
9 for the electron self-energy has been very
successful for the prediction of quasiparticle �QP� energy
spectra, i.e., the band structures, of defect-free semiconduc-
tors and insulators.10 It is expected that GW will set the
benchmark also for defects.11,12 We choose here the classic
case of the oxygen vacancy in ZnO as a system that has
received a great deal of interest and debate in the
literature.2–5,7,8,13 The purpose of this work is to reevaluate
DFT correction methods in view of GW quasiparticle energy
calculations for the defect states of VO. The charge-neutral
vacancy VO

0 introduces a doubly occupied a1
2 level inside the

band gap, and successive ionization leads to the VO
1+ �a
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relaxation energies Erel. In principle, one can either use the
electron removal energies �O�q→q+1� from occupied states
to determine the successive transition energies toward higher
charge states �e.g., VO

0 �a1
2�→VO

1+�a1
1�→VO

2+�a1
0�; see Fig.

1�d�� or, as done in Ref. 12, one can use the electron addition
energies �O�q→q−1� into unoccupied states to determine
the successive transition energies toward lower charge states
�e.g., VO

2+�a1
0�→VO

1+�a1
1�→VO

0 �a1
2��. Both ways should lead to

the same result for ��q /q��. Here, we choose the former
option, because in ZnO the a1 defect state of VO

2+ occurs as a
broad resonance deep inside the conduction band �see Fig.
1�c��, impairing the accurate determination of the electron
addition energy. In addition, since the QP energies of charged
defects in supercells are subject to electrostatic finite-size
effects �see below�, it is desirable to avoid higher charge
states.

The present calculations are performed in the projector
augmented wave �PAW� framework of the VASP code,16

which includes recent implementations of hybrid DFT �Ref.
17� and GW.18 Supercell finite-size effects are treated as de-
scribed in Refs. 2 and 19. For the sake of computational
feasibility we consider here the metastable zinc-blende �ZB�
phase of ZnO,20 which has a higher symmetry but otherwise
has very similar properties as wurtzite �WZ� ZnO.21 For the
underlying DFT calculation, needed to determine the wave
functions for the subsequent GW calculation and for the re-
laxation energies Erel, we use the GGA parametrization of
Ref. 22 and employ the DFT+U method23 for the Zn-d elec-
trons with U−J



en
GW = en

DFT + Re��n
DFT�	�en

GW� − Vxc
DFT��n

DFT� , �1�

where the initial DFT wave functions �n
DFT �n=band index�

are kept constant, and the GW self-energy 	 is determined
by iteratively updating �four times� the eigenvalues in G and
in W �both in bulk and defect calculations�. The resulting
GW band gaps of ZB ZnO are 3.25 eV �GW-GGA+U� and
3.34 eV �GW-HSE�, in agreement with previous GW
calculations.14,26 Figure 1 shows the QP energy shifts for
both the ZnO band edges and for the a1 symmetric VO defect
level, whose energy strongly depends on the VO charge state
and the respective atomic configuration of VO.3 Remarkably,
the a1 state tracks the shift of the VBM �EV� if it is occupied,
but it tracks the CBM �EC� if it is unoccupied. This GW
result is at variance with the expectation that the defect levels
would shift in proportion to their CBM vs VBM wave-
function characters.4 Instead, the QP energy shifts appear to
reflect the self-interaction correction, which increases the
splitting between occupied and unoccupied states, even when
the wave-function character is similar �see Fig. 1�b��. This
finding lends some justification to the band-gap correction
via a rigid shift of the conduction band:1 to the extent that the
occupied defect QP energies track the valence band, the ver-
tical electron removal energies remain invariant relative to
the VBM. Since the cation-d states generally experience a
larger self-interaction error than, e.g., the anion-p states, it is
often practical to use DFT+U for cation-d states before shift-
ing the conduction band.3,13

In the case of VO
2+, the a1 state forms a broad resonance

deep inside the conduction band, both in GGA+U and GW,
which confirms the expectation3,13 that VO would be a source
of persistent photoconductivity. �Shown in Fig. 1�c� is the
energy corresponding to the center of mass of the vacancy-
site projected s-like density of states in a fully relaxed super-
cell, as described in Ref. 3 for the case of a standard LDA
calculation.�

GW-corrected thermodynamic transition energies. We
now turn to combining the vertical transition energies �O
from GW and the relaxation energies Erel from GGA+U to
determine the equilibrium transition energies ��q /q��. Verti-
cal transitions require, however, special care in correcting
finite-size effects due to the simultaneous presence of elec-
tronic and ionic screening:19 consider, for example, the opti-
cal transition VO

1+→VO
2++e �see Fig. 1�b��, where the atomic

configuration of the final VO
2+ state is constrained to that of

the initial 1+ state. Here, the electronic screening attenuates
the 2+ defect charge, but the ionic contribution still reflects
the screening of the initial 1+ state, which makes it difficult
to correct the image charge interaction of such intermediate
states �this problem does not exist if the initial state is charge
neutral�. In order to avoid these ambiguities, we apply thefrooTD
(b)Tj
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of HSE ��=0.25� plus a rigid shift of about 1 eV for the
CBM.

Absolute formation energies. Besides the position of the
defect level in the gap, previous calculations also differed
about the absolute formation energy of VO,4,5,7,8,13 which—as
mentioned above—is presently not accessible in the GW
method. Here, we use the energy of the charge-neutral VO

0

state, as calculated by GGA+U or HSE, along with the tran-
sition levels ��q /q�� as determined above, to obtain the ab-
solute formation energies �H�VO

q �, as shown in Fig. 3�b�. In
the case of GGA+U, however, there exists an ambiguity,
because the value of U used for the ZnO compound is not
suitable also for the elemental metallic phase of Zn. There-
fore, we use for this case the optimized elemental reference
energies of Ref. 28, which are determined so as to optimize
the degree of error cancellation between the energies of the
compound and that of the elemental constituents. Thus, in
the Zn-rich/O-poor limit, we obtain �H�VO

0 �=0.81 eV based
on GGA+U, which is close to the prediction of HSE irre-
spective of the value of the parameter � �


