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n qq
defects, the energy required to form defect gap levels is
approximately canceled by the energy needed to fully oc-
cupy them. This cancellation results in approximate mate-
rial independence of e

�n�
pin, hence in the alignment of e

�n�
pin

across different materials. Our first-principles calculated
e

�n�
pin are in good agreement with those obtained from the

phenomenological model (Fig. 1), and can thus be used to
predict the ultimate equilibrium doping limits in other ma-
terials, given their band offsets with materials in Fig. 1.

The formation enthalpy of a defect a (either native or
foreign) of charge q is

DH�q,i
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FIG. 3. Cation vacancy formation enthalpies for q � 0 and
32, respectively, as a function of the Fermi energy on an ab-
solute energy scale in seven III-V compounds. The zero of the
Fermi energy eF is set at the VBM of GaAs.

nitrides, one may consider Si as a potential n dopant pro-
vided that SiIII produces a shallow �1�0� level, because
the Si-derived DX center is unstable. The lack of Si-
derived DX stability has been interpreted [20] in terms of
a too small lattice spacing of the nitrides. On the other
hand, one should avoid oxygen as an n dopant at least in
AlN [23] because the oxygen-derived DX center is stable.
The calculated �1�2� transition energy for the oxygen is,
however, too high so e

�n�
pin in AlN is still given by the Al

vacancy in Table I.
We may understand (ii) above via a qualitative model

where one separates the total energy of a system into a
sum of its occupied eigenvalues plus the rest (� electron-
electron double counting plus the ion-ion term): Etot �
Siei 1 F. A bulk zincblende semiconductor has 6 elec-
trons in its VBM. When a neutral cation vacancy forms,
the VBM-derived t2 defect level is occupied by 6 2 N
electrons, where N is the cation valence (� 3 in III-V and
2 in II-VI compounds). Thus, using Eq. (2)

DE�Vq�0
N � � �6 2 N�et2 2 6eVBM 1 F�Vq

N �

2 F�host� , (10)

and, from Eq. (1) with na � 1 and ma � Ecation,

DH�Vq�0
N � � �6 2 N�et2 2 6eVBM 1 F�Vq

N �

2 F�host� 1 Ecation . (11)

For a charge q cation vacancy, DH�Vq
N � � DH�Vq�0

N � 2

qet2 1 qeF , thus

DH�Vq
N � � �6�et2 2 eVBM� 1 F�Vq

N � 2 F�host�

1 Ecation� 2 �q 1 N�et2 1 qeF .


