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Applying a generalized Koopmans condition to recover the linear behavior of the energy with respect to the
fractional occupation number, we find that substitutional nitrogen �NO� in ZnO is a deep acceptor with an
ionization energy of 1.6 eV, which is prohibitively large for p-type conductivity. Testing the generalized
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experiment, E�N� becomes concave �i.e., overcorrected� and
the corresponding acceptor energy of 2.1 eV is unrealistically
deep.

II. METHOD

Starting from the observation that the delocalization error
in DFT originates from the residual self-interaction error that
places occupied and unoccupied states too close in energy,
we formulated in Ref. 13 a hole-state potential of the form

Vhs = �hs



�see Table I� or in the standard DFT calculation �cf. Fig. 1�.
Apart from the axial configuration shown in Fig. 1�a�, where
the N-p orbital hosting the hole is aligned parallel to the
crystal c axis, there exist also nonaxial configurations of NO

0 ,
in which the spin density is oriented along one of the three
bonds with neighbors in the basal plane. We find that the
nonaxial configuration lies 0.03 eV higher in energy than the
axial geometry.

Figure 2�a� shows the calculated vertical transition ener-
gies between the neutral �q=0� and ionized �q=−1� states of
NO, e.g.,

NO
− � NO

0 + e , �4�

for the transitions into or from the free-electron �e� state at
the CBM. It was found experimentally in Ref. 38 that the
EPR active neutral NO

0 acceptor can be photoexcited by light
below the band gap with energies down to 2.4 eV �514 nm�.
Considering that the N acceptor existed in the EPR-inactive
ionized NO

− state before illumination, the most straightfor-
ward interpretation is that the neutral N acceptor is created
due to the optical-absorption process, Eq. �4� �forward direc-
tion�, i.e., the excitation from the occupied acceptor state into
the CBM. Our calculated energy of 2.6 eV for this vertical
transition �Fig. 2�a�� agrees well with the experimental
threshold energy of the N-related absorption band observed
in Ref. 38. On the other hand, for the luminescence process,
Eq. �4� �backward direction�, i.e., the recombination of a free
electron into the empty state of NO

0 , we obtain an energy of
only 1.0 eV �Fig. 2�, much smaller than the experimentally
observed free-to-bound �e ,A0� transition at 3.31 eV. Thus,
we cannot identify this luminescence with substitutional NO
acceptors.

The large atomic relaxations involved with a change be-
tween the neutral and ionized acceptor states �Table I� lead to
a large difference between the �optical� vertical and thermal
acceptor transition energies. Specifically, the vertical
�0 /1−� transitions �Fig. 2� straddle the acceptor level
	A�0 /−�=EV+1.62 eV �Table I�. The Stokes shift of 1.6 eV
is composed of approximately equal contributions Erel
�0.8 eV from the relaxation energy �Jahn-Teller energy� af-
ter the vertical 0→1− and 1−→0 transitions �Table I�. We
note that relaxation energies around 0.8 eV are rather typical
for deep hole states in ZnO. Similar values are calculated
also for, e.g., LiZn �Ref. 13� or Zn vacancies.17 The thermal
ionization energy of 1.6 eV is much larger than common

perceptions about NO �Ref. 3� and precludes the thermal ac-
tivation of free holes. We conclude, therefore, that substitu-
tional NO dopants will not lead to p-type conductivity in
ZnO.

IV. HYBRID-FUNCTIONAL RESULTS FOR NO

In order to compare the theoretical description of the NO
acceptor in ZnO by the symmetry dependent onsite potential
Vhs, Eq. �1�, to the description obtained by including the
explicit nonlocality of Fock exchange, Eq. �3�, we further
performed hybrid-functional calculations for NO. Similar to
the on-site potential Vhs, also hybrid functionals can qualita-
tively correct the localization of oxygen hole states.25,26

Typical hybrid-functional parameters are, however, moti-
vated by molecular cohesive energies39 and by consider-
ations of computational efficiency29 and do not necessarily
recover the linearity of E�N�, raising the question which pa-
rameters are appropriate for the prediction of acceptor bind-
ing energies. Using the HSE hybrid functional29 �with a
range separation parameter �=0.2 Å−1�, we determine the
acceptor level of NO in ZnO for two values of �: �i� the
“standard” value39 �=0.25, for which, however, the band
gap of ZnO is still underestimated by about 1 eV, and �ii� for
an increased fraction �=0.38 which restores the experimen-
tal band gap.40 Regarding structural properties and wave-
function localization, we find that the NN distances agree
within 0.02 Å with the values in Table I, irrespective of the
choice of the parameter �, and the localization of the NO
acceptor state is essentially identical to that shown in Fig.
1�b�. Thus, remarkably, we find that the electronic wave
functions and the resulting structural properties obtained by
means of the onsite potential Vhs and by inclusion of nonlo-
cal Fock exchange are practically identical.

Considering the NO acceptor level, however, we observe a
considerable dependence on the parameter �, obtaining
	A�0 /−�=EV+1.44 and 2.10 eV with �=0.25 and 0.38,
respectively.41 In order to evaluate the linearity of E�N� in
the HSE functional, we now determine the non-Koopmans
energy 
nK=Eadd−ei�N� �see Eq. �2��, obtaining 
nK=
−0.05 and −0.40 eV for �=0.25 and 0.38, respectively. For
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comparison, the non-Koopmans behavior of standard DFT is

nK=+0.62 eV.42 Thus, we find that the generalized Koop-
mans condition is quite well fulfilled in HSE with the stan-
dard parameter �=0.25. The respective NO acceptor ioniza-
tion energy of 1.44 eV is consistent with the result obtained
with the V



tained with Vhs, indicating that on-site potentials can largely
account for the effects of nonlocal Fock exchange in local-
ized defect states. The deep levels of the anion-site acceptors
NO and CO have important implications on codoping con-
cepts, as we find that nominally charge-compensated donor-
acceptor pairs can form positively charged states and thereby
trap holes into immobile deep states.
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