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Surface energetics, pit formation, and chemical ordering in InGaN alloys
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We present first-principle calculations of the structure and energetics of the GalN(40face, and
present models for the reconstructions. A strong preference for In surface segregation and
occupation of specific surface sites is demonstrated. We argue that inverted pyramid defect
formation is enhanced by segregation of In on (1pfacets. We propose that the chemical ordering
recently observed in InGaN alloys is driven by the preference for In incorporation at the sites of
reduced N coordination present at step edges during growth ofO@td) and (000} surfaces.

© 1999 American Institute of Physids50003-695(99)02015-X

The desire to understand and control epitaxial growth ofelaxation is included for all structures. The surfaces are
GaN films has motivated a number of studies of the structurenodeled by repeated cells that typically contain 10 Ga and
and properties of GaN surfaceRecently, the promise of 10 N atoms in eachx 1 unit cell. The plane wave cutoff is
lateral epitaxial overgrowftt as a method for threading de- taken to be 60 Ry.
fect reduction has Sparked interest !n th? GaN()o4durface Schematic representations of some of the many struc-
that is present as a sidewall facet in this growth mode. Adtures considered are shown in Fig. 1. The structure that is
ditional motivation for studies of the (1) surface stems stable under Ga-rich conditions is shown in Fig&)Jand
from the presence of these facets in the inverted pyramid(p). It is comprised of Ga atoms in two distinct types of
defect4® that form at the termination of some threading dis- sjtes in the surface layer. We refer to these siteB2sand
locations on the GaN surface during growth of In-containingTq sites. The atoms iB2 sites are bonded to two N atoms in
alloys. We have therefore conducted first-principle calculaype layer below. This is similar to the bonding configuration
tions of the atomic structure and energetics of clean and Insf 55 atoms on thé001) ideal surface of cubic GaRiThe
covered GaN(101) surfaces. atoms in theT1 sites are bonded to one N atom in the layer

The formation of InGaN quantum wells for blue laser pejoy as in the X1 Ga adlayer structure existing on the
devices requires the incorporation of In dur_mg _ep|taX|aI(000_l) surface! As on the(001) and (000} surfaces there
Igrgwm'f.lA common extgnded qngC]E occurgrégE in t_hesels a strong interaction between the Ga atoms of the {301
nGaN films is an inverted pyramid defect, or pitExper:- surface, and this helps to stabilize this reconstruction in Ga

mental analysis of the film morphology reveals that hexago-rich conditions, as shown in Fig. 2. The structure shown in

nal shaped pits form where threading dislocations intersect. .
the surface. The lateral extent of the pit at the surface inq}.lgs' 1) and Xd) contains one Ga adatom per cell bonded

creases with the thickness of the InGaN film and may bem anH3 site. This adatom is bonded to three N atoms in the
more than 100 nm at the surface of sufficiently thick InGaN
films. The sides of the pits are (10} surfaces. As will be  (a) Ga adlayer (top)
discussed below, our calculations indicate that inghsence Qi Q)
of In the equilibrium pit size is on the order of a few nanom-
eters. However, we shall see that segregation of In on the
(1011) surfaces can provide a strong driving force to reduce
the surface energy and thereby allow formation of large in-
verted pyramid defects.

Recently [0001] chemical ordering on the group Il sub-

lattice of InGaN alloys has been reporfetiwe will show

that this remarkable effect is a consequence of a preferenc 3

for In incorporation on the sites of reduced N coordination 4 4
that are present at step edges or on vicinal microfacets durint

growth.

The calculations are b:_;lse_d on local densny_funcuonal (b) Ga adlayer (side) (d) Ga adatom (side)
theory and employ first principles pseudopotentials and a
plane wave basis as in previous wdrk? The Ga3l and  FiG. 1. (a), (b) Representations of the GaN(1DLGa adlayer surface. In

In 4d electrons are included in the valence band. Full atomicitesT1 andB2 the Ga forms one or two bonds with N atoms. Sites 3 and
4 are near surface bulk sites. The dashed lines indicatextte dell bound-
ary. (c), (d) Representation of theXd1 Ga adatom structure that is stable in
¥Electronic mail: northrup@parc.xerox.com N-rich conditions.
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FIG. 3. A representation of a dislocation terminating in a pit at(®@0J)
10 . surface. The depth of the pit ls=1.63. Pit formation creates six equiva-

%0 08 w06 w04 0z 00 lent (1011) facets.
Ga chemical potential (eV)

energy consists of three term4) the change in surface en-
FIG. 2. Energetics of GaN(1) surfaces as a function of the Ga chemical ergy resulting from replacing a hexagonal region of the
potential. The maximum equilibrium chemical potential of Ga is limited by £ ith th . £ f the i d
precipitation of bulk Ga, i.€.4c,< Koxbur=0.0. (OOO])lsur ace wit t'e Six (19]1) acets of the |nv'ert'e

pyramid,(2) the reduction in strain energy, af@) the elimi-
o _ nation of the dislocation core energy. The change in surface

Iayers below. As seen in Flg 2, the adatom structure is fOUn@nergy is equa| t(S'yorZXZ’ wherex=al/r is the size of the
to be stable within a large region of the allowed range of G&jit (measured in units of the Frank radius of the dislocation
chemical potential. A structure with X2 periodicity is  andS depends on the formation energies of {8807 facet

formed by adding 1/4 monolayer of Ga atoms to thethat is removed and (1@) facets that are formed. One may
1X1-adlayer structure, but this adatom-on-adlayer structurgnhow that

is not energetically favorable. AX2 mixture of the X 1
adlayer and the X 1 adatom structure is only slightly higher ~ S=(3v3/2{(1/a) y(1011)/-yo— y(0001)/ o},

in energy than the average of the<1 adlayer and the 1 \yhere=0.468 is the scalar product of the unit vectors that
X1 adatom structures. Given the stability of th&kl Ga  gre normal to the (101) and (0001 surfaces?® The term
adlayer and the %1 Ga adatom models with respect to the corresponding to the reduction in strain energy is obtained by
other structures considered here, as well as their similarity tthtegrating the strain energy densiyp) = ub%8m%p? over
the structures that are stable on the (QD@nd (001) sur- 5 cone of radium and height (8/3Y%a. The lower limit of
faces, we think they are excellent models for the GaN@01 ihe radial integration ovep, the distance to the core, is

surface. o _ The total formation energy of a pit of sizeis then given by
We have also performed calculations in which one of the

Ga atoms in a X 2 supercell is replaced by an In atom. The ~ AE(X)/ yor?=SxX—2m(8/3)"

replacement may occur on either a surface @ orT1) or _ _ _

in the bulk (site 3 or site 4 in Fig. 1 We find that it is XPI=DIxINX=x+1) = hx.

energetically favorable to exchange In atoms in the bulk withThe termAx represents the core energy of the dislocation. In

Ga atoms at the surface: The energy reduction obtained iaur model\ =2(8/3)Y2. The equilibrium pit sizexy, is

this exchange is 2.0 eV for thEl site and 1.5 eV for th82 determined by minimization cE(x), and the resulting val-

site. (The results are independent of the bulk site, 3 9r 4. ues ofxy;, are plotted as function din Fig. 4. Assuming

This large energy reduction arising from In surface segregathat there is no strong dependence of the surface energies on

tion is comparable to the energy required to create GaN sulrientation, one obtainS~3. This assumption is justified by

faces. Consequently, In segregation may have a dramatic eie results presented in Table I, where it is seen that the

fect on the growth kinetics and morphology of InGaN films. surface energies of GaN tend to cluster in the range between
Let us now consider the question of the origin and equi-110 and 125 meV/A For S~3 we obtainxXy,~5, corre-

librium size of the hexagonal inverted pyramid defects indi-sponding to a pit size of aboat~ 10A. ForS~2 and with

cated schematically in Fig. 3. Following Fratkwe esti-

mate the pit formation energy by using linear elasticity 3.0

theory. The reference system is a crystal with a screw dislo- o5

cation that threads to the surface. For specificity we calculate

the energy with respect to that of a hollow-core screw dislo- 2 201

cation with Burgers vectdn=[0001]. The Frank radius of x 1.5

such a dislocation is equal t@b?/8m?y,, where u is the 2 1.0} 3
shear modulus ang is the surface energy of the internal 0.5} 12
surface. Fory,=110meV/&, corresponding to the energy ool e e
of the Ga-terminated (1@) surface, and=5.2A, corre- 0005 1.0 15202530
sponding to an elementary screw dislocatior; 1.9 A 81! s

Removal of all atoms m_SIde a cylinder of thI_S radl_us leads tOFIG. 4. Plot of logo(Xmin) Vs S for three values of the dislocation core
a hO.“OW core defegt with a bpnd topology |d.ent|cal tp thatenergy. Curves 1, 2, and 3 are for core energieg,of2E, , and E, where
obtained in atomistic calculatiod$.Now the pit formation  E,=2nry,=1.3eV/A.
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TABLE I. GaN surface energies in the Ga-rich limit. (0001)
----------- \
B2 site preferred by Ga
Surface EnergymeV/A?) Surface structure Ga— \ (101 l)pmicro facety
Vo UUL
(1010) 110 Ga terminatéd '\ T1 site preferred by In
(1010) 118 stoichiometrft In—
(001 125 1x 4 Ga tetramér (0001)
2{(0001)+ (0002)} 123 2x2 Ga adatom 1x1 Ga adlayer Ga. A G L CEE LS
3{(1011)+ (1011)} 125 1xX1 Ga adlayet 1x1 Ga adlayer
%Ref. 8. In—
PRef. 9.

FIG. 5. Representation of a step of heighon GaN0001). At such a step

an increase of the core energy by a factor of thrae ( the cationsattach at eithB2 orT1 sites. The Ga binds preferentially &2
131 we obiain a rather generous upper lmit for gui- S e L 1 b T ses e b e o e oo o
librium pit diameter of 2~60 A. A quantitative experimen-
tal study of the equilibrium pit size in unalloyed GaN films is configurations is 0.5 eV, a value that is large compared to the
not currently available. Indeed, pit formation is rarely seen ingrowth temperature KTgowin=0.09 V). Consequently as
such films and is most often associated with the presence dfie steps sweep across the surface, Ga incorporation occurs
In in the films. mainly on the Ga planes while In incorporation occurs

We have shown that In prefers to occupy (190kurface mainly on the In planes indicated in Fig. 5. This ordering
sites rather than bulk sites. Because the In—N bond is longanechanism will also be operative for single steps of height
and weaker than the Ga—N bond, the system can lower ite/2 provided there is sufficient surface mobility for In to
energy by interchanging fourfold coordinated In atoms in thesample the two inequivalent types of steps. One type of step
bulk with onefold and twofold coordinated Ga atoms on thewill exhibit B2 sites while the other type exhibitsl sites.
(1011) surface. Moving an In from a bulk site toB2 site ~We emphasize that the same mechanism works to explain
lowers the energy by 1.5 eV. Moving the In from a bulk site ordering on the (0001 face of InGaN. In this case our cal-
to aT1 site lowers the energy by 2.0 eV. Thus, under growthculations for (1Q1) surfaces indicate the twofdttireefold
conditions for which In is also incorporated in the bulk, the coordinated sites at the steps on (0PGire preferentially
formation energy of an In-terminated surface will be loweroccupied by 11Ga).
than tha_t of the_ Ga-terminated surface k_)y abqut 3.5 eV per, A R. Smith, R, M. Feenstra, D. W. Greve, J. Neugebauer, and J. E
1X1 unit c_eII. Since the area of thexi1 unit cell is 18.6 &, N'Om;rup, ph'ys_' Rev. Letf9, 3'934(19'91 o ’ o
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