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Deep electronic gap levels induced by isovalent P and As impurities in GaN
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The electronic and atomic structure of isovalent substitutional P and As impurities in GaN is studied
theoretically using a self-consistent plane-wave pseudopotential method. In contrast with the conventional
isovalent 1lI-V systems, Gal® and GaMNAs are shown to exhibitleepgap levels. The calculated donor
energies ares(+/0)=¢€,+0.22 ande,+0.41 eV, respectively, and the double donor energieseére+/
+)=¢,+0.09 ande, +0.24 eV, respectively. Thp-like gap wave function is found to be strongly localized
on the impurity site. Outward atomic relaxations-e13% and~15% are calculated for the nearest-neighbor
Ga atoms surrounding neutral G&R and GaNAs®, respectively. The relaxation increases by % for the
positively charged impurities. The impurity-bound exciton binding energy is calculatég=a0.22 andE,
=0.41 eV for GaNP and GaMAs. The former is in good agreement with the experimental dafa0.232
eV) whereas the latter is offered as a prediction. No clear Jahn-Teller symmetry low&gngQds,) distor-
tion, suggested by the one-electron configuration, is found for:Barnd GaNAs™".
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I. INTRODUCTION sites, which leads to discontinuities in the band gap behavior
in the dilute impurity limit in GaAs_ N, .14-16:2-4
In most semiconductorssovalentimpurities do not in- The previous theoretical studféd used an empirical

duce deep defect energy levels in the band gap. For examplpseudopotential methd@&PM). The purpose of this paper is
substitution of Siin Ge or Ge in Si, or any cross substitutionto study theoretically in more detail the isovalent impurities
between AK/GaX/InX (whereX=P, As, Sb, does not pro- GaNAs and GaNP, and the associated luminescence transi-
duce deep gap levels. Instead, the band edges are displadgmhs observed in Refs. 17-19, using first-principles elec-
as a whole as the composition of an isovalent impurity spetronic structure techniques. The experimental stddié3for
cies is increaset.Recently, however, an exception to this P (As) implanted GaN samples revealed PL lines-&2.9
rule was predicted for 1ll-V compounds: It was shown, via(~2.6) eV. In the absence of relaxation, this energy would
pseudopotential calculatiods? that substitutional P and As correspond to the position of the impurity-induced level at
in GaN (denoted GaNP and GaMAs, respectively have ¢€,+0.6 (¢,+0.9) eV above the valence band maximum.
deep single-particle energy levels at,+0.61 eV ande, However, Jadwisienczak and LozykowSkhave determined
+0.75 eV, respectively, where, denotes the valence band the zero-phonon line to reside at 3.2709 eV in the case of
maximum. This behavior is analogous with II-VI compoundsGaNP, so therelaxed position is ate,+0.232 eV, rather
where the isovalent impurities Cd®,>~° and ZnSTe****’"  than the value, +0.6 eV obtained from photoluminescence
are known to induceleepgap states. (PL). In our computational approach we use the self-
The origin of the deep gap levels is the considerable miseonsistent plane-wave pseudopotential methdzhsed on
match in size and orbital energies between the substitutedensity-functional theory(DFT) (Ref. 21 in the local-
isovalent species. The size mismatch leads to large latticgensity approximatiofiLDA ).?>?*The computational details
relaxation and consequently to the localization of the elecare described in Sec. Il A below.
tronic wave functioné=* The localization has dramatic ef- Our results can be summarized as folloWi$: The LDA
fects on the electronic properties of the system as a functiooalculations verify the deep character of isolated As and P
of impurity concentration: while in conventional alloys the impurities in GaN leading to the appearance of triply degen-
band gap changes continuously and smoothly as the “impueratet, levels in the band gap. We find good qualitative
rity” (=alloy) compositionx is increased, in the presence of agreement in the position of the single-particle impurity lev-
localized isovalent gap states, even small impurity concenels between empirical and first-principles pseudopotential re-
trations are capable of inducing discontinuous changes in theults. (i) Evaluation of the zero-phonon line and exciton
size of the effective band gap. At the dilute limit<1, op-  binding energy requires self-consistent total energy and re-
tical transition energies are predicted to be “pinned” at thelaxation calculations that are impossible with the empirical
impurity level inside the band gae.g., conduction band-to- pseudopotential method. We use for this purpose the LDA
impurity transitions. For larger concentrations the impurity method, and find the exciton binding energy for Gant
level broadens. This was exemplified by the experimentak,=¢,+0.22 eV, in excellent agreement with the recent ex-
detection of anomalously large~20 eV) optical bowing  perimental photoluminescence datd,E e,+0.232 eV.!®
coefficients in the case of GaAsN, alloys!?'3Recent the- (iii) Although the one-electron configuration of the positively
oretical studies have indeed shown that the origin of thicharged defecté€GaNP* and GaNAs™) suggests the possi-
behavior is the wave function localization at impurity lattice bility of a Jahn-Teller distortion, LDA total energy calcula-
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(iv) In the relaxed excited state the system has a finite
probability to make a radiative transition to the ground state,
which results in the PL emission with energy, .

(v) Since the electronic transition is much faster than the
ionic response to it, the true ground state is reached only
after phonon emissiong,). The transition energy associ-
ated with the luminescence process withphonon emission
is called the zero-phonon lindEgp,).

E[V'D™ c?]

m-1 4§

§ The energyEsz of the.z_ero—phonon Iinfe can be Fhought

2 E E,. of as an electronic transition where the ionic configuration

(] abs can follow the electronic transition adiabatically. Therefore,
E[V"D"c?] E,.. E,p. can be determined &§ig. 1)

E,p =E[V'D™ 1C!]-E[V"D™MC], )

where the total energies correspond to equilibrium configu-
rations, i.e., minima of the two parabola in Fig. 1. We further
define the exciton binding energy®as

' Ep= Egap_ EzpL, )
" g -
where E4,, denotes the band gap energy. We will use Egs.
CONFIGURATION COORDINATE Q (1) and(2) to calculate the binding energy of the impurity-

bound exciton.

FIG. 1. Schematic configuration coordinate diagram of the lu-" " £ " ~o0 o enerdgqc can be calculated as

minescence transitions associated with the isovalent impurities in
GaN.

Efc=Ezp.—EpL- €)
tions do not predict that these symmetry lowering relaxations

. q _
(T,—Ca,) are energy lowering, If we defmeEq, to be the total energy of the defect sys

tem in charge statg with atomic configuration fixed at the
fully relaxed structure for charge stajé, we can express the
Franck-Condon shifts alternatively asf.=E% —ES and
Em* l: E+ _ E+

FC 0 + -

II. DESCRIPTION OF THE PHOTOLUMINESCENCE
PROCESS VIA TOTAL ENERGIES

Our purpose is to calculate the binding energy of the
impurity-bound exciton. Given the type of experimental data Ill. METHOD OF CALCULATION
that are availablé’*°we first discuss the microscopic inter-
pretation of the measured transitions, so as to establish what
needs to be calculated. Figure 1 illustrates schematically the Our self-consistent plane-wave pseudopotential method is
states involved in the photoluminescence processes assobiased on DFT applying LDA for the exchange-correlation
ated with deep centers. We depict total energies as a functiaerm as parametrized by Perdew and Zurfddn order to
of the atomic positions in the system described by a configutreat efficiently the localized nitrogenp2orbitals using a
ration coordinateQ. The lowest stat&[V"D™CP] depicts plane-wave basis, an ultrasoft pseudopotential is used for
the equilibrium ground state of the neutral defect with fully nitrogen?* For Ga, As, and P we use standard norm-
occupied valencen( electron$ and defect kn electrong lev-  conserving pseudopotentidls with the nonlinear core-
els and with an empty conduction band. Consider now thealence exchange-correlation schéfrend treats as the lo-
following five-step process: cal component. With this choice of pseudopotentials, the

(i) Upon excitation with above-band-gap energy photonsapplied 25 Ry kinetic-energy cutoff guarantees an excellent
an electron is removed from a valence band state or the imeonvergence with respect to the plane-wave basis. The elec
purity level to the conduction band. The energy cost of thistronic structure optimization is done using damped second-
process is depicted in Fig. 1 t,s. order dynamic¥ combined with the Williams-Solé&t algo-

(i) In the second stage, if the electron was excited fronrithm. All the calculations based on the LDA method have
the valence band, the hole left behind in the valence banteen performed with a supercell containing 64 atomic sites
lowers its energy by relaxing into the defect level. At thisin the zinc-blende structure. To ensure an adequate Brillouin-
point the system is in the excited configuration, denoted byone sampling we use ax2x2 k-point mesRk® (four
E[V"D™ C!] (upper parabola corresponding to the elec- k points in the case of no assumptions of symmetihe
tron in the conduction band bound to the positively chargedatomic relaxation was performed assuming no symmetry
m—1 electron defect“impurity-bound exciton”). constraints, and the initial atomic positions were randomized

(iii) After the vertical electronic transition into this ex- with a maximum cartesian amplitude of 0.25 a.u. in order to
cited state the system relaxes via phonon emission. Thereak metastable symmetries which may prevent the system
Franck-Condon shift in energy associated with this procesgom reaching the true ground-state geometry. Several as-
in the chargedfi—1 electrong defect is denoted in Fig. 1 pects in the LDA method need special attention in order to
by EfG L. obtain theE;p, andE, and are addressed below.

A. LDA total energies
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B. Avoiding the LDA band gap error in calculating
the exciton binding energy host defect

The band gaps in LDA calculations are typically
underestimated’ Thus, occupation of the lowest LDA con-
duction band in calculating the total energy of the excited
stateE[V"D™ 1C!] [Eq. (1)] can lead to errors. We circum- €
vent this problem by transferring the electron removed from
the defect level to a uniform jellium background whose en-
ergy is themeasuredyap, rather than to the LDA conduction
band C?) (in fact, the supercell has to be neutral in order to -0 00 -0-0
avoid spurious interactions between the periodic impges
Due to the expected extended character of the electron wave e
function in the conduction band bound to the hole at the
impurity site, we believe that this approximation has little e
effect on the actual atomic geometry in the excited configu- g
ration. Using the total energy values of the fully relaxed VEM
configurations we can calculate the zero-phonon line as v

CBM

EzpL={€gap™ E[V'D™ 1311} —E[V"D™MI], (4) v

where we use thexperimentalband gap value foggy,, to

avoid the LDA error, and* denotes an electron in jellium. —
Using the definition for the exciton binding energy in E). Va
we find

FIG. 2. Schematic illustration of the average effective potential
Ep= E[V"D™I°]-E[V"D™ 1J%]. (5) alignment of the single-particle levels between bulk and defect su-
percells.Vp denotes the average effective potential in the bulklike
Our next step is to build the connection between the ther,—egion in the defect supercell and, denotes the same quantity
mal ionization levels and, . We write the total energy of calculated in the same region in the bulk supercell of the same size.
defect in charge statgwith respect to the total energy of the
neutral defect & bulklike region of the defect-containing supercell and the

E9 — E[VID™ 9] E[VID™0] 4 q(e, + ), (6) SAMe average potential in the defect-free supekgglF?—3*
where we havg adopted th.e common practice to measure the €,=€vam.o(I') = evam n(T) +(Vp—Vy). (8)
electron Fermi energyr with respect to the valence band
maximume, . The ionization levels(q,q’) are defined as This procedure is illustrated in Fig. 2. The average potential
the values ok when the total energies of two charge statesis defined as the average of the screened local potential
become equal. In particular, writing the total enerdiesing  (V+V, .+ V'p"sc). The small nonlocal component df is
Eq. (6)] for the neutral and singly positive charge states, theexcluded from our estimate. In the case of our 64 atom su-
(+/0) ionization level is given by percell the best choice for the averaging region was found to
10)= 0 1 1 be the one of the fo_ur tetrahedral interstitial sites farthest
e(+/0)=E[VIDTJT]-E[VID™JT]. ™ from the defect. EacW was calculated by averaging over a
Thus, comparing Eqg5) and(7) we can identifyE, as the 3X3X3 grid (27 points in the Fourier grid of total size 54
position of the single-donoe(+/0) ionization level mea- X54X54). The interstitial region was found to be an optimal
sured with respect to valence band maximgm choice for the averaging since the effective potential behaves
smoothly in this region and therefore small differences in the
atomic positions between the relaxed and ideal bulk super-
cell have a negligible effect on the average value, in contrast
. T . to averaging at an atomic site with fast varying effective
In calculations with finite and small supercell size onepotential. The same effective potential alignment is also ap-
needs to know how to calculaeg , the energy of an electron pjied for all the presented single-partice eigenvalues below.

at thg fo"e”ce band maximu(gVBM). A widely applied The magnitude of the aIignmeﬁD—VH for each defect is
practice in defect calculations is to assignto the single-  ,\ \\'in Table |

particle VBM eigenvaludatI' in GaN). However, the cal-

culated eigenvalue in the small defect-containing supercell

evem,p(I') may deviate considerably from the anticipated D. Correcting the error of replacing a total energy difference
value in the defect-containing infinite solid, since the defect by an LDA eigenvalue

can induce a significant distortion to the band structure. A question that still remains to be addressed égris
Therefore, we estimate,gy p(I') based on the eigenvalue whether the single-particle eigenvalegsy o(I') of Eq. (8)
evew,H(I") obtained from pure bulk hostH) crystal, cor-  gives a good estimate for thital energy change corre-
rected by the difference in the average potentigl in a  sponding to transferring an electron from VBM to the reser-

C. Determination of the energy of the valence band maximum
in an impurity-containing supercell
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TABLE I. The mggnltudes of effective potential alignmésaee d(i)ERg;—x/Rga—N (12)
Eq. (8)] for the studied defects.

where Rgg_x denotesith bond length (=1,2,3,4) between

Defect Vp—Vy ) : ) -
the impurity X and the nearest-neighbor Ga atoms in the

P 0.09 GaN X system, and?ga_N is the corresponding quantity in

Py 0.14 the pure GaN host, where all four bonds are equivalent. A
Pt 0.19 positive ratiod® implies outward relaxation. Symmetry-
Asy 0.11 conserving relaxation means that i€’ are equal for ali.

Asy 0.17 Results for neutral defects are shown in Table Il. For com-
Asyt 0.22 parison, the values based on the valence force-field method

(VFF) applied in Ref. 2 are also given.
Based on the larger covalent radii for P and As than for N,
voir formed by the uniform background char@ellium). For ~ an outward relaxation of the four neighboring Ga is ex-

this purpose, we can defirg alternatively as pected. The values in Table Il indeed confirm this expecta-
10 N1a1 tion. We find a~13% relaxation for Gal? and~15% for
€,(N—) =Epy{ VII"] = Epud V371, ©) GaNAs, respectively. The relaxation in the neutral charge

which becomes an exact formulation fey at the limit of an ~ State with complete shetf is found to conserve the tetrahe-
infinitely large supercell, where the effect of the neutralizingdral symmetry. Itis slightly larger for As than for P, consis-
background Charge vanishes. We define the error made B?nt with the Iarger atomic size. The values obtained with the

replacing the total energy difference by an eigenvalue as LDA and VFF methods are in good agreement with each
other. To estimate the convergence in relaxation with respect

8= Epuid V"] = Epund V" 13— evam n(K).  (10)  to supercell size, we have also performed the VFF calcula-
tions with both 64 and 512 atom supercells. The minor dif-

_Here K _corr_esponds to thé point u_sed for Brillouin-zone ferences found between 64 and 512 atom cells verifies that a
integration[in the case of 64 atom zinc-blende bulk supercell . - X i
64 atom supercell is realistic for the study ieblatedpoint

the 2x2X2 Monkhorst-Pack grid reduces to a single specialdefects
k point (7,7,7)]. In our case of a 64 atom GaN supercell, we  \ye 4150 give in Table Il the rati®{) /RS, normal-
find 6= —0.018 eV. We use this value obtained at the spej,oq to the bond Iengtng . in the “complementary
cial k point as an estimate for thg, at I' in the defect &

. . . . solid.” This shows to what extent the relaxation of the
su_percell. This va]ue is relatively small suggesting only dGaN X system produces bond lengths that are similar to the
minor effect fore, in GaN. However, recent calculations in iy

i pure G& host crystal. We see that the local structure around
CulnSe (Ref. 33 suggest that, may experience much he impurity leads to bond lengths that are slighghyorter
larger values in other materials.

L than theideal Ga-X bond length. This was predicted by Mar-
Thus, combining Eqg8), (9), and(10), the valence band yins and zunge?® For P (As% impurities tr?is ratio rezeals
maximum energy becomes about sever(eight percent shorter bonds than in theXGa
> o bulk.
€= €vemn(1)+ (Vo= Vi) + o, 1D The geometry ofcharged GaNP* and GaNAs™ is an
which concludes our analysis of estimatiagin finite-size  interesting subject, since the electronic configuration is iso-
supercells. electronic withV,, in ZnSe. The experimental results by
Watkins”’ have shown tha¥/y, in ZnSe undergoes a signifi-
IV. ELECTRONIC AND ATOMIC STRUCTURE OF GaN _:P cant Jahn-Teller symmetry lowering atomic distorffom-
AND GaN:As duced by the localization of the hole wave function on one of
) the nearest Se neighbors. The model proposed by Wafkins
suggests that this is due to breakdown of the triply degener-
We discuss impurity-induced atomic relaxation by consid—atetg level intoe* and a} levels. The associated Jahn-Teller
ering the ratio relaxation energy is estimated to be 0.35%\&urprisingly,

A. Atomic geometries

TABLE II. The ratioRY), , / RS, \[Eq. (12)] between the Ga-to-impurityX=P,As) nearest-neighbor bond length and the Ga-N bond
length in pure bulk GaN. The rati®l) , / RS, , is also given to allow comparison with the bond length in bulkXG&he results
correspond taeutral defects as calculated by the self-consistent plane-wave pseudopotential fiddtigdand by the valence force-field
method(VFF). In all cases tetrahedral symmetry is found to be conserved, i.e., the four nearest-neighbor bonds are equivalent. Theoretical
values forRS, _, are used: in the VFF method the bulk bond length is identical to the experimental value, but in the LDA calculations the
bond length deviates from the experimental value due to overbinding in(B24 30. The numbers in the parentheses refer to the supercell
size.

LDA (64) VFF (64) VFF (512

RGa—X / R(();a—N RGa—X / R(();a—x RGa—X / ROGa—N RGa—X / ROGa—X RGa—X / R(();a—N RGa—X / R(C)Sa—x
GaNP 1.132 0.930 1.127 0.932 1.131 0.936
GaNAs 1.155 0.914 1.145 0.913 1.151 0.918
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TABLE Il The ratio dV=R%, , / RS, \ [Eq. (12)] between
the GaX (X=P,As)and the Ga-N bond length in bulk GaN for the 33 CBM

singly and doubly positivecharge states as calculated by the self-
consistent plane-wave pseudopotential metfidalA ). s
[
Defect d® d® d® d@ el
GaNP’ 1.132 1.132 1.132 1.132 ;
GaNP* 1.147 1.150 1.146 1.144 & I
GaNP** 1.159 1.165 1.157 1.152 E os e ae 0.60 T\ ee e o
GaNAs® 1.155 1.155 1.155 1.155 0.40 TS e 0.42
GaNAs* 1.171 1.178 1.173 1.168 0.0 =
GaNAs™ 1.185 1.200 1.187 1.179

FIG. 3. The single-particle levels for P and As impurities in

. _ . . GaN in the neutral and singly positive charge states as obtained in
LDA calculations forVz, in ZnSe(Ref. 39 fail to reproduce the LDA calculations. The positions of the single-particle levels are

the experimentally observed large Jahn-Teller rellaxati.on. _given with respect to the valence band maximepnderived for

We have thus searched for a Jahn-Teller distortion inach case according to the alignment based on the average effective
GaNP" and GaNAs™. First, we created a starting geometry potential described in Eq8).
corresponding to the zinc-blende structure with slighéxi-
mum cartesian amplitude 0.25 g.tandom displacements of appearance of deepimpurity level in the band gap. The
all atoms. This was done in order to break possible metapositions of the single-particle levels are shown in Fig. 3.
stable symmetric configurations. Then we let all atoms moverhe results reveal that the neutral impurity-induced deep
according to the calculated quantum mechanical forcefevel is threefold degenerate consisting piike orbitals.
(without any symmetry constraintsintil the total energy Figure 4 shows the electronic densityvave function
minimum was reached. The resulting bond lengths are showsquaredl of the threefold degenerate level for the neutral
in Table Ill. We observe a rOUghly one percent increase |rGaNAS The wave function can be seen to be primar"y
the outward relaxation of the neighboring Ga atoms comjpcalized on the impurity site, with a minor contribution near
pared with the neutral charge state. Furthermore, a slighte next-nearest-neighbor nitrogen atoms. The LDA single-
symmetry lowering relaxation {dependent!") is detected, particle levels for the neutral charge state are in qualitative
which, however, cannot be decomposed into Jahn-Teller dissgreement with the ones given by EPM:the position of
tortion exhibiting C3, symmetry. We then made tests with the P (As) derived level in the neutral charge state in the
other starting geometries, where the impurity atom was dist DA calculations ise, +0.37 (€, +0.60) eV while the EPM
placed along the positive or negatilel 1] direction by vari-  results are slightly higher at,+0.61 (e, +0.75) eV. We
ous amounts up to half the ideal nearest-neighbor distanc@ote that the band gap found in the LDA calculations was
No randomization of the atomic positions was performed. 67 eV3° while in the empirical pseudopotential method the
After full atomic relaxation the system did not maintain the pseudopotentia|s were fitted to reproduce the experimenta]
Cs3, symmetry, but the results revealed structures similar tdhand gap(3.3 e\). To see the effect that the different band
those presented in Table Ill. These configurations were engaps can have on the position of the defect level we analyzed
ergetically degeneratevithin 1 meV from the configuration the character of the deep impurity states by projection to

in Table IlI), but exhibited slightly differing bond lengths valence and conduction band states of the pure host
from values in Table Il with a deviation amplitude of about

0.5 percent. We also studied the Jahn-Teller geometry for
V3, in ZnSe proposed by Watkifsby moving As or P
impurity along the positive or negativEl1l] directions
(keeping all other atoms at their ideal positinrtdowever, in
both directions the total energy as well as the defect orbital
energies of the split levels movedp upon displacement
from the tetrahedral geometry. We thus conclude that for
GaNP" and GaNAs" LDA gives no Jahn-Teller distortion
with C5, symmetry.

For the doubly positive charge states the outward relax-
ation of the neighboring Ga atoms further increases-tiy6
(Table I1I). All bonds have unequal length, i.e., similar to the
singly positive charge state the configuration lacks any clear
symmetry.

FIG. 4. The wave function squared associated with the deep As
impurity-induced level in GaN. The densities of the three degener-

Accompanied by the large outward relaxation of the Gaate levels are added together before drawing the isosurface at the
atoms surrounding the P and As impurities we detect thelensity 0.02%/Bohr.

B. Defect energy levels and wave functions
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TABLE IV. The calculated Franck-Condon shifts for P and As
impurities in GaN given by the LDA method.

Defect EX (eV) Efct (eV)
10} GaN: P 1 Py 0.08 0.06
- Asy 0.11 0.09
e(+/0)=¢,+0.22 (GaNP),
0.0
+/0)=¢,+0.41 (GaNAs),
U_ ©) e(+10)=¢, (GaNAs) 3
(+/0) = 0.22 eV
(++/+) = 0.09 &V e(++/+)=¢,+0.09 (GaNP),
10 : ' : : e(++/+)=e€,+0.24 (GaNAs).

The recent photoluminescence experiments for P-
implanted GaN by Jadwisienczak and LozykoWSkjive the
PL line atEp =2.917 eV, in good agreement with the results
10} GaN: As 1 by Pankove and Hutchbyand Metcalfeet al1® Jadwisienc-
zak and LozykowsRP have further determined the zero-
phonon line to be aE,p =3.2709 eV. The exciton binding
energy according to Ed2) is thusE,=Ega;— Ezp =0.232
eV, assumingdz .= 3.503 eV as the band gap in their wurtz-

DEFECT TOTAL ENERGY (eV)

0.0 | ite samples. According to Eq¢5) and (7) we can identify
L @ the (+/0) ionization energy in our calculations &g. There-
(+0) = 0.41 eV fore our resuItEb=0..22 eV[Eq. (13)] is in excellent agree-
ment with the experimental valug,=0.232 eV.
(++/+) = 0.24 €V The calculated values for the Franck-Condon shifts are
_ . ‘ . ‘ , , . X m
95 T e 15 20 25 30 shown in Table IV. Comparison d& ¢ in the case of GaNP

ELECTRON FERMI ENERGY €, (eV) to the eXperimental shift between the PL and Z(BLBS e\)}
shows that the calculated values are considerably smaller. On

FIG. 5. Total energies ofa) GaNP and(b) GaNAs defect in  the other hand, the small Franck-Condon shifts are consistent
0,+, and ++ charge states as a function of the electron Fermiwith the relatively small atomic relaxation differences be-
energy. The ionization levels are depicted with solid dots. tween the neutral and positive charge states described in
material?® The results showed that the deep states possessgél ble 1l
very dominantly a valence band character with very little
overlap with the conduction band states. This suggests that V. CONCLUSIONS
the positiongwith respect tce,) of the single-particle levels
found in our LDA calculations are little affected by the ac- fi
tual underestimate in the band gap value, and thus this bal
gap underestimation is not the principal factor in the differ-
ence between LDA and EPM results.

The self-consistent plane-wave pseudopotential calcula-
ns verify the exceptional behavior of isovalent P and As
purities in GaN: both substitutional impurities are found to
induce deep levels in the band gap in contrast with all other

Tumi he ch d def find . it conventional 11I-V systems. The defect levels are triply de-
urning to the charged defects, we find a minor sp Ittlnggeneratetz-like orbitals primarily localized at the substitu-

(a few meV in the threefold degenerate level in the singly oo atom. The calculated total energies are used to esti-

positive charge state, where an electron is removed from thg,ose ;er0-phonon line and impurity-bound exciton binding
defect level(Fig. 3). Furthermore, the single-particle levels epergies associated with the photoluminescence measure-
move cloger to the valence_band e.dge. as th? oceupancy flants The calculated exciton binding enefgy=0.22 eV

the level is reduced, reflecting a diminished interelectroniq . < n\ip is in excellent agreement with the available ex-
Coulomb repulsion. perime_ntal dat&,=0.232 eV.

C. Transition energies: theory and experiment
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