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Employing a Koopmans corrected density functional method, we find that the metal-site acceptors
Mg, Be, and Zn in GaN and Li in ZnO bind holes in deep levels that are largely localized at single
anion ligand atoms. In addition to this deep ground state (DGS), we observe an effective-masslike
delocalized state that can exist as a short lived shallow transient state (STS). The Mg dopant in GaN
represents the unique case where the ionization energy of the localized deep level exceeds only
slightly that of the shallow effective-mass acceptor, which explains why Mg works so exceptionally
well as an acceptor dopant. © 2010 A"”fﬂlk ~Ae ] p AV f{doizlo.1063/1.3383236]

The achievement of , -doping in the Wlde -gap semicon-
ductor GaN using Mg as an acceptor dopant™? was a prereg-
uisite for the development of a semiconductor-industry
sector based on blue light emitting and laser diodes.® Re-
markably, GaN:Mg is to date the one and only example
where a host+dopant combination for a ,-type wide-gap
semiconductor has matured into commercial technologies.
The technological success of GaN:Mg should, however, not
conceal the fact that quite generally, the basics of acceptor
doping in wide-gap semiconductors remain fairly poorly un-
derstood. Indeed the very nature of the Mg acceptor state is
still under discussion: Two acceptor states with distinct prop-
erties have recently been observed in optical measurements
in GaN: Mg Likewise, magnetic resonance experiments find
different Mg related signals pomtlng either toward a lattice-
relaxed, noneffective-mass state® that is typically the signa-
ture of a deep level, or toward a shallow effective-masslike
state.’ Ironically, the ,-type conductivity in GaN: Mg seems
to stem from the deeper Mg acceptor that prevails* after the
annealing treatment that is usually used to activate the Mg
acceptors In analogy to GaN: Mg two different acceptor
states are also observed in ZnO:Li, 8 suggesting the shallow
versus deep (effective-mass versus localized) behavior is a
possibly a rather general phenomenon, key to the under-
standing of acceptors in wide-gap semiconductors.

To address p-type doping theoretically requires a quan-
titative method to predict acceptor states. However, research
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DFT+U correction®® with #~/=6 eV. We used supercells
of 72 atoms and corrected finite-size effects as described in
Ref. 21.

For the following discussion, we now define “deep” ver-
sus “shallow” behavior in terms of the wave function char-
acter of the acceptor state. (This qualitative distinction is
here more useful than drawing the line at an arbitrary value
of the ionization energy.) We described the primary impurity
orbital as resulting from the interaction of the impurity atom
orbital with the dangling bond states of the Iigands.2 If the
resulting “defect localized state” (DLS) occurs inside the
band gap, the wave function of the defect state is strongly
localized at the site of the impurity and its ligands. This is
the signature of a deep defect. If, however, the DLS occurs
as a resonance inside the continuum of the host bands, e.g.,
by the VBM, then the holes introduced by acceptor dop-
ing cannot occupy the DLS, and instead occupy a “perturbed
host state” (PHS) that is formed by the valence bands of the
host in the presence of the (screened) Coulomb potential due
to the charged acceptor. This is the signature of a shallow
acceptor that exhibits effective-masslike characteristics.

Figure 1 shows that Mgg, in GaN can assume both types
of behavior for two different geometries. In its lowest energy
ground state, Mgg, creates a DLS in the gap at E\,+0.7 eV
which is localized mostly in one g -orbital of a N neighbor in



tor overcomes the energy barrier to the deep ground state, a
PL energy is observed that corresponds to the shallow
effective-masslike state (“PL1” in Fig.


http://dx.doi.org/10.1143/JJAP.28.L2112
http://dx.doi.org/10.1143/JJAP.28.L2112
http://dx.doi.org/10.1143/JJAP.31.L139
http://dx.doi.org/10.1143/JJAP.31.L139
http://dx.doi.org/10.1103/PhysRevLett.102.235501
http://dx.doi.org/10.1103/PhysRevB.65.085312
http://dx.doi.org/10.1016/j.physb.2007.08.179
http://dx.doi.org/10.1007/s00339-007-3962-4
http://dx.doi.org/10.1103/PhysRevB.63.054102
http://dx.doi.org/10.1103/PhysRevLett.86.2834
http://dx.doi.org/10.1103/PhysRevB.80.085202
http://dx.doi.org/10.1103/PhysRevB.78.140404
http://dx.doi.org/10.1103/PhysRevB.80.115217
http://dx.doi.org/10.1103/PhysRevB.80.195205
http://dx.doi.org/10.1103/PhysRevB.81.115311
http://dx.doi.org/10.1063/1.1682673
http://dx.doi.org/10.1103/PhysRevB.23.5048
http://dx.doi.org/10.1103/PhysRevLett.49.1691
http://dx.doi.org/10.1103/PhysRevB.59.1758
http://dx.doi.org/10.1103/PhysRevLett.77.3865
http://dx.doi.org/10.1103/PhysRevB.57.1505
http://dx.doi.org/10.1103/PhysRevB.78.235104
http://dx.doi.org/10.1103/PhysRevB.72.035215
http://dx.doi.org/10.1063/1.372098
http://dx.doi.org/10.1103/PhysRevB.77.241201
http://dx.doi.org/10.1103/PhysRevB.77.241201
http://dx.doi.org/10.1016/0022-2313(72)90001-4

