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Transition metal defects in group-Ill nitrides: An ab initio calculation
of hyperfine interactions and optical transitions
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We presentab initio calculations for 8 transition metal point defects and for defect pairs in group-lli
nitrides with a special emphasis on charge transfer energies, hyperfine interactions, and internal optical tran-
sition energies. Our LMTO-ASA Green'’s function total energy calculations show-¥at pairs to be tightly
bound in semiconducting and mtype GaN and AIN with pair formation energies in excess of 1 eV. We show
that in the framework of density functional theory reliable total energies are obtained for excited states, if the
levels involved are represented by a single determinantal state withiNab&sis. Our optical transition
energies agree fairly well with the experiments.
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I. INTRODUCTION G(F,F',E)ZGO(F,F’,E)

The large direct bandgap, ranging from 1.9 eV for InN to > -, S ey 2, .
6.2 eV for AIN makes the group-lll nitride semiconductors +f Gor,r" E)AV(r)G(r,r" E)dr
attractive for many optoelectronic applicatiorfsin spite of 1)
a considerable scientific effort, the characterization of the
point defects in this material system is still quite incomplete js \written in terms of the Greends functi@? of the perfect
Several experimental groups have studied the optical angrystal. HereAV=V—V? is the defect-induced change in the
magneto-optical properties of the omnipresedttBansition  effective one-particle potentials. Equatiofl) is solved
metal (TM) defects. However, even the chemical origin of within a perturbed region containing 28 atoms centered
several experimentally well studied zero phonon linesaround the impurity. Outside this regio®,is approximated
(ZPLs) is still a matter of controversySince a detailed the- by G°.
oretical investigation of 8 TM defects is still missing, we A solution of Eq.(1) using the LMTO-ASA representa-
present in this paper the results of a theoretical total energyon leads to accurate particle and magnetization densities,
calculation for both ground states and excited states of TMegpecially in the regions near the nuclei. From these we cal-
related defects based on the local spin density approximatiogylate hf interactions for paramagnetic defect states with the
(LSDA) of the density functional theor§DFT). _ magnetic moments of the defect and ligand nutleA main

The DFT can be used to calculate total energies of thghortcoming of the LSDA, the underestimation of the funda-
ground state and for those excited states that are Orthogonmenta| band gap, is Coped by the use of the scissors Operator

by reasons of symmetry to the lower-lying states. This hagechniqué&® when constructing the Green’s function of the
been demonstrated recently for tAA, excited state of the unperturbed crystal:

neutral vacancy in diamorfdTotal energies and hyperfine
(hf) fields of the excited state are obtained with a similar z//*(F E’):/;(F’ E')
precision as the hf interactions for the ground state. GgC(F, r'E)= ’ T =l
In this paper we investigate whether the same method can E—-OgE’

be extended to excitation energies of intrd-ghell transi- _ ] o
tions of TMs in order to support the identification of the WhereOsis the scissors operator adjusting the energy of the
chemical nature of the TM defects that give rise to zpLfundamental gap to the experimental value, but leaving the
lines. In Sec. Il we sketch the general method used to calcigigenfunctions unchanged. In this way the SCISSOrS operator
late total energies for the multiplets oti3TM defects. The technique simulates the GW-approximatiéri; a method
resulting charge transfer levels, hyperfine interactions, anéat is widely used to improve the LSDA predictions of the

transition energies into excited states af BM-related de- fundamental gap and excited state ener{fi¢SWe shall see
fects are presented in Sec. Ill and summarized in Sec. IV. that the use of the scissors operator leads to reasonable val-

ues for transition energies of defects in group-Ill nitrides.
Usually, isolated 8 TM defects are incorporated at the
substitutional cation sites in group-I1I nitridésyith four ni-
trogen atoms in tetrahedral configuration as nearest neigh-
We have used the self-consistent linear muffin-tin orbitalsbors both for the zinc-blende and the wurtzite modifications.
method in the atomic spheres approximatibMTO-ASA)®>  The strong localization of thed3TM defect states leads to
treating exchange and correlation effects within the frameminor differences only for defects in different polytypes, as
work of the LSDA-DFT. To this aim Dyson’s equation for is confirmed by Ref. 14. In fact, most experimental papers
the Green’s functiors for the crystal with a defect discuss the 8 TM defect states in wurtzite group-II nitrides

: @

IIl. COMPUTATIONAL
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FIG. 1. Calculated charge transfer levels of isolated T defects in group-IIl nitrides. The valence and conduction band edges
determined via the Langer-Heinrich rule using'C¢" as reference level are indicated. For GaP experimental data taken from Refs. 22 and
27 are shown for comparison.

in terms of cubic symmetry. We, therefore, have restricted In special cases a givefrS*YI'(L) term can be con-
our calculations to defects in the zinc-blende structure. Thetructed by a singlee"t) " determinantal many-particle
semi-core character of the Gad3 and In d-derived wave function. In this case we approximate the energy of this
bands®~*" presents no particular difficulty in our present ap- term by the LSDA total energy of the correspondify "
proach, since we have treated thebands of the host as configuration. In the general case tHe"VI'(L) term is to

ordinary valence bands. _ be constructed as a linear combination of several different
In its present form, our method does not allow to mcIudeentlzﬂ—n determinants in the™ subspace. Configuration inter-
lattice relaxations. For the gallium vacancy in GaN as amctions will modify the energy of thé2S* DI (L) term and
example we have calculated the lattice relaxation with thgnhe particle density distribution can no longer be approxi-
help of a density-functional-based tight-binding clustermated by a Kohn-Sham representation. With our present ap-
calculation® We obtained a 12% outwards relaxation of the proach we have no means to calculate those term energies.
next neighbor nitrogens and a change of the total energy gfgriunately, most defect states of interest turn out to be

AE,=—0.76 eV. Since this value is practically indepen- single determinantal states within tt subspace.
dent of the charge state, there is only a minute influence of

lattice relaxations on charge transfer levels. Fdriav de-
fects in semiconductors Landerhas shown lattice relax- IIl. RESULTS AND DISCUSSION
ations to influence energy differences like charge transfer
levels by less than 0.1 eV—a value which is within the limits
of accuracy of LSDA energy levels. The internal reference rule of Langer and Heinfictt

TM defects in semiconductors induce deep localizedpredicts the absolute positions of the charge transfer levels in
3d-like impurity states. The cubic crystal field splits the cor- different isovalent compound semiconductors to be indepen-
responding single particle states into states that transformient of the host. One may shift the zero of the energy scale
according to thee and to thet, irreducible representations, for different hosts in such a way, that the energies of a par-
respectively. These are further split by the exchange interaaicular reference charge transition for a particular defect co-
tion into spin-up and spin-down states. incide. After this alignment of the energy scales, the energy

While the charge state of the defect uniquely fixes theof an arbitrary charge transition level for an arbitrary TM
numberN of occupied 8l-orbitals, the occupation of the dif- defect coincides for all hosts according to the Langer-
ferent single particle states requires some care. A diagonaHeinrich rule. Furthermore, this alignment provides us with
ization with respect to the Coulomb interaction within the an estimate for the valence and conduction band offsets.
{e”tg’”} subspace results if?S"UT(L) terms. This has Figure 1 summarizes the charge transfer energies calcu-
been demonstrated by Tanabe and Sutfawbo replace the lated for isolated @ TM defects incorporated at the substi-
matrix of Coulomb interactions by the free-atom Racah-tutional cation sites in AIN, GaN, and InN. As is customary
parameters and treat the influence of the crystal field in firsin ionic compounds like the group-IIl nitrides, thed 3TM
order perturbation theory. defect state is characterized by its oxidation state rather than

A. Isolated 3d TM defects in group-Ill nitrides
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TABLE I. Calculated and experimental valence band off¢iets
eV) for group-lll nitrides in the zinc-blendézZB) and wurtzite
(W2Z) structures.

PHYSICAL REVIEW B 63 075204

TABLE Il. Hyperfine interactions(in MHz) for substitutional
MnZ. in GaN calculated with different LSDA and GGA parametri-
zations(see text

AIN/GaN GaN/InN AIN/InN
LMTO? (ZB) 0.85 0.51 1.09
LAPW® (ZB) 0.84 0.26 1.04
LAPWP(WZ) 0.81 0.48 1.25
Exp® (WZ) 1.36+0.07
Exp® (WZ) 1.26+0.23
Expd (W2) 0.70+0.24  1.05-0.25  1.81-0.20
This work (ZB) 0.91 1.05 2.05

8Albanesiet al. (1994, Ref. 23.
Wei and Zunge(1996), Ref. 24.
“Waltrop and Grant1996, Ref. 25.
dMartin et al. (1996, Ref. 26.

by the charge statéhowever, when discussing pairs ofl 3

TM defects and vacancies, we shall label the vacancy by it
charge state although its TM partner is labeled by its oxida

%Mn(0,0,0)  ¥N(1,1,1) %9Ga(2,2,0)
a a b a b b
LSDA(CA) —98.9 1.4 024 43.0 2.00 0.02
LSDA(PW) —-105.1 1.1 022 425 199 0.03
GGA(PBEY6 —85.6 0.6 021 415 1.87 0.13
mod. GGA —228.5 04 021 398 1.85 0.13
Exp. Ref. 35 209.9

states withN=3,4,5,6 both high-spin and low-spin configu-
rations are possible depending on the relative value of the
exchange and crystal field splittings for the one-particle
states. We find for almost all isolatedl IM defects a high-
spin ground state, similar to the model of Ludwig and
Woodbury® for 3d TM defects in Si. There is one excep-
tion: the ground state of Eé turns out to be diamagnetic

tion state. In Fig. 1 the C#*3* donor level was taken as a with an energy difference of 0.4 eV to ti&=4/2 high-spin
reference level for the alignment of the band edges of all hosttate.
materials. Figure 1 shows that the rule is a good approxima-

tion, especially for the acceptor levels €& and NF /2",
and also for the the donor level*V**. From the Langer-

B. hf interactions

Heinrich rule we estimate the valence band discontinuities Only a few deep defects in GaN have been observed by
for cubic AIN/GaN, GaN/InN, and AIN/InN materials to be EPR: the 3 TM defects Ni, Fe, and Mi#***have been

0.91, 1.05, and 2.05 eV, respectively.

identified, however, the hyperfine structure was resolved for

In Table | a comparison of experimental valence bandthe Mn impurity only.
offsets with theoretical calculations of the interfaces by su- The EPR spectrum with resolved hf structiiré shows
percell calculations is given. All entries in Table | are posi-an S=5/2 high-spin state interacting with the central nuclear
tive, i.e., a larger band gap corresponds to a lower position a$pin| =5/2 at 100% natural abundance. This proves that the
the valence band edge. Our estimate using the Langedefect is M@; The isotropic hf interaction with thé®Mn
Heinrich rule for the AIN/GaN heterojunction leads to a bandnucleus calculated for N&i is by a factor of two smaller
offset that is comparable to results of state-of-the-arthan the experimental value of 210 MHz. A similar discrep-
calculations’®** For the combinations with InN, our esti- ancy is generally observed fod3M point defects in silicon
mated offsets differ by a factor of two from the other theo-and 11-VI semiconductor compound§3®For 3d TM defects
retical results, but are in fair agreement with the band offsetshe isotropic hf interaction is caused by the spin polarization

determined by x-ray photoemission spectrosco¢ys).2®

of the core states and the LSDA assumption of a homoge-

Also included in Fig. 1 are the experimentally determinedneous spin density is of course most strongly violated in the
charge transfer levels of TMs in GaP which were takencore regions. Thus, gradient corrections to the LSDA are
from*>*" We have included these entries in order to showexpected to influence the magnetization density in the core
the internal reference rule to be less reliable if one combinegegion predominantly®*'In Table Il we have collected our

group-1ll nitrides with other IlI-V semiconductofsee, e.g.,

hf interaction results obtained by using the LSDA parametri-

the (3+/2+) first acceptor levels of Ti, V, and Cu and espe- zations of Ceperley and AldgL SDA(CA)]** and the param-
cially the (2+/+) second acceptor levdlsThe reason may etrization of Perdew and Wang.SDA(PW)].*® Also in-

be the difference in electronegativity between nitro¢®04)
and phosphorug2.19.28

Experimentally, little is known about the charge transfer

energies of 8 TM defects in group-IIl nitrides. The &%

cluded are results using the GGA functional of Perdew,
Burke, and ErnzerhoffGGA(PBE96].**

The incorporation of the GGA did not lead to a significant
improvement of our results with respect to the LSDA values,

acceptor level in GaN e.g. has been determined by Baysrobably because only the radial part of the gradient was
et al***°to be atE,+2.5 eV from the PL excitation spec- taken into account in our calculation. We have simulated
tra. This result has been challenged by Haitzal®' who  nonradial contributions by enhancing the radial gradient by
place the F§./?" level 3.17 eV above the valence band. Ourabout 20% in the region where the magnetization density is
result of E,+3.14 eV is in better agreement with Heitz nonspherical. This procedure increases the modulus of the
et al. isotropic hf interaction with the®>Mn defect nucleus to a
The spin state of the@TM defect ground states is not as value that is slightly larger than the experimental value,
complex in the nitrides as it was in silicdrf? for the dN  while leaving the hf interactions with the ligand nuclei al-
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TABLE IlIl. Hyperfine interactions with the?’Al nucleus (in
MHz) for selected intrinsic radiation defectS= 1/2) in AIN com-
pared with experimental data. In the case of Vathe interaction
with the 2’Al ligand nucleus is shown. Theoretical results shown oo,
have been obtained using the LSDA and the modified GGA, respec- ',." k
tively. 2

2TAl (LSDA) 27Al (mod. GGA
a b a b

Exp. Mason Ref. 51 66.7 19.7
Exp. Honda Ref. 49 32.7

vad 33.4 10.7 34.4 9.9
Ald, 11.3 8.6 11.9 7.9
vad,"AlY, 338.6 232 340.1 22.7
- Charge transfer levels of
. . . -2 S

most unaffected. The success of this empirical correction O Mgy HTIM
strongly suggests a correct consideration of the nonradial : o Pair
contributions. B ! ! ! L T

We note that the GGA correction affects only the hf in- 1 2 3 4 5 6
teractions ford-like TM defecté® for which the isotropic hf Fermi level E[eV]

interaction is caused by the core polarization. The hf inter-
actions for defects with isotropic hf interactions arising from
slike defect states are practically unaffected by GGA cor-
rections(see also Table Il

As in most 1ll-V compound semiconductors, the high
abundance of paramagnetic host nuclei in GaN leads t
broad EPR lines. Hence the hf splitting for mang 3M with | in the 3/2<1<7/2 range. In some samples the D5
defects like Fe cannot be resolved. Our calculated hf intersignal appeared after electron irradiation, suggesting the
action of 13.5 MHz for the experimentally observed presence of an intrinsic radiation defect, as, e.g., the Al self-
Fell (S=5/2) state predicts the hf splitting to be within the interstitial (I =5/2).
linewidth of the central EPR lin&%® even if we allow a From our results we can exclude interstitial Al: for iso-
factor-of-two correction. Thus, we suspect that doping withlated Aﬁn the calculated hf interaction values are too small
isotopically enrichecP’Fe will not resolve the hf splitting. ~ while for the trigonal Vag Al pair the respective values are

For AIN the number of deep defects with resolved hfmuch larger than the experimental désae Table II).
interaction is slightly higher than for GaN. Baet al*® ob- The fact that D5 signals are observed exclusively in
served an isotropic EPR signal in polycrystalline AIN Samples of low purity suggests extrinsic impurities to be in-
ceramic4’ with g=1.997 and with a clearly resolved hyper- volved, most likely trapped by radiation defects. Since our

fine structure. Besides the central line, there are at least folPtal energy calculations showd3TM atoms and nitrogen
lines with a 53.51 MHz hyperfine splitting. The relative in- Vacancies to form stable impurity pairs in group-IIl nitrides,

tensities are consistent witf*Cr exclusively (=3/2 and W€ have investigated vacancies paired with BV partners
9.5% natural abundangeNe have shown recently fofcr, ~ that have 100% aszgdanstie for thsg isotope with a nuclear
that five differentd states ranging fromi=1 toN=5 can, SPin of agguﬂ =5/2: "Sc, >V, and >*Co with nuclear spin
in principle, account for these splittings. 7/2, and Mn with nuclear+sp|21+5/2. V\ie foI five Eoszslble

In ceramic AIN sample&® Hondaet al*>*°have investi- Pair states wittb=1/2: VagqMny, Vag Cay , Vagq Vi
gated the Vag~ (F-centey radiation defect. A hf interaction in @ low-spin configuration and in addition Vigesa” and
with the 27Al ligand of 32.7 MHz deduced from a linewidth VacyVa' in high-spin configurations. Figure 2 displays the
analysis is in excellent agreement with our calculated valu@air formation energy of some pairs as a function of the
of 33.4 MHz (see Table Il). Furthermore, for V&g the  Fermienergy. .
optical excitation energy between tRé&, ground state and  For the pairs we use the convention that for the vacancy
the 2T, excited state, calculated to be 3.69 eV, is in closethe charge state is given while for thel IM the oxidation
agreement with the experimental value of 3.35%V. state is given. This notation is not unique, \ja¢na," could

A series of at least twelve EPR signals labeled D1 to D122qually well be denoted by VEEMNR", but since the para-
was reported by Masoet al®! Unfortunately, only for the magnetic state of the pair closely resembles that of isolated
D5 center withS=1/2 an anisotropic hf interactionA( Mn4", we prefer the former notatiotfor the Vag' S,
=47 MHz andA =106 MHz) could be resolved. From the pair the S& oxidation state would be quite unlikely, we
shape of the EPR signal Masenal. assigned the spectrum shall see below that the magnetic state of this pair mimics
to a defect involving a magnetic nucleus of 100% abundancehat of the isolated V&c ).

FIG. 2. Pair formation energies of various trigonal \{&i
complexes in AIN, as a function of the Fermi energy. Full circles
mark the charge transfer levels for the pairs, while empty circles
and empty boxes mark the corresponding values for the isolated
gacN and TM defects, respectively.
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TABLE IV. Hyperfine interactiongin MHz) for trigonal 3d TM  gations of the magneto-optical properties. The close analogy
impurity-vacancy pairs in AIN wittS5=1/2 compared with the ex-  of several PL characteristics in GaN and AIN, especially the
perimental hf interaction for the DS defect. fact that the ZPLs appear at about the same energy in both
materials, suggests a common assignment in both materials.

TM(LSDA) TM(mod. GGA

I a b a b
1. Vanadium related defects

Exp. Mason Ref. 51 66.7 19.7 .
Va%rsﬁ 712 711 20.0 66.1 20.5 For the ZPL at 0.94 eV, PLE and magneto-optical
Vac,jMn“A:* 57 —14.9 23 _308 g, Measurement&**clearly prove ad” configuration with a
Vac; V2 72 —96.3 309 —2179 361  Ax(F) ground state. According to our results only;trand
Vaciv4r 72 —413 —763 —1552 —733 Ven offer a 3d-configuration among the isolated Eylde-
Vag, ol 712 —121.2 —104.7 —208.2 -944  fects in GaN(see also Fig. 1 From our results we cannot

exclude C§ . However, the similarity of the 0.94 eV emis-
) , i sion in GaN with the PL spectra of¥ in other Ill-V com-
A comparison of exper|mentql ar]d theoretical values forpounds(GaAs, GaP, and InRsuggests this line to be due to
the hf interactions of these pairs in Table IV shows the,,3+ 52

Vaci"Sc, pair to be a likely candidate for D5: isolated = G2’

S (ﬁ h inal inlessd8 electroni f i ith For a a? system, seven different configurations can be
|_Nas a singie spiniessus electronic configuration With -, yhineq into twelve many-particle terms. Fortunately, be-
the first A single particle state high up in the conduction

: ; sides the ground staté,(F), also the exited state¥T,(F)
band. It therefore constitutes an extremely localized perturélnd 3T,(P) can be expressed as a single determinantal
bation of the otherwise perfect crystal and is not easily ob- 1 P 9

served experimentally. If §¢ is substituted for one nearest configuratiort’ (see alzso F|g.)4The ground SJ.[atéAZ(F) 'S
Al neighbor of Va@* . the resulting Vaﬁsf&r pair still is constructed from the; configuration. According to our cal-

. 3 . . .
predominantly a vacancy-like defect, in contrast to the othefulations the“T,(F) excited statéwhich is the ground state

11y o : o
VacTM pairs. This is illustrated by the induced particle IN the subspacet;;) gives rise to a level which is about

densities(see Fig. 3 Furthermore, the EPR-active oxidation 1.12 eV above the ground state, a value that compares well
state of the pairwhich exists in thermal equilibrium for With the experimental value of 0.931 eV given by Bair
p-type samples with a Fermi level below 1.35)el pre- al.> (see Table V.
dicted to be very stable with a pair formation energy of about The same authors reported additional absorption bands at
2.3 eV. Thus, in this rather indirect way, electron radiation2.54 and 2.75 eV® Diagonalizing empirical crystal-field ma-
might activate the visibility of a Sc contamination in group- trices they tentatively assigned these transitions to absorp-
I nitrides. tions into 1T,(D) and 3T,(P) excited states of isolated
o V?é; . In fact, for the®T,(P) excited state which is the single
C. Zero Phonon Lines in GaN and AIN determinantal ground state within the subspace3pfcon-
The experimental identification of 3 TM defects in  figurations, our LSDA prediction is 2.67 eV, in close agree-

group-1ll nitrides has progressed mainly by detailed investi-ment with the experimental value.
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FIG. 3. Contour plots of the induced particle densities in(t) plane. Parta) shows the magnetization density of the isolated ;‘\Vac
and (b) the magnetization density of the \{SQ, complex.
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3T, (8 ZPL at 0.931 eV, while for the & configuration there is no
0 state to be excited. For the remainind;Voxidation state
there is a single transitiorf {,—2E), which according to our
60 iTl calculations has a transition energy of 1.33 eV, clearly higher
S T, than the corresponding value in th¢ Voxidation state. Al-
50 3T, ternatively, we propose that the 0.82 eV ZPL is due to vana-
-] dium paired with a nitrogen vacancy, created as a radiation
" 40 3T, (e't}) defect?®>’ According to our calculations, V§eTM com-
? plexes are stable in group-lll nitrides with formation energies
g 30 'A, of about 1 eV inn-type and semiconducting sampléesee
Gl also Fig. 2.
20 L In analogy to the interpretation of the 0.931 eV emission,
B E the luminescence is expected to occur between a trigonally
10 - 1 distorted 3T,(F) excited state and the distorteth,(F)
| A PN ground state. For this transition, our LSDA estimates are
0 1 2 3 2 2 (e?) 0.80 and 0.72 eV for the ZPL in GaN and AIN, respectively,
A, /(10B) in fair agreement with the experiments. In thermal equilib-

rium this charge state of the TM-vacancy pair exists for

FIG. 4. Energy levels for @ configurations(Tanabe-Sugano  semiconducting samples with a Fermi level in the range be-

diagram from Ref. 20. tween 0.99 and 2.71 eV above the valence band edge.
For a tightly bound trigonal pair the admixture between

While in temperature-dependent studies for GaN a hothe vacancy-related and TM-related states is surprisingly
line was detected at 1.6 meV above the main peak at 0.93dmall. This is illustrated in Fig. 5, where the induced particle
eV, for AIN no such hot line has been found. Hence, for AIN density is split into contributions from states that transform
the corresponding excited state was attributed to a spinaccording to the; ande irreducible representations 6f;, .
singlet *E(F).>® According to the Tanabe-Sugano diagramWhereas the density derived fraam states resembles that of
for 3d? systems(see Fig. 4, a slightly higher crystal-field an isolated Vag (see also Fig. B the density of thes states
splitting of AIN as compared to GaN accounts for thisis typical for d-like orbitals.
change of symmetry for the first excited state. Unfortunately
the determination of the energy of tH&(D) state, which 2. Iron related ZPLs in GaN and AIN

cannot be represented by a single determinantal, is beyond ESR, ODMR, Zeeman, and photoluminescefi@e) in-

thev;ﬁgfeea(s)fi;h:r?ovg?;kémiconductors a variety df v de.  Vestigations have sho’?°the 1.299 eV ZPL in GaN to be
y due to a[*T,(G)-°A,(S)] transition of the 2° electron

fects can be introduced by various techniques, these techi- . . . .
niques are less successful in the IlI-nitridds°Only Vana- ~ SYStem of isolated g . The high-spin ground state is con-

dium implantation studies by Kaufmart al®” have lead to firmed by our self-consistent calculations. There can be no

a new, obviously V. related ZPL at 0.820 eV. An analogous excited states witl5=5/2, and therefore optical transitions
] a . . . . . .

ZPL in AIN was found at 0.797 eV This strongest PL in into this stgte a;re s_pml-forb!dd_en. for isolated Eelef

the series of TM related peaks is observed in semiconductin% In a study o op3t1|ca excitations for isolated dzalefects

samples exclusively. A similar series of PL lines in znse GaN. Heitzet alfound two intra-3l transitions at 2.009

was assigned to the different oxidation states of isolatgd V 'jmd 2.731_eV. These can b_e assigned .téT@(G) and a
point defect$®5° E(G) excited state, respectively, accprdlng to the Ievgzl or-
According to our calculations, isolatedgyin GaN can denfr)g of nztg‘e Tanabe-Sugano  diagram  for ad”3

have three different@" states witiN=0, 1, and 2. The ¥; configuratior.

ihi 4 H 2:2 1
oxidation state was already used for the explanation of th%guDrZEgrr'lb'\?vge tc?beta-li-rll(g)tr:;(gilttiii Setr?;?g?/yo&fl%%;eévc?gr- he

“yn 4 - .
TABLE V. Excitation energiegin eV) of vanadium-related de- transition from™T,(G), the excited state with lowest energy,

fects in GaN and AIN. into the ®A;(S). For the analogous B¢ in AIN we obtain a
transition energy of 1.12 eV in reasonable agreement with
LSDA Exp. the experimental value of 1.297 eV. The energy of the
“T,(G) state if approximated by that of theft5,t3 con-
Ve 3T,(F) eftyrelty) 112 0931  figuration gives a transition energy of 2.04 eV, very close to
'T,(D) 254 the experimental value of 2.009 eV. Again, the(G) exited
°Ty(P) et %edt,) 2.67 2.75 state cannot be treated within our simple approach.
Vag, V3 A(F)  aleftyrelty) 0.80 0.820 In Table VI our results are compiled using both the LSDA
and the modified GGA functionals for exchange and corre-
Va; 'E(D) 0.943 lation. The modified GGA predicts transitions energies
Vag V3 SAL(F) aleltyelt,) 0.72 0.797 which are by about 0.1 eV higher than the corresponding

LSDA values. Whereas our modified version of the GGA
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FIG. 5. Contour plots of the induced particle densities of thegW&, in GaN in a(110) plane. Shown is the density due to states that
transform according to tha; irreducible representation &, in (a), and to thee representation irfb).

leads to a factor-of-two enhancement of the central isotropicharge state of the pair we obtain transition energies of 1.16
hf interaction parameters, the same correction hardly affectand 1.13 eV in GaN and AIN, respectively. Here we assume

the calculated transition energies. a[3A(F)—3A,(F)] transition of the 3 configuration in
analogy with the excitation mechanism for the Wac*
3. The ZPL at 1.2 eV in GaN and AIN complex.

The 1.2 eV ZPL can be identified as an intracenter Heitzet al®® observed an effective excitation of the 1.193

['E(D)-3A,(F)] transition within a 3i?-configuration of €V emission via higher excited states at 1.7 and 2.8 eV in

an isolated TMP The assignment to ¢f as in Refs. 46 and n-type GaN samples. Their proposal thagTis responsible

61 or to TF* impurities, proposed by Refs. 31 and 62 on thefor the 1.193 eV transition must be questioned on the basis

other hand, is still controversial. of our results: We do not find the Fj oxidation state in
Baur et al***? assign this ZPL in AN to isolated &f  GaN. Inn-type GaN, only \}% has a 312 configuration, a

because of the correlation between this emission and the Cgefect state that was already shown to be responsible for the

related EPR signal in AIN: after neutron irradiation, causingg.931 eV emission.

a change of the Fermi level because of radiation defects, the Therefore, an assignment to&rappears to be the most

Cr-related EPR signal disappears while simultaneously thﬁrobable possibility. The excitation energies foré{;rare

1.201 eV ZPL increases dramatically. : . . o =
The observed broadening of addi)'iional lines near 1.2 evsummarlzed n T"?‘b'? VI.I' The high excnatlon_efﬂmency for
in Cr-doped GaN samples was explained by the presence Hi]e 1.193 eV emission in-type s?mples requires the pres-
Cr-related defect pai®®2 This suggestion is corroborated €"¢® of other defects coupled to_c,g‘rby generation or cap-
ture of holes. Two-color stimulation experiments e.g. prove

by our finding of stable pairs of Cr with Vgc we predict ;
four different charge states, a fact that could explain the ocEneray transfer between the yellow luminesce(te) and

+
currence of several additional lines. For the single positivé:‘%a centers by hole transfér.

TABLE VI. Excitation energiegin eV) of iron-related defects TABLE VII. Excitation energies(in eV) for chromium-related
in GaN and AIN. The theoretical results are obtained using thedefects in GaN and AIN.
LSDA and the modified GGA approximations.

LSDA Exp.

LSDA mod. GGA  Exp.
P e 1E(D) 1.193
Feli  ‘Ti(G) eltlelt,) 097 1.04 1.299 3T.(F) 1.6
‘TH(G)  etylelt,)  2.04 2.05 2.009 3T(P) e%t,7edt,) 2.69 2.8
4E(G) 2731  Vag,Crg: SAL(F)  alejtyredty) 1.16 1.188
F&'  ‘Ti(G) eltlelty) 112 1.30 1.297  Craf 'E(D) 1.201
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Based upon this observation Heiéz al3! claim the cap- defects. The 1.047 eV ZPL was observed after excitation at
ture of holesh,, to be the excitation process of theife 1.6 eV without a detectable charge transfer process and was

luminescence im-type samples: tentatively assigned to @Q .56 In fact, according to our(écal-
culations, inn-type GaN at thermal equilibrium only
Fe&a(°E) + hyy— (Fe23)* (*T). can be in a 8’ state, but Co is not considered to be a c?omi-
A similar mechanism for G, in n-type GaN would end up nz_i;]t contamination in these samples. Also, the presence of
in the 3A, ground state of the 1.193 eV emission: Nig, after the capture of holes generated by other centers
cannot be excluded.
Crat (*T)+hy,— Crgh CA,). The excited*T,(F) term in both cases can be well ap-

proximated as the ground state of &3 ejt;, subspace.

5_0[‘ Ni2. we obtain a transition energy of 1.14 and 1.04 eV

or GaN and AIN, respectively, in fair agreement with the

Starting from this3A,(F) ground state various excitation
processes are possible, especially an efficient recharging pr

cess into the neutral charge statgLfor which we calculate %xperimental values of 1.043 and 1.047 eV. The calculated
a charge transfer energy of about 1.98 eV and last but not”. + .
stimates for Cg., are only about 0.2 eV too low in energy.

least the observed excitation of the 1.193 eV Iuminescenc$h ; th . M of th .
via the spin- and symmetry-allowed transitions into the erefore, the previous assign ol the emissions near

3T,(F) (1.7 eV excitatioh and 3T,(P) (2.8 eV excitatioh 1.045 eV to isolated I\@; centers is not really unique.
terms. Therefore, the absorption between 1.6 and 2.0 eV

might be attributed to a superposition of the bands due to the IV. CONCLUSIONS

absorption 2A,(F)—-3T,(F)] and a recharging process into
the neutral charge state.

Unfortunately, the3T,(F) excited state cannot be de-
scribed as a ground state of a symmetry subspace, preventi
an estimate for thg3A,(F)-3T,(F)] excitation energy.
However, the next higher lyingT,(P) excited state is the
ground state within the subspace of ﬂ% configuration.
Our calculation places this absorption into the blue/gree
spectral range—namely 2.69 eV, in fair agreement with th
experimental value of about 2.8 eV.

We have shown that for@ TM defects in group-Ill ni-
trides most of the optical ZPL can be interpreted consistently
Rrg the basis oéb initio calculations using the general LSDA
framework. At least for those excited states that can be re-
garded as single-determinantal ground state of sdtheon-
figuration, the LSDA total energies provide a reasonable ap-

roximation of the state energies. We further have shown
hat an accurate estimate of the various band offsets can be
fnade combining our defect charge transfer level positions
with the assumption that the Langer-Heinrich rule is strictly
4. The ZPL at 1.045 eV in GaN and AIN valid within the group—ll! nitrides. Co_mparison wi_th.data fqr
GaP shows that the ionic group-Ill nitrides are distinctly dif-

The 1.045 eV ZPL shows the clear fingerprint of aferent from the conventional IlI-V compound semiconduc-
[“T,(F)—*A,(F)] transition due to a 8’ configuration of tors.

an isolated TM in GaN® According to our total energy cal-
culations, only Cg% and N§! offer a *T,(F) ground state
of thed’ electronic configuration. Tha-type samples used
by Presseét al,>® grown using a modified sublimation sand- ~ One of the author§U.G.) is grateful for financial support
wich techniqué’ contain Fe, Cr, Ti, and Ni as unintentional by a grant of the Deutsche Forschungsgemeins¢BdG).
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