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material.40 The results showed that the deep states posse
very dominantly a valence band character with very lit
overlap with the conduction band states. This suggests
the positions~with respect toev) of the single-particle levels
found in our LDA calculations are little affected by the a
tual underestimate in the band gap value, and thus this b
gap underestimation is not the principal factor in the diff
ence between LDA and EPM results.

Turning to the charged defects, we find a minor splitti
~a few meV! in the threefold degenerate level in the sing
positive charge state, where an electron is removed from
defect level~Fig. 3!. Furthermore, the single-particle leve
move closer to the valence band edge as the occupanc
the level is reduced, reflecting a diminished interelectro
Coulomb repulsion.

C. Transition energies: theory and experiment

Figure 5 illustrates the total energies of GaNI :P and
GaNI :As defects in various charge states as a function of
Fermi-level position@Eq. ~6!#. The ionization levels, i.e., the
Fermi-level values where the total energies of two cha
states become equal@e.g., Eq.~7!#, are shown as solid dots
For both defects we find the neutral, and singly and dou
positive charge states. The donor levels are found at

FIG. 5. Total energies of~a! GaNI :P and~b! GaNI :As defect in
0,1, and 11 charge states as a function of the electron Fe
energy. The ionization levels are depicted with solid dots.
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e~1/0!5ev10.22 ~GaNI :P!,

e~1/0!5ev10.41 ~GaNI :As!,
~13!

e~11/1 !5ev10.09 ~GaNI :P!,

e~11/1 !5ev10.24 ~GaNI :As!.

The recent photoluminescence experiments for
implanted GaN by Jadwisienczak and Lozykowski19 give the
PL line atEPL52.917 eV, in good agreement with the resu
by Pankove and Hutchby17 and Metcalfeet al.18 Jadwisienc-
zak and Lozykowski19 have further determined the zero
phonon line to be atEZPL53.2709 eV. The exciton binding
energy according to Eq.~2! is thusEb5Egap2EZPL50.232
eV, assumingEgap53.503 eV as the band gap in their wurt
ite samples. According to Eqs.~5! and ~7! we can identify
the ~1/0! ionization energy in our calculations asEb . There-
fore our resultEb50.22 eV@Eq. ~13!# is in excellent agree-
ment with the experimental valueEb50.232 eV.

The calculated values for the Franck-Condon shifts
shown in Table IV. Comparison ofEFC

m in the case of GaNI :P
to the experimental shift between the PL and ZPL~0.35 eV!
shows that the calculated values are considerably smaller
the other hand, the small Franck-Condon shifts are consis
with the relatively small atomic relaxation differences b
tween the neutral and positive charge states describe
Table III.

V. CONCLUSIONS

The self-consistent plane-wave pseudopotential calc
tions verify the exceptional behavior of isovalent P and
impurities in GaN: both substitutional impurities are found
induce deep levels in the band gap in contrast with all ot
conventional III-V systems. The defect levels are triply d
generatet2-like orbitals primarily localized at the substitu
tional atom. The calculated total energies are used to e
mate zero-phonon line and impurity-bound exciton bindi
energies associated with the photoluminescence meas
ments. The calculated exciton binding energyEb50.22 eV
for GaNI :P is in excellent agreement with the available e
perimental dataEb50.232 eV.

ACKNOWLEDGMENTS

We thank S. B. Zhang and L. Bellaiche for many helpf
discussions. T. M. gratefully acknowledges the financial s
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TABLE IV. The calculated Franck-Condon shifts for P and A
impurities in GaN given by the LDA method.

Defect EFC
m ~eV! EFC

m21 ~eV!

PN 0.08 0.06
AsN 0.11 0.09




