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Abstract

A first-principle quasiparticle theory in the GW approximation is used to compute valence and conduction band offsets, VBO

and CBO, respectively, for hexagonal and cubic AlN–GaN interfaces. We find type I band offsets that depend on the in-plane

lattice constant of the heterostructure, ranging from VBO ¼ 1:3 eV and CBO ¼ 1:5 eV for the in-plane lattice constant of a

6H–SiC (0001) substrate to VBO ¼ 0:8 eV and CBO ¼ 1:8 eV for the in-plane lattice constant of a GaN (0001) substrate. This

sensitivity may explain the range of experimental results for systems whose in-plane lattice constants could not be directly

measured. q 2002 Published by Elsevier Science Ltd.
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Group III nitride (InN, GaN, AlN) heterostructures are

promising candidates for the fabrication of UV/visible

optoelectronics and high-frequency devices. [1–3] The

quality and properties of such nitride heterojunction devices

directly depend on the values of the conduction and valence

band offsets, the subject of considerable experimental [4–6]

and theoretical [7–10] activity. Experimentally, the elec-

trical and optical properties of heterostructures prepared and

deposited by different techniques are quite different, and the

corresponding values reported for VBO range from 0.5 eV

[4] to 1.4 eV [6]. Theoretically, the properties of the

wurtzite structure interfaces are more challenging to

calculate, since they are influenced both by strain-induced

and spontaneous polarization [10].

This paper presents a detailed study of AlN–GaN

interfaces, in both the zincblende and wurtzite structures.

The many body effects, included in the calculation in the

GW approximation (GWA) [11,12], account for a few eV

correction over the corresponding LDA band edge energies.

Fig. 1 shows our main results: the conduction and valence

band offsets strongly depend on the in-plane lattice constant

of the growth substrate. Fig. 1 also shows that the choice of

Ga pseudopotential is crucial for the accuracy of this study:

including Ga’s n ¼ 3 valence shell in the calculation is

necessary to determine the offsets.

We determine the valence band offset VBO by dividing

it in two terms: [13–15] (1) the difference between the

valence band edge energies in the two bulk materials,

DEVBM, each edge being referred to the average bulk

electrostatic potential, and (2) the step DV in the

macroscopic average of the electrostatic potential across

the interface

VBO ¼ DEVBM þ DV : ð1Þ

The conduction band offset CBO is obtained by adding the

computed band gap of each material.

1. Interface potential step

LDA accurately determines ground state properties; thus

a self-consistent calculation of the electronic charge density

at the interface yields the potential step DV. We study four

supercell orientations, wurtzite (0001) and zincblende (001),

(110) and (111), at in-plane lattice constants simulating

AlN, GaN and 6H–SiC substrates, and at the in-plane

lattice constant equal to the average of AlN and GaN lattice

constants. An interface orientation and in-plane lattice
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constant define specific unit cell geometry. Within such a

unit cell, the atomic positions are relaxed so that the atomic

forces are less than 0.001 hartree/Bohr. The perpendicular

(out-of-plane) lattice constant is determined by minimizing

the total energy.

Fig. 2 shows the polar feature of the wurtzite AlN–GaN

(0001) superlattice: the asymmetric interface charge distri-

bution generates ‘uniform’ electric fields in the bulk of the

two materials, away from the interface regions. In Fig. 2, the

charge density at the AlN–GaN (0001) interface is

decomposed into interface dipole and monopole; the

interface dipole determines DV, while the interface mono-

pole determines the electric fields in the bulk-like regions

[10].

Table 1 shows the sensitivity of the potential step DV at

the wurtzite (0001) interface to the in-plane lattice constant.

The charge transfer at the interface depends strongly on the

interface strain: a 3% change in lattice constant produces

approximately a 0.3 eV variation of the potential step1.

2. Bulk AlN and GaN band structures

Within the past decade, the GWA has been established

[16] as the standard method for calculating quasiparticle

band structures. Unlike LDA, GWA correctly describes

excitation energies in semiconductors and insulators. The

behavior of the quasiparticle wave function Cnk and energy

Enk is governed by the quasiparticle equation

2
1

2
72 þ VH þ Vext

� �
CnkðrÞ þ

ð
Sðr; r0;EnkÞCnkðrÞ

¼ EnkCnkðrÞ: ð2Þ

The central object of this equation is the quasiparticle self-

energy S, a non-Hermitian, energy-dependent, non-local

operator that describes exchange and correlation effects

beyond the Hartree approximation. In GWA, S is expressed

as the convolution of the dressed Green function G and the

dynamically screened interaction W

Sðr; r0;EÞ ¼
i

2p

ð
dvGðr; r0;E 2 vÞWðr; r0;vÞ: ð3Þ

In practice, the operator G is constructed from LDA

wavefunctions, and W is evaluated by the random phase

approximation [11,12] and a plasmon-pole model [17] to

include the dynamics of screening. The difference between

the self-energy operator and the LDA exchange-correlation

potential Vxc constitutes a perturbation operator whose

diagonal matrix elements are the quasiparticle corrections to

Fig. 1. Calculated (0001) AlN–GaN valence and conduction band

offsets (solid triangles and circles, respectively), and experimental

data (solid squares) from Ref. [4] ðVBO ¼ 0:5 eVÞ; Ref. [5]

ðVBO ¼ 0:8 eVÞ; and Ref. [6] ðVBO ¼ 1:36 eVÞ: Results of

calculations using a simpler Ga pseudopotential, including only n ¼

4 states, typically differ by 0.3–0.4 eV from those explicitly treating

the n ¼ 3 states as well (valence band offset—empty triangles,

conduction band offset—empty circles). The band offsets depend

strongly on the in-plane lattice constant; a 3% variation of the

substrate lattice constant changes the offsets by 0.5 eV. This may

explain the range of the available experimental results, since it may

be difficult to accurately monitor the in-plane lattice constant of the

heterostructure interface. Since the effective in-plane lattice

constants at the experimental interfaces could not be directly

measured [4–6] in this figure we have assigned them, for simplicity,

the AlN in-plane lattice constant.

Table 1

Calculated band gaps, potential steps, and band offsets between

GaN and AlN in wurtzite (0001) superlattices, along with measured

valence band offsets. All energies are in eV. The dependence of the

potential step on the lattice constant of the underlying substrate is

primarily responsible for the variation in band offsets. Since the

effective in-plane lattice constants at the experimental interfaces are

not known, in this table we have assigned them, for simplicity, the

AlN in-plane lattice constant

Wurtzite (0001)

Substrate 6H–SiC AlN GaN

Lattice const. a0 (Å) 3.08 3.11 3.15 3.19

GWA calculations

GaN band gap 3.30 3.29 3.22 3.13

AlN band gap 6.10 6.08 5.91 5.71

Potential step 0.93 0.91 0.76 0.60

VBO 1.30 1.27 1.07 0.80

CBO 1.50 1.52 1.62 1.78

Experiments

VBOa 0.5 ^ 0.2

VBOb 0.8 ^ 0.3

VBOc 1.36 ^ 0.07

a From Ref. [4].
b From Ref. [5].
c From Ref. [6].

1 The potential step is, of course, not a well defined quantity, as it

depends on the choice of atomic pseudopotentials. However, for a

given choice, the variation of the potential step with the in-plane

lattice constant results in a variation of the band offsets.
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the LDA band structure

Enk ¼ ELDA
nk þ kn; klS2 Vxcln; kl: ð4Þ

In AlN and GaN, the quasiparticle corrections are sizeable,

shifting the positions of the valence band maxima with

respect to the average electrostatic potential, and opening up

the band gaps. As the quasiparticle shifts are not identical in

the two materials, the band offsets change from their LDA

values. The unstrained bulk AlN band gap is corrected from

4.12 eV in LDA to 6.08 eV in GWA, while the unstrained

GaN band gap changes from 2.10 eV in LDA to 3.13 eV in

GWA. Table 1 shows the calculated AlN and GaN band

gaps for the four different in-plane lattice constants

considered.

The choice of Ga pseudopotential affects the GaN bulk

band gaps. Since Ga has localized d states, an accurate

description of these states by GWA is possible only if Ga

core 3s and 3p electrons are included in the calculation [18].

Including only the semicore Ga 3d states yields a non-

diagonal perturbation matrix ðS2 VxcÞmn: Thus the deter-

mination of quasiparticle energies using Eq. (4) is not

possible, as the LDA wavefunctions C LDA disagree with

the quasiparticle wave functions C GWA. The same non-

diagonality effect has been observed for CdS [18] and ZnS

[19], which also have complete semicore d shells.

Furthermore, the band gaps and the energies of the semicore

d electrons deviate from experiment by as much as 3 eV.

The consistent approximation to obtain the correct quasi-

particle band structure is to use a Ga pseudopotential with

the entire Ga n ¼ 3 electronic shell. Although the LDA

results (charge density, lattice constant) are unchanged, the

GWA perturbation matrix becomes diagonal in the new

basis set. The band gaps and the energies of the d states are

now in good agreement with experiment.

3. Technical details

For LDA calculations we use Troullier–Martins pseudo-

potentials [20,21] in the Kleinman–Bylander form [22–24],

and the core states are taken into account by using non-

linear core corrections. The LDA correlation potentials use

the Perdew–Zunger parameterization [25] of the Ceperley–

Alder quantum Monte Carlo data [26]. We choose energy

cut-offs of 25 or 35 Hartrees, where the Ga n ¼ 3 electrons

are treated as core and valence states, respectively. For

AlN–GaN supercells we chose Monkhorst–Pack k-point

meshes [27] with up to nine special k-points in the

irreducible Brillouin zone. For most calculations, however,

three or four special k-points prove to be sufficient for a very

good convergence of the ground state charge density. In

these cases, the LDA eigenvalues are within 10 meV of

those produced by denser nine special k-point meshes.

The GWA calculations for bulk AlN and GaN are carried

out at the relaxed LDA lattice constants. We use the

equivalent of 10 special k-points in the irreducible Brillouin

zone to determine the ground state density, the dielectric

matrix, and the self-energy corrections. We keep 200

conduction bands in the determination of the dielectric

matrix, and a reciprocal space cut-off of 5.0 a.u. The energy

dependence of the dielectric matrix is approximated by the

Engel–Farid plasmon pole model [17]. The number of

plasmon pole bands summed for the determination of the

self-energy is 150. All these parameters have been checked

for convergence, and produce an overall convergence error

of less than 50 meV [28]. Self-energy corrections are

determined in first-order perturbation theory, without

updating the energies in the Green function. This standard

approach works well in practical applications, and generally

leads to good agreement with experiment for quasiparticle

energies [16].

4. Results

Tables 1 and 2, and Fig. 1 summarize our results. In Fig.

1, the valence band offset decrease with the lattice constant

is mainly due to the decrease in the potential step in Table 1,

arising from the strain-induced variation of the electronic

charge density. The conduction band offset increase with the

lattice constant is also mostly due to the same potential step

variation. Any additional change in the conduction band

offset is due to the larger decrease of AlN band gap,

compared to GaN band gap, with respect to the in-plane

lattice constant. The dependence of the offsets on the lattice

constant of the substrate may explain the large experimental

discrepancies. For example, the valence band offset varies

Fig. 2. Charge density and electrostatic potential in the (0001) AlN–

GaN superlattice. The charge density is divided into its dipole and

monopole components; [10] the dipole component produces the

interface potential step, determining the conduction and valence

band offsets. The monopole component determines the net electric

field inside each bulk region.
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from 0.8 eV for a GaN substrate to 1.3 eV for a 6H–SiC

(0001) substrate. This is roughly the same range of values as

that of experimental results. Possibly the range of

experimental results can be attributed to different growth

conditions [4] and, hence, different in plane lattice

constants.

Many-body effects are significant: our LDA valence

band offsets are typically 0.2–0.4 eV lower than those

obtained by GWA, in Tables 1 and 2. They are in good

agreement with LDA numbers reported by other groups

[7–10]. Also, since GWA allows the determination of AlN

and GaN band gaps, we can additionally report first

principles conduction band offsets. Table 2 shows that, for

the zincblende crystal structure, the band offsets depend

very weakly on the interface orientation. The difference in

band offsets between zincblende (001), (110), and (111)

interfaces is less than 0.1 eV. Furthermore, the crystal field

splitting of the valence band top is rather small, of the order

of 10 meV.

5. Conclusion

This paper presents a GWA calculation of band offsets in

AlN–GaN, including important effects of interface strain,

polarization fields, and Ga core states. We report significant

trends, such as the dependence of the valence and

conduction band offsets on the in-plane lattice constant, as

well as on the choice of Ga pseudopotential used. We

confirm that large macroscopic polarization fields exist in

the bulk regions of the polar (0001) superlattice, and a

charge density decomposition in monopole and dipole terms

is necessary in order to determine the electrostatic potential

step DV. We find that the variation of DV with the in-plane

lattice constant is the determining factor in the variation of

the band offsets and we explain the discrepancies between

the available experimental results by differences in the in-

plane lattice constants of those AlN–GaN heterostructures.
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Table 2

Calculated valence and conduction band offsets between GaN and

AlN in zincblende (001), (110) and (111) superlattices as a function

of in-plane lattice constant a0. All energies are in eV. No

experimental data is available for comparison. Note the weak

dependence of the offsets on the interface orientation

Substrate AlN GaN

Lattice const. a0 (Å) 4.38 4.44 4.50

Zincblende (001)

VBO 1.02 0.92 0.76

CBO 0.68 0.70 0.78

Zincblende (110)

VBO 1.06 0.95 0.81

CBO 0.64 0.67 0.73

Zincblende (111)

VBO 1.08 0.95 0.80

CBO 0.62 0.67 0.74
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