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A range-separation parameter �=0.2 Å−1 is chosen as a rea-
sonable compromise.15 The PBEh functional corresponds to
limiting case of �=0 in Eq. �2�. Since the attenuation of HF
exchange in the HSE form usually reduces band gaps, the
fraction � is sometimes increased beyond the PBEh value of
0.25, and a value of �0.40 has been found to reproduce the
band gap of ZnO.16 We use both values �HSE-25/HSE-40� to
compare below the results for defects. Figure 1 shows the
family of sX and hybrid DFT functionals considered here, in
terms of the amplitude and decay length of HF exchange
with interelectronic separation �r−r��. These functionals
have been previously applied to study molecules, semicon-
ductors, and their defects, particularly ZnO.12,16–21

Here, we apply the family of mixed HF-DFT and
screened HF functionals �Fig. 1� to structural defects in ZnO,
performing in all cases systematic corrections to the artificial
periodicity errors so that our results adequately reflect the
underlying functionals. The functionals are efficient enough
so that full geometry relaxations can be carried out on
realistic-sized defect supercells, and not just postprocessing
of geometries found by LDA. The results are briefly com-
pared with previous LDA-based corrections to defects in
ZnO,9,22



functionals �sX, PBEh, HSE-25, and HSE-40� in Table II,
and also for GGA �see below�



4�d� shows the calculated sX wave function of the trapped
hole state of VZn

− . It is localized on only one of the four
oxygen neighbors. This is consistent with its spin-resonance
signature.31,32 Even LDA+U does not localize the hole
correctly.22 On the other hand, the wave functions of VO
localize symmetrically over all four Zn neighbors, see Figs.
4�a�–4�c�.

E. Assessment of previous LDA-corrected calculations

The significant computational cost of post-LDA methods
such as sX, HSE, or GW makes them useful benchmarks of
lower cost LDA-based methods, applying them to postpro-
cessor corrections. We will refer to these as “GGA-C”
�C=Corrected�. Examples include the LDA+U method used
by Janotti and Van de Walle22 to partly correct the band
structure, where an empirical energy U repels Zn 3d states
downward, and so partly opens up the gap. Lany9 used in-
stead a modest U �=6 eV� to shift EV down by 0.7 eV, ac-
counting for the remaining gap error by shifting upward the
conduction band minimum �CBM�. These two types of
LDA-C calculations differ also in how the defect levels track
the host band edges. Whereas a general conclusion cannot
yet be drawn on current post-LDA calculations, we note the
following: �i� Fig. 5 and Table II compare our sX formation
energies of VO to those calculated by LDA-C methods. The

formation energy of V0 of +0.85 eV in sX and +1 eV in
HSE is the same as found by Lany9 and slightly less than the
1.0 eV found by Oba.16 It is much less than the 4 eV of
Janotti.22 The +0.85 eV formation energy corresponds to a
frozen-in vacancy density of 1019 cm−3 at 700 °C, consis-
tent with experiment.28

�ii� The calculated �0 /++� levels of VO divide into two
groups: in HSE-40 and sX, they appear at EV
+ �2.2–2.3� eV, as in Janotti.22 In the second camp, we have
HSE-25 that gives EV+1.7 eV, GW calculations based on
HSE-25 �Ref. 23� giving EV+1.7 eV or even only 1.4 eV
�GW based on GGA+U�. This second camp is closer to the
LDA+C of Lany9 which gave a �0 /++� level at EV
+1.3 eV.



*jr@eng.cam.ac.uk
1G. Pacchioni, F. Frigoli, D. Ricci, and J. A. Weil, Phys. Rev. B

63, 054102 �2000�.
2S. Lany and A. Zunger, Phys. Rev. B 80, 085202 �2009�.
3K. Vanheusden, W. L. Warren, C. H. Seager, D. R. Tallant, J. A.
Voigt, and B. E. Gnade, J. Appl. Phys. 79, 7983 �1996�.

4


