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Impact of hydrogen on indium incorporation at m-plane and c-plane In,,sGa,-sN surfaces:
First-principles calculations
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We present first-principles calculations for m-plane and c-plane Ing ,5Gag 75N surfaces. The results elucidate
the dependence of indium incorporation on growth conditions. For both surfaces the calculations indicate that
In incorporation is energetically favorable provided the surface is wetted by In adlayers rather than passivated
by hydrogen and NH, groups. Growth of an Inj,5Gaj 75N alloy therefore requires that the chemical potential
of hydrogen be kept low. The results predict that a reduction in the abundance of hydrogen can lead to greater

In incorporation on the m plane as well as the ¢ plane.
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There is substantial interest in developing powerful and
compact lasers having emission wavelengths of approxi-
mately 500 nm. A promising approach to achieving this goal
is to employ the In,Ga;_,N alloy system with an In compo-
sition of approximately 25% in the active region in order to
achieve the appropriate band gap.! However, growth of
quantum wells with high In content is challenging for a va-
riety of reasons, including phase separation and formation of
extended defects.>? The large size mismatch between In and
Ga (InN bonds are ~11% longer than GaN bonds) and the
relative weakness of the InN bond are the primary causes of
the instabilities.*> The problematic nature of InGaN growth,
along with the issue of polarization fields, has led to studies
of InGaN growth on a range of surface orientations.’~!” In
this work we explore the growth conditions needed for
achieving high levels of indium incorporation on the m plane
and ¢ plane.

Experimental studies of InGaN growth on c-plane nitrides
observed that a reduction in the H, flow leads to an increase
in the amount of indium that is incorporated.'®!” The origin
of this effect is not understood. On the basis of first-
principles pseudopotential density-functional calculations,
we propose that this effect arises from variations in surface
structure driven by changes in the chemical potential of hy-
drogen. We analyze surface reconstructions having various
indium compositions and determine the stability of the struc-
tures as a function of the chemical potentials of hydrogen
and indium. The primary result is that an adlayer of In sta-
bilizes In incorporation in group-III sites just below the ad-
layer. In contrast, if the surface is passivated by H and NH,
groups the incorporation of In at the surface is not favorable.
The results predict that a reduction in the abundance of hy-
drogen can lead to more In incorporation on the m plane as
well as the ¢ plane.

The investigation of the surface thermodynamics is based
on density-functional theory (DFT). Chemical potentials are
introduced to enable comparisons of relative stability of sur-
faces with different quantities of In, Ga, N, and H, such as
they might occur under metal-organic chemical-vapor-
deposition conditions (MOCVD). A formalism which in-
cludes the vibrational contributions to the free energy arising
from adsorbed H is employed.!®-2° We consider structurally
relaxed InGaN surfaces having in-plane lattice constants cor-
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responding to an indium concentration of 25%. Previous the-
oretical investigations of indium incorporation at the surface
considered hydrogen-free GaN(0001) surfaces having the
bulk in-plane lattice constant.'*!3

Because the growth of an Ing,5Ga, ;5N alloy necessitates
extremely N-rich conditions, the chemical potential of nitro-
gen (uy) is taken to be very high: MN:%E(NZ), where E is
the energy of a N, molecule. In addition we assume equilib-
rium with an Ing,5Gag 75N compound, which allows us to
write 0.25 uy,+0.75 g, + un=E(Ing »5Gay 75N).2! These two
conditions are employed to eliminate the N and Ga chemical
potentials as variables. The chemical potentials of indium
(mr,) and hydrogen (uy) are then treated as the independent
variables and allowed to vary within physically relevant
ranges. The upper limit on g, is the energy per atom of bulk
indium. The hydrogen chemical potential can be related to
the temperature and partial pressure (py) of hydrogen.'8 The
chemical potential of hydrogen may be reduced by lowering
the partial pressure of the H, carrier gas. The indium chemi-
cal potential may be controlled by tuning the flow rate of the
trimethylindium source gas.

Total energies and atomic positions are determined by
first-principles pseudopotential-DFT calculations that em-
ploy the local-density approximation.”>->6 The plane-wave
cut-off energy for the solutions to the Kohn-Sham equations
is E. =60 Ry. Troullier and Martins pseudopotentials are
employed for In, Ga, and N, and the Ga 3d and In 44 elec-
trons are included as valence states. For hydrogen the exact
1/r potential is employed. This approach is similar to that
employed in previous studies.!®!3-18.20

For the (1010) surfaces a supercell having 1 X2 transla-
tional symmetry is employed with perpendicular lattice vec-
tors e, =c, and e,=2a. The lengths of ¢ and a are determined
by energy minimization for a bulk Iny,sGay;sN compound
and have values of 5.34 and 3.27 A, respectively. These lat-
tice constants are expanded by a factor of 1.03 in comparison
to those corresponding to bulk GaN. For the (0001) surfaces
a 2X2 cell is employed, and the hexagonal lattice constant
has length |2a|=6.54 A. The sampling of the Brillouin zone
employs a 4 X4 X1 grid of k-points for both surfaces. The
cells employed contain five double layers.

The phase diagram for the m-plane surface is shown in
Fig. 1. The diagram is determined by finding which structure
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FIG. 1. Results are shown for the m-plane. Tgrop;=700 °C.
This plot indicates the lowest-energy surface structure for various
values of the H and In chemical potentials. Indium can be incorpo-
rated at the surface in group-IlI sites in the Ing,+In adlayer struc-
ture, which is stable in the lower right region. In both the Ga-N
dimer structure and the N-H+Ga-NH, structure Ing, formation is
not energetically favorable. The H chemical potential is referenced
to the energy/atom of an H, molecule at 7=0. The indium chemical
potential is limited by the onset of bulk indium condensation.

minimizes the formation energy for a given pair (indium and
hydrogen) of chemical potentials. The boundary lines sepa-
rating different regions correspond to chemical potentials for
which the two structures have the same formation energy.
Depending on the values of wuy and wy,, three different struc-
tures are stable. These structures are illustrated in Fig. 2. In
the lower left region of Fig. 1 (low uy and low uy,) the Ga-N
dimer surface shown in Fig. 2(a) is stable. In the lower right
part of the diagram (low wuy and high wuy,) the Ing,+In ad-
layer structure shown in Fig. 2(f) is stable, and in the upper
part of the diagram (high uy) the N-H+Ga-NH, surface
shown in Fig. 2(c) is stable.

The calculations indicate that the indium adlayer structure
facilitates the incorporation of indium. In contrast, the Ga-N
dimer and the N-H+Ga-NH, surfaces are not conducive to
indium incorporation. When an indium adlayer wets the sur-
face it is energetically favorable to incorporate indium. This
is seen by comparing the energy of the In adlayer structure
shown in Fig. 2(e) with the Ing,+In adlayer structure shown
in Fig. 2(f). Replacing the Ga atom by an In atom lowers the
energy by 0.24 eV/atom for w,= Minpuk)- An indium atom
occupying such a site will likely be buried in the subsequent
overgrowth by the next layer and permanently incorporated
into the bulk.

As illustrated in Fig. 1, the stability of the In adlayer and
the concomitant indium incorporation require that the hydro-
gen chemical potential be low. In the In-rich limit the re-
quirement to stabilize the Ing,+In adlayer structure is uy
<uu(T=0)-0.93 eV. If the hydrogen chemical potential ex-
ceeds this value, then the N and Ga atoms at the surface
become saturated by H and NH, groups, and In incorporation
is inhibited. In the region where the N-H+Ga-NH, surface is
stable it costs energy to replace the Ga by In. The minimum
energy cost to create the Ing,+N-H+Ga-NH, structure,
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FIG. 2. (Color online) Possible reconstructions of the InGaN
m-plane surface are shown. (a) Ga-N dimer. (b) Ing,+Ga-N dimer.
(¢) N-H+Ga-NH,. (d) Ing,+N-H+Ga-NH,. (e) In adlayer. (f)
Ing,+In adlayer. In atoms are large green/light gray spheres, Ga
atoms are gray, N atoms are small red/gray spheres, and H atoms
are white.

shown in Fig. 2(d), is 0.29 eV/atom in the In rich limit
(M1n=Min(ouk). The energy cost is even higher under less
In-rich conditions. In the region where the Ga-N dimer sur-
face forms the incorporation of In, as shown in Fig. 2(b), is
not favorable. For wy,= Ui mui—0.08 eV it costs 0.33 eV to
replace a Ga with an In atom.

As seen in Fig. 2, the larger size of In compared to Ga
means that the sp? bonding is less effective as a relaxation
mechanism if In replaces the Ga on the Ga-N dimer surface.
For this reason In incorporation on the Ga-N dimer surface is
not favored. However, when In replaces Ga below the in-
dium adlayer, as depicted in Fig. 2(f), the outward relaxation
of the Ing, atom leads to a stronger interaction between the
adlayer atoms and the Ing,. Thus the presence of the adlayer
promotes the incorporation of indium in the underlying
layers.

Thus In incorporation is inhibited if hydrogen is too abun-
dant or if the chemical potential of indium is not sufficiently
high to stabilize the adlayer. The upper limit on the hydrogen
chemical potential depends on the indium chemical potential.
In the In-rich limit the upper limit is uy<uyu(7T=0)
—0.93 eV. If the hydrogen chemical potential is greater than
this value, then the Ga atoms at the surface will become
saturated by H and NH, groups, and In incorporation will be
inhibited.

Let us now consider In incorporation on the c-plane of the
InGaN alloy. The diagram shown in Fig. 3 illustrates regions
of (., mr,) phase space in which possible reconstructions
are stable. Five structures appear in this diagram. The two
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FIG. 3. Results correspond to the ¢ plane for a growth tempera-
ture of 700 °C. This plot indicates the surface structure that has the
lowest energy for various values of the In and H chemical poten-
tials. Endothermic incorporation of indium in surface group-III sites
occurs in the region at the lower right labeled Ing,+In bilayer. In
the other regions Ing, formation is not energetically favorable.

structures that are stable in the lower right section of the
diagram are the In bilayer and the Ing,+In bilayer. As uy,
increases to a value greater than g,y —0.06 €V it be-
comes energetically favorable to incorporate Ing, beneath the
In layers, and there is a transition between these two struc-
tures. The Ing,+In bilayer structure is shown in Fig. 4(a). A
high concentration of homogeneously distributed indium is
expected if growth takes place under conditions in which this
structure is stable.

As seen in Fig. 3, when the hydrogen chemical potential
is high the surface is terminated by NH, and NH; groups. On
this surface % of the Ga atoms are bonded to a NH, and JT of
the Ga atoms are bonded to a NH; molecule.'® Incorporation
of In is not favorable on such a surface. The calculations
indicate that the energy cost is at least 0.32 eV to incorporate
an indium below an NH; as shown in Fig. 4(b). Under the
H-rich conditions in which this surface is stable, any indium
present on the surface will either be desorbed or accumulate
in In droplets.

The N,-H+Ga-H termination, shown in Fig. 4(c), is
stable for low uy and low wp,. In this growth regime indium
incorporation is not exothermic, but the energy cost to incor-
porate indium below the N adatoms may be quite low. This is
seen by comparing the energies of the structures shown in
Figs. 4(c) and 4(d). In the Ing,+N,4-H+Ga-H structure one
of the three Ga atoms bonded to the N adatom has been
replaced by an In atom. For uy=uy(7=0)—1.0 eV and
M= Minoui)—0.14 eV the energy cost to form this structure
is AE=0.06 eV. This cost is comparable to kz7=0.08 eV
for a growth temperature of 700 °C. Treating the N adatoms
as independent one may estimate the number of indium at-
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FIG. 4. (Color online) Reconstructions of the InGaN c-plane
surface are shown. (a) Ing,+In bilayer. Ing,+3NH,+NHjs. (c)
N,-H+Ga-H. (d) Ing,+N,-H+Ga-H. In atoms are large green/
light gray spheres, Ga atoms are gray, N atoms are small red/gray
spheres, and H atoms are white.

oms bonded to each adatom as fi,=3/[exp(AE/kgT)+1].
The factor of 3 arises because there are three equivalent Ing,
sites neighboring each N adatom. For 7=700 °C we obtain
f1n=0.96. This argument assumes that equilibrium is estab-
lished in the topmost In/Ga layer—the layer bonded to the N
adatoms—and suggests that the number of In atoms in this
layer would be approximately the same as the number of N
adatoms. Thus a substantial amount of indium may be incor-
porated in this growth regime. A similar argument holds for
the N,4-H+Ga-NH, surface.

The preceding analysis indicates that the most important
requirement to facilitate incorporation of indium on the
c-plane is to avoid formation of the 3NH,+NH; surface.
This requirement can be met by limiting the hydrogen
chemical potential to a value less than uy<plp.™~ Mu
(T=0)-0.85 eV.

In summary, these calculations indicate that efficient in-
dium incorporation on the c-plane and the m-plane may be
achieved by employing very N-rich conditions, keeping the
hydrogen partial pressure below certain limits and increasing
the chemical potential of indium to a value that is within
about 0.1 eV of the value for which droplets of indium would
form. The requirement on the hydrogen abundance appears
to be somewhat more stringent in the case of growth on the
m plane. The results also imply that the surfaces of m-plane
and c-plane InGaN active layers grown by MOCVD may in
some cases be covered by indium adlayers immediately
following their completion.
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