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The electronic structure of the a-boron-nitride phase of ZnO has been studied using hybrid

functionals as well as local density approximation with Hubbard U (LDAþU) calculations. An

The wide bandgap semiconductor zinc-oxide (ZnO) has

been studied since the beginning of semiconductor technol-

ogy. In contrast to gallium-nitride (GaN), which is another

wide bandgap semiconductor that has become popular in the

optoelectronics industry, ZnO has received less attention.

Part of the reason for this has been the large quantity of

intrinsic defects in the material, the source being a topic of

intense theoretical activity.1 Recently, there has been consid-

erable progress in controlling the concentration of defects,

making it a viable option for the optoelectronics industry.

The inability to make it p-type2 has limited its use in other

applications such as light emitting diodes and lasers. It has

some advantages over GaN among which are the availability

of fairly high-quality bulk single crystals and a large exciton

binding energy of 60 meV. It also has a much simpler

crystal-growth technology, resulting in a potentially lower

cost for devices.

ZnO is usually found to occur in the wurtzite phase with

lattice parameters3 equal to a¼ 3.25 Å and c¼ 5.21 Å. This

translates into Zn–O bondlengths of 1.98 Å. The bandgap is

found to be a direct one and in the range of 3.2–3.4 eV.4,5 In

addition to the commonly observed wurtzite phase, one finds a

transformation into the rock salt structure at values of pres-

sure above 9.6 GPa.6 This was the only other polymorph

known till recently. Thin films of ZnO grown on various sub-

strates were found to favor the c-axis direction of growth

even if there was no bias towards a particular growth direc-

tion.7 This was found to be surprising as this corresponded to

a polar surface being favored which should be disfavored

from total energy considerations. Similar observations have

been made for other ionic materials7,8 and few monolayers

of semiconductors grown on various substrates9 as well as

nanostructures of semiconductors under strain.10 A possible

origin for this was pointed out to be a surface reconstruction

that takes place, which results in a transformation into a gra-

phitic phase that eliminates the dipole moment.8,11 Recent

experimental work by Pueyo et al.12 has shown that even in

the bulk limit, a metastable phase of ZnO can exist in the

graphitic structure. This is in agreement with local density

approximation with Hubbard U (LDAþU) based calcula-

tions, which predict the structure to be stable.13 The structure

seems to be identical to the layered ZnO (LY) structure that

has been observed earlier at the surface of various semicon-

ductor films7 except for the inter-plane distance.

While the earlier work examined the issue of structural

stability, in this work, we go on to examine the electronic

structure of this unusual polymorph of ZnO using both

LDAþU calculations as well as hybrid functional,

HSE0618-based calculations. The latter are predicted to

give good estimates for the bandgap of semiconductors. In

the present case, the HSE06 calculations for the experimen-

tal structure give us a bandgap of 3.54 eV, which is very

close to the experimental value.12 The valence band maxi-

mum is found to occur at H point, which is analogous to the

K point in the Brillouin zone of graphene. The conduction

band minimum is at C, thereby resulting in an indirect

bandgap for this structure of ZnO. Examining the micro-

scopic origin of the interactions that led to the indirect

bandgap, we propose a route to tune the bandgap from an

indirect one to a direct one. A comparison is made with the

band structure from LDAþU calculations. A U value of

8 eV is needed on the Zn d-states to get the position of the

Zn d-states to match with experiments.14 This is consistent

with the estimate obtained for a similar comparison in wurt-

zite ZnO.15

In the present work, we have carried out first principle

electronic structure calculations within a plane wave pseudo-

potential implementation of density functional theory in

Vienna ab-initio simulation package (VASP).16 Projected aug-

mented wave (PAW)17 calculations were performed using

LDAþU potentials as well as HSE0618 for the exchange cor-

relation part. A k–points mesh of 6� 6� 6 points were used

for the total energy calculations and 12� 12� 12 k–points

were used for the density of states calculations. In contrast to

the hybrid functional results using HSE06, we also use

LDAþU method,19 which is computationally less expensive.

The U is on the Zn d–states and has been varied.

In Table I, the cohesive energies of a-boron-nitride (a-BN)

ZnO and wurtzite ZnO are compared within hybrid function-

als. The corresponding energies calculated using LDA as

well as LDAþU exchange correlations functionals are also

provided for comparison. Considering wurtzite ZnO, one

indirect bandgap of 3.54 eV has been found in hybrid functional calculations, which transforms to a

direct bandgap under uniaxial strain in the c-direction. This behavior also explains the observation of

a direct bandgap at the monolayer limit. Similar trends are obtained from LDAþU calculations, and

a U value of 8 eV is required to get agreement with experiment for the position of the Zn d-states.

Hybrid functional calculations are found to underestimate the position of the Zn d-states in the

valence band.
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finds an increase in the cohesive energy in going from LDA

calculations to those using hybrid functionals. A similar

trend is seen for the two structures of a-BN considered here.

The LDA value for the cohesive energy compares well with

the literature estimate.20 There is a significant reduction in

the computed difference in the cohesive energy between the

wurtzite and the theoretically optimized a-BN structure in

the LDAþU calculations.

The bandgap of semiconductors is usually underesti-

mated in LDA/generalized gradient approximation (GGA)

level calculations. In recent times, hybrid functionals have

emerged successful in providing bandgaps in very good

agreement with experiments.21 As there are no reports of the

electronic structure of ZnO in the a–BN phase, we have plot-

ted the band dispersions along various symmetry directions

in Fig. 1(a). In contrast to the results for the wurtzite phase,

one finds the valence band maximum at H point and the con-

duction band minimum at C. This results in an indirect

bandgap of 3.54 eV, in agreement with the experimentally

observed value of 3.4 eV.12 The point is analogous to the K

point found in the Brillouin zone of graphene,22 and the band

dispersion at the valence band maximum is found to be lin-

ear though it is flat, suggesting important implications for de-

vice physics. The highest energy of the valence band at C is

found to be 0.38 eV lower than the band at H point.

Examining the character of the charge density (shown in

inset (b) of Fig. 1) of the valence band maximum at H point,

one finds that this band arises from the interaction of the pz

orbitals on oxygen with the Zn d orbital with dz2 character.

The highest occupied band at C point on the other hand

arises from the interaction of the px and py orbitals on the ox-

ygen with the dx2�y2 orbital on the Zn as is evident from the

charge density plotted in inset (c) of Fig. 1. The dependence

of the valence band maximum position on the relative

strength of the in-plane and out-of-plane interactions imme-

diately suggests a route to go from an indirect bandgap semi-

conductor to a direct bandgap one. We impose a uniaxial

strain in the c-direction and change the interlayer separation.

This results in a decrease in the bandgap as is shown in

Fig. 2. When the spacing between the layers is increased to

2.0 Å from the value of 1.93 Å that one had for the experi-

mental structure, one finds a transition to a direct bandgap

semiconductor. These results also suggest that at the single

monolayer limit, the graphitic phase of ZnO is a direct

bandgap semiconductor. The decrease in the magnitude of

the bandgap as the interlayer separation is increased is also

puzzling. In the separation limit where the bandgap is indi-

rect, one would have expected the decrease in the interlayer

coupling to lead to an increase in the bandgap as the valence

band maximum is pushed to deeper energies. However, the

magnitude of the bandgap is dominated by the decreased s-p
coupling between the Zn s orbitals and the O p orbitals

belonging to two different layers. This effect leads to the

decrease in bandgap for all the values of interlayer separation

probed here. The different p-d coupling that exists, however,

results in a different rate of change of the bandgap in the two

regimes. This could be an effect which could easily be veri-

fied experimentally and the small changes in interlayer

TABLE I. Calculated cohesive energy (eV) per formula unit using hybrid

functionals, LDA and LDAþU of a-BN and wurtzite phases of ZnO for the

structures taken from the references indicated.

ZnO phase HSE LDA LDAþU, U¼ 8.0 eV

Wurtzitea �10.64

Wurtziteb

a¼ 3.2496Å �11.35 �10.56 �10.48

c¼ 5.2042Å

u¼ 0.3819

a-BNc

a¼ 3.099 �9.29 �8.98 �10.06

c¼ 3.858

a-BNd

a¼ 3.186 �10.15 �9.71 �10.41

c¼ 3.966

aRef. 20.
bRef. 3.
cRef. 12.
dRef. 13.

FIG. 1. (a) The band structure of ZnO in the a-BN phase calculated using

hybrid functionals HSE06 plotted along various symmetry directions. Insets

(b) and (c) show the charge density in real space for the highest occupied

band at H point and C point in the xz plane.

FIG. 2. The variation of the energy gap in HSE06 calculations between the

highest occupied band at C point and the conduction band bottom (C� C)

as well as the highest occupied band at H point and the conduction band bot-

toms (H–C) plotted as a function of interlayer separation.



separation which can induce such changes suggest important

technological applications.

The calculated density of states using hybrid functionals

is shown in Fig. 3 where panel (a) shows the contribution to

the total density of states from the Zn d-states. The lower

panel, (b), shows the O p contribution to the total density of

states. The interesting feature of these results is that the va-

lence band of ZnO does not emerge from only O p-states in

ZnO but has substantial admixture of Zn d-states. There is

however a word of caution here. In the context of wurtzite

ZnO, photoemission experiments, which probe the location

of the Zn d-states in ZnO, exist. These experiments14 find

that the Zn d-states are peaked around 7.4 eV. As the location

of the semi-core Zn d-states are not expected to change too

much between the two phases of ZnO, we consider the same

location for the d-states in the a-BN phase of ZnO also. The

hybrid functional calculations have the Zn d-states peaked

around 5.2 eV, implying an underestimation of around

2.2 eV. So the significant admixture of the Zn d-states in the

valence band of ZnO is because of the incorrect location of

the Zn d-states. So while the hybrid calculations give a rea-

sonable estimate of the bandgap, they fail to get the correct

position of the Zn d-states. This has been discussed earlier in

the context of wurtzite ZnO.23

A computationally cheaper alternative to hybrid func-

tional calculations are LDAþU calculations, with the value

of U chosen to match the density of states within hybrid func-

tional calculations. The Zn d-states contribution to the calcu-

lated density of states is shown in Fig. 4 for U¼ 7 and

U¼ 8 eV. In contrast to the hybrid functional results, we find

significantly reduced admixture of Zn d-states close to the va-

lence band maximum for both U¼ 7 and 8 eV. This suggests

that the value of U that gives similar results as the HSE calcu-

lations is less than 7 eV. The peak in the Zn d density of states

occurs at 6.7 eV for U¼ 7 eV, while at U¼ 8 eV, the peak is

at 7.0 eV. This suggest a value of U equal to 8 eV as being

appropriate for ZnO, to get agreement in the location of the

Zn d-states with experiment. This was also found in an earlier

similar comparison made for the wurtzite phase of ZnO.15

The band dispersion calculated along various symmetry

directions are shown in Fig. 5 for U¼ 8 eV. As in the case of

hybrid functional calculations, one finds an indirect bandgap

here also. The value of the bandgap is found to be 3.0 eV,

smaller than the HSE06 value. In contrast to the band struc-

ture of Fig. 1, we find a less linear dispersion of the band

from the valence band maximum at the H point. Another sig-

nificant difference that we find is the bands in the energy

window 7 to 10 eV below the valence band maxima (VBM).

These are the bands with predominantly Zn d character, and

in the LDAþU calculated band structure one finds them

clearly separated from the bands with primary O p character.

In the hybrid functional calculations shown in Fig. 1, such a

clear demarcation is not found.

We have examined the electronic structure of the a-BN

phase of ZnO using hybrid functionals. The system is pre-

dicted to be an indirect bandgap insulator. Analyzing the

character of the highest band comprising the valence band

at H as well as C, we find that uniaxial strain applied along

the c-direction can take the system from an indirect

bandgap system to a direct bandgap one. In spite of the suc-

cess in predicting the correct bandgap hybrid functional

calculations do not give us the correct position of the semi-

core Zn d-states.

FIG. 3. Projected partial density of states (PDOS) of a-BN ZnO, using

hybrid functionals. The upper panel represents O p and lower panel repre-

sents Zn d-states.

FIG. 4. PDOS of a-BN ZnO, using LDAþU potentials. The upper panel

represents Zn d-states using a U¼ 7.0 eV and lower panel represents Zn d-

states using a U¼ 8.0 eV.

FIG. 5. The band structure of ZnO in the a-BN phase calculated using

LDAþU potentials with U¼ 8 eV plotted along various symmetry directions.
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