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THEORETICAL STUDY OF NATIVE POINT DEFECTS IN AIN AND InN

. STAMPFL and CHRIS G. VAN DE WALLE
Xerox PARC, 3333 Coyote Hill Road, Palo Alto, CA 94304

ABSTRACT

We have studied native point defects in AN and InN using density-functional calcu-
lations employing both the local-density and generalized gradient approximations for the
exchange-correlation functional. For both materials we find that the nitrogen vacancy acts
as a compensating center iz p-type material. For AIN in the zinc-blende structure, the
aluminum interstitial has an equally low formation energy as the nitrogen vacancy. For
n-type material the aluminum vacancy is the dominant compensating center in AIN. For
n-type InN, all defect formation energies are high.

INTRODUCTION

Much progress has been made in the growth and fabrication of optoelectonic devices
based on I1I-V nitrides [1-3). The particulaz material properties responsible for this interest
are the large band gaps and very strong interatomic bonds. Further investigations are still
required, however, for example concerning the control of doping levels; the issues include
suppression of background n-type conductivity, achieviag and understanding n- and p-type
doping of AlGaN alloys, and compensation effects by pative defects. Valuable insight into
such problems can be obtained from first-principles caleulations which provide information
ahout the atomic and electronic structure, formation energies, and compensation effects.

Ia the present work we have studied all native point defects in the relevant charge states
in AIN and InN. The character and behavior of the defecis are in many ways similar to those
which have been reported in GalN [4,5]. We find, bowever, several ireportant differences
which have implications for compensation issues. We also compare results obtained us-
ing the local-density approximation {LDA} [6] and the generalized gradient approximation
{GGA} [7] for the exchange-correlation functional.

Below we give a brief description of the theoretical method and discuss our results for
AIN and InN in the two subsequent sections. We then rompare LDA and GGA results.
The final section contains the conclusions.

THEORETICAL METHOD

The calculations are performed using the density-functional psendopotential method (8],
The wave functions are expanded in a piane-wave basis set and the system modeled using
the supercell approach. We employ a tight-binding initialization scheme for the electronic
wave functions to improve convergence. The soft pseudopotentials are created using the
scheme of Troullier and Martins {9], and for the GGA. caloulations we include the GGA in
creation of the pseudopotensial as weli as in the self-consistent total energy calculations so
that the description is consistent {16]. We primarily treat the indium 4d electrons using
the non-linear core correction (nlcc) introduced by Loule et el [11]. For several defects we
have aiso performed calculations including the 4d electrons as valence states, confirming
our results. The majority of the calculations are performed using 32-atom zinc-blende
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supercells. We have also investigated low-energy defects in the wurtzite structure, using
72-atom supercells, We relax the positions of the atoms around the defect using a damped
dynamics approach [8].

The formation energy of a defect in charge state ¢ is obtained as
EI(Q) = E:!::'eet(q) - Z nxpx + qEF 7 (}}
X

where E§ {7) is the total energy of the defect system, and nx and ux aze the number
and chemical potential of atoms of species X, respectively. Er is the Fermi energy which
is set to zero at the valerce-band maximum, We assurne thermal equilibrium, requiring
Hal + BN = pav O g+ N = gy, The chemical polentials depend on the experimental
growth conditions. In the following we consider either metal- or N-rich conditions. In

metal-rich conditions we set pa (or pp) equal to the energy of bulk Al (or bulk In); in
N-rich conditions the chemical potential is determined by the energy of an N; molecule.

NATIVE DEFECTS IN AIN

Figure 1 summarizes all the defect formation energies as calculated under N- and Al
rich conditons in zinc-blende AIN. We consider Ep spanning the zinc-blende band gap of
5.0 eV (as obtained from quasiparticle caleulations {121}, Our calculated LDA indirect gap
(Frs ~ Xy ) for zinc-blende AIN is 3.2 eV, the gap at I'is 4.3 V. The change in slope of the
lines in Fig. 1 represents a change in the charge state of the defect [cf. Eq. 1}. The lowest
energy defects are the nitrogen {W) and aluminum {Vi) vacancies, as well as the aluminum
interstitial {AL}. Under n-type conditions ¥y {2 triple acceptor) dominates; under ptype
conditions, Wy and Al (both triple donors) dominate. For the wurtzite structure our
calculations show that the N- and Al-vacancies behave qualitatively very similarly to the
zinc-blende material. The aluminum interstitial, however, behaves differently in the two
materials due to the different local atomic geometry of the site, In particular, we find that
the formation emergy in wurtzite material is more than 2 eV higher than in zine-bleade
material. For the nitrogen vacancy only the V¥ and Vit charge states are stable; the Vii*
state is unstable, thus presenting a negative-U effect. Furthermore, it can be seen that
the formation energy of the nitrogen Vacancy it n-type materiel is sufficiently high for this
defect not to eccur in high concentrations,

The defect formation energies in ptype AIN are notably lower than these of the corre-
sponding point defects in GalN, particulazly under Al-rick conditions; this caz be attributed
to the wider band gap of AIN as compared to GalN, This suggests that compensation effects
are likely te be more pronounced in AIN. In Particular, compensation of acceptors by the
nitrogen vacancy becomes increasingly important in AL Ga,_.N alloys with increasing z.
Difficulties in achieving p-type doping of Al Ga;_.N for 2 > 0.1 have indeed been reported
in the literature [13].

In n-type AIN the formation energy of the cation vacancy (Va) is also lower thas for
the corresponding defect in GaN {(Voa). Once again, the degree of compensation and cor-
responding reduction in n-type conductivity wiil increase with alloy composition r. n-type
Al:Ga;_.N has been reported to exhibit a dramatic decrease in the free carrier concentra-
tior: for z > 0.4 [15,16]. We propose that two effects are responsible for this behavior: (i) in
the case of doping with oxygen {the most common unintentional donor), a DX transition
occurs which converts the shallow donor into a deep level {16]

; and (ii) compensation by
the cation vacancy (Va, or Vi)

» & triple acceptor, increases with alloy composition z.
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Figure 1: Formation en-
ergies of native defects in
zinc-blende AIN as a func-
tion of the Fermi level un-
der nitrogen-rich (left panei}
and alumimum-rick {right
panel} conditions. Er =10
corresponds to the valence-
bapd maximum.

Formation Energy (eV)
Formation Energy (eV)

Ec (=Y} E (eV)

Figure 1 shows that formation energies of native point defec‘ts other than h_he 'Vac-maei
and the Al inierstitial are very high, hence those defects are ‘ur%ixkely to occufpm s:gmﬁca‘n
concentrations. As for GaN [4] we find that the nitrogen'spht 1¥1§erst{txal FN,— ) his [a. low;;i
formation energy than the high-symmetry tetra,hetiiaél interstitial s;teq(?fl.-} wit zgrf
neighbors, Alse note that the nitrogen antisite (N3] . j prefers an EL2-like geometry for
the negative charge states, in agreement with the findings of Ref. [17].

NATIVE DEFECTS IN InN

InN is probably the least studied of the II-V nitridf:s‘, in part because of the dxf‘ﬁ:ulii
in preparing the material due to its low thezm‘aﬂ stability. _InN . .howevezé :epr;s?n Osften
important constituent in group Iil-nitride materials arfd devices, since In,Gay-x uts e
used as the active layer in short-wavelength light ermtters.l If:xcreasmg the In. conten iin
InGaN makes it possible, in principle, to extend the light em;tti?g range from v:oiet io ;e .

To cur knowledge this is the first ab initio study of cie.fects ig InN. For InI\j the.1§n er{;
estimation of the band gap as obiained within the LDA is more severe than in Ga an
AIN (the LDA gap at I is negative); due to this difficuity, our caleulated formation e?terf.les
may not be as reliable as those for AIN. Nevertheless, we are confident that_the qua. zdafw:
conclusions mentioned below are correct. Im the left and right panel.s of Fig. 2 the. 1e ec1
formation energies for N- and la-rich conditions are §hown as a function of the i‘ermz ::vi .
Here Er spans the experimental band gap of wurtzite InN.(l.Ql eV}, We use tle x;urbzzz
value since there has been no accurate experimental determmatuzn ?f the zmc-‘t.) ende ban )
gap that we are aware of. We note that the differlex{ées between N-rich and In-tick materia

the srnall heat of formation of InN. ‘
o ;‘?;;lrl; gﬁz;\is that the nitrogen vacancy is the defect with the lowest formatlvoa eae‘rbgyc-i
it will act as a compensating center in p-type InN (and InGaN alloys}. As 3ffr AlN ;fsc;x &
above, the N vacancy in IoN exhibits a megative-{{r effect between t%:e 1% am:l N charge
states. Under n-type conditions {large Ef) all native defectfs have J:.ugh formation energies.
We conclude that the dominant native point defect in InN is the nitrogen vacancy.
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Figure 2: Formation en- 7+ 7
ergies of native defecis in Ny

zinc-blende InN as a func- =67 =6
tion of the Fermi level un- = 5k g “:'i
der nitrogen-tich (left pagel] & ] %ﬂs |
and  aleminum-rich (right &4 L . 1 i
panel) conditions. Er=0 § Iny N g
corresponds to the valence- §3 C kN 23
band maximum. For Np 5 E
and N; only the neutral ak =2
charge state was investi- 1
gated.

o - G
1 0 H
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METHODOLOGICAL ASPECTS

The generalized gradient approximation {GGA) s an improved version of the exchange-
afxd—cc.)rrelation functional that enters in density-functional theory. It has been shown to
vield impzovements over the local-density approximation (LDA), most notably for total
energies and atomization energies of molecules [7], adsorption energies [18], activation bar-
riers for H; dissociation {19], and reaction energies [20]. The GGA has also been reported
to improve the band structuze of transition metel oxides [21]. We therefore considered
1% worthwhile to compare LDA and GGA resuits for the HI-V nitrides. for bulk preper-
ties as well as formation energies of native defects. To our knowledge ;10 previous GGA
calculations for defect formation energies in semicondactors have been performed.

In Table I we show calculated and experimental values for bulk Al and the N; dimer
The energy cutoffs were 40 Ry for butk Al and 70 Ry for N;. For both systems the GGA.
le'au:!s. te a significant improverent over the LDA results, in particular for the cohesive and
binding energies. These energies are important quantities since bulk Al and the N, dimer
serve as our reservoirs in the calculation of defect formation energies in AIN.  Table 2
shows our LDA ard GGA results for lattice constants, bulk moduli, and cohesive energies

Al bulk N, dimer ﬁ
a(A) | B (Mbar) | E. eVl d(A) | v{em™) | B, {eV)
LDA 3.96 | 083 403 116 | 2384 11.59
GGA || 04 | 074 342 11| 2346 9.87
| Expt. 227 ] 405 | 0.773 339§ 110 | 2360 9.9

Table 1: Calculated lattice constant, e, bulk modulus, B, and cohesive energy, E., of bulk
Al Bond length, 4, frequency, v, and binding energy, Fy, for the N, dimer. ’
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AIN GaN InN
Ay [B(Mbar) [E.(eV)| o | B! E, | o | B | B
LDA | 431 | 206 1324 [452]1.91110.18 || 5.00 | 1.40 | 8.68
GGA  |[439 . 191 1136 | 4359|156 825 || 5.1111.17 | 6.86
Expt. [22} || 438 | 2.2 1167 [ 4491901 906 || 4.97|1.37 | 7.97

Table 2: Calculated lattice constants, e, butk moduli, B, and cohesive energies, E., of
zinc-biende AIN, GaN, and InN, Experimental values for cohesive energies are for wurtaite
material; values for the zinc-blende structure are expected to be smaller by a few 0.01 eV.

of AIN, GaN, and IeN. These calculations were performed using an energy cutoff of 30 Ry
and with the d-electrons of the Ga and In atoms included as valence electrons, For AIN
the GGA yields some improvement in the lattice constant; the cohesive energy is also in
markedly better agreement with experiment. The LDA, oz the other hand, overbinds by
1.6 eV. For GaN and InN, however, the GGA does not produce any improvement: The
GGA lattice constants are larger than the LDA values {which are larger than experiment
already). With respect to the cohesive energies, the LDA overbinds GalN and InN by about
1 eV while the GGA tends to underbind by a similar amount.

We also carefully studied whether the use of the GGA would produce any change in the
band structure. The LDA and GGA band structures are actually extremely similar, at least
whes they are calculated at the sarne latfice constant. At the experimental lattice constant
the LDA and GGA band gaps differ by less than 0.02 ¢V. The band structures at the
respective theoretical lattice constants (see Table 2) do exhibit differences, essentially due
to deformation-potential effects. Qur caloulated GGA-band-gaps at the theoretical lattice
constants are 0.62 eV {for AIN} and 8.31 eV {for GaN} smaller than the LDA band gaps.
Since our point-defect calculations are always carried out at the theoretical lattice constant
(to avoid spurious relaxations) these differences in band structure may affect energies for
defects which have cccupied levels in the band gap.

We have performed calculations for selected neutral and charged native point defects in
AIN and InN using the GGA. We found that the formation energies are in general qualitative
agreement with the LDA: in particular, all of the conclusions regarding dominance of point
defects and their tendency to compensate are unaffected by the use of the GGA. However,
some quantitative differences do exist. We were able to atiribute these differences to two
main effects: (i} defect-induced Jevels lie at a lower energy in the GGA due to the smaller
band gap, as discussed above; and (i} the energies of the reservoirs [chemical potentials;
see Bq. (1)] differ due to the LDA/GGA differences in the cohesive energies (and heats of
formation). Further details of these results will be reported in & forthcoming publication.

CONCLUSIONS

We have performed first-principles calculations for native point defects in AIN and InN.
Tn both materials the nitrogen vacancy has the lowest formation epergy in p-type material.
In addition, in cubic AIN the aluminum interstitial has an equally low formation energy
as the N vacancy. These defects may thersfore act to compensate acceptors. In n-type
AIN, the aluminum vacancy has the lowest formation energy and is likely to serve as an
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effective compensating center for donors. Furthermore, in n-type AIN and JoN the nitrogen
vacancy has a high formation energy indicating low concentrations. The formation energies
of native defects are found to be gualitatively similar in LDA and GGA.
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ABSTRACT

We have investigated the structural trends of the band offsets in GalN/AIN and AIN/SIC
hetersjunctions using the ab initio psendopotential method. In the zincblende GaN/AIN
(100}, (110}, and (111) heterojunctions, the band offsets are relatively insensitive to inter-
face orientation. Bulk strain effects, however, can modify the offset by as much as 0.4 eV
in coherently strained AIN/GaN and GaN/AIN (100) junctions. The band alignment in the
heterovalent AIN/SiC (110} and (111) heterojunctions depends on the geometry and stoi-
chiometry of the interface. Valence band offsets as high as 2.5 ¢V are obtained for neutral
AIN/SIC(111) junctions with a mixed Al/Si interface layer and as low as 1.3 eV with a mixed
N/C layer. Atomie relaxation plays a major role in determining the offset. The change from
zinchlende (111) to wurtzite (0001) crystal structure in GaN/AIN and AIN/SIC heterojunc-
tions selectively affects the conduction band offset, and has only a minor influence on the
valence discontinuity.

INTRODUCTION

The group-II1 nitrides and 3iC are materials of considerable interest for novel device
applications in blue-violet optoelectronics and high-temperature electronics. 5iC is also one
of the substrates of choice for the growth of GaN- and AlN-based devices. Although lately
there has been considerable progress in understanding and controlling the bulk properties of
these wide-gap materials, the situation is less satisfactory as far as their interface properties
are concerned. In particular, few experimental or theoretical data are available on the band
offsets that control carrier injection and confinement in nitride heterojunctions, and liftle is
known on their trends as compared io other semiconductor heterojunctions.

Here we examine from first principles the stractural trends of the band offsets in ni-
tride heterojunctions, including the offset dependence on interface orientation, strain, and
polvtype. As prototype systems we selected the isovalent GaN/AIN and the heterovalent
AIN/SiC heterojunctions in the zincblende (3C) and wurtzite (2H) crystalline forms.

METHOD

The ab initic calenlations were performed within the local-density approximation to
density-functional theory, using Troullier-Martins pseudopotentials and a plane-wave ba-
sis set [1]. The Ga-34 orbitals were treated as valence states. We also carried out, however,
some caleulations with the Ga-3d states in the core in order to assess their influence on the
band offsets. To evaluate the valence-band offset {VBO), we used the technique described
in Ref. [2]. The interfaces were modeled with supercells containing 12 atomic layers for the
(110} junctions and 24 atomic layers for the (100}, {111} and {0001} junctions. The supercell
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