Gallium vacancies and the yellow luminescence in GaN
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We have investigated native defects and native defect-impurity complexes as candidate sources for
the yellow luminescence in GaN. Using state-of-the-art first-principles calculations, we find strong
evidence that the Ga vacancyd,) is responsible. The dependence of theg, formation energy on

Fermi level explains why the yellow luminescence is observed ontytiype GaN. TheV g, defect

level is a deep acceptor state, consistent with recent pressure experiments. Finally we show that the
formation of Vg, is enhanced by the creation of complexes betw&gp and donor impurities.
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GaN exhibits some unique properties, such as a largeesults and their correlation with experiment enables us to
direct band gap, strong interatomic bonds, and a high thermalonclude that the Ga vacancy{,) is the key defect respon-
conductivity, which make it an ideal material for optoelec- sible for the YL.
tronic and high-temperature/high-power devices. Very effi-  Our approach is based on density-functional theaty,
cient GaN-based blue and green light-emitting diodes hav@itio pseudopotentials, and a supercell approach. Details of
been fabricatedand recently a blue laser has been repofted.the method and convergence checks have been discussed
Despite the impressive progress in devices, the role of varielsewheré=® An important quantity we will focus on is the
ous defects in the material and their effect on device perforformation energyof a defect or impurity: dow formation
mance is not yet understood. In this letter we focus on thenergy implies a high equilibrium concentration of the de-
so-called “yellow luminescence,” a defect-induced transi-fect; defects withhigh formation energies are unlikely to
tion which affects the efficiency of optoelectronic devices. form.

The yellow luminescencéYL) in GaN is a broad lumi- Let us first review some of the experimentally observed
nescence band centered around 2.2-2.3 eV. The YL appedeatures of the YL. Suskeét al carried out high-pressure
to be a universal feature: it has been observed in bulk Galxperiments; they found that the YL exhibits a pressure de-
crystallites as well as in epitaxial layers grown by techniquegpendence very similar to that of the band gap. They con-
as different as molecular beam epita®BE), metalorganic  cluded that the YL results from a recombination between a
chemical vapor depositioMOCVD), and hydride vapor shallow donor and a deep level located in the lower half of
phase epitaxyfHVPE). The intensity can vary over a wide the band gap. Growth studies have provided another impor-
range, with good samples exhibiting almost no YL. The ori-tant piece of information: the YL can be suppressed by in-
gin of the YL is still being debated, however, and no clearcorporating acceptor@Vg) in GaN;*°i.e., by making the
correlation between growth conditions and YL intensity hasmaterialp-type. This observation indicates that the YL is due
been identified. to a defect which has a low formation energy undeype

Even the position of the electronic levels participating inconditions, but a high formation energy under semiinsulating
the YL is controversial. Ogino and Ackproposed a model and p-type conditions. Such a behavior is characteristic for
in which the YL is a transition between a shallow donor andacceptors due to the energy gained by partly compensating
a deep acceptor level. Glaseral’ proposed an alternative the donors, it is easier to form acceptorsitype GaN than
model, based on ODMRoptically detected magnetic reso- in p-type GaN. Deepdonors would be easier to form in
nance experiments: a transition between a deep double doP-type GaN, inconsistent with experiment. We conclude that
nor (about 1 eV below the conduction bandnd an the defectinvolved in the YL is deep acceptor
effective-mass acceptor. The microscopic nature of the deep The next question concerns the microscopic nature of
level is equally uncertain: Ogino and Adkgroposed a com- this deep acceptor. The level could be due to native defects
plex between a Ga vacancycha C on a Nsite (Cy); Suski ~ ©OF impurities, or alternatively to extended defects such as
et al® suggested a §}, antisite. Our calculations will actually dislocations or grain boundaries. The fact that the YL is

show that both of these models are thermodynamically unPresent also in bulk GaN, which has a much lower extended-
stable. defect density than thin films, indicates that the extended

The current uncertainty about the nature of the defecflefects themselves are not the source of the YL. We note that

responsible for the YL impedes efforts to control and im-an investigation of the spatial dependence of the YL by
prove the materials quality. In this letter we investigate vari-cathodoluminescence microscdpyindicated that the YL
ous potential sources of the YL, using state-of-the-art firstoriginates from extended defects inside of grains and at low-

principles calculations. Detailed analysis of the calculationaP"d€ grain boundaries. However, it is well known that ex-
tended defects can act as traps for native defects or impuri-

ties; the surrounding strain field may enhance the formation

dpresent address: Fritz-Haber-Institut, Abt. Theorie, Faradayweg 4-6 ; ; " ;
D-14195 Berlin, Germany; Electronic mail: neugebau@the023.rz-0f point defects, or getter impurities from the bulk regions.

berlin.mpg.de We will therefore focus on point defects. The behavior of
YElectronic mail: vandewalle@parc.xerox.com native defects or impurities trapped at extended defects is
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[0001] (0001] of the Ga vacancy; it is characterized by a strong outward
relaxation of the surrounding N atoms. Our calculations also
yield information about the position of the electronic transi-
tion levels and the pressure dependencel-type GaN the

T“"G% Tl“% Ga vacancy is in a 3 charge state. The transition level to

‘ the 2— charge state is &2 "*~~1.1 eV (referenced to the
IV 9% top of the valence band® the Ga vacancy thus gives rise to
@/“ S @/ e NN a deep acceptor level. The calculated pressure dependence of
Q{ Q‘{ \@ this level is very similar to that of the valence-band maxi-
mum. This behavior can be attributed to the similarity of this

@) b defect state with the top of the valence band: it is character-
. ized by p-like states localized at the four N neighbors.
FIG. 1. Atomic geometry of the Ga vacan@ and theVs,Oy complex(b) So far we have focused on the Ga vacancy as an isolated
in the 3— and 2— charge statéwhere all defect levels are fully occupied int defect. H it is al ivable that i it
respectively. The numbers give the increase of the bond length in %. Th_QOln efect. Owever’ It1s also concelvanie tha '_mpu“ Ies,
bulk bond length isly=1.94 A . incorporated during growth, enhance the formation of Ga

vacancies by forming energetically stable vacancy-impurity
complexes. We have therefore studied whether complex for-
likely to be similar to that of the isolated point defects, ex- mation is favorable and how it changes the propeftiesect
cept for a shifting and broadening of the defect levels. ~ |aygls, formation energyof the isolated defect. In light of
We first address the model proposed by Ogino and Aoki oyr comments about the driving force for complex forma-
according to which the deep acceptor level is related to §on, the impurities most likely to form stable complexes
VGa_CN CompleX. We find that this Conﬁguration is Unstable; with VGaaredonorS since a negative'y Chargeti;a acceptor
the complex has aegativebinding energy and is therefore and a positively charged donor attract each other and gain
unstable against dissociation into a Ga vacancy andya Cenergy by forming a complex. Silicon, and to a lesser extent
acceptor. Complex formation is typically driven by electro- oxygen, are well established donor impurities in GaN, lead-
static forces: a negatively charged acceptor and a positivelyng us to studyV g, Sig, andVg;Oy complexes. The atomic
charged donor attract each other and gain energy by formingtructure of theVg,;Oy complex is shown in Fig. (b); it is
a complex. Sincé&/g, and G are both acceptors, they occur characterized by a strong outward relaxation of the surround-
in a negative charge staten n-type GaN and repel each ing atoms, particularly of the O atom.
other. The electronic structure of th¥/g;Sig, and VgOy
Carbon had been put forward by Ogino and Aols complexes is very similar: both act as double acceptass
being intimately involved in the YL: we therefore investi- expected by bringing a triple acceptor and a single donor
gated several other configurations involving carbon, includtogethe). Consequently, im-type GaN the relevant transi-
ing C on a Ga sitédCg,, a donoy, various interstitial posi- tion level isE*~/2~ which is at 0.9 eV folVg+Sig, and 1.1
tions, etc.; however, all these configurations haveeV for V5 Oy . Both are very close to the? >~ transition
prohibitively high formation energies. Undertype condi- level of Vg,. We conclude that the electronic structure of the
tions (in which the YL is most prevaleptthe energetically Ga vacancy dominates the electronic structure of the com-
by far most stable site is\G which is a shallow acceptor. plex; the position of the transition level remains almost un-
We conclude that carbon does not give rise to any deep a&affected.
ceptor level in GaN, and hence carbon is not directly in-  For theVg;Sig, complex we find a binding energy of
volved in the YL. The prevailing form of carbon in GaN will 0.23 eV (a positive binding energy indicating that complex
be as ashallowacceptor, which can readily be unintention- formation is an exothermic procgs$-or theVg,Oy com-
ally incorporated inn-type GaN; the presence of carbon in plex our calculations show a much larger binding energy
material which exhibits YL is thereforeoincidenta) rather (=~1.8 eV), indicating that theVg;+Oy complex is much
than thecauseof the YL. We note that even the authors of more stable. The difference in stability can again be under-
Ref. 3 acknowledged that the YL can also be produced in thetood in terms of electrostatic attraction: in #ig;-Oy com-
absence of carbon, e.g., by ion implantattdn. plex theVg, and Q; are nearest neighbors whereas in the
We now turn our attention to native defects. The factVgsSig, complex Vg, and Sg, are only second nearest
that the YL is only observed in-type GaN points toward an neighbors.
acceptor-type defect. In a previous study we have investi- We now use our calculated total energies to obtain the
gated all native defects in det8ifinding that the N vacancy concentration of defects, impurities and complexes. The con-
and the Ga interstitial are donors, the antisites and the Nentration of defects at a temperatirés given by
interstitial are amphoteric, and the Ga vacancy is an _ f
acceptort* Furthermore, unden-type conditions the Ga va- C=Nsites &XP(— E /kgT), @
cancy is the dominant native defect; all other native defectsvhereNg;esiS the number of sites where the defect may be
are much higher in energy, implying negligible concentra-formed, E' is the formation energy, ankis the Boltzmann
tions, and can therefore be ruled out as a source for the Ylconstant. Thermodynamic equilibrium is assumed at each
Therefore, if native defects are responsible for the YLtemperature, which may correspond to the growth tempera-
the Ga vacancy is the most likely candidate from an enerture or to the temperature at which the concentrations of the
getic point of view. Figure (&) shows the atomic geometry relevant defects become fixed. The formation energy de-
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25 : : Ga vacancies can also be created by ion implantation. In-
0 deed, Pankove and HutchByfound that ion implantation
N with a variety of elements produced a broad luminescence
band around 2.15 e¥? Again, formation of Ga vacancies
provides a consistent explanation for the yellow lumines-
cence.
Finally, we point out that metal vacancies and their com-
. w0 000 a0 plexes with donor impurities are well known in 1l-VI com-
Temperature (K) pounds such as ZnS and ZnSe. The so-caBiédcenters
(complexes betweewt,, and donorsexhibit behavior which
FIG. 2. Formation energy vs Fermi energy for native deféGts vacancy, is strikingly similar to the YL in Gahﬁ including a broad
O and Si donors and thés-Oy complex(a). The corresponding equilib-  luminescence band of Gaussian shape, and a large shift be-
rium concentrations are given ib). tween emission and adsorption bands.

In summary, based on our first-principles calculations
pends on the specific growth conditioridetermined by We find strong evidence that the deep acceptor level intro-
chemical potentiafs'® and the position of the Fermi level. duced by the Ga vacandypr related complexess respon-
Typ|ca| results can be obtained by assuming Ga-rich CondiSible for the infamous YL in GaN, and that the formation of
tions (common in many growth techniqueand assuming Ga vacancies may be enhanced by complex formation with
that O and Si are in equilibrium with G&; and SiN,, ~ donor impurities.
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