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A B S T R A C T

The p-type doping is one of the main challenges of the emerging semiconductor β-Ga2O3 technology. Phosphorus (P) implantation has been recently reported as a 
novel route to achieve p-type conduction on Ga2O3 at room temperature. Here, P-implanted epilayers, grown onto c-plane sapphire revealed a pseudo-metallic 
behavior (ρ = 1.3–0.3 Ω cm) in the 300–600 K range with a hole carrier concentration of p ⁓ 4–6 × 1018 cm− 3 and hole mobility of μ = 1.2–2.1 cm2/(V⋅s). At 
sufficiently low temperature, a metal-insulator transition arises together with an increase in the positive magnetoresistance, reaching up to 200 % (9 T) large positive 
magneto resistance effect at 2 K. It is suggested that an Anderson delocalization model explains the room temperature conduction, and the transition to an insulator 
state caused by random variation of potential related to the incorporated phosphorous in Ga2O3. We believe that the lack of shallow acceptors can be mitigated by 
promoting Anderson disorder through the incorporation of a high level of acceptor impurities.

1. Introduction

Gallium oxide (Ga2O3) is an ultra-wide band gap oxide semi-
conductor that has recently attracted considerable attention owing to its 
outstanding material properties. Among its five polymorphs (α, β, γ, δ, 
and ε), the monoclinic β-phase is the most thermodynamically stable 
one, it exhibits an ultra-wide band gap of 4.6–4.9 eV with predicted high 
breakdown electrical field larger than 8 MV/cm [1,2]. In addition, the 
Ga2O3 semiconductor technology is becoming very successful with 
commercial available 6-inch wafers and an excellent control of the 
n-type doping concentration in the range of 1016–1020 cm− 3 [3–7]. 
These properties make this material attractive for opto-electronics (e.g. 
deep UV photodetector [8]) and power electronics (e.g. field effect 
transistors [9,10], Schottky barrier diode [11] or p-NiO/n-Ga2O3 het-
erojunction diode [12,13]). However, despite the significant progress in 

developing n-type Ga2O3, achieving reliable and efficient p-type con-
ductivity remains a critical challenge, limiting the development of bi-
polar devices such as p-n junctions, which are essential for realizing the 
full potential of Ga2O3-based electronic devices.

The difficulty of achieving p-type conductivity in β-Ga2O3 is pri-
marily due to its wide bandgap and the deep native acceptor levels and 
consequently of acceptor dopants. The origin of the free holes in native 
p-Ga2O3 was attributed to the Ga vacancies with ionization energy Ei =

1.12 eV [14,15]. The probability for achieving p-type or n-type con-
ductivity in wide band gap materials through external impurity incor-
poration depends on the electronic states of native point defects and 
position relative to the valence and conduction bands [16]. Several el-
ements such as Zn [1,17], N [18,19] and even complex-like defects NO −

VGa [20], VO − ZnGa [21] have been demonstrated playing the role of 
active acceptors leading p-type conductivity in Gallium oxide.
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Phosphorus (P) implantation has recently attracted significant 
attention as a potential strategy for achieving effective p-type doping in 
β-Ga2O3. Although theoretical predictions suggest that phosphorus 
doping may not provide shallow acceptors in β-Ga2O3 (with an energy 
level of EV + 0.55 eV in N-P co-doping) [22], experimental work by 
Horng et al. demonstrated hole conductivity at room temperature in 
phosphorus-ion implanted β-Ga2O3 thin films grown on c-plane sapphire 
substrates [23]. After rapid thermal annealing (RTA), Horng et al. also 
reported a shift in the β-Ga2O3 (− 603) diffraction peak to a higher angle 
(58.93◦) compared to the unintentionally doped (UID) layer, suggesting 
a reduction in d-spacing due to phosphorus substituting oxygen [24]. 
Supporting this, Li et al., through ab-initio simulations, observed that the 
Ga–P bonds exhibit more covalent character and greater stability than 
the corresponding Ga–O bonds, proposing a potential approach to 
mitigate the trapping effects caused by oxygen vacancies [22]. As there 
are two positions for oxygen, these bonds are referred as Ga1-P1 and 
Ga2-P2. The bond lengths of Ga1-P1 (>1.960 Å) and Ga2-P2 (>2.019 Å) 
for P-doped β-Ga2O3, are larger than that of Ga2-O2 (1.912 Å) and 
Ga2-O1 (1.984 Å).

In this work, the implanted phosphorus concentration was 8 × 1019 

cm− 3, the room-temperature resistivity, hole concentration and the Hall 
hole mobility were 9.7 Ω cm, 1.6 × 1018 cm− 3, and 0.4 cm2/(V⋅s), 
respectively. Based on the first-principles Density Functional Theory 
(DFT), the oxidation state of phosphorus ions affects their likelihood of 
incorporation into the β-Ga2O3 lattice as defects, but also influences the 
Fermi level’s position [23]. Consequently, using the phosphorus-ions 
implantation technology, homoepitaxial p-n β-Ga2O3 junction grown 
on sapphire substrate was recently demonstrated [24]. However, there is 
still a lack of comprehensive understanding regarding how phosphorus 
incorporation influences the electrical and transport properties of 
β-Ga2O3.

In this study, we aim to clarify the effect of P incorporation on the 
electrical transport properties of the P implanted β-Ga2O3 [23]. Mainely, 
we examine the influence of phosphorus incorporation on carrier con-
centration, mobility, and magnetoresistance, discussing our findings in 
the context of the Anderson localization model for disordered systems.

2. Results and discussion

2.1. Phosphorus implanted β-Ga2O3 thin films

β-Ga2O3 epilayers were grown at 875 ◦C on c-plane (0001) sapphire 
substrate by Metal-Organic Chemical Vapor Deposition (MOCVD) – see 
experimental detail section. The thickness of the β-Ga2O3 epilayer was 
estimated to be 175 nm by secondary-ion mass spectrometry (SIMS). As- 
grown samples were subsequently implanted at different energies and 
doses to obtain box profile distribution of implanted phosphorus ions 
followed by a rapid thermal annealing (RTA) at 1100 ◦C for 1 min in a N2 
environment. Table 1 summarizes the doses for samples #1 and #2, the 
corresponding incorporated phosphorus ion concentrations were 
determined by SIMS to be 8 × 1019 cm− 3 and 2 × 1019 cm− 3, 
respectively.

Fig. 1 (a) shows X-ray diffraction (XRD) out-of-plane θ− 2θ scan of 
two phosphorus implanted and unintentionally doped (UID) β-Ga2O3 
thin films grown on c-plane sapphire substrate. The peaks labeled by ‘‘*’’ 
indicate XRD reflections corresponding to the c-sapphire substrate. For 
both samples, three peaks are observed at 2θ values of around 38.16◦, 

58.84◦, and 82.06◦, corresponding to monoclinic β-Ga2O3 (− 402), 
(− 603), and (− 804), respectively, indicating a preferential (− 201) 
orientation. These main peaks are zoomed as shown in Fig. 1 (b), 
revealing that the lattice parameters of the samples with different doses 
of phosphorus ions implantation are comparable. Surface morphology of 
the Ga2O3 epilayers was analyzed using atomic force microscopy (AFM), 
revealing a notable difference between the two samples. Sample #2, 
with a lower implantation dose (1.95 × 1014/cm2), exhibited reduced 
surface roughness (1.38 nm) compared to Sample #1 (7.8 × 1014/cm2, 
1.9 nm). Moreover, fewer deep regions were observed in Sample #2, 
indicating less surface damage. Detailed AFM images are provided in 
Supplementary file (Fig. S1). Fig. 1 (c) shows the optical band gaps 
determined from a classical Tauc’s plot extrapolation. The absorption 
coefficients (α) were calculated from reflectance and transmittance 
measurements at room temperature, in the 200–850 nm wavelength 
range. The optical bandgap was found at Eg = 4.77 ± 0.06 and 4.87 ±
0.07 eV for samples #1 and #2, respectively.

Electrical metal contacts Ni/Au (20/100 nm) were deposited onto 
the corners of the square-shape sample, followed by RTA at 600 ◦C in a 
N2 environment for 1 min. Fig. 2 (a) shows the measured room tem-
perature forward current density-voltage (J-V) characteristics for sample 
#1 (black curve) and #2 (red curve). For both samples, Ni/Au form 
Ohmic contacts to the P implanted Ga2O3 layers, displaying quite similar 
behavior (current density J = 11.0 and 10.3 mA/cm2 for samples #1 and 
#2 at 10 V, respectively). The work function of sample #2 was measured 
using a Kelvin probe. Acquisitions were taken at the center and at the 
edge of the sample surface. The measured work functions were of 
4.8305 eV and 4.8503 eV, respectively. TCAD simulations were carried 
out with a thermionic emission (TE) model (Fig. 2 (a) blue curve) using 
SILVACO-Atlas (input parameters are given in the experimental details 
section). The differences between simulation experimental (e.g., J = 3.2 
mA/cm2 at 10 V) can be attributed to several factors such as the surface 
states on Ga2O3 film, and the effective density of states at the valence 
band [25,26].

2.2. Electrical and magneto-transport properties

According to the J-V characteristics shown above and the Hall effect 
measurements performed at room temperature, samples #1 and #2 
exhibit similar electrical transport properties. Therefore, we will focus 
further analysis on samples #1. The Hall voltage increases linearly with 
applied external magnetic field (Fig. 3 (a)), indicating that free holes are 
the dominant carriers. The resistivity, hole Hall mobility, and the hole 
concentration were measured to be ρ = 1.3 Ω cm, μ = 1.2 cm2/(V⋅s), and 
p = 4.4 × 1018 cm− 3, respectively. The measured free carrier concen-
tration is significantly lower than incorporated phosphorus concentra-
tion (NA = 8 × 1019 cm− 3), suggesting a high compensation ratio via 
donors if all phosphorus ions occupy the equivalent substitutional oxy-
gen site [22,27]. Alternatively, it is possible that only a fraction of 
phosphorus substitutes for oxygen, while the others occupy different 
sites and are not playing role of an activated acceptor. In both cases, 
sample can be considered as strongly compensated.

As shown in Fig. 2 (b), the J-V curves remain comparable in the 
temperature range of 300–550 K, coherently to slight change of re-
sistivity observed above room temperature shown in Fig. 3 (b). Indeed, 
the measured values of resistivity, hole Hall mobility, and the hole 
concentration at 600 K are ρ = 0.33 Ω⋅cm, μ = 2.06 cm2/(V⋅s), and p =
6.5 × 1018 cm− 3, respectively. Hole concentration does not vary 
significantly above room temperature. The slight change in resistivity is 
attributed to the variations in mobility values due to carrier scattering. 
Based on these results, the conductivity can be attributed to an impurity 
band created by the phosphorus acceptors.

To further study the conduction mechanism, the low temperature 
electrical measurements were performed using a Physical Property 
Measurement System (PPMS from Quantum Design) (Fig. 4). Note that 
the metal contacts were prepared by silver paste in four-point aligned 

Table 1 
Implantation doses for samples #1 and #2.

Sample #1 #2

Dose (cm− 2) 100 keV 6.4 × 1014 1.6 × 1014

50 keV 4 × 1013 1 × 1013

40 keV 1 × 1014 2.5 × 1013

Total dose (cm− 2) 7.8 × 1014 1.95 × 1014
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Fig. 1. (a) XRD patterns of UID and phosphorus implanted β-Ga2O3 thin films on c-plane sapphire substrate in the range of 2θ = 25–85◦. (b) Zoomed 2θ peaks of 
β-Ga2O3. (c) Optical bandgap determination.

Fig. 2. (a) Measured J-V characteristics along with the simulated data. The blue line corresponds to the simulated curve based on the TE model. (b) The J-V curves as 
a function of temperature from 300 to 550 K for sample #1.

Fig. 3. (a) Hall voltage as a function of perpendicularly applied magnetic field from − 1.6 - +1.6 T, at 300 K, indicating that the layer is p-type. (b) Temperature- 
dependent resistivity in the 300–600 K temperature range.
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configuration. The I-V characteristics were tested and, surprisingly, they 
remained linear down to 5 K in the range of -10 - +10 V (Fig. 4 (a)), 
showeda quasi-linear behavior at 2 K (Fig. 4 (b)). The resistance in-
creases by almost four orders of magnitude as the temperature decreased 
from 300 to 2 K (from R = 200 kΩ to R = 1 GΩ), with a sharp rise in 
resistance at T < 30 K (Fig. 4 (c)), corresponding to an impurity band 
related “metal” to insulator transition. At very low temperatures, the 
dominant conduction mechanism is variable range hopping (VRH) 
conduction. A variable range hopping regime (VRH) is a temperature- 
dependent conduction mechanism where carriers hop between local-
ized states over variable distances, rather than strictly to the nearest 
neighbor sites. Mott [28] proposed that, at low temperatures, the hop-
ping between nearest neighbor sites is not always favored as the levels 
may be significantly different in energy. In other words, carrier prefers 
to move to a more energetically favorable (i.e., the most efficient con-
duction path) site but may be spatially distant. In Mott’s VRH, the 
conductivity is given by Refs. [28,29]: 

σ(T)= σ0 exp
(

−
TM

T

) 1
n+1 

where n is the dimensionality of the system (n = 2 for 2D system, while n 
becomes 3 for 3D sample), TM = 18.1

kBN(Ef)ξ3, ξ is a carrier localization 
length, TM is Mott’s characteristic temperature and N(Ef) is the constant 
density of states at Fermi level [30]. Here, a slope of − 17.2 K1/4 was 
found by the plot (Fig. 4 (d)).

2.3. Magnetotransport

In addition to the electrical transport mechanism, magnetoresistance 
(MR) measurements have also been carried out. There are still relatively 
few reports on magnetoresistance effects in Ga2O3. Chikoidze et al. 
analyzed the MR of Sn doped α-Ga2O3 thin films, observing that the MR 
behavior varies with different doping level ranging from 1018 to 1020 

cm− 3 [4]. Positive longitudinal MR in quadratic shape was observed in 
Si doped β-Ga2O3 (7.8 × 1017 cm− 3) from 40 to 150 K, while transversal 
MR showed non-linearity that was attributed to the two-band conduc-
tion model [31].

In this study, the sample was measured in magnetic fields varying 
between − 9 and +9 T and at temperature range between 2 and 200 K. 
The magnetoresistance is defined as MR(B) =

R(B)− R(0)
R(0) , with R(B) the 

resistance value for a magnetic field B and R(0) the value at zero field. 
The magnetoresistance in the temperature interval of 50 to 15 K are 
shown in Fig. 5 (a). We observe a clear change from negative (MR < 0) to 
positive (MR > 0) as the temperature decreased. The negative sign of MR 
at 50 to 30 K is likely associated with the impurity conduction mecha-
nisms, where strong localization of carriers leads to significant interac-
tion within impurity band. While below 20 K, contribution into 
electrical conduction of variable range hopping (VRH) mechanism starts 
to increase. Interestingly, Fig. 5 (b) displays a significant increase in 
magnitude of positive magnetoresistance at temperatures below 10 K, 
reaching up to 200 % (9 T) at 2 K. In semiconductor materials under the 
VRH regime, the wave functions of carriers (either electrons or holes) 

Fig. 4. (a) I-V characteristics at 5 and 10 K, showing an Ohmic behavior. (b) A quasi-Ohmic behavior of the I-V characteristics at 2 K. (c) Temperature dependent 
resistance in the temperature range of 2–300 K, measured by a four-point aligned configuration by PPMS. (d) Plot of ln (1/R) vs. T− 1/4 to fit Mott VRH model in the 
range of 2–10 K.
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overlap. The application of the magnetic field tends to squeeze the wave 
functions of carriers laterally with respect to the direction of the applied 
magnetic field, which reduces the overlap between localized states. This 
reduction decreases the hopping probability, leading to an increase in 
resistance, hence a positive MR [32–34]. Such behavior has been 
observed in Cr doped n-GaAs [35], Ga doped p-Ge [36], with an even 
gigantic MR over several orders of magnitude. Besides, when the doping 
concentration is near (or higher than) the metal-insulator transition, the 
positive MR may also be attributed to the Coulomb interactions, where 
additional energy is required for the conduction [37,38].

2.4. Anderson model

When a material exhibits a high level of impurity incorporation 
coupled with significant electrical compensation ratio, two phenomena 

may occur: (1) impurity states can form an impurity band; (2) the 
electrically compensating defects with a high concentration may lead to 
a significant reduction of the impurity ionization energy [39]. This is 
caused by proximity of positively charged compensating donors. As the 
concentration of these compensating donors is close to that of acceptors, 
the average distance between them is expected to be half of the average 
distance between the acceptors (R). As a consequence, the ionization 
energy is lowered since the Coulomb repulsion energy between the 
bound hole and compensating donor center is given by ze2

εR/2. (z is a charge 
of compensation donor; here we assume that the compensating center is 
the doubly charged oxygen vacancy z = 2).

The distance between acceptor and donor centers varies around its 
mean value, which causes a random variation of impurity potential, 
resulting in a broader impurity band in comparison with the band 
formed in the case of perfect periodic distribution (Fig. 6 (a)). The 

Fig. 5. Magnetoresistance vs. perpendicularly applied magnetic field (− 9 – +9 T) at (a) 50–15 K, and (b) 10–2 K.

Fig. 6. (a) Anderson model for a periodic potential and resulting level distribution. (b) Anderson potential with random potential ΔV added to potential-well depth 
and resulting level distribution [43]. (c) Density of states inside the impurity band.
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variation of impurity potential is related to the random distribution of 
compensating donors, which is in the range of ∼ e2

R [40]. This random 
potential variation causes the formation of tails in the density of states, 
corresponding to localized state. These states are considered to exist 
above or below the critical energy Ec, also known as the mobility edge 
[41].

In this context, the Anderson Metal-Insulator Transition (MIT), fo-
cuses on how disorder affects the behavior of carriers, resulting in the 
subsequent transition [42,43]. Although the disorder can be caused by a 
variety of factors such as lattice defects or impurities, the Anderson 
model does not distinguish between specific defect types. All such de-
fects can be treated as contributors to the random potential field that 
constitutes disorder in the model. Instead, doping concentration plays a 
critical role in Anderson localization. The MIT in the Anderson model 
primarily depends on the degree of disorder, and doping concentration 
directly modulates the disorder strength in the system [40,44].

In the case of acceptor doping, the holes occupying the states with 
energies above Ec (conduction band edge) are localized; while those 
which occupy the states with energies bellow Ec are delocalized. 
Therefore, when the Fermi level EF is above Ec, most of the occupied 
states are localized, and the material behaves as an insulator. 
Conversely, when EF = Ec, the Fermi level intersects the boundary be-
tween localized and delocalized states, a small change in temperature 
can shift the balance to the delocalized states, the metal insulator 
transition takes place subsequently.

To explain the experimental results, we modeled the formation of the 
impurity band considering the lowering of the impurity level due to 
compensating defects and random variation of impurity potential. 
Calculation details are provided in supplementary file. We estimated the 
electronic structure of highly P-doped gallium oxide by modeling an 
individual P impurity by one dimensional rectangular potential well 
[45]. Interactions between the impurities and random variation of po-
tential were described by Anderson model, where the random variation 
of potential was modeled by variation of the depth of potential wells 
[46] Fig. 6 (a).

In our calculation, the depth of the potential well describing indi-
vidual substitutional phosphorus was taken as 0.73 eV, which represents 
the difference between the electron affinities of oxygen and phosphorus 
atoms. This is conditioned by: (1) The difference in electron affinities 
between oxygen and phosphorus, which approximates the difference 
between the energies of electron bound to these atoms. (2) The valence 
band is primarily composed of O-2p states [47]. Both oxygen and 
phosphorus possess positive electron affinities, while the electron af-
finity of, e.g., nitrogen is negative (− 0.07 eV) [48]. The differences are 
approximately 0.73 eV for phosphorus and 1.5 eV for nitrogen. Conse-
quently, the energy level of substitutional phosphorus might be shal-
lower than that of substitutional nitrogen (e.g., a N related level at EC – 
2.9 eV was found by DLOS [49]). Besides, one of the key parameters 
which defines the energy level of a particle confined in quantum well is 
its effective mass. The lighter (small effective mass) the carrier, the 
shallower the level. In gallium oxide, high anisotropy in the hole 
effective masses is expected [50]. Here, we used the effective mass 

m*
h,dos =

(
m*

am*
bm

*
c
)1/3

≈ 1.9 m0, a geometrically averaged value taken 
from Ref. [50]. The average variation of the potential well depth is taken 
as 0.1 eV (∼ e2

R , R the distance between the impurities), the quantum well 
width was set to 4 Å (approximately twice of the Ga-O distance of 1.83 Å 
[51]). Using these parameters, the estimated ionization energy of the 
acceptor is 0.55 eV, its reduction caused by the proximity of donors is 
estimated to 0.15 eV.

To account for the random variation of potential and get the density 
of state in the impurity band, we employed Monte Carlo simulations to 
statistically analyze the effects of white noise perturbations on the 
electronic energies. The potential was randomly generated using mean 
of 0 and a standard deviation represented by e2

R ≈ 0.1 eV. For each 

generated potential, the Schrödinger equation was numerically solved 
yielding a set of energies (E1,E2, …), allowing us to construct the 
Probability Density Function for these energies, which in fact represents 
relative density of states in the case of random variation of potential. The 
details of calculations can be found in supplementary material. The re-
sults of calculations are given in Fig. 6 (c). The mobility edges are shown 
by solid lines (0.35 eV approximately), they are defined as the points 
where wave functions start to cover several impurity sites and carriers 
are strongly localized. The shaded area corresponds to the states occu-
pied by bound holes. Lower limit of the shaded area represents the Fermi 
energy, which is in the range few meV away from the mobility edge. 
Therefore, the temperature of above 20–30 K must be enough for holes 
to overcome the mobility edge, consequently, metal-insulator transition 
could take place within this temperature range. As a result, the re-
sistivity of the p-type sample is as low as 1.3 Ω cm at room temperature, 
despite the findings that phosphorus is not shallow in β-Ga2O3 according 
to either DFT [22,27] or our model.

At higher temperatures, one can expect the activation of holes from 
the Fermi level into the valence band. However, because of the inter-
ference with activation from localized to delocalized states inside the 
impurity band (EF→Ec) mentioned above, we did not observe the real 
activation energy of the process. Indeed, such impurity band conduction 
effects are more pronounced for deep acceptors than for shallow ones 
[52]. A similar scenario was reported by Rathkanthiwar et al. for Mg 
doped p-type ultra-wide band gap semiconductor AlGaN films [53]. It 
was proposed that, due to the presence of compensating defects in their 
p-AlGaN layers, the impurity band was disrupted. Consequently, 
Anderson transition takes place with a reduction of conductivity.

3. Conclusion

Phosphorus implantation has been recently reported as a novel route 
to achieve acceptor p-type conduction on Ga2O3 at room temperature. In 
this work, we first analyzed the physical properties of phosphorus ions 
implanted β-Ga2O3 (− 201) epilayers grown on c-sapphire substrates. 
The transport properties of the epilayers were further investigated by 
means of Hall effect measurements in the 300–600 K range with p ⁓ 
4–6 × 1018 cm− 3, μ = 1.2–2.1 cm2/(V⋅s), and ρ = 1.3–0.5 Ω cm, indi-
cating a high level of compensation. Below 30 K, a metal-insulator 
transition was observed along with a positive magnetoresistance 
reaching up to 200 % at 9 T. To understand these behaviors, the for-
mation of the impurity band was modeled considering an individual 
phosphorus impurity as one-dimensional potential well. Subsequently, 
the density of states was obtained using white noise perturbations in the 
frame of Monte Carlo simulations considering the reduction of the im-
purity ionization energy by compensating defects and random variation 
of impurity potential, with a mobility edge estimated to be approxi-
mately at EV + 0.35 eV, and the Fermi level situated a few meV to the 
mobility edge.

In conclusion, our results suggested that the Anderson model with 
the proposed input parameters satisfactorily explains the experimental 
results: impurity conduction and the absence of band conduction 
observation due to tiny difference between Fermi energy and mobility 
edge, and the transition to insulator state caused by random variation of 
potential. These results are very important in the context of realization 
and understanding p-type conductivity achievement challenge in Ga2O3, 
showing that the lack of a shallow acceptor can be overcome by high 
level of acceptor incorporation via promoting Anderson disorder.

4. Experimental details

Sample preparation: The unintentional doped (UID) β-Ga2O3 epi-
layers were grown at 875 ◦C on c-plane (0001) sapphire substrate by 
MOCVD. The UID sample means the β-Ga2O3 epilayer did not be doped 
by any dopant source during the epitaxial growth. The thickness of UID 
β-Ga2O3 epilayers was about 220 nm. Triethylgallium (TEGa) and high- 
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purity oxygen (O2, 99.999 %) were utilized as the precursors for gallium 
and oxygen, respectively. The flow rates of TEGa and O2 were set at 100 
sccm and 500 sccm, respectively, while maintaining a growth pressure 
of 15 Torr.

X-ray diffraction: The X-ray diffraction was used to investigate the 
crystalline structure of β-Ga2O3 films by Siemens D5000 X-ray diffrac-
tometer with Cu-Kα1 source of λ = 0,1541 nm, and recorded between 
20◦ and 100◦ for both β-Ga2O3 thin layers.

Secondary-ion mass spectrometry: The secondary-ion mass spec-
trometry was conducted using Cameca IMS 7F SIMS instrument, for the 
depth profiling of elements of Ga, O, P, etc.

Optical transmittance, reflectance: Optical transmittance and 
reflectance spectra β-Ga2O3 thin films were measured in 200 – 850 nm 
spectral range at room temperature with a Perklin Elmer 950, 2 ways 
spectrophotometer.

Simulation model: We simulated a β-Ga2O3//Al2O3 structure based 
on the experimental structure. The thicknesses of the phosphorus 
implanted β-Ga2O3 and the Al2O3 substrate are simulated as 170 nm and 
5 μm, respectively. 0.27 m0 and the geometrically averaged 1.9 m0 were 
taken as the effective mass of electrons and holes, respectively. The 
β-Ga2O3 epi-layer doping concentration, mobility, and bandgap are 
4.4×1018 cm-3, 1.3 cm2/(V⋅s), and 4.8 eV, respectively.

Hall effect: Hall effect measurements were performed in a Van der 
Pauw configuration by custom designed high impedance measurement 
set-up with magnetic fields of -1.6 – 1.6 T perpendicular to the film 
plane.

Low temperature resistance measurements: The β-Ga2O3 epilayer 
with high dose was studied by the standard “resistivity” option of 9 T 
physical property measurement system (PPMS, Quantum Design) 
equipment, using the four-point aligned configuration, in the magnetic 
field range of -9 – +9 T, and temperature from 2 to 300 K. For high 
resistance measurements external electrometer was used.
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W. Böer, U.W. Pohl (Eds.), Semicond. Phys., Springer International Publishing, 
Cham, 2018, pp. 781–812, https://doi.org/10.1007/978-3-319-69150-3_20.

[47] Y. Zhang, M. Liu, D. Jena, G. Khalsa, Tight-binding band structure of β- and α-phase 
Ga2O3 and Al2O3, J. Appl. Phys. 131 (2022): 175702, https://doi.org/10.1063/ 
5.0074598.

[48] S.G. Bratsch, J.J. Lagowski, Predicted stabilities of monatomic anions in water and 
liquid ammonia at 298.15 K, Polyhedron 5 (1986) 1763–1770, https://doi.org/ 
10.1016/S0277-5387(00)84854-8.

[49] H. Ghadi, J.F. McGlone, E. Cornuelle, A. Senckowski, S. Sharma, M.H. Wong, 
U. Singisetti, Y.K. Frodason, H. Peelaers, J.L. Lyons, J.B. Varley, C.G. Van de Walle, 
A. Arehart, S.A. Ringel, Identification and characterization of deep nitrogen 
acceptors in β-Ga2O3 using defect spectroscopies, Apl. Mater. 11 (2023): 111110, 
https://doi.org/10.1063/5.0160541.

[50] A. Mock, R. Korlacki, C. Briley, V. Darakchieva, B. Monemar, Y. Kumagai, K. Goto, 
M. Higashiwaki, M. Schubert, Band-to-band transitions, selection rules, effective 
mass and exciton binding energy parameters in monoclinic \beta-Ga2O3, Phys. 
Rev. B 96 (2017): 245205, https://doi.org/10.1103/PhysRevB.96.245205.

[51] S. Geller, Crystal structure of β-Ga2O3, J. Chem. Phys. 33 (1960) 676–684, https:// 
doi.org/10.1063/1.1731237.

[52] H. Neumann, Influence of impurity band conduction on the electrical 
characteristics of p-type GaAs, Cryst. Res. Technol. 23 (1988) 1377–1383, https:// 
doi.org/10.1002/crat.2170231032.
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