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Theory of point defects in GaN, AIN, and BN: Relaxation and pressure effects
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Native defects and some common dopants in cubic GaN, AIN, and BN are examined by maarisitd
calculations using a supercell approach in connection with the full potential linear muffin-tin orbital method.
The atomic positions, the electronic structure, and the defect formation energies are calculated. In particular,
the vacancies are calculated to be abundant defects. The high-pressure behavior of the defect states is also
studied, and it is found that the pressure coefficients of the defect states depend mainly on their position in the
energy gap[S0163-18269)02731-9

I. INTRODUCTION frequent usage as dopants of IlI-V semiconductors. Further,
both C and Mg may be unintentionally incorporated as con-
Although less studied in the past than other Ill-V com-taminants during the growth of GaN and AIN crystals.

pounds, nitrides now belong to a rapidly growing field of Native point defects are known to play an important role

solid-state research. IlI-V nitrides exhibit some unique propN GaN. In GaN,n-type as well ap-type doping has been

erties, such as a large band gap, strong interatomic bondgchieved. Nitrogen vacancies were long suspected to be the

and a high thermal conductivity, which make them ideal ma_sburce ofn-type conductivity. Recently, however, uninten-

terials for optoelectronic and. high-temperature/hiah- OWe}ional contamination has been shown to be the source of the
i P L g P gn-p dominant donors. Nonetheless, nitrogen vacancies still act as
devices. The recent rapid increase in research on nitrides h

been stimulated by the successful fabrication of bnght%mpensatmg centers ptype GaN. Ga vacancies are deep

. . X " _ ‘acceptors and as such are more likely to occundtype
highly efficient GaN-based green-blue light-emitting diodes.a¢erial. They have been associated with compensation of

Since the electronic quality of a semiconductor is largelyhighly dopedn-type GaN and proposed to be the source of
determined by the nature and number of its native defectghe commonly observed “yellow luminescence.” Other
and impurities, itis important to understand their propertiEStypeS of point defect$antisites or interstitia}shave some-
Despite their importance for device applications, too little istimes been invoked to explain experiments. First-principles
still known about intrinsic defects in the Ill nitrides. The calculations of formation energies have shown, however, that
experimental investigations in this fiéldre accompanied by their formation energies are high, and therefore, they are un-
first-principles calculations of both native defects and dopdikely to form in appreciable concentrations during GaN
ants(such as C, Si, Ge, Be, Zn, Mg, O, and ktee, for  growth.
example, Refs. 295and their complexegsuch as Mg-H, AIN has so far resisted any doping attempts, eitiner p
V-H, V-V, and V-O) (see, for example, Refs. 6)}-8 nitrides  type. This may be due to its very wide band d&gl eV), or
and nitride-based alloys and heterostructures. Calculations @f may be due to the presence of many native defects.
total energies and electronic structures of defects make it BN is one of the most interesting 11l-V compounds, both
possible to investigate the character and position of defedtom theoretical and practical points of view. Physical prop-
levels, their atomic structure, and the formation energy.  erties such as extreme hardness, high melting point and in-

The aim of the present paper is to present results of cakeresting dielectric, thermal, and optical characteristics are
culations of electronic structures of some point defects fovery promising for applications in electronics, optoelectron-
the most interesting nitridegi) GaN, which is most ad- ics, and coating. Bulk BN shows a polymorphism similar to
vanced in research and technology) AIN, less used, but carbon, crystallizing in a hexagon&fjraphite-like and a
similar to GaN and often used in applications in heterostruczinc-blende structure; cubic BN resembles diamond in hard-
tures ALGa _,N/GaN (e.g., in field effect transistorsand  ness. BN exists also in the wurtzite structure. The cubic BN
(iii) BN, which in particular is interesting due to its extreme was synthesized in 195fRef. 9 and has an indirect gap
hardnesgsimilar to that of diamony In our study we focus Ey=6.4 eV
on the similarities and differences in defect properties be- The paper is organized as follows. In the next section we
tween these compounds by calculating the electronic struaescribe the methods used in the calculations. In Sec. Ill, we
tures, the defect formation energies, and the high-pressug@esent the results of the supercell calculations comparing
behavior of the defect states. In particular, the pressurénem with those obtained previously by the Green’s function
analysis is interesting because a comparison of experimeriGF) linear muffin-tin orbitat! (LMTO) method and with
tally obtained pressure dependence of the defect levels witbther theoretical and experimental results. We discuss the
theoretical results can be a very useful tool in identificationeffects of lattice relaxation near the defects and their influ-
and characterization of the defect states. ence on the defect level positions in the energy gap. Also the

We study vacancies, antisites, and substitutional impuripressure effects are described in Sec. Ill. The defect forma-
ties such as C, Zn, and Mg in GaN and AIN, and C in BN.tion energies are presented in Sec. IV, and the last section
The choice of impurities to be studied is motivated by theircontains summary and conclusions.
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Il. METHODS small splitting of thet, gap states related to the lower sym-
In a previous papdt we reported the results of the elec- tmutre;ry of the wurtzite structure compared to the cubic struc-

tronic structure calculations of native defects and impurities
in GaN and AIN obtained by the GF technidéé the frame

of the LMTO method® in the atomic sphere approximation
(ASA). The GF LMTO method allows us to study different
charge states of defects represented by single energy levels,

but only ideal substitutional defects can be treated by our we consider the cation and anion vacancies and antisites,
implementation of this method. The GF LMTO method givesa substitutional carbon impurity on the cation, as well as on
a fast way to get both neutral and charged states of defecthe anion site, and in GaN and AIN also Zn and Mg on the
and to derive pressure coefficier(sr deformation poten- cation site. In Tables I-lll the charge-state specifications,
tials) for the impurity levels. But, the assumption that the energy-level positions, ar(ith parenthesegheir pressure co-
host atoms remain in their ideal positions can lead to subefficients, as calculated by both the supercell and the GF
stantial errors in the level energies in cases with pronouncethethods are given for all the considered defects in GaN
relaxations, and therefore, we use here the supercell methddable |), in AIN (Table Il), and in BN(Table Ill). The value
to examine such effects. of the relaxation(R) is given in percent of the bond length,
Re|axati0ns cannot be predicted from tota'_energy Ca'cupOSitiVeR means that the bOI’ld distance betWeen defeCt and

lations using the ASA version of LMTO. The full nonspheri- the nearest neighbors increases. _

cal shapes of potentials and charge distributions must be The supercell calculations, combined with the full poten-
taken into account. We do this by combining the supercelfi@! LMTO, are performed for two cases: without and with
approach with the full potentidFP) versiort* of the LMTO the lattice relaxation effects included. For all cases except the

scheme. In contrast to the GE LMTO method where defecpitrogen antisite in GaN and AlIN, the relaxation is symmetri-

states are characterized by a single energy level, in the sgah i-e., tjhe atomigur:f)un_lgr:ng the deie::r: are_tmoved OL{{t.W?rd
percell approach, large but finite cells, each containing a gedf Inward symmetrically. - 1he case ot the nilrogen antisite

fect, are repeatedd infinitum leading to impurity bands WlIIPbefdlsc_uss?hd below in I(Ijetal'l' lati trate i
with finite widths. In this case, we estimate the impurity erforming the supercell calcuiations, we concentrate in

levels in the band gap as the center of gravity of the impurit)}he present WOF!( on neqtral charge states only. From the GF
band. method we get information about neutral as well as charged

gtates, but without lattice relaxation.

The energy gap of AIN is assumed to be 6.1 @Xperi-
mental value for wurtzite structurealmost twice that of
GaN (3.25 eV). The experimental energy gap of BN is 6.4
eV. In the GF calculations, the conduction bands are rigidly
apshifted to reproduce these experimental gaps.

In GaN the calculated pressure coefficient of the main
energy gap is 38 meV/GPa, close to the 40 meV/GPa found
earlier by the ASA LMTOY Cubic AIN has an indirect en-
ergy gap ('-X) with the pressure coefficient 1.9 meV/GPa
réASA LMTO: 1.7 meV/GPg whereas the pressure coeffi-
cient at thel’ point is 43 meV/GP4ASA LMTO: 42 meV/
GPa.

IIl. DEFECT LEVEL POSITIONS; RELAXATION AND
PRESSURE EFFECTS

Calculations are performed using 32-atom supercells. W
choose all(nonoverlapping muffin-tin spheres to have the
same size. As usual, in open structures, empty spliefése
same size as the atomic ohese inserted in the interstitial
regions to improve the packing fractiofin the FP LMTO
these are only used to enhance the accuracy of the interstiti
integrals and charge densityin the calculations we have
used a basis set that includes partial waves,gd, andd
character on each atomic site, with a total of 44 LMTO or-
bitals per formula unit. Th&-space integrations used 2k6
points in the Brillouin zone, and convergence tests we
made with 512k points.

The local-density approximatiofLDA) (Ref. 15 to the . . - .
density functional theory is used, by which exchange and The fundamenta! 9ap Is also in BN indiredf ) with
correlation effects are accounted for by a simple local potent-he pressure coefficient 3.0 meV/ GFQ_A.SA LMTO:. 2'.8
tial. The fundamental gaps derived from the LDA bandmeV/GPa, whereas the pressure coefficient at khpoint is
structures are generally 50—100% too small. This has cont4 MEV/GPAASA LMTO: 13 meV/GPa.
sequences for defect calculations, in particular for the
energy-level positions of bound states in the gap. To over-
come this problem in the GF LMTO method, we have cho-
sen to rigidly shift the conduction bands upward to match the A cation(Ga, Al, or B) vacancy in the neutral charge state
experimental minimum gafthe “scissors operator: is a triple acceptor with a level close to the valence-band

BN crystallizes usually in the cubic phase, whereas GaNnaximum(VBM ), which can be filled with three more elec-
and AIN can crystallize in two phases, the cubmnc  trons, introducing a set of levels above the valence-band
blende and hexagonalwurtzite) phases. We study here the edge. These acceptor states lie in all the nitrides considered
cubic phase, believing that there is little difference in impu-here between 0.2 eV and 2.4 eV above the VBM.
rity level positions of the two phases. This is supported by In GaN the neutral state of g, is lying around 0.2 eV
the comparison of defects in hexagonal and cubic GaN madabove the VBM, according to both the supercell and the GF
by Neugebauer and Van de Walfewho found only minor  approach. The lattice relaxation only slightly affects this
differences in formation energy and atomic relaxations bestate. This agrees very well with the results of pseudopoten-
tween these two hosts. Further, the energy-level positiongal calculations for the wurtzite structure made by Bogus-
were practically the same. The most distinct difference is dawski et al® using quantum molecular dynami¢8.3 eV)

A. Vacancies
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TABLE I. The charge state specifications, the relaxafiBnin percent of the bond lengtlipositive R means that the bond distance
between defect and the nearest neighbors incrgasesrgy level positiongin eV), and, in parentheses, their pressure coefficigints
meV/GPa as calculated by both the supercell and the GF method for defects in GaN.

Method “Supercell”
R E E E E E E
dE/dP dE/dP dE/dP dE/dP dE/dP dE/dP
GaN:Vg, 000000 000000 000000 000000 000000
0 0.2 0.2 0.4 0.75 1.1
(—1.2) (-1.5) (-1.8) (-1.5) (0.2
0.25
8 (—0.8)
GaN:Vy ([ X ) [ JeJejelele; ([ X ) [ JeJejelele;
0 Ey—0.1 Ec+0.5 v.b. c.b.
(=3) (16) (15)
Ey—0.1 Ec+0.5
-2 (—3) (16)
GaN:Gg 000000 00000 0 000000 000000
0 1.2 0.7 0.9 1.3
() 5 (6) (0
12 2.0
(10
GaN:Ns, ([ X ) 000000 [ J@) o0 000000
0 0.55 2.4 0.14 0.74 2.0
(7) (15 (3.8 (7.3 (23
-30 0.8 2.2
-7 9 (14
GaN:Gs, [ I ) [ J©
0 Ec—0.9 c.b.
19
-18 Ec—0.2
(20)
GaN:Gy 000000 000000 000000
0 0.4 0.1 0.5
4
GaN:Zng, 000000 000000 000000
0 0.25 0.1 0.2
(0.6
2 0.3
3
GaN:Mgs, 000000 000000 000000
0 0.1 v.b. 0.1
4 0.15

)

and with the pseudopotential calculations by Neugebauer and The GF calculation predicts that the boron vacaivgy

Van de Walle!® Charged states are situated higher in thegives rise to several acceptor states in the range 0.6 eV to 2.4
band gap, in the range 0.4 to 1.1 eV, according to our GFeV above the VBM. The neutral state, as calculated by the
calculations. supercell method with the lattice relaxation included, is lying
In AIN, V, lies 0.5 eV above the VBM, in agreement slightly higher(0.9 eV) than the level position obtained with-
with the calculations by Boguslawsgt al*® for the wurtzite  out relaxations included by the GF meth@d6 eV) or by the
structure (0.4 eV). According to the GF calculations, the supercell approactD.7 e\).
neutralV,, level is found at 0.6 eV, while charged states are  Outward, symmetrical, relaxation is found for cation va-
found between 0.9 and 1.9 eV. cancies. In GaN the nearest neighbors are shifted away by
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TABLE II. The charge state specifications, the relaxation, energy-level posiiine¥), and their pressure coefficients as calculated by
both the supercell and the GF method for defects in AIN. Nomenclature as in Table I.

Method “Supercell” “GF”
R E E E E E E
dE/dP dE/dP dE/dP dE/dP dE/dP dE/dP
AIN:V 000000 [ X ) Jelele; 000000 000000 000000
0 0.4 0.6 0.9 15 1.9
(=0.1) (2.0 (2.3 (2.6) (3.0
11 0.5
0.2
AIN:V ( X ) | JeJejelele; [ @) ( 1 ) |_JeJelelele;
0 0.5 Ec+0.2 0.14 1.0 5.7
(=0.7) (12 (=1.7) (0.0 (15
AIN:Al 000000 00000 0 000000 000000
0 1.8 24 3.2 3.8
12 1 1 (16)
18 3.1
(14
AIN:N 4 ( X ) 000000 O ( 1 J 000000
0 1.2 3.2 1.6 2.4 3.0
(15 17 @ 19 17
-29 14 2.8
-8 (13 (16)
AIN:Cy [ JO) [ O]
0 Ec.—0.6 Ec—14
(23 (33
-16 Ec+0.3
(25
AIN:Cy 000000 000000 000000
0 0.5 v.b. 0.1
)
2 0.5
2
AIN:Zn 0 000000 000000 000000
0.1 v.b. 0.1
10 0.35
(1.0
AIN:Mg 4 000000 000000 000000
0 0.2 0.15 0.57
0.9 0.9 (2.2
7 0.3
(1.1

8% of the bond length; in AIN and BN, a little larger shift,

While the cation vacancy level positions are very similar

11%, is found. Comparing the relaxation values with otherin all compounds considered, the nitrogen vacancy behaves
theoretical results, we have excellent agreement with Mattilsomewhat differently. In GaN, as found from both calcula-

et al® for AIN. Neugebauer and Van de Walfgredicted a
4% relaxation around ¢, (in wurtzite GaN.

tions, thea; (s-like) state ofVy forms a resonance 0.1 eV
below the VBM, whereas the, (p-like) state appears as a

From both the supercell and GF calculations, the pressumresonance in the conduction band. The approximate position

coefficients of the cation vacancy-induced levi@alculated
with respect to the top of the valence bamde very small:

of the t, resonance at 0.5 eV above the conduction-band
minimum (CBM) as found in the present calculation can be

negative for GaN, close to zero for AIN, and small positive compared to the 0.8 eV above the CBM, as obtained for the
wurtzite phasé®

for BN.
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TABLE Ill. The charge state specifications, the relaxation, energy-level positionsV), and their
pressure coefficients as calculated by both the supercell and the GF method for defects in BN. Nomenclature

as in Table I.
Method “Supercell” “GF”
R E E E E E E
dE/dP dE/dP dE/dP dE/dP dE/dP dEdP
BN:Vg [ 1 1 Jejele) 000000 000000 000000 00000
0 0.7 0.6 1.1 1.7 2.4
(1.0 (0.0 0. (0.5 1.3
11 0.9
0.8
BN:Vy ( 1 ) [ JeJejelele; o0 [ JeJelelele
0 Ey—0.1 4.9 0.25 51
(—=5) (5 (—=5) (6)
5 0.6 5.3
(—4) ©)
BN:By 000000 000000 000000 000OOO
0 1.2 0.7 1.3 2.1
(-1) (0.5 (0.6) (0.9
6 1.7
(0
BN:Ng ( X ) 000000 [ J@) ( 1 ) 000000
0 4.0 51 4.5 4.9 54
(14) (10 (18 (19 (11
9 2.6 4.3
(13 (10
BN:Cg [ Jo [ J@) ( )
0 5.1 c.b. c.b.
(0
-3 5.3
"
BN:Cy 000000 000000 000000
0 0.5 0.1 0.2
(0.5 (—0.9) (—0.8)

According to the GF LMTO calculations, thé, levels in  ably with the value ot~5 eV above the VBM obtained for
AIN are moved into the band gap. Tlag (s-like) state of the position of thep-like state in the present work.
Vy lies 1.0 eV above the VBM HE,), whereas the Lattice relaxations are small near the nitrogen vacancy, in
t, (p-like) state is found to be 0.4 eV below the CBE{).  all materials considered. In GaN we find that the nearest-
In this case, the supercell approach leads to slightly differentieighbor Ga atoms relax inwards by 2% of the bond length.
results: Thes state is in the gapH + 0.5 eV), and thep state  This is in agreement with the pseudopotential calculafions
is degenerate with the conduction bariL (0.2 eV). (inward relaxation~3% of the bond length The above

In BN we find boths- andp-type states of th&l vacancy  small relaxation does not change the positions of the energy
in the energy gap. The GF and supercell calculations yield afevels. The relaxations in AIN were found to be vanishingly
a; (s-like) state ofV close to the valence-band ed@t 0.2  small.
eV according to the GF and supercell calculations without In BN lattice relaxations near aN vacancy are slightly
relaxations; at 0.6 eV according to the supercell approackarger and still symmetrical. We find that the nearest-
with lattice relaxations included whereas thet, (p-like) neighbor boron atoms relax outwards by 5% of the bond
state appears close to the conduction-band €8ldeeV, 4.8  length, which leads to small upward shifts of the defect lev-
eV, and 5.3 eV, respectively, for the GF and supercell calels.
culations without and with relaxationdn previous calcula- The calculated pressure coefficients for the nitrogen va-
tions of theVy in the wurtzite phasé’ the position of the cancies are similar in GaN and AIN. They are very small and
p-like level was found~1 eV below the CBM. Since the negative fors-like states and large and positivaround 15
band gap of cubic BN is 6.4 eV, this value compares favormeV/GPa for p-like states resonant with or just below the
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conduction band. In BN the pressure coefficients are also ' ' ! ' ' ! '
negative for thes-like state and positive, but smallé&s meV/
GP3, for the p-like state. 201 ]

B. Antisites

Antisite defects introduce deep levels. Lattice relaxations
connected with these defects are very pronounced but quite
different for cation and nitrogen antisites. The cation antisite
defects, Gg, Aly, and By, are in their neutral charge states
double acceptorgoccupied with four electrons The Gg ) -
level is about 2.0 eV above the VBM in GaN according to - ! ! . . . .
our supercell calculation. This is a little higher than the po- 0.0 0.2 0.4 0.6 0.8
sition (= 1.7 eV) of the same state obtained by the pseudo- DISPLACEMENT ALONG [111]
potential calculations for the wurtzite pha$e.

In AIN the Al energy level is close to the midgap, i.e.
~3 eV above the VBM. In BN, the neutral state of,B
according to the GF calculations, is about 0.8 eV above th

VBM. Negative charge statesyBand B, ~, are lying at 1.3 yeefold symmetry axis is measured in units of the nearest-

eVand 2.1 eV. _ _ neighbor distanced;). The horizontal bars refer to calculations
In all compounds we find an outward relaxation aroundynere all the atoms are allowed to relax.

the cation antisite. In GaN the distance to the nearest neigh-

bors is increased by 12% of the ideal bond length, in AIN bywithout relaxations give quite similar values, whereas the
18%. The result for GaN is in agreement with the pseudoposupercell calculationwith relaxations give the values about
tential calculation¥ (11% outward relaxationFor GaN and 1 eV lower.

AIN we find substantial differences between level positions Let us consider lattice relaxations near the N antisite in
as calculated by different methods or with and without latticeGaN and AIN. Assuming for the nitrogen antisite the fGj
relaxations. The energy levels obtained by the GF methodymmetry, we find a small, 1%, outward displacement of the
are lying about 0.5 eV higheflower) in AIN (GaN) than  nearest-neighbor nitrogen atoms. But if we, on the other
those obtained by supercell calculations without lattice relaxhand, allow for symmetry changes, we find that the nitrogen
ations. There are large relaxations, and this implies that thaentisite distorts strongly along a threefold symmetry axis. In
energy levels determined by means of our “nonrelaxed” cal-the case of Iy,, the bond distance to the nearest-neighbor
culations differ from those obtained with lattice relaxationsatom is reduced by 30%n agreement with pseudopotential
included. Indeed, including relaxation effects we observe thealculationd®). Supercell calculations for )lyield a similar
upward shift of energy levels of the order of 1 €9.8 in  result: a reduction of the bond length to the nearest nitrogen
GaN, 1.3 in AIN. Relaxed supercell calculations for the atom by 29%, and this agrees with the result obtained by
same type of defect in BN show that in this case the distancattila et al® The three remaining neighbors relax inwards
to the nearest neighbors is increased only by 6% of the ideddy 7% in GaN and by 8% in AIN, but due to the large
bond length. But the corresponding neutral state level lieglisplacement of the N antisite, the bonds of the three distant
significantly highertabout 1.7 eV above the VBMhan ob-  neighbors to the antisite N atom are stretched, by 7% in GaN
tained by the supercell method without relaxations includedand by 6% in AIN. Note, that the shortest N-N distance
(1.2 eV) and by the GF metho.7 eV). Thus, the relaxation (~1.3 A) in this relaxed structure is closer to the interatomic
causes an upward shift of the defect level of the order of 0.&listance(1.1 A) in the free N molecule than to the bond
ev. length of AIN (1.89 A) or GaN(1.94 A).

The neutral nitrogen antisite defect introduces a doubly Taking into account these large relaxations, the changes
occupieda, state above the VBM and an empty triplet of the energy-level positions are surprisingly small. The cal-
higher in the band gap. The N antisite defect behaves almosulated upward shift o§-type and downward shift gi-type
identically in GaN and AIN, and differently in BN. As re- energy levels due to relaxation effects is in the range of 0.2
sults from the GF calculationsdy has ars-like state at 0.74 eV, in both compounds.
eV above the VBM and an empfy-type state at 2.0 eV. We have also investigated the metastability of the nitro-
Corresponding(i.e., without relaxationssupercell calcula- gen antisite reported already by Mattiéa al'® When the
tions give similar value€0.6 eV and 2.4 eV, respectively antisite is displaced along thel11) axis away from the
In AIN the empty state is found by the GF method at about 3hearest-neighbor atom, a second energy minimum occurs.
eV and similarly by the nonrelaxed supercell method at 3.2Ve find this at a displacement equal to 49% of the bond
eV, but there is disagreement in the position of tikke  length for AIN and 45% for GaN. The relaxation of the re-
state(2.4 eV by the GF and 1.2 eV by the supercell method maining atoms at the displaced site is axially symmetric—

In BN the neutral nitrogen antisite defecgMtroduces a the three atoms surrounding the antisite relax inwards: In
doubly occupiedh; state in the middle of the band gap and AIN by 8% of the bond length, in GaN by 12% of the bond
an empty triplet close to the CBM. The GF calculation for length. The results above are in a good agreement with the
Ng yields ans-like neutral state 4.9 eV above the VBM and pseudopotential calculation by Mattilat al® In Fig. 1 the
an emptyp-type state at 5.4 eV. The supercell calculationscomparison of our results with those by Mattitd al. is

TOTAL ENERGY (eV)

FIG. 1. The total energies for the neutral nitrogen antisite in
" GaN. Our results are represented by solid lines in comparison with
the results by Mattileet al. (Ref. 19 (dashed lines The zero po-
ition denotes the ideal geometry, and the displacement along the
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TABLE IV. Calculated formation energies, in eV, for native
defects and substitutional carbon impurities in BN. Also listed are
the chemical potentials of the atoms, likewise in eV. Both B-rich
and N-rich growth conditions are considered. The calculated forma-
tion energy of bulk BN is 3.9 eV.

B-rich N-rich
UB -71 -11.0
MN —-12.3 -8.3
He —-10.1 -10.1
Vg 8.4 45
Vi 4.7 8.6
By 4.4 12.3
Ng 13.8 6.0
Cs 7.2 3.3
Cn 1.7 5.6

causes the upward shift of energy levels, both in GaN and in
AIN. In BN, on the other hand, the relaxation around the
carbon atom is small reducing the nearest-neighbor bond
elength by~3%, and it changes slightly the position of the
impurity level (from 5.2 eV to 5.5 eV above the VBM

Cy is a shallow acceptor; it introduces several impurity

made. The two calculations predict the same stable configd€Ve!S: the lowest onécorresponding to the neutral charge
ration. The arrows indicate the energy changes due to rela® iS located about 0.4 eV above the VBM in GaN, and a

ations. Mattilaet al2® found somewhat larger energy reduc- 'tle higher,~0.5 eV, in AIN. The same value is found for

tions, but the two calculations agree with the undisplaced-:N in BN according to the supercell calculations. There is no
structure having the lowest energy. relaxation in the case of (Cin GaN and BN, and there is

The contour plot in Fig. 2 of the electron density aroundVe"Y small outward relaxations 2%, in AIN. The results for
the N antisite defect in GaN shows the creation of the N GaN and AIN are closel to those obta|.ned.by pseudopotential
“molecule.” Contrary to the GaN and AIN cases, there is noMethod?? where small inward relaxation is found for GaN

distortion of the N antisite symmetry in the case of BN. The(2% of the bond length with the level posit(i)on at 0.2 eV,
outward symmetrical relaxation is found to be about 9% of2nd small outward relaxation for AlNalso 2%), with the
the bond length. The pressure coefficients of the N antisité€Vel position at 0.4 eV.

levels are in the range of 10—20 meV/GPa for all three nj- Substitutional Zn and Mg atoms on a cation site form
trides. shallow acceptor states. They are the most commonly used

acceptors in the Il nitrides. Our calculated level position for
the Zny, impurity in GaN is 0.3 eV above the VBM for the
neutral state, and Zpproduces in AIN a level 0.4 eV above

In the present work we study the substitutional C, Zn, andhe VBM. Magnesium creates even shallower acceptor
Mg impurities in the cases of GaN and AIN, and only carbonstates. For both the Mg and the Zn impurities, we find out-
in the case of BN. The importance of the C impurity follows ward relaxations. The shift is small in GaN, 4% and 2% of
from the fact that carbon atoms may be unintentionally in-the bond length for Mg and Zn, respectively, but larger in
corporated in nitrides during growth. Carbon, as a group-IVAIN, 7% and 10%.
atom, is an amphoteric impurity in all compounds consid- The pressure coefficients of defect levels are positive for
ered; so we consider the substitutional carbon on both thall the dopants considered. They are small for shallow accep-
cation and the nitrogen site. tor levels and large for donor levels lying close to the CBM.

The GF calculations show thatcGintroduces a resonant
state above the CBM in GaN, whereas supercell calculations
give the level position slightly below the CBM.Ccreates
in AIN an effective-mass donor level nearly degenerate with In Tables IV-VI the calculated formation energies of the
the conduction band. According to similar calculations fordefects considered are quoted. Only the neutral configura-
BN, we find that G introduces a state degenerate with thetions are treated so that there is no dependency on the posi-
CBM, whereas the supercell calculations give the level position of the Fermi level with respect to the band gap. The
tion ~1 eV below the CBM(5.3 eV above the VBM In  formation energy is defined with respect to the chemical po-
GaN and AIN, the relaxation around the carbon atom at theentials of the constituents, which depend on whether the
cation site is large, and it reduces the nearest-neighbor bondtride is grown under nitrogen-rich or -poor conditidiusu-
length by~18% in GaN and~16% in AIN, in agreement ally, experimental growth conditions are nitrogen-jictin-
with pseudopotential calculatio”$.The lattice relaxation der cation-rich conditions, the cations are assumed in ther-

FIG. 2. Contour plot of the valence electron density around th
N antisite defect in GaN.

C. Dopant levels

IV. FORMATION ENERGIES
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TABLE V. Calculated formation energies, in eV, for native de- gf — ,buk_ buk_ gas o0 2)
o . L S BN~ MBN — MB MN :
fects and substitutional carbon, magnesium and zinc impurities in

AIN. Also listed are the chemical potentials of the atoms, likewiseThe calculated values afeh,=3.9 eV, Ef,=3.9 eV, and

in eV. Both Al-rich and N-rich growth conditions are considered. EfGaN:l-g eV, respectively, which can be compared to the

The calculated formation energy of bulk AIN is 3.9 eV. experimental values of 2.67 eV, 3.21 eV, and 1.2328%
The calculated formation energies are 20—50 % larger than

Al-rich N-rich the experimental values, which reflects the tendency of the
Al —4.2 -8.1 LDA to overestimate cohesion. For the impurity atoms C,
N —12.2 -83 Zn, and Mg, we use the bulk phase as reference for the
s ~101 ~101 impurity formation energy, with the exception of Mg under
fivig —17 —32 nitrogen-rich condit_ions, which wéfollowing Ref. 29 as-
Hn ~18 ~18 sume to be bound in MgN, molecules. The calculated im-

purity formation energies in Tables IV-VI are therefore all

Va 9.5 5.6 purely calculated LDA values, and none of the numbers de-
Vi 2.7 6.6 pend on free atomic energies. In view of the general uncer-
Aly 9.7 17.5 tainty of LDA mentioned above, the numbers cannot be re-
N 13.6 5.8 garded as very accurate, and we will focus here on trends.
Mgy 2.5 0.16 For BN grown under N-rich conditions, the boron va-
Zny 7.7 3.8 cancyVg is seen to have a low formation energy of 4.5 eV
Ca 8.6 4.7 for the neutral configuration. Sincég is a triple acceptor
Cn 1.9 5.8 with the acceptor levels in the lower half of the band gap,

this means that for n-type materigg will in fact be present

in the 3— charge state, and the formation energy will be
modynamic equilibrium with its bulk solid phase, so that thelower than that of the neutral state by the contribution
chemical potentials are fixed at their bulk valugs,

B or w22 while the nitrogen chemical potential is fixed ~ AE(Vg)=3Eg—€(0/—)—e(—/——)—e(——/3-),

by the growth condition: ()]

F o=k atel 1) where E¢ is the Fermi level, and the's are the acceptor
KB ANT HeN levels. Consequently, foEg larger than~3.2 eV, or mid-

Under nitrogen-rich conditions, the nitrogen in the nitridegap, theVg formation energy becomes negative, and this
crystal is assumed to be in equilibrium with, as, so that defect becomes abundant in large numbers.

un=pu, and the chemical potential of the cation is then ~The neutral M defect has a formation energy of 6.0 eV,
fixed by the condition(1). The chemical potentials thus cal- but in this case we find rather shallow donor levels, which
culated are also quoted in the tables, in all cases given witfor €(0/—) is ~1 eV below the conduction-band edge, i.e.,
respect to the free atom as given in the LDwithout atomic ~ for highly n-type material, the Bl defect formation energy

spin-polarization energy The formation energies of the pure May be lowered by 1 eV for the first electron occupying this
nitride crystals are given by state and possibly by a fraction of an eV for the next elec-

tron, in the N~ defect, the level of which most probably
TABLE VI. Calculated formation energies, in eV, for native will be very shallow. Thus we are led to conclude thatill
defects and substitutional carbon, magnesium and zinc impurities inot likely to be created in great abundancenitype BN
GaN. Also listed are the chemical potentials of the atoms, likewisggrown under N-rich conditions. On the other hand, in p-type
in eV. Both Ga-rich and N-rich growth conditions are considered.BN grown under N-rich conditions, thé'fl defect may have

The calculated formation energy for bulk GaN is 1.9 eV. a very low formation energy, as the single electron in the
: : p-like gap state becomes ionized. Thg &tisite has a large
Ga-rich N-rich formation energy under N-rich growth, and even with two
e _35 55 low-lying acceptor levels, this defect is not likely to be cre-
™ ~10.2 -8.3 ated. _ _
e 101 101 The G defect ha; a low formation energy, 3.3 eV, in the
Ly 17 30 neutral state and will become favorable prtype material,
¢ 18 18 when the shallow donor level is depopulated. The formation
Hzn i i energy of G is somewhat higher, 5.9 eV, but due to its
Vga 8.2 6.3 shallow acceptor level, it will become negatively charged in
Vy 2.7 4.6 n-type BN with an energy gain close to the value of the gap
Gay 6.7 10.5 of 6 eV.
Nga 9.7 5.8 For BN grown under B-rich conditions, we notice that the
Mgga 1.0 0.6 By and G defects will have a negative formation energy
ZNga 2.4 0.5 in n-type material, and th&/y; likewise in p-type material,
Cca 6.5 4.6 while the other defects are unlikely to be created.
Cn 26 4.5 For the native defects in AIN, we find th&ft,, has a low

formation energy of 5.6 eV when grown under N-rich con-
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ditions, and as folg in BN, this defect has a sequence of While the same impurity atoms with exception of C are abun-
acceptor levels in the lower half of the band gap, which willdant in AIN3282°
render the formation energy of the3, defect stable in The present calculations predict similar trends in the po-
n-type material. The [\ defect has a formation energy of 5.8 sitions of defect levels in GaN, AIN, and BN, but the abso-
eV, similar to the N antisite in BN. The acceptor levels lie lute values are different mainly due to the different values of
lower in the band gap for NI, which will make this defect the energy gaps. Generally, the defect levels are lying some-
more abundant im-type AIN than the M in n-type BN. The  what deeper in the energy gap in AIN and BN than in GaN.
Vy and Al defects have too large formation energies to beln particular, some states that are resonant with the conduc-
of any relevance in AIN grown under N-rich conditions. tion or valence band in GakasVy) have in AIN and BN

For Mg, the very low formation energy will render this moved into the band gap.

defect stable under almost any conditionsZwith a for- The supercell calculations show pronounced outward lat-
mation energy of 3.8 eV will have a negative formation en-tice relaxations around cation antisites. In the more complex
ergy in the negative charge state fetype material. case of the nitrogen antisite, which seems to be similar in

For substitutional C impurities in AIN, grown under GaN and AIN to the EL2 in GaAs, large inward relaxation is
N-rich conditions, the formation energies are calculated to béound. The distance from the N impurity atom to the nearest
4.7 and 5.8 eV for ¢ and G, respectively. According to neighbor is reduced by30% and becomes comparable to
our calculations, relaxations of the N neighbors to thg C the N, dimer bond length. The above effect does not occur in
defect cause an electron to be donated to the Fermi (gvel BN; instead we observe outward, symmetrical relaxation of
a; gap state moves into the conduction band, cf. Table Il the surrounding atomg&bout9%). A pronounced inward
which means that the formation energy of @ p-type ma-  relaxation (about 18% of the bond lengthis found also
terial is lowered essentially by the band-gap energy, i.e., theround the C impurity on the cation site in GaN and in AIN,
formation energy turns negative. Therefore, C impurity at-whereas, in BN, the relaxations arabia C impurity is small
oms should easily be incorporated a§ @efects. In contrast, Of negligible. Substantial outward relaxations are found also

Cy vields a shallow acceptor level that will rendef; @he  for Mg and Zn impurities in AIN.~
preferred C defect im-type material. We notice, that outward relaxations in general are larger

Under Al-rich growth conditions, only they, Mgy, and in AIN than in GaN, maybe because the G_a—alectrons
C, are calculated to have sufficiently low formation energyPrevent the Ga-N bond length from becoming too §I2|brt.
to be of any relevance in AIN. The;; defect is likely to be  WWhere comparisons can be made, our results are similar to
very abundant im-type material, while Mg, and G, will f:r;cl’ssla?btagfg,g%ﬂf%ﬁls (g,\:ﬂrst-lprlnflples pseudopot?lntlal
have negative formation energiesrirtype AIN. 1ons. n relaxations are generaty

. : . smaller(except for the boron vacangywhich can be due to
In GaN the energetics of the native defects are similar tc%he simi(lar va?lues of the atomic cofl;gfelant radii of B. N. and
the case of AIN. Thé\/é;1 will again be abundant im-type Y

GaN grown under N-rich conditions, whiledy is less We have shown that, in all nitrides considered here, the
likely to be created due to the smaller band gap of GaN Ofyressyre coefficients of the defect states depend on the posi-
3.3 eV. Inp-type GaN grown under Ga-rich conditions, the i of the state in the gap, and they do not depend on the
Vy defect will dominate. The results also show that excesgype of state, i.e., whether they are donors or acceptors. The
G_a is mo_st easily incorporated by the fo_rmatlon of N vacanpressure coefficients of the energy gaps atEhpoint are
cies, similar to the result for AIN—but in that case the Al yery similar in GaN and AlN(around 40 meV/GPaand
atom is so large that the Qlantisite is unlikely as a defect. gecidedly smaller in BN14 meV/GPa Also, the absolute

Mg and Zn impurity atoms readily replace Ga under anyyajyes of the pressure coefficients of the defect states in GaN
condition. Substitutional C in GaN behaves similarly to thegng AIN are similar and smaller in BN. Concerning the pres-
case where AIN is the host, i.e., thQlefect will be most  syre behavior we can group all the defect states into three
likely in p-type material grown under N-rich conditions, categories:

while Gy will be most likely inn-type material grown under (1) States degenerate with the VBM and up to 0.5(@V

Ga-rich conditions. BN up to 1 eV for neutral, or up to 2 eV above the VBM for
charged states. They a¥&,;, Cn, MOcat, ZNear, ands-like
V. DISCUSSION AND SUMMARY state ofVy. The pressure coefficients of these defect energy

levels are very small, positive or negatitfeom —5 meV/
In conclusion, we have calculated in cubic GaN, AIN, andGPa to 4 meV/GPa

BN the electronic structure and formation energies of native (2) States lying close to the middle of the energy gap.
defects and some common dopants, discussing the lattice refere are all antisite$except boron antisije The pressure
laxation and pressure effects. Several theoretical papers haeeefficients of these states are between 9 and 23 meV/GPa.
been discussing native defects and impurity atoms in GaN (3) States degenerate with the CBM or just belowy(
and AIN5257314198 Refs. 26-29, and 8, théy, andV3,  C.,). The pressure coefficients are between 12 and 37 meV/
were concluded to be the dominating native defects in GaNGPa(in BN between 5 and 14 meV/GPRa
similar to the conclusions of the present work, although In evaluating these results one should bear in mind that
some numerical details are different. In AIN similar impor- the defect levels are given with respect to the VBM. States
tance of the vacancies was conclud®®&?°in addition to the  close to the band edges follow these, as one would expect.
interstitial Al in p-type AIN.*® Si, O, Mg, and C have been Comparing to existing experimental data, we find good
found to be the most abundant impurity atoms in G&R:®  agreement of the pressure coefficients of the Mg and Zn
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300 F ' ' ' ' ' 7 impurity band. This was determined by means of the density-
of-states functions. For illustration, let us consider the case
of the gallium antisite in GaN. The charge occupation of the
p-like defect state is four electrons, and the Fermi energy is
located in the impurity band dividing it in the ratio: 4(2
occupied, 2 empty statesThis situation is seen in Fig. 3,
where the total density of states is presented. Much simpler
is the case of a half-occupied staigation vacancies and
carbon at cation sijevhere the Fermi level is located in the
center of the impurity band. Then the only difficulty is to
find a good reference enerdyBM or CBM). This, how-
ever, is not straightforward due to the deformations of the
valence and conduction bands caused by the defect. The
most difficult cases in this context are the states, which are
located close to the CBMas nitrogen vacancy and C on
cation sit¢, and consequently their calculated energies seem
to be less reliable than others. Also comparison with the GF
calculations for these states is difficult because resonant
states or states lying very close to the VBM or the CBM
cannot be calculated by the present GF approach.

The energy levels as quoted in this paper are the eigen-
values of the self-consistent Kohn-Sham equations. A com-

FIG. 3. The total density of states for the case of a neutral Gaarison to experiments in fact should rather be made by us-
antisite in GaN, calculated in a 32-atom supercell. The dashed lingng calculated transition-state energié¢ise., using half-
marks the Fermi level, which intersects the impurity band in pro-integer occupation numberOften a good approximation to
portion 4:2. this is obtained by averaging eigenvalues for “neighboring”

charge state®3*
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200
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originated defect states; their pressure dependence is practi-
cally the same as the pressure behavior of the maximum of
the valence bantf. This work was partially supported by KBKPolish Sci-

As already pointed out, the supercell calculations lead tence CommitteeGrant No. 3P03B 093 14, by Grant No.
impurity bands with finite width, and we can only estimate 9600998 from the Danish Natural Science Research Council,
the impurity level position as the center of gravity of the and by the Danish Rector's Conference.
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