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Abstract 

Gallium oxide (Ga2O3) is being actively explored for electronics that can operate at high power, 

temperature, and frequency, as well as for deep-ultraviolet optoelectronics and other applications, 

due to its ultra-wide band gap (UWBG) and low projected fabrication cost of large-size and high-

quality crystals. Efficient n-type doping of monoclinic beta-phase of Ga2O3 has been achieved, 

but p-type doping faces fundamental obstacles due to compensation, deep acceptor levels, and 

the polaron transport mechanism of free holes. However, aside from the challenges of achieving 

p-type conductivity, plenty of opportunity exists to engineer the position of the Fermi level for

improved design of Ga2O3 based devices. We use first-principles defect theory and defect

equilibrium calculations to simulate a 3-step growth-annealing-quench synthesis protocol for

hydrogen assisted Mg doping in -Ga2O3. The simulations take into account the gas phase

equilibrium between H2, O2 and H2O, which determines the H chemical potential. We predict

Ga2O3 doping-type conversion to a net p-type regime after growth under reducing conditions in

the presence of H2 followed by O-rich annealing, which is a similar process to the Mg acceptor

activation by H removal in GaN. For equilibrium annealing with re-equilibration of compensating

O vacancies, there is an optimal temperature that maximizes the Ga2O3 net acceptor density for

a given Mg doping level; the acceptor density is further increased in the non-equilibrium annealing

scenario without re-equilibration. After quenching to operating temperature, the Ga2O3 Fermi level

drops below mid-gap down to about 1.5 eV above the valence band maximum, creating a

significant number of uncompensated neutral MgGa
0 acceptors. The resulting free hole

concentration in Ga2O3 is very low even at elevated operating temperature (~108 cm−3 at 400C)

due to deep energy level of these Mg acceptors, and hole conductivity is further impeded by the

polaron hopping mechanism. However, the Fermi level reduction and suppression of free electron

density in this doping type converted (NA > ND) Ga2O3 material is important for improved designs

of Ga2O3 electronics devices. These results illustrate the power of computational predictions not

only for new materials but also for their synthesis science.
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I. Introduction 

The monoclinic beta-phase of gallium oxide (β-Ga2O3) is an exciting material for various 

(opto)electronic and energy-related technologies due to its ultra-wide band gap (UWBG, ~4.9 eV) 

and the ability to grow large-size high-quality single crystals at low projected cost1,2. Considered 

applications include various power electronic devices3, radio-frequency transistors4,5, solar-blind 

photo-detectors6–8, gas sensors9,10, contact layers in photovoltaics11,12, and other applications13,14. 

In power electronics, dedicated efforts in recent years towards improving crystal growth, n-type 

doping, and device fabrication led to substantial progress in performance of β-Ga2O3 based 

horizontal transistors, vertical Schottky barrier diodes (SBDs), vertical metal oxide semiconductor 

field effect transistors (MOSFETs), and related devices15–17. For example, depletion mode 

(normally-on) current aperture vertical β-Ga2O3 MOSFETs with implantation doping17 and 

enhancement-mode (normally-off) Ga2O3 vertical transistors with fin-shaped channels18 have 

been demonstrated. However, one of the biggest challenges in realizing the true potential of 

Ga2O3 in power electronics, along with its low thermal conductivity, is the absence of p-type 

doping, limiting the design of device structures that can be realized16. 

Ga2O3 is intrinsically an n-type semiconductor. Using extrinsic donors its n-type conductivity 

is easily tunable over many orders of magnitude1,19–23, but p-type doping faces fundamental 

obstacles24–31. Among various acceptor dopants in Ga2O3, Mg is computationally predicted to be 

the most stable27 and was also experimentally found to reduce the unintentional n-type 

conductivity and increase the resistivity of the material26. Mg doped Ga2O3 has been synthesized32 

and studied33 using an electron paramagnetic resonance (EPR) technique, where Mg acceptor 

(0/1-) level is experimentally determined to be at EV+0.7 eV. However, in a photoluminescence 

study34, the Mg acceptor level is shown to be deeper at EV+1.0 eV, which compares better with 

the theoretical predictions employing hybrid functional calculations25,28,35,36, where (0/1-) level is 

estimated to be between EV+1.0 to 1.5 eV. The differences in theoretical predictions published in 

literature originate to some extent from different fraction of exact (non-local) exchange employed 

in these hybrid functional calculations. In more recent computational work, focus has been 

towards studying diffusion28, EPR37 and luminescence properties38 of Mg doped Ga2O3. 

The prospects of achieving p-type conductivity through acceptor doping in β-Ga2O3 remain 

bleak. However, ample opportunities exist for Fermi level engineering of Ga2O3 power electronic 

devices via acceptor-type dopants1,16,26. Even when holes remain localized at the acceptor site or 

as small polarons, the doping can cause the acceptor concentration (NA) to exceed the donor 

concentration (ND). The result is a doping type conversion with a large drop of the Fermi level EF 

where electrons become minority carriers. The resulting acceptor-doped Ga2O3 material can be 

used as buried electron barrier, a.k.a. current blocking layer, for controlling the turn-on voltage 

and saturation current of vertical metal-oxide-semiconductor field effect transistors (MOSFET) 

with current aperture. Such acceptor-doped Ga2O3 can be also used for increasing the breakdown 

voltage and decreasing the leakage current of vertical MOSFET and Schottky diodes using edge 

termination and related structures1,16,17,26,39. It is likely that such acceptor doped β-Ga2O3 can be 

achieved using non-equilibrium synthesis process with mobile hydrogen species that was 

instrumental in achieving p-type doping of GaN, which led to the development of the blue light 

emitting diode.40–44 More recently, non-equilibrium processing involving hydrogen and oxygen was 
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employed to reduce the electron density in otherwise degenerately doped ZnSnN2
45,46 and 

MgZrN2.47  

Here we computationally predict H-assisted Mg doping of β-Ga2O3 under non-equilibrium 

growth and annealing process, in a broad analogy to the well-known strategies for activating p-

type conductivity in Mg-doped GaN thin films, using first principles supercell calculations and 

thermodynamic defect equilibrium simulations. Although traditional p-type conductivity resulting 

from thermal ionization of free holes at room temperature remains beyond reach in Ga2O3, we 

report quantitative computational predictions for synthesis process conditions that lower the Fermi 

level and enable doping type conversion in Ga2O3. The doping-type conversion to a net p-type 

regime is predicted after O-rich annealing of Ga2O3 grown under reducing conditions in the 

presence of H2. The doping type converted Ga2O3 has Fermi level 1.5 eV above the valence band 

maximum due to uncompensated neutral MgGa
0 acceptors, but the resulting free hole 

concentration is very low (~108 cm−3 even at 400C) due to deep energy level of these acceptors. 

These theoretical predictions are expected to guide experimental tuning of growth and annealing 

conditions to achieve doping type converted Ga2O3 for realization of novel device configurations. 

The results presented in this work illustrate that computations can predict synthesis conditions 

necessary to synthesize and dope new materials. 

II. Approach and methods 

As illustrated in Figure 1, our approach consists of a three-step process of (1) thin-film growth 

under O-poor conditions in the presence of hydrogen, (2) acceptor activation via annealing in an 

O-rich/H-poor atmosphere, and (3) quenching to a range of operating temperatures. The 

thermodynamic simulations take into account the H2 + ½O2  H2O gas phase equilibrium 

connecting the O and H chemical potentials. In the first growth step, the presence of H donor 

impurities can increase the solubility of substitutional MgGa acceptors, and it reduces the 

concentrations of compensating O vacancies (VO) while the system remains n-type. In the second 

annealing step, meant to purge the mobile H donor species and activate MgGa acceptors, we 

consider two different stages of non-equilibrium. In the more readily realizable scenario, only the 

equilibration of the Mg solubility is suppressed. In the second scenario, which might be more 

difficult to realize, also the equilibration of VO formation is suppressed, thereby allowing for 

maximal non-equilibrium activation of acceptor dopants and ensuing Fermi level reduction. In the 

third quenching step, it is assumed that all dopant and defect concentrations remain at the level 

of the preceding annealing step, and only the Fermi level (EF) and the corresponding electron and 

hole densities are equilibrated to the operating temperature of the device.  
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Figure 1. Schematic illustration of thermodynamic conditions in the modeling of growth, 

annealing, and quenching steps of Mg-doped β-Ga2O3. The atomic structure model shows 

the spin-density iso-surface (blue) associated with the defect-bound hole-polaron created 

by the neutral MgGa
0 acceptor at a neighboring O site.  

 

A. Supercell calculations 

The stable phase β-Ga2O3, depicted in Fig. 1, has a monoclinic crystal structure (space group 

C2/m) with two non-equivalent crystallographic Ga sites (Ga1 tetrahedral, and Ga2 octahedrally 

coordinated) and three O sites (O1 bonded to one Ga1 and two Ga2, O2 bonded to two Ga1 and 

one Ga2, and O3 bonded to one Ga1 and three Ga2). We included the native defects (VGa, VO), 

extrinsic dopants (MgGa, Mgi, Hi) and defect pairs and complexes (MgGa+VO, 2MgGa+VO, MgGa+Hi) 

expected to form due to charge compensation. The formation energies HD = Href + qEF + 

inii of defects and complexes in a charge state q were calculated using the approach of Ref48, 

combining density functional theory (DFT) supercell energies with GW band gap corrections (Eg 

= 4.96 eV) and fitted elemental reference energies49 (FERE). The binding energies of complexes, 

shown in Table 1, are determined by subtracting the HD of the constituents. The Fermi level is 

taken relative to the valence band maximum (VBM), EF = EF − EVBM, and the chemical potentials 

of the elements i added (ni = −1) or removed (ni = +1) by defect formation are taken relative to the 

FERE, i = i − i
FERE. The numerical values for the defect formation energy Href at the reference 

point (EF = i = 0) are given in Table 2 in the section “computational details” below. During the 

thermodynamic simulations (see below), HD is determined on the fly for the actual Fermi level 

position and chemical potentials. 

The formation energy of MgGa is about 0.5 eV lower on the Ga2 site than on Ga1 (see Table 

2), implying a strong site preference for the sixfold coordinated site. Figure 1 shows the spin-

density of the MgGa defect in the neutral charge state, illustrating the localized nature of the hole 

trapped in the deep acceptor level. Due to the delocalization error of DFT such polaronic states 

are not captured with standard DFT functionals50, and we used a hybrid functional to calculate the 

(0/1−) charge transition level, located 1.0 and 1.1 eV above the VBM for MgGa2 and MgGa1, 

respectively. For MgGa2, the acceptor-hole is localized on the neighboring O1 site (see Fig. 1), in 

agreement with an experimental EPR study51. A standard DFT functional with the above-
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mentioned band gap corrections is used otherwise. Oxygen vacancies in Ga2O3 act as deep 

donors, with a negative-U type (2+/0) charge transition in the upper part of the band gap. This 

transition carries over into the defect pairs with a (1+/1−) transition for a pair with one Mg acceptor 

and a (0/2−) level for the complex with 2 acceptors (cf. Table 2). The hydrogen interstitial Hi acts 

as shallow donor and assumes the 1+ charge state throughout the range of Fermi energies in the 

bandgap (the effective-mass donor level close to the CBM is not relevant for this study). In 

principle, H can also substitute for oxygen (HO),22 but we find that the formation energy of HO is 

0.5 eV higher than that of Hi even under the extreme limit of O poor conditions (Ga = 0, O = 

−3.75 eV), and we will therefore not further consider HO in this study. The results of the supercell 

calculations reported here are consistent with prior literature results.22,24 Table 1 shows that the 

binding of the H interstitial to Mg acceptors is weaker than the binding of O vacancies, suggesting 

that H interstitials are more easily separated from the acceptors during annealing and activation 

than the O vacancies. 

Table 1: Calculated binding energies ΔEb of the 

most relevant dopant-defect complexes.  

Defect complex ΔEb (eV) 

(MgGa2 + VO1)+ −0.74 

(MgGa2 + VO2)+ −0.58 

(MgGa2 + VO3)+ −0.62 

(MgGa2 + Hi)0 −0.44 

(2MgGa2 + VO1)0 −1.03 

(2MgGa2 + VO3)0 −1.06 

 

B. Thermodynamic modeling 

The calculated defect formation energies along with the binding energies of defect pairs are 

used as an input into our thermodynamic modeling52,53, which yields quantitative defect 

concentrations, doping limits, and the position of the Fermi level EF as function of dopant (Mg) 

concentration, the partial pressures of oxygen (pO2), hydrogen (pH2) or water vapor (pH2O), and 

the temperature (T). The Fermi level is obtained as a self-consistent solution that observes the 

charge balance between defect charges and free carriers, while the defect concentrations are 

obtained from the defect formation energies for the same EF. Using the FERE values of Ref.49, 

we obtain the formation enthalpy of Ga2O3 as Hf(Ga2O3) = 2Ga + 3O = −11.26 eV, which 

defines the relationship between Ga and O chemical potentials under the phase-coexistence of 

Ga2O3. Similarly, using the tabulated54 formation enthalpy of water vapor, we have Hf(H2O) = 

2H + O – H2O = −2.48 eV, where the  values for the gas phases are calculated as function 

of T and partial pressure via the ideal gas equations with the tabulated standard enthalpies and 

entropies for 298K and 1 atm (note, O = ½ O2 and H = ½ H2).  

In this general thermodynamic modeling approach, non-equilibrium effects are incorporated by 

suppressing the equilibration of specific processes (dopant exsolution, vacancy formation), while 

equilibrating the remaining ones. Thus, our work is in principle agnostic to the specific synthesis 

and doping approach and applies to all methods that allow for some control over these degrees 

of freedom, including both ion implantation and particularly selective area epitaxy55 in thin-film 
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growth for formation of contacts and other functional layers in the device. Similar thermodynamic 

simulations have been successfully employed in the past in other oxides to quantitatively predict 

carrier concentrations as a function of synthesis and measurement conditions, for example in 

case of the non-equilibrium origin of conductivity in Ga doped ZnO56. 

III. Growth step 

In Ga2O3, as in other wide gap oxides, it is generally observed that annealing in oxygen rich 

environment reduces the free electron density, while annealing in hydrogen rich environment 

increases it1. This behavior reflects general doping principles57, where O-rich conditions reduce 

the formation energy of electron compensating defects like cation vacancies and O interstitials. 

H-rich environments promote the formation of donor-like H interstitials58 but at the same time, 

exposure to H2 gas also creates O-poor reducing conditions due to the gas phase equilibrium with 

water vapor, a well-established process that is frequently used in solid state chemistry59. These 

reducing conditions generally favor n-type conductivity. According to the doping principles, the 

increased Fermi energy in n-type material reduces the formation energy of acceptor-type dopants, 

thereby enhancing their solubility. Finally, the mobile nature of H interstitials allows to exploit non-

equilibrium processing, such as the removal of hydrogen by annealing while the equilibration of 

other processes remains suppressed, like the exsolution of acceptor dopants or the formation of 

compensating intrinsic defects44. These concepts are exploited in our initial growth step illustrated 

in Fig. 2. 

Figure 2a shows the equilibrium solubility of Mg as function of temperature and pO2. Under 

equilibrium conditions, Hydrogen addition is equivalent to maintaining a certain partial pressure 

pH2O of water vapor, and the hydrogen chemical potential (ΔμH) is determined by the gas phase 

equilibrium as described above. In Fig. 2a, we used pH2O = 10−5 atm as an estimated upper 

bound for a typical physical vapor deposition (PVD) process such as molecular beam epitaxy 

(MBE), but the solubility of Mg is barely affected at this low level of hydrogen addition. The Mg 

equilibrium solubility increases with increasing temperature and decreasing pO2 (both of which 

reduce O) as expected from the doping principles and remains in the sub-percent range except 

under extreme reducing conditions.  

Figure 2b shows defect equilibria as function of the Mg doping level and the hydrogen 

chemical potential H, which is controlled by pH2O (cf. left and right vertical axes in Fig 2b), 

assuming growth conditions at Tg = 600 °C and pO2 = 10−9 atm, as representative for low T and 

moderate pO2 conditions for PVD (MBE) growth of Ga2O3
60. The solid line in Fig. 2b marks the 

equilibrium thermodynamic solubility limit of Mg in Ga2O3 determined by the competing phase 

MgGa2O4. Within the range of data shown in Fig 2b, the Mg chemical potential does not exceed 

the bounds determined by Mg(OH)2, MgH2, MgO, and metallic Mg. We observe that significant 

increases of the Mg solubility occur at pH2O > 10−5 atm, reaching about Mg/(Mg+Ga) = 0.1% at 

pH2O = 1 atm, which is feasible in atmospheric pressure chemical vapor deposition processes 

(APCVD) of -Ga2O3
61,62. Even higher Mg solubilities could result from using an activated source, 

where the H chemical potential H can exceed the thermodynamic limits. Such hydrogen plasma 

has been successfully used in the past during atomic layer deposition (ALD) growth of AlN63 and 

for SiC surface cleaning prior to molecular beam epitaxy (MBE) growth of GaN64. In Figure 2b 

and the following discussion we consider non-equilibrium Mg concentrations up to 10%, since in 
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thin-film growth the thermodynamic solubility limit can often be exceeded due to slow exsolution 

kinetics65. For experimental reference, we note that in an ion implantation study26 Mg dopant 

concentration up to 1.5×1019 cm−3 (about 0.05% of the 3.82×1022 cm-3 Ga sites) has been achieved 

in bulk substrates, and it is expected that still much higher concentrations are achievable in thin 

film growth. 

 
Figure 2. (a) Predicted MgGa defect concentration as function of growth temperature (Tg) and O2 partial 

pressure (pO2). (b) Defect equilibria as a function of the Mg/(Mg+Ga) ratio and the water vapor partial 

pressure (pH2O) under O-poor growth conditions typical for thin film growth. The solid line shows the Mg 

solubility limit and the color scale shows the dopant-defect difference concentration [MgGa – 2VO]. (c) [MgGa 

– 2VO] as function of Tg and pO2 at 1% Mg doping.  

 

Besides Mg solubility considerations, growth under hydrogen addition could also be utilized 

to minimize the contribution of intrinsic defects to the acceptor compensation43. If the 

compensation is dominated by Hi donors, the Mg acceptors could be activated by annealing out 

the hydrogen, proposed that the intrinsic defects would not re-equilibrate (see discussion below). 

To quantify this effect, we define the dopant-defect difference concentration [MgGa – 2VO] with the 

results shown as a color scale in Figure 2b. The significance of this number is that it equals the 

hypothetical net acceptor concentration if all hydrogen could be purged during the high 

temperature annealing step without introducing additional VO defects. Therefore, we will refer to 

it as the “precursor” acceptor concentration. The color scale in Fig 2b shows [MgGa − 2VO] 

increasing moderately with Mg composition and rather strongly with pH2O, and the associated H 

chemical potential. Thus, the hydrogen serves to reduce the intrinsic compensation mechanism, 

thereby maximizing the precursor acceptor concentration for the subsequent annealing step. 

Figure 2c explores the dependence of the [MgGa − 2VO] concentration as function of T and pO2 at 

fixed pH2O and Mg composition. We observe that this precursor acceptor density decreases with 

increasing growth temperature. Also, for too reducing conditions (too high Tg or too low pO2), 
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[MgGa − 2VO] becomes negative, implying that the system would remain n-type even if all H were 

removed. Thus, low temperature conditions are favorable for the initial growth step. 

IV. Annealing step 

In the post-growth annealing step (Fig. 3), H-poor/O-rich conditions are considered, 

analogous to the H-poor/N-rich conditions used for Mg acceptor activation in GaN40,41. At 600°C, 

the O chemical potential increases from O = −1.72 to −0.94 eV as pO2 increases from 10−9 atm 

in the growth step to 1 atm considered here for the O-rich annealing condition. Apart from 

increasing the formation energy of compensating O vacancies, the result is also a reduction of 

the H chemical potential from H = −1.68 (growth step with pO2 = 10−9 atm and pH2O = 10−5 atm) 

to −2.33 eV when taking pH2O = 10−8 atm (10 ppb) for purified O2 at 1 atm used in the annealing 

step. Additionally, increasing the temperature during annealing lowers both O and H, e.g., by 

about 0.4 eV between 600 and 900°C. Thus, the Mg acceptor activation relies on both 

suppressing compensation by VO and reduction of the H concentration during annealing. 

Kinetically, the annealing conditions must also be such that H is sufficiently mobile to diffuse out 

while Mg remains immobile so to prevent Mg segregation. The rationale for choosing the present 

process parameters comes from recent Mg doping studies26,28,66 , indicating that Mg needs T > 

800 °C to become mobile, and calculations of a small migration barrier of 0.34 eV22 for Hi
+ 

indicating sufficiently fast H diffusion. A more subtle question is whether the annealing process 

can be performed such that the O vacancy concentrations from the growth step are maintained 

or whether they equilibrate. Since it could be feasible to realize either situation, we will consider 

both scenarios.   

A. Annealing with VO equilibration 

In this scenario, only the total Mg concentration is carried over from the growth step, and all 

other degrees of freedom are equilibrated, while switching to the O-rich/H-poor regime (pO2 = 1 

atm, pH2O = 10−8 atm). Thus, in this scenario, the H addition of the growth step is relevant only in 

so far it supports the incorporation of Mg in the Ga2O3 lattice. Figure 3a shows the resulting net 

acceptor concentration [Mg−2VO−Hi] obtained from thermodynamic modeling as function of 

annealing temperature. As the annealing temperature increases, H is purged out of the system, 

resulting in an increasing concentration of uncompensated net Mg acceptors, making the system 

net p-type in the sense of a positive value of the [Mg − 2VO − Hi] concentration difference. 

However, as the annealing temperature is increased, the O vacancy concentration also increases 

(driven by a reduction of ΔμO) and therefore, there is a tipping point with respect to the annealing 

temperature above which O vacancies compensate the Mg acceptors and make the system net 

n-type. 
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Figure 3. (a) Predicted net acceptor concentration [Mg − 2VO − Hi] for the O-rich/H-poor annealing step. 

The inset shows the dependence of the optimal annealing temperature Ta on the Mg concentration. (b) The 

detailed defect equilibrium for Mg/(Mg+Ga) = 1%. The vertical dotted line indicates the crossover from net 

p-type to net n-type.   

 

While the Fermi energy remains in the mid-gap region during annealing, it exhibits a small 

shift towards higher energies with increasing temperature, enough to affect the ratio between 

charged and ionized defects (MgGa
0 vs MgGa

− and VO
0 vs VO

2+). These changes in the order of 

1010 cm−3 contribute to the charge balance and, ultimately, cause the crossover from net p-type 

to net n-type. As seen in the inset of Fig 3a, the optimum annealing temperature, i.e., the 

temperature at which the net p-type doping is maximized, increases from 670 to 820 °C with 

increasing Mg composition from 0.001% to 10%. The resulting net acceptor concentrations in the 

range of 108 - 1011 cm-3 are rather low, but the type conversion to net p-type is a significant 

hallmark, since it affords very low free electron densities at device operating conditions (see 

below). The resulting net acceptor density [Mg − 2VO − Hi] is much lower than the precursor 

acceptor density [Mg − 2VO] determined above for the growth step. This incomplete acceptor 

activation is due to the fact that not all hydrogen is purged, but also due to an increase of the 

concentration of compensating O vacancies during the annealing step, resulting from a lowered 

formation energy of VO
2+ as EF is reduced, even as O is increased compared to the growth step. 

Hence, a higher net p-type doping is expected for the case when VO equilibration is suppressed, 

as discussed below. 

The residual H concentration ranges from 1.5×1015 to 1.5×1016 cm−3 at the optimal 

temperature for the Mg doping level between 0.001% and 10%, respectively. There are two 

driving forces limiting the removal of hydrogen during the anneal. First, the reduction of the Fermi 

level lowers the formation energy of the positively charged Hi
+ interstitial. Second, with increasing 
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Mg doping level, the law of mass action increasingly impedes the dissociation the (MgGa-Hi) defect 

pair. Specifically, the fraction of unpaired Hi
+ at the optimal annealing temperature (cf. Fig. 3a) 

decreases from 70% to 4% as the Mg doping level increases from 0.001% to 10%, even though 

the temperature increases concomitantly from 670 to 815 °C.   

B. Annealing without VO equilibration 

We are also considering possible non-equilibrium annealing conditions in Ga2O3, even though 

these might be more difficult to realize experimentally. Under the assumption that O diffusion is 

much slower than that of H, the annealing process could be performed such that H diffuses out 

while the O vacancy formation does not have enough time to re-equilibrate. In this scenario, the 

VO concentration is fixed to that of the preceding growth step, and the H addition during growth 

has higher significance than in the equilibrium annealing case, since it serves to reduce the 

compensation by VO and thereby increase the precursor acceptor density [Mg − 2VO] (cf. Fig. 2b). 

The calculated values of O vacancy migration barriers in the literature67 indeed indicate a much 

lower mobility compared to interstitial hydrogen22. Therefore, non-equilibrium annealing could be 

feasible if the annealing process is performed sufficiently fast. Even though the total VO 

concentration remains constant, the dopant-defect pair association-dissociation process is 

equilibrated in the simulation, because this process does not require long-range diffusion and 

should be comparatively fast. 

 
Figure 4. Predicted net acceptor concentration [Mg − 2VO − Hi] under O-rich/H-poor annealing conditions 

at Ta = 600 °C and pO2 = 1 atm, as function of Mg-doping level and pH2O (controlling ΔμH) during the 

anneal. Non-equilibrium conditions are assumed such that the O-vacancy concentration of the preceding 

growth step is maintained. The underlying growth step conditions are consistent with Fig. 2b, i.e., Tg = 600 

°C, pO2 = 10-9 atm, with pH2O = 10-5 atm in (a) and pH2O = 1 atm in (b). The dependence of the net acceptor 

concentration on pH2O during the growth step is shown in (c).  

 

Figure 4 shows the predicted net acceptor concentration [Mg − 2VO − Hi] for annealing without 

VO equilibration. The underlying growth step conditions are identical to those considered above 

(cf. Fig. 2b), i.e., Tg = 600 °C, pO2 = 10−9 atm, with hydrogen exposure during growth taken as 
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pH2O = 10−5 atm for Fig. 4a and 1 atm for Fig 4b. For the annealing conditions, we maintain the 

same temperature, Ta = 600 °C and use O-rich conditions with pO2 = 1 atm as in the equilibrium 

annealing case above. According to migration barrier calculations,67 O vacancies are beginning 

to become mobile at this temperature. Note that the model here assumes equilibration of O 

vacancies during growth but not during annealing, despite the fact that both processes occur at 

same temperature. This assumption can be justified by the general observations that the surface 

kinetics during growth is usually faster than in the bulk, and the diffusion distance required for 

equilibration is much larger for the completed film during annealing than it is during deposition68,69.  

We observe in Fig. 4 the expected increase of the net acceptor density with increasing Mg-

doping level and decreasing H-chemical potential ΔμH, which is determined by the corresponding 

pH2O during the annealing. Compared to the annealing with VO equilibration, the net acceptor 

density increases considerably under otherwise identical conditions. For example, for growth with 

1% Mg doping and pH2O = 10−5 atm, we obtain [Mg − 2VO − Hi] ≈ 1011 cm−3 (Fig 4a) after non-

equilibrium annealing at 600 °C and pH2O = 10−8 atm (purified O2), about 1-2 orders of magnitude 

higher than in case of annealing with VO equilibration (cf. Fig. 3a). Higher net acceptor densities, 

up to 1014 cm−3 (Fig 4b), result when the preceding growth step is performed under very H rich 

conditions with pH2O = 1 atm. These results suggest that H addition during growth is most 

impactful when choosing deposition techniques that allow for high H2O partial pressures. As seen 

in Fig 4c, a minimum pH2O must be supplied during growth to enable p-type conversion during 

non-equilibrium annealing, for example pH2O = 10-7 atm for 1% Mg doping. In the absence of H2O 

addition, the compensation is dominated by O vacancies during growth, preventing type 

conversion during annealing.  The H2O partial pressure required to achieve maximal net p-type 

doping increases from 10-2 atm to 102 atm with increasing Mg concentration from 0.001% to 10%. 

These results provide theoretical guidance for optimization of the post-growth annealing step of 

Mg-doped Ga2O3. 

V. Quench step to device operation conditions 

Finally, we are considering the doping situation under device operating conditions. To this 

end, we simulate a “quench step”, i.e., the cool-down after annealing, performed fast enough so 

that the defect concentrations do not re-equilibrate. It is assumed that the defect concentrations 

from the preceding annealing step are frozen-in as the temperature is quenched from the 

annealing temperature Ta to the operating temperature To, and no equilibration with the 

environment takes place (e.g., H uptake from ambient precluded by encapsulation). During this 

step, only the electronic degrees of freedom equilibrate, i.e., the Fermi level EF re-adjusts such to 

satisfy the charge balance condition for the electron (ne), hole (nh), and charged defect 

concentrations at the lower To. We also assume that the defect pair and complex association-

dissociation equilibrium is frozen-in during the quench, although this mechanism is not expected 

to significantly affect the Fermi level and carrier concentrations at To. We are considering elevated 

device operating temperatures To, as relevant for Ga2O3 high-power and high-temperature 

electronics applications70. Figure 5a shows the Fermi level as function of To and the Mg doping 

level for the case of VO equilibration during the preceding annealing step at the optimum 

temperature Ta for any given Mg doping level (cf. Fig. 3 insert). Figures 5b and 5c are for the case 

of non-equilibrium annealing at 600 °C, where the growth step was performed at the same 

temperature with pH2O = 10−5 atm and 1 atm, respectively (cf. Fig. 4a and 4b). In all cases, the 
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annealing conditions before the quench were taken at pO2 = 1 atm and pH2O = 10−8 atm as 

discussed above. 

In Fig. 5a, we observe a moderate reduction of EF with the Mg doping level. The Fermi level 

increases with operating temperature To, but remains within the lower half of the band gap (net p-

type). While the absolute hole carrier concentration remains very low (below 106 cm-3), the more 

important finding is here that the electron concentration remains negligible (below 103 cm−3) up to 

400 °C. Thus, electrons become minority carriers. The suppression of the electron density is an 

important feature of the type conversion, and our simulations suggest that the proposed growth-

annealing process is suitable to effectively suppress the electron conductivity, e.g., for the 

purpose to minimize the associated leakage currents in device applications. However, achieving 

actual p-type conductivity is a much greater challenge. The quenching from the non-equilibrium 

annealing step, shown in Figs. 5b and 5c, affords a stronger Fermi level reduction than the 

annealing with VO equilibration. Even then, however, the corresponding hole concentrations are 

only about 108 cm−3 at To = 400 °C (Fig. 5c). Since holes tend to form localized polarons rather 

than acting as band-like free carriers, the p-type conductivity is further limited by the hole mobility. 

Based on a predicted polaron hopping barrier of 0.4 eV, the mobility was estimated in Ref.71 as 

10−6 cm2 V-1 s-1 at room temperature, which could increase to about 10−3 cm2 V-1 s-1 at 400 °C, 

resulting in a conductivity  ≈ 10−14 S/cm for the above mentioned hole density. These rough 

estimates illustrate the challenges for achieving significant p-type conductivity even at elevated 

temperatures and under optimistic assumptions about suppressing the VO compensation 

mechanism.  

 

 
Figure 5. (a) Predicted Fermi level (EF − EVBM) as function of operating temperature To and Mg doping level, 

after quenching from the optimal Ta (inset in Fig. 3a) of the annealing step with VO equilibration. (b) Fermi 

level after quench from the preceding annealing step at Ta = 600 °C without VO equilibration with growth at 

pH2O = 10-5 atm (cf. Fig. 4a), and (c) with growth at pH2O = 1 atm (cf. Fig. 4b). The color scale for EF shown 

in (a) applies throughout. In (c), the electron [ne] and hole [nh] concentrations corresponding to EF at the 

respective To are shown explicitly for Mg concentrations of 0.1% and 1%. 

 

The low free hole density and low polaronic hole mobility predicted in Ga2O3 indicate that it 

may be better to use other p-type oxide materials as Schottky or heterojunction partners to Ga2O3 

for contact applications that require high electrical conductivity. Indeed, several recent 
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publications demonstrated promising diode performance with semiconductor NiO72,73, Cu2O74,75, 

PdCoO2
76,77, ZnCo2O4

78 heterojunction contacts and various oxidized precious metal contacts 

(e.g. metallic IrOx, PtOx, PdOx, RuOx Schottky contacts)79,80 to Ga2O3. However, the ability of these 

Schottky and heterojunction partners to achieve large built-in electric field at the interface with 

Ga2O3 may be limited, because it requires large work function of the p-type contact material, and 

because the resulting Ga2O3 device performance would be limited by breakdown in this lower-

bandgap p-type contact. The typical work functions of the aforementioned materials are in the 4-

6 eV range81–84, which is just 0-2 eV higher compared to the 4 eV work function of n-type Ga2O3
85–

87, providing limited built-in field at the heterointerface. In contrast, our predictions (Fig. 5) show 

that the work function of the Fermi level engineered Ga2O3 can be 1.4 eV above the valence band, 

which corresponds to a work function in the 7 - 8 eV range. This higher work function can provide 

larger built-it field at interfaces between n-type Ga2O3 and device layers that do not require high 

electrical conductivity. Example of such applications include blocking layers around current 

apertures of unipolar enhancement-mode (normally-off) MOSFETs or edge termination structures 

in vertical Schottky Barrier Diodes (SBDs). Another advantage for these applications would be 

the possibility of high-quality homoepitaxial regrowth (selective area epitaxy55,88) of n-type Ga2O3 

on top of this Fermi level engineered Ga2O3, which would not be possible if foreign oxide or metal 

materials are used in such devices. 

VI. Computational details 

The first-principles calculations were performed using the projector augmented wave (PAW) 

method89 as implemented in the VASP (Vienna Ab-initio Simulation Package) code90 for DFT91, 

hybrid-DFT92, and GW93 calculations. The generalized gradient approximation (GGA) of Ref94 was 

used for DFT exchange and correlation and the HSE0695,96 functional for hybrid functional 

calculations. For the dopants, defects, and their pairs and complexes, we used a 160 atom 

supercell with a -centered 2×2×2 k-mesh, and performed the calculations using our recently 

developed automated defect framework97. Finite supercell size corrections are applied as 

described in Ref.98 All compound formation enthalpies and defect formation energies were 

calculated at the GGA level, except for the charge neutral MgGa acceptors, which are polaronic 

open-shell states whose localized nature is not captured by standard DFT. To include the neutral 

Mg acceptor in the defect equilibrium, we calculated the (0/1−) charge transition levels for MgGa1 

and MgGa2 with the hybrid functional, using  = 0.30 and rs = 0.2 Å−1 for the Fock exchange and 

the range separation parameters, respectively. For the band gap corrections of the defect 

formation energies according to Ref48, we performed GW calculations99 to obtain the band edge 

shifts of EVBM = −1.82 eV and ECBM = +1.10 eV relative to DFT-GGA, resulting in the bandgap 

value of 4.96 eV. 

The PAW potentials “Ga_d”, “O”, “O_s”, “Mg_pv”, and “H” of the VASP 4.6 distribution were 

used. For structures without hydrogen, the soft “O_s” potential was employed with a plane wave 

energy cutoff of 340 eV. Previous tests have confirmed that such calculations are accurate for 

sufficiently large interatomic distances.48 Due to the presence of short O-H bonds for which the 

soft potential may not be accurate, we used the standard “O” potential with 520 eV cutoff for 

structures with hydrogen. The FERE reference elemental chemical potentials of Ref49 are used 

for Ga, O, and Mg. For hydrogen, we determined here the value H
FERE = −3.49 eV by fitting 

against the tabulated formation enthalpies54 of the following compounds, H2O (ice Ih), LiH, MgH2, 
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LiOH and Mg(OH)2. The temperature dependence of the CBM was taken from Ref23, where it was 

determined from molecular dynamics simulations. 

Table 2: Calculated defect formation energies Href at the reference point (EF = i = 0). 

Defect  Href (eV) Defect  Href (eV) 

VO1
2+ −2.53 (MgGa2

1− + VO1
2+)1+ −1.15 

VO1
0 +4.53 (MgGa2

1− + VO1
0)1− +6.45 

VO2
2+ −1.83 (MgGa2

1− + VO2
2+)1+ −0.29 

VO2
0 +4.08 (MgGa2

1− + VO2
0)1− +5.98 

VO3
2+ −2.66 (MgGa2

1− + VO3
2+)1+ −1.16 

VO3
0 +4.72 (MgGa2

1− + VO3
0)1− +6.79 

VGa1
3− +16.71 (MgGa2

1− + Hi
1+)0 −1.87 

VGa2
3− +17.33 (2MgGa2

1− + VO1
2+)0 +0.68 

Mgi
2+ −6.69 (2MgGa2

1− + VO1
0)2− +8.90 

MgGa1
1− +2.59 (2MgGa2

1− + VO3
2+)0 +0.53 

MgGa2
1− +2.12 (2MgGa2

1− + VO3
0)2− +8.98 

Hi
1+ −3.60   

 

VII. Conclusions 

We performed a thermodynamic simulation of a three-step synthesis process (growth-

annealing-quench sequence) for hydrogen-assisted magnesium acceptor doping in Ga2O3 based 

on defect energies obtained from first principles calculations. During the first growth step, the 

thermodynamic solubility limit of Mg acceptor dopants is significantly increased for partial 

pressures above pH2O > 10−5 atm. The H exposure during growth also serves to reduce the 

acceptor compensation through VO defects. The second annealing step at O-rich/H-poor 

conditions (pO2 = 1 atm and pH2O = 10−8 atm) can produce a doping type conversion from net n- 

to net p-type, regardless of the assumptions made about VO re-equilibration. For the case with VO 

equilibration, there is an optimal annealing temperature at which the net p-type doing is 

maximized, e.g., about 800 °C for 1% Mg doping, but too high annealing temperatures result in 

doping reversion back to net n-type. The net p-type doping can be further increased if the VO 

equilibration can be suppressed, e.g., in rapid thermal processing at lower temperature (600 °C). 

In this case, the H added during growth not only supports the Mg solubility, but is also essential 

to suppress the intrinsic O vacancy compensation mechanism. Even though neither of these two 

scenarios creates significant p-type conductivity, we predict doping type conversion and an 

associated drop of the Fermi level down to 1.5 eV above the valence band after the third 

quenching step. This Fermi level engineered Ga2O3 presents important opportunities for 

electronic device design, allowing to create a significant built-in field with an adjoining n-type 

material, and greatly suppressing the free electron density. The specific predictions of suitable 

synthesis process conditions presented in this paper could guide the fabrication of current 

blocking layers in normally-off (enhancement-mode) vertical Ga2O3 based MOSFET, and edge 

termination structures in vertical Schottky barrier diodes with increased breakdown voltage. In the 

future, similar computational approach can be used to predict suitable synthesis conditions and 

doping protocols for other emerging ultra wide band gap semiconductors.  
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