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ABSTRACT  

The band structures of wurtzite and zincblende III-nitrides are aligned by the electron affinities and the band gaps 
calculated using a unified hybrid density-functional theory. Based on the Anderson’s electron-affinity rule, the conduction 
(and valence) band offsets of 1.60 (1.15), 2.47 (0.30), and 4.07 (1.45) eV have been extracted for wurtzite GaN/InN, 
AlN/GaN, and AlN/InN interfaces, where the conduction (and valence) band offsets of 1.85 (0.89), 1.32 (0.43), and 3.17 
(1.32) eV have been procured for zincblende GaN/InN, AlN/GaN, and AlN/InN interfaces, respectively. The valence band 
edges of both wurtzite and zincblende ternary III-nitrides could be linearly interpolated because the dominant anion 
compositions at the valence band maximum have a weak dependence on the cation mole fractions. Contrarily, the large 
bowings on the conduction band edges are attributed to the cation-like nature. Both wurtzite and zincblende AlGaN 
behaves differently from InGaN and AlInN because (1) the conduction band edges at Γ-valley are composed of anion 
orbitals, which account for the linear relationship between the conduction band edges and the cation mole fractions, and 
(2) the conduction band edges of zincblende AlxGa1-xN shift from Γ- to X-valley when x > 0.65, which results in an anion-
to-cation transition and leads to a large conduction-band-edge bowing. 
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1. INTRODUCTION  
The advent of modern solid-state lighting and wireless communications is attributed to the development of III-nitrides. 
For example, InGaN with a band gap of 0.7–3.5 eV is commercially devised into blue light-emitting diodes (LEDs), white 
LEDs, and blue laser diodes that drive the demands for the next-generation micro/holo displays, optical data transmission, 
and visible light communications.1  AlGaN with a band gap of 3.5–6.3 eV has been devised into ultraviolet (UV) LEDs 
and high-electron-mobility transistors (HEMTs) that fulfill the urgent needs for rapid sterilization during COVID-19 
pandemic and 5G wireless communications. Apart from the essential materials for active layers, more components are 
needed to maintain the efficiency and functionality of the devices. For the bipolar devices, large oscillation strength 
requires quantum well structures to improve the overlap between electron and hole spatial distributions. In contrast, for 
the ambipolar devices, the formation of two-dimensional electron gas for high-speed operations necessitates a 
heterostructure formed by adding a barrier layer, such as AlGaN or AlN. These devices are made of wurtzite-phase (wz-) 
III-nitrides growing along the [0001] direction due to their stability and low defectivity. However, the inherent spontaneous 
and piezoelectric polarizations plague the radiative efficiency and the practicability for broad-spectrum applications. For 
instance, the internal quantum efficiency (IQE) of blue and red LEDs is fourfold of incumbent green-yellow LEDs. The 
engineering problem is known as the “Green Gap.” Likewise, the polarizations are the culprit that leads to normally-on 
conditions of HEMTs. A novel solution should feature the same benefits without suffering from the spontaneous and 
piezoelectric polarizations. 

Fortunately, III-nitrides can also crystalize in a zincblende structure, which is naturally polarization-free along the <100> 
growth direction due to the centrosymmetry of the zincblende crystal structure. In addition to the polarization-free nature, 
zincblende III-nitrides also feature lighter electron and hole effective masses, higher radiative efficiencies, 2 higher hole 
mobilities (less carrier asymmetry),3 smaller p-type activation energies,4 higher optical gains,5 and less In incorporation 
needed for green–yellow emission.6 With all these benefits combined, the preliminary 𝑘 ⋅ 𝑝 simulations prevision the 
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improvements on laser diodes’ optical gain and threshold current.7 Meanwhile, a record high band-to-band internal 
quantum efficiency of 29% in the UV spectrum has been achieved, which is more than twofold of 12% obtained from 
wurtzite III-nitrides.8 Devising zincblende III-nitrides photonics and electronics for a higher efficiency necessitates the use 
of quantum well geometry.  

Given the mainstream research focus, the band alignments, including conduction and valence band offsets, have been 
primarily reported for wurtzite III-nitrides.9–11 The band alignments of zincblende III-nitrides remain either vague or 
unexplored. Specifically, a wide-range valence band offset of 0.25–1.00 eV was predicted for the zincblende AlN/GaN 
interface, while the band offsets of zincblende InN/GaN and AlN/InN are unclear. The large variation may be attributed 
to different approaches used to construct the band structures, such as hybrid density-functional theory,  perturbation theory, 
and tight-binding model, and the energy reference, such as the vacuum level, average electrostatic potentials, charge 
neutrality levels, and branch-point energies.12 It is paramount to use a unified approach for both wurtzite and zincblende 
III-nitrides to increase the simulation reliability. In this work, the natural band alignments of wurtzite and zincblende III-
nitrides are calculated based on the Anderson’s electron-affinity model, where the electric affinities are procured by hybrid 
density-functional theory.13 

2. METHODOLOGY 
The conduction and valence band edges of wurtzite and zincblende III-nitrides are aligned using Anderson’s electron-
affinity model. The electron affinities are calculated by band gaps and average electrostatic potentials obtained from hybrid 
density-functional theory implemented in the Vienna ab initio Simulation Package (VASP).14 Projected-augmented wave 
pseudopotentials delineate Al, Ga, In, and N's ionic potentials with a cut-off kinetic energy of 500 eV. In the following 
calculations, all the atoms and the crystal structures are fully relaxed to their equilibrium geometries where the interatomic 
forces and energy differences are smaller than 0.01 eVÅ–1 and 10–6 eV, respectively. The band gaps and electron affinities 
are calculated separately in the bulk calculation and slab calculations, respectively. In the bulk calculations, a simple 
orthorhombic unit cell containing eight atoms with the lattice vector 𝑐 parallel to (101̅0) is used to construct wurtzite III-
nitrides, where a simple conventional cell containing eight atoms with the lattice vector 𝑐 parallel to (110) is used to build 

 

Fig. 1. The electron affinity of wurtzite GaN as a function of the number of atomic layers. 

 

Proc. of SPIE Vol. 11686  116862C-2
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 30 Apr 2022
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



 

 
 

 

zincblende III-nitrides. The first Brillouin zones of the former and the latter geometries are sampled by 6 × 4 × 4 and 5 × 
5 × 5 Monkhorst-Pack sets centered at the Γ point, respectively. Ground-state energies are commonly studied by local or 
semi-local functionals, such as local-density approximation (LDA) and generalized-gradient approximation (GGA). 
However, band gaps and electron affinities are related to the excited states, which are underestimated using LDA and 
GGA.15,16 Therefore, a hybrid functional–Heyd-Scuseria-Ernzerhof (HSE06)–is exploited to improve the accuracy of 
excited states by mixing Perdew-Becke-Ernzerhof (PBE), one type of GGA, exchange-correlation energy with Hartree-
Fock exchange energy. The experimentally measured band gaps of wurtzite AlN, GaN, and InN are used to calibrate the 
mixing parameters. Table I tabulates the band gap of wurtzite and zincblende binary III-nitrides for 𝛼 = 0.25, 0.30, 0.35, 
and the optimal mixing parameter (𝛼𝑜𝑝𝑡). It shows that the band gaps vary linearly with respect to the increased 𝛼, therefore 
𝛼𝑜𝑝𝑡 is determined by linear interpolation so that the calculated band gap is identical to the experimental band gap. The 
𝛼𝑜𝑝𝑡 of wurtzite AlN, GaN, and InN are calibrated to be 0.341, 0.302, and 0.271, respectively. Likewise, the 𝛼𝑜𝑝𝑡 of ternary 
III-nitrides (AlxGayIn1-x-yN) are linearly interpolated using the 𝛼𝑜𝑝𝑡 of wurtzite AlN, GaN, and InN, formulated by 

𝛼𝑜𝑝𝑡(Al𝑥Ga𝑦In1−𝑥−𝑦N) = 0.341 ⋅ 𝑥 + 0.302 ⋅ 𝑦 + 0.271 ⋅ (1 − 𝑥 − 𝑦), 

where x and y are the Al and Ga mole fractions, respectively. It should be noted that the 𝛼𝑜𝑝𝑡 obtained using the measured 
band gaps of wurtzite III-nitrides are directly applied to zincblende III-nitrides. The purpose is to validate the method's 
accuracy while maintaining a unified approach that works for both wurtzite and zincblende III-nitrides. In the slab 
calculations, slabs of wurtzite and zincblende atomic structures are constructed to extract the vacuum energies relative to 
the average electrostatic potentials. By aligning the average electrostatic potentials obtained from the bulk calculations 
and the slab calculations, the energy difference between the vacuum energy and the conduction band minimum defined as 
electron affinity can be attained. The relationship is expressed by  

𝜒 = (𝐸𝑣𝑎𝑐 − �̿�𝑠𝑙𝑎𝑏) − (𝐸𝑔 + 𝑉𝐵𝑀 − �̿�𝑏𝑢𝑙𝑘), 

where 𝐸𝑔, 𝑉𝐵𝑀, and �̿�𝑏𝑢𝑙𝑘  are the band gap, the valence band maximum, and the average electrostatic potential energy 
obtained in the bulk calculations, while 𝐸𝑣𝑎𝑐 and �̿�𝑠𝑙𝑎𝑏  are the vacuum energy and the average electrostatic potential energy 
obtained from the slab calculations, respectively. To ensure the accuracy of vacuum energy, a fixed vacuum space of 18Å 
is reserved for separating the slab from its periodic images in the [101̅0] and [110] directions for wurtzite and zincblende 
slabs, respectively. To ensure average electrostatic potential accuracy, both the wurtzite and zincblende slabs have a 
thickness of 12 atomic layers generated from the converged bulk structures. Fig. 1 shows the electron affinity of wurtzite 
GaN as a function of the atomic layers applied during the slab construction. The result shows that 12 atomic layers are 
thick enough to reproduce the bulk-like potential distribution at the center of slab. 

3. RESULTS AND DISCUSSION 
Figure 2(a) shows the conduction (Ec) and valence (Ev) band edges of wurtzite binary and ternary III-nitrides spanning 
from InN, GaN, AlN back to InN. The conduction band edges are linked by the black solid line, where the valence band 
edges are linked by the red dashed line. All the energies are shifted relative to the valence band edge of wurtzite GaN for 
convenience. Two distinct band edges evolve for each ternary wurtzite III-nitrides with 25% and 75% mole fractions. This 

Table I. Band gap of wurtzite and zincblende binary III-nitrides calculated with different Hartree-Fock mixing parameters 

(α). The experimental band gaps are extracted from Ref. 18 unless stated otherwise.  

Alloy 𝑬𝒈(𝜶 = 𝟎. 𝟐𝟓) 𝑬𝒈(𝜶 = 𝟎. 𝟑𝟎) 𝑬𝒈(𝜶 = 𝟎. 𝟑𝟓) 𝜶𝒐𝒑𝒕 𝑬𝒈(𝜶 = 𝜶𝒐𝒑𝒕) 𝑬𝒈
𝒆𝒙𝒑 

Wurtzite AlN 5.672 6.002 6.340 0.341 6.284 6.250 
Wurtzite GaN 3.178 3.495 3.831 0.302 3.516 3.510 
Wurtzite InN 0.680 0.922 1.167 0.271 0.773 0.780 

Zincblende AlN 4.578 4.841 5.110 0.341 5.060 5.04019, 5.340 
Zincblende GaN 2.977 3.291 3.619 0.302 3.307 3.299 
Zincblende InN 0.476 0.731 0.956 0.271 0.564 0.56020 
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is because the electron affinity depends on the surface atomic arrangements, the surface stoichiometries, and the surface 
dipole moments. The crystal structure of wurtzite III-nitrides has two bases. Therefore, two different surface geometries 
can be built in the slab calculations, as illustrated in Fig. 2(b) and (c). One type of the surface geometries, defined as type-
I cation arrangement shown in Fig. 2(b), has Al-N or In-N bonds parallel to the (101̅0) plane and directly exposes to the 
vacuum space. The other surface geometry, defined as type-II cation arrangement shown in Fig. 2(c), has Al-N or In-N 
bonds parallel to the (101̅0) plane, but the bonds do not directly expose to the vacuum space. When the cations are 
distributed uniformly, the two different surface stoichiometries result in identical and symmetric electron affinities, such 
as the wurtzite III-nitrides with 0%, 50%, and 100% mole fractions. In contrast, the surface stoichiometries are asymmetric 
between the type-I and the type-II cation arrangements for the wurtzite III-nitrides with 25% and 75% mole fractions. The 
variations in the electron affinities resulting from the surface stoichiometries are captured and found to have impacts on 
the conduction and valence band edges.  

The wurtzite III-nitrides have type-I band alignments, where the band-edge differences in conduction and valence bands 
between arbitrary two alloys are the natural conduction and valence band offsets. In Fig. 2(a), the conduction (and valence) 
band offsets of wurtzite GaN/InN, AlN/GaN, and AlN/InN interfaces are 1.60 (1.15), 2.47 (0.30), and 4.07 (1.45) eV, 
leading to the ratios of conduction band offsets to band gap differences of 0.58, 0.89, and 0.74, respectively. The probed 
valence band offset of the wurtzite GaN/InN interface is 1.05 ± 0.25 eV,9 which is consistent with the calculation of 1.15 
eV. For the wurtzite AlN/GaN interface, the calculated valence band offset of 0.30 eV agrees closely with the X-ray 
photoemission spectroscopy measurement of 0.3 ± 0.1 eV.10 Likewise, the reported valence band offset of wurtzite 
AlN/InN is 1.4 ± 0.1 eV,11 which agrees with the simulation of 1.45 eV. The uncertainties in the experiments and the 
deviation between the experimental and the calculated values are attributed to (1) the overlook of defects, strains, and their 
impacts on surface polarity and (2) the chemical potency of reference core-levels assumed in the experiments.  

By applying the same methodology, the conduction and valence band edges of zincblende III-nitrides are predicted and 
shown in Fig. 3, where the former is linked by the black line and the latter is linked by the red dashed line. The conduction 
and valence band edges are shifted relative to the valence band edge of zincblende GaN. It is worth noting that zincblende 

 
Fig. 2. (a) Conduction and valence band edges of binary and ternary wurtzite III-nitrides. The energies are shifted relative 
to the valence band maximum of wurtzite GaN. (b) and (c) illustrate the type-I and the type-II cation arrangements, 
respectively.  
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Al0.75Ga0.25N and AlN are indirect-gap compounds, where the conduction band minima locate at X-valley. Using linear 
interpolation, the direct-to-indirect crossover point of zincblende Al0.65Ga0.35N is identified when the conduction band 
minimum at Γ-valley has the same energy as that of X-valley. The crossover at 65% Al mole fraction is close to that of 
70% Al mole fraction derived from the early calculation based on the  LDA-1/2 approach.6 The blue-star symbols represent 
the conduction band edge at Γ-valley for zincblende Al0.75Ga0.25N and AlN. The conduction and valence band offsets of 
zincblende GaN/InN , AlN/GaN, and AlN/InN interfaces are 1.85 (0.89), 1.32 (0.43), and 3.17 (1.32) eV, leading to the 
ratios of conduction band offsets to band gap differences of 0.68, 0.75, and 0.71, respectively. Given that the study of 
zincblende III-nitrides is still in a primitive stage, only the band offsets of the zincblende AlN/GaN interface have been 
measured experimentally. The conduction and valence band offsets of 1.4 ± 0.1 and 0.5 ± 0.1 eV are extracted from the 
intersubband transition energies of the zincblende AlN/GaN interface. The ratio between the conduction band offset and 
the band gap difference is 0.74 ± 0.05.17  The conduction and valence band offsets of 1.22 and 0.42 eV had been predicted 
by fixing 𝛼 = 0.25 for both zincblende AlN and GaN.17 Although the valence band offset is close to the measurement 
because the valence band edge is a weak function of the mixing parameter, the conduction band offset significantly deviates 
from the measurement by more than 0.2 eV because the band gaps of AlN and GaN are underestimated. This evidences 
that the mixing parameters should be treated dynamically to procure accurate band gaps and conduction band offsets.  

For the ternary III-nitrides, the valence band edges scale linearly with respect to the mole fractions of cations. By analyzing 
the element-projected electronic structures of wurtzite and zincblende binary III-nitrides, it is found that the valence band 
edges of III-nitrides are composed mainly of anion orbitals, which are less sensitive to the group-III alloying. Large 
bowings on the conduction band edges of wurtzite AlInN and InGaN are observed. These can be attributed to a cation-like 
character at the conduction band edges. However, the conduction band edge of wurtzite AlGaN scales linearly because the 
conduction band edge of wurtzite AlN at Γ-valley keeps an anion-like behavior. Given the similar orbital compositions, 
the conduction band edges of zincblende ternary III-nitrides evolve similarly with that of wurtzite counterparts, except for 
zincblende Al0.75Ga0.25N and AlN. The conduction band minimum of zincblende AlGaN shifts from Γ-valley to X-valley 
when the Al mole fraction is larger than 0.65. When juxtaposed to the anion-like nature of Γ-valley, X-valley has a strong 
cation-like character. Such anion-to-cation transition accounts for the large bowing at the conduction band minima of 

 
 
Fig. 3. Conduction and valence band edges of binary and ternary zincblende III-nitrides. The energies are shifted relative 
to the valence band maximum of zincblende GaN. 
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zincblende AlxGa1-xN with x > 0.65. The linear relationship is retained for the conduction band edges at the Γ-valley of 
zincblende AlGaN with arbitrary mole fractions.  

4. CONCLUSION 
In conclusion, the band diagrams of wurtzite and zincblende III-nitrides are aligned by the electron affinities and the band 
gaps procured from a unified hybrid density-functional theory. The natural conduction and valence band offsets are 
extracted from the band-edge differences. The conduction (and valence) band offsets of wurtzite GaN/InN, AlN/GaN, and 
AlN/InN interfaces are 1.60 (1.15), 2.47 (0.30), and 4.07 (1.45) eV, where the conduction (and valence) band offsets of 
zincblende GaN/InN, AlN/GaN, and AlN/InN interfaces are 1.85 (0.89), 1.32 (0.43), and 3.17 (1.32) eV, respectively. For 
the ternary III-nitrides in general, the linear dependence between the valence band edges and the cation mole fractions is 
attributed to the anion-like valence band maximum, while the large bowings of the conduction band edges are ascribed to 
the cation-like conduction band minimum. Special attention has been put on AlGaN since the conduction band edges of 
wurtzite and zincblende AlGaN at Γ-valley are mainly composed of anion orbitals, implying a linear dependence between 
the conduction band edges and the cation mole fractions. The large bowings of the conduction band edges of zincblende 
AlxGa1-xN with x > 0.65 are a result of anion-to-cation transition, where the conduction band minimum shifts from Γ-valley 
to X-valley. 
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