermal decays in those studies, there was
significant retrapping of charge at the same defect involved in the
thermal release of the charge. In the present investigation, the Fe4+

decay curves taken from the Mg-doped crystal (in Sec. III) are ana-
lyzed using a simpler first-order kinetics model.42 Only the data
obtained in stage 3, after nearly all the Mg0Ga acceptors have decayed,
are considered. At these longer times, retrapping of holes at Fe
ions is negligible, thus justifying the use of first-order kinetics.
Specifically, when electrons are thermally excited from the valence
band to an Fe4+ ion during stage 3, most of the holes left behind
do not move to Fe3+ ions and re-establish Fe4+ ions. Instead, these
holes are attracted to the negatively charged singly ionized Mg

acceptors (Mg�Ga). They may be trapped, released, and retrapped
several times at these acceptors before finally making their way to
an Ir3+ ion or an Fe2+ ion, but this series of events has very little
effect on the rate of decay of the Fe4+ ions. The lack of retrapping
of holes at Fe3+ ions in our Mg-doped crystal, during an isother-
mal kinetic scan, is primarily a result of the concentration of Fe
ions being much less than the concentration of Mg and Ir ions.

The following equation defines the first-order kinetics model
used to extract an activation energy from the Fe4+ isothermal decay
curves,

dn
dt

¼ �s n exp(� E/kT): (1)

Here, n is the concentration of Fe4+ ions, E is the activation energy,
k is Boltzmann’s constant, T is the temperature, and s is a fitting
parameter often referred to as an “attempt-to-escape” frequency.
The solution of Eq. (1), given below, is a single exponential that
describes the decreasing concentration of Fe4+ ions as a function of
time for a fixed temperature,

n(t) ¼ n0 exp[�s exp(�E/kT)t]: (2)

A characteristic feature of a first-order kinetics process is a
straight line when the natural logarithm of n(t) is plotted vs t. To
illustrate this, take the natural logarithm of both sides of Eq. (2),

ln(n) ¼ ln(n0)� s exp(�E/kT)t: (3)

Equation (3) has the form of a straight line (y = a−mt),
where the slope is

m ¼ s exp(�E/kT): (4)

The Fe4+ decay data taken at 250 K (curve 1 in Fig. 3) are con-
verted into a plot of ln(n) vs t in Fig. 4. As shown in this figure, a
straight line (red) is a good fit to the region extending from 300 to
1400 s. This restricted time interval for extracting a straight line
avoids the early times when the decaying neutral Mg acceptors may
still be forming Fe4+ ions. The longest times are avoided because of
the uncertainty associated with removing the small contributions
from Fe2+ ions (this removal was done when generating the 250 K
curve in Fig. 3). Most of the Fe4+ decay is captured in the selected
time interval. Figure 4 also shows the plots of ln(n)-vs-t generated
using the Fe4+ decay data (in Fig. 3) taken at 255, 260, 265, and
270 K. The segments of time used to extract a straight line were 225
to 850 s for 255 K, 60 to 210 s for 260 K, 35 to 150 s for 265 K, and
20 to 75 s for 270 K. These time intervals are progressively smaller
at the higher temperatures because of the faster decay rates of the
Fe4+ ions. Each ln(n)-vs-t plot in Fig. 4 yields a straight line (with a
different slope) in the selected time intervals, thus validating the
use of a first-order kinetics model.

To extract values for E and s from the Fe4+ ion isothermal
decay data, we take the natural logarithm of each side of Eq. (4).

FIG. 3. Isothermal recovery curves for the Fe3+ EPR signal in an Mg-doped
β-Ga2O3 crystal, taken at (1) 250, (2) 255, (3) 260, (4) 265, and (5) 270 K.
These curves have been “inverted” to emphasize the behavior of the Fe4+ ions.
They show the initial production of Fe4+ ions at short times (in stage 2) and the
subsequent decay of the Fe4+ ions at longer times (in stage 3). Contributions
from the very slowly decaying Fe2+ ions have been removed.
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This gives

ln(mi) ¼ ln(s)� E
kTi

: (5)

The index i = 1 to 5 corresponds to the five temperatures
where decay data were obtained. Using the values of mi obtained
from the ln(n)-vs-t plots in Fig. 4, we construct the ln(mi)-vs-1/Ti

plot that is shown in Fig. 5. According to Eq. (5), these five data
points will lie on a straight line with a slope of –E/k. The slope of
the best-fit straight line in Fig. 5 gives E = 0.70 eV for the activation
energy describing the thermal decay of photoinduced Fe4+ ions in
β-Ga2O3 crystals. An estimate of the uncertainty in this value of E is
±0.05 eV. Our experimental result of 0.70 eV above the valence
band maximum for the Fe4+/3+ donor level is close to the recent
computational prediction of 0.51 eV.2,7 The vertical-axis intercept in
Fig. 5 gives a value of 2.3 × 1011 s−1 for the attempt-to-escape fre-
quency s. This is a typical result for thermally stimulated processes,
and s is often associated with the frequencies of lattice vibrations
(i.e., phonons).38–40

V. Fe4+ IONS IN Fe-DOPED CRYSTALS

The intensity of the sixfold Fe3+ EPR spectrum in an
Fe-doped β-Ga2O3 crystal was monitored before, during, and after
exposure to sub-bandgap 325 nm laser light. These results, obtained
while the crystal was held at 255 K, are shown in Fig. 6. This
kinetic scan was taken with the magnetic field aligned near the c
direction and fixed at 152.9 mT. Approximately 35% of the Fe3+

ions are converted to other charge states (Fe2+ and Fe4+) by the
light. The data in Fig. 6 were obtained from the Fe-doped crystal

that was used in Ref. 8. In that earlier study,8 the two mechanisms
proposed for the formation of Fe2+ ions by the 325 nm light were
(1) excitation of electrons from Ir3+ ions to the conduction band
followed by trapping of these electrons by Fe3+ ions to form Fe2+

FIG. 4. Plots of ln(n) vs t for the isothermal decay of Fe4+ ions at (1) 250, (2)
255, (3) 260, (4) 265, and (5) 270 K in an Mg-doped β-Ga2O3 crystal. As pre-
dicted by first-order kinetics, these plots are very close to straight lines for the
chosen time intervals. This is illustrated by the best-fit straight line (red) plotted
on top of the 250 K data.

FIG. 5. A plot of ln(mi) vs 1/Ti for the five temperatures where Fe
4+ decay data were

recorded. The slope (−E/k) of the “best-fit” straight line gives a value of 0.70 eV for
the activation energy describing the thermal decay of Fe4+ ions in β-Ga2O3.

FIG. 6. Normalized intensity of the Fe3+ EPR spectrum in an Fe-doped
β-Ga2O3 crystal before, during, and after exposure to 325 nm laser light. The
temperature was 255 K and the magnetic field, near the c direction, was fixed at
152.9 mT. At 236 s, the light is turned on and a decrease in the concentration of
Fe3+ ions is seen, as Fe2+ and Fe4+ ions are formed. When the light is removed
at 1000 s, the concentration of Fe3+ ions immediately begins to recover.
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ions and (2) excitation of electrons from the upper valence band to
the Fe3+ ions with the holes left in the valence band being trapped
on Ir3+ ions and forming Ir4+ ions. The formation of Fe4+ ions in
the Fe-doped crystal may also occur during mechanism 2. After
excitation of electrons from the valence band to the Fe3+ ions, a
portion of the holes left in the valence band will be trapped at
other Fe3+ ions and form Fe4+ ions (as well as being trapped at Ir3+

ions and forming Ir4+ ions). In Sec. III of the present paper, the
mechanism suggested for the formation of Fe4+ ions in the
Mg-doped crystal involves excitation of electrons from the valence
band to Ir4+ ions with the holes left in the valence band being
trapped as Fe4+ ions. However, this Fe4+ formation process in the
Mg-doped crystal is not expected to dominate in the Fe-doped
crystal, as there are very few Ir4+ ions (only Ir3+ ions) in the
Fe-doped crystal before exposure to the 325 nm light.

The temperature where EPR data are taken is an important
distinction between the present work and the earlier study of the
Fe2+/3+ level.8 In Ref. 8, the isothermal recovery curves for Fe3+

ions in the Fe-doped crystal were taken at temperatures near or
slightly above room temperature, whereas the recovery curve in
Fig. 6 was taken at 255 K. Our present results from the Mg-doped
crystal (in Sec. IV) indicate that any Fe4+ ions formed with light at
296 K in the earlier study8 would have thermally decayed in 20 s or
less when the light was removed, and would not have affected the
Fe3+ recovery curves that extended over several 1000s of seconds.
Thus, information about the Fe4+/3+ level was not extracted from
the Fe3+ recovery curves taken between 296 and 310 K in Ref. 8.
We also note that the trace levels of Cr3+ ions in our Fe-doped
crystal do not play a significant role in the photoinduced decrease
and subsequent isothermal recovery of Fe3+ ions at either 255 K or
near room temperature (the concentration of Cr is much smaller
than the concentration of Fe). The Cr3+ ions provided important
information in Ref. 8 about the recombination process monitored
by thermoluminescence (TL) and photoluminescence (PL).
Because of the highly efficient nature of their emission near
700 nm, only a very small number of Cr3+ ions were needed to
produce observable PL and TL peaks.

In our present study, the behavior reported as stage 2 in the
Mg-doped crystal (i.e., the further decrease of Fe3+ ions after
removal of the light in Fig. 2) is not present in Fig. 6 since there are
very few Mg acceptors in this Fe-doped crystal. Instead, the Fe3+

spectrum immediately begins to recover when the light is removed.
As previously described for the Mg-doped crystal, the recovery
occurs when Fe4+ ions are converted to Fe3+ ions by electrons ther-
mally excited from the valence band. At the longer times in Fig. 6,
the recovering Fe3+ EPR spectrum slowly approaches an equilibrium
level below the initial “before light” intensity. The more stable Fe2+

ions initially formed by the light are responsible for this portion of
Fe3+ ions that have not yet recovered (as described in Ref. 8, these
Fe2+ ions will convert to Fe3+ if the crystal is warmed to near or
above room temperature). At 255 K, it is clear from Fig. 6 that the
325 nm light produces more Fe2+ ions than Fe4+ ions in the
Fe-doped crystal. This is opposite the behavior observed at 255 K in
the Mg-doped crystal (see Fig. 2), where the light produces more
Fe4+ ions than Fe2+ ions.

The amount of recovery of the Fe3+ signal in Fig. 6 (after
removing the light) provides evidence that Fe4+ ions are being

formed in the Fe-doped crystal. If only Fe2+ ions are produced
during the exposure to light, then the subsequent recovery of the
Fe3+ signal after removing the light should be a very small
portion of the initial change generated by the light. The results in
Ref. 8 predict that slightly less than 1% of the Fe2+ ions produced
by the light will decay at 255 K during the first 3500 s after
removing the light. As is seen in Fig. 6, the actual amount of
recovery of the Fe3+ ions during this time interval is 30% of the
initial photoinduced decrease. We thus conclude that the recovery
of Fe3+ ions at 255 K, after removing the light, is primarily caused
by the thermal decay of Fe4+ ions.

An approximate value for the Fe4+/3+ level is obtained from
the Fe3+ recovery data taken at 255 K from the Fe-doped crystal. As
a first step, the recovery data in Fig. 6 are inverted and normalized,
and then replotted in Fig. 7, with t = 0 chosen to be when the laser
light was turned off. The normalization process uses the difference
between the intensity of the Fe3+ signal before turning on the light
and its intensity just before turning off the light. When performing
the normalization, the following small adjustment was also
included. As shown in the inset to Fig. 7, the rate of recovery of the
Fe3+ ions during the first 200 s is faster than at the later times, thus
indicating that a secondary mechanism is active during this brief
period. This initial fast change is attributed to donor–acceptor
recombination involving a small concentration of close pairs of
Ir4+-Fe2+ and Fe4+–Fe2+ ions, driven by the overlap of their wave
functions and not requiring the release of charge to the conduc-
tion or valence band. To remove this direct recombination effect
from the decay data in Fig. 7, the intensity used in the normaliza-
tion process (at t = 0) was set at a value 5% lower than the actual

FIG. 7. An isothermal recovery curve for the Fe3+ EPR signal in an Fe-doped
β-Ga2O3 crystal, acquired at 255 K. These data, taken from Fig. 6, have been
“inverted” to emphasize the decay of the Fe4+ ions. The solid (red) line was gen-
erated using the best-fit parameters obtained from the general-order kinetics
model. The inset shows the faster rate of recovery of the Fe3+ signal during the
first 200 s after removing the light.
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intensity (see the inset). After the first 200 s, these data in Fig 7
describe the thermal decay of isolated Fe4+ ions.

When compared to the 255 K results from the Mg-doped
crystal in Fig. 2, the decay of the Fe4+ ions in Fig. 7 is much slower.
This indicates that there is significant retrapping of holes at Fe3+

ions (and thus reforming of Fe4+ ions). The increased retrapping in
the Fe-doped crystal is caused by the larger number of Fe3+ ions
and a lack of Mg acceptors. The following general-order kinetics
model, with b near 2, is used to extract a value for the Fe4+/3+ level
from the data in Fig. 7,

dn
dt

¼ �s0 nb exp(� E/kT): (6)

This is the same general-order kinetics approach used to
determine the Fe2+/3+ level in the Fe-doped β-Ga2O3 crystal.8 The
solution to Eq. (6), for b > 1, is

n(t) ¼ n0[1þ s0nb�1
0 (b� 1)exp(� E/kT)t]

1
1�b: (7)

Equation (7) is rewritten in the following form with the
parameter x included to account for the fractional portion of Fe2+

ions produced by the light,

n
n0

¼ (1� x)(1þ a t)c þ x: (8)

Here, a ¼ s0nb�1
0 (b� 1)exp(� E/kT): and c ¼ (1� b)�1.

Choosing the order parameter b to be 1.9 (representing a high
degree of retrapping), the data in Fig. 7 are then fitted using
Eq. (8) with a and x being the variables. The best-fit values are
a = 2.89 × 10−4 and x = 0.56. This value for x indicates that 56%
of the initial photoinduced decrease of Fe3+ ions is due to the
formation of the more stable Fe2+ ions. The solid line (red) in
Fig. 7, generated with these values for a and x, is in good agree-
ment with the data. Substituting T = 255 K, b = 1.9, and s0nb�1

0 ¼
9:5 � 1010 s�1 into the expression for a and then solving for E
gives 0.73 eV for the Fe4+/3+ level. The value we are using for
s0nb�1

0 is taken from Ref. 8, where this same Fe-doped crystal was
used to determine the Fe2+/3+ level. Our approximate result of
0.73 eV for E obtained from the Fe-doped crystal is close to the
value of 0.70 eV obtained from the more comprehensive analysis
in Sec. IV using data from the Mg-doped crystal.

VI. SUMMARY

The electron paramagnetic resonance (EPR) spectrum from
Fe3+ ions is used to monitor the production and thermal decay of
Fe4+ ions in a bulk Mg-doped β-Ga2O3 crystal. For temperatures in
the 250–270 K range, a 325 nm laser converts Fe3+ ions to Fe4+ ions
(and a smaller number of Fe2+ ions) and also produces neutral Mg
acceptors (Mg0Ga) and deep neutral iridium donors (Ir3+). When
the light is removed, the quick decay at these temperatures of the
less stable Mg0Ga acceptors causes a further drop in the concentra-
tion of Fe3+ ions. This unique isothermal post-light decrease pro-
vides direct evidence that Fe4+ ions are being formed in the crystal.
Following these production steps, the initial (pre-light)

concentration of Fe3+ ions is slowly restored in the 250–270 K tem-
perature range as electrons are thermally excited to Fe4+ ions from
the valence band. A first-order kinetics model (with minimal
retrapping) describes the experimental results and is used to extract
an activation energy, and thus a value for the Fe4+/3+ level. Our
analysis, using five isothermal decay curves taken from the
Mg-doped crystal, places the Fe4+/3+ level 0.70 eV (±0.05 eV) above
the valence band maximum in β-Ga2O3.

We also show with EPR that Fe4+ ions can be produced with
325 nm light in an Fe-doped β-Ga2O3 crystal. Because of the much
larger concentration of Fe, there is significantly more retrapping of
holes at Fe3+ ions during the thermal decay of these Fe4+ ions. This
results in a noticeably slower decay of the Fe4+ ions when compared
to the Mg-doped crystal. A simple, yet informative, examination of
the Fe3+ recovery data taken at 255 K from the Fe-doped crystal
gives an approximate value of 0.73 eV above the valence band
maximum for the Fe4+/3+ level.

An important result from our study is the requirement that
the Mg0/− acceptor level be closer to the valence band than the
Fe4+/3+ donor level. Computational studies have, thus far, pre-
dicted a reverse order for these levels. Having the Fe4+/3+ donor
level farther from the valence band than the Mg0/− acceptor
level suggests that Fe impurities can play a role in compensation
of Mg acceptors (and other shallower acceptors) in β-Ga2O3

crystals (e.g., when growth techniques are used that do not intro-
duce iridium donors). This acceptor-compensating role of Fe
may be a further impediment to producing p-type β-Ga2O3,
especially when Fe doped semi-insulating substrates are used to
grow thin films.
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