Role of hydrogen in surface reconstructions and growth of GaN
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We present first-principles calculations for the atomic structure and energetics of hydrogenated
GaN000)) surfaces. The geometry of the most relevant surface reconstructions is discussed in
detail. Finite-temperature effects are included through calculations of the Gibbs free energy and the
stability of various surface reconstructions is analyzed in terms of a generalized surface phase
diagram. A comparison with recent experiments elucidates the energetic and structural properties of
GaN surfaces under growth conditions. Z002 American Vacuum Society.
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I. INTRODUCTION GaN?® as well as diffusion of Ga and N adatoms on

GaN0001) and GaN(000)L* Only a very limited amount

Knowledge of surface reconstructions on nitride SemICoN¢ \ork has been devoted to hydrogen, however: Northrup

ductors is important for improved control over growth, ma- |18 ined H GaN(1G d th i ‘
terials properties, and interface formation. Most of the inveset @l examine on GaN(1@), and the studies o

. 11 . 8 .
tigations to date, both theoretical and experimental, hav&Titschetal=and Rapcewiczt al." included a result for a
focused orbare GaN surfaces. Previous computational stud-SPecific hydrogen-terminate¢001) surface, with 3/4 mono-

ies of GaN surfaces include investigations of cubiclayer (ML) of H. The work of Elsneet al** also included a

surface$ ®and of the nonpolar surfaces of wurtzite Gaf, ~ 1/2 ML coverage(which we find to be unstable

The technologically most relevario001) surface of GaN Experimental investigations of hydrogen of GaN surfaces

was studied in Refs. 8—11. are also rare: besides the growth studies mentioned above,
Our present work goes beyond these studies in two reSunget al® investigated MOCVD-grown GaN using time-

spects. First, we include interactions between hydrogen anaf-flight scattering and recoiling spectrometry, and inferred

the surface, and second, we address finite-temperature dfie presence of hydrogen on the surface. Hydrogen desorp-

fects. The first point is important because hydrogen is presenion was studied by Chiangt al?* and by Shekhar and

in high concentrations in the most commonly used growthienserf? Bellitto et al,? finally, applied a variety of experi-

techniques for nitride semiconductors, including metalor-mental probes, including high-resolution electron energy loss

ganic chemical vapor depositioMOCVD) and hydride  spectroscopy, to the study of intentionally hydrogenated GaN
vapor-phase epitaxy. Even in molecular-beam epitddBE)  syrfaces.

hydrogen has been introduced, either from a plasma source gy first-principles calculations, based on

or through growth with a NHi source. Hydrogen has also pseydopotential-density-functional theory, allow us to inves-
been observed to have Important effects on the growth figate the stability of surface reconstructions as a function of
GaN. Fo.r instance, Yet al. observeq that the introduction stoichiometry(Ga-rich versus N-rich conditionsas well as
of H.durmg MBE growth of GaN using a rf plasma source of the abundance of hydrogen in the growth environment.
can increase the growth rate t.)y as much as a factor' of e focus here on the G&B0D0J) surface, which is techno-
Hydrogen was also reported to improve the crystal quality 0Eogically most relevant: indeed, this is the polarity observed

GaN in ri-MBE!® As to the second point, the development .
of a finite-temperature formalism is essential if we want ourfor MOCVD growth of GaN on sapphire, as well as for MBE

results to be relevant for growth of GaN, which is carried outOf G?‘N_ on Si-face SIC. AT=0, we find that reconstructions
at temperatures around 1000 °C. This will require the evaluMaximizing the number of N-H bonds are favored, due to
ation of Gibbs free energies the large N—H bond strength. Growth occurs at elevated tem-

Some previous computational studies have actually agPeratures, however, and therefore we have extended the for-

dressed adsorbates on GaN surfaces, without explicitly infalism to include vibrational, rotational, and translational
cluding the temperature dependence: Bungdral * studied ~ energies and entropies. Inspection of the Gibbs free energies
Mg on GaNO0001), Picozzi etall® investigated Al on attemperatures relevant for growth produces a picture that is
zincblende GaN, Neugebauest al? looked at As on Very different from theT=0 results. Nitrogen-rich condi-
GaN(001), and Zywietzet al. addressed oxygen on wurtzite tions still favor N—H bonds, but moving towards Ga-rich
conditions we find that 2 reconstructions involving only
dElectronic mail: vandewalle@parc.xerox.com Ga—H bonds(3/4 ML H coveragg or even hydrogen-free
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surfacegGa adatom or Ga bilayer reconstructipase more AG'=E,{ GaN[0001) ]— E,,{ GaN(0001), ideall
stable.
Changes in temperature and pressure strongly affect the +AF b~ Neattca™ ANANT MHAH - @)

relative stability of various reconstructions; such informationg, [GaN(0001) is the calculated total energy for the surface
is best presented in a phase diagram, but due to the larggder study, andE,,{GaN(0001), idedlis the total energy
number of degrees of freedom a traditional phase diagrargs our reference systemmg, ) is the number of Ga,H)
would be difficult to analyze or visualize. We have been ableytoms that is added to the unit c@dositive or negative The
to show that the number of degrees of freedom can be reerm AF,;, includes vibrational contributions to the free en-
duced to two if chemical potentialsare chosen as the grgy, and is discussed below, and wy are the chemical
variables’* The resulting generalized surface phase diagranpotentials of Ga and N, i.e., the free energies of the reser-
provides immediate insight into the stability of various sur-yoijrs with which Ga and N atoms are exchanged. In equilib-
face structures as a function of growth conditions. rium, ueat un=EwiGaN], i.e., the total energy of a two-
Experimental studies of the surface structure at high tematom unit of bulk GaN, calculated for the structurally
perature in the presence of gasas relevant for MOCVD  optimized wurtzite structure. This leaves us, in effect,
are exceedingly difficult. We are fortunate that a set of exyith a single parameter to describe the stoichiometry, for
perimental studies has been performed by MunkholmMyhich we will chooseug,. Ga-rich conditions place an
et al*>*®based on grazing incidence x-ray scattering. Theifypper limit on ua,, given by feqpuig; N-rich conditions
in situ observations of surface reconstructions in a MOCVDplace an upper limit onuy, given by snpn,, Vielding a
growth environment can be directly linked to our theoretical|OWer limit on wg,. The total energy of G;N can also be

results. The experimentally measured transition between tW8xpressed as Eyo{ GaN| = uagpuig+ np, + AH{[GaN]
(0) u 2 !

reconstructions turn tt incide with ifi nd- : . .
econstructions trms out to co c_de a specitic bou_ dwhereAHf[GaN] is the enthalpy of formatiofinegative for
ary in our phase diagram, offering valuable information

about the nature of the observed structures. a staple compound KGa thus varies over a range corre-
Some of our results have been discussed in Ref. 24. | ponding to the magnitude of the enthalpy of formation of

this article we will provide additional details about the ge- aN. Our calculated value faxH [ GaN] is ~1.24 eV (ex-

ometry of the surface reconstructions, and about the Con{_)eriment:—li? €\).” Our use of an equilibrium formalism
parison with experiment, or the chemical potentials is justified by the fact that in

Section Il briefly describes the computational approach!vlo.c.vl.D growth the qondmons are _usually_close en.O.UQh to
Sections Il and IV discuss the atomic and electronic struc-equ'I'b”um(as established by sufficiently high mobilities of
gint defects on the surface and in the hutk this assump-

ture of the surface reconstructions, and Sec. V addresses tﬁe

. . : . on to be valid.
comparison with experiment. Section VI concludes the ar- . . .
The chemical potential of hydrogem, is a free param-

ticle. eter describing the abundance of hydrogen in the environ-
ment. This chemical potential is given by the free energy of
II. METHODS H,, assuming that there are no kinetic barriers to equilibra-

The first-principles calculations are based on density:[Ion with H,; experiments have shown this to be true above

or21
functional theory in the local-density approximatighysing 600 °C: _ . _
ab initio pseudopotentials, implemented in an optimized NOW We discuss how finite-temperature effects are incor-
code?® For hydrogen we use the Coulomb potential. ThePOrated into the formation energy defined in Efj). The

Ga 3d states are explicitly included as valence states, requiﬁemperaté"e dependence of the hydrogen chemical potential
ing a 70 Ry plane-wave cutoff. We use a slab geometry!S 9'Ve€n by

consisting of at least four double layers of GaN plus at least pVo
7 A of vacuum. The lower surface of the slab is passivated 2un=En,+ kT'”(W) —KTINZig—=KTINZyp, 2
with fractionally charged hydrogen atoms, and the positions
of all atoms in the lower half of the slab are kept fixed, WwhereE,, is the energy of an Himolecule k is the Boltz-
allowing us to accurately determine energy differences bemann constant] is the temperature, anglis the pressure.
tween surface reconstructions on the upper surface of thég=(h%2wmkT)*? is the quantum volume, and,, and
slab. A 2x2x1 Monkhorst—Pack meéhwas used in the Z,, are the rotational and vibrational partition functions.
calculations with 2 2 andv3 X3 periodicity. Convergence The termAF,;, in Eq. (1) describes the difference in vi-
tests indicated that these choices allow us to determine efrational free energies between the surface under study and
ergy differences to an accuracy of better than 0.05 eV. Ouour reference systertihe ideal bare surfageThe tempera-
calculated lattice constant for GaN &=3.195 A, essen- ture dependence arises from vibrational contributions to the
tially the same as the experimental value. energy and entropy and could, in principle, be evaluated en-
We define the&Sibbs free energy of formatioof a particu-  tirely from first principles based on a calculation of the vi-
lar surface reconstruction as the free-energy difference besrational spectrum. This would, however, be a tedious exer-
tween the reconstructed surface and a reference surface, fose, to be repeated for each of the surface reconstructions
which we choose the ideal, barex1l surface(relaxed but under study. Inspection of the vibrational modes calculated
unreconstructed for a subset of structures reveals that, to a very good approxi-
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reported for bare Gaf0001);'° specifically, under Ga-rich
conditions the most favorable reconstruction is the Ga ada-
tom in aT4 position (i.e., above a second-layer N athm
while under N-rich conditions the N adatom in tH& posi-

tion (i.e., the “hollow site” above the hexagonal channisl
most stable. Under extreme Ga-rich conditions a Ga-bilayer
reconstruction is energetically most favorabie.

In the presence of hydrogen, the equilibrium structure that
is dominant atT=0 is the NH+3NH, reconstruction. It
consists of adding one NHand three NH molecules in
on-top positiongwith the N atoms above Ga surface atgms
in the 2x 2 cell. Alternatively, one can think of this structure
as a N-terminated GaB001) structure, with 9 of the 12 N
dangling bonds(DBs) passivated by H. Within this basic
Fic. 1. Schematic top view of prevalent>2 reconstructions for €Construction, many possible configurations are possible,
GaN000) surfaces. Large white circles represent Ga atoms, black circlecorresponding to a number of different arrangements of the
N, and small white circles H. nitrogen DBs(which are all filled with two electrons We
first carried out calculations addressing the distribution of the

tion. the vibrati ' f . ucti DBs over the N atoms in the cell: three DBs all on the same
mation, the vibrational free energy for a given reconstructio atom, or two DBs on the same N atom, or each DB on a

can be calculated by assuming specific frequencies for th8i1‘ferent N. The structure that we identified to be lowest in

relevant vibrational r.nodes. of the bonds that appear in t.heséfanergy has the three DBs occurring on three different N at-
surface reconstructions, i.e., we assume the vibrationa

- oms. We also investigated the optimal orientation of the
modes only depend on the atorfr molecular units di- : . )
. . S Bs: should they all point toward the sant€3 site, or
rectly involved in the bond, and are otherwise independent OP .
. ] o . _should the three DBs be parallel? It is the latter arrangement
the environment. We estimate that vibrational frequenCIe?h t is most favorabl
would not change by more than100 cni ! due to changes al ?h Of b? ora e.t f the NH 3NH tructi
in the environment, yielding a conservative error bar of less n the stable geometry of the N 2 reconstruction,

than 0.1 eV on the free energies calculated using this aerpmted in Fig. 1, the Ga—N bond lengths in the GaZNH

proximation. We have used the following vibrational units are all qual to 1.93 A, slightly shortéay 0.03 A thgn
frequencies® for Ga—H, 2010 cm® (250 me\f for stretch- ~ a~N bonds in the bulk. The Ga-N bond length in the
ing and 990 cm® (123 meVj for bending: for N—H, 3450 single Ga—NH unit is equal to 2.03 A, 0.07 A longer than
cm L (429 me\) for stretching and 1020 cht (127 meV) Ga—N bonds in the bulk. The N—H bor!ds in the Nthits
for bending; for adsorbed NH in addition to the stretching '€ all very close to 1.03 A. In the Ntunit, one N—H bond

and bending modes above, two modes at 1691 'c(@10 is also equal to 1.03 A, while the other two are slightly
meV), and a Ga—NI§|t0rsi0n' mode at 240 cit (30 meV): longer, at 1.04 A. For comparison, our calculated N—H bond

and for adsorbed N} in addition to the stretching and length in NH; is 1.02 A, very close to the experimental value
bending modes above, a scissors mode at 1450" ¢4B80 of 1.01 A,

N, H+Ga-H

meV) and a Ga—NH torsion mode at 240 ciit (30 me\). The 3Ga—H structure, corresponding to a 3/4 ML cover-
The vibrational free energy is then given by summing over2ge of H, is the only stable hydrogen-related structure that
the modes with frequency, : has been studied in previous wdrk!*°Note that we find the
1/2 ML coverage structure studied in Ref. 19 to be unstable.
Fvib:E @JrkTE |n[1_e7(ﬁwi/kT)]1 3) The three Ga atoms that are bonded to H move outward by
T2 0.09 A (referenced to the ideal, unrelaxed structurEhe

remaining Ga atom that is not bonded to H moves into the
surface by 0.36 A, a manifestation of greater tendency to-
ward sp? hybridization, as expected for a Ga atom with an

1. ATOMIC STRUCTURE empty dangling bond. The Ga—H bond lengths are equal to

In the course of our investigations, we examined over 30L.57 A.
different surface reconstructions, including structures with The NH;+3Ga—H structure can easily be obtained start-
1X1, 2x2, andv3xv3 periodicity. Although we made no ing from the 3Ga—H structure by adding one Nithit on top
a priori assumptions, we find posteriorithat the lowest- of the one Ga surface atom that is not involved in a Ga—H
energy structures all exhibit>22 symmetry; this result is bond. The three Ga atoms involved in Ga—H bonds now
related to theelectron counting rulewhich will be discussed move outward by 0.04 A, with Ga—H bond lengths equal to
in Sec. IV. 1.60 A. The Ga atom involved in the Ga—NKHond moves
Figure 1 schematically depicts those reconstructions thahto the surface by 0.13 A, and the Ga—)NHond length
will turn out to be most relevant. In the absence of hydrogenequals 2.05 A, i.e., 0.09 A longer than the bulk bond length.
we find the lowest energy structures to be those previouslfhe N—H bond lengths are 1.03 A.

where the first term is the zero-point energy.
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The NH;+3Ga—H structure is very close in energy to athe number of N—H bonds that can be formed while still
stoichiometrically equivalent structure, name¥g,+6H, obeying the electron counting rule.
which consists of a Ga vacancy in which all 3 N DBs are The picture completely changes at higher temperatures,
saturated with H, plus 3 Ga—H bonds. In this case the threparticularly those relevant for MOCVD growth. This is not
Ga atoms involved in Ga—H bonds move outward by 0.07 Aso much due to the vibrational contributions to the free en-
with Ga—H bond lengths equal to 1.56 A. The N—H bondergy from species on the surface; those contributions are
lengths are 1.03 A. only on the order of 0.1 eV. By far the largest contribution to
The remaining structures depicted in Fig. 1 include nitro-the temperature dependence arises from the large change in
gen adatoms in théi3 position, similar to the i, recon-  the value of the hydrogen chemical potential, i.e., the free
struction on the bare surface. In the/NH+Ga-H struc-  energy of the reservoir with which H atoms are exchanged.
ture, the N adatom sits in &#3 position(bonded to three Ga An inspection of the temperature dependencg@fsee Eq.
atoms, and a N—H bond is formed on top of this adatom, (2)] indeed indicates that at 1300(&ind a pressure of 1 aim
with a bond length of 1.03 A. A Ga—H bond is formed on the,uH is 0.98 eV lower than af=0. A lower value of uy
fourth Ga atom, with a bond length of 1.59 A. TheiNH  means that less energy can be gained by kil atom out
+NH, structure is very similar to N—H+Ga-H, but now o the reservoir and binding it to the GaN surface; this causes
an NH, unit sits on top of the fourth Ga atom. The Ga—N the formation energy of structures that contain a large num-
bond length in the Ga~Nfunit is 1.90 A, showing a con- per of N—H bonds to dramatically increase with temperature.
traction by 0.06 A with respect to the bulk. The N—H bond The bottom line is that at high temperaturés.g., T
lengths in the N unit are 1.03 A. =1300 K, representative of MOCVD growth conditigribe
energetically favored reconstructions are entirely different
from those atT=0. While at low temperature several eV
IV. ENERGETICS could be gained by forming N—H bonds on the surface, at
. . . high temperature the energy differengeer 1xX1 cell) be-
a Fﬁ:tsr:g?igri t;']Vaet tr;:stjl?)wr(‘a(:-epr::aor;yast?lljgs::aosniérmi/ dfr'gge_tween hydrogenated and bare surfaces has been reduced to
less than 0.3 eV—uwith the hydrogen-free Gand Ggjjayer

nated surfaces all obewglectron counting The electron : . b
. . ) . structures actually being favored under Ga-rich conditions.
counting rule can be summarized as follows: assuming tetra-~ _: . .
Since changes in temperatues well as changes in pres-

hedral rdination DB contribut 4 electron, an ) . .
edral coordination, a Ga contributes 3/4 electron, and %ure) can have such dramatic effects on the relative stability

N DB contributes 5/4 electron. For a given surface recon- f different surf tructures. we face th tion of how t
struction, we count the total number of electrons contributed erent surlace structures, we face the question ornow o

by Ga and N DBs, as well as by H atoms. Formation Ofpresent the information obtained from our first-principles

Ga—N, Ga—H, and N—H bonds each requires two eIectronsQ,aICUIat'onS in such a way as to allow more immediate in-

any remaining electrons then need to be accommodated ﬂght into the stability of various structures, for any tempera-

DBs. Nitrogen DBs have valence-band character; their eledure or pressure. Given that the calculated formation energies

tronic level is close to the valence-band maximlimd they are strongly depende:\nt on these quantiFies, it is not immedi-
prefer to befilled. Gallium DBs, on the other hand, are close &t€ly obvious that this can be accomplished. We have been

to the conduction band in energy, and prefer toepepty ~ aPl€ 1O shov@,“ however, that this goal can be achieved by
Electron counting is satisfied if the total number of electronsconstructing a phase diagram with ttieemical potentialss
can be accommodated in bonds and in N DBs, leaving no Nariables. _ .
DBs empty nor Ga DBs occupied. Indeed, an excess of elec- Figure 2 depicts such a phase diagram for the GaN])
trons could only be accommodated by placing them in Gaurface, withuy and pc, as the variables. The diagram
DBs, which carries a high energy cost. Similarly, a deficit ofShown here was calculated &t=950 K, but we have veri-
electrons leads to incomplete filling of N DBs, which is also fied that the important qualitative features of the diagram are
costly. independent of temperature. For example, the calculated
Within the assumption of tetrahedral coordination, it is Phase boundary between 3Ga—H and;Nf3Ga—H changes
easy to verify that the electron counting rule can only beby less than 0.1 eV betweein=0 andT=1300 K. The un-
obeyed for structures that contain a multiple of four surfacederlying reason is that the vibrational energy contributions to
atoms in the unit cell—hence the preference for2recon- the free energy are relatively smaénd cancel to some ex-
structions. Note that the electron counting rule is not necesiend. Obviously, to obtain precise numbers one can refer
sarily satisfied onbare GaN surfaces, in the absence of back to Eq.(1) and take the detailed temperature contribu-
hydroger? tions into account—but important qualitative information
We found that af =0 hydrogenated surfaces that involve can reliably be obtained from Fig. 2, even at temperatures
a large number of N—H bonds have significantly lower enerdifferent fromT=950 K.
gies than the bare surfac&sThis is because N—H bond At the bottom of the diagrariow w) we find the struc-
formation is very favorable due to the large strength of thetures that dominate when little or no H is present: thg N
N—H bond. In particular, the Ni+ 3NH, structure is stable structure under N-rich conditions, and the Gand Ggjayer
over almost the entire range of Ga chemical potentials; wittstructures under Ga-rich conditions. At the top of the dia-
nine N—H bonds in the 22 cell, this structure maximizes gram (uy=0) we find the structures that were stableTat
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0.0 1 . L 1 ! Munkholm et al?>2¢ found that the surface equilibrium
phase diagram as a function of temperature and ammonia
024 ! partial pressure shows a transition between two phases: at
’ high temperatures, a X1 reconstruction was observed,
NH3+3NH2 V. +6H while at lower temperatures and sufficiently low MNHres-
-0.4 - Ga - sures, a different reconstruction was seen, which was identi-
or fied as ¢3x2v3)R30°. The phase boundary was estab-
-0.6- NH;+3Ga-H | lished by monitoring the occurrence of either reconstruction
o at various temperatures and pressures, taking care to achieve
— equilibrium in each case. From the temperature dependence
S -0.84 <"\ 3 Ga-H - of p(NH,) at the transition, an apparent activation energy of
9 N -H+NH 3.0£0.2 eV was extracted, which was interpreted as an acti-
T .1.0- ad” 2 N vation energy for desorption of the nitrogen species.
= @ A phase transition such as the one observed by Munkholm
Nad-H+Ga-H = et al. could, in general be related to th&ineticsof various
-1.24 ‘%: i processes on the surface, including nucleation, diffusion, de-
Ga K composition, and desorption. The role of these kinetic pro-
1.4 ad 5 cesses in growth of GaN has been discussed, for instance, by
N Koleskeet al*? However, we suggest that a simpler interpre-
ad tation is more appropriate in the present case. First of all,
-1.6+ i since the phase boundary was obtained from measurements

-1'_2 _1'_0 -o'_g -0..6 -o'.4 -0'.2 0.0 on equilibratedsurfaces, we feel that the observed activation
energy cannot simply be associated with the kinetic barrier
],LG (eV) for a single procesgsuch as nitrogen desorptiprinstead,
a . T i . .
we will show that the “activation energy” associated with
Fic. 2. Phase diagram for the GE300J) surface in the presence of hydro- the experimentally established phase boundary can be di-
ggzilizfi : n:l.\l;if;i?_r; (r)nfo(lse?: jzg :ﬁ_c_hgmical_p:t::rtriglsﬁ;2dzotge;§;|ri‘g;utfn rectly correlated with the energy difference between two sur-
with bulk Ga. The NH+3Ga-H Stl’l.’l(;l:lfl?e is very close in energy to the face reconstructions a_s Ob_tf"uned from our computational
stoichiometrically equivalenVg,+6H. Dots indicate experimental data Study. In fact, we have identified the relevant boundary to be
from Ref. 25; within the error bars, these data agree with the calculatedetween the 3Ga—H and NH 3Ga—H reconstructions. The
NH;+3Ga-H/3Ga-H phase boundary highlighted by the thicker line.  transjtion between these reconstructions involves the addi-
tion or removal of a single Ngimolecule per unit cell. No
complicated dissociation or nucleation processes are required
=0. A horizontal line atuy=—0.98 eV cuts through the for such a transition, and the activation energy will not de-
structures that are stable at 1300 K and 1 atm. Figure Rend on kinetic barriers.
makes it easy to investigate which structures are stabilized In our phase diagram, the boundary between the 3Ga—H
by raising or lowering the pressure or the temperature. and NH;+3Ga—H reconstructions is described by the equa-
tion up=—0.56+ ug/3 (at 950 K, a temperature in the
middle of the experimental range of Ref.)29he experi-

V. COMPARISON WITH EXPERIMENT mental observation that the phase boundary is insensitive to
As pointed out in Sec. I, direct comparison with experi-Whether B or N, is used as the carrier gas allows us to
ment is difficult because very few experimental technique$onclude that the transformation between the two observed

can probe surfaces under the conditions that we are examiRases occurs purely through equilibration with JNHNote

ing here, i.e., at the high temperatures and in the presence Bt this equilibrium is really a dynamic equilibrium, where
flowing gases relevant for MOCVD growth. The grazing in- the rate of arrival from a sourcghe input gasesbalances
cidence x-ray scattering technique is a fortunate exceptiorih® rate of removal to a sinkhe exhaust gasThe fact that
Munkholm et al?>2® performedin situ grazing incidence the equilibrium is dynamic does not preclude the use of equi-
x-ray scattering on Gaf0001) surfaces in a MOCVD envi- librium concepts such as chemical potentials. The equilib-
ronment. Starting from 2:m-thick GaN films grown on sap- fium with NH; implies that uy+3uy=punn, in other
phire by MOCVD, they grew a 30-nm-thick layer at 1000 °C, words, in a phase diagram wifl; and uy as the variables,

on which they then performed their search for surface reconthe phase boundary should exhibit a slope-df/3 (or +1/3
structions. During this search, the sample was held at temif ug, is chosen as the variable, as in Fig. Zhis already
peratures up to 1000 °C, and the ammonia presp(ik;) severely restricts the possible phases that could be involved
was varied between 2 and 140 Torr. The flow rate of then the experimental observation. For the temperatures and
NHg/carrier gas mixture was kept constant, with a total prespressures along the experimental phase boundary, the NH
sure of 200 Torr. Results obtained with, s the carrier gas chemical potential can be calculatédo be equal to—2.28
were very similar to those obtained for, H +0.01 eV(referenced to the energy of Nkt T=0). Using
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unn,=—2.28 eV andAHS{(NH;)=—0.88 eV we obtain free energy are relatively smaind cancel to some extgnt
MN+33MH=—2-28— 0.88=-3.16eV, or uy=—0.64 Hydrogenated GaN is actually a fairly extreme case, with

+ uad3. This expression has been included as a dotted [inBOth very high frequencie®—H bonds, contributing to size-

in Fig. 2. Within the experimentd and computational un- 2able vibrational energigsand very low frequenciegiorsion
certainty, we find good agreement with the calculated; NH modes, contributing to sizeable vibrational entropigche
+3Ga-H/3Ga—H phase boundary. The end points of the ex3UCCeSsSs of our approach for this extreme case indicates it
perimental curve in Fig. 2 correspond to the temperature§0Uld be usefully applied to other systems as well.

and pressures at the limits of the range explored in Ref. 25,

assuming H as the carrier gas. These end points also agree

with the theoretical diagram, in that at temperatu@spres-

sureg outside the range reported in Ref. 25 this particulau’o‘cIq\IOWLEDGMENTS
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