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The doping response of the prototypical transparent oxides NiO �p-type�, ZnO �n-type�, and MgO
�insulating� is caused by spontaneous formation of compensating centers, leading to Fermi-level pinning at
critical Fermi energies. We study the doping principles in these oxides by first-principles calculations of
carrier-producing or -compensating defects and of the natural band offsets, and identify the dopability trends
with the ionization potentials and electron affinities of the oxides. We find that the room-temperature free-hole
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as implemented in the VASP code,11 and apply our general
scheme to correct for errors associated with the local density
or generalized gradient approximation �LDA or GGA� and
with the use of finite supercells, as described in detail in the
Appendix of Ref. 12. The present results are based on the
GGA, as parametrized in Ref. 13



Fermi level pinning energies on a common energy scale.
Since the doping response of NiO, ZnO, and MgO is re-
flected in the Fermi-level pinning energies EF

n,pin and EF
p,pin,

we calculate the band offsets, shown in Fig. 3, to place these
pinning energies on a common energy scale. The “strained”
valence band offset between two materials A and B is deter-
mined as22

�Evbm�A/B� = �V̄B�A/B� − V̄A�A/B�� + �	B
vbm − 	A

vbm� , �2�

where V̄A�A /B� and V̄B�A /B� are the average electrostatic
potentials within the A and B parts of the A /B superlattice
�the average of the calculated A and B lattice constants is
used for the in-plane directions�. The VBM energies 	A

vbm and
	B

vbm with respect to the average potential are determined in
the biaxially strained individual binary materials A and B.
Equation �2� also describes the ionization potential �IP� of,
e.g., material B, when replacing material A by vacuum and
setting 	A

vbm=0. Thus, using the vacuum level as an absolute
reference, we determine the “natural” �i.e., unstrained� band
offset by calculating the change of the IP when the biaxial
strain is released. Table I gives the strained and natural band
offsets between NiO, ZnO, and MgO. Here, we considered
the zinc-blende structure for ZnO in which the atoms are
tetrahedrally coordinated, similar as in wurzite ZnO.23

Large electron affinities facilitate n-type oxides. Figure 3
compares the trends in dopability—i.e., condition �iii�
above—using the natural valence band offsets and the ex-
perimental band gap energy for the conduction band offsets.
We find that only in ZnO is EF

n,pin=EC+0.6 eV inside the
conduction band. Thus, the propensity for high n-dopability
of ZnO relies on the fact that the VZn electron killer forms
spontaneously only when EF is already well inside the con-
duction band, so the system is already highly n-type, before
compensation occurs. This resilience of ZnO against forma-
tion of the electron killer VZn is supported by the relatively
large electron affinity �low CBM energy; see Fig. 3�. In con-
trast, NiO and MgO are not n-dopable, since the pinning
levels EF

n,pin=EC−1.6 eV and EC−3.3 eV, respectively, lie
well below the CBM. Thus, the spontaneous annihilation of
electron doping due to the formation of the electron killers
VNi and VMg is due to their smaller electron affinity.

Small ionization potentials facilitate p-type oxides. The
p-type pinning levels EF

p,pin=EV−0.1 −0.8, and −1.1 eV, for
ZnO, NiO, and MgO, respectively, lie all inside the valence
band, indicating that p-type doping is possible as far as the
spontaneous formation of hole killers is concerned. However,
the achievement of actual p-type conductivity requires addi-
tionally the abundance of acceptors with shallow ionization
energies—i.e., conditions �i� and �ii� above. In case of high
VBM energies �small IPs�, such as found here for NiO, the
primary defect states of the cation vacancy �the O–p-like
dangling bonds�, occur as resonances inside the valence band
rather than as deep gap states.24 Such resonances lead to the
formation of secondary defect levels in the gap, which are
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