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A B S T R A C T   

Formation and activation energies of common impurities: silicon (Si), germanium (Ge), carbon (C), beryllium 
(Be), and magnesium (Mg) in wurtzite (wz-) and zincblende (zb-) GaN are investigated by first–principles cal
culations. Si and Ge are excellent donors with low activation energies (<30 meV). The acceptor activation en
ergies of C and Be in wz-GaN (and zb-GaN) are found to be 590 and 205 meV (and 490 and 134 meV), 
respectively. Neither C nor Be is a qualified acceptor in general as the former has a large activation energy (>300 
meV) and the latter has a strong self-compensation effect (the formation energy of Bei compensating donor is 
negative). Bei is energetically abundant in zb-GaN because it has a 0.66 eV lower formation energy than wz-GaN. 
This is attributed to the coherence of the symmetricity between the s-orbitals and the interstitial site. The 
acceptor activation energy of Mg in zb-GaN is found to be 153 meV, which is smaller than its value in wz-GaN, 
226 meV. Vibrational analysis suggests that Mgi compensating donor is less favorable to form in zb- than wz- 
GaN, since the higher symmetricity of the interstitial site in zb-GaN renders a much smaller vibrational en
tropy. Contrarily, the differences are insignificant for the impurities residing on Ga sites due to the same 
tetrahedral symmetricity. The results evidence the importance of self-compensation effects, which can be miti
gated by the higher crystal symmetry of zb-GaN.   

1. Introduction 

Gallium nitride (GaN) and its alloys are the mainstream semi
conductors used in high-electron-mobility transistors (HEMTs) and 
light-emitting diodes (LEDs). N- and p-type doping is essential to the 
realization of the wide-range applications. Achieving electron and hole 
concentrations beyond 1019 cm−3 in GaN is alluring as it would enhance 
carrier injection.[1,2] The n- and p-type dopability of GaN is determined 
by the formation, activation, and self-compensation of dopants. Com
mon donors–silicon (Si) and germanium(Ge)–are measured to have 
small activation energies of <30 meV;[3,4] yet, large activation energies 
of 890, 200, and 225 meV are measured in carbon (C)-, beryllium (Be)-, 
and magnesium (Mg)-doped wurtzite (wz-) GaN, respectively.[5–7] 
Until recently, the amphoteric natures of Be and Mg dopants are dis
cussed in wz-GaN.[8–10] The poor hole injection in GaN-based devices 
is a hitherto challenge.[11–13] 

An ideal solution should equip the same n-type dopability, a lower 
acceptor activation energy, and a weaker self-compensation effect. 
Zincblende (zb-) GaN featuring lighter electron and hole effective 

masses is a potential alternative to have shallower donor and acceptor 
levels,[14–18] which have been preliminarily predicted by the effective- 
mass theory.[19,20] However, the acceptor levels deviate from mea
surements.[16] This is because the effective doping concentration is 
prone to the presence of other doping configurations and charge states. 
Neglecting the impacts has a proclivity to overestimate the activation 
energy. The impacts of different doping configurations and charge states 
on carrier concentrations remain vague, as are the self-compensation 
effects. Bridging the gap necessitates first-principles calculations. 

In this work, the formation energies, activation energies, and self- 
compensation effects of wz- and zb-GaN with Si, Ge, C, Be, and Mg in
corporations are first examined. A detailed comparative study between 
Mg-doped wz- and zb-GaN is carried out by considering vibrational 
contributions. Eventually, the hole concentrations are estimated to 
indicate that higher hole concentrations are achievable with zb-GaN. 

2. Methodologies 

96-atom wz-GaN and 64-atom zb-GaN supercells are constructed. 

* Corresponding author at: Department of Electrical and Computer Engineering, University of Illinois at Urbana–Champaign, Urbana, IL 61801 USA. 
E-mail address: cbayram@illinois.edu (C. Bayram).  

Contents lists available at ScienceDirect 

Computational Materials Science 

journal homepage: www.elsevier.com/locate/commatsci 

https://doi.org/10.1016/j.commatsci.2021.110283 
Received 18 November 2020; Accepted 4 January 2021   

mailto:cbayram@illinois.edu
www.sciencedirect.com/science/journal/09270256
https://www.elsevier.com/locate/commatsci
https://doi.org/10.1016/j.commatsci.2021.110283
https://doi.org/10.1016/j.commatsci.2021.110283
https://doi.org/10.1016/j.commatsci.2021.110283
http://crossmark.crossref.org/dialog/?doi=10.1016/j.commatsci.2021.110283&domain=pdf


Computational Materials Science 190 (2021) 110283

2

The atomic structures with an impurity incorporated on a tetrahedral 
interstitial site, an octahedral interstitial site, a Ga site, and an N site, are 
illustrated in Fig. 1. The defective geometries are relaxed by the Heyd- 
Scuseria-Ernzerhof functional implemented in Vienna ab initio simula
tion package[21] with the optimal Hartree–Fock mixing of 0.302.[15] 
The first–principles calculations are performed at 0 K, where all elec
trons fill up valence bands. A cut-off kinetic energy of 500 eV is 
employed for projector-augmented wave pseudopotentials. The Bril
louin zones of the wz- and zb-supercells are sampled within the Mon
khorst–Pack scheme using 2 × 1 × 1 and 2 × 2 × 2 k-points, respectively. 
The Γ point, where the interaction between the impurity and its periodic 
images reaches a maximum, is purposely excluded. [22] 

The formation energy of an impurity X in a charge state q at a given 
temperature T is defined as follows: 

Ef [Xq;T]=Etot[Xq]−Etot[GaN]−
∑

i
niμi +q(Ev +EF +ΔV)

+Eq
corr +ΔE[Xq;T], (1)  

where Etot[Xq] and Etot [GaN] are the free energies of the defective and 
pristine supercells, respectively. ni is the number of the atom i added 
(ni > 0) or removed (ni < 0) with the chemical potential of μi listing in 
Table 1. EF is the Fermi level referenced to the valence band maximum 
Ev (VBM), where ΔV is the band alignment term between the defective 
and pristine GaN. Eq

corr is the correction energy for the nonphysical 
Coulomb interaction between the impurity and its periodic images. The 
static dielectric constants of 10.63 and 9.82 obtained from the Lydda
ne–Sachs–Teller relation are applied for wz- and zb-GaN, respectively. 
ΔE[Xq; T] represents the vibrational corrections, expressed by: 

ΔE[Xq; T] = Fvib[Xq; T] − Fvib[GaN; T] −
∑

i
niμvib

i (T), (2)  

where Fvib[Xq; T] and Fvib[GaN; T] are the vibrational free energies of the 
defective and pristine supercells, respectively. μvib

i (T) is the vibrational 
free energy of the atom i. The chemical potential of N2 is related to 
partial pressure and rotational contributions using standard thermody
namic expressions.[23] Fvib and μvib are determined based on the quasi- 
harmonic approximation implemented in Phonopy,[24] where the force 
constants are calculated by the Perdew-Burke-Ernzerhof functional. 

3. Results and discussion 

Fig. 2 shows the formation energies of various doping configurations 
in (a) wz-GaN and (b) zb-GaN as a function of Fermi level under Ga-rich 
conditions, where the vibrational contributions are ignored. For n-type 
doping, Si and Ge donors are stable on Ga sites with low activation 
energies (<30 meV). Si and Ge impurities residing on N sites and 
interstitial sites have large formation energies (>5 eV) due to strong 
lattice distortion. The formation energies of SiGa and GeGa in zb-GaN are 
close to the wz-counterparts at the VBM, however, the values are 0.2 eV 
smaller in zb- than wz-GaN at the conduction band minimum (CBM). 
This is because less energy is needed to remove an electron from the 
CBM. The evidence agrees with the conduction band offset of wz-/zb- 
GaN interface measured from the experiment.[25] For p-type doping, CN 
is stable in +1, 0, and −1 charge states, where the (+/0) and (0/-) 
thermodynamic transition levels locate at 387 and 591 meV in wz-GaN 
and 99 and 492 meV in zb-GaN, respectively. The acceptor activation 
energy, i.e. the (0/-) level, falls within a range between 230 and 890 
meV measured from experiments.[5] A broad prediction of 200–900 
meV was also reported.[22,26] The variation may have originated from 
the strong interaction between CGa and CN under p-type conditions. In 

Fig. 1. Atomic structures with an impurity, indicated by a red sphere, residing on (a) a tetrahedral interstitial site, (b) an octahedral interstitial site, (c) a Ga site, and 
(d) an N site in wz-GaN and (e) a tetrahedral interstitial site, (f) a Ga site, and (g) an N site in zb-GaN. White and blue spheres represent Ga and N atoms, respectively. 

Table 1 
Chemical potential of elemental species in pure bulk (or gas) phase, Ga-rich 
condition, and N-rich condition, where the enthalpy of formation (ΔHf ) of 
solubility-limiting compounds is determined and compared with experiments. 
All values are in unit of eV/f.u.  

Species Bulk/Gas Ga-rich N-rich Compounds ΔHf  ΔHexp
f  

Ga −3.417 −3.417 −4.408 GaN −1.094 −1.136 
N −10.82a −11.81 −10.82 – – – 
Be −3.779 −5.003 −5.663 Be3N2 −5.859 −6.097 
C −10.88b −10.88 −10.88 C3N4 3.054 – 

Mg −1.524 −2.171 −2.831 Mg3N2 −4.129 −4.778 
Si −6.480 −7.948 −9.269 Si3N4 −8.780 −8.592 
Ge −5.476 −5.476c −5.521 Ge3N4 −0.547 −0.653  

a Chemical potential of N2 is related to partial pressure (101.325 kPa), tem
perature (298.15 K), and rotational contribution via standard thermodynamic 
expressions.[23] 

b Chemical potential of C is given by the energy of graphite. 
c Chemical potential of Ge in Ga-rich conditions is given by the energy of the 

elemental bulk phase. 
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fact, the evidence of blue luminescence peaking at 2.86 eV, which is in 
close agreement with 2.89 eV extracted from Fig. 2, was attributed to the 
migration from a CGa donor to a CN acceptor.[27] The blue luminescence 
is predicted to peak at 2.70 eV for C in zb-GaN. However, the high 
formation (>3 eV) and activation energies (>300 meV) render C as a 
poor acceptor for both wz- and zb-GaN. BeGa and MgGa acceptors are 
stable in 0 and −1 with the activation energies of 205 and 226 meV in 
wz-GaN and 134 and 153 meV in zb-GaN, respectively. The activation 
energies of Be and Mg in wz-GaN agree with the measurements of 200 
and 225 meV,[7,6] respectively. On the other hand, the activation en
ergies of Be and Mg in zb-GaN are in accordance with 117–133 and 
123–140 meV, respectively, as predicted by the effective-mass theory. 
[20] The formation energy of MgGa is 0.5 eV smaller than BeGa because 
the atomic size of Mg is comparable with Ga, i.e. Mg impurity imposes 
less lattice distortion. However, Be and Mg energetically favor the 
interstitial site in p-type conditions. Notably, it has been found that 
impurities residing on the octahedral interstitial site are more stable 
than those on the tetrahedral interstitial site. Thus, the discussion on 
interstitial impurities in wz-GaN is based on the octahedral interstitial 
site. Unfortunately, Bei and Mgi are double donors, which render strong 
self-compensation effects and their formation energies are negative near 
the VBM. In wz-GaN, the formation energy of Bei is 0.5 eV lower than 
Mgi, meaning that Be suffers from a stronger self-compensation effect 
than Mg. The self-compensation effect of Be is adversely inexorable in 
zb-GaN since the formation energy of Bei is 0.66 eV lower in zb- than wz- 
GaN. In general, it is found that the formation energies of Ci, Sii, and Gei 
are lower in wz- than zb-GaN, but the formation energies of Bei and Mgi 
behave oppositely. This is because the impurities on the interstitial site 
are stable in +2 charge state, i.e. losing two electrons. The hypothesis is 
that the group-IV elements, such as C, Si, and Ge, bond with the 
neighbors by donating two p-orbital electrons. The p-orbitals are direc
tional, hence maintaining the centrosymmetric nature of the interstitial 
site in zb-GaN necessitates more energy. Contrarily, the outermost core 
of the group-II elements, such as Be and Mg, are two s-orbital electrons, 
which satisfy the centrosymmetric nature inherently. The formation 
energy of Mgi in zb-GaN, however, is close to that of wz-GaN due to the 
large atomic size of Mg. Consequently, Mg-doped zb-GaN has a smaller 
activation energy relative to Mg-doped wz-GaN without suffering from a 
stronger self-compensation effect, which is not the case found in Be. 
Given the complex interplay among MgGa

− , MgGa
0 , and Mgi

+2, it is critical 
to quantify their impacts on hole concentrations. 

Fig. 3(a) calculates the vibrational corrections of Mgi and MgGa in 
wz- and zb-GaN as a function of temperature under Ga-rich conditions. 
The vibrational corrections decrease for the elevated temperature due to 
the positivity of vibrational entropy (S) determined correspondingly in 

Fig. 3(b). Given the uneven numbers of species between the defective 
and pristine GaN, the vibrational entropy used for comparisons is 
determined by the first derivative of Eq. 2. It implies that the vibrational 
entropy used for comparisons is a linear combination of the vibrational 
entropy of each factor formulated in Eq. 2. In general, the vibrational 
entropy of the defective GaN is larger than pristine GaN due to the 
symmetry breaking, hence the difference in vibrational free energies 
between the defective and pristine GaN increases with respect to the 
increased temperature. This explains the declination of vibrational 
corrections. Interestingly, the vibrational correction of Mgi is 186 meV 
larger in zb- than wz-GaN at 1300 K, indicating that Mgi is much ener
getically abundant in wz-GaN. This fact can be ascribed to the symme
tricity of the interstitial site in zb-GaN, which leads to a substantially 
smaller vibrational entropy as opposed to the wz-counterpart as shown 
in Fig. 3(b). The bonding nature between MgGa and 4 nitrogen neighbors 
satisfies sp3-hybridization in both wz- and zb-GaN due to the same 
tetrahedral symmetricity. As a result, the vibrational correction of MgGa 
in zb-GaN is merely 19 meV larger than that of wz-GaN at 1300 K. 
Indeed, the small differences of 17 and 21 meV are found for SiGa and 
GeGa as well, which reinforce the hypothesis. 

The concentrations of MgGa and Mgi are determined by the respective 
Boltzmann factors for a given Mg concentration and temperature. The 
Fermi level is solved self-consistently by satisfying the charge neutrality. 
The electron and hole concentrations are formulated in the Boltzmann 
approximation where the electron and hole effective masses of 0.20 and 
1.50 (and 0.13 and 1.40) m0 are applied to wz-GaN (and zb-GaN), 
respectively. Fig. 4(a) calculates the hole concentrations and [Mgi]/ 
[MgGa] as a function of Mg concentration at 1300 K. The hole concen
trations increase linearly when [Mg] < 1016 cm−3, because all the ac
ceptors are ionized at 1300 K. However, the concentration of 
compensating donor surges when the Fermi level is close to the position 
where the formation energies of Mgi and MgGa are identical. Ultimately, 
the self-compensation effect causes the Fermi-level pinning and the Fig. 2. Formation energies of various doping configurations in (a) wz- and (b) 

zb-GaN as a function of Fermi level under Ga-rich conditions. 

Fig. 3. (a) Vibrational corrections and (b) vibrational entropy of Mgi double 
donor and MgGa acceptor in wz- (black) and zb-GaN (red) as a function of 
temperature. 
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saturation of hole concentrations. Under this scenario, the maximum 
hole concentration is 44.3% higher in zb- than wz-GaN. The improve
ment is a direct reflection on the larger formation energy of Mgi relative 
to the wz-case. After a rapid thermal quench to 300 K, the equilibrium 
impurity concentrations are preserved. At 300 K, the compensating 
donor is fully ionized. Yet, the ionized acceptor concentration is deter
mined by the activation energy (EA), expressed by 

[Mg−
Ga] =

[MgGa]

1 + βe−
EF −EA

kB T

, (3)  

where β = 4 is the valence-band degeneracy. Fig. 4(b) estimates the hole 
concentrations and the Fermi levels as a function of Mg concentration at 
300 K. When juxtaposed to Fig. 4(a), the maximum hole concentration is 
3.7 times larger in zb- than wz-GaN due to the smaller activation energy 
of Mg-doped zb-GaN. However, once the maximum hole concentration 
is reached, the surplus Mg dopants favor the interstitial site and even
tually drown the hole concentrations. In this state, the hole concentra
tion of Mg-doped zb-GaN is more than an order higher than Mg-doped 
wz-GaN. The lowest Fermi levels in Mg-doped wz- and zb-GaN are 252 
and 215 meV, which coincide with the measured activation energies, 
respectively. Indeed, if the self-compensation effect is neglected, the 
Fermi level of degenerately-doped GaN positions close to its activation 
energy. It is practicable that the extraction of activation energies does 
not have the self-compensation effect considered. It can be evidenced by 
the fact that the Fermi level still pins at 215 meV even though the much 
smaller activation energy of 153 meV is procured in Mg-doped zb-GaN. 
The results suggest the significance of self-compensation effects that 
must be accounted for in experimental extractions. 

It is worth noting that the qualitative analysis is carried out for 
several reasons. First of all, calculating absolute hole concentration 
necessitates the consideration of nitrogen vacancy, which not only 
compensates acceptors but competes with Mgi. Consequently, the pro
liferation of Mgi occurs at a much higher Mg concentration of 1019 cm−3 

rather than 1017 −3 observed in our case. Second, the self-consistent bulk 
calculations would bring the Fermi level closer to VBM promoting the 
self-compensation effect. Third, the surface band bending resulting from 
Mg incorporation, on the contrary, would push the Fermi level away 

from VBM. Howbeit, according to the nonequilibrium model,[8] which 
enables compensating donors selectively, the neglected effects shift the 
threshold concentration effectively. Therefore, it is expected that the 
qualitative behavior is less dependent on the neglected effects. 

4. Conclusion 

The formation, activation, and self-compensation of donors (Si and 
Ge) and acceptors (C, Be, and Mg) in wz- and zb-GaN are investigated by 
first–principles calculations. For n-type doping, Si and Ge are shallow 
donors in both wz- and zb-GaN with low activation energies (<30 meV). 
For p-type doping, the activation energies of C and Be in zb-GaN are 490 
and 134 meV compared to 590 and 205 meV found in wz-GaN, 
respectively. Neither C nor Be is an excellent acceptor in both wz- and 
zb-GaN as the former suffers from a large activation energy and the 
latter is subject to a strong self-compensation effect. Bei is energetically 
much abundant in zb- than wz-GaN because of the small atomic size and 
the coherence of the symmetricity between the s-orbitals and the 
interstitial site. The activation energy of 153 meV is procured for Mg- 
doped zb-GaN, which is smaller than 226 meV in Mg-doped wz-GaN. 
Through the vibrational analysis, Mgi formation is less favorable in zb- 
than wz-GaN because of the large vibrational entropy difference, which 
is inconsequential for the impurities residing on Ga sites due to the same 
tetrahedral symmetricity. The importance of self-compensation during 
the extraction of activation energies has been evidenced. zb-GaN 
featuring a higher crystal symmetry has the potential to mitigate the 
self-compensation and realize a fourfold higher hole concentration. 
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