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Interactions of hydrogen with native defects in GaN
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The atomic and electronic structure of hydrogen-vacancy complexes in GaN is investigated with
pseudopotential-density-functional calculations. Calculated formation energies provide information about the
likelihood of incorporation of these complexesrirtype andp-type material, and binding energies provide a
measure for the dissociation energy. Vibrational frequencies yield a signature of the complex that should
facilitate experimental identification. The behavior of hydrogenated nitrogen vacancies during annealing of
acceptor-doped GaN is discussed, and a correlation with the frequently observed luminescence band around
420 nm is proposed S0163-18207)51640-7

Native point defects are known to play an important rolebonds are formed, with a bond length of about 1.02 A and
in GaN. Nitrogen vacancies were long suspected to be theharacteristic vibrational modes.
source ofn-type conductivity; recently, however, uninten-  After a brief description of the computational approach
tional impurities have been shown to be the dominantve will discuss the atomic and electronic structure of these
donors®? Nonetheless, nitrogen vacancies still act as comcomplexes in more detail. We will emphasize links to experi-
pensating centers ip-type GaN. Gallium vacancies are deep mental observations, for instance, by providing calculated
acceptors and as such more likely to occur ritype  Vibrational frequencies for the complexes. We also propose
material® They have been associated with compensation ofhat the dissociation of a hydrogenated nitrogen vacancy is
highly dopedn-type GaN? and proposed to be the source of responsible for the observed shifts in photoluminescence
the commonly observed “yellow luminescence.’Other lines during annealing of acceptor-doped GaN.
types of point defectqantisites or self-interstitialshave The calculations are based on density-functional theory in
sometimes been invoked to explain experiments; firstthe local-density approximation, usirap initio pseudopo-
principles calculations of formation energidsave shown, tentials and a supercell geometry. Details about the compu-
however, that their formation energies are high and, theretational approach can be found in Refs. 3, 9, and 10. Our
fore, they are unlikely to form in appreciable concentrationscalculations have been carried out for the zinc-blende struc-
during GaN growth. ture; we previously found that formation energies of native

Hydrogen also strongly affects the properties of GaN.defects were very similar in the zinc-blende and wurtzite
Growth techniques such as metal-organic chemical vapostructures? The interaction between H and the native de-
deposition(MOCVD) or hydride vapor phase epitaxy intro- fects is very localized in nature and is expected to be insen-
duce large concentrations of H into the growing material. Insitive to the differences between wurtzite and zinc-blende
p-type material, H behaves as a donor and forms complexesfructures. We used the so-called “nonlinear core correc-
with acceptors; post-growth annealing is required in order tdion” (nlcc), which was previously found to provide reliable
activate the acceptoPé. It is to be expected that H interacts results for H interactions with Gal. We also carried out
with other impurities and defects in the material. The presengalculations explicitly including the Gad3electrons as va-
study addresses the interactions with native point defectdence electrons for various test cases. Inclusion of tHe 3
Since antisites and self-interstitials are very unlikely to formstates produced results within 0.2 eV of those obtained with
in GaN? we focus our investigations on H interacting with the nicc. The only exception occurs in the formation energy
vacancies. of the hydrogenated gallium vacancy. Consistent with previ-

The interaction of H with vacancies is often described inous results forVg, we find that the formation energy of
terms of tying off of dangling bonds. We find that this pic- Ve, is underestimated when using the ntéddowever,
ture does not apply in the case of the nitrogen vacahgy, the binding energies of H to the vacancy are still accufiate
which is surrounded by Ga atoms at a distance of 1.95 Awithin 0.2 eV). We will therefore report results for the for-
from the center of the vacancy. A typical Ga-H bond dis-mation energies o¥sH, taking the contribution of the @
tance(about 1.6 A, Ref. Bis too large for more than one H states to the formation energy into account.
to fit inside the vacancy. We previously pointed biltat the The energetics of a complex can be described byfdhe
dangling bonds on the Ga neighbors of the nitrogen vacancination energythe binding energyand theremoval energy
strongly hybridize. This observation is consistent with theThe formation energy is defined as follows, for the example
notion that H will not bond to any of the Ga neighbors in of a (VgH,)9 complex, wheren is the number of H atoms
particular; rather, the H atom sits at the center of the vaandq is the charge state of the complex:
cancy, in a rather shallow potential well. For the Ga vacancy
(Vga), we find th_at one, two, three, or four H atoms can be Etorml (VoiHn) 1= Erof (VaiHn) 91— Erl GaN, bulk
accommodated in the vacancy, and levels are removed from
the band gap as more hydrogens are attached. Distinct N-H + pga Nun+9Eg, D
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whereE (Vg Hn)? is the total energy derived from a super-
cell calculation for the hydrogenated vacancy, and
Eot(GaN, bulk) is the total energy for a supercell containing
only bulk GaN. ug, and uy are the chemical potentials of
Ga and H, respectively, i.e., the energies of the reservoirs
with which Ga and H atoms are exchanged. We will fix the
value of ug, to correspond to Ga-rich conditions; the results
for other conditions could easily be obtained by lowering the
value of ug,. uy is fixed to correspond to the energy of H in
an H, molecule'? Finally, q is the charge state of the com-
plex, andEg is the Fermi level. In the following, we assume
that specific charge states have been chosen, as will become
clear below. 00 05 10 15 20
The binding energyreflects how much energy is gained,

per H atom, by placingn H atoms in the vacancy:
FIG. 1. Formation energy as a function of Fermi energy for the
NEpind Vean) = = Erom(Vean) + Erorm(Vea) hydrogenated nitrogen vacgz-i/ncy in GaN. For completenegg, the for-
+ N Egorm(Hing) - (2)  mation energies of the unhydrogenated vacangy) ( of interstitial
H*, and of the Mg acceptor, are also includ@ef. 12.
The sign has been chosen such that a positive value indicates
a bound configurationE;,,,(Hi,) represents the formation around the center of the vacancy is quite flat. In the 2
energy of a hydrogen atom in an interstitial configuration,charge state, only VB states are occupied; here the H occu-
i.e., the state H assumes after it is released from the hydrgies the symmetric on-center position. The potential energy
genated vacancy. surface for displacements of H is quite shallow; the corre-
The removal energyfinally, reflects how much energy is sponding vibrational frequency is less than 600 émThis
needed to remove one H atom from a complex initially con-frequency is obviously much smaller than frequencies asso-

Formation energy (eV)

Fermi level (eV)

tainingn H atoms, leaving1i—1) H atoms behind: ciated with Ga-H bonds, consistent with the notion that no
specific Ga-H bonds are being formed.
E/(n—n—1)=—Efom(Vean) +Eform(VeadHn-1) The calculated binding energy of th¥/(H)2* complex,

+ Eqg(Hiny) 3) expres_sed with respect to interstiti_al H in the positive charge
ormA T int - state, is 1.56 eV; this same value is also the removal energy.
Note that we have refrained from calling this quantitgia-  The calculated formation energy of the complex is shown in
sociation energythe latter would refer to the activation bar- Fig. 1. The charge state of the hydrogenated vacancy-is 2
rier that needs to be surmounted in order for the complex tdor all Fermi level positions; introduction of the hydrogen
break up. The removal energy does not include a barrier, buemoves the defect level near the VB that is characteristic of
reflects the energy difference between initial and final stateghe +/3+ transitior? of V (see Fig. 1 VyH has a O# level
Hydrogenated nitrogen vacanciehe nitrogen vacancy near the CB: within the accuracy of our calculations we
is a single donor in GaNts electronic structure arises from cannot determine whether it is actually a resonance or
interactions between dangling bonds on the neighboring Galightly below the CB minimum.
atoms, leading to ons-like A; state and three-like T, We note that for extremp-type conditions the formation
states. The small lattice constant of GaN leads to a Ga-Genergy of ¥yH)?" becomes quite low. During high-
distance of only 3.18 A, quite close to the bond length intemperature growth, however, charge neutrality pins the
bulk Ga® The interactions between the Ga atoms surroundFermi level near the intersection of the formation energies
ing the vacancy are therefore very strong, causing a splittinfor Mg acceptors and H interstitials*? The formation en-
of A; andT, states that is larger than the band gap:Ahe ergy of (VyH)2" is then comparable to that &, and some
state lies near the top of the valence b&viB), theT, states  concentration of hydrogenated vacancies will be formed.
above the bottom of the conduction ba(@B). Out of the  Note that incorporation during growth is the only way for
three electrons contributed by the surrounding Ga atoms, tw§¥yH complexes to be formed; formaticafter growth, by
are placed in thé\; state, and one would be placed iffa  diffusion of a hydrogen atom toward4,, is highly unlikely,
state above the CB; this latter electron would of course besince both H and/y are donors and occur in the positive
transferred to the bottom of the CB) thus acts as a donor. charge state ip-type GaN; they therefore repel one another.
As discussed in the introduction, putting more than one H Hydrogenated gallium vacanciesTypical N-H bond
atom in the nitrogen vacancy results in large repulsion andengths are around 1.01 A, allowing for several H atoms to
high energy. A single H prefers to be located near the centdve incorporated iVg,. The isolated Ga vacancy is a triple
of the vacancy. Hydrogen placed in a totally symmetric po-acceptor; in the 3 charge state a triply degenerate defect
sition interacts with theA; state, lowering its energy, and level about 1 eV above the VB is fully occupi¢ske Fig. 2
introducing an additional electron in the CB. In the neutrallntroducing one H atom in the vacancy splits the defect level.
charge state th¥\H complex therefore has two electrons in H also contributes an electron, so that only two extra elec-
the state above the CB. Allowing the atomic coordinates tdrons are now required to fully occupy the defect levels;
relax causes the H to move slightly off center, by less than/gH is therefore a double acceptor.Vig H,, two electrons
0.1 A; the adiabatic potential energy surface for motion of Hare contributed, leading to a single acceptor. A symmetry
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TABLE |. Calculated binding energig)€Eq. (2)] and removal

B energie§ Eq. (3)] for hydrogenated gallium vacancies in GaN, ex-
pressed with respect to interstitial"H
Vedn Ebpina (€V) E/(n—n—1) (eV)
CEOr  —evee— o VeH 3.25 3.25
VeH- 3.13 3.00
— e - VB VGaHS 298 268
T eeee— VeHa 2.75 2.06

00000

- 2- ~ 0 +
Vaa VeH) (Ve  (Vellls) (Ve . . . S .
¢ Ve tl) (Vell) - (VeHy spite of its low formation energy. From this kinetic point of

view, complexes with one or two H atom¥¢{.H, Vg Ho)

FIG. 2. Schematic diagram depicting Kohn-Sham eigenvaluesare the most likely to be formed. Capture of H at existing
for hydrogenated Ga vacancies in GaN. The occupation of the lewacancies is also unlikely: gallium vacancies are most likely
els is shown for charge states corresponding to full occupation.  to form inn-type GaN; hydrogen prefers the negative charge

state heréH~),”*?and is repelled by the negatively charged

lowering occurs due to H-H repulsion, causing the H atomg/acancies. H would be attracted by the gallium vacancies,
to be no longer oriented strictly alor@11) directions. The but is not stable for Fermi level positions above 2.1%V.
bond direction of the N-H bonds deviates frofhl1) by Binding energies and removal energies for hydrogenated
about 9°, and the complex has,Gsymmetry. A similar dis- gallium vacancies are listed in Table I. These values are
tortion (bond direction deviating by about 12&ppears in €xpressed with respect to interstitial H in thesitivecharge
Vg Hs. Finally, in Vg H, all defect levels are removed from state[see Egs(2) and(3)]. This is a natural choice given the
the gap. The fourth H atom contributes an electron thahature of the interaction between H and the vacancy, where
would need to go in a state near the CB, turning this defecéach Hdonatesan electron. Values with respect to™H
into a single donor; when only the levels near the VB arewould depend on the position of the Fermi level; the binding
filled, the charge state is-1. These changes in electronic energy values could be derived from Fig. 3. Table | shows
structure upon hydrogenation are very similar to those calcuthat binding energies and removal energies decrease as more
lated by Ewelset al® for the case of hydrogenated indium H atoms are introduced; this reflects repulsion between H
vacancies in InP. atoms in the vacancy. The values in Table | indicate that this
The formation energies of th&g;H, complexes are H-H repulsion energy is on the order of 0.2 eV.
shown in Fig. 3. The charge states depicted in Figs. 2 and 3 We have calculated vibrational frequencies for stretch
are obviously not the only ones that can occur—howevermodes of the hydrogenated vacancies in the harmonic ap-
they are the ones that give rise to the lowest formation enProximation. Anharmonic terms may lower the frequency
ergy for each complex. Figure 3 shows that the hydrogenate@onsiderably(by as much as 170 cn) in the case of N-H
vacancies have lower formation energies than the isolatedibrations. The calculated frequency for a hydrogen stretch
gallium vacancy. Whether these complexes actually formmode in theVgH complex is 3100 cm', somewhat lower
during growth, however, depends on the likelihood of mul-than the value for an Nfimolecule. For the/H, complex,
tiple H atoms being available at the time of incorporation.the calculated frequency is 3470 ¢ The higher value

The Vg H, complex, in particular, is unlikely to occur, in reflects repulsion between H atoms.
Finally, we discuss theole of hydrogenated vacancies in

the properties of GaN materialnd device structures. First
we focus onVg,. Gallium vacancies may compensate
donors? and have been proposed as the source of the yellow
luminescence(YL).> Both of these roles could also be
played by theVgH or Vg H, complexes(as discussed
above, vacancies with larger numbers of hydrogens are un-
likely to form). Figure 2 shows that these complexes have
levels in the band gap only slightly lowéby 0.1-0.2 eVY
thanVg,. TheVgH andVgH, could, therefore, also con-
tribute to the YL, through transitions between shallow do-
nors and a deep acceptor level. The slight shift in the posi-
tions of the levels between various complexes could
i i . - . contribute to the width of the luminescence line. The large
1.5 2.0 25 3.0 value of the binding energfsee Table) makes dissociation
of Vg H,, complexes unlikely.

Turning now to the hydrogenated nitrogen vacancy, its

FIG. 3. Formation energy as a function of Fermi energy forcharacter as a double donor makes it most favorable in
hydrogenated gallium vacancies in GaN. For completeness, the fop-type GaN, where it would act as a compensating center.
mation energies of the unhydrogenated vacanéy,j, of intersti- ~ We propose that this complex is responsible for the disap-
tial H* and H, and of the Si donor are also includégef. 12. pearance and appearance of photoluminescéRte lines

Formation energy (eV)

Fermi level (eV)
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during post-growth annealing of Mg-doped layers grown bythe line around 2.9 e¥~420 nmj. The presence of compen-
MOCVD, as described by Gp etall* and Nakamura sating centers is certainly consistent with the experimental
etal’® A PL line (labeled L1 in Ref. 1#at 3.25 eV is  observations on Mg-doped GaN to date. We note that the
present in as-grown material. Annealing at temperatures-/3+ transition of the nitrogen vacancy is distinguished by a
above 500 °C causes this line to “redshift.” It was pointed very large lattice relaxatiohwhich has a characteristic ex-
out by Gadz et all* that this shift occurs at temperatures perimental signature; for instance, it may explain the ob-
where negligible activation of Mg acceptors occurs; the PLserved persistent photoconductivity effets’
lines are, therefore, probably not directly associated with Mg In summary, we have presented first-principles results for
or Mg-related complexes. a variety of configurations of hydrogen-vacancy complexes
We suggest that the redshift actually corresponds to a dén GaN. These complexes can incorporate up to four H at-
crease in intensity of the L1 line, accompanied by an in-oms, occur in multiple charge states, and potentially act as
crease in intensity of a new line, related to the nitrogen vacompensating centers. Links to experiment have been
cancy. The as-grown material may contain a certaimointed out, particularly with regard to vibrational frequen-
concentration of hydrogenated nitrogen vacandiebich  cies and photoluminescence lines.
have a level near the conduction band that we propose to
give rise to the L1 ling When the material is annealed, the
hydrogenated vacancy complexes dissociate. Our calculated Thanks are due to J. Neugebauer for previous collabora-
removal energy of 1.56 eV is consistent with complex disso+tions, and to W. Gtz and M. McCluskey for fruitful discus-
ciation around 500 °C. The resulting nitrogen vacancies havsions. This work was supported in part by DARPA under
a level near the VB, which we propose to be responsible foAgreement No. MDA972-95-3-0008.
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