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Surface segregation and interface stability of AlNÕGaN, GaNÕInN, and AlN ÕInN ˆ0001‰ epitaxial
systems
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Surface segregation in wide band-gap nitride alloys was studied usingab initio calculations. In agreement
with recent experiments we find that AlxGa12xN $0001% surfaces prefer Ga termination, and GaxIn12xN and
Al xIn12xN $0001% prefer In termination. The segregation energy is found to depend critically on the type of

surface reconstruction. For cation-terminated reconstructions on both the~0001! and (0001̄) surfaces the
segregation energies are similar and an order of magnitude larger than in the arsenides or Si/Ge systems. The
largest segregation energy of about 3.6 eV is found for the AlN/InN surface. In contrast, segregation effects for
the N-adatom 232 reconstruction on the~0001! surfaces are strongly suppressed. At AlN/GaN and GaN/InN
interfaces the segregation effects are very weak and should not affect their morphology. Our results suggest the
choice of optimal conditions of growth that lead to sharp interfaces and longer lifetimes of carriers in III-nitride
heterosystems.
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I. INTRODUCTION

Semiconductor-based optical and microelectronic dev
rely on the controlled epitaxial growth of heterostructures.
turn, the quality of these heterostructures reflects the atom
scale morphology of the interfaces of which they are co
prised. Interfacial roughness may strongly influence
properties of the electrons and holes confined to quan
wells and, in particular, affect carrier mobilities and reco
bination lifetimes. For this reason, the interface profiles
GaxIn12xN/GaN ~Ref. 1! and AlxGa12xN/GaN ~Ref. 2! het-
erostructures have recently been examined experiment
In both cases, these studies revealed strongly asymm
interfaces, with one being more abrupt than the other. T
effect has previously been observed in Si/Ge~Ref. 3! and
III-V ~Refs. 4–7! heterosystems, and has been explained
the basis of surface segregation, i.e., the tendency of an a
surface to be preferentially terminated by one of its com
nents. The similarity of the chemical profiles of the quantu
wells observed in the nitrides to those of the above syst
suggests that surface segregation is the main mechanism
sponsible for the formation of the smeared interfaces. T
conjecture is strongly supported by the recent observatio
pronounced In segregation on the GaInN (0001)̄ surface by
Chenet al.8 using Scanning Tunneling Microscope. Impo
tantly, the usage of segregating In as a surfactant during G
or AlxGa12xN epitaxy leads to improved surface morpho
ogy, crystalline quality, and optical properties.9–11

The present paper investigates the energetics of sur
segregation in AlN/GaN, GaN/InN and AlN/InN heterosy
tems. We analyze the technologically important$0001% sur-
faces of the wurtzite phase and concentrate on the segr
tion process that occurs between the free surface and the
two subsurface layers. This assumption will not hold for ve
PRB 610163-1829/2000/61~16!/10820~7!/$15.00
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low growth rates, when thermodynamic equilibrium betwe
the surface and the bulk may be achieved.12 Furthermore, we
observe that the actual morphology of interfaces is de
mined not only during growth, but may also change duri
annealing,13 which in general is a necessary phase in
post-growth processing of devices. For this reason, the
ond part of the paper analyzes the thermodynamic stabilit
interfaces against interdiffusion. A comparison of the seg
gation processes at a free surface and an interface revea
surface-specific effects that drive surface segregation.

The III-nitrides differ from other previously studied sys
tems in two important respects. Firstly, due to a very la
electronegativity of nitrogen, the chemical bonds in the
trides are significantly more ionic in character than in t
phosphides, arsenides, or antimonides. Secondly, the
match between the atomic radii of cations and anions
much larger in nitrides. These factors result in surface rec
structions of GaN$0001% that are qualitatively different from
those observed for $111% surfaces of zinc-blende
semiconductors,14,15 which are the analog of the$0001% ori-
entation in wurtzite. Another important aspect is the fact t
there are two nonequivalent$0001% surfaces, the cation
terminated~0001! and the nitrogen-terminated (0001)̄, or
surfaces of cation and nitrogen polarity, respectively. Th
properties differ in terms of reconstructions, chemical act
ity, and growth modes. As we show here, the segrega
effects for the two surface polarities may also drastica
differ, especially in the N-rich conditions of growth. An in
timately related issue, characteristic of the III-nitrides, is t
presence of an electric field in heterostructures, which m
be both of pyroelectric and piezoelectric origin.16–18 This
field in, e.g., a GaxIn12xN quantum well buried in GaN may
have two orientations, and its actual direction is determin
by the surface polarity of the film during epitaxy. The im
10 820 ©2000 The American Physical Society
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PRB 61 10 821SURFACE SEGREGATION AND INTERFACE STABILITY . . .
portance of this point stems from the fact that the orientat
of the field drastically affects the electronic states, and t
the properties of heterostructures19 and the operation o
devices.20,21,18The interplay between the surface roughne
electric field, and carrier properties is discussed in Sec.

Given the issues above, a study of surface segrega
must take into account the reconstructions that may ap
during epitaxy and both surface polarities should be con
ered. We carried out extensive calculations within the fram
work of a multigrid-based total-energy method that use
real-space grid as the basis.22 The Ceperley-Alder exchange
correlation energy23 was used. Nonlocal, norm-conservin
pseudopotentials24 were included through the Kleinman
Bylander formalism.25 A repeated slab geometry was us
with a thickness of four bilayers of which the three botto
layers were kept fixed at the ideal lattice sites. For calcu
tions of the reconstructions of the Ga-polarity surfa
pseudohydrogen atoms of charge 0.75 passivated
N-terminated face, while for the study of the N-polarity fac
pseudohydrogen atoms of charge 1.25 passivated the
terminated surface.26 A supercell with grid spacing of 0.27
a.u. was employed after a careful convergence study.27 Fur-
ther discussion of the calculations is given elsewhere.16,14

For all studied systems the GaN substrate was assumed
the relaxed lattice constants of AlN and InN in thec direc-
tion were found using the elastic constants calculated in R
28.

II. CATION-POLARITY SURFACES

We first analyze the cation-polarity~0001! surfaces. Pre-
vious calculations15,14 have examined various 131 and 2
32 reconstructions of GaN~0001! and identified the lowes
energy structures under Ga- and N-rich conditions of grow
A top view of the 232 unit cell is shown in Fig. 1. There ar
two non-equivalent adsorption sites with hexagonal symm
try. TheT4 site is on top of a nitrogen atom of the first anio
layer, while theH3 is not. In the Ga-rich conditions, th
reconstruction consists of a Ga adatom bonded to three
face Ga atoms at theT4 site, while in the N-rich conditions
the reconstruction consists of a N adatom occupying theH3
site. This difference between the adsorption sites for cati
and anions is explained by the Coulomb interaction betw
the adatom and the nitrogen of the first anion layer.14 A very
similar surface phase diagram has been calculated
AlN ~0001!.29

FIG. 1. Schematic top view of the~0001! GaN surface. On the
Ga-polar~0001! surface, the dark atoms are gallium atoms, wh
the light atoms are nitrogen atoms. An adatom in theT4 site ~rep-
resented by a black square inside of a light circle! sits above a
subsurface atom~a light circle!, while an adatom in theH3 site
~represented by a black square! sits in the hollow site as shown. Th
dashed line outlines the 232 cell.
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Experimentally, even for the most investigated case
GaN the situation is quite complex, as has been compreh
sively discussed by Smithet al.30 A variety of reconstruc-
tions have been observed both during and after the growth
molecular-beam epitaxy. The best crystalline quality h
been obtained in fairly Ga-rich conditions of growth. In th
case many groups observe 232 periodicity, sometimes con
sidered as an indicator of optimal growth conditions, wh
others see only 131 periodicity. The former reconstructio
may be tentatively ascribed to the presence of Ga adatom
the surface. This assignment is consistent with the rec
observation of the 232 and 434 Ga-adatom reconstruc
tions by scanning tunneling microscopy~STM!.31 On the
other hand, however, Smithet al.30 argue that the 232 pe-
riodicity observed during the molecular-beam epita
~MBE! growth may arise from the unintentional presence
surface contaminants. For the progressively richer Ga co
tions, Ga droplets form at the surface32 @or In droplets on InN
~Ref. 33!#, the reconstruction is 131, and it possibly con-
sists of a Ga adlayer,34,30 which is in accordance with the
greater density of Ga adatoms than in the 232 Ga-adatom
reconstruction. For the opposite N-rich limit, Smithet al.30

argue that the 232 surface seen during the growth in ve
N-rich conditions, or formed by nitridation,35,30may actually
correspond to the N-adatom reconstruction. Finally, we m
tion that the sometimes observed very large surface per
icities, e.g., 634 or 535, are too large to be studied byab
initio methods at present.

A. Cation-rich conditions

The side view of the adatom reconstruction preferred
der cation-rich conditions is shown in Fig. 2. The surfa
segregation tendencies for, e.g., AlN/GaN may be charac
ized by the segregation energyEseg, the change in the tota
energy upon the interchange of an Al in the surface layer
a Ga in the first subsurface layer. To calculate the segre
tion energy, the initial and final atomic configurations mu
be specified. Although the number of possible configuratio
that can occur at the surface during heteroepitaxy is imp

FIG. 2. Side view of the 2x2 cell with an adatom. The da
atoms are cations, while the light atoms are nitrogen atoms.
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10 822 PRB 61BOGUSŁAWSKI, RAPCEWICZ, AND BERNHOLC
tically large, the value of the segregation energy is de
mined mainly by the chemical identity of the atoms parti
pating in the segregation, and is less sensitive to other fac
such as the lattice constant of the substrate, or the chem
identity of the distant neighbors. Accordingly, the energet
of segregation is analyzed in the following way: Consid
e.g., the GaN/AlN interface. We simulate the onset of
deposition of AlN on GaN~0001! by replacing a Ga adatom
by an Al atom~actually, due to the 232 symmetry of the
unit cell, this corresponds to 1/4 monolayer of Al!. The en-
ergy of this configuration is taken as the reference zero
ergy. Then, we exchange the sites of two atoms: the Al a
tom and a Ga atom from the surface layer. We can conti
this process by placing the Al atom in the first subsurfa
cation layer, etc. After the first step of segregation, Al m
occupy one of two non-equivalent sites in the surface ca
layer, i.e., either directly below the Ga adatom (T site in Fig.
2!, or not (S site!. The dangling bonds of the three catio
located at theT sites are saturated by the Ga adatom, wh
the dangling bond of the cation at theS site is not.

In general, when a surface unit cell contains no
equivalent sites, the corresponding segregation ener
should be different. In our case, the segregation ener
Eseg

T andEseg
S are 1.65 and 2.1 eV, respectively. The calc

lated sign ofEseg agrees with the experimentally observ
trend: the chemically mixed AlxGa12xN(0001) surface pre-
fers Ga termination. Placing Al at the buriedB site in the
second cation layer provides a further energy gain of 0.35
relative to theS site. The results for GaN:Al and for th
remaining GaN:In and AlN:In configurations are summ
rized in Table I. The positive signs of the segregation en
gies in the two latter systems indicate that, in agreement w
experiment, chemically mixed GaxIn12xN(0001) and
Al xIn12xN(0001) surfaces prefer In termination. Table I al
shows that there is a qualitative similarity between the
configurations considered here: in all cases the segrega
energy for theS site is higher than for theT site, and it
increases for the second cation layer. For GaN:In, the ca
lated values are 0.25 eV for theT site and 0.9 eV for theS
site; placing In atom in the first cation subsurface layerB
site! increases the total energy by 1.5 eV relative to theS
site. The calculated segregation energies are the larges

TABLE I. Segregation energies~in eV! for an Al adatom on
GaN, an In atom on GaN, and an In atom on AlN for both surfa
polarities.

Site GaN:Al GaN:In AlN:In

Cation polarity – cation adatom
Adatom 0 0 0
T 21.65 0.25 1.65
S 22.1 0.9 2.35
B 22.45 2.4 3.85

Cation polarity – nitrogen adatom
T 0 0.53 0.95
S 20.2 0.15 0.4

N polarity
Surface layer 0 0 0
Buried site 21.7 1.5 3.65
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AlN:In ~0001!; we obtainEseg
T 51.65, Eseg

S 52.35, andEseg
S

53.85 eV, which are one order of magnitude higher than
typical values in III-V and SiGe systems. Finally, the seg
gation of In on GaN and AlN affects the surface corrugatio
For example, the height difference between the positions
Al adatom and the In atom at theSsite is 2.22 Å, while after
the swap of these atoms the difference is reduced to 1.2
Such differences should be observable by scanning tunne
microscopy.

Considering the possible pathways of segregation at
~0001! surface, one intuitively expects that the exchange
sites between an Al adatom with a surface Ga at theT site
located directly below it~i.e., the displacive adsorption o
Al ! is more probable than a swap with the more distant G
the S site. If this is the case, the initial energy gain is clos
to Eseg

S 521.65 eV than toEseg
T 522.1 eV. ~This value

should also be appropriate for the cation-rich conditions
growth, when the Ga adlayer forms and the dangling bo
of all surface atoms are saturated by adatoms.! However,
after the site exchange, the segregated Ga adatom will ho
the adjacent surface site in order to denude the incorpor
Al and gain thereby 0.45 eV~cf. Fig. 2!. There is thus an
effective repulsive interaction between Ga adatoms with
surface Al atoms, due to the difference betweenEseg

T and
Eseg

S . It follows from Table I that this repulsion is eve
stronger for InN:Ga and InN:Al surfaces. Based on this res
we expect that a deposition of a fraction~close to 1/4! of
monolayer of Al on GaN~or Ga on InN, etc.! may result in a
chemically ordered surface with correlations between
adatoms and denuded Al atoms atS sites. An analogous
chemical ordering has been observed for a 1/2 monolaye
Ge covering Si~001! surface,37 where the surface dimers ar
chemically mixed and the Ge atoms occupy the ‘‘up’’ sit
of the tilted dimers.

B. Nitrogen-rich conditions

We now turn to the~0001! surfaces in the N-rich limit.
Under these conditions, the 232 reconstruction with the
lowest energy is the N adatom located on top of three cati
at theH3 site ~see Fig. 1!. As in the case of the Ga-adatom
each of the three sites below the adatom is denoted bT,
while the remaining site is denoted byS.

To calculate the segregation energy for, e.g., GaN:Al,
compare, as above, the energies of two configurations: in
initial one, the Al atom is at theT site in the surface cation
layer and the Ga atom is situated in the second cation la
while in the final configuration their positions are swappe
For this segregation event we find that the segregation
ergy vanishes to within the precision of our calculations. F
the Al atom located initially at theS site the segregation
energy is20.2 eV. These values are one order of magnitu
lower than those found for the Ga-adatom reconstruction.
analogous substantial reduction of theEseg is also found for
both GaN:In and AlN:In, see Table I. The physical origin
this effect is discussed in Sec. IV.

The strong decrease of the segregation energy induce
the presence of N adatoms implies that in order to effectiv
block the segregation the growth should occur under N-r
conditions. This procedure is expected to be particularly
ficient for the deposition of a chemically pure overlayer, e.

e
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PRB 61 10 823SURFACE SEGREGATION AND INTERFACE STABILITY . . .
GaN on InGaN, or AlN on GaN. In this case, only the ons
of the deposition of the overlayer, corresponding to the f
mation of the GaN-on-GaInN interface, should occur in t
N-rich environment. For the deposition of a chemica
mixed AlxGa12xN layer, an elimination of the ‘‘leading
edge’’ and ‘‘trailing edge’’ effects3,4,6 resulting in a gradu-
ally changing composition close to interfaces would requ
the application of the N-rich conditions over a longer perio
leading to a possible degradation of the film quality.36

III. N-POLARITY SURFACES

We will now consider the N-terminated (0001)̄ surfaces.
The results are also given in Table I. The ground-state rec
struction of the GaN(0001)̄ surface over a wide range o
growth conditions is a 131 cation adlayer,15 shown in Fig.
3. We assume that this reconstruction holds for AlN and I
as well. Considering first GaN:Al, we take the configurati
with one Al atom in the adlayer as the reference. A swap
Al with a Ga atom from the first subsurface cation lay
provides an energy gain of 1.7 eV. A very similar value
1.8 eV has been obtained for the GaN(0001)̄ surface covered
by one monolayer of Al, see Fig. 4~a! below; this demon-
strates that the more distant neighbors have little impac
the segregation. For GaN:In and AlN:In we find 1.5 and 3
eV, respectively. Consequently, for this reconstruction
well as for the other cases, the segregation energies for
N:In and GaN:In are consistently the highest and the low
respectively, see Table I. Moreover, In segregation for
(101̄1)-oriented GaN surface has been recently studied th
retically by Northrupet al.38 The analyzed reconstructio
consisted of a Ga adlayer on top of N atoms, in a configu
tion very similar to that of the Ga-adlayer on GaN(000)̄
surfaces. Their calculated values of the segregation en
for this orientation are 1.5 – 2.0 eV, which is very close
our value of 1.5 eV for In segregation at the Ga-adlayer
GaN(0001̄). Finally, we note that these values are larg
than the typical segregation energies measured for S
~Ref. 3! or other III-V ~Refs. 4–6! heterosystems by as muc
as one order of magnitude.

FIG. 3. Side view of the N-polarity surface with a cation a
layer. The dark atoms are cations, while the light atoms are nitro
atoms.
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We now turn to the origin of these differences. In order
highlight the role of the free surface in the process of seg
gation, we compare segregation near a surface with that
an interface. Specifically, we analyze the (0001)̄ surface of
GaN and the GaN/AlN interface. The initial configuration
of the atoms at the surface and at the interface are show
Figs. 4~a! and 4~b!, respectively. In both cases the~0001!
atomic planes are chemically pure, i.e., we consider
GaN(0001̄) surface covered by one monolayer of Al and t
ideal GaN/AlN interface, respectively. Each of the Al atom
at the surface has one broken bond, while all bonds of
atoms at the interface are saturated. Next, we exchange
sites of two atoms, one Ga and one Al, as indicated by
arrows in Fig. 4, and allow all other atoms to relax toward
new equilibrium. Both before and after the swap the atom
configurations at the surface and at the interface are equ
lent. However, the energy gain induced by the swap at
surface is 1.8 eV, while the swap at the interface provide
gain of 0.05 eV, i.e., almost two orders of magnitude le
clearly illustrating the role of broken bonds. The same exp
nation accounts for the large difference in segregation e
gies obtained for the Ga-adatom and N-adatom reconst
tions of the~0001! surface. In the former case, the nature
the bonds of the segregating atoms changes andEseg is large,
while in the latter case the N adatom saturates the bond
the cations lying below, which strongly reducesEseg.

The large values of the segregation energies and the l
differences between surface and interface segregation ca
understood by considering various bond energies and t
differences. The local-density-theory bond energies can
obtained from the cohesive energiesEcoh , which are 2.31,
2.65, and 3.4 eV per bond for InN, GaN, and AlN
respectively.39 In the case of surface segregation we obse
that, e.g., the exchange of Al and Ga atoms between the
surface layers shown in Fig. 4~a! results not only in the
change of the type of the dangling bond at the surface,
also in a change in the saturated bonds in the subsur
layers. This latter affects the total energy, since the energ
the Al-N bond is stronger than that of the Ga-N bond by 0.
eV. Accordingly, after a swap shown in Fig. 4~a!, three Ga-N
bonds are replaced by three Al-N bonds, and the ove
energy gain is 1.8 eV. The swap at the interface, on the o
hand, does not change the number of Ga-N and Al-N bo

n

FIG. 4. GaN(0001̄) surface with an Al adlayer, and the corre
sponding GaN/AlN interface.
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10 824 PRB 61BOGUSŁAWSKI, RAPCEWICZ, AND BERNHOLC
in the system@cf. Fig. 4~b!#, and thus the energy change
much smaller. We also note ordering of the differences
tween bond energies:DEcoh(InN-AlN) .DEcoh(GaN-AlN)
.DEcoh(InN-GaN), which is in agreement with the tren
displayed by the segregation energies. Furthermore, both
cohesive energies and their differences are much larger in
nitrides than in the phosphides and arsenides, which expl
why the segregation energies in the latter compounds
smaller by one order of magnitude. One should note, h
ever, that these simple arguments are not sufficient to qu
titatively explain the details of the results, since charge tra
fer effects accompanying surface reconstructions as we
the strain energy due to the mismatch of atomic radii p
non-negligible roles.

IV. STABILITY OF INTERFACES

The segregation results for interfaces raise the questio
stability of interfaces against intermixing. If unstable, inte
faces may become broadened during growth at elevated
peratures and/or annealing.13 The stability of interfaces was
previously analyzed for III-V~Ref. 40! and II-VI ~Ref. 41!
heterojunctions. A broad interface may be regarded as
interlayer of an alloy between the two constituents of
heterostructure. Consequently, the stability of an alloy a
that of a heterointerface are intimately related: a stable in
face implies that the alloy is unstable and should segre
into pure constituents.

In general, lattice-mismatched III-V and II-VI alloys ar
unstable with respect to segregation into pure end c
pounds. In these systems, the dominant role is played by
excess elastic energy of distorted bonds, while the ene
induced by electron transfer effects are typically smaller
one order of magnitude.42 On the other hand, the instabilit
of lattice-mismatched alloys is strongly reduced for pseu
morphic growth, when the overlayer lattice constant para
to the interface is the same as that of the substrate.43 Conse-
quently, in spite of the fact that relaxation perpendicular
the surface may occur, one~or both! constituent of the alloy
remains biaxially strained after the segregation, and its
ergy is appropriately higher.~For example, after a segrega
tion within a layer of a GaInN alloy grown on a GaN su
strate, the InN-rich regions are biaxially compressed.!

Turning back to interface stability, it was found that th
choice of the substrate is critical: for example, the ZnS
CdSe interface is stable when the growth is on ZnSe, bu
unstable when the growth occurs on CdSe substrate.41 We
find here that the AlN/GaN interface is unstable when
GaN substrate is assumed: as is shown in Fig. 4, the
swap of Al and Ga across the interface lowers the energy
56 meV. A similar value of 53 meV was found for the GaN
InN interface. The swap of the second pair of atoms low
the total energy by another 56 meV. Finally, the exchange
the full layer of Ga with the one of Al lowers the energy b
20 meV per interface atom, which is less than for a sin
swap because the atoms at the interface can relax alon
c-direction only.41 These values are not large when co
pared to the growth temperatures of nitrides, and indic
that the main mechanism for interface broadening is surf
segregation. Additional broadening of the interfaces may
sult from diffusion, usually mediated by native defects, d
ing high-temperature annealing.
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V. IMPACT OF THE SUBSTRATE ORIENTATION ON THE
CARRIER LIFETIMES

As is well known, the scattering of free carriers by inte
face roughness is an important channel that limits car
lifetimes in quantum structures. A high-quality interface is
particular importance in the wide band-gap nitrides, beca
alloy scattering~i.e., the scattering due to the chemical d
order in the alloy! may be dominant in these materials.19

In this section, we point out that the impact of interfa
roughness on electronic properties may be enhanced o
minished by the appropriate choice of substrate polarity. T
possibility follows from the presence of a strong intrins
electric field in III-N heterostructures, which is of both py
roelectric and piezoelectric origin.16,17 In fact, the electric
field present in a quantum well leads to localization of c
riers close to one of the interfaces, depending on the di
tion of the field and the sign of the carrier’s charge. T
direction of the field is in turn determined by the polarity
the surface used for growth. On the other hand, our res
show that surface segregation is largely independent of
surface orientation under cation-rich growth conditions. F
both surface terminations, the deposition of AlN on Ga
leads to interdiffusion and a rough interface. One may co
bine both factors and achieve localization of carriers close
the smooth interface by choosing an appropriate surface
growth sequence. This idea is illustrated in Fig. 5, where
show a GaN quantum well embedded in AlGaN which
grown on Al-terminated@Fig. 5~a!# and N-terminated@Fig.
5~b!# substrate, respectively. Both the rough and the sh
interfaces are shown, together with the direction of the el
tric field. Longer electron lifetimes should be obtained f
the case 5~a!, when the field localizes electrons close to t
smooth interface. The opposite geometry of Fig. 5~b! is ad-
vantageous for holes. One should stress that the actual m
nitude and direction of the electric field in the GaN quantu
well is the sum of the pyroelectric and piezoelectric con
butions, and the latter depends on several factors, such a
lattice constant of the substrate, properties of the bu
layer, etc.,18 and thus Fig. 5 serves only to illustrate the ge
eral idea.

FIG. 5. Direction of the electric field in a GaN quantum we
embedded in AlN after growth on Al-polarity and N-polarity su
strates.
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In summary, we have studied surface segregation in A
GaN, GaN/InN, and AlN/InN heterosystems for both~0001!
and (0001̄) polarities. In agreement with experiment we fin
that mixed AlGaN surfaces prefer Ga termination, and AlIn
and GaInN surfaces prefer In termination. The calcula
segregation energies for cation-rich conditions of growth
about 2–3 eV are unexpectedly large, being an order of m
nitude higher than in III-V~Refs. 4–6! and Si/Ge~Ref. 3!
systems. This large difference, and the trends in the ca
lated segregation energies, are explained by large cohe
energies of the nitrides. However, segregation effects
~0001! surfaces are strongly reduced in the N-rich conditio
of growth. These results suggest the use of a N-rich envir
ment to suppress segregation. A comparison with the e
getics of interfaces reveals the origins of the surface-spe
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effects that drive the segregation, namely the energetic
cation-N bonds and the relative energetics of dangling bon
The AlN/GaN and GaN/InN interfaces are found to
weakly unstable with respect to interdiffusion. Finally, w
point out that an appropriate choice of the substrate orie
tion and growth sequence may minimize the impact of int
face roughness on lifetimes of free carriers confined in qu
tum structures. This possibility follows from the dependen
of the direction of the electric field in the quantum well o
the atomic scale details during growth.
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