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The adsorption of oxygen at GaN surfaces
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A critical point in device fabrication based on GaN is the controlled doping and the incorporation
of impurities like, e.g., oxygen. We have explored the adsorption of oxygen at the wy@2a®

and (000) GaN surfaces employing density-functional theory. Our results show that both surface
orientations are very active towards oxygen adsorption, explaining the high oxygen concentrations
typically observed in GaN. However, tf@001) and (000) surfaces behave differently and oxygen
incorporation is expected to be higher at the (008drface. The different reactivity is explained in
terms of the specific structural configurations. 1©®99 American Institute of Physics.
[S0003-695(199)02512-1

The control and understanding of the incorporation oflayers of the slab and the adatoms were relaxed. Relaxations
dopands and in particular the unintended incorporation obelow the two double layers have been found to be
impurities like, e.g., oxygen and carbon in GaN is still anegligible!* A (3x3) Monkhorst—Pack mesh was used to
critical issue. Experimentally, the adsorption and incorporasample the Brillouin zon&
tion of oxygen at the wurtzite surfaces has been studied The energetically stable reconstructions for polar GaN
extensively:— Theoretical and experimentalinvestigations  surfaces have been recently identified for the c®@1) and
have shown that oxygen is a shallow donor which is presenhe wurtzite(0001) and (000} orientations->** A common
even in nominally undoped material in rather high concen+eature found forall polar surfaces is a strong tendency to-
trations (16°-10"cm™%). This high concentration makes wards a Ga-rich surface stoichiometry. N adatoms are ther-
oxygen a likely candidate to cause the high background elegnodynamically unstable on almost all equilibrium surfaces.
tron concentrations which are commonly observed in asye will, therefore, focus on the two surfaces shown in Fig. 1
grown GaN. Recent experimental investigations demonwhich are both characterized bycampleteGa surface layer.
strated that the two polarities of the wurtzite GaN surfacesThe Ga-adlayer structuf€ig. 1(b)] is one of the equilibrium
referred to as00021) and (000}, behave very differently(i) surfaces observed also in experim&hthe structure for the
The concentration of oxygen is usually higher if GaN is (0001 surface is not an equilibrium surface; ax2) Ga- or
grown in the (006)_ orientation® (ii) The (0001 surface is N-adatom structure is energetically more staBlelowever,
completely inactive against wet chemical etching with potasas will be shown later, this surface becomes energetically

sium hydroxide(KOH), while the (000) surface can be Preferred when oxygen is added.

easily etched to an atomically flat surfacéii) The (0001) Figure 3 shows the adsorption energies as a function of
oriented surface usually exhibits a smoother surface morthe oxygen coverage for both thé00) and (000}
phology leading to a higher material qualtty. surfaces> We will now discuss the two regimekow oxy-

While it has been well established that oxygen in GaN isgen coverage, which is relevant during growth, aigh cov-
a donor impurity with a very high solubility, virtually noth- erage, which is important to understand the initial oxidation
ing is known abouhowoxygen is incorporated at the surface step(full coverage of oxygenof GaN surfaces, e.g., in air.
and why the two surface orientations behave so differently.
In order to better understand these issues we have studied the

adsorption of oxygen at the Gal001) and (000) surfaces
employing density-functional theory.

Total-energy calculations and geometry optimizations
were performed employing density-functional thedBFT)
within the local-density approximatioLDA) and the first-
principles pseudopotential approach. For details of the
method see Ref. 9. Soft Troullier—Martins pseudopotertfials
are employed for Ga, N, and O. The Gd 8lectrons were
explicitly treated as valence electrons and with a plane-wave
cutoff of 60 Ry. The surfaces were modeled by supercell
geometries with at least nine layers of GaN and a 14 bohr
vacuum region. One side of the slab was passivated by frac-
tional pseudohydrogen. The atoms in the first two double a)
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FIG. 1. Top and side view at the atomic structures of(6@01 and (000_1
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(0001) (0001) Consequently, there is almost no screening between the
- negatively charged oxygen atoms and a strong repulsive

electrostatic interaction results. At (00Qlon the other
hand, the oxygen adatoms at the h@m fcc) position
strongly relax into the surface laygtompare Fig. @); the
oxygen sits only 0.53 A above the Ga layeesulting in an
efficient electrostatic screening between the oxygen adatoms.
Consequently, no repulsion and even a small attraction oc-
curs.
From these data we can derive the following conclu-

sions: At high oxygen concentratioffull monolaye) there

. . . . is a large difference in adsorption energies of almost 4 eV
orientations the fcc position to be the energetically Iowestb h q — ; hich ind h
adsorption sit€Fig. 2). The other sites are clearly higher in etween t €0001) gn (0003 S_ur aces, which indicates t a_1t
energy(2 eV at the on-top positigrexcept for the hcp site at the (000) surface is more active towards oxygen adsorption

(0001), which is nearly degenerate in energy. The strikingth@n the(0001) surface. However, in the low coverage re-
feature in Fig. 3 is thénighly exothermiadsorption energy gime (#<0.25ML), the adatonfree (0001 and (0003 sur-

in the low coverage regime, indicating tHaath surfaces are faces behave very similarly and the different oxygen concen-
highly active towards the adsorption of oxygen. trations observed gb0001) and (000} cannot be explained

For the higher oxygen coverage, tt@01) and (oo(ﬂ solely on the basis of the adsorption energies. Kinetic effects
surfaces exhibit a strikingly different behavior: €001 the ~ have to be taken into account.
on-top position becomes the energetically preferred site for ~Under growth conditions, the surface is covered with
oxygen coverages above 0.5 monolay@fs ). The adsorp- additional adatoméike, e.g., Ga, N, or dopangisvhich will
tion energy gets significanthess exothermiwith increasing ~ significantly influence the adsorption energies of oxygen. We
coverage and gets even endothermic abs\®@8 ML. This  have, therefore, also investigated the adsorption of oxygen at
decrease of the adsorption energy with increasing coveragéa-adatom covered surfadg®x 2) and (3<3) reconstruc-
reflects the strongepulsiveinteraction of the oxygen ada- tions], i.e., on surfaces which contained additional Ga-
toms (see below. adatoms. While at the (00QXurface the oxygen adsorption

For the (000} surface, our results show a qualitatively energy changes only slightly compared to the Ga-adatom
different behavior:(i) The energetically lowest adsorption free surface, it increases by more than 1.5(p®r 2X 2 cell)
site is always the fcc position with the hcp site almost de-at the(0001) surface(see the triangles in Fig.)3Therefore,
generate in energy and) the adsorption energy getsore  the energetically most stable structure is realized when a Ga
exothermicwith increasing oxygen coverage. Thus, on theadatom is replaced by an oxygen atom, i.e., in the thermo-
(000_1) surface the interaction between oxygen adatoms igslynamic limit it is favorable to desorb the Ga adatom and
attractive replace it by oxygen. However, from experiment it is well

The reason for the qualitatively different behavior at the€stablished that the Ga-adatom desorption is hindered by a
two closed-packed surfaces can be understood in terms of thénetic barrier.'® Consequently, during growth there will be
different surface structurg&ig. 2. Oxygen has a high elec- & significant concentration of Ga adatoms at the surface.
tronegativity, and therefore, the Ga—O bonds formed at th&ince the presence of Ga adatoms significantly reduces the
surface are strongly polarized towards the O atom making i@xygen adsorption energy in the casg@®01), significantly
a negatively charged ion. On tl8001) surface oxygen at- higher oxygen concentrations can be stabilized on (§001
oms adsorb at then-top position (bond distance 1.79 A In order to gain deeper insight into why these surfaces
are so active with respect to oxygen, we analyzed the effect
of oxygen on the electronic structure of the surfaces. A sur-
- face is characterized by a specific number of dangling bonds,

FIG. 2. Side view at the atomic structures of 01 and (000_3 sur-
faces, covered with 1 ML of oxygen.

In the low coverage regime®(<0.25) we find at both
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FIG. 3. Oxygen adsorption energies in eV per oxygen atom afG6@1), Energy (eV)

dashed line, and (0001 solid line, surfaces. The energy zero has been set

to the energy of an isolated,®nolecule(Ref. 15. The open triangles give FIG. 4. Density of stategin arbitrary unit$ for the (0001 surface: The
the adsorption energy for reconstructed surfaces with an additional Ga adadotted line corresponds to the free surface, the solid 6reet ML coverage
tom at the hcp positions. of oxygen.
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000T) surface generally exhibits a higher activity towards oxygen

T T
1 (
4 5 | ' adsorption. In order to keep the oxygen incorporation as low
§ |«— bandgap —| as possible it is, therefore, preferable to grow in (8e01)
f : i orientation, which is also best to get a smooth surface mor-
1=} i free surface : phology.
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