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Group-IV and group-V substitutional impurities in cubic group-Ill nitrides
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We presentb initio pseudopotential plane-wave calculations for C, Si, Ge, P, As, and Sb on substitutional
sites in cubic AIN and GaN for several charge states. The stability of these impurities, the geometry of the
nearest neighbors, as well as the defect levels are studied in large supercells, reducing the impurity-impurity
interaction and the alloying effect inherent the small supercells. Due to the large number of electrons in the
supercell, higher charge states can be studied with less perturbation of the system. The trend of the defect levels
and stability with respect to the atomic number of the impurity is analyzed in order to provide information
about alternative dopants for the nitrides. Different growth and preparation conditions are considered. We
estimate the partial concentrations of the incorporated impurities according to their charge states and versus the
total amount of impurities available.
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[. INTRODUCTION loys could be alternative materials to perform similar to In-
GaN in some optoelectronic applicatioff<!

Group-lll nitrides crystallize usually in the hexagonal or ~ The recent growth of zinc blende—phase crystals moti-
wurtzite (w) phaset However, the cubidc) or zinc blende Vatés a more detailed study of group-V impurities in group-
phase of these compounds offers in principle many advaril! nitrides, in particular for AIN and GaN. One of the first
tages such as a high symmetry, lack of spontaneoudheoretical investigations on group-1V and group-V impuri-
polarization effects, and it is more suitable podoping? ~ tes in group-lil nitrides substitutionally on nitrogen sié€

; . ; Si, Ge, P, As, and Sband cation sitedSi and G¢ was
Since the structural differences between the cubic and wurt

. - ; serformed by Jenkins and D&tapplying the tight-binding
ite phases refer only to the positions of the second neighbor ethod. Other works applied different methods fo(Réfs.

it is useful to compare the results obtained for the impurities23 24 and Ge(Refs. 25,26 impurities in the zinc blend@

in these two phases. The group-IV elements silicon and geréna wurtzite phases of ’AIN and GaN. Park and Chadi con-
manium have been traditionally used as dopant eleme7nts Blude that Ge would be a good alternative to Si for doping
order to achieven-type conductivity in AIN and GaN-"  A|GaN alloy€® in accordance to experimental observafidn.
Differently from silicon and germanium which have been pmattila and Zunger studied the isovalent P and As
applied in semiconductor technology for many years, carboimpurities® as well as the pairs P-P and As-As in G&REf.

has been recently quoted to obtgirtype conductivity in  29) motivated by the optical properties of GaNAs and GaNP
c-GaN (Ref. 8 with some advantages with respect todg  alloys. Van de Walle and Neugebauer concluded that the
since it can be incorporated in higher concentrafidhsn  single As impurity would be an obstacle to achigwéype

Mg and the activation energies are reduced in the case of th#oping in GaN, and possibly would maketype impossible
cubic phasé® Moreover, carbon is an unintentional impurity in GaNAs alloys as weff® Unless particular binding effects

during the growth of group-Il nitrides:~24 are involved, the incorporation of a given impurity on sub-
On the other hand, group-V impurities have low solubility Stitutional sites is usually favored to other sifes.
in nitrides and are often applied as surfact&rfs® When In this paper we investigate the incorporation of group-IV

acting as surfactants, these impurities can modify signifi2nd group-V impurities on substitutional sites for zinc blende

cantly the properties of the growing surface without incorpo-AIN and GaN, analysing the geometry of the nearest neigh-
rating into the sample. By adding phosphorus during thd?0rs; the trend of the defect levels and ionization levels, and
growth of hexagonal GaN, one can induce the growth ofn€ formation energies. The C, Si, Ge, P, As, and Sb impuri-
layers of the cubic phase of the matef@iThe reconstruc- ties are studied on the nitrogen ar!d cation sites _for several
tion properties of GaN surfaces are modified when a smaff g€ states and, when it is possible, a comparison to pre-
amount of arsenic is added during the grof#ntimony has vious results in the literature is made. The paper is organized
been used as a surfactant in GaN surfdeemd other 25 follows. In Sec. Il we describe the method applied to

. N . X calculate the total energies, chemical potentials and defect
semiconductor being incorporated in low concentrations. levels. The results for each of the group-IV and group-V

In addition to the residual character of the group-V impuri-jmn rities are presented in Sec. Ill, and we summarize the
ties, they can be incorporated in the samples by means Qfgyits in Sec. IV.

ionic implantatiod® or under special growth condition.

Recently the incorporation of P and As in GaN has been Il. METHOD
studied in order to provide preliminar information about
GaNP and GaNAs alloys. Since GaP and GaAs have a lower
lattice mismatch than InN in comparison to GaN, and a wide The total energies for the systems with and without the
fundamental energy gap as well, the GaNP and GaNAs almpurity were calculated in the framework of the density

A. Total energies,k-point mesh, and geometry

0163-1829/2003/68)/08520912)/$20.00 68 085209-1 ©2003 The American Physical Society



RAMOS, FURTHMULLER, LEITE, SCOLFARO, AND BECHSTEDT

PHYSICAL REVIEW B8, 085209 (2003

TABLE I. Orthornormal sets of basis used to project the displacement vectors of Iiéth and second-
(2NN) nearest neighbors.

INN 2NN
boo 1 b 1 1 1
1\/§(1, 1, 1) i 1ﬁ(o, 1,1) 1ﬁ(l, 1,0) 1ﬁ(l, 0,1)
Poo %(—1,—1, 2) Poj E(o, 1,-1) E(1,—1,0) E(1, 0,—1)
noo iz(l, - 1, 0) an (11 O! Q (01 O, :D (01 lv Q
b i(71171) by i0171) ! -1,1,0 ! -1,0,-1)
10 NG 1, 1j \/5(" \/E(,, \/E(,.
p i(1—1—2) Py i011) 1—1—10) ! -1,0,1
10 \/é , y 1j \/z(, y \/E( ’ ’ \/E( y Yy
1
nl() ﬁ(_l, - 1, 0) nlj (71! 01 Q (O, 01 71) (01 1! 0
b i—1—11) by, i(0—11) l—1—10) ! -1,0,1
o FThTh G A b Th Ghoy
p i(112) Pz i0—1—1 l—110 1—10—1
20 \/6 y 4y 2j \/E(’ ’ ) \/E( ’ 1) \/E( ] )
1
n (=11 Noi (-1,0,0 0,0,1 (0,-1,0
20 \/E( ,1,0 2j
b i1—1—1) bs; i0—1—1 l1—10 l10—1
30 \/§( ’ ’ 3j \E( ) ’ ) \/E( s ) ) \E( 1y )
p i—11—2) Ps i0—11 1110 1101
30 \/6(', 3j \/E(, x) \/z(xa) \E(,,)
1
n30 E(l, 1, O) n3j (11 01 O (01 01 _1) (0, _11 0)

functional theory(DFT)*? and local density approximation beyond the alloy regime. In Ref. 38, we studied the influence
(LDA).2 To describe the exchange and correlation energyf the supercell size in several electronic properties related to
per electron, we applied the parametrization of Perdew an&y . The impurity-impurity interaction is inherent the use of
Zunger* for the quantum Monte Carlo calculations of Cep- the supercell method and affects the total energies. The large
erley and Alder® The Ga 3 electrons are included as va- number of electrons in the 216-atom supercells allows us to
lence electrons, whereas the St As 3d, and Ge 8 elec- consider the relevant charge states for the impurities chang-
trons are frozen in the atomic core. The interaction betweeing less than 1% of the total number of electrons. This rep-
the atomic cores and valence electrons is treated by means kgfsents an advantage with respect to the calculations reported
ultrasoft Vanderbilt pseudopotentidisimplemented in the in the literature, where the number of atoms is usually not
Viennaab initio Simulation Packag?. The ultrasoft pseudo- larger than 72. The occupation of the electronic states fol-
potentials allow a significant reduction of the cutoff energylowed the zeroth order Methfessel-Paxton method with

up to 15.4 Ry for Al, 17.7 Ry for Ga, 14.9 Ry for N, 18.8 Ry =0.1 eV, which corresponds to a Gaussian smeafing.

for P, 15.4 Ry for As, 12.7 Ry for Sh, 14.8 Ry for C, 12.8 Ry = The geometry of the fully relaxed atomic positions with
for Si, and 12.3 Ry for Ge. The Kohn-Shai{S) equations respect to the ideal zinc blende structure was determined for
are solved by the method of residual minimization band bythe first-nearestLNN) and second-neare€NN) neighbors.
band and the KS eigenvalues are interpreted as the electronlo describe completely the geometry of the neighboring at-
levels of the bulk material as well as the impurity levels. Tooms, one needs in principle sixteen sets of orthonormal basis
model the bulk material with the impurity atom, we applied (bj, pj, n;) centered at each particular neighbor to project
216-atom simple-cubic supercells which assure we are faheir displacement vectors on these sets. For the sets pre-
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sented in Table |, the index=0,1,2,3 withj =0 refers to the tentials of N andX are linearly dependent on each other by
four first-nearest neighbors and the index1,2,3 refers to  w(XNpu) = #(X) + (N) in accordance to the mass action
the respective second-nearest neighbors. In the basis sets claw,*? where u(XNp,) is the chemical potential of the bulk
responding to the first-nearest neighbots, are the compoundXN (-16.40 eV for AIN and -13.94 eV for GaN
breathing-mode vectors connecting the impurity to the neighin thermodynamic equilibrium, the chemical potentials of the
bor, py are the pairing-mode vectors, amg, are vectors atomic species may differ from their corresponding bulk res-
perpendicular to the latter on&sFor the twelve second- ervoirs in such a way that it is convenient to define variations
nearest neighbors to the impurity, we apply different basisA u= u— upyk- The upper limit ofA . is zero for a given
sets. In these basis selg, are the breathing-mode vectors as species and describes preparation conditions rich in this spe-
before, p; are vectors pointing to third neighbors lying on cies. To determine the lower limit for the variation of the
the same plane as the impurity, and the corresponding vechemical potentials, we use the experimental heats of forma-
torsn; are perpendicular to the latter ones. The sixteen basiSon AH¢=3.28 eV for AIN and 1.28 eV for GaNRef. 43

sets allow one to describe the geometry of the neighbors tand the relation- AH;(XN) =A x(X) + A (N). This choice

an atomic site, including the case of lowering of the localof experimental values fohH; avoids the explicit determi-
symmetry, when a so-called Jahn-Teller distortion ocglirs. nation of u(Ny,,) by means of the Nmolecule. The deter-
For the impurities considered here, we found no indicatiormination of the cohesive energy of, Mould require a much

for a Jahn-Teller distortion, therefore four basis sets, one foharder pseudopotential than the one used in our calculations.
the first neighbor and three for its corresponding three sedn addition to this, it is convenient to describe the preparation
ond neighbors distinct from the impurity, are sufficient to conditions by choosing as variable the nitrogen chemical po-
describe the geometry changes of the neighboring atomsential w(N)= z(XNpu) — (Xpu) +F AH(XN) +A u(N).
Moreover, the displacements of the nearest neighbors along-rich preparation conditions correspondAq.(N)=0 and

the vectorsp; (first and second neighborand nj, (first  X-rich preparation conditions td u(N) = — AH(XN).

neighbors are found to be negligible or zero for the impuri-  The actual chemical potentials of the atomic species dur-

ties considered. ing the growth are usually unknown, since the source for the
atomic species are complex gases and the whole process con-

B. Formation energies and chemical potentials sists in several chemical reactions. In order to be consis-

. _ _ .. . tent, one has to calculate these quantities using the same

The stability of the C, Si, Ge, P, As, and Sb impurities iSihagretical scheme as the one applied to calculate the total
determined by their formation energi€3((XN:Z{ x,Er)  energies. The chemical potentials for the group-IV impurities
= Bt (XN:Z ) — Ee(XN) + u(N,X) — u(Z) + 9B, ¢, Si, and Ge were obtained from DFT-LDA calculations
whereX is the cation(Al or Ga), Z is the impurity atom(C,  for the diamond structure of these compoungdsCyy)
Si, Ge, P, As, and Shn its charge statg incorporated ona =-10.15 eV, u(Sipy) = —5.92 eV, andu(Ge,y) =—5.15
N or cation site(N, X), E{2?(XN) is the total energy corre- eV. The group-V atomic species have the rhomboheial
sponding to the bulk, thes’s are the chemical potentials as a common structure among many other polymorphs
under given preparation conditions, ad is the chemical whose geometries can be more comgtékor that reason, to
potential of the electron reservoir or Fermi leviék is usu-  evaluate their bulk chemical potentials we only considered a
ally written in terms of a reduced Fermi level, which  simple-cubic structure. Using DFT-LDA and 20points in
varies from zero to the fundamental gép of the host com- the irreducible wedge of the Brillouin zone one obtains
pound, and the energetical position of the valence bang.(P,,,)=—5.91 eV, u(Asyu) = —5.18 eV, andu(Sh,,)
maximum(VBM) Ey, by Er=E,+e¢r. Unless the doping =—4.65eV. The chemical potentials determined by DFT-
conditions are mentioned explicitly, we consider optimal for-LDA using the geometry of thé7 structure optimized by
mation energies in the following, i.e., N-ricttation-rich  other author¥~%° give rise to slightly lower values by 0.1
conditions for impurities on the catiofnitrogen) sites and —0.2 eV. The pseudopotentials for Al and Ga we use are the
p-type (n-type) doping level for positively (negatively  same as the ones described in Ref. 47 where the chemical
charged impurities. Due to the possibility of finding defect potentials w (Al ) = —4.19 eV andu(Ga,y) = —3.58 eV
levels close to the conduction band minimW@BM) Ec  were calculated assuming a fcc structure.
=Ey+Ey, we applied the DFT-LDA fundamental gaps
(Eq=3.29 eV for AIN and 2.03 eV for GaN using the above
described DFT-LDA for the range of variation o&g. To
determine the absolute position Bf, for the supercells with
an impurity in the charge statg we compare the shift of the Defect levels are usually characterized by KS defect lev-
electrostatic potential along one of the Cartesian axes for als (single-particle pictureor by means of ionization levels
supercell containing the impurity with respect to the corre-calculated in the framework of thé\SCF (delta self-
sponding bulk superceff Since, we found that this potential consistent field method. The KS eigenvalues associated to
varies less than 50 meV with respectgpwe use the shift the defect states do not account for the excitation aspect in-
energy corresponding tg=0 to calculate the optimal for- herent the ionization on a recharging of the defect. The ion-
mation energies of charge states and the ionization levelszation levels provide a more rigorous information about the
The plain value ofg,, from bulk gives already a good ap- defect levels, since they are calculated by differences be-
proximation in most of the studied cases. The chemical potween the total energies of the systems in certain charge

C. Kohn-Sham defect levels, ionization levels,
and relaxation energies
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TABLE II. Displacements of the nearest neighbors 1NN and TABLE Ill. Displacements of the nearest neighbors 1NN and
2NN (Ad1,2 in % of the bond lengihlattice relaxation energkE, 2NN (Ad1,2 in % of the bond lengihlattice relaxation energE,
optimal formation energy for the defe@¥; (N-rich [cation-rich for optimal formation energy for the defe@¥; (N-rich [cation-rich for
Caica [Cn] and p-type [n-type] for neutral and positivelfinega-  Siy g4 [ Sin] and p-type [n-type] for neutral and positivelynega-
tively] ionized, KS defect levels: «s with respect to the VBM, and tively] ionized, KS defect levels: kg with respect to the VBM, and

ionization levelss(q+ 1/q) for C in AIN and GaN. ionization levelse (q+ 1/q) for Si in AIN and GaN.
Impurity  Adl Ad2 AE  Q; exs €(q+1/q) Impurity  Ad1 Ad2 AE  Q; exs e(q+1/q)
Po; bj ng  (€v) (ev) (V) (eV) by b; ng  (€ev) (ev) (ev) (eV)

Ci —013 1.88 0.24 0.25-0.28 3.29 3.27 Siy’ 1656 6.99 040 566 456 3.26 3.25
Ci -013 190 0.23 0.26-0.26 3.29 3.25 Sii,7 16.00 7.00 0.41 565 4.60 221 2.07
C, —013 191 0.23 0.28-0.21 1.02 0.80 Si% 1813 594 020 6.45 583 1.82 1.67
Cy 251 141 004 012 228 052 0.39 Sii" 20.55 4.97 —0.02 7.52 4.16 1.47 1.34
Cy' 434 119 -0.14 024 189 0.25 0.19 S 2321 4.09 —0.28 858 2.82 1.20 1.08

AN C4" 528 109 —-0.26 034 170 0.15 009 AIN SP" 26.12 329 —-0.51 950 1.74 0.99 0.89
C¥ 575 1.06 —0.32 0.38 1.61 0.10 Sig" 29.22 241 —0.76 10.28 0.85 0.85
Ci —15.97 —2.59 145 212 4.05 3.20 3.20 Sia, —-5.59 0.15 —-0.80 0.62 —2.19 3.18 3.19
Cy —1599 —-2.61 1.50 2.15 4.15 3.21 3.19 Sié —5.64 0.16 —0.82 0.65 —2.08 3.19 3.18
C —16.00 —2.62 1.53 2.20 4.26 3.22 3.17 Siy, —5.68 0.18 —0.84 0.68 —1.97 3.20 3.18
C- _131 136 018 023 082 026 0.26 S, —5.72 020 —0.86 0.72 —1.86 3.20 3.16
cy -0.38 114 011 0.07 259 0.16 0.16 Siy’ 1265 5.87 001 359 3.80 1.19 111
Cy" 016 1.04 0.06 0.04 243 0.12 0.11 S 1464 511 —0.14 4.00 471 0.94 0.85

GaN C4" 048 099 002 0.04 232 0.09 0.07 Si,” 16.38 4.40 —0.30 4.46 3.86 0.72 0.64
C¥" 074 097 0.00 004 225 0.07 SE" 17.74 3.73 —0.46 4.83 3.22 055 0.47

GaN Sii" 18.82 322 —0.59 510 274 0.42 0.35

1- _ —
Cga —18.87 —3.81 1.03 279 3.63 1.87 1.90 S 1065 282 —0.72 530 239 0.34

Y, -1882 -381 1.10 301 376 1.87 185

Sit, —8.07 —0.52 —0.69 1.08 —2.20 1.93  1.96
Si2, —8.06 —0.50 —0.70 1.10 —2.14 1.94 1.91

states. The position of the KS defect levels in the fundamen=

tal gap is determined by the alignment procedure, whereas . , ) )
the acceptorlike ionization levéfsare calculated by(q ﬁaxatlon of the neighboring atoms. The difference between

+1/Q):Etot(XN:Zﬁl,X)_Etot(XN:Zﬂl_f—Xl)_EV! whereZ=C, the total energies of the system where all the atoms are at

Si, Ge, P, As, and Sb are the impurity atoms in a givenideal zinc blende sites and the system with the relaxed

charge statej, X=Al or Ga, andEy is the aligned top of atorig(leg posm(q)ns is the Iattlc;e relaxation ene.r‘gE(Zﬂ,’x?
valence band. All the ionization energies refer to the VBM, = Etot l(XN:ZN.,X)_I.Etot(XN:ZN,x)- Together with the dis-
independent of the eventual acceptor or donor character. Coplacements given in percentage of the bond lengt(d
rections due to the band gap underestimated in DFT-LDA ar& 1-879 A for AIN andd=1.931 A for GaN and formation
not taken into account in our results. In order to do this,€nergies, the relaxation energy provides information about
different procedures are suggested. The simplest proceduretRRe strength of the atomic relaxation around the impurity.
to increase the fundamental gaps according to the experi-
mental or quasiparticle valué$Another procedure is to rep- . RESULTS
resent all ionization levels which include negatively charged A Carbon
states with respect to the CBM and the ones which include '
positively charged states with respect to the VBMLhen The atomic displacements of the first- and second-nearest
experimental values or theoretical values including quasipameighbors, the relaxation energy, the optimal formation en-
ticle corrections for the bandgap are applied. As a conseergy, Kohn-Sham defect levels, and ionization levels for the
quence, the ionization levels are shifted with respect to th& impurity are listed in Table IIl. C on the Al site produces an
CBM. In a third procedure, the defect levels in the gap ardnward breathing-mode relaxation for the first and second
shifted by a fraction of the quasiparticle gap opening proporneighbors. On the N site of AIN, the first neighbors of C
tional to the overlap of their wave functions with the show very short inward displacements for the negatively
conduction-band statés. charged states, including the isovalent cgsel—. For the

The incorporation of the impurity on a subtitutional site neutral and positively charged states, an outward relaxation
implies some displacements of the atoms on the neighboringccurs. The relaxation energies are lower frt@an for G,
sites. A comparison between the covalent radius of thén AIN. The optimal formation energies are lower fogy @an
impurity’! and the covalent radius of the replaced atom in thdfor C,; in AIN. C, induces the shallow donor level(1
host crystal allows to preview the general trend for the re-+/0), whereas ¢ induces the deep acceptor lewe0/1
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TABLE IV. Displacements of the nearest neighbors INN andmental gap. On the other hand, on the N site we calculate the
2NN (Ad1,2 in % of the bond lengihlattice relaxation energiE, deep donor levet(0/1—) and the shallow donor level(1
optimal formation energy for the defe@; (N-rich [cation-rich for —/2— ) Under optima| preparation conditions, the formation
Gew,ca [Gan] andp-type[n-type] for neutral and positivelynega-  energies for i are negative. Considering the trend of for-
tively] ionized, KS defect levels:s with respect to the VBM, and - yation energies towards lower values, we conclude that Si
ionization levelse(q+1/q) for Ge in AIN and GaN. is very likely to occur. Van de Walle and co-workers calcu-
lated formation energies even more negative fcﬁI Hian
-1.86 eV underp-type preparation conditiorf§. This differ-
ence may be due to the small 32-atom supercells used in

Ge&~ 16.70 7.11 0.44 6.04 4.47 3.26 3.24 their calculation, which increase the impurity-impurity inter-
Ge,” 1650 7.12 0.47 6.00 451 224 211 action in the supercell method. The absence of defect levels
Ge, 1869 608 025 686 570 187 173 Inthefundamental gap was predicted by Jenkins andPHow
Gq{"*' 2123 515 0.02 799 397 154 1.41 fO-r.SiA| in the wurtzite phase Of AIN. On the N Si-te O'fAlN, -
G&' 23.99 424-023 912 256 128 1.18 Si induces an (_)utward I_oreathmg-mode relaxation in the first
AN G’ 27.08 3.39-047 10.13 138 1.00 1.00 _and secon_d neighbors, in accordgnce to re_sults for the wurtz-
4t ite phase in Ref. 25. The relaxation energies are higher for
Gg," 30.49 244 -0.72 11.01 0.38 0.97 S . . . : . -
Sip in comparison to §j. Formation energies for Si on this
Ge, —0.69 1.31-0.78 0.19 —0.04 3.19 3.20 site are relatively high, decreasing for higher charge states
Ge, -0.73 1.33-0.79 020 0.06 3.19 3.19 On the Ga site in GaN, Si induces inward breathing-mode
Gei’ -0.77 1.35-0.80 0.22 0.17 3.20 3.18 relaxations for both first and second neighbors in order to
G, -081 1.37-0.81 024 028 321 3.16 reach the energy minimum. The relaxation energies fgg Si
are slightly higher than for i, though the lattice constant
Ge, 13.64 6.08 0.03 4.09 387 128 120 of GaN is larger than the AIN one. For &iin w-GaN Bo-
Ge, 1561 535-0.13 458 470 1.03 093 gustawski and Bernholc predict smaller inward relaxations of
Ge," 17.30 455-0.28 510 3.76 0.80  0.72 5.6% for the first neighbors and lower relaxation energies of
Ge'" 18.79 3.81-0.48 554 3.04 062 054  0.65eV? The ionization levels indicate thatiintroduces
GaN Gei" 20.07 3.24-0.62 5.87 250 048 041 a shallow donor levek(1+/0) in the fundamental gap, in
Gey' 21.22 2.74-0.77 6.11 209 0.39 accordance to the results in Ref. 25 in which effective-mass
- levels were predicted. Neugebauer and Van de \Wfalso
Ges, —2.86 089 —0.67 029 -020 193  1.96 predicted a donor level at 0.1 eV below the bottom of the
Geg, —2.93 0.90 -0.69 0.32 —0.13 1.93  1.91 conduction band. G and co-workers measured a donor
level located 22 meV below the CBM iw-GaN:Si® The
level corresponding to the excitonic transition measured in
—) and the shallow dono(1—/2—). When incorporating c-GaN:Si is about 40 meV below the CBM according to As
in GaN on the Ga site, C requires inward relaxations of theand co-workerg.Likewise Sj;, the formation energies cal-
first neighbors and second neighbors. For C occupying the Nulated for Si, are negative and agree with those obtained
site, the displacements of the first and second neighbors agg/ Van de Walle and co-workers?* for the neutral charge
inward or outward according to the charge state. The relaxstate. The first and second neighbors of Si on the N site
ation energies for (¢ are extremely low, showing that C experience outward relaxations in GaN. The acceptor level
replaces N in GaN with minimum perturbation of the lattice. £(0/1—), introduced by S in GaN, lies close to the midgap
C on the N site induces the shallow acceptor leygd/1  and is followed by the corresponding KS defect levels. The
—). The position of the level calculated with respect to theformation energies of §iin GaN are comparable to the ones
VBM is in good agreement with the experimental value 215jn AIN.
meV reported by As and Kder® On the Ga site, C impurity
has both formation and relaxation energies higher than for )
Cy and introduces the shallow donor levs]1+/0). C. Germanium

The main information about the geometry and stability of
a Ge impurity is given in Table 1V. We found a remarkable
difference between giand Gg, concerning the inward dis-

In Table 11l we show the effect of the incorporation of Si placements of the first neighbors. The relaxation energies are
in the relaxed atomic positions of the nearest neighbors ankbw, showing that Ge replaces Al with a minimum perturba-
the corresponding optimal formation energies and defecttgon of the lattice. Our results for the lattice relaxation differ
levels. On the Al site, Si induces an inward relaxation ofconsiderably from the ones obtained by Bogustawski and
about 6% for the first neighbors and slight outward relax-Bernholé® for the Ge in wurtzite AIN, where the 1NN atoms
ations for the second neighbors. The relaxation energies fare displaced by 17% of the bulk bond length and the relax-
Siy are low, but higher than the one calculated by Bogustawation energy is 0.9 eV. Concerning the stability, we calculate
ski and Bernholc for the Si impurity in the wurtzite structure low formation energies for the neutral and negatively
of AIN.?® The calculated ionization levels indicate thagSi charged states. Taking into account the trend and values of
introduces the shallow donor leve(1+/0) in the funda- the optimal formation energies, one may conclude thatiSi

Impurity  Adl Ad2 AE  Q; exs e(q+1/q)
by by o (€V) (eV) (eV) (eV)

B. Silicon
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TABLE V. Displacements of the nearest neighbors 1NN and TABLE VI. Displacements of the nearest neighbors 1NN and
2NN (Ad1,2 in % of the bond lengihlattice relaxation energXE, 2NN (Ad1,2 in % of the bond lengihlattice relaxation energE,
optimal formation energy for the defe@¥; (N-rich [cation-rich for optimal formation energy for the defe@¥; (N-rich [cation-rich for
Pai.ca [Pn] @nd p-type [n-type] for neutral and positivelfnega-  Asy g [Asy] andp-type[n-type] for neutral and positivelynega-
tively] ionized, KS defect levels: s with respect to the VBM, and tively] ionized, KS defect levels: kg with respect to the VBM, and

ionization levelss (q+ 1/q) for P in AIN and GaN. ionization levelse(q+ 1/q) for As in AIN and GaN.
Impurity  Ad1l Ad2 AE  Q; exs €(q+1/q) Impurity  Ad1l Ad2 AE Q¢ exs €(q+1/q)
by by n; (ev) (eV) (V) (eV) by by nj (ev) (V) (V) (eV)
P2~ 1584 481 014 516 123 3.24 3.27 Asy 1850 565 0.19 7.22 224 322 3.26
P, 1574 482 016 518 125 3.25 3.23 As), 1832 565 022 7.20 227 3.24 3.22
P, 1553 483 020 520 1.31 0.78 0.68 As 18.05 565 0.27 7.17 234 1.02 0.91
" 17.60 4.22 0.00 5.74 0.63 0.49 0.43 As)" 20.25 4.87 0.04 7.93 143 0.72 0.63
P2* 19.18 3.78 -0.20 6.07 0.21 0.33 0.28 Asi" 2229 4.32-0.17 845 0.80 051 0.45
AN P¥" 2034 3.54-0.34 6.30 —0.07 0.23 0.19 Asyt 23.98 3.82-0.37 882 0.34 0.38 0.25
PiT 2111 3.37 —0.44 6.45 —0.26 0.19 AIN Asyt 2542 3.47 —-052 9.18 0.09 0.30
Py —9.35 0.81-1.66 137 094 310 3.12 As}, 155 260 -123 045 351 321  3.19
Pa —9.44 085-1.71 146 112 3.10 3.12 Asy’ 219 270 -1.14 051 0.33 3.3 3.29
Py —9.59 090 -1.76 157 129 3.11 3.11 Asi’ —2.79 2.68 —1.80 1.14 —2.97 0.04 0.08
P, —9.68 094 -181 1.69 1.48 3.12 3.10 Asi —2.80 2.58 —1.78 1.07 —3.05 0.03 0.04
Py —9.81 1.00 -1.87 1.85 -1.62 3.13  3.08 Asp’ —2.81 250 —1.75 1.01 —3.08 0.01
P 1329 4.17 —0.03 3.46 1.16 0.22 0.25 As), 15.95 4.93 -0.07 536 1.96 2.02 1.99
" 14.02 3.95-0.11 355 091 0.18 0.19 As) 15.85 4.92 —0.05 533 1.99 0.27 0.26
P2" 1444 3.84-0.16 3.62 0.72 0.15 0.15 As)" 16.82 456 —0.17 551 1.73 0.16 0.16
N~ 1472 3.74 -0.20 3.66 0.57 0.13 0.11 GaN Asy” 17.35 4.28 -0.27 5.62 157 0.11 0.10
GaN P{" 14.93 3.67 -0.23 3.71 0.46 0.11 Asit 17.69 4.10 -0.33 571 1.47 0.08 0.06
Asy" 17.93 3.97 —0.37 577 1.41 0.05
Pl, —12.04 0.39 -1.50 1.82 0.62 1.87 1.90
P, —12.10 0.38 —1.54 2.10 —1.28 1.87 1.84 Asy, —3.11 213 -1.32 0.38 2.30 1.81 1.84

Asti —4.07 2.16 —1.47 0.60 0.45 1.82 1.80

more favorable than Gefor doping in AIGaN alloys, con- D. Phosphorus

versely to the results of Park and CH&dind the experimen- In contrast to the group-IV impurities, P is not expected to
tal observatiort. According to previous works for the zinc introduce any defect level when replagia N atom in AIN
blende and wurtzite AIN??526Ge,, gives rise to levels very and GaN. Taking into account only the atomic size of P, one
close to the CBM. We calculate a shallow donor leyél ~ may expect that its incorporation is favored on the cation
+/0) for Gey . On the other hand, Genoa N site requires  Sites. In Table V we present the results for the substitutional
the first and second neighbors to move outwardly resulting if® impurity in AIN and GaN. Our calculations show that P on
high relaxation energies. The displacements of the firsth® Al site induces an inward breathing-mode relaxation of
neighbors induced by Geare similar to the ones for Sin the first neighbors and an outward relaxation on the second

AIN. GeN induces the deep IeV@l(O/l_) and the shallow neighbors. R| introduce a shallow donor |eVE(2+/1+). P
donor levels(1—/2—) in the fundamental gap similar to on a N site induces an outward relaxation of the first and

Siy,. Concerning the stability Geand Sj, present very simi- secon.d neighbors. Relatively low formation and relaxatlon
) . : . energies for | are calculated. On the other hand, higher
lar optimal formation energies. For ggthe first and second X . ;
. : . : relaxation energies are calculated fgyd&companied by low
neighbors experience inward and outward relaxations, re

tively. Wi lculate low f i : hich indi optimal formation energies. The highest ionization level
spectively. Ve caicuiate low Tormation energies which in I's(1+/0) associated to Pin AIN is a deep acceptor level.

cate that Ge would be promptly incorporated on the Ga sity, iha" other hand, we also find a shallow donor level
under optimal preparation conditions. The shallow donore(O/l_) for Py in AIN. According to Mattila and Zunge®

level £(1+/0) corresponding to Gg lies practically at the  the deep level in the case of an isovalent impurity such as P
same energy position as forggi The first and second neigh- s due to the difference between the size of the atoms and the
bors to Ge on the N site experience an outward relaxation iBubsequent difference between the orbital energies of the is-
breathing mode. The relaxation and formation energies fopvalent atomic species. As far as we know, there is no report
Gey are higher but comparable with those fog, S GaN.  about P impurity inc-AIN in the literature. In GaN, B,

The highest ionization level induced by & GaN is the forces the first neighbors to displace inwardly and the second
deep levels (0/1-). neighbors outwardly. & gives rise to the shallow donor
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TABLE VII. Displacements of the nearest neighbors 1NN andpositively charged states, meaning that As would be
2NN (Ad1,2 in % of the bond lengihlattice relaxation energkE,
optimal formation energy for the defe@¥; (N-rich [cation-rich for

Shuca [ Shy] andp-type[n-type] for neutral and positivelynega-
tively] ionized, KS defect levels: s with respect to the VBM, and

ionization levelss (q+ 1/q) for Sb in AIN and GaN.

promptly incorporated on this Al site for these charge states.
We verify that Ag, is a negativdd center with Hubbard
energy U=—0.1 eV. Therefore, only the shallow donor
level e(1+/0) and the shallow acceptor lewg|3+/2+) are
introduced in the fundamental gap by 4\s On the N site,

As displaces first and second neighbors outwardly and re-

Impurity Abdl b Ad2 A\s Q- exs 2(qt 1) quires considerable lattice relaxation. A deep acceptor level
o by @) @V) (V) (@Y £(1+/0) and a shallow donor level(0/1—) are induced by
S~ 2522 7.76 0.24 1463 583 3.19 3.24 Asy in' AIN. On the Ga site in GaN, As also induces a
S 2495 7.77 029 1457 588 321 319 Dbreathing-mode relaxation of the first n-eighbors WhiCh. is in-
SH, 24.60 7.79 0.36 1449 598 1.64 154 Wards, whereas the second-nearest neighbors gfae dis-
Sh" 2672 675 0.5 1570 4.44 1.35 106 Placed outwardly. The relaxed geometries with respect to the
SK 28.99 576 —0.08 16.77 3.18 1.12 1.04 charge state for Ag, are different from those reported by
S 3141 477 -0.29 17.66 214 0.96 0.89 Van de Walle and Neugebayer in Ref. 30. These differences
SH* 33.99 375 053 1843 126 0.84 can be due to the fact that in small supercells the percentage
i i i i i i of the total charge variation of the system is higher than for
AIN Sbi 1757 3.89 0.19 180 351 320 3.20 large supercells. The relaxation and formation energies are
Sk, 17.35 401 022 1.81 3.61 3.21 3.19 low for Asg, as well for Ag, . Asg, introduces the shallow
Shi 17.05 411 023 1.83 371 321 316 donorlevele(2+/1+). Onthe N site, As displaces the first
SH, 1654 422 020 1.85 3.85 290 295 andsecond nearest neighbors outwardly, which is in accor-
Sbi’ 11.02 4.39 -0.61 1.71 0.90 2.94 297 dance to the results reported by Van de Walle and
S’ 541 466 -140 165 —2.07 0.04 008 Neugebau_éP as well as Mattila and Zungé‘?‘.The values of
SB’ 540 458 -138 157 —2.15 0.02 0.03 the f_ormatlon energies for /ﬁsare_ low but higher than fory
i+ and in between those reported in the Refs. 28 and 30. The KS
SH,” 5.39 450 -1.36 1.51 —2.18 0.01 o ; o
defect levels agree quantitatively with our calculated ioniza-
S, 20.86 6.62 —0.15 11.25 4.99 0.78 0.75 tion levels g(1+/0) and e(2+/1+), which by their turn
Ski," 22.49 5.89 -0.30 11.72 4.24 0.1 0.56 agree with the previous calculatioffs®® However, con-
SK{* 24.13 5.28 —0.46 12.07 3.68 048  0.44 versgly to the re;ults of Varj de Walle and Neugebauer, we do
SH' 2565 472 -059 12.32 3.24 039 035 hotfind that Ag is a negatived center.
GaN Stﬁfr 26.80 4.28 —0.71 12.52 2.88 0.33
S, 557 3.70 -1.02 096 275 1.74 1.76 F. Antimony
Skt 4.27 3.84 -1.23 098 098 1.73 1.69 Occupying either the Al or Ga site, Sb is expected to act

as double donor. As far as we know, there is no theoretical
study on isolated Sb impurities in the literature for cubic AIN

level e(2+/1+) in the fundamental gap. On the N site, P and GaN. According to Table VII, Sb gives rise to different
induces an outward displacement of the first and seconéffects with respect to the charge state on the Al site in AN,
neighbors. Higher relaxation energies are expected §dnP suggesting that under extrerpeype conditions its incorpo-
comparison to B,, though the formation energies in both ration is favored. For the charge states wii2+ the out-
cases are low. These results are in excellent agreement witiard displacements of the first neighbors are about twice the
those of Mattila and Zungét for the single P impurity in  displacements of the higher positively charged states. Al-
GaN using the valence force-field method, LDA and 512-though there are differences in the displacements, the relax-
atom supercells. The low formation energies calculated showtion energies of S are relatively low. The calculated for-
that R, must be very likely to occur. The KS defect eigen- mation energies suggest that Sb would be promptly
values for each charge state follow the ionization levels calincorporated on an Al site for the highest positive charge
culated and the highest level(1+/0) is in good agreement states. The ionization levels calculated for,Shre £(1
with those reported in Ref. 28. +/0) (donon ande(3+/2+) (acceptoy. The levele(2+/1
+) presents a negativg- behavior which means the state
g=1+ is not stable. On the N site of AIN, Sh requires even
larger outward displacements of its nearest neighbors and, as
Previous reports do not study the As impurity in the cubica consequence, the relaxation energies are, the highest
phase of AIN. As shown in Table VI, Ag presents a very among the impurities considered here. The formation ener-
sensitive breathing-mode relaxation with respect to thegies of Siy may vary by 5 eV and decrease with the charge
charge state of the impurity. On the other hand, the relaxatiostate of the impurity. We derive a shallow donor level
of the second neighbors is outwards and practically not sere(0/1—) and a deep leved(1+/0) for Sky in AIN. On both
sitive to the charge state. Due to the similar covalent atomi&a and N sites in GaN, Sb displaces the first- and second-
radii of As and Al, the lattice relaxation energies are small.nearest neighbors outwardly. The relaxation energies and for-
The optimal formation energies are rather negative for thanation energies for Sfa are relatively low. We do not find a

E. Arsenic
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FIG. 1. Formation energies of the impuritigs= C, Si, Ge, P, As, and Sb on the N site of AIN and GaN under N-rich and cation-rich
preparation conditions versus reduced Fermi leyel The range of variation of - corresponds to the DFT-LDA fundamental energy gap
of AIN (upper panelsand GaN(lower panels
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FIG. 2. Formation energies of the impuritigs-C, Si, Ge, P, As, and Sb on the cation sites of AIN and GaN under N-rich and cation-rich

preparation conditions versus reduced Fermi leyel The range of variation of - corresponds to the DFT-LDA fundamental energy gap
of AIN (upper panelsand GaN(lower panels
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FIG. 3. Calculated partial concentratiofia cm™3) of the substitutional impuritZ=C, Si, Ge, P, As, and Sb in AIN for Al-rich
preparation conditions arifi=1300 K versus total concentration &f(in cm™3).

negativet) behavior for Sh,. The lowest donor level is preparation conditions favors the nucleation of cubic GaN.
e(2+/1+). Likewise Sk, in AIN, the relaxation energies of Under these preparation conditions, the incorporation of im-
Shy in GaN are high. The formation energies for,Stbe- purities is likely to occur on the nitrogen site. In Fig. 1 we
crease with increasing charge of the impurity. We determinéhow the formation energies of the C, Si, Ge, P, As, and Sh
the deep acceptor leve(1+/0) for Shy in GaN. impurities substitutional on N site in AIN and GaN for sev-
eral preparation conditions. As a rule, the incorporation of
the six impurities on this site under fixed preparation condi-
tions is more favorable in GaN than in AIN. Carbon, phos-
Gaseous nitrogen is one of the least reactive gases in thghorus and arsenic have lower formation energy than germa-
nature due to the strong triple bonds between the atoms. Inium, silicon, and antimony in both AIN and GaN. Sb, Si,
the N, molecule the strong bonds result in a very high cohe-and Ge give rise to relatively deep acceptor levels, whereas
sive energy E.,,=9.8 eV). As a consequence, when it is C, P, and As produce shallow acceptor levels. The formation
used as a source for nitrogen atomic species, high dissocignergies of the impurities on cation sites are shown in Fig. 2
tion energies are required and those cannot be achieved ufer N-rich and cation-rich preparation conditions, and versus
der usual growth conditions except in plasma growththe reduced Fermilevel: . Taking into account the trend of
environmen®? During the growth of GaN, Ga-rich prepara- the formation energies one verifies that on cation sites Si, Ge,
tion conditions give rise to growing surfaces with better mor-and P are more favored energetically than the other impuri-
phology and high mobility for the atonts.However, the ties. For wide range ofg, the group-IV impurities prefer
initial growth conditions needed for the nucleation of cubicthe charge statg=1+, whereas the group-V impurities are
GaN require a N/Ga flux ratio higher than 1 for temperaturesn the charge statg=2+, i.e., the charge state that makes
lower than 1050 K4 For higher temperatures, Ga-rich the impurity isoelectronic to the corresponding site in the

G. Doping efficiency and impurity concentration

085209-9



RAMOS, FURTHMULLER, LEITE, SCOLFARO, AND BECHSTEDT PHYSICAL REVIEW B8, 085209 (2003

18

10

10"F

10"F

17§

10

10"°F

10°

4

10

FIG. 4. Calculated partial concentratiofia cm™3) of the substitutional impuritZ=C, Si, Ge, P, As, and Sb in GaN for Ga-rich
preparation conditions arifi=1300 K versus total concentration &f(in cm™3).

host crystal. Carbon and antimony are the least favored imgersus the total concentration of the impuri6Zz]®©®
purities on cation sites and silicon is the most favored impu— ngiexqg‘f/kB_Qif/(an] in Figs. 3 and 4 for cation-rich

r_ity taking _into account the tren_d of the values for the forma'_preparation conditions and for a growth temperatdre
one considors the caloulated partial concentration of mpur; 1200 K. The total concentration ars contrlled by de-
ties C[Z]=Nsexqsf/kB—Qf/(k§T)] in the total concentr.’f— creasing the chemical potential(Z) towards negative val-
tion of substitutional sitedNg=4/(lattice constant. How- uestar:.d,u (Zzz:frbézb“'k)t corre?p;ond tt(.) :g,e .maxtlmum lc ;)n-
ever, taking into account the entropy of impurity formation céntration ofz. 1he entropy of formatiors; IS Set equal to

S; one should obtain the correct formation energies. Since SBEr0 for each charge stateof a given impurityZ in our
has high formation energies for both nitrogen and catiorfPProximation. To calculate the hole and electron concentra-

sites, we confirm its use in many growth experiments as #0ns we apply the corresponding values of the effective
surfactant for both AIN and Gaif1’ masses reported in Ref. 55. The effective masses for holes

Studying each of the six impuritied separately and its are averaged among their values in three directions. We have
charge states] as well as the charge neutrality condition to mention that the results in Figs. 3 and 4 can be drastically

involving hole (p) and electror(n) concentrations changed if additional defects are considered in (&j. Alto-

gether, there is a tendency for the underestimation of the
> q B evaluated concentrations.
2, AiC[Z27]+p=n=0, @ The concentrations calculated for AIN in Fig. 3 show that

the highest incorporation occurs for the impurities in their

one determines the Fermi leve} for which the crystal ful-  neutral and isoelectronic charge states. Carbon, phosphorus

fils the charge-neutrality condition. The partial concentra-and arsenic are incorporated mainly on the nitrogen site,

tions of the substitutional defecZswith chargeq are plotted  whereas silicon, germanium, and antimony are incorporated
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in higher concentration on the aluminum site. According tocentrations incorporated according to the charge state of the
the calculations, carbon, phosphorus, and arsenic are incampurity. In comparison to previous studies, we attenuated
porated in concentrations varying from 8910 cm™3, the alloying effect and the impurity-impurity interaction re-
whereas antimony will be incorporated in negligible concen-sulting from the use of the supercell approximation. In gen-
trations from the experimental point of view. Phosphorus aperal, the impurities on the nitrogen site give rise to well-
pears as the impurity with the highest concentrationdefined acceptor levels, whereas the incorporation of
(108 cm™3) in cubic AIN. In Fig. 4 the calculated concen- impurities on the cation sites leads to shallow donor levels.
trations of the impurities in GaN are plotted. Except for P,On the N site we found that C, P, and As are the most stable
the concentration of the other impurities follows in generalimpurities introducing mainly shallow acceptor levels. On
the trend observed in AIN. Phosphorus, in principle, wouldthe other hand, Si, Ge, and P are the most stable impurities
prefer to lose two electrons to be incorporated on the galliunon the cation sites for both AIN and GaN. Antimony pos-
site. In the thermodynamic equilibrium the concentrations ofsesses high formation energies for both substitutional sites
silicon and germanium should be 200> cm™2 higher in  and nitrides considered, which confirms its use as a surfac-
GaN than in AIN. Antimony should be incorporated in neg-tant. For a large range of the Fermi levels the charge state of
ligible concentrations for both AIN and GaN. According to the impurity is the one which makes it isoelectronic on the
our calculations, carbon and arsenic concentrations arsite of the host crystal. In general, there is a good agreement
slightly lower in GaN than those calculated for AIN. In par- between the KS impurity levels and the ionization levels
ticular for carbon, the concentration of 6 10* cm 2 is  calculated by means of theSCF method. Although the ap-
similar to the one reported in Ref. 10 by Ker and co- proximations usede.g., the neglected entropy effecter
workers for the concentration of holes in-GaN (6  the concentration of impurities correspond to a more quali-
x 10" cm™®) due to the intentional doping with carbon. Al- tative analysis, we found agreement with respect to the
though our calculated concentrations must be interpretettends, in particular with the charge state. The absolute val-
qualitatively, the concentration measured by Guatal!®  ues for the concentrations are in general two or three orders
and Li et al?° for growth temperatures of about 1300 K in of magnitude smaller than the experimental values. Also the
w-GaN agree within two or three orders of magnitude. In thehighest partial concentrations refer to the charge states for
study of Kuroiwa and co-workers for the GaNP, and  which the impurity is isoelectronic to the replaced atom in
GaN,_,As, alloys, maximum compositions x of  the host crystal.
0.37% (1.%10® cm3) and 0.26% (1.2 10®® cm™3), re-
spectively, deviate only by £0o 10° cm™ 3.
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