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Surface sensitivity of impurity incorporation: Mg at GaN (0001) surfaces
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The interplay of surface termination, reconstruction patterns, and availability of species involved determines
the incorporation of impurities during growth. We studlp initio this interplay for Mg at the GaN0002)
surfaces and find that optimal incorporation conditistrengly dependipon surface orientation amménnot be
predictedusing bulk stoichiometric arguments. With reasonable assumptions on the kinetics, high densities of
Mg can be achieved in the absence of hydrogen and the Ga surface displays superior incorporation character-
istics to that of the N surfac¢S0163-182€09)02615-4

Controlled incorporation of impurities is critical to semi- Since as-grown GaN exhibits unintentiomatype conduc-
conductor science and technology. Specific dopant concenivity and controlled doping of GaN is necessary for opto-
trations are necessary to achieve desired conductivities, redectronic devices, the achievement of ggetype conduc-
combination rates in light emitting devices, or othertivity has been a priority. However, Mg, which is the
electrical characteristics. In general, doping of bulk materialgreferredp-type dopant, has a relatively large ionization en-
can be performed in three different ways: by in-diffusion  ergy. Consequently, high Mg concentrations are required to
following growth, (i) by ion implantation, andiii) during  achieve the desired hole densities. In practice, the refined
growth. The in-diffusion of impurities is limited by the maxi- control of doping required to obtain reproducibly the particu-
mum solubility, which is a thermodynamic quantity that canjarly high Mg concentrations needed has been difficult to
be determined from either experiments or calculations. lomccomplish. In a humber of experiments, post growth pro-
implantation has no such limit, but in many materials thecessing by either electron irradiatf@ror thermal annealinig
implantation damage is severe and cannot be annealed oyfas necessary to obtapatype conductivity, and it has been
limiting the usefulness of this technique. During growth, theproposed that H plays a major role in increasing the incor-
incorporation of an impurity occurs at the surface and deporation of electrically active Mg. In contrast, other experi-
pends sensitively upon the surface and its environment. Fafients have shown that a relatively high incorporation of Mg
example, Tersoff has emphasized that impurity energeticscan be achieved independently of #1°>demonstrating that
and consequently its solubility in the near-surface region cafhcorporation of impurities is a process highly sensitive to
be significantly different from that in the bulk. This is be- the particular growth conditions. The aim of the following
cause under typical growth conditions, diffusion at the surgrticle is to investigate the influence of surface orientation on
face is much faster than in the bulk and the impurity denSiche growth conditions for 0ptima| impurity incorporation
of the near-surface region can be frozen in as the film growsyhile including the chemical effects. For the case of Mg, the
Ieading to a concentration in the grown film different from growth conditions for optima] dopant incorporation ae
that expected on the basis of its bulk solubility. Indeed, unversedwhen the Mg is incorporated through a surface of
der these conditions it is the surface properties, instead of thgifferent orientation(in this case, the film has different po-
bulk properties, that most strongly influence the impurity|arity). We will further show that the interplay of surface
concentration. This is particularly true in a compound semigrientation, reconstruction patterns, and the availability of
conductor, where many variables affect impurity incorpora-the species involvedas measured by their chemical poten-
tion during growth. Surface reconstruction patterns are oftefjals) determines the incorporation characteristics, and that
complex; in a given growth direction there are at least tWointuition derived from bulk solubility considerations may be
possible surface terminations, and the surface structure Val’iﬁﬁisbading_ For examp|e, Superior incorporation of Mg at the
as a function of the chemical potentials of the atomic con-Ga-substitutional site (Mgy), which is the preferred site in
stituents. The interplay of these effects leads to a complithe bulk’® is expected under N-rich conditions, because of
cated doping behavior, which, however, can be used téhe decreased competition between Mg and Ga for the Ga
achieve a desired impurity concentration. site. However, this reasoning is a poor guide for determining

In the following, we examine the incorporation of Mg in the conditions for efficient incorporation. Growth procedures
wurtzite GaN, which is an important paradigmatic casemay therefore need to be tailored in a nontrivial fashion to
There is a growing awareness that the two polarities of théhe properties of the particular growth surfésén order to
(0001 GaN surface, nominally corresponding to the Ga andychieve effective doping with specific impurities.

N faces, exhibit very different behavior. Indeed, striking dif- Al calculations were carried out within the framework of
ferences have been observed in the morphology of@8@1)  density-functional theory using a multigrid-based total-
and (000} surface$® and the strongly ionic nature of the energy method that employs a real-space grid as the Hasis.
GaN bond together with the low symmetry of the surfaceThe Perdew-Zunger parametrizattbnof the exchange-
results in unusual reconstruction patterns that differ significorrelation energy was used. Nonlocal, norm-conserving
cantly from those observed in other 1l-V semiconductors.pseudopotential§~? were applied with the Kleinman-
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Bylander approack We employed a recently developed
pseudopotential that includes a nonlinear core correttion

and permits an efficient description of the gallium species

without the need for an explicit treatment of thevalence

electrons?* For calculations involving the Ga-polar surface,
pseudohydrogens of charge 0.5 passivated the

N-terminated, N-polar face, while for those involving the

N-polar face, pseudohydrogens of charge 1epassivated top

thgd Ga-tgrmln?tgg,76a-polar surféléeAdsuf[iercell W'tfh Ia FIG. 1. Schematic top view of th®001) GaN surface. On the
grid spacing of U.2/ a.u. was employed after a carefu ConGa-polar(OOOJ) surface, the dark atoms are gallium atoms, while

\{ergence study, thereby.ens'uring that the reaI'SPace_ desc”fﬂ'e light atoms are nitrogen atoms; the situation is reversed on the
tion of the pseudo_potentlals |s€7aé:4curate. Further_deta!ls of thﬁ-polar (0003 surface. An atom in the JTsite (represented by a
cal((j:ulatlons are given ellsewh r ._Convdergrince |rk|p0|n'és . black square inside of a light cirglsits above a subsurface atgen

an. vacuum S.'ZG was "?‘50 |nvest|gat_e - Ihe resu_ts obtain ight circle), while an atom in the Kl site (represented by a black
using twok-point sampling and four bilayers, of which three

A 25 squarg sits in the hollow site as shown. An atom in the top site
were relaxed, provide a level of accuracy of about 0.05¢V. (represented by a white square on the inside of a dark pisite

As the surface stoichiometry is not the same for all thegpoye a surface atom and an atom in the bridge site is represented
configurations considered here, the relative formation enelhy a black square equidistant between two surface atoms. The
gies depend upon the chemical potentials of the excesSfashed line shows thex22 cell.
atomic species. The relative formation energy is

figuration is a 2<2 Mgg, structure. As the environment be-
Ei=E—- Ereference—AnMgMMg—AnGdLGa—AnNMN, comes progressively more gallium-rich, the relative stability
) ) ) of the Mg, with respect to adsorbed configurations de-
whereE is the total energy of the configuration under con-raases. In extreme gallium-rich conditions, th&2 Ga
sideration,E"**"*"*“is the total energy of the reference con- a4atom in the T site becomes the most stable. This suggests
figuration, u4; is the chemical potential of théh species, and  hat Mg adsorption is unfavorable in gallium-rich conditions.
Anyq is the excess or deficit of Mg atoms with respect to theca|cylations performed at full and 1/16 monolayer coverage
reference; similar definitions hold fakng, and Any. At ghow that the 1/4 monolayer of Mg has the lowest energy,
equilibrium, the chemical potential of a given species iSyonsistent with the observed<® RHEED patterrt* Thus a
equal in all phases that are in contact. This can be exploitedairated surface phase consisting of a 1/4 monolayer of
to impose constraints on the possible equilibrium values. IngGa1 is formed as the Mg overpressure is increased. Thus
particular, we assume that the surface is in equilibrium with,o expect that Mg incorporation should increase with in-
the GaN bulk so thajga+ un=pcan- Therefore, the phase creasing Mg overpressure until the surface phase becomes
diagram is simply a function of the IlI/V ratio and the Mg staple. Subsequent to the formation of this surface phase, the
chemical potential. Further, the chemical potential for Gaincorporation of Mg should be independent of Mg overpres-
cannot be above the chemical potential of its elemental bull,re ' This conclusion is consistent with the dependence of

phase, since the bulk phase would then be unstable witmg incorporation upon Mg overpressure previously
respect to precipitation of bulk Ga, whilgey cannot be ypserved?

above%,u,\,z. This provides limits for the values that the Ga

and N chemical potentials can take. Since we are interested
in the highest possible Mg concentration, Mg-rich conditions
are chosen. This corresponds to a situation in which the Mg
chemical potential is equal to its value in Mdp.

Since recent experiments have revealed 22 RHEED
patterns of the Mg-doped GaN surface similar to those oc-
curring during the growth of undoped Gafiwe carried out
an extensive study of configurations ok2 symmetry in-
volving Mg on the most stable 22 reconstructions and
relaxed IX 1 Ga- and N-polar surfaces. We also investigated
the behavior of Mg in and below the first bilayer.

At the Ga-polar surface, we studied Mg on four on-
surface sitegsee Fig. 1 and in the Ga- and N-substitutional
sites on the relaxed 1 surface and also in combination 2
with the 2x2 adatom reconstructions with Gsaand MS Ga-rich N-rich
adatoms. The calculated relative formation energies for the Hoa
more energetically favorable configurations are shown in F|G. 2. Relative formation energies for a Mg atom adsorbed at
Fig. 2. For most of the range of the chemical potential, Mg inthe Ga-polar(0001) surface of GaN as a function of the gallium
the Ga-substitutional site is the most stable, strongly favoredhemical potential. The energies are reported in eV with respect to
with respect to on-surface adsorption and thethe 2<x2 Ga;, adatom reconstruction. The dashed lines denote the
N-substitutional site. The adatom reconstructions of themost stable reconstructions of the undoped system. Only the most
clean Ga surface are deconstructed and the most stable canable configurations are shown.
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In order to investigate incorporation into a growing film, 15
we studied the behavior of Mg in sites buried in and below
the first GaN bilayer. A Mg atom buried in the interstitial or
nitrogen-substitutional sites is unstable. It displaces a surfact  ¢5|
Ga atom and becomes Mg The ejected Ga atom migrates
to a site on the surface. This process occurs spontaneousis
during the relaxation, indicating a very small or no activation £
barrier. We conclude that in the near-surface region of the’s,
Ga-polar face, Mg is mainly found in the Ga-substitutional & Ga adlayer -
site. Further, this suggests that Mg is incorporated through ¢ A
kick-out mechanism in the near-surface region. Forglig LS| T
the third layer the formation energy is 0.48 eV higher than in .
the surface layer. Over most of the range of chemical poten: /
tial, Mgg,in the third layer is more stable than adsorbed sites  _a5

Mg, +Gay,

-05}

e
———
————
-

2
T~ Mg,, and Mg, on Ga adlayer

on the surface. Further, it is energetically more favorable for Ga-rich " N-rich
an Mg to enter the third layer than to desorb and create Ga
vacancy. FIG. 3. Relative formation energies for a Mg atom adsorbed at

With reasonable assumptions for the kinetfdsat the  the N-polar (000)) surface of GaN as a function of the gallium
GaN surface, we can understand the implications of thesghemical potential. The energies are reported in eV with respect to
results for incorporation. We assume that diffusion in thethe 2x2 Gay, adatom reconstruction. The dashed lines denote the
first two bilayers(the near-surface regiors rapid so that most stable reconstructions of the undoped system. Only the most
these layers are in equilibrium but that diffusion into, out of, stable configurations are shown.
and in the deeper layefbulk) is negligible. This is consis-
tent with the experimental indications of rapid diffustdn ity of the Ga,, reconstruction further into the gallium-rich

and with the available estimates of the diffusion rates in thgegime, thereby decreasing the range of stability of the gal-
fusion in the bulk is about 4.1 e%?,Wh”e it is about 1.4 eV Configuration Containing N& namely a |\/|%a_(3a_| com-
! 3

and 0.9 eV at th¢0001 and (000} surfaces, respectivefy. plex, and the Mg_-Ga,, adatom complex is at least 1.7 eV.

As the bilayer steps of GaN flow across the surface, the thirci.he very large energy required for Mg to go from an on-

and fourth layers are converted into bulk and the Mg con- . -
centration frozen in. Thus the density of impurities in thesurface Mg*a t0 a Mgs, in the second layer indicates that

bottom bilayer of the near-surface region determines the imthere is a strong tendency for Mg to segregate under these
purity concentration of the grown GaN film. Using our cal- conditions. o
culated formation energies, we can estimate the incorporated !N @n environmentrich in Ga, Mg prefers to adsorb on the
density. At 1000 K in moderate Ga-rich and N-rich condi- Ga-adlayer in the Fand the H positions. The T site is
tions, the density of Mg, is on the order of 18 cm™3. This  Slightly more stable than the Jite; however, the energy
value is near the high end of the range of experimentall)ﬂ'fference is at the limit of our computational precision. Fur-
observed Mg densities. Thus when growth conditions ardher, under these conditions Mgis only slightly disfavored
judiciously chosen, the presence of H is not necessary t/ith respect to on-surface adsorptmn. It bepomes degenerate
obtain good incorporation densities, as has also been offver a small range of chemical potential as moderate
served in some growth studi&:’5 gallium-rich conditions are approached. The formation en-
We now turn to the N-polar surface. Already in the ab- €9y of Mgs, buried below one bilayer is 0.8 eV higher than
sence of Mg, the situation on the N face is very differentthe corre_spondmg sng |n.the surface layer. Making the same
from the Ga surface. In moderate Ga-rich and N-rich condi2Ssumptions on the kinetics as were made for the Ga face, we

tions, a 2<2 Ga,. adatom reconstruction is the most stable,€Stimate the density of incorporated dldo be on the order
L 3 . . of 10'® cm™3 at 1000 K in somewhat Ga-rich conditions
while in a Ga-rich environment aX1 Ga adlayer is the :

most stable and the surface is Ga termindtadithe N-polar Thus the presence of the gallium adlayer favors the incorpo-

surface, we studied Mg on four on-surface sites, namely th(@aﬂon of Mg ar_1d superior Incorporation .ShQUId_ oceur In
T, H,. bridge, and top site, and in the Ga- and Somewhat Ga-rich conditions. Thus, beginning in Ga-rich

N T . . . conditions and increasing the N overpressure, one initially
-substitutional sites. We considered adsorption on the re: . . )
; ; Xpects to see an increased Mg incorporation. However, as

laxed X1 N-terminated and Ga-terminated surfaces an h ; .

. o X e N overpressure continues to increase, the Ga adlayer be-
also in combination with the 22 Ga,_ adatom reconstruc- L . .
) ) 3 ) comes unstable and a precipitous drop in the concentration of
tion. The calculated relative formation energies for the mor@ncorporated Mg is expected. This is contrary to conclusions
energetically favorable configurations are shown in Fig. 3gptained exclusively on the basis of bulk considerations,
We first discuss the case of moderate Ga-rich and N-richamely that superior incorporation is expected in N-rich con-
conditions and then that of gallium-rich conditions. ditions because of a decreased competition between Mg and
~ Over most of the range of chemical potential, correspondi, for Ga sites. Comparing the incorporated densities ob-
ing to moderate Ga-rich and N-rich conditions, a complexiained for the N face with those of the Ga face, we find that
consisting of a Gg, together with an Mg_ is the most stable  {he Ga face displays better incorporation characteristics.
(see Fig. 3. In effect, the presence of Mg extends the stabil- In conclusion, the surface orientation, termination, and



9774 BRIEF REPORTS PRB 59

availability of species involved play a critical role in impu- ity. For the paradigmatic case of Mg at wurtzite GaN sur-
rity incorporation at the low symmetry faces of compoundfaces, superior incorporation occurs when the surface is gal-
semiconductors. In these semiconductors, the complexity dium terminated. Indeed, for th@001) Ga surface, we find
surface reconstruction patterns, the presence of two polaritiégat the best incorporation occurs at N-rich and moderate
for a given growth direction, and the values of the chemicalGa-rich conditions. On the contrary, for the (0904 sur-
potentials of the atomic constituentwhich determine the face, in N-rich conditions Mg displays a strong tendency to
surface structupeall contribute to a complicated doping be- Segregate and superior incorporation occurs in a Ga-rich en-
havior. Consequently, bulk solubilities are a poor guide forvironment. High impurity concentrations can be achieved
estimating the conditions for efficient incorporation. Further-Without hydrogen. Knowledge of the orientation of the
more in materials with significant ionic character, polarity 9"oWth surface and its behavior is important if the refined

plays a major role in determining the behavior of impuritiescontrm of doping needed to reliably obtain desired incorpo-

in the near surface region. In particular, the growth condjation densities is to be achieved.

tions for optimal incorporation may besversedwhen the We would like to acknowledge fruitful conversations
same impurity is incorporated into a film of different polar- with Dr. Madhavan Ramamoorthy and Dr. Jan Schetzina.
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