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We have derived consistent sets of band parameters (bandgaps, crystal-field splittings, effective

masses, Luttinger, and EP parameters) and strain deformation potentials for MgO, ZnO, and CdO in

the wurtzite phase. To overcome the limitations of density-functional theory in the local-density and

generalized gradient approximations, we employ a hybrid functional as well as exact-exchange-based

quasiparticle energy calculations in the G0W0 approach. We demonstrate that the band and

strain parameters derived in this fashion are in very good agreement with the available experimental

data and provide predictions for all parameters that have not been determined experimentally so far.
VC 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4759107]

Renewed interest in the group-II oxides has triggered

increased research activity into MgO, ZnO, and CdO and

their alloys.1–3 The group-II oxides are similar to their coun-

terparts, the group-III nitrides, but more earth abundant and

are therefore promising candidates for applications as trans-

parent thin-film transistors4 and optoelectronic devices. ZnO

is increasingly being studied on the nanoscale and the growth

of a variety of ZnO nanomaterials5 has been demonstrated.

Due to the low growth temperature, ZnO-based hybrid

organic-inorganic interfaces are now also being explored as

optoelectronic and photovoltaic devices.6 However, unlike

the group-III nitrides or III-V semiconductors not all three

members of the group-II oxide family have the same equilib-

rium crystal structure. While ZnO crystalizes in the wurtzite

phase, MgO and CdO adopt the rocksalt phase. In spite of this

complication wurtzite Zn1�xMgxO and Zn1�xCdxO alloys

with low Mg or Cd concentrations have been grown.7 The

fact that the quantum Hall effect has been observed in a II-VI

oxide system8 demonstrates the quality ZnO=Zn1�xMgxO

interfaces have reached and confirms that oxide electronics is

an emerging field.1,2

To aid heterostructure design and nanostructure model-

ing, essential materials parameters such as band parameters

and deformation potentials are required. However, complete

and accurate sets of parameters are typically difficult to

obtain from experiment alone.9 For the group-II oxides, the

situation is further aggravated by the fact that MgO and CdO

are not stable in the wurtzite structure. Theoretical results

about the electronic properties of wurtzite MgO and CdO are

therefore necessary to obtain properties of Zn1�xMgxO and

Zn1�xCdxO alloys by interpolation. We have therefore set

out to calculate a complete and consistent set of band param-

eters and strain deformation potentials for wurtzite MgO,

ZnO, and CdO that forms important input for device model-

ing and for the interpretation of experimental studies.

Due to the lattice mismatch between oxide epilayers and

substrates, strain can significantly modify the band structure.

The reliable experimental determination of deformation

potentials is difficult, and aggravated by the fact that not all

strain components can be determined accurately or without

further approximations and that the deformation potentials

cannot be isolated from each other, because uniaxial and

biaxial strain cannot be applied separately. Some experimen-

tal results for ZnO have been reported,10,11 but no experi-

mental data are available for MgO and CdO, which are not

stable in the wurtzite phase. Theoretical studies have been

performed only for hydrostatic deformation potentials.12 No

comprehensive theoretical study of strain effects in group-II

oxide has been conducted up until now. Band (or Luttinger)

parameters, on the other hand, have been investigated more

extensively.13–15 However, all but one study15 was affected

by the bandgap problem associated with density-functional

theory based on the local-density approximation (LDA) or

generalized gradient approximation.9,16

In this work, we present a complete set of band disper-

sion parameters (effective masses and Luttinger parameters)

and deformation potentials (acz � D1; act � D2; D3; D4; D5,

and D6) for the group-II oxides MgO, ZnO, and CdO in the

wurtzite phase. The structural relaxations with strain pertur-

bations are performed using the plane-wave projector aug-

mented wave (PAW) method as implemented in the VASP

code.17 We use the Heyd-Scuseria-Ernzerhof hybrid

exchange-correlation functional18 with a screening parame-

ter l ¼ 0:2 and a mixing parameter of a ¼ 0:25 (HSE06). In

previous work, we showed that HSE06 gives accurate lattice

parameters and bandgaps in good agreement with experi-

ment for the group-III nitrides.19 We use a 6� 6� 4C-point

centered k-point mesh and a plane-wave cutoff of 600 eV;

such a high level of convergence is essential in order to accu-

rately determine the internal displacement parameter u. To

determine the band parameters, we fit a k � p Hamiltonian to

high-resolution band structures around the C-point as

described in Ref. 9. The band structures at the C-point have

been computed in both HSE06 and the G0W0@OEPx(cLDA)

approach20 (the latter stands for quasiparticle energy calcula-

tions based on optimized-effective-potential exact-exchange

ground states that include LDA correlation) using the

GW space-time code gwst21 linked to the plane-wave,
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pseudopotential density-functional theory code S/PHI/nX.22

Consistent norm-conserving OEPx(cLDA) pseudopotentials

as described in Ref. 20 are used for the GW and

OEPx(cLDA) calculations. We have carefully checked the

convergence of the G0W0 calculations, in light of concerns

raised by Shih et al.23 and Friedrich et al.,24 verifying that

our G0W0@OEPx(cLDA) calculations, which yield a ZnO

gap of 3.26 eV, are converged both with respect to plane-

wave cutoff and number of unoccupied states.25

Equilibrium lattice parameters obtained with HSE06

(Table I) agree very well with experiment for ZnO (<1% over-

estimation). Bandgaps and crystal-field splitting (Dcr) obtained

from both G0W0@OEPx(cLDA) and HSE06 calculations at

HSE06 equilibrium lattice parameters are listed in Table I. Note

that while the HSE06 functional greatly improves the bandgap

of ZnO (2.48 eV) compared to PBE calculations (1.18 eV), it

still underestimates the fundamental bandgap. The bandgap for

ZnO with G0W0@OEPx(cLDA) calculations agrees very well

with experiment (to within 0.2 eV). The crystal-field splitting is

positive for CdO and ZnO, while for MgO it is negative.

Four types of strain components may be present in the

wurtzite system: isotropic biaxial strain in the c plane

(e? ¼ exx þ eyy, with exx ¼ eyy), anisotropic biaxial strain in

the c plane (jexx � eyyj, with exx 6¼ eyy), uniaxial strain along

the c axis (ezz), and shear strain (exz and eyz). Using the k � p
method, strain components are treated as perturbations in the

Hamiltonian and the modifications of the band structure by

strain are quantified by conduction-band deformation poten-

tials (acz and act) and valence-band deformation potentials

(D1 to D6). By applying strain and fitting the eigenenergies

of the 6� 6 k � p Hamiltonian28 to first-principles band struc-

tures at the C-point, we can obtain all deformation poten-

tials.19,29 In this work, we determined all deformation

potentials from HSE06 calculations. Explicitly performing

G0W0@OEPx(cLDA) calculations for all strain configura-

tions would be prohibitive; for nitrides, we verified that de-

formation potentials obtained from G0W0@OEPx(cLDA)

calculations and from HSE06 agree to be within 0.40 eV.19

As shown in Figure 1, the change of the crystal-field

splitting (Dcr) in wurtzite MgO, ZnO, and CdO under biaxial

strain in the c plane and uniaxial strain along the c axis (ezz)

is nonlinear. This implies that the deformation potentials

vary with lattice parameters, as previously observed for

group-III nitrides;19 the behavior can be well described with

a parabolic fit. We focus on the linear regime in the vicinity

of the experimental lattice parameters for ZnO, and around

the HSE06 equilibrium lattice parameters for MgO and CdO

(where no experimental data are available).

A complete set of deformation potentials from HSE06

calculations is listed in Table II. With the exception of

acz � D1, the deformation potentials increase as the bandgap

increases from CdO to ZnO and MgO, showing the same

trend as in the group-III nitrides (deformation potentials

increase from InN to GaN and AlN).19 Differing from ZnO

and MgO, the deformation potential D3 of CdO is negative,

which is consistent with the change of Dcr under uniaxial

strain as shown in Figure 1(b). Compared with GaN, the de-

formation potentials of ZnO are much smaller in magnitude.

The experimental data10,11 for ZnO are included for compari-

son. Generally, HSE06 results show good agreement with

experimental data.

Our first-principles calculations also indicate that the

quasicubic approximation19 breaks down for the group-II

wurtzite oxide system. In the quasicubic approximation, the

deformation potentials are related as follows:

D3 þ 2D4 ¼ 0; D1 þ D3 ¼ D2, and D3 þ 4D5 ¼
ffiffiffi

2
p

D6.

However, we find that D3 þ 2D4 is equal to 1.93 eV for

MgO, �1.21 eV for ZnO, and �2.46 eV for CdO, i.e., signifi-

cantly different from zero. Due to the lack of experimental

data for wurtzite MgO and CdO, the deformation potentials

of ZnO have been used over the entire alloy range in device

modeling of group-II oxide alloys.30 Our calculations show

that this is a poor approximation: the variation of deforma-

tion potentials among the three oxides is large, and inde-

pendent sets of deformation potentials for MgO and CdO are

necessary for accurate device simulations.
TABLE I. Equilibrium lattice parameters (a, c, and u) obtained with HSE06

and bandgaps (Eg) and crystal-field splitting Dcr obtained with both HSE06

and the G0W0@OEPx(cLDA) method at HSE06 equilibrium lattice parame-

ters. For ZnO, experimental lattice parameters at T¼ 300 K, bandgap at

T¼ 300 K and crystal-field splitting values are included for comparison

(from Refs. 26 and 27).

Method a (Å) c (Å) u Eg (eV) Dcr (meV)

MgO HSE06 3.278 5.062 0.3919 5.21 �346
G0W0 … … … 7.16 �402

ZnO HSE06 3.264 5.238 0.3807 2.48 66

G0W0 … … … 3.26 74

Exp. 3.249 5.205 … 3.43 43

CdO HSE06 3.652 5.739 0.3878 1.13 117

G0W0 … … … 1.23 145

FIG. 1. The change in crystal-field splitting (Dcr) from its unstrained value

(Dcr;0) for wurzite MgO, ZnO, and CdO under (a) biaxial strain in the c
plane and (b) uniaxial strain along the c axis.

TABLE II. Deformation potentials (in eV) of wurtzite MgO, ZnO, and CdO

obtained by HSE06 calculations. Experimental data for ZnO are also shown.

Method acz � D1 act �D2 D3 D4 D5 D6

MgO HSE06 �1.95 �7.96 5.87 �1.97 �1.93 �3.03
ZnO HSE06 �3.06 �2.46 0.47 �0.84 �1.21 �1.77

Exp.a �3.80 �3.80 0.80 �1.40 �1.20 �2.0b

Exp.c �3.90 �4.13 1.15 �1.22 �1.53 �2.88b

CdO HSE06 �2.81 �0.29 �1.86 �0.30 �0.91 �1.21

aReference 10.
bOnly the magnitude of D6 was obtained in this experiment.
cReference 11.
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The calculated effective masses, Luttinger parameters,

and transition matrix element EP of wurtzite MgO, ZnO, and

CdO with both the HSE06 and the G0W0@OEPx(cLDA)

approach are shown in Table III. Generally, the effective

masses and Luttinger parameters obtained by HSE06 agree

very well with the G0W0@OEPx(cLDA) ones. This implies

that HSE06 produces conduction- and valence-band disper-

sions that are very similar to those of G0W0. Our effective

masses are in overall good agreement with recent quasipar-

ticle calculations.15,25

It is remarkable that, in contrast to the group-III

nitrides,9 the Luttinger parameters in the group-II oxides are

fairly similar across the oxide series. For example, the A1 pa-

rameter in the nitrides varies from �3.991 in AlN to

�15.803 in InN (a difference of a factor of 3.96) and A6

from �1.952 to �10.078 (a difference of a factor of 5.16),

whereas in the oxides the corresponding variations are only

by factors of 1.16 and 2.15. For A4 and A5, the variations

across the respective series are more similar, although the

absolute magnitudes of the parameters are larger in the

nitrides (A4: �1.147 (AlN) to �7.151 (InN) and A5: �1.329

(AlN) to �7.060 (InN)). Another noteworthy observation is

the fact that, unlike in the nitrides, the EP parameters in the

oxides are highly anisotropic.

Since the bandgap calculated from HSE06 for the oxides

is in worse agreement with G0W0 and experiment than it is

for the nitrides, we check whether the band parameters and

deformation potentials can be improved by modifying the

mixing parameter. For ZnO, as a test case, we modify the

mixing parameter (a ¼ 0:36) to reproduce the experimental

bandgap (3.41 eV) and calculate the band parameters and

deformation potentials of ZnO.25 Note that the changes in

deformation potentials are less than 0.3 eV, and the changes

in band parameters are also very small. This check indicates

that the choice of the mixing parameter for ZnO only slightly

affects the calculated parameters, which is reassuring. We

hence believe that the deformation potentials and band pa-

rameters listed in the tables with default HSE06 parameters

are reliable.

Note that the linear interpolation between binary com-

pounds when describing alloy properties is only an approxi-

mation and there may be some nonlinearities in different

physical quantities of ZnXO (X¼Cd, Mg) alloys. For exam-

ple, the nonlinearity in the bandgap has been quantified as a

bowing parameter and this parameter has been measured

experimentally. Special attention regarding such nonlinear-

ities should be paid when using these band parameters and

deformation potentials to describe electronic properties of

ZnXO alloys.

In conclusion, we have presented a systematic study of

the band dispersion and strain effects on electronic band

structures of the group-II-oxides MgO, ZnO and CdO. Using

hybrid functional calculations, we report a consistent and

complete set of deformation potentials that describes band-

structure modifications in the presence of strain. We also

obtain a consistent set of band parameters that agrees well

with values obtained with G0W0@OEPx(cLDA). These first-

principles deformation potentials and band parameters pro-

vide a solid foundation for an accurate modeling of oxide-

based device structures.
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