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Indium-induced changes in GaN000J) surface morphology
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First-principles calculations of the energetics of the In-terminated(G@MN), (0001), (1011), and (1Q1)
surfaces indicate that In has a substantial effect on the relative energies of formation of these surfaces.
Indium-induced changes in the surface energetics enable the formation of inverted hexagonal pyramid defects
having (1011) facets at the termination of threading defects on (@@01 surface of pseudomorphic
In,Ga, N films. For dislocations terminating on the,@&, _,N(0001) surface, the calculations predict that
large (1A1) faceted defects are not energetically favoraf$163-18299)52036-3

There is currently a high degree of interest in understandtion gives rise to a specific type of pit known alternatively as
ing the diverse mechanisms which determine the growttan inverted hexagonal pyram{tHP), a hexagonal pinhole,
morphology of epitaxial films.This interest is almost invari- or as aV defect®=2°In forming an IHP, a hexagonal region
ably driven by a technological application. The use ofof the (0001 surface is replaced with six (1@} sidewall
In,Ga _,N quantum wells to form the active region of blue facets, as indicated schematically in Fig. 1. We recently re-
lasers and light emitting diodes has generated much intereported structural models and energetics for the_(1)04ur-
in issues related to their growthinvestigations have re- face and conjectured that In termination would reduce the
vealed many interesting features of epitaxialGa,_,N  surface energies sufficiently to enable the formation of large
films including compositional fluctuatiors, chemical  IHP defects' This paper provides justification for this pro-
ordering‘,‘ surfactant behaviot, and the formation of a posal. In addition, we show that in contrast to the behavior
unique defect, the inverted hexagonal pyramid d€fe@To  expected for growth on the |Ga _,N(0001) surface, for-
understand and eventually gain control over these phenonination of large IHP defects isot expected for growth on the
ena, which directly affect the optoelectronic properties of thdn,Ga, _,N(0001) surface.
material, it is essential to know how In interacts with the This paper intends to demonstrate that the energy reduc-
surface of the growing film. In this article we present theo-tion arising from surface termination by In rather than Ga is
retical studies to determine the behavior of In on GaN surmuch greater for the (1Al surface in comparison to the
faces. (0009 surface. The difference is a consequence of the dif-

The term surfactant is used often to denote a substanderent binding sites available for In on the two surfaces. On
that modifies the growth morphology of an epitaxial film, the(0001) surface, the In incorporates in adlayer sites and in
either by changing the surface energy or altering adatom mdhreefold coordinated sites, in which it forms bonds to three
bility. In some cases it may be useful to employ a moreN atoms. On the (101) surface, it binds in sites where it
specific definition—differential surfactant—to denote an el-makes one or two bonds with the N atoms in the subsurface
ement that substantially changes te&tive energies of two  layer. We refer to the adlayer site as/Ah site, the threefold
surface orientations of a material to such an extent that theite as arS3 site, the onefold as &1 site, and the twofold
morphological evolution of an epitaxial film is altered during sites as aB2 site. The surfaces and the binding sites are
growth. We show here that In is such a differential surfactantndicated schematically in Fig. 2. Our calculations indicate
on GaN. Under the N-rich conditions required for their in- that the energy reduction achieved by substituting In for Ga
corporation, the In atoms have a large effect on the relativatoms is much larger for tha1, T1, andB2 sites than for
energies of th€é0001) and the (101) surfaces of GaN. This
leads to a dramatic change in the growth morphology of o 101D facess
In,Ga, _,N alloys through the formation of (1) faceted {0001) surface =
dislocation pits at the termination of threading dislocations
on the(000J) surface.

The termination of a threading dislocation at the surface
of a growing film may in some cases lead to the formation of ' g
a pit on the surface of the film. The energetic driving force to -
form a pit is the reduction in energy achieved by avoiding Dislocation
the accumulation of strained material in the region near the
core of the dislocation. This reduction in strain energy is FiG. 1. Schematic representation of a dislocation terminating in
accomplished at the expense of increased surface energy, afthexagonal pit at th€0001) surface. A hexagonal shaped pit of
the size and shape of the pit is affected by the surface angteral sizea and deptth forms to reduce the energy associated with
dislocation energetics:*?2 For pseudomorphic Ga_ N the dislocation. Pit formation exposes the six equivalent_(301
films grown on GaN0001), the termination of the disloca- facets.
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(0001) surface to grow pseudomorphic &g _,N films, the value ofS
could be reduced to values close to zero, and that this pro-
---------------------------- - motes growth of large IHP defects. In this paper, we present

’ the calculations which enable us to determ®ér condi-
tions in which a substantial amount of In is present in the
film.

The calculations are based on the local density functional
theory and employ first-principles pseudopotentials and a
plane wave basis as in previous wofee, for examples,
Refs. 12—18 Soft Troullier-Marting® pseudopotentials are
employed, and the Gad3and In 4 electrons are treated as
part of the valence band. The surfaces are modeled by re-

peated cells that typically contain between 20 and 50 atoms
____ ™ op T per cell, depending on the system. The atomic positions are

) ) determined by energy minimization and the plane wave cut-
FIG. 2. Schematic representation of the001), (1011), off is taken to be 60 Ry.

(0001), and (10D) surfacesS3, B2, andT1 sites are those in
which Ga or In forms 3, 2, or 1 bonds to a N atom. Tk sites are
adlayer sites on th@001) surface where the In or Ga is bonded to
the In or Ga in theS3 sites below.

Adlayer (A1) —

§3 —

(1010

$3 J. T1

To estimateS we require values of the surface energies
for the (0001 and the (101) facets. The polar plot of sur-
face energyy(n) is not uniquely defined for wurtzite materi-
als such as GaN. One may addyi@m) a term proportional to

the S3 site, and that the energy required to create ()01 C0Sé, yvhereﬁ is the_ gngle between theaxis andn without .
surfaces at the expense (§001) surfaces is substantially changing the equilibrium shape or other thermodynamic
reduced by the presence of In. This effect increases the sizgoperties?® Nevertheless, one may compute quantities in-
of the inverted hexagonal pyramid defects at the terminatioiyolving the surface energies which are invariant with respect
of threading dislocations ofD001) surfaces of InGa,_N to such a transformatior§ of course, is such an invariant
films. quantity. To computes for GaN we use the fact that in the

To calculate the formation energy of an IHP defect, oneGa-rich limit, the surface energies of the minimum energy
may employ a simple modét:*? Consider the change in en- reconstructions are very nearly equal for various surfaces of
ergy resulting from the formation of an IHP of sizeand ~ GaN: y(1120)=123 meV/A, y(1010)=110meV/#, and
depthh as depicted in Fig. 1. Formation of the IHP reduces¥(001)=125meV/A’. Moreover, in the Ga-rich limit, the
the strain energy and core energy arising from the dislocalnvariant sums of the surface energies are nearly equal:
tion. In forming the pit, a hexagonal shaped region of thes{»(0001)+ ¥(0001)}=123meV/A and 3{y(1011)
(0001 surface is eliminated and replaced by six (191 +7¥(0011)}=125meV/A. Therefore, for the purpose of
sidewall facets. We take the energy of the dislocation to b&alculatingS we take the surface energy of the minimum
that of a simple screw dislocation with a small open core ofenergy reconstructions on t{€001) and the (101) sur-
radius r = ub?/872y,.1! In this expressionp=c[0001] is faces(the 2x2 Ga adatom and thex11 Ga adlayer models
the Burgers vector of the dislocatiom,is the shear modulus, to be equal to 123 meV/Aand 125 meV/A This assump-
and y, is the surface energy of the open core sidewalls. Fofion, together with calculations of the relative energies of the
simplicity, we takey, to be the energy~120 meV/&) of  Ga and In-terminated000) and the (101) surfaces, may
the (1010) prismatic plane. As discussed elsewheris,ap-  how be employed to estimate

proximately 0.2 nnmt2 We measure lengths in termsmfand Let us first consider growth conditions in which indium or
energies in terms ofyor2. The energy that is required to Other impurities are not present. Results for the surface en-
form a large inverted pyramid of size=a/r is ergies of the relevant G4BN00) and GaN(101) surfaces
are shown in Fig. 3. In N-rich conditions, the lowest energy
AE(X)=yor?{S¥—CxInx}, structure for the(000) surface is the X2 N-H3 adatom
modell’?122and the lowest energy structure for the (101

whereC is a geometrical factor equal torh/a [C=10.26
for (1011) facetg, and Sis the projected difference in the
surface energies of th®001) and the (101) surfaces:

surface is the X 1 Ga adatom modéf. The value ofS cor-
responding to these structures is 3.4. Under Ga-rich condi-
tions, the (0001 surface of lowest energy is the 2
X 2 Ga-T4 adatom model’?~Zwhile that of the (101)
surface is the ¥ 1 Ga adlayer structuré.In this situationS
The factor a=cosf§=0.468 appears in this expression be-is 3.1.(For intermediate values of the Ga chemical potential,
cause the (101) surface makes an angle=62.1 degrees S=3.3) Thus, in the absence of In or other impuriti€sis
with respect to th€0001) surface as shown in Fig. 1. The larger than 3. A plot of the formation energy as a function of
equilibrium size of the inverted hexagonal pyramid is deterit size for S=3 is shown in Fig. 4. In the absence of in-
mined by minimizingAE(x). Because the value of that  dium, or other impurities, the surface energy anisotropy is
minimizesAE is independent of, the equilibrium pit size is not large enough to enable the (1Dflfacets to form at the
proportional toub?/y,. The critical parameter that controls termination of the dislocation. Indeed, one finds that on
the equilibrium size is the surface energy anisotr8plf has  impurity-free GaN000J) surfaces, the dislocation pits form-
been suggestétithat under the growth conditions required ing at the termination of dislocations do not exhibit (101

S=(3v3)/2[ %(1011)/ a— (000D 1/ v,
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5.0 T T T TABLE |. Energy change per X1 cell of the(000)) surface arising
45+ 1 from the replacement of Ga with In atoms for various surface ditegihis
40 1 the number of replacements in eack 1 cell. The energy change SE

= 3BT (1011) Ga (11,82) 1 =Eo—nsu Apn—Augs) . Replacement of Ga atoms on tfi@ andB2
X 30F T b 7 sites is energetically favorable in comparison to replacement of ato% in
=5l T f T sites.
‘é’ 20l (1011) Ga-H3 adatom ]
L%, 15k ] Surface Reconstruction nsub Sites Eo (eV)
;g [ (0001) N-H3 adatom f (0003 1x1 ideal 1 s3 1.09
i . _ (0001) Ga T4 adatom (000Y) 1x1 adlayer 2 S3AL 0.99
0'-(1).00 -0.75 -0.50 -0.25 0.00 (0009 2X2 Ga vacancy 3 S3 1.44
Aug, (8V) (1011) 1x1 adlayer 2 T1B2 0.04
(1011) 1x 1 adatom 1 H3 0.34
FIG. 3. Energies of the Gali00) and GaN(101) surfaces.  (1010) 1X1 Ga-N dimer 1 s3 1.49
The dashed lines correspond to energies per 1JaIX 1 unit cell (0002) 1x1 adlayer 1 T1 -0.13
of the Ga adatom and the Ga adlayer structures. The area of @g;1) 1x1 2 B2,S3 1.27

(1011)-1x 1 unit cell is 18.6 &. The solid lines correspond to the

energies pe000D)-1X 1 unit cell of the Ga adatom and the N
adatom structures. The area of@001)-1x 1 unit cell is 8.7 &.

the Ga-N bond. Thus, there is an energetic benefit realized by

Energies are plotted as a function of the Ga chemical potential. the sites where the IN bond length may relax easily to a
larger value. Results obtained for a number of different sites

facets. Instead, they are shallow pits that may be quite largen various surfaces are compiled in Table I. For (d@02)

in lateral extent but only a few nanometers in defttr
Let us now consider the case of an@s _,N film where

surface, the X 1 adlayer structure contains Ga atoms in both
the A1 andS3 sites, and the Ga-In replacement changes the

In is available to replace Ga atoms at the surface. As we shadinergy by AEg,{0001 adlayeryF 0.99-2(Aw,—Augy eV

see, this lowers the formation energy of the surfaces anger 1X1 cell. For the (101) surface, the replacement of the
reducesS The change in the energy arising from the replace-Ga atoms in thelTl and B2 surface sites with In atoms
ment of a Ga atom by an In atom depends on the relativéowers the energy bEg,{1011)=0.04— 2 (Aw,—Auca)
chemical potential of the two species. Thus the change iper 1x 1 cell of the (101) surface. Using these results to-
energy(per unit cel) arising from the replacement of Ga by gether with the energies for the Ga-terminated surfaces, en-

Inis

ables us to determine the energies of the In-terminated sur-

faces as a function ofAw,,—Augs). Results for the surface

AEg = Eo—Nsuf Ain—Anca),

where A n = tin— Min(bulk)» AﬂGa:ﬂGa_MG_a(bulk)v Neup IS the
number of replacements per cell, akg is the calculated

change in energy foAu,=Aug,=0. We have found that
when In substitutes for a Ga atom in &8 site on thg0001)
surface, the corresponding valueBf is approximately 1.1
eV. In contrast, when In substitutes fol -site Ga atoms on
the (00Q) surfaceEy is —0.1 eV. Thus, the energy of sub-
stitution is highly site dependent. One reason for this site
dependence is that the M-bond is 11 percent longer than

IHP Formation Energy

0 50 100 150 200
Diameter (nm)

energies of the most stable In-terminaté@01) and (1011)
surfaces are shown in Fig. 5. It is clear from this plot that the
energy cost of replacing @00)) facet with a (101) facet
depends on the chemical potentials of In and Ga, and that it
may be much less than in the case of the clean surface.
Only under very Ga-poor and In-rich conditions can in-
dium be incorporated in the pseudomorphicGa, N

25 : . .
20} B ]
g 15F - (0001) N-ra adatom i
S -
= i
& 10 {1011) In(T1,62)
5 (0001)In (A1) (9001) In T4 adatom
O (0001) In (S3,A1)
051 ]
0.0 s . .
-15 1.0 05

0.0

Ang, - Ay, (V)

FIG. 5. Energies of In-terminatg®0021) and (1011 ) surfaces of
GaN. The dashed line corresponds to the energy perl(:di 1
cell of the In adlayer surface withl andB2 sites occupied by In

atoms. The solid lines correspond to energies(pe01)-1x1 cell
FIG. 4. Energy of the IHP as a function of its diameter for the of various (0001) surfaces. Under In and Ga-rich conditions

caseS=0.1, 0.2, 0.3, and 3.0. For large valuesSqfjreater than 3

the pit size is less than a few nanometers. For small valuSstbe in Al

sites. Under

In-rich

(Apga—Awn>—1.25eV), the(0001) surface consists of In atoms
and Ga-poor

conditions

equilibrium pit size(~100 nm and energy are very sensitive to the (Auga—Awn<—1.25eV), theAl andS3 sites on th€0001) sur-

value of S The energy is given in units of 19,r?2=0.47
X 10% eV.

face are occupied by In atoms. The energy of the22N-H3
adatom structure is included for reference.
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films. To quantify this notion in terms of the In and Ga factors such as the difference in adatom mobility and growth
chemical potentials, we performed calculations of the formarates on the In-terminate@001) and (1011) surfaces. It is
tion energy of substitution for an In atom replacing a Gathen quite plausible that the actual pit size may be larger or
atom in a freestanding GaN film. In these calculations, themaller than the size that minimiza<€(x). The possibility
atoms are free to relax along tfi@001] direction, but the thatScould even become negative cannot be ruled out. How-
lattice constant in théooo:l) p|ane is kept equa| to that of €ver, in that case th(é)OO]) surface reconstructions we have
GaN. In this manner, we simulate the environment of an Inconsidered would be unstable with respect to a complex re-
atom in a pseudomorphic J6a_,N film. As before, the construction, perhaps involving the appearance of_({}01
formation energy of an In atom on the Ga sublattice may bénanofacets.”

expressed in terms of the chemical potentials of In and Ga as It is important to note a special feature of the (191
follows: Q. =Ey— Amn+Aug, Our calculations indicate that surface. Namely, there are r88 sites present on this sur-
E, is 1.93 eV. For a dilute alloy, the In concentratiom the ~ face. For shallower sidewall$}<62°, the sidewall facet
film is given approximately byx=1/(e®’T+1). Using this Would exhibitS3 sites as on th€d00]) surface. For steeper
relation we may determin&, and hence\ug,—Aw,, as a sidewalls, #>62°, parts of the sidewall would exhib&3
function of x. For example, to obtain an In concentration ~ Sites as on the (1@) surface(see Fig. 2 As seen in Table
~1% at a growth temperature &T~0.1eV, we must have |, itis energetically less favorable to incorporate In atoms in
Apca—Amn~—1.7€eV. Thus, formation of §Ga_,N al-  the S3 sites on the (10d) and(000) surfaces in compari-
loys is indeed obtained only under very Ga-poor and In-richson to theT1 andB2 sites on the (101) surface. For this
conditions. To obtain In concentrations greater than abouteason we believe the optimal sidewall facet is the_(1101
1%, we must have\ ug,— A, <—1.5eV. plane.

As seen in Fig. 5, wheA ug,— Ay, is less than-1.5 eV, What about the possibility of IHP defects at dislocations
the energy difference between the In-terminated (()0dur-  terminating on the N-face JGa ,N(0001) surface? Our
face and the In-terminate®001) surface is very low. For model predicts that such (10) faceted defects should not
Apca—Aun<—1.25eV, the lowest energ001) surface is form, because, the surface energy term, remains large. The
a structure in which an adlayer of In resides Al sites (1011) surfaces that would be created by pit formation ex-
above a monolayer of In 183 sites. The lowest energy hibit S3 andB2 binding sites, while the (0Q0surface that
(1011) surface is the In adlayer structure with In occupyingwould be eliminated exhibit31 sites. Therefore, the ener-
T1 and B2 sites. The calculated difference in energy be-getics of In substitution are not conducive to the replacement
tween these two structures,yfoii)/a@— ¥o01), iS 10  of the (000) surface by the (1D1) facets, and so (1)
meV/A? and the corresponding value 8fis 0.2. A plot of  faceted dislocation pits are not expected to form in growth
the formation energy of the IHP as a function of size $r on the InGa; _,N(0001) surface.
=0.2 is shown in Fig. 4. It is evident that the pit diameter In summary, we have performed calculations for a num-
that minimizes the formation energyE may become very ber of low-index In-terminated GaN surfaces and have
large (~100 nm under these conditions, and that at this sizeshown that In behaves as a differential surfactant, reducing
it is quite sensitive to the precise value®ivhenSis small.  the energy of the (101) surface relative to thé€001) sur-

Our results show clearly that it is energetically favorable toface. This effect promotes the formation of large (191
form (1011) faceted pits at the termination of dislocations faceted dislocation pits 00001 surface of InGa; _,N.

on In,Ga, _,N pseudomorphic films. Once the pit has be- We are grateful to Linda Romano for valuable discus-
come large, the size of the pit begins to be affected by kinetisions.
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