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Identification of hydrogen configurations in p-type GaN through first-principles
calculations of vibrational frequencies
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We present first-principles calculations for stable and metastable geometries of various hydrogen-related
configurations imp-type GaN, including isolated interstitial H as well as Mg-H and Be-H complexes. We also
calculate the associated vibrational stretching and wagging modes, systematically including anharmonic con-
tributions to the vibrational frequencies; the anharmonicity is large due to the light mass of the hydrogen atom.
Based on our investigations of a large number of configurations we derive a correlation between the vibrational
frequency of the stretching mode and the bond length in the N-H bond. The results are compared with
experimental results; in particular, we address a new configuration for the Mg-H complex that agrees with the
geometrical information extracted from polarization-dependent infrared spectrd&oPlerjaudet al., Phys.
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[. INTRODUCTION lation of these anharmonic terms and systematically evaluate

Hydrogen is abundantly present in the growth environ-them for all configurations. We will show that, when anhar-
ment of many of the commonly used techniques to growmonicity is included , the calculated frequencies are very
GaN, such as metal-organic chemical vapor depositiortlose to the available experimental results.
(MOCVD), hydride vapor-phase epitax{HVPE), or mo- We have predicted the most probable microscopic struc-
lecular beam epitaxyMBE) when NH; is used as a source tures for each hydrogen-related complex in GaM., iso-
gas. Hydrogen readily incorporatesprtype GaN, acting as lated H", Mg-H, and Be-H based on their energies. These
a donor and exhibiting high solubility as well as high diffu- structures along with their calculated vibrational characteris-
sivity (the calculated migration barrier is 0.7 BV tics (anharmonicity includedare tabulated in Table | with
Magnesium-hydrogen complexes form during cool down.the theoretically predicted most stable structures listed in
and the resulting deactivation of the acceptors explains thboldface. For the isolated Hand the Mg-H complex there
need for a post-growth activation treatmérit. are additional microscopic structures for which the calcu-

Knowledge of the atomic configurations in which hydro- lated formation energies are closeithin 0.2 eV atT=0) to
gen appears before, during, and after the activation proceskat of the lowest energy configuration. These structures and
would be very helpful for optimizing the activation process, their vibrational characteristics are also listed in the table.
and various experimental studies have been devoted to thide will see shortly that the calculated stretching mode fre-
issue?~® Most of the information has been obtained with quecies for the Mg-H complex and the Nkholecule(which
vibrational spectroscopy, which measures frequencies of thig included as a test casagree with experiments; the differ-
local vibrational modes of the hydrogen-related configura-ence between theory and experiment is less than our esti-
tions. These experiments therefore do not provide direct inmated error bar of 100 cnt. We can therefore expect our
formation about the microscopic structure. In order to obtain
such information, the experimental results must be combined TABLE I. Listed are the most stable configurations for each
with computational studies of the type reported in the presendomplex and their local vibrational mode frequencies as predicted
work. by the calculations. The lowest energy configuration at zero tem-

We have carried out first-principles calculations for a va-perature is shown in boldface. Configurations that are close in en-
riety of hydrogen-related configurations, and identified stablesrgy to the lowest energy configuratiomithin 0.2 eV atT=0) are
and metastable configurations for isolated interstitial H also listed along with their frequencies. The relative stability of the
GaN, as well as for Mg-H complexes. In addition, we ad-Mg-H OA and AB, complexes depends on the temperature as dis-
dress Be-doped material, since Be has been identified ascissed in the text.
potential alternative acceptor in GdN.For each of these

configurations we have also calculated the local vibrationafFomplex Configuration Dstretch Owag

modgs. Compgrison W.ith.expe.r.ime.nt then allows f_or an unyy+ BC 3453 513

ambiguous microscopic identification of the configuration ABy, 2872 827

that gives rise to a particular frequency in the vibrational

spectrum. Mg-H ABy 3045 1061
Calculations of vibrational frequencies for hydrogen- OA 3068 1157

related configurations have been previously reported®

however, anharmonic terms were not included in those caPet BC 3299 625
culations. Since hydrogen is a very light atom, such anharnH, 3280
monic terms are sizable. In this paper we address the calcu
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predicted frequencies for unmeasured struct(issated H tions using thenlcc vs those using the®states performed in
and Be-H complexto be of similar accuracy. the context of the present study will be mentioned in Sec.

To date, the most detailed experimental studies have bee¥il A.
carried out in the case of Mg-H complexes. The local vibra- All the calculations reported here are for the wurtzite
tional mode of the Mg-H complex was first identified by phase of GaN, and were carried out using the computed lat-
Gotz et al,* in MOCVD-grown films using infrared absorp- tice parameter of bulk wurtzite Gadl'=3.089 A(compared
tion spectroscopy. They obtained a mode at 3125cmand  with a®P=3.19 A. We used the ideat/a ratio of \/8/3
correlated it with the Mg-H complex by observing the de-which is very close to the calculateda ratio of 1.633(ex-
crease in intensity of this line after a thermal anneal duringoeriment: 1.62). A supercell geometry was employed, with
which the acceptors were activatéand Mg-H complexes supercells containing 32, 72, and 96 atdhhe larger su-
were dissociated More recently, Harimeet al. performed  percells are required in order to obtain converged results for
similar measurements using Raman spectroscopy of Mgabsolute energies; results for total energies and atomic con-
doped GaN films grown by MOCVD observing a peak at figurations presented in this paper are taken from 96-atom
3123 cm ! which they also attributed to the Mg-H complex. cell calculations. In many cases, however, the 32-atom cell
A peak at 3125 cm' was also observed by Clerjaedial®  produces atomic geometries which are exceedingly close to
in infrared spectroscopy on Mg-doped MOCVD films. those found in 96-atom cell calculations. In those cases, we

The frequency of the mode at 3125 this much higher have used 32-atom cells for extracting the small energy dif-
than expected for Mg-H bonds. Previous computatidhs ferences needed to calculate vibrational frequencies. Some
showed, however, that the hydrogen atom in the Mg-H comadditional comments about supercell-size convergence are
plex is strongly bonded to a nitrogen neighbor of the Mgincluded in Sec. IV A. In the 96-atom cells, at least 46 host
atom, explaining the high frequency of the observed vibra-atoms were allowed to relax, while in the 32-atom cell 24
tional mode. The calculations placed the hydrogen in an anatoms were relaxed.
tibonding configuration, on the extension of a Mg-N bond. Brillouin-zone integrations were carried out following the
The recent experimental investigation of Mg-H complexesMonkhorst-Pack schenfé.The k points are generated by a
by Clerjaudet al® raised doubts about this identification; regularly spaced mesh ofxnxn within the first Brillouin
indeed, by analyzing the polarization dependence Clerjaudone. Some points in this set are related by symmetry; those
et al. found that the angl® between the axis and the elec- points that are not related by symmetry are said to be located
tric dipole induced by the mode is equal to 130°. This anglen the irreducible part of the zone. Convergence tests indi-
was not compatible with any of the models for the Mg-H cated that a 2X2 sampling suffices for our 32-atom su-
complex that had been previously considered. In the courspercell resulting in X points in the irreducible part of the
of our investigations, we have identified a configuration thatzone.
results in a value o in excellent agreement with experi-  In order to test the accuracy of our method, we performed
ment. We label this new configuration @Afor “off-axis calculations of the geometry and vibrational frequencies of
bond center” in a bond parallel to tleeaxis), and will devote an ammonia molecule. For this calculation, we placed one
a detailed discussion to its structural and energetic propeiNH; molecule in a simple cubic supercell of dimension
ties. A preliminary account of some of the results relating to8x8x8 A . Brillouin-zone integrations were carried out with
this complex has been published elsewHere. two irreduciblek points.

In Sec. Il we discuss our computational approach and
methodology for extracting the vibrational frequencies. Sec-
tion Ill describes calculations for an NHmolecule, which
serve both as an illustration and a test of our approach. Sec- In order to calculate vibrational frequencies we use the
tion IV contains results for energetics and Sec. V for vibra-following approactf*??For a given impurity or complex, we
tional frequencies of various configurations of hydrogen instart by calculating the atomic configurations and total ener-
p-type GaN. Section VI, finally, addresses comparisons witlyies of stable and metastable configuratiofglobal
previous calculations and with experimental results and Segninimun?® and local minima in the potential energy sur-
VIl summarizes the paper. face, including relaxation of the host atoms. Our results will

show that all of these configurations exhibit formation of a
strong N-H bond; we will therefore focus on the vibrational
Il. METHODS modes of such N-H bonds. In order to investigate the vibra-
tional stretching mode for a given configuration we introduce
small displacements of the H atom along the direction of the

We employ density-functional theofDFT) in the local N-H bond in both positive and negative directions. We typi-
density approximation (LDA)!® and ab initio norm-  cally include about 20 displacements, with magnitudes up to
conserving pseudopotentials, with a plane-wave basi&’ set.+30% of the H-N bond length. The change of total energy as
We use the so-called “nonlinear core correctiofriicc),’®  a function of distance then results in a potential energy curve
allowing us to use an energy cutoff of 40 Ry. Explicit inclu- from which we can calculate the vibrational frequency.
sion of the Ga 8 states leads to very similar results for the  Note that all of the host atoms are kept fixed in their
hydrogen-related configurations studied here, as was rdrelaxed equilibrium positions when the H is displaced.
ported in Ref. 19. Additional comparisons between calculaSince the hydrogen is much lighter than the host atoms, this

B. Calculation of frequencies for local vibrational modes

A. First principles calculations
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1.0

optimally fit with a fourth degree polynomial, imposing the
constraint that the slope of the potential curve is zero at the
equilibrium position

k
os | V(x)= §x2+ ax3+ px*. (4

Potential Energy (eV)

®=3286 cm

The coefficient of the quadratic term gives the harmonic fre-
E~02136 6V quency,»®= Jk/u, wherep is the reduced mass as defined
in Eq. (1). The higher order coefficients and 8 describe the

. . A anharmonic contributions. Theweet regionranges from
-0.20 0.00 0.20 about 20% bond compression to 30% bond extension. This
x (angstrom) corresponds to including potential energy values up to at
least 2hw. Maximum amplitudes smaller than 20% fail to
produce reliable fourth-order coefficients, while amplitudes

solid circles are calculated results and the solid line is afourth-ordetarger th_an 30% WOUlq requwe.flttlng o a f_\lgher degree
polynomial fit. x is the bond length deviated from the equilibrium polynomial. Our numerical solution of E¢3) with the po-

position. The reference potential energy is set to zero at the equiential given by Eq(4) is based on the shooting method with
librium position. The energies resulting from a numerical solution20 000 grid points. We tested the accuracy of this approach

to the Schidinger equation are shown as dashed lines, and th# the case of a harmonic potential by comparison with the
corresponding wave functions are shown in thin solid lines. exact analytic solution. The numerical method introduced an

error of less than 5 cit in the frequency.
is a reasonable approximation. We have investigated the va- An approximate analytical solution to the Schimger
lidity of this approximation by explicitly performing calcu- equation in the case of an anharmonic potential can be ob-
lations in which the N atom to which H is bonded was alsotained by using perturbation thedfy
allowed to move. We found that displacing only the H atom
leads to accurate result within 0.5% of the full results

0.0

FIG. 1. Calculated potential energy curve for an N-H oscillator,
per N-H bond, in the symmetric bond stretch mode of;NHihe

2
provided theeduced masg is used in the calculation of the 0=+ Aw= \ﬁ_ 3§ E(E) _ E} (5)
vibrational frequency? where u is defined as moop2\K k]
1 1 1 . 0 .
= 4= 1) Note that the harmonic term" is inversely proportional to
oMy My the square root of the reduced masswvhile the anharmonic

with my and my the masses of the hydrogen and nitrogenterm Awis inversgly proportional to the regjuced mass its_elf.
atoms. This yieldg:,=0.9333m,,. For the stretching modes, thg perturbation _approach yields
We calculate the vibrational frequencies as follows. Thereasonaply good a_greement with the numerlgal results; the
transition energy from the ground state to the first exciteJrequenmes_f\re slightly larger, by about 30_ cm(worst
state can be written as case: 70 cm”). As expected, the agreement is good when
alk andB/k are small, and poorer when they are lar@es is
AEy 1=E;—Eg=fiw=%(0’+Aw), 2) the case for Waggin_g mod_es, see Sec.)V@verall, _the per-
turbation approach is easier to perform and provides accept-
whereAw is the anharmonic contribution andlis the total  able accuracy. The analytical form of the solutions also helps
frequency.E, and E; are solutions of the one-dimensional to assess the relationship between the third- and fourth-order
Schralinger equation terms in the potentiala and 8) and the anharmonic term in
the frequency. The explicit comparisons we have performed

h? 5 justify the use of the perturbation approach; however, in the
- EV V) [(X) =Eh(X). (3 Temainder of this paper we will focus on frequencies ob-
tained by explicit numerical solution.
In the simple harmonic approximatidia=£=0), analytical We estimate the error bar on our calculated frequencies to

solutions can be obtainedE,=%w’2 and E;=3%4w%2, be +100 cmt. One source of error is due to the inherent
yielding AE,_;=%w’=\k/u. However, for the case at numerical accuracyconvergence, Brillouin zone sampling,
hand the anharmonic terms in the potential are sizable. Inenergy cutoff, pseudopotentials .) in the calculation of the
deed, the light mass gives rise to high value€gfand E; potential energy curve. Another source of error is due to the
and large vibrational amplitudes, where the potential signififact that density-functional calculations produce bond
cantly deviates from a simple parabdtee Fig. 1L We thus  lengths that can deviate from experiment by up to one or two
resort to an explicit numerical solution of E(). percent; this, in turn, can affect the calculated vibrational

We have tested and found that in order to obtain accuratéequencies. All our tests have indicated that an error bar of
solutions up tc&E;, our calculated potential energy values are+ 100 cm ! is quite conservative.
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C. Comparison of frequencies with experiment (a)
a

Our goal will be to calculate the frequency of N-H stretch
modes in various configurations, including both harmonic
(0° and anharmoniéAw) terms, and to compare these with
experiment. Experimentally, of course, only the final fre-
quencyw=w’+Aw is known. However, there is a way to
separate out the anharmonic contributions, namely by com-
paring the experimental frequencies in deuterated versus hy- 5
drogenated systems. By definition, the harmonic frequency is ‘_Q
inversely proportional to the square root of the reduced mass. :

We can thus write
o_ [MD o
wy=\/— wp. (6)
H P

In this expressionuy and up are the appropriate reduced
masses of the N-H oscillator and N-D oscillator. Similarly,
the anharmonic term is inversely proportional to the reduced
mass itselfsee Eq.5)]:

A&)H:@AQ)D. (7)
MH

We can also write

op=o0Y+Aoy, (8)

0 FIG. 2. Calculated structure of NHsolid lineg compared with
wp=wptAwp. 9 the experimental structur@ashed lines (a) Top view, (b) side
view, cutting through one of the N-H bonds. N-H distanceg @re
given as percentage deviations from the experimental Valigd2
A). The calculated value of is 68.2°, the experimental value is
67.9°.s, ands, are the two degrees of freedom employed in the
calculation of the dynamical matrix as discussed in the text.

Combining Egs.(6), (7), (8), and (9) we obtain a system
of two linear equations that allows us to solve for
wa, Awy, w%, andA wp.

IlI. TEST CALCULATIONS FOR NH 3

In order to test the accuracy of our computational ap-As we shall see this change in frequency is very small
proach for calculating vibrational frequencies, and in particucompared to the effect of anharmonicity. To calculate the
lar the anharmonic contributions, we wanted to perform drequency including anharmonicity we first determine the
test calculation for a structure for which the frequencies argootential energy(s;) resulting from changes in the N-H
accurately known experimentally. We chose to do this for thebond distance while keeping the N-H bond angles fixed. The
NH3 molecule. First, we optimized the geometry. Figure 2corresponding kinetic energy in the center-of-mass frame
shows our calculated relaxed structure compared with thés T=(1/2)w(ds,/dt)? with p=3mymy(1+3mysirfaimy)/
experimental structure. The N-H bond length is 0.6% large{my+3my). We obtain a value for the stretch frequency by
than experiment® while the calculated bond angle is 107.0°, solving Schidinger’s equation numerically with this poten-
compared with the experimental value of 106.7°. tial V and with reduced mass. The resulting frequency is

We performed calculations to determine the frequency 0w nnamonic= 3280 cmi L. This result differs from the experi-
the symmetric stretch mode for NHising our approach for mental value (3337 cit) by only 1.7 %. On the other hand
including anharmonic effects and also with the usual harwe fit V(s;) with a quadratic function we obtai®namonic
monic approximation. This allows us to assess the relative=3507 cm 2. It is clear from this analysis that inclusion of
importance of the stretch-wag coupling and the anharmonithe anharmonicity is quite important while the affect of
terms in the potential energy. In the harmonic approximatiorstretch-wag coupling is small and can be ignored. We expect
we may obtain the frequencies for the symmetric stretch andur approach to yield a similar level of accuracy in the case
wag modes from a:22 dynamical matrix. The two relevant of the N-H stretch modes discussed later.
degrees of freedom ag=dr ands,=rqd#é, as illustrated Our calculatecharmonicfrequency for the NH symmet-
in Fig. 2. The corresponding force constants &g  ric stretching mode is typical of what has been obtained in
=44.58 eV/A k,=5.62 eV/A, and k,,=8.28 eV/A. By prior DFT calculations. According to the data base at the
solving for the frequency of the symmetric stretch mode withNational Institute of Standards and Technola®$tST), our
these force constants, and then wit3=0, we determined harmonic frequency of 3507 cm is within the range of
that the effect of including the stretch-wag coupling is tofrequencies (3425-3575 ¢mh) obtained by various meth-
increase the frequency of the stretch mode by 23tm ods and basis séfs(over 60 sets of different calculations in
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(a) e AB ! (b) 'TABLE II: Energy diﬁerences(e\() between different configu-
! ’ rations of H inp-type wurtzite GaN; in each case, the lowest energy
— configuration is used as a reference with zero energy. The results
L2 8 were obtained from 96-atom supercell calculations.
OA S
N Configuration H Mg-H Be-H
” BC) 0.00 0.33 0.00
ABN,L Y BC, 0.13 0.54 0.13
ABN | ABy 0.33 0.28 1.12
ABy . 0.13 0.00 0.86
Ga ABY; 0.73 1.68
[-1100] OA 0.19
—_—

FIG. 3. Schematic representation of possible hydrogen sites in
the (11-20 plane of wurtzite GaN(a) Sites in bulk GaN(b) sites
near a substitutional accept@vlg, Be). The large open circles rep- The stable charge state for Hrtype GaN is+ 1.1 1n this
resent Ga atoms, large patterned circle (dgBe), medium circles charge state, H prefers to stay close to the N atom. The
Natoms. The possible sites for H are represented by the small solignergy surface mapped out in earlier woghows that H
circles. favors positions on a sphere with a radius of approximately 1

A centered on a N atom. For cubic GaN, the earlier calcula-
tota) ranging from DFT to coupled-cluster, singles, andtions showed that the energy difference betweénat ABy
doubles with approximate triple €CCSIO(T)] which is a very  and BC sites was very small. This qualitative conclusion is
expensive approach. Since these calculations are based gbnfirmed by our present calculations for wurtzite GaN. H
the dynamical matrix approach, the anharmonic correctionﬁrefers the BE site, with the energy at BCand at ARy
are not included and the calculated frequency is systemathy 0.13 eV higher. Energy differences between the various
cally higher than experiment. We therefore believe that th‘?:onfigurations are listed in Table II. In addition, Table Il
good agreement between our calculag@harmonicfre- g5 details about the atomic relaxations, and the relaxed
quency and the experimental value 'S a result of our furtheg,ctyres are shown in Fig. 4. Table Il and Fig. 4 reflect
treatment of the substantia-(227 cm *) anharmonic cor- o5 its obtained in 96-atom cells; these agree quite well with
rections to this particular mode. results from 32-atom cells. For instance, N-H bond lengths

agree to within 0.004 A. We will take advantage of this fact
when calculating vibrational frequencies.

A. Isolated interstitial hydrogen

IV. ATOMIC STRUCTURE AND ENERGETICS Large relaxations of the host atoms occur: for H at the BC
OF HYDROGEN CONFIGURATIONS IN P-TYPE sites, the Ga atom moves outward by more than 30% of the
WURTZITE GaN bond length, while the N atom moves by 14%. It is quite

remarkable that, in spite of this huge relaxation which effec-
tively breaks the original Ga-N bond, hydrogen still favors
this site. The reason for this must be that a large amount of

i . . .. energy can be gained in forming the N-H bond. The Ga
valence-band maximumhydrogen occurs in the positive gtom, meanwhile, is pushed into the plane of its three N

charge state and prefers interstitial locations close to the ni="".

trogen atont. The presence of hydrogen in the system thusnelghbors.

leads to compensation. In addition, electrostatic forces attract

H to the acceptofwhich is negatively charged when donat-  TABLE Ill. Calculated energy differenceSE and lattice relax-

ing a hole to the valence band or when compensateslilt- ations for interstitial H in wurtzite GaN, for various lattice loca-
ing in the formation of hydrogen-acceptor complexes. Waetions. The results were obtained from 96-atom supercell calcula-
explored various low-energy sites for H, finding that the an-tions. The global minimum (B} is chosen as the zero of energy.
tibonding nitrogen (AR) and bond centefBC) sites are Adcaqy denotes the displacement of the nearest neighbdNGa
most favorable. In the wurtzite structure, there are two type§t°m from its nominal lattice site, expre_ssed as a percentage of the
of each AB, and BC: one type has threefold symmetry and is?°"d 1ength.de,, denotes the Ga-H distance adg.; the N-H
associated with bonds oriented parallel to ¢reis; we label ~ diStance. in A

these sites BCand ABy . The other type is associated with
the bonds that areot parallel to thec axis; although these

In this section we discuss the stability of isolated intersti-
tial H*, and of Mg-H and Be-H complexes. [mtype GaN
(or as long as the Fermi level is within about 2 eV of the

Configuration AE (eV) Adg, Ady dgan(®) dyy A

are not exactly “perpendicular” to the axis, we use the BC, 0.00 35.1% 14.5% 1.80 1.026
notation BC and AB,, . All of these sites are shown in Fig. BC, 013 31.7% 13.7%  1.73 1.025
3(a). For H near Mg or Be acceptors, there are additionaquNyi 0.13 25% 4.2% 1.044
possible configurations for the antibonding site: we IabeIABNY” 0.33 27% 2.2 1.041

these AEM and OA, as shown in Fig. ().
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TABLE IV. Calculated energy differencesE and lattice relax-
ations for Mg-H complexes in wurtzite GaN, for various lattice
locations. The results were obtained from 96-atom supercell calcu-
lations. The global minimum (AB,) is chosen as the zero of en-
ergy.Adyg denotes the displacement of the Mg atom from its nomi-
nal lattice site, anddy the displacement of the N atom to which H
is bonded, expressed as a percentage of the bond lethgthde-
notes the N-H distance in A.

Configuration AE (eV) Adyg Ady dyy (A)

ABy, 0.00 1.7%  14.6% 1.031
OA 0.19 18.0%  10.6% 1.030
() ABy 0.28 1.9%  12.2% 1.031
OA, 0.31 10.9%  10.4% 1.038
BC 0.33 36.9%  13.3% 1.010
BC, 0.54 39.6%  10.5% 1.006
ABJ 0.73 4.5% 3.9% 1.042

the neighboring Ga to be weakened and extended. We will
see that this is also true in case of the Mg-H and Be-H
complexes.

FIG. 4. Schematic representation of atomic positions in the .
(11-20 plane for H' at (a) BC; site, (b) BC, site, (c) ABy, site, B. Magnesium-hydrogen complexes
and(d) ABy site in wurtzite GaN. The configurations are depicted ) ) ) )
in order of increasing energgee Table Il). Large circles represent We explored seven possible sites for H in GaN:Mg, six of
Ga atoms, medium circles N atoms, and the small circles H atomgVhich are depicted in Fig.(B), and the seventh is shown in
Dashed circles indicate ideal atomic positions, dashed lines bondsig. 5(d). The relative energies are listed in Table II, and
in the ideal lattice. Distances between H and its neighbors are givedetails about the atomic relaxations are included in Table IV
in A, changes in Ga-N bond lengths are given as a percentage ¢hll from 96-atom supercelis The relaxed structures are
change from the bulk Ga-N bond lengths. shown in Fig. 5. Generally, the structures relax in a fashion
very similar to the corresponding structure for isolated inter-
For H at AB, sites, the relaxations are much smaller. Asstitial H*, with one additional effect: since the Mg-N bond is
we can see from Fig. 4, the neighboring Ga atoms are pushddnger than the Ga-N bond, the N neighbors of Mg are
slightly outwards from their ideal positions. Hydrogen forms pushed outward, away from the Mg atom. The energy differ-
a strong bond with N, causing the bond between this N anénces show that H favors the antibonding sites, withyAB

(@)

FIG. 5. Schematic representation of
atomic positions in thé11-20 plane for a
Mg-H complex in wurtzite GaN, with H at
the (@) ABy, site, (b) OA site, (c) ABy
site, (d) OA, site, (¢) BC site, (f) BC, site,
and (g) AB,’Q,H site. The configurations are
depicted in order of increasing ener¢see
Table 1V). Large circles represent Ga atoms,
medium circles N atoms, shaded circle Mg
atom, and the small circle H atom. Dashed
circles indicate ideal atomic positions,
dashed lines bonds in the ideal lattice. Dis-
tances between H and its neighbors are
given in A , changes in Ga-N and Mg-N
bond lengths are given as a percentage of
change from the bulk Ga-N bond lengths.
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being the global minimum and Q/nly higher by 0.19 eV. TABLE V. Calculated energy differenceSE and lattice relax-
We recall that for isolated interstitial Hthe BC configura- ations for Be-H complexes in wurtzite GaN, for various lattice lo-
tion was favored. The difference in the case of the I\/l(‘:]_|_|cations. The results were obtained from 96-atom supercell calcula-

complex can be explained on the basis of the larger size otfns' The global minimum (B is chosen as the zero of energy.
P P 9 dge denotes the displacement of the Be atom from its nominal

the cation(the covalent radius of Mg is larger than that of |,ice site andud, the displacement of the N atom to which H is

Ga, Ref. 27. T_his Iarge_r size _rgnders the BC site less favor-honged, expressed as a percentage of the bond lehgthdenotes
able than for isolated interstitial H Hydrogen at the AR the N-H distance in A.

sites does not suffer from this problem, rendering theyAB
sites more stable than the BC sites. Hydrogen at thQ’”AB Configuration AE (eV) Adge Ady dyy (A)
site turns out to be least favorable, with an energy 0.73 e
higher than at AR , . The Mg-H complex is barely bound in

\éCH 0.00 35.3% 10.8% 1.028

; ) . . . . n 0.13 31.3% 10.6% 1.027
this configuration, as evidenced by comparison with the cal;,
T . ABy | 0.86 21.2% 12.8% 1.031
culated binding energy of the Mg-H complée., the energy AB. 112 23.3% 11.3% 1.030
difference between H separated by a large distance from’, "' ' o 7 '
AB,’\,Y” 1.68 3.3% 5.1% 1.059

Mg~ and the lowest energy of the Mg-H complexvhich
was previously calculated to be only 0.7 €Vhe latter value

was obtained for zinc blende; our present calculations in 96p|exes, thefree energyof the OA configuration can thus

atom wurtzite cells yield a value of 0.77 eV. _ ~ become lower than that of AB . We will return to this
A more detailed investigation of the BC configurationsissue in Sec. VI B.

reveals that they are actually not even metastable. The results
for BC sites included in Tables Il and IV and in Fig. 5 were
obtained by constraining H to be on the bond axis between ) ] i ) i
the Mg and the N atoniin the case of Bf) or in the plane Relatlye energies for H conflgu_ratlons in the Be-H com-
defined by the bond between Mg and N and ¢feis (in the plex are listed in Table Il and details about the atomic relax-
case of BC). A small displacement away from these BC
sites causes H to spontaneously relax to a new configuratior|
which we label OA(for “off axis” ). This relaxation lowers
the energy by a few 0.1 eV. There are two types of OA sites:
relaxation away from B produces OA[Fig. 5(b)] and re-
laxation away from BC produces OA [Fig. 5(d)].

An alternative way of looking at the OA configurations is
to view them as distorted ABconfigurations. We already
found that the AR, configuration is lowest in energy in the
case of the Mg-H complex. The particular configuration de-
picted in Fig. %a) has the Mg atom bonded to the N atom
involved in the N-H bond such that the Mg-N and N-H
bonds are oriented along the same direction. In this configu
ration the angled between the N-H bond and tleaxis is
close to 109°. Focusing on the N atom to which the H is
bound, there are two other possible positions for the Mg
atom as a nearest neighbor of the N atom: the Mg-N bond 54 ,
can be oriented along the axis [Fig. 5b)] or it can be $‘+33_3o’:* N
oriented along a “perpendicular” direction, but different | |
from the direction of the N-H bonfFig. 5d)]. In the latter
configuration, the N-H bond is rotated around thaxis by [-1100]
a=16°. From Fig. 5 it is clear that the orientation of the N-H
bond in the OA and OA is different from that in the AR,
configuration. In OA, the N-H bond makes a 134° angle
with the ¢ axis, while in OA the angle is#=99°. The rel-
evance c_Jf this angle for compar!son with experimental dateilSCH site, (b) BC, site, (c) ABy,, site, (d) ABy site, and(e) AB]
will be discussed in more detail in Sec. VI B. site. The configurations are depicted in order of increasing énergy

~As can be seen from Table IV the OA complexes ar€gee Taple V. Large circles represent Ga atoms, medium circles N
slightly higher in energy than the global minimum, which atoms, shaded circle Be atom, and the small circle H atom. Dashed
occurs at AR, . We have recently shownthat this slight  circles indicate ideal atomic positions, dashed lines bonds in the
energy differencgat T=0) can be overcome by the large ideal lattice. Distances between H and its neighbors are given in A,
entropy associated with the Q&onfiguration. At high tem-  changes in Ga-N and Be-N bond lengths are given as a percentage
perature, which are relevant for the formation of these comef change from the bulk Ga-N bond lengths.

C. Beryllium-hydrogen complexes

FIG. 6. Schematic representation of atomic positions in the
(11-20 plane for a Be-H complex in wurtzite GaN, with H at tte

075206-7



LIMPIJUMNONG, NORTHRUP, AND van de WALLE

ations are included in Table V. The relaxed structures are
shown in Fig. 6. Here, the relative energetic ordering of the
configurations is similar to isolated interstitial"H although

-
o

PHYSICAL REVIEW B8, 075206 (2003

I
©

* H' (BC,)
- Be-H (BC)

the energy differences between BC and AB sites are larger.
Beryllium is a smaller atom than Ga, and the Be-N bond
length is smaller than the Ga-N bond length. Therefore, in
contrast to Mg, the N atoms surrounding Be are relaixed
wards This smaller siz& of Be makes it easier for H to
assume the BC position, rendering this configuration ener-
getically most favorable. Its energy is roughly 1 eV lower
than ABy. The AB configuration is again quite close in
energy to the configuration where H is fully separated from
Beg,; indeed, the binding energy of the Be-H complex is
1.81 e\® Note that the N-H bond length in this complex is
1.059 A, longer than in any other configuration. We attribute
this to an attractive interaction between the Be acceptor and
the H atom, combined with the small size of Be. The attrac- : ) X .
tive interaction would also be present in the case of Mg, buf!"€tching modes for BCconfigurations. The solid symbols are
there it is balanced by a repulsion due to the large size O?alculated points and th(_e solid I|n_es are the fourth-order polynorr_ual
Mg, resulting in a N-H bond length very close to that for ' LEd: (4. The potential energies are set to zero at the equilib-
. 9, . 9 o\ . 9 y . rium position of each structure. The star symbols and dashed line
|_solated interstitial H'. Finally, we found the OA_conflgura_- indicate the potential energy curve for the Nelymmetric stretch
tions to be unstable in the case of Be-H; there is no barrleﬁqode, included for comparison.

for these configurations to relax towards the corresponding
BC configuration.

* Mg-H (BC))
+ NH,

g
o

o
~

Potential energy (eV)

.o
o

0.0
-0.20

0.00 0.10 0.20

x (angstrom)

-0.10

FIG. 7. Calculated potential energy curves for N-H bond-

NH; is included for comparison. Note that the polynomial
curves provide excellent fits to the data points, indicative of
the high quality of the fit, and also indicating that a fourth-
order polynomial suffices to describe the calculated data. The
fitting parametersk/2, B, and a) are listed in Table VI, as

V. VIBRATIONAL FREQUENCIES

A. Results for stretching modes

In this section, we report our calculated results for vibra-Vell @s the resulting frequencies, including harmonig’)

tional frequencies of N-H bond-stretching modes for manya

of the configurations mentioned in the previous section
While some of these configurations are much higher in en
ergy than the ground state and are unlikely to occur, they ar

nd anharmoni€Aw) terms.
The potentials for H at BC positions are steeper than at
ABy positions, due to the fact that space is more limited at

the BC site, resulting in a stiffening of the N-H bond. This

still useful for studying trends of the N-H modes. Our calcu-
lations of vibrational frequencies are carried out in 32-atom
cells. As mentioned in Sec. IV A, the accuracy of the calcu-
lated relaxations is excellent for most of the configurations in
32-atom cells, with only a few exceptions, in particular in the
case of the Mg-H complex. The deviatiécompared to 96-
atom cellg in the length of the N-H bond is always less than
0.01 A; however, that amount can make a significant differ-
ence in the vibrational frequency. We therefore use 32-atom
cell results for those configurations for which the deviation
in N-H bond lengths between 32-atom and 96-atom super-
cells is less than 0.005 A, which would correspond to an
error in the vibrational frequency of less than 100 ¢mFor

the configurations that exhibit a larger deviation in the N-H
bond length (AR, and AB,’\,,”), we carried out the vibra-
tional frequency calculations explicitly in 96-atom cells. As
we will see in Sec. V B, our results will enable us to estab-

1.0

\% e H" (ABN’”) /
0.8 |1\ = Be-H (AB,)
% o Be-H (AB},)
5 0-6 « Mg-H (AB
§ g- ( N,H)
/ /]
:dé 04} Mg-H (ABN,”) .
|5 + NH,
o
Ay 02|
0.0 ‘ . : :
-0.20 -0.10 0.00 0.10 0.20

x (angstrom)

FIG. 8. Calculated potential energy curves for N-H bond-stretch
des for AR and AB{\,“ configurations. Solid symbols are cal-
culated points for H at the A site and the thick solid lines are the

lish a strong correlation between vibrational frequencies anglno
bond lengths. Using this correlation, we will then be able to
also make predictions for configurations for which the wbra—corresponding fourth-order polynomial fft&q. (4)]. Open symbols

tional frequencies were not explicitly calculated. 474 thin solid lines are the calculated points and fits for H at the

The potential energy as a function of the N-H vibrational ABy site. The potential energies are set to zero at the equilibrium
amplitude &) is shown in Fig. 7 for B¢ positions and in  position of each structure. The star symbols and dashed line indicate
Fig. 8 for ABy and AR positions. In both figures, the the potential energy curve for the NHymmetric stretch mode,
potential energy curve for the symmetric stretch mode oincluded for comparison.
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TABLE VI. Vibrational properties for H-N bond-stretching modes in various configurations, calculated in
32-atom and 96-atom supercelsee text Values for NH are included for comparisorly. is the N-H
distance, in Ak/2, @, and g are the second, third, and fourth order coefficients in the polynomial fit of the
potential-energy curvgsee Eq.(4)], in eV/A", wheren is the order of the coefficient? is the harmonic
component of the vibrational frequendyw is the anharmonic contribution, anad is the total frequency:
o=+ Awo. All frequencies are in cm'.

Type Configuration  dy.y (A) k/2 @ B ° Aw 1)

H* BC, 1.027 22.21 —47.71 61.66 3581 —128 3453
H* ABy 1.045 17.40 —48.48 57.24 3170 —298 2872
H* ABy 1.045 16.72 —47.74 60.18 3108 —288 2820
Mg-H ABy 1.031 19.24 -51.11 5649 3333 -288 3045
Mg-H OA 1.032 19.31 -50.51 55.32 3339 271 3068
Mg-H ABy 1.031 19.26 —49.99 62.70 3335 222 3113
Mg-H BC, 1.009 25.78 —53.23 64.83 3859 117 3742
Mg-H AB,'\"” 1.042 17.92 —48.32 58.45 3217 —263 2954
Be-H BG 1.028 2095 —-50.74 63.23 3478 —179 3299
Be-H ABy 1.032 19.63 —49.05 62.25 3367 —195 3172
Be-H ABI’\I,H 1.064 13.65 —43.73 55.89 2808 —403 2405
NH; 1.018 22.29 —54.56 58.02 3507 —227 3280

results in higher frequencies for BC than ABThe fre- size of Mg. In the Be-H complex, however, the ,’Qpcon-
quency at BC is highest for Mg, the largest cation, and low-figuration leads to a significant weakening of the N-H bond
est for Be, which is the smallest. The stretching frequencyand a corresponding lowering of the vibrational frequency.
for H at BG, in the Mg-H complex is as high as 3742 CM  We note, however, that the high energy of this configuration
which is 629 cm® higher than in the AR configuration, makes its occurrence very unlikely.
and 289 cm*? higher than for isolated interstitial Hat BC.
The extension of the N-H bond for H at BC also leads to a B. Trends in vibrational frequencies
repulsive interaction with the cation, resulting in an increase
of the potential energy in the x direction(see Fig. 7; this
reduces the anharmonicity. We expect the reduction in anha
monicity to be largest in the case of Mthe largest atom
and smallest for Béthe smallest atom the results in Table
VI indeed confirm this trend.

Turning now to the AR sites, Fig. 8 shows that for all of

In the spirit of our systematic investigation of trends in

fhe vibrational frequencies, we have studied the relation be-
tween the frequency and the N-H bond length, as shown in
Fig. 9. Most of the results included here are from 32-atom
cells except those for which the N-H bond length deviated by

) . - 4000
the configurations the potential curves are less steep than for
NH;. This is due to the fact that in the AR onfiguration the T
N-H bond is weakened, because the N atom is now fivefold E
coordinated, having four bonds to cations and one bond to H. . 3800 T
The fivefold coordination causes a weakening of all of these %
bonds, indicated, for instance, by the fact that all of the bond =1
distances surrounding the N atom are increased. Comparing 2 3000 |
the various AR sites, we note that the potential energy i
curve in the case of Mg-H and Be-H is somewhat steeper ks
than for isolated interstitial H. This can be attributed to the S 2500 |
fact that the bond between N and the acceptor impurities is §
weaker than a Ga-N bond, possibly due to the fact that the s ‘ ‘
1.000 1.020 1.040 1.060

acceptors are more comfortable in a threefold coordination
(this is certainly true for Be, see Ref);&his weakening can

result in a stre’ng.thenlng of the N-H bond. . FIG. 9. Calculated vibrational frequencies for various configu-

ForH at ABN,H in the Mg-.H .complex, the pqtentlal ehergy _rations as a function of the N-H bond length. Open symbols indicate
curve and frequency are similar to those for isolated interstiyarmonic frequencies, solid symbols indicate frequencies including
tial H" at ABy, indicating that in this case the presence of anharmonic contributions. Circles indicate data points from H at
the Mg impurity across the interstitial void has little effect on AB, sites listed in Table VI; diamonds indicate data points from H
the N-H bond. As noted in Sec. IV C, this may be the netat BG; sites. The values for the NHsymmetric stretch mode are
result of balancing the attractive interaction between the Mdndicated with squares. The solid and dashed lines are linear fits to
acceptor and the H atom, and the repulsion due to the largie data in the corresponding groups.

N-H bond length (angstrom)
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more than 0.005 A from the 96-atom results (ABand

ABy for Mg-H). In those configurations the 96-atom results

are used, as discussed in Sec. V A. Our discussion above

made clear that different physical effects are active at BC % 010 |

versus AR, sites, hence it is not surprising that the corre- =

sponding frequencies follow different trends. The linear fits =

displayed in Fig. 9 match the calculated frequencies to &

within about 100 cm® around the fits. It should thus be =

possible to obtain an estimate of the frequencies solely on  § 0.05

the basis of the N-H bond length. For the ABonfigurations £

(where the largest number of data points is availgkiee

linear fits corresponds to 0.00 ‘ ‘
0= 3860 16164 (dy,,— 1.000), (10) 06 o4 02 (an;s'gom) 02 04
w=23768-20790x (dy.4—1.000, (11) FIG. 10. Calculated potential energy curves for N-H wagging

h he bond | .. is in A and the f . . modes for selected configurations. The symbols are calculated
where the bond lengty, IS In A and the frequencies are in points and the lines are the fourth-order polynomial ffigs. (4)].

cm™*. We note that the calculated frequencies of Nie  gqjig symbols and solid lines indicate AB and OA configurations,

also close to the linear fits. while open symbols and dashed lines indicate BC. The potential
For the harmonic frequency, we can actually attempt arnergies are set to zero at the equilibrium position of each structure.

independent prediction of the slope of the linear fit. Indeedcircles indicate results for isolated interstitial hydrogen, squares for

the harmonic frequency should reflect the square root of thge-H complexes, and diamonds for Mg-H complexes.

curvature of the potential energy curve defined in &

the potential energy. From our preliminary calculations, we

o 1 d?V(x) _ [k+6ax _ \F found that to obtain potential energy values up3tan, a
W= ooyl - P TN wagging amplitude of at least 0.5 A is required for the BC
== X=Xn=0 . . .
X=%p=0 0 site and 0.3 A for the AR site. At the same time the fre-

(12 quency(and the potential energys up to five times smaller

The second derivative of the potential energy curve ihan that of the stretching modes. In order to decouple the
equal tok+6ax, to first order inx. Now we perturb the Pond-stretching mode from the wagging mode, it is impera-
oscillator by adding\x to the potential; one can think of this tiVe 0 keep the bond distance between N-H fixed. The am-
term as a small external force which changes the equilibriunﬁ’“t“de of vibration is defined here as the distance along the
bond length. The equilibrium position is then shiftedxp '€ measured from the equilibrium position around the nitro-
= —\/k (to leading order We can then find the change of 9€N atont? We treat the wagging modes as degenerate, al-

»° with respect to an equilibrium bondlengty as though str_ictly speaking the wurtzite structure breaks the
symmetry in the case of thel*” modes.

0 i The vibra_tional_frequencies of thg wagging modes depend
di: i m: b . (13 on the configuration and on the stiffness of the N-H bond
dx  dxo M 2uw° bending. We could identify no clear trends in the frequency
as a function of N-H equilibrium bond length, as we were

Using averaged values af and »° (from Table VI and
translating the result into our frequency units, we find a slope
of —13126 cm Y/A, in reasonable agreement with the slope
qf —16164 cm .l/A Qerlved in Fig. 9 Based on the correla- are the second, third, and fourth order coefficients in the polyno-
tlo_n bet\_/vee_n vibrational freque_nmes and N-H bond lengt ial fit of the potential-energy curfsee Eq(4)], in eV/A", where
evident |_n Fig. 9 and expresse_d n E_(:@) and(l_l), onecan s the order of the coefficient? is the harmonic component of
now derive results fomny configuration for which the N-H 6 \iprational frequencydw is the anharmonic contribution, ams

TABLE VII. Vibrational properties for H-N wagging modes for
selected configurations calculated in 32-atom superdéfls«, and

bond length is known. is the total frequencyw=w’+ Aw. Values ofw calculated using
perturbation theoryEq. (5)] are listed in parentheses. All frequen-
C. Results for wagging modes cies are in cm.

We report our calculated results for vibrational frequen-Type Configuration k/2 B o Ao ©

cies of N-H wagging modes for some selected configura-

tions. These calculations were carried out in 32-atom cellsH* BC 0.22 —0.06 1.28 360 153 51362
These modes of vibration have significantly lower potentialBe-H BG 0.52 —0.10 1.11 549 76 628661
energy compared to the bond-stretching modes. The error barg-H ABy ., 1.87 —0.41 0.86 1040 21 106@061)
may be slightly larger thart 100 cmi ! here, resulting from  H+ ABy . 115 —-1.19 1.71 814 13 82821
the fact that we have to perform calculations using largevg-H OA 2.45 —2.02 0.78 1190—33 1157(1162

amplitudes of vibration and resulting in smaller changes in

075206-10



IDENTIFICATION OF HYDROGEN CONFIGURATION . . . PHYSICAL REVIEW B 68, 075206 (2003

able to do in the case of the stretching modes. We confinefhterstitial H" in the BG configuration, where perturbation
our investigations to the wagging modes of the lowest energyheory is off by 150 cm?, due toB being large anck/2
configurations for each cagisolated H, Mg-H, and Be-H  being exceptionally small.

plus a few selected configurations. Potential energies as a

function of the wagging amplitudexj are shown in Fig. 10.

The symbols indicate data points from our first principles VI. DISCUSSION

calculations and the lines are the fourth-order polynomial fit
to the data points. The fitting parameters as well as resulting

frequencies including harmonic and anharmonic terms are Calculations of stable geometries and corresponding ener-
tabulated in Table VII. gies for H in wurtzite(WZ) and zinc blend€ZB) GaN were

reported by Wrighf, based on DFT in the LDA, and includ-
ing Gad states as valence states. For WZ, Wright found the
OA”: The_ potential energy curves and frequencies for BC\?‘VEQ‘#NSQ; %g';ﬁ OS.I;_%Set\(/) Qggﬁii;ﬁg:ebsnoérlggy'eghf;ﬁézg
configurations are very different from those for AB and : » .
OA,. The wagging modes for AB, and OA confi urations val_ues are in reasonablg agreement with our present results.
I > wagging AL and OA 9 Wright® also calculated vibrational frequencies for the stretch
are consistent with expectations, for instance, based on tr}ﬁodes within the harmonic approximation, finding
symmetric bending mode of NH(at 950 cm'!, Ref. 25. 3240 cm ! for the ABy | site, 3120 cm! for the ABy | site,
But the BC configurations exhibit much lower frequencies,3ggg et for the Bq site, and 3480 cmt for the BC
due to the very shallow nature of the potential in the vicinity site These values are close to our numbers for the harmonic
of the BC site. Inspection of the potential energy curves refrequencies listed in Table VI. In a subsequent publicatfon,
veals, in fact, that the potential energy curve is more Usjightly different values were reported: 2970 chfor ABy |
shaped than parabolic; note also the small values of the foregnd 3420 cm? for BC,; the differences may be due to the
constantk in Table VII. A direct comparison is provided by use of the actual mass of the H atom rather than a reduced
inspection of the potential energy curves in Fig. 10 for iso-mass in Ref. 14. Reference 14 also provided results for wag-
lated interstitial H at BC (solid circles, solid ling versus  ging modes, reporting 847 cm for ABy, and 502 cm*®
ABy, (open circles, dashed line for BCy, in good agreement with our results listed in Table
The ABy, configuration yields a frequency of 827 ch VIL
for H" and 1061 cm? for Mg-H. The higher frequency for Regarding the comparison between calculations using the
Mg-H is consistent with the increase in the N-H bondnicc and those explicitly including the Gad3states, we
strength discussed in Sec. V Awhen Mg replaces Ga. A simiPreviously® performed some explicit tests and extended
lar trend is observed for the stretching mode, see Table VI.those in the context of the present study. We found that N-H
We calculated the wagging mode for Mg-H complexes inbond length tend to be slightly shorter whed 8tates are
the OA (solid diamonds in Fig 10 While OA does not !ncluded, and that the ABsite tend; to be slightly lowered
have the lowest energy, it is the most stable configuration dff €nergy compared to the BC site whed & compared
elevated temperatures due to large entropy associated with i‘f]gth nicc. These observations are g%nerally consistent with
unique structuré® as will be discussed in Sec. VIB. The € differences between Wright's restlend ours.

: . : . _ Turning now to the Mg-H complex, in our own previous
wagging frequency of this configuration was one of the esworkl we reported a frequency for the ABtonfiguration of

?fggsl(:?lr)emeir;ts f;irg::; enrt]rigﬁyércalf[:#;z:]tlonih;he ;/;Iuethe Mg-H complex of 3360 cm'; no anharmonic porrection
1 : . . was considered at the time. We note that this frequency

AB.Nvi (1.061 cm ), pO‘E‘T‘“a”V reflectlr_1g a s_tronger inter- agrees very well with the harmonic frequencies listed for
action W't.h the Mg atom in the Qﬁconflguratlon. AB,, (3333 cn) and ABy; (3335 cn) configurations

Returning to the BC configurations, we observe that theq \g-H in Table VI, in spite of the fact that the calculations
potential energy curves for isolated interstitial ldnd Be-H  of Ref. 1 were carried out for the zinc blende phase.
complexes at B{Care symmetric, but highly distorted from  stryctures and vibrational frequencies for the Mg-H com-
parabolic. For the stretching modes, the anharmonic terrplex in wurtzite GaN have been investigated by Bosin
was negative because the dominant termin came from et al,'® Okamotoet al,'* Torres et al,*? Fall et al,*® and
the third-order termy, with a smaller correction due to the Myers et all* None of these studies included anharmonic
fourth-order termg [see Eq(5)]. However, for the BC wag- corrections; a comparison with the harmonic frequen€ys
ging modesx is very small, and\w derives largely fromB3,  therefore appropriate, although it should be kept in mind that
resulting in a positivelw. a parabolic fit to data points corresponding to relatively large

Given the large deviation from harmonicity, one might hydrogen displacements will produce a quadratic term that is
wonder about the accuracy of the perturbation-theory aplower than the purely harmonic part, i.e., some effect of an-
proach(Sec. Il B for deriving the anharmonic frequencies in harmonicity is probably included even in these calculations.
these cases. Overall, the frequencies calculated using pertiResults from these previous investigations are listed in Table
bation theory agree remarkably well with the numerical re-VIIl and compared with our present results. The differences
sults, as can be seen in Table VII; the deviations are smalldsetween our results and the results of Okametal. are
than 40 cm®. The only exception is the mode for isolated likely due to their use of a 16-atom supercell. The agreement

A. Comparison with previous computations

Both isolated interstitial FI and Be-H complexes favor
BC configurations while Mg-H complexes favor AB and
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TABLE VIII. Comparison of computational results for Mg-H complexes in wurtzite GaN by various
groups. For each set of calculations by a given group, the lowest-energy configuration is listed as zero energy,
and AE (in eV) is the energy difference with this lowest-energy configuration. Listed frequendigin
cm™1) are for vibrational stretching modes, calculated within the harmonic approximagenTable VI for
anharmonic corrections

Configuration AE (eV) w® (cm™Y)

Present Bosfh Okamotd Torre$ Fall® Present Bosfh Okamot8 Torre$ Fall
ABy | 0.00 0.00 0.1 0.0 3333 2939 3340
ABN,H 0.28 0.47 0.1 0.0 0.2 3335 3069 3277 3580
BCH 0.33 0.32 0.0 0.5 >0.3 3859 3611 3490 3645~4200
BC, 0.54 0.62 0.0 >0.3 3917 3450 ~4200

8Reference 10.
bReference 11.
‘Reference 12.
dReference 13.

with the results of Bosiret al. is quite good for the energy A number of experimental studies have been carried out
differences between different configurations; however, theifor Mg-H complexes in GaN. Our total energy calculations
frequencies seem to be significantly smaller than our presefindicate that the AR , site is favored, but the other configu-
results. This can be attributed to the systematically largefations are only slightly higher in enerdggee Table IV; in
values for N-H bond lengths in their calculations, in spite ofparticular, we focused on the QAvhich will turn out to be

the fact that 8 states are explicitly included. In addition to Very relevant. It then becomes very interesting to compare
the results listed in Table VIII, we mention the frequenciesour calculated frequencies with experiment. The differences
calculated in Ref. 14 for the AR, configuration: between the calculated stretching-mode frequencies for the
3284 cmi! for the stretching mode and 937 chfor the  ABn.. OAj, and ABy configurations are smaller than the
wagging modes, in good agreement with our resultd ( €rror bar of our cal_culatlons: we 0btatm=3045,.3068, and
=3333 cmi' ! for the stretching mode and 814 chfor the 3113 cm %, respectively(Table VI). The harmonic frequen-
wagging modes Overall, we find reasonable consistency be-cies «? are even closer. The similarity in the frequencies is
tween our present results and previous reports; however, tH¥ course related to the almost identical N-H bond lengths in
accuracy of calculated frequencies in the previous wiork @all three configurations, as discussed in Sec. V B. In contrast,
particular, the neglect of anharmonic correctijodisl not al-  the calculated frequency for the BC configuration is much

low for comparisons with experiments at the level of thehigher, at 3742 cm’; however, we remind the reader that
discussion in the next section. the BC configuration is not even metastable for Mddee

Sec. IV B.

As mentioned in the IntroductiofSec. ), the local vibra-
tional mode of the Mg-H complex has been experimentally
We have obtained results for H in different configurationsdetermined to occur at 3125 ¢rt).*~® The measured fre-
in isolated interstitial H, and in the Mg-H and Be-H com- quency agrees within our error bar with our calculated fre-

plexes. The extent to which, for a given complex, each ofquencies for the AR, , OA;, or ABy configurations.
these configurations is occupied of course depends on the The experiments of Gp et al* actually provided another
energy differences between them. For isolated interstitialiseful piece of information, namely, the frequency for the
H", the BG site is favored, with BC and ABy, only  stretching mode in the Mg-D complex. This line was found
slightly higher in energy. However, the diffusion barrier cal- at 2321 cm!. We can go through the formalism outlined in
culated for H in previous work is only 0.7 eV, and H is Sec. Il C, and use Eq$6), (7), (8), and(9). The reduced
thus quite mobile and unlikely to be stable at the interstitialmassed in this case are simply those for a Neaf N-D)
site. Unless experiments are specifically tailored to its obsemescillator, i.e.,uy=0.933my and up=1.75my. We thus
vation (e.g., low-temperature proton implantatiowe thus obtain the following values:wﬂ=3324 cm?! and Awy
do not expect to observe signals related to isolated interstitiak —199 cmi'*. For the reasons outlined in Sec. Il C, the
H. We point out that because we explicitly report harmonicanharmonic term determined in this fashion has a sizable
and anharmonic terms, our calculated values for H can berror bar, because it is very sensitive to the ratio of the re-
easily used to derive values for D, using the approach deduced masses. However, the values derived here are certainly
scribed in Sec. Il C. in reasonable agreement with our calculated valuesf

In the Be-H complex, the BC sites are overwhelmingly andAw (Table VI), the large magnitude afw again empha-
favored. Experimental observations have not yet been resizing that anharmonic contributions are very important in
ported; we thus offer our calculated frequency as a predicthis system.
tion. We obtained 3299 cnt for the stretching mode and We concluded above that, based on calculated frequencies
625 cm * for the wagging modes. alone, we cannot distinguish between the,\AB OA;, and

B. Comparison with experiment
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ABy configurations. Fortunately, the infrared spectroscopyconfiguration below that of A, . Both energetic and struc-
experiments of Clerjaudt al® provided additional informa- tural arguments thus favor the @Aonfiguration as the mi-
tion about the Mg-H complex. By using polarized light they croscopic structure of the Mg-H complex observed in Refs.
were able to determine that the complex wast aligned 4-6.

along thec axis. This agrees with our calculations, which

show that {" configurations (ABy, BC, and AR are VIl. SUMMARY

higher in energy(see Table 1V. Clerjaudet al. also derived
the angle between theaxis and the electric dipole induced
by the mode, finding a value #&f=130=5°. Since hydrogen

We have presented first-principles calculations of energet-
ics and vibrational frequencies for various configurations as-
o : . : sumed by hydrogen ip-type GaN. The main results are
exhibits the largest displacement amplitude —in thesummarized in Table 1. We have shown that it is very impor-

3125 cm * mode, it is natural to assume that the angle tant to go beyond the harmonic approximation and take an-
reflects the direction of the N-H bond length. The experimen; 9 y PP

tal result§=130° is therefore not consistent with the AB ?hagmoglrg Cg;]tgfourﬂorgu':]? a(r:gglcjr?thggebteoeah?olI?i]thihrzac?zilgj-
configuration, in which the angléis very close to 109fsee yarog : P

Fig. 5. Figure 5 shows, however, that the O@onfiguration lated potential energy values to a fourth-order polynomial

exhibits an angle of 134°, in very good agreement with eX_and calculate the vibrational frequencies by explicit numeri-

periment. Note that the OAconfiguration, in which the N-H cal solution of the Schiinger equation. Perturbation theory

bond angle deviates from 109° in the opposite direction, Ca@rowdes a simpler and reasonably accurate alternative. We

. . Iso investigated the trends in stretching-mode frequencies,
be safely excluded as a candidate for the experimentally Otﬁnding a strong correlation with the length of the N-H bond
served structure. '

For the important Mg-H complex, we found very similar

Trge agreement between the observations O.f Clerjaugtretching—mode frequencies for three configurations
et al’ and our calculated structure seems to provide a com;

) . . : (ABy, , OAj, and ABy)), all in good agreement with the
pelling argument for concluding that the microscopic struc- '. g Nl ; 4 )
4 . experimental value~® Additional information about the ori-
ture corresponds to the QAonfiguration. However, as we

) X ! O entation of the N-H bond in this compl@allows us to iden-
see in Table IV, this configuration isot the lowest-energy . . .
. “ » tify OA| as the microscopic structure. We also found this
structure for the Mg-H complex; the “regular” A, com-

olex (with an angleg=1099) is lower in energy by 0.19 eV. configuration to be most stable at high temperattidzre-

The resolution to this puzzle is provided by a thorough ir]_qlctlons for Be-H complexes and for isolated interstitial H

o in GaN will be useful for identification of the microscopic
vestigation of temperature-dependent effects, as reported | : . . . .

. . . . structure of the species responsible for vibrational modes in
Ref. 15. It turns out that the QAconfiguration gives rise to

a set of low-energy excitations, which contribute signifi-fUture infrared or Raman spectroscopy experiments.

cantly to theentropyof the complex. Our studies show that it
costs very little energy to move H away from the Ogosi-
tion, maintaining the “polar” angled with the ¢ axis and This work was supported by the Air Force Office of Sci-
rotating H around thec axis [see Fig. ®)]. The entropy entific Research, Contract No. F4920-00-C-0019, monitored
associated with this nearly free rotation plays an essentiddy G. Witt, and by the Office of Naval Research, Contract
role in stabilizing the complex. The rotational excitation No. N00014-99-C-0161, monitored by C. Wood. We thank
spectrum was calculated using a quantum-mechanical modsl. M. Johnson, M. D. McCluskey and J. Neugebauer for
in which the hydrogen atom moves in a weak corrugatioruseful discussions and suggestions. C.VdW. is grateful to the
potential, and the resulting free energies were obtained bifritz-Haber-Institut and Paul-Drude-Institut, Berlin, for their
evaluating the partition functiof?. At sufficiently high tem-  hospitality, and to the Alexander von Humboldt Foundation
peratures the entropy term lowers the free energy of the OAfor a US Senior Scientist Award

ACKNOWLEDGMENTS

*Current address: School of Physics, Institute of Science, Surana’J. Neugebauer and Chris G. Van de Walle, J. Appl. P8§s3003

ree University of Technology, Nakhon Ratchasima, Thailand. (1999.

13. Neugebauer and C. G. Van de Walle, Phys. Rev. 64452  °C. G. Van de Walle, S. Limpijumnong, and J. Neugebauer, Phys.
(1995. Rev. B63, 245205(2007).

9 .

2S. Nakamura, N. lwasa, M. Senoh, and T. Mukai, Jpn. J. Appl.lOA- F. Wright, Phys. Rev. B0, 5101(1999. o
Phys.31, 1258(1992. A. Bosin, V. Fiorentini, and D. Vanderbilt, iGallium Nitride and

3 ' Related Materialsedited by F.A. Poncet al, Mater. Res. Soc.
.N . G. V. Walle, Appl. Phys. 182 . . )

J(lgeglggebauer and C. G. Van de Walle, App ys. 6811829 Symp. Proc. Symposia Proceedings No. 89aterials Research

4 L Society, Warrendate, PA, 1996. 503.

W. Gatz, N. M. Johnson, D. P. Bour, M. D. McCluskey, and E. E. 11y Okamoto, M. Saito, and A. Oshiyama, Jpn. J. Appl. PI85.
Haller, Appl. Phys. Lett69, 3725(1996. L807 (1996.

°H. Harima, T. Inoue, S. Nakashima, M. Ishida, and M. Taneya, 12y, J. B. Torres, S. @erg, and R. Jones, MRS Internet J. Nitride
Appl. Phys. Lett.75, 1383(1999. Semicond. Res2, 35(1997. )

®B. Clerjaud, D. Cte, A. Lebkiri, C. Naud, J. M. Baranowski, K. 13C. J. Fall, R. Jones, P. R. Briddon, and ®e@y, Mater. Sci. Eng.,
Pakula, D. Wasik, and T. Suski, Phys. Rev6B 8238(2000. B 82, 88 (2001).

075206-13



LIMPIJUMNONG, NORTHRUP, AND van de WALLE PHYSICAL REVIEW B8, 075206 (2003

s M. Myers, A. F. Wright, G. A. Petersen, C. H. Seager, W. R.  search Society, Pittsburgh, 200p. G4.3.
Wampler, M. H. Crawford, and J. Han, J. Appl. Phg8, 4676 2The term “global minimum” is used to describe the lowest-

(2000. energy configuration amongst the local minima that resulted
1°s. Limpijumnong, J. E. Northrup, and C. G. Van de Walle, Phys.  from our study. Because of the large amount of calculations
" Rev. Lett.87, 205505(2001. performed(only a subset of which has been explicitly reported

P. Hohenberg and W. Kohn, Phys. Rev1B6, B864 (1964; W. hera, using different starting positions for the atoms and always

Kohn and L. J. Sharibid. 140, A1133(1965. allowing atomic relaxation, we are quite confident that we have

'"M. Bockstedte, A. Kley, J. Neugebauer, and M. Scheffler, Com-  jyentified the global minima. Still, there is a remote possibility
" put. Phy;. Communl07, 187 (1997). that a lower-energy configuration may have been overlooked.
S. G. Louie, S. Froyen, and M. L. Cohen, Phys. Re@@31738 24| | anday and E. M. LifshitzQuantum Mechanic8rd ed.

(1982. (Pergamon, Oxford, 197%/p. 136.

19 ;
J. Ngugebauer anq C. G. van de Wallg,Dafect and Impurity 25CRC Handbook of Chemistry and Physi@8rd ed., edited by
Engineered Semiconductors and Devjcedited by S. Ashok . :
. . David R. Lide (CRC Press, Boca Raton, 199pp. 9-20 and
et al, Mater. Res. Soc. Symp. Proc. Symposia Proceedings No. 9-149

378 (Materials Research Society, Warrendate, PA, 1995503. 26t ) . Th ) ) | § ) )
201 3. Monkhorst and J. D. Pack, Phys. Revl® 5188(1976. ttp.//srdgta.mst.gov/cccbdb/, The vibrational req_uenues m-
cluded in this range are chosen from those calculations that give

21C. G. Van de Walle, Phys. Rev. Le&0, 2177(1998. _ : N o :
22g Limpijumnong and C. G. Van de Walle, BaN and Related a reasonable bond distance, i.e., within 1% of experiment.

Alloys edited by U. Mishra, M.S. Shur, C.M. Wetzel, B. Gil, and ?’periodic Table of the Elemen{Sargent-Welch, Buffalo Grove,
K. Kishino, MRS Symposia Proceedings No. 688aterials Re- IL, 1980).

075206-14



