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Substitutional carbon in group-Ill nitrides: Ab initio description of shallow and deep levels
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We presenab initio pseudopotential plane-wave calculations for the neutral and negatively charged carbon
impurity on a nitrogen site in group-lIl nitrides. Ultrasoft non-norm-conserving Vanderbilt pseudopotentials
allow the use of extremely large supercells up to 2744 atoms. These supercells attenuate the defect-defect
interaction and, hence, give an accurate description of the resulting acceptor levels in BN, AIN, GaN, and InN.
We calculate atomic geometries and energetical positions of the defect levels, Franck-Condon shifts, and
formation energies. The defect stability and the transition of the shallow-deep character are discussed along the
series BN, AIN, GaN, and InN. For GaN we calculate a hole activation energy of about 0.2 eV in correspon-
dence with photoluminescence and temperature-dependent Hall measurements.
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[. INTRODUCTION the crystals obtainetizinc-blende GaN is commonly grown
by molecular-beam epitaxy. Although c-InN is the least
Group-Ill nitrides are materials of considerable interest instudied nitride, thick layers of this material were synthesized
electronic and optoelectronic devices due to their high therand characterized recentfySince the structural differences
mal and mechanical stabilities, the formation of alloy sys-between the wurtzite and cubic phases refer to second neigh-
tems and, hence, the possibility of band-gap engineéringbors, it is useful to study the doping behavior of an impurity
Optical and electrical properties of semiconductors aren the zinc-blende phase.
mainly controlled by point defects such as vacancies, anti- Using a tight-binding version of the linear muffin-tin or-
sites, and intentional and unintentional impurities. For thebital (LMTO) method in the atomic sphere approximation
development of devices reliable information about point de{ASA), 64-atom supercells, and relaxation of the atomic po-
fects and techniques to control the doping process are crisitions, Gubanoet al® found that G in ¢-BN gives rise to
cial. Carbon is an unintentional impurity appearing duringa shallow single-particle acceptor level. Similar results were
the growth of group-IIl nitride$-® However, the role of car- obtained with the full-potential linear augmented plane wave
bon in these materials is controversial. The ionic radii indi-method without relaxation and with the same supercell
cate that C should have a nonvanishing solubility in the catsize?® Within the frameworks of the density-functional
ion sublattices, in particular in the Ga and Al sublattites. theory (DFT) formalism and the generalized-gradient ap-
Due to its small ionic radius, carbon fits in the nitrogen site.proximation, normconserving pseudopotentials and relax-
Indeed, theoretical predictions found that in GaN the incor-ation of atomic forces, Orellana and ChacRamonsidered
poration of C m a N site should be preferrédn this nitride,  additional positively charged states and speculated about a
magnesium is the most common impurity to achigviype  negative behavior for G in BN. Comprehensive calcula-
conductivity, giving rise to relatively low hole concentrations tions of the carbon impurity in AIN, GaN, and InN by Jen-
and a high acceptor ionization level at room temperature.kins and Dow, including their alloys in the wurtzite phase,
However, there are indications that higktype carrier con- were based on an empirical treatment within the tight-
centrations can be achieved using carbon as a dopant matsinding approximatio? Very shallow single-particle levels
rial in GaN® Recent experimental results suggested carbowr even levels resonant to the valence band were obtained for
in the nitrogen site (f) as an alternative to Mg in cubic)  Cy in AIN and GaN, whereas for InN a deeper level was
GaN?1® Compensation effects supposedly caused by defegiredicted. Later calculations fev-GaN using normconserv-
complexes such as carbon pairs discouraged its use asirgg pseudopotentials and the DFT in the local-density ap-
p-type impurity in wurtzite(w) GaN! proximation (LDA) predicted a shallow acceptor level for
The group-lll nitrides AIN, GaN, and InN crystallize in Cy. Neugebauer and Van de W4dlldiscussed carbon as the
the hexagonal wurtzite pha$eunder ambient conditions. origin of the parasitic yellow luminescence observed in this
However, these nitrides can also be grown in a cubic zinceompound. Calculations to determine the doping properties
blende phase which offers, in principle, many advantagesf carbon inw-AIN and w-GaN were performed by Bo-
with relation to the wurtzite phase, such as a higher crystajustawski and co-worket$* applying quantum molecular
symmetry, higher carrier mobility due to a smaller scatteringdynamics and the pseudopotential formalism. The properties
coefficient, lower effective masses, and easy cleava@ei-  of the neutral carbon impurity in cubic BN, AIN, and GaN
bic BN crystals were first synthesized in 1957 by Wentdrt, were also investigated by Gorczyegal 2° using a combina-
and with the use of certain technigtebigh-quality samples tion of LMTO-ASA Green’s function methods. A full-
large enough to be characterized can be achieved. Theotential version of the LMTO code was applied to perform
growth of c-AIN was first reported by Petroat al,’® and  the relaxation of the atomic positioA%?’ Theoretical studies
additional techniques have improved the quality and size obf impurities in InN are scarce. Within the DFT-LDA, most
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of the methods give rise to a negative fundamental gap foGaN, and InN. The atomic forces are calculated directly
c-InN, even if more sophisticated all-electron methods argrom the free-energy functiondlof the system applying the
applied®® Stampflet al?® studied O, Si, and Mg impurities Hellmann-Feynmar(HF) theoren?® Explicitly we use the
in c-InN using self-interaction and relaxation-corrected Viennaab initio simulation packagg’ Monkhorst-Pack type
pseudopotentials which helped to solve the problem of theneshe® in the irreducible part of the Brillouin zone are
negative fundamental gap. However, they concluded that thgsed to approximate thie-space integrals. The calculations
results are qualitatively the same as within the usual DFTinclude the relaxation of the atomic positions around the im-
LDA pseudopotential plane-wave methods. purity, in order to find the equilibrium atomic configuration
Theab initio calculations up to now refer to isolated car- ¢, 4 certain charge state. The spin polarization is taken into

bon impurity in small supercells with 32—72 atoms. The SIZ€, . ount for the neutral C impurity.

of the supercell used may influence the results at least for - )
two reasons. First, the interaction between the defect and its, For BN, A.lN’ GaN., and '.”N' we stgdy the carbon. 'mpu
) . . . ) fity on the nitrogen site in simple cubic supercells with 64—
images in the neighboring cells may play an important role

For the charged impurity, Coulomb interaction effects result-2744 atoms and differert-point meshes. Explicitly we use

ing from the defect-defect interaction are inversely propor-2><2><2 and 4x4x4 k-point meshes for the 64-atom su-

tional to a linear dimension or edge lengtlof the supercell.  Percells, and X 22 mesh for the 512-atom supercells. The
To account for these, some corrections to the total energ eIf-gonS|stent energy calculations are restricted only to the
may be used as proposed in the literafifré: Second, the 1 point for the 1000-atontBN and GaN, 1728-atom(AIN),
supercell size should be more critical in cases whege cand 2744-aton{BN) supercells. For the BN 1000-atom su-
gives rise to shallow levels. The accompaning wave funcpercell we also applied a22x 2 k-point mesh to verify the
tions are extended, and the supercell size should be largapplicability of thel'-only calculations for the large super-
than their localization radii to avoid an artificial spatial quan-cells.
tization. In 64-atom supercells the total energies do not change
Although the computational effort may increase as muctsignificantly (10—50 meV when a 4<4x 4 mesh is applied
asL?, the simplest way to suppress the defect-defect interinstead of 2<2x 2 mesh for BN, AIN, and GaN. For BN in
action is to increase the supercell size. In the present paperoo0-atom supercell§;-only and 2< 2x 2 calculations lead
we therefore increase the supercell size substantially to rep similar results for the KS defect levels and ionization lev-
duce the spurious interactions. The convergence with respegls, reinforcing the applicability of -only calculations for
to the supercell size is studied for the position of the singleyage supercells. Total-energy calculations could be made for
particle Kohn-Sham(KS) levels, the ionization levels, and |nN.c in 64-atom supercells, but correct identifications of
the formation energies. Other.quantmes that can be estlmate[ﬂe defect levels, the top of the valence band, and the bottom
by the_ delta-self-consistent-field method_$CF), such as of the conduction band demand more states; therefore 512-
relaxation energy and Franck-Condon shifts are also exanmy, supercells are considered.

ined. The paper is organized as follows. In Sec. II, we de-
scribe the methods used for the calculation of the total en: The geomeiry of the fully relaxed structures and the HF

ergy, the Kohn-Sham defect levels, the formation energiegorces acting on the atoms in the ideal zinc-blende crystal are

and ionization levels for the carbon impurity. The results aredetermmed for the first{1nn and second-nearesgnn)

discussed in Sec. Ill, and in Sec. IV a brief summary ish€ighbors. Orthonorma:‘IFbass sets; (p;,n;) are used to
given. project the HF forces=;™ and displacement vectorsd;; .

The displacements and forces on the four first neighbiors (
=0,1,2,3) of the impurity sitej(=0) are described by means
of sets of orthonormal basisbf,pi,ni),*® where the

A. Total-energy calculations breathing mode vectots, are along the lines connecting the
carbon site to each first neighbor, the pairing mode vectors
pio are along the lines between two equivalent first neigh-
bors, and theny vectors are orthogonal to botlyy andbg.

For the description of the displacements and forces at the 12

IIl. METHOD

The total-energy calculations are based on DR&f. 32
in the LDA or the local spin-density approximatigRef. 33.
Quantum Monte Carlo results in the parametrization of Per
dew and Zungéf are used to describe the exchange-
correlation energy. The correlation energy for an arbitraryS . .
spin polarization is determined by a standard interpoldtion ent basis setsty;,p; .n;). In the case of the second neigh-
between the values of the nonpolarized and fully polarizecpo_rs’ both components; and p; point toward second-
cases. The valence electrons of B, Al, Ga, In, N, and C, a8€ighbor sites in the same plane and the comporgnese
well as thed electrons of In and Ga, are treated explicitly, ©'thogonal to the others.
Their interaction with the atomic cores is taken into account
by means of non-norm-conservingb initio Vanderbilt
pseudopotentials. They allow a considerable softening of the
pseudopotentials of the first-row elements as well as of the The formation energy for the carbon impurity on a substi-
atoms with filledd shells®® The energy cutoff for the plane- tutional N site in the binary compoundN (X=B, Al, Ga,
wave expansion of the single-particle eigenfunctions is reand In is calculated in the formalism of Zhang and
stricted to 19.9 Ry(14.0, 16.2, and 15.5 Ryfor BN (AIN,  Northrug' by

B. Formation energies and ionization levels

075209-2



SUBSTITUTIONAL CARBON IN GROUP-II . .. PHYSICAL REVIEW B 66, 075209 (2002

Q¢(XN:CY,Ep) values AH{(XN)=2.65 (X=B), 3.28 X=Al), 1.28 (X
=Ga), and 0.38 eVX=1In) per XN pair.
=EQ(XN:C) — El9®@(XN) + u(N)— u(C)+ qEg, (1) The position of the Fermi level at which the formation

energy of an impurity in the different charged statpand
whereEQ (XN:CY) is the total energy of th&N supercell g+1 becomes equal is called ionization level. According to
with a C atom in the charge statg Q indicates the charge EQ. (1) the ionization level is defined in the framework of the
state in whose geometry the total energy is calcula@d. ASCF method by
#(Q means a total energy from a calculation for the charge
stateq in the geometry of the charge stae EX (XN:Cf) e(q+1/q) = Ef( XN:C) — Ef HOXN:CE ) — Ey(XN),
gives the minimum total energy for the charge state ()

Eig?al(xN) denotes the total energy of the correspondingwhere Ey(XN) is the eigenvalue of the VBM from a bulk
ideal zinc-blende supercell of X\(N) and u(C) are the o0 ation, In the relevant cage=1—, the energy in E(3)
may be interpreted as the binding energy of a hole. It is

chemical potentials of N and C, respectively, for certain
preparation conditions, arif is the Fermi level. The latter <<\ \med that for each charge stte0,1—of the carbon im-
purity, the atomic configuration is that of fully-relaxed

quantity is divided according t&r=E\(XN)+¢eg, where
Ev(XN) corresponds to the valence band maximfBM) — 5tomic positions. Therefore, the energy in Eg). should be
strongly related to the thermal activation energy of the holes

of the host nitride and the reduced Fermi lewglaries from
zero to the value of the fundamental gap,, of XN. Forthe  gince'in this process the system has sufficient time to change

f_undamental energy gaps we applied _the values of_ calgula}—mo the geometry of a negatively charged state.
tions reported in the literature including the quasiparticle
correction$* * E,,=6.3 (BN), 4.9 (AIN), 3.1 (GaN), and
0.52 eV (InN). The underestimation of the gap values for
GaN and InN is a consequence of the overestimation of the Single and two-particle excitation energies of the type
p-d orbital repulsion within the explicit treatment of the given in Eq.(3) correspond to differences between total en-
semicored-electrons by DFT-LDA. The top of valence band ergies. If one neglects the electron-hole pair binding, the ion-
Ey(XN) is usually not well defined in a supercell calculation ization levels can be hence calculated not only in the single-
of systems with impurity. The electrostatic potential is differ- particle case but also after two-particle excitation hySCF
ent from the defect-free material and the shallow acceptomethod. However, the two different total energies considered
states influence the VBM. We therefore align the lowest ocin the ASCF,EQ (XN:C?), do not only depend on the actual
cupied s-like valence states of supercell systems with andcharge state of the defect but also on the particular geom-
without impurity. etry that has been optimized for the charge stat&or very

The chemical potentials of the carbom(C), and nitro-  fast transitions between two charge stateand gq+1, the
gen, u(N), are determined using the standard procedure desystem has not enough time to relax the atomic positions and
scribed in the literaturé*® The upper limit for the carbon the energies have to be computed assuming the geometry of
chemical potential in Eq(1) is taken from a DFT-LDA cal- the charge stat® of the initial configuration.
culation for the cohesive energy of its diamond structure. The process of the hole excitation can be discusssed in a
Since we are interested in the system where the carbon &nergy-configurational coordinate diagram in which four
more likely to be incorporated in the sample, we considempoints (a, b, ¢, andd) are considered. The pointsand b
C-rich preparation conditions to calculate the formation encorrespond to the ground and excited state respectively in the
ergies. fully relaxed geometry of £, whereas the points and d

In thermal equilibrium, the chemical potential§N) and  represent the latter states in the fully relaxed geometry of
u(X) depend linearly on each other because of the masgl~ . The system is in the ground stateaatnd during an
action law. They are related to the bulk chemical potentiaptical emission process, an electron is captured driving the
#(XNpyp) of the binary compoun®N. The difference be- system to the poinb. Then the system relax into another
tween this quantity and the chemical potentialXpy) of  minimum energy position at, emitting phonons for in-
the cation andu(Npy ) of the nitrogen defines the heat of stance. The poirth is identified with the charged defecf,C
formationAH(XN) of the compound XN. The two relations j, the geometry of QP whereas the point matches the
allow the reprgsentation of the chemical potential of the ”i'charged defect with fully-relaxed atomic positions. When an
trogen atoms in Eq1) by optical absorption process occurs, the system is driven to a

point d which corresponds to the ground stat% @ the
@) geometry of the excited statq{,C. The energies of the tran-
sitionsa—b andc—d can be extracted from optical mea-

The fluctuationA #(N) of the N chemical potential varies surements. For instance, in a photoluminescéRtg experi-
betweenA u(N)=—AH;(XN) (X-rich preparation condi- ment, optical transitions of the typel&e —Ciy~ occur
tions) andA u(N)=0 (N-rich preparation conditionsTo be  when an electrore™ in the conduction-band minimum is
consistent with the total energies of the supercells, we applgaptured by the defect and the system remains still in the
calculated values ofi(XNyy ) and u(XpyW).*® The heat of  geometry of the neutral state. The binding energy of the elec-
formation, estimated from measured quantities, leads to theon and hole in the acceptor-bound exciton is thereby disre-

C. Franck-Condon shifts and lattice relaxation

m(N)= u(XNpyii) = w(Xpui) + AH(XN) + A (N).
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garded in a first approximation. The corresponding photon TABLE I. Displacementsid (in percentage of the bond length
energy of emitted light is given bffwg=Egy,,—g(0/1—)  d) and work of the HF forcesVyy (in meV) for the first (1) and
with an optical activation energy of the hole of second2) nearest neighbors as well as relaxation enertyig6Cy)

(in meV).

ge(0/1—)=EX (XN:C}, ) — EZ (XN:C%) — Ey(XN). = —
(4) Defect Nitride  Ad(b;)  Ad(ny) AE(CY) W,

The absorption of a photon is accompanied by the generation BN 1 0.86 0.00 68 3
of an electron-hole pair and the negatively charged defect 2 1.07 -0.05 55
becomes neutral, 2@—>Cﬁ,+ e . Again neglecting the exci- AIN 1 2.87 0.00 146 101
ton binding energy, the excited electron occupies a state it 2 1.50 0.05 48
the conduction band. The corresponding photon energy of GaN 1 -0.05 0.00 68 0.4
absorption ish wp=Ey,,— &(0/1—) with another activation 2 1.25 0.11 58
energy NN 1 —0.20 0.00 47 2
o g o o 2 1.11 0.28 39
£a(0/1=) = Eior (XN:Cy ) — Eqr (XN:Cy) — Ev(XN). BN 1 —049 0.00 272 16
(5) 2 133 0.00 131
The difference between these two optical excitation ener- AN 1 0.07 0.00 368 —2
gies defines the Franck-Cond@RC) shift*’ Cn 2 2.16 0.31 243
GaN 1 -—-1.12 0.00 286 48
AESRI= 7 (we— wp) 2 1.62 0.22 152
InN 1 —-0.87 0.00 120 21
=eg(0/1=)—ea(0/1) 2 1.23 0.32 67
= Efp(XN:Cy )+ Eigr (XN:CY)
—EQ (XN:CY) —EL (XN:CY ). (6)  approximate the force at each of the successive atomic posi-

tions by a constant value given by one-half of the force in the
PL and temperature-dependent Hall-effect measurementgse of zinc-blende atomic positions. In order to estimate the
provide different values of activation enerdider a given ifferent contributions to the energy relaxation due to the

acceptor which corresponds to the electronic transitions bejrst- and second-nearest neighbors, we divide the main part
tween its neutral and excited states. These values of activgf the lattice relaxation energy according to

tion energies are related to the hole excitations during optical

or thermal activation. In this case one can define the thermal 13 1 2

FC shift W:'EZE i:EO Flo Adio+ > i:%:l Fi Ad;, 9
AERE ™A= ¢ (0/1-)—(0/1-)

0 PR 1e oyl where the contribution due to the more distant neighbors is

= Eioi XN:Cy ) — Bt (XN:CY ). () not taken into account. The result is compared to the value

The FC shifts has been successfully calculatecabyinitio ~ ©Ptained by Eq(8).
methods for the Mg impurity in GaRf These results indeed

allow the explanation of the difference in the hole activation Il. RESULTS
energies derived from PL and Hall measurements. . .
The different FC shifts are consequences of the different A. Lattice relaxation

atomic geometries occurring around the carbon impurfly C  Displacing the carbon atom slightly and arbitrarily from

in different charged stateQ. Characteristic energies for its zinc-blende position on the nitrogen sublattice and allow-
these relaxations may be calculated by the energy gain of theg the relaxation of all the host atoms, we verified that its
total energy due to the atomic displacements with respect tfinal relaxed position is still the center of a tetrahedron

the atomic positions of an ideal zinc-blende lattice: formed by its first nearest-neighbor cations. Therefore, we do
deal not find any indication of a symmetry-lowering Jahn-Teller
AE(CY) = Ejor T (XN:CY) — Efh( XN:CY). (8)  distortion independent of the charge state of the impugity

o ) =0,1- and of the group-Ill nitride. For that reason only the
These energy contributions can be appro>F<|mated by thg , symmetry is discussed in the following. All the group-liI

work done by the Hellmann-Feynman forda& along the nitrides show a breathing-mode relaxation on the nearest
path followed by the atoms during the successive steps of thgeighbors around the carbon impurity. The corresponding
relaxation. Since first and second neighbors to the carbon sitgeometrical changes given in percentage of the bond lehgth
are displaced according to the f0rdé,'$F, they may experi- are listed for the first- and second-nearest neighbors atoms in
ence different displacemenssd;; . Consequently, the differ- Table 1. The results are obtained for converged spin-
ent neighbors can contribute differently to the relaxation enpolarized calculations using relatively large supercells with
ergy AE(C}). For short displacements it is reasonable t02744(BN), 1728(AIN), 1000(GaN), and 512(InN) atoms.
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TABLE II. Franck-Condon shifts AE2R"°® and AEZE™™3), BN AN GaN
Kohn-Sham eigenvalues of tht, defect level e, (q=0) and Lrrerer m_' R 030_' Tt
e1,(=1-) (including their spin up and down splitting far=0), 025k | | .
and acceptor ionization energie$0/1-) (in meV). The Kohn- - | oso| ,"/ 4 sk . -
Sham eigenvalues are given with respect to the VBM. O I L S

A gﬂ 020 fi.r” T esof [/ 4 ool -
Nitride AEPR™* AELE™ £ (q=0) e,(q=1-) &(0/1-) 3 / / ’
8 ; 0.40 - - 01sf P
BN 208 129 150 538 293 '§ o5 7 ’/-’."‘- e N
83 £ T 1 ol 7 A ew0f .
AIN 688 382 603 1178 867 g ool B 1 F -7 1
306 z | | o2 dooosl _—
GaN 140 89 116 288 182 — | | I |
oosb Lottt gl vt vt ogepl 11
58 5 10 15 20 25 30 5 10 15 20 25 30 5 10 15 20 25
InN 35 20 54 92 12 Supercell edge (1”&)
33

FIG. 1. Lattice relaxation energyE(C}) for the neutraksolid
line) and negatively chargddotted ling calculated Franck-Condon

. - ._shifts AE2R@ (dashed ling and AEY"™@! (dot-dashed lingfor
The charge state and the cation of the nitride determlnﬁ1e carbc'):rc1 imp(urity in BNE AIN aan Ga,\(l as a functior:eof the

the direction and strength of the breathing mode. The 2nn '!upercell edge.
atoms exhibit always remarkable outward breathing-mode

displacements, which are accompanied by short displace- . , .
ments in then; direction. In GaN and InN, the 1nn cations relaxation energies ranging from 0.1 to 0.9 €Refs. 21 and

are displaced inwards. The increase of these displaceme é) for the garbon in'the group-lll nitrides, we find relatively
with the number of electrons is a consequence of the forma®"’ relaxation energies. The work of the Hellmann-Feynman
tion of four strong bonds in the case of isoelectronfs C forcesWF" in Table | indicates that the mechanism of relax-

The bonding effect is also responsible for the outwénd ation is governed by the 2nn atoms. The only exception is
ward) breathing relaxation in BN foq=0 (q=1-). No  29ain Q in AIN, for which the 2.9% outward breathing-
chemical trend along the row InN, GaN, AIN, and BN is Mode relaxation of therin atoms is more important.
observed. Only in large supercells, an outward breathing re- 'he optical and thermal Franck-Condon shifts n Table I
laxation occurs for AIN which is small fogy=1— and takes Show similar trends as the relaxation energls(Cy) in
the largest value fogq=0. Table 1. They are about three or four times larger for AIN
In general, our predictions agree with the results of othefhan for BN and GaN. These higher values indicate a strong
authors with respect to the direction of the breathing relaxcoupling with phonons in botq=0 and 1- cases for BN,

ation. They also reported small relaxations for all the groupAIN, and GaN, whereas the effect is remarkably reduced in
Il nitrides of about 0.1-4.0% of the bond length for INN. Interestingly, the shifts of the thermal activation ener-

c-BN, 2221 AIN, and GaN2%2426gr even found that there is 9i€S amount to about 50-65% of the optical FC shifts mea-

no relaxation for & in BN and AIN 2527 However we cannot Surable in PL and optical absorption experiments.
confirm, even for small supercells, the prediction of an in-
ward relaxation for BN in the neutral charge stté!

The lattice relaxation can be characterized by means of _ -
the relaxation energieAE(CY) defined in Eq.(8) and the _Information about the position of defect levels can be ob-
FC ShiftSAEggtlcal andAE::hCermaI given in Eqs.(6) and(7), tained either through the total energies fraaABCF methods,

respectively. Their most converged values are presented irf- Including many-particle effects, or within the picture of
Tables | and 11, and their behavior versus the edge lehgth noninteracting particles, which means its direct identification

=(2/\/3)d(number of atoms)® of the supercells is plotted in with the KS single-particle eigenvalues. In Fig. 2 we plot the
Fig. 1. The relaxation energy for the neutral impurity is al- positions of thet,-like KS defect level at thé" point and at
ready converged for small supercells. Although for the negathe special poink=(27/L)(3,7,3) as a function of the
tively charged defect its value increases with increaging edge lengthL of the supercell. The correspondikg,(XN)
there is a compensation effect when the FC shifts are calcuor the charge state is used as the energy zero. In the neutral
lated. Indeed, for BN and GaN the FC shifts already react¢ase, the spin-up and spin-down components of the defect
converged values for small supercells. The relaxation enetevel are presented. The spin splitting remains almost con-
gies in Table | show two opposite tendencies along the seriedfant when one varies the size of the supercell but depends
InN, GaN, AIN, and BN. For the neutral impurity, the relax- on the nitride. Since no unpaired electrons occur g (the
ation energy amounts to 50—70 meV for InN, GaN, and BN,spin splitting of thet, level is zero in this case. The calcu-
and is approximately two times higher for AIN. For the lated KS levels are converged for the largest studied super-
negatively-charged state, the relaxation energies increasells with 2744(BN), 1728 (AIN), and 1000(GaN) atoms.
dramatically when the size of the supercell is increased. Newerhaps, slight changes may happen for GaN, when the su-
ertheless, in comparison with other authors who predictegercell size is further increased. A comparison between the

B. Defect levels
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FIG. 2. Position of the,-like KS defect level vs the edge length  FIG. 3. Ionization level (0/%) of the carbon acceptor in BN,

of the supercell for BN, AIN, and GaN. Fully relaxed and spin- AIN, and GaN vs the edge length of the supercell.
polarized calculations are performed. Upper panels correspond to

k=(0,0,0 and lower panels to the special pokt (27/L S

£ 11 )0 } pane P g (2m/L) the (0/1-) ionization levels calculated for the largest super-
*(,3,3). The spin-up and spin-down eigenvalues are shown fol, .-~ a1 listed in Table II. They clearly indicate that
£,(CR) (solid lineg ande,(Cy") (dotted ling. The zero energy is : y y

carbon substitutional on the nitrogen site gives rise to a shal-
set to the top of valence barkel,(XN). low acceptor for BN, GaN, and InN. Whereas for InN the
. . ._ionization level (0/%) is close to the VBM, its value in-
upper and lower panels shows that the dispersion of the i ‘reases along the series InN, GaN, and AIN. As a conse-
purity bands indeed becomes smaller with increasing cel uence. carbon in AIN becomés a déep acceptor introducing
size. In InN(not shown in Fig. 2the KS defect levels of the an ener’gy level of about 0.9 eV above the VBM. Conversely,
carbon impurity lie at 30-50 meV in{Cand 90 meV in G the acceptor level again becomes shallow in the case of BN.
above the VBM. Two reasons could be mentioned to explain this nonmono-
_ The converged values for KS defect levels are presentegyicq) trend: the strong C-B bonds in the isoelectronic case,
in Table 1. They indicate a tendency for a shallow acceptor, ich are overestimated within LDA, and the low bond ion-
level of Gy in BN, GaN, and InN, whereas substitutional icity of BN. In contrast to AIN, GaN, and InN, the bond
carbon in AIN should give rise to a deep level in the |°W9rionicity of BN is strongly reduceé®
part of the fundamental gap. As a rule, for the negatively There are two other interesting points. First, the activation
charged states the KS eigenvalues lie at higher energies th%ﬂergy ¢(0/1-) is nearly identical to the corresponding
for the neutral charge state. This is a consequence of thﬁngle—particle Kohn-Sham eigenvalsg (q=1%—) accord-

2

positive Coulomb integrals for thg, states. The effective ing to the transiion-state theoréi, and the Janak

repulsive interaction of the electrons localized at the impu-

1 ; : R
rity shifts the single-particle defect level toward higher ener_theoremS. A rough estimation of the transition-state value

gies. follows from the average of the eigenvaluéBstz(q=O)

In comparison with other works, the results of our calcu-+t,(d=1-)] of the partially occupied KS states listed in
lations exhibit some differences for the positions of the KSTable 1l. For BN, AIN, and GaN the deviations only vary
defect level, although the carbon impurity in the wurtzite between 3% and 14%. In the case of InN, the trend is still
phase is usually considered. In general, previous works didorrect, but the absolute value of the activation energy is
not present the position df of the negatively charged de- extremely low. Second, the shallow acceptor levels in BN
fect. Forc-BN, other calculations including relaxation of the and GaN can be also described in the framework of the
atomic positions predicted a deeper defect level at 0.35-0.5€ffective-mass theory. One may assume that the supercell
eV above the VBM(Ref. 21 and 2ythan ours, which lies at edge length.=3 nm for the converged results gives an es-
0.08-0.15 eV. A deeper defect level at 0.4 eV was also obtimate of the Bohr radius of the acceptgyof about 1.5 nm.
tained in Ref. 27 for c-GaN, whereas we found it at 0.05-Together with static dielectric constants) (ess than 10, one
0.12 eV above the VBM for the largest supercells. On thecalculates an effective mass of aboutrf,3 m= e#?/r ze?),
other hand, our results for AIN are in agreement with otheii.e., a hole mass with the right order of magnitude. This
calculationé*?’which predicted the defect level in the range means that effective-mass states can be described within a
of 0.3-0.6 eV. supercell approach if the size of the supercell is large

The (0/1-) ionization levels, obtained within the many- enough.
body picture by Eq(3), are shown in Fig. 3 versus the edge A further indication for the reliability of the calculated
length L of the supercell. For the (0A) C-acceptor level, defect levels is given by the comparison with experimental
converged values with an accuracy better than 50 meV ardata. Both thermal activation energy measurements and PL
almost reached for the 2744-, 1728-, and 1000-atom supestudies yield to a hole activation energy of the carbon accep-
cells used for BN, AIN, and GaN, respectively. The values oftor in c-GaN of about 215 me%°? Our calculated value
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FIG. 4. Formation energy of the carbon impuritie§ Golid
line) and G, (dashed lingas a function of the edge lengthof the FIG. 5. Formation energies of the C acceptor for the neutral and
supercell in anXN nitride. The results are presented for simulta- Negatively charged states in Biolid line), AIN (dotted ling, GaN
neous C-rich andX-rich preparation conditions. A-type doping  (dashed ling and InN (dot-dashed lineas a function of the elec-
(SF: o) is assumed faq:l_ The results refer to Superce”s with tron chemical pOtential. Results are obtained for 2744‘, 1728',
(2n)3 atoms withn= 2, 4, 5, and 7BN), n= 2, 4, and 6(AIN), 1000-, and 512-atom supercells, respectively. C-rich preparation
andn= 2, 4, and 5GaN). conditions are assumed simultaneously with N-fiielit pane) and
cation-rich(right pane).

e(0/1-)=182 meV underestimates slightly the measured

one. However, according to Fig. 2 one may expect that in anent within small supercells fails. One obtains similar values
more converged calculation, the theoretical value will apSfor the formation energies in both=0 and 1- or even
proach better the measured energy. The agreement of thewer formation energies fay=1—. Conversely, the forma-
activation energies measured by different methods is somdion energies of the deep acceptor in AIN are only slightly
what surprising. For the optical hole activation energy,sensitive to the supercell size on the energy scale of the
aE(O/l—):8(0/1—)+AE‘FhCe’ma', measured in a PL experi- formation energies. The formation energy for the carbon im-
ment, one finds a value that is enlarged by the thermapurity increases with respect to the cation atomic number of
Franck-Condon shiftA Eggfma': 89 meV. However, one the host material, reaching about 3.0 eV for InN in 512-atom
has to consider the exciton binding energy, which reduces thgupercells. For the most converged calculations the forma-
value of the optical hole activation energy. From free exci-tion energy of the negatively-charged defect is always higher

tons we know that typical binding energies are not mucthan for the neutral state under the chosen preparation con-

smaller thanAER™a! 53 The resulting compensation may ditions. The difference between the two energies is propor-

explain why in thermal activation and PL experiméifs®? ~ tional to the hole activation energy. . N
nearly the same energies have been observed. A study about the influence of the preparation conditions

and doping level on the formation energies df & pre-
sented in Fig. 5 for the largest supercells considered. Again,
only the C-rich preparation conditions are considered and the
The convergence of the formation ene@y [Eq. (1)]is  reduced Fermi levet varies between zero and the quasi-
shown in Fig. 4 with respect to the supercell size for BN,particle fundamental gap of the compouXd. The knee
AIN, and GaN and for the most important preparation con-points separating the two charged states in Fig. 5 give ex-
dition, i.e., simultaneous carbon-rich and cation-rich condi-actly the ionization levels shown in Table II, and lie at 5%,
tion. Forg=1— the doping level is fixed at=0 (p-type  18%, 6%, and 4% of the quasiparticle fundamental gap, re-
doping. Calculations using 32-atom supercells may not givespectively, for BN, AIN, GaN, and InN. As expected, the
even a quantitative result for single impurities, since onecation-rich conditions favor the formation of an isolated car-
considers in reality an alloy with an impurity concentration bon impurity substitutional to a nitrogen site and the single
equal to 6.25%. Figure 4 indicates that the largest supercelisegatively charged state is more likely to occur than the neu-
under consideration can be used safely to derive the defettal carbon unden-type preparation conditions. The nega-
formation energy at least fay=0. The only exception could tively charged carbon presents lower formation energies than
be GaN for which even larger supercells may be needed. Thine neutral one for the majority of the doping levels. Under
absolute variations of this quantity of about 0.1 eV are simi-cation-rich preparation conditions, the formation energies
lar for the carbon acceptor in the three nitrides considered. Ishow a clear trend with the atomic number of the cation in
the limit of convergence, one finds that, under the chosethe group-III nitride. In this case the higher the atomic num-
conditions, the formation energy of the neutral impurity isber the higher is the formation energy. For N-rich conditions
favored in comparison to the negatively-charged one. Fothis trend changes and one finds that the formation energy
BN and GaN with an effective-mass-like acceptor, the treatincreases along the series BN, GaN, and AIN. The formation

C. Energetics of the acceptor formation
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energy of ¢ in InN shows a behavior distinct from the other fect properties with respect to the edge length of the super-

nitrides lying in the range 2.5—3.5 eV, rather independent of€ll is studied in detail. As a consequence, extremely large

doping level or preparation conditions. supercells with 2744BN), 1728 (AIN), 1000 (GaN), and
Formally the results in Fig. 5 indicate that a C-doped gN512(InN) atoms have been used to model an isolated defect.

crystal would be unstable in the presence of free electrons iPespite the small size of B, C, and N cores as well as of the
y b ores of Ga and In below thé shells, the treatment of so

the system. The figure shows negative formation energieg

under highn-type doping conditions. The excess of eIectronstmh:na/szl%?trsznseig%s:e?rggn?ﬁgféiﬂfsg&sn posssglgodlé?etnci
in the system stabilizes the carbon impurity in its negatively-ti Is P gp P

charged state and as a result strong C-B bonds are forme Independent of the nitride and the charge state of the de-

around it. The corresponding binding energies are prObabI}/ect a breathing-mode relaxation occurs around the carbon

overestimated by the DFT-LDA treatment. In addition, theim urity. Substitutionally to the nitrogen site carbon gives
guasiparticle fundamental energy gap, used to limit the varia-. purtty. y 9 9

tion of &g, is wider than the DET-LDA ones, which shifts rise to an acceptor level. The corresponding hole activation

! . . . nergye(0/1-) increases along the series InN, GaN, and
automatically the formation energies for negatively-charge . i .
AIN. As a consequence, the acceptor level in AIN is shifted
states to lower values.

In contrast to our results, Orellana and ChacHagalcu- by about 0.9 eV toward the middle of the fundamental gap,

lated negative formation energies for both neutral and negav—vhICh characterizes gas a deep acceptor in AN. In BN\C

. : - also forms a shallow acceptor. We trace the resulting non-
tively charged states of the carbon impurityciBN. In com- : )
parigon wi?h the results reported by Cforcz;&taal 27 tor Cﬁ monotonical chemical trend along InN, GaN, AIN, and BN

in the cubic phase, we obtain lower formation energies forback to the interplay of opposite effects, the low bond ionic-
BN, higher formation energies for AIN and similar results for fty in BN, and the extremely strong B-C bonds. The forma-

GaN. For w-GaN, Bogustawski and co-work@fd® tion energies are low in all the nitrides, in such a way that the

calculated almost the same formation energy of 1.6 eV fo}ncorporation of carbon in the N sublattice should be likely,
S . [ f k ing. Th Icu-
g=1+, g=0, andq=1-, a value which is lower than ours. even in presence of grtype background doping. The calcu

" lated values of the hole activation energy are comparable to
]:I'h? samlt(ej %uth(t)rzlfogndAtlflllat only the positively-charged deénergies extracted from thermal and optical measurements in
ect would be stable 1v-AllN. c-GaN. The experimental observation of nearly the same ac-
tivation energies in Hall experiments and photoluminescence

IV. SUMMARY is explained by compensation effects due to the different

We have presentedb initio calculations of the neutral lattice relaxations and electron-hole binding.
(Cﬁ) and the negatively charged hQ carbon substitutional
impurity in the group-lll nitrides. Total-energy calculations
within the framework of a plane-wave-pseudopotential code This work was supported by the Deutsche Forschungsge-
have been performed taking the lattice relaxation and spimeinschaft in the framework of the central project “Group-
polarization into account. Because of the shallow charactelll nitrides and their heterostructures: Growth, basic proper-
of the carbon acceptor in BN, GaN, and InN, special care isies and applications{Grant No. Be 1346/8¥5and FAPESP,
taken in the supercell approach. The convergence of the dex Brazilian funding agency.
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