n-type doping) or
free holes (p-type doping) into the system. The paradigm



than codoping [6] ZnO by g +@ and is also locally

stable. This principle of design of the local chemical
bonding energy AE, can be used generally to improve
doping in other systems by searching for chemical addi-
tives which lower AE,, while maintaining low AH¢ and
shallow ionization energies.

The allowed chemical potential ranges of Eq. (3) are
decided by thermodynamic considerations. For the host
Zn0O, we have, at equilibrium

2.+ ®=AHA ®); (4)
whsre AHg is the compound formation enthalpy relative
to

, and solid metallic Zn. In order to assure that
competing phases [i.e., elemental solids G&arxj Zn, the

E{ an » gases, and the compounds 2 3, GaN,
n o 4] do not form, we require

=0 (¥ N ‘09, (5)

26 +3 e =AHT 9 ©)

@+ 3 SAHf?aN ); @)

2,420 +4 e=aHA & 0y @

The calculated formation enthalpies are —3:61 g— 3:6),
Z_(l}!:()z(_ 10.9),_and —16:24y for ZnO,~ ," 3, and
n o 4, respectively, which compare well with avail-
able experimental values given in parentheses. The for-
mation enthalpies of AIN and [ ,



(ii) n-type doping with Ga and N, source.—Figure 1(a)
shows that usigg they » so&'c,(z and Ga favors (AH¢ < 0)
the clusters N= 4 andy = 3 n Which promog n-type
doping, whereas the clusters Gay 4 and Gay 3~ which
promote p-type doping are less favorable (AH¢ = 0)
under_these conditions. Table | reveals that the stability
of N~ , results from a highly favorable bonding energy
AE,



see, for example, that forming the Nga 4 Cluster in ZnO
involves creation of 4 Ga-N and 12 Ga-O bonds and
destroying 16 Zn-O bonds. On the other hand, creating
the Gay 4 cluster inside ZnO involves making 4 Ga-N
and 12 Zn-N bonds, destroying 16 Zn-O bonds. Since we
have three unknown excess bond energies (B> o, B ng
andB* . ) and many more calculated AE, values
(Table 1), it is straightforward to determine the excess
bond energies for any doping configuration  from a
simple cluster expansion [20]

ABp( ; p)=Nb BF o +NbloBF @ + N B

)

where N are the number of -



